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PREFACE

Oceanography lias surged forward as a subject for research during the past

twenty years, and great progress has been made in our understanding of the

structure of the water-masses, of the crust of the earth beneath the oceans, and
of the processes which are involved in creating these structures. This progress

has been particularly rapid in the recent past for two prime reasons. Firstly,

techniques of investigation have become available which have made many
hitherto intractable problems capable of solution. For example, it has only

recently become possible to measure the value of gravity in a surface ship, to

determine the deep currents of the oceans by direct methods, or to analyze wave
spectra with the detail which modern electronic computers allow. The second

reason for the present rapidity of progress lies in the increasing availability of

the resources for both theoretical and practical marine investigations; the

international character of oceanography and the growing world-wide interest

in fundamental research have resulted in the provision of opportunities hitherto

impossible.

Some years ago Dr. Roger Revelle of the Scripps Institution of Oceanography
suggested to us that perhaps the production of treatises on the new develop-

ments in oceanography were not keeping pace with the progress in the subject.

It was true that papers were appearing in healthy numbers throughout the

journals of the world, but there were no recent comprehensive works such as

The Oceans, written by Sverdrup, Johnson and Fleming and published in 1942.

This work had been, and still is, of value to many, if not all, oceanographers

;

Revelle suggested that we produce another such volume containing ideas and
observations concerning the work accomplished during the twenty years since

this masterpiece. It was suggested that this new work should not attempt to be

a textbook but a balanced account of how oceanography, and the thoughts of

oceanographers, were moving.

It was early apparent that a work of this nature would have to be from the

pens of many authors ; the subject had become too broad, the oceanographers

perhaps too specialized, to allow a small number of contributors to cover a vast

field of study. It was also apparent that we could do no more than include

biology in so far as it was directly related to physical, chemical and geological

processes in the ocean and on the ocean floor. Marine biology could alone fill

that space which we thought was the maximum we should allow for these

volumes. Biology is, therefore, somewhat scattered through this work; so it has

to be, since the contributions of biologists extend throughout the disciplines

embraced by the contents of these volumes.

It has been said in the past that oceanography as a subject did not, or even
vii



VllI PREFACE

should not, include the study of the mode of formation and the structure of the

muds and hard rocks forming the floor of the oceans and the seas. This exclusion

is no longer possible, and we have included in these volumes geological and
geophysical ideas and observations concerning the earth Ijeneath the seas. In

the great oceanographical (or oceanological) establishments of the world the

earth sciences relating to the oceanic environment are pursued alongside one

another without discrimination as to whether the air over the sea, the water, or

the solids beneath the sea could claim prior importance. We have adopted the

same breadth of outlook in these volumes.

With a composite work such as we have tried to produce, it has proved diffi-

cult to ensure a precise balance in the emphasis given to our wide variety of

topics. Sometimes, maybe, there will be too much written about a narrow field
;

sometimes we shall perhaps be criticized for the converse, too little written

about a broad field. At least, however, we hope we have covered most of the

topics suitable for a work on the new developments in our subject.

When we drew up the first list of contents of this work we had supposed that

we should be producing one volume. We soon found, however, that we had
omitted a number of topics, and the contents list consequently increased. We
also found that our contributors could not possibly have provided, within the

limits we originally proposed, adequate discourses on their various topics. It

was apparent that we should have to subdivide The Sea into three volumes. The
first consists of new thoughts and ideas on Physical Oceanography ; the second

on the Composition of Sea-Water and Comparative and Descriptive Oceano-

graphy ; and the third on the Earth Beneath the Sea and History. The three

volumes, therefore, are divided from one another by major divisions of

oceanography, and we believe for this reason that our readers will not be

inconvenienced by constant cross-referencing from one volume to another.

This clear division has also allowed us to index the volumes separately ; it

should be possible to select the volume containing information on any
particular topic without difficulty. We have no overall index, since for a work
of this magnitude it would be cumbersome.

We considered that for ease of production we should start a new numbering
sequence at the beginning of each chapter for figures, equations and tables. In

order to avoid confusion in referring back, we have printed the chapter number
and section number on alternate pages.

In collecting the material for these volumes we have had most helpful

cooperation from our contributors. In some topics, however, we have failed to

find authors, or potential authors have withdrawn. We must admit, therefore,

to omissions, some of which are conspicuous and important. By further effort

we could doubtlessly have repaired these gaps in subject matter, but this would
have delayed publication, and we believe the contributions we already have
make a valuable collection. It is possible that in the future a fourth volume
might be produced to deal with topics omitted or new since we first started

collecting material for The Sea.

We are greatly indebted to the secretarial assistance provided by Mrs. Joyce



PREFACE IX

Nightingale and Mrs. Joyce Day. Mr. Cameron D. Ovey has provided editorial

assistance of outstanding value, and Dr. J. E. Holmstrom has produced an
index of great merit. To them and to the publishers and printers we extend our

thanks.

May, 1962 M.N.H.
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I. GEOPHYSICAL EXPLORATION

1. ELEMENTARY THEORY OF SEISMIC REFRACTION AND
REFLECTION MEASUREMENTS

J. I. EWING

1. Introduction

Seismic techniques have been among the most useful in furthering our

knowledge of the structure and thickness of the earth's crust under the sea.

The techniques are based on the measurement of the propagation of sonic

energy, usually generated by the explosion of TNT or dynamite charges. The
sound energy is received at varying distances from the explosion site by hydro-

phones or geophones and recorded on oscillograph tapes with an accurate time

scale. Although useful information can sometimes be obtained from studying

the character of the transmitted energy, the basic measurement taken from

the oscillograms is the time of arrival of sound waves for which the path from
explosion to detector is known or can be ascertained. If the path (distance) and
the travel time are known, the speed of propagation can be computed. By
recording either a line of shots at a fixed receiving position or a single shot at

a line of receiving positions, a relationship of travel time versus distance is

established, from which the number and thickness of the sub-surface strata

and the speed of sound in each can be determined. Knowing the speed of sound
in a particular layer enables us to make at least an intelligent guess about the

type of material constituting the layer ; or if it is known, from drilling or other

means, that a certain layer is present at a particular dej^th beneath the surface,

this allows us to determine the continuation of the layer into areas where the

other information is unavailable.

2. Reflected Waves

If we know the speed of sound in various sub-surface strata and if the inter-

faces between the strata are good reflectors, it is simple to measure the thickness

of each by measuring the time required for a pulse of sonic energy to travel

through the layer and back by reflection. Standard echo-sounders measure
water depth in just this way, and some sounders under certain conditions will

measure the depth to sub-bottom interfaces within a few tens of meters of

the bottom. The limitations of this usage arise from the fact that relatively

high sonic frequencies are required to give good resolution of sea-floor topo-

graphy, and high frequencies, because of absorption, cannot penetrate far into

the unconsolidated sediments or rock layers. Low-frequency energy from

[MS received July, 1960] 3
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EWINO [chap. 1

explosions is capable of penetrating to dc])ths of thousands of meters, and the

seisinic-reriection techni(iiie using explosions has been one of the major tools of

sub-surface exploration in the past few decades.

The propagation of seismic energy can be considered adequately for most

purposes to behave according to ray theory. The shot point is the origin of ray

paths which extend in all directions, and each ray can be considered to be a

bundle of energy travelling that particular ])ath. Only the rays that leave the

origin and eventually arrive at a detector are of interest. In a multi-layered

medium, there are several possible paths, most of them involving reflection or

refraction at the interfaces between the layers.

The simplest case to consider is that involving reflections from horizontal

plane interfaces. The lower jjart of Fig. 1 shows the ray paths of the direct

Fig. 1. Ray diagram and time-distance graph foi- reflections in a tliree-layer model,

Ci<C2<C'3.
O = detector

X = shot

Oi = Of

waves and of the first-order reflected waves from two shots to a detector. The
shots and detector are in Layer 1 , which has a seismic velocity Ci and thickness

^1. Underneath are two layers with velocities C2 and C3. The upper part of the

figure shows the travel time vs. distance graph for the arrivals. The direct

waves determine the straight line, D. The reflected waves determine the hyper-

boUc curves, Ri and Rn.^ The inverse slope of D, ADfAT, gives the seismic

velocity in Layer 1. The Ri curve is asymptotic to D. Its intercept on the

ordinate, 2Ai/C*i, gives the travel time for a reflected wave from the top of

1 In this and succeeding discussions, Rj, Rh, Rm- . .designate reflected waves from

the 1st, 2nd, 3rd. . .interfaces below the surface. Arabic subscripts R2, Ra- .designate

second, third . . . order reflections from the sea floor.
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Layer 2 at zero distance between shot and detector. Similarly, the Rn intercept

represents the travel time for a normal incidence reflection from the top of

Layer 3. Higher order reflections from these interfaces determine hyperbolic

curves which intercept the ordinate at times 'InhijCi and 2n[{hi-\-h2)IC\C2\

and are asymptotic to the first-order curves. The number and strength of

reflections received from each shot will depend on absorption, scattering and
spreading losses in Layers 1 and 2 and on reflectivity and scattering at the

interfaces. In the cases we consider here, the 1-2 interface is the water-

sediment boundary and the coefficient of reflectivity for it can be expressed by
Rayleigh's equation for plane waves incident on a boundary between two non-

rigid compressible media with velocities and densities Ci, pi and ('2, pz and
angle of incidence dc

J.
_ (p2C2/piCi)-[l+tan2^,(l-g2^/(7i2)]V2

' (p2C2/piCi) + [l+tan2^i(l-C22/Ci2)]'// ^ f

This shows that the coefficient of reflectivity is a function of the angle of

incidence, di, and of the ratio of acoustic impedances, pC, between the two
media.

In many oceanic areas where Ci<C2 and piCi < p^lCh, K increases from some
finite value at di = to unity at ^j = sin~i (C1/C2), where total reflection occurs.

In other areas there is evidence that the velocity in the uppermost sediments is

lower than in the water, in which case total reflection occurs only at grazing

incidence. The reader is referred to Officer (1958) for a treatment of reflectivity

which considers various ratios of C\ and C2, and of p\Ci and P2C2. For the

deeper interfaces, where rigidity becomes an important factor, other complica-

tions are introduced into the consideration of reflectivity, owing to the fact

that some of the energy in the incident wave can now go into a refracted

compressional wave, as before, and in addition, into reflected and refracted

shear waves. Reference is made to Nafe (1957) who investigated reflection and
transmission coefficients at an interface between two solids for several values

of velocity and density appropriate to crustal layering.

In the time-distance graph, it is obvious that if the intercepts of Ri and Rn
are measured and C'l and C2 are known, the thickness of Layer 1 and of Layer 2

can be computed directly. In marine operations, C'l is the speed of sound in

the water and can be computed from hydrographic data. In some cases C2

can be measured directly by refracted waves, but, particularly in deep ocean

areas, the velocity contrast between Layers 1 and 2 is small and it is usually

necessary to derive the value of C2 by comparison of the Rn curve with a

family of theoretical curves computed for various assumed velocities and
thicknesses of Layer 2.

Fig. 2, taken from Katz and Ewing (1956), shows theoretical curves for the

relationship of three different values oi liijhi and five diff'erent values of C'2/Ci

to Rin (reflection from sea bottom) and Run — Rin (time difference between

bottom and sub-bottom reflection). Observed values of Rin and Rim — Rjn
plotted on the same scale will determine a curve similar to one of these. The
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theoretical curve which most closely fits the observed values thus indicates

the velocity and thickness of Layer 2, These curves were computed assuming

uniform velocity in each layer. A similar method of comparing observed with

theoretical curves is used to handle models with velocity gradients. This is

discussed in detail in Chapter 5.

0.3 0.3

0.05

jm,'

Fig. 2. Relationship of bottoin reflected and sub-bottom reflected waves for different

ratios of layer thicknesses, /i2/fii, ^nd velocities, C'2/C'i. (After Katz and Ewing, 1956.)

3. Refracted Waves

In seismic exploration, sound waves refracted at an interface between two
media with different velocities are of particular interest. In Fig. 1 the Rn ray

is refracted by the velocity change across the 1-2 interface such that it pro-

pagates in Layer 2 along a jiatli more nearly horizontal than that in Layer 1

.

The refraction is described by Snell's Law,

sm 931 sm (po

Ci O2

When ip-i is 90°, equation (2) reads

sin (pi = CijCo.

n

(:i)

This defines the critical angle of incidence, 95c, , for which the ray is refracted

parallel to the 1-2 interface. Similarly, there is a value of (pz for which a ray

travelling in Layer 2 will be refracted along the 2-3 interface. The soimd wave
refracted at the critical angle travels along the interface at the speed of soiuid

in the higher velocity layer, and part of its energy is continually re-emergent

into the lower velocity medium at an angle equal to that of the incident ray.

Fig. 3 shows the ray paths for direct, refracted and reflected waves for a

tiiree-layer model and their relationshi]) to each other on a time-distance

graph.
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Since we are dealing with seismic measurements in the sea, here and in

future discussions l^ayer 1 is the water layer. The direct wave in Layer 1, D,
and the refracted waves in Layers 2 and 3, Gi and G2, determine straight Una
segments, and the reflected waves determine h3rperbolic curves. There is a
critical distance at which a refracted wave from either of the deeper layers can
be returned to the surface. This distance is def)endent on the velocity contrast

between the layer in question and Layer 1, and on the velocity and thickness

Time

."^•

Fig. 3. Ray diagram and time-distance graph for reflected and refracted waves in a
three-layer model, Ci < (^2 < C^-

of the layers between. Notice that the refraction line G for any layer is tangent

to the reflection curve associated with the top of that layer. The point of

tangency occurs at critical distance. In addition to the above relationship,

i.e. Gji is tangent to R„, notice also that R^ is asymptotic to G^-i. Since both
refracted and reflected waves are recorded in the normal method of operation,

these relationships are of great importance in the analysis of seismic data,

imposing, as they do, strict conditions upon the identification and interpreta-

tion of arrivals. Fig. 4 shows sample oscillograph records with various reflected

and refracted arrivals indicated. Notice that the waterborne waves, D and Ri,

contain energy in a wide range of frequencies, whereas the refracted and
reflected ground waves contain only low-frequency energy. In general it is not

possible to identify the path of a ground wave arrival by its appearance on one
record. Such identification is made principally from the relationship of the

arrival to others on the time-distance graph.

For simplicity of discussion we have been considering structures in which
all of the interfaces are horizontal. In such cases the inverse slope of each

refraction line Gi, G2, G3. . .Gn gives the true seismic velocity in that layer. If
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the layers are dipping, the inverse slopes give apparent velocities which are too

high if the shots are up-dip from the receiving position or too low if the shots

are down-dip. In order to determine the existence of dips, and their direction

and magnitude, it is necessary to shoot end-to-end profiles or reversed profiles.

The former consists of two lines of shots usually fired in opposite directions

away from a common receiving position. The latter consists of a line of shots

received at both ends of the line. Certain conditions are imposed upon the time-

distance data by the end-to-end arrangement and others are imposed by the

reversed one ; hence it is most advantageous to combine the two and shoot

end-to-end reversed profiles. Fig. 5 shows time-distance graphs of two such

profiles and the structure section for a three-layer case with dipping beds.

Layer I

Fig. 5. Time-distance graphs for end-to-end reversed profiles across dipping beds,

showing relationship of i-everse points and intercepts. Only refracted waves are con-

sidered here.

The conditions imposed by the end-to-end arrangement are that the intercepts

(squares) of the lines in Profile 1 must be the same as those in Profile 2 at

point B. The conditions imposed by a reversed profile are that the reverse

points (circles) for each layer be the same at each end of the profile. This latter

results from the reciprocity theorem, which states that, at any distance, the

shot and receiving positions may be interchanged without affecting the travel

time. These conditions, both for end-to-end and reversed profiles, provide a

valuable check on the interpretation of travel-time data. If two or more end-to-

end reversed profiles are shot and the data can be shown to satisfy these condi-

tions, the results may be viewed with considerable confidence. In addition to

these, it is also frequently possible to provide a further test of the data and of

the interpretation with the conditions imposed by the required relationship

of the refraction lines and reflection curves, as discussed earlier. The importance

of these various means of cross-checking the results is obvious when one bears

in mind that we are dealing with geological layering and not with models.
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4. Computation of Layer Velocities and Thicknesses

The foregoing has shown the relationships between ray paths and time-
distance graphs for various structural models. The folloAving, after Ewing
et al. (1939). describes the "slope-intercept" method of computing the velocity
.•structure from a time-distance grapli. In these computations, the assumption
is made that each layer is homogeneous and bounded above and below by
smooth planes, and that the seismic velocity in each layer is higher than that
in the layer above. In addition, we know that the seismic waves are bent at
interfaces between two media according to Snell's Law (2) and that a wave
travelling in a layer with velocity C and incident upon the surface of the layer
at an angle a with the normal has an apparent velocity C/sin a along the
surface.

Fig, 6 shows a four-layer structural model witli dipping interfaces. From
the time-distance graph we can measure the apparent velocity (inverse slope)

for each layer at each end of the profile, and we can measure the intercept
times for the refraction lines corresponding to each layer.

The following equations,

91
C2&

sin {ii2 — CU12)
c2b

= sin (?'i2 + 0^12)

j^ = sm ^l2
O2

C'sa
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', i"^ ''}^^1>

Fig. 6. Ray diagrams defining angles used in computing velocity and thickness for sloping

layers.

can compute C2 and a; 12. Using these additional values in the next step allows

us to compute C3 and 0123, and so on for each layer.

For computing the thickness of each layer we again follow a stepwise process

using the intercept times taken from the time-distance graph. Fig. 7 shows

the fictitious ray paths associated with the intercept times, i.e. the travel

times for zero shot-detector distance. This figure is derived from Fig. 6 by
simply moving point B to point A and considering that the rays originating

Fig. 7. Diagram of fictitious ray paths associated with intercepts.

at B move also. Obviously these paths are not real, since a finite range exists

at which a refracted wave can be returned to the surface ; but they have a

mathematical significance in these computations. When point B is moved a

short distance toward point A, the total path is shortened principally in the

portion where the ray follows an interface. In Fig. 7 these portions of the ray

paths are, in effect, negative distances. Thus the intercept time associated with

a j)articular interface amounts to the sum of the travel times along each
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segment of the path above the interface minus the travel time along the

interface. For example the intercept time for Layer 2 at A is

t =

reducing to

2hi 2hi tan iiz

Ci cos ii2 Cs

, 2hi
t = -p^ cos li2.

^1

Similar relationships can be derived from the deei:)er interfaces giving the

following set of equations :

h& = -p7- cos li2

2/i2a • "la
ha = -PT- COS t23 + 7^ (cOS ai3 + COS ^13) (5)

02 Oi

2A3a . A2a .
. n \ ^la , n .

Ma = -7^— COS t34 + 77- (cOS a24 + COS ^824) + 77- (cOS ai4 + COS ^14).
03 02 Ci

These equations give the time-intercept formulae for point A. A. similar set

exists for point B. With (4) and (5) and the slopes and intercepts taken from
the time-distance graph, true velocities, inclinations and thicknesses can be
computed.

5. Shear Waves and Complex Refracted Waves

In Fig. 8 are shown the ray paths and refraction lines for the most com-
monly observed arrivals in seismic work at sea. This model is typical of the

structure on the continental rise of the east coast of the United States. The M
discontinuity and the mantle are not shown because doing so would have
unduly complicated the picture with additional lines.

Of the compressional wave arrivals shown, the least commonly observed is

that in Layer 2, In fact, it is seldom seen in deep-water areas and is shown here

mainly to indicate its relationship to other arrivals. Layer 4 (see Raitt, Chapter
(i) is observed in all but some of the deepest areas, where the arrivals are

masked and are difficult to see as second arrivals.

Of the shear-wave arrivals, i.e. those which propagate as compressional

waves in Layers 1-3 and as vertically polarized shear waves (»SV) in the high-

velocity layers, the one which travels in Layer 5 (designated by open circles) is

most commonly observed. Though relatively common, its strength is markedly
variable from one profile to another, indicating an appreciable variation in

the conditions essential to efficient transformation from compressional to shear

propagation.

Note that the shear waves in both Layers 4 and 5 are transformed at the
3-4 interface. Transformation from compressional to shear waves at the 4-5
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interface results in downward refraction owing to the fact that the com-
pressional wave velocity, a4, in Layer 4 is higher than the shear-wave velocity,

185, in Layer 5 ; hence there can be no arrivals at the surface in this case. It is

__
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associated with the transformations. Sv waves in the low-velocity sediments
have been observed occasionally in shallow water (Drake et al., 1959) but have
not been reported in deep-water measurements.

The lines whose intercepts are 14.5 and 16.0 are determined by reflected-

rofracted and doubly refracted compressional waves from Layer 5. Ray paths
associated with these arrivals are shown by dashed lines. The reflected-refracted

arrival has only two possible paths for each shot, i.e. the reflection through
the water layer can occur at either the shot end, as shown, at the detector end,

or both. The extra trip to the surface taken by the doubly refracted arrival

can occur at any place between the point of initial horizontal refraction and
the point of re-emergence leading directly to the detector. For uniform, horizon-

tal layering, the doubly refracted arrival can be very strong, because the

energy travelling any of the possible paths will arrive at the detector in phase
and at the same time as that taking any other path. The strength of this

arrival, therefore, gives an indication of the uniformity of the layering. Both
of the arrivals just discussed propagate horizontally at the speed of the com-
pressional wave in Layer 5, hence their slopes on the time-distance graph are

the same as that of the singly refracted wave in that layer. The intercept of

the reflected-refracted line is equal to that of the once refracted line plus

the delay time corresponding to a reflection through the water layer at the

angle indicated. The intercept of the doubly refracted line is obviously twice

that of the singly refracted hne. Reflected-refracted and multiply refracted

arrivals are often seen for each layer. For simplicity, only those associated

with the Layer 5 wave are shown.

Note that in the time-distance graph for the case just considered, the

refraction lines have been drawn solid over the region where arrivals can be

received and dashed in the region of fictitious arrivals, i.e. the change from
dashed to solid line occurs at the critical distance for each type of arrival and
for each layer.

It is of interest now to consider the case in which the velocity in the upper
layer of sediments (Layer 2) is not uniform throughout but increases with

depth in the layer. From the results of many measurements, it is known that,

owing to compaction, cementation, etc., the sediments do have appreciable

velocity gradients, particularly in the upper few hundreds of meters. The
effect of gradient in deep-sea sediments was reported first by Hill (1952) when
he found that, in an area of the eastern Atlantic, no arrivals corresponding to

reflections from the sea floor were observed (at low frequencies), whereas

arrivals, somewhat delayed, could be accounted for as having followed paths

refracted by a velocity gradient in the sediments. Velocity-depth relationships

have since been determined empirically for both shallow-water and deep-

water sediments (Nafe and Drake, 1957), and studies have been made on
artificial compaction (Laughton, 1954), indicating velocity gradients of 0.5-

2 sec~i in a variety of sediment types. Although it is well known that velocity

gradients are present in the water layer, they are small compared with those in

sediments, and for siin]>]icity we will assume constant velocity in the water.
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Fig. 9 shows a two-layer case in which there is assumed to be a small velocity

discontinuity at the water-sediment interface, and in which the velocity in

the upper sediments is approximately equal to that of water at the sea floor,

increasing linearly with depth beneath the bottom. To demonstrate the full

effect of gradient, we first assume that the sediments are infinitely thick and

that velocity increases with dej)th at a constant rate K sec~i

:

C = Cq + KZ. (6)

Time
4^

2"!

-I Distance

Vsloclty

Depth
'

Fig. 9. Ray diagram and time-distance graph showing effect of velocity gradient in thick

sediments.

With this velocity-depth structure, ray paths in the sediments are segments

of circles whose centers lie at a height of CqJK above the water-sediment

interface. For a particular depth of water and for a particular value of A',

there exists a critical distance, Dc, between shot and detector for which a ray

originating at the surface and penetrating into the sediments can be returned

to the surface. This ray is designated Re in Fig. 9. At ranges shorter than D^
only reflected waves from the sea floor can retvirn to the surface. At any range

greater than Dc two arrivals are returned to the surface, one which penetrates

more deeply and one which penetrates less deeply into the sediments than the

arrival following the path of Re. Since much of its path is through the high-

velocity sediments, the deep ray, Rd, reaches the detector earlier than the

shallow ray, Rs. As shown in the time-distance graph in Fig. 9, the Rd curve
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approaches zero slope (infinite velocity) at large distances and the Rs curve
approaches Rj. (The Rs curve will be asymptotic to Ri, asymptotic to a line

parallel to Rj or will cross Ri depending on whether the velocity in the upper
sediments is equal to, less than or greater than the water velocity.)

In most instances where gradients in oceanic sediments have been studied,

it has been found that velocity-depth relationships of the type

or

C = C^^K^^Z (7)

C = Co + A'Z + A^'(l-f-io2) .

(8)

fit the observational data better than the linear relationshii? given by (6).

Time

Fig. 10. Time-distance graph for velocity gradient above a discontinuity.

Both (7) and (8) define velocity-depth relationships in which the gradient

decreases with depth in the sediments. Rays in sediments for which these

equations are appropriate will deviate from circular paths, i.e. the curvature

of the path decreases with depth in the sediments.

If the structural model shown in Fig. 9 is altered to include a boundary

within the sedimentary material where the velocity increase is discontinuous,

we have a model which closely approximates the upper sediments in many
ocean-basin areas. Layer 2 would have a parabolic or exponential gradient and

Layers 1 and 3 negligible gradients by comparison. The time-distance graph

in Fig. 10 shows the relationship of the reflected and refracted waves for such

a model. The lower part of the Rn curve is determined by waves reflected from

the first sub-bottom interface. Beyond a certain range, determined by the

thickness of Layer 2 and by the velocity gradient, the Rn curve ends. If

Layer 2 is thick enough or has a sufficiently high velocity gradient, Rn termi-

nates in a cusp where it joins the Rd curve, as shown in the diagram. In the
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absence of sufficient thickness or velocity gradient, Rn simply merges with

Rs at the range which j)roduces a grazing ray at the 2-3 interface.

6. Some Complications and Deviations from Simple Theory

Although geologic structures which are encountered in exploration can often

be approximated by models which are relatively simple, there are usually

certain complications. For example, the interfaces are seldom found to be

plane boundaries. They are more apt to be undulating or broken by folding or

faulting. This has the effect of making the refraction lines and reflection

curves undulating or broken. Other complications arise from the fact that

some layers have lateral velocity variations, or have a velocity dependence on
direction of propagation. This latter effect is particularly common in laminated

rocks such as shales or schists. Many other problems associated with structural

or compositional inhomogeneities can easily be imagined.

Fig. 1 1 . Ray path for a model in whicli the velocity in Layer 3 is less than that in Layers
2 and 4.

Complications also arise from difficulties in identifying arrivals owing to

low signal strength or to coincidence of arrival times of two or more phases.

Unless there is an appreciable difference in the characteristic frequency of two
arrivals which reach a detector at almost the same time, it is usually difficult

to pick the beginning of the second one. Hence, the most reliable arrivals are

first ones, or those which come long after the motion from earlier ones has

appreciably died out (G3, for example, in Fig. 4). In certain structures there

may be layers for which the refracted waves are never the first arrivals. The
reliability of detecting these "masked" layers by refracted arrivals is particu-

larly dependent upon the closeness of shot spacing, since a single record cannot

be counted on for a precise pick.

Thin layers, even if they are not masked, may be missed, or their velocity

and thickness inaccurately determined by profiles in which the shot spacing is

too wide. Field observations and model experiments have shown that, in a

layer which is thin compared with a wavelength of the seismic energy, reliable

refracted arrivals are obtained only over relatively short distances. Hence a

thin layer will produce reliable arrivals over only a short portion of a profile,

and close shot spacing is essential for detecting it.

A low-velocity layer between two media of higher velocity is not detectable

by normal refraction techniques. Fortunately, occurrences of this type of

layering are believed to be uncommon. Fig. 11 is a ray diagram for a hypo-

thetical example. The time-distance graph for this model would give no
2—s. Ill
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indication of Layer 3 from refracted waves, and computation of the structure

A\itli standard formulae for refraction data would give an excessive value of

tliickness for Layer 2.

Owing to velocity gradients in the ocean, the Ri arrivals do not follow

straight paths as sho^^'n in the preceding figures, but travel the curved paths

shown in Fig. 12. For shot 1 the paths are slightly bent, but can be closely

ajDin-oximated by straight lines. The two rays emerging from shot 2 indicate

the limits of a bundle of rays observable at that range. The deep ray grazing

the bottom (RSR ray in Ewing and Worzel, 1948) marks the maximum range

of a first-order reflected wave. The Ri ray paths for shot 3 are combined

surface sound-channel paths and deep refracted paths (the leakage arrivals

described by Hersey et ah, 1952). Beyond the range of the grazing ray, the Rj

arrivals diff"er from shot to shot only in the length of the path in the surface

channel. Hence, they plot on a line on the time-distance graph which is parallel,

rather than asymptotic, to D.

DETECTOR SHOT I

/y////'

/

'

/'V/'/'y/' /'/'/'/'///'/'/'//'/'/' /'/'/'/'/'/' /'/'/'/'-^'^^

Fig. 12. Ray paths in deep water for shots and detector located in the surface sound

channel. For average Nortli Atlantic areas, shot 2 would correspond to a shot at

40-45 miles range.

The ray diagram shown in Fig. 12 is appropriate for most deep-water areas.

In areas of shallower water it is possible for the long range Ri arrivals to re-

enter the surface channel after having been reflected from the sea floor. In this

case the Ri curve is also asymptotic to a line parallel to D. Whether the asymp-

tote is above or below D on the time-distance graph depends upon the speed

of sound in the surface channel relative to the average speed in the water

beneath the channel and upon the depth of water. In high latitudes particularly,

the speed in the surface channel may be lower than the mean vertical velocity,

causing the Ri curve to cross line D. The existence of the surface channel

depends upon the presence at the surface of a layer of isothermal water or of

one in which the normal thermocline is inverted, i.e. temperature increasing

with depth. Without one or the other of these temperature structures, there is

no channel and the direct wave, which is so useful for measuring distance in

seismic work, cannot travel for any appreciable distance between two near-
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surface points. In such cases, it is possible to compute distance from the

reflected arrivals, but the process is time-consuming and less accurate.

Lamont Geological Observatory (Columbia University) Palisades, New York.

Contribution No. 594.
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2. REFRACTION AND REFLECTION TECHNIQUES AND PROCEDURE

G. G. Shor, Jr.

1. Introduction

In basic essentials, seismic refraction work at sea is quite simple and uniform

ill practice among the various institutions participating. One to four hydro-

I)hones (pressure detectors) are placed in the water below the depth of dis-

turbance by wave action, and charges of high ex])losive are fired by a moving
shi]) at varying ranges along a line radial to the hydrophone group. The shots

are normally fired by means of a time fuse at a sufficient depth such that a

gas bubble is created which oscillates at low frequency and does not blow out

to the water surface. The sound of the detonation is picked up on a towed or

hull-mounted detector on the firing ship and is used, with appropriate correc-

tions for distance of the shot from the detector, as the zero time for recording.

Small shots at close spacing are fired near the receiving hydrophones ; as

distance away increases, the charge size and distance between shots is rapidly

increased.

Receiving hydrophones, generally high-sensitivity crystal or ceramic units,

are supported by floats in such a manner as to be either neutrally buoyant or

very slightly heavy, depending on the mode of handling. Signals from the

hydrophones are pre-amplified, transmitted to the recording equipment by
wire in the case of a two-ship operation or by radio on a one-ship operation,

and then separated into multiple-frequency bands, amplified and recorded on

an oscillograph as a "wiggly line" record. Additional information recorded on

the oscillograph includes the firing mark from the shooting ship, fork-controlled

timing lines and time-ticks from a break-circuit chronometer.

When the details of field procedure are examined more closely than in the

brief summary above, variations in technique between institutions become
evident. Many of the variations have originated from the efforts of different

groups to solve the same problems independently, and when two equally

successful methods have been obtained they have continued to exist. In many
cases superior methods of operation originated at one institution have been

generally adopted by all. Some of the differences are explicable because of

differences in ship type or availability.

Published information on instrumentation and techniques has been scattered

through articles on data analysis or ])ublished as technical reports. The principal

reference on methods and instrumentation for seismic refraction used at the

Scripps Institution of Oceanography (SIO) is by Raitt (1952) ; instrumentation

at Woods Hole Oceanographic Institution (WHOI) is described by Dow (1952)

;

instrumentation at Lamont Geological Observatory (LGO) by Sutton (1952)

and by Luskin and Koelsch (1958). A summary of field techniques presently

used at Lamont and Woods Hole appears in Officer et al. (1959); earlier in-

formation can be found in Ewing et al. (1937, 1939, 1940, 1946, 1950), Officer

et al. (1952) and Hersey et al. ( 1 952). ^Vork at Cambridge LTniversity is described

[MS received Jidij, 1960] 2U
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by Hill (1952); Russian methods are given in Galperin and Kosminskaya

(1958), Andreyeva and Udintsev (1958) and Galperin, Goryachev and Zverev

(1958).

2. Shooting Techniques

A great impetus to refraction work at sea occurred in 1946 when large

quantities of surplus high explosives from World War II became available in

many countries. These included such material as aerial bombs, mines, depth

charges, cast TNT blocks and diverse types of material intended for demolition

work. As most such material deteriorates Avhen stored for extended periods,

over-age material is generally dumped at sea. A sizable quantity of this surplus

material was made available for scientific work instead ; as a result the cost of

operation was materially reduced and the techniques were generally fitted to

the tjrpes of material available. These explosives have usually been varying

types and packaging arrangements of TNT, Tetryl, Tetrytol and PETN.
Because all explosives have to be carried long distances aboard small ships,

a great deal of work has been devoted to the dual problem of increasing signal

strength and decreasing noise in the low-frequency spectrum, in which the best

propagation of the refracted waves occurs. The best method found so far for

obtaining the maximum signal from a given size of charge is to fire it at a depth

equal to a quarter of the wavelength for the bubble-pulse frequency.

The occurrence of the bubble-pulse phenomenon was observed as early as

1925 by Weibull (1954) and has since been described by a number of in-

vestigators. Detailed study by a group at WHOI resulted in data such as those

given in Fig. 1 (from Raitt, 1952, based on work by Arons and Yennie, 1948),

in which it is apparent that the highest intensity occurs at the bubble-pulse

frequency. The value of this frequency is determined by the equation (for TNT)

:

^ ~
4.36 If ^/3

'

where H is in feet, W in pounds and / in cycles/sec, from which one can deter-

mine the depth of detonation of a charge of given weight for an observed

bubble-pulse frequency. In combination with the requirement of quarter-wave

depth, this gives

H = Co/4/

where Co is the velocity of sound in sea-water, for optimum shooting. A curve

for/ and H as functions of W for normal sound conditions is given in Fig. 2,

In some cases it has been necessary to place charges at depths other than

the optimum. Certain types of explosives such as 300-lb and larger depth

charges sink at such a rapid rate that they reach their optimum depth before a
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Fig. 1. Low-frequency part of the Fourier energy spectiuui of an explosion at 500-ft

depth. (After Raitt, 1952.)

slowly moving ship can reach a safe distance away. The damaging effects are

accentuated in shallow w^ater, and the larger charges must often be fired at

greater depths than is desirable. At ranges short of that at which the first

refracted wave is detected, a series of small charges is frequently fired to get a

w'ide-angle reflection profile ; in this case the amount of energy is usually more
than adequate, even with quite small charges, and efficiency is sacrificed so as

to obtain a less complex arrival by firing the charges so near the surface that

.E 200 -

250

300

Charge weight in lb

Fig. 2. Optimum charge depth and frequency as functions of charge weight. (After

Raitt, 1952.)
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the bubble blows out. This is usually done by fastening the charge to a balloon

or air-filled plastic bag.

In the early stages of post-war work and in most of the pre-war operations,

charges were detonated by electric caps by a firing impulse from the shooting

ship, or in the case of depth charges, by depth-sensitive detonators. Since about

1949 almost all operations have been conducted using non-electric caps and
slow-burning time fuses for detonation ; this eliminates problems of retrieving

the firing line between shots or slowing the shooting ship to fire. Reliability of

the method is generally better than 97% if properly waterproofed fuse is used.

The lower accuracy of determination of firing time in the fuse method (0.01 sec

instead of 0.001 sec or better) has been found to be unimportant in deep-sea work.

When electric detonation is used, the firing impulse can be recorded or sent

by radio from the shooting box to the receiving ship directly. When time fuses

or pressure detonators are used, a different technique is required. Shots of

sizes varying from i to 300 lb are fired on a pre-determined schedule set by the

operator on the receiving ship. The shooting crew consists of an operator and
a shooter. The operator announces the shot number, time, weight, fuse length

and whether it is to float or sink. On the scheduled minute he instructs the

shooter to light the fuse. The shooter lights the fuse, drops the charge over the

side (with the aid of a tilt-table for the largest charges), and calls, "Mark".

Operators at both ends of the radio circuit start stop-watches at the mark,

and shortly before the expected time of detonation start their recording

equipment. The operator on the shooting shijD switches the radio circuit to put

the signal from the fathometer audio output or a special hull-mounted hydro-

phone or a towed hydrophone on the radio in place of the microphone ; he also

records the same signal along with time-ticks from a marking chronometer on

a pen recorder. When the charge fires, it produces a record aboard both ships

of the direct wave from the shot, and under favorable conditions also records

the bubble pulse, one or more bottom reflections, and the wave reflected once

at the water surface and once at the bottom. When the fathometer output is

used, the details other than firing mark and bottom reflection are usually lost

because of the narrow pass band of the fathometer receiver. Both operators

stop their watches at the time of detonation, and the stop-watch time multiplied

by the ratio of ship speed to the velocity of sound in the surface layer (the

ship's Mach number!) is used as the firing time correction. If the sinking rate

of the charge approaches the ship speed, an additional correction for the slant

path is necessary. Usually this correction is less than 0.01 sec and can be

neglected. In case radio transmission is missed, shot time can be recovered from

the shooting ship's firing record using chronometer corrections determined

from the shots immediately before and after. Chronometers are normally

checked against WWV time signals at least daily ; when radio communications

are unavailable or poor, profiles are sometimes shot on a fixed time schedule

with firing marks recorded against chronometer only, with more frequent

checks of WWV signals.

Data recording on the shooting ship is relatively simple. The operator keeps
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a log of shot number, time of day. weight, ex])lo.sive ty])e. fuse length, whether
flotation l)alloons are used, sinking time, water de])th at the time the shot is

dro])])ed, ship course and s]jeed, and time of passing abeam of the receiving

sliip. If necessary he marks the fathometer tape at the time the shot is dropped
;

in some systems a mark is created when the fathometer ping is automatically
turned off as he shifts his radio circuit, and the time of detonation marks itself

as a black line. The operator also identifies and retains all firing mark records.

Ship's bridge personnel provide a shooting track with positions of first and last

shots, all course and speed changes and navigational fixes, and the range and
bearing of the receiving shi]) when ])assing. This track usually has to be re-

conciled with that provided independently by the receiving ship to make the
abeam positions agree.

Ex})losive need depends markedly on the length of line to be shot. In current

])ractice a deep-sea station with penetration to the mantle (two profiles, each
about 40 miles long) requires about 1600 lb of TNT in about 80 shots. This
total includes many small shots fired at short range for a reflection proflle

;

the major weight of explosive is used in the few distant shots fired for mantle
arrivals. These latter shots are normally between 50 and 100 lb of high ex-

plosives each ; in bad weather or when signals are weak, 300-lb shots are not

uncommon. The equation

Maximum range in kilometers = 7Y'(charge weight in j)ounds)

given by Raitt (1952) for operations in the tropical Pacific continues to be
valid in most areas. For work on the continental shelf as much as 4000 lb per

station may be required if mantle arrivals are sought. Short lines in shallow

water for studies of the shallower layers can be fired with a very few pounds of

explosives.

3. Receiving Techniques

Receiving techniques have followed three separate patterns. Although many
persons have contributed their share, the principal developers of these methods
have been Maurice Ewing of Woods Hole and the Lamont Geological Observa-
tory, Russell Raitt of the Marine Physical Laboratory of Scrijjps Institution of

Oceanography, and Maurice Hill of Cambridge University. The WHOI-LGO
methods have been used by Lamont, Woods Hole, Hudson Laboratories, and
collaborating groups ; the SIO methods have been followed by Scripps, Pacific

Naval Laboratory, and the U.S.S.R. Institute of Oceanology and Institute of

Physics of the Earth. Hill's method has been followed by Cambridge and the

National Institute of Oceanography. It is described separately in Chapter
.'{. The methods discussed here are necessarily those which the author
knows best from personal experience, discussions with the users, and the

published literature.
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In the SIO method, the receiving ship hes to or steams slowly into the wind,

and three or four hydrophones on neutrally buoyant suspensions are laid out

at distances of 300 to 2000 ft from the ship, as shown in Fig. 3a. Each hydro-

phone has been previously balanced by use of an aluminum float and small

lead weights so that it is very slightly buoyant at the surface and will be as

nearly as possible neutral at operating depth. A 50-ft leader cable without

built-in buoyancy is supported to neutral buoyancy by small aluminum floats

distributed along its length. In field use the cable hangs in loops between the

small floats, creating a mechanical filter to eliminate disturbances propagated

along the cable. The end of the leader is fastened to a heavy weight. From the

DRIFTING

0-lOOFT/MIN

(a) NEUTRALLY

BOUYANT

(b)

SINKING SLOWLY

20FT/HIN

Fig. 3. Hydrophone suspensions: (a) SIO method; (b) LGO-WHOI method.

weight a neutrally buoyant cable leads up 200 ft to the water surface where it

is fastened to a group of small i:)lastic floats and then back to a cable-puller

or a winch on the ship. The hydrophone system is shown in Fig. 4.

During reception of a seismic station other operations such as coring, heat-

flow measurements, underwater photography, hydrographic casts, bathy-
thermograph observations, and normal laboratory and ship work are continued
so that in all cases the ship's auxiliary power is kept on. In windy conditions

the main propulsion engines are on, and the ship heads into the wind with the

screw turning over slowly to keep the hydrographic wire vertical and the

hydrophone cables slack. If ship drift becomes too great and the hydrophone
cables pull tight the mechanical filtering action is lost, the hydrojihones rise

toward the surface, and wave and flow noise develop. In such cases, if steaming
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Fig. 4. Photograph of tiHJ hydrophone system.

Is not adequate or if for some reason it is not possible to steam (as in the case

where the dredge is down and currents are pulhng the hydrophones), cable is

paid out from the winches into a heap on deck and paid out rapidly at shot

fime for the most distant shots only.

A block diagram of the SIO shooting and receiving system is shown in Fig. 5.

The hydrophones used are normally either Brush Electronics Model AX-58C

or Research Manufacturing Co. Model R-100. The former uses Rochelle salt

crystals immersed in castor oil, the latter barium titanate ceramic cylinders

cast in plastic. Both types produce a signal of approximately 100 [xV per

dyne/cm2 for signals between 2 c/s and 20 kc/s. The output is at high im-

pedance and must be matched to the cable with a cathode follower pre-

amplifier (current amplifier) at the hydrophone; the SIO, LGO and WHOI
pre-amplifier circuits are shown in Fig. 6. Batteries to operate the pre-amplifier

are located not in the hydrophone but at the weight (actually a brass box

filled with batteries) 50 ft away ; this eliminates the need to open the hydro-

phone case or to re-balance at times of battery change. Hydrophones turn on

when the battery case is right-side-up. The least signal from sea noise in calm

weather in the low-frequency (2 to 20 c/s) range of interest for seismic refraction

is of the order of 10 (xV hydroi)hone output ; first stage noise must therefore be
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kept well below this level. Direct waves through the water from nearby shots

(and even from distant shots in areas of good sound propagation conditions)

fre(piently create hydro] )hone output voltage in excess of 1 V in the higher

frequencies ; it is, therefore, desirable to have a dynamic range in the pre-

am})lifier of 100 dB or more with as nearly linear response as possible.

At the shipboard end of the cables the signal is fed to an input panel which

uses blocking condensers to eliminate the d.c. component from the pre-am])litier

signal and ])rovides test })oints for checking pre-amplifier voltage and for

inserting calibration signals. The signals from all hydrophones are then distri-

buted through step attenuators to the ami)litiers. V^arious versions of the

amplifying system have used cross-over networks dividing at 20 c/s, paralleled

am})lifiers with low-pass filters for the low-frequency trace, and narrow-band

amplitiers in parallel. The present system used at SIO feeds the signals through

a cross-over network which sends signals below 20 c/s to the "LF" amplifiers

in the block diagram (Fig. 5) and signals above 20 c/s to the "IF" amplifiers.

Signals near 20 c/s are strongly suppressed. The choice of 20 c/s for the cross-

over stems from two causes : first, the energy in the refracted arrivals lies in

greater part below this frequency, and secondly, this is the mechanical fre-

quency of most of the water-borne sound created by rotating machinery on the

shi})s that have been used. If ships with machinery of other speeds are used,

the cross-over frequency must be changed to keep the maximum attenuation

at the noise frequency. Signals are separated before amplification to reduce

the range of linear amplification needed to prevent intermodulation, which, if

present, w^ll cause the direct water wave (strongest in high frequencies) to

produce a spurious signal on the low-frequency traces, masking the bottom

refracted arrival on shots at certain ranges. The low-frequency signals are

given up to 40 dB of amplification, and then two outputs at levels 26 dB apart

are carried out for recording. The amplifiers are battery powered to reduce

hum
;
great care must be taken to avoid ground loops and nearby sources of

electrical noise. High dynamic range, linearity, freedom from blocking after

overload, low internal noise, stability, good low-frequency response and
reproducibility of gain settings are features of these amplifiers. IF amplifiers

are in most respects identical with those used for the LF channels, except for

the addition of rejection filters for 60 c/s electrical pick-up. The outputs of

the IF's go both to the recorders at two amplitude levels and to high-frequency

(HF) amplifiers that pass only frequencies above 600 c/s. The HF output is

then rectified and recorded at two levels.

Outputs of the amplifiers are recorded with 230 c/s galvanometers on a 17-

channel photographic oscillograph along with the radio-transmitted signal

from the shooting shij) and second marks from a chronometer. A secondary

time base is provided by time lines controlled by a 100 c/s fork. In addition,

a monitor record is taken with a pen-and-ink recorder using two pens operated

by galvanometers and one operated by a relay. This requires the use of a set

of auxiliary ])ower amplifiers. With ]iro])er switching the operator can record

on this the chronometer ticks, the firing mark from the radio, the low-frequency
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outputs of two of the hydrophones on the first arrivals, and high- and low-

frequency outputs from one of the hydrophones on the water-borne arrivals.

Information from the monitor records is used by the recording operator to

check for instrument trouble or noise, and to decide on changes in charge size

to be called to the shooting ship. A running plot of rough readings from the

monitor records is maintained during the run for preliminary interpretation.

Whenever a roll of recording paper has been run through the oscillograph, it is

removed and developed to check on the quality of the photographic recording

on all channels and to jjermit the beginning of data reduction aboard ship.

The recording system used at SIO is completely transistorized except for

the pre-amplifiers.

lOO

Frequency ~ c/s

1000 10.000

Fig. 7. Response of SIO system from hydrophone output to oscillograph trace; dB
relative to maximum response of each channel.

Auxiliary information that must be noted includes all of the information

listed for the shooting ship plus attenuator settings, depth at the receiving

ship and a running record of instrument connections and settings. At the

conclusion of each station, electrical calibrations are made on one more of the

hydrophones by inserting a series of calibration signals (from 2 c/s to 20 kc/s)

to the calibration resistor in the pre-amplifier and taking a brief record. This

gives the total response of the system excluding the hydrophone element ; an
example of the response of the system from hydrophone output to oscillograph

trace is given in Fig. 7.

In the system of recording developed at Lamont and Woods Hole, most of

the differences in procedure stem from the practice of silencing the ship during
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receiving lieriods. The receiving ship lies to, securing all machinery possible and
operating essential receiving equipment and radios from the ship's batteries

and from l^attery-driven a.c. converters located near the equipment they

su])i)ly. With the ship thus silenced the need for streaming the hydrophones
away from the ship and for filtering out the 20 c/s mechanical noise and 60 c/s

electrical pick-up disappears. This was the first method used; the SIO system

was developed to meet the problem of ships that are difficult to silence and the

presence of other scientific programs requiring power during stations.

In the LGO-WHOI system, hydrophones are identical with those at SIO;
the pre-amplifiers are similar but not identical, as shown in Fig. 6, B and C.

In a recent version of the LGO pre-am])lifiers the filament batteries have been

put into the hydrophone and power is turned on when the plate voltage is sent

down the cable. The hydrophones are not balanced ; instead, a series of five or

six floats is fastened to the cable (which is heavier than water) at increasing

distances of 10 to GO ft from the hydroj^hone. The floats are so arranged that

the system has slight positive buoyancy when about 200 to 300 ft of cable is in

the water. Prior to arrival of the refracted wave, extra cable is paid out to

make the system heavy and the hydrophone then sinks slowly during arrival

of the shot, as shown in Fig. 3b. Submergence of the floats eliminates wave
noise ; the slack bight of wire prevents tugging from the ship, and flow noise is

greatly reduced by the slow steady sinking of the hydrophone. In order to

determine the hydrophone depth, a bourdon-tube depth gauge is placed on the

hydrophone or near it on the cable in a separate housing. Two hydrophones are

usuaUy used, one at the bow and one at the stern ; more would be difficult to

handle. Cables are pulled and slacked by hand. Systems of amplifying and
recording have varied. Broad-band amplifiers of a number of different types

have been used in the past ; the common feature has been the use of several

frequency bands and amplitude levels. WHOI has in recent years standardized

on their "Suitcase" amplifier (Dow, 1952), a battery-powered, accurately

calibrated, wide-band, high-gain, low-noise, dual-channel amplifier designed

for general underwater sound use. It has a jDass band between 6 dB points of

8 c/s to 50 kc/s ; interstage jilug-in filtering permits selection of any desired

response band. A companion power amplifier drives a hot-wire (Sanborn)

recorder. All frequency bands used in the SIO system can be covered by the

WHOI "Suitcase" system. In addition, on some operations, a set of standard

land-type multi])le-channel refraction amplifiers with variable filtering has

been used on the output of the "Suitcase" to provide as many as 12 different

frequency and amplitude channels per hydrophone. Tape recording of the

seismic signals has been done with the "Suitcase" system, primarily for analysis

of the reflected and direct water arrivals.

Work at Lamont since about 1952 has been done with an amplifier system

with three frequency bands (3.5-135 c/s, 30-250 c/s and 620-14,000 c/s recti-

fied), each at five outj^ut levels, described by Sutton (1952). The most recent

LGO instrumentation has been a completely transistorized set of portable

amplifiers providing three frequency bands at two output levels for each of
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two hydrophones. The relative frequency response of the LGO transistor

amphfiers is shown in Fig. 8, as given by Luskin and Koelsch (1958).

a-

§

-Cl
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such as the continental shelves, trenches and seamounts, changes may take

place within the length of the profile that will make interpretation difficult or

ini])ossil)le. Des])ite the a]>parent disadvantages, the advantages are many.

The method requires only a single set of i)ersonnel and equi])ment for receiving,

and only one ship need carry explosives. Safe and legal handling and stowage

of large quantities of explosives at sea is not simple, and on many ships nearly

impossible. Similarly, the maintenance of receiving equipment in the marine

environment })resents many ])roblems. The two ships never cover the same
track, making for better bathymetric coverage in reconnaissance areas (of

•
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arrivals from each layer is not normally obtained. As used extensively by LGO
and WHOI, one ship lies to on station while the second shoots a profile, usually

about 40 miles long on deep-sea lines where arrivals from the mantle are being

sought. As soon as the final shot of the profile is fired, the shooting ship stops

and launches hydrophones ; the receiving ship gets underway and shoots on
the same course up to the new receiving position. Ship drift on station normally

amounts to several miles and is rarely known in amount until after the fact

;

profiles are, therefore, rarely truly reversed, forming instead a parallelogram.

It can be assumed if the shooting lines are parallel that the velocities obtained

will be true, and any mis-match in the reverse times is normally blamed on
drift. On very long profiles in complex areas lateral changes in velocity may be

pronounced in the shallow layers so that the velocities and thicknesses obtained

are at best averages ; in such cases, where time allows, resort is sometimes
made to compound profiling.

D. Overlapping Profiles

Overlapping profiles are essentially incomplete reversed profiles so arranged

that refraction arrivals from the deepest layer are received at both ends of the

fine from shots with the same geographic position. This permits determination

of mantle velocity from plots of arrival-time differences to eliminate effects of

variation in thickness of the shallower layers. If carried out to full length,

these would be very long reversed profiles ; for a given amount of time and
explosives, reversed control is sacrificed to get a better velocity determination

on the mantle.

E. Compound Profiles

Compound profiling involves combinations of the foregoing; in one form,

used at SIO on expedition MUKLUK, it involved shooting reversed profiles on

the ends of which were attached short unreversed lines to get a more positive

check on the sediment and second-layer velocities. Each station then consisted

of four shooting lines, two of which were reversed. A more elaborate version

of this was the combined LGO-WHOI-Hudson Labs.-Texas A & M MOHOLE
expedition of 1959, in which four ships participated, with three receiving along

a straight line at any given time and the fourth ship shooting from a point

short of the first ship to a point beyond the third. At the conclusion of each

run the shooting ship stopped and became a receiver, while the first receiving

ship in line picked up its hydrophones and became a shooting ship. This

system can give reversals on all layers ; it has as its only drawback the expense

and difficulty of co-ordinating a large number of ships and personnel.

F. Fan Profiles

In fan profiles the shooting line never passes the receiving position. This is

normally done in conjunction with a profile of another type and is a correlation
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method to determine variations in structure over a larger area. The shooting

ship maintains constant distance from the receiving ship and varies its azimuth.

G. Detailed Area Surveys

Detailed area surveys require continuous profiling. In this case reversed

profiles are placed end-to-end either along a straight course or in a series of

closed loops.

5. Miscellaneous Variations

In addition to the methods described above, a number of variants have been

used or are under development for special purposes. One of the most important

of these is shooting and recording on the sea floor in deep water. This was

attempted with some success at Woods Hole in 1937-40 (Ewing et al., 1946)

using a self-contained shooting and recording system that was dropped to the

bottom, fired its charges and took its ow^l records, and floated back to the sur-

face when it was done. The project was plagued with instrumental problems

and was halted by World War 11. The data to be gained from such a system

are of great importance, for the layers beneath the ocean on which w-e have

the least information are those in the first kilometer below the bottom, refracted

arrivals from which are infrequently received. A bottom-shooting and/or

recording system would improve the information on these layers. Recent

development A\ork on such a system has been in progress at LGO.
Systems for performing refraction work from a single ship have been used

almost from the beginning. LGO and WHOI have used the "'whaleboat"

method, in which shots were fired on fixed schedule from a small boat and the

firing time recorded against a chronometer mark. Such a boat has been used

at SIO using radio communications with the ship. Such operations are practic-

able only in areas of calm weather. The most successful single-ship operation

is that described in this volume by Hill (Chapter 3), in which sonobuoys have

been used for the receiving station.

A radically different method of operation, adapting the methods used in oil-

exploration seismology to deep-sea problems, has been developed by Savit

et al. (1962) of the Western Geophysical Company. In this method, the shooting

ship stays at a fixed position, and the receiving ship tows a long streamer with

24 groups of hydrophones. Shots are fired each time the streamer has been

moved ahead its own length. Low-impedance hydrophones without pre-

amplifiers are used. The signals are passed through wide-band amplifiers and

are tape recorded on a 24-channel ta])e recorder for later playback with filtering

on to a variable-area record. This method of operation gives more data points

per mile along each profile and permits the use of automatic data-handling

systems. The disadvantages are the high initial cost of the equipment and the

difficulty of reducing noise in the towed hydrophone system to a level that will

permit recording arrivals from the mantle at long range.
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6. Reflection Methods

Two major types of reflection work have been done in the deep sea : variable-

angle reflection shooting and vertical reflection work. The former has been done

generally in conjunction with refraction lines, although a few special reflection

profiles have been performed, primarilj^ by Officer (1955, 1955a). The latter has

been of two types, continuous iDrofiling (described by Hersey, Chapter -i)

and point recording. Reflection shooting in the deep sea has attained neither

the degree of sophistication aj^parent in shallow-water oil exploration work
nor the general use of the deep-sea refraction work, for reasons that will

become apparent below.

The problems of reflection work are primarily detection and classification.

Detection of sub-bottom reflections requires first an adequate signal source to

overcome the background. This is easily obtained with small explosive charges

using a quiet hydrophone from a motionless ship ; it becomes more difficult

when a moving ship and/or non-explosive source is used. The second require-

ment is a method by which reflections from below the sea floor may be identified

amid the signals created by reflections from various points on an irregular sea

floor. This second requirement impinges on the problem of classification. The
sub-bottom reflection must be distinguished from the bottom reflection, and

one sub-bottom reflection must be distinguished from another where inter-

ference exists. The earliest method of detection of seismic reflections on land

depended solely on amphtude ; every large new arrival was identified as a

reflection. In a few extremely favorable areas such methods gave usable

results (see Weatherby, 1949). Similarly, at sea such methods can be used

occasionally. The land work has shifted over to identification on the basis of

correlation of arrival time between closely spaced recordings, both at various

angles from a single shot and between nearby shots at vertical incidence ; the

trend in the A\ork at sea is the same.

In any deep-sea refraction line, reflections from the sea floor are recorded

and reflections from below the bottom may be present. Under favorable

circumstances many useful data can be obtained by firing a closely spaced

series of small charges at ranges short of that at wliich the first refracted arrival

can be detected. Two methods of firing are used ; to avoid complexity of the

arrival caused by the bubble pulses and the surface reflections, charges are

frequently fired at depths so shallow that the bubble blows out to the surface

before any bubble pulses can occur. To provide low-frequency energy for deep

penetration into the bottom, charges must be fired at greater depth. Frequently

charges at the surface and at depth are alternated (see Hersey et al., 1959).

From variable-angle reflection profiles such as these, the depth of the reflecting

layer and the velocity above the reflector can be obtained. Recording is nor-

mally by the same method as the refraction profile, with three frequency

bands recorded on a photographic oscillograph. Distinction of the sub-bottom

arrival from topographic echoes is done primarily by frequency content

;

echoes appearing on the high-frequency as well as the low-frequency traces are
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topographic; echoes on the low-frequency traces only are sub-bottom. Officer

(1955, 1955a) has tape recorded reflection arrivals and played them back

through narrow-band filters for this same ])ur])ose. For such a i)urpose the tape

recorder used must have good response in the low-frequency bands.

Reflection records at vertical incidence can be taken from a single ship with

little effort. The first extensive program of this sort was performed by WeibuU

(1954) on the Swedish Deep-Sea Expedition, 1947-1948; his method was

unique and has not been copied extensively. He distinguished between sub-

bottom reflections and topographic reflections by firing several shots at different

depths below the surface ; only for the sub-bottom reflection did the time-lag

after the bottom reflection remain a constant for shots at different depths.

Interference and complication of the record by bubble pulses was eliminated

by firing the shots at depths so great that the bubble-pulse interval was much
shorter than the bottom-to-sub-bottom interval for which discrimination was

desired. Concurrently, the surface reflection was made so late that it normally

occurred after all readable sub-bottom reflections were past. This method was

performed with pipe-encased charges with a weighted nose. They were fired

by means of a special pressure-sensitive detonator. When it was desired to fire

charges on bottom a delay disk of sintered copper was placed between the

pressure detonator and the sea, delaying build-up of pressure in the detonator.

Detection was with a wide variety of relatively insensitive near-surface hydro-

])hones. Recording was done by photographing the trace on an oscilloscope

and by means of a wire recorder with subsequent playback.

Independently and during approximately the same period, Hersey and

Ewing (1949) developed a method more akin to that used in the refraction

work. Shots of 1 lb of TNT were fired at depths of 100 to 300 ft in the earlier

part of the work and at 2 or 3 ft later. A hydrophone at depths varying from

150 to 1000 ft fed an audio-amplifier and an octave-band filter. Traces w^ere

photographed from an oscilloscope. The principal energy recorded was in the

frequencies above 100 c/s. Since that time further development has led to an

underway shooting method in which the hydrophone is towed behind the ship

and the cable is slacked at the time of each shot. Many thousands of reflection

shots have been taken in this manner. On-station reflection shots with charges

flred at depths of 150 ft and hydrophones at the same depth were used by

Shor (1959) in an area of the east Pacific where a strong reflection occurs

late enough to be unaffected by the bubble pulses and surface reflections.

Development of improved reflection methods is progressing rapidly; major

changes have occurred between the writing of this papier and its return in proof.

Ewing and Tirey (1961) have developed a system of recording in which the firing

of each shot starts the rotation of a recording drum on which are recorded each

])eak and trough of the returning signal as a black dot. The hydrophone and

amplifiers used are the same as those of refraction work; the hydrophone is

towed behind the ship, and the towing wire is slacked at each shot to allow the

hydrophone to sink slowly through the water. With many closely spaced shots,

one obtains a record, similar to that of a fathometer, which permits rapid



SECT. ]] REFRACTION AND REFLECTION TECHNIQUES AND PROCEDURE 37

correlation. This system gives consistent penetration to the base of the low-

velocity sediments; sometimes horizons within the sedimentary column are

also recorded.

Extensive work has been done with non-explosive systems for under-way

reflection work. One electromechanical system is discussed by Hersey in this

volume. Several versions of underwater arc discharge systems have been used

with varying success. One described by Shor et al. (in press) has produced

echoes from within the sedimentary column and from the base of the sediments

in deep water. All these systems are limited by the noise produced by the motion

of the hydrophones through the water; attempts to overcome this have included

slacking a single hydrophone, or the use of multiple-hydrophone streamers to

cancel noise, or systems by which the echoes from several consecutive signals

are added before recording. Future reflection work in the deep sea will

undoubtedly be done with high-repetition-rate systems which record in the

style of a fathometer whether the source of the energy be high explosives, gas,

compressed air, or electricity.
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3. SINGLE-SHIP SEISMIC REFRACTION SHOOTING

M. N. Hill

I. Introduction

Shortly after the end of the Second World War it was realized that the diffi-

culties of obtaining in Britain two ships for refraction shooting at sea would
prohibit the use of the more conventional methods described in Chapter 2.

It was, therefore, decided in the Department of Geodesy and Geophysics at

Cambridge that a single-ship method must be developed.

The first system tried was to fire charges suspended beneath buoys. These
charges Mere electrically detonated by clocks in the buoys and a preliminary

A\arning before firing, and the shot instant, were radio-transmitted to the ship.

The receiving hydrophones and their associated amplifiers were connected to

the recording equipment in the ship. This method was soon abandoned as

laborious and unsafe. At long ranges there would have been danger of the

buoys being picked up by unknown ships before the charges had fired.

The next system tried was first used in shallow water and is that which is

still in use, namely the sono-radio buoy system. The first experimental area was
in the western approaches to the English Channel and the results were published

by Hill and King (1953) and with more observations included by Day et al.

(1956). The first deep water experiments were made in 1949 and the results

published by Hill in 1952; these experiments were followed by further work in

the Atlantic (Hill and Laughton, 1954) and by the w^ork of H.M.S. Challenger

(Gaskell et al., 1958). This last paper contains a description of the method of

analysis of results. With the method used in all these experiments hydrophones
are suspended below buoys which transmit by radio the signals received to the

ship from which the charges are fired. With this system (Fig. 1) a number of

receiving points can be obtained for each shot; it is usual to lay four buoys at

appropriate spacings. Further, the ship is in control of the charge-firing

arrangements and the danger is, therefore, greatly reduced from that of the

first system.

The disadvantages of the system compared with the two -ship system are as

follows

:

(a) The radio range between the buoys and the ship is limited to about 45 km
because of the restricted radio power of the buoys.

(6) The buoys are not expendable and have to be recovered. This means that,

having shot a line, it is necessary to steam back to the buoys, thereby increasing

the total steaming distance in comparison with some of the two-ship methods.
It further results in weather restrictions; recovery becomes difficult in winds
higher than Force 5 to 6.

(c) Once launched, the buoys are no longer under control and, for example,
the amplifier gain settings cannot be altered. Further, it is not possible to

quieten the hydrophones by cable streaming methods such as are described in

the previous chapter,

[MS received April, 1962] 39
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(d) At present there is only one channel from each buoy. Multi-channel radio

transmission from each buoy could greatly improve the amount of information

received at the ship.

These disadvantages are, however, to some extent outweighed by some ob-

vious advantages apart from that of being able to operate with a single ship:

(a) Multiple receiving points can easily be obtained; this not only results in

economy in the use of explosives but also.for exam])le,in information concerning

the di]) of the strata being obtained without reversal of the line.

(6) Ship-made noise is not picked up by the hydrophones. There are no

moving parts in the buoys and quieter operation should, therefore, be possible

than with hydrophones near ships.

•6-25 miles-

Rodio waves Sono- radio buoys

Bosement rock

Fig. 1. The sono-radio buoy system of seismic refraction .shooting. Explosions are fired

from the ship and the signals received by hydrophones below the buoy are trans-

mitted back to the ship for recording.

The disadvantages of the limited radio range of the sono-radio buoys could

be overcome by increasing the radio power transmitted, but the increase

required, say, to double the range to 00 km would be of the order of twenty
times. This results in a cumbersome buoy. During early 1962, however, an
alternative system for long-range seismic refraction shooting has been developed
and successfully tried by the Department of Geodesy and Geophysics. A film

recorder and radio receiver are installed in the sono-radio buoy. This recorder

is switched on and off by the ship's radio transmitter and the shot instant

transmitted to the buoy. This greatly increases the range of operation since the
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ship's transmitter has relatively great power. The disadvantage of the method

lies in the fact that once radio contact is lost from the buoy transmitter the

quality of the seismic signals cannot be judged until the buoys are recovered.

However, the quality of the recording is improved by eliminating the radio link,

and multi-channel recording is possible.

Apart from single-ship operation, sono-radio buoys can also be used with

advantage where two ships are available. The receiving ship lies amidst an

array of buoys spaced to conform to any pattern suitable for the particular

problem.

2. Instrumentation

A. Hydrophones

In the system at present used by the Cambridge group the sensing head of

the hydrophone consists of a barium titanate tube radially polarized and silvered

in four longitudinal strips inside and outside. The tubes are 1 in. O.D. and

approximately f in. I.D. and 1 in. in length. Each of the longitudinal strips can

be considered as a separate hydrophone element and the four are electrically

connected in series. By this means the voltage sensitivity is increased by a

factor of approximately four times from the value it would have if the tube

were fully silvered.

After the electrical connections have been made the tube is completely

potted in epoxy resin to form a cylinder 1| in. in diameter. This cylinder is

longer than the barium titanate tube and is machined at one end to take an

"O" ring for sealing into the preamplifier tube. At the other end the cylinder

has a domed end; the intention being that this dome should prevent eddy

formation if the hydi-ophone has water moving past it. The domed end

has an axial hole in it : this is loaded with an appropriate amount of lead shot

to provide horizontal trim for the complete assembly. A photograph of the

sensing head is shown in Fig. 2,

The preamplifier tube is made from a corrosion resistant aluminium alloy of

wall thickness approximately yg ^^- ^^^ of outside diameter equal to that of

the sensing head. The length of this tube is selected to make the whole assembly

neutrally buoyant. The tube contains a four-stage thermionic valve (DF66)

amplifier, a gain control, and the battery supj)ly consisting of one 1^-V cell

and one 22i-V battery. The frequency response of the hydrophone and pre-

amplifier is flat from 5 c/s to 5000 c/s.

The coaxial hydrophone cable is 300 ft in length, rubber covered, and ap-

proximately ^ in. in outside diameter. For the first 100 ft from the hydrophone

the cable is buoyed with tubular floats approximately every 10 ft to make it

overall neutrally buoyant. At the 100-ft position a 10 lb weight is attached and

thence the cable is connected directly to the buoy. It is thus expected that the

hydrophone and 100 ft of cable will stream out horizontally at a depth of 200

ft below the buoy (Fig. 3).
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•\

*

Fig. 2. The barium titanate pressure-sensitive element and part of tlie preamplifier of the

hydrophone used below sono-radio buoys. Scale in inches.

Hydrophone

-* 100 ft

Fig. 3. The rigging of the hydrophone below a sono-radio buoy.
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B. The Sono-Radio Buoys

43

There are two types of buoy at present in use. The hrst contains the radio

transmitter and its associated dry batteries. The second, which is considerably

larger, contains a transmitter, a radio receiver, the dry battery supply and an

eight-channel 35-mm photographic recorder, associated filters, and amplifiers.

A photograph of one of the smaller buoys is shown in Fig. 4.

Fig. 4. A photograph of a sono-radio buoy and hydrophone. The 8-ft-long bottom pole,

made from galvanized iron tubing, is not shown.

The bottom poles are 8 ft in length wdth lead weights at their bases to main-

tain the buoy-can vertical. The top poles are 11-ft bamboos with heavy gauge

copper wires strapped to them; these wires act as aerials. The poles are mounted
on the aerial insulators on the tops of the buoys. A small flag is tied to the top

of the pole.
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C. The Radio Transmitters

The radio transmitters operate at preset frequencies between 40 and 47 mc/s

and radiate approximately 3 W r.f. F.M. is used as the modulation system and
the maximum deviation is + 125 kc/s. Thermionic valves are used throughout.

Ami)litude modulation is unsatisfactory because of the movement of the buoy
antenna.

The signals from the hj^drophones are connected directly to the reactance

modulator; this alters the oscillator frequency by an amount pro])ortional to

the signal voltage. The oscillator frequency is doubled in the anode circuit of

the oscillator valve and doubled a second time in the drive valve for the push-

I)ull output valves. The output from the transmitter is matched to the half-wave
aerial on top of the buoy.

The battery supply for the transmitters consists of two composite H-V +
90-V dry batteries each weighing about 5 lb. The life of these two batteries is

approximately 24 h for continuous operation.

With advances in transistor design, it is expected that the transmitters could

in future be transistorized. This would allow increase in the radiated power for a

given weight of batteries, or alternatively a longer life. The signal-to-noise

ratio could be improved by using jihase modulation by an amplitude-modulated

sub-carrier of, say, 10 kc/s.

D. The Long-Range Buoy-Radio Receivers

Commercial transistorized receivers are installed in the recording buoys.

These receive signals from the ship's transmitter in the frequency range 1.5 to

2.5 mc/s and are connected to the transmitting aerial; suitable filtering to

remove the 40-45 mc/s signal is required at the input. At the audio output there

is a narrow band filter centred at 800 c/s and suitable relays for switching the

recorder on and off.

In order to avoid spurious signals operating the switching system, the 800 c/s

amplitude modulated transmission from the ship has to persist for 2 sec before

the recorder is switched on. Thereafter the recorder will continue to operate so

long as the modulation persists and for 10 sec after it is switched off. Thereby

short breaks in the radio transmissions will not affect its operation. The

modulation can be keyed in the ship and the pattern is recorded both in the

buoy and in the ship. This pattern can be related to the shot instant, which is

not directly transmitted to the buoys; the recorders are not switched on until

after the shot fires.

E. The Long-Range Buoy- Recorders

The miniature 35-mm photographic recorders in the buoys contain 200 ft of

film. A recording speed of 2 cm/sec is usually employed; this gives a total

recording time of 50 min. There are up to 12 recording channels available.
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F. The Ship's Radio Receivers

There are two receiving aerials in the ship, one mounted on the forecastle and

the other astern. These aerials are commercial dipole directional television

aerials; one has its maximum response ahead and the other astern thus enabling

good recejation to be obtained both on the way out and on the way back to the

buoys. Relatively broad band aerial amplifiers are installed in the ship near the

aerials and the high-level r.f. signals are thence fed to the receivers in the

laboratory. Each receiver is tuned to a particular buoy.

The audio output from each receiver is filtered to provide one band from

5-500 c/s and a second from 5-50 c/s.

Each receiver has a tuning indicator and a radio frequency signal level

indicator.

G. The Recorder

The output from the receivers is recorded on an ultraviolet-light 12-channel

galvanometer recorder. This type of recording allows inspection of the record

before processing. Time marks are produced by a phonic motor driven from a

crystal-controlled frequency source.

The methods of analysis of the results are as described in Chapter 1

.

3. Operation

The number of buoys normally used is four. These, in deep-water areas, are

spaced along the line of shots at intervals of about 1 mile. The first shot is fired

about 4 miles from the nearest buoy and thereafter at fixed intervals of time,

usually between 4 and 8 an hour. The ship's speed is approximately 8 knots.

Between 10 and 20 shots will be fired for a full profile.

The explosive used is "Geophex", which does not require watertight con-

tainers or primers when initiated with aluminium detonators. Slow-burning

fuse, specially covered in order to stop penetration of sea-water, allows the

charge to sink and the ship to get clear before detonation. A length of fuse

giving a burning time of 80 sec is standard; the charge depth is then approxi-

mately 300 ft.

The charge size is varied from about 5 lb for the close shots to a maximum of

300 lb for the longest range shots.

It is usual to keep the observation roughly plotted as the information comes

in; thus, on the passage back to the buoys, any gaps can be filled in.

To avoid unnecessary searching for the buoys on returning to them, sound-

ranging shots of 2 1 lb weight are fired when the range is estimated as being

about 3 miles from the nearest buoy. In good visibility the buoys can be seen

at about 1 mile distance.

If the opportunity exists, shots are fired from both ends of the line of buoys.

In shallow-water work the technique is unchanged apart from the spacing

between shots and buoys.



46 HILL [chap. 3

References

Day, A. A., M. N. Hill. A. S. Laughtim and .1. C. Swallow, 1956. Seismic prospecting in the

Western Approaches of the English Channel. Q. J. Geol. Soc. London, 112, 1.5-44.

Gaskell, T. F., M. N. Hill and J. C. Swallow, 1958. Seismic measurements made by H.M.S.

Ch<tUenger in the Atlantic, Pacific and Indian Oceans and in the Mediterranean Sea,

1950-53. Phil. Trans. Roy. Soc. London, A251, 23-83.

Hill, M. N., 1952. Seismic refraction shooting in an area of the Eastern Atlantic. Phil.

Trans. Roy. Soc. London, A244, 561-596.

Hill, M. \. and W. B. R. King, 1953. Seismic prospecting in the Western Approaches of

the English Channel. Q. .J. Geol. Soc. London. 109, 1 20.

Hill, M. N. and A. S. Laughton, 1954. Seismic observations in the Eastern Atlantic. Proc.

Roy. Soc. London, A222, 348-356.



4. CONTINUOUS REFLECTION PROFILING

J. B. Hersey

1. Introduction

A continuous seismic -reflection apparatus consists of a sound source and a

nearby hydrophone receiver which are towed through the water while operating

exactly as the conventional echo-sounding instrument does ; the source sends

out sound pulses at regular intervals ; the receiver receives subsequent echoes

reflected from the bottom of the ocean and from reflectors below the bottom.

Ship

underway

Hydrophone moved away or

towards spark source

Fig. 1. (a) Continuous profiling for normal incidence reflections, (b) Procedure for oblique

reflection profiles.

The echoes are then converted to electrical signals and fed ultimately to a

graphic recorder like those commonly used in echo-sounding. (The basic

operation is illustrated in Fig. 1.) Both single-frequency and broad-spectrum

sound sources have been used. Either are short pulses of sound radiated on a

precise schedule that is controlled by the graphic recorder. Since different

[MS received July, 1960] 47
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frequency bands are effective for different studies the broad spectrum pulses
are the more commonly used. Previously, seismic-reflection methods for ex-
])loring buried structures have depended principally on explosive sound
sources. The difficulties associated with explosives have limited the techniques
of exploration severely. Aside from problems of safety, perhaps the impracti-
cality of shooting many shots in close sequence has been the biggest drawback.
Despite these drawbacks very successful reflection ])rofiling has been carried

out with explosives during cruises of Vema of the Lamont Geological Observa-
tory (Ewing and Tirey. 1961). Several sources have been developed that can be
actuated rapidly and continually, and. further, have the requisite broad
spectrum. Any one of these that can be triggei-ed piecisely is useable, though
some are more limited than others.

The method depends critically on the automatic correlation of successive

recordings provided by the gra])hic recorder. The first graphic recorders we are

aware of were used for echo-sounding by Marti (1922), and during the 1930's

the graphic recorder gained rapid acceptance for recording water depth con-

tinuously in shallow water. Prior to the use of graphic recorders echo-sounding
information was presented on scanning discs or other metering devices which
jH'ovided no permanent record and especially no record which permitted easy,

rapid correlation of successive soundings. Then observers often misinterpreted

echo returns as bottom soundings when they may equally well have been
echoes from objects in the water, sub-bottom echoes, or echoes from rough
topography. Shortly after graphic recorders came into common use, observa-
tions were made in shallow-water areas w^here the sound pulse had penetrated
the bottom to be reflected from a surface below the bottom. A well known
early example is a recording during trials of T.S.S. Awatea (see Veatch and
Smith, 1939, j^l. vi). Murray (1947) hkewise recorded sub-bottom echoes with
a high-frequency echo-sounder in the Gulf of Maine. Other early observations

are known which have not been published. One of these was made by the writer

and others during 1942 in the inner parts of a branch of Pearl Harbor where
channel dredgings had been dumped in large quantities. The dredgings were
known from diving operations to be very soft, watery mud and it did not seem
surprising that ultrasonic i)ulses could penetrate short distances, of the order
of 20 to 30 ft, through this watery mud to reflect from the rock surface

below.

Since echo-sounders all use high frequencies one must infer from the paucity
of reported observations of sub-bottom echoes that sediments having low
absorption for high-frequency sound are rare in shallow water. For reliable

penetration sounds containing low-frequency energy were needed even for

work in shallow water. In deep water the sound pulses commonly used in early

sounding operations were so long as to obscure echoes from layers only a few
tens of feet below the bottom. Hence it is not sur]H'ising that there are no
reports prior to 1950 of bottom penetration in deep water from echo-sounders.

Since that time modest sub-bottom penetration in deep water has been observed
much more often M'hen short sound pulses have been used (Heezen et al., 1959;
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Hersey and Rutstein, 1958; Worzel, 1959). Again in deep water low-frequency

energy was needed.

The bottom reflection studies in deep water, reported by Hersey and Ewing
(1949), showed that sound pulses of considerably lower frequency, of the order

of a few hundred cycles, would usefully penetrate several hundred feet of

bottom sediments in the open ocean. These frequencies are well above the band
from 20 to 150 c/s commonly used in seismic prospecting. However, at that

time it was necessary to use the high energy of explosions to obtain these

echoes. The explosions were not repeated rapidly enough over long periods to

correlate echoes from sub-bottom reflecting layers. Consequently, although

many recordings were taken in the western Atlantic between 1946 and 1950,

it was never possible to learn very much about deep-water sediment structures

from them.

We needed a sound source which could be actuated repeatedly on a rapid

and regular schedule to correlate echoes from sub-oceanic reflectors over any

considerable distance. Earl}^ in the 1950's several groups, academic and com-

mercial, became interested in developing such seismic apparatus. The Magnolia

Petroleum Company laboratory developed an instrument, the Sonoprobe,

which was based on an electro-acoustic transducer generating a low-frequency

pulse ; it was used with a graphic recorder (McClure, Nelson and Huckaby,

1958). This instrument has been used both commercially and by academic

research groups. The United States Geological Survey, starting with some

studies of silting behind Hoover Dam in Lake Meade in 1947, used echo-

sounders employing 14.2 kc/s to measure the rate of silting there. Subsequently,

they made additional studies with the same technique in Lake Michigan and

Passamaquoddy Bay (Smith, Cummings and Upson, 1954; Smith, 1958). They
reduced their operating frequency to 11, and finally 6 kc/s as their work
progressed. At the Woods Hole Oceanographic Institution in 1952 the writer

and P. F. Smith made some observations in Great Harbor at Woods Hole of

sub-bottom echoes of the sound generated from an electric spark discharged

under water. This sound source was copied from the design developed by
Anderson (1953). We recorded on magnetic tape and at the same time observed

the echo sequences on a cathode ray oscilloscope. Later the writer and S. T.

Knott made a series of observations also in Great Harbor and later in Vineyard

Sound (Knott and Hersey, 1956). In all of these the spark sound source was

used with a graphic recorder. At the Naval Electronics Laboratory at about

the same time Padberg (1958) developed a directional transducer for gen-

erating high-energy low-frequency sound pulses from which he recorded

sub-bottom echoes on a graphic recorder. Beckmann et al. (1959) have rej3orted

successful work with a repeating gas exploder as sound source (see below).

Several commercial manufacturers of echo-sounding equipment have been

called upon to modify their equipment to radiate lower frequency pulses in

systems very similar to those mentioned above. Thus, considerable interest

has been shown in this method of studying comparatively shallow structures

in water-covered areas both at sea and in inland waters.

3—s. Ill
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2. Design

Methods adapted by the various separate groups using the continuous

profiling technique are similar. A schematic diagram of a typical instrument

is shown in Fig. 2. The elements of design are quite simple. Sound a])sorption

per unit distance is known to increase rapidly with frequency both in water
and sediment. Further, absori)tion in sediment is much higher than in water at

all frequencies of interest. Thus low frequencies will be required to penetrate

sediment (or rock). The question how low? we have had to decide empirically.

We know that absorption is small enough in some water-filled sediments to

permit ultrasonic echoes (c«. 24 kc) to be recorded through at least 30 to 40 ft

of soft mud. 6-14 kc/s have been used successfully to penetrate bottom sedi-

ments to well over 100 ft. Hersey and Ewing (1949) recorded apparent sub-
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signal. Frequency selection is accomplished with filters following the hydro-
phone pre-amplifier, as shown in Fig. 2. Broad-band filters have been used

;

obviously at any frequency a band as wide as the order of an octave will be
required if the response time of the filter (taken as the reciprocal band-width)
is not to limit resolution.

All designers have used graphic recorders which record intensity changes as

relative darkening of an electro-sensitive recording paper. Cathode-ray-scope
visual presentations are included in all the systems, and, at least experimentally,

long sequences of oscillograms have been recorded photographically. In the

case of the new Marine Seismic System of the Field Research Laboratory,

Socony Mobil Oil Company, photographic recording with the much-used
galvanometer camera has been employed to compare with the variable density

recording. It seems obvious that oscillographic recordings will be needed for

SPARKER (KNOTT)

THUMPER (EDGERTON)

DETONATION GUN
(SOCONY-MOBIL)
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(c) The Seismic Profiler: a high-tension spark discharged under water

(Knott and Hersey, 1956). Recently the boomer, an eddy-current-actuated

sound-pulse generator, was developed by Harold Edgerton primarily for use

with the seismic profiler but also for other applications in acoustical oceano-

graphy. The design lends itself to inexpensive alteration of the radi-

ated pressure-pulse shape and duration. The name seismic jxrofiler has also

been given to the method emjiloying exjjlosives by Ewing and Tirey (1{)61).

Possibly this is a suitable generic name for this kind of seismic instrument

system, whether the source is high explosives or an electro-mechanical trans-

ducer.

(d) The Snb-botfom Depth Recorder: similar to the seismic profiler. A spark

source is used for high frequencies and fine resolution ; a repeating gas explosion

(propane-oxygen) is used for lower frequencies and deeper penetration (Beck-

mann et al., 1959).

The Field Research Laboratory, Socony Mobil Oil Corporation, has developed

a gas exploder in the form of a vertical shock tube with one end under water.

Starting with spark ignition near the top a shock wave develops as gases (pro-

pane, oxygen) burn. The shock wave strikes the water surface at the bottom,

generating the sound pulse. The pressure-time wave-form (see Fig. 3) contains

both short and long duration pulses {in litt., manuscript in preparation).

A . Sound Sources

Fig. 3 contains the pressure-time curves available for the above sound
sources. They were all taken with broad-band pressure gauges at distances

from 6 to 60 ft from the source. The directional properties of these pulse

generators (excepting Padberg's) have not as far as we know been investigated

in any detail. All electrically powered sources employ a large condenser for

energy storage and various methods of triggering its discharge. Stored energy

varies from 4 to over 25,000 joules in models that have been extensively used.

Acoustical energy is from 0.5 to 10% of the electrical energy. [For a detailed

discussion of power supplies and transducers see Hersey et al. (1962) and
Caulfield (1962).]

B. Receiving Hydrophones

Piezoelectric and magnetostriction hydrophones have been used more or

less indiscriminately by various investigators, who have developed habits

depending on preference, convenience and estimates of performance in towing.

Of the published accounts of investigations at sea the Sonoprobe system

employs a receiver fixed by a rigid mounting to the rail of the shi]), whereas

both the seismic profiler and the sub-bottom depth recorder employ single

hydrophones towed well astern. Mostly, hydrophones are chosen for broad-

band, flat response (at least 30 to 10,000 c/s) and for best towing. Since noise,

whether ambient, self noise, or flow noise, is almost always more intense at low
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frequencies than at high, hydrophones having a high-pass frequency charac-

teristic response are sometimes selected. Sensitive hydrophones are required

but there is no need in the present state of the art for especially low noise

properties compared with the quietest ambient levels for underway

observations. Recently, especially in the work of John Ewing and his co-

workers at Lamont, the so-called "slacking technique" has been used success-

fully to obtain records of high quality in deep water from a ship proceeding at

10 knots. The slacking technique, long familiar in oceanic seismic-refraction

research, is to slack the hydrophone towing cable seconds before the desked

wave train is to be received, thus placing the hydrophone nearly still in the

water. The Lamont procedure while profiling is to shoot small charges of

exf)losive on a two-minute schedule, slacking the hydrophone cable anew for

each shot and then hauling in cable before the next.

A long array of hydrophones designed to be uniformly neutrally buoyant

has also been employed by several groups as a means of improving the signal-

to-noise ratio at high towing speeds. The recordings in Figs. 14 and 15 were

made with a 40-ft array of five hydrophones. By such arrays useful observations

have been made in the deep ocean at towing speeds of 8 knots. This speed does

not appear to be an upper limit.

C. Pre-amplijiers

Conventional broad-band amplifier designs have been used ; they are being

altered and improved almost continually. Hersey (1957) describes an early

design by Willard Dow.

D. Filters

Commercially available passive and electronic filters have usually been

used. For good transient response it is well to avoid filters relying on sharply

resonant circuits for sharp cut-off and, of course, care must be taken to match
the filters to surrounding circuitry. In using the seismic profiler we have pre-

ferred, whenever possible, to split the pre-amplifier output feeding it to one

high-frequency and one low-frequency filter. The high-frequency band is

chosen either to discriminate between side-echoes from a rough bottom and
sub-bottom reflections, or more rarely for high resolution of shallow echoes.

The low-frequency band is chosen for maximum penetration. The two bands

are recorded on a dual-channel graphic recorder.

E. Recorder Drivers

Little detailed information has been 2:)ublished about these units. The
characteristic problem of seismic exploration recording is the very large con-

trast in amplitude between high-energ}^ arrivals travelling only a short distance

and the faintest reflections, some of which may have short travel times as well.

Some kind of compression is almost mandatory (otherwise the recording paper
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is burned and torn to shreds!). McClure et al. (1958) report logarithmic com-
pression for the Sonoprobe ; Beckmann et al. (1959) report time-variable gain

(TVG) for the sub-bottom depth recorder, and recent forms of compression

circuitry in the seismic profiler include an adjustable clipper or, alternatively,

approximately logarithmic output.

F. Special Data-Processing Techniques

The Field Research Laboratory of Socony Mobil Oil Company reports

success with a magnetic drum compositor which retains and delays up to 16

successive between-pulse wave trains allowing them to add together before

recording. The wave trains are automatically matched at the trigger pulse of

the sound source. Correlated echoes are enhanced much more strongly than

random noise components. The electro-sensitive papers have a somewhat
similar action if the paper is moved so slowly through the recorder that suc-

cessive stylus-sweeps overlap. Other correlation techniques that have been

studied recently are gradually being introduced into seismography ; the basic

method of regular repetition of pulse-and-recording while the system moves
slowly over the structure under study is well designed for their profitable

application.

G. Recorders

The graphic recorders in use divide into dry paper and wet paper, and into

stylus- and hehx-recorders. There have been several produced commercially

that will serve, but those most in use today are the Alden ^ (wet paper and
helix-recorder), the Westrex^ (dry paper and stylus) and the ^luirhead^

(wet paper and helix-recorder). All are facsimile recorders which have been

adapted. The Alden and Westrex are described by Knott & Hersey (1956) and
Luskin et ah (1954) respectively.

Multiple-channel recording is sometimes useful as in the simultaneous

recording of low- and high-frequency bands discussed above (see Filters).

In conventional graphic recording of echo-soundings, individual oscillations

are not resolved ; the correlation presented is that of envelope matching
(Fig. 4). Pulses filtered to emphasize low frequencies during continuous reflec-

tion profiling have been recorded to resolve individual oscillations either by
half-wave rectification or high time resolution. Thus phase correlations can be

made. Phase correlation recordings are illustrated in Figs. 5 and 19 by half-

wave rectification, and in Fig. 21(b) by full-wave rectification and high resolution.

In Fig. 6 full-wave and half-wave rectification are compared during a profile.

Here echo sequences stand out more clearly when half-wave rectification is

^ Alden Products Company, Brockton, Massachusetts. Product known as "The Precision

Graphic Recorder".
2 Westrex Company. Product known as the "Precision Depth Recorder".
3 Muirhead Instruments Inc. Product kno^vn as the "Facsimile Depth Recorder".
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employed. Thus, recordings which display phase relations are often more
surely correlated in complex wave trains ; also they can be used to study
phase changes in reflection and other transmission processes.
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Fig. 4. A representative continuous reflection profile over an luieven bedrock surface buried
in sediment in Long Island Sound, New York. (After Beckmann.)
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Fig. fi. Refloftion profile across a buried cliannel in Narragansett Bay, Rhotle Island.

Brief intcMvals of half-wave rectification iilusti-ate the enhanced clarity of recordings
that di.splay phase correlations over tho.se displaying envelope correlation.

3. Operations at Sea

An effective continuous profiler can be mounted in almost any craft, ex-

cepting jDossibly a canoe. Low-power profilers have proven very convenient
for inshore, shallow-water work ; on seagoing ships one has room for more
power supply and other complications which result in deeper sub-bottom
penetration, which is usually needed offshore, becoming possible. The research

ship or boat commonly tows the sound source and hydrophone (or hydrophone
array) a considerable distance astern. This is done partly to clear the ship's

wake, whose bubbles will absorb the sound, and partly to place the hydrophone
farther from the acoustic noise sources on the ship. Recently, successful

experiments have been carried out at the Woods Hole Oceanographic Institu-

tion with small hydrophones towed from a boom ahead of the bow. Towing
speeds are commonly 3 to 6 knots. Source and hydrophone depth vary, but are

commonly adjusted to be about a quarter wavelength for the lowest principal

frequency in use. (That is, an arbitrary frequency near the low cut-off of the
lowest filter.)

For sounding sub-bottom structures, source and receiver are set close

together; say, 10 ft. For measuring seismic velocities, source and receiver are

gradually separated while operating. Oblique reflections, refractions, or both,

may be recorded. Often the drift of the observing ship is enough to carry it

from the cabled hydrophone, or the hydrophone may be deliberatel}' towed
away from the ship (see Fig. lb). Obviously, considerable variety is possible,

including placing source, receiver or both remote from the observing ship

without connecting cables. Then information can be recorded remotely or

relayed by radio or underwater sound.

4. Results

Continuous profiling has been used for about five or six years. Applications
were made first to shallow water and shallow unconsolidated sediment struc-
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tures. Later on. deeper parts of the continental shelf were studied, and, at

present writing, successful studies have been carried out both in oceanic depths

of 5 to 6 km and in the Puerto Rico Trench. During these studies, reflections

over 1 km below the bottom have been recorded.

Even in so young a development it is already difficult to sketch, much less

to describe completely, the investigations which have been undertaken. How-
ever, the following are representative.

A. Inland Waters

Early emphasis was placed both on obtaining sub-bottom echoes and on
comparing them with geologic evidence from bore holes and by charting

reflecting horizons to outcrops. In 1956 and 1957, J. B. Hersey, D. Fink and
Miss E. T. Bunce conducted two surveys in different parts of Narragansett
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Fig. 7. Marine Sonoprobe profile across Corpus Christ i Bay showing buried oyster reefs

(see a, b, c and d). (After McClure, Nelson and Huckaby, 1958, fig. 9.)

Bay, one for the First Naval District Office of Public Works and one for the

Army Corps of Engineers. The principal objectives were to map bedrock under

glacial deposits in parts of the Bay. Fig. 6 is representative of recordings

obtained. Bedrock reflections and other shallower horizons were traceable over

most of the areas studied. Beckmann et al. (1959) report surveys in Long
Island Sound and Chesapeake Bay. Fig. 4 shows a beautifully clear recording

of bedrock obtained at shallow depth with a spark sound source. In these

surveys continuous profiles were successfully correlated with core samples and
jaenetration tests measured by the number of blows per foot required to drive

driUing tools into the sediment. Reflection depths agreed well with abrupt

changes in the number of blows per foot.
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MeCliire, Nelson and Huckaby (1958) report comparisons of reflections with

l)orings in several structures in shallow waters of the Gulf of Mexico. They
obtained reflections from well known formations, and from deposits of shells

(Fig. 7). Other similar correlations with l>ottom cores have been reported

privately from work by Knott and Officer in the CJulf of Mexico,

B. Continental Shelves

These intriguing mor-i)h()logical features are receiving detailed attention off

California from D. G. Moore of the U.S. Naval Electronics Laboratory (see Fig, 8)
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Fig. 8. Sonoprobe recording of the continental shelf off California. (After Moore. 19(H),

Plate 3.

)

and C. B, Officer (Fig. 9), off the coasts ofNew Jersey, New York, and southern

New England separately b_y John Ewing and S. T. Knott, and in Cape God
Bay by Hoskins and Knott (1961). Profiles taken independently by
Fwing and Knott across the shelf east of New Jersey are shown in Fig. 10.

Recordings were made by the writer and R, Waller over the edge of the Spanish

shelf south of Cartagena which are similar to those of Ewing and Knott,

Thus far, little or no velocity information is available to support these

profiles. However, it seems apparent that the present method can be used
to increase our understanding of the processes that form the continental

shelves.
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Fig. 9. The continental shelf from a commercial survey off California. (After Officer.)

C. Intermediate Water Depths

Reconnaissance piotiles have been made by Woods Hole groups in the

Mediterranean Sea to the northwest of the Strait of Messina, and in the

North Atlantic on the Blake Plateau. Near the Strait of Messina the results

suggest sediment-filled channels trending to the northwest downslope from the

Strait (see Fig. 11). In these channels sediments attain a thickness of a thousand

feet or more in places where the water depth is over 1200 ft. On the Blake

Plateau flat-lying beds at shallow depths below the bottom were indicated.

Profiles from the shelf-edge to abyssal depths have revealed outcrops on the

continental slope of Europe and North America and layering over 1 km thick

beneath the continental rise off eastern North America.

D. Deep-Ocean Studies

During some early tests in 1956, a Woods Hole group recorded apparent sub-

bottom reflections with a spark source in water over 2640 fm deep. This could

be done only from a ship lying to and on silent ship routine. More recently,

Ewing and Tirey (1961) have reported extensive reflection proflling in the deep-

sea in 1960 with explosives, while Hersey (1962) reported similar observations

with a boomer in 1961. Since that time many thousands of miles of reflection

profiling (with 0.5 lb of explosives) have been recoiled from Vema of Lamont
while, from Chain of Woods Hole, both boomer (5000, 9000, and 13,000 joules

electrical storage) and sparker (25,000 joules) have been used in selected

locations in the North Atlantic Ocean and the Mediterranean Sea.

Examples of somewhat contrasting structures are shown in Figs. 12-15,

taken from various studies on Chain. A thick section, presumed to be hori-

zontally stratified sediments in the abyssal plain west of Gibraltar, is shown in

Fig. 12. Fig. 13 shows a long section across the low rise surrounding Madeira
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Fig. 11. A model of a continuous profiler survey in the Tyrrhenian Sea northwest of the
Strait of Messina. (Woods Hole Oceanographic Institution.)
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and the several seamounts to the north. The shallower layers are probably
sediments, but the shapes of the dee]ier retlectors together with their associa-

tion with the seamounts suggest a volcanic origin. At this writing there has

been no o})portunity to investigate these structures in any detail. Thus we can

only speculate about the significance of the obvious interruptions in the

horizontal reflectors in both profiles. Some of the interruptions on both profiles
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Fig. 16. A dual-channel recording of a refraction profile in Buzzards Bay, Massachusetts.
Channel 1, filtered 75 c/s hi -pass.

Channel 2, filtered 1200 c/s hi-pass. Gain of channel 1, 30 dB higher than channel 2.

correspond through several successive reflections in depth suggesting either

buried seamounts or intrusives.

Figs. 14 and 15 were recorded over the Bermuda rise. The deeper refiector

of Fig. 14 is characteristically rough and has large relief. This recording was
taken within 90 miles of Bermuda; 60 to 70 miles farther to the southwest, as

in Fig. 15, a similar reflector is overlain by several nearly horizontal, strong
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reflectors except where it protrudes to form abyssal hills. The identity of the

rough surface and the shallower layers has not been firmly established, but it

seems certain that the rough surface is either the top of the deepest crustal

layer having a velocity close to 6.5 km/sec (sometimes called layer 3) or the

top of one of the layers of intermediate velocity, 3.0 to 5.5 km/sec, sometimes
called layer 2. In the short time we have been recording reflections continuously

in the deep ocean several recordings, widely distributed in location, have
shown multiple layering, as in Figs. 12, 13 and 15. One is led to wonder whether
generalizations like layers I, 2 and 3 are not now over-simplified as means of

classifying oceanic structures.
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-

receiver

^i^^te
Ship drifting

Telemetering

(well logging cable)

Comera ond

hydroptione or source

Buoyant line

Source or liydrophonc

Fig. 17. Bottom seismic gear for deep-water use.

E. Seismic Refraction Observations

Scientists from both the Lamont Geological Observatory and Woods Hole
have recorded refraction arrivals during oblique reflection profiles. Fig. 16 is

representative ; refraction arrivals recorded in this manner with high enough
signal-to-noise ratio will be invaluable in supplementing present refraction

techniques with explosives. Continuous refraction profiling should prove

especiaUy valuable in the study of unconsolidated sediments in deep water
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where shallow explosions and receivers have proven inadequate because the

sediment arrivals are commonly masked. The outstanding requirement is a

source that can be lowered to the bottom, there to operate long enough to

enable the observing ship to drift away with a deep-suspended receiver while

recording the profile. It is not difficult to invent such a system
;
possibly the

next few years will see one put into successful operation. One untried possibility

is sketched in Fig. 17. While the scheme itself is speculative, the component

parts either exist or are under construction at the time of writing.

5. Interpretations

A. Geophysical

Continuous-reflection-profiling data provide a means of determining the

geometric relations between the reflection record and the structure; from this

description of structure and other independent knowledge, geologic inferences

can be drawn in the manner usual for such problems. It is not proposed to

review the subject of geological interpretation of geophysical data, but a
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Fig. 1 8. A recording of multiple-bottom reflections anid a complex reflection from preglacial

bedrock in Narragansett Bay, Rhode Island. Note that the bedrock reflection is

weakened so as not to record beneath the strongly reflecting portion of the bottom.

(Fink and Bunce.)

number of straightforward observations have been made by now which must

be understood to interpret a recording properly ; these will be discussed in the

order that they might well be taken up in analyzing a seismic survey.

A graphic recorder will bring out correlated signal sequences A\'hich have

nothing to do with the profiling (except to degrade it). Typical occurrences are

power-line cross-feed and rhythmic noise from ship's engines or propellers.

These are best identified when the recording is made. It is usually a simple

matter to shut off the sound pulse long enough to distinguish such noises.

They should, of course, be eliminated or reduced if possible.

In shallow-water surveying an echo-sounder record often contains echo

sequences of several multiple reflections between bottom and surface. Fig. 18
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contains a striking example in which 10 multiples were recorded across a small

area ; unfortunately we have no clue about the reason for such high reflectivity.

In continuous sub-bottom profiling, surface-bottom multiples are often super-

imposed on the sub-bottom echoes ; in addition, there may be other multiple

reflection sequences involving many different combinations of reflectors. In

Fig. 19 not only are there three bottom-surface multiples but a complex

pattern of sub-bottom echoes are repeated as well. In Fig. 20 a similar observa-

tion was made where the sub-bottom reflectors were so deep that bottom-surface

multiples and the sub-bottom-surface-bottom multiples are completely

separated. These examples clearly illustrate one of the principal difficulties of

DEPTH
IN
FATHOMS
(C=800
FM/SEC)

Sg^SHi?S^3?^«*«Pls*l

OTTOM REFLECTION

SUB-BOTTOM
REFLECTIONS

^•? Si^-SECOND BOTTOM
REFLECTION

SUB-eOTTOM REFLECTIONS
DELAYED BY ONE
SURFACE-BOTTOM
REFLECTION

—THIRD BOTTOM
REFLECTION

SUB-BOTTOM REFLECTIONS
DELAYED BY TWO
SURFACE-BOTTOM
REFLECTIONS

100

1.625 NAUTICAL MILES -

Fig. 19. Multiple-bottom-surface reflections recorded 10 iniles northeast of Provincetown,

Massachusetts. (After Knott.)

interpretation
;
painstaking identification of probable multiple echoes is a

crucial step in analyzing continuous jDrofiles.

In addition to providing "false" echoes the multiples may mask deeper

reflections. Furthermore, several instances have been observed where strong

reflectors seem to have returned so much energy that there was little left to be

transmitted on to deeper horizons. McClure et al. (1958) observed such strong

scattering in buried shell beds in the Gulf of Mexico (Fig. 7). Similar apparent

masking occurred in Narragansett Bay (Fig. 18). Possibly both scattering and

masking could be circumvented to some degree by proper choice of pulse

shape (i.e. lower frequencies more dominant).
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Amongst the echo sequences some represent echoes from extended interfaces

between materials of different acoustic impedance, while others may be echoes

scattered by smaller prominences (or concavities) in the bottom topograj)hy.

These latter echo sequences are commonly called side echoes ; usually they can

be recognized by their crescent form. Such echo sequences are thought to be

from reflectors small compared with the distance the ship moves during the

sequence. If so they should approximate hyperbolae. These reflectors are

located along the track of the ship at the top of the crescent, but a single

])rofile near one of them does not locate it athwartships. Crescent-form echoes

are familiar in echo-sounding (Fig. 21a); also they have been recorded as
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apparent sub-bottom echoes (Fig. 21b). The latter record was taken in Vine-

yard Sound, Massachusetts, by the writer and others. At the time we did not
j

prove that the crescent echo sequences came from sub-bottom reflectors, but
j

we saw large numbers similar to those shown here, none of which rose above the

bottom echo. This fact suggests that the reflectors are sub-bottom, possibly
\

glacial boulders, which are w(;ll known on land nearby.

Sloping echo sequences recpiire individual inter])retation before a structure-

profile section can be interpreted geologically. The echo-sounding literature

covers extensively the inter])retation of single echo sequences (for a review,

see Elmendorf and Heezen, 1957). Thus, sloping echo sequences known from
other control to have been recorded exactly normal to the strike of a slope can



SECT. 1] CONTINUOUS KEFLECTION PROFILING 69

be interpreted to give the true depth and attitude of its interface by the well

known arc-swinging technique. Where a sub-bottom slope is concerned, the

geophysicist must determine whether he is required to consider the velocity

structirre in constructing arcs. This technique in echo-sounding is based on

the assumption that the water has constant velocity. These rather tedious slope

corrections are frequently by-jjassed unless the exact attitude and location of

the reflecting surface is critically important.
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B. Geological Interpretation

The strata and other more complex structures dehneated by the reflection

method must be identified ; this is usually best accomplished by associating

them with known rocks or sediments, as by bottom cores. Inshore studies with
small survey boats often permit one the luxury of tracing a sub-bottom reflector

to an outcrop on shore. As mentioned previously there have been successful

comjiarisons of profiles with core samples and with ease of penetration measured
by the number of blows per foot required to ])enetrate bottom materials. Such
a correlation is reassuring, but core samples are more useful for geologic

inter})retation. Control by core samples is now mostly limited to a few tens of

feet in non-commercial research. The limitation is largely economic in shallow

water ; it is to be hoped that in the future the coring of deej^er holes will be
financed in areas of critical interest in shallow water as well as through such
deep-water projects such as the Mohole.

Velocity and acoustic impedance (velocity x density) by themselves are not
reliable means of identifying rocks or sediments. Thus it is well known that

calcareous rock can have velocities ranging from close to 1,5 to over 7 km/sec.

Nevertheless, considerable progress is being made in appreciating the charac-

teristics of rocks and soft sediments affecting velocity. Some of these, such as

the relationship between velocity and density, velocity and water content, and
velocity and hydrostatic pressure, are discussed elsewhere in this work. We can

hope that more and more reliable geological deductions can be based on these

relationships.

Where regional or nearby local geology is well understood the probable

geological structure can be deduced, as in the several examples cited under
"Results".

6. Geophysical Measurements

Exactly as this recording method helps to correlate echo sequences for

interpreting structure, so it can help to identify specific travel-paths in the

water and in the bottom, thus permitting the scientist to measure processes

which have previously been only vaguely identified in most work. Often the

oblique reflection method described by Officer (1955) has seemed inadequate

when applied to shot sequences because of small uncertainties of correlation.

This difficulty virtually disappears in continuous profiling. Continuous refrac-

tion profiling is just coming into use, but early indications are: (1) we will find

first arrival identification more certain, including ability to pick the first

motion, (2) "second" arrivals can be picked with much more confidence, and

(3) the effect of irregular topography on travel times will be displayed in much
greater detail.

So far as the writer has been able to discover no measurements of acoustic

impedance have been attempted during continuous profiling researches. The
graphic records of multiple reflections, as in Figs. 18 and 19, suggest that such
quantitative studies would be fruitful. Furthermore, it should be possible to

use continuous profiling techniques to measure effective absorption coefficients.
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7. Concluding Remarks

1. Several reflection surveys by continuous profiling methods have shown
good agreement with evidence in cores and outcrops.

2. Sediment penetrations of several thousand feet have been achieved with

the more advanced instruments, while even the earliest instruments recorded

fine detail.

3. The principal obstacles to widespread use of the method appear to be

:

(a) masking by multiple reflections between shallow layers and between the sea

surface and bottom, and (b) the probable rapid attenuation or scattering of

down-going energy through certain strata such as beds of gravel or shell.

4. The method appears to offer a great improvement on well known reflection

and refraction methods of measuring compressional wave velocities.

5. Acoustic impedance measurements can probably be made with con-

siderable assurance because travel paths of arrivals can be identified and their

energy measured.

6. Absorption in sediments can be measured in some places.

7. Obvious extensions of the method can be made to study seismic properties

and the structure of sediments in deep water with source and receiver at

the bottom.
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5. THE UNCONSOLIDATED SEDIMENTS

J. I. EwiNG and J. E, Nafe

1. Introduction

In this discussion the unconsohdated sediments are taken to be those in

which the speed of compressional waves is less than about 4 km/sec. The upper

hmit is entirely arbitrary and has been chosen to include all the material with

velocities lower than that of "Layer 2", which is discussed by Raitt in the

next chapter. Layers in which the velocity is between 2 and 4 km/sec have been

described by various investigators as semi-consolidated sediments. Other

authors have designated layers as unconsolidated, semi-consolidated and con-

solidated sediments and rocks. In almost every case the designation has

been made solely on the basis of seismic wave velocity, since identification

according to sediment type, age or stratigraphic position has not been possible

except in certain shallow-water areas where wells have been drilled nearby.

Most of the marine seismic measurements reported to date have been made
in the Atlantic and Pacific Oceans and in the shallower inter-continental seas.

In all areas investigated, the thickness of the unconsolidated sediments varies

widely from zero on some of the topographic highs to several kilometers in

some of the deeps and in some continental rise areas. The relationship of

sediment thickness and topographic setting has become increasingly more

understandable, and even predictable, in recent years since Kuenen introduced

the concept of transport of sediments by density or turbidity currents. This

concept has been thoroughly verified by sediment coring and seismic measure-

ments. It is now well known that even the coarser sediments derived from

continental erosion can be carried great distances from land, flowing out into

the ocean basins and being empounded in the deepest accessible areas (see

Chapter 14 of this volume). It is also known from underwater photography,

coring, dredging, and seismic measurements that many topographic highs are

devoid of even pelagic sediments, presumably being kept clean by deep currents

or by slumping.

In addition to the variation of sediment thickness with topographic setting,

there is a marked difference in average thickness of sediments in the Atlantic

Ocean and in the Pacific. The Atlantic has an average of more than 1 km
(Ewing and Ewing, 1959), compared with less than | km in the Pacific (Raitt,

1956). This difference is generally attributed to the facts that the Atlantic is

much smaller and that more large, sediment-bearing rivers flow into it.

The thickness of sediments cannot always be measured exactly by seismic

methods, owing to the difficulty of measuring the velocity, particularly in the

uppermost part of the section in the deep ocean. Refracted waves give accurate

measurements of the higher velocity layers ; but because of various factors

such as poor velocity or acoustic impedance contrast between the water and

upper sediments, or between two sediment layers, clear reflected or refracted

waves from those layers are sometimes not observed. Fig. 1 shows the time-

distance graph and structure section for a profile recorded in tlie South Atlantic

[MS received July, 1960] 73
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in an area of thick sedimentary cover. (For a general description of time-

distance graphs and of their relationship to various structures, the reader is

referred to Chaj)ter 1.) This is ty|3ical of the seismic data from which sedi-

mentary velocities and thicknesses are computed. The Ri, Rn and Rm curves

are determined bv reflected waves from the first, second and fourth sub-

surface interfaces respectively. The lines G3 and G4 are determined by refracted

arrivals associated with the tops of Layers 4 and 5. Note that no Gi line (corres-

ponding to refracted arrivals along the sea floor) is observed. This is tjrpical

of practically all, if not all, deep-ocean areas. The significance of the absence of

^^
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dense than the water alone, hence the following relationships can be written as

typical of the water-sediment interface

Ci ^ C2 piCi ^ P2C2 pi < P2. (1)

2. Evidence for Gradients and Low-Velocity Sediments

The evidence for the velocity structure shown by the velocity versus depth

curve in Fig. 1 is derived from both refracted and reflected waves. In a time-

distance graph, there is, theoretically, a reflection curve for each interface and

a refraction line tangent to it, the inverse slope of which gives the velocity in

the material below. If there is a velocity discontinuity at each interface and if

velocity does not vary with depth in any layer, the time-distance graph will

consist of straight line segments (for refracted arrivals) and h3rperbolic curves

(for reflections). If the velocity increases in each successively deeper layer, Riv

will cross Riv-i. In the case shown by Fig. 1, the average velocity, C2, in

Layer 2 is higher than that in Layer 1, but Rn does not cross Ri. This indicates

that the longer range arrivals on the Rn curve were not reflected from the

second interface, as were those at shorter range, but were bent upward by a

velocity gradient before penetrating to the depth of the interface. This behavior

of reflected arrivals is typical of all ocean-basin areas where detailed seismic

studies have been reported (Hill, 1952; Officer, 1955; Katz and Ewing, 1956;

Nafe and Drake, 1957; Ewing and Ewing, 1959). It is convincing evidence

that appreciable velocity gradients exist in the deep ocean sediments. Evidence

for velocity gradients is found also in refraction data and has been summarized

by Nafe and Drake (1957). Refracted arrivals from various depths in the

sediments taken from a number of profiles throughout the Atlantic Ocean

show a systematic increase of velocity with depth. The average value of

gradient is in agreement with that computed from reflection data.

As mentioned before, the fact that refracted arrivals are not received from

the water-sediment interface is interpreted to mean that either there is no

velocity discontinuity across the interface or the velocity below is lower than

that above. We have evidence for both cases. In certain areas the first sub-

bottom reflection curve, Rn, is observed to approach a line parallel to and

above Ri on the time-distance graph. This can occur only if the velocity in

the upper sediments is lower than water velocity. In other areas the Rn curve

approaches Ri, indicating no velocity discontinuity across the water-sediment

interface.

Further evidence for low-velocity sediments has been shown by Officer

(1955) and Katz and Ewing (1956) from the study of guided waves traveling

in the bottom just beneath the water-sediment interface. These waves have

been recorded in many areas of the Atlantic. They appear at a constant fre-

quency at ranges beyond that of the water-borne refracted wave which grazes

the sea floor (see Fig. 5, p. 79). To account for the constant frequency

and travel time of these arrivals, it is required that they be coupled waves,

excited by the grazing ray in the water, and that they travel in a wave guide
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in the sediments. The wave guide might be a low-velocity layer, as described

by Katz and Ewing, or it might be bounded above by a discontinuity and
below by a velocity gradient. In either case the coupling would require that the

up])or sediments have a lower velocity than the bottom water.

'i'hc evidence cited above indicates two significant features of deep-ocean

sediments: (1) they have appreciable velocity gradients, particularly in the

upper few hundreds of meters, and (2) the velocity in the uppermost part of

the sedimentary column is equal to or lower than that in the bottom water in

most places. Direct measurement of sound velocities in sediments (Laughton,

1954; Hamilton, 1956; Hamilton ef a7., 195(): Shumway, 1956; Sutton, Berck-

hemer and Nafe, 1957) has shown velocities generally ranging between 1.45 to

1.80 km/sec. Most values for deep ocean sediments are in the lower range, in

good agreement with the seismic evidence. In the intermediate and shallow

areas, higher velocities are found by both types of measurement. A comparison
of velocity versus depth relationships in shallow-water and deep-water sediments

is given by Nafe and Drake in Chapter 29.

3. Variable Angle Reflections

The method used to determine the amount of gradient by seismic reflection

profiles is outlined briefly in Chapter 1 and has been described in more detail

by Hill (1!)52), Ofticer (1955) and Katz and Ewing (1956). It is a process in

which a family of theoretical curves is compared with the observational data

1.0 ^

tt

I 0.5-

ffjo - 5 sec
" =6 sec
" = 7 sec
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D (sec)

Fig. 2. Theoretical curves for i?.s-/i?i versus D. Observational data from two profiles

are plotted. Solid symbols represent arrivals observed in tirst-order reflections and
refractions; open symbols represent second-order observations.

and the best fit determined. The curves shown in Fig. 2 (from Nafe and Ewing,
unpublished manuscript) give theoretical values of i?s - /?i versus range, D,
for three different values of water depth and gradient, where /?s is the travel

time of the wave refracted in the sediments, ^i is that of the bottom-reflected

wave and D is that of the direct water wave. These curves were computed for

linear velocity gradients, for which the formulae are



SECT. 1] THE UNCONSOLIDATED SEDIMENTS 77

2
-Rs = i?io sec di +— (sinh-i cot ^2 — sinh-i cot ^3)

Bi = i?io sec 64

Co
D 4- a ,

-^2 / COS 02 - COS 62
Rio tan ^1 + -—^ :

—
ACi\ sin 62

(2)

where 7?io is the time for the bottom-reflected wave at zero shot-receiver

distance, K is the gradient, Co is the velocity in the surface channel, Ci is the

mean velocity in the water, and C'2 is the velocity in the upper part of the sedi-

ments. The ray paths, with angles di-d^ indicated, are shown in Fig. 1. The
theoretical curves of Fig. 2 are those corresponding to the upper branch, Rs,

of the refraction curve shown in Fig. 9, Chapter 1. Each curve begins at the

"critical range" corresponding to the minimum distance at which a ray can be

returned to the surface by refraction under the conditions of velocity gradient

and water depth indicated. The Rd branches of the curves, corresponding to

the deeper penetrating rays, are not shown. They join the Rs branches in

cusps at the critical range and are curved in the opposite direction. For simpli-

city it was assumed that the water has uniform velocity equal to that in the

upper sediments. Hence, in equations (2), Co = Ci = C2, 61 = 62 and, since we
are dealing only with refracted waves, ^3 = 7r/2. For the ranges involved, it can

be shown that errors introduced by the assumption that Co = Ci are small,

and as discussed earlier, we have much evidence that the velocity in the upper
sediments is approximately equal to that in the water.

These same formulae can also be used for the cases in which the upper

sediment velocity is either lower than or higher than water velocity. For

Ci > C2, the curves corresponding to those in Fig. 2 would be displaced down
and to the right. For Ci<C2, they would be displaced upward and toward
the left. In the first case there is no critical angle for reflection, even at grazing

incidence, hence the Rs arrival is always later than Ri. In the second case,

Rs will cross Rj. In the case illustrated, i.e. C'i = C*2, Rs joins Ri at the range

corresponding to a grazing ray.

On these theoretical curves are plotted squares and triangles representing

the observational data from two reflection profiles, A and B, with water depths

corresponding to Riq = 5 and 7 see respectively. The data are plotted for

ranges from to 20 sec, hence both reflected, Rn, and refracted, Rs, arrivals

are shown. In profile A, the outer points best fit the refraction curve for Rio =
5 sec and A'^ 0.45 sec~i. At ranges beyond about 9.3 sec, the observed arrivals

are purely refracted. Since 9.3 sec is the minimum range at which a refracted

arrival can be returned to the surface under the conditions i?io = 5 sec and
K = 0A5 sec~i, the arrivals at shorter range must be reflected. The fact that

the reflected arrivals join smoothly to the refracted ones indicates that the

reflecting interface must lie at aiDproximately the def)th penetrated by the

critical ray, i.e. the ray at range 9.3 sec. If the interface had been deeper,

the reflection curve would have crossed the Rs-Ri curve above the cusp and
joined the Rd-Ri curve as indicated diagrammatically in Fig. 3.



78 EWING AND NAFE [chap. 5

If a reflecting interface is shallower than the depth of penetration of the

critical Ta,y, the Rn-Ri ciu've approaches and joins the Rs-Ri curve from below

as demonstrated by the arrivals of profile B in Fig. 2. For this profile Rio =
7 sec and the best fit to the data is with the curve for K =1.0 sec~i.

Fig. 4 shows the results from another profile for which i?io = 6 sec and
K = 0.9 sec~^ There are two reflecting interfaces, both shallower than the depth

I

or

Fig. 3. R^— Ri versus D for case where 2-3 interface is deeper than depths penetrated by
purely refracted ray.

of penetration of the critical ray, as evidenced by the fact that both reflection

curves pass below the cusp of the refraction curve for iC = 0.9 sec~i. From the

fact that both curves indicate approximately the same value of K, it would
appear that the upper reflector is a thin layer, above and below which the velo-

city and velocity gradient are not greatly different. This can be stated only

qualitatively because the precision of picking the arrivals in the region where
the curves come together is not high.
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Fig. 4. /t's- /?i versus D for gradient 0.9 ser-l, i?jQ = 6 sec and two reflecting interfaces.

In the profiles shown in Fig. 1, the gradient in Layer 2 is found by the

methods just described to be approximately 0.5 sec^^. There is some evidence

that the velocity continues to increase with depth below the 2-3 interface.

This comes from the relationship of the Rn curves and the G3 lines. Although
nearly so, the observed portions of the refraction lines are not tangent to the
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reflection curves as would be the case if they are associated with the same

interface. Certainly it is possible that two interfaces are present ; the upper

one producing reflections but no refractions and the lower one producing

refractions but no reflections, but this seems an unlikely interpretation. In

order for the extension of the refraction lines to be tangent to the Rn curve,

they would have to curve downward in the manner indicated by the dashed

lines, indicating a gradient below the 2-3 interface. The fact that the outer
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Fig. 5. Seismic records showing critical angle reflections for Rn- Rm arrivals are from

base of low-velocity sediments. Water depth = 3.75 km. Thickness of low-velocity

sediments ~ 4 km

.

portions of the G2 lines are observed as straight lines indicates that at

some depth below the 2-3 interface, the velocity becomes constant or nearly

so.

The 2-3 interface is judged to be a discontinuity with the higher velocity

below on the basis of the observation of a critical angle for reflections from it.
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Fig. 5 shows four records of the reflections at ranges of 2.6, 3.5, 4.4 and 5.4 sec

from Profile 99. Note the sharp change in character and strength of Rn in this

relatively short range. The same behavior was noticed in Profile 98 and is

a common feature of most sub-bottom reflection j^rofiles in deejj-water

areas.

The 4-5 interface is determined by the refracted arrivals corresponding to

lines G4 and by reflected arrivals Rm. Samples of the Rm signals are shown in

Fig. 5 in addition to the Rn arrivals. In the case of the 4-5 interface, note that

there is perfect agreement between reflected and refracted arrivals (Fig. 1) in

that the G4 lines are tangent to the Rm curves.

As mentioned earlier, it is not unusual to record strong reflections from

within the sedimentary column without receiving the corres])onding refracted

arrivals. This can be an indication that the reflector is a thin layer, or it could

in some cases be explained if the velocity discontinuity is to a lower velocity

below. Still another explanation can be that the discontinuity is one of density

rather than of velocity, i.e. Ci^C-z ; piCi # P2C2.

The foregoing has been an attempt to describe the methods of obtaining

velocity structure in the sediments in deeji-ocean areas, and some specific

results have been shown. Although the cases discussed were confined to com-

parison with linear gradients, comparisons have been satisfactorily made with

parabolic and exponential curves. It is improbable that any one type of gradient

is applicable everywhere, and, indeed, in most cases the best fit might be

obtained with a combination, i.e. linear to a certain depth, and parabolic

below that. Previously reported results on gradients measured by seismic

techniques have been given by Hill (1952), Officer (1955), Katz and Ewing
(1956) and Nafe and Drake (1957), in addition to laboratory measurements on

artificially compacted sediments by Laughton (1954). These results and others

unreported have shown average gradients, principally from Atlantic Ocean
profiles, to vary between 0.4 and 2.5 sec^^ for the upper 0.3 to 1.0 km of sedi-

ments. The variations are undoubtedly due in part to observational or inter-

pretational diff"erences. Some profiles are shot with more appropriate charge

sizes or shot spacing than others, and some have much simpler interpretations

than others. However, a considerable part of the variations is probably real,

indicating diff"erences in sediment t3^es, rates of sedimentation, porosity,

grain size, lithification, and other factors affecting seismic velocity (Sutton,

Berckhemer and Nafe, 1957). At present there has not been a sufficient number
of determinations to permit the classification of areas by sediment velocity

structure except possibly, as suggested by Nafe and Drake (1957), to predict

that in areas where calcium carbonate deposition is high, sediment velocities

will also tend to be high. Most of the better determinations have been made in

abyssal plains or other flat-lying areas in order to avoid topographic complica-

tions, and results from areas which receive no turbidity'current deposits, if

available, might show significant differences.

Table I gives values of K from several profiles determined by fitting the

theoretical curves for linear gradients. The highest value is that measured by
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Hill (1952). The lowest was measured on cruise VEMA-15, Profile A of Fig. 2.

The low value of the gradient in this case is not unreasonable, because it is the

average gradient in approximately 1 km of sediments. The higher values come
from profiles in which only the ujjper 0.2-0.4 km was measured, and higher

gradients are expected near the sea floor. Hill's value of 2.5 sec~i was also

measured over a depth of ajDproximately 0.4 km. A possible alternative inter-

pretation of his results, allowing that the closer points represent reflections

instead of refractions, could be made which would give a lower value of gradient.

As shown in Figs. 2 and 4, if there is a sub-bottom reflector at a depth less than
that reached by the ray corresponding to the cusp, the reflection curve Rn
associated with it will join smoothly to the Rs curve, and it would be difficult

to distinguish between the two types of arrival.

Table I

Velocity Gradients in the Sedimentary Layer

Measurements
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Sub-bottom reflections on standard echo-sounding records have been dis-

cussed by Hersey and Rutstein (1958), Heezen, Tharp and Ewing (1959),

Worzel (1959) and Ewing, Luskin, Roberts and Hirshman (1960). These
studies Imve shown that, in many areas, penetration of the sediments to depths

greater than 100 ft is achieved, even at the relatively high frequencies employed
in the sounding equipment (12 kc/s). The sub-bottom echoes are often stronger

than the bottom reflection. In certain areas, particularly on moderate topo-

graphic highs, these sub-bottom interfaces can be traced for many miles. As
in Shor's results, the depth to the sub-bottom reflector is usually correlated

with topography ; the upper layer thins or ])inches out on hills and thickens in

valleys. In abyssal plains, the sub-bottom reflectors are usually not as con-

tinuous as on the rises, as might be expected when one considers that the

plains are subjected to turbidity current deposition and the rises only to pelagic

sedimentation.

Eff"orts to sample specific sub-bottom interfaces with coring apparatus have
been made on two occasions. Worzel identified a prominent reflector in the

southeastern Pacific as a widespread layer of white volcanic ash. Ewing et al.

(1960) found that strong reflectors on the outer rise of the Puerto Rico

Trench correlated with increases in rigidity, presumably associated with

increased carbonate content.

Continuous profiling of sub-bottom reflections in shallow-water areas is

described by Hersey in Chapter 4. This recent development has made it possible

to obtain detailed surveys of sediment structure to depths of thousands of feet

in some areas and ofifers great advances in the study of marine stratigraphy.

5. Summary

Measurements of velocity gradients by variable-range reflection studies give

average values between 0.9 and 1.4 sec~i for the upper 0.2 to 0.4 km of sediments

in deep-water areas. With the evidence cited previously for low velocities

immediately below the water-sediment interface, we can consider that the

velocity versus depth relationship most common in deep-water sediments is

approximately described by a parabolic or exponential function in which the

upper sediments have velocities equal to or slightly lower than that in the

water. As greater depth below the sea floor is reached, the high initial gradient

diminishes rapidly and may become insignificant at depth in some areas.

There is some indication that the high gradients persist to some depth

at which de-watering is largely achieved. Below this depth compaction would
be retarded, resulting in lower gradients. Such behavior would be consistent

with observations of porosity versus pressure of the kind summarized by
Hamilton (1959) on the consolidation of sediments. Porosity decreases rapidly

at first, then more slowly with increasing pressure, and would be expected to

result in the variable gradients of the type observed.

As shown by Nafe and Drake (1957), gradients in shallow-water sediments

generally do not vary as markedly with depth as do those in deep water.



SECT. 1] THE UNCONSOLIDATED SEDIMENTS 83

Reference is suggested to this paper and to Chapter 29 for an analysis of

the relationships between compressional- and shear-wave velocities, porosity,

density and other physical properties. The evidence they presented for dif-

ferences between the velocity-depth dependence in deep and shallow water

was statistical and based on tabulations of reported velocities and depths. For
accurate information on the depth variation of velocity in the uppermost
portion of the sedimentary column more sensitive methods are required.

Seismic records obtained by shooting and recording on the ocean bottom
should provide the necessary additional precision.

Thicknesses of low-velocity sediments measured by reflection and refraction

techniques range from an average of 1 km in the Atlantic to | km in the

Pacific. As suggested by Hamilton (1959) in a comprehensive review of compac-
tion and lithification processes and of measured velocities and thicknesses,

there is good reason to believe that the underlying "Layer 2", described by
Raitt in Chapter 6, is also sedimentary material, presumably well consolidated

or lithified. This interpretation has been cited by Hamilton and others to

establish agreement between the amount of material estimated to have been
eroded from continents and that found by seismic measurements in the oceans.

Lamont Geological Observatory (Columbia University), Palisades, New York.

Contribution no. 593.
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6. THE CRUSTAL ROCKS

R. W. Raitt

1. Introduction

Knowledge of the depth, velocity and thickness of the rock layers beneath

the unconsolidated sediment has been gained mostly from observations of the

first arrival times of waves refracted through these layers. Later arrivals some-

times supply additional useful information, but on the whole our present ideas

regarding oceanic crustal structure depend almost entirely on the interpretation

of the travel times of first arrivals.

The minimum distance at which a bottom-refracted wave is observed to

arrive ahead of the bottom reflection is about 6 or 8 km in the typical deep-sea

location. At this distance its intensity is strong, even for a small explosive

charge of only a few pounds weight. There is usually no difficulty in measuring

its time of arrival to a precision of about 0.01 sec.

Layer 4

8.09 km /sec

Layer 3
6.71 km /sec

Layer 2

5 km /sec

10 20 30

Distance (km)

40 50

Fig. 1. Average travel-time-distance plot of an oceanic refraction profile.

Fig. 1 is a travel-time-distance plot which illustrates the main features of

oceanic refraction profiles. It represents the calculated travel times for a model

of the average oceanic structure as summarized by Hill (1957), consisting of

the following layers

:

Layer Thickness, km Velocity, km/sec

Sea-water
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as a first arrival are : Layer 2, 7 km to 12 km ; Layer 3, 12 km to 36 km ; Layer

4, >36 km.

In actual practice the time-distance plots differ from the idealized model of

Fig. 1 for various reasons :

1. Layer velocities and thicknesses differ somewhat from the assumed

values.

2. Layering is not horizontal.

3. The velocity within one layer may vary.

4. A layer may be prevented from observation as a fii'st arrival by prior

arrivals from another layer.
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laboratories. There are large areas in which there are no observations. For
example, there are no published data on the Arctic Ocean and the South
Atlantic, and there are only five stations in the Indian Ocean concentrated in

a small region near the equator.

Present results certainly cannot be regarded as an adequate sample of all

oceans. There is still the possibility that some of the areas not yet investigated

will differ significantly from the average of those already studied. This is a
continuing study, and exploration of many of the open areas is being planned
or is in progress. As new data become available, modification of our present

ideas about oceanic structure is expected.

Atlantis-Caryn refraction station 35 August 22, 1950

^°^y" 35ASW ^^^

10 15 20 25

Direct water wove travel time (sec)

Atlantis

Fig. 4. Travel-time plot of Atlantis-Caryn Station 35, southeast of Bermuda. Layer 2
velocity = 4.57 km/sec; Layer 3 velocity = 6.54 km/sec; Layer 4 velocity = 8.08
km/sec. (After Officer, Ewing and Wuenschel, 1952.)

Seismic-refraction observations of the oceanic crust have been obtained by
investigations at a relatively small number of laboratories. In the United
States work has been done by Woods Hole Oceanographic Institution, Lamont
Geological Observatory and Scripps Institution of Oceanography ; in England
by the Department of Geodesy and Geophysics of the University of Cambridge

;

and in the U.S.S.R. by the Institute of Geophysics and the Institute of
Oceanology.

Examples of travel-time plots taken from published work of these labora-

tories are illustrated in Figs. 2-8. Fig. 2 represents a radio-sonobuoy station of
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the Cambridge University Department of Geodesy and Geophysics (Gaskell,

Hill and Swallow, 1958). It illustrates a very clear-cut example of the second
layer at a Pacific station which is more conspicuous than the average station

because of the thin sediment, 0.05 km, and the unusually thick Layer 2,

2.7 km. Layer 3 is well observed, but penetration to Layer 4 was not achieved.

20n-r ['III'
Profile 2; 1956 cruise
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Fig. 5. Travel-time plot of Atlantifi Bear profile 2, 1956 cruise. Laj'er 2 velocity = 5.96

km/sec; Layer 3 velocity = 6.93 kin/sec; Layer 4 velocity = 7.93 km/sec. (After

Oflicer et al., 1959.)

Fig. 3 represents another station of the Cambridge group, this one also

taken by H.M.S. Challenger in the Atlantic. It also gives a good example of

Layer 2 because of its fairly great thickness, 2.3 km. The length of the Layer 3

segment is shorter than in Fig. 2 but long enough to give a good demonstration
of the Layer 3 velocity, 7.10 km/sec, and to determine the Layer 2 thickness.
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Fig. 4 shows an example of a station recorded by Lamont Geological Observa-

tory (Officer, Ewing and Wuenschel, 1952) using Woods Hole Oceanographic
Institution vessels Atlantis and Caryn. It gives an example of all three layers

2, 3 and 4 depicted in Fig. 1.

Fig. 5 shows a station recorded about 300 nautical miles northeast of Puerto
Rico. It is one of a large number of stations observed in a combined operation

of Woods Hole Oceanographic Institution and Lamont Geological Observatory
(Officer et al., 1959) in a study of the structure of the eastern Caribbean. The
structure here is nearly horizontal and yielded good determinations of all

three layers beneath the sediment.

Fig. 6 is an example of one of the very earliest successful deep-sea refraction

Range in miles

Fig. 6. Composite travel-time plot of Atlantis-Caryn Stations of 15, 16 March, 1949.

Layer 2 velocity (estimated) = 4.31 km/sec; Layer 3 velocity = 6.64 km/sec; Layer 4
velocity = 7.94 km/sec. (After Hersey et al., 1952.)

profiles to penetrate to the Mohorovicic discontinuity (Hersey et al., 1952),

Layer 2 was not observed directly but its presence was inferred from sub-

bottom echoes, and its thickness was calculated using a velocity of 4.31 km/sec
determined by Officer et al. (1952). Thicknesses using this assumption and the

intercepts of Layers 3 and 4 are: Layer 1 = 0.42 km; Layer 2 = 2.26 km;
Layer 3 = 2.49 km.

Fig. 7 is an example of a Pacific station in the region between the Hawaiian
Islands and the coast of North America (Raitt, 1956). Three layers were
observed. The second layer has the characteristic high velocity of the region.

Because of this comparatively small velocity contrast with Layer 3 and the
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scatter of points caused by the rough bottom, Layer 2 is not prominent. How-
ever, the systematic decrease in velocity for the innermost shots on all profiles

is unmistakable evidence for its presence. Calculated thicknesses are : Layer 1 =
0.2() km; Layer 2 = 0.93 km; Layer 3 = 6.24 km.

Fig. 8 is an unusual case of a very thick Layer 2 recorded near the equator

in the Central Pacific on the "Capricorn" expedition (Raitt, 1956). The second

layer arrivals are observed out to 20 km on either profile. Calculated thicknesses

are : Layer 1 = 0.20 km ; Layer 2 = 5.40 km ; Layer 3 = 7.41 km.
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oceanic rises such as the Mid-Atlantic Ridge or Easter Island Rise known to be

anomalous regions (Ewing and Ewing, 1959; Raitt, 1956).

As was indicated above, present results are but a fragment of a continuing

investigation. We can exj)ect our conclusions to be modified, or perhaps even

changed radically, as new results are unfolded. However, present world-wide

results as summarized in the tables support a picture of oceanic structure that

has not changed greatly in the last few years. The summary of results presented

by Hill in 1957 describes the average oceanic structure about as well as today.

24

20

E
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Table I

Western North Atlantic Ocean
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Table I (confd.)
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Table I (contd.)

[chap. 6
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Table II

Eastern North Atlantic

95
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Table III

Eastern North Pacific



SECT. 1] THE CRUSTAL KOCKS

Table IV

Western North Pacific

97
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Table V
South Pacific
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Other evidence suggests an igneous origin. For example, it appears that

Layer 2 is thicker near some groups of Pacific islands and seamounts (Raitt,

1957), giving support to a volcanic origin at least in some areas. The high

values, 5.99 km/sec, east of Hawaii are characteristic of a granitic continental

crust and may be intrusive, plutonic rocks. It has been suggested by Ewing
and Ewing (1959) that Layer 2 is the upper part of Layer 3, forming a transition

layer of increasing velocity with depth, presumably the result of the sealing of

holes and fissures by the increasing pressure of the overburden.

It would be surprising, in view of the great variety of rocks forming similar

layers beneath the continent, to find that Layer 2 is monotonously uniform

under the oceans. It seems likely that it is a variety of rocks. The wide range of

velocities supports this conclusion.

3. Layer 3

Observation of Layer 3 is much more satisfactory than that of Layer 2. It

is nearly universally observed by all investigators at truly oceanic stations. It

customarily occurs as a long linear segment of the travel-time plot extending

from about 12 km shot distance to about 35 km (see Figs. 1-8). Complications

sometimes occur in regions of rough bottom topography, partly because of

large corrections for water-depth changes, but also because of complications in

the crustal structure associated with large topographic features.

Generally the stations chosen for Tables I to VI were placed as much as

possible in regions of flat or subdued topography in order to reduce these

complications. The success of this procedure is testified by the internal con-

sistency of the velocities. For example, in Table III the standard deviation of

the Layer 3 velocities in the eastern North Pacific is only 0.17 km/sec; and
much of this was contributed by a low value, CR8, which is well to the north

of the region covered by these stations. If this station is not included in the

average and standard deviation, the average is 6.79 + 0.11 km/sec for the

remaining stations of this area. This standard deviation contains the real

variation of the velocity and hence can be regarded as an upper limit to the

random standard error of measurement for this group of stations.

It is probably too optimistic to assume that this estimate of the upjjer limit

to the random error of measurement also applies to the other groups tabulated

in Tables I, II, IV, V and VI. If this assumption is valid, then a large part

of the variability observed for these stations represents a real variation of

velocity. Unfortunately, the quality of the travel-time data is also variable

;

and it is not possible to say with confidence that a given variation is real even

though it may be several times the standard deviation determined from the

homogeneous group of Table III.

In addition to the random error of measurement there can be systematic

errors. One of these arises from failure to recognize Layer 2 arrivals at short

range so that one includes them with the Layer 3 solution. This will cause

the Layer 3 velocity to be systematically low. A test for this was made by
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averaging Layer 3 velocities of Table I in two separate groups: (1) the group

of 17 stations in which Layer 2 was observed; (2) the group of 48 stations in

which Layer '2 was not identified. Group (I) had a mean of 6.8.3 km/sec with a

standard deviation of 0.31 km/sec. Group (2) had a mean of 6.65 km/sec with

a standard deviation of 0.25 km/sec. Hence Group (2) is significantly lower, as

expected. This is additional evidence for the widespread occurrence of Layer 2.

It indicates that velocity measurement of Layer 3 is more rehable at stations

where Layer 2 has been detected.

The thickness of Layer 3 depends on the intercept of the travel-time segment

for Layer 4. It has been pointed out by Hill (1957) that this intercept is sensitive

to the value assumed for the Layer 4 velocity. If the estimate of the velocity is

too high, Layer 3 will be estimated too thick. Hence the degree of positive

correlation between Layer 3 thickness and Layer 4 velocity will indicate the

magnitude of the error in the Layer 4 velocity. Hill showed that there was a

positive correlation, which indicated that some of the variability of Layer 4

velocity was random error of measurement.

As a conclusion of this argument, one might obtain more estimates of

Layer 3 thickness by using a standard average value of Layer 4 velocity

instead of the locally determined velocity for each station. This pro-

cedure might be recommended for those stations in which the quality of

the Layer 4 arrival is obviously poor. However, it cannot be applied universally

for there is good evidence that there are real variations in the velocity of

Layer 4. For example, certain areas, such as the Mid-Atlantic Ridge (Ewing

and Ewing, 1959), parts of the eastern Caribbean (Officer et al., 1959), and the

Easter Island Rise (Raitt, 1956), have Layer 4 velocities significantly lower

than normal oceanic values.

The widespread occurrence of Layer 3 and the remarkable stability of its

velocity in widely different parts of the world ocean demonstrate that it is a

characteristic feature of the oceanic crusts. The 126 tabulated observations of

Layer 3 velocity are all well above the velocity of about 6.0 km/sec charac-

teristic of the principal refracting layer on the continents (Gutenberg, 1955).

There were only 8 stations of the 134 in Tables I to VI at which Layer 3 was

not identified. Four of these stations, CR38, CR39, CR20 and CR21, were

short-range sonobuoy stations in the eastern North Atlantic and western

North Pacific and did not reach velocities greater than 5.75 km/sec. This is

probably because of an unusual thickness of Layer 2 at these stations. A
similar result was found at station HL18 (Hill and Laughton, 1954), where the

maximum velocity attained was 5.80 km/sec. The other three stations have

anomalous Layer 2 thicknesses or abnormally low Layer 4 velocities. Hence,

there is no evidence at all for the absence of Layer 3, and its existence through-

out all oceanic regions is well established.

This characteristic oceanic property of Layer 3 has caused Ewing and

Ewing (1959) to call it the "oceanic" layer. It has also been called the "basaltic"

layer, which implies that there is some knowledge of its chemical composition.

Until we have identified it by direct sampling with a drill, this description of
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its nataire is purely speculative. Its velocity puts it at the upper end of the

range for rocks of sedimentary origin ; but if it is sediment, it would probably

be a very hard limestone, which seems hardly likely in view of the extraordinary

supply of CaCOa required.

Comparing it with laboratory measurements by Birch (1960), it falls in the

range expected for a rock of composition intermediate between acidic granite

and ultrabasic dunite. Velocities of 6.7 km/sec are commonly observed in

gabbro and rocks of similar composition. Whatever it is, its uniformity through-

out the world indicates a similar nature. The variability of the measured

velocities seems larger than experimental error and indicates a small-scale

variability. It is signiiicant that averages of large regions show such little

systematic differences.

4. Average Oceanic Crust

In summary, the results of seismic-refraction measurements of the velocity

and thickness of the crustal layers beneath the unconsolidated sediment show
little significant difference between major oceanic areas. The average picture

of the oceanic crust can be represented as an average of all available oceanic

stations. The current averages and standard deviations of published values,

including all of the data tabulated above, are

:

Velocity, km/sec Thickness, km

Layer 2

3

4
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7. THE MANTLE ROCKS

J. I. EWING

1. Introduction

The Earth's mantle is larger in volume by a factor of 10 than the core and
crust combined. Its outer surface is found at an average depth of 12 km under

the ocean basins and at about 35-50 km under the continents. The depth is

intermediate in intermediate areas. The inner surface (the core-mantle dis-

continuity) is about halfway between the surface and the center of the earth.

The composition of the mantle is thought to be principally olivine, on the basis

of seismic wave velocity, density and examination of materials brought up in

oceanic volcanoes. For a review of the variation of seismic velocity with depth,

based on the study of earthquake waves, the reader is referred to Chapter 8,

The present discussion is concerned with the information about mantle

structure under the oceans derived from seismic refraction studies (see Chapters

1 and 2). To date, the length of marine seismic profiles has not exceeded 200 km
and has generally been less than 100 km ; hence the velocity measurements

have not extended to any appreciable depth in the mantle as in earthquake

seismology, but rather have sampled only the upper part. This offers at least

one advantage in studying the nature of the crust-mantle (M) discontinuity.

Even with the detail obtained by surface-wave dispersion analyses, the results

from earthquake seismology show the average structure over a path that is

usually thousands of kilometers long. Seismic refraction measurements give

results in considerable detail from a local area, hence comparisons can be made
from one place to another and certain conclusions about the homogeneity can

be drawn from the observed differences or similarities.

2. Compressional-Wave Measurements

In Fig. 1 are plotted approximately 180 recorded seismic compressional-

wave velocities higher than 7 km/sec from profiles in the Atlantic, Pacific and

Indian Oceans, the Caribbean Sea and the Gulf of Mexico. Only those velocities

were plotted which were measiu-ed at profiles where an overlying layer of high-

velocity crustal rock (6-7 km/sec velocity) was present. This eliminated Mid-

Atlantic Ridge profiles and some others on continental margins. These values

come from Officer et al. (1952), Hersey et al. (1952), Ewing et al. (1954), Hill

and Laughton (1954), Ewing et al. (1955), Katz and Ewing (1956), Raitt

(1956), Gaskell et al. (1958), Hersey et al. (1959), Ewing and Ewing (1959)

and unpublished results by Ewing et al. and Hennion and Ewing (MS). A
quick look at Fig. 1 indicates the problem of defining the mantle rocks by
seismic velocity. There is no doubt that a peak in the frequency plot occurs at

about 8.1-8.2 km/sec, and this is in good agreement with the generally accepted

value of Pn from earthquake seismology. As Hill (1957) pointed out in a

review of recent explorations of the ocean floor, this would at first sight seem

to indicate that the rocks with compressional-wave velocity 8.1 km/sec and
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lying at an average depth of 1 2 km below sea-level are of the same material as

those underneath the continental M discontinuity, \\hich is at an average

depth of 30-40 km. He further notes that it is somewhat surprising to expect

that a material A\'ould have the same compressional-wave velocity under the

widely different conditions of temperature and pressure found at 12 km depth

under oceans and 35 km under continents, despite the fact that increasing

temperature and pressure change the seismic velocity in oj)posite directions.

Still further uncertainties about the mantle composition are apparent in the

light of recent hypotheses that the velocity change at the M discontinuity is
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Fig. 1. Graph of observed sub-crustal velocities versus number of observations.

caused by a phase change rather than by a change in material. In view of the

foregoing, therefore, the definition of mantle rocks here employed is based on

8.1 km/sec as typical of the compressional-wave velocity in them. Thus, a

lower velocity is assumed to represent mantle rocks which are either partially

contaminated by crustal material, or to represent a zone where fractional

phase change has occurred. Velocities higher than S.l km/sec then must

represent mantle material which has been more thoroughly differentiated

from crustal material or in which, possibly as a result of mineral inhomogeneity,

the phase change has produced an imusually high-velocity material. It is

possible, of course, that all velocities different from 8.1 km/sec are the result

of inaccurate measurement, but most of those who have analyzed any ap-

preciable number of profiles would not accept that explanation. The relatively

wide variation of velocities around 8.1 km/sec is entirely consistent with
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earthquake-wave observations. As mentioned earlier, these tend to average

the velocities over long paths and would most likely give the result as 8.1

km/sec.

The velocities plotted in Fig. 1 are from profiles which were selected only

insofar as none was used unless a crustal velocity was measured in the same

profile. Fig. 2 shows similar plots for Atlantic and Pacific profiles which were

selected as probably unaffected by proximity to prominent topographic

features such as oceanic ridges, trenches, large seamounts and continental

margins. The princi]3al difference between the two oceans shown by these

plots is that none of the Pacific profiles shows a velocity below 8.0 km/sec.

These data are from Raitt (1956), and of 31 determinations of sub-crustal

velocity he found only four to be below 8 km/sec. These four were from profiles

2
o
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Officer et al. (1959). One other such measurement is reported by Luskin and
Ewing {in lift.) for a profile midway between New York and Bermuda, and two
measurements are known for the area north of the Puerto Rico Trench (Drake,

in lift.; Hersey et al., 1952). Table I lists the data for these four measurements.

Table I

Compressional and Shear-Wave Velocities and Poisson's Ratio for

Mantle Rocks

Profile
Water Vp, Vg, Poisson's

depth, km km/see km/sec ratio

Carib 26-56 5.00 8.16 4.62 0.27

«V-16 (N.Y.-Bda.) 4.74 8.06 4.27 0.31

„y_j fNorth of Puerto 5.36 8.08 4.24 0.31

JRico Trench 5.36 8.06 4.27 0.31

'^ Unreversed measiu-ement.

It is not understood why transformed shear waves from the mantle are ob-

served so seldom. Although crustal shear waves are observed relatively much
more often, they too exhibit a marked variation in strength from one area to

another which is not obviously associated with geographical location, seismic

velocities or other observed factors (Ewing and Ewing, 1959). Whether the

propagation of shear waves is through the crust or through the mantle, the

transformation from compressional waves occurs at the base of the low-velocity

sediments, or possibly at some interface within the sediments. Therefore, the

strength of any shear-wave arrivals from the high-velocity layers must be
dependent on the character of this interface. It may be possible to account for

the relative strength of the mantle shear waves versus the crustal shear waves
by the dependence of transformed energy on the angle of incidence, which is

different for the two paths.

Whatever the cause, few measurements of mantle shear waves have been
obtained from marine seismic-refraction studies. The average determination of

Poisson's ratio for the mantle from these measurements is higher than the

value 0.25 tyi^ically found for dense, high-velocity rocks. The discrepancy,

indicating a high value of the ratio Vp/ Vs, may not have any significance in view
of the scarcity of measurements, although two of the high values are from
particularly good profiles and it would be difficult to interpret them differently.

If future refraction studies give similar results, the low shear-wave velocity

would seem to indicate a significantly lower velocity immediately below the

crust-mantle interface than at a few kilometers deeper. This would not be in-

consistent with the compressional-wave data from refraction studies; because
the mantle p waves are always masked for a considerable distance beyond the

range associated with the critical angle, and an increase of velocity with depth
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near the M discontinuity would be difficult to detect. The three lowest values of

Vs in Table I were determined by refractions very near critical angle and thus

must have measured the uppermost part of the mantle. The other measurement

(4.6 km/sec) was based on arrivals appreciably beyond the critical range, and

this is in agreement with the velocity determined by the study of surface-wave

dispersion (Dorman, Ewing and Oliver, 1960).

To test for a relationship between sub-crustal compressional-wave velocity

and depth, the graph shown in Fig. 3 was plotted. The data were taken from

Atlantic and Pacific profiles in which the water depth was between 4 and 6 km,

trenches being avoided. There appears to be a trend of the data in the direction

of increasing velocity with increasing depth. Some of this trend may be the

effect of lines having been drawn on time-distance graphs which, although
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Fig. 3. Graph of mantle compressional wave velocities versus depth of the M discontinuity.

passing through the centers of gravity of the points, had incorrect slopes. For

typical oceanic profiles errors produced by misalignment will cause the data

to trend approximately in the direction indicated by the line in Fig. 3. This line

fits the points about as well as any other, hence one could deduce that both the

high and low velocities are improperly determined values and that there is no

relationship of velocity with depth. The observed trend in Fig. 3 would, however,

be expected if there is a velocity gradient in the upper mantle. Evidence from

shear waves was cited previously as possibly indicative of a gradient.

In Fig. 4 are plotted crustal thicknesses versus elevation of the sea floor

from about 90 of the better published profiles in the Pacific and Atlantic

Oceans, the Caribbean Sea and the Gulf of Mexico. For this graph the data were

selected if the sub-crustal velocity was 7.7 km/sec or higher, and, as before,

trench profiles were avoided. Although there is a great amount of scatter, a

trend is indicated which could extend smoothly to continental crustal thick-

nesses and appropriate depths of the M discontinuity (30-40 km crust for ele-

vations of 0-2 km).

4. Summary

Diagrams showing observed velocities higher than 7 km/sec have peaks at

8.1-8.2 km/sec indicating this as the average value of compressional waves in

the upper mantle in deep-ocean areas. Some deviations above and below the
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average value undoubtedly represent experimental errors, but some probably

indicate inliomogeneity in the mantle material. Low velocities are consistently

found in certain regions near large topographic features such as islands, oceanic

ridges and continental margins. It is difficult to fuul a ])attern of occurrence of

the high velocities.
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Fig. 4. Crustal thicknesses in the Atlantic and Pacific Oceans, the Caribbean Sea and the

Gulf of Mexico as a function of sea-floor elevation.

Measurement of the velocity structure in the immediate vicinity of the M
discontinuity is difficult because the critical angle arrivals are masked by
preceding crustal arrivals, but results from a few shear-wave observations give

some indication of a velocity gradient in the uppermost part of the mantle.

Possible evidence for gradient is given also by a graph of mantle velocity versus

depth of the M discontinuity.
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8. EXPLORATION OF SUB-OCEANIC STRUCTURE BY THE USE OF
SEISMIC SURFACE WAVES

J. Oliver and J. Dorman

1. Introduction

The study of seismic surface waves generated by an earthquake or a large

nuclear explosion offers one of the two principal seismic methods for exploration

beneath the bottom of the sea. Surface-wave techniques, which utilize waves of

long ])eriods, i.e. greater than about 5 sec, determine average features of

structures of the order of tens or hundreds of kilometers in depth and hundreds

or thousands of kilometers in length. The other principal seismic method, the

seismic refraction or the travel-time technique, which is treated elsewhere in

this volume, provides relatively detailed information on earth structures of

the order of 10 km in depth and some tens of kilometers in length. The lengths

of waves used in the surface-wave method range from about 10 to about

2000 km. Resolution of structural features is surprisingly good in spite of the

great length of these waves, although local details are not as well resolved as in

the case of the seismic-refraction technique, which utilizes waves only fractions

of a kilometer in length. Data for surface-wave studies are abundant, at least

for certain areas, whereas seismic-refraction data are difficult and expensive to

obtain.

Up to the present, most information obtained from surface waves has come
from analysis of their dispersion, i.e. the dej^endence of velocity on wave period.

Valuable data on dispersion may be obtained from the analysis of a single

seismogram and, since this dispersion is sensitive to and therefore diagnostic of

the layered structure of the earth, a mean structure along the path may be

deduced from such data.

Surface-wave studies have established the relative uniformity of crustal

thickness in all major oceanic basins of the world, indicating that the mantle

rises to shallow depth in these regions. Average sediment thicknesses of the

order of 0.5 to 1.0 km and geographical variations in this thickness have been

determined by surface-wave methods. In the case of deeper structure, primarily

the velocity distribution in the upper few hundred kilometers of the sub-

oceanic mantle, surface-wave data are a most important source of information.

This is so, partly because the travel-time data based on both explosive and
earthquake sources are meager, and partly because of the inherent weakness of

the travel-time method for the study of structures in which the velocity

decreases appreciably with depth over certain depth ranges. Surface waves of

both the Love and Rayleigh tyjies show that the top of the low-velocity zone

of the upper mantle is shallower than it is beneath the continents. Our know-

ledge of earth structure based on surface-wave techniques can be markedly

supplemented in the future by analysis of existing data using conventional

techniques. In addition, there remain many unexplained or partially explained

features of surface-wave trains traversing oceanic paths, and these features,

once interpreted, will offer further sources of information on earth structure.
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2. The General Nature of Seismic Surface Waves

The data for the study of the ocean floor through the apphcation of surface-

wave techniques consist of seisniograms from a large number of stations for a

large number of earthquakes.

Each seismogram is a record relating to some particular component of ground
motion as a function of time. Three factors affect the character of this record.

They are (1) the nature of the source; (2) the nature of the propagation of

the waves ; and (3) the response of the instrument. Generally speaking, the

third factor, instrument response, is understood well enough to be compensated
for, and thus removed.

Of the other two factors, excitation and propagation, the greatest effect

upon the character of the seismogram clearly results from propagation. The
seismic-wave train from a natural earthquake with a duration measured in

seconds, or fractions of a second, at the source commonly lasts many tens of

minutes at a distant station. It is to the toj)ic of propagation effects that most
of this chapter will be devoted. Excitation is of considerable importance,

however, and should become increasingly important in the future as our

methods for studying this XDhenomenon improve. Some observations relating to

various kinds of excitation will be discussed later.

Providing instrumentation is adequate and the source is of the proper size,

the seisniograms from a seismograph station at some distance from the source

will include waves of a number of identifiable types. Body waves of the con-

ventional P (compressional) and S (shear) types as well as various reflected

and/or refracted combinations of these types will be registered largely during

the early portion of the seismic recording. In general, these waves will have
penetrated deep within the earth, and it is from such waves that most of our

knowledge of the earth's deep interior, the core and the mantle, has been
derived. When the source is not too deep, the early body waves will be followed

by trains of dispersed long-period waves of relatively large amplitudes and long

durations (Fig. 1). These are the surface waves. Their amplitudes are large be-

cause the waves are confined to the surface and near-surface media, and the

frequency content, the duration and the dispersion result largely from wave-
guide propagation within the earth's upper layers. Measurement of such

dispersion provides us with much of our information on the earth's crust and
upper mantle.

The seismic surface-wave trains may consist of waves of two general types.

These are named after their discoverers, A. E. H. Love and Lord Rayleigh.

Love waves have velocities in general slightly greater than Rayleigh waves
of the same period, and are characterized by surface-f)article motion which is

transverse to the direction of propagation and in the horizontal plane. This

particle motion is that of the component of shear waves usually labelled SH,
and, in fact, Love waves may be thought of as SH waves trapped within the

surface wave guide.

Rayleigh waves have particle motions which are retrograde elliptical and in
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the longitudinal-vertical plane. In the general case of the layered earth, both
Love and Rayleigh waves are dispersive as a result of wave-guide propagation.

For studies of phenomena involving dispersion, it is convenient to use the

concei)ts of phase and group velocity. Both phase and group velocity are, in

general, functions of wave period. Group velocity (the velocity with which
the energy travels) is measured in the conventional way, i.e. once the arrival

time of waves of a given period has been determined for a station, the group

velocity for waves of that period is simply the distance from the epicenter of

the shock divided by the travel time. Phase velocity is somewhat more difficult

to measure, requiring either information about the nature of the source or data

from two or more recording stations. Phase velocity refers to the velocity of the
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Fig. 1. Three-component Palisades long-period seismograms of the Mid-Atlantic Ridge
.shock of 8 June, 1960, at 16-19-48 G.C.T. The epicenter at 3.5°N, 35°W is 31.1° or

3460 km east of Palisades. The body-wave phases, P and S, are followed by Love
(LQ) waves recorded on the N-S (transverse) component and Rayleigh (LR) waves
on the vertical and E-W (longitudinal) components. The long duration of the oceanic

Rayleigh-wave train is best seen on the vertical component. Much of the dispersion

of the Love-wave train is due to the continental portion of the path between the edge

of the continental shelf and Palisades. Clock correction is -|- 2 sec. Short-period waves
preceding LR and LQ and following S may correspond to higher modes. Symbol at left

indicates direction of ground motion corresponding to upward trace motion.

individual Fourier component wave of a given period. In a dispersive wave
train, it is the velocity associated with a certain feature (say a peak or trough)

at the particular time that that feature is associated with a particular wave
period. Thus, as the dispersive wave packet j^ropagates, peaks and troughs

move through the ]jacket at a velocity different from that of the packet. This

velocity varies with ])osition in the packet, i.e. in association with waves of

different periods within the packet.

Once the wave trains on a seismogram are identified, usually on the basis of

particle motion and velocity, it is possible to obtain the period as a function of

arrival time and in this way, to determine precisely group velocities for each

kind of wave. If adequate data are available, phase velocities may also be

determined.
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Unfortunately, with existing techniques, it is not possible to deduce earth

structure directly from a measurement of the dispersion, i.e. a plot of group
and/or phase velocity as a function of period. Instead, dispersion curves are

computed for a variety of theoretical models, and then compared with the

experimental data. This process is repeated until a good fit is obtained. In
selecting models for computation it is frequently possible to use information

from other sources, for example, seismic refraction data, and thereby to narrow
the number of possible solutions, and hence to increase the accuracy of the

surface-wave technique.
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pipe or a banjo string. There are a fimdamental mode and an infinity of har-

monies or higher modes. The great difference, however, is that, because of the

pro])agating nature of the waves in the surface wave guide of the earth, a normal
mode is not represented by a single ])eriod as in the case of the banjo string, but
rather by a continuous set of allowed values of velocity as a function of ])eriod.

In practice, only the fundamental and first few higher modes are important,

largely because of greater attenuation with distance of the shorter period

waves which, in general, are associated with the higher modes.
For a simple model, consisting, for example, of a single solid layer overlying a

sub-stratum, it is easy to describe and predict the general configuration of the

normal-mode dispersion curves. As a guide to discussion of more complex
models, let us consider this simple case first in some detail. In the case of Love
waves, as illustrated in Fig. 2, the phase-velocity curves for all modes approach
the shear velocity in the upper layer as the wave period approaches zero, and
the shear velocity in the sub-stratum as the periods become long. The funda-
mental mode includes the entire spectrum from zero to infinity, but the higher

modes have long-jjeriod cut-offs at successively shorter periods as the mode
number increases. The corresponding group-velocity curves have similar limits,
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but differ in that a minimum of the group velocity exists at some intermediate

period. Love waves are unaffected by a hquid layer, and so the above remarks

apply equally to the case of a water-covered or non-water-covered region if the

solid layers are the same in each case.

In the case of Rayleigh waves, as illustrated in Fig. 3, the fundamental or

Rayleigh mode differs from all the higher modes in that it not only includes the

entire spectrum of periods, but also in that the phase velocity approaches

the Rayleigh-wave velocity in the upper medium as the wave periods decrease,

and the Rayleigh velocity in the lower medium as the periods increase. Higher
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Fig. 4. Summary of Rayleigh-wave group-velocity observations. Effective depth of

penetration of the surface waves increases with period, leading to the terms crustal

and mantle Rayleigh waves. These curves are intended to represent average con-

tinental and oceanic conditions. However, for periods less than about 50 or 75 sec,

regional differences within continents and ocean basins correspond to observed data,

which depart significantly from these average cvirves. The configuration of the

mantle-oceanic Rayleigh-wave curve and of the oceanic first-shear-mode curve are

discussed in detail in this paper.

modes of the Rayleigh type, here termed shear modes, have the same limits as

the Love modes, and also have similar long-period cut-offs. When the upper

layer is liquid, waves of the Rayleigh type are strongly affected and the very

short waves have velocities approximately, but not exactly, equal to the

velocity of sound in water (Biot, 1952). As in the Love-wave case, the group-

velocity curves all have a minimum at an intermediate value of the period.

In practice, it is not possible to approximate the earth adequately through

the use of such simple models. The observed curves, as well as the theoretical
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curves for multi-layered models, are much more complex. However, certain

features of the complex models and curves which we shall consider can be

understood if the results for the simple two-media case are borne in mind.

In order to place in the proper perspective the detailed studies of surface-

wave dispersion for oceanic paths, let us consider first a general summary of

observed surface-wave dispersion, i.e. in this case, group velocity as a function

of period. The data are summarized in Figs. 4 and 5 but various portions of the

20 30 40 50

Period (sec)

500 1000

Fig. 5. Suramary of Love-wave group-velocity observations. Regional differences within

continents and oceans are associated with observed departures from these average

curves out to periods probably as great as 100 sec. The relatively high group velocity

of the oceanic first mode is due to the shallow depth of high-velocity rock beneath the

oceans. The absence of observations of the oceanic second mode is probably due to

attenuation of the very short period waves which would necessarily prevail in this

mode.

curves in these figures will be discussed in more detail later. Consider the

observations of waves of the Rayleigh type first (see Ewing and Press, 1956).

For periods greater than about 75 sec, i.e. for waves whose lengths are greater

than about 300 km, differences between continents and oceans are very small,

and the waves are represented by a single line in Fig. 4. The minimum value

of the group velocity at a period of about 225 sec results primarily from the

effect of the velocity increase at depths of the order of hundreds of kilometers

in the earth's mantle.

For periods less than 75 sec, the curve splits and the distinction between the

continental and oceanic types of crust becomes readily apparent. In the period

range 70 to 17 sec, the ocean curve falls well above the continental curve. This
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is largely due to the shallow depth (about 11 km) of the high-velocity mantle

beneath oceans as compared to the relatively great depth (about 40 km) of the

mantle beneath the continents.

At a period of about 20 sec, the effect of the water and low-velocity sedi-

mentary layer becomes important, the ocean curve drops steeply, and, for

periods shorter than about 17 sec, falls well below that for the continents.

From earthquake sources, no waves corresponding to the fundamental Ray-
leigh mode for periods less than about 13-15 sec are observed. However, in the

case of certain special sources, i.e. nuclear explosions, some waves corresponding

to the shorter-period portions of the fundamental curve shown in Fig. 4 were
observed.

At very short periods in the continental case, the effect of low-velocity

sedimentary layers becomes important, and the curve may fall to smaller

velocities, as indicated in the figure. Short-period waves associated with the first

higher mode, and in some cases still higher modes, have been identified for the

continental crust, and these waves account for much of the seismic disturbance

recorded by long-period instruments under certain conditions.

The identification of higher-mode waves in the ocean is somewhat more
tenuous. Such waves appear to have been generated by a submarine nuclear

explosion as indicated in Fig. 4. Earthquakes sometimes generate a train of

short-period waves which have on occasion been identified as higher-mode

waves, but quantitative verification of this point has been difficult to obtain.

These two cases are discussed in considerably more detail in a later section.

Fig. 5 shows similar data for Love waves. In general the curves are similar to

those of the Rayleigh type, with certain exceptions in addition to the generally

higher velocities. The minimum in the mantle-wave range is not so pronounced

in the case of Love waves, and may, in fact, be absent. The pronounced effect

which the water layer has on Rayleigh waves is, of course, lacking in the Love-

wave case, although the low-velocity sediments in ocean basins have an im-

portant effect on very short-period Love waves (about 8 sec and less). This

effect is also discussed in detail in a later section. Let us now consider various

sections of these curves for the oceanic case in considerably more detail.

3. Evidence from Mantle Surface Waves

The dispersive characteristics of oceanic surface waves of period greater

than about 30 sec are governed primarily by the properties of the mantle. In

general, studies of these waves, particularly of waves with periods greater than

about one minute, have been based on data from very large earthquakes,

although with modern instrumentation mantle waves may be detected in some
cases from much smaller shocks.

The first identification of mantle Rayleigh waves and a study of their group

velocities was carried out by Ewing and Press (1954), using data obtained by
Benioff from three large earthquakes. A later study by Ewing and Press (1954a)

of the great Kamchatka shock of 4 November, 1952, included data on waves
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with periods as long as al)oiit 500 sec. Their data are show n in Fig. 6. Later,

Benioff and Press (1958) extended this range to waves with periods greater

than 600 sec. The large Chilean shock of 22 May, 1960, produced waves of even
longer periods. ])erhaps as great as about one hour. l)ut analysis is not yet

coni])lete. Other data on mantle Kayleigh-wave group velocities for purely

oceanic ])atlis were given by Sutton {in lift. ; see data in Fig. 6), Benioff and
Press (1958) and Kovach (1959).

^J
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Data on long-period Love waves affected primarily by the mantle are avail-

able from a variety of sources. The term "G-wave" frequently appears in this

connection and is used to describe a long-period Love wave of large amplitude

and little dispersion propagating over oceanic jaaths. There is no intent, how-

ever, in using the term G-wave to imply a type of propagation mechanism

other than that of the Love wave.

Sato (1958) analyzed multiple long-period Love-wave arrivals from several

large earthquakes recorded on the Pasadena strain seismometer and found

Fourier components with periods between 50 and 300 sec, all with group

velocities of about 4.4 km/sec. Sato's results and other studies strongly suggest

that Love waves with periods between 150 and 300 sec are dispersed very little

in the cases of both oceanic and continental paths. Press (1959), Kovach (1959),

Bath and Vogel (1957), and Ewing, Jardetzky and Press (1957, p. 212) published

data on continental Love waves indicating that oceanic and continental Love-

wave dispersion curves generally differ at all jDeriods less than at least 100 sec.

Long-period oceanic Love-wave dispersion was analyzed by Landisman, Sato

and Ewing (1958) using a theoretical model consisting of two homogeneous

surface layers underlain by a layer with constant gradient in rigidity. The
upper layer was taken to represent the oceanic crust and the intermediate

layer the upper mantle. The model giving the best fit to Sato's data and other

data is shown in Fig. 7 as curve C. The indicated decrease in shear velocity at

a depth of 50 km is shallower and of greater magnitude than that derived by
Gutenberg and by Lehmann (Fig. 7, curve A) for various continental areas on

the basis of body-wave travel times.

Results on the existence and the great extent of the low-velocity layer under

oceans were confirmed and elaborated by Dorman, Ewing and Oliver (1960),

who found a structural configuration consistent with the observed Rayleigh-

wave group-velocity dispersion curve. This work was based on machine calcula-

tions according to the multilayer method (see Dorman, 1962). The crust and the

mantle to a depth of 2800 km were represented by about 35 homogeneous

layers in these calculations. The experimental study was limited to obtaining

a solution for the shear-velocity distribution in the mantle. The effect of density

variations was fixed by using Bullen's model A for density and the effects of

variations in crustal structure were eliminated by using the same crustal layers

based on seismic refraction results throughout the calculations. The oceanic

Rayleigh-wave dispersion curve of Sutton (in litt.) for periods less than 140 sec

and the mantle Rayleigh-wave dispersion data of Ewing and Press for longer

periods were used as data for comparison with theoretical calculations. The
final approximation of mantle shear-velocity distribution is shown in Fig. 7,

curve B. The dispersion curve computed from this model is shown with the

observed data in Fig. 6. The quality of agreement between the experimental

and theoretical curves over a broad spectrum lends weight to this solution.

Deviation of the theoretical curve from the experimental curve for periods

greater than about 200 sec is of the sort expected from the use of a flat-earth

calculation. Fig. 7 shows by comparison of the oceanic solution (curve B) with
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a shear-velocity distribution for tlie continental case (curve A, based on un-
])u])Iislied data of Lehmann) that the region of low shear velocity extends to

much shallo^^•er depths beneath the oceans and also that somewhat lower shear

velocities prevail down to depths of about 400 km. The sensitivity of this

method appears to be such that estimates of shear velocity are accurate to

about 0.1 km/sec, providing the assumed density distribution and crustal

layering are correct.
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Clearly, all factors affecting the results have not been taken into account in

the studies described above on oceanic mantle structure
;
yet, despite the pre-

liminary nature of these results, it is clear that sub-oceanic and sub-continental

mantle structure are not the same. Additional data are necessary to ascribe

the observations either to regional differences in temperature distribution or in

composition in the mantle. Further analysis of long-period surface-wave data,

particularly of phase-velocity measurements for purely oceanic paths, are

certain to provide additional information on the sub-oceanic mantle.

4. Evidence from Crustal Surface Waves

Crustal surface waves are so named because their group-velocity curves

have a normally dispersed branch (i.e. a segment for which group velocity

increases with period) as a result of lower seismic velocities of the crustal layers,

and, in the case of oceanic Rayleigh waves, also because of the water layer. The
study of dispersed surface-wave trains, such as those of crustal surface waves,

was handicapped, for a long time by methods of reading which apply best to ray

theory analysis of body waves, i.e. only the arrival time of the first motion or

of the maximum amplitude was read. This arrival time was related to the period

of the first readable oscillation or the period, of the maximum amplitude. This

method necessitated reading large numbers of seismograms to obtain limited

dispersion data with great scatter. The lower group velocities of late waves of

long trains were never considered. Differences in velocities of surface waves
for different parts of the earth were known from the early data (see Macelwane,

1951, and Gutenberg, 1951, for summary). However, few precise interpreta-

tions were attempted partly because of the scatter of the data. Moreover,

in the case of Rayleigh waves, the correct theory was not applied until later.

An important improvement in technique was made by Bullen (1939) who
measured period versus arrival time for a number of successive cycles in a

Rayleigh-wave train, smoothed the values and converted arrival time to group

velocity. Wilson (1940) read the several swings on oceanic Love-wave seismo-

grams and related each period to its proper group velocity, thus making use of

data from the entire train of surface waves from a single shock. Following this

principle, Ewing and Press (1952) plotted the number of each wave crest

against its arrival time throughout an entire oceanic Rayleigh-wave train and,

from this, obtained a smooth relation between period and group velocity,

clearly showing the possibility of obtaining a large number of dispersion data

from a single seismogram, as in Fig. 9 (which appeared in their paper). This

method, which is now widely used, resulted in such a striking improvement in

the quality of observations that most experimental surface-wave dispersion

data of present-day significance have been derived by it. Almost all of the

data reported here have been analyzed by this technique. An earlier summary
of results was given by Press and Ewing (1955) and a detailed review of theory

and results was given by Ewing, Jardetzky and Press (1957, chap. 4) and by
Ewing and Press (1956a).
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The crustal Love-wave train for oceanic paths is usually short in duration

and normally dispersed, arriving before the beginning of the Rayleigh-wave

train. I)is])ersion is small as indicated in Fig. 8. Occasionally this train continues

into the "short-period train" (see Fig. 13) as discussed below under that title.

Wilson (1940) based two important conclusions on Love-wave dispersion data:

(a) that the Pacific, Atlantic and Indian Ocean basins were similar in structure

and (b) that the high-velocity mantle was much closer to the surface beneath

the oceans than beneath the continents. Coulomb (1952) i^ubUshed data

5.0
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Pacific shocks give slightly lower velocities for oceanic Love-wave propagation

in certain period ranges. Most of these differences can be ascribed to differences

in path.

From both Love- and Rayleigh-wave observations at Christchurch, New-

Zealand, Officer (1955) concluded that the crust of the South Pacific Basin is

somewhat thicker than that of the North Pacific Basin by comparison witli

the Hawaiian data of Oliver, Ewing and Press. Officer also found the Tasman
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Fig. 9. Dispersion oliservations of oceanic Rayleigh waves from tlie Solomon Islands

earthquake of 29 July, 19.50, plotted with a theoretical oceanic dispersion curve

(Ewing and Press, 1952). Waves over both the direct and antipodal paths were used

at Berkeley, Tucson and Palisades, and over the direct path only at Honolulu.

Corrections were made for the continental portions of the paths. Within the precision

of the experiment no significant difference exists between data for the antipodal path

through the Indian and Atlantic Oceans and data for the direct path through the

Pacific Ocean. This is indicative of the uniformity of water depth and bottom structure

in all of the oceans.

Basin to have an oceanic crust and found the crustal thickness of New Zealand

and the nearby shallow submarine ridges to be about 20 km. Bath and Vogel

(1958) found dispersion curves of oceanic character for Love and Rayleigh

waves across the Norwegian sea.

In general, for the deep basins of the Atlantic and Pacific, the higher-

velocity Love-w^ave observations are consistent with a basaltic crust about 6 km
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thick overlying the higher-velocity mantle while the lower velocity observations

indicate about twice this thickness with the upper part having a considerably

lower shear velocity than basalt. It is, perhaps, significant that the observations

made at the oceanic island stations, except for the Hawaiian data from the

direction of the Easter Island rise, give consistently higher group velocities

than those made at Berkeley. The effect of the portion of continental path near

Berkeley, although its length is short, would be to reduce the group velocity of

the waves observed there. Real differences in the data, however, undoubtedly

exist, and probably represent real differences in sub-bottom structure. How-
ever, because of the large dispersion in the case of continental paths for Love
waves in the crustal period range as compared with small dispersion for waves

of the same period range for oceanic paths, there is always a danger that the

effects of a small portion of continental or near-continental structure will

obscure the effect of the oceanic portion of the path. Furthermore, mantle

heterogeneities are of considerable importance in this f)roblem.

Probably the most striking feature of seismic wave trains which have

traversed paths which are at least partly oceanic is the long, nearly sinusoidal

train of Rayleigh waves with periods slightly greater than about 15 sec (Fig. 1).

This appearance results largely from the effect of the water layer on Rayleigh

waves propagating in the crust-upper-mantle rock system. Because much of

the earth is covered by deep water and because this water layer is remarkably

uniform in depth over much of the earth, the predominant period in this wave
train varies little with different oceanic propagation paths.

The theory of Rayleigh-wave propagation in rock overlain by a compressible

ocean was considered by Stoneley (1926). He derived the pertinent period

equation but did not obtain numerical solutions in the period range of significant

dispersion. In 1950, Ewing and Press showed that such a theory could account

for the main features of the observed Rayleigh-wave train (Fig. 9). The first

theoretical model consisted simply of a water laj^er overlying a solid half-space

with the average properties of the crust and mantle. Later, Jardetzky and
Press (1953) showed that the effect on the dispersion curves of considering the

crust and mantle separately in such a problem was small, as is also shown by
the theoretical curves in Fig. 13. The sedimentary layer in both cases was in-

cluded as part of the liquid layer. The properties of the Rayleigh waves of short

period, which travel at a velocity less than the sound velocity in water, were

clarified by Biot (1952).

Once the propagation of oceanic Rayleigh waves was understood, they were

used for exploration of the various ocean basins. Ewing and Press (1952) in a

study of waves propagating directly, and also through the antipodal path to

Honolulu, Berkeley, Tuscon and Palisades from a shock in the Solomon Islands,

found no measurable difference in the basement structure of the Pacific, the

Indian and the Atlantic Oceans. This result brought Rayleigh-wave evidence

into agreement with the conclusions Wilson had made on the basis of Love-

wave data.

Oliver, Ewing and Press (1955) confirmed these broad conclusions for much
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of the Pacific and parts of the Atlantic Ocean. They also found mean sediment

thicknesses in the Pacific ranging from 0.4 km north of Hawaii to 1.1 km south-

west of Hawaii. These values are calculated by subtracting the mean water

depth from the liquid layer thickness obtained by comparison of experimental

data with theoretical models for different thicknesses of this layer. The values

generally agree well with those obtained from refraction shooting. Oliver,

Ewing and Press also pointed out that their data suggest somewhat greater

depths for the mantle in the western Pacific than for the eastern Pacific. Along
certain paths (for example, those from Hawaii to the Philippines, Formosa and
Chile) the data, by virtue of slightly lower group velocities for waves of period

greater than about 20 sec, suggest structures differing somewhat from that

t3rpical of ocean basins. These differences might lie in somewhat lower crustal

or mantle velocities, or in greater crustal thickness, or a combination of these.

Berckhemer (1956) showed the close coincidence between Rayleigh-wave

dispersion data for paths across basins of the eastern Atlantic Ocean with dis-

persion observed by Oliver, Ewing and Press for basins of the western Atlantic,

clearly establishing the essential similarity of crustal structure on both sides

of the Mid-Atlantic Ridge. Bath (1959) presented group-velocity dispersion

data for Love and Rayleigh waves for a wide variety of azimuths from Uppsala.

With one exception, data for the ocean basins, though distinctly oceanic in

character, could be obtained only by applying large corrections for continental

portions of the paths. However, very favorable paths across the Arctic basin

yielded well-determined dispersion curves clearly showing oceanic crustal

structure.

Although surface waves suggest anomalies in such areas as the Easter Island

Rise and Polynesia, the contrast between dispersion observed over all oceanic

paths with that for continents overshadows the relatively small differences

cited above, and is evidence for the relative uniformitv of ocean structure.

Regardless of the crustal model adopted, all theoretical Rayleigh-mode
dispersion curves have a minimum group velocity less than 1 km/sec in the 12-

14 sec period range (see Fig. 13). This minimum is equivalent to the one which
gives rise to the prominent Airy-phase arrival observed in some explosions in

shallow water, suggesting that the corresponding Airy phase might be observed

when the source is a natural earthquake. No clear-cut identification of such

Airy phases has been made in the case of earthquake sources, however, and
recent indications are that the reason for the absence of the waves corresponding

to the Airy phase and to the shorter-period branch of the Rayleigh-mode dis-

persion curve is the depth of natural earthquakes.

However, waves corresponding to the short-period inversely dispersed

branch of the Rayleigh-wave curve and the minimum group velocity have been

observed from artificial sources. Oliver and Ewing (1958) discussed such

arrivals at Pasadena and Berkeley, and they associated these with the atomic

explosion WIGWAM detonated deep in the Pacific Ocean off lower California.

Similar waves recorded at Honolulu were generated by the high-altitude

explosions TEAK and ORANGE (see Pomeroy and Oliver, 1960), further
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indicating that the reason for the absence of these waves in the case of earth-

quakes is not an unknown structural feature, but rather the location of the

source.

5. Evidence from Short-Period Surface Waves

It is to be ex])ected that oceanic surface-wave trains include waves with

periods shorter than those of the crustal waves discussed above, which were

explained entirely as the fundamental modes of the Love and Rayleigh types.

In addition to the i)ortions of the fundamental-mode dispersion curves which

continue to high frequencies, it was noted previously that propagation in an

infinity of higher modes of both wave types is theoretically possible. A practical

limit to the frequency of coherent signals which can be projiagated through the

it;^\yim'J!^i'*^^yf*^:*iimfi py A-.^:! cQ A = 3600km Ki^^^'^i'^^y^
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Fig. lU. Honolulu seisniograius of a shock in the Aleutians. Because of the direction,

almost directly north, from which the waves approached, the north-south component
gives a record of longitudinal motion while the east-west component gives the trans-

verse motion. Fundamental-mode Rayleigh waves are clearly visible on the vertical

and longitudinal instruments, whereas long-period Love waves are absent on the

transverse component. Short-period waves, however, are present on the transverse.

sub-bottom and to the distance at which they can be detected is imposed by
attenuation. On the other hand, theory shows that propagation of short-period

waves is confined to shallow (le])ths and, therefore, crustal structure must be

more important in determining the properties of short-period waves.

A train of short-period (G to 9 sec) waves, which is often fovnid on seismograms

for oceanic paths, was described by Coulomb (1952) and by Oliver, Ewing and
Press (1955). Exam})les of this wave train are shown on the Honolulu seismo-

grams of the shocks of 27 April, 1958, 23 September, 1958, and 13 July, 1958,

which all occurred in the Aleutian-Gulf of Alaska region (see Figs. 10, 11 and
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12). The short-period wave train on the horizontal transverse component
frequently occurs as a continuation of the long-period Love-wave train toward
shorter periods and lower group velocities. The short-period waves, when
recorded, are frequently found in all three components of ground motion,
sometimes with approximately equal amplitudes in the later portions of the

train (see seismograms of Fig. 11) or sometimes predominantly on the trans-
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Fig. 11. Honolulu seismograms of a shock in the Gulf of Alaska. Long-period Love waves
begin on the east-west at about 0401 h and at 0402 h change into waves of almost
constant short period which persist for many minutes. Rayleigh waves begin on the
north-south and vertical at about 0402 h. At about 0405 h there is an abrupt increase

in the dominant frequency as the short-period train begins on the latter components
as well. A dispersion analysis of these seismograms is given in Fig. 13.

verse as in Fig. 12. Sometimes long-period waves are recorded on the longitudi-

nal and vertical components and short-period waves on the transverse, as in

the seismograms of Fig. 10. Furthermore, the beginnings of the wave trains on
the transverse component usually have longer periods and precede the short-

period train on the other two components, as in Fig. 11. When observable, the

periods are always about the same on all three comj^onents at the same time,

but particle motion is ajjparently not coherent, i.e. the relative phases between
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the components change throughout the train. The dispersion data plotted in

Fig. 13, which are derived from the seismograms in Fig. 11, show that, following

the long-period Love-wave train, motion of about 9-sec period was recorded on

all components for group velocities between 4 and about 1 km/sec. There is a

tendency for the period to decrease slightly with time.

The beginning of the short-period train which has transverse particle motion,
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Fig. 12. Honolulu seismograms of a shock in the Gulf of Alaska. These seismograms are

characterized by relatively strong Love waves, beginning at about 0827 h on the

east-west, compared with weakly recorded Rayleigh waves on the vertical and north-

south components. The period of the Love waves decreases rapidly at first to an
almost constant period of about 9 sec, which pei'sists for several minutes. Vertical

motion at about 0833 h is a part of the short-period train. The seismograms of Figs.

10, 11 and 12 illustrate the long-duration, constant -frequency characteristics of the

short-period train.

as shown in Fig. 11 or Fig. 12, has been shown previously to correspond to a

portion of the fundamental Love-mode dispersion curve (see DeNoyer, 1959;

Oliver, Dorman and Ewing, 1959). The remainder of the short-period train on

all three components has not been explained previously, and it has been sug-

gested that the waves correspond to higher-mode propagation of the Love
and/or Rayleigh types. The authors have recently compared data of the type

described above with dispersion computations based on layered models of

oceanic structure derived from seismic refraction measurements.

An attempt to explain the short-period data by including a mud layer with

low shear velocity in the theoretical model was made as shown in Fig. 13. The
data of Nafe and Drake (1957, and in Chapter 29) on the physical properties of

marine sediments provided a useful basis for these investigations. The disper-

sion curves in Fig, 13 show that the first Love mode and first shear mode are

closely coincident and reach very low group velocities. Both of these features
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seem to be required by the data. However, the period of the strongly dispersed

waves in both these modes is too short in this computation. Additional recent

study of the dispersive effects of the mud parameters by the authors, as well

as the latest data quoted by Nafe and Drake, indicate that a mud layer of

lower shear velocity than that used in Fig. 13 may provide a model of bottom

structure consistent with dispersion data as well as data derived from other

sources. However, conclusive results are not yet available.

DATA OF 24 SEPT 1958

GULF OF ALASKA
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Fig. 13. Typical oceanic dispersion data, derived from the seismograms of Fig. 11, are

plotted with theoretical surface-wave group-velocity dispersion data. The theoretical

curves were computed on the basis of the layered structure indicated. Agreement
between theoretical and experimental data is good in the Rayleigh mode owing to

proper choice of the thickness of water plus mud (layers one and two), which deter-

mines the period of the steep portion of the curve. However, poor agreement in the

first Love and first shear modes is due mainly to an incorrect choice of parameters
to represent the mud.

Factors related to the presence or absence of various surface-wave types on
seismograms were discussed by Oliver, Ewing and Press (1955) who compiled

the geographical data of Fig. 14. Primarily, on seismograms written at Hawaii
short-period waves predominate for shocks in the area including the Easter

Island Rise, the west coast of North America and the Aleutians. For shocks

elsewhere on the Pacific margins, long-period waves predominate at Hawaii.

When two stations are on the same azimuth from a shock, the appearance of

long-period waves is favored at the more distant station while short-period



1 30 OLIVER AND DORMAN [CHAP. 8

o



SECT. 1] SUB-OCEANIC STRUCTURAL EXPLORATION BY SEISMIC SURFACE WAVES 131

waves are more likely to predominate at the closer station. Also, short-period

waves seem to be greatly attenuated whenever they cross a continental

margin to reach the recording station.

The T-phase is a high-frequency (of the order of a few cycles per second), late-

arriving wave generated by some submarine or coastal earthquake and
recorded at large distances from the source, usually by stations near a coast.

The T-phase is due to propagation of energy as sound waves in the ocean with

a velocity of 1.5 km/sec, the sound velocity of water. It appears that energy

transfer between the solid bottom and the water takes place primarily along

submarine slopes. In some cases the energy is transmitted to the water at a

submarine slope immediately in the ejjicentral region (see Ewing, Press and
Worzel, 1952). In other cases it may travel as far as 51° as a body P wave
before striking a slope and entering the water (Shurbet, 1955). The duration of

the phase may be several minutes and the average velocity observed varies

according to the proportions of the path segments through rock and water.

Tsunamis are earthquake-generated sea waves. The dominant wavelengths

are usually much greater than the depth of the ocean [h) so that the waves
propagate as shallow-water gravity waves with velocity \/{gh). The generation

of these waves necessarily involves a sudden change in configuration of the sea

bottom associated with the earthquake. Either vertical movements along

submarine fault outcrops or slumps or turbidity currents triggered by the earth-

quake are considered possible mechanisms.
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9. GRAVITY AT SEAi

J, Lamar Worzel and J, C. Harrison

1. Introduction

The tcclini(ine of gravity surveying at sea was revolutionized during the

International Cileo])hysical Year by the development of gravity meters which

can operate on surface ships under reasonably favorable sea conditions. It is

now possible to make continuous gravity measurements on ships of 1000 or

more tons displacement for a useful proportion of the time in many of the

world's oceans and seas. The oceanographic survey ship engaged on bathy-

metric surveys should in the future reckon on being able to take conciuTent

contiinious gravity and magnetic measurements. These types of survey are

conveniently made together as all three methods require the ship to be under-

way continuously at constant speed ; they all require precise navigation and
the cost of installing and operating the magnetometer and gravity meter is

small compared with that of keeping a fair-sized ship at sea.

The gravitational method is based on measuring the variation in the accelera-

tion due to gravity at the sea-level surface. This variation is caused by changes

in the distribution of mass beneath the ship. Most imjjortant of these changes

is usually that caused by variations in the depth of water, but these can be

corrected for ]jrovided that depth soundings are taken during the gravity

measurements and that the bathymetry of the surrounding areas is fairly well

known. The variations in the corrected gravity anomaly are caused by density

variations beneath the sea-bed.

The method has the advantage that it is not limited with regard to depth.

Anomalous masses can be detected however deep they may be, provided that

their attraction at the surface is large enough to be measured. The disadvantage

is that there is generally no single solution to the problem of finding a mass
distribution that will produce the measured gravity field, so that a number of

assumptions must be made before a structure can be deduced from a map of

gravity anomalies. In these features the method differs somewhat from seismic

surveying in which reasonably definite information may be learned about the

shallow layers although the depth of 2)enetration is limited by the difficulties of

shooting long lines. The two methods thus complement one another, and more is

gained by surveying one area in the two ways than the sum of the information

from the two surveys taken individually. Now that continuous measurements
can be taken from a surface ship underway, gravity survey is an extremely useful

method of reconnaissance for locating interesting features which do not show
topographically. The detailed analysis of a s\n'vey often requires other kinds of

geological and geophysical data before a satisfactory interpretation can be made.

2. Methods and Theory

A. Development of Surface-Ship Gravity Meters

Gravity measurements at sea need to be accurate to at least 10 mgal to be of

any use at all, and an accuracy of 5 mgal is often required. An instrumental

^ Lamont Geological Observatoiy Contribution No. 596.
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accuracy better than 2 mgal would be useful only in a limited number of cases

where exceptionally accurate navigation is possible. The amplitudes of the

horizontal- and vertical-wave accelerations experienced on a surface ship usually

lie between 10,000 and 100,000 mgal depending on the state of the sea and the

size of the ship, but these accelerations decrease with depth below the surface

and are typically less than 5000 mgal at 250 ft depth.

The first attempts to measure gravity at sea were made by O. Hecker, and later

by W. G. Duffield, using a barometric apparatus on board a surface ship.

Although an apparatus of this type constructed by H. Haalck eventually gave

results of useful accuracy in extremely calm water in 1938, this method has

never been widely used.

From the first cruise of the Dutch submarine, K II, in 1923, up to 1955, all

reliable measurements of gravity at sea had been made with the Vening

Meinesz pendulum apparatus operating in a submarine. This apparatus has

been extensively described in the literature (Vening Meinesz, 1929, 1941). It

is a thoroughly reliable apparatus, if handled with due care, and the accuracy

of a measurement is between 1 and 2 mgal when the wave accelerations are less

than about 6000 mgal and when there is little energy present with the same
period as the pendulums. These conditions can normally be realized with a

submarine able to dive to 250 ft. A total of some 4214 measurements have been

taken with this apparatus, of which 2943 were taken by the Lamont Geological

Observatory of Columbia University. The apparatus has the disadvantage that

the computation of the gravity values from the photographic records is lab-

orious, taking about one hour per record. It is also not suited for development

into a surface-shi]3 instrument.

Gravity meters have replaced the pendulum apparatus for measurements on

land with the exception of absolute determinations of gravity and the establish-

ment of calibration ranges. The first gravity meter used at sea was the vibrating

string instrument constructed by R. L. G. Gilbert, which was successfully

tested on board a submarine in 1948 (Gilbert, 1949). Unfortunately, it has not

been used successfully at sea since these tests, although a somewhat similar

meter, developed from the Vibrotron pressure gauge by the Borg-Warner

Corporation, was successfully tested on a surface shi]3 in 1959.

In the meantime L. J. B. LaCoste and Anton Graf had independently

develojDed spring-tyxDC gravity meters capable of functioning on submarines.

The LaCoste meter was tested by F. N. Sf)iess and G. L. Brown on two cruises

in 1955 (Spiess and Brown, 1958). Sixteen previously established pendulum

stations were reoccupied on the first cruise and on the second they made 15

simultaneous pendulum and gravity-meter measurements. The root-mean-

square difference between the pendulum and meter observations was 3.3 mgal

in both tests, which indicates that the standard error of a gravity-meter

reading is about the same as that of a pendulum observation. The first tests of

the Graf meter were made on a surface ship on Lake Starnberg in 1 955 (Graf,

1956). Worzel and Graf (see Worzel and Graf, 1957) tested Graf's instrument

by comx^arison with simultaneous pendulum observations at 53 sea stations
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during April, 1956. Thirty-nine of the gravity-meter measurements lay within

3 mgal of the pendulum results and all but three lay within 9 mgal.

These meters possess several advantages over the pendulum apparatus ; they

are less fragile and easier to install and very much less labor is required in

the computation of the results ; but most important of all, they are suitable

for development for use on surface ships. The Graf meter was the first to be

used on a surface ship, in November, 1957 (Worzel, 1959), and tests of the

LaCoste meter followed in 1958 (LaCoste, 1959; Harrison, 1959).

B. Some Theoretical Conclusions

Surface-ship operation of gravity meters possesses the advantage that the

measurements are made effectively at sea-level and that, apart from the wave
movements, there can be no changes in vertical velocity of the instrument

during a measurement. There is, therefore, no need for the accurate leveling

survey which may be more trouble than the actual gravity measurements in

land surveys and, provided the wave periods are removed from the gravity

record, no account need be taken of accelerations caused by changes in the

vertical velocity of the vessel, which is an important factor in a submarine or

airplane survey. It is, however, necessary to make a correction (the Eotvos

correction which may be large) for the ship's speed, and the gravity measure-

ment must be taken in the presence of large vertical and horizontal accelera-

tions. The ship may be at sea for several weeks, or even months, between ports,

so that the meter must have a small or linear drift rate and be free from sudden

jumps in reading (tares).

The beam of a spring gravity meter must be heavily damped so that the

meter can withstand vertical accelerations of amplitude as high as 50,000 or

100,000 mgal without the beam hitting its stops. The spring and reading

system must be linear or symmetrical so that the mean beam position, deter-

mined by averaging the beam record, is independent of the magnitude of the

wave accelerations. Alternatively, in a non-linear instrument such as Gilbert's

vibrating string meter, it is necessary to apply a correction depending on the

magnitude of the vertical accelerations. Apart from these effects of non-

linearity, the vertical accelerations can be averaged out during a measurement

provided they are not large enough to cause the meter beam to hit its stoj)s.

The same is not true for the horizontal accelerations.

The problem of the horizontal accelerations may be met in two ways : first,

the meter may be mounted on a stabilized platform which keeps its axis

vertical. In this case, the effect of the horizontal accelerations is eliminated

provided the gravity meter is constructed in such a way that it is unaffected by
accelerations perpendicular to its measuring axis. Alternatively, the meter may
be hung in a gimbal sus]iension and allowed to swing with the wave accelera-

tions. In this case a correction must be applied for the horizontal accelerations.

The Graf meter contains no method for correcting for horizontal accelerations

and must, therefore, be used on a stabilized platform. The LaCoste meter
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includes a system for measuring and correcting for the horizontal accelerations

and may be used without a stabilized platform. It could also be used on a stable

platform. The theory of operation of meters in these two cases has been dis-

cussed elsewhere (Harrison, 1960) and this reference should be consulted for

the derivation of the results quoted below.

A meter used on land need be leveled with an accuracy of only 5' in order

to attain an accuracy of 1 mgal. However, a meter used at sea on a stabilized

platform is very sensitive to stabilization errors that have the same period as

the wave accelerations, because, in this case, a part of the horizontal accelera-

tion is added to the vertical component. The error introduced depends on the

phase angle between the tilt of the platform and the horizontal acceleration.

For the most unfavorable phase angle, an error of 1 mgal is caused by a tilting

of 4" amplitude when the amplitude of the horizontal accelerations is 100,000

mgal, and by a tilting of 44" when their amplitude is 10,000 mgal. Stable

platforms can be made to satisfy the necessary requirements.

LaCoste has pointed out a further source of error in gravity measurements

made with a beam gravity meter on a stable platform, and that is the cross-

coupling effect. The beam is deflected by the vertical accelerations, and the

horizontal accelerations, acting on the deflected beam, produce a couple which

depends on the product of the horizontal and vertical accelerations and the

phase angle between the beam deflection and the horizontal accelerations. This

effect is at a maximum for circular motion when the movement of the meter

beam lags 7r/2 radians on the vertical acceleration, as in a heavily damped
system whose free period is not very different from the wave period. The error

introduced by this effect can easily exceed 500 mgal for horizontal and vertical

accelerations of 100,000 mgal amplitude. It can largely be eliminated if the

meter is slowly rotated about a vertical axis, which has the effect of altering

the phase relation between the horizontal and vertical accelerations, and it is,

in any case, only important where there is a persistent phase relationship

between the vertical and horizontal accelerations.

A meter suspended in gimbals swings in response to the horizontal accelera-

tions. It tends to hang in the direction of the total resultant acceleration

formed by the vectorial addition of the horizontal acceleration with the sum of

the vertical acceleration and the acceleration due to gravity. This sum is always

greater than the vertical component alone, no matter what the direction of the

horizontal acceleration, so that a correction must be subtracted from the

measured acceleration to compensate for the effect of the horizontal accelera-

tions. This eff"ect was first jDointed out by Browne (1937) in connection with

the correction of measurements taken with the Vening Meinesz pendulum

apparatus for horizontal accelerations of the submarine. The theory has been

extended by LaCoste (see Harrison, 1960) for gravity meters on surface ships.

LaCoste treats the gravity-meter unit in gimbals as a compound pendulum

performing oscillations forced by the wave accelerations in addition to swinging

with its own free period. The problem is simplified greatly if the sensing element

of the meter is positioned a distance below the gimbal support equal to the
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length of a simple pendulum with the same period as the compound pendulum
formed by the meter unit. In this case the correction for the horizontal accelera-

tions amounts to the time average of IgO-, where 9 is the angle between the

axis of the gravity meter and the true vertical. The direction of the true

vertical must be established using long-period pendulums or a gyroscopically

controlled device. The forces perpendicular to the measuring axis of the meter

are very small, so the cross-coupling effect is not important. The theory holds

to an accuracy of I mgal for horizontal accelerations up to about GO,000 mgal.

For larger accelerations, fourth-order terms must be considered.

Fig. 1. Schematic diagi'am of the Graf Sea Gravimeter. 1. Photocell lamp and optics.

2. Diaphragm. 3. Photo-electric cell. 4. Damping magnet. 5. Measuring spring

and scale. 6. Torsion spring. 7. Fibei's for constraining weight beam motion.

8. Weight beam. 9. Amplifier. 10. Recorder.

C. The Graf Sea Gravimeter

The main features of the Graf Sea Gravimeter are shown in Fig. 1. It consists

of a horizontal beam of aluminum supported on nearly horizontal helical ribbon

springs. These springs act as the main springs and the pivots for the beam
motion. Eight ligatiu"es are arranged to restrain all beam motions except

rotations about the main axis. The main sjmngs are set under sufficient tension

that the center of gravity of the beam would be raised above the axis of rotation

of the beam at all values of gravity likely to be encoimtered on the siu'face of

the seas. A weak reading spring is attached to a lever arm on the beam and to

a nut whose position is controlled by a dial reading screw. By adjusting the

reading screw, sufficient tension can be applied by the reading spring to bring

the center of gravity of the beam to the same horizontal plane as the axis of

rotation of the beam. A dial, attached to the reading screw, permits a reading

of the tension of the spring which can be related to the value of gravity by
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suitably calibrating the instrument. The position of the beam is determined

by the differential output of two photocells mounted behind a slit attached to

the end of the beam. These photocells are so mounted and adjusted that they

give a null reading when the center of gravity of the beam is in the same
horizontal plane as the axis of rotation of the beam, and give equal readings

for the same upward and downward deflections. A large permanent magnet is

placed so that the beam moves in the gap between the pole faces, thereby

generating eddy currents in the aluminum beam which strongly damp the

beam motion. A pressure compensator and temperature compensator are
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Fig. 2. Comparison of two Graf Sea Gravinieters operating simultaneously on the same
stable platform.

mounted on the beam. The mechanism is also housed in a pressure-tight case

and is surrounded by an oven maintained at a constant temperature (to within

about O.orC).

The output of the photocells is amplified by a d.c. amplifier. The output of

the d.c. amplifier is further damjjed by a suitable R-C circuit and a record of

this output is made on a potentiometer-type recorder. The record allows a

static variation of + 50 mgals from the true null position, which is arranged to

fall at the center of the recorder paper.

The method of operation, then, is to adjust the dial reading until the recorder

pen is near the center of the record. The highly damped wave motions appear

as small oscillations on the record (see Fig. 2). The changes of gravity appear
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as changes of the axial position of the trace on the record. When the trace

approaches the margin of the record, as gravity changes, a change of the dial

reading will return the axis of the trace to an appropriate place on the record.

->- Dial reading spring

-diH Rest position

l\^ognet

Fig. 3. Diagram of the Graf Sea Gravimeter delineating quantities used in the equations.

= angular deflection of main springs when beam is horizontal, if = main spring

constant (torque/unit angle), »S = damping coefficient, p{h — hQ) = force produced by
reading spring, A cos cot = horizontal acceleration of waves, and A sin cot = vertical

acceleration of waves.

From Fig. 3, one may see that the differential equation of motion of the beam,
where 6 is small (less than 1° in this instrument), is

d + 2nd+pW = X, (1)

where

2/x = SdjI,

„ K mAl sin cot sin a niAl cos cot cos a mql sin a

^ K p{h —ho)i mAl sin cot cos a mAl cos cot sin a mgl cos aX^j (d-a) + +

The solution of (1) is

d = — + e-'^HBe'i + De-'t), (2)
p^

where c = {(x^ —p^)^^.

In this meter fi >p so that the solution is that of a forced oscillation super-

imi)osed on an exponential ajjproach to {X/p^).

Since a is very small ( < 11"),

X _ K{d —a) —p{h —ho)i + mAl sin cot —mql

p^ K —mAl cos cot



SECT. 1] GRAVITY AT SEA

the average value of which, over a 5-min interval, is

141

X\ K{d —a) —p{h —ho)i —mgl

kV K (4)

the same as for a deflection in the absence of the wave motion.

In practice one computes the gravity value from the dial setting of the

instrument and adds to it the correction read from the axial position of the

record. The 5-min averaging time is imposed by the time constant of the com-

plete mechanical-electrical system. Graf (1958) gives more details about the

construction and testing of the instrument.

The first tests of the Graf Sea Gravimeter were made in August, 1955, on

Lake Starnberg (Graf, 1956) using a gimbal mounting. Later tests were made

DlfFEKEMCE BETWEEN METERS 104

& 102 0.\ RUN 7

980150

^80050-

DlSTANCE
150

Fig. 4. Comparison of observed gravity on eight rvms over as nearly the same course as

possible and the differences observed by two meters on the same stable platform on
the same run.

in the Adriatic Sea in May, 1956 (Graf, 1957). Comparisons were made with

the Vening Meinesz pendulum apparatus on board U.S.S. Becuna in August,

1956 (Worzel and Graf, 1957). Of the 59 observations 3 had large discrepancies,

17 fell within the range of 3-9 mgal and 39 within the range 0-3 mgal, showing

a close approach to a statistical distribution. The first successful surface-ship

gravity observations were made with this instrument mounted on a gyro-

stabilized platform on an I.G.Y. cruise on U.S.S. Compass Island in November,
1957 {I.G.Y. Bull., 1958). More complete comparisons, as well as a number of

continuous profiles, were reported by Worzel (1959). Seven continuous profiles,

150 nautical miles long, agreed with themselves and with previous submarine

gravity measurements within a spread of 20 mgal (Fig. 4). The spread is

partially caused by navigation errors, and partially by the inability to recover

the same course and jDositions. At three other crossings of former submarine

profiles differences of the order of 6 mgal were observed. The continuous track

of U.S.S. Compass Island passed within 5 miles of 1 1 other submarine gravity
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Fig. 5. 6500 miles of" track of U.S.S. Cotnpass Islmid on which gravity measurements were
obtained.

Fig. 6. LaCoste-Romberg surface-ship gravity meter installed on M.V. Horizon.
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observations. Differences of less than 10 mgal were observed in nine cases and
in two cases 50 mgal, probably due to errors in the submarine values. At six

crossings of the ship's own track a root-mean-square difference of 5 mgal was
observed. Two meters observing on the same stable platform showed differences

less than 1 mgal. It is concluded that the gravity-meter values are reliable to

+ 1 mgal but that the gravity values measured on a surface vessel are reliable

to + 5 mgal, due primarily to the navigational limitations. Fig. 5 shows the

G500 miles of track of a five-week cruise of Compass Island on which continuous

gravity observations were obtained. In the past two years successful observa-

tions have been made on R.V. Vema, a 700-ton auxiliary schooner, about 20%
of the time on her world-wide cruises.

D. The LaCoste-Romberg Surface-JShip Gravity Meter

The LaCoste-Romberg instrument (Fig. 6) utilizes an adaption of the

suspension used in their land meters with a beam of increased moment of

inertia, damping and a photo-electric reading system. The instrument is
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Fig. 7. Block diagram of LaCoste-Romberg surface-ship meter.

suspended in gimbals and long-period pendulums are used to establish the

direction of the true vertical. An electrical voltage, proportional to the square

of the angle between the instrument in its gimbal suspension and the reference

pendulums, is developed by the horizontal accelerometers. This voltage is also
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proportional to the correction for the horizontal accelerations of the instrument.

It is averaged and converted into a shaft rotation which is continuously added
to the measuring-screw position through a differential gear-box (see Fig. 7).

The ratio of shaft rotation to accelerometer output is adjusted in the laboratory

before each trip during tests on a wave-simulating machine. In these tests the

meter is adjusted to give the same reading with the machine in motion as it

does when still.

The meter itself is very stable as regards drift and other spurious changes of

reading. The reading of meter #3 at the Marine Physical Laboratory, San

Diego, changed by only 2.3 mgal between 21 February and 21 December, 1959,

during which period it was used on five separate surveys on four different

ships. The reading method depends on the equation of motion of the beam (see

\mm\

Spring

tension

adjustment

<p = Beom deflection

Fig. 8. LaCoste-Romberg gravity-meter suspension.

Fig. 8). A couple acting on the beam causes it to move according to an equation

of the type

:

couple acting on beam = I^ + ^(f) + k(j), (">)

where ^ is the deflection of the beam and /, ^ and k are instrumental constants.

This couple can also be equated to

L{g + z + B-C), (0)

where z is the vertical acceleration of the meter, B is the difference between

the total acceleration acting on the meter and the vertical component (i.e. the

instantaneous Browne correction), and L is an instrumental constant. C is

proportional to the spring tension set by the measuring screw and would be
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the gravity reading in the case of a static instrument with the beam set on the

reading hne.

Equating (o) and (6) and integrating both with respect to time over the

interval Ti to T2 :

f
' {I4, + Bcj> + kcf>) (It = l{ '

{g + z + B -C) dt. (7)

Of the terms on the right-hand side of (7), J^' [g + z) dt = g{T2 —Ti), where g is

the average value of g. {T2—T1) must be long enough to average out the

vertical acceleration z. j^'^ B dt^ B{T2 -Ti) and j'^^^C dt = R{T2 -Ti) +

B{T2 —T\), where R is the gravity setting. {B computed in the accelerometer

control box is added to R in the differential gear box and the sum positions the

measuring screw.) The right-hand side of (7) thus becomes

L{g + B-R~B){T2-Ti) = L{g -R){T2 -Ti), (8)

so that

g = R-\IL{T2-Ti) \

"^

{Icf+Bcf> + kcf>)dt. (9)

The beam deflection,
(f),

is measured by a photo-electric system and the

quantity {Icf + ^(j) + k(f)) dt is computed by an analogue computer and recorded

on a pen recorder. (/^ + ^(f> + ^4) di is read from the graph and g computed from

equation (9). The various settings of R are recorded in digital form on an Ester-

line Angus 20-pen recorder and R can be determined from this record. A 12-min

averaging time has been found to be generally convenient under normal sea

conditions, although shorter intervals can be used under very calm conditions.

In reading a spring-type gravity meter on land, g = g and R is normally

adjusted to bring the beam to the zero point
{<f)
= 0). In this case the beam is

still, so that ^ = <^' = and {I(f>-\-^^-[-k4>) dt = 0. Hence g=R. It is also possible

to read the meter with the beam off the null position and to make an appro-

priate correction, in which case g = R —L-'^k(f). When reading the meter on terra

firma, and </» are always zero, but on a moving ship or in an airplane this is

not true because of the disturbing accelerations and the constantly changing

value of gravity. Corrections need to be applied for the velocity and acceleration

of the beam, in addition to the correction for the departure of the beam from

the null position. If these corrections are not made, it is necessary to wait until

the mean values of and
(f>

are small before making a valid gravity reading,

with the result that the meter reading lags behind the changes of gravity and

that rapid variations are not read. This feature makes it possible to use the

LaCoste-Romberg meter in an aircraft, where the changes of gravity are very

rapid.

The meter was first used on the I.G.Y. cruise of the Texas A and M College

ship Hidalgo (a 136-ft converted mine-sweeper) in the spring of 1958 (LaCoste,

1959) with encouraging results at a number of check stations. Further tests

were made on board the University of California Research Vessel Horizon

(150 ft length, 505 gross tons) in the fall of 1958, Horizons track passed close

6—s. Ill
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to 12 submarine stations and the root-mean-square difference between the sur-

face and submarine measurements was 4.4 mgal (Harrison, 1959). This is

satisfactory considering the navigational uncertainties. The first full-scale

survey made with the meter was that in the Gulf of California from February

to April, 1959, during the Scripjjs Institute of Oceanography's Vermilion Sea

Expedition. Some 5000 miles of continuous data were obtained, the coverage in

the central part of the gulf being shown in Fig. 9 to indicate the detail obtainable

Fig. 9. Gravity coverage in central section of Gulf of California obtained on Vermilion

Sea Expedition in the spring of 1959.

with this instrument under favorable conditions. Simultaneous measurements

were taken with a LaCoste-Romberg underwater meter on the sea floor and

with the surface meter at 27 anchored stations. Surface measurements were

also made with Horizon anchored as close as possible (normally within 400-

1000 yds) to the shore, and a landing party sent ashore to make a simultaneous

measurement with a geodetic land meter. Navigational vmcertainties are

eliminated from these comparisons and the results, shown in Table I, indicate

an accuracy of 2-3 mgal for the surface measurements. The meter has also been
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Table I

Gravity Comparisons in the Gulf of California

Station
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extensively used in the open ocean with a success that may be gauged from

Fig. 10, which shows a survey in the Pacific Ocean off Southern CaHfornia.

E. Airborne Gravity Measurements

Tlie method of reading the LaCoste-Romberg gravity meter, in which the

couple on the beam is computed from the full equation of motion (see 2-D),

allows gravity measurements to be taken extremely rapidly. Aircraft flying in

quiet air are much steadier than a surface ship of moderate size under normal

Fig. 10. Gravity survey of continental borderland of Southern California.

sea conditions, so that accurate gravity measurements are possible. The chief

difficulty with airborne measurements is that corrections for the speed of the

airplane are very large and must, therefore, be determined with great accuracy.

Even a slow airplane is moving very quickly compared with a surface ship and

therefore covers a considerable distance during an averaging time suitable for

use on ships. For instance, a plane travelling at 180 mph covers 36 miles in

the 12-min averaging time found convenient for shipboard measurements.

While this averaging time can be reduced considerably, it is clear that airborne

surveys cannot yield great detail. On the other hand, for geodetic and some
geophysical purposes, measurements averaged over, say, 10 miles would be

quite adequate. The measurements could be made at a height of, say, 20,000 ft,

which means that it would be possible to map gravity over practically the
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entire earth on a single equipotential surface, thus eliminating the theoretical

difficulty raised by masses between a measurement on land and the sea-level

reference surface. Further, it would be possible to carry out the mapping in a
matter of decades rather than generations.

The first airborne tests of the LaCoste-Romberg meter were made by
Thompson and LaCoste on board a United States Air Force KC-135 (a military

version of the Boeing 707) over Edwards Air Force Base, Cahfornia (Thompson,
1959; Thompson and LaCoste, 1960). Precise navigational data were provided
from the airplane by a Doppler radar system with barometric measurements
for elevation changes which were also obtained from the ground by photo-
theodolites. An overall accuracy of about 10 mgal was obtained.

Further tests were made in a joint venture by the Gravity Meter Exploration

Company, Fairchild Aerial Surveys, LaCoste and Romberg, and the Institute

of Geophysics of the University of California (Nettleton, LaCoste and Harrison,

1960). A B-17 airplane was used; aerial photographs were used for horizontal

positioning and altitude, and vertical velocities were determined by a combina-
tion of data from a hypsometer (pressure measuring device) and from a precision

radar altimeter. Again it was found possible to take airborne gravity measure-
ments and, despite some Eotvos corrections in excess of 1000 mgal, the corrected

gravity values at the intersection of flight lines usually agreed to within 10 mgal.

Repeated flights along the same line gave agreeing results and the contour map,
constructed at 12,000 ft elevation from the airborne results, was similar to the

map of free-air anomahes on the ground. The actual gravity values at 12,000 ft

agreed to within 10 mgal with the ground values projected upward, except
where the ground stations were situated on very high terrain and there were
insufficient data to project the ground values upward with any confidence. A
3-min averaging time was used for these measurements, during which the air-

plane covered about 10 miles over the ground.

These tests show that it is possible to measure gravity with useful accuracy
from an airplane and open up the possibility of making a regional survey of the

oceans in a few years. However, it is necessary to develop a navigational

system, or combination of systems, to enable the airplane to obtain its position,

elevation, true course and speed with the required accuracy when over the sea

and beyond the range of visual aids to navigation. The error in speed must not
greatly exceed one knot, and the airplane's true course must be known with
an accuracy of ± |°. A change in vertical velocity during a measuring interval

is equivalent to a net vertical acceleration of the meter and can only be dis-

tinguished from a change in gravity by accurate measurement of variations in

the airplane's height. The hypsometer and radar altimeter used in the B-17
tests were accurate to about 2 ft. A sinusoidal height variation of 1-ft amplitude
(2-ft range) and 6-min period produces a corresponding acceleration of nearly

10 mgal.

These requirements are stringent but can probably be met. Certainly the
method is sufficiently promising to warrant further tests and a careful in-

vestigation into the navigational problems. Probably all the relevant data
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should be recorded directly in digital form on punched paper tape and com-

puted on a high-speed computer using numerical rather than analogue filters.

F. Reduction of Observations and Methods of Interpretation

The instruments described above yield a gravity value on the moving ship

or submarine. Coriolis force due to the vessel's motion on the rotating earth

alters the observed value of gravity and means that a correction—the Eotvos

correction—must be applied to the observed value to reduce it to that A\hich

would have been measured on a stationary vessel. The correction to be added

to the observed gravity value is given (Worzel, 1959) by the formula

:

hg = 1ASlS sin C cos (p + {S^ 124:0. S).

G is the true course made good, rp the latitude and S the shij)'s speed in knots.
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Fig. 11. Gravity-anomaly profiles across Seamount Jasper. (After Harrison and Brisbin,

1959.)

Measured gravity corrected for the Eotvos effect is next reduced to sea-level.

A shipboard measurement is taken close to sea-level and only a small correction

for the free-air gradient is needed. The value of gravity at the latitude of

observation according to the International Formula is subtracted from this

finally corrected observed value. This difference is known as the free-air

anomaly by analogy with the free-air anomaly on land. In fact the correction

to sea-level for a sea observation is trivial, and it is not necessary to make any
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of the assumptions about the mass between the gravity meter and the sea-level

surface that are made for measurements on land. The free-air anomaly is ex-

pressed in milligals (1 mgal = 0.001 cm/sec-).

Free-air anomalies are caused by differences between the distribution of

masses on the real earth and on the earth model assumed in the International

Formula. The most rapid variations of free-air anomaly, though usually not the

most important on a large scale, are due to the changing effect of the bottom
topography. Small-scale variations in the free-air anomaly are often closely

correlated with changes in the depth of water, as is plain from Figs. 11, 12 and
20, and these changes must be removed or allowed for before the other reasons

for variation, such as geological structures beneath the sea floor, can be
investigated.

The depth of water in the immediate vicinity of the ship is the most in-

fluential in affecting the gravity anomaly, and the effect of a given topographic

feature decreases rapidly with increasing distance. As the ship moves into

shallower water, there is an increase in the mass immediately beneath it and a

consequent increase in free-air anomaly. One method for removing this direct

correlation with topography is to compute the increase in gravity at the j)oint

of observation that would be caused by substituting rock of a certain density

for the sea-water. This "topographic correction" is added to the free-air

anomaly and the new anomaly so produced is called the Bouguer anomaly.
The gravity profile will show no correlation with bottom topography if the

correct density is chosen for the added rock and there are no concealed masses.

Tills is illustrated in Fig. 11, which shows j)rofiles of the free-air anomaly and
Bouguer anomalies computed for densities of 2.1, 2.3^ 2.5 and 2.67 g/cm^ across

Seamount Jasper (Harrison and Brisbin, 1959). The free-air profile shows a

sharp maxinium over the seamount ; this maximum is not quite removed when
a density of 2.1 is adopted. The profile for 2.3 g/cm^ density shows no indication

of the presence of the seamount while those profiles for higher assumed densities

show a minimum over the peak. Replacing the sea-water by rock of 2.3 g/cm^
density eliminates the gravitational effect of the seamount altogether—it is

(hypothetically) buried in material of its own density and is no longer detectable

gravitationally

.

The computation of Bouguer anomalies at sea involves the hypothetical

addition of mass to the ocean and so these anomalies do not give a true picture

of the variation of mass per unit area over the earth's surface. They are always

large and positive over the deep sea, because of the added mass, and large and
negative over elevated land areas, because here mass is subtracted in the com-
putation. Fig. 11 shows the increase in size of the Bouguer anomaly with

increase of the assumed density ; although a density of 2.3 g/cm^ is the correct

one to use in this profile, because it is the one that best eliminates the gravita-

tional effect of the seamount, it certainly is not the correct one to use for

comparing the mean level of anomaly in the Pacific with the level in shallow

water close to the shore. In the latter case it is proper to use the mean density

of the continental block between sea-level and the level of the sea floor in the
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deep ocean. The uncertainty about which density to use in the Bouguer reduc-

tion may make it preferable to compute the attraction of trial structures,

including the assumed sub-bottom mass distribution and the varying water

depth, and to compare this attraction directly with the free-air anomalies.

The methods are ultimately equivalent as the attraction of the varying depth

of water is taken into account in both. In general, the Bouguer anomaly is

more useful in fairly small-scale problems and the free-air anomaly in larger-

scale problems, though there is a wide scope for personal preference.

Computation of the topographic correction is troublesome. When submarine

measurements were being accumulated at a relatively slow rate, it was possible

to consider computing this correction manually at each station, using the

classical methods inaugurated by J. F. Harford and W. Bowie. A template
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as any when the surveying ship makes a single pass through a relatively un-

surveyed area. In this case the only precise bathymetric information is that

along the ship's track, and a two-dimensional assumption is as good as any
other.

Kukkamaki (1954) has derived an expression for the attraction of a vertical

line mass at a point as a function of the heights of the upper and lower limits

of the mass and distance from the point. The topography may be put on cards

as the average height of squares or as spot heights on a regular grid

and Kukkamaki's expression may be integrated numerically over any required

area with the aid of some method such as Simpson's rule. Alternatively, Talwani

and Ewing (1960) have described a method based on an expression for the

attraction of a horizontal lamina with a polygonal boundary at an external

point. The topographic contours are approximated by polygons and the attrac-

tion of the water-mass computed by integration over the laminas bounded by
the actual and interpolated contour lines. A modification can be made to take

account of the earth's curvature.

Most major topographic features are compensated isostatically ; that is to

say the mass per unit area over the Earth's surface remains constant, the surface

excesses of mountain ranges and high plateaus and the deficits of ocean basins

being cancelled by compensating masses at depth. Several hypotheses have

been proposed to describe the compensating masses in detail. The variation of

gravity at sea-level can be computed from the topography and the compensating

masses distributed according to any one of these hypotheses. The difference

between the actual value and this computed value is known as the isostatic

anomaly. There are as many different types of isostatic anomaly as there are

isostatic hypotheses. None of the hypotheses is particularly realistic in view of

present knowledge, and the chief use of the isostatic anomaly is that it usually

varies more slowly than the free-air or Bouguer one. Hence, in an area of very

sparse data, the isostatic anomalies are more likely to be typical of the whole

area than any other. They also make it very easy to see quickly whether an area

is in isostatic equilibrium and it should be easy to compute by a high-speed

computer once the topography is in a form suitable for computation of the topo-

graphic corrections. The most realistic isostatic hypothesis, and that which

generally gives the smallest and most slowly varying anomalies, is the Airy-

Heiskanen system for a normal crustal thickness of 30 km. This is now the most

generally adopted system.

A map of topographically corrected gravity anomalies shows the presence of

hidden mass excesses and deficits. It is not usually possible to make a unique

interpretation of this anomaly pattern, though it is always possible to compute

the gravitational attraction of an assumed structure and to compare this with

the observed anomalies. An otherwise acceptable solution to a structural

problem may be rejected on gravitational grounds, but the structure deduced

from a gravity profile usually contains a number of additional assumptions.

This ambiguity is usual in geophysical methods and, for this reason, interpreta-

tions are very much more trustworthy when based on several different types of
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survey. The surveys complement one another, each providing information

helpful in the interpretation of the others, and it is important to survey interest-

ing areas in as many ways as possible. In particular, gravity, magnetic and

topographic surveys can very conveniently be made concurrently.

Two definite pieces of information can be learned from the anomaly field

])roduced by a buried mass. It is possible to assign a maximum permissible

depth to the mass and to estimate the total mass excess or deficit. It is further

possible to calculate the exact distribution of mass, if this mass can be assumed

to be a surface distribution on a horizontal plane at known depth. Otherwise

the interpretive process consists of computing the attraction of trial models and

modifying, accepting or rejecting the model on the basis of the fit with the

observed anomalies. These interpretive methods are described in more detail in

many of the standard geophysical texts (see Garland, 1956).

3. Gravity Observations and Geological Interpretations

Early studies of the seas were hampered by a lack of data and a concentration

of the data over anomalous features. The important main conclusion was

drawn that the ocean basins were closely in isostatic equilibrium. The geo-

logical conclusion that the Mohorovicic discontinuity (crust-mantle interface)

lay at a depth of 10 to 15 km below sea-level (depending on the choice of

density differential between the crust and the mantle) was not drawn until

after the early measurements of seismic refraction work indicated the interface

at these depths (see Chapter 7).

Worzel and Shurbet (1955) derived a "standard" section from the comparison

of six sea stations with seven land stations. Seismic, gravity, elevation and

water-depth data were available for each station. They concluded that a column

composed of 5 km of water of density 1.03, 1 km of sediment of average density

2.30, 4.5 km of crustal rocks of average density 2.84 and a mantle of average

density 3.27 beneath the crustal rocks was most representative of the average

condition in typical ocean basins ; a column composed of 33 km of crustal rocks

of average density 2.84 overlying a mantle of average density 3.27 was most

representative of the average conditions of continents. These two columns are

in isostatic equilibrium.

The oceans cover about 70% of the surface of the Earth. There are, however,

many features in the oceans that cannot be called typically oceanic such as

continental margins, islands, seamounts, mid-ocean ridges, etc. Worzel and

Talwani (1959) studied the 4214 pendulum-gravity stations at sea to determine

how well the International Formula of gravity fitted the observations. Sea

observations in typically oceanic areas are especially good for such a study, as,

first, the observations are made directly on the geoid to be studied and, secondly,

there are no anomalous masses near the point of observation.

Measurements within the area of inttuence of the features clearly not typically

oceanic were eliminated from consideration. The criteria for ehminating ob-

servations were determined from gravity sections across such features (see,
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for instance, Figs. 16, 17, 18, 20, 23, 24 and 27). The following observations

were eliminated

:

1. Measurements in the shallow-water area inside the 2-km depth curve and

within 1J° (about 161 km) of the 2-km depth curve on continental and island

margins.

2. Observations within trenches and within H° of the lip of the trenches

(the lip was considered to be the change from a steep to a gentle slope).

3. Observations on ridges within the 4-km curves.

About a quarter of the observations (numbering 1013) remained. These were

plotted on the Prince of Monaco charts. No simple pattern could be discerned

/
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being depressed most between 30 and 35°. From 15°S to about 40°S the geoid

is raised slightly above the ellipsoid.

4. The values in the Arctic from 73 (although difficult to analyze because

the topography is so poorly known) indicate that the mean anomaly between
75° and 90°N is about 0.

It is considered suggestive that the latitude belt of the greatest geoidal

down-warp in the oceans coincides with the latitude of the highest mountain

and, hence, the greatest geoidal up-warp on continents.
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willing to assume that the crustal and mantle densities are constant and of the

above magnitude.

A. Continental Margins

Heiskanen and Vening Meinesz (1958) conclude that of the 26 coastal

margins studied, in all but two cases the regions were most closely in local

isostatic equilibrium for an Airy isostatic assumption and T = 30. Near the

Canary Islands and the west coast of Africa, Australia's northwest cape and

Socotra, a value of T = 20 seemed better but they thought the data inconclusive.

Worzel and Shurbet (1955a) have derived seven sections across the con-

tinental margin of the northeast coast of the United States from gravity and
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Fig. 15. Crustal profile from Puerto Rico to the African coast near the Canary Islands.

(After Koryakin, 1958.) This section was computed from the gravity anomalies

assuming a depth to the M-discontinuity just north of the Nares Deep.

seismic data. These sections show a considerable variation of sedimentary cover.

The crust-mantle boundary is computed on the basis of the following assump-

tions : (1) a water density of 1.03 ; (2) a mean density of the sedimentary layers

of 2.30
; (3) a mean density of the crustal layers of 2.84

; (4) a mean density of

the mantle of 3.27 ; and (5) the standard sea-crustal section of Worzel and

Shurbet (1955). Fig. 16 shows three sections representing the variation en-

countered.

It was concluded that the true edge of the continent occurs at about the

1000-fm curve ; the maximum sedimentary thickness occurs at the base of the

continental slope and a considerable thickness persists across the continental

rise ; the distribution of sediments is probably brought about by the action of

turbidity currents; sedimentation, mostly derived from the continents, must

have modified the basic structure with the various sections representing inter-
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WOODS HOLE SECTION, USS TUSK(SS42Q
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mediate stages ; all of the sections are closely in isostatic balance ; and the M-

discontinuity varies considerably in steepness but continental crustal thickness

changes to ocean crustal thickness within 200 km.

Drake et al. (1959) computed various structures for the Portland, Maine

section on various assumptions of crustal layering and densities covering the

gamut of seismological and geological possibilities. They found that none of the

CJrOSS SECTION OF CRUST BASED ON DIRECT METHOD
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Fig. 17. Crustal section across continental margin and trench near Antofagasta, Chile,

computed from gravity data. (After Wuenschel, vmpublished thesis.)

possibihties that they considered reasonable appreciably modified the section

from those computed in the earlier work of Worzel and Shurbet except for a

different choice of density for the mantle.

Wuenschel, in his unpublished Ph.D. thesis, derived three sections

across the western continental margin of southern South America. Fig. 17

shows one of his jirofiles, which is quite similar to the other two. The analysis

was complicated by the deep trench near the continental slope and the high

mountains on the shore side, and the lack of detailed geological knowledge in

the region. The densities he used are shown on the figure. Once again one sees

the abrupt change from continental crustal thickness (mountainous here) to

oceanic thicknesses in a distance of less than 200 km.

Fig. 18 shows a first approximation crustal section along the west coast of

the United States near San Diego. No seismic data were available so all the

crust was considered to have a density of 2.84. It is known that there are a

number of basins with some sedimentary fill in the region but so far no estimate

of the density or the sediment thickness can be made. It is not expected that

the section will be appreciably modified when these sediment accumulations

are known. Once again, one is struck by the abrupt shallowing of the mantle
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Fig. 18. Crustal section across continental margin near San Diego, California. (After

Worzel and Talwani, unpublished.)

at the continental edge, which here occurs about 200 km from the shorehne at

about the 1000-fm curve.

Thompson and Talwani (1959) have computed a section across the continental

margin along the west coast of the United States, near San Francisco. The
densities used are shown in the section illustrated in Fig. 19. The section is

complicated by the various mountain ranges in that coastal region. The abrupt
change of crustal thickness at about the 1000-fm curve is again evident.

B. Mid-Ocean Ridges

The only mid-ocean ridge examined in detail is the Mid-Atlantic Ridge at

about latitude SO'^N. Fig. 20 shows, at the top, a continuous gravity curve
obtained with the Graf Sea Gravimeter in crossing this feature, and. at the

bottom, the topography. After the effect of the topography (Talwani. Heezen
and Worzel, 1961) has been removed, an anomaly (Bouguer) is obtained which
must be explained by densities within the crust or the mantle. There were some
seismic measurements available to provide some control for the upper part of
the crust (Ewing and Ewing, 1959). Fig. 21a shows the resulting section for

the conventional view that the variation of the thickness of the crust is primarily

responsible for the remaining anomaly. Even with the abrupt change of depth
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Fig. 20. Gravity and topographic sections across the Mid-Atlantic Ridge. (After Talwani,

Heezen and Worzel, 1961.)
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of the M-discontinuity at about 230 km, the computed curve is not steep

enough to fit the observed curve. This indicates that most, or all, of the

anomalous mass is at this depth or shallower.

Fig. 21b shows an alternative mass distribution where most of the anomaly

is caused by a thickening of the topmost layer. This is the 5.0 km/sec layer

found in the seismic stations on either flank. A good reversed seismic station

near the peak could establish whether this type of distribution is most likely.

Fig. 21c shows a third alternative mass distribution where most of the

anomaly is caused by low density in the lower part of the crust beneath the

central part of the ridge. Seismic refraction measurements probably could not

delineate this structure as the low-density material could be expected to have

lower velocities and would thus refract the seismic waves downward rather

than upward. Perhaps earthquake surface-wave studies could detect this type

of mass distribution. This type of section shows much greater promise of

explaining the magnetic anomalies often associated with the rift valley of the

ridge.

Combinations of the mass distributions shown in Fig. 21 can also be found to

explain the gravity anomalies over the ridge. It would be difficult to explain

the major part of the anomaly, however, by masses deeper than 25 km.

C. Islands and Seamounts

Heiskanen and Vening Meinesz {loc. cit) have summarized their results of

isostatic studies for volcanic islands in Table II. These are carried out for

densities of the island materials of 2.937 and 3.07, and they give comparisons

for a value on the island and for a deep-sea station clear of the island influence.

The computations are carried out for various degrees of regionality indicated

by radius R. They conclude that the best results (closest to zero anomaly) are

obtained for a regionality of 232.4 km and for a density between the two ex-

tremes for an Airy isostatic assumption, T = 30. They further conclude, on

the basis of estimates of the mechanical properties of the crust and the mantle,

that the rigid crust is about 35 km thick. In this concept the upper part of

the mantle, although showing no density contrast with the mantle beneath

it, has different elastic properties, the upper part resisting viscous flow, while

the lower part is capable of viscous flow.

Woollard (1954) has computed a density distribution to account for the

gravity anomaly of the islands of Hawaii and Bermuda. Fig. 22 has been

adapted from this study. He finds that a density of 2.30 for the Hawaiian Island

mass above the sea floor gives the smoothest Bouguer anomaly and accounts

for a regional Bouguer anomaly by a gentle depression of the M-discontinuity.

For Bermuda he finds the density 2.7 for the island mass gives the smoothest

Bouguer anomaly curve. The study by Harrison and Brisbin (1959) of Sea-

mount Jasper (see Fig. 11) indicates a density of 2.3 assuming no underlying

density contrasts.

Worzel and Talwani in a pajDer in preparation have made computations for
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of Cruiser Bank. Some seismic data (Bentley et al., iinpiil)lislied) exist on the

seamount and in the nearby flanking regions to provide control on the upper

parts of the sections. A two-dimensional analysis was used to compute the

variations of the M-discontinuity which would be required to accoinit for the

gravity anomaly (Worzel and Talwani, 1959a). Fig. 24 shows the resulting

section. Since this feature is not perfectly represented by a two-dimensional

Observed grovity

Topography

-2.3km/sec;2.lg/cm'
^3.6 km/sec; 2.5g/cm'

r4.6km/sec; 2.5g/cm'
Vertieol exoggerotion 20:1

2^0 !iTl%Sil2J gZcm'_
6.2 km/sec; 2. 84g/cm'

CRUISER SEAMOUNT

DISTANCE

755 7W'
K I LOUETERS

Fig. 24. Cnistal section of Cruiser Bank computed to fit the seismic anil gra\ity data.

(After Worzel and Talwani, 1959a.)

form, being 50 miles wide and 150 miles long, this represents a maximum
estimate of the fluctuations of the M-discontinuity.

Perhaps the most detailed study of a seamount has been made of Caryn Peak,

a small peak located where the Hudson submarine canyon enters the Sohm
abyssal plain. While no seismic data exist on the peak, there are stations in the

deep areas around the peak. Core A- 158 taken at a depth of 3970 m was on

the flank of Caryn Seamount. Upper Cretaceous fossils, altered by replacements

or recrystallization of the original CaCOa in a way considered due to vulcanism,

were foimd in the core (Miller and Ewing, 1956). This makes it most probable

that the vulcanism responsible for this feature must have ended toward the

end of the Upper Cretaceous.

Fig. 25 shows the computations for nine different mass distributions for the

north-south and east-west crossings of this feature (Worzel and Talwani,



SECT. 1] GBAVITY AT SEA 167

1959a). At the top right of each cross-section is shown the continuous free-air

anomaly curve observed with the Graf Sea Gravimeter. Gravity anomahes in

the region indicated that the normal anomaly in the vicinity of this seamount

would be about -38 mgal. In Case A it is assumed that the seamount is super-

imposed on the sea crust and sediments, and the three computations represent

density assumptions of 2.30, 2.50 and 2.84 for the cross-hatched mass shown

in the diagram to the left. In Case B, the more logical view that the seamount

is based at or near the base of the sedimentary layers is computed for the same

density assumptions. In Case C, a local isostatic compensation is assumed at

C a r y n Seamount
Km

3C
N

Sorlh
20

of 36°27 S'
30 20,.
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probable. The type B solution would imply that the volcanic material came
from dee]) within the mantle. The type C solution would imply that either the

volcanic material which forms the seamount originated in the region of the

compensation or that the vulcanism originated deep within the mantle
depositing some material as the island and some as the root.

OZ-
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physical investigations have been made by Vening Meinesz and others to try

to dehneate the structure related to these belts.

In the East Indies, Vening Meinesz has evolved a detailed and complicated

theory to account for the anomalies. In summary he invokes a compression

which causes a plastic downbuckle of the earth's crust causing the earthquakes,

negative gravity anomalies, and shear weaknesses, which provide lanes for

vulcanism in the island arcs, and uplift of the islands. The reader is referred to

chapter IOC of Heiskanen and Vening Meinesz (1958) for a comprehensive

treatment of this subject.

Tsuboi (1957) has calculated a mass distribution for the East Indies to

account for the gravity anomalies. Fig. 27 is adapted from his work in which he

400

1-^- o\

1
S

20-
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is a large negative-gravity anomaly. The crnstal thickness is again intermediate

in the region of the negative-anomaly belt and there is a big accumulation of

sediment.

Raitt et al. (1955) have made seismic measurements in the Tonga Trench

NARES
BASIN

PUERTO RICO
TRENCH

PUERTO
RICO

VENEZUELAN
BASIN

KILOMETERS NORTH OF LATITUDE IB* N

SOO 200 100 «I3. 0'.35

-500

-€00
100 -ax>

Fig. 28. Structure section across Puerto Rico Trench computed to fit the seismic and
gravity data. (After Talwani, Sutton and Worzel, 1959.)

and in the nearby regions. More recently, gravity measurements have been
made as a part of the International Geophysical Year cooperation between the

Lamont Geological Observatory and the Bureau of Mineral Resources of

Australia. Fig. 30 shows the section deduced by Raitt and the computed gravity

anomalies for this section, using the Nafe-Drake density curve, compared with

the observed anomalies (Talwani, Worzel and Ewing, 1901). The comf)uted

anomaly curve falls at least 100 mgal below the observed points in the region
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from 800 km to 900 km east of Suva, Fiji. Thus there seems to be a conflict

between the seismic and the gravity data. In Fig. 31 the boundaries in the

regions where no seismic data exist have been adjusted and an almost masked
(seismically) interface is assumed in the trench region in order to compute a
gravity curve which fits the observed data. In this way the conflict between
the seismic and gravity data can be resolved.

RIDGE
GRENADA BASIN LESSER

ANTILLES
BARBADOS
RIDGE

KILOMETERS EAST OF LONGITUDE 60° W
-300 -200 -100 O

Fig. 29. Structure section across the gravity-anomaly belt of the Lesser Antilles near
Barbados computed to fit the seismic and gravity data. (After Sutton, Talwani and
Worzel, 1960.)

The reader is again referred to Fig. 17 for a view of the structure of a trench

complicated by a continental margin and an adjacent mountain range.

F. Summary

The advent of gravity meters capable of making gravity measurements on
surface ships, even though at present they require moderate seas in which to

operate, ushers in a new era in the measurement of gravity at sea. We can ex-

pect a vast increase in the data of gravity at sea and a great deal better insight

into the most "normal" part of our globe.

Most authors have computed a mass distribution to account for the observed

gravity anomalies on the assumption that fluctuations of the M-discontinuity

can account for the anomalies, at least after one has accounted for the sedi-
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mentary accumulations in the region near the ocean bottom. Probably, in the

regions of continental margins, this view will prove to be substantially correct.

In regions such as the mid-ocean ridges and volcanic-island arcs, it may be

necessary to consider some or all of the deficiency of mass represented by the

down-bulge of the M-discontinuity to occur within the crustal layers. Only

more definitive data can decide. Since the low-density matter of these layers

is probably of lower velocity than the overlying material, it will be masked to re-

fraction seismology. It may be necessary to detect the layers from surface-wave

studies or from studies of shadow zones, both of which look difficult at present.

It now appears that the crust beneath the trenches is only slightly different

in thickness from an oceanic crust and that, in some trenches, there is a large

accumulation of sedimentary material while in others there is only a small

amount.
References

Browne, B. C, 1937. The measurement of gravity at sea. Mon. Not. Boy. Astr. Soc,

Oeophys. SuppL, 4, 271-279.

Drake, C. L., M. Ewing and G. H. Sutton, 1959. Continental margins and geosynclines

:

The East Coast of North America, North of Cape Hatteras. Physics and Chemistry of

the Earth, Vol. III. Pergamon Press, New York-London-Paris-Los Angeles.

Ewing, John and Maurice Ewing, 1959. Seismic -refraction measurements in the Atlantic

Ocean basins, in the Mediterranean Sea, on the Mid-Atlantic Ridge, and in the Nor-

wegian Sea. Bull. Oeol. Soc. Amer., 70, 291-318.

Ewing, Maurice, J. L. Worzel, J. B. Hersey, Frank Press and G. R. Hamilton, 1950.

Seismic refraction measurements in the Atlantic Ocean Basin, Pt. 1. Btdl. Seism. Soc.

Amer., 40 [misprinted 4 on offprints], 233-242.

Garland, G. D., 1956. "Gravity and Isostasy," in Encyclopedia of Physics, Vol. XLVII,
202-245. Springer-Verlag, Berlin.

Gilbert, R. L. G., 1949. A dynamic gravimeter ofnovel design. Proc. Phys. Soc. London, B62,

445-454.

Graf, A.. 1956. Beschreibung eines neuentwickelten Seegravimeters imd Ergebnisse der

ersten Messfahrt auf dem Starnberger See an Bord der Seeshaupt. Bayer. Akad. Wiss.,

Math-Nat. Kl., New Series, 75, 5-16.

Graf, A., 1957. Uber die bisherigen Erfahrungen und Messergebnisse mit dem Seegravi-

meter. Z. Oeophys., 23, 4-25.

Graf, A., 1958. Das Seegravimeter. Z. Instrumentenk., 66, no. 8, 151-161.

Harrison, J. C, 1959. Tests of the LaCoste-Romberg Surface-Ship gravitymeter, I.

./. Geophys. Res., 64, 1875-1881.

Harrison, J. C, 1960. "The Measurement of Gravity at Sea" in Methods aiid Techniques in

Geophysics. Interscience Publishers, New York-London.

Harrison, J. C. and W. C. Brisbin, 1959. Gravity anomalies off the West Coast of North

America, 1: Seamount Jasper. Bidl. Geol. Soc. Amer., 70, 929-934.

Heiskanen, W. A. and F. A. Vening Meinesz, 1958. The Earth and Its Gravity Field.

McGraw-Hill Book Co., Inc., New York-Toronto-London.

IGY Bulletin, 1958. First sea surface gravimeter. Trans. Amer. Geophys. Un., 39, No. 8,

175-178.

Koryakin, E. D., 1958. On the deep structure of the Earth's crust within the confines of

the Atlantic Ocean. Izvest. Akad. Nauk U.S.S.B., Ser. Geofiz. 1477-1484; English

edition, translated and published by Amer. Geophys. LTnion, January, 1960. (Dec.

1958, 860-865.)

Kukkamaki, T. J. 1955. Gravimetric reductions with electronic computers. A}nu Acad.

Sci. Fennicae, Ser. A., Ill, Geol.-Geog., 42.



174 WORZEL AND HARRISON [CHAP. 9

LaCoste, L. J. B., 1959. Surface ship gravity measurements on the Texas A. and M.
College ship, the 'Hidalgo'. Geophysics, 24, 309-322.

Miller, E. T. and M. Ewing, 1956. Geomagnetic measurements in the Gulf of Mexico and
in the vicinity of Carjm Peak. Geophysics, 21, 406-432.

Nettleton, L. L., Lucien LaCoste and J. C. HarrLson, 1960. Tests of an Airborne gravity

meter. Geophysics, 25, 181-202.

Officer, C. B., J. I. Ewing, J. F. Hennion, D. G. Harkrider and D. E. Miller, 1959. Geo-

physical investigations in the Eastern Caribbean: Summary of 1955 and 1956 cruises.

Physics and Chemistry of the Earth, Vol. III. Pergamon Press, New York-London-
Paris-Los Angeles.

Raitt, Russell \V., Robert L. Fisher and Ronald G. Mason, 1955. Tonga Trench. Tii "Cru.st

of the Earth". Geol. Soc. Amer. Spec. Paper 62, 237-254.

Spiess, F. N. and G. L. Brown, 1958. Tests of a new submarine gravity meter. Trans.

Amer. Geophys. Un., 39, 391-396.

Sutton, G. H., M. Talwani and J. L. Worzel, 1960. West-East crustal section through the

gravity anomaly belt of the Lesser Antilles along 14^^ 20'N. J. Geophys. Res., 65, 2526
(abstract).

Talwani, M. and M. Ewing, 1960. Rapid computation of gravitational attraction of three-

dimensional bodies of arbitrary shape. Geophysics, 25, 203-225.

Talwani, Manik, George H. Sutton and J. Lamar Worzel, 1959. Crustal section across

the Puerto Rico Trench. J. Geophys. Res., 64, 1545-1555.

Talwani, Manik, J. Lamar Worzel and Maurice Ewing, 1961. Gravity anomalies and crustal

section across the Tonga Trench. J. Geophys. Res., 66, 126.5-1278.

Talwani, M., J. L. Worzel and M. Landisman, 1959. Rapid gravity computations for two-

dimensional bodies Avith application to the Mendocino Submarine fraction zone.

J. Geophys. Res., 64, 49-59.

Talwani, Manik, B. C. Heezen and J. Lamar Worzel, 1961. Gravity anomalies, physio-

graphy, and crustal structure of the Mid-Atlantic Ridge. Trav. Sci. Bur. Centr. Seism.

U.G.G.I. , Int. Serie A, fasc. 22, 81-111.

Thompson, George A. and Manik Talwani, 1959. Crustal section across California and
Sierra Nevada. Bull. Geol. Soc. Amer., 70, 1688 (abstract).

Thompson, L. G. D., 1959. Airborne gravity meter test. J. Geophys. Res., 66, 488.

Thompson, L. G. D. and L. J. B. LaCoste, 1960. Aerial gravity measurements. J. Geophys.

Res., 65, 305-322.

Tsuboi, Chuji, 1957. Crustal structure along a certain profile across the East Indies as

deduced by a new calculation method. Gedenboek for F. A. Vening Meinesz.

Verhatulel. Koninkl. Ned. Geol.-Mijnb. Gen., Geol. Ser., 78, 287-294.

N'ening Meinesz, F. A., 1929. Theory and Practice of Pendulum Observations at Sea. Walt-
man, Delft.

Vening Meinesz, F. A. 1941. Theory and Practice of Pendidum Observations at Sea, Part II.

Waltman, Delft.

Woollard, G. P., 1954. The crustal structure beneath oceanic islands. Proc. Roy. Soc.

London, A222, 361-387.

Worzel, J. Lamar, 1959. Continuous gravity measurements on a surface ship with the

Graf Sea Gravimeter. J. Geophys. Res., 64, 1299-1315.

Worzel, J. L. and A. Graf, 1957. Comparison of the Graf Sea Gravimeter with the Vening

Meinesz aj^paratus on board the submarine LT.S.S. Becuna. Bull. Geod. Int., 45, 38-53.

Worzel, J. Lamar and G. L. Shurbet, 1955. Gravity interpretations from standard oceanic

and continental crustal sections. Geol. Soc. Amer. Spec. Paper 62, 87 100.

Worzel, J. Lamar and G. L. Shurbet, 1955a. Gravity anomalies at continental margins.

Proc. Nat. Acad. Sci., 41, 458-469.

Worzel, J. L. and Manik Talwani, 1959. The Geoid in ocean areas. Intern. Oceanog. Cong.,

Preprints., Amer. Assoc. Adv. Sci., 63.

Worzel, J. L. and Manik Talwani, 1959a. Gravity anomalies on seamounts. Bull. Geol.

Soc. Amer., 70, 1702-1703 (abstract).



10. THE MAGNETIC FIELD OVER THE OCEANS

E, C. BuLLARD and R. G. Mason

1. Historical

It is believed that the compass was first discovered in China (Needhani,

1962). The earhest certain references to it are in the Wu Ching Tsung Yao,

edited by Tseng Kung-Liang and finished in 1044 and in the Meng CJihi Pi Than

of Shen Kua written about 1088. Needham considers it hkely that it had been

used for fortune telling for some hundreds of years before this. The first men-

tion of its use in a ship is by Chu Yii in a work written between 1111 and 1117.

No connection is known between these Chinese discoveries and the first use

of the compass in Em-ope. The evidence has been discussed at length by

Crichton Mitchell (1932) who concludes that the first certain reference to it in

European literature is in two books written about 1187 by Alexander Neckam,

a monk of St. Albans, who treats the compass as a device well known in his

time. In the 13th and 14th centuries there are many references, particularly by

poets, to whom the idea of a needle that points the way in storm and darkness

has always appealed. For example, in 1375 the Scottish poet Barbour (Skeat,

1870) wrote of the journey of Robert the Bruce from Arran to Carrick in 1306:

"Thai rowit fast" with all thar micht

Till that apon thame fell the nycht

That It wox myrk on gret maner

Swa that thai wist nocht quhar thai wer

For thai na nedil had na stane."

In China in 1088 Shen Kua knew that the compass needle does not point to

the true north (or, as he would have said, to the true south). In Europe this

appears to have been unknown till late in the 15th century (Needham, 1962;

Crichton MitcheU, 1937).

The first systematic observations at sea were made during the voyage of

Joao de Castro in 1538 to 1541 (Hellmann, 1897). He sailed around the Cape,

up the west coast of India and into the Red Sea ; during this voyage he made
43 determinations of declination. These and other early observations have been

collected by van Bemmelen (1899) and by Gaibar-Puertas (1953). From these

van Bemmelen has compiled maps showing the declination at 50-year intervals

from 1550 to 1700. As the observations at sea were made in wooden ships, they

were usually not seriously disturbed by neighbouring masses of iron, and it is

believed that the maps do give a good general representation of the declination

over a large part of the earth.

It is not possible to give any account here of the voyages and magnetic

observations of the 16th- and 17th-century navigators. The voyages of Foxe

and James to Hudson's Bay at the beginning of the 17th century and of

Edmond Halley in the Atlantic in 1698 to 1700 are of particular significance.

The results of the former show that the north magnetic jDole was then, as it is

today, to the north-west of Hudson's Bay. Halley went from England to

[MS received October, 1960] 175
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latitude 52° 24'S and returned along the coast of North America. He obtained

observations almost daily, of which van Bemmelen's collection gives only a

selection. On his return he published the first chart showing lines of equal

declination (isogonic lines) ; this was for 1700 and covered the Atlantic Ocean.

It was followed in 1702 by a chart covering the whole world, but with no lines

of equal declination over most of the Pacific (Chapman, 1941 ; Bullard, 1956).

Observations of declination, and occasionally of inclination, continued

through the 1 8th century and led to a gradual improvement of the magnetic

charts. The first charts of the horizontal component of the field and of the total

force were those of Hansteen published in 1819.

After the change from wooden to iron and steel ships, it became impracticable

to make accurate magnetic measurements at sea, except in specially con-

structed non-magnetic vessels. The most successful of these were the Galilee

(1905-1908) and the Carnegie (1909-1929), Their tracks are shown in Fig. 1 ; the

results from these cruises still constitute the main evidence for the behaviour

of the magnetic field over the oceans. Tracks of other ships making magnetic

surveys between 1839 and 1916 are given by Fleming (1937). After the destruc-

tion of the Carnegie by fire in 1929, no new ocean-going non-magnetic ship was
constructed and no systematic measurements were made at sea for many years.

Since 1956 this work has been taken up again by the Russian ship Zarya, which
has made a number of traverses of the Atlantic, Pacific and Indian Oceans. A
description of this ship and its work has been given by Ivanov (1960, 1961) and
Matveyev (1962) ; she is a schooner 37.5 m long and of 600 tons displacement.

Extensive measurements of all three components of the field have also been
made in Canadian and United States aircraft (Vestine, 1960), and a large

programme, "Project Magnet", covering almost the whole of the oceans is at

present being carried out by the United States Navy. The intended tracks of

the project are shown in Fig. 2.

The surveys from these special aircraft and from non-magnetic ships give

measurements of all three components of the field. Such measurements are

essential to a knowledge of the field as a whole, and are necessary if it is to be

divided into parts of internal and external origin (Chapman and Bartels, 1940;

Vestine et al., 1947). They do, however, require elaborate equipment and
sj)ecial ships or specially modified aircraft. Fortunately, much geological in-

formation can be obtained from the much simpler measurement of total force.

This can be made with an instrument towed behind a ship or aircraft at a

sufficient distance to avoid the magnetic disturbance due to the engines and
hull.

2. Measurement of the Magnetic Field at Sea

Three quantities are required to define the magnetic field at a point. At least

one of these must be the field strength or the strength of a component of the

field ; the other two can be field components, or angles giving the direction of

the field relative to axes fixed relative to the earth. There are thus four opera-

tions involved in the complete determination of the field at a point: (1) The
7—s. III.
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measurement of the field strength; (2) the estabHshment of the direction of the

magnetic field; (3) the establishment of the true vertical; and (4) the estab-

lishment of the direction of the true north.

Until about 1945 all magnetic measurements at sea were made with adapta-

tions of the instruments used on land. The instruments were mounted on

gimbals whose j)eriod was short compared to that of the ship's motion ; they

must, therefore, have maintained a fixed attitude relative to the apparent

vertical. It is to be supposed that the effect of the difference between the true

and apparent verticals was eliminated or reduced by averaging by eye while

100* 120* ido* ISO* lac 160' i«o* i20* 100* bo* so*
40*j^ 60* 80*

80-

iOO* IJC laO* 160* leO' 160* 140" IJO* 100* 80* 60* 40* 20' 20* 40* 60* 80*

Fig. 2. Tracks of Project Magnet. (After Vestine, 1960, fig. 4.)

taking a reading. The published accounts are curiously reticent about this

important point ; even the period of the Carnegie's gimbals is not stated.

Azimuth was then, as now, determined by astronomical observation ; this in-

volves not only the observation of the direction of the sun or of a star, but also

the determination of the vertical. It is not necessary to describe here the

compasses, dip circles, earth inductors, deflectors and other instruments used,

since they are now only of historical interest. A very detailed description of

their final forms has been given by Bauer et al. (1917).

In recent years two basic improvements have been made. First, gyro-

stabilized platforms have become available and, secondly, electronic techniques
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have been devised for measuring the field, A description of a stabilized platform

used in an aircraft has been given by Serson, Mack and Whitham (1957). This

provides a vertical reference direction which is within a few minutes of arc of

the true vertical and an azimuth reference direction which is stable to a similar

accuracy for periods of up to an hour ; the azimuth of this reference is checked

at intervals of about 15 min by astronomical observations. This device was
made some years ago and probably does not represent the limit of what would

now be possible ; in particular, a gyro-stabilized sextant would greatly improve

the astronomical azimuth determinations. Such stabihzed platforms are easier

to use in an aircraft than in a ship, since the rolling and pitching of an aircraft

is usually much less than that of a ship. So far as the writers know, no magnetic

measurements have been made in a ship using a stabilized platform. This is

probably because the magnetic disturbances in a steel ship make accurate

measurements impossible and no ocean-going non-magnetic ship was in

service between the loss of the Carnegie and the recent commissioning of the

Zarya. An airborne instrument without a gyro-stabilized platform, which

measures both the strength and the direction of the field, has been described by
Schonstedt and Irons (1955).

In deep water the magnetic field may have a gradient of over 100 y/km
(1 Y= 10"5 gauss) and on the continental shelf it may, exceptionally, reach ten

times this value. To obtain meaningful contours of features with such gradients

and a total amplitude of the order of 1000 y requires positions to be known to a

few hundred metres. Within the range of precise radio-navigational aids, such

as Decca, there is no difficulty, but in the open ocean the accuracy required is

beyond that which can ordinarily be attained by astronomical observations

interpolated by dead reckoning. The usual j)rocedure in surveying features far

from shore is to establish a system of buoys moored on light wires and carrying

radar reflectors, and to conduct the survey relative to these. A ship has the

great advantage over an aircraft that it is possible to observe the field and the

depth simultaneously, so that the magnetic survey is correctly related to

the topography, even if the whole survey is displaced and distorted by errors

in fixing the position of the ship.

In a survey aimed at improving the general magnetic charts and not at the

study of geological detail, a lesser accuracy both of position and field is sufficient,

or at any rate must be tolerated. Here the main need for accurate positions

comes from the desire to determine the secular variation. In ten years the field

components change by an amount of the order of 500 y whilst the field gradient,

after smoothing out local anomalies, is of the order of 5 y/km. Thus the mean
of a number of repeat observations will give a useful determination of the

secular variation even if their positions are subject to errors of 20 km, as is

easily possible in aircraft flights in remote regions. The density of observations

needed is discussed by Serson and Hannaford (1957),

In all recent investigations one of two methods has been used for the measure-

ment of the strength of the field. The most convenient for use from a ship is one

depending on proton magnetic resonance, though fluxgate methods, devised
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originally for the detection of submarines, are still widely employed, particu-

larly in the United States. The first measurements with a towed magnetometer

were made by Miller and Ewing (1956) with a fluxgate instrument.

The fluxgate method will not be described in detail here. It depends on
applying an alternating field to a rod of high-permeability alloy. The alter-

nating field is sufficient to drive the material to saturation in both direc-

tions. If the steady field along the rod is zero, the wave form wiU be symmetrical

and free from even harmonics ; otherwise even harmonics are generated in the

energizing coil wliich are proportional in amplitude to the value of the steady

field acting along the rod. It is, therefore, possible to determine when the rod is

set perpendicular to the earth's field.

The fluxgate magnetometer can be used to measure specific components of

the field, but because of the need to operate it in a towed fish, and the con-

sequent difficulty of maintaining stable reference directions, it is generally

arranged as a self-orienting total-field instrument. This is accomplished by
mounting three fluxgate units perpendicular to one another in a motor-driven

gimbal. Two of them are made to orient the third along the earth's field by
means of servo-loops, which control the orienting motors in such a way as to

maintain zero field along their axes. The even harmonic signal from the third

unit is then a measure of the total force of the earth's magnetic field.

The accuracy and sensitivity of the method can be increased by reducing

the field acting along the third rod to zero by passing a measured direct current

through the energizing coil, using the fluxgate as a null detector. The accuracy

of measurement then depends on the stability of the coil and the accuracy with

which the current in it can be controlled and measured. There is no difficulty in

controlling the current to one part in 10^ for periods of a few hours, representing

better than 1 y ; the main source of error lies in the difficulty of stabilizing the

current and the dimensions of the coil over a long period. For a few hours a

stability of the order of 1 y is possible, but it is doubtful whether, even with

frequent comparison with a proton magnetometer, an absolute accuracy much
better than 10 y can be expected. In practice, it is usual to adjust the current

in discrete steps, corresponding to uniform increments of field, the signal due

to the residual field being applied to a recording instrument.

The basic disadvantage of the fluxgate, compared with the proton precession

method, is that it is not absolute, and, because of the instability of the coil

system, it requires frequent calibration. It possesses one advantage in that it is

more suitable for measuring vector components of the field.

Instruments developed in the United States have been described by Rumbaugh
and Alldredge (1949) and Schonstedt and Irons (1955) and Russian instruments

by Logachev (1955), Finger et al. (1961) and Kudi'evsky (1961).

The proton magnetic resonance method was first used to measure the earth's

field by Packard and Varian (1954). An instrument for use on land has been

described by Waters and Phillips (1956) and by Waters and Francis (1958),

and one used in a rocket by Heppner, Stolarik and Meredith (1958). Hill (1959)

and others have used the instrument at sea.
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The method depends on the interaction of the magnetic moment of protons

with a magnetic field. A magnetic field of about 100 gauss is applied to a sample

of water. This causes about 10~'^ of the protons in the water to become oriented

along the field. If the applied field is removed the protons precess and produce

an alternating e.m.f. in a coil surrounding the sample.

The phenomenon can be described from the point of view of either classical

or quantum mechanics (Andrew, 1956; Abragam, 1961). Both give the fre-

quency, /, of the proton precession as

where y is the gyromagnetic ratio of the proton. This has been determined by
the measurement of the frequency in a known field. The result obtained by

Driscoll and Bender (1958, 1958a) and adopted by the International Union of

Geodesy and Geophysics (Nelson, 1960) is

y = 26.751.3 ± 0.2 gauss-i sec-i.

For another determination see Vigoureux (1962). The value of y required is the

observed value and not that corrected for screening by the extra-nuclear

electrons, which is what is usually given in tables of physical constants.

It is necessary to leave the polarizing field on for a few seconds to allow the

orientation of the protons to reach thermal equilibrium. On turning off the

field, the protons will precess about the earth's field and will produce an

external alternating field for a time depending partly on the time taken to

reach a new thermal equilibrium and partly on a tendency for the protons to

exchange energy and get out of step. In practice, the signal decays to 1/e in a

few seconds. If the field is not constant over the sample, the rate of precession

of the protons will differ in different parts of it, and the signal will decay owing

to their getting out of step. An inhomogeneity of 1 in 10,000 would cause the

protons to get out of step in 5 sec and would have an appreciable effect on

the decay time ; it is, therefore, desirable that the field should be uniform over

the sample to within a few y. This condition is easily satisfied in a towed instru-

ment, but usually prevents the instrument working with the sample aboard

ship or in a building.

The proton magnetometer requires no calibration. The relation (1) between

frequency and field depends only on the gyromagnetic ratio of the proton and

is independent of all instrumental and environmental factors. Also, the fre-

quency is independent of the orientation of the coil, and no stabilization is

necessary. The signal is a maximum if the applied field and the pick-up coil are

at right angles to the Earth's field, and decreases as sin^ d if this angle is reduced.

This is not a serious limitation in practice, since, over most of the earth, the

field makes a large angle with the axis of a horizontal coil and in the equatorial

regions a vertical coil can be used.

Abragam et al. (1957) have described a method by which the proton resonance

may be made to control the frequency of a continuously running oscillator, but

this method has not been used at sea.
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A method depending on the optical excitation of rubidium vapour has been

described by SkiHman and Bender (1958). A somewhat similar, and probably

superior, device depending on the optical excitation of helium has been

described by Keyser ef al. (1961). Both instruments are more sensitive than the

proton magnetometer; they are, however, less convenient, and neither has

been used at sea.

Hill has used a proton magnetometer in a fish towed behind a ship. In his

instrument the protons in the hydrogen atoms of water are used. The instru-

ment now in use is shown in Figs. 3 and 4 ; in it the water is in a bottle containing

Fig. 3. Proton magnetometer for towing behind a ship.

550 cm3 and is surrounded by a coil having 4220 turns of copper wire 0.6 mm in

diameter. The fish is a cylindrical container with fins to render it stable. It is

made of fibre-glass impregnated with an epoxy resin and is 25 cm long and

10 cm in external diameter. A current of 1 amp through the coil gives a

polarizing field of 320 gauss.

The fibre-glass fish contains only the bottle and the coil. It is joined by a

3-m length of screened cable to a second fish which contains the pre-amplifier

and the relay to break the polarizing current and connect the coil to the pre-
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amplifier. This second fish is of brass and is rather smaller than the first. By
separating the relays from the bottle, their magnetic effect is made negligible.

The coil is tuned to the proton precession frequency by a capacitor whose value

can be altered from the ship by a stepping switch. The stejDS in resonant fre-

quency are about 50 cycles. The Q of the coil is about 90.

Precautions must be taken to ensure that the polarizing current is reduced

to a very small value when it is nominally turned off. If the field is to be

measured to 1 y, a polarizing field of 100 gauss must be reduced to 10~'^ of its

initial value ; a single set of relay contacts cannot be relied on to do this ; a

second relay is, therefore, provided in the ship, and as an additional precaution

the leads carrying the polarizing current are short-circuited by contacts in the

fish when the current is off. If the polarizing current is broken sufficiently

rapidly, considerable sparking takes ]3lace at the relay contacts and leads to a

rapid deterioration in them. This may be avoided by placing a resistance

Bottle

and coil
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N, is about 100,000. A change of unity in the count then corresponds to a

change of | y in F. If the possible accuracy is to be achieved, the gate that

starts and stops the 100-kc/s count may be opened and closed consistently to

10"5 sec ; that is, to 1/50 of a cycle of the proton signal. As the signal decays to

about 30% during the count, the gate must be designed so that its times of

opening and closing are not affected by the amplitude of the signal.

The last three digits of the count are recorded on a potentiometer recorder

and all six digits on punched tape. A description of the punching arrangements

has been given by Bullard (1961). The whole equipment is cycled once every

minute, or once every half minute. The cycle is initiated by a clock driven by a

precision oscillator.

3. General Features of the Field

Over most of the earth's surface the field is within 20% of that which would

be produced by a dipole at the centre of the Earth. No analysis has been made
for the land and the oceans separately, but there is no reason to suppose that

there is any significant difference in the moment or direction of the dipole

between land and sea. If the field due to the best-fitting dipole is removed, the

residue is known as the non-dipole field. The three components of this for the

year 1945 are shown in Fig. 5. The rate of change of the vertical component in

1942 is shown in Fig. 6.

Such diagrams use data collected over a long period and are the result of

extensive smoothing and extrapolation both in time and space ; they do not

represent the immediate results of observation in the way that the magnetic

survey of a single country does. The extent of their deficiencies is illustrated by
measurements made by recent Japanese Antarctic expeditions (Nagata, Oguti

and Kakinuma, 1958; Oguti and Kakinuma, 1959). They found that in the

region between South Africa and the Antarctic continent the field is decreasing

by 200 y/year, which is about three times the rate of decrease given by current

magnetic charts.

In spite of these uncertainties, Figs, 5 and 6 do demonstrate that the great

geographical and geological differences between the continents and the oceans

are not reflected in the world-wide pattern of the magnetic field. This is further

demonstrated by Fig. 7, which shows a section from a chart of the total field in

one of the areas where it is best known. The lines representing the smoothed

field run from continent to ocean without any conspicuous disturbance. This

broad similarity of the field over oceans and continents is to be expected if the

main features of the field have their origin in the core of the earth, the outer

surface of which is at a depth of 2900 km.

A possible exception to this general similarity has been suggested by Run-
corn, who has pointed out that the centres of rapid change, shown in Fig. 6, tend

to avoid the Pacific Ocean. It is possible that this is due to the temperatures

beneath the Pacific being higher than elsewhere and producing a higher electri-

cal conductivity in the mantle and a greater screening of the secular variation

(Bullard, Maxwell and Revelle, 1956).
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Fig. 7. Section from the U.S. Hydrographic Office chart of the total field in 1955 (No.

1703).

Wave-length (miles)

100 5040 30 20 15 10

1500



188 BULLARD AND MASON [chap. 10

1000

^ 600

(a)

400 r-

200

(b)

Miles

400

200

i 1000

Q 2000

3000

(c)



SECT. 1] THE MAGNETIC FIELD OVER THE OCEANS 189

4UU



190 BULLAKD AND MASON [CHAP. 10

wave limit of this gap (Bullard et al., 1962). The existence of the gap and its

long-wave limit at about 2000 km is also suggested by a study of some profiles

from Project Magnet by Alldredge et al. (1961), though the method of analysis

does not allow any detailed conclusions to be drawn.

4. Reduction of Magnetic Observations

The magnetic observations may be affected by the magnetism of the ship

and by time variations of the earth's magnetic field, as well as by the geology.

If the magnetometer is more than two ship's lengths astern of the ship, the

observed field wdll require no correction for the magnetization of the ship. This

condition is easily realized in practice. Three types of time variations must

be considered, the normal daily variation, magnetic storms, and the long-term

secular variation.

The daily variation of the total field on land is usually of the order of 40 y,

and a correction for this is desirable. A correction depending on records from

the nearest observatory on land may be used, but it is doubtful if this really

imj^roves the consistency of the observations. The induction of electric currents

in the ocean will tend to reduce the daily variation at sea below that observed

on land. The calculations of Chapman and Whitehead (1923) suggest that the

reduction will be to about two-thirds but Rikitake (1961, 1962) has pointed out

that the effect will be reduced if the mantle is a good conductor of electricity

at a depth of a few hundred kilometres. Observations on oceanic islands some-

times show a small daily variation; for example, the mean daily variation of

the total field at San Miguel in the Azores during the months of May, June and

July, 1958, was 30 y, whilst at Coimbra in Portugal, on almost the same latitude,

it was 53 y. A few measurements with a towed magnetometer, at a point

between the two, suggested that the daily variation in the open ocean was

nearer that in the Azores. However, data from oceanic islands must be regarded

with caution because of local effects arising from the induced currents flowing

in the ocean round them. Observations by R. G. Mason (unpublished) on the

island of Oahu show that at points only 20 miles from the Honolulu magnetic

observatory the amplitude of the daily variation can differ from that at the

observatory by as much as 10%; on averagely disturbed days hour-by-hour

differences of more than 20 y are not uncommon. Anomalous effects might also

be expected near the boundaries of oceans and continents. Observations by
Hill and Mason (1962) suggest that in deep water off the end of the EngHsli

Channel the daily variation is greater than it is in western Europe. The theory

has been investigated by R. B. Roden (unpublished) \^'ho has shown that such

an effect is to be expected, especially on the east side of an ocean. The increase

is caused by the same current system as produces the decrease in mid-ocean.

A daily variation of up to 200 y has been found at sea near the equator

(Oguti and Kakinuma, 1959). This high value is related to the equatorial

electrojet system of the ionosphere. The effect of the electrojet is at a maximum
near the magnetic equator and dies away within a few hundred kilometres
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on either side. The rapid changes of field are confined to the dayhght hours.

Within an area affected by the electrojet, short-period fluctuations in times

of the order of one hour and with amphtudes of up to 100 y may occur at

any time, but particularly during the hours of daylight. There is no way of

distinguishing these time variations from spatial variations, other than by a

resurvey or by having a second magnetometer in a moored buoy. Similar

complications arise in the auroral zones. Experience suggests that, except in

these special areas, the error incurred by neglecting the normal daily variation

may be acceptable.

Magnetic storms present a more serious problem. It is doubtful if a useful

correction can be made using data from a land station and the only way of

eliminating the uncertainties is to reject observations taken when the level of

disturbance at a land station exceeds some arbitrary limit, or to provide a

magnetometer in a moored buoy to determine the correction. Electric currents

induced in the ocean will modify the storm-time fluctuations, particularly the

high-frequency components, in much the same way as they modify the daily

variation, but the extent of this modification is unknown. A number of magnetic

storms occurred during the survey of the north-east Pacific described in a later

section, but without any significant effect on the contours (which were plotted

at an interval of 50 y). The effects of magnetic storms and daily variation would

be more serious in more detailed surveys.

A correction for secular variation may be necessary if the survey of an area

is spread over more than a few months. The rate of change of the field can be

taken from neighbouring land stations or from magnetic charts. A single value

can usually be used for an area up to 1000 km across.

In order to plot anomalies in an intelligible form it is necessary to remove

the regional trend. Since the removal of a complicated or irregular trend may
introduce spurious features into the pattern of anomalies, it is desirable that a

simple and easily understood method should be used. A linear variation with

distance on a Mercator chart is often satisfactory over areas a few hundred

miles across. In the magnetic survey of the north-east Pacific a second-order

polynomial in latitude and longitude was fitted to the observed field, averaged

within 20' rectangles ; a third-order polynomial has been successfully used in

an area 40° x 40° in the north-western Indian Ocean. A linear variation plus

a two-dimensional Fourier series was satisfactory in a 20° x 20° area in the

Atlantic (Bullard et al., 1962) but cannot be generally recommended since the

Fourier series necessarily has the same values on two opposite edges of the area,

which often prevents a good fit being obtained with a few terms. The deter-

mination of trend from observations within an area is in a large degree arbitrary

and it is to be hoped that Project Magnet will so improve our knowledge of the

field that a spherical harmonic expansion of the whole earth can be used to give

the trend in the areas covered by detailed surveys.

When the ship is in range of accurate navigational aids the measurements

at the crossing points of tracks usually agree to within 20 y, but after a few

hours' steaming in the open ocean, discrepancies of 50 y are not uncommon.
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5. The Magnetic Properties of Submarine Rocks

The geological interpretation of magnetic measurements depends on the

large differences that exist between the magnetic properties of different types

of rock. Basic rocks in particular tend to be more magnetic than others, and

any situation involving local excesses or deficiencies of basic rocks will lead to

anomalies in the earth's magnetic field. Little information has been published

on the magnetic properties of submarine rocks ; this is partly because of the lack

of representative material to study.

In the interpretation of marine surveys it is often found necessary to take

larger values for susceptil)ility than those given for continental basalts (by, for

example, L. B, Slichter, in Birch et al., 1942). This is justified on the grounds that

basic igneous rocks commonly possess a permanent, or remanent, magnetization

several times greater in intensity than that induced in the earth's field ; if the

remanent magnetization is approximately aligned in the direction of the field,

then the rock possesses an apparent susceptibility several times greater than

the measured value. Thus susceptibilities ranging up to 0.015 e.m.u. have been

used for basalts. At the other extreme, the unconsolidated sediments of the sea

floor are generally thought to be too weakly magnetized to j)roduce measurable

anomahes at the surface.

A recent study of some basalts dredged from the escarpment of the Mendocino

Fault in the north-east Pacific (R. G. Mason, unpublished) has revealed excep-

tionally high intensities of remanent magnetization, ranging up to 0.3 e.m.u./

cm^, and correspondingly large ratios of remanent to induced magnetization.

The former, expressed in terms of apparent susceptibility, range from 0.003 to

0.6 with a median value of 0.035, the latter from 2 to 400, with a median value of

20. The results are presented in Fig. 10 as a histogram which shows, for com-

parison, the results of an investigation of more than 600 lavas from INIull. The

corresponding figures for the Mull lavas are 0.001 to 0.5, with a median value of

0.010, for apparent susceptibility, and to 130, with a median value of 3, for the

ratio of remanent to induced magnetization. The lavas from the Mendocino

Fault are thus, on an average, more than three times as magnetic as those from

Mull.

Not all submarine lavas are so highly magnetic. Much of the material obtained

in dredge hauls is badly weathered and, as might be expected, is considerably

less magnetic than the average unweathered rock. Matthews (1961) has found

apparent suscej)tibilities ranging from 0.002 to 0.025, with a median value of

0.010, for weathered basalts from the eastern North Atlantic; similar results

have been obtained for weathered basalts from the Pacific.

The relation between the magnetic properties of the Mendocino Fault

basalts and their mineralogy has been investigated by J. M. Hall (unpublished).

In genera], intensities of remanent magnetization increase with decrease in

grain size of the magnetic minerals, particularly in the range 50 [jl-5 [i. With the

exception of the most magnetic of the si)ecimens examined, which is rich in

maghemite (y-Fe203), these are mostly impure magnetites less than 50 [i in
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diameter; it is probably because of the small grain size of the magnetic minerals

that these rocks are so magnetic. Since rapid cooling encourages fine grain size,

submarine lavas may be generally more magnetic than their continental

counterparts. The occurrence of maghemite is interesting. Maghemite is a

highly magnetic mineral believed to be generally formed from magnetite, either

by direct oxidation in a low oxygen environment or via hydrated compounds,

possibly by hydrothermal solutions at relatively low temperatures and pres-

sures (Mason, 1943). It is metastable and at higher temperatures and pressures

it is changed irreversibly to haematite (a-re203); it is possible that a deep-

ocean environment favours oxidation of magnetite to maghemite rather than

to the less magnetic haematite.

In common with other ferromagnetic materials, a rock becomes non-magnetic

when heated to a temperature exceeding its Curie jDoint. The latter varies from

rock to rock, depending on the magnetic minerals involved, but is generally

60 r

MULL

MENDOCINO

0.2 I 5 25 125 625.10"^

DISTRIBUTION OF APPARENT SUSCEPTIBILITIES

Fig. 10. The distribution of apparent susceptibilities of (a) basalts dredged from the

Mendocino escarpment and (b) basaltic lavas from Mull. (From R. G. Mason, un-

published.)

less than 575°C. Since temperatures within the earth increase with depth,

there will exist everywhere a surface of magnetic discontinuity corresponding

to the Curie point isotherm. There is some uncertainty as to the depth at which

the Curie point might be reached ; on the basis of present information it seems

reasonable to assume that it will be between 20 and 50 km below the sea floor,

and, therefore, well below the base of the oceanic crust. Lateral variations in its

de]jth will lead to anomalies in the magnetic field, which, therefore, provide a

means for studying the thermal state of the upper mantle.

6. The Magnetic Surveys of the North-east Pacific

Much of the magnetic data obtained at sea is in the form of long unrelated

profiles recorded during passage of a ship. These are of limited usefulness
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since they give no indication of the lateral extent or direction of anomalous

magnetic trends, and, therefore, provide no basis for quantitative geological

intei-pretation. For example, isolated lines across the area covered by the mag-

netic map of the north-east Pacific (Fig. 11) would give no information about

the magnetic trends ; the general impression of the magnetic character of the

area that would be gained from a study of such lines would depend entirely on

their orientation. If the geological pattern is to be revealed by a magnetic

survey, the lines along which measurements are made must be close enough

together to allow a contoured map of the field to be drawn.

Experience shows that if the sharpest anomalies, arising from sources close

to the ocean floor, are to be adequately resolved, the separation between

adjacent lines must not exceed about half the depth of the water. Satisfactory

contouring requires a relative positional accuracy between adjacent lines of

about 20% of the spacing, i.e. about 10% of the depth, or about 500 m over

the deep ocean. Over a small area buoys can be moored and the survey con-

ducted relative to them. In surveys covering a larger area, elaborate radio-

navigation systems are necessary. Even then, the operational range is restricted

to a few hundred kilometres from land, though systems are available wliich

give ocean-wide coverage to an accuracy of within a few kilometres.

The survey conducted by the Scripps Institution of Oceanography, in

conjunction with the U.S. Coast and Geodetic Survey, off the west coast of the

United States (Mason, 1958; Mason and Raff, 1961; Raff and Mason, 1961)

represents the first attempt to make a detailed magnetic map of an extensive

area of the oceans. The results are of exceptional interest in that they reveal

major structural trends of which there is little or no indication in the topo-

graphy, and they provide evidence for unsuspected horizontal displacements

along some of the faults of the north-east Pacific greater than any that have so

far been observed over the continents.

The area covered by the survey lies off the foot of the continental slope along

the Pacific coast of the United States ; it is 400-500 km in width and extends

off-shore from the north Mexican border in the south to the southern end of

Queen Charlotte Island in the north. It was completely covered with a regular

grid of lines, mostly about 8 km apart, which were positioned with a probable

error of 100 m by means of a radio-navigation system. The survey itself was

made with a highly stabilized fluxgate magnetometer which, by frequent

comparison with a proton precession magnetometer, provided a measure of

the total field with a standard deviation from the absolute value of about 15 y

;

over periods of a few hours the stability was better than 1 y.

The magnetic anomaly map, Fig. 11, is a plot of the observed field from

which the regional field has been subtracted. The latter was derived from the

map of the observed field by a smoothing process. No attempt was made to

remove the effect of diurnal and other time variations of the earth's magnetic

field as these were thought to have no significant effect on the final plot.

The general features of the bathymetry have been described by Menard

(1955). The area is crossed by two of the four great, almost east-west, fault
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zones of the north-east Pacific, the Mendocino and the Murray. The former is

by far the most spectacular topographic feature in the area ; the bottom rises

about 1 km from south to north across it and over most of the map it forms an

asymmetrical ridge with a south-facing escarpment 5000-10,000 ft (l|-3 km)
high. It marks the boundary between the deep plain of the north-east Pacific,

a comparatively smooth abyssal plain 2100-2600 fm (4-5 km) deep, and the

shallower ridge and trough province, an area of narrow north- or north-east-

trending ridges and troughs, to the north. The Murray Fault, about 6° to the

south, divides the deep plain from the slightly shallower Baja California Sea-

mount Province. A relatively minor topographic feature, the Pioneer Ridge,

crosses the deep plain about 180 km south of the Mendocino Fault. Fig. 12

shows the relation of these features to the area covered by the map. Fig. 11.

The change in elevation across the Mendocino Fault suggests a major change

in crustal structure, and this is confirmed by seismic refraction measurements.

On the south side of the Mendocino Fault the seismic results are consistent with

a normal oceanic crust, consisting of up to a few hundred metres of un-

consolidated sediments, a "second layer" 1-2 km thick and generally thought

to consist of volcanic rocks and consolidated sediments, and the main, pre-

sumably basaltic, crustal layer about 5 km thick. The Mohorovicic discontinuity

lies at a depth of about 1 1 km below the surface of the sea. On the north side,

where the bottom is shallower, the crust appears to be thinner than it is to the

south, which is contrary to what would be expected if opposite sides of the

fault are in isostatic equilibrium ; however, since velocities beneath it are

rather less than what is considered normal for the mantle, there is some doubt

as to whether the Mohorovicic discontinuity has in fact been reached. It may
be noted that the line of the Mendocino Fault marks the approximate boundary
between various physiographic provinces of the neighbouring continent

(Eardley, 1951, p. 430).

One of the most impressive features of the map is the vastness of the area

covered by what is essentially a single, homogeneous, north-south-lineated

magnetic pattern. This pattern is known to extend for more than 2500 km in

the north-south direction and although its western limit has not yet been

determined, it probably extends for a like distance to the west of the coast.

It is, therefore, a major feature of the earth's surface.

At the known faults, and at other places for which there is otherwise no

evidence for faulting, the pattern of the anomalies, though generally not their

direction, changes abruptly. At the Murray Fault a 200-km section of the

pattern on the north side can be matched, with a fair degree of certainty,

against a similar section on the south side, in a way suggesting a right-lateral

displacement of about 150 km across it. There is no obvious match of the

jjattern across either the Pioneer or the Mendocino Faults, within the limits of

the map. However, the fortunate fact that the lineations of the field are approxi-

mately normal to the faults makes it possible, with comparatively little effort,

to extend the map in the vicinity of these faults for the purpose of looking for

such a match. This has been done (Vacquier, 1959 ; Vacquier et al., 1961 ; Raff,
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Fig. 12a. Index map to Fig. 11a. The shaded areas are positive and the contour interval is

250 y. (After Mason and Raff, 1961, fig. 1.)
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US-

Fig. 12b. Index map to Fig. lib. The shaded areas are positive and the contour interval

is 500 y. (After Raff and Mason, 1961, fig. 1.)

1962). Fig. 13 shows profiles from both sides of both faults; these have been

displaced relative to one another to give what is judged to be the best overah

match. They are interpreted as indicating a left-lateral slip of about 265 km
across the Pioneer Fault and about 1185 km across the Mendocino, making an

overall left-lateral displacement of about 1450 km. The quality of the match
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S MILLIGAUSS

Fig. 13. Magnetic profiles from both sides of the Mendocino and Pioneer fauhs, disj^laced

laterally to give what is judged to be the best overall match. (After Vacquier et al.,

1961, fig. 4. Bj' courtesy of the Bulletin and the Scripps Institution of Oceanography.)
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Fig. 14. Summary of the lateral displacements across the Mendocino, Pioneer and Murray
faults. (After Menard, 1960.)
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leaves little doubt that these displacements represent real displacements of the

crust, or at least of those layers with which anomalies are associated. Fig. 14

summarizes the displacements across the three faults. A summary of displace-

ments on large wrench faults on land and at sea has been given by Menard

(1962).

A subject almost as intriguing as the lateral faults is that of the origin and

significance of the magnetic pattern. The lineations of the field are remarkably

straight over very large distances. The principal group of north-south-trending

anomalies, for example, strikes almost exactly 5°W of N from the southern

edge of the majo to the Mendocino Fault, a distance of 900 km. They are also
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Altliough magnetic data are not capable of unique interpretation, some
general conclusions can be reached about these slabs. In the first place, even if

they were at the shallowest possible depth in the crust, and if they were of a

highly magnetic material such as basalt, they would have to be almost 2 km
thick in order to account for the magnitudes of the anomalies. At the most,

their u])])er surfaces could lie no more than about 1 km below the sea floor,

otherwise they would not produce anomalies of the observed sharpness. They
would have to lie at least partly in the "second layer" of the crust. They could

be thicker slabs, extending to the base of the crust ; in that case their upper sur-

faces would have to be even shallower.

The geological possibilities fall into three categories: (1) isolated bodies of

magnetically anomalous material, for example basic lava flows, within the

"second layer", (2) elevated folds or fault blocks of the main crustal layer, and

(3) zones of intrusion of highly magnetic material from the mantle. The first

would fit in well with current views about the somewhat enigmatic "second

layer" ; for the second, one could draw a parallel with the block-fault topo-

graphy of the neighbouring Basin and Range Province. Objection could be

raised to all three on the grounds of lack of topographic and seismic expression

;

these objections would be removed if the rocks involved were as higlily magnetic

as those from the Mendocino Fault discussed earlier, in which case the amount
of rock involved would be correspondingly less. Fig. 16 illustrates the three

cases in terms of two-dimensional structures each of which has been adjusted

by trial and error to fit the anomaly exactly (Mason, 1958).

A more fundamental question is, how did such an orderly pattern come
about in the first place? There seems to be little doubt that the magnetic

structures are related in some way to lines of weakness in the oceanic crust ; in

view of the approximately orthogonal relationship between them, one might

suspect that the pattern and the faults had a common origin. However, from

the closeness with w'hich the pattern on opposite sides of the fault can be

matched, and in the absence of any magnetic structures cutting across them
(except towards the foot of the continental slope, where there is evidence for

complex faulting with north-south components of slip), it must be concluded

that tlie faults are more recent than the pattern ; in that case, there seems to

be no good reason why they should be related in any way.

Irrespective of how the disj)lacements came about, the oceanic crust seems

to be sufficiently rigid for sections of it covering hundreds of thousands of

square kilometres to be capable of moving distances of the order of hundreds of

kilometres relative to one another with comparatively little distortion. Although

some blocks have suff"ered rotation, the magnetic-anomaly map shows little

evidence of distortion within individual blocks, exce])t in the fault zones and

near the eastern edge of the map. However, Menard (1959) has drawn attention

to a distinctive pattern of minor lineations, characteristic of tension, which

borders the faults, suggesting that all the crustal blocks have been under

tension at one time or another. The systematic deflection of the lineations in a

clockwise sense near the eastern edge of the map south of the Mendocino Fault,
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and the sharp flexures of the pattern immediately north of the fault, suggest a

right -lateral movement of the continent relative to the oceanic crust. This is in

the same sense as the movement along the San Andreas Fault, and along the

tentative NW-SE fault indicated in Fig. 12a.
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strike-slip faults occur in the Santa Barbara Channel islands and in the trans-

verse ranges of California which are thought to mark an extension of the fault

zone on land. However, again the displacements are generally in the opposite

sense to the magnetic displacements. From what is known of the geology of

North America, it can be said with some certainty that no east-west strike-slip

displacements of the required magnitude can have occurred anywhere at any
time since late Pre-Cambrian.

The second fact is that there is, on the north side of the Mendocino Fault, a

strip of the oceanic crust over 1000 km wide from the foot of the continental

slope outwards for w^hich there is no corresponding pattern on the south side

of the fault. Further, although there is some evidence for a general deepening

of the magnetic structures towards the continental slope, over such parts of

the continental shelf as have been mapped the field appears to be relatively

featureless and, although the east-west anomaly associated with the Mendocino
Fault can be followed shoreward, there is no evidence that the north-south

structures continue under it. Even if their depth increased several-fold, they

should still produce an observable effect at the surface. An explanation of the

disappearance of the magnetic pattern under the continent might be that

although the structures continue under it, the pattern has been erased by the

combined effects of temperature and pressure ; the conversion of maghemite to

haematite referred to in the previous section would provide such a mechanism.

These facts might be explained in a number of ways: (1) the major fault

movements may have taken place at some time earlier than late Pre-Cambrian
;

the displacements in the opposite sense may reflect more recent movement
along the line of the faults

; (2) the continent may not have been anywhere near

its present position relative to the oceanic crust when the fault movements took

place
; (3) the displacements may be comparatively recent, but they may have

taken place so slowly that they were continuously absorbed by tectonic and
other processes still at work in the continental crust, particularly if the

continental crust has lieen advancing over the oceanic.

Menard (1960, 1961) has drawn attention to some similarities between the

anomalous crustal structure of the ridge and trough province and that of the

East Pacific Rise, an elevated region of the eastern Pacific sea floor which forms

part of the mid-oceanic ridge system and disappears under the continent in a

northerly direction towards the Colorado Plateau. For example, the crust is

apparently thin and seismic velocities abnormal in both areas, and along the

crest of the East Pacific Rise and in parts of the ridge and trough province

heat-flow values are abnormally high. Menard seeks to link these facts by the

hypothesis of a rising convection current which produces high heat flow, uplift,

tension cracks, lateral movement and thinning of the crust by normal faulting,

and differential stresses, leading to the strike -slip faults. The tension cracks and
normal faiflts might have controlled the magnetic structures.

If the East Pacific Rise and the ridge and trough province were once part of

a single continuous structure, then the strike-slip displacements must continue

under the continents, presumably within the deeper layers. The explanation of



SECT. 1] THE MAGNETIC FIELD OVEB, THE OCEANS 203

the change in crustal structure across the Mendocino Fault might then be that

transcurrent faulting has brought dissimilar parts of the crust opposite one

another. Study of the way in which the more than 1000 km of unmatched
magnetic pattern on the south side of the Pioneer Fault between about 135°

and 145°W is absorbed in the westward direction, and the discovery of similar

patterns in other parts of the oceans, would do much towards narrowing down
the range of tenable hypotheses.

7. The Continental Shelves

The continental shelves are structurally more closely related to the continents

than to the deep ocean. Magnetic surveys over them may be expected to show
the same features as do those on land and to lead to the same ambiguities in

interpretation. Plots of the field frequently show well-marked linear trends,

such as those shown in Fig. 17, but it is impossible to say from magnetic

measurements alone whether the regions of high magnetic intensity are regions

where the basement is shallower than it is elsewhere, or whether the magnetic

trends represent the trends of intrusions of highly magnetic material within

the basement. Sometimes the "roughness" of the magnetic plot may give a

clue that the basement is shallow, but numerical estimates of depth are not to

be relied on. In fact, seismic work suggests that the area of large anomalies

shown in Fig. 17 to the west of Brittany is an area where the basement is

shallower than it is farther to the north, where the magnetic plot is relatively

featureless (Day et al., 1956).

Even if the cause of the anomalies is not known in detail, a magnetic map
may show trends that run j)arallel to other features of the area; Fig. 17, for

example, shows persistent ENE-WSW trends parallel to the centre line of the

English Channel, the folding of south-west Ireland and the line of bathyliths

from Dartmoor to the Scillies. The west coast of Europe is intersected or

approached by folding of three periods, the Caledonian, the Hercynian and the

Alpine ; when the area of survey has been extended, it is to be hoped that their

course and direction across the continental shelf can be plotted. It would be of

particular interest to know whether the Caledonian trend can be traced to the

north and west of Ireland and whether the Alpine folding in the south of Spain

sends a branch to meet the rather vague ridge and line of earthquake epicentres

that runs from the Azores towards Gibraltar.

Perhaps the most important use for the magnetometer on and near the

continental shelf is to determine whether the structural lines of the continents

run out into the deep ocean. This can best be investigated in an area such as

western Europe where powerful structures strike out more or less perpendicular

to the continental margin. Many other areas, such as that to the north of

Newfoundland, should also be investigated. Whether the structural lines from

the continents persist into the oceans or are truncated at the continental margin

is one of the fundamental questions of geology ; unfortunately, the magnetic

evidence is at present insufficient to decide it.
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Fig. 17. Magnetic anomalies to the west of the English Channel. Contour iiaterval 25 y-

A linear trend has been removed. (From T. D. Allan, unpublished.)

Fig. 18. Section oil the mouth of the English Channel.
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Fig. 19. Magnetic sections in the Gulf of Mexico. (Aftex* Miller and Ewing, 1956, fig. 6.)
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The continental slope and the rise leading up to it frequently show no

significant anomaly. A profile taken while running south along longitude Sl^'W

into the Bay of Biscay is shown in Fig. 18 and sections taken by Miller and

Ewing (195G) in the Gulf of Mexico in Fig. 19. Such smooth profiles might be

expected in places where the outer part of the shelf is composed of sediments.

They are not, however, always found; for examjile, Keller et al. (1954) find a

positive anomaly of about 500 y at the outer edge of the shelf off the east coast

of the United States.
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Fig. 20. Magnetic map of a seamount north of Madeira. Contour interval 50 y. (After

Laughton et al., 1960, fig. 14.)

8. Seamounts and Mid-Ocean Ridges

Typical seamounts show well marked magnetic anomalies which may reach

several thousand gammas if the seamount approaches the surface or emerges

as a volcanic island. Fig. 20 shows a plot of the field over a small seamount

north of Madeira and Fig. 21 sections over Bermuda. Figs. 22 and 23 show idiots

of two seamounts in the area covered by the survey of the north-east Pacific.

Fig. 24 shows a plot of the magnetic field over Galicia Bank off the north-

west coast of Spain. There is no conspicuous anomaly over the bank and it is

clear that it is not a basaltic volcano of the kind shown in Fig. 20. Dredging on
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this bank has yielded a variety of metamor|)hic and sedimentary rocks; many
of these are erratics, but it is beheved that some of the Hmestones are in place

and it seems probable that the bank is to be regarded as a part of the continent

separated from the mainland by faulting. Islands with great thicknesses of

coral also show less marked anomalies than those composed throughout of

basalt. Fig. 25 shows a map of Eniwetok Island which has a range of anomaly

of only a few hundred gammas.
It is rare that sufficient is known about the form and susceptibility of the

rocks of a seamount for any meaningful comparison to be made between the

30*40'N 30*4tfN

Fig. 22. Magnetic and topographic maps of Jasper Seamount. Magnetic anomalies in

gammas. Contour interval 50 y. Depths in fathoms. Contour interval 500 fm. (From
R. G. Mason, impublished.)

observed and expected anomalies. The positive peak of the anomaly is fre-

quently displaced towards the magnetic equator, as it should be (see, for

example. Fig. 21), and a rough quantitative agreement with theory has been

obtained by Miller and Ewing (1956) for Caryn peak and by Keller et al. (1954)

for Bermuda. On the other hand, the positive peak is often displaced in quite

a different direction. Fig. 22 shows a plot of the field over Jasper seamount in

the Pacific in which the major positive peak is displaced 4 km to the ENE. In

such cases it is not easily decided whether this is due to discordant permanent
magnetization of the seamount as a whole or to inhomogeneity of its petrology,

and hence of its magnetic properties.

In some cases the effect of the visible seamount may be overshadowed by the

effect of its roots on the normal crustal structure. Fig. 23 shows a plot of the

anomaly over a row of four seamounts in the north-east Pacific. It is dominated

by the magnetic lows to the south of the topographic peaks and the highs to

the north. At first sight it might appear that the seamounts are negatively

magnetized, but, when the observed anomaly is compared with the theoretical

anomaly computed for normal magnetization of the topography, it is seen that
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Fig. 23. Observed and computed anomalies for four north-east Pacific seamounts, showing
how the predicted effects of a seamoLint are sometimes overshadowed by anomahes
of opposite sign and longer wave-length associated with its roots. Anomalies in

gammas. Contour interval 100 y. Areas less than 2000 fm deep are shaded. (From
R. G. Mason, unpublished.)

anomalies of the correct sign do in fact occur where they should be, but are

masked by larger negative anomalies of greater wave-length. It is evident that

the latter anomalies represent a deficiency of magnetic material in the roots of

the seamounts as compared to the normal crust. There is no seamount for

which the magnetization has been conclusively shown to be reversed, though
Laughton et al. (1960) have suspected that the one shown in Fig. 20 may be.

When a number of volcanic masses are joined together, as on the Mid-

Atlantic Ridge, a very complicated pattern is produced in which it is difficult

to correlate topography and magnetic field. Heezen, Tharp and Ewing (1959)
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have found a sj'stematically positive anomaly over the central valley on the

crest of the ridge, as is shown in Fig. 26. When the field is varying so rapidly, it

is not easy to be sure that the anomaly is really associated with the valley and

Hill (1960) failed to find any anomaly associated with it. Girdler (1958), C. L.

Drake (unpublished) and L. T. D. Allan (unpublished) have found striking

43°00

42''20'N-

1

2° 20' I2°00'

Fig. 24. Magnetic map of Galicia Bank. Contour interval 20 y.

anomalies over the central valley of the Red Sea ; some sections are shown in

Figs. 27a and b. It seems possible that the valley on the ridge and that in the

Red Sea are similar features and that the magnetic anomalies are associated

with dykes filling a widening crack.

9. The Deep Trenches

Magnetic profiles have been published for the Aleutian (Keller et al., 1954),

Tonga (Raitt et al., 1955) and Kuril-Kamchatka (Galperin et al., 1958) trenches.

Fig. 28 shows eight crossings of the Aleutian Trench and Fig. 29 two profiles

across the Tonga Trench.
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Fig. 25. Magnetic map of Eniwetok. (After Keller et ah, 1954, fig. 7.)

Keller et al. (1954) conclude that the anomalies observed across the Aleutian
Trench are produced by susceptibility contrasts within the rocks of the sea

floor and bear no direct relation to the trench. However, they could also arise

from variations in the depth of the basement rocks under the sea floor. In the
absence of information from other sources, for example seismic measurements,
it is impossible to decide between these two alternatives.

In the case of the Tonga Trench the magnetic measurements were supported
by echo-sounder profiles and by several seismic sections. Fig. 29 shows a
possible interpretation of the magnetic profiles in terms of a magnetic basement,
taking into account these other sources of information. Although this approach
cannot be expected to lead to precise values for the thickness of the sediments,
it does give a qualitative picture of how the thickness might vary from place to

place. The discrepancy between the observed and comj)uted curves cannot be
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11. THE FLOW OF HEAT THROUGH THE FLOOR OF THE OCEAN

E. C. BULLARD

1. Method

Th(; rate of flow of heat tlii'ough unit area of the floor of the ocean is deter-

mined as the product of a temperature gradient and a thermal conductivity.

The temperature gradient is measured by forcing a probe into the ocean floor.

The probe contains two or more temperature-sensing elements whose readings

are recorded by a recorder housed in a pressure-tight container at the top of

the probe.

The thermal conductivity is determined by measurement on samples brought

up by a coring tube.

2. The Temperature Probe

Most work published up to the present time has been done with cylindrical

probes. Those used in the Pacific from the ships of the Scripps Institution

have the junctions 1.4 to 2.7 m apart and are 1.9 to 4.2 cm in diameter ; the one

used in Discovery // is 4.6 m long and has external and internal diameters of 2.7

and 1.1 cm. A detailed description of the latter probe has been given by Bullard

(1954). The recorder is contained in a pressure-tight case, to the bottom of

which the probe is attached as shown in Fig. 1. The case carries fins to ensure

stability when running down through the water ; instability might occur after

the point has entered the sediment, but records from an inclinometer in the

recording case show that, in practice, the probe is within a few degrees of

the vertical after penetration. A similar apparatus has been described by Uyeda
et al. (1961) and by Von Herzen et al. (1962).

Recently, Gerard, Langseth and Ewing (1962) at the Lamont Observatory

have constructed an apparatus in which the temperature gradient is measured

by an attachment to a corer. This has the great advantage that the total time

taken is greatly reduced and the core is obtained at the exact point where the

temperature measurement is made. To avoid the temperature disturbance

produced by the corer the thermistors used for measuring the temperature

gradient are carried on fins projecting from the coring tube. The thermistors

are in tubes about 3 mm in diameter projecting 2.5 cm below the fins and about

7 cm from the coring tube.

The temperature-sensitive element in a probe may be a tliermocoui)le or a

thermistor. As the temperature gradient is usually about 50°C/km, the tempera-

ture difference between two points 4 m apart is only 0.2°C ; a pair of copper-

constantan thermo-junctions gives about 30 (j,V/°C and would, therefore, give

6 [jlV for this temi3erature difference. Even if several junctions are used in

series this is inconveniently small and to get a deflection of a few millimetres

requires a galvanometer with a sensitivity of a few tenths of a millimetre ])er

microvolt. The galvanometer must be specially balanced to make it insensitive

{Mis received August, 1960
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to imperfect levelling and must withstand the shock it experiences when the

probe runs into the sediment. The zero position on the record is not known, but

the deflection may be determined by reversing the thermocouple connections

to the galvanometer. Electronic amplification before recording is not practicable

for such small e.m.f.'s. The advantages of the thermocouple are that it is itself

simple and robust, and that it measures a temperature difference directly and

does not require it to be found as the difference of two temperatures measured

separately.

Fig. 1. Probe for measuring temperatixre gradient. (By courtesy of British Petroleiim Co.)

A thermistor measures a single temperature and therefore needs careful

calibration or matching if it is one of a pair used to determine a small tempera-

ture difference. The resistance change of a thermistor is typically 5%/°C. The
e.m.f. that can be obtained from a bridge of which it forms one arm is hmited

by the heating produced by the measuring current, but is of the order of 3 mV
for 0.2°C. This e.m.f. may be used directly to drive an insensitive and robust

galvanometer of the type used in seismic prospecting or the bridge may be

made self-balancing by an amplifier connected in a servo-loop ; a pen recorder

may then be used. If an amplifier is to be used the bridge may be fed by a.c,
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or a vibrating reed may be used between the bridge and the ampHfier. A
system of relays or a rotary switch is necessary to connect the thermistors

successively to the bridge; calibrating resistors may be included in the cycle so

that the resistance of the thermistors is obtained by interpolation and not by

assumiiig the zero and sensitivity of the system to be known. A check on the

resistance of the thermistors when at the same temperature may be obtained

by noting the readings when the instrument is suspended a short distance

above the bottom.

When a probe weighing 160 kg in air and 130 kg in water strikes the bottom

at a speed of 3 m/sec and penetrates 5 m, 1700 cal of heat are produced. This

heat appears partly in the probe and partly in the sediment ; if it all appeared

20

Time (min)

Fig. 2. Variation with time of the temperature difference between the top and the bottom

of a probe 2.7 cm in diameter. The full-line curve represents the theoretical ex-

pression (1). (After Bullard et al., 1956, fig. 2.)

in the probe used in Discovery II it would raise its temperature by 0.8°C, which

is considerably larger than the temi^erature difference to be measured. In

practice part of the heat goes into the sediment.

The time taken for heat to spread from the surface of the probe to the centre

is only a few minutes and is much shorter than the time needed for the probe

to reach temperature equilibrium with the sediment. If the lower end of

the probe is heated above the temperature of the sediment into which it has

penetrated the temperature will rise for about 3 min, pass through a maximum

and then fall towards its final value as shown in Fig. 2.

It is not practicable to leave a probe in the bottom for more than about

40 min ; after this time the temperature gradient in the probe usually exceeds

that in the sediment by 10 to 15%. It is, therefore, desirable to extrapolate the

observed temperature differences to get the value which would be obtained

after a very long time. In making this correction it may be assumed that any

cross-section of the probe is at a uniform temperature and that conduction is
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purely radial. The temperature, 0, of the probe at a time t after entry may then

be shown to be (Bullard, 1954)

d = di+doF{a,T),

where di and ^o are constants and

4a r°°
F{cc, r) = - '

exp ( —TX^) dx

tt'^ Jo x[{xYq{x) -aYi{x)Y + {xJo{x) -aJi{x)Y]

Here r is a non-dimensional time given by

(1)

(2)

0.3

o
o

oTo

§ 0.2
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E

0.05 0.10 0.15

Fig. 3. Correction for lack of equilibrium. The temperature difference between the top

and bottom of the probe is plotted against the theoretical function F of (1). The
intercept of the straight line fitted to the points gives the equilibrium temperature

that would be attained if the probe were left in the sediment for an indefinitely long

time. (After Bullard et al., 1956, fig. 3.)

where k is the thermometric conductivity of the sediment and a is the radius

of the probe; r is about O.U if t is in minutes and a is 1.3 cm. a is given by

where p and o- are the density and specific heat of the sediment and m is the

water equivalent of a 1-cm length of the probe (that is, the mass of water that

would require the same amount of heat to raise its temperature 1°C as a 1-cm

length of the probe does), a is usually about 2. The T's and J's in (2) are Bessel

functions.

The function F{a, r) has been tabulated by Bullard (1954) and by Jaeger

(1956). It is 1 for t zero, decreases rapidly at first as t increases and for large t

approaches zero as mj4:rrkt. The observed temperatures may be fitted to (1)

by least squares. The fit is usually excellent as is shown in Fig. 3 ; the constants

of the best fitting line give estimates of di and ^o- (^i+ ^o) is the temperature
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that would be attained if the initial frictional heat spread instantaneously

through the probe ; in fact, the thermocouple never reaches this temperature

since some heat is lost to the sediment before it has had time to penetrate to

the centre of the probe. For example, in Fig. 3, the observed maximum tem-

perature difference is O.SrC and occurs after 3 min, whilst (^i+^o) is 0.5rC.

The equilibrium temperature difference, di, is 0.251°C, whilst the last observed

temperature difference was 0.266°C; the correction is, therefore, 6%. Experi-

ments with a probe in which the temperature gradient could be measured both

over the whole length and over the bottom half have shown the latter to be 8%
greater than the former (Bullard and Day, 1961). The reason for this is un-

known ; bacterial action in the surface layers and the increase of conductivity

with depth would produce a difference in the opposite direction. It may be that

in the upper 2 m some of the heat is carried by movement of water. In view of

the large variation in the observed heat flow from place to place these un-

certainties in measuring the gradient and in the extrapolation to find the

equilibrium gradient are relatively unimportant.

The miniature probes attached to a corer reach equilibrium in under a

minute and no extrapolation is needed to find the steady state; their thermal

properties have been studied in the laboratory by Uyeda et al. (1961).

The reliability of temperature measurements made with probes has recently

been confirmed by measurements made in the 600-ft trial boring for the Mohole.

3. The Thermal Properties of Sediments

It would be possible to measure the thermal conductivity of the sediments

of the ocean floor by generating a known amount of heat in a probe and follow-

ing the subsequent change in temperature; this experiment has never been

carried out and aU measurements have been made on samples obtained with a

coring tube.

Two methods of measurement have been used to obtain the thermal con-

ductivity of samples. Butler and Ratcliflfe at the National Physical Laboratory

have used a static method with disc-shaped specimens (Ratcliffe, 1960). This

method is the one normally employed for precise absolute measurements of the

conductivity of poor conductors and is believed to be free from serious syste-

matic error. It is, however, tedious as it is necessary to wait for the apjjaratus

to attain temperature equilibrium. A transient method has, therefore, been

developed (Von Herzen and Maxwell, 1959) in which a hypodermic needle

0.086 cm in diameter and 6 cm long is inserted into a piece of core and its

temperature measured as a function of time while heat is dissipated at a constant

rate, Q, by a heater within the needle. If r is the radius of the needle and k

the conductivity of the sediment, the temperature, d, at time t is

Q , 2.246/c^

4:7Tk r-

M'here k is the thermometric conductivity of the sediment. This expression is a
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good approximation for times large compared to r ^//c. For the needle used, r^JK

is about 0.8 sec and a straight line is obtained when 6 is plotted against In t for

all times between 10 sec and 10 min.

The results show that the conductivity of a sediment depends on its water

content and varies very little with the nature of the mineral particles. It is,

therefore, possible to calculate the conductivity if the water content is known

.

The observations can be represented satisfactorily by the theoretical expression

for the conductivity of an assembly of spheres distributed in water (Bullard,

Maxwell and Revelle, 1956; Horai and Uyeda, 1960). The comparison for 44

specimens measured by Butler and Ratcliflfe is shown in Fig. 4. Empirically it

40r

o 0-14.9% CaCOs
A 15-29.9% CaCOs

+ 30-100% CaCOj30-

.J- 20-

c
oo

10

'"^^o

%. Theoretical curve for

P /P, = 'z?, I<^/K =0-2

Theoretical curve for

40 60

Water content (wet weight), w

80 100

Fig. 4. The variation of the thermal conductivity of ocean-bottom sediment with water

content. The curves are theoretical expressions for spheres of density ps and con-

ductivity kg dispersed in water of density pi^ and conductivity knj. (After Bullard

et al., 1956, fig. 4.)

is found that the thermal resistivity (the reciprocal of the conductivity) is

linearly related to water content as is shown in Fig. 5 (Bullard and Day, 1961).

The best straight line is

R = (161±14) + (651±30)^i;, (3)

where B, is in cm sec °C/cal and w is the water content expressed as a proportion

of the wet weight. There is no systematic difference between the conductivities

of red clay and Glohigerina ooze of the same water content.

The measurements were made at a room temperature of about 25°C and at

atmospheric pressure. The values required are those at the temperature and

pressure of the sea floor, which may be taken as 3°C and 500 kg/cm^, Butler has

shown that the decrease in temperature will reduce the conductivity by 6%
(Ratcliffe, 1960). If the pressure coefficient is the same as that for pure water

the increase in pressure will raise the conductivity by 2 to 3%. The corrections
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are only roiiglily known but a uniform reduction in conductivity by 4% should

avoid serious systematic error. The relation (3) then becomes

R = 168 + 678z^;. (4)

The conductivity that is required in the calculation of heat flow is the reci-

procal of the mean resistivity. Since the resistivity is linearly related to the

water content it may be found from the mean water content. The water

content at a point in a core may vary from about 25 to 60%, but the mean
down a core is much more uniform. For example, 10 cores of Globigerina ooze

from the north-eastern basin of the Atlantic all had water contents between 48

and 40% and mean conductivities between 0.0020 and 0.0023 cal/cm sec °C

(Bullard, 1960).
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Fig. 5. Relation between thermal resistivity and water content. O red clay, # Globi-

gerina ooze, X mud.

To calculate the thermometric conductivity, kfap, the densit}^ p, and the

specific heat, a, of the sediment are required. If the sediment can be regarded

as a mechanical mixture of particles of mean density ps, the spaces between

\\'hich are filled with water of density p^, its density is given by

1-1 — ps~^+{pw~^-ps''^)w.

Naturally, the best value for ps varies with the type of sediment. A least squares

reduction of the 44 densities given in Bullard (1956) and Bullard and Day (1961)

gave 2.56 g/cm^ for Globigerina ooze, 2.64 for red clay and 2.34 for mud; all

the data combined gave 2.51 with a standard deviation of 3%. If this accuracy
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is sufficient, ps may be taken as 2.5 g/cm^. If the water content is determined by
drying, it is the content of j)ure water and not sea-water that is given by w

;

ptv should, therefore, be taken as 1 g/cm^, and

p-i = 0.40 + 0.60m;. (5)

Similarly, the specific heat of a sediment may be calculated from the specific

heats of its constituents ; though there is a small discrepancy between the

specific heat of sea-water and that calculated for a mixture of salt and pure

w^ater (Cox and Smith, 1959), it seems sufficient to take the specific heat of the

solids as 0.18 cal/g °C and of the liquid removed on drying as 1.00 cal/g °C. The
specific heat of the sediment is then given by

a = 0.18 + 0.82m;. (6)

Typical values of the thermal properties of ocean-bottom sediment as a func-

tion of w^ater content are given in Table I. These are calculated from the ex-

pressions (4), (5) and (6) above. Ratcliff"e (1960) gives nomograms connecting

density, water content and conductivity.
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Table I

Typical Thermal Properties of Ocean Sediments

[chap. 11

Water
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4. The Results of Heat-Flow Measurements

Measurements have been made in the Pacific by workers in ships of the

Scripps Institution (Revelle and Maxwell, 1952; Von Herzen, 1959; Foster,

1962) and by Uyeda et al. (1962). In the Atlantic, measurements have been

made by Bullard (1954), Bullard and Day (1961), Reitzel (1961), Gerard et al.

(1962), Nason and Lee (1963) and Lister (unpublished). The earlier Pacific

results are plotted in Figs. 6 and 7 and the Atlantic results in Fig. 8. These

figiires include unpubhshed results by R. P. Von Herzen and C. Lister which

Fig. 8. Heat-flow measurements in the Atlantic ; the value in the north-west corner of the

figure is an unpublished result by J. Reitzel in which the recorder went off the scale.

they have kindly allow^ed me to use. Lister has made a number of measure-

ments to the south of the area shown in Fig. 8 which lie in the range 0.8 to 2.2

(jLcal/cm2 sec. Reitzel has obtained 1.2 [j.cal/cm2 sec 500 km north-west of

Bermuda and Gerard et al. 1.0 to 1.8 [jLcal/cm^ sec in the western basin of the

North Atlantic.

The values on the East Pacific Rise and on the Mid-Atlantic Ridge show^ a

large spread, the heat flow on the west of the rises being usually greater than

elsewhere and occasionally above 8 (jical/cm^ sec. This is shown by the histo-

grams in Fig. 9 and in the section in Fig. 10; it is also confirmed by further



228 BULLARD [chap. 11

measurements on the Mid-Atlantic Ridge by Gerard et al. and by Nason and

Lee. Unpublished work by Von Herzen has shown that the heat flows on the

crest of the East Pacific Rise occur in two strips 20 to 40 km wide, and that the

curve of Fig. 10 should consist of two peaks and not of a single broad maximum.
The high heat flows also seem to be similarly distributed on the Mid-Atlantic

Ridge. Nason and Lee foiuid a narrow peak of high values not far from a place

where Lister found nothing abnormal.

Pacific

Atlantic

Heat flow (//cal/cm sec)

Fig. 9. Histogram of heat-flow values in the Atlantic and Pacific Oceans. The black bars

are values on the Mid-Atlantic Ridge and the East Pacific Rise. Values in the Gulf

of California are excluded from this figure.
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Fig. 10. Section across East Pacific Rise showing heat flow and generalized topography.

Heat flows measured in the Gulf of California are high and appear to form an

extension of the hne of high values on the crest of the East Pacific Rise. It is

possible that the same belt of high heat flow runs out to sea again to the north

of California (Menard, 1961).

Values in the Acaj)ulco and South American trenches tend to be below those

elsewhere, as is shown in Fig. 11, which shows a section off the coast of Peru

in latitude 14°S. These low values are probably not a general feature of deep
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ocean trenches, since they have not been found in the Japan Trench (Uyeda
et ol., 1962), the Puerto Rico Trench (Gerard et al., 1962) or the Aleutian

Trench (Foster, 1962).

Exchiding the high vahies on the ridges and in the Gulf of California, the

values give a roughly normal distribution, the means and standard deviations

of the values available in late 1960 being :

Atlantic 1.06 ± 0.055 (^cal/cm2 sec S.D. = 0.25.

Pacific 1.09 ± 0.094 pLcal/cm2 sec S.D. = 0.65.

The means agree closely and it seems probable that their mean,

1.08 ± 0.054 [acal/cm2 sec,

represents the mean oceanic heat flow away from the ridges with an uncertainty

of 5 or 10%. This is close to the continental mean, which is less well determined

Fig. 11. Section across the South American trench showing heat flow and generalized

topography.

but probably lies between 1.1 and 1.5 [xcal/cm^ sec. The scatter of the Pacific

results is greater than that of those from the Atlantic. This is probably due to

the former being drawn from a much wider area.

To maintain a. heat flow as large as that observed requires very large amounts

of heat if it is to be continued through geological time. In 10'^ years the total

heat flowing through 1 cm^ amounts to 3 x 10^ cal, which is the heat generated

by the complete combustion of a layer of coal 270 m thick. The contribution to

the heat flow from chemical and biological processes in the sediments is

negligible compared to this, as also is that from radioactivity in the sediments

and from compaction. These and other sources of heat have been discussed by
Bullard et al. (1956).

The only adequate source of heat that has been suggested is radioactivity

within the earth. The observed heat flow is about that which would be expected

from the uranium, thorium and potassium contained in an earth built uj) from

stony and iron meteorites. If the earth were in fact built up from meteorites,

the radioactivity would initially be distributed uniformly through the mantle.

This would lead to melting and probably to an upward migration of the radio-

active elements, which tend to be concentrated in the materials crystallizing
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late in the process of solidification. On the continents it is probable that a large

part of the radioactivit}' is now concentrated in the granites and gneisses of the

crust. The oceanic basalts are less radioactive than continental rocks and

produce about three times less heat per unit volume ; the bulk of the observed

oceanic heat flow must, therefore, come from beneath the "Moho". If the rocks

beneath the "Moho" had as low a radioactivity as ultra-basic rocks or meteo-

rites, the heat would have to come from great depths in the mantle and the

temperature gradients needed to convey the heat to the surface by conduction

would lead to melting. There are two ways of resolving this difficulty : either the

radioactivity must be concentrated towards the top of the mantle so that

most of the heat is generated in the upper 200 km. or there must exist some

more efficient process than conduction to bring heat to the surface from great

depths. Convection currents in the mantle might provide such a mechanism.

The high heat flow^s over the ocean ridges can hardly be accounted for by

local concentrations of radioactive material and it seems most probable that

their immediate cause is the intrusion of igneous rocks beneath the ocean floor.

Vulcanism occurs today at several jDoints on the Mid-Atlantic ridge and there

seems nothing improbable in suggesting that dykes may be injected along the

line of the ridge. Since a dyke 1 km thick cools in a time of the order of 10^ years,

a series of intrusions would be required. The temperature beneath the ridges

must rise very rapidly with depth. The observed temperature gradient at the

station on the Mid-Atlantic Ridge in Fig. 8 is 315°C/km. Beneath the sediments

this will fall to about 130°C/km owing to the conductivity of basalts being

greater than that of the sediments. The temperature would, therefore, reach

the melting point of basalt at a depth of 5 to 10 km below the ocean floor.

Intrusion and vulcanism seems likely to occur under such circumstances.

It is perhaps significant that the high heat flow on the Mid-Atlantic Ridge

was measured in the central valley. This valley is a frequently observed feature

of the ridge and is believed to run more or less continuously through the North

and South Atlantic, round South Africa and up the ridges of the Indian Ocean,

one of which runs into the Red Sea. In the Red Sea there is a trough similar to

that on the ridge. From gravity and magnetic surveys, Girdler (1958) has con-

cluded that this valley marks the site of a dyke, or series of dykes, 50 km in

width. It would be of great interest to know if the heat flow is high in this

valley also.

The relation of the Red Sea to the ridges of the Indian Ocean and the Atlantic

appears similar to that of the Gulf of California to the East Pacific Rise. Here

again, where the ridge runs into the narrow sea there are high heat flows. There

is, however, a less well-marked trough and gravity high.

If high heat flows prove to be characteristic of mid-ocean ridges and to be

due to intrusion, it will be necessary to explain why intrusion should occur on

such a scale over such great distances. It has been suggested that the pattern

of heat flow might indicate the locus of an ascending convection ciu-rent in the

mantle, though there is no compelling reason to suppose that this is so ; if it

were, the low heat flows on each side of the East Pacific Rise could be interpreted
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as the places where the current sinks again. The horizontal limbs joining the

rising and sinking currents would then produce a horizontal force on the crust

and perhaps tensional cracks, along which the dykes postulated to explain the

high heat flow could rise. The irregularity of the heat flow on the ridges is

consistent with its being associated with a swarm of dykes.

The reality of this picture and its connection with a possible widening of the

oceans and with continental drift must await a more thorough survey of many
features of the ridges.

The low heat flows observed in the Acapulco and South American trenches

have no obvious explanation. A large thickness of poorly conducting sediments

in the bottom of a trench would present a large thermal resistance and would
tend to divert the heat flow and produce a reduced flow in the trench and an

increased flow on each side. However, seismic studies do not show an excep-

tional thickness of sediments in these trenches and it seems that this explana-

tion cannot be the correct one. If South America were overriding the Pacific,

cold surface rocks from the ocean floor would be forced beneath the continental

margin and the heat flow would be reduced. With a rate of drift of 0.2° of arc

in 10^ years (2.2 cm/year), which is of the order suggested by palaeomagnetism,

the width of the trench (60 km) would be traversed in 3x10^ years. The
thermal time constant for a sheet of rock 5 km thick is of the order of 2 x 10^

years, so that this rather fanciful explanation cannot be immediately rejected

as thermaUy impossible. The high value of 2.72 {jical/cm^ sec shown in Fig. 7 at

the station on the landward slope of the trench in latitude 13°S would be

difficult to explain on this theory.

5. Future Work

If the distortion of the rocks of the earth represents the working of a heat

engine, the measurement of the variations of heat flow from place to place are

of great importance. The present methods are tedious and do not always yield

satisfactory results. More reliable and more easily used equipment should be

developed.

The most urgent programme of measurement is to determine how generally

high heat flows occur along ridges and to make measurements on closely

spaced sections across them. Measurements in the Red Sea and along its junc-

tion with the ridges of the Indian Ocean would also be particularly interesting.
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Note added in Proof

A very large number of measurements has been made recently in the Pacific

;

papers by Von Herzen, Von Herzen and Uyeda, and by Northrop, Rhea and

Von Herzen are in press. W. H. K. Lee has collected all available information

for 587 oceanic stations all over the world. He gets a mode of 1.1 [acal/cm^sec and

a mean of 1.6 ; the mean is too large owing to over-representation in the sample

of the crests of the mid-ocean ridges. The mean away from the ridges is prob-

ably near 1.1 [j-cal/cm^sec. The modes and the means for the oceans and the

continents do not differ significantly.

Measurements by Von Herzen in the Indian Ocean show a pattern similar to

that in the Atlantic and Pacific with high values on the crest of the Carlsberg

Ridge and in the Gulf of Aden. The latter may be compared with the high

values in the Gulf of California.

A Russian measurement of 1.9 [jical/cm^sec in the Black Sea was published

by Sisoev, N. N., 1961, Okeanologiija, \, 886-887.



II. TOPOGRAPHY AND STRUCTURE

12. TOPOGRAPHY OF THE DEEP-SEA FLOORi

Bruce C. Heezen and H. W. Menard

1. Introduction

In The Oceans, Sverdrup, Johnson and Fleming (1942) state that, "from the

[purely physical] oceanographic point of view, the chief interest in the topo-

graphy of the sea floor is that it forms the lower and lateral boundaries of the

water. The presence of land barriers or submarine ridges that impede a free

flow of water introduces special characteristics in the pattern of circulation and

in the distribution of properties and organisms." On the other hand, the geo-

morphologist is concerned primarily with the distribution and dimensions of

the topographic features that occur on the submerged portions of the Earth's

crust. The physical oceanographer views the sea floor as simply a bottom to

the receptacle within which the pcean water rests ; in contrast, the geologist's

interest in topography is in what it can tell him concerning the geological struc-

ture, the erosional and dejjositional and tectonic history, and the origin of the

ocean basins and their relief. Thus, attitudes, objectives and the systems of

nomenclature used by these two groups differ widely.

The physical oceanographer divides the ocean into a series of broad basins

separated by ridges. These basins are generally defined by the contours shown
on the General Bathymetric Chart of the Oceans at a scale of 1 : 10,000,000.

A map of ocean basins is essentially a map showing boundaries which lie along

the crests of all major ocean ridges and along the margins of all land-masses

(Wiist, 1940 ; see also Fig. 1). All the water contained in the depression between

the land and the crest of a prominent ridge is considered to lie in a certain

basin. One cannot deny the need and the usefulness of such a system, particu-

larly in regard to problems of physical oceanography (Wiseman and Ovey,

1954, 1955). But this crude "bathymetric system" of classification is poorly

suited to studies of submarine physiography, for the generalized bathymetric

contours, on which the bathymetric system is based, cut across physiographic

units with little regard for physiograpliic boundaries determined by a detailed

study of the relief of the sea floor (Heezen et al., 1959 ; see also Fig. 2).

The development of a new physiographic outlook toward submarine relief is

the major advance in submarine topography since The Oceans was written.

Physiograpliic studies of sea-floor relief were made possible by the development

and wide use of continuous-recording echo-sounders. With the exception of the

magnificent work done by the Meteor Expedition (Maurer and Stocks, 1933),

no detailed profiles of the deep-sea floor were available prior to World War II.

1 LaiTiont Geological Observatory (Columbia University) Contribution No. 592.

[MS received July, 1960] 233
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Fig. 1. Major basins of the North Atlantic Ocean. Heavy solid lines indicate boundaries

formed by the axis of the Mid-Atlantic Ridge. Light solid lines indicate boundaries

formed by shelf break and submarine ridges. Dashed lines indicate arbitrary

boimdaries. (After Wiist, 1940.)

Fig. 2. Major morphological divisions of the North Atlantic Ocean. The profile is a repre-

sentative profile from New England to the Sahara Coast. (After Heezen et al., 1959.)

The Meteor profiles were constructed from closely spaced echo-soundings taken

by extremely diligent workers. Continuous-recording echo-sounders were

developed in the 1920's but none of these early instruments was suitable for use

in the deep sea. It was not until World War II that continuously recording deep-

sea echo-sounders were developed. Although the information shown on such
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Fig. 3. Physiographic provinces of the North Atlantic Ocean. (After Heezen et al., 1959.)
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records was exciting and absolutely new, it soon became obvious that much

critical detail was being lost due to the small size of the record. In addition,

precision of timing was not guaranteed and large errors in depth were common.

Between 1946 and 1952 several oceanographic institutions modified sounders

to give larger records and attached constant frequency units. Suitable for

more advanced studies of physiography than previously possible, these

makesliift models were still inadequate.

The Precision Depth Recorder and the Precision Graphic Recorder de-

veloped in 1953 and 1954 now achieve an accuracy better than 1 fm in 3000

when operated at recording speeds of 18 inches = 1 sec (400 fm)s. ' '>"-ic..

In summary, then, the systematic study of the physiography of the deep-sea

floor was not made possible until the continuously recording echo-sounder was

put into widespread use following World War II ; and it has been possible to

study the smaller details of topography only since the development of the first

precision sounder in 1953 (Luskin d al., 1954).

The study of the geomorphology of the deep-sea floor is in a very exciting

stage. So few areas have been sounded adequately that it is impossible to make

a cruise with a precision sounder and not discover entirely new physiographic

features. The next decade should be one of the most exciting in geomorphology,

for in this period enough data will have been coUected to produce a fairly com-

jDrehensive geomorphology of the world oceans.

Although it is the genetic side of physiography that separates it from "topo-

graphy" and lends it an absorbing interest, physiographic classifications need

not be purely genetic ones. Indeed, the state of knowledge of sea-floor topo-

graphy rather prohibits the use of an entirely genetic classification. Thus, the

general classification used in this chapter is largely a descriptive one.

In writing this chapter, the authors have drawn heavily upon papers written

in collaboration with their co-workers. Particular reference in this regard should

be made to the following papers: Heezen, Tharp and Ewing (1959), Menard

(1959), Menard and Dietz (1951), Dietz and Menard (1953), Menard (1955),

Heezen, Ericson and Ewing (1954), and Ewing and Heezen (1955).

2. Outline of Submarine Topography

The relief of the Earth lies at two dominant levels : one, within a few hundred

meters of sea-level, represents the normal surface of the continental blocks ; the

other, between 4000 and 5000 m below sea-level, comprising over 50% of

the Earth's surface, represents the deep-sea floor. The topographic provinces

beneath the sea can be included under three major morphologic divisions:

continental margin, ocean-basin floor, and mid-oceanic ridge. These are

indicated on a typical trans-oceanic profile taken from the North Atlantic in

Fig. 2. Each of these major divisions can be further divided into categories of

provinces and the categories divided into individual physiographic provinces

(Fig. 3).
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A. Continental Margins

a. Physiographic provinces

The continental margin inchides those provinces associated vv^ith the transi-

tion from continent to ocean floor. The continental margin in the Atlantic and

Indian Oceans is generally composed of continental shelf, continental slope,

and continental rise. A typical profile off northeastern United States is shown

in Fig. 5. Gradients on the continental shelf average 1 : 1000, while on the

continental slope, gradients range from 1 : 40 to 1:6, and occasionally local

slopes approach the vertical. The continental rise (or continental apron) lies at

the base of the continental slope. Continental rise gradients average 1 : 300,

but individual slope segments may be as low as 1 : 700, or as steep as 1 : 50.

—I- n m

-1000—
-2000fm

'^3000

-4000
Sahara New York -Bay of Biscay - Blake Plateau Puerto Rico

Fig. 6. Three categories of continental margin provinces. Category I provinces lie on the

continental block, Category II provinces form the side of the continental block,

and Category III provinces are the vipturned or depressed margins of the oceanic

depression. (After Heezen et al., 1959.)

The continental slopes are cut by many submarine canyons. Some of the larger

canyons, such as the Hudson, Monterey and Congo, extend across the con-

tinental rise (Fig. 7). Submarine alluvial fans extend out from the seaward ends

of the larger canyons. The continental shelf and continental slope form the

upper and lateral surfaces of the continental terrace (Dietz and Menard, 1951).

The continental margin can be divided into three categories of provinces

(Fig. 6). Category I includes the continental shelf, marginal plateaus and
shallow epicontinental seas, all slightly submerged portions of the continental

block. Category II includes the continental slope, marginal escarpments and

the landward slopes of marginal trenches, all expressions of the outer edge of

the continental block. Category III includes the continental rise, marginal

basin-outer ridge complex and the marginal trench-outer ridge complex.

The continental slope of northeastern United States can be traced directly into

the marginal escarpment (Blake Escarpment) off southeastern United States

(Fig. 5) and the landward slope of the Antilles marginal trench (Puerto Rico

Trench). The lower continental rise off New England can be traced into the

Antilles Outer Ridge. Seismic-refraction studies show that a trench filled with
9—s. Ill
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Fig. 7. Preliminary chart of Hudson submarine canyon. (After Heezen et al., 1959.)

sediments and sedimentary rocks lies at the base of the continental slope off

New England (Fig. 8). Thus the main difference in morj)hology in many places

between the trenchless continental margins and those with a marginal trench

appears to be that, in the former, the trench has been filled with sediments.

Elsewhere, as in the Gulf of Alaska, a buried marginal trench has not yet been

revealed by seismic stations.

In the continental margins of the Atlantic, Indian, Arctic and Antarctic

Oceans, and the Mediterranean Sea, the continental rise generally represents

the Category III provinces. The Pacific, however, is bounded by an almost

continuous line of marginal trenches. The high seismicity, vulcanism and
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youthful relief of the Pacific borders all suggest a recent origin. In contrast, the

non-seismic, non-volcanic character, as well as the lower relief of the Indian

and Atlantic margins, suggests a greater age. Thus, on the old, stable continental

margins, the deposition of sediments derived from the land has filled the margi-

nal trenches and produced the continental rise. The local relative relief on the

continental margin rarely exceeds 20 fm, with the major exceptions of submarine

canyons and occasional seamounts.
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Fig. 9. Sonoprobe record on the continental shelf off San Diego, showing buried bedrock

surfaces. Note the smooth bottom-sediment profile and the easily detected, irregular,

sub-bottom rock profile, illustrating a buried beach on the continental shelf. (After

Moore, 1960.)

b. Topographic forms of the continental shelf (see Chapter 13)

Submerged marine beach terraces have been identified on the continental

shelf throughout the world. These terraces represent various Pleistocene low

levels and are preserved in varying degrees of completeness. In some areas

subsequent deposition has badly obscured these ancient beaches (Fig. 9). In

general, the continental shelf has a very low monotonous relief. But off major

rivers, such as the Hudson, partially buried ancient river channels can be

identified, and in certain well-surveyed areas, what appear to be ancient beach

ridges can be recognized.

"The redistribution of sediments by tidal streams has been demonstrated in
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a number of ways. For example, the numeroiis banks in the North Sea are

elongate, parallel to the streams ; while the depth and position of certain

channels are subject to such important changes in position that resurveys have

to be made each year or so. In the same region, the streams, reaching about a

knot or more at the surface, have brought a large area of sand into ridges

normal to their path. Off the Dutch coast, the grade of the sand decreases in

their inferred direction of advance. Similar relief is found even at 90 fm near

the edge of the continental shelf at the western approaches to the English

Channel" (Stride, 1959). Sand ridges on the continental shelf were first recog-

nized on records made by normal echo-sounders. But a recently developed,

horizontally beamed echo-sounder has provided a much better method of

studying small-scale linearities on the shelf. In addition to studying in more

detail the previously recognized sand ridges, Stride (1960) has found that in

some areas, notably in the area south of the Dorset coast, the curving linear

patterns represent the outcrop of sedimentary beds. In areas totally devoid of

recent sediment, small cuestas a few feet high mark the outcrop pattern of

beds of varying resistance. In this manner, he has traced anticlines, synclines

and fault lines from near the shore out to a depth of 40 or 50 fm. There is a

misleading tendency to assume that sediment covers the sea floor everywhere.

Now that we realize that strong currents have swept various areas of the con-

tinental shelf clean of sediments, it is not at all surprising that the topographic

expression of outcrop patterns long recognized in the emerged coastal plain are

also seen in the submerged coastal plain. Thus, the topography of the con-

tinental shelf differs only slightly from that which can be observed on the

emerged adjacent coastal plains.

Structural benches, the topographic expression of outcropping beds, have

been identified on the continental slope (Heezen et al., 1959). Near Cape

Hatteras, Virginia, structural benches have been dated by extrapolating data

obtained in several test borings near the coastline (Fig. 10). Benches on Georges

Bank have been dated by dredging, and the dips of beds have been deduced by
correlation of structural benches along the walls of submarine canyons. It

appears that, through the action of slumps, bottom currents and turbidity

currents, sediments are continually being removed from the continental slope.

There is little cover of recent sediments to obscure the outcrops of the ancient

formations.

c. Shelf break

An abrupt change in slope known as the shelf break marks the boundary

between the continental shelf and continental slope (Fig. 11). The slope change

has been variously attributed to : (1) sedimentation at wave base and in equi-

librium with present sea-level
; (2) sedimentation at wave base but related to

some past lower sea-level
; (3) wave abrasion in equilibrium with present sea-

level ; and (4) wave abrasion related to some past lowered sea-level.

Modern knowledge of the activity of waves on the continental shelves has

resulted in the conclusion that the break in slope is caused by wave abrasion
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related to a sea-level lowered to within about 5 fm of the break (Dietz and

Menard, 1951). It is clear, from several lines of reasoning, that the sea-level has

recently risen eustatically, and that, in general, this recent rise has taken place

more rapidly than changes of land level affected by erosion, sedimentation, or

diastrophism. However, the shelf break falls at different depths in different

areas, ranging from 12 fm to 250 fm. The mean depth of the shelf break is

approximately 73 fm. Heezen et al. (1959) suggested that the lack of agreement

in the depth of the shelf break is due to the fact that shelf break does not

everywhere represent a single ancient eustatic level. Thus, the most prominent

break may locally be a Pliocene or Miocene structural bench, but elsewhere,

late Pleistocene or Recent strata may form the shelf break. In some areas the
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Fig. 11. Shelf break in the continental slope off New York. The record was made with the

Precision Depth Recorder. (After Heezen et al., 1959.)

late Pleistocene eustatic low level may truncate the continental slope and there

the shelf break may truly represent a late-stage eustatic sea-level.

The deeper structure of the continental margin indicates a fundamental

structural discontinuity at the base of the continental slope (Fig. 8). It would

seem a small extrapolation to attribute a fault origin to the continental slope.

Although faulting may have played a part in the earhest history of the Category

II provinces, alternate periods of sedimentation and marine planation on the

continental shelf, and long-continued erosion by slumps, turbidity currents

and deep-sea currents on the continental slope, together with a general sub-

sidence of the area, could alone have produced the characteristic form of the

continental terrace.

d. Submarine canyons

Submarine canyons were early recognized and have captured the imagination

of several generations of geologists and hydi"ographers (see Chapter 20).
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These deep gorges, cutting all the continental slopes of the world, vary from
less than a mile to ten miles in width, from a few fathoms to several hundred
fathoms in depth, and from a few miles to a few hundred miles in length

(Figs. 7 and 12). The slopes of the walls of submarine canyons are generally

130
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MURRAY FRACTURE ZONE
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Fig. 12. Topography of Central California. Co^rter interval 20 fm below 1900 fm. Local

elevations indicated by pattern of dots. Note ranges of hills west of the Monterey
fan. (After Menard, 1960.)

greater than the gradient of the continental slope. Some investigators (Menard,

1955) prefer to limit the term "submarine canyon" to that portion of each

feature which is incised into the continental slope, and to refer to that portion

of the same feature which cuts into the continental rise as a deep-sea cliannel

.

Other investigators (Heezen et al., 1959 ; Ericson et al., 1951) prefer to refer to

the entire system as a "submarine canyon", regardless of the fact that the size

of the feature sharply decreases on the lower gradients of the continental rise.
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The structural benches which are present on the continental slope are

somewhat more clearly defined in the walls of the submarine canyons.

e. Marginal plateaus

A marginal plateau is a shelf-like feature having a greater depth than the

continental shelf and separated from the continental shelf by a low continental

slope. The surfaces of the marginal plateaus off Pernambuco Province, Brazil,

and west of Angola are irregular in profile. In contrast, the Blake Plateau is

superficially similar to the continental shelf in slope and in the frequency and
magnitude of relief features. On closer examination, however, it is found to be

much rougher than the continental shelf and is dominated by relief which
appears to be primarily tectonic in character.

The Blake Plateau is a well-developed representative of this morphologic

type. In the area of the Blake Plateau, the shelf break lies parallel to the coast

about 60 miles offshore (Figs. 3, 13). The continental sloj)e extends at a gradient

of 1 : 40 only to depths of 300 to 400 fm, where the lower gradients, i.e. about

1 : 1000, of the Blake Plateau are found. The main Blake Plateau is 170 miles

wide (east-west) and extends from the Grand Bahama Island to.3«^N. The
Blake Escarpment forms a precipitous drop to abyssal depths along the eastern

edge of the plateau. The top of the Blake Escarpment lies at about 550 fm and
its base at 2600 fm. The escarpment is typically formed by two or three distinct

slope segments. The outer part of the Blake Plateau is typically smooth, with

very low and rolling topography. The inner part, however, lying at the base of

the continental slope, is broken by many small, steep-sided valleys 1 to 3 miles

wide, and from 5 to 20 fm deep. The trend of this topography appears to

parallel the continental margin and one trough has been traced for a con-

siderable distance by Hersey.

The outer edge of the Blake Plateau breaks off abruptly at about 550 fm.

Here gradients increase to 1 : 30. This segment continues with a few minor
breaks to a depth of 1200-1500 fm, where a narrow bench occurs. Below this

bench the escarpment drops so steeply that only a few side echoes are recorded

on the echogram. The gradient here exceeds 1 : 2 in several profiles. At 2400 fm
there is another narrow bench in the southern part of the area, but toward the

north the abyssal plain of the Blake-Bahama basin lies directly at the foot of

the steepest segment. A peculiar fact is that along many east-west cross-

sections, the deepest point in the basin lies directly at the foot of the escarp-

ment. A similar deepening, adjacent to the Campeche and West Florida

escarpments in the Gulf of Mexico, has also been found.

Marginal plateaus and marginal escarpments are found off Recife, Brazil,

Rio de Janeiro, Brazil, Angola and the Congo (Heezen et al., 1959). A very

similar feature extends for several hundred miles eastward from the Falkland

Islands.

Much of the great Melanesian subcontinent resembles in depth and in topo-

graphy the smaller marginal plateaus mentioned above. The area off Southern
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California, known as the continental borderland, might be considered a highly

fractured marginal ])lateaii. Here, basins adjacent to shore in the continental

margin arc being filled by turbidity currents while the outer basins receive only

IK'lagic sediments. The ancient Los Angeles basin is com])letely filled and the

modern basins lying seaward of it are rapidly filling (Gorsline and Emery,

kj

kl

•vi

03

SCALE IN NAUTICAL MILES

Fig. 13. Ten topographic profiles east of Cape Hatteras, Vii'ginia, and the Blake Plateau.

The sequence of profiles showTi in this figure ilkistrates the transition from the

typical continental shelf, continental slope, continental rise profiles of the north-

eastern United States to the more complex profiles across the Blake Plateau and
marginal basin of the southeastern United States. Note the well-developed marginal

escarpment and outer ridge on the lower three profiles. (After Heezen et al., 1959.)

1959). It can be safely predicted that if tectonic activity in the area diminishes,

sedimentation will eventually completely fill the offshore basins of the con-

tinental borderland one by one and produce a shelf-like feature which may
eventually resemble a marginal plateau very similar to the Blake Plateau. The
analogy seems rather good M^hen one compares the deeper structure revealed by

results of seismic-refraction A\oi-k on the Blake Plateau with the modern to])o-
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graphy of the Southern California continental l)or(lerland. The Blake Plateau
apparently consists of many basins tilled to overflowing.

f. Continental rise

The topography of the continental rise (continental apron), which lies at the

base of the continental slope, is generally smooth (Fig. 14). Although minor
irregularities are not uncommon, these irregularities are rarely more than

GULF OF MEXICO

Physioqrophic Provinces

96 95 94 93 90 89 88 87 66 85 e-i 83 82 81 80

Fig. 15. Physiographic provinces of the Gulf of Mexico, showing the prominent Mississippi

Cone. The Mississippi Cone dominates the floor of the Gulf of Mexico and turbidity

currents traversing this cone have built the Sigsbee Abyssal Plain. (After Ewing,
Ericson and Heezen, 1958.)

10 fm in anij)litude. Occasionally, the continental rise is punctuated by
numbers of rather large seamounts often linear in pattern (e.g. off the eastern

coast of Brazil, the northwest coast of Africa, the northeast coast of the

United States, Peiii, the west coast of Central America, the coast of Baja
California and the Gulf of Alaska). The continental rise may often be divided

into two parts : the upper continental rise and the lower continental rise. A
typical example is shown in Fig. 5. Although in several areas, notably central
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California, the continental rise is bounded on the seaward side by abyssal hills,

in most areas an abyssal plain intervenes. In general there is a fairly abrupt
change in gradient from a gradient steeper than 1 : 1000 on the continental rise

to one flatter than 1 : 1000 on the abyssal plain. In some areas, such as off north-

eastern United States, a line of lower continental-rise hills falls along this

boundary.

g. Deep-sea fans and abyssal cones

A turbidity current emerging from a submarine canyon onto the relatively

flat sea floor of the lower continental rise or the abyssal plain wiU be checked in

velocity and will dej)osit some of its sediment. Successive deposits at the mouth
of a single canyon will ultimately build a deep-sea fan. WeU developed fans

occur off" the west coast of North America from the Gulf of Alaska to Southern
California (Menard, 1955). If the submarine canyon remains relatively stable in

position for a long period of time, one would expect a family of overlapping

deep-sea fans gradually to build up a larger feature. Some investigators (Menard)
do not distinguish between the smaller fans and the resulting larger composite
feature (Fig. 11). However, Ewing, Ericson and Heezen (1958) make a distinc-

tion between the smaller features known as deep-sea fans and the larger com-
posite ones which they term abyssal cones (Fig. 15). Abyssal cones are found
off Mississippi (Ewing et al., 1958) and the Congo (Heezen et al., 1957) and
recent investigations show that both the Ganges and Indus have abyssal cones.

After building in one area for a long time, a deep-sea fan can be expected to

reach a stage at which the active turbidity-current channel breaks through one
of its natural levees and begins to build a new distributory channel and new
deep-sea fan. Distributory channels extend across the abyssal cone (or large

deep-sea fan), functioning in much the same way as the distributory channels

in the delta of a large river such as the Mississippi.

In most areas where the continental slope or marginal escarpment drops

directly into a marginal basin, there is a marginal trench and associated outer

ridge. An exception occurs off Southern California where abyssal hills lie at the

base of the continental slope, and a trench is absent. The topography of the

outer ridge is quite similar to that of the continental rise, with the exception

of being slightly more irregular (Fig. 16). The marginal trenches, such as the

Puerto Rico Trench, Japan Trench, the Kurile-Kamchatka Trench, etc., are

bounded by very steep walls. These walls are broken into small but discernible

stejjs that are generally interpreted as fault splinters along the major faults

bounding the trenches.

A smaU abyssal plain lies in the floor of most marginal basins. This charac-

teristic is well iUustrated by the Blake-Bahama Abyssal Plain, lying at the foot

of the Blake Escar]3ment. In the Puerto Rico Trench, the trench plain reaches

a maximum width of 12 miles. The Acapulco Trench Abyssal Plain, at its

maximum development, is 6 miles in width. Some trench plains are often less

than a mile in width and appear only as a series of later echoes on the echogram,
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arriving after the echoes from both sides of the trench (Fisher, 1954). In some
areas ^^here detailed siirve3's have been made of the continental margin, it has

been discovered that much of the fine-scale relief is subjjarallel to the adjacent

margin. This seems to suggest that the tectonic relief throughout the continental

margin province is controlled by a single structural system, which Ues pre-

dominantly parallel to the continental slope.

SCALE IN NAUTICAL MILES

400

Fig. 16. Profiles illustrating the marginal trench and outer ridge in the northern Caribbean.

(After Heezen et al., 1959.)

h. Island arcs

Lying on the northwestern margin of the Pacific Ocean are a series of great

island arcs—the Aleutians, the Kuriles, the Japanese and the Marianas. The
outer convex side of these island arcs is considered to be the seaward limit of

the Asian continent by some petrologists because of the occurrence of andesite.

However, consideration of other criteria, such as the depth of water or crustal

thickness, makes it clear that most of the great island arcs lie within the Pacific

Basin rather than at the margin of the continent. The Phili])pine Sea is roughly
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1000 miles wide between the continent and the Marianas Islands and it is

deeper than normal oceanic depth. The few seismic stations available suggest a

relatively normal oceanic crust. Likewise, the Aleutian Islands are separated

from the continent by an area of normal oceanic crust which appears shallow

because of a thick fill of sediments in the Bering Sea Basin. Nevertheless, the

island arc trenches lying along the convex sides of these arcs may be con-

sidered analagous to the marginal trenches observed along the Pacific coasts of

Central and South America and off the north coast of Puerto Rico (see Chapter

17).

Trenches and island arcs were among the first surveyed features of oceanic

topography because they were barriers to submarine cables. The island arcs

include lines of active volcanoes and they are associated with more large earth-

quakes and more pronounced gravity anomalies than any other part of the

Earth's crust. The more or less arcuate trenches bordering them are the deepest

places in the ocean, which is particularly noteworthy because they are near the

margins of the ocean basins rather than in the middle. At present, the greatest

depth known is about 10,600 m in the Marianas Trench, i but very similar depths

have been found in the Kurile and the Tonga Trenches.

A second class of arcs, the Antillean Arcs of the Atlantic, are generally con-

sidered as extensions of the Pacific tectonic belt into the Atlantic Ocean. The
West Indies and Scotia Arcs are more complex than the North Pacific Island

Arcs, and are more sharply curving ; and the deep-sea trenches associated with

them are more limited in extent, either due to the fact that they were originally

smaller or that they have been fiUed. The Indonesian area is similar to both

the great island arcs of the North Pacific and the more contorted Antillean

Arcs. The Banda Sea appears to be quite similar to the Antillean Seas, whereas

the Java-Sumatra area has many similarities to the Japan and Kurile-Kam-

chatka area. Again, the Philippine Arc seems to fall in a class very close to the

Japan Arc but lies landward from the Marianas Arc.

The typical Antillean Arcs and typical North Pacific Island Arcs are

associated with deep-sea trenches. However, there is a tliird general occurrence

of deep-sea trenches that has been mentioned before, i.e. along the continental

margins of Central America and South America and along the eastern margin

of the Melanesian sub-continent.

The epicontinental marginal seas of northeast Asia, the Bering, Okhotsk and

Japan, lying as they do between a volcanic island arc and the continent, are

rapidly filling with sediments supplied both from vulcanism and from erosion

of the adjacent stable land-masses. If subsidence is arrested and sedimentation

goes on, the Bering Sea may eventually reach a stage similar to the present

Okhotsk Sea, and the Okhotsk Sea may eventually become a shallow sea

similar to the Japan Sea. Further, the Japan Sea may eventually be filled to

such a degree that it greatly resembles the East China Sea, which lies landward

of the Ryukyu Arc. Kay (1951) has pointed out that the Paleozoic Appa-

lachian geosyncline was probably similar to modern island arcs of the North
1 In 1962 a new record depth was measured from H.M.S. Cook.
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Pacific. Thus, we may anticipate, just as the Appalachian geosynchne is now
part of the North American continent and as the East China Sea is now virtually

part of the Chinese continental shelf, that the Ja"i)an, Okhotsk and Bering Seas

will also become incorporated in the Asian continent in some future geologic

period.

The Bering Sea is composed of two parts, the broad continental shelf ex-

tending from the mainland of Alaska, and the deeper southwestern part lying

north of the Aleutian Islands between Dutch Harbor and Attu Island. An
abyssal plain with sediment several kilometers thick lies in the deepest part

of the Bering Sea, bearing evidence that the sea is being filled by turbidity

currents. The floor of the Okhotsk Sea is similar to that of the Bering Sea except

that the deeper portion covers a much smaller area. It, too, is occupied by an

abyssal plain. The minor relief features of the Okhotsk Sea have been described

in some detail by Udintsev (1957), who has proposed a complex genetic

classification of the minor rehef forms of the floor of the Okhotsk Sea.

i. Margins of a subcontinent

The area east of Australia and north of New Zealand, extending to a few

degrees north of the equator, is part continental and part oceanic in

character. It lies from a few hundred to a few thousand meters below sea-level

;

the deeps have an oceanic crust and the banks have a continental one. Although

the region differs markedly in surface relief from the continents, its margins

with the ocean basins are equally sharp.

To the east lie the Tonga and Kermadec Trenches, and the block-faulted

region is modified into a double island arc very similar to the Marianas

Islands except for curvature. To the north the edge of the region is marked
by a dense grouj^ of submerged atolls such as Turpie and Alexa Bank rising

from a region of relatively shallow depths. An apparently normal, smooth
continental rise exists along the east part of the northern boundary of the

region, but to the west, toward the Santa Cruz Islands, the base of the

slope is lined with deep troughs such as the Cape Johnson and Vitiaz Troughs.

This little known region may provide a perfect example of a transition between

an oceanic trench and a continental rise.

j. The Mediterranean

The Mediterranean Sea, which separates Europe and Africa, has many of the

characteristics of an ocean basin. The continental shelves are moderately well

developed in the western Mediterranean. The continental slopes, which seem to

be of the same form as those of the Atlantic, are cut by submarine canyons

that appear to have the same characteristics as submarine canyons found else-

where in the world. The floor of the western Mediterranean is occupied by
the Balearic Abyssal Plain. Judging from the gradients in depth of the basin,

the plain has been dominated by deposition from the Rhone and the submarine

canyons of Alpes-Maritimes. However, deposition from submarine canyons

along the Algerian coast has also occurred.
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The Tyrrhenian Sea is floored by a circular abyssal plain and in many ways

is similar to the western Mediterranean basin. The fractured continental shelf

extending from Tunisia through Sicily to Italy divides the eastern and western

Mediterranean into two separate basins. In the eastern Mediterranean, the

continental shelves and slopes, particularly in the Levant, are similar to those

in other parts of the world. However, in the region of Crete and in the Aegean

Sea, complex faulting and apparently a great deal of subsidence have produced

the unique irregular topography of the Aegean Sea. The floor of the eastern

Mediterranean is also radically different from that of the western Mediter-

ranean. Although there is some smoothing of the topography seaward of the

Nile Delta, and a small abyssal plain south of the Straits of Messina, the re-

mainder of the eastern Mediterranean is complexly broken up by a fine-scale

relief having few counterparts in other areas of the ocean. We can only conclude

that the balance between tectonic activity and sedimentation in the eastern

Mediterranean is strongly in favor of tectonics. This is true desjDite the sizable

volume of sediments which must be distributed in the eastern Mediterranean

by turbidity currents and surface turbidity originating at the mouth of the Nile.

Thus, we must conclude that the eastern Mediterranean has recently been

drastically deformed and that this deformation is still in progress.

B. Ocean-Basin Floor (see Fig. 4)

The second of the tlu'ee basic divisions of the oceans includes the broad floors

of the ocean basins. Approximately one-third of the Atlantic, one-third of the

Indian, and three-fourths of the Pacific Ocean fall in this major division.

The ocean-basin floor can be divided into two categories of provinces: (1)

abyssal floor; (2) oceanic rises and asymmetrical, aseismic ridges. Although

seamounts, seamount groups and linear archipelagos are found throughout the

oceans, they are discussed in this section, since the greatest number occur on

the ocean-basin floor.

a. Abyssal floor

In the Atlantic, Indian and northeast Pacific Oceans, abyssal plains occupy

a large part of the abyssal floor (Fig. 17). An abyssal jalain is a smooth portion

of the deep-sea floor where the gradient of the bottom does not exceed 1 : 1000

(Fig. 14). Gradients of abyssal plains range from 1 : 1000 to 1 : 5000 although

some areas have been found where the gradients are less than 1 : 7000. Abyssal

plains adjoin all continental rises and can be distinguished from the continental

rises by distinct changes in bottom gradient. At their seaward edge most of the

abyssal plains gradually give way to abyssal hills. Individual abyssal hills are

50-200 fm high and 2-6 miles wide. In the Atlantic, the abyssal hill provinces

only locally exceed 50 miles in \\'idth, whereas they cover most of the Pacific

floor. Abyssal plains in the Atlantic area range from 100-200 miles in width

(Figs. 18, 19 and 20). Core samples of sediment obtained from an abyssal plain
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Fig. 17. Abyssal plains and archipelagic plains of the world. (Modified from Menard, 1959.)

EH8

Fig. 18. Index of abyssal hills-abyssal plains profiles of the North Atlantic shown in

Figs. 19 and 20. (After Heezen et al., 1959.)

invariably contain beds of sand, silt and gray clay intercalated in the red or

gray pelagic clay that is generally characteristic of the deep-oceanic

environment.

b. Abyssal plains (see Chapter 14)

Abyssal j)lains were discovered in 1947 when continuously recording deep-sea

echo-sounders first became generally available. Their origin was disi)uted for

several years, but at present every line of evidence available suggests that the}^

were produced by turbidity currents spreading out on the sea floor from the

continents: (1) the ])lains contain coarse sand and anomalous shallow-water

fossils that can have been transported only by turbidity currents
; (2) through-

out the world abyssal plains occur only where turbidity currents spreading out

from continents are not barred by bottom topography. Thus, they are wide-
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Fig. 19. Profiles of abyssal plains and abyssal hills in the western North Atlantic. Profiles

are indexed in Fig. 18. (After Heezen et al., 1959.)
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Fig. 20. Profiles of abyssal plains and abyssal hills in the eastern North Atlantic. Profiles

are indexed in Fig. 18. (After Heezen et al., 1959.)

spread in the Atlantic but relatively rare in the Pacific, because turbidity

currents cannot flow past island arcs and trenches. (3) The small-scale relief of

plains and their approaches can be explained only by the action of bottom-

moving turbidity currents (Heezen et al., 1954; Menard, 1955). Submarine
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canyons cut in the continental slope and continental rise lead out to deep-sea

fans, A\hicli in turn are crossed by channels extending for some distance on the

abyssal ])lains. In short, these are all elements of a drainage system reaching to

a depth of more than 2| miles. An enormous turbidity current swept down
from the (Jrand Bank area off Newfoundland and broke a large number of

submarine cables in 1929 (Heezen and Ewing, 1952). Ancient turbidity currents

of this scale have been reported as existing in the geological record and they may
be relatively common in some places and at some times. However, much of the

dejiosition by modern turbidity currents has been in great fans at the mouths
of submarine canyons. Turbidity currents arising from slumps on the con-

tinental slope between the canyons cannot be expected to play a large role in

shaping the topography, since their deposits are not concentrated into in-

dividual large features but spread over a broad front. Hence, their effect is

limited to smoothing the topography. In many regions the sediment available

to turbidity currents is dumped into the heads of submarine canyons by long-

shore drift. Hence, the sediment slumped into the canyon heads emerges on the

fans in turbidity currents. In other parts of the world, rivers, such as the Congo
and the Magdalena, lead directly to a submarine canyon. These submarine

canyons carry sediment from the river delta directly to the deep sea. At the

mouths of the Congo and Magdalena Canyons huge bulging abyssal cones

blanket the sea floor. Seaward of the abyssal cones, turbidit}^ currents follow

distributory channels onto the abyssal plains (see Chapter 27).

In addition to their occurrence on the ocean-basin floor, abyssal plains are

also foiuid in the marginal trenches, in marginal basins, and in epicontinental

marginal seas, and features of exactly the same morphology and origin are

found in certain lakes,

c. Abyssal hills

An abyssal hill is a small hill that rises from the ocean-basin floor and is

from a few fathoms to a few hundred fathoms in height, and from a few hundred

feet to a few miles in width (Figs. 18, 19 and 20). The term "abyssal-hills

province" is applied to those areas of the ocean-basin floor in wliich nearly

the entire area is occupied by hills, i.e. the province lies at approximately the

depth of the adjacent abyssal plain but lacks a smooth floor. Isolated abyssal

hills and groups of abyssal hills also occur in the abyssal plains.

Abyssal hills are found along the seaward margin of most abyssal plains and

occur in profusion in basins isolated from adjacent land areas by ridges, rises,

or trenches. In the North Atlantic the abyssal hills form two strips parallel to

the Mid-Atlantic Ridge for virtually its entire length. The Bermuda Rise is

bordered on the southeast by abyssal hills which join with the strips adjoining

the Mid-Atlantic Ridge. Southeast of the Bermuda Rise, the abyssal plain is

absent ; consequently, the western Atlantic Abyssal-Hills Province exceeds

500 miles in width.

In the North Atlantic the axes of maximum depth on the eastern and western

sides of the Mid-Atlantic Ridge lie in the abyssal-hills province (Fig. 3). This
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ijattern probably continued through the South Atlantic, Indian and South

Pacific Oceans. Individual abyssal hills are identical to the smaller hills rising

from the steps of the mid-oceanic ridge and are probably of the same origin.

The abyssal hills and the lower step of the Mid-Atlantic Ridge can be dis-

tinguished topographically only by the contrast in level.

Abyssal hills cover a much larger proportion of the Pacific basin than in any

other ocean. In certain areas where the relief is in general similar to abyssal

hills but of somewhat larger amplitude (i.e. many of the individual peaks

exceed 500 fm in height), the term "seamount province" has been used. A
good example of such an area is the Baja California seamount province (Menard,

1955), where 220 seamounts have been found in an area of about 1,000,000

square miles, which is hilly between seamounts. Echograms have been obtained

along api^roximately 50,000 miles of track in this province and no extensive

smooth bottom has been found except for a very limited area at the base of

Patton Escarpment. Detailed surveys off the United States show groups of

ridges averaging 20 x 100 miles and a few hundred fathoms of relief. These

low, linear mountains trend north-south. In contrast, about 50 of the higher

seamounts have been surveyed and all appear to be volcanoes although many
are elongate like the Hawaiian volcanoes. Detailed surveys around taut buoys

or with precision positioning have been made of abyssal hills in several places

in the Pacific. Although they are linear off California, the hills in the equatorial

Pacific are low, irregular domes and are probably formed by laccolithic in-

trusions. Statistical analysis of echograms in abyssal-hill areas also indicates

that low domes are extremely common.

d. Abyssal gaps

If two adjacent, but distinct, abyssal plains have no through passage at or

below the level of the higher plain, they are said to be separated by a siU, a

ridge or a rise, depending on the dimensions of the features involved. However,

several plains are connected by constricted passages. An abyssal gap is a

passage connecting two abyssal plains lying at different levels in the vicinity

of the gaj). The sea floor slopes down continuously through the gap from the

higher to the lower abyssal plain at a gradient considerably greater than that

of either adjacent abyssal plain. Prominent abyssal gaps are known in the

western Atlantic (Vema Gap) and in the eastern North Atlantic (Theta Gap)

and an abyssal gap connects Colombia and the Venezuela abyssal plains of the

Caribbean. Investigations of both Vema Gap and Theta Gap have shown that

small mid-ocean canyons (deep-sea channels) connect the upper plain with

the lower plain. Sediments collected in abyssal gaps have suggested that

turbidity currents have transported material through the gaps.

e. Mid-ocean canyons

Cascadia Deep-Sea Channel has been traced as a continuous feature from the

submarine canyon at the mouth of the Columbia River to a point 600 miles to

the west. A few sounding lines indicate that its total length is about 1000 miles.
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It is 1-5 miles wide and has 10-100 fm relief below an abyssal plain. Except

where it passes through a narrow gorge in a submarine mountain range, it is

steep-walled, Hat-iloored, and generally flanked by levees. A very similar

feature, the Equatorial Atlantic Mid-Ocean Canyon, has been subject to a

rather detailed siu'vey which has confirmed the continuity of the canyon for

several hinidred miles. Although incomplete, the study suggests that the mid-

ocean canyon disappears somewhere on the continental rise and does not

connect with a submarine canyon. Some question exists, therefore, as to

A\hether what appear to be identical morphological forms are actually the

same. All known deep-sea channels extend without interruption from the

continental slope portions of submarine canyons to deep-sea fans or cones to

abyssal plains, and they are clearly the channels followed by turbidity currents

M!rv-Oci-_\N OxNvoN No, 2

ff-w-iimpHiiiiiiPiiimpiil

*»» ijrj::3l

Mid-Ocean Canyons in" HA-rniiiAs AcissAL Pi-ajn, West or Vem* Gap

Fig. 21. P.D.R. records of Mid-Ocean Canyon No. 2 and mid-ocean canyons at Vema Gap.

Position of Vema Gap and Mid-Ocean Canyon No. 2 as indicated in Fig. 3. Depth
in fathoms. (After Heezen et al., 1959.)

originating at the heads of the canyons. Each mid-ocean canyon discovered in

the North Atlantic, on the other hand, leads to an abyssal gap in a manner
suggesting a genetic relationship. It is not known whether these mid-ocean

canyons connect to submarine canyons.

Mid-ocean canyons or deep-sea channels (if they are not the same thing)

have been found by random crossings on several abyssal plains and it would

appear that they are widespread (Fig. 21). All recognized mid-ocean canyons in

the xA.tlantic parallel the adjacent continental margin, suggesting a tectonic

control. Although all have a continuous downward slope, they cut across the

regional slope of the abyssal plain. This latter characteristic is prominently

displayed in the northeastern Pacific where deep-sea channels hook to the left

across the contours of fans.

f. Oceanic rises

Heezen, Tharp and Ewing (1959) define oceanic rises as " aseismic areas

slightly elevated above the abyssal floor which do not form parts of the con-

tinental margin or the mid-oceanic ridge" (Fig. 4). Menard (1960) and others

use a broader, less restricted definition.
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Tn the North Atlantic, the Bermuda Rise is the best known example
(Figs. 3 and 22). Tn contrast to the mid-oceanic ridges, oceanic rises are

non-seismic ; their relief is more subdued and they are asymmetrical in cross-

section. The western and central parts of the Bermuda Rise are characterized

by gentle, rolling relief. The average depth gradually decreases to^^•ard the

east. In the eastern third, the rise is cut by a series of 500-1000-fm-high scarps

which drop the sea floor to the level of the abyssal plain on the east. The series

of eastward-facing scarps suggest block faulting. Situated approximately in

the center of the Bermuda Rise is the volcanic pedestal of Bermuda. A small

archipelagic apron surrounds the pedestal. The turbidity-current origin of the

smooth surface of the apron is supported by cores containing shallow-water

carbonate clastic sediments in depths of 2300 fm.

g. Fracture zones

Fracture zones are long, thin bands that are conspicuously more mountainous
than the sea floor in general and ordinarily separate regions with diff"erent

depths. The first wholly submarine fracture zones were discovered only a few

120' 100* 80°

— MAJOR LINE«ION
•~~ MINOR LINEATION

-• LINE OF SEAMOUNTS

lec Mcr

Fig. 23. Major and minor lineations in the northeastern Pacific. (After Menard, 19.59.)

years ago in the northeastern Pacific basin. Now scores are known in the Pacific

and Atlantic. They form a pattern of east-west parallel lines, relatively evenly

spaced down the whole eastern Pacific (Fig. 23). Three follow great circles and
all are remarkably straight. Each is about 100 km wide and more than 2000 km
long. Within the zones are asymmetrical ridges and narrow troughs parallel to
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the general trend. Large volcanic seamounts are also common. The Murray
Fracture Zone may be taken as an example. It extends along the sea floor in

an easterly direction from near the Hawaiian Islands to Southern California,

or about 3000 km. The western section of the zone is composed of two asym-

metrical elevations with the steep sides facing and a band of narrow troughs

and ridges between (Fig. 24). The total relief in a cross-section 100 km wide is

Santa Inez Mts.

4000

Fig. 24. North-south profiles of the Murray Fracture Zone between Hawaii and Southern

CaUfornia. (After Menard, 1955.)

about 1600 m, and most of the changes in depth are abrupt. South of the regular

ridges and troughs, and parallel to them, is a great range of submarine volcanoes

called the Moonless Mountains because none of them has ever been above sea-

level, although several are more than 3000 m high. In the central section of the

Murray Fracture Zone, the northern asymmetrical irregular ridge disappears,

and the relief of the southern ridge becomes greater. In addition, a regional

change in depth appears, such that the sea floor, for hundreds of kilometers

north of the fracture zone, is about 400 m deeper than the sea floor for an equal

distance to the south (Fig. 25). A single seamount rises above the crest of the

ridge to give a local relief of 7450 m. This seamount, Erban Guyot, has a flat

top from which beach gravels and fossils have been dredged. Although it is

now 450 m beneath the sea surface, it apparently was an island some time
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more than 20,000,000 years ago. In the section of the Murray Fracture Zone
nearest the continent, the rehef becomes more subdued, but there are several

short troughs more than 500 m deep and the regional change in depth still

exists. A sea-borne magnetic survey (Vacquier et al., 1961) of this region shows

a north-trending pattern of anomalies with magnitudes of about 500 y. The
anomaly jDattern is disturbed along the east-trending line of the Murray
Fracture Zone. The pattern can be matched on opposite sides of the disturbance

and it appears that it has been offset 150 km, which would place it among the

largest fault displacements known. Even so, the displacements on the Pioneer

and Mendocino fracture zones are much larger (Fig. 26). The transverse ridges

of California lie on the trend of the Murray Fracture Zone and, at least super-

730 miles left lateral

MENDOCINO FR/^CTURE
.170 miles
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97 miles

right Icterol

WIURR^'^
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Fig. 26. Displacement of a prominent magnetic anomaly by three fracture zones. Distances

in statute miles. (After Vacquier et al., 1961.)

ficially, they seem to be an extension of the zone. Fracture zones are difficult to

detect without continuously recording echo-sounders, and it is probable that

many more will be found (see Chapter 16).

h. Minor lineations

Widely distributed minor lineations on the deep-sea floor frequently lie in

pinnate patterns relative to the major lineations such as island arcs, archi-

pelagos and fracture zones. Individual minor lineations are generally 20 to

200 km long and consist of: (1) elongate submarine volcanoes, atolls on volcanic

platforms and volcanic islands
; (2) lines of closely spaced circular submarine

volcanoes
; (3) asymmetrical ridges

; (4) narrow troughs ordinarily associated

witli parallel asymmetrical ridges ; and (5) straight troughs resembling sub-

marine canyons on continental and insular slopes.
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Compared with faults on land, these "minor" lineations are rather large

features. But despite their size, only a few areas of the oceans have been
sufficiently well sounded that such features can be delineated. It is only possible

to map minor lineations when precision sounding equipment is employed on
ships positioned by precision electronic navigation systems. A few such areas
(Fig. 23) have been surveyed in the Pacific (Menard, 1959).

i. Aseismic ridges

A significant discovery of the Meteor Expedition was that a continuous ridge
runs in a southwesterly direction from the vicinity of Walvis Bay, Southwest
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Fig. 27. Profiles of the Lomonosov Ridge in the Arctic Ocean and the Walvis Ridge in

the South Atlantic. These two ridges are excellent examples of the asymmetrical,
aseismic ridges. (After Heezen and Ewing, 1960.)

Africa (Fig. 27). The discovery of this feature strongly influenced the German
investigators (Stocks and Wiist, 1935) and a now-familiar herringbone pattern

of ridges in the whole Atlantic was postulated. Not many of these postulated

ridges survived later investigation. The Walvis Ridge strikes out from the

continent seaward of the Angola u])lift. The ridge is strongly asymmetrical,

narrow and steep-sided on the south. The main ridge typically has two crests
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separated by a central asymmetrical depression, and a smaller frontal scarp is

found 50 miles southeast of the main Walvis Ridge Scarp. Walvis Ridge can be

traced soutliwestward as a large feature over 1000 fm high for 1500 miles and
its tectonic trend continues for 2000 miles further in a line of similar but lower

asymmetrical scarps and ridges. It is in many ways similar to the Mendocino
Escarpment of the North Pacific. Other such ridges are now known in the

Indian Ocean. There are several similar ridges in the vicinity of Madagascar
and Madagascar itself may be a feature very similar to the Walvis Ridge,

with its characteristic asymmetrical shape.

In the Arctic Ocean the Lomonosov Ridge (Fig. 27) is of similar form and
in common with the other ridges of tliis group is devoid of seismic activity

(Heezen and Ewing, 1960; Dietz and Shumway, 1960). Although both the

Lomonosov and Walvis Ridges are flanked by huge escarpments over 2000 fm
high, the surface of each ridge is relatively smooth and stands in strong contrast

to the intensely disrupted relief of the mid-oceanic ridges or of the abyssal hills.

This smoothness of the relief and the lack of earthquakes indicates that these

aseismic ridges, now tectonically stable, have probably been stable for some
time. A core taken from the southern scarp of the Walvis Ridge penetrated a

condensed section of Tertiary oozes and ended in Upper-Cretaceous Globigerina

ooze (D. B. Ericson, i7i litt.). This would seem to suggest that the Walvis Ridge
has existed in essentially the same form since the Cretaceous and that the

thinness of the condensed section resulted in slumping of material from the

southern side of the Walvis Ridge ; this slumping has continued since late

Cretaceous and hence it suggests that the scarp has existed since late Cretaceous

time.

The Muscarene Ridge in the Indian Ocean lies parallel to the mid-oceanic ridge

mid-way between Madagascar and the mid-oceanic ridge. Granite rocks out-

crop in the Seychelles Islands. This bank, flat-topj)ed at about 100 fm and over

100 miles wide, droj)s abruptly to abyssal depths on either side. The topography
of the Muscarene Ridge is massive and blocky, and it, too, is devoid of the in-

tensely disrupted small-scale relief typical of the mid-oceanic ridges. However,
dredging from the crest of the Mendocino Ridge and a core taken from the

eastern Bermuda Rise, coupled with the results of seismic-refraction studies,

indicate that these features are composed of basic rocks. Thus, the Muscarene
Ridge may, with Madagascar, form an independent class of aseismic ridges.

They may, in fact, be fragments of continents.

j. Seamounts, seamount groups and linear archipelagos (see Chapter 15)

A seamount is by definition any submerged peak over 500 fm high. Seamounts
are distributed through all the physiographic provinces of the oceans. Sea-

mounts sometimes occur randomly scattered, but more often lie in linear rows
(Fig. 28). It seems safe to conclude that virtually aU conical seamounts are

extinct or active volcanoes. The Kelvin Seamount Group, an 800-mile-long line

of seamounts, stretches out from the vicinity of the Gulf of Maine toward the

Mid-Atlantic Ridge (Fig. 3). The Atlantis-Great Meteor Seamount Group
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extends for 400 miles along a north-south line, south of the Azores (Fig. 3). In

the southwest Pacific, many lines of islands and seamounts cross the ocean. In

the mid-Pacific southwest of Hawaii is a large area of seamounts whose flat

sunnnits range from 450-850 fm beneath sea-level. These seamounts have been

termed "Guyots"'. From the flat summits, shallow-water fossils of Cretaceous

age have been dredged (Hamilton, 1956). Such sunken islands are not entirely

limited to the Pacific: in the Atlantic, several of the Kelvin Seamounts are

Fig. 28. Fracture zones of the eastern Pacific compared with trends of archipelagos of the

western Pacific. PVacture zones are shown by sohd lines and archipelagos by chains

of dots. (After Menard, 1959.)

flat-topped at 650 fathoms, and the seamounts of the Atlantis-Great Meteor

group have flat summits at 150-250 fm.

The number of seamounts in the sea is of interest in view of tectonics and it

can be estimated in the Pacific by several methods converging on the number
104 (see Chapter 15). The distribution of large seamounts and volcanic islands

is not iniiform. Instead, they are clustered in groups of 10 to 100. Abyssal hills

are randomly distributed, however, so that all the sea floor has been the site of

vulcanism, intrusions or faulting. The vulcanism has ranged in geological time
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at least from late Cretaceous to the present day, and it seems to have been
concentrated in different areas at different times. This is indicated by distribu-

tion maps of guyots and existing islands. At present, oceanic islands are

concentrated in the southwestern Pacific, whereas in the past they were also

common in the northeastern part.

That island groujjs lie along straight lines has long been recognized as

geologically significant. Modern oceanographic exploration has added little

information about the islands, except to show that there are similar groups of

marine volcanoes which are wholly submerged, and that some of the seamounts
formerly were islands. The deej)-sea floor in the vicinity of island groups has
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Fig. 29. Echograms of typical seamounts rising above abyssal hills in the Baja California

seamount province. (After Menard, 1955.)

been relatively unknown until recently, however, and it has proved rewarding

to study it. Most linear groups such as the Hawaiian, Marquesas, Samoan and
Society Islands stand above a high ridge which may be caused in a small part

by faulting but appears to be explainable solely as the result of piling up of

lava flows between closely spaced volcanoes. Some linear groups, including the

Austral Islands, are relatively isolated volcanoes rising directly from the deep-

sea floor. The volcanoes of the latter groups are too widely spaced or have not

been productive enough to pile up lavas between them and to build a ridge.

Although they are linear on a small-scale map, the archipelagos in detail are

spread in a band that may be one-fourth as wide as the length, if adjacent large
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seamouiits are included with the islands. Consequently, they mark a zone of

weakness in the crust, rather than a single major fault. The center of volcanic

activity appears to migrate in a regular manner from one end of a zone of

weakness to the other. An outstanding example of apparent shifting is the

Hawaiian archipelago where former volcanoes at the northern end are now
atolls, the central section is made up of inactive volcanoes, and the southern

end has active volcanoes. The Austral Islands, in the drowned mid-Pacific

mountains, have had a more comjilicated history with at least two periods of

vulcanism. Sprinkled among the Austral Islands are five guyots at depths of
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crust must be depressed in a moat that lias been filled predominantly with lava

flows. The moat filling is called an archipelagic apron. The surface of the moat-

fill is usually smooth and, in most places, the existence of a smooth region

surrounding an island group may be taken as evidence of an archipelagic apron

(Fig. 30). However, the surface material is sediment and the smooth surface

and extremely gentle slopes indicate that the mode of spreading of erosion

products is by turbidity currents. The smooth surface of an archipelagic apron

is known as an archipelagic plain.

The Bermuda Islands are surrounded by a thick ring of sedimentary and

volcanic material. However, this thick ring extends much further than the

smooth surface of the Bermuda archipelagic plain. It may be that a formerly

smooth apron was deformed tectonically, forming abyssal hills. On the other

hand, it may be that the sediments shed by Bermuda since its origin, which

was at least prior to late Cretaceous time, have been insufficient to produce a

smooth surface to cover the irregular surface of the volcanic blister and, thus,

the archipelagic plain has not yet completely covered the archipelagic apron.

A startling recent discovery illustrates how little is known about the relief

of the deep sea. The Hawaiian Islands are the focus of a very large number of

sounding lines by naval vessels, and several reconnaissance studies have been

made by oceanographic ships with recording echo-sounders. Nevertheless, a

major element of the sea-floor topography completely escaped notice until a

survey was made with the closely spaced sounding lines positioned with j)recise

electronic equipment not previously available. Narrow asymmetrical mountains

2 km high and 100-200 km long have been found in abundance on the Hawaiian

arch. They form a distinct pattern, trending northeastwards on the east side of

the Hawaiian Islands and southwards on the west side. Similar mountains do

not occur on the arch where it curves around the end of the Hawaiian structure.

k. Tectonic activity of the ocean-basin floor

The ocean-basin floor is generally aseismic. The number of actual volcanoes,

or even volcanic islands, is smafl. For this reason, it is commonly generalized

that the basin has been a stable area in geological time. Modern oceanography,

however, has shown that the basin is covered with volcanoes and broken in

many places by enormous faults, so that it cannot always have been stable.

The question raised is whether the present is abnormally quiet tectonically or

whether geological time is adequate to produce the volcanoes and faults in a

relatively stable basin. The answer depends to a large degree on the time

available. Demonstrable history of the ocean-basin floor, based on samples, is

very brief. Cores penetrate only a small distance and could hardly be expected

to reach very ancient sediments. Dredge hauls of seamounts might sample

material of any age, because most submarine elevations are swept clear of

sediment. To date, Cretaceous fossils are the oldest ones sampled. But fossils of

any kind are rare in dredge hauls. The basalts dredged have not often been

dated, and in many cases are undatable owing to their highly weathered condi-

tion. The potassium-argon method is capable of dating fresh basalts but the

10—s. Ill



270 HEEZEN AND MENARD [CHAP. 1 2

dredge can break off only weathered material unless the dredger has extra-

ordinary luck. If present sani])ling is considered to be adequate, the ocean-

basin floor is no older than Cretaceous. However, further sampling may indicate

greater age and it seems more logical to assume that the basin is very old.

As to faulting, it can only be concluded that the ocean-basin floor was
formerly more seismically active. The only alternative is to assume that the

oceanic type of crust can be faulted without eartliquakes and this is not entirely

acceptable because large earthquakes occur in a few places within the oceanic

crust.

When viewing the physiographic provinces of the North Atlantic or the

South Atlantic, one sees a strong parallelism not only between the continental

margins and the mid-oceanic ridge, but also between all the other province

boundaries of the ocean basin. It has been pointed out that, in the Pacific, and
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Fig. 31. Tracing of a Precision Depth Recorder record showing crest and western flank of

Mid-Atlantic Ridge. (After Heezen, Tharp and Ewing.)

to a certain extent in the Atlantic, the minor relief of the continental margins

parallels the continental slope. This is certainly true in those few areas where

surveys are sufficiently detailed to permit a study of the minor relief of the

abyssal hills and the lower steps of the mid-oceanic ridge. Here again, the

minor rehef features are parallel both to the continental margins on the one hand
and the crest of the mid-oceanic ridge on the other. To a remarkable degree,

the topography of the sea floor resembles a piece of expanded-metal grill-work

in which the major tojoographic lines are all roughly parallel.

C. Mid-Oceanic Ridge (see Chapter 16)

The greatest topographic feature of the sea floor is an essentially continuous

median elevation extending through the Atlantic, Indian, Antarctic and South

Pacific Oceans for a total distance of over 30,000 miles. The relief of the eleva-

tion above the adjacent ocean-basin floor is 1-3 km, and the width in most

places is more than 1000 km. This median elevation, known as the Mid-Oceanic

Ridge, is essentially a broad, fractured swell occupying the center third of the
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ocean. The portion of this feature lying in the Atlantic Ocean—the Mid-

Atlantic Ridge—can be divided into distinctive physiographic provinces,

identifiable on most trans-Atlantic profiles (Fig. 31) (see Chapter 16).

Fig. 32. Earthquake epicenters in the North Atlantic and the mid-oceanic rift. (After

Elmendorf and Heezen, 1957.)

a. Crest provinces

The rift mountains and high fractured plateau, which constitute this category,

form a strip 50-200 miles wide. In some places, particularly the Xorth Atlantic,

the rift valley is bounded by the iuAvard-facing scarps of the rift mountains.

The floor of the rift valley lies 500-1500 fm below the adjacent peaks of the

rift mountains. The rift mountains drop abruptly to the high fractured plateau,

which lies in depths of 1600-1800 fm on either side of the rift mountains. An
earthquake belt follows the rift valley (Figs. 32 and 33). Heat-flow measurements
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Fig. 33. Location of the mid-oceanic rift. (After Heezen et al., 1959.)
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Fig. 34. Profiles of African Rift Valleys and the Mid-Atlantic Ridge. Note the vii-tual

identity of topographic features shown in these three profiles across the seismic belt

of the mid-oceanic ridge system. (After Heezen, 1958.)
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in the crest provinces in the Eastern Pacific and in some places in the

Atlantic give values several times greater than have been obtained in normal

ocean-basin floor or continental areas (Von Herzen, 1959). A large positive

magnetic anomaly is often but not always associated with the rift valley and
some seismic-refraction measurements suggest a crust intermediate in com-

position between the oceanic crust and the mantle. The crest provinces of the

mid-oceanic ridge can be traced directly into the rift valleys, rift mountains

and high plateaus of Africa (Figs. 34 and 35) and of the western United States.

The faulted topography characteristic of the crest provinces is well developed

on an unnamed ridge trending NW from southern Chile. However, much of

the Pacific portion of the system is smoother than the remainder of the mid-

oceanic ridge.

b. Flank provinces -

The flank provinces of the Mid-Atlantic Ridge can usually be divided into

somewhat arbitrary steps or ramps, each bounded by prominent scarps. Parts of

the flank provinces, particularly the upper step south of the Azores, are charac-

terized by smooth-floored intermontane valleys ; but, in general, the relief of

the entire Mid-Atlantic Ridge is highly irregular and characterized by lack of

any smooth areas (Fig. 35). Thus, these intermontane valleys stand out very

distinctly. Photographs, cores and dredgings indicate that the crest of the Mid-

Atlantic Ridge north of the Azores is being denuded of its sediments. These

sediments, eroded from the crest provinces and deposited on either side,

probably account for the smoothing of the relief of the flanks and the filling of

the intermontane basins. Rocks dredged from the rift valley in the North

Atlantic consist of fresh basalts and fresh-to-weathered serpentines and gabbros.

Several large boulders of basalt dredged from the rift valley have recently been

dated by the potassium-argon method and found to be less than 10,000,000

years old (G. Erikson, in press).

The serpentines, gabbros and peridotites dredged from the rift valley, and
those which protrude above sea-level at St. Paul's Rocks, would seem to support

Hess's (1955) theory that the ridge has been domed up by serpentinization of

the upper mantle in a long linear belt lying under the Mid-Oceanic Ridge. On
the other hand, the seismic velocity of 7.2-7.4 km/sec observed in the

mid-oceanic ridges is remarkably similar to the seismic velocity found in the

low-velocity channel lying 120 km below the continents and some 50 km
beneath the ocean basins (Gutenberg, 1959).

The mid-oceanic ridge is conspicuously centered in the Atlantic and Indian

Oceans, where it is called the Mid-Atlantic and Mid-Indian Ocean Ridges. In

the South Pacific the position relative to the margin of the basins is less obvious

but it can be determined by an arbitrary method. The technique used is to

accept the 1000-m isobath as the margin of the ocean basin and to draw a family

of lines approximately parallel and equidistant from a margin by swinging arcs

on a globe (Fig. 30). Intersections of arcs with equal radii are connected to

established median lines. Consequently, any major convexity of margin of an
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ocean basin has a median line in addition to the one for the whole basin. The
great curve bounded by New Guinea, the Philippines and Japan is an example of
such a convexity in the Pacific. This method of geometrical construction shows
that the crest of the " East Pacific " Rise (part of which is also known as the
Easter Island Ridge) lies near the median line between New Zealand and Antarc-



MARTHA'S VINEYARD

SItell ^""lin, Kelrin Croup
Joj.p,ine Ji'±tr'Seamount GIBRALTAR

iSOO FATHOMS

MARTHA'S VINEYARD

Shelf "'">. Bermuda

NAUTICAL MILES
33O0 UTMOUS

CAPE HENRY
Shelf Co„,^ Mid - Alio If li c Ridge

mo B£ OHO
Pvnta Dijmfoe^

iSOO FtTHOIS

j k 2000

Fig. 36. Three profiles across the North Atlantic. (After Heezen tt al., 1959.)

/ 2500





SECT. 2] TOPOGRAPHY OF THE DEEP-SEA FLOOR 275

tica ; but at about 55° south latitude, the crest bends sharply to the east.

Apparent fault scarps suggest that the bend is an offset caused by faulting or else

a discontinuity along the margin of a large crustal block. It is only in the Central

and North Pacific that an obvious correlation between the geometric median line

140° 160° 180° 160° 140° 120° 100° 80° 60° 40° 20' 20° 40° 60° 80° 100°

140° 160° 180° 160° 140° 120° 100° 80° 60 40 20 20° 40° 60 80° 100°

Fig. 37. Position of the crest of the mid-oceanic ridge in ocean basins compared with the

center hne of the ocean basins as defined by an arbitrary method discussed in

the text. (After Menard, 1959.)

and a broad median elevation is not found. However, there is a correlation with

another type of submarine topography—long, narrow, steep-sided ridges capped

with atolls and seamounts. The median line of the whole basin trends north-

west from Easter Island to the Tuamotu Islands and the Line Islands to

Johnston Island. Tuamotu Ridge has an area of 200,000 km^ shoaler than 3 km,

and about 100 atolls and seamounts rise above the ridge. Some of the sea-

mounts are guyots or former islands, now submerged. The Line Islands rise

from the Christmas Island Ridge, which also has an extensive area, perhaps

100,000 mi^ above 3 km in depth, and many seamounts and guyots between

the islands. From Johnston Island, the median line has three spurs. The north-

eastern spur is not related to any conspicuous topography. The northern spur

lies somewhat east but parallel to the Emperor Seamounts, which are a line of

large guyots rising from a ridge with about 1 km relief. The western spur

corresponds to the Marquis-Necker Rise, which, in its eastern half, the Mid-

Pacific Mountains, has an area of 60,000 km^ shoaler than 3 km. The Mid-Pacific

Mountains include about 50 seamounts, mostly guyots, distributed broadly
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over the ridge. The wholly submerged mountains in the Tuamotu archipelago

bear a close resemblance in every detail of topography except that the ancient

islands of the mid-Pacific were not capped by reef corals which grew upward as

the islands subsided. The mid-oceanic ridge in most places in the ocean has an

average shape of a broad, gentle, more or less fractured arch. But in the Central

and North Pacific, the aseismic median elevations are narrow and steep-sided.

Do these different types of topography represent different stages of develop-

ment? If they do, the broad, fractured arches may be an early stage, and the

narrow ridges may be a later one. This is suggested by the fact that the broad

fractured arches are the locus of a continuous narrow band of earthquakes and

active, or recently extinct, volcanoes. In addition, the heat flow from the earth

is high and variable under the broad fractured arch, suggesting that very

powerful deforming forces are active. Central and North Pacific narrow ridges

show no such signs of crustal instability. There are no earthquakes, active

volcanoes, or abnormal values of heat flow. On the contrary, deep guyots and

atolls bear witness to long-continued quiescence and subsidence.

c. Mid-oceanic plateaus

In the vicinity of the Azores Islands in the North Atlantic and near the

Crozet Islands in the Indian Ocean, the mid-oceanic ridge passes along one

flank of a large mid-oceanic plateau. The Azores Plateau has an area of 52,000

mi2 and surrounds the Azores Islands. The depth of this plateau is generally

less than 1000 fm. The Azores Islands are oriented S to SE-N to NW along a

topographic trend striking off toward the Straits of Gibraltar. This topographic

connection between the Azores Plateau and the Southern Iberian Peninsula has

been called the Azores-Gibraltar Ridge, which Heezen et al. (1959) consider as

a poorly developed mid-oceanic ridge, of the same general class as the Mid-

Atlantic Ridge.

The Azores Plateau itself merges with the rift mountains of the Mid-Atlantic

Ridge. The sea-floor topographic trends of the eastern part of the plateau are

parallel to the known tectonic and volcanic trends of the Mid-Atlantic Ridge.

The Azores Plateau or bulge is generally considered to be a highly fractured

tectonic uplift in which vulcanism has played a very smaU part (Cloos,

1939).

The topography of the Azores Plateau is somewhat less irregular than that of

the Mid-Atlantic Ridge. Although prominent topographic trends cross the area,

isolated steep-sided volcanoes occur and long linear scarps are common. The

minor relief on the surface of the plateau is relatively gentle. So little work has

been done in the area of the Crozet Plateau that it is impossible to delineate

the sea-floor features. One echogram taken midway between Prince Edward

Island and the Crozet Islands reveals that the surface of the plateau is remark-

ably smooth, in fact much smoother than the Azores Plateau. The origin of this

smooth topography is difficult to ascertain. However, it seems likely that an

original irregular reHef nuist underlie the smooth surface, which was smoothed

by redistribution of sediments by strong bottom currents. The surface of the
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Azores Plateau is characterized by a series of ridges trending NW-SE at

approximately right angles to the trends in the Mid-Atlantic Ridge whose
spacing is entirely different from the ridges forming the Mid-Atlantic Ridge.

Instead of being close together with only a narrow, steep-walled valley separat-

ing two ridges, the ridges on the Azores Plateau are separated by broad valleys.

There is a strong possibility that other mid-oceanic plateaus exist, particularly

in the vicinity of St. Paul Island in the Indian Ocean ; however, so little of the

mid-oceanic ridge has been explored, even in a reconnaissance fashion, that

it is impossible at this time to make an accurate prediction.

3. Summary of Submarine Topographic Forms

The ocean floor consists of three major morphological divisions: (1) con-

tinental margin, (2) ocean-basin floor, and (3) mid-oceanic ridge. The continental

margin is formed by three categories of provinces, representing (1) the sub-

merged continental platform, (2) the steep edge of the continental block, and

(3) the raised or depressed edge of the ocean floor. The topograpliic detail of the

continental margin is predominantly smooth except for the submarine canyons

and minor irregularities of the upper continental rise. A close correspondence

of topography and distribution of recent sediments is apparent. For example,

deep-sea sands are found in the canyons and on the fans of the lower con-

tinental rise.

The continental slope appears to be a thinly veneered or bare outcrop of

Tertiary and Mesozoic sediments. The upper continental rise can in general be

considered a filled marginal trench and the lower continental rise is directly

analogous to the outer ridge observed off marginal trenches. The initial form of

the tyjDical Atlantic continental margin must have been remarkably similar to

the form of the present Pacific marginal trenches.

The ocean-basin floor lies between the continental margin and the mid-
oceanic ridge in the Atlantic and Indian Oceans and comprises large parts of

the North Pacific. The ocean-basin floor consists of the deeper abyssal floor

and the elevated oceanic rises. On the abyssal floor adjacent to the continental

margin are found the flattest surfaces of the Earth. These Abyssal plains were
built by turbidity-current deposits. The unburied abyssal floor is represented

by abyssal hills.

The mid-oceanic ridge is a broad fractured arch whose axis follows the

median line of the ocean and covers the center third of the ocean. The crest

provinces include: (1) a rift valley 15-30 mi wide and 500-1500 fm deep; (2) rift

mountains which form the sides of the rift valley ; and (3) the high fractured

plateau, a rugged plateau bordering the rift mountains. These characteristics

are found universally in the Atlantic and the Indian Oceans but the form of the
mid-oceanic ridge is much more subdued in the eastern Pacific and it is not yet
certain whether the rift vaUey system can be traced to the east Pacific.

The flank provinces consist on each side of steps generally separated by
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large scaq)s. This, again, has been confirmed in the Xortii Atlantic and South
Atlantic. Data are still insufficient in the Indian Ocean to indicate whether
the large scarps observed can be correlated in successive profiles, and the

more subdued topography of the east Pacific has not yet been studied in

sufficient detail to tell whether a subdued system of steps occurs in this area.

A seismic belt accurately follows the crest province throughout the Atlantic and
Indian Oceans and can be traced along the crests of the Pacific portion of the

mid-oceanic ridge.
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13. CONTINENTAL SHELF AND SLOPE

(CONTINENTAL MARGIN)

A. GUILCHER

1. Definitions

The continental shelf is usually defined as the platform extending off the

continents down to 100 fm, or 200 m ; and the continental slope, according to

the International Committee on the Nomenclature of Ocean Bottom Features

(Wiseman and Ovey, 1953), is "the declivity from the outer edge of the con-

tinental shelf into great depths". If the foot of the slope is conventionally taken

at 2000 m, the shelf and the slope cover respectively 7.6 and 8.5% of the

ocean floor. Shelf and slope are parts of the continental margin, and they will

be described and discussed together in this section, since they combine to form

prominences off the continents and the problems involved are the same.

In fact, the definitions of these features cannot be very accurate for several

reasons. First, the outer edge of the shelf does not always lie at the same depth.

Shepard (1948) has shown that the average depth is 72 fm, so that the conven-

tional definition is too comprehensive in most areas. But some continental

shelves, especially in high latitudes, extend to depths much greater than

100 fm. The most typical case is the shelf around Antarctica, which commonly
extends down to 300 fm or even more, especially in the southern Indian Ocean

(Jivago and Lissitzin, 1957 and 1958). Off Norway, the edge between 64° and
67° 20'N is found from 280 to 410 m (H. Holtedahl, 1955, p. 45), and ab-

normally large depths are also found along parts of Greenland and in the

Barents Sea (Frebold, 1950, p. 12). On the other hand, the shelf edge in the

Beaufort Sea and the East Chukchi Sea, which were apparently not covered by
ice-caps during the Pleistocene, is only 35 fm deep (Carsola, 1954). In other

regions,, two or several steps occur after a first edge is reached, and when the

steps are wide it is difficult to decide if the first break of slope or the second one

should be taken as the boundary of the shelf. The term marginal 'plateau was

introduced by Heezen, Tharp and Ewing (1959) for such large steps at depths

greater than 100 fm and less than 1200 fm (e.g. the Blake Plateau off Georgia,

and the marginal plateau off southern Argentina).

Bourcart states in several papers (e.g. 1954) that no true edge exists in many
areas between the shelf and the slope, the former merging into the latter in a

convex curve. According to his investigations in the Mediterranean, this is

the general situation off southern France. A very smooth, ill-defined, convex

edge is also found along Porcupine Bank off Ireland (Hill, 1956). However, it

must be noticed that such a feature remains quite exceptional, and the edge of

the shelf, if not always very sharp, is generally easily distinguished on the

echograms.

The shelves surrounding very large islands which lie in the deep sea, such as

Madagascar, are true continental shelves, because these islands are small

continents.

[MS received June, I960]. 281
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But some shelves are not tied to continents, or to large islands, although

they do not lie very far from them and cannot be considered as true oceanic

features. The Bahama Banks fall into this category. They are only 4 to 6 fm
deep and are surrounded by steep escai^pments and deep bodies of water

(Newell and Rigl)y. 1957). Other shallow, flat banks not connected with the

mainland are found in the Caribbean Sea between Honduras and Jamaica.

Rockall Bank, Faroe Bank, Bill T^aileys Bank. Lousy Bank off Ireland and
Scotland (Robinson, 1952 ; Hill, 1956) and the Flemish Cap near Newfoundland
may also be quoted. They may be referred to as confincnfal horderJands, a term
introduced by She])ard and Macdonald in 1938 for irregular shelves, such as those

off Southern California, which include deep basins. But the distinction from

oceanic banks is not always easy. The structure, either basaltic or consisting of

continental rocks, cannot be used as a general criterion, since the banks off

North-west Europe are probably made of basalt, which outcrops widely in

Northern Ireland : and Ireland has obviously a continental structure.

Another difficulty is the definition of the foot of the continental slope, which

in many areas gradually merges into the deep-sea floor. The range in depth,

between 750 and more than 2000 fm in the North Atlantic, is considerably

larger than at the edge of the shelf. Before the abyssal plains are reached, a

gently sloping continental rise is often encountered (Heezen, Tharp and
Ewing, 1959).

2. Topography of the Continental Shelf

Minor ridges related to recent marine sedimentation need not be described

here, since they are considered in Chapter 12 of this volume. A]iart from

these, other irregularities are of common occurrence, so that perfectl}' flat

plains are fairly rare features on the shelf. Most of the irregularities belong to

tjrpes well represented in the continental topography, especially in areas

adjacent to the shelf.

Submarine vaUeys are probably the most interesting element. Although

they have been obscured by sedimentation in many areas, they are clearly seen

in others, for example off the coast of Brittany (Fig. 1), where strong tidal

scour contributes to keeping them o])en : but the tidal currents have not been

able to carve them into the solid rock, since the latter consists of granite or of

hard Palaeozoic sediments. Beautiful ])atterns of branching valleys have been

found by Molengraaf on the Sunda Shelf between Borneo, Sumatra and Java
(see Kuenen, 1950, fig. 203), and others have been discovered more recently by
French hydrographic engineers off Guinea, where the narrow African shelf

widens considerably. The submarine Hudson channel (not canyon) on the east

American continental shelf falls into the same category (Veatch and Smith,

1939). In all the areas mentioned above, the submarine valleys have evident

connections with the subaerial valleys inland. They can be followed down to

dei)ths of 25 to 50 fm.

In other parts of the shelves, discontinuous elements of submarine valleys
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47° 50 47° 50

Fig. 1. Drowned valleys on the shelf off Penmarc'h Point, South-west Brittany. Data
from French chart. Lines of dots: valleys. Contours in metres below lowest spring

tides. Probable submarine fault scarp at Penmarc'h. Higher part of shelf very rocky,

with many granitic stacks resembling those found on dry land ; lower part smoothed
by sedimentation (mostly sand and broken shells).

have been revealed by soundings, down to depths of more than 100 fm some-

times : for example, the well-known Hurd Deep (94 fm) in the central part of

the English Channel, the Ushant trough (105 fm) at the opening of the same,

and several elongated and complex dej^ressions in the North Sea (Devil's Holes,

Silver Pits; Fig. 2, and others) (Lewis, 1935). They may occasionally be

U-shaped troughs with a conn^aratively wide bottom and steep sides, but

the most frequent transverse profile is a more or less V-shaped one.

Another tj^pe of depression consists of troughs, hundreds of fathoms deep,

that is, much deeper than the former. They are of common occurrence in

glaciated areas, e.g. Labrador, Alaska, Norway, Antarctica, etc. A large

number of them run approximately at right angles to the general direction of

the shelves, but others are roughly parallel, as O. Holtedahl (1940), H. Holtedahl

(1955, 1958), and Jivago and Lissitzin (1957 and 1958) pointed out. In East

Antarctica, the main longitudinal depression may reach down to 600 fm in

some areas ; it runs for liundreds of miles along the continent, and other
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54°N

Fig. 2. Outer Silver Pit and Markhams Hole, North Sea. Contours in metres. (After

Berthois and Brenot, 1957.)
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Fig. 3. Transverse profile across the shelf and slope of Antarctica in Sabrina Coast area

(120^E). (After Jivago and Lissitzin, 1957.)

shallowor and narrower channels of similar trend have been foinid between

the mainland and it (Fig. 3). In northern Europe, a deej) marginal channel is

found in the Skagerrak close to the Norwegian coast : the deepest part lies to

the east at the entrance of the Kattegat, and here reaches more than 350 fm.

Farther north, off Norway, marginal depressions deeper than the outer shelf

are also frequent, especially off More and Romsdal provinces (Fig. 4). Off

Labrador, a longitudinal channel runs parallel to the coast for more than 250

nautical miles, with de])ths of 300-400 fm, inside a shallower outer shelf;

another smaller channel is found to the north of Belle Isle. Although the
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depressions in the Scottish shelf are shallower than those in other glaciated

areas, the Minch and the channel between the Outer Hebrides and St. Kilda
(Ting, 1937) lie in a similar position.

Outside the glaciated areas, along the southern California coast, the

continental shelf proper is restricted to a narrow coastal strip, 2 to 25 km wide.

Outside this shelf, however, a continental borderland may be defined as a

basin and range province, including 14 basins the bottom depths of which
range from 627 to 2571 m, and the sill depths from 475 to 1902 m (Revelle and

erN

4°E

Fig. 4. Continental shelf near Bergen, Norway, with longitudinal depressions. Transverse
depression at entrance to fjords. (After H. Holtedahl, 1955.)

Shepard, in Trask, 1939; Shepard and Emery, 1941; Emery, 1954, 1960). The
basins are often steep-sided troughs. The intervening ranges, which run parallel

to the coast in a NW-SE direction, include islands with fringing submerged
shelves. Finally, a typical continental slope is found after the outermost ridge

is crossed.

There are various elevations on the continental shelves, of the same types as

those rising from the adjacent mainland. The hummocky topography in the

Gulf of Maine strongly resembles the glaciated landscape in North-east America.
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In East Antarctica, Jivago and Lissitzin (1958) describe series of sharp, cuesta-

like ridges in the Davis Sea and off Queen Maud's Land, whereas they report

groups of smooth mounds from the surroundings of Drygalski Island. On the

west coast of Brittany, long ridges of submarine rocks rise from a sea-bottom

smoothed by sedimentation. These ridges are extensions of the flattened crests

of Ordovician sandstone which run across the Crozon Peninsula (Guilcher,

1958, p. 206; see also Fig. 1).

Such resemblances between the shelf and the continental morphology

suggest that both belong to the same structural units, and were shaped by the

same erosional factors. The Californian borderland is a submerged continuation

of California, and the topography on the Norwegian and Scottish shelves calls

to mind the pattern of glaciated valleys in Norway and Scotland. On the other

hand, the width of the shelf reflects the character of the continental topography :

wide platforms face the plains ofNorth-west Europe, Argentina and eastern North

America, whereas narrow platforms are found off mountainous areas such as

West America or Algeria. OccasionaUy, there is no shelf at all, and mountains

are known which j)lunge directly into the deep sea as at Nice in South-east

France (Bourcart, 1959, map) ; the Gibraltar area is another area where no

shelf is found (Heezen, Tharp and Ewing, 1959). But it must be noticed that

this is quite infrequent, since the elements of a platform occur generally in

regions of vigorous continental relief, for example in most parts of the Algerian

coast (Rosfelder, 1955).

3. Topography of the Continental Slope

The main topographical features of the slope are the submarine canj^ons,

wliich dissect it deeply in many areas (see Fig. 7 for example). Some of these

even encroach on the shelf itself. Since, however, canyons are described in

Chapter 20, they will be left out here.

The continental slope is far from being uniform even if canyons are not

considered. Thus Day (1959) has pubhshed British echo-sounding jirofiles from

the slope in the south-western Celtic Sea, showing its great irregularity. In

this area, a consisicuous terrace, for which the name Meriadzek Terrace has

been proposed, breaks the slope at 47° 30'N, 8° 30'W ; it hes at a depth of 1100-

1200 fm. Farther to the north-west, the slope consists, on the contrary, of the

high and steep Pendragon Scarj), while it becomes much smoother and more

gentle in the Porcuj)ine Seabight, which forms a wide re-entrant between

Pendragon Scarp and Porcupine Bank. French echo-soundings by Berthois

confirm these findings (Guilcher, 1958a; Berthois and Brenot, 1962) and show

other variations in profiles, hitherto unknown, between the Celtic Sea and the

inner part of the Bay of Biscay.

In the Gulf of Mexico, Ewing, Ericson and Heezen (1 95S) ])oint to a particular

profile of the continental slope over several areas. Oft' West Florida, West

Louisiana and Texas, and the Yucatan or Camx^eche Peninsula, "the continental

slope is made up of two segments : a wide upper rugged portion with a gentle
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average seaward slope, and a jDrecipitous lower scarp. . . . The Campeche and
West Florida escarpments are approximately 1000 fathoms high, whereas the

Sigsbee scarp south of Texas is 400-600 fathoms high." The foot of these

scarps is extremely sharp and well defined. The West Florida scarp was mapped
in detail and described by Jordan (1951), and by Jordan and Stewart (1959) : it

runs fairly straight to the north of 27°N, while in the south it is complicated

by many small embayments. The southern part of the Campeche escarpment
was investigated by Creager (1958), who found that the scarp ends in two
parallel walls bordering a comparatively narrow trough. The slope off West
Louisiana was mapped by Gealy (1955). On the other hand, no steep scarp is
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Fig. 5. Five transverse profiles across the shelf and slope of eastern North America.
Depths in fathoms, lengths in nautical miles. (After Heezen, Tharp and Ewing, 1959.)

found off the Mississippi delta, but only a "relatively smooth and fairly con-

tinuous slope", which merges very gradually into the abyssal plain of the

central part of the Gulf. Another impressive scarj) is the Blake Escarpment,
which begins at about 600 fm off the Blake Plateau in front of Georgia and
Florida. Here the gradient exceeds 1 in 2 in some profiles (Heezen, Tharp and
Ewing, 1959). Off the east coast of the United States, the transverse sections

show many benches in the slope which are remarkably persistent in the Cape
Hatteras region, and have been correlated from profile to profile (ibid.).

The Morocco continental margin is another area where accurate echo-

soundings have been carried out in recent years by the French Navy as far
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south as Agadir, down to 1600-2200 fin (Bremond, 1953; Lacombe, 1955;

Groiisson, 1957; Gougenheim, 1959). The northern part is shown in Fig. 6.

No true submarine canyon exists between 32° 40' and 35°N, and the slope is

straight in plan for the larger part of its course. Here also a conspicuous steepen-

ing has been revealed on several transverse profiles in the deeper part of the

slope, particularly off Azemmour, but not on all profiles. In some areas, the

foot of the scarp occurs at 1200-1300 fm, with a continental rise farther down

;

whereas in others the steep lower scarp extends down to 2200 fm and perhaps

Depths in metres

Fedala

CASABLANCA

izemmour

(Mazogan

Fig. 6. Continental shelf and slope off North Morocco. Depths in metres. Wide re-entrant

off the Rharb plain. (After French surveys, Gougenheim, 1959.)

more. A wide re-entrant has been discovered off the flat Rharb i)lain, which lies

between the Meseta and the Rif chain : the sea floor shows a much more gentle

slope in this flat-bottomed depression, ^^'hich is bordered by two parallel sides

like the trough surveyed by Creager in the Bay of Camj)eche (see above). Off

the Rif chain, the topography of the slope is much more irregular than it is in

front of the Meseta as far south as 33°N. From Cape Cantin to Agadir it is even

more complicated, with many canyon-like depressions and a broad, convex

spur off Cape Tafelneh (31° 15'N).

The existence of nine transverse profiles across the whole continental slope

of the Norwegian Sea, from West Norway to North S])itzl)ergen, has been

published by H. Holtedahl (1955, pp. 59-Gl). Most of these profiles show
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longitudinal ridges or seamounts, occurring principally at 700 fm. Only two
profiles, off Lofoten Islands and off Tromso, include no important break of

slope below the continental shelf. The most irregular profile lies off the southern
tip of Spitzbergen. Other areas including seamounts on the slope are found off

San Francisco, California (Fig. 7), off Nantucket Island, New England and
elsewhere.

37° N

Fig. 7. Continental shelf and slope off San Francisco, California, with canyons and large

seamounts on the lower slope. Contour interval 300 ft. (After Shepard and Emery,
1941.)

The Russian expeditions to East Antarctica (Jivago and Lissitzin, 1957-

1958) have discovered that the slope off this continent displays a wide variety

of types. In front of the Shackleton ice shelf (96°-100°E), and off the Princess

Ragnhild Coast (25°-30°E), the slope consists of tilted plains down to 800 fm
or more. Off Llitzow-Holm Bay (38°E), and to the south of the Kerguelen-
Gaussberg Ridge, it is often made up of tilted plains with gentle undulations.

Steps or benches of moderate slope alternate with steep and short scarps in
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the lower section of the slope (1400-2000 fm) off the Princess Ragnhild Coast

and elsewhere. In the P]nderby Land region (45 -OOE), and near the Riisser-

Larsen Peninsnla (34°E), the slo])e breaks at variable depths into massive

blocks of diverse forms, and intervening depressions with sharp and angular

contours : this type is found in relatively small areas. In the western part of the

region investigated are groups of rounded, small hills, 00 to 80 m high, some-

times covering the sloping sides of large submarine ridges. Similar ridges, but

not bearing rounded hills, occur along the continental slope in some of its

steepest parts, especially above 1100 fm, to the north of the Davis Sea and off

the Princess Ragnhild Coast : they can rise to 500 fm or more above the troughs,

and three or four ridges are often crossed before the deep-sea floor is reached.

Near the Lars Christensen Coast (70°E), smaller longitudinal ridges, 80 to 100 m
high, were discovered on the lower part of the slope ; in some areas they com-

bine with larger ridges. The last feature found in this wide region consists of

transverse spurs with intervening embayments near the Kemp Coast (58°-

60°E) : the difference in height between spurs and depressions is 500-700 fm,

and the bottom in the latter is very rugged and divided into small blocks. The

spurs seem to be submarine extensions of continental mountains running at

right angles to the general direction of the coast.

Such a diversity suggests that the continental slope, as well as the shelf,

must have various origins.

4. Structure and Origins of the Continental Margins

A . The Erosional and Constructional Classic Theory

A classic theory of the origin of the continental margin has been exposed by

D. W. Johnson in his basic work (1919). According to his conception, which

was also supx^orted by others, the continental shelf consists usually of two parts :

( 1 ) the inner one, which is an abrasion platform which has been levelled by wave

action down to the wave base, i.e. the limit depth at which the waves can

erode the solid rock : thus, this part is made up of the regional rocks
; (2) the

outer part and the continental slope, which are constructional features the

material of which comes from wave abrasion and from river sedimentary dis-

charge. The French term talus continental for the continental slf)i)e refers to

this conception.

Such an ex])lanation can no longer be entertained unless it is considerably

modified, esi)ecially in its erosional part.

It now seems certain that the wave base is nuich shallower than it \\as

admitted before. Bradley (1958) remarks that, during the nineteen-twenties and

thirties, most American authors believed that the wave base lay between 600

and 100 ft below sea-level, whereas post-war authors think that it lies between

60 ft and a few feet only. The same opinion seems to prevail in Eur()])e (e.g. in

Kuenen, 1950, pp. 227-228; the examples of the contrary opinion which are

quoted by Kuenen come mostly from .lohnson). Berthois (1!)49) has found that,
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along the shores of Brittany, the rounding of pebbles is extremely slow as soon

as the low-tide level is reached. Guilcher, Adrian and Blanquart (1959) have also

shown that, in the same region, the roundness of pebbles is generally poor at

low-spring-tide level, whereas it is very high on the upper parts of the same

sections of the coast. This does not mean that the wave base is reached at low-

tide level, since sand and gravel are found to be stirred farther out to sea by

waves, but that the figures quoted above from American post-war authors seem

to the writer to be correct as an approximation. The wave base is generally

shallower in temperate and cold seas, where large seaweeds efficiently break

the energy of the surf at low tide, than it is in warm seas where no kelp beds are

found (McGill, 1958, see map). However, the contrary may sometimes be true

;

for instance in the vSubantarctic Islands, which are beaten by the exceptionally

heavy swell of the Southern Ocean. As a rule, wave action cannot be responsible

for wide and deep platforms if the sea-level and the land remain stable.

During Pleistocene times, however, the sea-level underwent large variations

as a consequence of glaciations. This can account for a wider range of wave

action, extending down to several dozens of fathoms. On the other hand, a slow

subsidence of land can also allow waves to erode wider jDlatforms ; and both

factors may combine. Such has been the case off Southern California (Emery,

1958; Bradley, 1958), where submarine terraces have been recognized along

the mainland, around islands and on bank tops : the larger part of them is

too deep to be affected now to an appreciable extent by wave erosion. These

terraces are distributed into sets which are related to different low sea-levels

;

moreover, they have suffered a differential warping (see below). Other sub-

marine terraces are reported from the Persian Gulf off the Qatar Peninsula at

3-9 fm, 11-17 fm, 17-28 fm and 30-40 fm by Houbolt (1957), who assumes

that they represent stages in the post-glacial rise of sea-level (however, this

hypothesis makes one wonder whether the lapse of time has been sufficient).

Others are found off western Australia (Carrigy and Fairbridge, 1954). On the

West Florida shelf, the Florida Keys line is continued under water by a ridge 65

miles long, down to 90-100 fm in depth: this would be a Pleistocene barrier

spit, possibly consolidated in beach-rock which may have enabled it to persist

(Jordan and Stewart, 1959).

In addition, it must be pointed out that wave abrasion in solid rock is not the

only force in action on the shores and continental shelves. In the intertidal

zone, weathering plays an essential part in cliff recession and platform lowering :

deep granular distintegration in granites, under tropical humid climates,

exposes the rotten rocks, which can then be more easily removed ; alternations of

wetting and drying, action of salt in the spray zone, borings of marine organisms

and especially of microscopic algae (Cyanophyceae) are very powerful in lime-

stones, where solution is probably also in progress, although there has been

much discussion about the processes of limestone solution on sea-shores.

Again, with volcanic rocks, weathering is often most efficient and leads to

spectacular features ; in cold regions, frost splitting in the ice-foot bordering

the cliffs carves benches into them (Tricart, 1957; Emery, 1946; Emery and
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Foster, 1956; Fairbridge, 1952; Wentworth, 1938-1939; Guilcher and Pont,
1957

; (hiilcher, 1958 ; Nansen. 1922 ; etc.). In the writer's opinion, the result of
these numerous processes is probably more efficient than wave attack on solid

rock; and below low sea-level, where most of them disappear, tidal currents are

able, in some areas, to erode quickly weak rocks, such as the Tertiary strata

outcrop]>ing in estuaries of the Netherlands, provided that gravels acting as

grinders are carried forward by them.
On the other hand, many submarine features on shelves are to be ascribed

to former subaerial erosion or deposition. The submarine valleys (not the deep
canyons) were almost certainly eroded during one or several lowerings of sea-

level in Pleistocene times, when the river beds largely extended seawards.
Similarly, the submarine ridges in solid rock, for example off West Brittany,
must have been shaped by subaerial erosion. The hummocky landscapes, such
as those reported from the Gulf of Maine, are drowned glacial deposits

(drumlins, eskers or moraines). This is also true for the Baltic Sea, where a
beautiful submarine esker 21 miles long, 150 yd wide and 5 to 10 fm high,

occurring between Oland Island and Sweden, has been mapped in detail

(Dannstedt, 1947). Pratje (1951) has explained stony strips in the northern
part of the North Sea as terminal moraines belonging to the Pommern, Frank-
furt and Warta stages ; and, farther south in the same area, the Dogger Bank
is probably another moraine (Stride, 1959). Many deep depressions extending
across the glaciated shelves of Norway and North America off mountainous
areas are obviously glacial troughs ; but the longitudinal depressions in these

shelves may have another origin and will be discussed below. The recent

history is especially intricate in the heavily glaciated areas, since they have
been isostatically uplifted after the melting of the Wisconsinian glaciers as much
as 500 m in some places in Scandinavia. As a result, the parts of the continent
adjacent to the sea have firstly suffered ice action, which is of continental

nature
; then they have been drowned by the post-glacial transgression ; and

finally they have been uplifted, and became dry land. This shows how much
the continental shelf is intimately connected with the continent itself in such
regions. Even outside the glaciated areas, the sea-level during the Pleistocene

interglacial periods stood at higher levels than now (see, for example, Zeuner,

1950), so that the limit between dry land and sea floor also suffered fluctuations

in these regions, as a response to glaciations. Innumerable "raised" beaches in

South Britain, Normandy, Brittany, Portugal and Morocco (Guilcher, 1958),

as well as those reported from Florida and Georgia (Stearns MacNeil, 1950)

and elsewhere, point to these fluctuations.

The deep, discontiiuious depressions in the English Channel and the North
Sea (Fig. 2) raise difficult problems. Since some of them are as deep as 100 or

120 fm, they are not as easily explained by fluviatilc erosion during the

eustatic lowei-ings of sea-level as are the shallower submerged valleys ; nor do
they seem to be exjjlained as being overdeepened by glaciers, because no
glacier extended into the English Channel during the Pleistocene, and, in the

North Sea, the ice had ajjparently no capacity for any imjjortant overdeepening
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since this area was flat and not mountainous, as are Norway and Scotland.

Tidal scour does not seem to be quite satisfactory in explaining the Hurd Deep,

even if it is entirely cut into Mesozoic and not Palaeozoic strata (as it appears

on King's map, 1954), because it does not coincide exactly with the area where

the tidal currents are strongest off the Cotentin peninsula. The Ushant trough

might perhaps result from faulting, but more data are needed. In the North

Sea, the deeps were perhaps carved by streams flowing under pressure beneath

an ice-cap, a process which can account for their unusual depth and their

complex pattern. An alternative suggestion is that they have been lowered by
subsidence since they have been cut by subaerial rivers. The influence of

subsidence on shelves is examined below.

Erosion by the various processes which have just been reviewed does not

explain the nature of the continental margins. It may have occurred in rocks

of the same structure as those of the adjacent continent, and, then, the con-

tinental shelf might be related to a progressive bevelling of the continent by
erosional processes alone. But it may be also that erosion has affected only

a superflcial veneer of the continental margins, so that the shelf, as a whole,

would result either from tectonic movements or from sedimentation. The true

nature of the continental margins (and borderlands) is a problem which may be

approached by seismic prospecting (see Chapter 1), or by drilling or by
consideration of the structural geology of the nearby continent and of data

from dredgings and corings on the shelf.

B. The Constructional, Subsiding Type (Fig. 10a)

Detailed information is not yet available about the structure of the larger part

of the continental margins of the world. The areas where investigations are

most accurate are eastern North America, the Bahama platform, the northern

part of the Gulf of Mexico, North-west Europe (Celtic Sea, English Channel,

North Sea), Southern California, and South France and Corsica. These shelves

fall into a constructional, subsiding type, except for the last and the last but one.

In eastern North America, it is now ascertained that the submerged conti-

nental margin belongs to the same structiu'al unit as the Atlantic Coastal Plain,

which consists of Mesozoic and Cenozoic sediments covering the dowaiwarped

Appalachian basement. In the coastal plain, drillings for oil research in the

Cape Hatteras area (Swain, 1947; Kuenen, 1950a) "show a prism of Tertiary

to Lower Cretaceous strata resting on a weathered surface of granite. Each
stratum tliickens regularly seaward", and the basement, which is found at

about 800 m below sea-level at 70 km to the WNW of Cape Hatteras, is en-

countered at 3200 m below the cape. In the coastal plain of New Jersey, the

older the deposits are, the steeper the seaward dip is, the values averaging

(Johnson and Richards, 1952) 11 ft per mile for the Cohansey formation

(Miocene), 30 ft per mile for the Upper Cretaceous, 40 ft per mile for the top

of the Raritan formation (base of Upper Cretaceous), and 65 to 102 ft per mile

for the buried surface of the basement (see also Anderson, 1951 ; Spangler and
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Peterson, 1950). In sections parallel to the coast, the depth of the basement is

not regular: it decreases greatly on the "Carolina ridge" (south of North
Carolina), and increases again farther south ; however, the seaward thickening

of the strata is a general feature of the coastal plain. In the su])nierged ])art,

the structure is the same, since Cretaceous, Eocene, ^Miocene and Pliocene have
been found in the canyons encroaching on the shelf edge in the Georges Bank
region (Stetson, 1949). The benches breaking the general declivity of the
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Fig. 8. Probable geological structure of the shelf and slope in north -eastei'n North America
and in North-west Europe (Celtic Sea), according to geophysical investigations.

(After Ewing, Bentley, Officer, Press, Steenland and Worzel, 1950-1954-1956, for

America; after Day, Hill, Laughton and Swallow, 1956, for Europe.)

continental slope are likely to be structural : they have been correlated, be-

tween Cape Hatteras and Cape May, with the formations encoinitered in the

Hatteras drilling, and the same interpretation is proposed for other benches

along the Blake Escar])ment from which sediments of Recent to Upper Creta-

ceous were obtained (Heezen, Tharp and Ewing, 1959, pp. 46-48). On the

other hand, careful and numerous geophysical investigations (Ewing et al.,

1937 to 1956; Hersey et al., 1959) have revealed the topography of the base-

ment under the sedimentary strata along a number of transverse sections
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between Florida and Newfoundland Banks. Between Jacksonville, Florida and

Cape Henry, Virginia, the basement beneath the shelf lies at depths ranging

from 2800 to 20,000 ft. Off Chesapeake Bay, the slope of the basement is

relatively simple down to 12,000 ft below sea-level. Off New York (Fig. 8a),

the thickest part of the sedimentary basin lies under the middle shelf, where

the contact with the basement reaches 16,000 ft ; the contact rises again at the

edge of the shelf where it is found at about 12,000 ft, a feature which points to

a maximum subsidence located under the shelf and not extending far into the

Ocean. In the Gulf of Maine, the basement is shallow (1000 to 2000 ft below sea-

level or even less), and the sedimentary rocks seem to be Triassic in age

;

farther offshore, under Georges Bank, the basement slope lowers first very

quickly, and then more slowly and irregularly beneath the continental slope.

Off Nova Scotia (Fig. 8b), the basement slope is irregular and dips very

steeply beneath the continental slope ; a Triassic trough seems to exist off

Halifax, and the banks around Sable Island consist only partly of glacial

deposits, under which probably lie Cenozoic and Mesozoic beds. Between
Misaine Bank and Saint Pierre Bank, the seismic prospection under the wide

U-shaped Laurentian Trough, at the opening of Cabot Strait, indicates a

considerable thickening of consolidated sediments upon the basement, so that

the depression is likely to be initially a tectonic graben ; but an important over-

deepening by ice has probably occurred during the Pleistocene, explaining the

present surface forms, as Shepard suggested in 1931. In a north-south section

off Avalon Peninsula, Newfoundland (Fig. 8c), the maximum depth of the base-

ment is found outside the continental slope, and the thickness of the sediments

above it reaches about 40,000 ft ; but further to the south the contact rises to

30,000 ft, as it does off New York. An interesting feature is the relatively great

thickness of the consolidated sediments under the Grand Banks (about 6000 ft),

which seems to indicate a Triassic, or possibly Palaeozoic, age for a very large

part of the banks. Whatever the age, the Grand Banks as a whole are certainly

not made up of glacial sediments, and came into existence well before Pleis-

tocene times.

Summarizing these results, we may conclude that subsidence has been

general along eastern North America, the continental margin of which is a huge
sedimentary basin. Irregularities occur in this basin, since usually, especially

in the northern part, the maximum subsidence has probably migrated from
place to place.

In the Great Bahama Bank, a drilling has been made at Andros Island down
to 14,587 ft : it reached Lower Cretaceous rocks at 12,480 ft after it cut through
exclusively calcareous formations. The Quaternary limestones may be as much
as 400 ft thick under Andros Island. The Eocene is found at 2200 ft and the

Upper Cretaceous at 8760 ft. It is believed that the Bahama Banks result from
marine deposition on a basement having the same general contours as the

banks have today, and that this basement has subsided slowly, the platform

remaining shallow as a consequence of sedimentation, whereas the latter had
little effect in the deep channels between the banks (filing, 1954; Newell and
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Rigby, 1957). During the Pleistocene, the eustatic movements of sea-level have

played a part in the geomor])hological evolution of the banks, and the sub-

mergence after the melting of glaciers accounts for the drowning of a karst

surface over them. Nevertheless, however conspicuous the effects of eustatism

may be on the surface, the thickness of the strata they have affected is almost

negligible when compared with what had been deposited during the long-

continued subsidence before the eustatic loAvering, The Bahama Banks afford

an excellent example of the respective importance of Pleistocene events and

former phenomena in the present features of a constructional, subsiding

platform.

Another well-known constructional shelf is the so-called Gulf Coast geo-

syncline in and off South Louisiana. All geologists do not agree on the use of

the term "geosyncline" when applied to such a structure (Aubouin, 1959), but

the feature in itself is outside discussion. In this area R.J. Russell and R. D.

Russell (in Trask, 1939) state "deltaic sedimentation by the Mississippi and

its ancestral streams has been an essentially continuous process since at least

the beginning of the Tertiary". Subsidence has been going on as an isostatic

response to the deposition of a huge pile of sediments since the Cretaceous, and

the aggregate thickness of post-Oligocene deposits, established from records of

several thousand wells, is about 62,000 ft in southern Louisiana (Crouch, 1959).

The axis of the trough migrated southward during the Tertiary, but not ap-

preciably since early Pleistocene times. The Pleistocene terraces are distinctly

tilted seawards and uplifted landwards, a hinge line limiting the zone of iso-

static dowmvarp and the zone of uplift (Fisk, 1939); at the ]3resent day,

subsidence is maximum in the active sub-delta, where natural levees are

already sinking below sea-level in some areas (Welder, 1959). In older post-

glacial sub-deltas the drowning is more pronounced, as it is, for example, to

the north of the present mouths. Off the Mississippi delta, the fact that the

continental slope is much more gentle than on either side (see above) is ex-

plained by Ewing, Ericson and Heezen (1959) by the building of a huge sub-

marine cone by the river during the Pleistocene, which should have buried the

steep scarjis existing elsewhere in the lower parts of the slope around the Gulf

of Mexico. In Ewing's interpretation, these scarps should thus be relatively old,

and no important recent faulting has occurred in this area where seismicity is

low; while, on the contrary, Greenman and LeBlanc (1956) have suggested

that the Gulf was downfaulted to its present depth in late Pleistocene or early

Recent time. On the other hand, the change in form of the West Florida scarp

at 27°N is explained by Jordan and Stewart (1959) as a result of a change from

clastic underlying rocks and a thick blanket of unconsolidated sediments in the

north to carbonate rocks with only a veneer of sediments at most in the south.

In North-west Euro])e, Dangeard (1928), W. B. R. King (1948, 1954),

Bourcart and Marie (1951), Day (1958), Curry (1960), and Boillot (1961) have

collected a great deal of geological data concerning the English Channel

and the Celtic Sea, and knowledge has also been largely improved by seismic

prospecting in the same areas (Bullard and Gaskell, 1941 ; Hill and King,
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1953; Day, Hill, Laiighton and Swallow, 1956; Allan, 1961). The English

Channel is an epicontinental sea in which sediments have been deposited

since New Red Sandstone (Permian and Triassic) times. As in eastern

North America, the shelf in the Channel, and the surrounding plains in South

England and in the French Bassin de Paris, belong to the same sedimentary

unit. In the emerged or coastal parts, several distinct depressions in the

Armorican basement, more than 10,000 ft deep, have been found in Hampshire

(Kent, 1949), in Champagne and in Lorraine (Cholley, 1960). In the Channel

proper, the deposition has also been more or less thick according to place

and period : for example, it seems that the Tertiary deposits occur in separate

small basins. Trias and Cretaceous cover large areas. Although the sedimen-

tation has been somewhat discontinuous, some 3000 ft of post-Carboniferous

strata seem to exist across the western part of the Channel between Brittany

and Cornwall ; in the Celtic Sea (Fig. 8d), they merge into a post-Carboniferous

synclinorium which becomes deeper and deeper to the SSW as far as the

edge of the continental shelf, where the Palaeozoic floor is found at about

10,000 ft below sea-level. Formerly, a Palaeozoic geosyncline extended to the

continental slope at least. Mesozoic and Cenozoic samples have been dredged

from three places on the continental slope in the Celtic Sea (Bourcart and

Marie, 1951 ; Day, 1959), which thus resembles the continental slope off eastern

North America (if the samples were in situ).

The North Sea is another subsiding basin, separated from the former by a

buried ridge running from Charnwood Forest and East Anglia to Brabant and

the Ardenne shield. It includes North-east England, the Netherlands and

North-west Germany. According to Dutch geologists quoted by Umbgrove
(1945), the post-Carboniferous sedimentation would reach 7500 m and perhaps

9000 m in some parts ; some 6000 m are assumed to occur under Liineburg near

Hamburg ; the Pleistocene alone is more than 600 m thick in West Holland

(Pannekoek, 1956). Recent seismic prospecting on the Dogger Bank (Stride,

1959) points to sediments more than 11,400 ft thick (3400 m) above the base-

ment (thickness of supposed Pleistocene 1250 ft; Cenozoic 1850 ft; Mesozoic

and possibly Pennsylvanian more than 8300 ft). A resemblance between the

North Sea basin and the Gulf Coast geosyncline lies in the salt domes rising

from the deepest parts to the surface, in Friesland, Germany and Louisiana.

Although the data concerning the continental shelves of western and north-

western Australia are very sparse, Fairbridge has tried to gather the avail-

able material into a provisional synthesis (Fairbridge, 1953; Carrigy and

Fairbridge, 1954), from which it results that large parts of these areas, where

the shelf is 24 to 250 miles wide, seem to belong more or less to the type con-

sidered here (Fig. 9). The advance in geological knowledge on land in western

Australia, clearly summarized and discussed by Teichert (1958), indicates that

four large sedimentary basins (Bonaparte Gulf, Canning, Carnarvon and Perth),

in which maximum thicknesses of sedimentary rocks reach from 17,750 to

40,000 ft, occur in this part of the continent, and are widely open to the sea.

The Pre-Cambrian basement rises as blocks between them. The sequences are



298 GUILCHER [chap. 13

predominantly marine and range from Cambrian to Pleistocene. Post-

Carboniferous rocks seem to outcrop only in the Carnarvon and Perth basins.

It seems that corres])ondin<i; features, namely submarine rises and depressions,

exist on the shelf off the coast, so that it is believed that the geotectonic

elements on the shelf and in the adjacent mainland are the same, except in the

north-west where the North Kimberley block, between Bonaparte and Rowley

depressions, divides seaward into two relatively narrow ridges between which

the Browse depression opens. Unfortunately, no accurate information seems to

10'
I20°E 125° 130°

x^ ''il^
'\'i>'^/:-'

INDIAN
Ashmore Reef,-,'-)'--""-'t-0;

BONAI^ARTE r&c
GULF DEPRESSION

/ BROWSE~-.^^>^
^^

..,

OCEAN /^DEPRESSION/

/ , ^ /l'^/"^-^ Ri nrK BONAPARTE
v<- ROWLEY t.^\\^ -\X / / /GULRiiBASIN

"^"J"' Rowley' /:::::::\ ff::::oVv ^\^ / I i I'-

'''—

\

4, ©Atolls \ h;:;:;:;:;i!^:;:;:;:;;i^§^^^ y tW^:"^
^ "' DEPRESSION li:;:i:::;i;:!:i:;:;:::;:;:;iI?inTf5^, Y V^y-^M

<b /^'::-:'.\-'r'A\\i^\\id-':-':':':'':'\'':>/:>.^'^ -•

PILBARA V

i^V VV BLOCK

IO°S

120° E 125°

Fig. 9. Relationshiias between geotectonic units on continent and on shelf in North-west

Australia. (Simplified from Fairbridge, 1953.) Maximum thicknesses in feet of sedi-

mentary rocks in Canning Basin and in Bonaparte Gulf Basin, from Teichert (1958).

be available about the thickness of the sedimentary column on the shelves, and

the gravimetric observations by Vening Meinesz are not very conclusive here,

except for the Rottnest shelf off Perth basin where an anomaly of -140 mgals

has been observed. A subsidence is supposed in depressions from bathymetric

data, esiiecially in the Bona])arte and Ro\\'ley depressions A\here the shelf is as

deep as .'JOO fm—a fairly unusual figure. In this north-western region, it may be

that sedimentation has not been able, everywhere at least, to keep pace with

subsidence (Tertiary rocks are not reported from the Canning and Bonaparte

basins) ; the downwaqiing, however, has been slow enough to allow coral reefs

to grow as far as the edge of the shelf (Teichert and Fairbridge, 1948). Further

to the south, off the Carnarvon and Perth basins, where the shelf is narrower.
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echo-soundings show faceted-hke profiles which suggest another kind of sub-

sidence. It may be provisionally assumed that the shelves off western Australia

represent a transitional type between the constructional one and the type

which will be discussed immediately below.

It is possible that the constructional subsiding type is very widely distributed

in the world. It might occur, for example, in the Bay of Bengal (Morgan and
Mclntire, in Russell, 1959), off the Amazon (Pimienta, 1957), and in the Yellow

Sea, but more information is needed for these shelves, and for others.

C. The Flexured Type

In a number of regions, it seems that the continental margin has been

warped as it is in South Louisiana ; but the difference from the type just

described is either that no thick sedimentary column is apparently responsible

for the subsidence, or that the shelf is very narrow as a result of a steep seaward

slope in the basement.

The narrow continental margins on both sides of the West Mediterranean

(Balearic Sea, or Bassin algero-proven^al in French terminology) afford a fine

example of this type [Fig. 10 (bl)]. Many investigations by French geologists,

on land as well as under the sea (Bourcart, 1953; Bourcart and Glangeaud,

1954 ; Bourcart, 1959), have provided a picture of the Cenozoic evolution of this

area which may be summarized as follows. Evidence for a general emersion

of the Balearic Sea in Oligocene times, during the main Alpine folding, derives

from the fact that, on the coasts of South-east France and Algeria, Oligocene

sediments include elements which could only have come from a continental

area occupying the place of the Mediterranean, because their source is not found

on the surrounding emerged lands. On the other hand, in the Nice region the

sedimentary structure of the Flysch, which is hundreds of metres thick, points

to a feeding by a northward flow, whereas the land is now to the north and the

sea to the south (P. H. Kuenen, in Bourcart, 1959). In early Miocene times, the

present orography was initiated : as the folding released, the slopes were in-

verted, and the collapse of the Balearic Sea continued to go on later. The
numerous submarine canyons which have been surveyed by Bourcart and the

French Navy off southern France and western Corsica fit fairly well with the

conception of this evolution, and may be interpreted as former subaerial

valleys, initiated when the slopes began to be inverted, and finally drowned
and deeply downwarped under the sea. Thus, the continental margin off southern

France consists of a large flexure which came into existence in Tertiary times

as a consequence of Alpine foldings, and is probably still in progress in the Nice

region, where Pleistocene beaches are tectonically much disturbed : this

accounts for the absence of any continental shelf in this area. Off Algeria, the

soundings are very much less accurate ; however, provisional charts by Rosfelder

(1955), in which the existing data are compiled, as well as Bourcart and Glan-

geaud's synthesis (1954), indicate a general marginal flexure of the Provencal
11 S. Ill
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type upon wliich are superposed many folds running in a north-east and south-

west direction, that is, obliquely to the trend of the coast. The Algerian margin is

thus both flexured and folded. Off North Tunisia, the shelf widens considerably

and extends as far as Sicily, but north-east-south-west ridges (anticlines) are

found again as far as 11°E, where the structural trend changes and becomes

north-west-south-east after the transverse Zaghouan fault is crossed (Castany,

in Bourcart, 1959).

TTTHw-^-^^ / Sea level
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which is, in Jessen's opinion, evidence for a marginal flexure. The lowering of

the sea bottom by continental flexure may create a faceted submarine profile,

with outer shelves more tilted than the inner ones : according to Bourcart, the

continental margin off Morocco would be an example of this.

The recent echo-soundings off Morocco (Fig. 6) do not seem to support such

a conclusion. Facets exist in the slope on some profiles, it is true, but not on all,

and their distribution does not appear to be systematic. The most interesting

feature off North Morocco is the wide trough off the Rharb plain : both the

Fig. 11. Marginal flexure in Dahomey and in Ivory Coast, West Africa. Hatched: Pre-

Canibrian basement in surface. Contours in metres showing depth of concealed base-

ment. (After Slansky, 1958; and Le Bovirdiec, 1958.)

Rharb and the trough are obviously a sunken area in the Rif foreland across

which the coast cuts. However, Africa on the whole, with its bulging peripheral

heights and inner depressed basins, is likely to be a continent with marginal

flexures [Fig. 10 (b2)]. The continental margin in Angola (Jessen, 1936) seems to

be a typical place of repeated warpings along a hinge line, which resulted in

terraced planation surfaces on the land and facets (former shelves) on the con-

tinental slope. The Congo submarine canyon may thus be explained as an

antecedent valley. In the Ivory Coast and Dahomey (Fig. 11), the Pre-Cambrian

basement plunges to the south under narrow coastal basins covered by Mesozoic

and Cenozoic sediments ; between Abidjan and Vridi, Ivory Coast, a large

concealed fault occurs beyond which the seaward dip steepens considerably, so
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that the basement is likely to He as deep as 3500 ni under the coasthne (Le

Bourdiec, 195S) ; at Cotonou, Dahomey, seismic prospecting indicates that the

basement lies at about 1800 m below sea-level, and its slope steepens seaward

here also (Slajisky, 195S). These steep slopes in the downwarped rocks fit well

with the narrowness of the shelf. There is no appearance of significant waq^ing

during Pleistocene times in Dahomey, but in the Ivory Coast the famous sub-

marine canyon of Trou Sans Fond may be evidence for late subsidence. In

South Africa too, the peripheral regions are strongly tilted outwards. The coast

of Natal, for example, has been described as monoclinal : the sediments over-

lying the basement (Table Mountain Sandstone and Karroo formations), and
the surface of the basement itself, have been flexured and dip to the sea (L, C.

King, 1940). Here again, the shelf is narrow. Off Cape Province it becomes
much wider on the Agulhas Bank, but several submarine channels may be

followed to a depth of 400 fm to the east and to the north of Cape Town, a

fact which points to an outward flexuring. Conversely, Tertiary marine strata

stand, in places, 1200 ft above sea-level, suggesting an axis of tilting parallel to

the coast (L. C. King, 1951, p. 190).

D. The Downfaulted or Block-Faulted Type

In a paper dealing with the Great Barrier Reef off Australia, Steers (1929)

expressed the view that the shelf over which the reefs have grown off Queens-

land may be a downfaulted part of the adjacent continent [Fig. 10 (cl)]. The
islands rising as hills in the lagoon between the outer barrier and the mainland
are made of continental rocks, and should be the summits of the downfaulted

block; and "the fact that the lagoon floor throughout is of comparatively

uniform depth may probably be ascribed to recent sedimentation". The slope

outside the outer barrier may have been initially due to another large fault.

The Queensland shelf would thus belong to a faulted type. Jessen agrees with

this opinion and thinks that deep-seated currents in the simatic substratum,

flowing in the direction of the continent, might account for the faulting. The
same mechanism may have acted periodically as a cause of the flexures

examined above.

An interesting point in Steers' explanation is the flattening of the down-
faulted shelf by sedimentation. Such a process is likely to have played a

considerable part in many regions and may explain the occurrence of flat and
moderately wide shelves off some mountainous areas, such as the Galician shelf

off Cape Finisterre. Provided the block has sunk to an adequate depth, the

filling u]) of initial topographic depressions between hills is able to create a

smooth ])latform, apart from some stacks of solid rock rising from the general

plain. It is much easier to understand in this way the formation of shelves in

hard rocks such as those outcropping in Galicia and in Queensland than to

imagine a planation by sea erosion, especially when tectonic movements and
faulting are reported from the adjacent continent, as in Gahcia.

A striking example of a block-faulted margin in the Red Sea on the Farsan
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Bank near Lith, to the south of Jidda, has been described by Guilcher and
Nesteroff (1955), who had an opportunity of examining this submarine area

during the Calypso Expedition in 1951-1952 (Fig. 12). The lofty mountains of

Asir are bordered to the south-west by a series of large fault scarps ending on
the coastal plain of El Tihama. The suljmarine to])ography includes two steps

perfectly distinct from one another : the higher one, near land, occurs at 30-

45 fm, the lower one lies at 350-400 fm. The scarp between the two, which was
sounded near Abulat Island, is })recipitous and runs in the same direction as the

general trend of the Red Sea graben. Abulat Island, on the higher platform,

Scale in

foreground

Or

500 fm
•1 Noutica

mile

Fig. 12. Block diagram of the faulted shelf at Abulat Island, Saudi Arabia, Red Sea
(40°E, 20°N). Many coral knolls on upper platform. ¥, faidt. Crosses, basement.
Dots, coral and coral mud (the thickness is hypothetical). Maximum height of Abulat
Island above sea-level: 100 ft. (Modified from Guilcher, 1955.)

consists of uplifted corals of late Pleistocene or Recent age dissected by many
small fault scarps ; the main direction of these scarps is again NW-SE. From
the lower platform long, narrow ridges rise abruptly to the sea-surface ; these

consist of coral reefs in their upper parts and are supposed to have initially been
small faulted blocks rising moderately from the general level of the platform

on which corals have grown during a comparatively slow subsidence. These
high ridges are referred to as shaban (singular, shah) by the Arabs. Farther to

the north, some submarine and coastal features off the Arabian coast, at the

entrance to the Gulf of Aqaba, have been briefly described by Schick (1958).

The Midian Islands, which are composed of a dozen islands and islets and in-

numerable reefs, stretch in a long line parallel to the coast, from which they are
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separated by a body of water more than 50 fm deep. A submarine scarp is

found at the outer edge of the islands, which resemble the shahan near Lith

exce])t for their emersion. Tiran Island, at the opening of the straits, bears a

beautiful series of uplifted terraces. Here we are deahng with one of the most

faulted areas in the world.

Data are much more accurate for the continental borderland of Southern

California [Fig. 10 (c2)]. According to Emery (in Bourcart, 1950, and 1960), this

area, which includes deep, steep-sided troughs with intervening ridges, "may

have been a geosyncline during the Jurassic period, but most of it was uplifted

to form a broad land during the Cretaceous, Eocene and Oligocene. Erosional

bevelling followed by a downwarp allowed the region to be covered by epi-

continental seas during the Miocene. Near the end of the Miocene Epoch, the

region became blockfaulted, so that, from the beginning of the Phocene to

the present, deep basins were separated by high areas that constituted islands

and banks". The basins near the continent have been filled up by sediments,

whereas in those lying farther offshore the sedimentation proceeded at a much

slower rate. As seen above, Pleistocene submarine terraces occur on banks and

around islands (Emery, 1958). After these terraces were cut (probably in Wis-

consin times), they were warped, since a correlation diagram shows that each

of them is deeper around offshore islands and banks than off the mainland, the

differences in depth reaching about 225 ft. The average warp of the shelf edge

is about 160 ft per 100 miles. The formation of the features of this continental

borderland thus involves a number of factors : Mesozoic and Cenozoic sedimenta-

tion, subaerial planation, block-faulting, recent marine planation and deposition

and regional warping. But the main features, namely the basins and ridges, are

related to block-faulting.

The banks between the British Isles, Porcupine Bank and the Faroes, which

may be considered as the continental borderland of North-west Europe, seem

to belong structurally to the volcanic belt of the North Atlantic, extending

from the Antrim Plateau to Greenland across Iceland. It is not possible to

ascertain if they were initially tied together into a single platform and separated

by further faulting, or if they were built as distinct units ; consequently, their

classification into a definite type remains doubtful. The seamounts on the slope,

such as those shown in Fig. 7, are Ukely to be submarine volcanoes in a

luimber of cases or salt domes in some areas.

E. The Fissured Type (Fig. lOd)

The fissured type consists of shelves in which a long and deep depression

runs parallel to the direction of the coast, dividing the shelf into an inner and

an outer part. Sometimes more than one depression of this kind is found. As it

has been shown above (Figs. 3 and 4), this type is common in glaciated areas

:

Norway, Scotland, Labrador, South-east Alaska, Ellesmere Island, South-west

Greenland, West Spitzbergen, East Antarctica (H. Holtedahl, 1958; idem, in

Bourcart, 1959; Jivago and Lissitzin, 1957). It combines generally with deep
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troughs at right angles to the direction of the coast. The problem is whether

these features can be explained only or essentially by glacial erosion.

The glacial, or, more generally, erosional, explanation for the longitudinal

depressions meets with a serious difficulty in that the depressions are per-

pendicular to the normal flow of ice, or of rivers before and between the glacia-

tions. When the shelves into which they are incised bore ice-caps, it is evident

that the ice flowed through these depressions ; but it is not likely to have

deepened and enlarged them much because of their direction, whereas the over-

deepening was much easier in the transverse troughs, running in the general

trend of the ice flow. In other words, both the longitudinal and transverse

depressions may be initially of structural origin ; but the present forms prob-

ably owe much more to ice than to structure when they are transverse, and
much more to structure than to ice when they are longitudinal.

The explanation put forward by O. and H. Holtedahl is that the longitudinal

depressions result from rifting which occurred during a late Tertiary uplift of

tiie continental margins. It agrees well with the evolution generally accepted

for Norway and several other arctic lands from which marginal depressions are

reported, but, as Kuenen and the writer separately pointed out, the coincidence

of the fissured shelves with glaciated areas is curious, and one wonders whether

there is any structural relation between the marginal fissures and the growing

and melting of ice-caps. The same idea is expressed by Jivago and Lissitzin,

who explain the facts observed in East Antarctica by a series of vertical iso-

static movements resulting from modifications in ice load. The main marginal

depression would be a hinge line allowing vertical "breathing" of the continent,

alternately depressed and uplifted relative to the deep-sea floor, the con-

tinental slope and even the outer shelf. A rifting on a smaller scale, related to

the same events, would account for smaller fissures.

Would it not be possible to combine the two explanations? A Tertiary uplift

might have predisj^osed the shelves to be faulted ; further, this predisposition

might have led to marginal rift depressions in glaciated areas, owing to the iso-

static breathing of the continental margin, whereas in other regions flexiu-ing

or step-faulting generally occurred instead of rifting. If this interpretation were

right, it might be expected that the longitudinal rifts would not extend down
to the continental slope, since the ice-caps did not overload this part of the

continental margin. Here, however, a difficulty is found. The proflles across the

continental slope of the Norwegian Sea, which have been published and dis-

cussed by H. Holtedahl (1955) and have already been referred to, show distinct

rising blocks breaking the slope in steps. Thus, it appears as though the rifting

affecting the shelf has also affected the slope down to a depth of 700 fm or

more. In East Antarctica too, the description of the slope which has been

summarized above suggests evidence for rifting or block-faulting on various

scales in many areas lower than the level at which the Pleistocene Antarctic ice-

caps are likely to have rested upon the bottom. But this difficulty may be

solved if we consider that the peripheral belt of the area depressed under the

weight of the ice-cap may have been somewhat bulged upwards during the
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glaciation, l)ecause of the oiitfiow of magma in the subcnistal zone ; and

conversely, after the mehing of the ice, the i)eri])heral belt must have sunk to

some extent when the central tract rose (Daly, 19'H). Thus, isostatic movements

contrary to those occurring in glaciated areas may account for block-faulting or

rifting outside the main hinge line separating the glaciated belt from the

]ieripheral area.

As to the origin of the shelf itself in Norway, in the diastrophic interpretation

it "may be regarded as a paleic surface formed i)rimarily during the Tertiary,

and probably subject to block-faulting and to denudation by marine and sub-

aerial agencies during periods of changing relative sea-levels" (H, Holtedahl,

1955, p. 197). In other words, it was a downfaulted part of the planation

surface which bevelled the Scandinavian higlilands with some further modifica-

tions. The same explanation may be suggested for other glaciated lands, in so

far as a subaerial planation is likely to have affected them before they were

uplifted. There has been much controversy about the origin of the Scandinavian

shelf and the strandjiat which occurs just below or above sea-level in the

Norwegian coastal area. Other strandflats have been reported from Bear

Island, Spitzbergen, Iceland and Greenland. (A review^ of the opinions con-

cerning the possible origins may be found, with references, in Guilcher, 1958,

]). 160.) As O. and H. Holtedahl suggested, the strandflat may be either a large

downfaulted block or a coastal marine surface, partly developed by ice-foot

corrosion, as Nansen believed. It may, on the other hand, be the result of the

recession of glacial corries, as Dahl proposed, or an old subaerial peneplain

(Ahlmann) or Rumpftreppe (Evers, 1941), partly reworked by wave action.

Many authors admit a compound origin, with one prevailing factor. In the

writer's opinion, faulting is likely to have played a major part; H. Holtedahl

(1955, p. 49) has given strong evidence for an extreme slow^ness of wave abrasion

along the coast of Norw ay ; at greater depths in the same region, the sediments

are poorly sorted and point to a glacial marine, not true marine, origin (see

Chapter 24 in this volume) ; in East Antarctica, the shelf seems not to have

been much smoothed by ice erosion, except for some rare areas.

The considerable depth of the shelf in many glaciated areas has been sup-

posed to be due to overloading by ice-caps and incomplete postglacial isostatic

adjustment. This implies that the whole shelf has been covered by non-floating

ice as far as the outer edge, which is by no means sure, and even improbable in

a number of regions.

5. Conclusion

So far as the present state of knowledge allows a conclusion, the continental

margins appear to have a mainly diastrophic or constructional origin. Marine

erosion in shallow^ and coastal w^aters, including a luimber of processes of which

wave abrasion is probably less important, is responsible for some of the features,

but its action has been of limited extent. Turbidity currents, slumping and

sliding, which are discussed in Chapters 27 and 28 in this volume, must be most
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efficient in slope evolution. Subaerial agents, including glaciers, have carved

valleys and troughs into the shelf. Tidal scour may have preserved these de-

pressions from being filled up with sediments, and may have carved some others

in weak rocks, but these factors do not explain the continental margin itself as a

distinct unit, ^^^arping. faulting and long-continued sedimentation are probably

the essential forces which have built this outstanding feature off the continents.
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14. ABYSSAL PLAINSi

Bruce C. Heezen and A. S. Laughton

1. Introduction

One of the most striking discoveries of the 1947 Mid-Atlantic-Ridge Expedi-

tion was that vast areas of the deep-ocean floor in the North Atlantic are

occupied by flat, nearly level plains. In 1948 the Swedish Deep-Sea Expedition

discovered a similar plain in the Indian Ocean south of the Bay of Bengal.

^

Subsequently, more abyssal plains were discovered throughout the world.

Although a rough idea of the extent of abyssal plains could be gained from

a study of records made by standard echo-soiniders, the large errors inherent

in these instruments made a study of abyssal-plain gradients im])ossible. All

irregularities observed in abyssal plains on standard echo-sounding records

could be ascribed to errors and inaccuracies in the recording system ; thus, it

was not possible to determine exactly how smooth the abyssal plains were.

Soon after the discovery of abyssal plains, it became obvious that a much
more accurate echo-sounder recorder was needed before an effective study of

these features could be made. To fill the specific need, a Precision Depth
Recorder (P.D.R.) was developed (Luskin, Heezen, Ewing and Landisman,

1954).

The ocean-basin floor is divided into two parts, the oceanic rises and the

abyssal floor. ^ The abyssal floor, in turn, is divided into the abyssal plains,

the abyssal hills and areas of gently undulating topograjjliy. An abyssal plain

is an area of the ocean-basin floor in which the ocean bottom is flat and the slope

of the bottom is less than 1 : 1000. An abyssal hill is a small, relatively sharply

defined liill that rises in the ocean-basin floor to an elevation a few fathoms to

a few hundred fathoms in height and is from a few hundred feet to a few miles

in width. The term "abyssal -hills province" is applied to those areas of the

abyssal floor in which nearly the entire area is occujDied by hills, i.e. the province

lies at approximately the depth of the adjacent abyssal plain but lacks a smooth
floor. Isolated, sharply defined abyssal hills and grou])s of abyssal hills also

protrude from the abyssal plains. The areas of undulating topography may
either represent lower tectonic activity than the abyssal hills, or greater age

and consequently greater thickness of pelagic sedimentation.

There are a few areas of the ocean-basin floor which approach abyssal-plain

smoothness but are apparently not a part of the modern abyssal plains. These

areas may represent relic abyssal plains. Large areas of the oceanic rises are

extremely gentle and, although these areas contrast sharply with the rugged

relief of the abyssal hills, they do not reach the featureless smoothness of

abyssal plains.

1 Lamont Geological Observatory (Columbia University) Contribution No. 591.

2 In 1951 H.M.S. Challenger made a second crossing (Gaskell and Ashton, 1954).

3 The major physiographic regions of the ocean are described by Heezen and Menard
in Chapter 12.
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Characteristically, the abyssal plains lie at the base of the continental rise.

The abyssal-liills provinces lie on the seaward edge of the abyssal plains. The
local axis of maximum depth in an ocean basin is generally found within the

abyssal-hills province or at the seaward edge of the abyssal plains. The seaward
edge of the continental rise is generally marked by an abrupt change in slope.

Here gradients change from values between 1 : 100 and 1 : 700, characteristic

of the continental rise, to values of less than I : 1000. In some areas no
distinct break is seen and the continental rise grades in an exponential form
into the abyssal plain. In these cases the 1 : 1000 isopleth is taken as a boundary
between the continental rise and the abyssal plain. Gradients of abyssal plains

range from 1 : 1000 to 1 : 10,000.

Near the seaward edges of the continental rise, there is often a gradual

merging of the abyssal cones and deep-sea fans with abyssal plains. In some
areas deep-sea channels at the seaward ends of submarine canyons extend
across the boundary onto the abyssal plains. Seamounts that rise in the abyssal

plain do so abruptly in a manner suggesting that their bases have been buried.

Abyssal plains are also found in the marginal seas (western Mediterranean,

Gulf of Mexico, Caribbean and doubtless in many others) and features with

aU the characteristics of abyssal plains are found in the floors of lakes, an
excellent example being the Lake of Geneva (Dussart, 1957). The basins

lying in the continental margin of Southern California are floored with abyssal

plains, and deep-sea trench plains are found in the floors of the major ocean
trenches.

An abyssal plain has been defined as "an area of the ocean-basin floor in

which the bottom is flat . .
.". What exactly is meant by "flat"? In the rela-

tively well mapped Atlantic abyssal plains, variations in depth do not exceed
one fathom jjer mile. Irregularities of less than one fathom are gentle, never

sharp. Although abyssal hiUs and seamounts break through the surface of the

plains as islands protrude above the surface of the sea, they do not otherwise

disturb the nearly level surface of the abyssal plains. A typical P.D.R. record

from the Cape Verde Abyssal Plain is shown in Fig. Ic.

Superflcially, the smooth topography of the continental rise (see Chapter 12)

is quite similar to the abyssal plains. However, when studied with the aid of

P.D.R. , the two are quite easily distinguished. Local areas on the continental

rise are of abyssal-plain flatness and in many instances have gradients which
would allow them to qualify under the definition of abyssal plains. However,
these local perched plains are interrupted by areas of more irregular relief, often

of only a few fathoms in amplitude (Fig. la) but distinctly diff"erent from the

monotonous, featureless topography of the abyssal plains. The authors consider

the term "abyssal plain" restricted to areas "of the ocean floor in which the

bottom is flat and the slope to the bottom is less than 1 : 1000". It is clear that

the smooth surface of the continental rise owes its origin to much the same
processes that produced the abyssal plains. However, this fact should not
obscure the marked morphological difference between these two features of

depositional topography.
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Fig. 1. Typical Precision Depth Recorder records from the Canary Basin. Note the

marked contrast between the gentle topography of the continental rise, the extremely

smooth Cape Verde Abyssal Plain, and the intensely rough abyssal hills. Depth in

fathoms. (After Heezen et al., 1959.)
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2. Regional Description

A. Western North Atlantic

The abyssal plains of the northwest Atlantic have been crossed dozens of

times by ships employing precision depth recorders (see Fig. 3, Chapter 12, p.

235). Most of this work has been accomplished by the Lamont Geological

Observatory's Research Vessel Vema.

Fig. 3. Bathymeti'ic chart of the Sohm Abyssal Plain. (After Heezen, Ewing and Ericson,

1955.)

a Sohm Abyssal Plain

The best studied abyssal plain is the Sohm Abyssal Plain south of Newfound-
land (Heezen et at., 1955, 1959). The plain is T-shaped and generally about

200 mi wide (Fig. 3) ; the depth increases in each arm of the T toward the stem

where the slope changes to south. The greatest depth (3181 fm corrected) is

found at the south boundary of the plain, near 29°N (Fig. 4). In the northern

part of the plain, small topographic irregularities are unknown ; but toward the

south, peaks 50 to 500 fm high increase in number until they finally replace the

plain (Fig. 5). North of the Bermuda Rise the plain surrounds a line of huge
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seamoimts. However, even here no hills are found. In the strip extending be-

tween 30'' and 37 °N, the east and west boundaries of the plain are formed by
scarps 200 to SOO fm high. The Iwundary of the north side of the Bermuda
Rise is formed by a distinct shallowing but no scarp is seen. There is some justifi-

cation for separating the northwest arm of the Sohm Abyssal Plain north of the

Bermuda Rise from the rest of the Sohm Abyssal Plain, since a mid-ocean
canyon runs from the northwest to the central portions of the plain. This north-

west portion of the Sohm Abyssal Plain has sometimes been called the Nova
Scotia Abyssal Plain. A sill might lie northeast of the northeast tip of the

Bermuda Rise. Here the bottom gradient changes slightly and an extremely

large magnetic anomaly is associated with the region. However, the plain

narrows only slightly at this point and, since we cannot tell how many in-

dividual basins were filled to form any individual abyssal plain, we will consider

tliat the Sohm Abyssal Plain now includes the whole area. South of Newfound-
land the continental rise merges with the abyssal plain with no scarp or line of

hills. Here the boundary is taken at the point where the gradient is gentler than

1 : 1000. This is not an entirely arbitrary definition since an appreciable change

in gradient generally occurs near this point. South of the boundary the gradient

gradually decreases to 1 : 3000 at 37°N, beyond which it decreases even more
gradually and reaches 1 : 5000 at the southern edge of the plain. The Sohm
Abyssal Plain covers 350,000 mi^.

b. Hatteras, Blake-Bahama and Silver Abyssal Plains

The Hatteras and Sohm Abyssal Plains are separated either by abyssal

hills or quite possibly by an irregular gap. The northwest margin of the

Hatteras Abyssal Plain is abruptly formed by the lower continental rise hills.

The eastern boundary is generally distinct and in places is marked by a

50-100-fm scarp. From 25-44°N the western margin of the plain gently laps

the smooth Blake-Bahama Outer Ridge. Its southern margin laps the Antilles

Outer Ridge. Only two or three small hills have been found within the

Hatteras Plain.

The narrow Blake-Bahama Al)yssal Plain which lies between the Blake-
Bahama Outer Ridge and the Blake Plateau-Bahama Island region connects

through C'at Gap at 24.5°N, 74.5°W with the Hatteras Abyssal Plain (see Fig.

14, Chapter 12, p. 247). Judging from width and regional slope this plain

appears to have been fed largely from the Providence Channel.

The Silver Abyssal Plain which lies northeast of Silver Bank is bounded
on the north by the Antilles Outer Ridge which separates it from the Nares
and Hatteras Abyssal Plains. Only recently discovered, it appears to be fed

from the southern Bahamas.

c. Nares Abyssal Plain

South and southeast of the Bermuda Rise lies the Nares Abyssal Plain, a

37,000 mi2 abyssal plain that slopes eastward toward the Mid-Atlantic Ridge
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(Fig. 2). It is connected on the west by a narrow gap to the Hatteras Plain.

This gap, discovered by Vema and known as the Vema Gap, has much higher

gradients than the abyssal plains lying both to the northeast and southwest.

From 62° to 64''W the northern and southern boundaries of the Nares Abyssal

Plain are abrupt and only three or four small abyssal hills have been observed

in the plain. East of 64°W the gradient in the plain exceeds 1 : 2500 and the

frequency of hills increases until, at 60°W, the plain consists of a series of

lingers which extend into the abj^ssal hills. The Nares Abyssal Plain is the

deepest of the broad abyssal ])lains of the North Atlantic Ocean Basin floor. It

is also the farthest from land. If the material forming the Nares Abyssal Plain

was transported along the sea floor, it would have had to flow through Vema
Gap, since the outer ridge and marginal trench to the south and the outer

ridge and marginal basin to the west prevent bottom-seeking currents from

either the south or west from reaching the Nares Abyssal Plain. The idea that

the sediment was transported on the bottom through Vema Gap is supported

by the fact that the abyssal plain slopes eastward through the gap.

d. Demerara Abyssal Plain

A 1000-mile-long abyssal plain lies east of the Lesser Antilles and the

Venezuelan and Guianan coasts of South America. The plain varies from 100

to 150 mi in width and includes an area of 130,000 mi'^. The Ceara Abyssal Plain

lies along the same trend southeast of the Demerara Abyssal Plain. The two

plains are separated by the 100-mile-wide Ceara Rise.

e. Ceara Abyssal Plain

The Ceara Abyssal Plain, which lies parallel to the coast of the Ceara Pro-

vince, Brazil, covers an area of 45,000 mi'. It does not seem to connect either

with the Demerara Abyssal Plain to the northwest or with the Pernambuco
Abvssal Plain to the southeast.

B. Eastern North Atlantic

The abyssal plains of the eastern North Atlantic differ from those of the

western side in being smaller and more numerous. This is partly due to

the greater complexity of large features in the eastern ocean basin, such as the

Horseshoe group of seamounts west of Gibraltar, and partly to the lower

supply of sediments from the adjacent continent (Fig. 6).

a. Porcupine Abyssal Plain

This plain occupies the deepest part of the shaUow trough between the

continental shelf SW of Ireland and the east flank of the Mid-Atlantic Ridge.

It covers 10,000 mi^ and is elongated in a NNW-SSE direction. Its slope is un-

certain owing to lack of accurate soundings, but it appears to be connected to

the western arm of the Biscav Abvssal Plain.
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b. Biscay Abyssal Plain

The Bay of Biscay is occupied by a plain of 30,000 mi^ extending both NW
and SW, where there appear to be connections with the Porcupine Plain and
with the Iberian Plain. The contours of the plain suggest that all the sediment
is derived from the part of the continental shelf running NW from Cap Breton

Fig. 6. Abyssal plains east of the Mid-Atlantic Ridge, as far south as 24°N. Land, black

;

non-abyssal-plain areas, stippled.

Canyon, bordering the coast of France, and the approaches to the English

Channel. Very little sediment has come from the north coast of Spain where
there are mountains close to the coast and the rivers are short. The deepest part

of the plain is in the SW corner where the gradient is about 1 : 2500 and the

depth is 2750 fm. In the extreme SW corner, channels in the plain converge on
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a system of narrow inter]ilain cliannels leading through Thcta Ciap to the

Iberia Plain (cf. Section 5, pages 342-345).

c. Iberia Abyssal Plain

The Iberia Plain is roughly rectangular, covering 30,000 mi-, and near its

western boundary is extremely flat, the gradient being 1 : 4000 from the north.

The sediments are derived partly from the Biscay Plain via the Theta Gap

interplain channels and partly from the SE from the large canyons off the coast

of Portugal. The increase in the number of seamounts and small hills projecting

from the plain toward the west suggests that the thickness of sediments

steadily diminishes until the bm-ied topography totally emerges. The depth of

the plain at its northern end is 2850 fm, 100 fm deeper than the SW end of the

Biscay Plain, and its deepest part is 2930 fm.

d. Tagus Abyssal Plain

West of southern Portugal lies an oval plain of 6000 mi 2 of depth varying

from 2750 to 2800 fm sloping down to the SW. It is fed principally from the two

large canyons SW of the River Tagus. To the north of this plain are tw^o smaller

and shallower plains (2680 and 2670 fm) which appear to be filled from locally

derived sediments.

e. Horseshoe Abyssal Plain

A small abyssal plain of 5400 mi^ lies in the center of a horseshoe-shajied ring

of seamounts west of Gibraltar. There are insufficient soundings to establish the

extent of this plain.

f. Seine Abyssal Plain

To the east of Seine Bank an oval plain covers 15,000 mi^. While part of the

sediment has come from the NE, most of it derives from the SW where there is

a very smooth col 50 fm above the level of the plain and separating it from

the Madeira Plain. This source appears to be shared with the Madeira Plain.

g. Madeira and Cape Verde Abyssal Plains

From Gibraltar to Cape Verde a vast abyssal plain of some 200,000 mi^

parallels the wide continental rise of Northwest Africa. A northern finger

extends to the west of the Madeira Rise. The lower continental rise and the

Madeira Rise, both relatively smooth (Fig. 1), merge with the plain in a smooth

transition and a distinct boundary is lacking. Northeast of the Canary Islands,

continental rise gradients of greater than 1:1000 reach the abyssal hills and

provide a natural boundary between the Cape Verde and Madeira Abyssal

Plains.

The more southerly part differs in character from the northerly part. To the

west of Madeira, the sediment is apparently derived from the hills and seamounts

of the Azores-Gibraltar Ridge, and from the region between Madeira and the

Canary Islands. The w estward boundary of the plain here is determined by the
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abyssal hills abutting the chain of large seamounts comprising Atlantis, Plato,

Cruiser and Great Meteor. The sediment supply has been sufficient to pond the

sediments and create an abyssal plain in the area of maximum depth.

South of a line joining the Canary Islands and Greater Meteor Seamount,

the abyssal hills west of the plain do not form a solid boundary but merely

dissipate the energy of turbidity currents, which are then unable to reach the

axis of maximum dej)th further west (Fig. 7).

Sea level

1000-E
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o

c 2000

^ 3000

Continental shelf edge-

Abyssal Ploin

1000 800 600 400 200

Distonce from the coast in nautical miles

Fig. 7. Profile of Cape Verde Abyssal Plain. Vertical exaggeration, 100 : 1. There has been
insufficient material transported westward by turbidity currents to cover the irregular

topography 1000 mi from the coast. (After Laughton, 1959.)

h. Sierra Leone and Gambia Abyssal Plains

A 50,000-mi2 abyssal plain lies between the continental rise off Sierra Leone
and the Romanche Trench portion of the mid-oceanic ridge. This plain is

separated from the Gambia Abyssal Plain to the north by the Sierra Leone
Rise and appears to be separated from the Guinea Abyssal Plain to the east by
an area of abyssal hills. The Gambia Abyssal Plain lies north of the Sierra

Leone Rise and is separated from the Cape Verde Plain by abyssal hills.

C. South Atlantic

Abyssal plains are not as well developed in the South Atlantic as they are in

the North Atlantic. An extensive abyssal plain of 80,000 mi^, the Pernambuco
Abyssal Plain, extends eastward of Pernambuco Province, Brazil ; but the

abyssal plains of the southern part of the Brazil Basin and the Argentine Basin

are surprisingly small and intermittent. Whereas on either side of the North
Atlantic, abyssal jalains are found in all but a very few areas, in the South
Atlantic there are many places where the continental rise merges with the

abyssal hills without an intervening abyssal plain. The Argentine Abyssal

Plain, which follows the base of the continental rise east of Argentina, is 30 to

150 mi in width and covers an area of 100,000 mi 2. It resembles in relative

location the Hatteras and Nares Abyssal Plains of the North Atlantic but is
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somewliat narrower. Given a longer period of time and a source of detrital

material, it can be inferred from the bathymetric configuration of the Argentine

Basin that plains quite analogous to the Nares and Hatteras could eventually

develop.

East of the Mid-Atlantic Ridge, in the Angola Basin, the large (140,000 mi^)

Angola Abyssal Plain spreads out from the seaward edge of the giant Congo

Cone, which forms a distributory system of channels and fans leading from the

Congo Canyon. The Angola Abyssal Plain is the largest of the abyssal plains of

the South Atlantic which lie in temperate latitudes. A narrow abyssal plain lies

along the base of the continental rise in the Cape Basin but its width probably

does not exceed 100 mi. No detailed sounding surveys have been made in the

Guinea Basin, but judging from the form of the gross bathymetric contours off

the mouth of the Niger River, it is reasonable to suppose that a large abyssal

cone lies seaward of the Niger Delta and that, seaward of this cone, a fairly

extensive abyssal plain will be found.

A few minute abyssal plains have been found in the Scotia Sea. One of the

largest abyssal plains discovered to date forms the floor of the Weddell Basin.

For obvious reasons, the western extremities of the Weddell Basin have not been

well explored, but the Weddell Abyssal Plain has been traced as far east as

20°E longitude, and in 20°W longitude it is over 200 mi wide from north to

south.

D. Pacific Ocean

The flat zones of the Pacific Ocean can be divided into two distinct types,

formed by somewhat different mechanisms. On the eastern boundaries in the

north and extreme south, there are abyssal plains of the ty^Q described in the

Atlantic. The other ty]3e includes large areas of the western and central Pacific

which surround the chains of islands found there. These areas have been called

archipelagic plains and are described in Section 4, page 336.

The flat areas of the Pacific, including the archipelagic plains, cover a greater

area than those of the Atlantic, but the proportion of the ocean covered by
abyssal plains is considerably less and reflects the lower influx of sediments per

"iniit area owing to the higher ratio of area to circumference and the prevalence of

sediment-trapping marginal trenches, which nearly surround the Pacific basin.

The abyssal plains of the Pacific are associated with gaps in the circum-Pacific

belt of trenches. The largest abyssal plains of the Pacific are found be-

tween the eastern end of the Aleutian Trench and the northern end of the

Middle-America Trench. The other major area of abyssal plains in the Pacific

lies off the northern shore of Antarctica. The only abyssal plain known at

present in the northwestern Pacific is a small one south of Honshu.

a. Northeast Pacific Abyssal Plains

The most extensive abyssal plains of the Pacific are found between the

eastern part of the Aleutian Trench and the Mendocino Escarpment, which
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runs east-west at 40°N latitude. As the result of a recent detailed study,

Hurley (1960) has been able to divide the northeast Pacific into four separate

plains (Fig. 8).

The Alaskan I'laiii lies at the base of an extensive continental rise which

extends from the eastern end of the Aleutian Trench to the southern tip of the

Queen Charlotte Islands (Menard and Dietz, 1951). This continental rise is

interrupted by a series of seamounts. The Alaskan continental rise is crossed by

several well nia])ped dee])-sea channels, several of which can be shown to be the

seaward extensions of continental slope submarine canyons. Centered along

150°W longitude is a low. irregular rise punctuated by many large seamounts.

The Alaskan Abyssal Plain lies between the base of the Alaskan continental

rise and the eastern edge of this oceanic-rise area. An east-west line of sea-

Sea level

500
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The Cascadia Abyssal Plain is connected to the Tufts Abyssal Plain via the

Cascadia Channel. The Cascadia Channel starts on the continental rise west of

the Washington-Oregon boundary as a seaward extension of the Columbia

River submarine canyon. The canyon runs south to the southern edge of the

Cascadia Abyssal Plain, where it enters a tectonic trough through the ridge and

trough province. When it emerges from this tectonic trough, it forms a large

fan which gradually merges with the Tufts Abyssal Plain.

The actual area of the northeast Pacific occupied by abyssal plains is subject

to some controversy, not only owing to inadequate data but also to the manner
in which workers on that area have chosen to define abyssal plains. Hurley

recognizes no continental rise and applies the term "abyssal plain" to all the

relatively smooth sea floor which lies between the base of the continental slope

and the abyssal hills. Less than a quarter of the area included by Hurley in

the northeast Pacific abyssal plains classifies as abyssal plains according to the

original definition. Unfortunately, those central portions of the Alaskan Abyssal

Plain, the Tufts Abyssal Plain and the Aleutian Abyssal Plain which appear

to be true abyssal plains having gradients less than 1 : 1000 are poorly surveyed
;

therefore, it is impossible to give accurate figures for the gradients or smoothness

of any of the northeast Pacific abyssal plains. For this reason, the labels in

Fig. 8 merely indicate the approximate positions of the various abyssal plains

without indicating their boundaries. Those smooth portions of the northeast

Pacific which have been investigated with the aid of a Precision Depth Re-

corder have proved not to be as smooth as the Atlantic and Indian Ocean

abyssal plains. Minor irregularities of a few fathoms are common and the topo-

graphy of most of the areas so far explored resembles more the continental rise

than the abyssal plains of the Atlantic.

The area mapped as the "Aleutian Abyssal Plain" (Fig. 8) presents some
very important problems. The slope indicated by Hurley on the basis of

numerous Coast and Geodetic Survey soundings is from north to south, with

the minimum soundings found along the crest of the outer ridge which bounds

the Aleutian Trench on the south. The few Precision Depth Recorder echo-

grams obtained in the northern part of the Aleutian Abyssal Plain certainly do

not indicate as smooth a bottom as that found in what would normally be

referred to as an abyssal plain. This is not surprising when one considers the

possible source of sediments for the smoothing of the Aleutian Abyssal Plain.

The northern portion of the Aleutian Abyssal Plain is cut off from turbidity

currents originating on the Aleutian Arc by the deep Aleutian Trench. It is cut

off from the Alaskan Panhandle by an oceanic rise. If the sediment which

smoothed this area came downhill by turbidity currents or other bottom

transjiortation mechanisms, it must have come before the Aleutian Trench was

formed or before the oceanic rise to the east w^as uplifted. The northern part of

the Aleutian Abyssal Plain must, therefore, be a relic plain and must no longer

be receiving sediments of the type which probably smoothed the plain. The
securing of long cores in this relic plain should stand high on any list of

important deep-sea research projects.
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b. California Abyssal Plain

The abyssal plain off California, bounded by the Mendocino Escarpment on
the north and the Murray Escarpment to the south, covers an area of 130,000

mi2. The large submarine canyons of central California have built many deep-

sea fans and abyssal cones which dominate the continental rise. These deep-sea

distribntory channels lead toward the abyssal plain. The abyssal plain oflF

California was originally described by Menard in 1955 and was simply referred

to as the "Deep Plain". The main part of the California Abyssal Plain has a

slope of about 1 : 1000 to the WSW and abuts a more irregular and deeper

region approximately 450 mi from the coast. The plain is not a filling sedi-

mentary basin but a region across which transport of sedimentary material by
turbidity currents takes place. The slope may, therefore, be one of equilibrium

between deposition and erosion by passing turbidity currents.

c. Bellinghausen Abyssal Plain

An abyssal plain of uncertain extent lies parallel to the continental rise in

the Bellinghausen Sea area of the southeast Pacific. The area has only been
crossed twice by a ship employing a P.D.R., hence we cannot give details as to

the extent or nature of this abyssal plain. It would seem likely, however,

that the plain slopes south to north and is related to the continental rise

of Antarctica.

d. Mornington Abyssal Plain

A small plain of about 10,000 mi 2 lies west of Mornington Island, Chile,

between about 48° and 52° S. A prominent canyon was found at about

49°S.

E. Indian Ocean

The northern Indian Ocean is divided into two triangular bights by the

peninsula of India. To the east of India lies the Bay of Bengal, which widens

from north to south. The Ganges and Brahmaputra Rivers empty into the

northern apex of the bay. Soundings made southeast of Ceylon have revealed

the existence of an abyssal plain at the base of the continental slope near

Ceylon, occujiying much of the northeast part of the Indian Ocean. In this

plain mid-ocean canyons were discovered by the Swedish Albatross Expedition

(Dietz, 1953). It is reasonable to suspect that this abyssal plain is related to

the abyssal cone of the Ganges-Brahmaputra, which dominates the entire

floor of the Bay of Bengal. The southern limit of this plain is poorly known but

the plain reaches at least to 8° South latitude. The area of the Ceylon Abyssal

Plain probably exceeds 200,000 mi^.

West of the Indian peninsula, the Indus River empties into the Arabian Sea.

A deep submarine canyon has been discovered off the mouth of the Indus and
an abyssal cone and associated abyssal plain occupy much of the northeast
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Arabian Sea. The India Abyssal Plain occupies an area 100,000 mi^ of the

eastern Arabian Sea. East of the Somali coast a large abyssal plain extends from

4°N to 7°S. The Mozambique Abyssal Plain sloping north to south between

approximately 28° and 34°S lies between 37° and 40°E to the south of the

Mozambique Channel.

East of Madagascar the Malagassy Abyssal Plain lies between approxi-

mately 12° and 25°S and extends over approximately 3° of longitude.

An extensive abyssal plain lies west of Australia. Its limits are ill defined but

it appears to be centred between 20° and 30°S.

An extensive abyssal plain extends along the base of the continental rise

in the Great Australian Bight. This plain probably exceeds 70,000 mi 2 in area.

F. Arctic Ocean

An extensive abyssal plain has been reported in the Canada Basin. It is

probable that this abyssal plain, which may have an area exceeding 150,000 mi"2,

is fed by the Mackenzie River. The Arctic Ocean is divided by three ridges or

rises : (1) the Alpha Rise, (2) the Lomonosov Ridge and (3) the Arctic extension

of the mid-oceanic ridge (Heezen and Ewing, 1961). Much of the area between

each of these ridges is probably occupied by abyssal plains. The pioneering

work of the U.S.S. Nautilus and U.S.S. Skate has shown that abyssal plains

exist in the Canada Basin between the Alpha Rise and the Canadian-Alaskan-

°'' ^Il^S^ LOMONOSOV GREENLAND-SPITSBERGEN
O-^ RiDGE STRAITS

^ j(j^l5_ CANADA ABYSSAL PLAIN
.

CANADA AP ALPHA RIDGE SIBERIA) I POLE ABYSSAL MID-OCEANIC RIDGE
C AP_y y PLAIN

Fig. 10. Abyssal plains of the Arctic Basin. This profile, made by the submarine Nautilus,

indicates the presence of three extensive abyssal plains in the Arctic Basin: the

Canada Abyssal Plain, the Siberia Abyssal Plain and the Pole Abyssal Plain.

(Modified after Dietz and Shumway, 1961.)

Siberian side (Fig. 10), between the Ali3lia Rise and the Lomonosov Ridge,

and between the Lomonosov and the Arctic extension of the mid-oceanic ridge

(Dietz and Shumway, 1961). It is probable that an abyssal plain also lies

between the mid-oceanic ridge and the Barents Sea continental shelf, but it has

not been mapped as yet. Recent soundings by H. Kutschale from Arlis Ice

Island have revealed mid-ocean canyons in the Siberia Abyssal Plain.

a. The Norwegian Sea

An abyssal plain exists in the Norwegian Sea between the Norwegian con-

tinental rise and the mid-oceanic ridge. It is not known at present whether an

abyssal plain lies between Greenland and the mid-oceanic ridge.
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G. Abyssal Plains of Adjacent Seas

[chap. 14

Although geiieraUy smaller in size than the great abyssal i^lains of the oceans,

abyssal plains are also found in the adjacent seas.

a. Mediterranean Sea

The ^Mediterranean Sea is divided into three deep basins, the Western

Mediterranean, the Tyrrhenian Sea and the Eastern Mediterranean. The floor

of the Western Mediterranean is nearly completely filled by the Balearic

98 97 96 95 94 93 92 91 90 89 88 87 86 85 84 83 82 81 80

98 97 96 95 94 93 92 91 90 89 88 87 86 85 84 83 82 81

Fig. 1 1 . Chart of the physiographic provinces of the Gulf of Mexico showing the location

of the Sigsbee Abyssal Plain. The floor of the eastern Gulf of Mexico is dominated by
the Mississippi Cone. Turbidity currents originating at the mouth of the Mississippi

have built the large Mississippi Cone and the Sigsbee Abyssal Plain. (After Ewing,
Ericson and Heezen, 1958.)

Abyssal Plain. The Balearic Abyssal Plain seems to be fed predominantly from

the north. It apparently spreads out from the foot of the Rhone Abyssal Cone.

However, the plain is probably also fed from the south, as indicated by the

numerous submarine canyons of the Algerian continental slope and by
the events associated with the Orleansville earthcjuake (Heezen and Ewing,

1955). The area of the Balearic Abyssal Plain probably exceeds 30,000 mi^. A
small abyssal plain is found in the center of the nearly circular Tyrrhenian Sea.

Many small abyssal hills ])rotrude from this abyssal plain. In the eastern
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Mediterranean one would offhand expect to find a large abyssal plain lying sea-

ward of the Nile. However, such a feature is not found. Although the region

seaward of the Nile has been smoothed by sediments derived from the Nile

delta, the smoothing has not proceeded to such a point that an abyssal plain

has formed. An extremely small abyssal plain is found to the south of the

Straits of Messina and is probably fed by material coming from the straits,

judging from the events associated with the 1908 Messina earthquake (Heezen,

1957). It seems probable that many of the small basins making up the Aegean

Sea have flat floors. However, little of this area has been investigated with

precision sounders.

DISTANCE IN NAUTICAL MILES

Fig. 12. Nine topographic profiles across the Gulf of Mexico. (After Ewing, Ericson and
Heezen, 1958.)

The Gulf of Corinth, a small slit of ocean separating the Peloponnisos from

the mainland of Greece, is floored by a small abyssal plain 1-2 mi wide and
10-12 mi long.

Judging from the distribution of sediments in the floor of the Black Sea,

one would predict a fairly extensive plain. However, no detailed sounding is

available for this area. Zenkovich (1958) has reported numerous abrupt changes

in depth off the mouths of various rivers of the eastern Black Sea coast. Tur-

bidity currents generated in this area would be expected to supply sufficient

sediments to produce an abyssal plain seaward of the Caucasus.

b. Gulf of Mexico

The Sigsbee Abyssal Plain lies in the center of the Gulf of Mexico at the foot

of the Mississippi Cone (Figs. 11 and 12). It is virtually level in the central part

12—s. Ill
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where gradients as low as 1 : 7000 have been measured (Fig. 13). The floor of

the Gulf of Mexico is dominated by the Mississippi Cone, which has not only

supplied sediments to the Sigsbee Abyssal Plain, but also to the smaller abyssal

plain of the eastern gulf, which extends along the base of the West Florida

EscaqDment into the Campeche Tongue.

Sedimentation related to the building of individual distributory channels

and fans of the Mississippi Cone has built this feature completely across the gulf

floor to the base of the Campeche Escarpment, cutting the gulf floor into two

• Cores

50 Fathom Contours

10 Fattiom Contours

I Fattiom Contour

Contours by Bruce C Heezen

Halambia Iniorraitg

LAMONT CCOl-OOICAl- OBSERVATORY

Ectio sounding ot 800 fm/sec

with Precision Deptti Recorder

^^ Scarps and hills

Fig. 13. Bathymetric chart of the Sigsbee Abyssal Plain. (After Ewing, Erieson and

Heezen, 1958.)

halves. A small apron of sediment s^ireads out a few miles from the base of the

Campeche Escarpment. The Sigsbee Abyssal Plain is probably fed in part by

canyons leading from the east coast of Central Mexico and out of the Bay
of Campeche (Ewing, Erieson and Heezen, 1958).

Over 10 m of fine silt was deposited on the Sigsbee Abyssal Plain during

Wisconsin time (Ewing et al., 1958). Rates of sedimentation exceeded 60 cm/

1000 years during the Wisconsin but have averaged less than 8 cm/ 1000 years

in Recent time. A number of small topographic prominences of about 6 fm
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elevation which occur in the plain (Ewing and Ewing, 1962) have been found

by reflection studies to lie above deeper conical structures. The deeper struc-

tures have been interpreted as salt domes by Ewing, Worzel and Ewing (1962).

Assuming that the plain was perfectly flat at the close of the Wisconsin, a

diff'erential movement of 1 m/1000 years is indicated. This distortion may
indicate differential compaction or vertical migration of the sub-bottom

structures.

c. Caribbean Sea

The southern Caribbean Sea is divided into the Colombia and the Venezuela

Basins (Fig. 14). The Colombia Basin is floored by the well developed Colombia

Cuba

^ CoymaaB Trench
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Plain and the smaller Venezuela Abyssal Plain. The Venezuela Abyssal Plain
is much less well developed than the Colombia Abyssal Plain, probably largely
owing to its isolated ])osition with respect to the continent, and the Venezuela
Abyssal Plain may be largely fed from the Colombia Abyssal Plain via Aruba
Gap. A very narrow abyssal plain exists along the northern side of the
Venezuela Basin just south of the south coast of the Dominican Republic.
This feature is known as the Dominican Abyssal Plain.

STATUTE MILES
10 20 30 ^0 50

CONTOUR INTERVAL- 1500 FT
300 FT CONTOUR ADDED

APRONS

BASIN PLAINS

Fig. 15. Basin plains and aprons off Southern California. This summary chart is based on
detailed basin maps. (After Emery, 1960.)

Between the Cayman Ridge and the south coast of Cuba lies the Yucatan
Basin. In the center of the basin is found an abyssal plain probably exceeding
2500 mi 2 in area and lying in depths of 2450 to 2550 fm.

d. North Pacific marginal seas

The marginal seas which lie between the island arcs and the continent in the
North Pacific area are floored by small abyssal plains. The largest is that of
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the Bering Sea (Udiiitsev et al., 1959), in which the abyssal plain probably

exceeds 100,000 mi^ in area. The abyssal plain in the Okhotsk Sea probably

does not exceed 30,000 mi2 (Udintsev, 1957).

e. Southern California basins

Lying off the coast of Southern California is a series of thirteen isolated

basins which lie in the continental margin, their long axes oriented parallel to

the coastline (Fig. 15). The floor of each of these basins is occupied by a plain.

The largest of these plains lie in the basins nearest the coastline (Fig. 16).

Emery (1960) divides the basin floors into basin aprons and basin plains. The

1I8°40' 34°00

doodo

33°40'

Fig. 16. Floor of the yanta Monica Basin. (After Emery, 1960.)

basin aprons have gradients between 1 : 70 and 1 : 30 in their upper portions

but, in the lower parts, the gradients range from 1 : 800 to 1 : 100.

The basin plains fulfill the definition of abyssal plains in having gradients

less than 1 : 1000 and in some cases the gradients are as low as 1 : 6000. The
basin aprons and basin plains slope away from the obvious sources of sediments

and are apparently fed by sediment distributed through the deep-sea channels

associated with the many continental-slope submarine canyons. The distribu-

tion of sediments in this manner has been well demonstrated by the work of

Gorsline and Emery (1959) in their study of the San Diego Basin.

3. Trench Abyssal Plains

A trench abyssal plain is an abyssal plain lying in the bottom of a deep-sea

trench. Since the initial discovery of the Puerto Rico Trench Abyssal Plain in
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PRECISION DEPTH RECORDER PROFILES OF

THE PUERTO RICO TRENCH
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Fi«. 17. Two profiles of the rueito KicO Trench Abyssal Plain. (Alter Ewing and Heezen,

195.5.)

1948, similar features have been reported in the Middle America Trench

(Fisher. 1954), the Kurile-Kamchatka Trench (Udintsev, 1955) and the Peru-

Chile Trench (Zeigler et al., 1957). Two trench plains are known in the Puerto

Rico Trench (Fig. 17). The smaller one occupies a basin south of a median ridge

and the larger one lies along the deep axis of the trench (Fig. 18). They range in

width from 1 or 2 mi to about 12 mi. Sediment cores taken in the trench plain
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contain beds of graded calcareous sand containing fragments of the calcareous

alga Halimeda and shallow benthonic Foraminifera (Ericson, Ewing and
Heezen, 1952). The depth of the deeper trench abyssal plain ranges only a few

fathoms from 4585 fm.

The Puerto Rico Trench plain seems to be the widest and most extensively

developed of all trench plains. Although most trenches are not well enough
surveyed to reveal the maximum width of other trench plains, it is known that

the Tonga Trench and the Kurile-Kamchatka Trench have relatively narrow
trench plains, reaching maximum widths of 2 or 3 mi.

Fig. 18. Puerto Rico Trench Abyssal Plains. (After Ewing and Heezen, 1955.)

Although trench plains are common along the axis of the Peru-Chile Trench,

these plains do not appear to be continuous over any considerable distance

along the trench axis.

Enclosed basins in the continental margin which lie downhill from adjacent

land-masses generally contain abyssal plains. Small abyssal plains are found
in the floor of the Cariaco Trench, a 750-fm-deep depression in the continental

shelf north of Venezuela (Heezen et al., 1958). The flat floors of many fjords

are probably similar in origin to the trench plains mentioned above. Indeed,

much of the floor of the Lake of Geneva in Switzerland is of abyssal-plain

character. This plain lies at the foot of a large cone spreading out from the

mouth of the Rhone. These features, although similar in form and almost
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certainly identical in oriirin to the abyssal ])lains of" the ocean-basin floor, lie

in diverse tectonic and ])hysiographic settings. They are only indicative of

identical smoothing mechanisms whereby the bottoms of basins become flat.

4. Archipelagic Plains

Menard (1956) originaUy proposed the term "archipelagic apron" for the

smooth sea floor around islands or island gronps which "has the form of an

apron" (cf. Chapter 12). Although most archipelagic aprons were found to be

smooth, some were relatively rough and, therefore, Menard made the ])rovision

in his definition that an archipelagic apron "need not have a smooth surface".

In view of this latter provision, it seemed necessary to propose the term

"archi])elagic plain" for those portions of an archipelagic ajjron which are

smooth. An archipelagic plain is a smooth portion of the deep-sea floor which

lies at the base of the pedestal of an island group or island chain. The charac-

teristically low gradients and smoothness of archipelagic plains are extremely

similar to abyssal plains, Menard has discovered dozens of archipelagic plains

in the Pacific around the Hawaiian Islands, the Mid-Pacific Mountains, and the

Marshall, Gilbert and Marquesas archipelagos. As Menard points out, aprons

"often exhibit the features used elsewhere as criteria for partial burial of a

hilly terrain, namely, steep-sided hills rising abruptly from smooth plains,

apparent ponding of sediment behind ridges acting as dams and the absence of

deeps below the level of the smooth surface. Consequently, it appears probable

that the smooth aprons have buried an older terrain of hills."

The fact that there are archipelagic aprons which lack a smooth surface

suggests that there was a rough-hewn apron or flange-like feature lying around

the base of the island groups, which originally did not have a smooth surface,

and, in many cases, this rough flange or apron may have been later smoothed

by sedimentation. Menard points out that the total volume of material con-

tained in that portion of an archipelagic apron which lies above the general

level of the sea floor is many times the total volume of the island pedestal it

surrounds. For this reason, it seems unlikely that the total volume of material

in an archipelagic apron has accumulated through turbidity-current deposition

of sediments derived from the pedestal. Likewise, it seems clear that the

archipelagic ])lains are similar, if not identical in origin, to the abyssal plains.

Both were ])robably produced by the burial of former relief by turbidity-

current deposition.

Almost all the archipelagic plains of the world are found in the central

Pacific. However, archipelagic plains are found in the Atlantic surrounding

the pedestal of Bermuda and indications of similar features are found sur-

rounding the oceanic islands of the South Atlantic and the Indian Ocean. If

we accept the limits of the Pacific archipelagic aprons shown by Menard (1958),

we must conclude that the area of the archii)elagic aprons of the Pacific is

nearly equal to the area of abyssal plains in the Atlantic. However, Menard

does not state what percentage of the total area of the archipelagic aprons
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shown ill his figures is smooth and thus analogous to abyssal plains, and what
jiercentage is irregular.

5. Abyssal Gaps, Interplain Channels, Mid-Ocean Canyons and Deep-Sea

Channels

In many areas of the flat deep-sea floor, especially on and associated with

abyssal plains and the deep-sea fans found at the base of submarine canyons,

are small depressions a few miles across and some tens of fathoms deep and
varying in length from 10 mi to 1500 mi. They were first noted by Shepard and

Emery (1941) leading from the base of submarine canyons off Southern

California and have been found subsequently in most oceans of the \vorld.

Channels or canyons in the deep-sea floor have at least three modes of occur-

rence: (1) The extensions of submarine canyons which lead from the continental

slope on across the continental rise to the abyssal plains. These are sometimes

called "deep-sea channels". However, other investigators simply refer to them
as submarine canyons. (2) Mid-ocean canyons, which are found in abyssal

plains and have great length. They are usually unbranched and have not been

traced to continental slope canyons. (3) Interplain channels. These are small

channels or canyons which are associated with abyssal gaps. They begin in one

abyssal plain and end in another and have no direct connection with submarine

canyons of the continental slope.

A. Deep-Sea Channels Associated with Submarine Canyons and Deej)-Sea Fans

Whatever the mechanism by which submarine canyons may have been cut

into the edge of the continental shelf, it is well established that periodic turbidity

currents flush sediment through them and build up depositional fans where the

canyon reaches the lower gradients of the ocean basin. These deep-sea fans

have been found at the bases of nearly all submarine canyons, notably the

Hudson Canyon (Ericson, Ewing and Heezen, 1951), La Jolla Canyon (Menard
and Ludwick, 1951), the Monterey Canyon (Dill, Dietz and Stewart, 1954), and
many others off the California coast (Menard, 1955; Gorsline and Emery,
1959). A comparison of the volume of the deep-sea fans off central California

with the available erosion products from the adjacent land areas has led

Menard (1960) to date the fans as pre-Pleistocene. Recent surveys of the sea-

ward extensions of other submarine canyons throughout the world has also

revealed the existence of deep-sea fans or families of deep-sea fans, which are

collectively referred to as abyssal cones (Heezen, Ewing, Menzies and Granelli,

1957).

Crossing these fans and abyssal cones are channels diverging from the mouth
of the submarine canyon and gradually losing their identity once they have
reached the abyssal plain. They are often characterized by leveed banks (Fig.

19) (Bufhngton, 1952 ; Dietz, 1958) and off the California coast there is a strong

tendency for them to hook left, i.e. to the south, contrary to what one would
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expect if they were controlled by Coriolis forces. Menard lias put forward an

explanation of the left hook by considering the top surface of a turbidity

current flowing in a canyon to be tilted and an asymmetry to be produced in

the levees built u]) on either side so that the chamiel is continually forced to

migrate to the left. He joroposes a general rule for the orientation of leveed

turbidity-current channels: "A turbidity current channel flanked by levees

has a tendency to deviate from a straight line which varies directly with the

amount of the deflecting force of the earth's rotation but is in the opposite

direction" (Menard, 1955). However, not all turbidity currents from canyons

can be confined to the chainiels on the fans, otherwise the fan may not be built

up. Some flows would be too large to be contained by existing channels and
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Fig. 19. Natural leveetl submarine canyons off Southern California. (After Buffington,

1952.)

ANould spread laterally in the form of a sheet flow. The more rapid decay of

the sheet-flow turbidity currents due to the two-dimensional spreading would

result in the deposition of their sediment load near the base of the canyon and

consequently in the formation of a deep-sea fan. For smaller flows, there might

be sufficient topographic control to prevent two-dimensional spreading so that

decay would be less rapid and ^\'ell defined channels would be cut.

B. Mid-Ocean Canyons

in li>49, four canyon-like de])ressions were found in the abyssal floor east of

Newfoundland (Figs. 20 and 21). A subsequent survey showed that these were

part of a continuous mid-ocean canyon running for some 1500 mi from the seas

around Greenland and feeding into the Sohm Abyssal Plain through a narrow

gap in the South East Newfoundland Ridge (Ewing, Heezen, Ericson, Northrop

and Dorman, 1953; Heezen et al, 1959). Sections of the canyon ty|:)ically

have steep walls, sometimes even vertical, and flat floors. They vary in
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Diagrammatic Possible Tributaries

Submarine Cable Breaks

Fig. 20. Northwest Atlantic Mid-Ocean Canyon. (After Heezen et al., 1959.)

width from 3 to 5 mi and in depth below the adjacent sea floor from 10 to

100 fm. There is a consistent asymmetry about the canyon, the west wall being

10-15 fm higher than the east wall (Fig. 22). The canyon has been mapped by

more than 80 echo-sounding profiles. Surprisingly, the canyon does not follow

the axis of greatest depth in the ocean basin but tends to the western side. The

average slope of the sea floor at right angles to the axis of the canyon in most
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Fig. 21. Eight east-west profiles across the Northwest Atlantic Mifl-Oeean Canyon.
(After Heezen et al., 1959.)

places exceeds the gradient of the canyon. The gradient west to east is about
1 : 1500 while the gradient of the cany6n from north to south is about 1 : 2250.

The canyon forms gentle meanders and, as its gradient decreases, it changes its

cross-sectional shape from a narrow deep canyon to a broad shallow one.

A second mid-ocean canyon of similar form and shape has been traced for

350 mi in the northwest arm of the Sohm Abyssal Plain. It is possible that this
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Fig. 22. Forty-eight profiles across the Northwest Atlantic Mid-Ocean Canyon. (After

Heezen et al., 1959.)

is associated with an abyssal gap through a ridge dividing the northwest arm
of the Sohm Plain from the rest.

In the Indian Ocean, soundings taken by the Swedish Deep-Sea Expedition

in the Albatross have shown the existence of trough-shaped features in an

otherwise flat and featureless floor, which have been interpreted as grabens
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(Koczy, 1954). However, these same features have been studied by Dietz

(1953) and compared with the deep-sea channels off Cahfornia to which they

bear a close resemblance. If the Bengal Abyssal Plain is the result of turbidity

currents, then it is plausible that these channels also have a similar origin.

Further exploration of them will undoubtedly resolve this problem in the near

future.

Other mid-ocean canyons have been found in other parts of the world, e.g.

in the equatorial Atlantic (Heezen, Coughlin and Beckman, 1960) and in the

Hikurangi Trench, and many more will no doubt be discovered.

The mechanism by which the mid-ocean canyons can be formed is still under

discussion. Tectonic movements have already been discussed, but it is hard to

see how such long, uniform and continuous channels can have been formed in

this way when there is little evidence of vertical movements either side of the

channels. Their association with abyssal plains, their similarity with the delta

channels and interplain channels, and the deep-sea sands found in the canyon,

argue a turbidity-current origin. However, it is difficult to envisage a turbidity

current confined to a channel 2 mi wide and 50 fm deep travelling without

decay for more than a thousand miles, Ewing et al. (1953) suggested a mecha-

nism of successive filling of confined basins starting from the north, each one

breaking through to the next by an interplain channel, and that these

channels eventually joined to form one continuous one. However, there is

little topographic evidence of these filled basins. Heezen et al. (1959) question

whether the process is erosional or depositional. Dietz (1958) believes that the

channels may be due to localized streams of clear dense water of high salinity

and low temperature derived from Arctic regions. This explanation does not

require the turbulence to keep j)ai"ticles in suspension and therefore permits

lower current velocities, but fails to explain the mid-ocean canyons in the

Indian Ocean and is difficult to apply in the equatorial Atlantic. The inde-

pendence of canyon location and basement structure and the evidence of

lateral migration shown by recent seismic reflection profiles support a deposi-

tional versus a tectonic or erosional origin.

C. Abyssal Gaps and Interplain Channels

If two adjacent but distinct abyssal plains have no through passage at or

below the level of the higher plain, they are said to be separated by a sill, a

ridge or a rise depending on the size of the feature involved. However, it has

been found that several plains are interconnected by constricted passages

which have been called variously "abyssal gaps" (Heezen et al., 1959), and
"interplain channels" (Laughton, 1960). However, both terms can be retained

if "abyssal gap" is used to describe tJie larger features of a passage cutting

across a ridge, and "interplain channel" more specifically to describe the

continuously graded channels formed by turbidity currents travelling in an

abyssal gap between two abyssal plains. Thus an abyssal gap may or may not

contain interplain channels.
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The best explored abyssal gap (Figs. 23 and 24) and associated system of

inteqjlain channels is that connecting the southwest corner of the Biscay

Abyssal Plain with the northern part of the Iberia Plain (Laughton, 1960).

This has been called by Heezen et al. (1959) the Theta Gap. There is a difference

in level between the two plains of about 100 fm which can supply enough
kinetic energy that turbidity currents flo\\'ing through Theta Gap become
actively erosive. On the Biscay Plain a dendritic system of feeding channels
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Fig. 25. Feeding channels in the southwestern part of the Biscay Abyssal Plain. (After

Laughton, 1960.)

(Figs. 25 and 26) converge on an interplain channel which passes through the gap.
In places these feeding channels are box-shaped, 2 or 3 mi wide and 10 or 20 fm
deep : in other places they are V- or U-shaped. They join finally to form one
broad V-shaped channel which drops quite suddenly more than 80 fm into

the narrow, vertical-sided gorge of the interplain channel. Nearly all the change
of level between the plains takes place within less than half a mile.

Thereafter the interplain channel winds through the abyssal gap exhibiting

the characteristics of a meandering river, the deef)est point swinging to the

outside of a bend and the depth varying according to the width of the channel.

It is joined half way by another branch of the channel system, divides around
a " middle ground " hill and finally joins the Iberia Plain on a broad front.

There is no sign of discrete channels on the Iberia Plain.

The feeding channels of the Biscay Plain extend some 80 mi from the head
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of the interplain channel, which is 50 mi long. The northern interplain channel
has no feeding channels and appears to be an older feature, the approaches to

which have since been silted up.

The pattern of these channels can only be explained by the horizontal flow

of turbidity currents rejuvenated at the southwest corner of the Biscay Plain

by an increase of gradient. Before the plains were so connected, one can imagine
the Biscay Plain to have been filling with both pelagic and turbidity-current

sediment faster than the northern part of the Iberia Plain where turbidity-

current sediment was scarcer. When the level of the Biscay Plain reached the

level of the sill, which is covered with pelagic sediment only, subsequent

Key to profiles
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Vema Gap is a large magnetic anomaly suggesting a prominent buried ridge

beneath the sill. In contrast, the anomalies over the Theta Gap are quite small

and can be attributed to the visible topographic features of the area.

The Cascadia Channel (Fig. 27) mentioned previously is an example of a sub-

marine canyon deep-sea channel system which directly connects through a

tectonically controlled abyssal gap. The Cascadia Channel is both an extension

of a continental slope canyon and an interplain channel. The tectonic trough

which the Cascadia Channel follows through the ridge and valley province

connects both to the north and to the south to a series of deeper trenches,

leaving little doubt of the tectonic character of this feature.

An abyssal gap connects the Colombia and Venezuela plains in the Caribbean.

Others will undoubtedly be discovered.

6. Sediments on the Abyssal Plains

The abyssal jjlains of the abyssal floor generally lie at such depths and
distances from shore that the normal pelagic sediment covering them is deep-

sea red clay. However, in the abyssal plains of the northeast Atlantic and
Mediterranean, the normal pelagic sediment is Globigeriyia ooze and in the

small abyssal plains of the continental margin basins lying off Southern Cali-

fornia, the normal sediment is gray terrigenous clay. There is a sharp contrast

in sediment type between the abyssal plains and adjacent, slightly elevated

areas of nearly the same depth (Fig. 28).

On the rises only pelagic ooze is found. These sediments consist essentially

of the shells of planktonic Foraminifera mixed in varying proportions with

red clay or brown lutite. Because of the solution of calcium carbonate, the

shells of Foraminifera decrease in number with increasing depth of water.

Below about 5000 m, shells of Foraminifera are almost absent and the sediment

consists essentially of brown lutite, which is the classical "red clay". This

sediment accumulates through a constant rain of particles from above. The
particles themselves are either wind-blown or transported by oceanic currents.

Much of the calcium carbonate is precipitated originally in the upper layers of

water in the form of the shells of planktonic plants and animals. In any case,

the route of transportation of the particles is not along the ocean floor. Core A
160-1, at 5100 m def)th on the Bermuda Rise, contains typical normal abyssal

sediment, free from turbidity-current deposits. Throughout its length of 458 cm
it is dark brown lutite. Shells of Foraminifera make up less than 1% by weight

of the sediment. Micronodules of manganese oxide are common. Sand and silt

layers are absent and there are no abrupt changes in lithology.

On the abyssal plains the normal pelagic sediments are interbedded with silt,

sands, gravels and anomalous pelagic sediments normally found in shallower

environments. Such detritus is absent from the rises and abyssal-hills area. For
example, of 12 sediment-core stations, taken before 1954 in the Sohm Abyssal

Plain, northwest of the Bermuda Rise, cores were obtained from only seven

and at only tlii-ee of these stations did the cores exceed 1 m in length. At five
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Table I

Cores from the Abyssal Plain South of Newfoundland, 1948-1952 <C/.A

No. N Lat. W Long. Depth, Core Igth.,

fm m

(A) A152-131 34° 52' 52° 20' 2900 Nil

No core recovered, coring tube bent.

(B) A152-132 34° 14' 55° 23' 2900 Nil

No core recovered, coring tube bent.

(C) A153-141 33° 26' 53° 48' 2925 10.25

Red clay of normal deep-sea facies extends to 30 cm, below which is a series of

alternating layers of red clay, gray clay, quartz silt and micaceous glauconitic

sand.

(D) A157-17 36° 56' 50° 40' 2905 0.25

Red clay was recovered in the toi^ of the core, below which the pipe was
empty; the lower portion of the core presumably ran out.

(E) A157-18 36° 55' 53° 26' 2900 0.20

Red clay over silt below which the pipe was empty; presumably portion of the

core ran out.

(F) A160-16 31° 19' 55° 48' 2945 4.86

Alternating layers of red clay and gray clay with niunerous thin layers of

quartz silt.

(G) A180-1 39° 07' 54° 32' 2840 1.00

Well-sorted graded silt extends from the surface to 130 cm, below which is a
grayish-brown silty foraminiferal lutite except for a 5-cm layer of muddy
sand at 320 cm below the top.

(H) A180-2 39° 06' 54° 11' 2840 3.60

Well -sorted graded silt extends from the surface to 70 cm, below which is a
foraminiferal lutite interbedded with two graded layers 5 and 9 cm thick.

Both grade from well-bedded silty lutite at the top into very coarse sub-

angular sand at the bottom.

(T) A180-3 39° 08' 53° 54' 2840 Nil

Few grains of sand recovered, coring tube bent.

(J) A180-4 39° 19' 52° 31' 2840 Nil

Few grains of sand recovered, coring tube bent.

(K) A180-5 39° 30' 51° 48' 2840 Nil

Few grains of sand recovered, coring tube bent.

(L) A180-7 39° 36' 50° 51' 2840 1.23

From the top to 30 cm brown foraminiferal lutite of abyssal facies. Below
30 cm gray lutite gradually grades downward into well -sorted silt between
95 and 100 cm. Below 100 cm dark gray foraminiferal lutite of abyssal facies.

Letters A-L are indicated on Fig. 3.
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stations only a few grains of sand were taken from a bent coring tube. At

Stations J) and K (Table I) only the up])er layer of red clay, 10-20 cm thick,

remained in the pipe after the lower portions of the core had run out between

the leaves of the core retainer. The entire sample ran out of the pipe at Stations

A, B, I, J and K. Therefore, the only cores of significant length obtained from

the abyssal plain were F, G, H and L-. All these cores contained sand and silt,

so it is concluded that the reason for the lack of recovery on the other core

stations is that the material was sand or silt which, unlike clay or ooze, could

run out tlu'ough the core retainer. In each case, a few grains of sand were

imbedded in the grease around the core retainer. Cores G, H, I, J, K and L JV^^
' Mere taken for the specific i)urpose of testing the prediction of Heezen and -''^'-

Ewing (1952) that there would be in this area an uppermost layer of graded
' sand and silt. This prediction was based on the interpretation of the cable

breaks following the Grand Banks earthquake as the work of turbidity currents

triggered by slips, which in turn resulted from an earthquake shock. An upper

layer of graded silt in G and H, and indications of a similar layer in I, J and K,

confirmed this prediction.

In each core from an abyssal plain there is evidence of turbidity-cm-rent

deposition, i.e. shallow-water Foraminifera, graded quartz sand, gray clays and

bed of silt, all interbedded with lutite of abyssal facies.

Core A 153-141, at 5350 m depth on the Sohm Abyssal Plain, contains

typical normal abyssal sediment of red clay facies to a depth of 30 cm. Below

this is a series of alternating layers of red clay, gray clay and quartz silt to

400 cm. From 400 to 600 cm there is a micaceous glauconitic sand. At 460 cm

the sand has a median diameter of 110 [x and is well sorted, having a quartile

deviation of 0.75 (p. Between 600 and 718 cm there is a series of brown clay

layers alternating with silt and sand. From 718 cm to the bottom of the core,

there is again glauconitic sand, which has at 790 cm a median diameter of

103 [x and is also well sorted, having a quartile deviation of 0.85 cp.

The lower sand layer shows a gradual increase in particle size downward.

Both sand layers contain a few Forminifera, among which are the shallow-water

benthic forms Elphidium incertmn var. clavatum, Eljjhidiella arctica and

Nonion labradoricum.

This contrast in sediment type between the abyssal plains and the neigh-

boring oceanic rises has been found in all oceans and seas containing abyssal

plains. In several cases, more than 6 m of graded sand and silt have been found

under a few centimeters of lutite in cores taken from abyssal plains. A further

example is offered by the abyssal plain of the western equatorial Atlantic.

Locher (1954) reports graded beds of terrigenous sand and silt in all cores taken

from this plain. The shallow water origin of the material is strongly supported

by Phleger (1954), who found shallow-water benthonic Foraminifera in the

sands of fom- of these cores that he studied. Without excejDtion, every abyssal

plain from which data are available has yielded cores exhibiting the alternations

in sedimentary type characteristic of turbidity-current deposits.

In Fig. 28 all deep cores taken in the North Atlantic are shown on a chart of
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physiographic provinces. Tlie distribution of sands and silts correlates very
well with the pattern of i)hysiograi)hic provinces. In the abyssal plain areas,

all the cores contained sand or silt, whereas on the Bermuda Rise, sand or silt

was definitely lacking, except on the archipelagic plain around the Bermuda
Pedestal, where the sediments are obviously derived from Bermuda. On
the continental rise, both sand-silt and purely clay-ooze cores are found,

indicating that although canyons and channels running down the slope distri-

bute the sands and silts over wide areas, broad, slightly elevated areas of the

continental rise receive for a relatively long period of time only clays and
pelagic oozes; whereas cores obtained from canyon floors, canyon banks,

abyssal cones and deep-sea fans receive sands and silts intermittently and
fairly regularly. A few of the sands and silts shown on Fig. 28 may be related

to scour b}" bottom currents. Probably not all of them are due entirely to

turl)idity-current sorting (Heezen, 1959). The surface characteristics of the

sediments on the abyssal plains, as revealed by preliminary studies of bottom
photographs, do not seem to show any striking contrast with the sediments of

the continental rise or of the oceanic rises. Both are covered with the small

mounds, holes and tracks of benthic life (see Chapter 18).

7. Geophysical Characteristics

A. Seismic Reflection

Seismic-reflection measurements were the earliest geophysical investigations

made in the abyssal-plain areas (Hersey and Ewing, 1949). It M^as early noted

that seismic reflections taken from the abyssal plains were markedly diff"erent

from those observed on the adjacent oceanic rises. The records obtained from
the Bermuda Rise and the continental rise generally Avere relatively simple,

showing one, two or three sub-bottom reflections, which, in general, could be

correlated over relatively long distances. Records obtained on the abyssal plain

in contrast showed a strong bottom reflection followed by a series of reflections

so closely spaced that they formed a continuous reverberation (Fig. 29). At first

the difference between the two types of records was not understood. The records

from the rises, which showed a relatively few strong and persistent reflectors,

were interpreted as evidence of persistent layering in the relatively thick sedi-

ments covering the rises. The lack of discrete correlatable sub-bottom reflections

in the abyssal plain areas was interpreted as evidence of very thin sediment.

Seismic-reflection records on the abyssal plains have been satisfactorily re-

interpreted as multiple reflections from the thinly bedded sands and pelagic
1

sediments underlying the abyssal plain. As examples, typical records from the
|

Bermuda Rise and from the adjacent Sohm Abyssal Plain are illustrated in

Fig. 29.

In the first seismic -reflection exploration of the deep sea, measurements
were spaced every 2 to 10 miles, corresponding to a shot interval of 15 min to

1 hr. Reflecting horizons which would not correlate at this interval were con-

sidered either not significant or too complex to be investigated on a regional

reconnaissance basis.
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When in 1061 and 1962 a shot spacing of 2-3 min (roughly one shot each

one-half mile) was first used this previous view was completely repudiated.

Sub-bottom horizons completely uncorrelatable in earher studies could ho fol-

lowed through complex sub-])ottom topograjihy. The contrast between oceanic

rises and the abyssal plains mentioned above was substantiated. The new

seismic-profiler records, however, add much new information on the total

sediment thickness in the ocean floor. This work has been carried out under the

6tO im 618 617

BERMUDA RISE

SOHM

ABYSSAL PLAIN

Fig. 29. Comparison of seismic -reflection records from the Bermuda Rise and the adjacent

Sohm Abyssal Plain. Records from Bermuda Rise show strong discrete sub-bottom

echoes, while those from the Sohm Abyssal Plain show a great many reflections which

are extremely difficult to correlate.

supervision of Maurice Ewing and John Ewing of the Lamont Geological

Observatory by scientists aboard the Research Vessel Vema.

The sediment thickness on the oceanic rises is sur])risingly very similar to

that beneath the abyssal i)lains, generally ranging from 1 to 2 km. The sediment

thickness in the abyssal hills is generally too small to measure and the sediment

thickness on the mid-oceanic ridge is generally extremely variable, being



SECT. 2] ABYSSAL PLAINS 353

largely limited to intermontane basins and perliaps averaging one-tenth of the

thickness found below the abyssal floor.

The sediment blanket beneath the abyssal plains covers a sub-bottom relief

similar to the abyssal hills, strongly suggesting that the abyssal plain was
created by the burial of pre-existing relief. The contrast in average sediment

thickness between the abyssal hills and the mid-oceanic ridge on the one hand
and the abyssal plain on the other is easy to understand in the above terms, but

the similarity in sediment thickness between the abyssal plains and the abyssal

rises presents a difficulty. The smoothing, it would seem, was accomplished in

the course of the deposition of a small fraction of the total sediment thickness.

Otherwise the sediment thickness beneath the plains should be measurably

larger than beneath the oceanic rises if we assume that sedimentation began in

both areas at the same time and has been of similar type in the two provinces.

It is beyond the scope of the present paper to consider the validity of these

assumptions. Suffice it to say that it may not be legitimate to assume that the

Prominent Scarp in Abyssal Plain

2900 rif^qfy.

-i|iiiil^:i#7;'H='
East Seaward Edge. Madeira Abyssal Plain

Note prominenl sub-bottom echo.

West

10 Nautical Miles

Fig. 30. Precision Depth Recorder records from the Madeira Abyssal Plain. Depth in

fathoms. (After Heezen et al., 1959.)

sedimentation began at the same time on the rises as on the plains. This

problem is involved in the general problem of the geology of the ocean basins in

relation to continental drift.

Sub-bottom reflections have been observed on Precision Depth Recorder
records in the continental rise, on oceanic rises and many other environments

of the deep-sea floor. However, the character of the sub-bottom reflections

observed in the abyssal plains is generally quite different from those observed

on the rises. Over most of the abyssal plains, sub-bottom reflections are either

absent or, if present, persist as correlatable continuous horizons for relatively

short distances. This is in sharp contrast to the oceanic rises, where sub-bottom
horizons can be traced for dozens or hundreds of miles. However, a marked
exception to this rule often occurs near the seaward edges of the abyssal plains,

where sub-bottom reflections become very strong. Some of the deepest sub-

bottom reflections traced by ordinary echo-sounders in deep water have
been observed near the seaward edges of the Madeira and Nares Abyssal
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Plains (Fig. 30). In such areas the snb-bottoms are prominent and reach to

de])ths of 20 fni beneath the sea floor. The ex]>lanation of this typical distribn-

tion is similar to that offered for the more deei)ly penetrating seismic-reflection

measurements; that is to say, in the portions of the plain close to the continental

rise, turbidity currents have deposited thicker and coarser beds, which contrast

markedly A\ith the products of normal pelagic sedimentation. Therefore, many
sharp reflecting horizons are present in these areas. However, due to the

relatively limited area covered by the single turbidity-current deposit and the

marked lateral variations in thickness in such a deposit, the resulting sub-

bottom echos do not persist for great distances.

However, at the seaward edges of the abyssal plains, the sediment carried in

by turbidity currents and that resulting from normal pelagic sedimentation are

])robably quite similar, both consisting of extremely fine clays. Sedimentation

of clays by ponded turbidity currents may greatly increase the rate of sedi-

mentation in these areas. In this region, certain notable events in pelagic

sedimentation, such as vast ash falls or changes in the carbonate content of the

sediments caused by relatively sudden changes in the circulation of the deep-

sea water-masses, could form preservable major interfaces between sediments

of different com])osition or different compaction and thus provide an explana-

tion for the very prominent sub-bottom echos found at the seaward edges of

abyssal plains.

B. Seismic Refraction

Many seismic-refraction measurements have been made in the "ocean-basin

floor" of the western North Atlantic (Ewing and Ewing, 1959). These results

can be divided into two categories, depending on \^hether the measurements

were made (1) on the abyssal floor or (2) on an oceanic rise. Measurements on

the abyssal floor of the western Atlantic revealed a simple pattern. Beneath
4-5 km of water lies 0.5 to 1 km of sediment and sedimentary rock with a

compressional wave velocity of about 2 km/sec overlying a 4.5 km/sec layer 1

or 2 km thick. Beneath this lies 3-4 km of oceanic crustal rocks (approximately

6.5 km/sec) and the sub-M mantle rocks with a velocity of about 8.1 km/sec.

This pattern has been observed by most workers in the abyssal floors of other

oceans. In contrast, seismic-refraction measurements on the oceanic rises have

revealed distinctly different and variable crustal layering. In the vicinity of

Bermuda, Officer, Ewing and Wuenschel (1952) and Katz and Ewing (1950)

failed to observe either the typical oceanic crustal velocities or the ty|:)ical

mantle velocities found in the abyssal floor. Instead, a thickened 4.5 km/sec

layer overlay a 7.5 km/sec deepest layer. AlthougJi the oceanic rises have

a distinctly different crustal structure from the abyssal ])lain no difference

has been noted between observations made on the abyssal plain and those made
in the adjacent abyssal hills. The sediment thickness in the abyssal hills is,

however, markedly less than on the abyssal ])lain.



SECT. 2] ABYSSAL PLAINS 355

C. The Gravity Field and the Magnetic Field

On the basis of the relatively irregular gravity field shown by a series of

closely spaced pendulum observations in the Bay of Biscay, Browne and
Cooper (1950) concluded that there must be large topographic features buried

beneath the Bay of Biscay Abyssal Plain. Subsequent studies of the Madeira
Abyssal Plain with a continuous-recording Graf sea gravimeter gave further

support to this conclusion (Worzel, 1959) (Fig. 31). In the region of the adjacent

continental rise, the free-air gravity curve is by and large a perfect reflection

of the topographic })rofi]e. However, on the abyssal plain the gravity field

sliows variations of the same amplitude as those observed over the adjacent

4000

6000
Abyssal Hills Madeira Abyssal Plain Madeira Rise

Fig. 31. Free-air gravity anomalies across the Madeira Abyssal Plain. (After Worzel,

1959.) Free-air gravity anomalies were observed with a Graf sea gravimeter from a
surface ship. Note that the amplitude of the anomalies over the abyssal plain is not
markedly different from that over the adjacent rises. This suggests that the basement
structure is uniformly complex along the entire profile, and that the smoother topo-

graphy of the abyssal plain is due to sediment blanketing the complex topography.

continental rise and abyssal hills. This clearly shows that the topography on the

buried rock surface beneath the abyssal plain must be essentially similar to

that of the continental rise.i The greater number of variable factors involved

makes the interpretation of total magnetic intensity anomalies a much more
difficult task than the interpretation of gravity anomalies. Profiles of total

intensity of the Earth's magnetic field show the same irregularities of field over

the abyssal plains as over the adjacent abyssal hills (Fig. 32),

D. Heat Flow

Heat flow measurements in the abyssal floor made by Bullard (1954), Bullard

and Day (1961) and Von Herzen (1959) reveal values of approximately 1.2 [xcal/

cm2/sec (see Chapter 11 of this volume). Values of heat flow on the mid-oceanic

ridges range to seven or eight times this value and heat flows measured in the

1 Recent simultaneous observations of gravity and seismic -reflection profiles obtained

during a roiuid-the-world cruise have confii'med this correlation in several abyssal plains.
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floor of oceanic trenches range from -^o to | this vahio. Sufficient measurements
have not been made to determine whether there is any significant difference in

heat flow between the abyssal plains and the abyssal hills, but except for eff'ects

of very recent turbidity currents, no such contrast woulrl he expected.

8. Theories of the Origin of the Abyssal Plains

Any hypothesis or theory of the origin of abyssal plains must account for

several critical characteristics. These are : (a) flatness of the plain
;

(b) con-
tinuity of gradient over large distances, and the exponential shape of the
plain

;
(c) the terrigenous sediments and shallow-water detritus found on the

LOWER STEP

zrsrN
35"W

ABYSSAL HILLS
CAPE VERDE '-°*^'' continental rise upper continental rise

ABYSSAL PLAIN CONTINENTAL RISE

Fig, 32. Total magnetic intensity variations over the Madeira Abyssal Plain. Data
obtained with a fluxgate magnetometer from the Research Vessel Vema. Note that

the amplitude of the magnetic anomalies over the abyssal plain is not significantly

different from the amplitude over the adjacent Mid-Atlantic Ridge and Madeira Rise.

This apparently indicates that the structure lying beneath the abyssal plain is

essentially similar to that lying beneath the adjacent features and that the only basic

difference between these adjacent provinces is that the abyssal plain has been
smoothed by turbidity-current sedimentation.

plain. Since the discovery and beginning of systematic investigation of abyssal

plains in 1947, several explanations of their origin have been offered. Each of

these is discussed in the following paragraphs, with special reference to the facts

upon which it is based.

A. Atecfonic Areas

'fJie suggestion that abyssal plains represent atectonic areas in which the

original crust of the Earth has been luiaffected by diastrophism since the origin

of ocean basins was made by Tolstoy and Ewing (1949). This hy]wthesis was
offered in a tentative fashion largely on the basis of two facts: (1) "the jilain

was flat and nearly level"
; (2) "the seismic reflections from the plain were of a
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type which was then interpreted as evidence of thin sediment". Thus, since

the sediments were assumed to be very thin, the smoothing of the topography

by the shifting of sediment seemed impossible, and even now no one would

seriously consider the possibility that deep-ocean currents could effectively

erode the crystalline rock to plain flatness. Thus, the theory was based solely

on the lack of a leveling process, it being assumed that the smoothness of the

topography was simply indicative of the lack of tectonic activity. The early

seismic-reflection records from the abyssal plains were satisfactorily reinter-

preted (Ericson, Ewing and Heezen, 1952) as reflections from a thinly bedded

sequence in which alternate beds diff"er widely in lithology. Recent seismic-

profiler records reveal abyssal-hill type topography buried beneath |-2 km
of sediment. The fact remains that diastrophism has not been nearly as active

in the abyssal floor as in the ridges and rises ; for a mere ^-2 km of sediment

(Ewing, Sutton and Oflicer, 1954) has been sufficient to bury all minor topo-

graphic features in the abyssal plains. It is clear that a similar small thickness

of sediment would be adequate to smooth many of the abyssal-hill areas.

Tectonic activity in abyssal-hill areas has probably been no more intense than

in the abyssal plains.

B. Mylonitic Plains

In direct contrast to the atectonic hypothesis, the suggestion has been made
that abyssal plains represent areas of high and complex tectonic activity.

According to this hypothesis, abyssal plains represent the nearly level surface

of a great bed of mylonite, the rocks having been so completely sheared that

nothing remains but a veritable sea of mylonite. This has been suggested

apparently through a misunderstanding of the characteristics of abyssal plain

deep-sea sands. Some of the first sands discovered in the deep sea were obtained

from the Romanche Trench, an exceptionally deep and precipitous fracture

zone which offsets the mid-oceanic ridge and rift in the equatorial Atlantic.

These cores, obtained from depths of 3000-4000 fm, contained beds of sand. The
sand grains were composed of minerals characteristic of basic and ultra-basic

rocks (Mellis, 1958). The characteristics of the deep-sea sands occurring on

abyssal plains contrast sharply with the sands of the Romanche Trench, and the

only thing the two types of sand have in common is that they lie in a great

depth of water. The sands of the Romanche Trench are mylonitic in character

or, perhaps, are weathering products from the erosion of the Mid-Atlantic

Ridge. However, they do not lie in an abyssal plain and are so vastly diff'erent

from abyssal-plain sands as to have no real bearing on the origin of the normal

abyssal-plain deep-sea sand.

Pettersson (1954), in an attempt to explain the occurrence on the equatorial

Atlantic abyssal plains of graded deep-sea sands that contained "twigs, nuts

and the bark of a dicotyledonous tree", offered the following explanation:

"In the event that a large island harboring vegetation and with a fairly ex-

tensive shelf covered the Mid-Atlantic Ridge northwest of St. Raid's Rocks
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aiul became submerged during a catastrophe of seismic volcanic character a few

liundred thousand years ago, material like that found in the Albatross cores

might have become di.stributed over the adjacent sea bottom."

C. jSubaerial Erosion Surfaces

The subaerial erosion hypothesis for abyssal plains was invoked to explain

apparently widespread ])eaches and terraces found on the continental rise,

continental slope, the Mid-Atlantic Ridge and on seamounts (Tolstoy, 1951).

'I'lie abyssal })lains were taken as the lowest of a great series of eustatic terraces.

Evidence now available against subaerial erosion at great depths below present

sea-level is very conclusive. One of the important arguments in favor of the

subaerial erosion hypothesis was the existence of striking streamlike charac-

teristics in the submarine canyons which reached the bottom of the ocean

basins in 2500 to 3000 fm, 200-600 nautical miles from shore. The sediments in

these canyons, however, demanded a submarine origin for the canyons. It was

found that the canyon floors are covered by gravel and sand containing a

cold shallow-water (glacial) fauna: Tertiary sediments crop out on the canyon

walls. On the inter-canyon portions of the continental rise, normal, Recent and

\\'isconsin fine sediment (blue mud) was found. These findings give clear

evidence that during the last glacial stage, some process of erosion and trans-

portation was active in the canyons but not on intervening areas of the con-

tinental rise. This evidence clearly demands a submarine erosion process.

Considering the great difficulties encountered by the subaerial erosion hypothesis

even in connection with submarine canyons, the subaerial erosion of abyssal

plains becomes comj)letely impossible.

D. Lava Plains

The suggestion was made by Pettersson in 1953 that the abyssal plains were

formed by vast outpourings of lava. This interpretation was based on two

facts: (1) the existence of nearly level plains, and (2) the fact that the coring

tube came up bent and empty after encounter with the abyssal plains. Damage

to the coring tube was interpreted as being the result of an encounter with solid

rock. The only plausible way to explain solid rock on the flat floor of the ocean

basin was to appeal to lava flows. Pettersson believed that the apparent high

thermal gradients in the deep-sea sediments might support the idea that wide-

spread lava flows in the deep-.sea basins were not uncommon. HoAvever, heat-

flow values observed in the oceans are generally similar to those of non-volcanic

regions of the continents. According to the experience of Heezen, Ewing

and Ericson (1955), coring tubes are often bent and empty after encounters

with beds of sand or gravel. Three serious difficulties of the lava plain hypo-

thesis are: (1) the high fluidity of lava required to produce slopes as gentle

as the typical I :3000; (2) the high speed of flow recjuired for lava to retain
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its fluidity while traversing distances of 500-1000 miles, particularly if re-

quired to start in abyssal depths instead of high on the continental slope

;

(3) in every plain where the slope has been determined, the slope is downward
from an area adjacent to an obvious source of abundant sediments rather than

from a source of vulcanism.

E. Areas of Loruj-Continued Sedimentation

Koczy (1954) suggests that the abyssal plains are merely "areas in which

the sedimentation process has been in action for a long geological period". He
apparently means to impty that the small-scale gravity movements—compac-

tion, folding, slumping, etc.—would eventually produce a flat surface if given

enough time. For sedimentation of the particle-by-particle type alone should

cause no significant alterations of the topography, leaving the uj^per surface

of the sediments parallel to the rock surfaces below. The theory of long-

continued sedimentation woidd not explain the gradients or the type of sedi-

ments found on the plain. It is difficult to understand how small-scale gravity

movements alone could produce such a flat plain. The study of sub-bottom

reflections from known horizons on Precision Depth Recorder records has

shown that even in very deep water the sediment is eroded from the crests of

very small irregularities, even those a few hundred feet high, and that this

erosion causes beds to thin over the rises and thicken in depressions. Thus, it is

entirely conceivable that given a long period of time and a complete cessation

of diastrophism, sediments slowly redistributed by currents or gravity dis-

locations could produce a smooth surface. But it seems unlikely that such a

process could produce the exponential shape leading away from obvious sources

of sediment, the continuous down-slope gradients, the shallow-water detritus

and the other characteristics mentioned above.

F. Uniquely Fine Sediments Distributed by Bottom Currents

Browne and Cooper (1950) recorded a rough gravitational field over an

abyssal plain west of the Bay of Biscay and inferred the existence of large

topographic features in the buried rock surface. They concluded that on the

abyssal plains "detrital mud is so finely divided that it can be carried in

suspension for a very long time and gradually spread by bottom currents so as

to fill in the hollows in the original topography". Browne (1954) abandons this

hypothesis, for he states, "turbidity currents provide a natural explanation of

how the ooze came to be contained in the trough of basement rocks and hence

almost obliterated the surface indications of the underlying topography". The
sands and silt occurring on all abyssal plains studied to date contradict the

hypothesis that the fiatness was produced by extremely fine sediments through

the action of deep-ocean currents. However, as we stated in the previous

paragraph, the action of deep-ocean currents can be important in producing

smooth topography. Yet it seems improbable that this mechanism could have
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produced the characteristic shape of the abyssal plains and, of course, bottom
currents would not be expected to produce beds of sand or silt exclusively of

continental origin. One would expect that if a bottom current produced sand
by winno\\ing, shells of pelagic organisms would ])lay a large part. However,
pelagic components are less abundant in turbidite deep-sea sands than in

pelagic oozes.

G. Burial of Original Topography by Turbidity Currents

The hypothesis that abyssal plains were formed by deposits of turbidity

currents, which have gradually covered the original topography, was made by
Heezen, Ewing and Ericson (1951, 195")). This hypothesis was based on (1)

the existence of flat, nearly level surfaces sloping away from areas adjacent to

sediment sources; (2) the occurrence of graded sand layers, shallow-water

benthonic Foraminifera, gray clays and silt layers in cores from the abyssal

plains, ail indications of turbidity-current transportation
; (3) the partially

buried appearance of seamoiuits protruding from the plain. Heezen and
Ewing (1952) interpreted the submarine cable breaks which occurred for 13 h
following the 1929 Grand Banks earthquake as the result of turbidity currents

running down the continental rise and depositing a layer of graded sand on

the abyssal plain to the south. In 1952 the prediction of an uppermost layer of

graded sediment was confirmed by the results of five coring locations on the

northern part of the Sohm Abyssal Plain south of Cabot Strait. Locher (1954),

from a study of five cores taken from the abyssal plain of the western equatorial

Atlantic, concluded that the deep-sea sands and shallow-water Foraminifera

(Phleger, 1954) contained in these cores were transported from the South
American continent to the plains by turbidity currents. He further suggested

that the flatness of the plains was the result of this process.

Turbidity currents not only account for the existence of abyssal plains but

provide explanations for many of the characteristic features found on the

continental rise. The submarine canyons, deep-sea channels, deep-sea fans and
great abyssal cones of the continental margin can best be explained through

turbidity-current transportation, erosion and redeposition of sediment. Areas

of the sea floor which turbidity currents can reach are in general smooth. Areas

which turbidity currents cannot reach, because basins or trenches form sedi-

ment traps between the deep-sea floor and the continents, are areas of rough

topography. The smooth to])ography of the continental rise and the abyssal

plains does not necessarily slope away from the continent. In some areas the

slope is parallel to the continental margin in places where the outward flow of

turbidity currents is obstructed by mountains which act as dams. The basins

with irregular bottoms are common in places which are shielded from turbidity

currents by ridges or troughs. Similar basins have not been found in places

which are not shielded from turbidity currents originating on the continental

margin.

If one considers the highly hypothetical ocean basin which is just beginning
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to receive turbidity-current sediments, one might envisage a rough sea floor
j

£/'/> -/c

and a marginal trench bounding the continental slope. Turbidity currents

would first fill up the trench and the rate of this filling would depend not only

on the amount delivered to the submarine canyons and hence the frequency of

turbidity currents, but it would also depend on the rate of subsidence of the

trench. However, given a sufficiently long time, the trench would eventually

be filled and the turbidity-current sediments would overflow the outer wall of

the trench and flow out on the deep-sea floor. As long as slopes exceeded

1 : 1000, the growing smoothed area would resemble the surface of the con-

tinental rise with many deep-sea channels, submarine canyon systems, abyssal

cones and deep-sea fans. However, as the basin floor begins to fill and the wedge
of sediment building out from the shore reaches the greatest depths of the

iff''

^i:i^tiili

Fig. 33. Two Precision Depth Recorder records across the Biscay Abyssal Plain. (After

Heezen et al., 1959.)

ocean basin, a distinct change in the topography will begin to take place. As
turbidity currents begin to build up against the seaward side of the oceanic

basin, the depositional topography will change character from that resembling

the topography of a continental rise to that resembling the topography of the

modern abyssal plains. Gradually, as more sediment is supplied, the abyssal

plain will widen and fill. If, after some time, tectonic warping uplifts the edge

of the plain or a decrease in turbidity-current activity or a change in the type

of turbidity-current sediment takes place, certain portions of the plain will

become relic and no longer be receiving turbidity-current sediment.

These relic jDlains may be relic because they have been uplifted. Some will

have been cut off from land by the subsidence of a new trench, as in the case

of the northern "Aleutian Abyssal Plain". There are areas of the sea floor of

very gentle relief which are distinctly elevated above the abyssal plains and

no longer connected to them. Such an area lies in the center of the Argentine

Basin. The very smooth topography in this area of nearly abyssal-plain flatness

may mean that this area was at one time an abyssal plain which has later been

uplifted and is now cut off from a supply of turbidity currents. The sediment

(nearly 2 km) lying beneath this rise may have been partially contributed by
turbidity currents before the elevation of the rise.

13—s. Ill
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15. OCEANIC ISLANDS, SEAMOUNTS, GUYOTS AND ATOLLS

H. W. Menard and H. S. Ladd

1. Introduction

Oceanic islands, in general, are small in surface area, rise from the deep sea

and lie far from continental shores. This definition excludes large continental

islands such as Greenland, Iceland, the British Isles, Sicily, Madagascar, the

islands of Indonesia, New Guinea and the "island continent" of New Zealand.

It leaves in a borderline category such chains of islands as the Aleutians,

Japan and other arcuate groups. Typical oceanic islands are volcanic. They

may be isolated—at least as far as surface expression is concerned—or they

may form part of a chain. Many of those lying in the warmer seas are encircled

by reefs.

Seamounts, like oceanic islands, rise from the deep-sea floor and many of

them lie far from continental shores. They, too, represent materials extruded

from volcanic centers but not extruded in sufficient quantity to build their

masses above sea-level. Again, like oceanic islands, they may be isolated or

arranged in chains.

CJuyots are flat-topped seamounts. They appear to have reached the surface

of the sea at one stage in their development, at which time they were bevelled

by wave action before sinking to their present levels below the sea. Atolls are

reef-capped seamounts or guyots without exposed volcanic cores.

The distribution of islands and atolls has long been known but a better

understanding of their distribution and their origin has been obtained during

the past 10 years with the rising flood of echo-soundings. Many hundreds of

thousands of kilometers of sound tracks have been recorded by oceanographic

vessels operated by institutions in the United States, the Soviet Union, Sweden,

Denmark and Great Britain.

In the case of guyots, the sounding data have been supplemented by in-

formation from dredging and bottom coring. The slopes of atoUs have likewise

been dredged and drill holes have been put down through their islets. Detailed

studies of exposed reef surfaces have also been carried out.

Space does not permit full coverage of all recently acquired data but an

attempt is made to summarize available information, particularly as regards

its bearing on distribution, age and origin. In discussing the four major features,

maps showing general distribution are given and typical examples are selected

for brief description.

2. Oceanic Islands

Many of the oceanic islands that lie far from land are not as isolated as they

appear on maps of the Earth's surface. Bathymetric charts show that they are

high points on mid-oceanic ridges or rises that divide the Atlantic, Indian

and South Pacific Oceans (Ewing and Heezen. 1956; Menard, 1959). In this

category are the Azores, Ascension and St. Helena in the Atlantic, Prince

[MS received June, 1960] 365
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ICdward aiul St. l*aul Islands in the Indian Ocean, and tlie Tuaniutu Islands in

the Pacific.

Oceanic islands of a second type occur in the Pacific. These are volcanic and

are arranged in linear groups that are independent of the mid-ocean rise. The

Hawaiian, Marquesan, Samoan and Society Islands are examples of this class.

The submarine ridges from which they rise may be caused in part by faulting

l)ut the islands and their ridges may be explained solely as the result of i)iling

up of lava flows between closely spaced vents. Other linear groups in the Pacific,

such as the Tubuai (Austral) Islands, are made up of relatively isolated vol-

canoes rising directly from the dee])-sea floor. The volcanoes in these chains

appear to be too widely spaced or have not been productive enough to pile

up lavas between them to build a ridge (Menard, 1959). Most oceanic islands

lying in tropical latitudes are encircled by coral reefs. On some of these the

volcanic foimdation is partly or entirely covered by elevated shallow-water

hmestones.

Arcuate groups of islands are widely developed in the western Pacific. Two
types are recognized: (1) the continental arcs, such as the Kamchatka-Kuril-

Hokkaido Arc, the Philippine Arc and others lying between them, and (2) the

"oceanic arcs" typified by the Marianas and Palau (Dietz, 1954), The first type

is closely tied geologically to the continents and is not considered here. The

"oceanic arcs", despite their name, are in a borderline category, because they

lie outside the andesite line that encloses the Pacific Basin and they include

rocks regarded as "continental". The arcs are believed to be tied to the tecto-

gene, the postulated down-buckle in the Earth's crust into subcrustal material.

Each arc is bordered by a deep trench on the convex side, the islands capping

parts of a submarine ridge on the active or concave side. Saipan (Cloud et al.,

1956) and Guam (Tracey et al., in press) are tvpical Mariana islands and both

have been studied in detail. They are composed of volcanics (andesites, basalts)

and are partially covered by limestones (mostly shallow water) that range in age

from Eocene to Recent. Yap, an island forming part of a small arc between the

Marianas and Palau, is unflerlain by schists and other rocks of unknown age

overlain locally by Tertiary limestones (Cole, Todd and Johnson, 1960).

A typical example of an isolated volcanic island in the Atlantic is Ascension.

It lies almost midway between Africa and South America, being 1500 km from

the nearest point on the African coast. Ascension is roughly triangular in plan,

measuring about 10 km on a side with an area of about 100 km- (Daly, 1925).

It rises to a height of 858 m. It is composed entirely of volcanic rock (except

for some diatomaceous material in one of the craters) and shows well preserved

tuff cones, but there is no volcanic activity at the present time. The island tops

a broad cone that rises from a depth of nearly 3000 m near the center of the

Mid-Atlantic Ridge.

Ascension is only one of a number of isolated, reefless, volcanic islands that

rise from the Atlantic Ridge. St. Helena, 1200 km to the southeast, is slightly

larger but similar in essential features. Others include Tristan da Cunha and

Clough Island.
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In the Indian Ocean there are a nnmber of isolated volcanic islands that are

essentially similar to those of the Atlantic. Prince Edward and Marion Islands

(known collectively as the Prince Edward Islands) lie southeast of the Cape

of Good Hope. These islands rise from a deep-ocean ridge that is a continuation

of the Mid-Atlantic Ridge around Africa into the Indian Ocean (Ewing and

Heezen, 1956). Marion Island, the larger of the two, has an area of 70 mi^ and

an elevation of 4200 ft; Prince Edward has an area of 16 mi^ and a height of

2370 ft. Like all volcanic islands in the cooler, reefiess seas, these islands are

strongly cliffed. They are composed of olivine basalt flows on which lie younger

cones of scoria but neither island shows evidence of volcanic activity at the

present time.

Two other examples of cliffed volcanic islands are Amsterdam and St. Paul,

to the northeast of the Prince Edward Islands. These two also rise from a

submarine ridge near the middle of the Indian Ocean (Menard, 1959, fig. 2).

In the Pacific, the Tuamotu (Paumotu) Islands rise from a mid-ocean ridge

(Menard, 1959, fig. 2) but they are capped by limestone and have had a more

eventful history. These low islands, in Dana's words, form "a vast island

cemetery, where each atoll marks the site of a buried island" (Dana, 1849,

p. 134).

The Hawaiian Islands are gently sloping, shield volcanoes spaced along the

crest of a broad swell 2400 km in length, extending from northwest to south-

east. The swell is nearly 800 km wide and is partly surrounded by a deep (Dietz

and Menard, 1953), but these structures are independent of the mid-oceanic

ridge. The islands have been built up largely by flows of olivine basalt. The

largest island, carrying the only presently active volcanoes, lies at the south-

east end of the chain. Early observers recognized that there appears to have

been a progressive extinction of volcanic action from northwest to southeast

(Dana, 1849). Today the northwestern end of the chain consists of coral reefs

(Macdonald, 1956).

The age of the Hawaiian Islands is uncertain. Most geologists believe that

they were built above the sea in Tertiary times and that the entire area has

been deeply submerged (Stearns, 1945, 1946). Both conclusions have very

recently been confirmed by dredging Miocene reef faunas on terraces deep

on the flanks of Oahu. Cretaceous rocks have recently been dredged from the

submerged Mid-Pacific Mountains less than 500 miles to the southwest (Hamil-

ton, 1956) and there are biological data suggesting that the islands are older

than is indicated by their meager fossil record (Ladd, 1960).

Other island groups in the central and west-central Pacific are spaced along

lines that essentially parallel that of Hawaii. These include the Tubuai (Austral),

Society, Cook, Samoa, Tuamotu and Line Islands (Macdonald, 1956). All of

these, except the Tuamotus and the Line Islands, are primarily volcanic.

Most oceanic islands that lie within an area 30°N and 30°S are encircled by
coral reefs. Water temperature in these low latitudes appears to be the chief

control of reef growth. Reefs are best developed where the mean annual tem-

perature is about 25°C ; they are poorly developed or absent in areas where
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the temperature duriiiii the year falls below about 18 C for ap])reciable intervals

(Wells. 1957). The importance of temperature in large part explains the absence

of reefs around islands such as Ascension and St. Helena in the eastern Atlantic

and the (Jalapagos Islands in the eastern Pacific. In the eastern parts of both

oceans the u])welling of cold waters prevents reef development.

Many oceanic islands, for example Eua in the Tonga Group (Hoffmeister,

1{)32) and Oahu in Hawaii, are partly or completely encircled hy fringing reefs

Fig. 1. Seamovints, low islands and submarine banks, volcanic islands and active volcanoes

in the Pacific Basin. Broken line marks the structural boundary of the basin on the

southwest (andesite line).

—platforms that may extend outward from the shore for distances of .several

hundred feet. Islands such as Ongea and many others in Fiji are protected by

barrier reefs, structures comparable in size and constitution to fringing reefs

but separated from the shore by a lagoon that may be several miles in width

(Ladd and Hoffmeister, 1945). On some islands, such as Lakemba, Fiji, both

fringing and barrier reefs are developed. Some reef-encircled islands are com-

posed entirely of volcanic rock, others entirely of limestone ; on some islands

both types of rock are exposed, the limestones resting unconformably on the

volcanic foundation.
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3. Seamounts

369

A seanioujit may be defined as a more or less isolated elevation of the sea

floor with a circular or elliptical plan, with at least 1 km {ca. 500 fm) of relief

and comparatively steep slopes. This definition fits both flat-topped and

pointed features. The former are a special class which will be discussed in more

detail under the heading "guyots". Seamounts are indicated by soundings

taken in the days of the Challenger Expedition, but it remained for Murray

(1941) to make the first adequate description of a group of seamounts. Now an

extensive literature exists and more than 1200 seamounts are known to be dis-

tributed in all the ocean basins (Figs. 1 and 2) ; roughly 200 have been surveyed

80° 7P» _60° _ 501 40° 30* 20* 10' 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 100° 110° 120°

«»•

80° 70° 60° 50° 40° 30° 20° 10° 0' 90° 100° 110° 120°

Fig. 2. Seamounts, atolls, volcanoes and related features in the world exclusive of the

Pacific. Uncertainty of reported occurrences indicated by query.

in sufficient detail to establish the shape, and bedrock has been dredged from

about 50. It seems clear that almost all, if not all, seamounts are submarine

volcanoes because the bedrock is always basalt, and the shapes and slopes are

characteristic of no other land-form. The only volcanic feature lacking in early

surveys of seamounts was a crater at the top. This occasioned much speculation.

However, the Precision Depth Recorder shows craters on many seamounts and

it is highly probable that the earlier types of sounders simply concealed the

crater in confused side echoes.

The total number of seamounts (including guyots) shown on the distribution

charts is probably only a small fraction of the number that exists. The charts
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are particularly iiicoini)lete in the Atlantic and Indian Oceans where they are

based on ])uhlished soundings rather than on original and un])u})lishod sound-

ings as they are in the Pacific. Therefore, the charts should not be inter])reted

to indicate that seamounts definitely are more common in the Pacific than

elsewhere. New seamounts are invariably discovered \\henever an oceano-

graphic ship crosses a previously unsounded region in the Pacific. This circum-

stance may be used as the basis for a prediction of the total number of seamounts

that would be found if the whole Pacific were sounded along closely spaced

lines (Menard, 1959). It is assumed that the seamounts of all sizes are cones

Avith uniform slopes and that, in general, they are randomly distributed. No
significant error is introduced by the former assumption, but the latter limits

the size of the region that is studied because some topographic provinces have

more seamounts than others. The Baja California Seamount province between

Mexico and Hawaii was selected for study and all the seamounts w^ere counted

along 7400 km of sounding lines. About 10^ seamounts with at least 1 km of

relief appear to lie within the area of 1,400,000 km^ or about one per 1400 km^.

Extrapolating to the whole Pacific Basin and considering various sea-floor

topogra])hic provinces, the total number would be roughly 10^. A second

method of estimating is to count all the seamounts in areas that are surveyed

densely enough to find every seamount and to extrapolate to the remainder of

the basin. The same number of 10^ results. Extrapolating to the entire world

ocean is more uncertain, but if the concentration per unit area is constant in

any large region, the world total is about 2 x lO-*.

A typical large example is Gilbert Seamount in the Gulf of Alaska (Fig, 3).

It consists of a roughly circular main cone with a diameter of 20 mi, an eleva-

tion of about 11,000 ft, and a smaller parasitic cone on one flank (Menard,

1955). The side slopes are slightly concave upward and reach a maximum of

22°. The maximum slopes are about the same on smaUer seamounts but. in

general, the slopes do not appear to be concave upward if the peaks are less

than one mile high. Some seamounts are more elongate with a length as much
as four times the width ; in this characteristic, they resemble the shield volcanoes

of the Hawaiian Islands, wdiich tend to be elongate because they lie on linear

rifts.

Most seamounts are clustered in lines or in elongate groups of roughly 10-100

and consequently, as groups, they closely resemble the volcanic archipelagoes

of the Pacific Basin such as the Samoan and Hawaiian Islands. This is charac-

teristic of the seamounts of the Pacific, but at least one prominent linear group,

tbc Kelvin Seamounts (Heezen et al., 1959), lies in the Atlantic. Most of the

linear groups of seatnounts of the northeastern Pacific have the same north-

westerly trend as the linear island groups of the central and western Pacific.

Likewise, the individual seamounts in a cluster are connected in various ways

like archi])elagoes. The Mid-Pacific Mountains (Hamilton, 1950) rise from a

ridge with steep sides like the Tuamotu Archi])elago. Other seamount clusters

such as the outer ones in the Gulf of Alaska (Menard and Dietz, 1951) stand

above low rises—resembling the Marquesas Islands in this respect. Some
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clusters of seamounts appear to rise from a relatively level, although irregular,

sea floor and in this they are dissimilar from most archipelagoes. The diff"erence

probably is not significant with regard to origin, however ; if the seamounts

continued to gro\\', lava flows would eventually reach from the base of one

volcano to the next and would build a connecting rise. In groups as well as

individually, therefore, the seamounts resemble volcanic islands in all respects

except size. The close similarity is further emphasized by the existence of

intermediate types, namely, guyots, atolls and banks.

No Vert. Exog

GILBERT SEAMOUNT
CONTOUR INTERVAL 100 FM

Noutical miles

6 ~i i 3 4 5

Kiy. 3. CJilbert. Seamount in the Norlli PaciHc

4. Guyots

A guyot is a flat-topped seamount deej^er than 100 fm. The discovery of

these features was announced by Hess in 1946 and his pioneering efforts

launched a continuing and very fruitful exploration of guyots. Hess personally

sounded 20 guyots and found 140 probable guyots by examining unpublished

soundings. The guyots described were limited to the northwestern Pacific,

although Hess recognized that some of the seamounts described by Murray

(1941) in the Gulf of Alaska were also flat-topped. From their topography alone,

Hess concluded that the guyots were drowned ancient islands which had been

truncated at sea -level. From the absence of coral capping he reasoned that they
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were Pre-Canibrian in age. The drowned island hv])othesis has been confirmed

re]>eatedly and can no longer he (questioned. On the other liand. the su])])osed

age definitely is incorrect. Confirmation of the origin of guyots developed

quickly. In 1947, Carsola and Dietz (1052) dredged two guyots in the north-

eastern Pacific and found rounded basaltic cobbles which could only have been

])roduced near sea-level. In n>49, the Mid-Pacific Expedition set out to explore

guyots in the type locality discovered by Hess. There, in the Mid-Pacific

Mountains, the flat tops were surveyed and rounded cobbles as well as an

integrated reef fauna of Middle Cretaceous age were dredged from the guyots

at a depth of about 1800 m (Hamilton, 1956). Very recently, Eocene reef

debris has been found at a depth of about 1000 m on a guyot amid the atolls of

the Tuamotu Archipelago, and similar debris of late Tertiary to Recent age has

been dredged from guyots on the Nasca Ridge off Peru at a depth of about

400 m.

(iuyots are not drowned atolls even though some are capped w ith reef debris.

Profiles do not show the typical steep slopes of atolls but rather the more

subdued .slo])es of submarine volcanoes (Fig. 9). In the Mid-Pacific Mountains,

coarse rounded l)asaltic debris was dredged with coral from the tops of some

guyots. At least in these places, the coral formed low banks which never

developed into atolls. The reef-covered guyots of the Tuamotu Archipelago

rise only a few hundred meters above a submarine plateau. Consequently, they

cannot have a thick coral capping and any growth comparable to an atoll seems

ruled out by gentle side slopes.

An intensive search has shown that the distribution of guyots is world-wide.

The existence of guyots in the Gulf of Alaska (Fig. 4) was quickly confirmed by

detailed surveys (Menard and Dietz, 1951). Additional guyots in the Emperor

Seamounts in the northwestern Pacific were described by Dietz (1954), and

new groups of guyots were recently discovered in the South Pacific. Descrip-

tion of guyots in the Atlantic has been hampered by classification of soundings

but at least three groups exist (Heezen et al., 1959). Two isolated exami)les

show that there are guyots in the Indian Ocean (Wiseman and Hall, 195(5)

and it may be anticipated that more will be found. (Juyots have not been

reported in the Arctic Basin but the Lomonosov Ridge is truncated (R. S. Dietz,

in litt., 1959) and truncated seamounts would not be unexpected.

Despite the discovery of six new groups and many isolated guyots, the total

number known differs insignificantly from the total of 160 reported by Hess

(1946). A few of the probable guyots of Hess have proved to be seamounts

with pointed tops ; many others have not yet been confirmed by surveys. In

contrast, all of the guyots reported since have been surveyed. Nevertheless, an

increase of only 22 known guyots after 13 years of exploration suggests that

the total number in the oceans ])robably does not exceed a few hundred and

that at least half of them are concentrated in the central western Pacific.

Guyots range in depth from 200 m (by definition) to about 2500 m, but most

are between 1000 and 2000 m. Even in small areas the peak depths normally

are not concordant, suggesting that the guyots were islands at different times.
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The Pratt- Welker group of guyots in the Gulf of Alaska, however, has relatively

concordant peaks at a depth of 700-800 m ; and the guyots among the Austral

Islands are concordant at about 1500 m.

Individual guyots have the sizes and shapes that would be produced by
planing off existing volcanic islands. The first random crossings of the "flat"

tops indicated that the center was flat and that the margins sloped gently. This

has not been confirmed by surveys. Instead the entire top slopes gently to a
point in the center or a in places few pinnacles rise from near the center. The

Fig. 4. Pratt Guyot in the North Pacific.

topography, in short, is exactly the same as that of an insular shelf except that

the islands have been eroded away. Islands have terraces in their submarine

slopes in some j3laces, and random echogram crossings have suggested to

various writers that similar terraces have been cut in the sides of guyots.

Detailed surveys show that terraces that can be traced around a seamount or

guyot are very rare at best. The broad sound cone of an echo-sounder normally

causes a pinnacle on a steep slope to appear as a terrace. Consequently, many
so-called "terraces" may be parasitic cones. In any event, any conclusions about

changes in sea-level suggested by unsurveyed terraces appear unwarranted.
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5. Atolls

An atoll is an annular reef, lying at or near the surface of the sea, which

encloses a lagoon. Some atolls are found on the continental shelves but most

of them are isolated structures that rise from the deep sea. Small rings, usually

without islets, may be less than a mile in diameter, but in the western Pacific,

where atolls attain their greatest development, many have a diameter of about

20 mi and bear numerous reef islets. Kwajalein in the INIarshall Islands (the

largest existing atoll) has an irregular outline and covers 840 mi'-.

The reefs of the atoll ring are flat, pavement-like areas, large parts of which

may be exposed at times of low tide. They vary in width from narrow ribbons

to broad bulging areas more than a mile across. Their continuity is interrupted,

in most cases on the leeward side, by j^asses which may be as deep as the

lagoon. The maximum depth of lagoons, in general, is proportional to their size.

Atolls with a width of 20 mi have a maximum depth of about 300 ft. On the

seaward side of many atolls a shallow terrace is developed, beyond which the

slope is steep (35°) ; on the leeward side the seaward slope may be a vertical

chff for 200 ft or more ; at greater depths, on all sides, the slopes flatten progres-

sively until they become tangential with the floor of the ocean.

Most atolls lie in areas where unidirectional winds, such as the trades, prevail

during most of the year and control water circulation. The reefs are complicated

structures that are dynamically adjusted to their environment (Munk and

Sargent, 1954). Detailed studies of atolls have been carried out at Funafuti in

the Ellice Islands (SoUas and David, 1904) and at Bikini and nearby atolls in the

Marshall Islands (Emery et al., 1954). The generalized descriptions given below

are based largely on work in these areas, with some additions from studies

made elsewhere.

A. Reefs

On the windward side of an atoll the waves engendered by the prevailing

wind bring a constant supply of food, nutrient salts and dissolved gases to the

reef edge and the richest growth of reef-building organisms, particularly corals

and algae, is found there. The seaward slope of the reef margin is cut by a

series of regularly spaced grooves at right angles to the reef front which are

separated by flattened spurs that appear to be developed largely by organic

growth. Many of the grooves are continued through the reef margin as surge

channels, ending on the reef flat as blow holes constricted by algal growth.

The higher parts of the reef margin, particularly oi)posite islands, may be an

algal ridge. This ridge and the channels that penetrate it form an eff'ective

baffle that robs the waves of destructive power and spreads the waters over

the reef (Fig. 5).

The broad flats inside the seaward margin of the reef are called the reef

pavement and in areas where the tide range is greater than average the pave-

ment is widely exposed at low tide. Large parts of it consist of bare rock which

may be veneered with fine sediment rich in smaller Foraminifera held together
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by fibrous algae. The tests of the Forauiinifera that hve on the flat are eventually

carried landward by waves to form the main constituent of the beaches that

fringe all atoll islands. Many reefs show a definite zonation parallel to the reef

front. Some of the zones are areas of rich coral growth. In the few places where

the reef jiavement has been drilled it is underlain by a solid plate of hard rock

10 ft or more in thickness, lying on unconsolidated reef sediments (Ladd and

Schlanger, 19(50).

The living organisms of the reef margin are damaged by wave attack and

are the source of many of the sediments found upon the reef flat. Storm waves

quarry large blocks from the reef edge and cast them upon the flat where they

are later riddled by boring organisms and slowly broken up by wave action.

The sand and silt formed by wave erosion are worked across the flat to the

island beaches and may eventually be deposited in the lagoon.

On the leeward side of an atoll the reef edge lacks the algal ridge, grooves,

buttresses and surge channels that characterize the windward reefs. Leeward

reefs may be broader than those of the windward side but they are not dis-

tinctly zoned. Passes through the reef are more commonly developed to leeward

than to windward. Most of these are shallow but in many atolls at least one pass

is as deep as the deeper parts of the lagoon.

B. Islands

Most atolls bear a series of islands spaced at irregular intervals along the

annular reef. The islands are formed on top of the reef platform. Most of

them are small and all of them are lo\^ . They are composed of reef detritus

piled up by currents, waves and winds. Except for layers of beach rock (con-

solidated conglomerate and sandstone) at intertidal levels, the material is

unconsolidated. It consists of sand, gravel and rubble from pebble to boulder

size, most of the coarser material being of coral origin. In the Marshall Islands

about 15% of the island beaches show exposures of beach rock. In most areas

the texture of the beach rock is similar to that of the material making up
the existing beach and the strike and dip of the beds of rock are nearly or quite

identical to those of the unconsolidated beach material, dipping away from

shore at about 9°. Islands situated on reefs that are subjected periodically to

heavy storms exhibit one or more ramparts built of blocks of reef rock and

coral heads. These structures apparently can be built, moved, or destroyed by
the waves of a single major storm. Inland from the beaches and ramparts, sand

and gravel flats occur and large areas are covered with coconut ]>alms, screw

pines and thickets of bay cedar and other plants. Low sand dunes may occur

inland from beaches.

C. Lagoons

Large lagoons with a fetch of 20 mi or more develop waves comparable to

those of the open sea and lagoonal reefs on the down-wind side take on some of

the characteristics of the seaward reefs on the up-Mind side. The prevailing
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wind and waves bring a continuous flow of ocean water over the windward
reefs to the lagoon. Much of the wind-driven surface water is returned by a

slower and thicker bottom current, producing closed circulation. \^on Arx
measured these currents in the lagoons of Bikini and Rongelap where he also

found evidence of a secondary circulation composed of two counter-rotating

compartments (von Arx, 1954).

Some of the lagoons that have been accurately mapped by close soundings

show a shallow terrace (Fig. 5) that separates the encircling reef from the

deeper parts of the basin. Irregular depressions on the floors of such terraces

may represent sinks that were formed by solution when sea-level was lowered

during glacial times (Emery et al., 1954).

Widely scattered soundings may suggest that the floors of lagoons are fairly

flat but in lagoons that have been covered by dense soundings numerous
isolated mounds of coral are revealed. These mounds were referred to long ago

as coral knolls (Darwin, 1889). Some are small, measuring 10-15 ft across and
3-20 ft in height, but much larger ones are numerous and these may be several

hundred feet to more than a mile in width and may rise to near low-tide level

even from the deeper parts of the lagoon. The 1 8,000 soundings made in the

24-mi lagoon of Eniwetok Atoll in the Marshall Islands (Emery et al., 1954)

revealed more than 2000 coral knolls. Detailed maps of individual knolls show
that the structin*es vary in outline as well as in size. Summits are broad, the

sides having slopes of 45-60° with, in some cases, vertical slopes for as much as

10 fm of their depth (Fig. 5). Living corals cover up to 75% of the knoll crest.

No coral knoll has ever been drilled but Nesterofif (1955) used T.N.T. to blow
off the tops of several, finding concentric coral growth. There was no evidence

to suggest that the knolls were residuals. In the Maldive Islands coral knolls

shaped like miniature atolls are called "faros".

The coral knolls contribute sediment to the lagoon as do the marginal reefs.

Additional sediment is derived from coral thickets on the lagoon floor and
from large areas of the bottom that are covered by algal growth {Halimeda).

Since very little sediment escapes from the lagoon its floor is slowly raised with

the passage of time.

D. Subsurface Geology

Most atolls that rise from the deep sea have probably been developed on the

tops of volcanoes that may or may not have been truncated by erosion prior

to the initiation of reef growth. In the Pacific Basin (inside the circum-Pacific

andesite line) the volcanic rock of the atoll foundation is probably all basalt.

Rock of this sort has been dredged from the slopes of Bikini, Wotje and Ailuk

Atolls in the Marshall Islands (Ladd and Schlanger, 1960) and has been re-

covered from a deep drill hole on Eniwetok (Fig. 6). Though the atolls of the

Pacific Basin may all have basaltic foundations it is not safe to assume that

they have all had similar histories of subsidence and reef growth. The drill holes

of Bikini can be tied to those of Eniwetok and the volcanic foundations of

these two atolls apparently subsided at similar rates. The same cannot be said,
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however, for Funafuti in the EUice Islands some 1700 mi to the southeast.

The known Quaternary section Hrilled there is almost twice as thick as that

found in the Marshall Islands.

Practically nothing is known about the foundations of atolls lying outside

the Pacific Basin. Dee]) drilling on Kita Daito Jima penetrated the Tertiary

hut failed to reach the bottom of the sedimentary section. No other atoll out-

side the basin has been drilled. Many of them, as, for example, the Argo Reefs

"^o^

ELUGELAB
(HOLE F-l)

PARRY ISLAND
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Fig. 6. Plan and structure section through Eniwetok Atoll in the Marshall Islands showing

relations of limestone cap to volcanic foundation, as determined by drilling. (After

Ladd and Schlanger, U.S. Geological Survey, 1955.)

and others in Fiji, lie in areas where there has been considerable elevation in

post-Tertiary times. Some of the atolls are large and irregular. Even less is

known about the foundations of atolls in the Indian Oceans.

E. Distribution

As shown in Figs. 2, 7 and 8, atolls are most abundant in the western Pacific,

numerous in parts of the Indian Ocean and exceedingly rare elsewhere.

Structures comparable at least in general form to existing atolls have been

described from rocks as old as Paleozoic (Stafford, 1959; Burnside, 1959).

Many of these older structures are reservoirs of petroleum and are being

intensively investigated.

F. Development and Age

Development of existing atolls began at least as far back as Eocene time.

Most of those that rise from the deep ocean appear to be caps on ancient

volcanoes that have subsided to permit the accumulation of shallow-Avater
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Fig. 7. Surface atolls, submerged atolls and guyots in the Pacific. Uncertainty of reported

occurrences indicated by query. Andesite line shown by dashes. Atolls to west of line

(after Cloud, 1958).

RONGELAP

%:
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Fig. 8. Atolls and guyots in the Marshall Islands ;
perspective sketch as they might appear

were the water removed. (After von Arx, U.S. Geological Survey, 1954.)
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limestones nearly a mile in thickness. Upward growth appears to have been

more important than lateral growth. Many atolls were developed on triuicated

volcanoes (giiyots, see Fig. 9) and began their existence as atolls without

Geology

Seo level

11°13'NI67°13'E

Seo level
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periods the tops of the atolls were exposed to atmospheric erosion. The arago-

nite of corals and other invertebrates was removed by solution or recrystallized

to calcite. High island vegetation and land shells became established (Ladd,

1958; Schlanger, in press).

6. Submerged Atolls

Submerged atolls are shallow banks with a relatively continuous elevated

rim and a deeper central area. The writers know of 22 in two groups in the

Pacific Ocean and one isolated example in the Indian Ocean although many
questionable occurrences suggest that they are much more common. One group

of submerged atolls in the Pacific is interspersed with the atolls in the western

Caroline Islands. Another group lies near the andesite line west of the Samoan
Islands and was investigated during the Capricorn Expedition. Alexa Bank
has a narrow elevated rim with a depth of about 20 m and a broad flat central

"lagoon" at about 40-50 m except where a few pinnacles rise to near the rim

depth. A ship-borne seismic-refraction station showed that the calcareous

material exposed at the surface is more than 1 km thick (R. W. Raitt, in litt.,

1953) so that this is definitely a submerged atoll with a long history near sea-

level. Diving scientists observed that the bank is covered with calcareous

debris except for a few small patches of living lithothamnia and very sparse

corals.

Why these shallow banks are not thriving atolls like those around them is

unexplained.

7. Oceanic Volcanoes in Geological Time

Pre-Quaternary dated material is available from oceanic volcanoes at Bikini

and Eniwetok Atolls in the Marshall Islands (Ladd et al., 1953), the guyots of

the Mid-Pacific Mountains (Hamilton, 1956), Erben Guyot of the north-

eastern Pacific (Carsola and Dietz, 1952), the Tuamotu guyots and the Nasca

Ridge guyots (W. Storrs Cole, in litt., 1959), and in the Atlantic at Caryn Sea-

mount, the Horseshoe seamount group, and the Atlantis-Great Meteor

seamount group (Heezen et al., 1959). Dredge hauls on all other seamount and

guyot groups have obtained Quaternary organisms and undated basalt bed-

rock. A geological history based on such a small sample requires the following

assumptions

:

1. The oldest fossils in a locality give the approximate date that atolls and

guyots were volcanic islands.

2. Vulcanism in a group of oceanic volcanoes persists for a period that is

geologically brief, so that the oldest date in a group is representative of a whole

group.

The first "assumption" is a fact at Eniwetok atoll where the volcanic plat-

form was drilled and at the Mid-Pacific Mountains where basalt and coral

debris were dredged together from the top of a guyot. It seems a reasonable
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assumption for tlie Tuaniotu and Nasca Ridge guyots because the dated

material was deposited in sliallow water and the side slopes do not indicate a

thick reef capping. With regard to the other localities, the coating of pelagic

material on a seamount is patchy and extremely thin and material of various

ages may be readily available to the dredge or corer.

The second assumption seems reasonable considering the duration of vul-

canism in a given province on land which is roughly 10-50 million years. There

can be no doubt that vulcanism of oceanic-island groups persists or is inter-

mittent during similar periods because of the mixture of deep guyots and

islands or relatively shoal untruncated seamounts in some regions.

Sediment cores from ocean basins reveal widespread Cretaceous and Tertiary

outcrops but nothing older. It is possible that older sediments have been

buried by younger ones, however, and no general conclusions can be drawn

from the cores alone. Atoll borings to basalt and seamount dredgings are more

significant because the oldest sediments are available to the sampling device.

The probability of sampling material of any given age, therefore, is proportional

to the frequency of such material.

It may be important that no dredged seamounts, atolls or guyots have

sediments older than Cretqjpeous on them. The number of samples is small but

so is the number of atoll and guyot groups. All three large guyot groups in the

North Atlantic have been sampled. Likewise, in the Pacific, four of the five

large guyot groujis and two large atoll groups have been sampled. In addition,

perhaps a score of isolated seamounts and guyots has been dredged in widely

separated parts of the ocean basins. Granting the stated assumptions, it appears

probable that oceanic volcanoes large enough to form islands are almost all of

Mesozoic or younger age. The myriad of small seamounts has not been

adequately dredged and their age is unknown. However, either all oceanic

volcanoes are post-Paleozoic or else the maximum size of the volcanoes increased

drastically in Mesozoic times.

The number and distribution of oceanic islands in geological time may be of

interest because of their bearing on faunal and floral migration. Little can be

said about the Atlantic or Indian Ocean but the rough outline of faunal migra-

tion paths can be sketched for the Pacific. In pre-Mesozoic times islands may
not have existed in the Pacific Basin and could, therefore, have no effect on

biological migration. However, seamounts may have been present at depths as

shallow as a few hundred meters and they might have provided stepping-

stones for suitably adapted biota.

In Mesozoic times a large group of active volcanoes existed in a roughly

east-west band along the Marcus-Necker Rise. By Middle Cretaceous times

many of the volcanoes in the eastern, or Mid-Pacific Mountains, region of the

rise had growTi u]) through water 4 km deep and formed large islands which

were being i)laned down to sea-level by stream and wave erosion. Vulcanism

and island formation continued for an indefinite time but the region gradually

became submerged, and higher and higher submarine volcanoes were unable to

reach the sea surface. Under the most favorable ciicumstances some 70 islands
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and shallow banks could have existed as closely spaced stepijing-stones,

reaching halfway across the equatorial Pacific.

From the fragmentary evidence available, it appears that late Mesozoic-
early Cenozoic times saw a culmination of vulcanism in the basin. In the
Eocene, volcanoes had grown up to form islands in the Marshall Islands and
Tuamotu Archipelago, and islands probablj^ still existed in the Mid-Pacific

Mountains. By inference from the similarity of structural trends, the Gilbert

Islands were probably also first formed at this time. With regard to biological

migration, stepping-stones became much more common than before. The con-

tinuity of the stepping-stones depends on the age of the Line Islands. Inasmuch
as the Tuamotu and Line Islands and the Mid-Pacific Mountains and Emperor
Seamounts all lie along the median line of the Pacific Basin, it may be argued,

by analogy with the Mid-Atlantic Ridge, that aU the volcanoes of the groups
were active at about the same time (Menard, 1958). If so, stepping-stones

reached from northeast Asia to the southeastern Pacific. One of the puzzles of

this time is the close juxtaposition in space and time of atolls and guyots in the

Marshall and Tuamotu archipelagoes. Why did atolls develop from some banks
and guyots from others in the same locality and of approximately the same
age? In particular localities, such as at Bikini Atoll and the adjacent Sylvania

Guyot, the atoll apparently is younger than the guyot because the atoll

platform is much higher and is unterraced (Emery et ah, 1954). The guyot
subsided below the level of reef growth before the atoll developed. How^ever,

the oldest fossils on the guyot are pelagic Foraminifera of earliest Eocene age

(Hamilton and Rex, 1959), and it is quite improbable that the guyot was an
island before Middle Cretaceous times when reef-forming organisms lived in

the western central Pacific. The pattern of distribution (Fig. 7) suggests that

some general environmental factor may have tended to restrict atoll develop-

ment in the Pacific Basin to a narrow latitudinal band. It seems unlikely that

temperature was restricting in the warm seas of the time. Current intensity

may be a possibility. The mild climate of late Mesozoic-early Cenozoic time may
have reduced the intensity of the wind-driven equatorial current system, and
the reduced circulation may have decreased the chance that larval forms would
be carried to a given island or bank. If the initial development of a reef is

precarious, the reef stock may have to be replenished several times, and the in-

fluence of current velocity and eddy patterns would be correspondingly

important.

Vulcanism continued through the Tertiary with the development first of

Erben Guyot and the guyots of the Nasca Ridge, and later of the existing

volcanic archij^elagoes. The number of islands at any given time gradually

increased because most islands became atolls and were preserved even though

the volcanic platforms continued to subside. Also, as previously noted, there

is considerable evidence suggesting that, periodically during the Quaternary,

the present-day atolls stood above the sea (some as high islands) for appreciable

intervals. The cause of these changes is not known. Correspondingly, the

number of guyots formed by subsidence at any time decreased (Fig. 10).
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The net rate of subsidence of atolls and guyots in geological time can be

determined from the depth to datable horizons. For guyots, the depth to be

considered is not the depth of the dredge haul but the break in slo])e at the edge
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floor, as proposed by Revelle (1955), Clearly more points are needed on the

graph to resolve the important question of the cause of subsidence of oceanic

volcanoes.

8. Importance of Islands and Seamounts

Oceanic islands have played important roles in the exploration of the world.

In the Atlantic the Azores were an outpost for ships of all kinds and still

function as a convenient stopping place for air traffic. In the Pacific the hundreds

of islands and atolls now in existence were stepping stones in the migrations of

man from Indonesia eastward and northward to Hawaii. Atolls with their thin

soils and meager water supply are not ideal dwelling-places yet many of them

support a population of several hundred each. In the days of sailing ships,

many islands, including the (Jalapagos, were used to replenish supplies of water

and other necessities. When steamships replaced sailing vessels, islands with

good harbors were valuable as coaling stations and naval bases. The importance

of islands and atolls in the Second World War can liardly be overemphasized

and many are used as air stops today.

In the geological past Pacific islands and reefs were a controlling factor in the

distribution of marine and terrestrial life over vast areas (Ladd, 1960). In the

1 9th centiuy studies of the distribution of life on islands gave valuable support

to the theory of evolution as developed by Darwin and Wallace. Islands of all

sorts are still of value in surface navigation and as world-wide undersea naviga-

tion is now being developed, seamounts and guyots are of great value.

Less obvious, but perhaps of equal importance, is the part played by islands

and atolls in oceanic circulation and their effect on the distribution of sea

temperatures. The Marshall and Gilbert chains, for example—small and

widely spaced as the units are—form a topographic barrier across the Equa-

torial Current system and give rise to large-scale eddies that affect the North

Equatorial Currents, the Equatorial Counter Current and possibly the South

Equatorial Current (Robinson, 1954).
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16. THE MID-OCEANIC RIDGEi

Bruce C. Heezen and Maurice Ewino

1. Introduction

The knowledge that there is a median ridge in the Atlantic gradually emerged

from the observation of a few shoal soundings almost a century ago and became

definite when the early oceanographic expeditions measured bottom-water

tem])eratures in the eastern and western basins. Recent investigations of the

morphology and seismicity of the ocean floor have revealed the wide extent and

continuity of the mid-oceanic ridge, an active geotectonic featureof equal rank,

in terms of areal extent and probable global significance, to the continents and

the ocean-basin floor. After a ten-year study of the topography and geology

of the North Atlantic, Heezen, Tharp and Ewing (1959) found that several

major morphotectonic provinces, mapped in moderate detail in the North

Atlantic, could be traced with certainty along a world-encircling belt, 40,000

miles long, passing through the South Atlantic, Indian, and South Pacific

Oceans, the Norwegian Sea and the Arctic Basin. The mid-oceanic ridge, much
longer and broader than the Alpine-Himalayan Mountain system, is morpho-

logicalh^ identical to the East African rift valley system, which in fact forms a

continental extension of the mid-oceanic ridge. The structure and origin of the

mid-oceanic ridge is fundamental to the origin of oceans in general, as well as

to the particular tectonics of the individual oceans.

2. North Atlantic

A typical trans-Atlantic profile between North America and Africa is shown
in Fig. 1. The threefold division of the ocean into continental margin, ocean-

basin floor and mid-oceanic ridge is well expressed in this profile. Each major

physiographic division occupies approximately one-third of the area of each

of the oceans which possesses a well -developed mid-oceanic ridge. The most

thoroughly investigated part of the mid-oceanic ridge is that between 20°N and

.^O'^N latitude in the Atlantic Ocean. It is in this area that the major mor-

phological divisions of the ridge were first delineated. Cross-sections through

this area are considered "type profiles"' (Fig, 2). The lateral boundaries of the

mid-oceanic ridge are defined by the first abrupt scarp, or abrupt gradient

change, between the abyssal hills of the ocean-basin floor and the mid-oceanic

ridge. The physiographic provinces of the mid-oceanic ridge can be divided into

the crest provinces and the flank provinces

A. Crest Provinces

The most rugged to])ography of the Mid-Atlantic Ridge is found along the

axis of the crest provinces. A steep cleft or rift valley is formed by the inward-

facing scarps of the rift mountains which rise 500-2000 fm above the valley

1 Lamont (Geological Observatory Contribution Xo. 597.

[MS reeeived August, 1962] 388
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7cy

Continental
Margin

Ocean Basin Floor Mid Oceanic Ridge Ocean Basin Floor Continental
Margin

Fig. 1. Major physiographic divisions of the North Atlantic and earthquake epicenters

1905-56. This threefold pattern of continental margin, ocean-basin floor, and mid-

oceanic ridge in the North Atlantic has been found in the South Atlantic, Indian.

South Pacific and Arctic Oceans. Epicenters from Gutenberg and Richter (1954)

and the epicenter cards of the United States Coast and Geodetic Survey. Accuracy

of epicenter location varies from ± |° to ± 1 J°. The major morphological divisions

and the Mid-Atlantic rift valley are shown on the profile, which extends from North
America to Africa. (Vertical exaggeration of profile is 40:1.)
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Fig. 2. Typical trans-Atlantic profile from Newfoundland to England. The depths indicated

in the lower portion of the figure are characteristic of this profile only, as the depths

of all provinces gradually fluctuate along the length of the ocean basin. The physio-

graphic provinces have been traced throughout the Atlantic and are believed to extend,

in a general way at least, throughout all oceans possessing a median-rifted ridge.

(Vertical exaggeration 40 : 1.)
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Fig. 3. On these profiles of the western North Atlantic the step provinces are shown as a

series of tilted fault blocks bounded by scarps. The difficulty of tracing the steps

from one profile to another is apparent. {\'ertical exaggeration 40:1.)
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floor. On either side the peaks of the rift mountains drop abruptly to depths

of 1600-1800 fm of the high-fractured plateau. These features are illustrated

in Fig. 2.

B. Flank Provinces

The flank provinces of the Mid-Atlantic Ridge have been arbitrarily divided

into several steps parallel to the axis (Fig. 3). Outward-facing scarps of varying

height and intermittent length form boundaries of these steps. Except for

the local smooth-floored intermontane basins, peaks of 200-400 fm form the

moderately rugged relief of the flank provinces. The smooth floors of the

intermontane basins result from sediment filling, and, in general, a series of

adjacent basin floors deepen progressively from the crest to the flank.

The continuity along the ridge axis of the step provinces has not been firmly

established, perhaps because more detailed surveys are needed to evaluate

the eff"ects of fracture zones.

Fracture zones were originally discovered in the floor of the northeast

Pacific. Studies of magnetic-anomaly patterns have disclosed large slip dis-

placements along these zones. In the Atlantic similar zones offset the Mid-

Atlantic Ridge. The magnitude of these displacements is judged by topo-

graphic discontinuities in the position of the axis of the ridge. These fracture

zones are predominantly east-west in the Atlantic as they are in the Pacific,

a fact of certain but unknown significance. Prominent fracture zones displace

the Mid-Atlantic Ridge at 30°N, 15°N, 11°N, 1°N, TS and 2^S. There are

indications of several additional fracture zones but data at present are in-

sufficient for complete confirmation.

C. Seismicity

Even before the establishment of seismograph stations, a study of seaquakes

(Rudolph, 1887) had indicated that the Mid-Atlantic Ridge is seismically

active. As the world net of seismograph stations became more complete, the

repeated observations of mid-oceanic earthquakes firmly established the

seismicity of the Mid-Atlantic and Mid-Indian Ocean Ridges (Tarns, 1931;

Rothe, 1954). However, recent morphological investigations cited above reveal

that although the epicenter belt in the North Atlantic is no more than 100 miles

in width, the Mid-Atlantic Ridge is 1000-1200 miles in width. When we con-

sider the probable inaccuracy of epicenter determination, it is clear that the

actual width of the epicenter belt is probably even narrower (Fig. 1). The
present accuracy of epicenter determinations in this area is about + 1° in the

most favorable areas, but the earlier epicenters are probably never located

better than + 1°. A careful study of each profile across the crest of the Mid-

Atlantic Ridge reveals that the axis of the epicenter belt coincides with

the axis of the rift valley. The plotted positions of most epicenters define

a belt which includes the rift valley and whose width represents the probable

error in epicenter determination. It therefore seems most probable that the
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Fig. 4. A generalized province map of the South Atlantic showing the threefold division

of the ocean into continental margin, ocean-basin floor and mid-oceanic ridge. In

the equatorial Atlantic a series of left slip faults or fracture zones has offset the

mid-oceanic ridge westward for over 2000 miles. Although fracture zones have been

known since 1939 in the Pacific (Menard, 1955), this is the first time that they have

been mapped in the Atlantic. (After Heezen and Tharp, 1961.)

epicenter belt actually coincides with the rift valley. The data available would,

however, allow the conclusion that the rift mountains also lie within the seismic

belt.

All epicenters of the mid-oceanic belt are of shallow-focus. This distin-

guishes the mid-oceanic l)elt from the circum-Pacitic epicenter belt. The
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oceans are remarkably free of seismicity except along the epicenter belt. The
continuity of the epicenter belt over its entire length of 40,000 miles has been
established beyond doubt. Thus, the co-relation of the seismic belt and topo-

graphy, in the moderately well surveyed j)ortions of the North Atlantic, may
be extended to areas less well sounded.

60^

30°-

60°

Fig. 5. World map of the mid-oceanic rift. This plot shows essentially the mid-oceanic

epicenter belt. In every area in which the bathymetry is known, however crudely,

the epicenter belt follows the crest of the mid-oceanic ridge. In every area where
detailed submarine topographic studies have been carried ovit in the region of the

epicenter belt a median rift valley has been discovered. Wherever the rift extends

across the continental margins it joins either rift grabens, as in East Africa and Iceland,

or great strike-slip faults, as in California and New Zealand.

3. South Atlantic

The major physiographic provinces, described above for the North Atlantic,

have been recognized in 40 trans-Atlantic sounding lines across the South

Atlantic (Fig. 4) (Heezen and Tharp, 1961). The pioneer sounding profiles

of the Meteor Expedition across the South Atlantic (Stocks and Wiist, 1935)

have been shown to be extremely dependable when compared with the more
recent precision soundings of Vema, Atlantis, and Crawford. Epicenters, al-

though few in number, at least j^artially owing to unfavorable location of

seismographic stations, fall near the location of the rift valley.

14—s. Ill
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The mid-oceanic ridge in the equatorial Atlantic in general is characterized

by greater relief and has a more rugged and youthful appearance than in either

the North Atlantic or South Atlantic. In the equatorial Atlantic the ridge is

offset westward over 2000 miles by a series of left slip faults (Fig. 4). It is

probable that fracture zones will be found when the South Atlantic is better

surveyed.

Seamounts and seamount groups, which are found in all provinces of the

oceans, are widely scattered throughout the Mid-Atlantic Ridge. Sometimes

the seamounts are distributed in a random pattern but more often they occur

along linear rows suggesting an association with fracture zones.
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Fig. 6. Rift valley profiles, Indian Ocean. (After Farquharson, 1936. Soundings made by

M.S. Mahahis during the John Murray Expedition.)

4. Indian Ocean

In the Indian Ocean there is a clearly delineated belt of epicenters which

continues uninterrupted from the South Atlantic (Rothe, 1954) to the vicinity

of Rodriguez Island, at which point the belt sphts, one branch continuing

towards Macquarie Island, the other entering the Gulf of Aden where the mid-

oceanic ridge epicenter belt joins with the seismic belt associated with the East

African rift valleys (Fig. 5). Sounding profiles reveal a median ridge which

coincides with the epicenter belt. Soundings by Mahahis (Farquharson, 1936)

reveal that the section of Mid-Indian Ocean Ridge from Rodriguez Island to

the Gulf of Aden (known as the Carlsberg Ridge) is longitudinally split by a

prominent central valley.

Recent cruises of Vema in previously unsounded areas have found a con-
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tinuous rifted mid-oceanic ridge which coincides with the epicenter belt (Ewing

and Heezen, 1960). Fig. 7 is the result of a preliminary study of the relation of

the epicenter belt to the major topographic features of the Indian Ocean. An
example of the very rough topography of the Mid-Indian Ocean Ridge is

shown in the sections of Fig. 35, Chapter 12, p. 274.

The connection of the mid-oceanic seismic belt with the seismic belt of the

African rift valleys, and the similarity of the morphologies of the mid-oceanic

rift and the African rift valleys, give a clue to the structure and origin of the

rifted mid-oceanic ridge. The 800-mile-wide mid-oceanic ridge of the Arabian

(Sea narrows to less than 100 miles where it enters the 200-mile-wide Gulf of

Aden (Fig, 7). Its seismically active median rift trends west through the Gulf

of Tadjoura in French Somaliland. As the Gulf of Aden shallows and narrows

from east to west the rifted ridge maintains its median position, coinciding

with the epicenter belt. The coastal escarpments of the Gulf of Aden are formed

by rift faults, which converge toward the southwest and continue as the

boundary scarps of the Ethiopian rift valleys (Fig. 5).

A. African Rift Valleys

In Fig. 34, Chapter 12, p. 272, a profile across the Mid-Atlantic Ridge is

placed above two profiles across the East African rift valleys to illustrate their

nearly identical form. This similarity, indeed virtual identity, of morphology

and seismicity might still be considered superficial and accidental were it not

for the fact that the three profiles lie on the same seismically active morpho-

tectonic belt. The rifted mid-oceanic ridge seems to be closely similar in origin

and structure to the African rift valleys.

Gregory (1921) gives evidence that the African rift valleys are tensional

grabens. Wayland (1930) and others attempted to explain the features in

terms of compression, but recent investigations have only added support for a

tensional origin. McConnell (1951), and others who favor a dominantly strike-

slip origin, attribute compressional, as well as tensional, features to minor

complications along the strike-slip faults. Bullard (1936), who offered a com-

pressional hypothesis to explain the negative gravity anomalies over the rifts,

has now abandoned compression in favor of tension (Bullard, in litt., 1959).

Vening Meinesz (in Heiskanen and Vening Meinesz, 1958) has offered an ex-

planation of the gravity anomalies in terms of simple extension. The com-

pressional theory came mainly from those who found it difficult to comprehend
large-scale extension on a shrinking earth; the shrinking, it was thought, being

demanded by the Earth's folded mountain ranges.

5. Indian and South Pacific Oceans

The mid-oceanic ridge continues southeast from Rodriguez Island, passing

near St. Paul Island, and then between Australia and Antarctica to the vicinity

of Macquarie Island (Fig. 5). Minor seismically active ridges diverge in this

region toward Tasmania, New Zealand and the Ross Sea. The grabens of
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Fig. 7. A preliminary bathymetric chart of the Indian Ocean which shows the relation

of the epicenter belt to the rifted Mid-Indian Ocean Ridge and to the major topo-
graphic features of the Indian Ocean. This chart, drawn in 1956, fails to show the
recently discovered 90 East Ridge wliich extends from 10°N latitude to 40°S along
90°E longitude.
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Tasmania and tliusr near Adelaitk', Australia, may Ix' related to the mid-oceanic

ridge. The great Alpine Fault of New Zealand seems to be the landward

exten.sion of the Macquarie seismic ridge.

170° I60» 150° 140° 130° 120° 110° 100° 90° 80° 70° 60° 50°

160° 150° 140° 130° 120° 110° 100° 90° 80° 70° 60° 50°

Fig. 9. Sli]) faults and heat flow in the mid-oceanic ridge of the east Pacific. The east-

west trending black bars indicate the slip faults which cross the crest of the mid-

oceanic ridge. Tho l)and of high heat flow associated with the crest of the ridge apy)ears

to pass through the western Ignited States. (After .>hniard, I960.) High heat flow has

been observed along the crest of the mid-oceanic ridge in the Pacific, as well as at a

few points in the North Atlantic. The slip faults in the southeast Paciflc, although

probable, are largely hypothetical. Insufficient data ha\e been obtained to indicate,

whether slip faults have offset the crest of the mid-oceanic ridge in the eciuatorial or

South Pacific.

From Macquarie Island to Easter Island soundings are sparse, but a mid-

oceanic ridge can be delineated. The belt of epicenters continues without

interruption. The scatter of plotted epicenters is somewhat greater here than

elsewhere, because the accuracy of location is about 2'^ to 5°, but it coincides
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with the known position of the Easter Island Ridge and permits an inference

of continuity of the ridge in this httle known area.

Near Easter Island the earthquake belt splits, sending one branch southeast

in the direction of southern Chile, and another northwards toward the Gulf of

California. The existence of a ridge between Easter Island and Chile, predicted

on the basis of the earthquake belt (Ewing and Heezen, 1956), has been

confirmed by an I.G.Y. expedition of the Scripps Institution (Fisher, 1958).

The earthquake belt follows a well defined ridge north of Easter Island at

least to the Equator. From the Equator to the mouth of the Gulf of California,

the epicenter belt seems to follow a ridge similar to other mid-oceanic ridges,

but Menard (1955), who has studied much unpublished and unavailable data,

has come to the diametrically opposed view that the area is dominated by

east-west-trending "fracture zones", and that no distinctive topographic

feature is associated with the epicenter belt. This problem is possibly clarified

by a later publication (Menard, 1960; and Fig. 9) which gives much informa-

tion about the Pacific fracture zones and shows a continuation of the Easter

Island Ridge ("East Pacific Rise") from Easter Island through the Gulf of

California and western North America into the northeastern Pacific. Menard

pointed out that the ridge is smoother in the southeast Pacific than in the

Atlantic.

The offshore belt parallels the coast, at a distance of 100 miles from the

continental slope, until it again extends into the continent along the linear

Lynn Canal of southern Alaska. Menard found the topographic trend to be

oriented parallel to the epicenter belt.

Apparently one end of the mid-oceanic ridge system is found in the neigh-

borhood of the Gulf of Alaska.

6. Iceland and the Norwegian Sea

The belt of epicenters follows the crest of the Mid-Atlantic Ridge northward

through the central graben of Iceland (Rutten and Wensink, 1960) into the

Norwegian Sea, where it follows the median ridge system (Fig. 5). Soundings

are rare in these northern waters, but those reported by Boyd (1948) give

several clear indications of a central rift valley (Fig. 10). The line of epicenters

clearly follows this rifted ridge through the Norwegian Sea (Fig. 11). Although

some authors (Stocks, 1950) believe that the median ridge of the Norwegian

Sea merges with the continental slope in the vicinity of Bear Island, the epi-

center map suggests an alternative interpretation according to which the ridge

bends to the north and parallels the western margin of the Barents continental

slope west of Bear Island and Spitsbergen.

The recent work of Rutten and Wensink (1960) has further described the

central graben of Iceland. It has long been recognized that essentially all

earthquakes and all modern, and Recent, vulcanism in Iceland have been

restricted to this fault-bounded continuation of the mid-oceanic rift. Bernauer

(1943) described gaping fissures known by the local name of gja which occur
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ill great miin1)ors in tlio contra! grabeii, each aligned parallel to the main faults

of the graben. From a stutly of the gja he estimates the post-glacial extension

in Icelandic graben at 3.50 m/km/1000 years. This geology and structure have

striking similarities with the East African rift valleys.

Dietrich (1959) and Ulrich (1960) report that in their survey of the Rekyjanes
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Fig. 11. KartlKniako epicenters in the Norwegian Sea, 1905-56. Plotted f"rf)ni compilation

of (iiitenberg and Richter (1954) and the epicenter cards of the United States Coast

and Geodetic Survey. (After Heezen and Ewing, 1961.)

7. Arctic Basin

Between Spitsbergen and Greenland, the Norwegian Sea basin narrows to

less than 200 miles from shelf break to shelf break. This area has been referred to

as the Nansen's Sill as it marks the sill or threshold for water-masses flowing

between the Norwegian Sea and the Arctic Basin (Fig. 11; and Heezen and
Ewing, 1961). That the depths across Nansen's Straits are less than those both

to the north and to the south is apparent from existing soundings. However,
the existence of an east-west ridge at Nansen's Sill is pure supposition. In

considering the course of the mid-oceanic ridge through the length of the Gulf

of Aden we saw that, as the Gulf narrowed, the depth of the basins flanking the

median ridge shallowed accordingly. Nansen's Sill lies at the narrowest part of

the ocean and hence, by analogy with the Gulf of Aden, the depth here should

be the shallowest. Hope (1959), however, states that "recent Soviet exploration

has in fact revealed a deep-water trough completely piercing Nansen's Sill".

He also quotes Frolov and Pasecki (1958) as reporting that "on the 80th

parallel the trough is 3000 m deep and 50 km wide between 1000 m isobaths.

Its orientation is roughly northward". Hope points out that "this trough then
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lies in the seismic belt and it could mark the continuation of the Ewing-

Heezen Rift north of Iceland and Jan Mayen".

Recent exploration by Soviet shi]is su])ports the ])resent writers' interpretation

that the mid-oceanic ridge follows the seismic belt north between Spitsbergen

and Greenland. At the same time, the Soviet work refutes the traditional inter-

pretation of an east-west trans-oceanic ridge at Nansen's Sill. The strongly

north-south tectonic trends on Spitsbergen are in much closer agreement with

a north-south submarine pattern in the Nansen Sill region than with the

previously postulated east-w^est trend, which would have had to die out, or

turn 90° between the shelf break and the shoreline, in order to join the Spits-

bergen lineaments.

A. Arctic Basin Seismic Belt

The mid-oceanic seismic belt of the Atlantic Ocean and the Norwegian Sea

continues across the Arctic Ocean (Tams, 1922; Heck, 1938; Raiko and Linden,

1935; Hodgson, 1930). Unlike the Atlantic seismic belt, this Arctic continuation

does not symmetrically divide the Arctic Ocean basin into two equal parts.

Instead, the belt parallels the continental slope from Spitsbergen to Severnaya

Zemlya (Fig. 12), maintaining an almost constant distance of 250 nautical

miles seaward of the shelf break. Of thirty-two Arctic Ocean earthquakes shown

on Fig. 12, twenty-four epicenters lie along this belt. Two occurred on the con-

tinental slope between Spitsbergen and Franz Joseph Land, one lies north-

west of Banks Island, and three lie near the Bering Straits.

B. Arctic Continaation of the 31id-Oceanic Ridge

Although the extension of the mid-oceanic seismic belt through the Arctic

Ocean has long been known, no clear evidence of a corresponding topographic

ridge has been reported. As Hope (1959) points out, the discovery of the

Lomonosov Ridge led some investigators to the conclusion that it was the

continuation of the mid-oceanic ridge but, as we have already shown, the seismic

belt lies parallel to the Lomonosov Ridge, about 250 miles distant, approxi-

mately bisecting the basin between the Lomonosov Ridge and the Barents

Shelf continental slope. Clearly, the Lomonosov Ridge is not (at the present, at

least) part of the mid-oceanic ridge system.

The area between the Lomonosov Ridge and the continental margin of the

Barents and Kara shelves has usually been described as a single basin. We have,

however, good reason to expect a rifted ridge along the mid-oceanic seismic

belt. The ridge is shown in the contours of Fig. 12 in a new interpretation of the

soundings largely obtained from Fram and Sedov. In contouring the soundings

along the Arctic epicenter belt, Soviet investigators have generally shown broad

submarine canyons running across the belt toward the continental slope off the

Barents Shelf. The interpretation shown in this paper satisfies the soundings

and also preserves the world-wide pattern of rift, ridge and seismicity which we

have traced for over 40,000 miles. Post-war investigators have not added much
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Fig. 12. Bathymetric sketch of the Arctic Ocean showing physiographic divisions and
epicenters. The bathyinetric sketch is modified from a chart prepared by E. R. Hope
in 19.58 which was largely based on Soviet data (to 1956). The probable original

soundings were inferred by superimposing the tracks of drifting stations and aircraft

landing sites on a recent Soviet bathymetric chart. The epicenters are from Linden
(1959). (After Heezen and Ewing, 1961.)
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to the older data, because drifting stations have not crossed this area and only

a few aircraft landiiitrs have been made here. Since workers on From ^nd Serlov

were not able to takc^ soundings on a daily schedule (the practice of the post-war

drifting stations), soundings are widely spaced and hence only adequate for a

speculative description of this rifted ridge.

Soundings west of S])itsbergen (Boyd, 1948) show^ a strong suggestion of a

median-rifted ridge (Fig. 11). To the north, the recently discovered north-south

cleft in Nansen's Sill (Hope, 1959) is probably a continuation of the rift. From
80°N to 85°N the rifted ridge appears to run north along the Greenwich

meridian. The ridge is demanded by the available soundings which, however,

are insufficient to confirm or deny its probable rifted character. From 85°N, 0°W
the ridge turns east; between 30° and 45°W the soundings of both Fram and

Sedov show a strong suggestion of the characteristic rifted ridge of the mid-

oceanic belt (Fig. 10, profiles I and II).

Between 90°W and 120°W scattered soundings suggest a ridge but are in-

sufficient to shed any light on the probable rift. As the seismic l)elt ajjproaches

the Siberian continental shelf, shallow soundings indicate an extension of

shallow de])ths out along the epicenter belt. The Skado Trough, mentioned by

Hakkel (Hope, 1959), may indeed actually be the end of the mid-oceanic rift as

it cuts into the continental slo])e. As Ho])e ])oints out, the Skado Trough

seems too large to be described as a conventional erosional submarine canyon.

The Arctic seismic belt continues from the mid-oceanic ridge across the

Laptev Shelf to the vicinity of the Lena delta where it crosses the shorehne

and follows the Verkhoyansk Trough southward into the interior of Siberia.

There is a suggestion that this seismic belt joins the Baikal-Rift-Valley seismic

belt. The Verkhoyansk Trough, bounded by normal faults for 1000 km and

filled with over 3.5 km of Jurassic, Cretaceous and Tertiary sediments, resembles

the African and Lower California extensions of the mid-oceanic rift (Nalivkin,

1960).

At present the evidence for the extension of the mid-oceanic ridge through the

Arctic Basin is strongly suggestive but not conclusive.

8. Crustal Structure

Thus, starting in the North Atlantic, we have followed a morphotectonic belt

for over 40,000 miles along the axis of the Atlantic, Indian, South Pacific and

Arctic Oceans. Extensions of the belt have been found continuing into the rift

valleys of Africa, into the great strike-slip faults of New Zealand and southern

California, Chilean canals. Gulf of Aden and Red Sea. The continuity of the

epicenter belt is not open to question; the continuity of the rifted ridge is not

])roven beyond question due to S])ar8ity of soundings in some areas, and to

offsets at fracture zones. It is not certain whether the rift valley is a single

valley or a belt of similar but en echelon features. The en echelon pattern of the

Fast African rift valleys is ])robably a better generalization of the average

situation than a single grand trough like the Red Sea.

Typical topographic ]jrofiles of the mid-oceanic ridge in the various oceans
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are shown in Fig. 13. Profile 7 of that figure represents the southeast Pacific

crossing. It is conspicuous for the absence of a rift, the smoothness of the rehef

across the crest, and the continuous gentle gradient, unbroken by scarps.

7 WEST

Fig. 1.3. Eight typical profiles of the mid-oceanic ridge in the North Atlantic, South
Atlantic, Indian and South Pacific Oceans. The smooth relief across the crest of the

mid-oceanic ridge in the South Pacific contrasts markedly with the rougher topo-

graphy of the other oceans. Profile 2 was obtained aboard Crawford and Profile 8 was
obtamed aboard Horizon. The remaining profiles were obtained with a Precision

Depth Recorder aboard R.V. Vema. (Vertical exaggeration of profiles is 100:1.)

Fig. 14 (Ewing, Ewing and Talwani, 1963) shows a ridge profile in the North
Atlantic, between Dakar and Halifax, based on seismic-refraction (Ewing and
Ewing, 1959) and reflection measurements.

The unconsolidated sediments, whose thickness was measured continuously
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along the traverse, form a thin and markedly discontinuous deposit. The
pockety character of this de]iosit has been taken to indicate very free gravity

transport of newly deposited sediments. It has been noted that the rough

surface on which these sediments rest appears to form a continuous unit from

the ridge crest to a point well into the basins.

The deeper interfaces depend upon seismic-refraction measurements at

scattered points. Each such measurement gives average layer thickness over

a segment tens of miles in length. Hence, the shapes of the deeper interfaces

are highly generalized. The shape of the boundary between the 5.0 and the 7.3-

7.5 km/sec layers is particularly uncertain, owing to the difficulty of making
accurate refraction measurements in mountainous regions. The lack of relief on

it really indicates a lack of information.

100 nautical miles

H H
Velocities in km/sec

Fig. 14. A profile across the Mid-Atlantic Ridge based on seismic-refraction and reflection

measurements. The unconsolidated sediments of the intermontane basins and abyssal

plains rest on the rugged 5.0 km/sec layer. The 8.1 and 6.7 km/sec layers are standard

upper mantle and "oceanic" crustal layers. The 7.3-7.5 km/sec is characteristic of

mid-oceanic ridges throughout the world. Ewing, Ewing and Talwani have con-

cluded that the 5.0 km/sec layer is "primitive" igneous, largely because of the

intensely rough surface. (After Ewing and Ewing, 1959; Ewing, Ewing and Talwani,

196.3.)

Identification of the rock types in Fig. 14 depends principally on the seismic-

refraction velocities shown and on rocks dredged from a few places nearby.

Shand (1949) described the dredge hauls of Atlantis Cruise 150 as olivine gabbro,

serpentine, basalt and diabase. Some of them have been dated by the K-Ar
method (Erickson, in litt.) at a few tens of million years. It is possible that the

basalts consist largely of young volcanics, not identifiable with any of the

seismic layers.

The 8.1 and 6.7 km/sec layers are standard upper mantle and "oceanic"

crustal layers. The identity (and even the continuity) of the 5.0 km/sec layer

are still debated, owing to the fact that many types of rock are characterized

by this velocity; but Ewing, Ewing and Talwani {loc. cit.) have concluded that

it is "primitive" igneous, largely on the basis of the rough upper surface.

The 7.3-7.5 km/sec layer is apparently characteristic of mid-oceanic ridges

throughout the world (Raitt, 1956; Shor, 1959; Menard, 1960).
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9. Origin

The origin and structure (Fig. 15) of the mid-oceanic ridge have been the

subject of much speculation by geologists and geophysicists. Some writers have

suggested that the mid-oceanic ridge represents a pile of debris left on the sea

floor when the continents drifted ajiart. Others have suggested that the ridge is

composed of sediments which filled the cracks between drifting continents; but

high heat flow, earthquake activity, and the results of the seismic-refraction and

reflection exploration reveal a modern active feature with crustal character-

istics not compatible with either of these hypotheses. Most current workers

believe that the mid-oceanic ridge is the result of tension, and that material

rising from the mantle beneath the crest of the mid-oceanic ridge is adding new
rock to the floor of the rift valley. However, there are two schools of thought

concerning the reason for this upflow of mantle rock. The one favored by most
workers is the convection-current hypothesis, which attributes the funda-

mental featiu'es of the ocean floor to the effect of convection currents which

rise beneath the crest of the mid-oceanic ridge and then flow laterally toward

each continent. It is supposed that the drag of these currents on the underside

of the continents causes the continents to be compressed and the oceans to be

stretched. The second school attributes the stretching of the ocean floors to a

general expansion of the interior of the earth.

Since the mid-oceanic ridge is the longest mountain range on the surface of

the earth and covers an area almost equal to the area covered by the con-

tinents, its origin is of fundamental importance in considerations of the

deformation of the earth *s crust.
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17. TRENCHES

R. L. Fisher and H. H. Hess

Man's knowledge of the deepest parts of the oceans, the trenches that nearly

ring the Pacific and border parts of the Atlantic and Indian Oceans, goes back
about a hundred years. Early workers pointed out the arcuate shape of these

features, and their common association with island arcs, mountain ranges and
vulcanism. More recently, geophysical investigations of gravity, crustal

structure, heat flow and earthquake activity indicate that trenches are surface

expressions of large-scale processes acting deep within the earth.

1. Previous Work

By 1900, ships engaged in scientific reconnaissances or searching for cable

routes had established that the greatest oceanic depths lie near land, seemingly

closely related to the island groups of the western Pacific, to the Indonesian

islands, the Antilles or the Andean mountain chain. Murray's bathymetric

chart (Murray and Hjort, 1912) showed deeps in nearly all of the presently

known trench areas. The only notable omissions are the Middle America
Trench off western Mexico and Central America and the South Sandwich
Trench in the South Atlantic Ocean. Subsequent bathymetric exploration has

refined Murray's map, joining some separate deeps he plotted and named, but

it has not revealed any trenches off Antarctica between New Zealand and
South America, or between Mexico and southeastern Alaska. Recent work by
Vitiaz, reported by Udintsev (1959), confirms the presence of a series of small

deeps, shoaler than the usual trench, from western New Guinea to near Rotuma,
northwest of the Fiji Islands. Another chain of trenches, southwest of or

"interior" to the Solomon, Santa Cruz and New Hebrides groups, extends

3800 km from southeastern New Guinea to beyond the Loyalty Islands.

Prior to the 1920's, oceanic soundings were made by wire or line and lead,

and, though each measurement consumed several hours, most soundings

obtained a small sample of the bottom material. Modern echo-sounders record

thousands of de]3ths in a similar j^eriod ; however, conclusions as to bottom

materials and processes are commonly drawn by inference, from the shape and
character of the trace recorded or from minor relief on the trench walls and
bottom.

Vening Meinesz developed a method for measuring gravity at sea by pendu-

lums installed in a submarine. In a series of cruises beginning in 1923, he

demonstrated that negative isostatic anomalies characteristically are associated

with trenches, and that nowhere else are such large negative values found

(Vening Meinesz, 1948, for summary). Vening Meinesz' trench surveys were

most detailed in the East Indies, but he, and later Ewing and Hess, made
similar surveys in the Caribbean area (Ewing, 1937, 1938; Hess, 1938). Matu-

yama (1936) made gravity surveys in the Japan Trench. Since World War II

[MS received May, 1961] 411
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scientists of the Laniont Geological Observatory, and others, have actively

pursued marine gravity exploration in trench areas ; notalile are their surveys

of the Puerto Rico (Tahvani et «/., 1959), Peru-Chile (Ewing et al., 1957),

Tonga (Talwani et al.. 1901) and Middle America (Worzel and Ewing, 1952)

trenches. CJajnanov (1955) reviews gravity observations in the Kuril-

Kamchatka trench. All of these surveys confirm the existence of a strip of large

negative isostatic anomalies centered slightly shoreward of the trench axis and,

commonly, smaller positive anomalies closer to the island group or mainland

and also seaward of the trench. In some localities, Timor and Barbados for

example, the negative strip extends beyond the trench, continuing across the

island or along a ridge that perhaps marks the ])osition of a former deep (Hess,

1938). The shape and dimensions of the anomaly curve led Vening Meinesz

(193(>) to propose that in the region of the negative belt there is an elastic down-

buckle of light crustal material into the substratum. Kuenen (1936) published

the results of model experiments in which he duplicated this hypothetical

structure that he called the "tectogene". Consideration of the probable stresses

and elastic limits of crustal materials and the studies of Bijlaard (1936) as well

as recent field studies of island arc structure caused Vening Meinesz to revise

his hy])othesis and to suggest that the anomalies reflect a plastic deformation

of crustal material in the mobile belts, with thickening and down-buckling

under compression (Vening Meinesz, 1954, 1955). He derived formulas (Vening

Meinesz, 1955) that indicate an asymmetrical development of the two sides of a

down-buckle at the ocean-continent boundary ; such asymmetry is confirmed

by the data of station and explosion seismology.

Compilations of earthquake epicenter data, such as those of Gutenberg and

Richter (1954), establish that highest seismicity is associated with the circum-

Pacific trenches and those of the Caribbean and South Antilles. They indicate

that shallow shocks commonly occur near and slightly shoreward of the trench

axis and intermediate depth-shocks (70-300 km) below and inside the island arc

or mountain chain. When deep shocks (300-700 km) occur, their foci lie well

inside the arcuate structure, below an interior basin or inland from the momitain

range. From studies of the circum-Pacific earthquake sequences, BenioflF (1949,

1954) has suggested that great reverse faults or fracture zones dip steeply

shoreward along the island arcs of continental margins. He distinguishes two

types of structure, the dual oceanic and the triple marginal fault. The former,

typified by the Tonga and Kermadec earthquake sequences, has a lower com-

ponent (70 to 550-700 km) that dips steeply away from the ocean basin. The

marginal faults, perhaps most simply indicated by the Kuril-Kamchatka and

Peru-Chile sequences, have an intermediate component (70-300 km) of moderate

dip and a steep lower component extending to a depth of 550-700 km. For

neither fault type is the observational precision great enough to indicate

the dip of the shallow (0-70 km) component. Benioff believes the trench and

uplifted shoreward block are surface manifestations of reverse motion on the

faults or fracture zones.

Hodgson (1957) has questioned this postulated thrust-fault character of
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deep-focus earthquakes. From his analysis of specific examples he finds that

the plane of movement is nearly vertical and that the displacement is of strike-

slip character. His resolution, however, gives in each case two planes at right

angles, one parallel, or nearly so, to the trench and one at right angles. Mclntyre

and Christie (1957) suggest that the set which is parallel is the preferred

solution after analyzing Hodgson's earthquake data for the Tonga-Kermadec
region. Hess and Maxwell (1953) had previously suggested strike-slip faults in

this area at right angles to the trench and still hold this view.

Seismic refraction investigations at sea have provided information on

crustal-layer structure down to the Mohorovicic discontinuity. Scripps Institu-

tion scientists have carried out such studies in the Tonga Trench (Raitt et al.,

1955), Middle America Trench (Fisher and Shor, 1956; Shor and Fisher, 1961),

Peru-Chile Trench (Raitt and Shor, 1958) and Aleutian Trench (Shor, 1962).

Lamont and Woods Hole personnel have investigated the Puerto Rico Trench

(Officer et al., 1957, 1959, for example) and the South Sandwich Trench (Ewing

and Ewing, 1959). Russian scientists report seismic and gravimetric work

across the Kuril-Kamchatka Trench (Galperin et, al., 1958), and Gaskell et al.

(1958) report one short profile near the Challenger Deep in the Marianas

Trench.

Measurements of the flow of heat through trench floors have been reported

for the Middle America Trench (Bullard et al., 1956) and the Peru-Chile Trench

(von Herzen, 1959). Heat flow was considerably lower near the trench axes off

Guatemala and Peru than was general in the deep-sea floor outside. No measure-

ment was obtained in the deepest part of the Chilean segment, off Antofagasta,

but a series of nearby measurements, normal to the trench axis, showed

progressively lower values as the deep was approached. Though the low values

observed (0.17-0.47 ^cal/sec/cm'-) might be due to rapid sedimentation in

trenches, these authors conclude that the abnormal values reflect real differences

in processes occurring far beneath the sea floor. They suggest that convection

currents in the mantle may bring heat to the surface in areas such as the East

Paciflc Rise, where high values of heat flow (up to 8.1 (jLcal/sec/cm^) have been

measured, and that the trenches may be regions where such currents are

sinking (Bullard et al., 1956).

Magnetic profiles have been published for the Tonga (Raitt et al., 1955),

Kuril-Kamchatka (Galperin et al., 1958) and Aleutian (Keller et al., 1954)

trenches. From the absence of any consistent anomaly correlatable to the

trench on their eight crossings, the latter authors state that the anomalies

observed are produced by susceptibility contrast within the rocks of the sea

floor rather than by the topography of their surface. They conclude that the

structure which produced the susceptibility contrasts bears no relation to the

trench. Mason (in Raitt et al., 1955) reports an excess of magnetism on the island

side of the Tonga Trench and a deficiency to the east that cannot be explained

by reasonable basement configuration ; he also considers this distribution may
be due to susceptibility contrast rather than to structure.

Marshall (1911) pointed out that, in Melanesia, andesitic lavas occur on and
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to the southwest of a line drawn from New Zealand through Tonga, the Solomon

Islands and New Guinea, and that this line closely ])arallels a series of oceanic

trenches. Many geologists have taken this petrographic distinction, the "an-

desite line"*, extended northward along the deeps east of the Palau-Yap-
Marianas-Japanese -Kuril islands as the chief criterion for distinguishing

"continental" from Pacific basin areas. This raised the question of why, if

trenches are continental border structures, two such topographic features, the

Philii)pine and Ryuku trenches, lie so far outside the Pacific basin proper and

two others, the New Biitain and New^ Hebrides trenches, occur on the wrong

side of the andesite line. Recent seismic work in the Caribbean, the deep Bering

Sea and the Philippine Basin indicates that an oceanic crust lies between the

island arcs and the continents. Hess (1955) suggested that the occurrence of

andesite, rather than indicating the margin of the ocean basin proper, may
provide an index of deformation ; andesitic magmas might be produced where

deformation is strong enough to force the basaltic or lower crustal layer down-

w-ard sufficiently to cause partial fusion. It now seems more likely that andesite

of island arcs as well as basalt of the ocean basins comes from deep within the

mantle, the former occurring only in areas of strong shearing stress. Partial

melting of a small percentage (5% to 10%) of a given volume of mantle will

])roduce a less mafic liquid than basalt, but this magma would be retained in

the rigid crystalline framework of the rock unless released by shearing. Partial

melting of a large enough percentage of the same volume to destroy the rigidity

of the framework could produce a separatable basaltic liquid under relatively

passive conditions.

Another striking petrologic observation is the common occurrence of ser-

pentinized peridotites in island groups bordering the East Indian, w^estern

Pacific and Antillean trenches (Hess, 1937, et seq.). Hess had proposed that

these peridotites were intruded during the first great deformation of the

present mountain belts, presumably during a down-buckle of the crust, and

that their position ai)proximated the axis of the down-fold. From various

studies of the relations of these intrusions to datable rocks, Hess assigns a

probable mid-Mesozoic age to the main deformation in the Japan-Formosa

-

Luzon-Borneo regions and a lesser age, perha])s late Cretaceous-Eocene, to

those intrusions in the Bonin-Marianas-Palau and Mindanao-Celebes-New^

Guinea belts (Hess, 194S).

Various workers have noted that in both island arc-trench and continental

margin-trench systems a row or double row of volcanoes, active at present or in

the fairly recent geologic past, lie sub-parallel to the trench trend. The vol-

canoes lie 150-350 km landward from the trench axes, with the most common
separation about 200 km. Such volcanoes, for example, comprise the islands of

western Tonga, much of the Marianas, Bonin, Kuril and Aleutian groups, the

])eaks on the east shores of the southern Philipj)ines and the Kamchatka

peninsula, and the mountains bordering the west coast of Central America. The

island volcanoes do not ordinarily rise from the deep-sea floor but from the

crests or back slopes of geanticlinal ridges bordering the trenches. Gunn (1947)
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presented arguments and equations based on engineering theory to support

his idea that the structures and spacings observed result from an elastic litho-

sphere (which overlies a weak magma and is subjected to strong horizontal

compression) failing by shear near the continental boundary, with the

landward segment overriding and depressing the seaward block to form the

trench. Flexure of the lithosphere dies out to either side of the shear plane. He
states that on the landward side total stresses on the bottom of the lithosphere

are less than those in like position seaward of the trench. Hence, on the land

side, highly compressed magmas could be injected into the crust and reach the

surface to form the volcanic chain observed. More geophysical measurements of

crustal structure, like those recently made in the Guatemala area treated by

Gunn, and more data on the physical properties of crust and mantle are needed

to test his hypothesis.

The most spectacular and direct observation of trench-bottom conditions

was made in January, 1960, when the bathyscaph Trieste, piloted by Piccard

and Walsh, reached the bottom of the Marianas Trench, near Guam, at 35,800 ft,

the deepest point in the oceans (Walsh, 1960). They report a soft, gray, sediment

bottom, and noted a small shrimp-hke crustacean and one fish at this depth.

Let us turn to a more detailed discussion of trench topography and structure

as revealed by recent bathymetric and geophysical explorations by the authors

and others.

2. Topography of Trenches

Oceanic trenches are at once among the most appealing and frustrating

subjects for bathymetric exploration. To the usual problems of ship positioning,

frequency fluctuations and slope returns is added the difficulty of obtaining a

recognizable echo from a sea bottom 8 to 10 km beneath the ship. Hence, it is

not surprising that nearly every investigation of the very deep trench areas

provides data significantly different from that collected by earlier, equally

painstaking work in the same areas.

Methods and special problems of sounding in trenches have been discussed

by several authors (Fisher, 1954; Kiilerich, 1959, for example). They pubhshed

geometric reconstructions of profiles taken by echo-sounder or bomb-sounding.

Such plots demonstrate that rarely does the first echo receive a return from the

trench bottom, even when the ship is directly over the trench axis, unless a

sounder with an extremely narrow sound beam width is used. Usually weak

echoes from one or both trench walls jjrecede the bottom return as the ship

moves across the trench. Only by analyzing the entire echo train to resolve the

multiple echoes can an equivalent bottom profile be drawn.

Even the very deep, V-shaped trenches commonly contain a narrow band

of nearly fiat bottom, h to 3 km wide, usually attributed to sedimentary fill.

This fiat area characteristically gives a relatively strong echo ; on a profile

normal to the trench axis its lateral boundaries, the base of the trench walls,

can be taken as the points where the strongly reflecting, nearly flat bottom
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apparently deepens perceptibly before fading out. Trench-bottom basins

commonly extend a few kilometers or tens of kilometers along the axis. Sills

sejjarate the basins or ponds from one another, so that commonly the trench

axis displays a series of terraces or steps differing in level by several tens or

hundreds of meters (Ewing and Heezen, 1955; Fisher, 1961). Modern echo-

sounders with high sensitivity, expanded recording scale and precise timing

enable one to record accurately reflection-time differences equivalent to depth

differences of less than 10 m, even at the greatest depths. Hence, by combining

the assumption of sedimentary fill with a plot of multi])lc echoes from soundings

taken at few-second intervals, a geologically reasonable and consistent topo-

graphic form can be deduced, even when a wide-beam sounder is employed.

Isolated, momentary deep returns from an otherwise nearly flat trench liottom

are probably spurious ; usually they are due to a variation in electrical input

frequency to the recorder drive, or to an especially strong side echo.

Figs. 1 and 2 are contoured plots of the deepest parts of the Philippine and

Marianas trenches, respectively, based on soundings taken in 1959 (R.V.

Stranger) employing a depth recorder with precise time base. The Philippine

trench plot has been contoured both on first and on strong late arrivals to

illustrate the above discussion. Late arrivals suggest that a basin deeper than

10,000 m, varying in depth by about 30 m along its mapped axis (reflection times

of 12.93-12.97 sec), extends from near 10° 25'N to the bottom of the figure. It

is indicated by first arrivals only near 10° lO'N and 10° 23'N. At about 10° 28'N,

a sill separates this basin from a similar basin, of slightly shoaler depth, to the

north. Reflection times by echo-sounder (vertical lettering) agree with bomb-

sounding reflection times (slanted lettering) in the deep parts of the trench.

However, generally more echoes can be distinguished on the bomb-records

;

greater energy from the explosion results in a detectable echo even from poorly

reflecting surfaces like steep trench walls. Positions at the west ends of the

Stranger lines were established by visual bearings and radar ranges on islands,

and the ship stayed underway throughout the survey. Discrepancies between

the trench axial position from this survey and from earlier surveys by Cape

Johnson and Galathea are within the limits of navigational errors of the ships.

Challenger Deep has been investigated recently by Challeyiger (1951), Vitiaz

(1957, 1958) and Stranger (1959), and by the bathyscaph Trieste (1960). The

contours of Fig. 2 are based on Stranger soundings only. Again discrepancies in

location of the greatest depths reported are probably due to uncertainties in

fixing the ships' positions. It is likely that all the deep soundings were taken in

the same flattish-floored basin. Part of the differences in the Vitiaz and

Stranger-Challenger de])ths can be attributed to the velocity correction func-

tions used by Del Grosso and Matthews respectively. Also, a variation of

recorder-drive input frequency of only 1.7% would account for the range of

values reported. Trieste^ depth measurement was made with a pressure gauge

;

it agrees well with the sonic sounding.

It is appropriate here to list the maximum depths reported for 20 of the

trenches (Table I). Exploration to date has been sufficiently detailed so that
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Table I

Maximum Depths, in Meters, Reported for Major Trenches (in part after

compilation of Wiseman and Ovey, 1955)

Marianas Trench (specifically Challenger Deep)

1 1 ,034 ± "lO (Hanson et nh, 1959)

10,915+20 (this Chapter)"

10,915± (layman, in litt., 19(iO)

10,863 + 35 (Carruthers and Law ford, 1952)

10.850 ±20 (this Chapter, Fig. 2)

Tonga
10,882 + 50 (Hanson et al., 1959)

10,800 ± 100 (Fisher and Revelle, 1954)

Kuril-Kamchatka
10,542+100 (Udintsev, 1959)

9750+100 {Dclauze, in lift., 1962)'^

Philippine (vicinity of Cape Johnson Deep)

10,497 ± 100 (Hess and Buell, 1950)

10,265 ± 45 (Bruun, quoted in Wiseman and Ovey)

10,030 ± 10 (this Chapter)

Kermadec
10,047+ (Udintsev, 1960)

Idzu-Bonin (includes "Ramapo Deep" of the Japan Trench)

9810 (Udintsev, 1959)

9695 (vicinity of Ramapo Depth, Nasu et al., 1960)

Puerto Rico

9200 ±20 (Lyman, 1954)

New Hebrides (North)

9165+20 (this Chapter)

«

North Solomons (Bougainville)

9103+ (Udintsev. 1960)

8940+ 20 (this Chapter)"

Ya]5 (West Caroline)

8527+ (Kanaev, 1960)

New Britain

8320+ (Udintsev, 1960)

8245+ 20 (this Cliapter)«

South Solomons
8310+20 (tliis Chapter)"

South Sandwich
8264 (Maurer and Stocks, 1933)

Peru-Chile

8055 ± 10 (Fisher, 1958)

Palau
8054+ (Cdintsov, I960)

8(t50+l<i (this Chapter)" (continued)
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Fig. 3. Exploration of the central portion of the Philippine Trench by R.V. Stranger, Naga Expedition, August, 1959.
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Table I

—

continued

Aleutian

7679 (uncorrected, taken with nominal sounding velocity of 1500 m/sec)

Nansei Shoto (Ryuku)

7507

Java
7450 (after van Riel, 1934)

New Hebrides (South)

7070+20 (this Chapter)"

Middle America
6662 ±10

" These soundings were taken during Proa Expedition, April-Jvme, 1962, aboard H.\

.

Spencer F. Baird. A Precision Depth Recorder was employefl, and the ship's track crosseil

over (within the limits of celestial navigation) points from which maximiun depths had

been reported.

^ This is the maximum sounding obtained in the vicinity of the Vitiaz Depth (Udintsev.

1959) by French and Japanese vessels in connection with dives of the bathyscaph Archi-

mkh, July, 1962.

future work will modify the ranking very little, except perhaps in the case of

the Marianas-Tonga pair, where the spread in recent depth measurements is

less than 250 m. As the preceding discussion and Figs. 1 and 2 indicate, more

absolute values must await precise ship positioning and the development of

powerful narrow-beam sounders with precise timing.

Recently prepared topographic charts, based largely or wholly on data from

continuously recording sounders, include plots of the following trenches

:

Tonga (Raitt et al, 1955), Middle America (Fisher, 1961), Peru-Chile (Fisher

1958), Philippine (Kiilerich, 1959; this Chapter), Kermadec (Brodie and

Hatherton, 1958), Kuril-Kamchatka (Udintsev, 1955), New Britain-Bougain-

ville-New Hebrides (this Chapter), Puerto Rico (Ewing and Heezen, 1955) and

the western portion of the Aleutian Trench (Gibson and Nichols, 1953; Gates

and Gibson, 1956).

The Philippine Trench (Fig. 3) is representative of the deep narrow trenches

bordering island chains or small land areas of the western Pacific and associated

with all the gravity and seismic characteristics discussed above. In plan nearly

straight, its axis lies almost equally distant from the 4000-m contour at the

base of the Philippine island chain and from the 6500-m contour marking

the lip of the deep Philippine basin to the east. There is no ridge or swell

paralleling this trench on the seaward side. The most marked change in trend

occurs east of southern Mindanao, where the trench veers southeast but the

negative-gravity-anomaly belt associated with it farther north continues

southward to the west of Halmahera (Vening Meinesz et al., 1934). A short

southwest-trending ridge lies east of the trench in the vicinity of the change in

trend. Northward the Philippine Trench ends against a broad area shoaler
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than 5000 m ; to the south it tlies out against the rise extending from Palau

nearly to Hahiiahera. Although only 1250 km long at depths greater than

6000 m, it is deeper than 8500 m for more than 800 km of its length. Three

basins deeper than 9500 m occur; the longest of these, near Siargao, is slightly

greater than 10,000 m deep.

Where the l'liili])pine Trench is best developed, at depths greater than

7500 m, the west or shoreward flank is steeper, with slopes of 10-16°, than the

offshore flank, with general slopes of 6-8°. Shoaler than 7500 m. on the shore-

ward side, the slope is more gentle, generally 4-8° up to the nearshore 1000-m

contour. On the east flank, above 7500 m, the bottom rises at a 1-4° slope to

the deep Pacific sea floor. Locally, the general slope is steepened by pinnacles or

ridges on the trench flank. The slopes listed here are similar to those reported

for the Tonga Trench (Raitt et al., 1955), Kuril-Kamchatka Trench (Udintsev,

1955) and the Japan (Idzu-Bonin) Trench (Nasu et al., 1960). As the trench

shoals to north and south, the slopes of the flanks become more nearly equal.

Bathymetric exploration of the upper slopes of the Phili])pine Trench has

been insufficient to establish the presence or absence there of numerous sub-

marine canyons and large re-entrants and depressions well described for the

Kuril-Kamchatka Trench (Udintsev, 1955) and the Aleutian Trench (Gibson

and Nichols, 1953; Gates and Gibson, 1956). These authors proposed a fault

origin for most features of this kind, and related submarine fault systems to

structural trends mapped on the adjacent islands. Udintsev, noting the change

in character of trench bottom and island-trench nearshore topography from

south to north along the Kurils, suggests that the most active trench develop-

ment is taking place off Kamchatka and that the frequent vulcanism of that

region is activated by transverse faults extending across the slope.

Cross-sections, traced from echograms (Fig. 4), of the deepest parts of the

Philippine Trench clearly show a narrow flat bottom, 1-3 km wide, in this deep

V-shaped trench. Projecting the lower trench walls to intersection, and

allowing for steepening with depth, indicates a thickness of less than 300 m for

the sedimentary fill in this basin, and thus a very small volume of sediment in

this trench. This figure for fill is similar to that deduced from seismic-refraction

observations in the Tonga Trench (Raitt et al., 1955). The lower walls of this

trench are irregular, with small knolls or pinnacles, particularly on the off-

shore side, that dam sediments or rocks slumping from further upslope. Bare

rock, probably volcanic, may outcrop on such steep trench walls and pinnacles

(Raitt et al., 1955; Bezrukov, 1957). The small elevations shown on Sections

I-I' and J-J' are spurs or toes of ridges constricting the basins and ponding

sediments. Kiilerich (1959) notes that north of 10° 45'N, where a ridge con-

stricts the trench, there is a valley or depression east of the trench axis and

separated from it by a ridge up to 500 m high. Section A-A' shows both the

trench axis and this outer depression, which is interpreted as a fault trough.

Sediments of such very deep trenches have rarely been studied critically up
to the present time, because of difficulties in obtaining adequate undisturbed

samples and in knowing exactly where in the trench the samples were collected.
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In general, samples taken from depths shoaler than 4500 m on trench tlanks

are predominantly calcareous, composed of Globigerina oozes and silts ; in

tropical areas coralline fragments are common. The carbonate fraction is

mixed with volcanic debris and pyroclastics. Further downslope the sediments

are brown or red clays and silts together with ash and volcanic lapilli ; organic

remains commonly are siliceous. Surface deposits on the trench floors range

from lirown clays or silts to sand and fragments of volcanic glass and pumice

;

beneath the surface layers the sediments commonly are gray to black or dark
brown. Coarse graded layers, sometimes several centimeters thick, result from
intermittent turbidity-current deposition and from slumi^ing of material down
the steep walls. Occasionally such layers contain tests of shallow-water Fora-

minifera, attesting to turbidity-current origin and rapid burial. Bezrukov
(1957) reported that large fragments or galls of older laminated clays litter

portions of the western Pacific trench floors ; some of the laminations in the

fragments show distortion by sliding. He concluded that trench-floor sediments

may show three types of stratification: (1) a micro-lamination of the solid

clays, not yet explained
; (2) an alternation, ujj to several millimeters or centi-

meters in thickness, of clays or silts with volcanic ash or sands and gravel,

attributable to volcanic eruptions or to periodic stirring up, by earthquakes,

of pyroclastic material on the trench slopes
; (3) vertical differences, expressed

in colors, of the oxidation states of iron and manganese in the silts and clays.

This latter stratification, due to diagenetic processes, is controlled by rate of

accumulation of the sediments and the incorjDoration of organic material into

them.

The Middle America Trench (Fig. 5), shoalest of the 20 trenches listed in

Table I, borders the west coast of Central America for more than 2600 km,
from central Mexico to Costa Rica. In morphology and setting it strikingly

resembles, on a smaller scale, the Peru-Chile Trench bordering the South
American continent (Zeigler et al., 1957; Fisher, 1958). Strongly arcuate

over part of their extent, nearly straight in other sections, the axes of these

trenches parallel closely the break in slope at the continental margin. Both are

associated with gravity minima, shallow and intermediate depth earthquakes

(deep-focus earthquakes also occur in the South American sequence) and, over

part of their length, vulcanism. In both trenches a shallow northern section is

separated from a deeper southern section by an offshore ridge intersecting the

trench at a large angle. The ridges may be off"slioots of the large fracture zones

of the eastern Pacific (Menard and Fisher, 1958; Fisher and Norris, 1960).

Riiegg (1960), however, considers that the ridge bisecting the Peru-Chile

Trench represents very recent uplift of a former land-mass that fomidered

before or during the Nevadan movement, prior to the formation of the trench.

The Middle America Trench is intersected and approximately bounded on
the north by the Clarion Fracture Zone that has been linked to the transverse

volcanic province of Mexico (Menard, 1955). Topographically the northern

termination is rather abrupt ; farther to the northwest, the Gulf of California

may mark a continuation of the same seismically active zone. To the south the



Fig. 5. Topography of the Middle America Trench, based chiefly on soundings from Scripps Institution investigations, 1952-1959.
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trench dies out against the northeast-trending Cocos Ridge. The Tehiiantepec

Ridge intersects the trench near 15°N, 95°W (Menard and Fisher, 1958); at

this boundary the depth of the trench, the toi^ography outside the trench, the

depth to the Mohorovicic discontinuity and the vulcanism related to the

trench are changed completely (Fisher, 1961).

Northwest of the Gulf of Tehuantepec, dejiths along the trench axis vary

abruptly over short distances. Small steps or terraces result from ponding of

sediments ; locally submarine hills constrict or even replace the usual trench

floor (Fig. 6, A-A', B-B'). However, northern cross-sections characteristically

KILOMETERS
5772

VERTICAL EXAGGERATION 16 X

Fig. 6. Cross -sections of the Middle America Trench traced from continuous -sounding

records. Sounding scales corrected after Matthews (1939). (See Fig. 5 for location of

the sections.)

show the trench floor to be flat or gently basined ; within such basins the

bottom commonly rises 10-20 m toward the land and seaward flanks, with

sharp breaks in slope at the basin edges. Seismic-refraction measurements

(Shor and Fisher, 1961) and projection of flank slopes indicate | to 1| km of

sediments in several of the basins between Islas Tres Marias and Acapulco. In

this segment of the trench, lying close to a coast composed dominantly of

metamorphic and intrusive rocks, trench sediments are gray to greenish brown

clays and silts. The fine sand layers occasionally present here in trench-floor

cores are attributed to frequent slumping or turbidity-current transport down
the steep flanks. Seismic-refraction measurements along the trench axis be-

tween Islas Tres Marias and Acapulco indicate that beneath the thick sediments

and a probable basement (volcanic?) layer, the main crustal layer (Fp = 6.5-
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().!» km sec) lias a thickness about the same as at normal Pacific basin stations.

Apparently, this portion of the Middle America Trench is relatively inactive at

present ; faulting and vulcanism seaward of the trench are more significant

tlian the trench-forming process. If so, this trench may soon, in a geological

sense, resemble the minor, strikingly flat-bottomed, sediment traps that

border the west coast of central Baja California (Fig. Sf ; Fisher and Revelle,

1955).

To the southeast of the intersection \\ith the Tehuantepec Ridge, the axial

depth of the trench increases abruptly, then shoals slowly toward the Cocos

Ridge. This portion of the trench has the more usual V-shaped cross-section

(Fig. 6, C-C, D-D') and a line of recently active volcanoes parallels its trend.

However, the volume of trench-floor sediments is small. Coarse land-derived

material is deposited on the broad shelf or upper slope ; trench-floor deposits

are fine-grained, with recognizable ash layers and higher proportions of volcanic

glass. Seismic-refraction measurements in the deep part of the trench, off

Guatemala (Fig. 8e) and El Salvador, indicate that here the main crustal layer

is considerably thicker than it is seaward of the trench, although it thins

some^^•]lat to the outer portion of the continental shelf, where it is overlain by

a thick section of sedimentary and basement (volcanic?) rock. Off Guatemala

the crustal thickness and thickening at the axis of this minor, relatively

shallow trench are nearly as great as that of the very active, deep Tonga Trench

(Fig. 8c).

The linked trenches south of New Britain, southeast of the Solomon Islands

and west of the New Hebrides (Fig. 7) represent a series concave toward the

Pacific Ocean. This being the only present example of island arcs and trenches

concave away from a continental area is the interesting example contrar}^ to

the general rule. The whole of this region is active seismically and evidence for

Recent or sub-Recent vulcanism is common along the islands adjacent to the

concave side of the trenches. Earthquake foci of moderate depth are common
below the concave side of the arcs. The area is not well known and the bathy-

metry shown in Fig. 7 is based on the w^artime data collected by the U.S.S. Cape

Johnson, which was used to check such sounding lines and old charts as were

available in the U.S. Hydrographic Office. The trench recently reported by
Vitiaz (Udintsev, 1958) has been added.

One notable feature of the relatively small trenches in this area is that there

is a distinct tendency to shoal or disappear off the middle of the arcs. In both

the case of the Solomon Islands and the New Hebrides the trenches are well

developed at either extremity but disappear off" the centers of the arcs. A
somewhat similar tendency may be noted in the case of the Marianas Trench.

The Cape Johnson-Vitiaz trench system is unique and has no known counter-

part in other island arcs. If the ordinary trench off the convex side of an island

arc represents the down-buckling of the crust, the Cape Johnson-Vitiaz Trench

may represent some sort of strike-sli]) fault adjustment between adjacent blocks.

This has been suggested by R. W. Fairbridge {in lift., 1960).

The morphological details of the trenches paralleling the island arcs are
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poorly known. In general the trenches are 1500 to 2000 fm deeper than the

nearby sea floor. On the recent cruise of R.V. Argo, a depth of 4935 fm

(corrected) was discovered in the North New Hebrides Trench, a depth con-

siderably greater than thus far found in any of the other trenches of this area.

3. Structure of Trenches

Tw^o major develoj^ments in this century which gave some insight into

tectonic processes operating in the Earth's crust were Vening Meinesz' dis-

covery in the late 1920's of very large negative gravity anomalies on the

convex side of island arcs and in particular over the trenches, and the develop-

ment of explosion seismometry at sea by Ewing and Worzel after the war.

The prewar explanations for the large negative gravity anomalies were based

on an oceanic crust not unlike that of continents but somewhat thinner. Thus

a down-buckle of a sial layer provided the mass deficiency required to explain

the gravity anomalies. Once the shallow def)th of the Mohorovicic discontinuity

under the oceans was established, modification of the older hypotheses became

necessary. As a topic this has not yet been thoroughly reconsidered.

Laboratory experiments by Kuenen (1936) and by Griggs (1939) lent general

support to the concepts then current. Both sets of experiments were predicated

on a stronger crustal layer floating on a weaker substratum. Kuenen, starting

with the assumption of compression in the crust, produced an elastic type of

down-buckle to which he gave the name "tectogene". In Griggs' model a

viscous liquid substratum was caused to flow in order to simulate mantle

convection currents. Viscous drag on the crust produced a downward bulging

of the crustal layer in a plastic manner which resulted in configurations over

the downward-flowing limb resembling alpine structure. Though much has

changed in the years subsequent to Griggs' experiments, there still seems to be

a considerable degree of validity in the picture he painted. The earlier structural

concepts are summarized by Vening Meinesz (in Vening Meinesz et ah, 1934,

1948), J. H. F. Umbgrove (in Vening Meinesz et al, 1934) and Hess (1938, 1948).

More recently M. Ewing, Worzel, Shurbet, Heezen, Talwani and others from

Lamont (Worzel and Ewing, 1954; Worzel and Shurbet, 1955; Ewing and

Heezen, 1955), in discussing the Puerto Rico Trench, have discarded the idea

that the trenches are compressional features and attribute them to tension

(extension). They suppose that the crust was pulled apart and subcrustal

material flowed upward into the fissure, giving them their present forms. On
both geophysical and geological grounds this hypothesis has weaknesses.

Nevertheless, it is interesting to discuss this point of view because it serves to

focus attention on certain critical features of trenches.

The Puerto Rico Trench curves smoothly to the southeast and south around

the Virgin Islands. Southward along its axis the Barbados Ridge arises, so that

the trench changes into a rise flanked on either side by shallower troughs. The

strongly negative gravity anomalies follow the axis from the trench to the axis

of the Barbados Ridge, indicating the continuity of the structure and proving
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that the anomahes are the result of deeper structure, not the topography itself.

A very similar situation is presented by the Java Trench and its central ridge.

The Barbados Ridge was explained by Hess (1938) as the squeezing up of in-

competent material from the axis of a down-buckle "like tooth paste out of a

tube". Deep drilling for oil on Barbados in recent years gives a picture con-

sistent with this interpretation so far as the sedimentary section is concerned.

But stronger evidence is supplied by the seismic profile given by J. Ewing et al.

(1957) showing the Mohorovicic discontinuity coming in from the Atlantic

and bending downward approaching the Barbados Ridge (Fig. 8b). Similarly,

Raitt, Fisher and Mason (1955) show the crust bending downward as one

approaches the Tonga Trench from the Pacific (Fig. 8c). On the island side one

might interpret the crust as behaving in much the same way except that the

mantle velocity for P waves below it has dropped from 8.2 km/sec to 7.0-

7.6 km/sec. This could be a result of serpentinization as discussed below. The

Tonga Trench has large negative gravity anomalies (Talwani, Worzel and

Ewing, 1961) but little sedimentary fill on its floor. On its eastern flank a guyot,

Capricorn Seamount, with its upper surface tilted toward the trench axis has

Ijeen described by Raitt et al. (1955). The bending downward of this upper

topographic surface of the guyot may be assumed to parallel what the crustal

layers have done beneath it and thus supports the seismic evidence mentioned

above. Menard and Dietz (1951) report a guyot on the axis of the Aleutian

Trench with its flat top about 900 fm deeper than guyots to the south of the

trench.

The Puerto Rico Trench has been investigated much more intensively by
geophysical methods than any other trench area. The geology of the islands to

the south of it is now fairly well known (Mattson, 1960; Berryhill et al., 1960;

DonneUy, 1959 ; Helsley, 1960). More deductions may be drawn with regard to

its structure than that of other trenches. One may hazard a guess that it first

formed at about the beginning of Tertiary time, some 70 million years ago.

Until late Eocene, active vulcanism and the intrusion of dioritic plutons were

taking place but ceased at this time. Vulcanism, however, continued up to the

present along the Lesser Antilles. Paralleling this, the sediments of the Bar-

bados Ridge have been squeezed up from a trench axis but those in the Puerto

Rico Trench apparently have not been. From this one may deduce that the

Puerto Rico Trench is not actively going down at the present time, but that

forces must be still acting upon it to keep it far out of isostatic equilibrium.

Unfortunately, it is not a typical trench as would be the Tonga-Kermadec,

Aleutian or Kuril Trenches. Large east-west strike-slip faults with a sinistral

movement are known on the island of Puerto Rico, and N 60°E sinistral strike-

slip faults paraUeling the Anegada Trough have been mapped by Donnelly in

the Virgin Islands. Such faults may have modified to some extent the Puerto

Rico Trench, but probably as second-order effects not changing the gross

structure drastically.

Talwani, Sutton and Worzel (1959) have computed very carefully mass

distributions under the Puerto Rico Trench section and to the north and south
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of it. These computations are based upon a fit between observed gravity,
seismic velocities and indicated thicknesses of layers (Fig. 8a). Whereas more
geophysical work might modify the minor detail in Talwani's section, there is

enough information to accept his mass distribution as essentially established.

The isostatic gravity anomahes over the trench (and the continuation along
the Barbados Ridge) are still in the neighborhood of —180 mgal, indicating
quite clearly that assumption of isostatic equilibrium here is incorrect ; in

other words, the required high-density antiroot under the trench to balance
the mass deficiency represented by the water does not exist. The degree of
departure from equihbrium may be estimated nicely from Talwani's data.
Assuming that all the mass anomaly is above some arbitrary depth such as

40 km, one can compute the pressure at this depth for a crustal column in the
middle of the trench and compare it to a standard oceanic column or to the
columns on either side of it in Talwani's diagram. The result of such a calcula-

tion shows the pressure under the trench to be somewhat greater than 1000 kg/
cm 2 less than a standard column. This is the critical factor in any attempt to
explain the structure and dynamics of a trench.

Drawing an analogy to the behavior of the crust when loaded by ice accumu-
lation gives a picture which can easily be appreciated. If a lobe of ice 120 km
wide, 10 km thick at the center of the lobe, and several hundred kilometers
long were resting on the crust in isostatic equilibrium and were instantaneously
removed, then the resulting gravity anomahes and mass deficiency would be
similar to the Puerto Rico Trench. Uplift would be rapid and equilibrium
would be approached in at most a few tens of thousands of years. Thus, if one
were to postulate formation of the trench by extension, any anomaly which de-
veloped would disappear rapidly

; but an even more serious objection is that there
is no reason why so large a departure from equilibrium should ever have come
about. On a much smaller scale (10 km), one can appeal to the floating cork-
block type of analogy. In this case various blocks are tilted, depressed or
raised such that the positive and negative anomalies compensate for one
another. The large negative one over the Puerto Rico Trench is not com-
pensated by positive anomalies in the adjacent areas. An extension hypo-
thesis of the origin of the trench cannot account for large departures from
isostatic equilibrium.

Most geologists would agree to the probability that the Red Sea structure
represents extension. Girdler (1958) analyzes the geophysical data for this area
and comes to the same conclusion. The gravity anomalies are generally positive

and small. Similarly, most of the free-air anomalies over the Bartlett Trouo-h
(Cayman Trench), generally considered to have formed by extension, are
small, and the isostatic anomahes commonly strongly positive. The conclusion
must be drawn that compressional forces are acting on the rock beneath the
Puerto Rico Trench and other trenches sufficient to hold them down. The
magnitude of the vertical component of this force is in the neighborhood of
1000 kg/cm 2.

It now seems necessary to construct a hypothesis which would adequately
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account for the mass distribution, the seismic velocities, and the forces acting

to keep trendies far out of isostatic equihbrium. Such a hypothesis is neces-

sarily lii<ihly speculative but it is at least better than no reasonable hypothesis

—which is the j)resent status with respect to this problem.

The forces necessary to produce the structure and departure from isostatic

equilibrium will be attributed to mantle convection currents. The only other

source which has been suggested, thermal contraction of the earth, seems the

less likely of the two at this time. The supposed nature of the structure is shown

in Fig. !>. It differs from previous proposals in that the mantle and "crust"

Consolidated
sediments ond
volcanic debris

1000 + kg /cm
i

T I 1 1 1 1
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deserpentinization

+ 500°C

Partial fusion

mogmo generation

Fig. 9. Supposed structure, with typical seismic velocities (l'^ in km/sec), for a hj])0-

thetical trench-island arc association.

are moving together as a unit rather than as in Griggs' (1939) experiment where

the weaker mantle material was moving at a higher velocity and acting on the

crust by viscous drag. It is postulated that the "crust" is serpentinized peridotite

(70% serpentinized, Vp = Q.l km/sec, density 2.86 g/cm^) rather than basalt.

The crustal layer goes down with the descending limb of the convection cell

until it reaches a temperature in the neighborhood of 500°C where a

deseq)entinizing reaction takes place, releasing water. Similarly, the original

supracrustal volcanics and sediments descend until melting or partial melting

occurs. Fluids, magma or water, rise, migrating toward the island arc or

concave side of the structure. The reason for migration upwards on the con-

cave rather than the convex side of the arc is given in Fig. 10. On this side

there will be a tendency for open fractures to form at right angles to the direc-

tion of compression (at right angles to the trench axis). Strong deformation
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and plastic flow in the region where the mantle and crust are bending down-

ward into the descending limb of the convection cell might prevent direct

vertical rise of the fluids.

The above discussion treats largely with the curved trenches flanking island

arcs. The question might be raised whether the linear trenches, such as those

off Chile or middle America, have the same structure. One might reasonably

Fig. 10. Postulated mechanical situation where the crust moves into a curved trench.

Movement of A'A to B'B would result in extension in the direction B'B, providing

potential fissures to permit escape of magma to volcanoes at w, x, y and z. These
volcanoes are in all cases on the concave side of the trench and about 180 km from

the trench axis. Immediately beneath the trench, deformation is severe, and plastic

flow might be expected to close the fissures. Movement on the convex side from D'D
to C'C would cause compression along C'C so that open fissures would not form and
hence volcanoes are absent. Individual sectors a, b, c, d and e might move differen-

tially as portrayed by the displaced bed f 'f. Strike-slip faults would bound the sectors

and would tend to be sinistral toward A'B' and dextral toward AB. Note:—This

figiire represents the deformation of a layer of arbitrary thickness, not necessarily

the crust.

propose that these trenches are formed by the continental block overriding the

oceanic area or the downward-flowing limb of a convection cell. Beniofif (1949,

1955) postulated an overthrust mechanism and showed that the deep earth-

quake foci lie along a plane dipping under Chile at approximately 40°. This

raises a series of unresolved problems which will be briefly considered below.

Before proceeding to this subject, it should be noted that the Tonga-Kermadec
Trench is also a linear feature but in other respects it is related to a province

having all the characteristics of an island arc. Coulomb (1945) showed that the
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deep earthquake foci for island arcs also lie on a plane dipping under the con-

cave side at about 45°.

Hodgson (1957) studied the first motion of large deep-focus earthquakes of

the Tonga-Kerinadec and South American regions. From these he deduced

that the movement causing the earthquakes occurred as nearly horizontal

disi^lacement on nearly vertical planes. Tliis type of analysis results in defining

two planes at right angles to each other. Which is the real fault plane is in-

determinate. In either case Benioflf's postulated 40-45° tlu"ust motion is

ruled out.

Mclntj^'e and Clii'istie (1957) analyzed Hodgson's results for the Tonga-

Kermadec region in an attempt to solve the j)roblem of Axhich was the real

plane. They made fabric diagrams of the poles of the fault jilanes and con-

cluded that the fabric which paralleled the main linear feature of the topo-

graphy, the volcanic ridge and trench, was the more likely. In other words, the

fault planes are parallel to the trench. Their reasoning is not compelling, and

the present authors would jirefer to choose the set of j)lanes nearly at right

angles to the trench. On the basis of tojjography, structural pattern, seismicity

and volcanic activity, Hess and Maxwell (1953) postulated a sinistral strike-slip

faidt from the southeast end of the New Hebrides to the northern end of the

Tonga Trench. Subsequently, Hodgson analyzed an earthquake lying on this

line and found sinistral motion : one of his planes paralleled Hess and Maxwell's

deduced fault, the other being perpendicular to it. Looking again at Hodgson's

data, one finds that sinistral fault motions tend to occur to the north and

dextral to the south in the Tonga-Kermadec region. The pattern thus resembles

the displacements shown for the line f-f on Fig. 10. For the alternative hypo-

thesis of Mclntyre and Christie to have both dextral and sinistral faults

paralleling the trench seems mechanically less likely and quite unexplained.

On the other hand, many great strike-slip faults of the circum-Pacific do parallel

the coast lines and trenches. To mention a few, there are the San Andreas,

Kamchatka, 1960 Chilean earthquakes, Luzon to Mindanao in the Philippines,

and the Alpine fault of South Island, New Zealand. These have shallow

earthquake foci and are perhaps unrelated to the intermediate and deep-

focus shocks on Benioff 's 40° plane. In conclusion, it is evident that many of the

problems relating seismicity to structure are unresolved.
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18. MICROTOPOGRAPHY

A. S. Laughton

1. Introduction

The topographic forms of the sea floor that have so far been described are

ah large features dehneated by echo-sounding survey. It will have been ap-

parent, however, that there is a lower limit to the size of feature that can be

resolved by echo-sounding because of the limitations of wave-length, beam
angle and depth of water. Common wave-lengths are 3 cm (50 kc/s) in shallow

water (i.e. less than 200 m) and 15 cm (10 kc/s) in deep water. Objects with

dimensions less than several wave-lengths cannot be resolved. A more severe

limitation is, however, imposed by the finite width of the beam which allows

a point reflector to appear as a hyperbolic trace on the record as the ship

passes over it, the width of the hyperbola being determined by the beam angle.

Echo-sounders usually have an effective beam width of about 20°. In 200 m
the beam, therefore, covers an area on the sea floor 70 m wide and, in 5000 m,

an area nearly 1800 m wide. Although features somewhat smaller than these

can often be resolved by studying the form of the echo, it is clear that the beam
angle imposes a limitation on the lateral resolution. Vertical resolution, depend-

ing on time measurements, is generally much greater than this, being limited

ultimately by the existence of side echoes, and often by the vertical movement
of the ship on the surface.

In order to study features that cannot be resolved by echo-sounding, it is

necessary to use either direct observation from a diving machine, such as a

bathyscaph, remote-controlled underwater television or automatic underwater

photography. The upper end of the size scale of features observed with these

techniques is limited chiefly by the scattering and attenuation of light in the

sea. In practice, in the clearest oceanic waters, the maximum range for the

visibility of objects is about 50 m, whereas in coastal areas it may be as little

as 20 cm. The lower limit depends on how close the observer is to the bottom
and the resolution of the film.

The term microtopography is used here to describe those features of the sea

floor that can be observed by visual means in the scale range of 50 m to 1 mm,
which includes rock outcrops, sand waves and ripj)les, the benthic community
and disturbances of the sediment by faunal activity. It is clear therefore,

especially in deep water, that there is a gap in the size spectrum of observable

features where they are too small to be detected by conventional echo-sounding

but too large to be observed visually.

The techniques of bathyscaph observation, underwater television and
photography are described in Volume 2, Chapter 23, and Volume 3, Chapter 19.

On account of the limited number of observations of the sea floor made by the

first two methods, most of the information discussed below has been derived

from a study of underwater photographs obtained from published papers and
from unpublished collections of photographs at the National Institute of

[MS received August, 1960] 437
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Oceanography (England), the Lament Geological Observatory (U.S.A.) and

the Navy Electronics Laboratory (U.S.A.). Published i)hotographs of the sea

floor are scattered throughout the literature and only a limited nimiber of re-

ferences can be given. Whereas most papers deal with a regional study of the

sea floor, some contain photographs from a variety of different physiograjjhic

regions (Schenck and Kendall, 1954; Owen, 1958; Heezen, Tharp and Ewing,

1959; Laughton, 1959).

The distribution of observations of the sea floors throughout the world is

extremely uneven, some small areas having been studied in great detail and

large areas having no observations. Furthermore, in publications, the photo-

graphs reproduced tend to be the most interesting ones rather than those most

typical of a particular area, and, therefore, there is a bias towards showing a

greater proportion of such things as boulders and outcrops.

In the survey of the microtopography described below, some 2000 photo-

graphs have been studied from as wide a variety of areas as possible (Fig. 1),

Fig. 1. World distribution of underwater photographs either published or inspected by

the author.

and, as well as giving a general description, an attempt has been made to

deduce some statistics about the distribution of bottom types. It must be

realized, however, that the distribution of data is so poor that the conclusions

drawn from these results can only be considered as very tentative.

Nothing will be said in this chapter about sea-floor observations in coastal

zones where observations are easily made by shallow diving. The microtopo-

graphy in these regions is well illustrated by the many photographs published

in the popular and scientific literature.



SECT. 2J MICROTOPOGKAPHY 439

2. Classification of Microtopographic Features

Three types of feature can be studied from random photographs of the sea

floor and all pictures are analyzed under these three headings.

A. Surface geology. The nature of the bottom is listed under one or more of

the classes ; bedrock, boulders, cobbles, pebbles and granules, sand and mud,

according to Table I, and rock types are identified where possible.

Table I

Classification of the Nature of the Bottom according to Size. (After

Wentworth, 1922.)

Bedrock
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Fig. 2. 41° 12'N, 15° 14'W. Depth 2939 m. Seamount west of Iberia plain. Area of picture

U by 1 m. (Photo by N.I.O.)

A view into the face of a rock cHff. The bulbous appearance of the rock suggests

either a water-cooled lava or a manganese crust. Many 10-armed commatulid crinoids

can be seen, often attached to broken and manganese-covered coral fragments. An
ophiuroid is visible in the top left corner.

te.
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Fig. 4. 42° 40'N, 11° 35'W. Depth 666 m. Top of Galicia Bank. Area of picture U by 21 m.
(Photo by N.I.O.)

Bottom of hmestone with marked Hnear fractures, strewn with dark erratic cobbles

and bouklers. The prominent fauna are commatuhd crinoids with a pennatuKd in the

centre.

Fig. 5. 0° lO'S, 18" 21'W. Depth 7500 m. Romanche Trench. Area of picture 1 by 1 m.
(Photo by Edgerton for N.G.S.)

Fractured rock-face showing coarse conglomeratedike structure of rock. The lack

of fine sediments suggests strong currents. Four small Crustacea are swimming above
the bottom. The dark patches are mud clots on the camera window.
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Fig. 6. 43° 31..5'X, 12° 3fi'W. Depth 5200 m. Head of Biscay-Iberia inlerplain channel.

(Photo by N.I.O.)

Semi-consolidated sedimentary rocks exposed on the cliffs of an eroded channel cut

into the Biscay abyssal plain by turbidity currents. These may represent the degree

of lithification of abyssal -plain sediments buried some 100 m deep.

Fig. 7. 11°51'N, 164° 55'E. Depth 1730 m. Sylvania Tablemount near Bikini. Area of

picture 1^ by U m. (U.S. Navy Electronics Laboratory photo by C. J. Shipek.)

Manganese-encrusted volcanic boulders and rippled Globi(/eriita ooze. Similar

boulders were dredged near by, showing these rocks to be olivine-basalt boulders

coated by a thick crust of manganese.
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layers of marine organisms which are often only made apparent by colour

jihotographs. The manganese dioxide layer can vary in thickness from a few

microns to several centimetres, first, discolouring the rock and, secondly,

obscuring the surface texture with a botryoidal crust (Fig. 7). The extent of

this is determined by the rate of manganese deposition and the length of ex-

posure of the rock face, and may, therefore, be used as a guide to the relative

ages of rocks within a given area.

b. Boulders and cobbles

Many photographs show areas strewn with boulders and cobbles. These may
originate in three different ways. First they may be derived locally by the

Fig. 8. 34° 53'N, 16° 32'W. Depth 1550 m. Near the peak of a seamount north of Madeira.

Area of picture 3 by 2J m. (Photo by N.I.O.)

Boulders of volcanic basalt about 30 cm across partly buried by Globigerina ooze

with a thin coating of manganese. The camera is looking into the side of the seamount.

breaking up of bedrock by some submarine weathering process : in the case of a

cooling lava flow, the breaking up may take place very shortly after solidifica-

tion as a result of internal stress set uj) by uneven cooling. Secondly, they may
be transported to the area by some agency such as ice rafting or ejection from a

volcano. Thirdly, they may have grown in situ by the accumulation of chemical

or biochemical deposits to form, for example, manganese or phosi)horite

nodules.

Typical boulders produced by the fragmentation of solid rock are shown in

Fig. 8 which are highly vesicular basalts on the sides of a seamount. Parallel
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Fig. 9. 41° 20'N, 14° 29'W. Depth 5029 m. Swallow Bank on Iberia abyssal plain. Area of

picture 3 by 4 m. (Photo by N.I.O.)

Small cobbles and pebbles of volcanic basalt near the top of a long, narrow ridge

rising 400 m above the level of the plain. The absence of sediment cover suggests

either recent volcanic activity or bottom cvu-rents.

Fig. 10. 46° 34'N, 27° 14'W. Depth 1480 m. Near the top of a peak on the Mid-Atlantic

Ridge. Area of picture 3 by 4J m. (Photo by N.I.O.)

Broken rocks and boulders partially covered by a dark manganese coating, lying

on a steep slope. White patches on boulders probably result from lack of manganese
on what was the basal face before a recent disturbance. The complete absence of fine

sediment and the angularity of the boulders also point to a recent disturbance, either

by earthquake or volcano.
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bands of vesicularity suggest successive flows of lava subsequently fractured

and rounded by the erosive effect of sediment-laden currents. Small angular

cobbles on a deep-sea ridge are shown in Fig. 9. On the Mid-Atlantic Ridge,

recent earthquake and volcanic activity breaks up and dislodges rocks and can

create screes of angular boulders and cobbles (Fig. 10). The variable covering

of manganese on the boulders suggests that they have been recently moved

and the pale uncovered basal surface exposed.

Manganese nodules, formed in situ on the sea floor, have frequently been

photographed in the Pacific (Dietz, 1955; Menard and tShipek, 1958) (Fig. 11),

Fig. 11. 42° 50'S, 125° 32'W. Depth 4560 m. S.W. Pacific Basin. Area of picture 2h by

2| m. (U.S. Navy Electronics Laboratory photo by C. J. Shipek.)

Large and small manganese nodulea or thickly encrusted rocks resting on a cal-

careous ooze. Note complete absence of sediment cover.

and more recently in the western Atlantic (Elmendorf and Heezen, 1957

;

Heezen, Tharp and Ewing, 1959) (Fig. 12), and in the Scotia Sea. In the Pacific

they occur in sufficient quantities to constitute a potentially economic source

for manganese, copper, cobalt and nickel. Sometimes they are extremely well

rounded (in the Scotia Sea) and at other times they are moderately angular.

They vary in size from microscopic up to half a metre or more in diameter

and can be recognized in photographs from their uniform distribution over the

bottom and from the fact that they are found in areas where clastic and erratic

boulders are very rare. Nodules of phosphorite (Fig. 13) have been photo-

graphed, dredged and described by Emery and Dietz (1950).

In high latitudes, the proportion of erratic rocks caused by melting icebergs

becomes appreciable and it is necessary to distinguish them from those locally

derived. Although it may be possible to do this solely on the proportions of
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Fig. 12. 29° 17'N, 57° 23'W. Depth 5618 m. Abyssal hills southeast of Bermuda Rise.

Area of picture 2 by 2^ m. (Photo by L.G.O.)

Rovmd manganese nodules each capped with a thin covering of sediment. The
scour pits around each nodule suggest currents which must have ceased before the

sediment cap was laid down. Note the shark's tooth in lower right and meandering ti-ack.

Fig. 13. 32° 34'N, 117° 47'W. Depth 256 m. Slopes of Thirty-Mile Bank. Area of picture

H by 1| m. (U.S. Navy Electronics Laboratory photo by C. J. Shipek.)

Angular nodules of phosphorite half buried in sediment and richly coated with
sponges, bryozoans and brachiopods. Note lobster-like crustaceans [Galathea cali-

forniensis) and starfish.
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rock types, photography can sometimes help by observing how they lie on
the bottom. Fig. 4 illustrates a case where dark erratic rocks, mainly igneous

and metamorphic, are lying at random on top of a crumbling bedrock of lime-

stone.

c. Pebbles and granules

Pebbles and granules generally occur in aggregates where they are con-

veniently described by the term gravel. In this size range it is much less easy

to classify the different rock types since the normal resolution of the photo-

graphs is insufficient to examine individual particles. Each of the three pro-

cesses which produce boulders and cobbles also produces finer gravel, and,

where it occurs together with coarser material, it is reasonable to surmise a

common origin (Fig. 10). But there are other areas where the largest particles

present are no more than a few centimetres in diameter and where identification

is extremely difficult unless samples are taken (Figs. 14 and 15).

Fig. 14. 47° ll'N, 27° 19'VV. Depth 2798 m. East bank of median valley of Mid-Atlantic

Ridge. Area of picture 4 by 5 m. (Photo by N.I.O.)

Shingle of very varied composition lying on a substratum of pteropod and Olobi-

gerina ooze. Samples of shingle recovered from the trigger weight of the camera
include quartz basalts and limestones. This is probably ice-rafted from the north.

Note the disturbance of the shingle by animal holes and two ophiuroids in the fore-

ground.

One of the puzzles arising from underwater photographs is the formation of

banks of what appears to be pebble-size gravel, but which have extremely sharp

boundaries with what is evidently underlying Glohigerina ooze (Fig, 16). The
sharpness of the boundary precludes the possibility that the pebbles have

settled from above, and the pebble size makes it unlikely that they are moved
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Fig. 15. 35° 07'N, 13° 04'W. Depth 2035 m. Ampere Bank. Area of picture 1^ by 2^ m.

(Photo by L.G.O.)

Bank of well graded (1 cm diam.) but multicoloured shingle of unknown composi-

tion. In the centre right is a sponge.

Fig. 16. 35 10.5'N, 15° 28'W. Depth 905 m. Seamount northeast of Madeira. Area of

picture 1| by 2i m. (Photo by L.G.O.)

Bank of shingle bordering an area of Glohlgerina ooze. The sharpness of the bound-

ary and a detailed examination of the shingle suggest that the latter may be organic

and spreading laterally over the ooze. Note the pennatulid at top left.
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by currents along the bottom. There are two jjossible explanations, neither of

which has any proof. It is possible that the particles, although pebble-size, are

of organic origin, such as empty shells, and therefore have a much lower density

than mineral particles. This would enable small currents to move them easily

into banks (cf. current ridges described below). Secondly, the pebbles may in

fact consist of a living colony of an abyssal mollusc which spreads laterally over

the normal pelagic sediment. Only closely integrated photography and sampling

can answer this question.

Fig. 17. 37°- 20'N, 33° 25'W. Depth 838 m. Peak on Mid-Atlantic Ridge, southwest of

Azores. Area of picture 1| by 2| m. (Photo by L.G.O.)

Sandy bottom with coarser dark particles heavily disturbed by the tracks of

surface organisms.

d. Sand

The identification of sand on the sea floor from photographs depends chiefly

on the eff"ects on the sediment surface of disturbances by currents and faunal

activity (Fig. 17). It is barely possible to distinguish it from oozes by its grain

size except in the case of very coarse sands. The essential physical proj^erty

that can be used to distinguish sand from ooze is its incoherence and, hence, its

inability to maintain steep sloj)es. After disturbance it will take up its charac-

teristic angle of repose. On this basis, a sandy sediment containing enough

clay material to make it coherent will be classed as mud or ooze.

On the continental margins, the sands observed are primarily quartz sands

derived from continental erosion and calcareous detritus. In the jjresence of

comparatively strong currents they are well sorted and appear very frequently
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Fig. 18. 41° 22'N, 14° 24'W. Depth 5340 m. Iberia abyssal plain. Area of picture 1| by

1^ in. (Photo by N.I.O.)

Bottom of Qlohigerina ooze typical of deep -ocean area extensively reworked by
benthic fauna making tracks, mounds and holes. At the top is either a worm (45 cm
long) or a piece of rope.

Fig. 19. 36° 36'N, 17° 13'W. Depth 4670 m. Ocean basin west of Josephine Bank. Area of

picture 3 by 5 m. (Photo by N.I.O.)

Level bottom of Qlohigerina ooze extensively reworked by benthic fauna producing

mounds. Note imprints of stars on mounds on the right. Note also worm tubes

projecting above bottom.
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with ripple marks. In the deep sea, the sands observed are primarily Globigerina

sands, consisting of clean, well sorted tests of Globigerina and other shell

debris. Having a lower mean density than quartz sands, they can be moved
by slower currents. At most stations in the deep ocean where sand has been

found, current ripple marks have also been found. These are discussed below.

e. Muds and oozes

A very high proportion of photographs of the sea floor contains some indica-

tion of mud or ooze. Gravitational forces will eventually concentrate the sedi-

ments into the deepest parts of the ocean basins and it is here that they are

found in greatest quantities. The coherence of sediments containing an ap-

preciable quantity of clay minerals usually prevents them from forming

current ripples and, at the same time, enables the tracks and burrows of the

benthic fauna to be preserved until they are eventually buried by subsequent

sedimentation (Figs. 18 and 19).

B. Indications of Current Activity

a. Ripple marks

Apart from photographic observations of current-measuring instruments on

the sea floor, there are many indications of currents that can be found from a

study of small features on the bottom. The most obvious of these are the ripple

marks that are found on areas of incoherent sands.

On the continental shelves and in the shallow seas around the continents it

has long been known that ripple marks are readily formed where the current

conditions and the bottom material are favourable. They have been observed

in many geological formations and have been described and discussed at

length in the literature on sedimentation (e.g. Twenhofel, 1950). Most naturally

occurring ripple marks have been observed in the intertidal region or in shallow

water where they can be seen from the water surface. But underwater photo-

graphy and television have shown them to be very common over large areas of

the continental shelves (Fig, 20). They vary in wave-length from a few centi-

metres up to the huge sand waves with a wave-length of a kilometre or more

which have been described by Cartwright and Stride (1958). Often several

systems with different wave-lengths are superimposed on one another (Fig. 21).

At other times the ripple marks are confined to a thin layer of sand that appears

to be moving as an isolated patch across a more consolidated bottom.

Ripple marks in the deep ocean were first described by Menard (1952) who
found them at 1370 m on a seamount in the Pacific. Since then manj^ deep

photographs have shown them to exist on seamounts at depths as great as

3130 m (Figs. 25 and 26), and on the great oceanic ridges. Out of 860 photo-

graphs of sediment-covered areas on seamounts, 85 have shown indications of

current action, by ripple marks, scouring, etc. None have been found, however,

on the floor of the ocean basins, presumably on account of (a) insufficient

current on an extensive flat bottom, and (b) coherence of the sediment.

16—s. Ill
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Fig. 20. 48= lO'N, 07= 31'W. Depth 172 m. Near edge of continental shelf west of Ushant.

Area of picture 2 by 3 m. (Photo by N.I.O.)

Short -crested I'ipple marks of wave-length 15 cm in quartz sands.

Fig. 21. 47= 42'N, 07° 34'W. Depth 475 m. Near the top of continental slope west of

Ushant. Area of picture 2 by 2h m. (Photo by L.G.O.)

Small long-crested ripple marks superimposed on larger ones.
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Fig. 22. 35° 12'N, 15° 18'W. Depth 1293 m. Seamount northeast of Madeira. Area of

picture 1| by U m. (Photo by L.G.O.)

Symmetrical ripple marks in Globigerina sand (wave-length 25 cm).

Fig. 23. 35° 12' N, 15° 18'W. Depth 1317 m. Seamount northeast of Madeira. Area of

picture U by 2i m. (Photo by L.G.O.)

Strongly asymmetrical ripple marks at same station as Fig. 22. Note very long and

sharp crests, and coarse material in troughs (wave-length 30 cm).
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Deep-sea rip})le marks show as great a variety of forms as those in shallow-

water . Variations in wave-length, crest-length, am]3litude and symmetry occur

over very short distances and must result from local variations in current

velocity, granular composition and in bed slope. Figs. 22, 23 and 24 were all

taken at the same station within a hundred feet or so and show symmetrical,

strongly asymmetrical and short-wave-length ripples, on a bottom that does

not appear to be strongly sloping. One would be tempted from Fig. 22 to sup-

pose the water movement to be oscillatory, whereas Fig. 23 suggests a steady

current, or at least one in which there was a net transport in one direction.

Little can be learnt, therefore, about the nature of the water movements from

studying the photographs of ripple marks imless samples of the sediment are

Fig. 24. 35° 12'N, 15° 18'W. Depth 1308 m. Seamount northeast of Madeira. Area of

picture 1^ by 2^ m. (Photo by L.G.O.)

Short wave-length and fairly short-crested ripples at same station as Figs. 22 and 23

(wave-length 12 cm).

available for analysis and all details of the surrounding topography are known.

At best one can only say that the existence of ripple marks indicates the

presence of currents within a certain range of velocity, and, if one knows the

orientation of crests, then the direction of movement can be deduced.

Recent experimental and theoretical studies of the formation of ripple

marks by steady and oscillatory flow have been made by Bagnold (1946, 1947,

1955, 1956), Menard (1950), Anderson (1953), Manohar (1955) and Liu (1957).

These have been carried out in laboratory flumes and tanks using a wide range

of particle densities and sizes. In most cases of steady flow, the water depth

has not been great enough to avoid the eff'ects of waves on the free surface.
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Fig. 25. 41° 12'N, 15° 14'W. Depth 3112 m. Seamount west of Iberia plain. Area of

picture 4 by 5 m. (Photo by N.I.O.)

Qlohigerina sands showing a field of long-crested ripi^le marks parallel to the con-

tours of a sloj3e. Boulders and cobbles are partly buried by sediment.
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Fig. 26. 41° 12'N, 15° 14'W. Depth 2917 m. Seamount west of Iberia plain. Area of

picture 1^ by 2i m. (Photo by N.I.O.)

Massive bedrock has channelled the current to jDroduce strong ripple marks. Where
the ciu'rent has emerged and slowed down, organic debris containing such fragments

as scaphopod shells and the spines of sea-urchins has been deposited. Several crinoids

can be seen on the left.
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Inman (1957) has studied the formation of ripples beneath beach waves using

underwater swimmers.

In general the conclusion of all this work is that there is a threshold velocity

for the formation of ri])]iles depending on the particle characteristics and the

regime of water flow over them, and that there is also a critical velocity above

which the ripples are destroyed and the sediment is transported in sheet flow.

According to a criterion derived by Manohar for the formation of ripple marks

in oscillatory currents, based partly on theoretical and partly on experimental

results, ri])ples will be initiated when the maximum water velocity during

the oscillation exceeds rc= 57[7)(p — l)2]o.2 cm/sec, where D and p are respec-

tively the particle diameter and density in cgs units. They will be destroyed at

a])proximately twice this velocity. For a particle density of 1.5 g/cm^ (approxi-

mately the effective density of Globigerina sands), and a particle size of 0.2 mm,
ripples will be formed for current velocities in the range 20 to 40 cm/sec. These

figures are based on the maximum velocity of oscillatory currents, but it is

reasonable to suppose that the same order of magnitude applies for steady

currents since the initiation of ripples depends on getting the particles into

movement along the sediment surface. The figure is also compatible with the

criterion for the onset of ripple formation under steady flow derived by Liu

(1957) based on the instability of a laminar boundary layer.

We have, therefore, to reconcile currents of the order of some 20 cm/sec

deduced from the existence of ripple marks with observations of the deep-ocean

circulation. Direct measurements of the deep-ocean currents made by Swallow

(1961) show that velocities of up to 40 cm/sec exist in mid-ocean depths,

and Swallow and Worthington (1961) have shown that velocities of at least

15 cm/sec can persist to within half a metre of the bottom. Superimposed on

the mean velocities may be tidal oscillations of several cm /sec. Where an open-

ocean current is obstructed by a seamount, the velocities may be locally

increased by as much as a factor of two.

It is, therefore, plausible in the light of our present knowledge of deep

currents to explain the formation of deep ripple marks in terms of steady cur-

rents. Variations in their symmetry may be ascribed to local disturbances in the

flow of current and to tidal fluctuations, and it does not appear to be necessary

to hypothesize short-period oscillatory motion of the water near the bottom.

b. Current ridges

Elongated piles of coarse, well-sorted material a metre or so in breadth have

been observed at several stations (Fig. 27) su])erimposed on a bottom of finer

and more coherent sediment. The linearity and ]iarallclism of these ridges

suggest that they are formed by current action. The granular material of the

ridges is in the size range of granules and pebbles, and if they have been moved
by the normal range of ocean currents, their density must be much lower than

that of rock material. It is possible, therefore, that they are low-density shells

and fragments of some marine fauna, perhajDs pteropods, which would be easily

concentrated by low-velocity currents.
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Fig. 27. 35° 07'N, 13° 04'W. Depth 2008 m. Ampere Bank. Area of picture li by 2| m.
(Photo by L.G.O.)

Ridges of low-density shingle, thought to be organic in origin, lying on a level bed
of Globigerina sand. The ridges are about 1 m between crests and are probably

formed by currents perpendicular to the crests. Note the scaphopod-like shells top

and bottom.

c. Scour pits and depositional drifts

Evidence of currents on the bottom is often found where a loose boulder or

an attached benthic fauna, such as a sponge, creates scouring and drifting of

the sedinient. Sometimes this is observed in conjunction with ripple marks
(Figs. 28 and 29), where it confirms the unidirectional nature of the current, but

in other places no ripples are seen. Photograj)hs of manganese nodules at a

depth of 5834 m in the northwest Atlantic have shown scour pits on one side

of the nodules (Fig. 12).

The existence of currents can sometimes be deduced from the lack of sediment

cover on rocks, or from the way the sediment is lodged in cracks and crevices.

Occasionally a rock face is seen where it has been abraded smooth by the

passage of sediment-laden currents. This has been observed on seamounts

where it is improbable that turbidity currents have been effective.

d. Orientation of benthic fauna

Certain filtration-feeding benthic fauna, such as gorgonians, crinoids, etc.,

have developed a planar shape that is suitable for the interception of maximum
quantities of water, and they orient themselves perpendicular to the current.

Some species, such as the common sea fan Gorgonia, are anchored rigidly to the

bottom and are unable to change their orientation except by the slow process



Fii 28. 41° 12'N, 15° 14'W. Depth 3127 m. Seamount west of Iberia plain. Area of

picture 1| by 2^ m. (Photo by N.I.O.)

Calcareous sands with pronounced symmetrical ripple marks (wave-length 20 cm).

Note the scour pits at the side of the half-buried boulders and the deposited sand drifts

to the right of them, suggesting a predominant current from left to right.

Fig. 29. 35° 12'N, 15° 18'\V. Depth 1302 m. Seamount northeast of Madeira. Area of

picture l.l by 2| m. (Photo by L.G.O.)

Asymmetrical ripple marks with coarse material to the right (lee side) of ridges.

Note the scour ]iits in front of and the deposited sand drifts l)ehind the boulders,

indicating predominant current from left to riglit.
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of growth. The crinoids, however, are basically axially symmetric, but can

move their arms so as to form a fan perpendicular to the current. Crinoids have

been observed behaving in this way from the bathyscaph (Peres and Picard,

1955) and a preferred orientation has been noted in fields of crinoids in under-

water photographs. The orientation of many kinds of marine fauna has been

studied by Bromhall in the waters near Hong Kong and he has noted the

relationshij) between orientation and the funnelling of currents through a gap

in the rocks.

A more obvious indication of current by marine fauna is the bending to the

current of seaweed, sea-pens and other long and flexible organisms. By a study

of both the slowly and quickly responding fauna appearing in photographs, it

may be possible to obtain both the mean current direction and also the in-

stantaneous current.

C. Benthic Fauna

The photographic method has been used to study the benthic fauna both

qualitatively and quantitatively, especially in the littoral zone, since it is the

most direct way of assessing the population and studying its environment and

behaviour (Vevers, 1952; Posgay, 1958). Underwater television has also

been used widely for this jiurpose (Barnes, 1955). However, much of the photo-

graphic information about the abyssal benthic fauna has been derived from

photographs taken more for geological than zoological study. On account of

the difficulties of deep-sea photography, it is important that the greatest use

should be made of the collections of photographs from all asj)ects, and that they

be made as widely available as possible.

It is not the intention to discuss here the general problems of the distriljution

of benthic fauna, but to mention only some of the principal fauna observed

and their reaction with the sediment surface.

In the deep basins where there is sediment only, the most commonly observed

fauna are the burrowing worms, sticking vertically through the sediment and

sometimes showing fans of ciliated tentacles. Brittle stars (ophiuroids), sponges,

scaphopods and holothurians are also frequently seen, or else their existence is

deduced from their disturbance of the sediment surface. Mounds, burrows and

tracks are almost universally observed wherever the sediment is coherent

enough to preserve them.

Coming up out of the sediment basins onto the rocky slopes of seamounts,

the benthic population changes and increases. Rock faces become obscured by

matted bryozoa and sponges. Many species of coelenterates are common,
including Hydrozoa, corals, gorgonians, pennatulids and sea anemones (Actin-

iaria). Echinoderm are often seen, especially sea-urchins and sand-dollars

(echinoids), asteroids, ophiuroids and commatulid crinoids, the latter some-

times occurring in colonies covering large areas. Occasionally fish, deep-sea

decapods and copepods and other nekton can be seen, but only occasionally

can they be identified. Shallow waters on the tops of seamounts within the

euphotic zone abound in benthos, with the same diversity of species as is found
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in the shallow coastal waters where so much work has already been done.

However, from photographs alone it is extremely difficult to identify the fauna,

and detailed work must depend on the collection of samples.

D. Disturbance of the Sediment-Water Interface by the Benthos

Most of the benthic fauna leave some marks on the soft sediments of the

bottom where they move from place to jjlace, when they search for food or

when they seek seclusion or cover. The tracks, mounds and burrows that are

produced are often preserved in the geological strata as the surface becomes

biu-ied by subsequent sedimentation. Furthermore, the sequence of layering of

sediment in chronological order is disturbed over the range of burrowing

activity, and the fine detail of stratification is often blurred. An extensive study

of the fossilized traces of animal activity and their palaeobiological significance

was made by Lessertisseur (1955) from the examination of sedimentary rocks.

Many of the problems discussed by Lessertisseur can be illuminated by the

study of contemporary animal traces on free sediment surfaces, and in some

cases it is possible to observe the animals responsible for them.

Lessertisseur has classified these traces into exogene traces, comprising trails

and tracks made by an animal on the surface (epifauna), and endogene traces,

comprising the galleries and burrows of animals below the surface (infauna).

This classification cannot always be rigorously adhered to since an exogene

trace may suddenly be transformed into an endogene trace if a worm on the

surface turns downward, and, furthermore, burrowing just beneath the surface

may make an appreciable disturbance of the surface itself. When a burrow is

formed, the sediment removed from below often accumulates on the surface as

a mound, or else an empty burrow may subside and become filled with surface

material leaving a depression.

The exogene traces can further be classified according to the nature of the

operation which made them. Locomotion tracks are usually long and narrow,

or in the form of a series of depressions if made by feet. Feeding tracks are

characterized by spiral, radial or helminthoid patterns. (A helminthoid pattern

consists of a long continuous track regularly folded back on itself with alternate

left and right turns so that it efficiently covers a well defined area.) Resting

marks are roughly equidimensional depressions. Similarly, the endogene traces

can be divided into those of locomotion, feeding, dwelling and rest with some-

what similar characteristics.

Sea-floor photography can only observe the exogene traces (Emery, 1953)

although there is sometimes evidence of further subsurface activity from the

abrupt termination of tracks. The disturbances can be roughly grouped into

foiu' categories although they are often interrelated. Most prominent are

the momids which are found almost everywhere on the sea fioor. They are

roughly conical and vary in size from a few millimetres to 50 cm. Any suggestion

that they represent a sediment covering over erratic rocks must be dismissed

since dredging in the sediment basins has never produced such rocks. Some of

the mounds appear to be due to a protective covering of sediment built over an
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animal in the sediment. Many of the mounds show the imprint of a five-

cornered star on the top (Figs. 19 and 37), suggesting that they can be attributed

to an asteroid or ophiuroid. Where there is a sharp change of colour of the

sediment in the top few centimetres, the mounds have the colour of the lower

layer, showing that the material has been brought up from iinderneath (Fig. 30).

Another possible origin of the smaller mounds is that they have been formed

from excreted material after digestion by mud-feeding animals such as holo-

thurians. Studies of holothurians in the shallow waters around Bermuda

Fig. 30. 35° ll'N, 15° 20.5'W. Depth 2248 m. Seamoimt northeast of Madeira. Area of

picture H by 4 m. (Photo by L.G.O.)

Level sedunent covered by the workings of small bottom-burrowing organisms

which have brought mounds of light calcareous ooze on top of the darker surface.

Note the disturbed patches around the gorgonian (at the top) and the sponge (lower

right).

(Crozier, 1918) showed that in 1.7 square miles, 500 to 1000 tons of sand passed

annually through them, being equivalent to a layer of 1 cm thickness every 100

years. In deep water the population is very much less, but the sedimentation

rate is low and excretions of this sort may contribute significantly to the

sediment disturbance, and may, in fact, alter the chemical composition

appreciably.

The second group consists of holes or depressions in the sediment. They are

not so numerous in general as the mounds but in certain areas they are promi-

nent. Occasionally the photographs show some organism in the hole but there

is seldom sufficient detail for identification. An interesting feature of the holes
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Fig. 31. 37° 55'N, 25° 58'W. Depth 1785 m. Mid-Atlantic Ridge west of San Miguel,

Azores. Area of picture H by 2i m. (Photo by L.G.O.)

Line of burrows of unknown origin in calcareous clay. Note the tracks, typical of

those made by scaphopod-like animals.

Fig. 32. 38° 20'N, 28° Ol'W. Depth 1580 m. Mid-Atlantic Ridge near Pico, Azores. Area
of picture I}, by 2\ m. (Photo by L.G.O.)

Soft clay bottoin showing ring of burrows (usually six) in lower right, and tracks of

scaphopod-like animals, one of which can just be seen at the end of a track (top centre).
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is that they are sometimes grouped in regvilar patterns such as straight hnes or

circles, six or eight holes comprising the group (Figs. 31 and 32).

Among the most spectacular features in the sediment of the sea floor are the

tracks made by mobile fauna. The largest track so far observed is 15 cm wide

showing a central ridge, parallel lines of small depressions on either side, and
transverse markings on the ridge (Fig. 33). It seems likely that these tracks

were made by a mud feeder such as a holothurian, the transverse marks being

made by scooping the mud into suspension, and the depressions by its feet.

« •"<•

Fig. 33. 41° 18']Sr, 14° 23..5'W. Depth 5341 m. Iberia abyssal plain. Area of picture 1 by 1 m.
(Photo by N.I.O.)

Broad tracks (15 cm wide) in Globigerina ooze made by a mud-feeding animal on
the surface. Note the regular indentations (5 cm apart) either side of the tracks and
the transverse markings (top left) suggesting a mud-scooping action resulting in a

central ridge.

Smaller but more numerous tracks have been identified as having been made
by smaller holothurians and sea-urchins (Fig. 34). Unidentified animals with

long thin conical shells (resembling scaphopods), with two extended arms, have

often been photographed at the end of thin and rather angular tracks (Fig. 35).

Occasionally fish feeding near the bottom leave marks where the lower tip of the

tail touches the sediment surface.

The greatest contribution to the disturbance of the sediments is due, how-

ever, to the galleries and dwelling holes of burrowing worms and other infauna

which are visible to the camera only where they come to the surface. However,

they are shown up well in cross-sections of cores in the region where the sedi-

ment colour changes. Galleries bored in the lower material become filled

subsequently with the upper material and this constitutes a mixing process.

The only evidence of these galleries in underwater photographs is the sudden
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Fig. 34. 118°38'\V, 32' 22.5'N. Depth 549 m. Inshore continental slope off southern

California. (U.S. Navy Electronics Laboratory photo by C. J. Shipek.)

A green mud bottom highly disturbed by benthonic activity showing a mound
and depression of biological origin, plus numerous tracks formed by sea-urchins

(echinoids).

Fig. 35. 38° 20'N, 28° Ol'W. Depth 1628 m. Mid-Atlantic Ridge near Pico, Azores. Area
of picture approx. 1 m by 70 cm. (Photo by L.G.O.)

An example of one of many such (racks found on soft nuiddy bottoms being made
by a scapliopod-like animal with two long arms. The track shows a characteristic

angularity due to the area swept out when the rigid shell is pivoted.
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Fig. 36. 42° 53'N, 26° 45'W. Depth 3080 m. Foothills of the Mid-Atlantic Ridge. Area of

picture 3 by 5 m. (Photo by N.I.O.)

Spiral and helminthoid raised tracks made by organisms burrowing just under the

surface. Note the spiral ending in the centre where the organism has presumably

burrowed straight down.

termination of tracks (Fig. 36), the presence of wormcasts, of worms themselves

protruding from the bottom, and of radial feeding tracks where repeated

excursions of tentacles from the burrow have made marks radiating from it

(Fig. 37).

A quantitative approach to these disturbances can be made in two ways, by

considering the surface distribution of disturbances and the effective diffusion

downwards of surface material. To consider the surface distribution, nearly

500 photographs of sediment-covered areas were examined from 28 stations in

the North Atlantic and in the Gulf of Mexico. The percentage area disturbed

by mounds, holes and tracks was estimated for each station. The results,

classified in terms of physiographic regions, are summarized in Table II.

Table II

Region
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It is evident that the higher percentage of disturbance on the continental

sl()i)e and seamounts reflects the larger po])nlati()ns in shallower water. Particu-

larly low ])ercentage disturbance was found on the red-clay sediments in the

deep basins.

The vertical diffusion of surface material can be estimated in the following

way. Assume that within an area A, an area a is disturbed so that the surface

material is uniformly mixed to a dei)th z. If mo is the mass of surface material

per unit area before disturbance, then the mean concentration c of surface

material at a depth z after n such disturbances is given by

at 2

c/wo = ya„lznA. (1)

^^

Fig. 37. 41" 18'N, 14° 23..5'W. Depth 5341 in. Iberia abyssal plain. Area of picture 0.7 by

0.7 m. (Photo by N.I.O.)

A mound bearing the imprint of a star and tracks radiating from a point possibly

made by repeated excursions of the tentacles of a buried animal in search of food.

The summation can be carried out over the four ty])es of disturbance des-

cribed above, each of which can be given a series of values of ::„ and ((„ estimated

from the photographs of the bottom and from cross-sections of cores. Only

surface disturbances with dimensions greater than 3 cm were used in the

analysis and a constant term, used for the disturbance by internal galleries,

was estimated from sections of cores. This term provides the major contribution

to disturbance.

The results of this analysis for three deep-basin stations are showni in Fig. 38

at depth intervals of 0.1 ft (3 cm). It will he seen that the surface material is
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spread over a depth of 5 cm giving a mean concentration at that depth of about

0.05 g/cm3 for a concentration of surface material of 1 g/cm^.

In this analysis the problem has been treated as if the disturbance took place

on one horizon only. In fact the sediment is slowly accumulating and the

surface of activity is slowly rising. This means that the material of a narrow

stratum will be diffused both upwards and downwards resulting in a general

blurring of the stratification. Clearly many factors are responsible for the extent

of disturbance by organisms on the bottom. The ecological conditions will



468 LAUGHTON [chap. 18

Worzel (1946), described also by Ewing, Woollard, Vine and Worzel (1946),

sliowed some of the typical features of the continental shelf off the east coast of

U.S.A., and these studies in the Atlantic have been furthered by Northrop

(1951), Owen (1958) and Posgay (1958) on the western side, and Barnes (1955),

Vevers (1952) and Wliittard (19(52) on the eastern side. In the north-western

Pacific, Sasaki et al. (1957) have studied the shelves off Japan and Zenkevitch

and Petelin (1956) those near the Kuril Islands.

The area off Southern California, which has been called the continental

borderland, has been studied in great detail by Shepard and Emery (1941,

194()). Emery (1952), Emery and Terry (1956) and many other workers, and

the results have been collected together and published in The Sea off' Southern

California by Emery (1960). This region is not a typical continental shelf, nor

is it typically oceanic. It has islands, basins and trenches with maximum depths

of a thousand fathoms, and is separated from both the land and the deep ocean

by continental slopes ; it is thus intermediate between shelf and ocean basin.

A summary of the characteristics of the microtopography of the different

physiographic regions is given in Table III, \\'hich has been prepared from a

study of all available photographic material both from published papers and

private collections of underwater photographs.

Table III

Summary of Microtopographic Features of Different Physiographic Regions
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b. Continental slopes and submarine canyons (Fig. 21)

Less is known about the features of the continental slopes than of any other

region. In places they are comparatively smooth and gentle, implying a sedi-

ment cover ; many photographs have shown this to be so. On the other hand,

the slopes are frequently cut by submarine canyons where one would expect

to find exposed rock. Of this it is very difficult, with the present techniques of

underwater photography, to take pictures. Nortlu'op and Heezen (1951)

found exposed Eocene rock south of Cape Cod, and McAllister (1957) took

photographs of the vertical w alls of the Scripps Canyon showing conglomerates.

The granite walls of submarine canyons in Lower California have been des-

cribed by Shepard (1959). A number of dives by bathyscaph have been made in

or near canyons south of Toulon and west of Lisbon, most of which showed

semiconsolidated muds, but a few revealed exposed rock (Peres and Picard,

1955; Peres, Picard and Ruivo, 1957; Picard and Dietz, 1957; Peres, 1958).

c. Ocean basins (Figs. 6, 9, 11, 12, 18, 19, 33, 37)

The ocean basins include all those deep parts of the ocean bounded by the

continental margin and the mid-oceanic ridges. For the purposes of the study

of microtoj^ography, seamounts are not included here and will be considered

separately. The ocean basins can be divided into three categories ; the con-

tinental rise leading gently up to the continental slope, the abyssal plains

created by the horizontal distribution of sediments by turbidity currents and

the gently undulating bottom where the roughness of the hard-rock topography

is buried by great thicknesses of pelagic sediment.

However, the apjDearance of the bottom is very similar in these three

categories and no systematic differences have been found. In areas of Globi-

gerina ooze, there is very little to be seen other than a level sediment surface

disturbed by the mounds, burrows and tracks described above. No photo-

graphs have yet shown an exposed sand surface on an abyssal plain due to

recent turbidity currents. In the deeper parts of the Atlantic Ocean, where there

is red clay, and in the Pacific, manganese nodules are often found (Dietz,

1955; Elmendorf and Heezen, 1957; Menard and Shipek, 1958; Shipek, 1960).

In these regions the disturbance by benthic fauna is reduced.

Where deep-sea channels converge and cut down into the sediments in an

abyssal gap, rocks of consolidated sediments have been exposed (Laughton,

1960). These are probably mudstones and sandstones derived from the

lithification of deep-sea oozes.

d. Mid-oceanic ridges (Figs. 5, 10, 14, 17, 31, 32, 35, 36)

Best known of the mid-oceanic ridges is that in the Atlantic. It is an ex-

tremely rugged area with sharp peaks and deep valleys. Many of the peaks are

very similar to typical seamounts showing patches of exposed bedrock, steep

boulder-covered slopes and pockets of sediment. There is evidence in some
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areas of recent displacement of rocks on steep slopes resulting in screes where

there is no sediment to be seen.

The central rift valley has been described by Heezen et al. (1959) and Hill

(1900). Photographs taken on the floor of the valley by Cousteau have shown
water-cooled lavas similar to pillow lavas. In the Romanche Trench, which

cuts through the Mid-Atlantic Ridge, exposed rocks have been seen at 7500 m
(Cousteau, 1958).

e. Seamounts (Figs. 2, 3, 4, 7, 8, 15, 16, 23, 24, 25, 26, 27, 28, 29, 30)

The features of microtopography on seamounts are very varied over short

distances. Successive photographs in a camera station may show bedrock

strewn with boulders followed by a current-rippled sand bed. There is a high

proportion of visible rock and much coarse clastic material. Judging by the

effect of disturbances of the sediment by animals and by currents, the finer

sediments contain a high pro])ortion of sand and are frequently found with

ri]iple marks. It is probable that the clay portion is winnowed away by the

currents leaving a comparatively well sorted sand.

Photographs of seamounts in the Atlantic have been jiublished by Elmendorf

and Heezen (1957), Heezen, Tharp and Ewing (1959), Laughton (1957, 1959),

and Laughton, Hill and Allan (1960), and in the Pacific, apart from those in

the seas off Southern California, by Menard (1952) and Carsola and Dietz

(1952) and Emery, Tracy and Ladd (1954).
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19. UNDERWATER PHOTOGRAPHY

H. E. Edgerton

1. Introduction

Next best to active personal observation or remote television viewing is the

photographic camera record with its tremendous ability to memorize a scene

for later and repeated study. Even when a person does descend into the sea to

observe, he also greatly needs a camera: (1) to help him remember exactly

what he saw
; (2) to enable him to show the original subject or view to others

;

and (3) to record rapid events which he might not notice.

There are many technical difficulties to be solved when a vehicle is designed

to transport a human observer to depths in the sea. The vessel must be capable

of navigation in three dimensions under control of the crew. Safety is an im-

portant requirement. Support of auxiliary vessels is necessary. As a result,

very few devices have been built for exploration in the sea because of the

complications of construction and operation.

The camera itself can go into the sea without human accompaniment to

record original information, which is then studied later by scientists. In this

way, a relatively simple device, which can be considered expendable, goes into

the deep inaccessible parts of the oceans with ease. Dm^ing the wave of explora-

tion of the oceans that is scheduled for the next decade, the camera, of both

still and motion-picture type, will be exploited fully because of its ease of

operation compared with other systems involving people or electrical

connections.

It is fortunate that most of the sea is clear of light-diffusing or scattering

material so that an optical camera can function. Only near the coast is the

water full of sediment which makes it impossible to take photographs unless

tlie dirty w^ater in the optical path is displaced.

Since light from the sun is absorbed by water almost completely at shallow

depths, the cameras require artificial light for photography. Flash seems the

most advantageous since the light is only on when the photograph is being

taken. The expendable flash bulb has been and still is greatly used for single

exposures per camera lowering. The electronic-flash system is in very common

use for camera systems involving more than one photograph.

Advantages of the electronic flash (strobe system) are : (1) many flashes can

be obtained efficiently from a small battery
; (2) the instant of flash can be

electrically controlled: (3) the color is daylight in quality; and (4) the flash

duration is short, producing clear photographs of rapidly moving objects.

Strobes with 20 W-sec input at 24 flashes per second have been used with

motion picture cameras at depths of 3000 m. The camera-lamp assembly

mounted on a rugged sled can be dragged across the bottom, obtaining a

dynamic view of the scene that exists there. Single-flash still cameras with

100 W-sec of energy in the flash have been used in many ways to make both

mid-Mater and bottom photos. The electronic-flash equipment used under
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water is composed oi" the same circuit elements as used in commercial

equipment.

'I'hc i)ressure of the water on camera and lamp housings gives the designers

of equipment some problems with strength of containers, optical windows, and

electrical connections. At the maximum known dej^th of 36,000 ft the i)ressure

is about 18.0(K) ])si. Several authors (Ewing et al., 1946 ; Edgerton and Hoadiey,

1955: Thorndike. 1959; 81ii])ek, 1957) give practical housing designs that have

been found useful in oceanographic research.

From a strength-to-weight standpoint, the hollow sphere offers the most to

a designer. However, the long cylinder is widely used although the wall thick-

ness is about double that of the sphere for the same crushing strength. Various

materials, such as aluminum and steel, are used. Tempered stainless steel,

such as 17-4-PH, is excellent for long-time exposure to sea-water without rust.

This steel can be machined before it is tempered. The tempering does not

change the dimensions or cause surface scale.

The "O" ring has been almost universally adopted in all deep-sea housings

in place of the gaskets of earlier designs. With the "O"' ring, the seal consists

of metal against metal with a rubber "O" ring filling the joint to seal against

leakage at low pressure.

Windows of glass are best from optical considerations but, for various

reasons, Plexiglas is often used. Glass is very strong in compression but very

weak in tension, esj^eciall}^ if there are any cracks or scratches. A window with

a small scratch on the inner surface is, therefore, liable to develop cracks and

it may even fracture. However, if the window inner surface is highly polished,

the window will resist very high pressures and produce excellent photographs.

A standard lens behind a glass or Plexiglas window will show a restricted

angular field which has serious chromatic aberrations at the edge of the field.

Thorndike (1959) and A. IvanofF, J. Baker and R. E. Hopkins have suggested

several solutions to the aberration problem. A Hopkins lens of 35-mm focal length

and / 1 1 aperture was used to take several of the examjales that accompany

this article. Hopkins and Edgerton, in 1961. described an/ 4.5, .35 mm lens.

Stereophotography is made jiossible by the use of two cameras mounted to-

gether. The visual results are very revealing to the observer in giving details

that nuiy be missed in a single photograph. Color photographs also assist

the observer greatly.

2. Camera Details

A. Data C/untiber

A photogra])hic record of i)ressure (de])th), time, ])ositional data (long, and

lat.), date, vessel, lens, film, crew, etc. on the actual film with the ])hotogra])hs is

a most desirable feature for a deep-sea camera. One advantage of such a

marking system is the certainty that the data and the ])hotographs are not

separated. At sea and in processing, it is easy to get data and films marked
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Fig. 1. Photograph of oceanographic camera interior showing "in-line" construction in a

cylindrical steel housing. A "data" chamber at the rear of the camera gives a photo-

graphic record of j^ressure (depth), time (24-h clock), positional data, and notes.

wrongly or accidentally interchanged. One examjjle of a data-chamber record

is shown in Fig. 1.

B. Sonar

A sonar "pinger" on a camera, operated by internal batteries, has proved

to be very useful for signalling information to the surface. The sonar can be

used as a "go" or "no-go" device operated by a bottom switch. Also, it can be

used to measure the camera-bottom surface by measuring the time interval

betw^een the direct ping and the reflected ping, since the velocity of sound in

sea-water is known (about 5000 ft/sec). A 5-ft sonar-bottom distance corre-

sponds to a 2-msec interval, which can be conveniently measured on a cathode-

ray oscillograph or a standard graphical recorder such as is commonly used as

a sonar receiver on oceanographic shijjs.

3. Cables and Winches for Cameras

Many of the practical problems of johotography in the sea are caused by

lowering methods. Most oceanographic ships are equipped with winches which

do many duties besides camera lowering, such as the lowering of Nansen



Fig. 2. A typical camera assembly for vertical stereophotography of the sea bottom. Two
cameras at the right operate in synchronism with the flash lamp at the far left. Above
the lamp is the sonar driver. The square flat object at the center of the framework is

a 12-kc pulse sonar transducer for camera-botton:i measurement.

^^

-^M^y^ / -^

^

Fig. 3. Example to sliow quality of special/ 11, 35-mm Hopkins lens when used under

water.
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Fig. 4. Example to show data photo on same fihii as the iinderwater picture. Depth is

sho\vTi as pressure in psi.

Fig. 5. One-half of a stereo pair of photographs taken from the R.V. Chain by the

Woods Hole Oceanographic Institution at a depth of about 1100 m. The data section

at the right shows pressure, time and other information. A compass in the field of

view shows direction of the bottom.



478 KDtJEKTON [CBAl'. l!t

Fig. 6. A bottom-i^hotdgraphy equipment as used on the H.W Chain by the Woods Hole

Oceanographic Institution. Two cameras at the top prockice a stereo pair of photo-

graphs. A 100 w.s. strobe is at the bottom. The "pinger" is located at the center.

Fig. 7. A photograph of n rock outcroj) on the North wall of the Puerto Rico Trench,

taken with the equipment shown in l^'ig. 6.
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bottles, corers and drags. The winch and cable design must meet the require-

ments of all these other duties.

There are times when a single lowering can accomplish several purposes. For

example, the camera can be used as a bottom weight on a string of Nansen

bottles. The sonar on the camera can be used to hold the camera at a required

distance above the bottom and thus indicate to the crew on the deck the time

to drop the weight messenger that operates the bottles. During the entire

operation, the camera is recording both mid-water and bottom scenes.
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20. SUBMARINE CANYONS

F. P. Shepard

1. Introduction

Submarine canyons have been discussed extensively in the hterature during

the past 30 years. Field investigations, however, have lagged and have been

confined to a very few individuals and to a few localities. This is regrettable

because the studies that have been made have indicated both that the canyons

of the sea floor are of amazingly large pro]^ortions and that they play a very

important role in sedimentary processes.

Most of the information available on submarine canyons comes as the result

of coastal charting operations, particularly those of the U.S. Coast and Geodetic

Survey. Detailed scientific studies have been largely centered around the

canyons of southern California and Lower California, coming from the opera-

tions of Scripps Institution (Shepard and Emery, 1941, pp. 51-161 ; Shepard,

1949, 1951, 1961; Shepard and Einsele, 1962) and the Hancock Foundation

(Emery, 1960, pp. 40-50). Several of the canyons off the eastern United States

have been investigated by the Lamont Geological Observatory (Ericson et al.,

1951: Heezen. Tharp and Ewing, 1959) and by Woods Hole Oceanographic

Institution (Stetson, 1930). French scientists have studied some of the Mediter-

ranean canyons and the Japanese have collected some samples from the canyons

off Japan. Otherwise the numerous submarine canyons found along the coasts

of many parts of the world are known only from rather inadequate soundings.

Recently some decided advances have been made in canyon studies. These

have come from aqualung explorations of the shallow canyon heads particularly

off California. Also, Precision Depth Recorders used by the oceanographic

laboratories have given much more detail concerning the configuration of a

number of the submarine canyons.

2. Classification of Submarine Valleys

If we define canyons as deeply incised V-shaped valleys with steep walls,

we find that many of the valleys of the sea floor to which the name "canyon"

has been applied do not fit the definition. For exam])le, the large valley off the

Ganges Delta is more ap]iropriately called a trough because of its broad flat

floor ; whereas the deep outer continuations of true submarine canyons, like

those of Monterey Bay, resemble river channels with raised levees on the sides

and therefore should be referred to as channels. Realization of the existence

of decidedly different types of submarine valleys, which has come partly from

the study of Precision Depth Recorder (P.D.R.) profiles, has now made it

possible to subdivide submarine valleys and, hence, to discuss their origins

separately rather than throwing them all into the same pot.

The types of submarine valleys which extend down the continental slopes

can be divided into: (1) true submarine canyons which have winding courses,

V-shaped profiles, steep walls with many rock outcro]is, numerous entering

tributaries, and virtually continuous outward-sloping floors
; (2) trough-shaped,
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straight-walled valleys in tectonically active areas following structural trends

rarely normal to the slope, containing basin depressions, and virtually lacking

tributaries
; (3) trough-shaped valleys found off deltas, lacking tributaries but

differing from the second type in liaving virtually continuous outward-sloping

floors
; (4) short gullies found on the foreset sloj)e off a few deltas

; (5) the

relatively shallow, flat-floored valleys with levees wliich extend beyond true

submarine canyons ; and (6) relatively straight, shallow valleys extending down
submarine escarpments and having few tributaries.

The advantage of separating these types before considering their origin can

be seen when we read such statements as "submarine canyons could not have

been cut by subaerial erosion because they extend out to the deep ocean floor".

One has but to ask what type of submarine valley is found extending to the

ocean floor, before considering the merits of such a statement.

3. Canyon Descriptions

Not very many submarine canyons have been sufficiently surveyed for them

to be described in any detail. The best known are along the California and

Lower California coasts. Several of these have been sounded with P.D.R.

recordings from their heads down to where they disappear on the outer fans.

Furthermore, aqualungers have explored the canyon heads and brought back

many pictures along with descriptions.

The most explored canyon is located off La Jolla, California, and has its two

main branches, La Jolla and Scripps, coming into the coast on either side of

Scripps Institution (Fig. 1). The numerous dives into the head of Scripps

Canyon have revealed a series of narrow, rock-walled gorges with some over-

hanging precipices (Figs. 2 and 3). The inner ends of the canyons have what

might be termed sand chutes which extend in almost to the shore. These chutes

fill rapidly with sand carried to them along the shore by wave action and

currents. Kelp and sea-grass accumulate below the zone of active sand deposi-

tion. Periodically they discharge much of their sand and kelp load and at such

times the canyon floors deepen by amounts of as much as 5 fm (about 9 m)
(Chamberlain, 1960). Two of the deej)enings have been connected with earth-

quakes and two others with periods of large waves. Other deepenings have

taken place without any apparent triggering effect. Chamberlain found that

the sea-plant debris becomes comj)ressed and this increases the instability of

the inner sand deposits. According to Dill (1962), after the sand chutes have

been evacuated, polished rock walls and the floors of these small tributaries

are exposed, suggesting considerable wear from moving currents of sand.

Traced outward, Scripps Canyon continues as a precipitous, rock-walled gorge

as far as its juncture with La Jolla Canyon, a mile from the canyon head and

at a depth of 150 fm (274 m).

La Jolla Canyon winds out to sea with relatively gentle walls except at the

head where small cliffs are found in what appears to be Pleistocene or Holocene

alluvium. Farther out the walls are of soft rock, but beyond axis depths of
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Fig. 2. Sketch of two uf the branches at thy head of Scripps Canyon, showing the vertical

walls and the sand chutes. (Drawn by J. R. Moriarty from preliminary sketches by
Earl Murray.)

Fig. 3. Photograph by R. F. Dill of the U.S. Navy Electronics Laboratory showing the

overhanging walls, the terraces, and the encrusting organisms near the head of Scripps

Canyon. (Oflficial U.S. Navy photograph.)

17—s. in
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300 fm (550 m), the rock apparently ceases and muddy walls with some sand

are found. At dej^ths of 350 fm (G40 m) the walls appear to ])e related to ridges

\\hich can be termed natural levees. These levees traced still farther out have

become definitely a i)art of the outer fan with a shallow channel in the mid-

portion. All along the canyon and channel, sand occurs largely as layers

between mud. The channel gets less and less deeply incised until it disappears

32*35'-

32° 30"

32° 25'

32° 20'

32°
1

5'

32°IO'h

117° 35' 117*30' II7°25' 117*15'

CORONADO SUBMARINE CANYON 32°35f

32°3tf

32°25'

32°20'

32° 15'

117 35 117 30'
1 1

7° 25'
1
17° 20'

_L

32° 10

M7°I5'

Fig. 4. Coronado Submarine Canyon, and outer channel. Note the high levee (or dissected

delta) on the outer curve below the inner gorge. Loma Sea Valley contains a divide

draining north and south. (From Scripps Institution P.D.R. surveys.)

and the fan merges w itli the flat, but gently sloping, floor of San Diego Trough,

where the dei)th is 600 fm (1100 m).

Coronado Canyon heads 8 miles off the Tia Juana River near the United

States and Mexican border. The inner canyon has a rock gorge crossing what

appears to be a hogback ridge (Fig. 4). Beyond the ridge, instead of directly

entering San Diego Trough, the valley turns to the left and extends as a narrow
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trough for 1 1 miles along the base of the ridge leading down from the Mexican

Coronados Islands. On the outside of the trough a great mass of sediment rises

100 fm (183 m) or more above the floor. This may well be a large natural levee

although the alternative explanation given previously (Emery et al., 1952) was

that it was a delta which had undergone extensive slumping. Beyond, the

channel crosses the lower end of San Diego Trough and shows definite levees on

both sides. Coming to a rock ridge, Boundary Bank, the channel deepens

considerably as its gradient increases in starting the descent toward San

Clemente Trough. However, it terminates part way down the descent.

Fig. 5. Photograph by Conrad Limbaugh of sandfall observed in a tributary of San Lucas

Canyon. Height of fall estimated as about 5 ft. The gently flowing sand above the fall

was found in the lower end of a funnel-like narrow valley at a depth of about 15 to

25 fm.

San Lucas Canyon is located off the tip of Lower California. It heads in a

small bay of a relatively large fan-filled valley coming down from the high

mountains of the southern end of the peninsula. The main canyon head extends

into the end of a pier at the small fishing village of San Lucas, as can be seen

through the clear water from a plane or from the adjacent ridge. Along the tip

end of the peninsula there are several tributaries, one being located off an

intermittent tombolo which is occasionally topped by large waves from the

open Pacific. At such times quantities of sand are carried across the tombolo

and down into one of the tributaries. At the lower end of a funnel-shaped valley
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Scripps Institution aqiialungers found the sand moving along the axis untiJ it

fell over a cliff as a sandfall (Fig. 5). Tracing the main canyon outward (Fig. 6)

it continues for 20 miles as a winding steejD-walled V-shaped gorge and termi-

SAN LUCAS CANYON

SOUTHERN BAJA

CALIFORNIA

SAN
CRISTOBAL PT

CABO FALSO

NAUTICAL MILES

0£PT»S IN FATHOMS

Fig. 6. The deeply dissected slopes south of Cape San Lucas. The two canyons are cvit in

granite and both terminate at about 1325 fm. Contour interval 50 fm, with 25 fm
added at top and bottom. (From Scripps Institution P.D.R. surveys.)

nates in an irregular fan at a depth of 1325 fm (2420 m). The canyon walls are

granite or another type of resistant rock. The canyon floor contains only sand,

and the sand continues at least out onto the head of the fan. Unlike the end of
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La Jolla Canyon there are no appreciable levees indicated in the sounding

record

.

Monterey Canyon and its tributary, Carmel Canyon, like the others con-

sidered previously, come in right to the shore (Fig. 7). The head of Monterey
Canyon is located off the Salinas Valley and is definitely cut in unconsolidated

materials. Also, as Woodford (1951) has emphasized, the gradient in the

canyon far exceeds that of the Salinas Valley. The importance of turbidity

currents in the canyon head is shown by cores with layers of relatively coarse

\h^ -;^#
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NAUTICAL MILES

Fig. 7. Monterey Submarine Canyon and vicinity. Note the resemblance of the canyon
axes to the river valleys on land. Contour interval 50 fm; shade changes at each

500 fm.

sand, similar to that of the adjacent beach, interbedded with muddy sediments.

Out at a depth of about 100 fm (183 m) the w^alls become rocky and both

sedimentary rock and granite have been dredged from the precipitous slopes

at greater depths. The principal tributary, Carmel Canyon, is rock-walled

throughout its length so far as has been determined. The rock in this branch is

granite and the canyon has numerous entering tributaries. One tributary

connects with a granite land canyon and the submarine continuation is similar
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to the land canyon but has a somewhat smaller madient. Carmel Canyon joins

Monterey Canyon at 1100 fm (2000 m). Beyond the junction the main canyon

is somewhat witler with a relatively flat floor. This in turn connects with an

outer fan having channels like those off" the La Jolla Canyon, but these begin

at much greater depths, around 2000 fm (3660 m) (Dill et al, 1054). The

connection is not as yet clearly demonstrated, Menard (1960) reported a gravel

Fig. 8. Submarine canyons out in the crystalline rocks along the west coast of Corsica.

Note that the submarine contours conform to the shoreline. Contour interval 50 fm.

(After Bourcart, 1959.)

core from the fan channel and the writer found gravel in the canyon at a depth

of 835 fm (1530 m) (Shepard, 1951). The latter core showed the gravel at the

bottom of a graded layer, indicative of turbidity-current deposits. In many

ways the most impressive feature of Monterey and adjacent canyons is their

dendritic and trellis drainage pattern (Fig. 7), showing structural trends that

are similar to those on the land.

The Mediterranean canyons along the south coast of France and the west

coast of Corsica are certainly the best known outside of those from western
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America. The studies of Boiircart (1959) and of his associates have resulted in

many interesting contour charts of these canyons (Figs. 8 and 9). Even before

these canyons were surveyed by the French geologists, Kuenen (1953) had

come to the conclusion that at least the Corsican and Riviera submarine

canyons were the submerged continuations of river-eroded canyons. The

newer surveys apparently confirm this opinion, at least so far as the shapes of the

canyons are concerned. As off Cape San Lucas, Lower California, and Carmel,

-43° 20'

-43° N

4°30'E

Canon de la

Cossidagne

du Planier

Canon du Cap Couronne

5 20'E

Fig. 9. The juncture between the submarine canyons off the French Riviera and those off

the Gulf of Lyons. Note the absence of any indication of a major break which should

be found if the canyons are respectively drowned river valleys and eroded by turbidity

currents as suggested by Kuenen (1953). Contour interval 100 m. (After Bourcart,

1959.)

California, the entire slope is cut up into what appears to be a maturely eroded

subaerial joattern, very much like the mountain slopes on the adjacent land.

Canyon center cores reported by Bourcart (1959) (some taken while the writer

was assisting in the operation) indicated the jDresence of sand layers inter-

bedded between mud, as in many other submarine canyons. The wall rocks are

evidently crystalline along the deeply indented coast of Corsica and both

granite and metamorphosed Paleozoics were found by Bourcart along the

canyon walls off the Maritime Alps. The rather remarkable conformity between

the canyon heads and the west coast bays of Corsica (Fig. 8) is unique. Yet the
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submarine canyons are similar to most of the well surveyed canyons in other

parts of the world.

The canyons west of Marseilles have lower gradients than those to the east

but otherwise do not differ noticeably (Fig. 9). In both groups there are many
tributaries and some of the branches extend jiarallel to the coast rather tlian

directly doMii the slope. The Mediterranean canyons are said to terminate at

depths of from about 1200 to 1400 fm (2200 to 2600 m).

Another canyon of rather special interest enters the long estuary at the

mouth of the Congo River. This has been studied by Heezen and his associates

(1959) and to them we are indebted for a contour chart which shows how the

canyon terminates outward in a huge submarine fan creased by channels (Fig.

10). The canyon appears to contact the fan at a depth of 550 fm (1000 m).

CORES
TRAWLS

CONGO SUBMARINE CANYON CONTOUR mTEKViL SO FATHCUS

Fig. 10. Congo submarine canyon. Turbidity currents occiu' at the mouth of the Congo

River at the rate of 50 each century. These have built up an enormous abyssal cone

of coalescing natural levee systems. The sediment core from position 76 contains an

uppermost bed of sand and a deeper bed containing wood and leaves. The trawl at

position 76 contained many twigs and branches as well as an abundant bottom fauna.

(Caption and figure from Heezen, Menzies and Ewing, 1959.)

Unfortunately t liere has been no dredging of the inner canyon Avails so that we

do not know whether it is entirely cut into soft sediments although the dei)th

of about 400 fm (730 m) at the mouth of the estuary suggests the likelihood

that this is not the case. The investigations of Heezen have shown that cables

were broken after short intervals whenever laid across the canyon head. This

suggests that slides and/or turbidity currents are very active in disposing of the

excess sediment introduced by the Congo River. The turbidity currents can

also account for the coarse sediments and the large amounts of plant debris

reported by Heezen from the outer fan. In two respects the Congo Canyon

differs from the others described previously. It has a very gentle gradient,

about 1%, and it lacks large tributaries although small ones enter the walls in

the inner portion.

Along the east coast of Ceylon there is a canyon which in many respects
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resembles those of west Corsica. At Triiicomalee (the former British naval base)

a branching rock-walled canyon comes into the bay and extends its arms so

close to the shore that it appears to be a truly drowned valley (Fig. 11). One
branch cuts directly across quartzite ridges and the walls of this gorge have

been visited by aqualungers who reported to the writer that there are pre-

cipitous rocky slopes. The outer end of the canyon has not been surveyed but

it definitely extends to 870 fm (1600 m) where it has walls rising 600 fm ( 1 100 m)

Fig. 11. Trincomalee Submarine Canyon. Showing the treUis drainage pattern and the

crossing of the Pre-Cambrian quartzite ridges by the tributary at the head of the

canyon. Outer portion of canyon has not been sounded. Contour interval 100 fm,

with 20 fm contour added.

or more above the floor. The right-angled bends along the canyon are indicative

of a trellis drainage system.

Coming into the curving entrance to Tokyo Bay is another canyon which has

the steep rocky walls, the V-shaped floor, and the dendritic tributaries charac-

teristic of land canyons (Shepard, 1948, fig. 74). It contrasts considerably with

the fault-trough valleys found in the vicinity. Like many other submarine

canyons its wall heights are measured in thousands of feet. It terminates

seaward where it enters the Sagami Bay fault trough at 770 fm (1400 m). Some
of the tributaries come into land embayments, but unlike the Corsican sub-

marine canyons the main head terminates in broad shallow Tokyo Bay.
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4. East Coast U.S. (New England Type) Canyons

Kiienen ( nir)3) has called attention to some differences between the Corsican

and Riviera-type canyons, which he called "ravines", and the east coast

canyons, which he called "New England type". Although the continental slope

off northeastern United States has been moderately well surveyed down to

1()(K) fm (1S30 m). the outer portion of the slope valleys are still known only

from s])oradic lines which were not well controlled in position. Furthermore, the

only well known contours of the canyons were those made by Veatch and Smith

(11)39), which have been widely criticized for their interpretative character.
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but again deei3ens to 300 fm (550 m) in the "lower gorge". This is similar to

the changes in Coronado Canyon.

5. Trough-Shaped Valleys

The trough-shaped valleys of the sea floor have often been included with

submarine canyons whereas they are strikingly different in character. There

are two types of troughs which extend down the submarine slopes; one is

found in areas of active tectonism and the other directly off deltas.

A. Tectonic Troughs

The shelves and slopes around the Aleutian Islands are notable for a series of

sea-floor valleys which extend somewhat diagonally down the slojjes reaching

depths of several thousand fathoms (Gibson and Nichols, 1953). These valleys

have a trough shape with a relatively flat floor ; they have basin depressions

and relatively straight sides with virtually no tributaries. They are evidently

fault troughs. Another type of tectonic valley with a V-shape occurs along

the southeast end of San Clemente Island (Shepard and Emery, 1941, fig. 11).

There seems to be no reason to include these troughs among the erosion type

of submarine valleys although some erosion, either marine or subaerial, may
have occurred.

B. Delta Front Troughs

Recent surveys have shown that several of the valleys outside deltas are also

quite distinct from submarine canyons. The vaUey beyond the Ganges Delta

(Fig. 13) is now well surveyed to the edge of the shelf and several lines have

been run on the slope and on the deep-ocean floor outside. The latter show that

it apparently continues as a deep-sea channel for hundreds of miles seaward,

perhaps as far south as Ceylon (Dietz, 1954). The valley, in crossing the wide

shelf, has a low gradient (about 1%), a flat floor with relatively straight sides,

and only very minor tributaries. The same type of valley is found off the Indus

Delta and probably off the extreme west end of the Niger Delta. There is also a

trough starting near the outer end of the shelf off the west side of an old lobe

of the Mississippi Delta (Shejjard, 1937). This also has approximately a 1%
gradient and a flat floor. An inner filled portion of this trough has been dis-

covered through geophysical prospecting. It continues landward, connecting

with a buried channel of the Mississippi (Fisk and McFarlan, 1955). The

Mississippi Trough extends seaward to a depth of 900 fm (1600 m), where it

appears to terminate in a great fan (Ewing et al., 1958, fig. 6). This trough is

thought by the Lamont group to have been the means of transporting sediment

out to the Sigsbee Deep during the Pleistocene low-sea-level stage. Based on

this trough, many quotations have been made of Fisk and McFarlan's (1955)

supposed 450-ft (134-m) sea-level stand, but neither the charts nor the geo-

physical measurements seem to give any reason for believing that there is any

break at such a level. The writer feels that this is not evidence of a sea-level
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stand because the valley does not stop at this 450-ft (134-m) level, because

turbidity currents are obviously involved at least in the present configuration

of the Mississippi Trough, and because the delta area is subsiding.

6. Delta Foreset-Slope Gullies

Submarine canyons have sometimes been referred to as gullies or ravines.

The fact that most submarine canyons have depths below their walls of several

hundred meters suggests that neither term is very appropriate. Beyond the

Mississippi Delta, however, there are some slope valleys which are small

12 3 4 5

NAUTICAL MILES

CONTOUR INTERVAL 25 FATHOMS

I Uss.

Fig. 13. The Ganges Submarine Trough. Contours are from a detailed survey by the

Pakistan Navy. The change in gradient between 200 and 225 fm may be an error of

position or alternatively due to a small fault on the floor of the trough. Note the

absence of any appreciable tributaries along the sides of the trough.

enough for either ravines or gullies to be applicable names (Fig. 14) (Shepard,

1955). These stop on the slope at depths of approximately 33 fm (60 m). They

are found off the portions of the Birdfoot Delta which have recently built

across the shelf so that sediments are being added to the continental slo]ie. The

gullies are about 8 fm (15 m) deep on the average. They have small hills and

depressions along their courses and mounds out beyond. Tributaries are almost

entirely missing among these gullies. A few valleys are found in the foreset slope

of the Eraser Delta (Mathews and Shepard, 1962). These also stop on the slope

with many hills outside. The gullies in the Mediterranean off the Rhone Delta

(van Straaten, 1959) differ only in having a suggestion of natural levees along
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their sides. The delta built by the Rhone into Lake Geneva has a valley which

extends the entire length from the river mouth to the plain at the bottom of

the lake. Tliis ravine, unlike the marine delta-front gullies, has very large

natin-al levees and has a sand floor, contrasting with mud on the levees. R. F.

Dill has found currents here.

7. Shallow Straight-Walled Valleys of Submarine Escarpments

Along many steep submarine escarpments—many of them definitely fault

scarps—there are incised valleys starting at various depths and some of them

extending to the base of the slope. These have been described by Buffington

(1951) and Emery and Terry (1956). These valleys differ from submarine

canyons in lacking the dendritic tributaries and in having relatively straight

sides. The depth of these valleys below the surrounding sea floor is mostly less

than 100 fm. They do not penetrate into the shelf to any extent. They also lack

the marginal levees of the fan valleys and are rather closely similar to the gullies

on the front of deltas, although they have much steeper gradients and are some-

what more deeply incised. There seems to be little doubt that these straight-

walled valleys in escarpments, as well as the gullies of the delta fronts (except

in fresh-water lakes), are the product of submarine slumping. They have been

explained in this way by almost everyone who has studied them.

8. Origin of Submarine Canyons

Many hypotheses have been offered to explain submarine canyons, although

most of them seem now to have disappeared leaving only two principal con-

tenders : turbidity-current erosion and subaerial erosion followed by down-

warping during which the canyons have been preserved by submarine processes.

A numljer of wTiters now consider that turbidity currents are the only possible

solution, but the principal authors of the turbidity-current hy|3othesis (Daly,

1936; Kuenen, 1953) have exj)ressed the opinion that at least some of the

canyons were cut by rivers.

In considering the origin of the submarine valleys it seems useless to consider

them as a unit having only one explanation. As has been indicated both by

Kuenen (1953) and the present writer there are many different types of valleys

and there is no reason for believing that they are all of the same origin. It is

felt that little can be gained by just giving the arguments favoring one hypo-

thesis along with the objections to the other. For many years Kuenen and the

present writer have been discussing the hypotheses both in articles and in

personal correspondence. The attempt here will be to point out the various

arguments showing how new information bears on them but leaving the reader

to judge the merits of the case.

A. Turbidity Currents as a Cause of the Formation of Canyons

When Daly (1936) first suggested turbidity currents as the agents which cut

submarine canyons there was very little evidence to support his idea. It was
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known that the relatively heavy water from rivers which entered certain

reservoirs sank below the surface developing an under-flow which sometimes

followed the bottom as far as the dam. Later Kuenen and Migliorini (1950)

showed in a large experimental tank that turbidity currents could transport

sand and other coarse sediments along the sloping bottom without much loss

of material. Next came the finding of sand layers on the sea floor at the foot of

submarine canyons, first reported by Scripps Institution operations (Shepard,

1951) but better documented by Lamont Geological Observatory (Ericson et al.,

1951, 1961). These sands, along with occasional gravel deposits, indicated that

rather appreciable currents must sweep along the submarine canyons in order to

carry out such coarse material along the canyon lengths. It has gradually been

found that there are huge fans at the base of many of the submarine canyons

probably containing much greater quantities of material than would come from

the mere excavation of the canyons on the slopes above (Menard, 1960).

To many investigators the most convincing argument favoring turbidity-

current erosion has been the suggestion by Heezen and Ewing (1952) that the

successive outM'ard breaks of the Grand Banks cables in 1929 w^ere the result of

turbidity currents moving down the slope after the great earthquake of that

year. Taking the times and distances between cable breaks they estimated that

the currents at first were moving at a speed of 55 knots and then slowed

gradually to 12 knots at the outer portion of the breaks. A re-examination of

I

the data, however, seems to indicate that there is little basis for their estimate

of such excessive speeds (Fig. 15). Heezen and Ewing appear to have overlooked

the fact that at the time of the earthquake the cables broke instantaneously for

a distance of about 100 nautical miles from the epicenter so that turbidity

currents could also have started immediately at these considerable distances.

With this in mind a more reasonable interpretation appears to be that the

times between cable breaks indicate velocities of 15 knots without much, if any,

change of speed from top to bottom of the slope.

If turbidity currents move at even a 15-knot speed, they could well be

considered as an erosion agent since this is faster than most rivers flow. There

is, however, an alternative explanation for the time intervals between breaks.

Terzaghi (1956) has suggested that the advancing front of a wave of spon-

taneous liquefaction spread down this slope after the earthquake. Terzaghi

considered that the character of the broken ends of the cables later recovered

was suggestive of the irregular disturbances accompanying spontaneous lique-

faction and that an advance of 15 knots is not out of line with other documented

instances of spontaneous liquefaction. Such an explanation was well received

by C. S. Lawton, General Plant Engineer of Western Union. It seems possible

that the spontaneous liquefaction could have caused turbidity currents which

might have acted in conjunction with the spontaneous liquefaction.

Although Heezen, Ericson and Ewing (1954) have argued that the sediments

in the cable-break area support the idea of a tremendous turbidity current, it

must be pointed out that their evidence is largely negative, consisting of not

having recovered cores and finding bent core tubes in an area near the outer
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end of the cable breaks. In the experience of the writer similar findings have

come from areas with a thick covering of fine sediment. Furthermore, an

examination by Ericson of a group of four Lamont cores taken in the zone

where Heezen and Ewing had estimated a speed of 55 knots showed nothing to

indicate that there had been any recent turbidity current of appreciable size.

Only one of the cores contained a layer at the surface with material coarser

than a silty clay. The investigations of the cable companies in the area where

the breaks occurred showed the sediment was a clayey material with a mixture

of stones (Kindle, 1931). This is entirely what would be expected without

turbidity currents since there are sufiicient icebergs drifting past the area to

introduce the scattered stones. It seems quite possible that the stones caused

the bending of Heezen's coring tubes and prevented recovery of cores. In all

fairness, however, it should be emphasized that the situation relative to

sediments in the cable-break area is still relatively unknown and detailed

exploration is required before more than tentative conclusions are justified.

The turbidity-ciuTent deposits fomid associated with various submarine

canyons provide some evidence concerning cuiTent velocities. The vast majority

of turbidity-current sediments collected to date, both in the canyons and on the

fans beyond, are fine sands with a considerable amount of silt. Such material

can be moved by currents of velocity considerably less than one knot. Currents

of 15 knots or more should be capable of gouging out the rocks on the canyon

floors and spreading coarse gravel debris, even boulders, over the fans. Little

action of this sort has been found anywhere. The single cobble block reported

by Lamont scientists (Ericson et al., 1951) from the outer Hudson Channel

could have been introduced by flotation by an iceberg during glacial stages.

Gravel of smaU dimensions, however, is found in a number of places.

Another troublesome feature about tiu'bidity currents as erosion agents is

the flnding in the axes of various submarine canyons, where turbidity currents

are now operating, that the dej^osits in cores alternate between sands representa-

tive of turbidity currents and muds which are normal to the present depths.

This alternation seems to indicate that the typical turbidity currents are not

capable of eroding even the accumulation of muddy sediments formed after

the occurrence of the previous turbidity current. As yet no case has been found

where the turbidity-current deposit directly overhes a rock floor, as might be

expected if the currents are eroding the rocky slopes where they are found.

B. Turbidity Currents as the Cause of Channels

Whether or not the turbidity currents can excavate the rock canyons there

seems little doubt that they are responsible for the channels found in the fans

on the outside of canj^ons. The depth of these channels is ordinarily only a

matter of 20-50 fm (37-92 m), but several places have been found where the

channels are well over 100 fm (183 m) deep at a considerable distance out along

the fans. Such a place is indicated in Fig. 4 where the fan channel beyond
Coronado Canyon shows an increased gradient in crossing a ridge leading down
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into San Clemente Basin. Similarly, where the Cascadia Channel off Oregon

flows across a deep ridge, it appears to have cut a deep gorge (Hurley, 1959).

The same was rejwrted by Laugliton (1959) for a channel crossing the fan off

the Bay of Biscay. The size of some of these outer channels is so large and the

dejjth below the natin-al levees so great that it seems quite jjossible that

the currents which nuist fill them from time to time^ to form the natural levees

have relatively high velocities, provided there is any appreciable density

difference with the overlying water. These channels are far larger than any

stream channels on land and have higher gradients than most of the large rivers

(Hurley, 1959).

The channel found in the Rhone Delta front in Lake Geneva must also be

due to turbidity currents. This is indicated by the presence of coarser sediments

in the channel than on the levees. However, here the channel is probably more

iion-depositional than erosional since the floor is somewhat higher than it is out

beyond the natural levees. The gullies in the fronts of marine deltas are prob-

ably not due to turbidity currents because, so far as is known, they do not have

coarser sediment than the adjacent slopes. An exception may exist on the

Rhone-Mediterranean Delta since small natural levees exist here.

C. Turbidity Currents and Delta-Front Troughs

The troughs which extend across the shelf off" the Ganges, Indus, and some

other deltas are not easily exjilained. Most of them have gradients of only

al)out 1%, far less than is typical of canyons. Little is known about their sedi-

ments except in the partly filled trough off the Mississippi. Apparently the

latter has had turbidity currents flowing along it because there are indications

of displaced faunas (Phleger, 1956) and there is considerable likelihood that

sediments formerly were being transported into the Sigsbee Deep along its

course (Ewing et al., 1958; Curray, 1960). All of these troughs appear to have

walls of unconsolidated sediment. It is possible that they have been maintained

by turbidity currents during slow submergence as the delta grew u])ward on

either side. The turbidity currents may be provided by the abundance of

sediment brought in by the rivers. This could account for the location of the

troughs off the Indus and Ganges near the present mouths.

9. Subaerial Erosion

When only a few submarine canyons w^ere known most geologists had little

hesitation in ascribing them to the drowning of river canyons. When, however,

reports of the canyons began to come in from all parts of the world it was only

natural that skepticism should grow despite the fact that the newly discovered

canyons appeared to have many of the characteristics of river canyons. At first,

it seemed to the writer that the situation could only be explained by a great

sea-level lowering and in turn this seemed to indicate that the glaciers might

1 More recent study suggests that these channels are being deepened ^ff La Tolla and

that the levees were formed before the deepening.
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have been much larger during the Pleistocene than had commonly been con-

sidered to have been the case. As studies of the oceans continued, Pleistocene

sea-level lowering was definitely excluded because the dredging from the

oceanic seamounts refuted such a relatively recent lowering. On the other hand,

these seamounts, and especially the flat-topped guyots, have yielded ample

evidence of subsidence over a long period of time. Similarly, the continental

margins in many places contain sediment thousands of feet thick which is

now definitely far below the level at which it was deposited (see, for example,

U.S. Geological Survey's Tectonic Map of the United States, 2nd edn.). Therefore,

it should not be a matter of surprise if coastal canyons had been deeply

submerged, at least in many places.

Proceeding from the premise that coastal canyons have probably been

submerged, at least locally, we run into some obstacles in using this as an

explanation for submarine canyons. First: why are the canyons world-wide?

This would indeed be a problem, if we were certain that they are world-wide,

but this we do not know. As has been explained previously there are numerous

types of submarine valleys, only a few of which have been sufficiently surveyed

so that they can be shown to possess true river-canyon characteristics. Thus

the Corsican canyons, those of the French Riviera, Carmel Canyon, the head of

La JoUa Canyon in California i, the canyons at the tip of Cape San Lucas in

Baja California, Tokyo Canyon, and Trincomalee Canyon of Ceylon can be

considered as definitely within the fold. All but one of these is cut into hard

rock. A number of others, particularly a group of canyons along the California

coast can be considered as probable, but most of the reported but unexplored

marine valleys could be due to such other causes as faulting, turbidity-current

channels kept open during the deposition of deltaic masses, or even as scars

left by giant landslides. Therefore, at the time of A\'riting, there seems to be

notliing particularly disturbing about the idea that some coasts have sub-

merged, bringing river canyons deep below the sea.

The next obstacle offered to the idea of a remote submergence of river

canyons is that the canyons should have been filled. The strength of this

objection is, however, considerably weakened by the discoveries of landslides

or of some tjrpes of sand flow or mud flow operating in the heads of many
canyons. These slides undoubtedly set up turbidity currents carrying the

sediment out of the canyon and depositing it as a fan on the outside. The

writer knows of no reason why such periodic flushing of the canyons may not

have operated for periods of millions of years. In fact the huge size of the fans

outside the canyons indicates that this has been going on for extended periods

(Menard, 1960). Therefore, this objection does not seem to be very valid.

Perhaps more troublesome is the question of why the submarine canyons, if

due to ancient erosion, still have continuous outward slopes, particularly in

such unstable areas as California. Why has there been no faulting or folding

action which has cut off sections of the canyons? The head of Delgada Canyon
1 Recent evidence reported by R. F. Dill shows that the head of this valley is retreat-

ing owing to submarine erosion.
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along the northern Cahfornia coast, which looks hke a river-canyon type, has

actually been cut off, although the cut took place at the present coast (Fig. 16).

Delgada Canyon is along a northward continuation of the fault at Shelter Cove
where a horizontal shift occurred at the time of the San Francisco earthquake

;

therefore it may be a part of the San Andreas fault system (Shepard and

la^ooQ' 124° 08' 124° 07'

124° 09 DELGADA CANYON

P 1000 2000 3000 4000 5000

Scale in feet

Sounding in fathoms

Lond and sea floor contour interval - 25 fathoms (150 feet)

124" 07'

Fig. 16. Escarpment at the head of Delgada Canyon with a 45° slope which appears to

have been produced by the cutting off of the canyon by movement along the San
Andreas Fault. Note that the submarine canyon head does not coincide with the land

canyon.

Emery, 1941, p. 39). The cutting of the canyon by such faulting is thoroughly

understandable. The large right lateral movement along the San Andi'eas fault

elsewhere would certainly result in developing the scarp at the canyon head and
shifting the canyon along the coast out of line with the land canyons. It is



SECT. 2] SUBMARINE CANYONS 503

rather surprising that similar features are lacking along the outer portions of

such canyons as that of Monterey Bay (Fig. 7). This canyon can be traced sea-

ward for 100 miles (including the outer trough) across a zone that must have

undergone extensive faulting provided the canyon was submerged in the

Miocene. This could be considered likely in view of the Miocene filling of the

deeply submerged canyon under the Salinas Valley (Starke, 1956). As a possible

reply to this objection one can suggest that there have been displacements from

time to time on the sea floor but that the effects of landslides and turbidity

currents have re-established the contacts and reconnected the severed canyon

sections. Such action on the part of turbidity currents requires far less erosion

than does the complete excavation of the canyons. It is also possible that the

soundings are not sufficiently detailed as yet to reveal such breaks. Further-

more, if the continuity is an objection to the drowned valley hypothesis, it

should also be an objection to canyons cut by turbidity cm-rents unless such

cutting has occurred in very recent times (see below).

The idea that the submarine canyons off the east coast of the United States

were cut originally by rivers runs into some serious difficulties which have

been discussed by Kuenen (1953). As he has emphasized, the upper walls of

these canyons are cut through Tertiary sediment, some of it as young as

Pliocene. Therefore, he argues, the canyons must have been cut since that time

and there is no evidence of any uplift of the coastal margin, at least in such

recent periods. The writer made an alternative suggestion that the canyons

were cut before the Tertiary deposits were laid down and were kept open as

Tertiary material accumulated on the shelf slope (Shepard, 1952), This is

rejected by Kuenen on the ground that such a history would be recorded by
finding nick points on the wall slopes of the canyons, with gentle slopes above

indicative of the post-canyon cutting deposition. Kuenen's profiles do not

show such nick points, but the results of using an acoustic probe on the sides

of Hudson Canyon (Ewing et al., 1960) show that, near the rim, the upper beds

dip toward the canyon but have been covered by other beds that lie nearly

horizontal and no nick point is shown along the slope. The writer is inclined to

think that the absence of nick points is due to the accumulation of mud on

the canyon slopes largely masking the outcrops and developing a slope that is

temporarily stable but too steep for permanency. Such steep slopes are well

kno%vn on the canyons of southern California where they have been seen by the

aqualung divers. Dredging along these mud slopes has encountered occasional

rock layers which protrude slightly. In any event the objection offered by

Kuenen cannot be dismissed lightly and it may mean that the subaerial erosion

hypothesis does not apply to the east coast canyons, as Kuenen believes. As

we have seen, these canyons are rather different from the others and may
require different explanations. On the other hand, it is hard to agree with

Kuenen that the canyons off the French Riviera are drowned river valleys

whereas the neighboring canyons off the Gulf of Lyons are due to turbidity

currents. Such an explanation requires a large sea-floor displacement at the

juncture, for which there is no evidence (Fig. 9).
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10. Pleistocene Canyon Cutting by Turbidity Currents

Daly, Kuenen, and the Lament scientists have all considered that the cutting

of submarine canyons took place during the Pleistocene glacial epochs when
the sea-level was lowered so as to allow the rivers to carry sediments directly

to the edge of the shelf and hence supply materials for canyon cutting on the

slope below. Such a lowering certainly must have helped develo]) turbidity

currents but there are some serious objections to this idea. In the first place

such erosion should affect only the sloj^es, but the majority of the known
canyons penetrate deeply into the continental shelves inside. It seems obvious

that if the canyons were cut by turbidity currents, these currents must have

operated across the shelves and, in fact, this is well demonstrated by cable

breaks across canyon heads in various places. These breaks may be due to

laiidshdes but these in turn can be expected to produce turbidity currents.

Further opposition to a Pleistocene cutting of the canyons comes from their

vast size, particularly where they have walls of granite or other hard rocks. If

we assume that these hard-rock canyons are submerged river valleys, we are

still confronted by the vast size of most other canyons. The walls of the east

coast canyons rise hundreds of fathoms and we know that some of them are cut

in moderately well consolidated rocks of Cretaceous age. To think that the

necessarily infrequent turbidity currents could have produced such vast cuts in

the small fraction of a million years during which the sea uncovered the shelf

is giving a role to turbidity currents that is certainly not indicated by their

typical fine-grained sediments nor by their a]:)parent failure to remove soft

underlying sediments. The turbidity currents have been estimated to come

down the southern California canyons about once in 100 years (Gorsline and

Emery, 1959) and, so far as we know, these do not erode the canyons

appreciably.

If Menard (1960) is correct about the size of the fans along the west coast, it

would appear that the normal products of sand transportation along the shore

to tlie canyon heads would have had to have been in operation for many
millions of years to develop the fans, quite in addition to any erosion within

the canyons themselves. The turbidity currents coming into the Los Angeles

and Ventura basins were very likely directed along canyons which were, of

course, far older than the glacial stages. Whether we believe in a tiu-bidity-

current origin or not, it is far easier to explain the canyons as older than

Pleistocene. The investigations now in progress in Scripps Canyon (Dill. 19(52)

appear to lend considerable weight to erosion at the canyon heads by slumping

action.
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III. SEDIMENTATION

21. BEACH AND NEARSHORE PROCESSES

PART I. MECHANICS OF MARINE SEDIMENTATION

R. A. Bagnold

(Foi' list of symbols and definitions see p. 550)

1. Definition, Origin and Relevant Physical Properties

A sea sediment, as distinct from native rock or from a coral accretion, may
be defined as solid granular matter heavier than the sea-water, the separate

pieces or "grains" of which, irrespective of their size, are or were at one time

loose upon the sea bed or are in the process of falling through the sea.

Strictly, sedimentation denotes the process by which the grains of a sediment

attain their ultimate resting places, or become "deposited". Since this process

in general extends over a period of time during wliich the grains are being

moved from place to place, sedimentation in this sense is inseparable from

sediment transportation. But the term sedimentation is often used in the

rather different geological sense to denote the study of the composition of

existing sedimentary deposits in their ultimate static state, by mechanical,

chemical and biological analysis, for purposes of classification. Here again,

liowever, any such classification which excludes from consideration the dynamic

process by which the composition has been brought about must remain to some
extent arbitrary.

Grains of sea sediment may be classified as follows according to their origin.

a. Terrigenous.

(i) Introduced by rivers and by polar glaciers,

(ii) introduced by winds,

(iii) eroded by the action of sea waves on shores,

(iv) disintegrated as the debris of marine avalanches. .

b. Cosmic. Introduced through the atmosphere as dust from extra-terri&rial

sources.

c. Biogenous. Created as the debris of marine organisms.

d. Hydrogenous. Created as mineral nodules by crystallization from solution,

e.g. manganese nodules.

e. Volcanic. Introduced as products of submarine vulcanism.

The size of sediment grains ranges from that of boulders, originated as a(i)

and (iii) above, to microscopic particles. Both the size and density affect the

dynamic process of transport in or by the sea-water. The effective density, ps,
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is measured by tlie ratio of mass to overall volume, irrespective of the density

of the constituent material. The effective density of marine organic debris,

which frecjucntly has hollow or spiny grains, and of clay crystals may be

considerably iess than the true density of the solid material composing them.
Taking buoyancy into account, tlie dynamic effects of gravity vary as the excess

density {ps —p). The true density of most solid mineral grains is approximately
that of quartz (2.65 in c.g.s. units), which gives an excess density of 1.65 in

water. However, if a marine organic grain with material density of 2.65 has an

effective density ps of half this amount (1.32), the effective excess density will

be only 0.32, or only one-fifth that of the solid mineral grain.

Neglecting variations due to grain shape, the general criterion for dynamic
similarity of grain behaviour under a combination of gravity and fluid forces

may be derived very simply as follows. If the grain diameter is D, the net

gravity force acting on it, i.e. the immersed weight, will vary as {ps—p)gD'-^\

and if the fluid stress (fluid force per unit of effective grain area) is /, the fluid

force on the grain varies as-Z)2. Whence the fluid stress per unit of immersed
grain weight varies as //(ps —p)gD. This dimensionless quantit}^ which will be

denoted by d, is useful because it combines the effects of both grain size and
grain density.

For instance, if / is the fluid shear stress exerted on a grain bed, the

threshold of grain movement is definable in terms of d. It is found that, under

conditions of steady turbulent flow, the threshold value of 6 approaches a

universally constant value of approximately 0.06 as {ps —p)gD is increased.

Again, when a grain is falling freely, the fluid and gravity forces acting on it

are equal and opposite ; whence d is unity. Expressing the fluid stress as

capw^, where Ca is the drag coefficient, the fall velocity, w, is given at once by

w = (ps -p)gD

2. Transport during Fall through the Sea

According to its origin a grain of sea sediment may begin its existence as

such at a great distance above the sea bed, or it may be already at or very close

to the sea bed, e.g. if introduced as bed load by a river or as moraine material

by a polar glacier, or if pre-existing as a marine bed organism. Ultimately,

being by definition heavier than the sea-water, all sediment grains must find

themselves so close to the sea bed as to be within a zone of water whose move-

ment is affected by the presence of the bed boundary. But in the former case

this state will be preceded by one in which the grains are falling steadily down-

A\'ards through the sea at the fall velocity appropriate to their size and density.

During tills fall the grains are sus])ended by the water, which exerts an u])-

ward force on them equal to their innnersed weight ; and the grains conform

without resistance to any motion which the surroiuiding water may have.

From a knowledge of the fall velocity the problem of predicting the drift of

such grains away from the vertical, from a given point in the sea to that at
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wliicli they enter the sea-bed zone, is straightforward in theory but difficult in

practice. In common with the very similar problem of j)redicting the ground

destination of fall-out from a nuclear explosion it requires a detailed knowledge

of the speed and direction of the sea currents in every fluid layer.

The fall velocity of a quartz-density cobble 10 cm in diameter which might

be rafted out to sea by an iceberg and loosed into deep water is about 150 cm/sec

or 5 ft/sec. It would fall to a depth of 10,000 ft in less than an hour and would
drift but little during its fall. On the other hand, since the fall velocity of fine

grains decreases as the square of their size, very small particles may drift

immense distances. The fall velocity of a solid quartz particle 10 [x in diameter

FALL VELOCITY IN CM/SEC

Fig. 1. Fall velocities in water at 20°C of quartz-density grains of average natural shape.

is 10~2 cm/sec, approximately; and the particle would take 10^ h to reach the

10,000-ft depth.

A graph giving the fall velocities in water at 20°C of natural quartz grains of

average shape is shown in Fig. 1.

3. Transport of Sediment over the Sea Bed

The transport of sediment over a gravity bed by the combined action of fluid

flow and of a gravity component parallel to the bed surface is a phenomenon
which occurs in nature under many different conditions. It appears in such

varied guises that, until recently, no common characteristics have been looked
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for as clues to the little understood physical processes underlying the

phenomenon as a whole.

The phenomenon covers sediment transport by wind and by water streams

both in nature and in industrial ducts, and by sea currents with or without

superimposed fluid oscillations due to surface waves. It also covers turbidity

currents, the creep of super-saturated soils, etc., and the flow of slurries. It

extends finally to the simple avalanching, under the action of the gravity

component alone, of sand down the shp-face of a dune, and of material down
the sides of a spoil heap.

While little serious attempt has been made in the past to investigate the

underlying physics, particular aspects of the jihenomenon have been subjects

of interest to one or other branch of engineering technology, each for its o^^Tl

practical purposes, and have been studied in isolation as separate phenomena.

Thus, though a number of separate quantitative theories have been suggested

by which the measiu-ed rate of sediment transport may in particular fields be

related to definable attributes of the sediment and of the fluid flow, the theories

treat of different sets of conditions, assume different attributes to be relevant,

and are expressed in different and often conflicting terms and symbols.

Moreover, since the majority of experiments made have been designed for

j)ractical rather than scientific ends, factual data are in most cases insufficient

to test the general applicability of theoretical conclusions even within a

particular field.

As a subject for broad general study, the phenomenon as a whole essentially

involves the "flow" of dispersed granular solids within fluids, and therefore

occupies a much neglected field between solid and fluid physics. So, it is un-

likely that a proper understanding of the phenomenon can be attained by any

approach based wholly on the concepts of either the one or the other discipline
;

or indeed that the physical processes involved can be described in any

commonly conventional set of terms and symbols.

In this connection it will be as well to be clear at the outset as to the meanings

to be attached to certain terms currently used in very different senses.

The term "friction factor" or "friction coefficient" has entirely diff'erent

meanings in solid physics and in hydraulics. In solid physics, the limiting

friction coefficient signifies the ratio of the shear force or stress, T, needed to

be exerted over a plane of static contact between two bodies in order to main-

tain relative motion between them to the perpendicular force or stress, P,

across that plane (Fig. 2a). The ratio TjP is usually defined as the tangent of

the "friction angle" <j), which in the case of a granular mass is a measure of the

mean angle of contact betw^een the grains. Thus friction coefficient = T/P =
tan ^.

In hydraulics, on the other hand, the friction factor or coefficient, ca, relates

the shear stress over a floAv boimdary not to any fluid stress normal to the

boundary, but to the square of some representative flow velocity, u. Thus

Cd = Tlpu^, The flow velocity of a fluid is independent of any normal stress it

may exert on the flow boundary.
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In the present context the term "friction coefficient" will be used exclusively

in the former, solid sense to denote the ratio of shear stress to normal stress,

as applied to the solid phase alone.

The term "concentration", N, applied to one substance dispersed within

another is generally understood in physics to denote the ratio of the space

occupied by one substance to the whole space (at a particular place if the

dispersion is not uniform). It will here be used only in this sense. Hydraulic

engineers currently use the same term to mean the ratio by weight of the time

rates of sediment-to-water transport in a stream. This is a different quantity

and may have a very different value.

(a)

Fig. 2. (a) Continuous contact friction ; (b) intermittent contact friction by diffusion of

grain momentum.

Taking an aloof view of the phenomenon as a whole, it is at once apparent

that aU its aspects without exception share several common characteristics.

(i) The sediment is heavier than the fluid. Its grains are, therefore, puUed

towards the bed by a gravity component normal to the bed siu'face. If a mass

m of sediment of density ps overlies unit area of any plane parallel to the bed

surface which is inclined at an angle j8 to the horizontal, equihbrium demands a

normal stress to be exerted across the plane, of value [{ps —p)lps]gm cos ^
whether the sediment is moving or stationary. Here p is the density of the

pervading fluid.

(ii) There must also exist in all cases a tangential stress [{ps -p)jps\gm sin /3

due to the tangential component of gravity.

(iii) In all cases the movement of sediment over the bed involves the shearing

of the pervading, inter-granular fluid and a shearing of the sediment grains

over one another and over the bed surface.

(iv) The shearing of any layer of grains settled on the bed and in static

contact with one another requires, as O. Reynolds showed, some degree of

dispersion or dilatation of the grains from one another.

(v) In aU cases this dispersion must necessarily be upwards normally to the

bed surface and therefore against the normal component of gravity.



512 BAGNOLD [chap. 21

(vi) Hence, in all cases, continued steady movement of sediment over the

bed recjuires that however much or httle the moving grains are dispersed from

one anotlier, a normal disjjersive stress [{ps —p)lps]gm cos /3 must be main-

tained across every plane of shear in order that the immersed sediment weight

may remain supported. This must also be true, on the average, in the case of

oscillatory motion due to the passage of sin-face water waves.

Across the shear plane of the bed surface this stress must, over a representa-

tive period of time, have a mean value identical with that existing when the

whole sediment load is settled stationary upon the bed.

The reality of this normal dis])ersive stress acting between the moving

sediment grains and the bed boundary is logically indisputable, as are also the

inference (a) that this stress must result from the dynamics of the shearing

either of the fluid or of the sediment grains or of both, and (b) that the mech-

anism of sediment transport cannot be quantitatively miderstood until the

dynamics of the combined shearing are understood.

It is clear from observational evidence of a qualitative kind that the normal

stress which supports the moving sediment load must arise from two different

dynamical mechanisms. For, though it is inescapable that fine sediment grains

in low concentration are maintained suspended by dynamic fluid forces exerted

by random eddies of turbulence, sediment is also maintained in a statistically

dispersed state as "bed load" under conditions where fluid turbulence is either

absent altogether or incapable of exerting the necessary forces on large grains.

Far too little is understood at present about the mechanism of fluid turbu-

lence to allow of any theoretical prediction as to the load of suspended sediment

which a given flow can carry. But enough light has been thrown on the bed-load

mechanism by a study (Bagnold, 1954) of the collision dynamics of sheared

grain dispersions within fluids to suggest that the most useful a])proach to

the sediment-transport problem is likely to be from the direction of energetics

rather than that of dynamics.

4. Transport Rate and Fluid "Power"

The general background of the new approach to sediment-transport problems

outlined in this and the following sections has been discussed in a general way
in a paper already publishcfl (Bagnold, 1956). The results are introduced here

with special reference to marine conditions, together with summarized versions

of further developments since 1956, a more ample discussion of which it is

hoped will shortly be published as a U.S. Geological Survey Professional

Paper in the series 282.

A. Work Done in Transporting a Bed Load

Repeated coUisions between the solid grains, as they are sheared over one

another and over the bed grains, must necessarily create components of grain

momenta both normal and parallel to the planes of shear (Fig. 2b). The diffu-

sion of the normal components from grain to grain constitutes a normal stress
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P per unit area of shear plane which has the effect of making each grain layer

repel its neighbours. Thus, if this stress were not resisted by an equal and

opposite stress applied either between two parallel boundaries impenetrable

by the grains or by the normal component of the gravity body-force pulling

the grains towards the bed boundary, the grains would continue to disperse

ever further through the fluid. When restrained from expansion by a normal

gravity component, the grain dispersion may be likened to the Earth's atmos-

phere, whose dispersive pressure is in equilibrium with its weight. The stress P
pertains, of course, only to the solid phase.

The diffusion of the components of grain collision momenta parallel to the

planes of shear constitutes a shear stress T which is likewise transmitted from

grain to grain and pertains only to the solid phase. It is additional to the shear

stress T maintained by the shearing of the pervading fluid. The total apphed

stress necessary to maintain the shearing of the combined substances may
therefore be written

:

^ = T + T (1)

It was found experimentally that at high grain concentrations such as occur

within the bed-load zone close to the bed surface the value of the solid-phase

element T may exceed 100 times that of the fluid element r, even when the

densities of solid and fluid are the same. At such concentrations, therefore,

the whole of the resistance to motion may be considered as exerted by the

shearing of the sohd phase. The fluid element did not begin to dominate until

the concentration had been reduced to less than 9%.
Since the same grain collision gives rise simultaneously to impulsive com-

ponents in both directions, the dynamic grain stresses, T and P, are propor-

tional to one another, the proportionality depending on the mean angle
(f)'

of colhsion. Therefore, the ratio TjP is to be considered as a friction coefficient,

denotable by tan
(f)',

just as in the static case of continuous contact. Moreover,

the mean angle ^' was found to be of the same order as the limiting angle given

by the angle of repose of the granular material.

These results open a new approach to the sediment-transport problem. They

render the conventional approach of the hydi'aulic engineer untenable. For the

latter, being largely based on the kinematics of fluid flow, has been handicapped

by the assumption that the sediment grains move frictionlessly, and without

appreciable effect on the internal motion of the fluid.

We can now write down the condition of tangential stress equilibrium at the

bed surface (suffix 0) independently of the degree of grain dispersion above as

:

^p = f-^—L gmb cos ^ (tan ^ —tan j8) -I- to, (-)

Ps

where .^f is the stress externally applied via the agency of the fluid flow, m^ is

the whole mass of the bed load and to is the residual fluid stress exerted directly

on the bed smface and may be neglected when any considerable grain move-

ment is taking place. If the bed inclination, ^ (measured downwards in the
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direction of flow), is small, the term tarijS can also be neglected. But when j3

is increased until P = (f>
the stationary grain bed will move as an avalanche

without any fluid stress being applied.

It should be noted that relation (2) expresses a state of shear equilibrium

between an a^^pliod and a resisting thrust, the thrusts being equal in value but

different in kind. For this reason the externally applied fluid thrust is dis-

tinguished for clarity by a special symbol ^—a capital script T, The whole

applied thrust, including the tangential gravity component, if any, on the solid

phase, would be ^F + [{ps —p)lps\gnib sin jS.

The distinctions between the four different stresses essentially involved in

two-phase equihbrium are shown schematically in Fig. 3.

FLUID STRESSES
FLUID FLOW

APPLIED STRESSES ^-

RESISTING STRESSES

iiiiiiiiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

MOVING

SEDIMENT
LOAD

IIIIIIIIIIPIIIIIIIIII

GRAIN STRESSES

P.-P

P
gm sin /3

P'P
T = -^-^ gm cos /3 tan <^

llilllllllllllllllllllllllllllll

P- P r\
= ^^-^ am cosyS

Fig. 3. Sclieniatic diagram showing conditions of tw'O-phase stress eqviihbrium at base of

a bed load. A part of the applied fivxid stress, ^p, is transferred to the bed -load grains

above the bed boundary, and is transmitted to the bed as a grain stress. The overall

equilibrium condition is expressed by

ar_ . Ps-P
Cy p

Ps
gmsin^ = tq +

Ps-p
ps

gm cos jS tan
(f>.

The implications of the general equilibrium relation (2) as applied to trans-

jjort over a homogeneous grain bed have been discussed in a further paper

(Bagnold, 1956). It was there shown that the residual fluid element to cannot

increase above its value rt =^Pt at the threshold of grain motion over the bed

when m\) is zero ; and as^p is increased to must, in fact, decrease progressively

to a negligible value.

Any increase in ^p must cause erosion of the bed grains, with a resulting

increase in the bed-load weight \{f>s —p)lps]gnib cos /3 imposed on the new bed

siu'face and holding it down, together with a corresponding increase in the solid-

phase resisting thrust as given by the first term on the right of relation (2).

Moreover, as the bed load increases, so does the concentration of grains in its

bottom-most sheared layer, with the effect that the intensity of turbulence in

the fluid between the grains is appreciably reduced. It is reasonable to conclude

that when a certain transitional stage of bed movement is exceeded the fluid

flow may be considered as unaffected by the existence of an underlying
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stationary boundary. The whole resistance to flow, in the two-dimensional case,

is that exerted by the solid phase.

Unfortunately, no experimental methods have been devised for measuring

either the load w?, of grains moving over a grain bed or the mean speed Ui,

of their travel. But the product niDUb is the rate jb of mass transport of the

load per unit width. This is measurable j)rovided there is no additional load

transported in suspension by fluid turbulence.

Since the tangential thrust stress required to maintain the bed_load in

motion is [{ps -p)lps\(jmb cos j8(tan ^ -tan ^), multiplication by Ub gives

the work done by the fluid in unit time, i.e. the fluid "power" expended per

unit of bed area in transporting the bed load. Whence fluid power expended =

[{ps -p)lps]gjb cos ^ (tan ^ -tan ^).

CaUing the quantity [{ps - p) Ips]gj b cos ^ the "dynamic transport rate" ib,

we have

:

Fluid power expended = ib (tan
(f>
—tan /3). (3)

This is the fluid energy that is converted directly into heat in unit time by

inter-granular friction per unit of bed area in the process of transporting the

bed load.

B. Available Fluid Power

Now let us regard the fluid as a transporting machine, and apply the principle

of energy conservation. The power, ib (tan ^-tan /3), expended in transporting

the bed load must be some proportion less than unity of the whole available

fluid power.

The available fluid power per unit boundary area is the whole fluid energy

dissipated into heat in unit time per unit of bed area by the effects of boundary

resistance. Let this be denoted by oj. We can now write

:

H = CO —;
-z, (4)

tan
(f)
—tan p

where ej, is an efficiency factor which must be less than unity, and both ib and

CO are measurable in the same units, i.e. of power.

In the case of a steadily flowing water stream, and also in that of a train of

stable surface waves proj)agated in shallow water, the value of co can be found

directly.

The power, oj, of a stream, per unit area of its bed boundary, is ^pu, where

u is the steady mean velocity of flow. Since ^p is the decrement of flow energy

per unit distance, x, travelled by the water, we can write

:

CO = ^fu = pgh -7— u, (5)

18—s. Ill
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Avhere h is the constant flow depth, H is the energy head, and clHjdx is the

energy gradient, tan ^, due to the gravity slope.

The A\hole power transmitted forward by a train of surface waves of height

H is given by l,pgH -Cn, where u is the proportion of energy travelling forward

with Mave phase velocity C. Hence the power co per unit of bed area is in the

present context the decrement of the transmitted power per unit of distance

travelled by the waves. Thus, oj = lpg d{H^Cn)ldx, which for propagation over

constant water depth and therefore at constant velocity, becomes

which is of j)recisely the same form as relation (5).

In arriving at (6) it is, of course, assumed that the decrement of the trans-

mitted power is due entirely to energy losses by fluid drag at the bed surface.

When the waves break, the much larger power decrement is likely to be due

mainly to other internal energy losses not associated with bed drag. This needs

fm-ther study, in particular of the variation in the amount of energy loss by bed

drag with variation in the kind of break which takes place.

In the case of a ground wind, as in that of a sea-bed current, the fluid flow

relative to the boundary is not maintained by a gravity fall but by an in-

determinate combination of a j)ressure gradient, of the inertia of large fluid

masses, and of a downward transmission of shear stress from above. In such

cases the power oj may be inferred from the following general considerations

aj)plicable to all cases.

The power, co, is essentially measureable as the product of the boundary

stress, ^F, arising directly or indirectly from the motion of the fluid, times its

flow velocity, u', at some effective distance from the bed boundary. An ex-

amination of the experimental data on wind-blown sand (Bagnold, 1936)

suggests the effective distance to be that of the "centre of pressure" at which

fluid momentum is transferred to the bed-load grain dispersion.

In general, writing u' = CrU^=Cr-\/{-^fJp), where Cr is a numerical coefficient

to be determined experimentally, we can define the available power as

:

OJ = Cr^F^^'^IVP = CrpU^. (7)

In this fonU, by assuming Cr to be a general constant under conditions of no

suspended load, and by making certain quite general assumptions as to the

theoretical value of Creb, it was found j^ossible (Bagnold, 1956) to predict

the value of ii, to a good approximation from relation (4) both for water-driven

sands in laboratory flumes and for wind-driven sands.

Moreover, the bed-load theory as given by Bagnold (1956) ajjpears to account

satisfactorily not only for the variation of ii, with grain size but also for the fact

that beds of grains smaUer than the order of 1 mm diameter become spon-

taneously rippled under the flow of water whereas beds of larger grains do not.
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G. Work Done by the Fluid in Transporting a Suspended Load

The fluid power expended in transporting a sediment load in suspension by

fluid turbulence can be found by reasoning similar to that leading to

relation (3).

Suppose a mass nig of sediment grains is maintained supported by fluid

forces arising from the diffusion of upward eddy momentum components, and

is transported at a mean speed Us. Under steady transport conditions the

fluid must exert a normal stress [{ps —p)lps]gms cos ^ in order to support the

load. If the fall velocity of the grains is w relative to the fluid surrounding them,

the fluid must in unit time do 'work equal to [{ps —p)lps']gmsW cos /3 in raising

the grains at the velocity w to keep them statistically at a constant distance

from the bed. Substituting isjUs for [(ps —p)/ps]gws cos jS^the work done by

the fluid in unit time, i.e. the power expended, will be ivisjUg. But the existence

of an energy gradient in the direction of flow, owing to a gravity slope tan j3, _
will reduce the work done by the fluid by an amount is sin ^.^[(f^. : m, L^ c^'f^ ^

Hence, the power expended by the fluid in transporting a suspended load at

the dynamic rate is must be

is {^^
-tan

^ (8)

The power expended in transporting the bed load being e^oj, the remaining

power, (1 — e^)aj, is notionally available in the form of a rate of supi)ly of

kinetic turbulent energy to maintain the suspended load. Writing €« as the

suspension efficiency, the total transport rate, in terms of i = ib + is, is ex-

pressible by

i = ib + is = K>CO

or

where the dimensionless coefficient K = ilaj is the value of the group within

brackets on the right.

It is not possible experimentally to make any separation of the measured

values of i into its elements ib and ig. So the relative factual values of e^ and eg

remain unknown. Fm-ther, our understanding of the precise mechanism of fluid

turbulence is insufficient to enable es to be deduced by theoretical reasoning.

However, on empirical evidence obtained from water-flume experiments,

augmented recently by unpublished evidence from a number of natural rivers

in the U.S.A., it appears, provided the gravity slope tan ^ is less than either

tan or wjUs, the overall coefficient K attains a maximum value which is a

constant for the system concerned. In other words, it appears that a critical

value of the power a* exists at which both €b and eg attain constant values,

and at which, therefore, the total sediment transport rate becomes proportional

to the power o).
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The evidence so far available suggests that the ultimatel}' constant value of

K is n function of the scale of the flow in terms oi hjD, where h is the flow depth

and I) the mean grain diameter of the transported sediment ; and, further,

provided the gravity slope tan ^ is small compared to wjUg, K is independent

of the absolute value of D. Over the large range of scale from miniature labora-

tory streams to the Mississippi river, A'max apjDears to have values of the order

of I logio {hi I)). The reason for this apparent scale effect is not clear. The scale

of the turbulent eddies may be involved.

D. Transport under Oscillating Water Motion due to Surface

Waves

From the generality of the reasoning leading to (9), it seems likely that the

mean rate, i, of to-and-fro transi^ort of sediment over the sea bed by a purely

oscillatory motion of the water close to the bed will also be found by experiment

to attain proportionality to the power co as given by (6).

Since the mean rate,y, of the to-and-fro transport is equal to rnllo, where m
is the mean sediment mass supported over unit bed area and Uo is the mean
velocity of the sediment's to-and-fro motion, the immersed weight of the

supported sediment will be ijUo, which by (9) can be written T^'co/C/o. Since

the sediment is already supported by the wave action, no additional

tangential stress should be needed to produce a transport of sediment at

velocity Ue by a bed current of velocity Ue in any direction 6. Hence, assuming

as a reasonable approximation that UelUo'^Ueluo, where uq is the orbital

velocity measured at the same distance from the bed as Ue, the sediment

transport rate in the direction 6 should be given by

ie = K'<o—. (10)
Uo

Before proceeding to discuss the property of surface waves in shallow water

of creating a bed-drift current of their own, it is convenient here to point out

a particular implication of relation (9) which appears to throw light on a

number of puzzling phenomena including turbidity currents.

5. Auto-suspension of Sediment: Turbidity Currents, etc.

The theoretical possibility of this phenomenon was briefly alluded to by
Bagnold (1956, p. 270). Since then factual evidence of its widespread existence

has emerged in the course of research carried out under the auspices of the U.S.

Geological Survey.

Just as a sediment bed will transport itself in unlimited quantity as an

avalanche of bed load, Avithout any energy supply from the fluid, when the

gravity gradient, tan /S, becomes equal or exceeds the internal friction gradient,
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tan
(f),

so we should expect a suspended load to transport itself to an unlimited

extent when tan ^ exceeds the gradient ivjUs.

The power expended by the fluid in supporting the suspended sediment load

is isWJUs. The power expended by gravity directly on the sediment is ig tan j8.

But the latter power is transmitted from the sediment grains to the fluid

surrounding them. Hence, if tan jS exceeds wjUs, the suspended sediment, owing
to its excess density, has the effect of j)ushing the fluid along instead of vice

versa. A vessel floating down a river has no excess density so it cannot push
the water along.

This concept appears first to have been suggested by Knapp (1938, p. 501),

but its significance was overlooked and it was arrived at independently by
Bagnold (1956, 1962). The reality of the effect, which is confined to conditions

of turbulent fluid flow, should be manifested in the foUowing ways:

(a) The transport rate, ig, of such sediment grains as have fall velocities w
less that Us tan ^ should be unlimited, except by availability of material, and,

ultimately, at very high concentrations, by the suppression of fluid turbulence

as the apparent viscosity is increased.

(b) Contrary to existing theories of turbident suspension, all of which
l^ostulate a continuous increase in concentration downwards towards the bed
boundary, sediment grains for which w<Us tan ^ should tend to distribute

themselves uniformly throughout the fluid.

(c) Grains for which w just exceeds Us tan ^ should be found in streams in

greatest concentration where Us is greatest, i.e. in the upper fluid layers where
the fluid velocity u is greatest.

AU these manifestations have actually been observed. Extremely large

sediment-transport rates have on occasion been measured in rivers. But, as

far as the available data have been analysed, the mean sediment size is in every

case that for which the fall velocity w is less than Us tan ^ (Us being measured
approximately as the mean flow velocity, u, of the river). It is weU known to

hydraulic engineers that fine silt carried in suspension by water streams does

not tend to concentrate towards the bed, but is distributed uniformly through-

out the flow. The results of sediment samphng in rivers frequently disclose the

anomaly that although the overall concentration of suspended solids increases

downwards towards the bed the concentration of fine suspended grains

diminishes downwards towards the bed instead of increasing as conventional

theory requires.

The evidence for auto-suspension ajjpears sufficiently strong to justify

applying the reasoning which predicted it to the problem of turbidity currents

along the sea bed.

Consider, from the viewpoint of energetics, the conditions necessary for the

self-maintenance of a turbidity current of uniform thickness h flowing over a

gravity bed inclined downwards at an angle ^ (Fig. 4). Let the concentration,

N, of solid grains of density ps and having a fall velocity w be supposed uniform

and let the current velocity of both solids and liquids be u.

The immersed load weight perpendicularly over unit bed area is {ps —p)gNh ;
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and the fluid in tliis case contributes nothing to the appHed power. The avail-

able power is therefore given by

a> = {ps —p)gXh sin ^-u, (11)

which is the tangential gravity force on the solids times the velocity of their

movement.
Of this power a part {ps —p)gNhw must be expended via the agency of the

turbulence in the driven water in maintaining the load of solids at a constant

height above the bed. A further part must be expended in maintaining the flow

of the current water at the velocity u. The power for this is to«, where to is

Fig. 4. Initiation, and progress of a self-maintaining turbidity current.

the fluid resistance exerted at the flow boundary. Neglecting for a moment the

extra resistance exerted at the upper flow boundary, we can regard the water

current as a river. The stress to can then be expressed in terms of u and h by
the semi-empirical relationship

_ ,-Jto\* lS.2h
u = 5.751 — 1 logio

J.
,

which appears (Francis, 1957) to be a rational generalization consistent both

with the Prandtl-Karman theory and with well established practical flow

formulae applicable to broad straight flow in open channels. This relationship

gives

'3 I3.2h
rou - — log 10-

Di
(12)

I

where Di is the effective size of the boundary roughness.

The criterion that the turbidity current shall be self-maintaining is, therefore,

{p, -p)gNh{u sm ^ -iv) -^^ log-^ -^-

or

1 p.-p
u^ p

where Ti must always exceed wl^in §.

gNh log2 H^' (sin 13 -A ^ 0.03, (18)
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For beds of fine sand or silt which become rippled, the length Di is some-

where between the ripple length and the jjarticle diameter. So a length of 1 cm
would not be far wrong as a rough estimate.

To allow for the effect of the upper flow boundary, the number 0.03 on the

right of (13) could be increased to say 0.045 or 0.06. But an assumption has to

be made here that the concentration N remains sufficiently small for the dis-

persion of solids in the fluid to have no appreciable effect on its flow resistance.

If N exceeds, say, 1% (by volume), the flow resistance, and, therefore, the

number on the right, is likely to increase.

The criterion (13) predicts that a turbidity current cannot continue to flow

indefinitely down a dechned bed under still water unless it has initially attained

a finite velocity u such that u sin /3 exceeds the fall velocity w of its solid

particles. It also predicts that for a given value of {sin ^ —wju) the "scale ''''

factor", NhlogiQlS.'IhjDi, must exceed a finite Hmiting value; for given

values of sin j8 and w, the scale factor should be a minimum when ivju =

2 sin ^/3.

Further it suggests that, if the initiating event, e.g. an avalanche, results in

the value of the expression on the left exceeding the number on the right, the

flow might become unstable and might begin to "snow-ball". The excess power

might tend to increase as the current progresses by the entrainment of more

sediment from the bed, until ultimately a power balance is set up by a resulting

increase in u.

The general idea seems sufficiently reasonable to provide a useful guide both

to what is physically possible in nature, and also to the design of laboratory

experiments whereby the jjhenomenon could be studied under controlled

conditions.

For instance, suppose in nature a major avalanche down a steep continental

slope were to result initiaUy in a stationary ball of turbidity of height h ' con-

taining a mean concentration N' by volume of dispersed sohds of quartz

density ; and suppose that the excess hydrostatic pressure at the base were to

accelerate a current, of ultimate thickness A = 500 m and of concentration

iV = 0.01, to an ultimate speed ^ over an ocean floor sloping at 0.6" (sin ^ = 0.01).

Evaluation of (13) for flne sand {w<^u sin |8), taking the number on the right as

0.045, gives the speed, u, attainable to be 25 m/sec. If the entrained sediment

were such that w = ^u sin /8, u would be reduced by a factor l/\/3 to 14.5 m/sec,

for which w=lO cm/sec (grains of 1 mm diam.).

The current might well, of course, drive still larger grains over the floor as

un-suspended "bed load".

Acceleration of the current to these high speeds must, however, involve

considerable initial pressure heads. The excess height, h', of the original

turbidity must exceed u^l'2{ps -p)gN' . If ^ = 25 m/sec, h' must exceed 1900 m
for iV' = iV = 0.01, but N' might have a considerably larger temporary value

during the initial stage, while large solids were still falling out.

The criterion (13) suggests that a self-maintaining turbidity current of the

kind described should be easily reproducible on a laboratory scale on somewhat
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exaggerated slopes, using sediment which has an appreciable fall velocity. An
important requirement here would be that the mean eddy velocities of the

turbulence sufficiently exceed the fall velocity w, so that fully developed

suspension is ensured. 'J'hus, indejjendently of (13), the current velocity m
created by the initial disturbance might have to be 20 to 30 times iv.

The experimental verification of (13) would be of considerable interest. In

particular one would like to know the precise value to be given to the number
on the right when an upper-fiuid-flow boundary exists, and also the limiting

concentration N at which this number begins to increase appreciably.

Auto-suspension may also occur when the fresh water of a sediment-laden

river outflows over the heavier sea-water (sometimes for distances of several

hinidred kilometres). By existing theories suspension of sediment by turbulent

flow cannot be maintained unless there exists a continuous increase in con-

centration downwards to a sohd flow boundary. In this case there is no such

boundary, and a downward increase in concentration would seem to be im-

possible. So the suspended sediment would be expected to fall out at the same
rate as if the outflow of the overlying fresh water were non-turbulent.

But auto-suspension allows of the retention of sediment whose fall velocity

IV is less than u tan /8 provided the flow remains turbulent. Here u is the flow

velocity of the fresh water over the salt water and tan 13 is the residual flow

gradient of the river. Accordingly, the turbidity should disappear somewhat
abruptly, as it is observed to do when the Reynolds Number, uhjv, of the flow

falls below, say, 2500 and the turbulence dies out. For observed end-thicknesses

of the fresh turbid layer of 15 cm, its velocity u of flow should be about 1.6 cm/

sec. Assuming a residual surface water gradient of 10~6, the critical fall velocity

w would be 1.6 x 10-^ cm/sec, and particles 0.1 pi in size would persist at the

water surface until the final cessation of turbulence.

Measurements of the depths of the fresh-water flow, of its velocity relative to

the underlying sea-water, and of the sediment size and concentration at varied

seaward distances from the river mouth w^ould be of much interest.

FinaUy, auto-suspension may account for the existence of a lower limit to

the size of shore sand. Though the beds of estuaries often consist of fine silts

and muds the sands of open sea shores rarely contain grains less than 0.15 mm
in size. Taking | knot or 25 cm/sec as a fair average for the onshore and off-

shore currents due to waves, and 3° (tan /3 = 0.05) as a fair average bed slope

offshore of the breaker zone, all sediment grains whose fall velocity is less than

25 X 0.05 = 1.25 cm/sec shoidd tend to become uniformly dispersed in the turbu-

lent water of the breaker zone, and, therefore, to diffuse outwards into deeper

water. From Fig. 1 the grain size corresponding to this fall velocity is in fact

0.15 mm.

6. Wave Drift

Wave theory considers water motion relative either to still water "elsewhere"

or to axes stationary with regard to the mean position of all the water particles
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in the whole water body. It takes no account of general water drifts relative to

the bed boundary, such as may be caused by wind, tides and other agencies.

Water motions due sj)ecifically to the passage of waves must, therefore, be

superimjDOsed on any other motions that may exist.

It is usual in the experimental study of wave effects as such to prevent any

drift of the water as a whole by confining the water within a closed channel.

Under these simplified conditions classical theory predicts, and experiment

confirms quantitatively, that in deep water a wave train of finite height causes

a drift of surface water in the direction of wave travel, and a corresponding

return drift beneath.

When in shallow water the wave oscillations extend down to the bed boundary,

classical wave theory, which neglects all boundary drag, permits the return

drift to extend down to the bed. Experiment (Caligny, 1878; Bagnold, 1947)

has shown that on the contrary a forward drift occurs along the bed as well as

at the surface, the return flow being confined to intermediate depths.

Longuet-Higgins (1953) has shown that classical theory can be extended to

take account of bed drag by the introduction of a thin boundary layer within

which the to-and-fro displacements close to the bed are assumed to dwindle to

zero at the actual bed surface. This extended theory predicts both the fact and

the magnitude of the forward bed drift, provided the boundary layer is supposed

free of mobile sediment.

For a wave of full height H in a water depth h , the orbital velocity uq close

to the bed is assumed to be given by

ttH I . , 27rh

where T is the period and L the wavelength. If the depth to wavelength

ratio, h/L, is small, this reduces to

H

where C is the wave phase velocity.

Taking wq as the orbital velocity just above the boundary layer, the predicted

drift velocity, u, is given by

u
5 llQ^

= M— C when h <t L. (14)

It will be noticed that in the case of "long" waves {h<^L), a case where the

wave velocity C depends mainly on the depth h and not on the wavelength,

neither the orbital velocity uq nor the drift velocity u is, according to the

theory, dependent on the wavelength.

Longuet-Higgins' theory, as applied to a sediment-free bed and as tested
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over a wide range of experimental conditions in the laboratory, has been found

(Russell and Osorio, 1958)i to be remarkably consistent with the facts except

in one significant case. There can be little doubt also that, in general, the

passage of a wave train creates a differential shear stress on the bed boundary

in the direction of its ])ro])agation.

Unfortunately, Longuet-Higgins" theory, which involves the dynamical

distortion of the boundary layer as the waves pass over it, is inapplicable when

the boundary layer contains dispersed sediment. This is because the dynamical

properties of the layer substance will be changed in an undefinable way.

Nevertheless, experiments in a wave tank (Bagnold, 1947) have demonstrated

qualitatively that the passage of "long"" waves over a sediment bed creates the

same forward drift of water close to the bed, together with a progressive trans-

jiort of sediment in the same direction. The drift velocity was found to be less,

but the drift extended to a greater height.

It appeared, however, that contrary to the sediment-free case, both the drift

velocity and the sediment-transport rate for waves of a given height H decreased

to zero as the wavelength was reduced, although in all cases the waves would

be classed as "long". The larger the wavelength the greater the sediment-

transport rate was found to be, which seems consistent with experience in

nature.

Thus in tentatively substituting u of relation (14) for Ue in (10) to give,

*(wave drift transport) = K"ojUojC

= K"<oHl2h, (15)

it must be remembered that K" is likely to be a function of the wavelength.

This aspect deserves experimental study.

The exceptional experimental condition mentioned above suggests that a

complication may be found when, as in the open sea, the constraints imposed

in a narrow channel are removed. When the channel width in Russell"s experi-

ments exceeded a certain multiple of the water depth, the wave drift along the

bed. which was otherwise uniform across the section, showed signs of in-

stability, becoming greater on one side than on the other. This suggests that,

in still wider channels, the wave drift may break up into circulations in a

plane parallel to the bed. If so, a random scattering of sediment would tend to

be superim]iosed upon a smaller forward drift.

It is possible that the same kind of lateral instability gives rise to the well

known circulatory motion of the swash on a sand beach.

Another complication is likely to be introduced in the open by the effects of

surface wind. Still confining attention to the sim])Ie conditions of a closed

channel in which it is possible to make controlled exi)eriments, a superimposed

wind in the wave direction would be expected to affect matters in two ways, i.e.

(a) A direct wind drag on the water surface will, if sustained, create a

1 This contains a useful summary by Longuet-Higgins of his theory, which he has

extended to include the case of a turbulent boundary layer.
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circulation in the vertical plane, forwards at the water surface and backwards
below. The latter, backward drift below is likely to reduce or even reverse the

forward wave drift, but in the absence of controlled experiments it is not known
for sure whether the circulation due to wind effect is continuous or of a repeating

cellular type.

(b) Under an imposed, surface-wind drag the water waves, being no longer

wholly self-propagating, have a different character. Considerable turbulence

develops from the water surface downwards, in addition to the turbulence due
to bed drag. The effect of this on the Longuet-Higgins bed-water drift attribu-

table to the waves cannot be predicted theoretically. Its experimental study,

in common with that of many other wind effects, awaits the construction of

suitable laboratory apparatus.

7. Threshold of Bed Disturbance by Fluid Action

A. Steady Unidirectional Flow

The threshold at which cohesionless bed grains are just disturbed and set in

motion is usually assumed definable by the critical value of the mean distri-

buted stress, TO, exerted by the fluid flow on the bed surface. The critical value,

Tt, is that at which gravity and frictional forces holding the least firmly bedded
grains in place are just overcome by fluid forces.

On this view, following the work of Shields (1936), the natural threshold

criterion is the ratio dt of the critical shear stress rt to the immersed weight,

represented by {ps —p)gD, of the topmost grain layer of the bed. dt thus has

the nature of a generalized friction coefficient which takes both grain size and
grain density into account. We have, therefore,

dt = Ttl{ps-p)gD. (16)

Under precisely similar conditions of grain size and bed packing, of bed
surface configuration, fluid turbulence and degree of steadiness of the flow, and
of the mode of application of the applied fluid forces to the individual exposed

grains, the threshold friction coefficient 9t would be expected to be a constant

number.

For fully turbulent flow over flat beds of natural grains exceeding about 1 mm
in size, which do not spontaneously become rippled under continued flow over

them, the value of dt has been found, in fact, to be very nearly constant,

varying only between 0.04 and 0.06. In the case of beds of finer grains, the

ripples of which have already become fully developed by a previous flow, 9t is

found to increase with decreasing grain size, from 0.04 to 0.25 or more, owing

to the "form drag" exerted by the ripple features.

The variations of 9t with grain size, calculated from Shields' experimental

results, are shown in Fig. 5 by curve A for grains of quartz density, ps = 2.65, and

by curve B for lighter grains, ps= 1.5. But Shields' results refer to initial move-

ment over beds which had been artificially smoothed out. For reasons explained

in Bagnold (1956), however, uniform grain movement over smooth beds of
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grains less than about 0.7 mm in size is associated with an inherent instabihty

owing to which the bed surface becomes rippled iiiuh r any continuing move-

ment.

'I'liougli the i)rimary rii)i)Ie system thus created offers but little form drag,

it becomes increasingly lial)le to a second instability as the grain size is further

reduced. This second instability is associated with the interaction between

the raised ripple features and the scouring effects of the vorticity the raised

boundary form creates. It results in the formation of another ripple system

which offers considerable form drag.

Though much more controlled experiment is necessary, it seems on existing

evidence that the threshold value of 6t, if measured after the secondary ripple

or

or
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Under wholly laminar flow, 6t appears to have the same high order of value

as is found (curve C) for a grain size of 0.2 mm under turbulent flow.

Provided no other grains are moving in suspension at the time the threshold

stress Tt for a particular grain size D is considered, the value of rt may be
calculated from the measured velocity gradient of the fluid above the bed by
the Karman-Prandtl relation which gives :

If velocity measurements are made at distances such that z-2=\0zi,

loge (22/31) = 2.3, and for sediment-free flow of a fully turbulent fluid, k = 0.4,

whence u^ = 0.174{w(i02) —U(z)}, where Wi and U2 are measured flow velocities at

distances Zi and Z2 from the bed, and k is the Karman constant, approximately

0.4 for a homogeneous fluid. When suspended sediment is present the fluid is

not homogeneous, and the value of k is found to be apf>reciably reduced. Stress

determinations from measured velocity gradients are, therefore, unreliable.

In the case of a laboratory flume, n can of coiu-se be measured directly as

pgh tan ^.

B. Oscillatory Water Motion under Waves

There appears to be no theoretical or experimental justification for assuming
that the effective threshold stress, t<, bears any similar relation to the orbital

velocity near the bed, in the case of oscillatory water motion, as rt bears to

the velocity gradient in the steady flow case. The Karman-Prandtl relation in

the latter case presupposes the establishment of a constant and j^ei'sisting

turbulent boundary layer, and such a layer camiot become established when
the flow is continually changing in direction, unless the amplitude of the water
oscillation is very large, as in tidal currents.

Experimental evidence (Bagnold, 1946) has shown that for semi-amplitudes

of up to 30 cm the water osciUated over flat, unrippled, grain beds without

forming any appreciable turbulent boundary layer. The distortion of the

water close to the bed occurs as simple viscous shear.

It is clear from the evidence that the threshold of grain movement on an
unrippled bed is determined not only by the orbital velocity but also by the

relative value of the end-of-stroke acceleration which, for the same orbital

velocity, increases with decreasing amplitude.

In Fig. 6 the experimental data from Bagnold (1946) are plotted as threshold

orbital velocity, Uot, against the semi-amplitude, r. It will be seen that it is

impossible to extrapolate with any certainty to larger amplitudes at which Uot

might be expected to become constant and independent of r. Quantitative

experiments will have to be made on a considerably larger scale.

There appears to be no similar information relative to conditions where the

bed sm'face is already rippled ; and it seems that, at present, we have but little

reliable knowledge about the threshold of bed movement under full-scale sea

conditions.
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Further, wliile there can be httle doubt that the threshold of bed disturbance

is definable as a threshold stress, it is by no means certain that under all

conditions the available power oj will be sufficient to maintain the transport

of the distiu'bed grains, either in the steady or in the oscillating cases. If the

value of to were to be insufficient, it is reasonable to sup])ose the result would

be a piling up of the excess disturbed grains to form raised features of some

kind.

CO
cc.

o
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SEMI-AMPLITUOE, r (cm)

Fig. 6. Threshold of grain movement on an vinrippled bed by oscillating water movement
in terms of orbital velocity and amplitude of water displacement over the bed.

On this view it may well be that the threshold of bed movement will be fomid

to be better defined in terms of the power ojt in the dimensionless form

(jotlips —p)9D[{ps —p)gDlp]'^ than in terms of the bed stress, t<, in the dimension-

less form dt = rtl{ps -p)(jD.

This problem, like so many others in the field of sediment movement, calls

for critical experiment designed specifically to throw light on the physics. It is

unlikely to be solved by speculations based on the results of engineers' experi-

ments designed for particular practical purposes.



PART II. LITTORAL PROCESSES

D. L. InmanI and R. A. Bagnold

(For list of symbols and definitions, see p. 550)

8. Introduction

The application of the general principles of sedimentation to conditions close

to a shore as propounded in Part I of this Chapter is complicated by the

essential presence of an upward bed slope, and by the fact that this slope,

extending to the water surface, introduces a barrier to the mass transport of

water associated with surface waves and winds. Further complications are

caused by tidal variations of water depth relative to any given point on the

littoral slope. Not only does the ui)ward httoral slope distort the oncoming

waves until, becoming unstable, they begin to dissipate their energy by break-

ing, and thus cease to behave consistently with existing wave theory, but also

it introduces special currents having components both longshore and offshore.

Littoral processes have been watched at work and their effects frequently

described. The physical mechanics of the processes have been speculated upon,

but no claim to a reliable understanding of a natural process can be accepted

until it can be explained in terms of basic natural principles, and all of its

effects can be predicted to the extent of successful reproduction at wiU under

controlled conditions in laboratory models. It is our intention here to outline

the degrees to which the natural processes controlling the form assumed by the

littoral sea bed have been successfully reproduced in models, and to offer some

tentative physical explanations.

9. Littoral Profile : Two-Dimensional Case

A. Definitions

Although the precise demarcations are blurred in nature by tidal variations

of levels, it is convenient to divide the littoral boundary into three marine

zones

:

(1) The offshore zone, extending from the bed contour at which the depth

admits disturbance of bed sediment by wave motion inwards to the contour at

which the waves begin to break.

(2) The surf zone, in which the waves dissipate their energy by surface

turbulence.

(3) The swash zone, comprising the beach proper, in which the residual wave

motion consists of successive surges up and down the beach face.

The great majority of model experiments designed to gain an understanding

of the natural processes, rather than to further engineering projects, have been

restricted, on grounds of economy, to the ideal two-dimensional case. Waves

of specified height and w^avelength (or period), generated mechanically, are

1 The support of the Office of Naval Research over many years has made this work

possible.
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made to travel in a narrow water tank over a bed of specified sediment material

inclined n})wards at an arbitrary initial slope to the water sm-face. The action

is contimied until progressive change of the bed by wave action has ceased.

The inherent limitations of such experiments made in narrow tanks are that

the mean mass transport of water over the bed is zero everywhere, and that all

motions both of water and of bed material are constrained to take place only

in the plane of wave motion.

A further, human limitation, applicable to all model experiments in this

field, is imposed by the time available for experiment. The rate of sediment

displacement in the offshore zone decreases with increasing depth, till it

becomes very slow. In order, therefore, to achieve a mature littoral profile in

the time available, the initial littoral slope is usually made to extend steeply

to the depth at which bed movement ceases. This limits the quantity of sedi-

ment amenable to movement, so that no progressive building out or recession

of the profile is possible.

Nevertheless, in general, the mature model profiles reproduce the main

characteristics of natural littoral profiles to a degree which is surprising in

view of the great discrepancy in the sediment-scale ratio in terms of wave

height to grain size.

It is surprising, too, that the well known and marked difference in profile

form and slope that occurs between cobble and sand beaches in nature is

reproduced in smaU models using materials of natural size. This fact is of

sufficient interest to demand a physical explanation.

B. Energy Profile

The mean gradient of wave energy due to energy losses by bed friction, and

by surface turbulence within the surf zone, is always onshore. But since the

energy gradient due to bed friction is always in the direction of local flow

relative to the bed, we have, superimposed, local fluctuations onshore and

offshore due to the wave oscillations.

Consider any unit area of a littoral slope, locally inclined at an angle /S to the

horizontal. The energy loss, AEi, over this unit area due to bed friction, in-

volving appreciable sediment displacement during the time of onshore water

displacement, may be assumed proportional to the mean force exerted by the

water on the displaced sediment times the distance x that it is displaced. If

the coefficient of intergranular friction is tan
(f),

and the displaced sediment

mass is wi per unit area, we have

AEi = a ——- gniiXi cos ^ (tan ^-Htan /S),

Ps

where, following the notation of Fig. 3, the tan /3 term represents the gravity

component tangential to the slope, (p., -p)lps is the buoyancy factor, and a

is a coefficient of proportionality.

Owing to losses of various kinds, including percolation into the beach, the
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energy of the returning water will be less. So the corresponding frictional

energy loss, AE2, over the same unit area will be less. For the return water

displacement we have

JE2 = a ——- gm2X2 cos B (tan ^ —tan j8).

Ps

But if the littoral profile is mature, as much sediment must be carried down
the slopes as is carried up. Hence 1712X2 = miX\ and

AEi -AE2 SE 2 tan ^
AEi AEi tan ^ + tan ^

thence

tan|8 = hE ts^n 4>1{AE I +AE 2),

or, writing AE2 = c AEi,

1 —

c

tan^ = tan<^- (18)

The friction coefficient tan being a constant (0 being approximately the angle

of repose of the material), the littoral angle /3 should be independent of the

linear scale, but dependent on the ratio of the energy deficit AE\ —AE2 = 8E
elsewhere to the loss AEi over the local area. If the deficit is large, so that c

approaches its limiting value of zero,

tan /3 -^ tan ^

and the beach stands at the angle of repose of the material.

If there were no deficit, i.e. if the water tranquilly returned without loss of

energy having flowed down a frictionless bed, the angle ^ would approach zero.

C. Permeability and Sand Size

The loss of energy between flow and return, which gives rise to the deficit

SE, may be due wholly to bed friction, in which case it may be expected to

decrease with decreasing grain size, for the grain size should determine not

only the boundary roughness but the additional energy loss arising from under-

water percolation tangentially through the bed under the large tangential

pressure gradients associated with the travelling waves.

The permeability of the bed material may be expressed, independently of

wave scale, as the water discharge perpendicularly through unit area of a bed
of thickness equal to the perpendicularly applied head of water. The percolation

discharge decreases very rapidly as the grain size of the material is decreased

from that of pebbles to that of sand. This is because the flow within the pore

spaces then changes from turbulent to laminar. Thus, while sands are relatively

impermeable, pebbles and larger materials are very permeable and permit

considerable energy losses within the bed. This probably explains why the same
wave attack displaces a far greater mass of large-grain material than of small.
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Permeability also affects the slope of a swash beach of coarse material in

another way. A loss of swash energy occurs over the iqiper part of the beach by
a mass loss of water l)y downward gravity percolation. As a consequence the

vahie of c in relation (18) decreases progressively towards the beach crest where

it may actually become zero, there being here no return flow at all over the

beach surface. Hence, on model pebble beaches the angle /S increases pro-

gressively upwards, and may approach the angle of repose, just as it is found

to do in nature. It has been shown (Bagnold, 1940) that the increase in beach

slope towards the beach crest can be prevented in the model by the insertion of

an impermeable plate just below the beach surface.

Fig. 7a shows the profile of a typical model beach of small pebbles (diameter
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The transition from pebble material to sand material is associated both in

models and in nature with a considerable decrease in the general littoral slope.

Since the height to which the swash rises on a beach face cannot be appreciably

less than the wave height H, the width of the beach must be given approxi-

mately by H cot /3. For small slopes the beach width will increase very rapidly

with decrease in ^. Thus, whereas the width of the pebble or cobble beach

rarely exceeds the minimum possible wavelength, that of sand beaches may
exceed the wavelength of short, steep waves. Similarly, whereas the period of

up-surge and down-surge on the pebble beach rarely exceeds the wave period

either in models or in nature, the corresponding period on a sand beach is

relatively far larger. Both of these factors, wliich are inter-related, appear to

affect the manner in which the wave breaks, and in consequence the resulting

littoral profile.
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Fig. 8. Comparison of mature miodel beach profiles formed by long waves {La/H(i = 19),

and by short waves {L(i/H(i = 2\), of nearly constant height. The model beach con-

sisted of coarse sand with a median diameter of 0.56 mm ; in each case the beach was
given an initial slope of 1 : 15 (4'^) and then subjected to waves for a period of 10 h.

Waves were generated in water 3.0 ft deep, but tabulated parameters are those com-
puted for deep-water conditions. (After Corps of Engineers, 1947.)

D. Wave Steepness i

Fig. 8, reproduced from the Corps of Engineers (1947, pi. 4), shows the

mature profiles of tw^o coarse-sand model beaches. While the material (sand of

0.56 mm diameter), the wave height (11.3 cm), and the still water depth

(91.5 cm) were the same in both cases, the wavelengths alone were different.

The continuous line represents the profile formed by long waves with a wave-

length to wave-height ratio of 79, w^hile the broken line depicts the profile

formed by shorter and steeper waves, for which the ratio length to height was
22. The change from long to steep waves had the effect of removing material

1 Ratio of wave height to wavelength.
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from the beach and depositing it offshore, with the formation of a pronounced
bar at the point at which the waves started to break.

This reproduces quahtatively what is seen to happen in nature, but quantita-

tively it lias so far not been found ])ossible to reproduce the same profiles on
differing model scales. One probable reason is that the smaller the model scale,

the more do surface-tension effects modify the mechanics of energy dissipation

within the upper water layers when the waves have broken. The dynamics of

a breaking wave are not yet understood. For this reason, perhaps, only little

experimental attention has been paid to the marked difference in the manner
of breaking, as between long and steep waves breaking on flat and steep

beaches. Also, little attempt has been made to reproduce the features of natural

fine sand beaches in the laboratory. Here again, the very gentle slopes (Fig. 9)

800
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observed by divers at depths exceeding 52 m (Inman, 1957). Everywhere out-

side of the surf zone, where the effect of wave action is moderate, the sandy

bottom is rippled. In and near the surf zone the intense bottom shear produced

by the higher orbital velocities destroys the ripples and the bottom is smooth.

A seasonal fluctuation in the level of the sand, caused by differences between

summer and winter waves, is clearly discernible at depths greater than 10 m,

as shown in Fig. 9. The long low waves cause a net shoreward transport of sand

so that the beach builds seawards and the offshore profile steepens. High steep

waves erode the beach and transport material offshore, causing a decrease in

the beach slope.

Model experiments (Bagnold, 1947) showed that waves of small wavelength

to height ratio caused merely a to-and-fro motion of the horizontal sand bed

offshore of the plunge line, with little or no net transport to or from the shore.

Waves of the same height and longer wavelength caused general shoreward

transport, accompanied by a general shoreward drift of the lowest water layer.

However, while the shoreward bed-water drift continued up the sloping bed

towards and as far as the plunge line, the corresponding di'ift of sand was
appreciably reduced by the upward bed inclination. As a result, sand tended to

accumulate at the foot of the slope and thus to reduce its steepness. Owing to

the slowness of the movement, a steady-state profile was not reached in the

time available. It is noteworthy, however, that no progressive building out of

the beach face was detectable. All shoreward movement of sand stopped at

the plunge line.

It has been shown (Bagnold, 1946; Inman, 1957) that the wavelength of

sand ripples is approximately equal to the orbital diameter (horizontal particle

displacement) of the waves generating the ripples, up to a limiting maximum
ri232:)le size beyond which the ripple cannot grow. The limiting maximum ripple

wavelength is a function of sand size and varies from about 15 cm for very

fine sand to 125 cm for coarse sand. Thus the long, low waves that produce an

onshore transport of sand along ocean beaches have orbital diameters many
times greater than the wavelength of the bottom ripples, and the sand moved
by each wave may cross over several ripples. In models, on the other hand, the

orbital diameter of the small waves does not commonly exceed the limiting

ripple size, and the ripples have the same wavelength as the orbital diameters.

For this condition Russell ^ has observed that long waves in models may cause

a net offshore transport of sediment even though the bottom is horizontal.

The rapid onshore acceleration accompanying the passage of a wave crest

forms a vortex of suspended sand over each ripple crest, with relatively little

onshore displacement of sand. The offshore motion accompanying the wave
trough, although more gradual, results in a net offshore transport of sand

already j^laced in suspension by the preceding onshore motion. Steep waves

on the other hand, because there is less asymmetry between the crest and
trough orbital velocities, merely cause a to-and-fro motion of sediment with no

1 Personal communication from R. C. H. Russell, Hydraulics Research Station, Walling-

ford. England.



536 INMAN AND BAGNOLD [CHAP. 21

net transport. The dependence of sediment transport on the degree of asym-

metry of orbital motion, when ripple size and orbital diameter are of similar

magnitude, suggests that the ratio of ripple wavelength to orbital displacement

is a measure of similitude that should be considered in models.

The shoreward trans])()rt of sand effected by long stable waves outside the

])lunge line is reduced or inhibited by an upward slope in the bed. This reduction

in transport appears to be readily explainable by the reasoning leading to

relation (18). A condition of tangential force equilibrium on the sand grains is

approached. Further, if this equilibrium condition were to be disturbed by a

reduction of the onshore water drift, due to a steepening of the waves, the result

should be a net offshore transport of sand down the slope. This would explain

the apparent anomaly; while oifshore-flowing bottom currents have never

been detected outside of the plunge line in two-dimensional models, offshore

sand transport has been reported both in models and in nature.

In nature, high short waves also produce an offshore transport of sediment

by increasing the turbulence and velocity of the currents in the nearshore

circulation system, as discussed in a later section. Sand in suspension is trans-

ported through the breaker zone and into deeper water by rip currents. It is

l^robable that a significant net seaward transport of sediment occurs by a

general mixing between the waters of the surf zone, where the concentration of

suspended sediment is high, and the offshore waters, where the concentration

is relatively low. In addition it is hkely that auto-suspension (Section 5) of fine

sediments in the turbulent waters of the surf zone results in an outward diffusion

of the finer grades of sediment.

E. Rise in Water Level

Waves transmit momentum in the direction of their travel, the momentum
being relative, according to wave theories, to stiU water elsewhere. Also wave

theories assume the momentum flux to continue on indefinitely. When this on-

ward flux is prevented, however, the flux of momentum against the shore

constitutes a shoreward force. Under steady-state conditions the shoreward

force should be just balanced by a rise in water level on the beach. The rise

should be proportional to the component of momentum flux normal to the

sliore : Cpq cos a, where pq is the momentum per unit crest length, C is the

velocity of the breaking wave, and a is the angle between the breaking wave

and the shore. However, in nature the grouping of high waves followed by low

waves causes a pulsation of the water level in the surf zone, called surf beat

(Munk, 1949a). Little attention has been paid to the degree of water-level rise

which results under steady state of pulsating conditions, or to its gradient

relative to water depth offshore. In a study of the second-order effects of the

interaction between waves and currents Longuet-Higgins and Stewart

(1962) have evaluated the additional flux of momentiun due to the waves

in terms of a "radiation stress". Assuming no loss of energy by friction or

reflection, thev show that the radiation stress associated with waves of steady
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amplitude should produce a draw-down or negative slope in the mean surface

level as the depth diminishes. However, when the waves break, the water level

rises and the slope becomes positive.

A rise of the water level nearshore is also produced by winds blowing on-

shore. Model experiments performed in the Geography Department at

Cambridge University (King, 1959, p. 211) demonstrated that onshore winds

caused offshore currents to flow along the bottom. Where combined with wave
action, the wind-induced currents increased the rate of offshore sand transjjort

of the waves in the surf zone, and decreased or reversed the onshore transport

(a) RIPPLE PROFILE

''-'b '^'npple

^ripple

(b) SAND DISPERSION BY WAVES (PLAN)

WAVES

(c) WAVES AND WIND

WAVEŜ

WIND

BEACH

Fig. 10. (a) Path of a sand grain in a migrating ripple, observer moving forward with the

ripple form; (b) dispersion pattern of marked sand introduced at "0" under the

influence of waves; and (c) dispersion pattern under influence of waves and wind.

outside of the breaker point. Rise of the water level nearshore may be of

considerable importance in the real three-dimensional case.

10. Migration of Sand Grains by Wave Action

The average speed, Ug, at which individual grains migrate from a given initial

position on the sea bed is likely to be much less than the mean speed. Ub, of mass

transport. For owing to the presence and movement of bed ripples any in-

dividual grain is alternately exposed on the ripple surface and buried within it.

Consider the ripple cross-section sketched in Fig. 10a. To an observer moving
with the ripple form, as the form slowly advances in the direction of sediment

drift, marked grains would appear to circulate forwards over its surface at the
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bed transport velocity Ub and then backwards through the body of the ripple

at the much slower speed of the latters advance.

Assmuing the ripple cross-section to be antisymmetrical about its mid-

plane the mean thickness of the sediment comi)osing it is 77/2, where 17 is the

whole height of the ripple from crest to trough. If D is the mean grain diameter

there will be r]l2D layers of stationary grains within the ripple at any moment.

If b is the number of eroded grain layers in motion at the speed Ub, the average

migration sjieed, Ug, will be

Ug = Ub{2bDlr)). (19)

It is not easy to measure the number b of moving grain layers. Observed

from above, the stationary bed grains become indistinct when b=\ and are

in\'isible when b exceeds 2. Thus a rough estimate can be obtained from

observation.

It is instructive to compare the average speed of migration as estimated

from the above discussion and from the ideas of the preceding sections with

the actual speed as measured on the sea bed under conditions of wave motion.

Inman and Chamberlain (1959) re-deposited in situ a sample of about 1 kg of

sea-bed sand after its grains had been irradiated, and traced the progress of the

scatter during the succeeding 24 h. The site was outside the surf zone, 300 m
offshore and opposite the Scripps Institution of Oceanography at La Jolla, in

a water depth of 3 m. The average wave height was 38 cm and the average

period 14 sec. The direction of wave travel was approximately onshore.

Putting the velocity of these long waves at \/{gh) = 540 cm/sec, relation (14)

predicts a shorew^ard wave drift, u, along the bed of 2.7 cm/sec (fixed bed),

and on the very rough evidence given by Bagnold (1947) the velocity, Ub, of

sediment drift over a sediment bed should be about one third of this, namely

1 cm/sec.

The mean sediment size was 0.0125 cm, and the mean ripple height, -q, was

about li cm. If, as a reasonable estimate, we take b = 2, the average migration

velocity Ug should be 0.05 cm/sec, assuming that the motion is due wholly

to bed load. If an appreciable proportion of transport is in suspension the

migration velocity Ug would, of course, be larger.

Seven and one-half hours after the exj^erimental re-deposition of the marked
sam])le the pattern of the scatter was such that the greatest migration distance

shoreward from the point of re-deposition was 30 m. This gives an average

speed of 0.1 cm/sec in the onshore direction. The rapid onshore migration was

in ])art due to transport of sand in suspension. During the stronger surges

accompanying the occasional largest waves, a vortex of suspended sand ex-

tending approximately 15 cm above the bottom was observed. In such cases

individual sand grains may be carried across several ripples before being

deposited.

Irradiated grains were found by core sampling to be distributed to a depth

below the surface approximately equal to the ri])ple height, which is just what
would be expected from the above reasoning.
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The approximate quantitative agreement in this single instance is obviously

fortuitous, but the result suggests that a consistent understanding of what

happens on the sea bed might best be got by combining further quantitative

field measurement with laboratory experiments of extended scope designed to

sort out the sej)arate effects of wave, wind and boundary conditions. For

instance, the field experiment of Inman and Chamberlain gave the seemingly

anomalous result that the marked grains migrated, not only shorewards, as

might be expected, but in all directions. In part this dispersion is associated

with the onshore and offshore movement of sand, both in suspension and as bed

load, by the orbital velocity of the waves. Also, a hint as to the reason for this

may be given by the incipient horizontal circulation of bed water noticed by

Russell and Osorio (1958) in their wave experiments. If such a circulation is

real, the scatter due to wave drift alone would be expected after an elapsed

time, t, to show the pattern sketched in Fig. 10b. Assuming no appreciable mass

drift on the part of the sea-water as a whole, an onshore wind, as discussed

previously, would be expected to suj)erimpose an offshore diift along the bed,

thus producing a modified pattern such as is sketched in Fig. 10c. However, no

appreciable wind was observed during the field experiment.

It is possible that each of these effects can be studied separately in the

laboratory, j^rovided the equipment is designed with the specific objects in

view, rather than in isolation.

Again, in the irradiated sand experiment the marked grains were detected by

direct emission photography of samples of the bed surface taken on adhesive

jDaper. This disclosed the location of the active grains on the paper, and their

sizes should be measureable by microscopic observation; and since, by the

reasoning leading to relation (19), bed surface samples should be representative

of the sub-surface distribution also, it may be possible by this means to throw

valuable light on the differential migration of sediment grains of different sizes

—a subject on which no certain information is now available.

Following the experiment described above involving the dispersion of 1 kg

of irradiated sand outside of the surf zone, a further series of experiments i

using dyed sand was conducted on the swash zone of the beach face. In the

first swash-zone experiment, 3 kg of dyed sand were placed in the wave uprush

where the maximum depth of water in the uprush was about 20 cm. The

second experiment involved 4 kg of sand and was conducted where the

maximum uprush depth was about 15 cm.

The results of the two experiments showed that: (a) dispersion of sand

grains in the uprush zone w^as extremely rapid ; 4 kg of sand dispersed over

30 m2 of beach in one minute
;
(b) individual sand particles had about 10 times

the onshore-offshore trajectory as longshore trajectory; and (c) very small

beach features, such as small cusps, drastically affected the dispersion of

quantities of sand of the order of 4 kg.

In contrast to the area just outside the surf zone, where 1 kg of irradiated

sand was sufficient to observe successfully sand movement for about 24 h, in

1 As yet unpublished.
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the surf zone or on the beach foreshore it appears that about 100 times that

amount of irradiated material would be necessary to trace successfully the

movement of sand ])articles for any distance along the beach.

11. Littoral Processes: Three-Dimensional Case

The transition from two-dimensional models to natural littoral processes

involves the introduction of mass transport, momentum and like components
in directions other than normal to the shore. It also involves the introduction

of the effects of tides and of random or ill-definable variations in the character

of waves, winds, currents and sediments. The complexity of these factors and
the difficulties involved in their observation have resulted in inadequate

descriptions of the motions of water and sediment in the field. No serious

attempt has yet been made in the laboratory to sort out these motions according

to their causes. Before proceeding to a working model for the littoral transport

of sand, it is instructive to consider field and laboratory studies of currents in

the surf zone as well as observations of sand transport rates.

A . Currents in the Surf Zone

Waves in deep water cause a volume transport, or "discharge", of water in

the direction of their travel. This discharge increases as the waves pass into

shallowing water near the shore. The beach, however, presents an almost

impermeable obstacle which must reduce to zero the entire component of the

discharge normal to the shore. In effect the rise in water level referred to

previously constitutes a normal outward force which superimposes an outward

discharge; this just balances the inward discharge by the waves. That such a

state of equilibrium must exist on the average over a sufficient length of shore

is indisputable, but it is doubtful how far the equilibrium is stable at any

given i)oint, i.e. to what extent the water transported shoreward at one point

may return seaward elsewhere.

If, on the other hand, the direction of wave travel is not normal to the shore,

the accompanying discharge has in any case a longshore component over and

above that due to any local disequilibrium in the force components normal to

the shore, and a definite longshore current must result. For some, as yet un-

explained, reason this longshore current is found to be confined largely within

the surf zone.

The waves discharge water into each unit length of the surf zone. So, assuming

the resulting longshore current to be so confined, the velocity of the current

would, were it not for the existence of outward-fiowing rip currents at discrete

places, go on increasing indefinitely with distance along the shore. On this view

the existence of outward rip currents is inevitable.

The net onshore transport of water by wave action in the breaker zone, the

lateral transport inside the breaker zone by longshore currents, the seaward

return of the flow through the surf zone by rip currents, and the longshore

movement in the expanding head of the rip current all constitute a nearshore
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circulation system (Fig. 11a). The pattern that results from this circulation

commonly takes the form of an eddy or cell with vertical axis. The positions of

the rip currents are dependent on the submarine topography and configuration

of the coast, and the height and period of the waves. Periodicity or fluctuation

of current velocity and direction is a characteristic of flow in the nearshore

circulation system. This variability is primarily due to the grouping of high

SI NO!J SINK

COS 05^ COS <X

W^
jh^ cot /9

Fig. 11. Schematic diagrams of (a) the surface flow in the nearshore circulation system

associated with wave action in and near the surf zone. (After Shepard and Inman,

1951.) (b) Wave and current relations in the proposed model for longshore transport

of sand.

waves followed by low waves, a phenomenon which gives rise to a pulsation of

the water level in the surf zone.

Measurements in the field, between rip currents, indicate that water in the

surf zone has a slow net off'shore flow near the bottom. This flow between rip

currents does not extend through the breaker zone ; rather, water outside of the

surf zone moves towards the shore. Where beaches are not straight, or where
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offsliore topograiDhy causes diflFerential wave refraction, the longshore currents

are de])endent on the gradient of breaker height along tlie beach, as well as on

the angle between the breaking wave and the beach. For such cases, the

])ositions of the circulation cells are largely dependent upon the location of

zones of wave convergence and divergence. Also, it has been observed that

])oints, breakwaters, and piers all influence the circulation pattern and alter

the direction of the currents flowing along the shore. In general, these obstruc-

tions determine the position of one side of the circulation cell.

Field measurements of longshore currents (Inman and Quinn, 1952) show

that the velocity progressively increases from zero, immediately downstream

from a rip current, to some maximum value just preceding its seaward deflec-

tion at the next rip current. Also, the spacing between rip currents decreases

as the intensity of wave action increases, suggesting that the longshore flow

has some limiting value above which it breaks seaward into rip currents. The

maximum velocity of longshore currents appears not to exceed 2 to 3 knots.

The observed spacing between rif) currents ranges from about 30 to 1000 m.

Measurements following a period of low waves along a 10-mile section of

straight beach at Clatsop Spit, Oregon, gave a mean separation between ri]5

currents of 400 m and a standard deviation of 145 m (Shepard and Inman,

1951).

Calculations indicate that rip currents along straight beaches discharge

seaward between 2 and 10% of the total volume which is estimated to be trans-

])orted shoreward by the waves between rip currents ; whereas their seaward

discharge is of the same order as the estimated longshore component of the

shoreward transport. The implication is that the normal component of the

shoreward wave transport has no real existence relative to the shoreline,

because the general body of the water is being displaced outwards at an equal

rate.

B. Magnitude of the Longshore Current

Putnam, Munk and Traylor (1949) derived a relation between the longshore

current velocity and the characteristics of the oncoming waves in terms of the

angle a of attack and of a beach drag coefiicient Ca A\hich defines the frictional

resistance of the bed to the flow of the longshore current. Their relation, which

was based on considerations of energy and momentum and tested by field and

laboratory experiments, indicated that the beach drag coefficient ca varied for

medium sand from 0.04 in the laboratory to 0.008 in the field.

Later observations over a Avider range of field conditions (Inman and Quinn,

1952) indicated that the relation of Putnam, Munk and Traylor gave values of

Cd which varied unaccountably by a factor exceeding 10^. These field observa-

tions show that rip currents, which were absent or only poorly developed in

the laboratory, were an important form of return flow ; also, longshore currents

in the field did not obtain a steady state of flow, but were continually fluctuating

or pulsating in response to the periodicity of the grouping of higher and lower

waves impinging on the surf zone, whereas in the model they were constrained
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to the steady state. Again, since longshore currents are essentially pulsating,

the remaining longshore component of momentum flux may be primarily

expended in accelerating the water-mass along the shore from near rest to

maximum current, which then turns to sea in the form of a rip current. It

seems likely that the frictional dissipation in the rip current mostly takes place

outside the surf zone.

The following alternative approach takes the principle of continuity of flow

into consideration. Let q be the gross incoming wave discharge (volume of

water) in unit time per unit length of wave crest entering the surf zone at an
angle a to the beach normal (Fig. lib). The normal component is supposed to

be reduced to zero, as previously explained, by the superposition of an equal

and opposite outward discharge. The tangential component along the beach is

then q sin a per unit length of wave crest, or q sin a cos a per unit of beach
length, I. Hence continuity requires that the total longshore discharge, Qi,

shall increase progressively along the beach.

Assuming that the longshore discharge Qi is zero at a point immediately

down-current from a previous outward-flowing rip current, its value through a

beach section A-A' distance I down-cm-rent from the previous rip current will

be given by

Qi — ql sin a cos a.

The average value of Qi wiU be given when l = lli, where li is the average

separation between rip currents (Fig. lib). Regarding the cross-section A-A'
of the longshore discharge as a triangular wedge whose base is the beach
which is inclined at an angle /S to the horizontal and whose outermost height is

h at the plunge line, its area is Ji'^f^ tan ^. Whence the mean longshore current

velocity, ui, over a long straight beach should be given by

ui = q j-^ tan p sm a cos a. (20a)

The power required to accelerate the surf water to the velocity ui and also

to maintain the flow against both bed drag and the internal resistance to flow

due to additional turbulence created by the breaking waves comes from the

longshore component of the entering flux of wave momentum.
Both tliis applied power and that part of it which is used up in accelerating

the surf water may be assumed uniform, per unit beach length, along the

beach, but the power dissipated by internal turbulence would be expected to

increase progressively with the distance I as the velocity of flow increases. So

at some ultimate point, distant h, from a previous rip current, the acceleration

would be expected to cease and the longshore discharge, therefore, to break

outwards as another rip current because it can no longer be contained within

the surf zone cross-section.

It remains to evaluate the mean longshore current velocity ui in terms of

the wave characteristics. For solitary waves (Munk, 1949a), the volume of

water per unit crest length brought forward with a breaking wave is 4:H ^ I\/{Sy^)
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from wliich the average discharge, q, becomes 4H~|^^/{^y^)T, where y = Hlh is

the relative depth of water, H and h are respectively the wave height and

depth of water, and T is the wave period. Substituting this value for the

discharge gives

ui = 4 /^ -^1 *^i^ ^ ^^^ " cos "• (20b)

C. Longshore Transport of Sand {Field and Laboratory)

No satisfactory relationship has been developed between the rate of littoral

trans23ort and the waves and currents that cause it. The volume of littoral

transport along oceanic coasts is estimated from observed rates of erosion or

accretion, most commonly in the vicinity of coastal engineering structures such

as groins or jetties. Such observations indicate that the transport rates vary

from almost nothing to several million cubic metres per year, with average

values commonly falling between 100,000 and 1,000,000 m^ per year. In

general, these may be conservative estimates since the volume of sand moved

usually exceeds that indicated either by deposition or erosion.

Laboratory studies of littoral drift (Saville, 1949; Johnson, 1953; Savage,

1959) show that rates of littoral transport in models vary with wave energy,

wave steepness, and the angle of wave approach. The maximum amount of

total transport was observed to occur for wave steepnesses of about 0.025 and

for angles of wave approach of about 30°. Also, the transport for waves of low

steef)ness ratio took place largely in the wave-swash zone on the beach face,

while the transj^ort for steeper waves occurred principally on the longshore

bar in the breaker zone. Marked changes in transport rate were observed as the

beaches adjust from one set of wave conditions to a new set. Since natural sand

beaches are in a continually transient state as the beach adjusts for changing

conditions of waves and tides, the application of model to the prototy^^e is

difficult. However, the general comparisons between model and prototype

appear to be consistent.

It was suggested (Scripps, 1947) that the work performed by waves in the

nearshore zone might be a useful parameter for relating littoral transport

rates of sand to wave action, and wave-work factors were computed for that

purpose by wave period and direction. Caldwell (1956), observing the relation-

ship between wave power and longshore transport rates for actual field condi-

tions at Anaheim Bay, California, and South Lake Worth Inlet, Florida,

obtained the following approximation for the relationship of the combined

data from both locahties

:

S = 210[Psinacosa]0-8 = 2lOPi^^

where S is the longshore volume transport of sand in cubic yards per day,

Pf = Psinacosa is the longshore component of wave-energy transmission

(power) of the breaking waves in millions of ft-lb/day per ft of shoreline, and

pound is a unit of force. The factor sin a cos a converts P, the incident wave
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power per unit of wave crest, into the longshore component per unit of shore-

line, where a is the angle the breaking wave makes with the beach. Savage

(1959, fig. 4) gives a graph summarizing available data from field and labora-

tory experiments in terms of aS' and Pi. Inspection of this graph, excluding only

the data for model experiments with sand of low density, indicates that the

following relation, with a wave-power exponent of unity, fits the data equally

well

:

8 = 125Pi,

where 8 and P are expressed in the same units as before.

These relations, which summarize the available facts, are empirical only,

and are dimensionally incorrect. The ideas contained in Section 4 suggest that

the transport rate of the sediment should be converted from a volume to an

immersed weight basis by writing :

Ii = [pg —p)ga'8 = constant x Pi,

where Ii is the longshore dynamic transport rate and a' is the correction for

pore-space and may be taken as 0.6, approximately. The new constant is then

dimensionless, has a value of 2.0 x lO-i for natural beach sand, and is in-

dependent of the unit system used providing the units are consistent.

Since this relation is empirical, it still fails to suggest what other relevant

factors may affect the value of the constant. A rational derivation is attempted

in the following section.

D. Model for Longshore Transport of 8and

Let E be the mean energy per unit surface area of a wave which is near the

breaking point and is approaching an infinitely long straight beach at an angle

a (Fig. lib). Then ECn is the rate of transport of energy (power) which is avail-

able for dissijjation over a unit crest length of beach, where C is the wave

phase velocity and Cn is the velocity at which energy is propagated forward.

Assume that the rate of energy dissipation by friction on the beach bed is

proportional to ECn, then the mean frictional force applied to the whole of the

beach bed per unit of crest length is proportional to ECnjUo, where Uo is the

mean frictional velocity relative to the bed within the surf zone and is assumed

to be proportional to the orbital velocity near the bottom just before the wave

breaks. The mean force applied to the beach bed per unit of beach length then

becomes proportional to {ECnfuo) cos a. The immersed weight of sediment in

motion should then be proportional to this applied force divided by the inter-

granular friction coefficient, tan
<f).

Once the sediment is in motion it becomes

available for transport by any current, such as the longshore current ui (see

Section 4-D). Thus the total immersed weight of sediment transported in unit

time past a section of beach A-A' becomes

ps—p J ,^ ECn cos a _ ,-.,>

Ii = -—-gJ = K —-ui, (21)
Ps Uo tan
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where // is the dynamic transport rate, J is the sediment discliarge in mass
transported "[jer unit time, {ps —pYjjps converts to immersed weight, and ii is a

factor of proportionahty. In tlie above it should be noted that

:

(1) Both sides of relation (21) have the nature and dimensions of power, or

time rate of change of energy. The quantity J , usually measured as mass passing

in unit time, can be expressed as transported mass per unit length in the direction

of transport midtiplied by a mean velocity of transport, here assumed propor-

tional to ui. The dynamic transport rate Ii — {ps—p)gJlps is, therefore, the

immersed weight multiplied by the velocity of transport, and Ii tan ^ is the

rate of work done in transporting the sediment.

(2) The quantity ECn is the power transmitted per unit width of wave. The
power available to move sediments over unit bed area is the decrement of ECn
per unit distance travelled by the wave provided it is assumed that the decre-

ment is due entirely to bottom friction [see equation (6)]. If the whole of the

power in the breaking wave is dissipated between the plunge line and the shore,

then ECn would be the power available to move sediment over the entire width

of the surf zone. In fact, however, a high proportion of the power dissipated in

the surf zone is dissipated by means other than bottom friction, as discussed in

Section 12, and thus the factor K is an index of the proportion of power

dissijjated in moving sediment.

If the position of rip currents is migratory and shows a random distribution

with time or distance along the beach, then the most general expression for

the mean longshore transport rate of sediment over a long straight beach will

be obtained by substituting the value of the mean longshore current velocity,

ill, as given in relation (20a)

:

tan ^qh ECn .

1 1 = K 9 7-7 sm a cos2 a. (22a)
tan /i -^ Uo

The relation can be further simplified by assuming that the orbital velocity,

Uo, equals \{Hlh)C and that the discharge of water, q, transported forward with

the breaking wave, is given by the solitary wave relation leading to equa-

tion (20b)

:

^ 8 tan ^ En . „ .^^, >

y (3y) tan <p T

The empirical relation from the data of Caldwell and Savage (Section 11-C),

in its dimensionally consistent form, can be derived from equation (22b) by

substituting Pi for ECn sin a cos a. The relation then becomes

_. 8 tan ^ „/ h \ „ /.-,.. x
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It is possible that the dimensionless quantity in brackets may tend to a

constant value for a given beach. If so, the spacing between rip currents, h,

would increase with the wave period T as it is found to do in nature. Aside

from the observation that h decreases with increasing wave activity, httle is

known regarding its dependence on the characteristics of the beach.

In the above relations, y, j8 and depend respectively upon the type of

breaking wave, the slope of the beach, and the physical properties of the sand.

Collectively the factor 8 tan ^l\/{Sy) tan ^ has a unitless value ranging from

one-tenth to one for sandy beaches. The term {hEnjT) sin a cos^ a and its

equivalent {lilCT)Pi cos a are proportional to the total longshore component

of power available for transporting sand, and other factors being equal, give a

maximum in longshore power when the breaker angle a is about 35°. Larger

and smaller angles should result in a decrease in the rate of sediment transport.

K is the ratio of the rate of the work done in transporting the sediment to

the total power available, and can be considered as an efficiency coefficient.

Approximate evaluation of K, using the laboratory data from SaviUe (1949,

run 11) in equation (22b), gives values of about 3% if it is assumed that h
is equal to the whole length of the model beach. An estimation of the value of

K for field conditions can be obtained by equating the coefficients of equation

(22c) with the numerical constant 2.0 x lO-i obtained for the empirical transport

relation of the previous section. Taking measured field data from Inman and

Quinn (1952, fig. 3), where Zi = 400 m, gives K equal to 17%.

The theoretical relations expressed in equations (22a, b) refer to conditions

well above the threshold of bed movement and, therefore, to a constant maxi-

mum value to which K is supposed to rise. At the threshold of sediment move-

ment K is clearly equal to zero. If the field data leading to the empirical

transport rates include threshold and sub-threshold wave conditions, then the

calculated values of K will be lower than those for fuUy developed transport.

E. Application

An example of the possible appUcation of the above model to the develop-

ment of shorehne forms is given below and illustrated in Fig. 12. Imagine waves

approaching a straight shoreline having a single symmetrical bulge or headland.

The bulge could be caused by river deposition on an otherwise straight shore-

line. In the absence of the bulge the rate of longshore transport of sand would

be equal at aU sections along the beach for any given wave and angle of ap-

proach. Assume the coast to be exposed to waves having a period of 5 sec, a

deep-water-wave height Hd = Ql cm, and direction of approach a(i = 45°. Under

these conditions the transport rates will be approximately equal at beach

sections A, C and E, and appreciably less at sections B and D.

The longshore transport rate given by equation (22b) can be expressed in

terms of deep-water-wave characteristics when the bottom contours are

straight and parallel by assuming that SneU's Law for ray optics apphes : CalC =

sin a alsin a ; and that energy is conserved between wave orthogonals

:

19—s. ra
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E(iCdndSd = ECns, where the sub.scrii)t d refers to deep-water-wave conditions

and s is the spacing between wave orthogonals (Fig. 11),

// =
\ {Sy) tan0

tan ^ EaMd .

All
rr,

Sni Ud COS ttrf COS a. (22d)

This equation iin])Hes that for a given deep-water-wave condition, the

dynamic transjwrt rate. //, should be ])roportional to sin a^^ cos a<i cos a =
^ sin 'lad cos a. For these wave conditions the sin-cos function has a value of

INITIAL

SHORELINE
SUBSEQUENT
SHORELINE

BEACH
STATION
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deposition will occur near B and cause the form of the bulge to migrate up-

stream, decreasing the angle of inclination, as shown in Fig. 12 (subsequent

shoreline). An excess in deposition over erosion between C and D will favour

the formation of a spit. Once formed, the spit will further decrease the transport

in the vicinity of D by protecting it from wave action. This in tiu-n will result

in a downstream propagation of the disturbance by erosion. Certain waves and

angles of approach will favour the formation of a spit, while others will merely

destroy it. In general, if the bulge is large, waves approaching from a single

direction as postulated in this example would be expected to form a spit. It

seems quite probable that this process has been operative in the Gulf of Cali-

fornia, in regions where waves are predominantly from one direction and large

bulges of loose sand are rapidly deposited by flash floods along otherwise

straight coastlines.

12. Discussion

A sound understanding of natural littoral processes awaits further experi-

mentation and development of our knowledge, especially in the following

areas : the mechanics of wave motion in and near the surf zone, the budget of

water flowing in the nearshore circulation system, and the modes and mech-

anics of sand transport along the beach. In addition, it is necessary to gain a

better understanding of the extent to which models are caj)able of reproducing

nature.

The behaviour of breaking waves is not in agreement with existing wave

theory, and it is not clear that waves in small models always follow the be-

haviour of their natural prototype. The distinctive diff"erences both in the mode

of breaking and in the after-effects of the wave once it has broken have not

been satisfactorily reproduced in models. The persistence of the bore of white

water once the wave has broken, common to natural beaches of fine sand

(gentle slopes), appears to be absent from models ; this may in part result from

the attenuation of smaller waves by surface tension. Also, it appears doubtful

that the effect of sand ripples on the rate of transport of sand is equivalent

from model to prototype ; ripples in the model frequently attain the relative

size of what would be termed a bar in nature. Nevertheless, model profiles

reproduce the main characteristics of natural coarse-sand beaches to a degree

which is surprising, in view of the great discrepancy in the sediment scale ratio

in terms of wave height to grain size.

While the two-dimensional model experiments appear in many respects to

approach prototype conditions, it is apparent that there is yet a wide dis-

crepancy between what has been made to occur in the three-dimensional model

and the more complex littoral processes found along natural beaches. The

currents in the model surf zone appear to lack many of the features, such as rip

currents, that are common to nearshore circulation systems in nature. Special

attention should be given to amplitude modulations of incident wave height in

models so that the fluctuation in longshore current velocity characteristic of

the prototype is produced. For example, a difference in phase between the
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maximum in force applied to the beach bed by breaking waves, ECnjUo, and

the maximum in longshore current velocity, ui, would result in an appreciable

decrease in the longshore transport rate of sand as postulated by the relation-

ship of equation (22). Also, in this regard, one would like to know what deter-

mines the spacing between rip currents, and why the longshore current is

contained within the surf zone. Here again, the model appears to be in better

agreement with the prototype in the case of very coarse sand beaches. Very

coarse sand beaches, although less common in nature, appear to have poorly

developed nearshore circulation systems when the waves break directly on

the beach face. Fiu'ther and more detailed observations of natural circulation

are necessary before a rigorous testing of hypotheses is possible. Establishing a

water budget for nearshore circulation along the various t3rpes of natural

beaches which can then be tested and duplicated in the laboratory appears to

be an essential step towards an understanding of the complex mechanism of

the longshore transportation of sand.

In the present state of our knowledge, the most promising approach to the

prediction of littoral sediment movement would seem to be from a broad

consideration of how the incoming wave energy is transformed and dissipated.

But progress here is limited by lack of sufficiently comprehensive data. This

can best be remedied by laboratory experiment under controlled conditions.

The data are required both as clues to, and as checks upon, general influences

drawn from the basic principles of nature.

One of the most urgent needs is an experimental estimate of the proportion

of wave energy which is dissipated in such ways that it is not available to

transport sediment in the process of its dissipation. This unavailable energy

falls under two heads: (a) that lost from the nearshore water system by

radiation, as reflection, and as microseismic waves and noise; and (b) that

converted into heat other than in the neighbourhood of the sediment, as in the

decay of turbulence generated from above by the breaking wave rather than

from below by boundary drag. Intuitively one might expect (b) to constitute

the largest item in the energy budget. Thus a clearer understanding of the

process by which a wave breaks would seem to be of prime importance.

Symbols

Symbol Dimensions Description

a, a', c Coefficients of proportionality, a' = ps'lps is the

correction for pore-space

Number of grain layers in motion

Phase velocity of surface wave
Drag coefficient, flpu^ or TJpw^

Drag coefficient, tt'/w* = ^IV^d
Grain diameter, roughness of bed boundary

Subscript denoting deep-water-wave properties

Mean energy per unit surface area of a wave, IpgHa^

b
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Symbols

—

continued

Symbol Dimensions Description

AEi, AE2, 8E
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Symbols

—

continued

[chap. 21

Symbol Dimensions Description
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22. SHALLOW-WATER CARBONATE SEDIMENTS

R. N. GiNSBURG, R. Michael Lloyd, K. W. Stockman
and J. S. McCallum

1. Introduction

The purpose of this chapter is not to review the ])ubhshe(l literature on

shallow-water carbonate sediments nor to consider many of the specific

chemical and physical aspects of these sediments. Instead, this review will

present the argument that carbonate sediments contain a faithful record of the

hydrographic milieu and the activities of organisms at the time of sediment

deposition. This record is frequently more complete and more subtle than that

])resented by sediments composed of terrigenous elastics, for in the latter only

the depositional features of the sediments—their grain size, packing and sedi-

mentary structures—reflect the environment of deposition. In the carbonate

sediments, the particles themselves are produced in the environment of de-

position. As a result, the variety and abundance of the constituent particles

can be related to hydrographic conditions.

The material to be presented will be of most interest to geologists. Eco-

logists may also find useful ideas and data on the nature of the sea-floor

sediments as a substratum and as a long-term record of the distribution and
])roductivity of shelled marine organisms. For the oceanographer this chapter

will suggest that variation in shallow-water sediments may reflect A^ariation

in gross water movements, a record that is difficult to develop from limited

instantaneous observations.

The presentation is divided into two parts : the first treats the formation and

distribution of particles derived directly from the skeletons of marine organ-

isms (skeletal), and the second describes the nature and distribution of particles

whose size, shape and consistency are a result of biochemical and/or physico-

chemical processes (non-skeletal).

2. Types of Skeletal Particles

In many places on the shallow-sea floor, carbonate sediments are composed
largely or even entirely of the whole and fragmented skeletons of marine plants

and animals. Mollusk shells and fragments are the most obvious and familiar

skeletal remains in sediments, but a wide variety of marine organisms also

contribute—algae, corals, Foraminifera, echinoderms, worms, sponges, alcyo-

narians and many others. Skeletons of these organisms vary considerably.

They differ in size, shape, specific gravity, microstructure, mineralogy and

chemical composition. Many of the variations are sufficient to produce differ-

ences between the sediments derived from one or another type of skeleton;

others can be magnified by selective organic and mechanical breakdown to

yield difi'erent sediments. These variations in the nature of the skeletons

determine to a large degree the grain size, mineralogy and chemical composition

of skeletal sediments.

[MS received December, 1960] 554



SECT. 3] SHALLOW-WATER CARBONATE SEDIMENTS 655

The importance of the nature of the skeleton in determining the character

of the sediments has long been recognized. Sorby (1879, p. 70) was, perhaps,

the first to emphasize the need for considerations that transcend phyletic

Fig. 1. Representative sheaths and spicules.

A. Green and red algae that have fragile sheaths of calcium carbonate. Left to right:

Galaxaura sp., Udotea sp., three specimens of Penicillus sp. and Ehipocephalus sp.

B. Negative print of a thin section of Penicillus sp. The large rings are cross-sections of

the stem (see Fig. lA), and the smaller ones are cross-sections of the filaments.

C. Electron micrograph of a shadowed carbon replica of the aragonite needles from the

stem of Penicillus sp. The crystals are pseudo-hexagonal twins of aragonite. Crystals

similar to these are reported from the sediments west of Andros (Lowenstam, 1955).

D. A specimen of the common Florida sea fan (alcyonarian), Rhipidigorgia flabellunu

and its calcite spicules.
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boundaries. His suggestions and the views of Lowenstam (1950, 1954) were

the starting point for the following suggested grouping, which is based on the

relative resistance to breakdown of the whole skeleton. Only the more common
living members of each group are cited below, and no attempt is made to in-

clude all the sediment-producing organisms known. For data on the mineralogy

and trace-element composition of these skeletons, see Chave (1954, table 1)

and Revelle and Fairbridge (1957, table 8).

A. Sheaths and Spicules

This group includes all those species in which the mineral matter is so small

or so loosely held by organic tissue that, upon the death of the organism, it

disintegrates to fine particles. Most of these particles are of silt and finest sand

size, but others are finer; all are subject to further size reduction.

Algae are the most common and abundant elements of this group (Fig. lA).

Many green algae (Codiaceae) have an external sheath of ^agonite crystals

(Figs. lA, B). The crystals are so loosely bound together that when the plant

dies and the organic matter decays, individual crystals or small aggregates of

crystals are released (Fig. IC). Some red algae (Fig. lA) release equigranular

particles of calcite when the organic matter decays.

Many animals have mineral spicules within their external tissue; sponges,

alcyonarians (Fig. ID), tunicates, and holothurians are perhaps the most

common in Recent seas. When the animal dies and the organic tissue decays,

these small spicules are freed to be incorporated into the sediment.

B. Segments

This group, first suggested by Sorby (1879, p. 70), includes all those plants

and animals whose skeletons consist of segments held together in life by organic

tissue. When the organism dies and the organic linkage decays, the segments

separate to discrete particles most commonly of sand or gravel size.

Green and red algae are the most common members of this group (Fig. 2A).

One green alga, Halimeda sp., is frequently the most abundant constituent in

shallow-water sediments. Dasycladacean algae (Fig. 2A) are also included in

this group. Although they are not particularly abundant in modern sediments,

they have been major contributors to carbonate sediments in the geologic past.

The articulated red algae (Fig. 2B) also produce segments, generally rod-shaped

and somewhat more fragile than the heavily calcified Halimeda.

Echinoderms are the most familiar animal memliers of the segment group.

Crinoids, asteroids and ()])hiuroids all yield sand-sized fragments upon their

death (Fig. 2C).

C. Branches

Most plants and animals in this group have cylindrical branches such as those

of some species of red algae, corals and bryozoans (Figs. 2D, F, G). Others have



SECT. 3] SHALLOW-WATER CARBONATE SEDIMENTS 557

Fig. 2. Segments and branches.

A. Segmented green algae. Left, Halimeda tridens; middle, Cymopolia sp.; right,

Halimeda opuntia.

B. Segmented red algae. Top, Amphiroa sp.; bottom, Jania sp.

C. Two ophiviroids and their segments.

D. The branching red alga Goniolithon strictum and its fragments.

E. The branching coral Porites divaricata and its fragments.

F. Underwater view of the bladed branches of the hydrocoral Millepora. (Photograph

by Eugene Shinn.)

G. The branching coral Acropora cervicornis. (Photograph by Eugene Shinn.)

blade-shaped branches or projections, such as those of other species of corals,

hydi'ocorallines, red algae and bryozoans (Fig. 2F).

Almost all of these branched forms are sufficiently well calcified that they

do not disintegrate when the plant or animal dies. However, by reason of the
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Fig. 3. Chambers and crusts.

A. Assorted molluscan chambers showing some of the variations in size, shape and

shell thickness.

B. Assorted chambers of Forammifera and ostracods showing some of the variations in

size, shape and wall thickness.

C. The echinoid Clypeaster roseaceus. Left, a living specimen; right, an empty test

collected from the bottom.

D. Submarine meadow of turtle grass, Thalassia testtidinum, off the Florida Keys.

Notice the white incrustations on the leaves (see Fig. 3E for detail).

E. Crusts of blades of turtle grass. The lobate areas are a red alga Melohesiait). The

branching network is perhaps an irregular foraminifer. The other irregularly shaped

granular areas may be agglutinating Foraminifera.

F. Crust. Left, an incrustation of coralline algae on a gastrapod shell; right, the hydro-

coral, Millepora, incrusting an alcyonarian.
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small diameter or thickness of their branches relative to their length, or because

of a delicate microstructure, they are quite fragile and are easily broken

mechanically or by organisms. It is, therefore, not surprising to find that even

where branching forms are the predominant sediment contributor, one rarely

finds entire unbroken skeletons in the sediment. Instead, fragments are the

rule. The size of the fragments depends primarily on the size and the strength

of the branches and secondarily on the nature and intensity of organic and
mechanical breakdown to which they are subject (Figs. 2D, E).

D. Chambers

All the skeletons that are hollow, or partly hollow, are included in this group

—gastropods, Foraminifera, pelecypod valves, echinoderms, worms, brachio-

pods and some crustaceans. These chambers persist after the death of the

animal, but there are wide variations in the resistance of different types of

chambers to further breakdown. The strength of the chamber is determined by
its absolute size, wall thickness, shape and microstructure. The persistence of

thin-walled foraminiferal shells illustrates how size and specific gravity can

prevent mechanical breakdown of the foraminiferal chamber. The effect of

shape is clear when we consider the mechanical breakdown of a flat pelecypod

valve and a gastropod shell of similar wall thickness. The pelecypod shell can be

broken easily, but the curving gastropod shell will not break so readily. The
echinoid test (Fig, 3C) is included in this class, but the spines which separate

on death are classed as segments,

E. Crusts

This group includes all those plants and animals that encrust sm"faces

—

species of algae, corals, annelid worms, Foraminifera, bryozoans, hydrocorallines

and others. Most of these forms are well attached to their substratum and their

breakdown is dependent mainly upon the breakdown of the substratum.

Where encrusting forms are on an organic substratum, such as grass (Figs.

3D, E), algae or alcyonarians, they will break down to finer particles when the

host dies and decays. More often, however, encrusting forms occur on larger

masses of hard mineral matter, usually corals, rocks or other resistant surfaces

(Fig, 3F). These encrusting forms are quite persistent and are reduced in size

only when the host is broken or disrupted.

F. Massive

Colonial corals, particularly those that form large hemispherical heads, are

the predominant members of this group (Fig. 4A), They are quite resistant to

breakdown by virtue of their size and the cellular nature of their microstructure.

Some coraUine algae that start as encrustations develop a massive form (Emery,

Tracey and Ladd, 1954, p. 27) and, like the corals, are quite resistant to break-

down {ibid., pis. 14-1, 16-1).
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Fig. 4.

A. Underwater view of massive corals. Left, Montastrea annularis; center, Diploria

strigosa{'i); right, D. labyrinthiformis. (Florida reef tract photographs by Eugene Shinn.)

B. Specimen oi Halimeda sand from Florida reef tract.

C. Fragments of rovmded molliiscan shells from north Miami Beach, east coast of

Florida.

D. A skeletal sediment that consists of the fragments of branched forms, Porites

divaricata and Goniolithon strictum. Rodriguez Key, Florida.

E. A skeletal beach sand from Nest Key, Florida Bay, that consists of thin-shelled

mollusks and Foraminifera.

3. Skeletal Particles in Sediments

The grouping of organisms on the basis of skeletal form, and what might be

termed the architecture of skeletons, can help us to evaluate the nature of the

environment of deposition of sedimentary particles and to understand their
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subsequent history. To illustrate the application of this grouping to sediment
particles, four sediment samples will be analysed.

The sediment shown in Fig. 4B consists largely of the segments of Halimeda
opuntia. From the coarse grain size alone, one might conclude that it represents

an accumulation in relatively agitated waters. However, because these large

segments are produced merely by the death and decay of the plant, agitation is

not required. ^—

The sediment of Fig. 4C consists of rounded fragments of mollusk shells.

Because many of the mollusk skeletons (chambers) are quite strong and resis-

tant to breakdown and erosion, considerable energy is required to produce the

size and rounding observed here. It is, therefore, not surprising that this parti-

cular sample is a beach sand. Notice that the grain size and shape of its particles

are almost indistinguishable from the specimen shown in Fig. 4B.

The sediment shown in Fig. 4D consists of fragments of the branching coral

Pontes divaricata and the branching red alga Goniolithon strictum, and
fragments of Halimeda. Here again, the coarse grain size might suggest high

agitation, but in fact it is the size and resistance to breakdown of these branched
forms which determine the size of particles produced.

The sediment of Fig. 4E consists almost exclusively of whole and fragmented
thin-shelled mollusks and Foraminifera. The size and specific gravity of these

chamber forms control their deposition. The sample is from a beach on an
island in the calm waters of Florida Bay. The particles are those that can be

carried ashore in susjiension and stranded as the water recedes.

The preceding examples are merely outlines of the way in which the variations

in resistance to breakdown of the different types of skeletons can help to explain

the origin and development of skeletal sediments. A more detailed and searching

analysis should consider the strength of fragments of skeletons and the nature

and intensity of the processes of breakdown.

4. Distribution of Skeletal Particles

The distribution of sediment-producing organisms on the sea floor is not

haphazard but varies systematically with changes in physical, chemical and
biological conditions. The specific factors that control the distributions are not

well understood, but it is often possible to relate the variety and abundance
of sessile organisms to the circulation of water. Circulation of water, or hydro-

graphy, as used here means the interaction of topograx^hy with water movements
—tides, waves, wind-drift, ocean currents, and run-off from the land—that

produces variations in temperature, salinity, nutrients, turbidity, and plankton.

Thorson (1957, p. 461) has emphasized the distinction between the epifauna,

those animals that sit or crawl on rocks, stones, shells or vegetation, and the

infauna, those animals that live within the bottom sediments. The relationships

between the distribution of the infauna and water circulation may be estab-

lished in the larval stage. The larvae settle on particular types of sediment

because ' 'the types of bottom in the open sea will serve as rough indicators for
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Fig. 5. Regional bathymetry and geography of the Florida-Bahama-Cuba area.

water movements, food conditions, and amplitudes of salinity and temperature
in the surrounding milieu" {op. cit., p. 486).

The observed relationships between infauna and water circulation may also

be explained by the extinction or reduced growth of adult individuals by un-

favorable water circulation acting directly through water properties, such as

temperature, salinity, food substances, etc., or indirectly through the presence

of predators or unfavorable bottom types {op. cit., p. 471).
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The distribution of the epifauna can also be related to water circulation,

although to a lesser degree than the infauna. The distribution of the organic

substrata for some elements of the epifauna may be controlled by the circulation

of water; or some epifauna may require a combination of substrata and a specific

water circulation. For further discussion of these problems and references to

other works, the reader should consult Thorson (op. cit.) and Hedgpeth (1957).

Studies of skeletal sediments in several areas have shown that the variety

and abundance of skeletal particles, like that of their parent organisms, can be

related to variations in the circulation of water. These relationships help the

marine geologist to interpret and predict the lateral and vertical changes in

sediment type. In addition, skeletal sediments provide the ecologist with a

long-term record of populations and their productivity. It can tell him some-

thing about the persistent fauna and flora and provide a base line for evaluating

living populations.

The clearest examples of the relationships between variations in the circula-

tion of water and skeletal sediments occur in areas where differences in water

circulation are greatest.

A. Florida

The major environments of this region are shown in Figs. 5 and 6, and

Table I summarizes their differences. The differences in physical environment

produce quite distinct assemblages of sediment-producing organisms. In the

Table I

Major Environments of South Florida (from Ginsburg, 1956, p. 2396)
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to moUusks and Foraminifera, all the other skeletal types—corals, algae,

bryozoans, worms, alcyonarians and others. The reef-tract flora includes the

heavily calcified codiacean Halimeda (segments) and a variety of red algae

(crusts, sheaths, segments). These differences in the organic populations are

clearly reflected in the constituent composition of the sediments determined by

microscopic analysis of the fraction greater than |- mm, as shown in Table II

(Ginsburg, 1956, pp. 2424-2426). In addition to these very gross differences

Table II

Grain Size and Constituent Composition of Sediments from Florida Bay and the

Reef Tract (from Ginsburg, 1956, p. 2399)
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Fig. 8. Grain size and constituent composition in the Gulf of Batabano, Cuba. (After

Daetwyler and Kidwell, 1959.)

the genera and species of mollusks and Foraminifera in the two types of occur-

rences.

The preceding examples are from regions where there are large and obvious

differences in physical environment. In areas where the differences in physical

conditions are smaller, we can also find differences in the flora and fauna and
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ill the sediiiuMits derived from them. In these sediments, however, the differ-

ences are more a matter of the relative abnndance of different organisms rather

than tlieir presence or absence.
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Fig. 9. Schematic water circulation, Bikini Atoll. (After von Arx, 1954.)

C. Bikini Atoll

The contrast between the physical environment of the coral-algal reefs and
the lagoon at Bikini is obvious in Fig. 9 (von Arx, 1954). These differences in

environment are faitlifnlly recorded by the skeletal sediments (Fig. 10).

Halimeda-Tich lagoonal sediments from other Pacific atolls have been reported
by Chapman (1901, p. 163), Cloud (1952, p. 27), and McKee, Chronic and
Leopold (1959, pp. 507-509). Emery (1956, p. 1512) called attention to the small



SECT. 3] SHALLOW-WATER CARBONATE SEDIMENTS 569

' -^~Z'~^K

I I
I

I

(; v..

n^jI » .
•

~?,-^

-^t.%=

(J

SEE -i;
DETAILED '/

MAP I

FORAMINIFERi ^^^

FINE DEBRIS ^V?

HiLIMEDi DEBRIS

^^:"

\



570 GINSBURG, LLOYD, STOCKMAN AND MCCALLUM

TRAVE RSE I

[CHAP. 22

South

J

Wove circulation

6 F E

Tidal and wind

driven circulation

North

:> c 8 A

Nautical miles

Fig. 11. Constituent composition, Traverse I, Florida reef tract. (After Ginsburg, 1956.)

(See Fig. 6 for location.)

E. The Gulf of Batahano Reef Tract

The western part of this area, Hke the Florida reef tract, has a marginal zone

high in coral and coralline algae succeeded landward by a zone high in Halimeda

(Fig. 8). The rather abrupt decrease in the percentage of Halimeda northward

probably reflects high temperature and fluctuating salinity or an increase in

the amount of silt- and clay-sized jjarticles (Fig. 8). Apparently sampling did

not extend far enough south to encounter the coral and coralline algae zone

along the shelf margin east of the Isle of Pines.

5. Discussion of the Distribution of Skeletal Particles

The last three examples from Bikini, the Florida reef tract and the Gulf of

Batabano show consistent relationships between variation in the circulation
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of water and the relative abundance of sediment particles derived from coral,

coralline algae and Halimeda. The seaward marginal zones are characterized by
coral and coralline algae, and the lagoonal or back reef areas by Halimeda.

The zone oi Halimeda is best explained in terms of relative rates of production,

for we know that living Halimeda is present in abundance in the marginal zone

as well as in the lagoonal areas. In the marginal zones, however, the production

of sediment by Halimeda is "diluted" by the considerable contribution of coral

and coralline algae. Nevertheless, even the relative percentage of Halimeda in

the marginal zone is at times as high as it is in the lagoonal zone (Fig. 11).
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Fig. 12. Cross-section, Funafuti Atoll. (Data from Judd, 1904; and Hinde, 1904.)

The contribution of coral and coralline algae is, therefore, "excess" sediment

production over the basic lagoonal percentage of Halimeda.

The examples above from Florida, Cuba and the Pacific suggest that Hali-

meda will predominate in the sediments of those areas where the intensity of

water movements and circulation is intermediate between wave-agitated shelf

margins and restricted bays. Fig. 12 illustrates how this relationship between

abundant Halimeda and lagoonal or bank water circulation may help us to

interpret the recent history of an atoll. In Fig. 12 the rather abrupt increase in

the percentage of Halimeda in the lagoon sediments at a depth of 160 ft is

believed to be a reflection of reef development. Without the reef barrier there
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coiild be no lagoon, no lagoonal water circulation and little Ilalimeda. When the

reef developed and produced lagoonal circulation, Hulimeda could Hourish and

produce the entire 60 ft of sediment.

^

There appears to be little lateral transportation of sand-sized skeletal par-

ticles from one area to another, as indicated by the distinct distribution patterns

for the different constituents. The lack of transportation of particles is in sharp

contrast with the behavior of the particles in siliceous sediments, where trans-

portation is the rule and particles often travel hundreds of miles along shore-

lines or down rivers. This difiTerence between carbonate and siliceous sediments

is the result of three factors

:

(1) There is an absence of through-going water movements that can transport

sediment over long distances in areas of carbonate sedimentation. Areas of

carbonate sedimentation are characterized by much local relief (reefs, banks

and islands) that impede the action of sand-transporting currents.

(2) Stabilization of the bottom sediments b}^ organisms, chiefly plants,

ajDpears to be more intensive and extensive in the clear-water areas of carbonate

sedimentation (Ginsburg and Lowenstam, 1958, pp. 312-314).

(3) The relative softness of the carbonate minerals will not permit traction

transport without rapid size reduction.

There are notable exceptions to the general absence of transportation in

carbonate sediments.- Houbolt (1957, p. 96) suggested that particles in the

range of 125 [j, to 250 \x can be transported in suspension for short distances.

Two other examples of transportation of larger particles are shown in Fig. 4.

In the sediment shown in Fig. 4C, the resistance of the molluscan micro-

structure to mechanical erosion jDermitted the shell fragments to be brought

into the beach and to withstand the intense grinding action there. In another

sediment (Fig. 4E), the lightness of the skeletons and skeletal fragments

allowed them to be carried in suspension to the beach. Both of these examples

are from beaches, and similar selective transportation can be expected for dunes.

However, beaches and dunes form but a small fraction of carbonate sediments

;

in the more abundant submarine sediments, we find little or no extensive trans-

portation of sand-sized particles. Instead, these sediments are principally the

products of in situ production. Silt- and clay-sized carbonate particles can, of

course, be transported long distances in suspension.

The local source of skeletal particles makes them useful to the geologist and

the ecologist. The geologist can use the relationships between water circulation

and constituent-particle composition to organize his sampling, to interpret the

lateral and vertical changes in the sediments, to evaluate transportation and to

predict the general character of sediments in unexplored areas. For the eco-

logist, skeletal sediments provide a means of determining whether or not the

living organisms on the surface are recent immigrants or long-time residents.

1 The interpretation, of a surface of subaerial exposure shown in Fig. 12 (Ladd et al.,

1948, p. 38) is supported by Ladd's recent discovery of a land snail in the main boring at

166-170 ft (Ladd, 1958, p. 187).

2 See p. 582.
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The amounts of different skeletal particles are also a record of relative rates of

production, and they can provide a means of evaluating conclusions based on

short-term observations of the life cycle and density of organisms on the sedi-

ment surface.

The sedimentary record of water circulation and organic production is not

without bias. As we have seen, varying resistance of different skeletons to

breakdown can distort the record toward the more resistant skeletons. More-

over, the sediment-churning of burrowing organisms can mix the records left

during widely different conditions of deposition. Despite these qualifications,

it is clear that the skeletal sedimentary record is a valuable source of informa-

tion and has the potential to provide additional data that will help us to luider-

stand organic populations and sedimentation.

6. Non-skeletal Particles

Many of the particles and features of shallow-water carbonate sediments are

not skeletal in the sense of the preceding section. Some, such as ooliths, are

generally believed to be physicochemical precipitates; others, such as the hard-

ened fecal pellets described by Ilhng (1954, pp. 24-25) and by Daetwyler and

Kidwell (1959, p. 11) from the Gulf of Batabano, owe their shape and perhaps

their hardness to organisms. However, because the criteria for the recognition

of biochemical and physicochemical precipitation are not well established, the

present discussion will treat them together as non-skeletal elements, following

Illing {op. cit.). The non-skeletal category includes all those particles and fea-

tures that are not skeletons or parts of skeletons. i The term is, unfortunately,

ambiguous, since many non-skeletal particles contain large amounts of com-

minuted skeletal debris; but because these aggregates are hardened by bio-

chemical and/or chemical precipitation, the particle as a whole is non-skeletal.

The tw^o materials that are believed to be the products of non-skeletal

precipitation are ooliths and the cement between and within pellets and other

aggregates. A third material, the needle-shaped crystals of aragonite in the lime

muds of w^estern Great Bahama Bank, has long been considered a non-skeletal

precipitate. Lowenstam (1955, p. 270) suggested that these crystals are pro-

duced by the decay of lightly calcified green and red algae (sheaths and seg-

ments). The following abbreviated discussion will treat the possible modes of

origin for all three materials, their occurrence and abundance in the sediments,

and their relationships to the circulation of water. More detailed descriptions

and discussions of these non-skeletal materials will be found in the papers cited.

A. Ooliths

Ooliths are sand-sized sediment particles that consist of a core or nucleus

sm-rounded by one or more shells of aragonite (Fig. 5A). The nucleus may be a

1 Some workers would prefer to regard the extra-cellular carbonate of calcareous algae

as a sort of non-skeletal precipitation produced as a result of algal photosynthesis. However,

because this carbonate has a distinct structure that is recognizable and varies in different

species, it is here considered as skeletal.
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skeletal fragment, a fecal pellet, or a non-carbonate mineral grain. The shells

of aragonite have only concentric structure. i From their optical behavior, they

can be shown to consist of minute crystals of aragonite whose long axes are

tangential to the shells (Sorby, 1879, p. 74; IlHng, op. cit., pp. 36-38).

Ooliths are generally believed to be the products of physicochemical

precipitation. The main evidence for physicochemical precipitation is indirect

but nonetheless rather strong:

(1) Marine ooliths resemble those produced by artificial precipitation of

calcium carbonate in boilers (Cayeux, 1935) and water-purification plants.

(2) Areas of oolith formation are characterized by shifting bottom sediments

and the lack of intense biological activity (Illing, op. cit., p. 43; Newell, Purdy

and Imbrie, 1960).

(3) The oxygen and carbon isotope ratio of some Bahamian ooliths is different

from that of plants and animals living in the areas of oolith formation (Lowen-

stam and Epstein, 1957, pp. 371-372).

The organic origin for ooliths has received little support from most recent

authors. NesteroflF (1956, p. 1049) has revived this interpretation on the basis

of the rings of organic matter that occur in contemporary ooliths. Newell, Purdy

and Imbrie (1960) have shown that some of this organic material is the remains

of boring blue-green algae that penetrate almost all calcium carbonate in

shallow-water sediments. However, these authors (ibid.) also call attention to

algal growths on the surface of Bahamian ooliths and suggest that these

growths may be responsible for some of the areas of unoriented cryptocrystal-

line aragonite that occur within the oolitic shells.

a. Occurrence and distribution of recent ooliths

Regardless of whether the precipitation is chemical, biochemical, or a com-

bination of the two, the distribution of ooliths in contemporary marine sedi-

ments provides some idea of the water conditions necessary for their formation.

Oolitic particles or those that have an external coating of concentric aragonite,

regardless of thickness, occur in sediments from the Great Bahama Bank, from

Florida, from the Gulf of Batabano in Cuba, and from the eastern Mediter-

ranean off Eg3rpt and Tunisia. The Bahamian occurrence appears to be by far

the largest and most thoroughly studied. Ilhng {op. cit., pp. 41-42) has de-

scribed the somewhat confusing interpretations of early students of Bahamian
ooliths. More recently, Black (1933, p. 462), Illing {op.cit.,-pY>. 35-43) and Newell,

Purdy and Imbrie (1960) have all agreed that the oolitic sands of the surface

are contemporary and that they are produced by physicochemical precipitation.

The contemporary formation of ooliths has been verified by a radio-carbon

date of less than 225 years for the exterior 10% of ooliths from the Cat Cay area

on the northwestern margin of Great Bahama Bank (Olson and Broecker,

1959).

1 The ooliths found in contemporary marine sediments do not have the radial structure

that is characteristic of fossil ooliths.
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Fig. 13.

A. Ooliths from Great Bahama Bank; thin sections, x 25. Top, plane light; bottom,

same area in polarized light. Simple and comjDound nuclei are shown.

B. Fecal pellets from sediments west of Andros Island, x 25. Each of the pellets was
subjected to slight pressure from a needle. The different degrees of crushing reflect the

variable hardness of the pellets.

C. Composite grains, "grapestone", from the sediments of the eastern Great Bahama
Bank, x 15.

D. Thin section of the sample from which C was made, x 15, plane light.

Illing's pioneer study of the marginal sediments of the southeastern Bahamas
suggested, as did Black's {op. cit.), that the slight warming of open ocean w^ater

as it flows up on the shallow Bahama Banks sets the stage for oolith formation.

Tiling believes that the increase in temperature produces the supersaturation of

carbonate necessary for precipitation, and that the movement of the bottom
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sediments produces the specific oolith form {op. cit., pp. 44-45). This conchision

is supported by the distribution of oohths elsewhere in the Bahamas, in Florida

and in the Mediterranean (Lucas, 1955, p. 53). In all of these occurrences the

oolitic particles are found in shallow water less than 50 ft deep and within

range of exchange with deeper-water areas nearby. All these occurrences are

in the paths of strong currents, as evidenced by the rippled surface of the

bottom sediments. Elevated salinity is not required for oohth formation.

B. Cements

Illing's classic study of some samples from the southeastern Bahamas
described two types of cement: (1) cryptocrystalline aragonite that hardens

and enlarges biological and physical aggregates of fine-grained material to form

sand-sized particles, and then cements these and sand-sized skeletal particles

together to form larger composite jjarticles {op. cit., pp. 24-31), and (2) fibrous

aragonite that grows within the interstices of sand-sized sediments and within

the empty chambers of shells and Foraminifera {op. cit., p. 30).

The internal hardening of aggregates of fine sediment is most clearly demon-
strable in fecal pellets. These ellipsoidal aggregates of silt- and clay-sized

sediment particles are soft when produced by sediment-ingesting animals. The
hardened pellets are similar in size and shape to soft ones (Fig. 13B) and,

occasionally, faint sculpturing of the exterior can be observed. It is not possible

to determine the precise nature of the aragonite that hardens these pellets

because it is fine grained and thus indistinguishable in thin section from the

detrital sediment of which the pellets consist. This "cementing" aragonite may
be a purely physicochemical phenomenon occasioned by the trapping of water

within the minute pores of the fecal aggregates, or, perhaps more likely, it may
be of biochemical origin, a result of the local changes in water chemistry within

the pellets from bacterial decay of organic matter.

Illing also proposed that the same fine-grained precipitate that hardens fecal

pellets forms the cement in aggregates of sand-sized particles for which he

suggested the term "grapestone lump", and for which Daetwyler and Kidwell

used "composite grains" {op. cit., p. 10). These composite grains consist of

sand-sized skeletal and non-skeletal particles that are, according to Illing and
Daetwyler and Kidwell, cemented around the points of contact by extremely

fine-grained aragonite (Figs. 13C, D).

The fibrous aragonite, described by Illing, that occurs in the interstices of

composite grains and in the voids within the shells of mollusks and Foraminifera

and the pores of Halimeda is indistinguishable from the cement of some beach-

rock (Ginsburg, 1953, p. 88). Both consist of acicular aragonite that grows

perpendicular to the particles within the voids. It is this habit, which resembles

the growth of crystals in geodes, that suggests a precipitated origin. Illing

believes that the submarine examples of fibrous aragonite were, like the cement

of beachrock (Ginsburg, 1954), a chemical precipitate. Kaye (1959, j)j). 73-76)

has recently questioned this interpretation of the beachrock cement. Kaye
{ibid.) follows Cloud (1952, p. 29) and others in attributing the growth of fibrous
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aragonite in beach sands to biochemical precipitation by microorganisms. It is

certain that microorganisms are present within beach sands and within com-

posite grains or himps below sea-level. However, it seems likely that the

abmidance and rate of metabolism of these microorganisms are much less in

these sand-sized sediments than in finer-grained sediments rich in organic

matter. It therefore seems most likely that the fibrous aragonite is a physico-

chemical precipitate.

We do not know precisely the amount of fibrous aragonite cement in the

submarine sediments of the Bahama Banks. However, it seems probable that it

occurs wherever there are composite grains (see Illing, op. cit., pp. 78-79;

Newell, Purdy and Imbrie, 1960) or numerous chambered forms.

C. Aragonite Needles

The acicular crystals of aragonite in the sediments west of Andros Island in

the Bahamas have long been considered a non-skeletal precipitate. This con-

clusion was based on the apparent similarity of these euhedral crystals and those

produced by artificial precipitation and on the unusual hydrographic conditions

associated with the Bahamian occurrence. Smith (1940) and Cloud (1955) have

shown that both the water conditions and the changes in the concentration of

the dissolved calcium carbonate suggest that precipitation does occur in the

area west of Andros Island. This conclusion implies that restriction of water

movement with attendant increase of temperature and salinity favors pre-

cipitation.

Early workers suggested a microbiological origin for these aragonite needles

(Drew, 1914; Bavendam, 1932). However, it appears that the conditions

necessary for bacterial precipitation of calcium carbonate are only fulfilled in

areas of unusually high organic matter (Black, 1933, p. 465). High concentra-

tions of organic matter occur in the mangrove tidal swamps of Andros Island,

and it has been supposed that aragonite precipitated there is swept westward
into the sea by storms {op. cit., p. 466).

Recently, the non-skeletal origin of aragonite needles has been seriously

questioned by Lowenstam (1955) and by Lowenstam and Epstein (1957).

Lowenstam {op. cit., pp. 270-271) described acicular crystals of aragonite from

several species of green algae that are similar in size and shape to those found

in the sediments. He and one of the present authors have observed similar

aragonite needles in sediments of the Florida reef tract, an area where there is

no major hydrographic restriction that would suggest precij)itation. More-

over, these marine occurrences are far removed from tidal swamps, where

bacterial precipitation is believed to be most active.

The observed similarity between sediment and algal needles (Lowenstam,

op. cit.; Fig. IC) and the presence of these algae in the area indicate that some
of the needles must be derived from the algae. Whether or not the algae can

produce all the sediment needles depends on the rate of production and the

area of supply as compared with the amount and age of the sediment needles.
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At present, these data are not available. Should they be assembled, they might

provide critical information on the relative contribution of algae.

Lo^\'enstam and Epstein's study of the isotope ratios of sediment and algal

needles from several areas on Great Bahama Bank provides additional evidence

that the aragonite needles in the sediment are derived from fragile green algae

{op. cit.). These authors found that the oxygen isotope ratios of the sediment

needles fall \\ithin the range of values determined for the needles in green algae

living in the area where the needle-bearing muds are found {op. cit., p. 372).

7. Distribution of Non-skeletal Particles

All of the available information on the occurrence and distribution of non-

skeletal particles has been obtained from studies in the Florida-Bahama-Cuba
region. The studies of Illing, Daetwyler and Kidwell, Newell and his associates,

Purdy, and the present authors have shown that non-skeletal particles are

abundant—often even the dominant constituent of the sediments—and that

their areas of maximum abundance show distinct relationships to the water

circulation. Moreover, the distribution of the two tjq^es of particles appears to

bear some relationship to smaller variations in the circulation of water.

llling's samples from the southeastern Bahamas showed that the sediments

of the marginal zone are skeletal and that those of the interior of the Bank are

non-skeletal (Table III). More recently, an extensive study of the sediments on

Table III

Constituent Composition of the Surface Sediments on Great Bahama Bank
(from Illing, 1954, p. 17)

Constituents
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Fig. 14. Non-skeletal grains > ^ mm in percentage of total sediment. (Data supplied by
Edward Purdy.)

also mapped the percentage distribution of non-skeletal grains in the sediments

of the Gulf of Batabano off the south coast of Cuba. Their results show the edge
of what is probably a large area of non-skeletal sands (Fig. 8).

Both of these areas, Great Bahama Bank and the southeastern part of the
20—s. Ill
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Gulf of Batabaiio, liave a rather specific type of water circulation that might

be described as "bank circulation". On these shallow banks or shoal areas,

generally measured in tens of miles, there is frequent exchange of water with the

adjacent oceans by tidal currents and wind drift. Salinities are seldom far

above or below that of open ocean water, but temiDeratures are usually higher

than those of surface ocean water.

BAHAMA BANKS
L E C E H

I I

P6il«t8 and compo«lt« Qfoins

I I
Oolites

10 20 30 40 90

1 { ! ! :
I
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»Mi///#/////l̂ ^^^^^

Fig. 15. Distribution of non-skeletal sands on Great Bahama Bank. (After Newell, 1955.)

Differences in the variety and abundance of non-skeletal particle types

produce distribution patterns in non-skeletal sediments similar to those found

in the skeletal sediments. This strongly suggests that the non-skeletal patterns

are also related to variations in water circulation. At present the only example

is the coincidence of oolith formation and strong currents (Fig. 15), but further

study may disclose other more subtle relationships that will jJrove to be faithful

records of the long-term pattern of water circulation.
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23. BASIN SEDIMENTATION AND DIAGENESIS

I. R. Kaplan and S. C. Rittenberg

1. Introduction

Large-scale depressions in the ocean are generally referred to as basins,

troughs or trenches depending on their configuration. The basin is usually

considered a more or less equidimensional structure, the trough a longitudinal

broad depression with gently sloping sides, and the trench a narrow long

structure with steej^ walls. All have bottom depths that are below the general

elevation of the surrounding ocean bottom. Many such depressions are tectonic-

ally unstable and active subsidence accompanied by continuous deposition can

result in the accumulation of great thicknesses of sediments.

Geologists have long recognized that the neritic environment is the most
important for the formation of sedimentary deposits. Basins play a special role

in this environment since they can act as traps for huge deposits of detrital

material derived from terrigenous erosion. Because of their configuration many
important biochemical and geochemical processes occur which lead to the re-

lease of nutrients, the accumulation of petroleum and the precipitation of

insoluble metal compounds.

Since the changes that occur in basin sediments after deposition are duplicated

in fjords, estuaries, lagoons and inland seas, it is our intention to draw attention

to the similarities existing, and the term basin will generally be used to include

all of these depressions.

A. Types of Basins, Water Circulation and Physiography

Marine basins have been only partially delineated. The major ones such as the

Mediterranean, Red, Black and Baltic Seas and the C4ulfs of Mexico and

California are well recognized. Depressions on the continental shelves are,

however, poorly charted and the sediments and diagenetic processes occurring

in them are largely unknown. Perhaps the most thoroughly studied depressions

of this type are the basins found off southern California. Future exploration

may reveal other similar basins in continental shelves, particularly in tec-

tonically active areas.

Physiography, water circulation, climate and latitude are major factors

influencing the nature of basin sediments and the processes occvirring within

them; of these physiography is probably the most important. Many authors

describing basins (Strom, 1939; Fleming and Revelle, 1939; Kuenen, 1943;

Emery, 1954; Rittenberg, Emery and Orr, 1955) have laid particular stress on

the sill depth. This is the lowest point on the rim of the walls surrounding the

depression and is the threshold depth for the free entrance and exit to and from

the basin. Basins with shallow sills tend to have either stagnant waters or most

certainly highly reducing sediments. Those with deep sills have restricted water

circulation, but the degree of stagnation depends on other factors.

[MS received September, 1960] 583
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Four major types of basins can be defined on the basis of water circulation.

In submerged basins of the type found in southern Cahfornia and the East

Indies, the water and circulation characteristics are largely determined by sill

depth. In more protected basins, such as Kaoe Bay (Kuenen, 1943), Cariaco

Trench (Richards and Vaccaro, 1956), Norwegian (Strom, 1939) and New
Zealand fjords (Skerman, in lift.), Baffin Bay (Smith, Soule and Mosby, 1937) or

inland seas such as the Black Sea (Arkhangel'sky and Strakhov, 1938) and

Lake Maracaibo (Redfield, 1958), climatic conditions play the major role.

An arid climate such as in the Mediterranean and Red Sea areas causes

evaporation and thus a sinking of heavy warm surface water and considerable

vertical mixing. A humid area like the Norwegian fjord region supplies a large

amount of low-density water which tends to overlay the heavier sea-water and

prevent vertical mixing across the halocline, thus aiding stagnation. The basins

close to the equator may belong to either type since both dry and wet seasons

exist. Run-off and evaporation being equal, it appears that basins in higher

latitudes are less prone to become stagnant than those in tropical waters

(Strom, 1939) because of overturn due to marked temperature differences in the

summer and winter. Where climatic conditions allow formation of sea-ice a

fourth basin type exists, for example Baffin Bay. The freezing process produces

a cold brine denser than the surface water that sinks and renews the basin water.

Other forces influence water movement. Kuenen (1948) working on the

Moluccan deep-sea basins, and Redfield (1958) from studies on Lake Maracaibo

find evidence that both centrifugal and Coriolis forces have a dictatorial effect

on water movement despite their small magnitude relative to other areas of the

ocean. The centrifugal force may cause the accumulation of denser more saline

water in the center of a basin with a flat bottom.

Little attention has been paid to the rate of renewal of water in basins.

Kuenen (1943) concluded that 200-300 years were required to renew the water

in the Moluccan basins, deriving his estimate from the horizontal velocities of the

currents. Calculations based on rate of oxidation of organic matter and on heat

flow from surface insolation gave a value of 111-160 years for the Cariaco

Trench (Richards and Vaccaro, 1956). Studies on regeneration in the sediments

and distribution of nutrients and oxygen in the water indicated that 2-20

years were required for water renewal in the basins off southern California

(Rittenberg, Emery and Orr, 1955). Emery (1956) has since shown that deep

standing internal waves having amplitudes of 130-200 m and causing bottom

currents of 18 cm/sec are perhaps the principal cause of vertical turbulent

mixing in these basins and are responsible for the rapid replacement of water.

It is quite probable, therefore, that shorter times than were previously thought

necessary are involved in water renewal.

B. Nutrient Distribution in Basin Water

The distribution of nutrients in basin waters depends mainly on sill depth

and circulation type. Where the sill is within the euphotic zone, j)hotosynthesis

removes nutrients from the upper layer which are in part released below this
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zone by decomposition of organic matter. As a result, seasonal differences and

gradients exist as in the open ocean. In non-stagnant and semi-stagnant basins

having deep sills below the euphotic zone, the nutrients have a uniform con-

centration corresponding in general to that of the water outside the basin at

sill depth. The effects of diagenetic processes in the sediments may be detectable

in the bottom water if not masked by the rapid renewal of basin water.

The neritic basins off southern California, typical of the semi-stagnant type,

show little change in nutrient distribution from sill depth to just above the

sediment surface. The contents of oxygen and nutrient salts correspond to those

of the surrounding ocean water at sill depth. Oxygen may be as low as 0.04

ml/1, but does not disappear completely. Hydrogen sulfide is never detected in

the water, although the surface sediments of some basins, notably Santa

Barbara, have a distinct odor of free sulfide.

Sulfate, phosphate and silicate may show slight to marked increases in

concentration in a thin layer of water just above the sediment; nitrate con-

centration varies in both directions depending on the basin, although total fixed

nitrogen probably increases in the bottom water of all the southern Cahfornian

basins as it does in the Black Sea (Danil'chenko and Chigirin, 1929). The

changes at the bottom are due to biodiagenetic processes at the sediment-water

interface and within the sediment column resulting in the release of ions to the

water. Changes may also be due to ion-exchange processes and it cannot be

taken for granted that an increase of ions in the overlying water invariably

occurs. Koczy (1953), for instance, showed that in bottom waters of the Atlantic

Ocean there is a marked decrease, not only of oxygen, but also of phosphate and

silicate, which he explained by base exchange at the mud-water interface.

Stagnant basins are characterized by the presence of H2S in the bottom

waters. A number of such environments have been described, e.g. the Black Sea

(Caspers, 1957), some Norwegian fjords (Strom, 1939; Fleming and Revelle,

1939), Kaoe Bay (van Riel, 1943; Kuenen, 1943), Cariaco Trench (Richards and

Vaccaro, 1956) and Lake Maracaibo (Redfield, 1958). Other areas of the world

associated with seasonal upwelling (Callao Bay, Peru, and Walvis Bay, S.W.

Africa) will have varying amounts of stagnation depending on the particular

circumstances (Brongersma-Sanders, 1948).

It was shown by Riissian workers (Danil'chenko and Chigirin, 1929; Chigirin,

1930) from studies on the Black Sea and by Strom (1939) from Norwegian

fjords that the increase of phosphate in waters parallels the increase of hydrogen

sulfide. Strom states that a maximum of 700 mg/m^ P2O5 (5 mg A/1. P) was
obtained, while Danil'chenko and Chigirin found a maximum of 632 mg/m^
P2O5 (4.5 mg A/1. P). The same relation has been demonstrated by Richards and

Vaccaro (1956) in the Cariaco Trench and by Redfield (1958) in Lake Maracaibo.

The data of Richards and Vaccaro fit the equation (by atoms)

PO4 = 0.00426(AOU-fSU)- 0.095,

where AOU is the apparent oxygen utilization and SU is 4 times the sulfide.

In other terms, for every 235 atoms of oxygen equivalents consumed, 1 atom of
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phosphorus is Hberated. This value agrees reasonal)l,\ well with what one would

calculate on the basis of the mineralization of plankton of average composition.

The assum])tion has been made (Redfield, 1958a) that phosphate release occurs

as a result of decomposition of photosynthetic organisms in the water column,

])robably by bacterial action. However, using average values given by Caspers

(11)57. ])p. 821, 823) for oxygen, H2S and P2O5 with depth, it is possible to

obtain a range of values for the oxygen equivalents to ])hos])horus ratio, and a

I'atio of a])])roximately 1)00 is obtained from average data for stagnant fjords

(Fleming and Revelle, 1931)). It is suggested here, and elaborated on more fully

in the section on diagenesis, that phosphorus release, in some areas at least,

occurs most actively at the mud-water interface.

2. Physical Aspects of Sedimentation

A. Sediment Types

In discussing sediment types we will follow the suggestion of Emery (1952)

that the sediments in the neritic environments, particularly the continental

shelf, be given a generic classification according to the dominant cause of de-

position. The principal sediment types thus classified are listed below with

brief comments. Although the relative importance of each is largely a local

phenomenon, the importance in present day basin sedimentation generally

increases toward the last mentioned,

a. Eolian

These are wind-borne deposits of silt to fine sand that may be of particular

importance in regions where sand dunes are well developed along a coast or

where deserts reach the ocean. Visual observation of this means of deposition

was made by Darwin (1887), and more recently Rex and Goldberg (1958)

showed such an origin for certain deep-sea sediment components. Eolian sand

grains would jjrobably be well rounded and distinguishable from other sedi-

ments; Eolian silts would be difficult to recognize on this basis.

b. Volcanic

There are a limited number of locations where vulcanism occurs directly

adjacent to neritic areas. Basins in the vicinity of such areas, namely Iceland,

Alaska, New Zealand, Japan and Southeast Asia, could receive considerable

volcanic contribution. Volcanic ash was described by Kuenen (1943) and Neeb

(1943) from many of the Moluccan basins, and more recently by Worzel (1959)

in the east Pacific.

Ash from submarine vulcanism may also contribute to basin sediments.

Submarine seepage of hot springs may be responsible for chemical deposition

of lime, silica or even manganese (Niino, 1959); these are more properly classi-

fied under authigenic sediments.
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c. Rafted

These are of two types, those rafted by organic matter and those rafted by
ice. Such deposits can generally be recognized by the occurrence of erratically

distributed large pebbles or even boulders. Their origin can sometimes be deter-

mined—rounding and smoothness in gastrolytes, striations in ice stones. The
importance of ice-rafted pebbles may be great in higher latitudes, especially

where glaciers reach the sea.

d. Residual

Debris obtained from in situ weathering of rocks cropping out on the sea

floor. These may be igneous or metamorphic basement rocks or ancient sedi-

ments exposed by erosion. Grippenberg (1939) describes outcrops of Silurian and
Ordovician limestone in the Gulf of Bothnia, while Arkhangel'sky and Strakhov

(1938) describe areas in the deej) portions of the Black Sea where considerable

areas of dark grey-black calcareous mud with organic contents of over 20%
exist. These deposits belong to the Euxinian time, probably the Wiirni glacial

period. In this case detrital deposition has probably been slow so that it has not

covered the older deposits, while organic matter settling from the surface may
have enriched them and a complex history of subaerial, subaqueous and sub-

marine erosion may be involved. Tojiographic highs on the bottom of many
basins may be due to outcrops of ancient beds covered by recent sediments.

e. Relict

These are ancient deposits formed under different environmental conditions

than those now present, but which have remained uncovered by recent sedi-

ments. The most important are ancient sand dunes and beach ridges formed
during the Pleistocene and now covered by as much as 100 m of water as a

result of rise in sea-level. Uncovered glacial tills could conceivably be included

in this category since ancient glaciers, extending into relatively isolated basins,

may have deposited shallow-water sediments that are now covered by greater

depths of water.

f. Authigenic

Sediments that are chemically or biologically deposited in situ make up this

category. In stagnant basins or those with reducing conditions in the sedi-

ments, metal sulfides (e.g. pyrite) are important. In mildly reducing sediments,

metal carbonates (e.g. siderite) can form, while under oxidizing conditions metal

oxides will form. Carbonates, silicates and probably divalent cation sulfates

will form in arid climate basins, principally lagoons, by evaporation. Complex
silicates such as tourmaline, chlorite and glauconite along with phosphorite

are known to exist in basins, often associated with organic matter,

g. Organic

Sediments of this class can be broken down into two categories. The first,

of an organized Jiature and largely inorganic in composition, is derived from
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animal and plant exoskeletons such as calcareous foraminiferal tests, siliceous

diatom fnistules and coprolitos from benthonic animals living on the bottom
of well aerated basins. The contribution by siliceous tests and faecal pellets to a

sediment can generally best be determined visually, since chemical analysis is

misleading owing to the masking effect of detrital material. Carbonates can

easily be determined chemically.

The second category comprises organic compounds, largely unorganized, of

complex structure. A large number of analyses have been made to determine

the absolute and relative contents of organic matter in sediments, but little is

yet known of the actual constituents.

h. Recent detrital

This class undoubtedly represents the most important type of sediment being

deposited in present day basins. Its origin is weathered and eroded terrigenous

material with an overall composition of alumino-silicates. It is brought to the

ocean by rmi-oflF, streams and rivers, and by wave erosion of cliffs. Such sedi-

ments are distributed in suspension by currents which allows for the settling

out of the heavy and larger particles near shore and a concentration of finer

particles in the deep water. As water movement in basins is generally at a

minimum, the winnowing out effect of fine-sediment removal does not occur and
fine particles of clay and silt can accumulate. Recent detrital sediments, as

well as other types, may be redistributed by slumping or sliding down the wall

of a steep-sided basin, or by turbidity currents which can disperse sediments

over very large distances and introduce coarse-grained materials on an other-

wise fine-grained bottom (Gorsline and Emery, 1959).

B. Structure

It is known that many ancient basin sediments have well preserved lamina-

tions (Bramlette, 1946; Baldwin, 1959). In present day basins this phenomenon
is not as well represented. One of the best examjDles is that occurring in Malo
Jezero (Seibold, 1958), a brackish-water lagoon connected to the Adriatic.

Here annual cycles of carbonate and quartz deposits alternate, forming bed
thicknesses of 0.25 mm; larger beds also occur at regular intervals. Grippenberg

(1939) reports varves in Baltic sediments that were evidently formed in the

late glacial period and contain little organic matter. Layering in fjords is not

common, perhaps because rainfall and run-off are usually high and the sedi-

ments are coarser than normal basin deposits. Strom (1939) found that of 32

fjords, two had irregular lamination and only one had regular varves. The
u])per sediment in the Cariaco Trench contains numerous thin, discontinuous

horizontal laminae, distinguishable by lighter and darker shades of coloring

as well as by slight differences in grain size of the sediments (Athearn, 1959;

Heezen et al., 1959). Seasonal variations, which might cause differences in the

type and amount of sediment being deposited, may best explain these laminae.

Of the southern California basins, laminations have been observed only in the

Santa Barbara Basin (Hiilsemann and Emery, 1961). which is also the most
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reducing. The laminated beds are irregular, the thickest undisturbed layer

observed so far being 7.5 cm. The individual light and dark layers have a thick-

ness (wet) of 2 mm with the dark layers being slightly thicker than the light

ones (dark 0.74, light 0.52; air dried). The thickest sequences were found ex-

clusively in the green deposits, but did not appear to depend on the organic

content.

An irregular stratification is known in many basins (Gorsline and Emery,

1959; Ewing, Ericson and Heezen, 1958). This is reflected in the presence of

sand layers of varying thicknesses, comjDositions and grain sizes occurring be-

tween more regular and predominant clay and silt deposits (see Fig. 1). Sucli

Fig. 1. Polished core section from Santa Barbara Basin showing laminae. The thicker

white layers are believed to have been deposited by turbidity currents. Core No. AHF
5986; depth 181-191 cm below sediment-water interface.

layers arise by mass movement or turbidity currents according to the above

authors. When they occur locally, they are probably the result of slumping from

the basin wall.

Stratification was not observed in the Moluccan basins by Kuenen (1943)

(although he did record it in Kaoe Bay). He explained this on the basis of a

continual addition of coarser-grained material to the more slowly settling fine-

grained detritus. He further considered that turbulence on the bottom was

sufficient to stir up the finer material and always keep some of it in suspension.

Another very important factor in preventing or disturbing stratification is the

activity of benthonic animals (Emery, 1953, 1960). The burrowing activities of

worms, brittle stars, holothurians and crinoids, amongst others, are very

significant. Some species can function where only traces of oxygen exist, but,

since animals are usually absent on stagnant bottoms, these locations are the

most likely for the preservation of laminations.
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C. Composition and Distrihitlion

a. Grain size

This parameter shows a verj^ clear tendency in most recent basins. In inland

seas or land-locked basins the picture may be more complicated because a

inimber of sources for the sediment may exist. The trend, however, is for a

continual decrease in grain size with distance from the source. Thus, in land-

locked l)a8ins such as the Black Sea, Baltic Sea or Lake Maracaibo, the deposits

in the center are fine-grained silts and clays, those along the shores are coarse-

grained sands or pebbles. This tendency was also observed by Kuenen (1943) in
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Fig. 2. Curves showing variation with facies or generaHzed distance from shore of several

components of the sediments of southern CaHfornia basins. (From Emery, I960,

fig. 203.)

the Moluccan basins, but is probably most dramatically illustrated in the series

of basins extending seaward on the continental borderland ojEf southern Cali-

fornia.

Here it is possible to draw seven roughly parallel stri])s, which are also

parallel to the coast, each strip containing a number of basins (Emery, 1960,

\). 220). The Los Angeles Basin, now completely filled with sediment and

wholly exposed, can be considered the first basin. Fig. 2 illustrates the decrease

in grain size in going from the nearshore basins to the offshore basins. This
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distribution results because the primary mode of transport is by suspension

and coarser detritus settles out faster. The increase in grain size of the sediments

along the continental slope is partly due to the effects of currents removing
finer material and partly due to the contribution of relatively coarse foramini-

feral tests.

b. Calcium carbonate distribution

It is difficult to predict the distribution of carbonates in basins since their

origin can be organic, relict, residual and even authigenic. In the Baltic Sea
residual carbonates are present and hence their distribution is erratic. In areas

with limestone deposits, reworked carbonates will be introduced by run-off,

streams or wave abrasion. Thus, the Danube and other rivers carry CaCOs
and Ca(HC03)2 into the Black Sea (Caspers, 1957, p. 830) along with terrigenous

material. The bulk of the calcium carbonate in Black Sea sediments is thought

to be chemically precipitated, although some believe deposition by bacterial

activity is also imjDortant.

Kuenen's (1943) data for the Moluccan basins show first a decrease of car-

bonate content with distance from shore and then a sharp increase at about

100 km. In the southern California basins there is a continuous increase with

distance from shore (Fig. 2), the maximum being reached at the continental

shelf break. The explanation is based on relative supply. Near shore, product-

ivity may be lowered because of turbidity in the water preventing photosyn-

thesis, but calcium carbonate is introduced with reworked material. The supply

of vast amounts of terrigenous matter generally dilutes the carbonate when
relative analyses are made. In the offshore basins, especially in areas of high

productivity, calcium carbonate deposition is high and masking by detrital

material will be minimal.

c. Organic matter

The organic matter is generally closely related to the grain size and often to

the calcium carbonate content. In land-locked basins this relationship is due

almost entirely to relative rates of settling and supply of detrital material,

which in turn is related to the sources of supply and to the current circulation

patterns. The organic content is usually greatest in the part of the basin where

settling is the slowest and not necessarily in its deepest part (e.g. Lake Mara-

caibo).

In continental-shelf basins the pattern is different. Here there is first an

increase in organic matter in going from the nearshore basins to the outlying

basins and then a decrease in the basins furthest from shore. This pattern,

shown in Fig. 2, can be explained on the basis of relative rates of supply of

organic matter and terrigenous material. Away from the coast, detrital material

decreases and hence the organic component becomes relatively more imjjortant.

Still further offshore the depth of the basin bottom below the euphotic zone

becomes so great that the settling organic debris is probably largely decomposed

by aerobic bacterial action before it reaches the bottom.
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Reducing conditions on the bottom preserve the organic matter since de-

composition by anaerobic bacteria is generally not as efficient or as complete

as decomposition by aerobes. Since clays have fewer pore spaces, fine-grained

sediments ^\ill in general promote reducing conditions by preventing water

circulation and so help preserve organic matter. The binding of organic material

by clays may decrease its availability to bacteria.

The above discussion is concerned with the areal distribution of the compo-

nents relative to the total dry weight of the sediment. It is possible to consider

absolute distribution if the stratigraphy is well known. Thus, for the Black Sea,

Strakhov (see Smirnow, 1958) found that by considering a unit area and a

column of sediment equivalent to a constant time lapse (2500 years), the total

amounts of insoluble residues, calcium carbonate and organic matter were

greatest inshore and decreased toward the center.

The highest organic content reported for recent sediments is for a fjord,

23.4% (Strom, 1939). In the recent Black Sea sediments the highest content of

organic matter is about 7.7% (Gaspers, 1957, p. 823), which is considerably

lower than the 25% reported for the residual Euxinian deposits. In the Baltic

Sea and Lake Maracaibo the maximum is about 8.5%. The highest content

measured in the southern California basins is about 11.5%. These values are

much greater than the 1-3% of the deep-sea sediments. All data available show

a sharp decrease in the organic content with depth below the top 5-10 cm,

indicating that diagenetic processes occur there most rapidly.

d. Composition of detrital material

The insoluble residue of the detrital material in basins is composed largely

of silt (16[jt,-4[x) and clay ( < 4fx). It has been found in southern California basins

that the mineral composition of the silt is similar to that of the sand on the

beaches and on the continental shelf. Here the dominant minerals are quartz

and feldspar (ratio 2.2:1), the plagioclase to orthoclase ratio in the feldspar

being 4.5:1 (Emery, 1960).

The clay minerals show an enrichment of illite and montmoriUonite over

kaoUnite. The greater the distance from the shore the higher the illite-kaolinite

ratio in the southern Cahfornia basins (Emery, 1960). MontmoriUonite appears

to be an intermediate in the diagenetic alteration of land-derived kaolinite to

illite.

e. Color

The color of basin sediments varies considerably depending on their state of

oxidation and reduction. Highly oxidized sediments are generally brown;

highly reduced sediments vary from gray to green to black. Strom (1939)

emphasized that muds covered by H2S-containing waters are invariably black,

but this is not always the case. Green muds occur in Walvis Bay (Copenhagen,

1934), Kaoe Bay (Kuenen, 1943) and in the Cariaco Trench (Athearn, 1959;

Heezen et al., 1959)—all stagnant environments. Lake Maracaibo, on the other
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hand, has black mud in the stagnant zone (Redfield, 1958) while the Black Sea

appears to have predominantly gray sediments. The fine sediments in the south-

ern California basins are generally an olive green color, although the Santa

Monica basin, where sedimentation is most rapid, has dark gray-green clays.

No satisfactory explanation has yet been given for the color differences, and
it is the author's opinion that many factors are involved. Those of significance

may be the kinds and proportion of clay minerals, such as illite and chlorite,

and the presence of higlily pigmented organic matter, ferrous salts, large

quantities of CaCOs, hydrotroilite and pjTite. Of great importance may be the

total amount of iron available, either in solution or particulate. A high iron

content will bind the H2S very rapidly to form black hydrotroilite. It would be

expected that high iron would be related to areas with great run-off and perhaps

a high content of volcanic rocks. We should, therefore, expect the color to be

darker closer to the soiu"ce. Estuaries, lagoons and marshes fed by streams

usually contain black sediments.

f. Rate of deposition

The rate of sedimentation in basins is dependent on distance from sources,

type and amount of material delivered into the basin and on the agents

of transport. Many of the older data are not reliable because of uncertainties

in the age determinations for the sediments. Other values were based on

estimates of annual supply by rivers, run-off and wave erosions. Many of the

earlier results were given in thickness accumulated per year; this has the added

problem of neglecting compaction.

The most reliable work on relative rates so far published was carried out by
Emery (1960) on the southern Cahfornia basins. The results. Fig. 3, show a

decrease in rate with distance from shore of all sediment components studied

with the exception of calcium carbonate. These rates are given in mg/cm^/year

for a column of sediment neglecting the turbidity-current deposits, and are

based on i^Q-age-dating techniques.

3. Diagenesis in Sediments

A . Types of Organic Matter

The extensive work of Trask (1932, 1939) has contributed much to our

knowledge of the organic content of various marine sediments. The composition

of organic matter is different in different environments and also changes with

depth of burial. Because of the complexities involved, no agreement has yet

been reached as to what the average carbon content of the organic matter in

sediment is. Emery and Rittenberg (1952) suggested that for southern Cali-

fornia basins an average organic content of 1.7 times the organic carbon best

fitted the observed data.

The carbon to nitrogen ratio also varies with sediment type, with depth of

burial and with the analytical procedure. Trask obtained an average C/N of 8.0

while Emery and Rittenberg found a C/N of 13.0. The uncertainty of the
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measurements prom])tecl Emery and Rittenberg to suggest the use of 10.0 as

an average. Since nitrogen analysis can be simply and quickly carried out by
the Kjeldahl method, this procedure is frequently used for estimation of total

organic matter and the organic content is then taken as 1 7 times the nitrogen

content of the sediment. Care must be taken in the interpretation of nitrogen

values because the C'/N ratio usually increases with depth of burial (nitrogen is

preferentially lost by tlie sediment).

The studies on specific groups of organic substances in marine sediments are
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Fig. 3. Curves showing rates of accumulation of various components of southern California

basin sediments. Note the similarities and differences between curves for absohite

rates of deposition and for the percentage compositions given in Fig. 2. Values for

organic matter are at the surface of the sediment. (From Emery, 1960, fig. 208.)

largely fragmentary although many of the major constituents present in the

plankton of the overlying waters have been detected in recent marine deposits.

The review of Vallentyne (1957) shows that more work has been done on the

muds of lakes than on oceanic sediments and demonstrates the inadequacy of

our state of knowledge. Only in the last two decades have adequate techniques

become available for separating and identifying individual com])onnds rather

than groups or families of organic substances.

Two objectives have recently led to the intensive study of organic substances.

The first is to obtain information of use to paleontology and perhaps to give
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credence to the speculations on the origin of hfe. The second is to investigate

diagenetic processes with the ultimate goal of gaining an insight into the enigma

of petroleum genesis. As a result, information is now available on some specific

groups of organic compounds which may help solve the outstanding problems

mentioned above; four of these groups are discussed below.

a. Amino acids

The finding of proteins and amino acids in the shells of living animals by
Abelson (1954) aroused interest in their application to paleobiochemistry.

Definite changes in the stability of the proteins and polypeptides occur with age

of burial. An aqueous environment and heat was found to be most detrimental

to their preservation. x4.belson (1959) found that shells of the clam Mercenaria

mercenaria, an existing species but also j)resent in the Miocene, showed a loss

of protein with burial (a complete loss in the Miocene specimen), but a gain in

free amino acids. No evidence is available from this study as to the stability

of the individual amino acids with age.

Working on shelf sediments from the Gulf of Mexico, Erdman, Marlett and

Hanson (1956) were able to show the presence of nine common amino acids,

while Plunkett (1957) found eight in the core from the Cariaco Trench and

somewhat fewer from the sediment outside the basin. Studies on the sediments

from Santa Barbara Basin (Saltman, unpublished data) have yielded eleven

amino acids. In all, the following have been isolated in marine sediments by the

above mentioned workers; alanine, arginine, aspartic acid, glutamic acid,

glycine, isoleucine, leucine, lysine, phenylalanine, proline, serine, threonine,

tyrosine and valine. Since the adequacy of the techniques of separation and

identification is questionable, interpretations based on the presence or absence

of particular amino acids should be reserved for a later date.

b. Hydrocarbons

Although reports of "paraffins" in marine sediments had been made by
Trask and Wu (1930), their actual isolation and identification was not effected

until relatively recently by Smith (1952, 1954). Apart from steroids and caro-

tenes, three groups of hydrocarbons are recognized: paraffin-naphthenes,

aromatics and asphalts. They are extracted from the dried sediment by suitable

solvent mixtures and separated on alumina columns. Identification is usually

made by infrared si:)ectroscopy. The molecular weights of the compounds are on

the whole high. Smith (1952, 1954) found that average weight fell in the 250 to

300 range. From a large number of cores, Orr and Emery (1956) isolated only

one compound that was liquid at room temperature. They found that the

paraffin-naphthenes were colorless, the aromatics yellow and the asphalts black.

Smith (1954) found that the hydrocarbon content varied from 9 to nearly

12,000 parts per million of dried sample from a number of localities. Emery
(1960) showed that basin sediments can have nearly 1600 ppm hydrocarbons,

with asphalts the greatest fraction. Bonnett (1959) also found a higher content
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of asphaltic material than of the other hydrocarbons in some argillaceous sedi-

ments from Britain, but the difference was not as great as in the southern

California basin sediments. Petroleum per se has not been recognized in recent

marine sediments. Perhaps one reason for failure to isolate light-weight hydro-

carbons is because of inadequate techniques. Removal of the low-boiling-point

solvents used for extractions may also remove low-molecular-weight products,

including gaseous hydrocarbons, which are known to be present (Emery and

Hoggan, 1958).

The work with southern California basin sediments (Orr and Emery, 1956)

reveals that the highest concentrations of hydrocarbons occur in the most

reducing sediments. This suggests that aerobic degradation may be the only or

certainly the major form of removal of these substances from the sediment.

Except for the upper 5 to 10 cm, there appears to be little correlation in con-

centration with the depth of burial to about 500 cm; there is some indication,

however, that the paraffin-naphthene fraction does decrease.

c. Lipids

These compounds are vital and major constituents of all living matter. Under

certain circumstances they become the dominant substance in the organism,

particularly in algae (Spoehr et al., 1949). The most important type of lipid is the

neutral fat or ester of fatty acids and glycerol. Such fats have apparently not

been isolated in sediments, although Shabarova (1954) isolated salts of oleic

acid from a Black Sea ooze, and Plunkett (1957) identified seven short chain

mono-, di- and tricarboxylic acids from the Cariaco Trench. These fatty acids

have been considered as source material for petroleum (Brooks, 1952). Little

information is available on the lipid content of marine sediments, although

complex lipids, including waxes, have been isolated from peat (Abelson,

1959). A wide range of fatty acids is present in petroleum.

d. Porphyrins

In recent years the porphyrins have assumed special importance in supporting

the theories postulating the biological origin of petroleum. The vast majority,

if not all, organisms contain porphyrins as components of blood, respiratory

enzymes or chlorophylls. In the marine environment, it is generally accepted

that the chlorophylls contributed by phvtoplankton are the chief source of

the porphyrins in the sediment. Chlorophyll, a tetrapyrrole with a central

magnesium atom, has never been isolated in the sediments of marine basins

(Orr, Emery and Grady, 1958) or lakes (Vallentyne, 1957). Instead, its first

breakdown products, pheophytin (which is chlorophyll minus the magnesium),

chlorophyllin (loss of phytol group) and pheophorbide (loss of magnesium as

well as phytol group) are present. The diagenetic process leading to the chloro-

phyll transformation is not known, nor is it known whether this occurs in the

water column soon after the death of the organism and before settling or after

deposition has occurred. The conversion of chlorophyll-type jjorphyrin to the

nickel or vanadyl type found in petroleum (Treibs, 1936) is still a mystery.
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However, some interesting results were recently presented by Hodgson (1959)

who was able to carry out the conversion in the laboratory by varying the

temperature, pH and trace-metal content, using a lake gyttja.

In the southern California basins, the porphyrins and hydrocarbons have a

similar distribution (Emery, 1960); their content is highest in the basins closest

to shore, they are preserved best in a reducing environment and they diminish

with depth most rapidly in the first few centimeters.

B. Bacteriological Processes

a. Aerobic and anaerobic metabolism

Bacteria are without doubt the most efficient scavengers on the ocean floor.

In aerobic environments they compete for organic matter with fungi and

protozoa, as well as metazoa, but under stagnant conditions they carry out

their processes without challenge. It is of little value to enumerate aU the known
organisms, at the best such an effort would be totally inadequate. Reviews on

the subject have been written by Waksman (1934), ZoBell (1946), Brisou (1955)

and Wood (1958). As with many other aspects of oceanography, the studies

have so far been largely empirical, and the field is open for the perusal of

fundamental problems.

It is generally accepted that the phytoplankton and the zooj)lankton con-

stitute the major source of organic matter to oceanic sediments. Close to shore,

land plants and sessile algae may also be washed into the sediments. This

matter represents organic molecules ranging from very simple structures to

those which are stable and highly complex.

Lithified sediments, like shales, generally do not contain unaltered organic

matter. The changes that have occurred can in part be due to the lithification

process and in part to diagenetic changes which took place prior to lithification.

Since the Organic matter even in very recent unconsolidated sediments has

largely lost its identity, it can be supposed that the diagenetic processes, having

bacteria among their main agents, are the most significant.

Two groups of bacterial processes are involved in degradation, the aerobic

in the presence of molecular oxygen and the anaerobic in its absence. During

aerobic metabolism reduced substances of diverse structure are converted by

stepwise processes to a few common intermediates which enter into terminal

oxidation pathways, the tricarboxylic acid cycle being the most important,

with their ultimate conversion to carbon dioxide. Since the energy release is

greatest during the aerobic processes, the destruction of organic matter under

these conditions is more complete and generally more rapid. Anaerobic

metabolism must result in the formation of end products more reduced as well

as more oxidized than the starting substrates, and the typical fermentation

process causes the accumulation of simple organic molecules such as fatty

acids. Thus the breakdown of organic matter is not usually as complete

anaerobically, although in the special situations of sulfate reduction and de-

nitrification, where the reduced product is inorganic, this need not be so.
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Furtlier, a smaller number of molecules are susceptible to attack under anaerobic

conditions.

Complex carbohydrates, lipids and proteins, which may be either totally

insoluble or only minutely so, are degraded. For example, agar, cellulose, long-

chain fatty acids and gelatin are readily solubilized under both aerobic and

anaerobic conditions. More stable substances, such as keratin and lignin,

appear to require aerobic conditions and only select flora will attack them.

The lignins appear to be the most stable of the common organic polymers

(Wallentyne, 1957; ZoBell, 1946). This is seen from the fact that marine humus
may contain from three to four times as much lignin as the phytoplankton

(W'aksman, 1933), and lignin accumulated in fresh water is considered as the

source material for coal.

It must be understood that the marine environment, like the lacustrine

environment and soils, has a tremendously adaptable and interdependent

microbial flora, each preparing the environment for their associates. Thus, one

particular set of organisms may be capable of hydrolyzing the bonds of a

complex molecule, such as cellulose, and breaking it down to the individual

sugars. Others may convert the sugars to carboxylic acid, which may in turn be

ultimately oxidized to CO 2 or reduced to methane and hydrogen. In turn auto-

trophic bacteria may assimilate the end products of heterotrophic catabolism

and either convert them back to complex organic matter or use them for their

own energy-generating processes. The associations may extend to higher forms

:

thus vitamins essential to animals may be generated by bacterial metabolism.

b. Types and numbers

The types of bacteria present in marine sediments are essentially the same in

terms of biochemical potential at least as those found in lake muds or soils.

Very often the establishment of the presence of a particular organism is directly

proportional to the effort undertaken in finding it.

It is recognized that the mud-water interface is the richest zone for microbial

proliferation; it is here that a continual supply of nutrients, organic matter,

oxygen, etc. is being provided and toxic end products removed. Bacterial

coimts range from 10^ to lO^/ml on an average for the bottom water and surface

sediment as compared with 10^ to 10^ for the photosynthetic zone (ZoBell,

1959).

The bacterial coinit in the sediments drops rapidly in the first 10 to 20 cm
from the surface and more slowly thereafter. The bacterial counts vary greatly

according to the environment. In the North Pacific Ocean, lO^/g of sediment

have been reported (Kriss and Rukina, 1952); comparable populations have

been detected by Rittenberg (1940) and by Emery and Rittenberg (1952) in

sediments in the southern California basins. Actually, it is the sediment type

rather than geographical location that determines nmnbers.

It is often assumed that stagnant waters and underlying sediments contain a

restricted and impoverished microbial flora. However, Kriss (1959) reported
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that in the Black Sea bottom waters and sediments the bacterial counts were

higher than in the North Pacific. Not only were anaerobes numerous, but nitri-

fying bacteria, thiobacteria and aerobic protein decomposers were also isolated

in large numbers. According to Kriss, life in the bottom waters of the Black

Sea consists primarily, if not exclusively, of bacteria, and the average bacterial

biomass was 1.5 to 2 times that of the oxygenated zone. As a consequence of the

large volume of the Black Sea containing hydrogen sulfide, the total biomass

there is estimated as 18.5 x 10^ tons as compared with 17.7 x 10® tons in the

oxygenated and euphotic zones.

Care must be exercised in interpreting data pertaining to reported bacterial

poj^ulations and types. All counts based on culture procedures have the limita-

tion that only those types capable of development under the nutritional and

physical environment imposed by the experimenter will be counted, and the

diversity of bacteria is such that only an undeterminable and probably small

fraction of a complex population is enumerated in any single procedure. Direct

microscopic techniques not only involve technical difficulties, especially when
dealing with sediments, but also fail to distinguish between living and dead

organisms. More important, the detection or counting of a particular type by
any technique does not establish its significance in the environment in which it

is found. Many kinds of bacteria, for example nitrifiers or sulfate reducers, can

be detected in appreciable numbers in environments in which they cannot be

active, at least insofar as we understand their physiology and metabolism. Much
more attention must be paid to the development of methods that will enable

quantitative assessment of the in situ activity of the different groups of

bacteria.

c. Nutrient regeneration

Perhaps the most vital role performed by bacteria on the ocean bottom is

that of mineralization, the regeneration of nutrients previously fixed by other

living systems. This occurs throughout the entire water column as well as in the

unconsolidated sediments, but is most effective in, or just below, the photo-

synthetic zone (Riley, 1951) where the plankton content is highest and death

is proportionally high, and at the mud-water interface where the dead organisms

come to rest. The net result is a solution of the soluble inorganic ions by the

deep-ocean waters which are then returned to the euphotic zone by upwelling.

A survey of the nutrient budget for the world's oceans by Emery, Orr and

Rittenberg (1955) indicates that far more nutrients were annually assimilated

by xolankton than were supplied by the major sources. The renewal times (the

number of years that would be required for dissolved nutrients in rivers, plus

rain in the case of nitrogen, to build up the nutrients dissolved in the ocean

water to their present concentrations in the absence of withdrawal) are similar

—

12,000, 60,000 and 27,000 years for nitrogen, phosphorus and sihcon, respect-

ively. All are close to the renewal time for the water itself, 50,000 years (volume

of ocean divided by annual volume of river flow). The brevity of these renewal

times and the character of the geological record, which suggests that the total
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life in the ocean has been more or less constant over long periods, indicate

that steadj'-state conditions exist.

Under steady-state conditions as much nitrogen, ])hospliorus and silicon

must be deposited annually in sediments, or otherwise lost from the ocean, as

is contributed to the ocean from non-marine sources. Total fixed nitrogen is

contributed in far greater quantity than is lost to sediments; maintenance of

balance can be attributed to denitrification. On the other hand, both phosphorus

and silicon are brought to the ocean and deposited on its floor in approximate

balance. Because the contribution of each is dominantly in the form of mineral

grains, the j^ercentages of phosphorus and silicon in the ocean-bottom sedi-

ments are not materially different from their percentages in stream-borne

sediment.

Comparative studies of the early diagenetic processes in sediments of the

Santa Barbara, Santa Monica and Santa Catalina Basins have been made

(Emery and Rittenberg, 1952; Rittenberg, Emery and Orr, 1955). The first is

highly reducing with free hydrogen sulfide in the interstitial water, the second

is mildly reducing with no free H2S and the third is oxidizing at the surface

and reducing below a depth of about 200 cm. The variation of nitrogen com-

pounds in these sediments is shown in Fig. 4. Although the cumulative content

does not vary appreciably in the surface sediments of the three basins, the

dominant species is different in each, as is the change with depth. The existing

patterns are understandable in terms of environments and the biochemistry of

the bacterial processes involved.

Ammonia, which results from deamination of amino acids (proteins) and other

organic constituents, can be produced under both aerobic and anaerobic condi-

tions by a large variety of organisms. Bacterial deamination continues down to

a depth of over 400 cm (representing several thousand years since the time of

deposition), as can be judged from the increase of ammonia with depth. The

increase is most noticeable in the reducing basin since here losses occur only

by diffusion upward into the overlying water.

In the presence of molecular oxygen, ammonia is oxidized first to nitrite and

then to nitrate by the Nitrosomonas and Nitrobader groups respectively. An
oxidized environment should, therefore, contain nitrate and this is precisely

what is found in the Santa Catalina Basin sediments. Here nitrate forms to

considerable depths as it probably also does in certain sandy layers of the Santa

Monica Basin sediments introduced by turbidity currents.

Nitrate, like ammonia, can be lost from the sediment by diffusion into the

overlying w^ater. In addition, the conversion of nitrate to molecular nitrogen

(denitrification) can occm\ Laboratory investigations have shown that de-

nitrification can take place only in the absence of molecular oxygen. The recent

field data of Richards and Benson (1959), who demonstrated by measurements

of the i^N/i^N ratios in molecular nitrogen from the bottom waters of Cariaco

Trench and Oslo fjord that biological nitrogen is liberated in the anaerobic

environment only, are in agreement. In Santa Catalina Basin nitrate formed in

the upper zone of oxidized sediment can be denitrified in the reduced sub-
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surface zone, thus allowing a greater net loss of nitrogen than in Santa Barbara
Basin where the absence of an oxidized zone makes this cycle impossible.

The California basin waters contain small quantities of oxygen and this

appears to be enough to allow the oxidation of any ammonia which may escape

from the sediment. The result is that the basin waters have no detectable

nitrite or ammonia but contain about 40 \ig atoms/1, of nitrate (a little less for

10 100 1000
CUMULATIVE /uq NITROGEN/GRAM OF

DRY SEDIMENT

10,000

Fig. 4. Depth distribution of nitrogen compoimds in sediments of three southern CaUfornia

basins. Note the use of a logarithmic scale of concentration. (From Rittenberg,

Emery and Orr, 1955, fig. 4.)

the bottom waters of the reducing basins and more for the oxidizing basins),

which is considerably lower than the 240 [j.g atoms/1, present in the surface

interstitial water of Santa Catalina Basin.

In contrast to nitrogen, phosphorus is supplied to basin sediments largely as

detrital phosphate minerals (e.g. apatite) and phosphate adsorbed on hydroly-

zates and oxidates (e.g. clays and ferric hydroxide) in addition to organic

phosphate. The conversion of organic phosphorus to phosphate occurs with
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bacterial decom])ositioii of the organic matter; thus, a decrease in organic and
an increase in inorganic phos])horns with depth in the sediment should be

found if these forms could be distinguished analytically. The solubility of the

phosphate ion is very susceptible to pH changes and the presence of divalent

cations. At a low ]iH it exists as the acid H2PO4" whose salts are relatively

soluble. At more alkaline pH, above 7.2, HP042~ is dominant and may even

dissociate to VO^^^, which forms insoluble phosj^hates with divalent cations.

Thus the phos])hate content of the interstitial water is not necessarily directly

related to the state of decomposition of organic matter. In fact, the sediments

in the southern California basins show concentrations of soluble phosphate up
to fifty times the values reported for sea-water. The content varies from basin

to basin and \\itli depth in the sediment column.

Although phosphorus has only one known valence state in the sediments

—

pentavalent—its concentration in solution appears to be markedly affected by
the oxidation-reduction potential. This is very probably only a secondary

l^henomenon; more directly the phosphate is proportional to the sulfide content

of the sediment. Baas Becking and MacKay (1956) found that treatment of

suspensions of metal phosphates in sea-water with H2S released HPO42- and
H2P04^ causing a marked drop in pH. They also demonstrated that marine
algae (e.g. Eiiteromorpha) are capable of releasing bound phosphate from the

sediment as a result of liberating organic acids which have a marked solubilizing

action. As mentioned earlier, the stagnant waters of the Black Sea, Lake Mara-
caibo and some Norwegian fjords contain abnormally high phosphate. Sugawara,
Koyama and Kamata (1957) demonstrated the direct relationship between the

H2S content and the phosphate in the interstitial water of a series of freshwater

and brackish lakes in Japan. The same relationship is found in the southern Cali-

fornia basin sediments; phosphate is abundant throughout the Santa Barbara
Basin where free H2S is available at all depths so far cored, and increases in the

Santa Catalina Basin where the reducing environment is reached. In the

Santa Monica Basin, where no free H2S is available, the phosphate content

of the interstitial water is low at all depths.

The distrilnition of phosphate in the interstitial water can be explained as

follows. Bacterial sulfate reduction is responsible for the formation of H2S and
CO2 in the sediments. These molecules effectively bind Fe-+ as FeS and Ca2+
as CaCOa, which are highly insoluble and preci]iitate preferentially to phos-

phates. The removal of the metal cations enables the ])hosphate ion to remain
in solution. In the Santa Monica Basin the supply of detrital material rich in

iron exceeds the sulfide ])roduction. There is, therefore, no competition for the

calcium and iron binding the phosphate and it remains in the insoluble state.

Silicon, like phosphorus, is known to have only one valence state in the natural

environment. It seems to be little affected by the oxidation state but is in-

fluenced by the pH. According to Krauskopf (1956) and White, Brannock and
Mm*ata (1956), working on the solubility of opal, silica solubility increases

rapidly at a pH above 9, but is little affected below it. Of the various forms of

silicon dejiositing on the ocean bottom, amorphous silica is probably the most
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soluble (120-140 ppm below pH 9) as well as being an important source con-

tinually provided by diatoms (Siever, 1957). The oceans on an average contain

about 5 ppm and so are highly undersaturated. Deep waters, especially in the

higher latitudes, contain considerably larger quantities. Interstitial waters from

the basins in southern California (Rittenberg, Emery and Orr, 1955) showed a

tenfold increase in silicon relative to the overlying basin waters. There is a steady

increase with depth and in the three basins measured a maximum was reached

at about 120-150 cm. It cannot be concluded at the present stage whether these

depths constitute a real maximum until further and deeper measurements are

made.

The actual mechanism influencing silica solution is not known. It is possible

that a time factor is necessary. It is further possible that bacterial processes

result in the breakdown of a protective film which encases the diatom frustule.

Lewin (1959) found that removal of this film with nitric acid increased the

solubility of the tests in dilute alkali by 50%.
Sulfur in the ocean is not usually considered in a discussion of nutrients

since it is normally abundant (880 mg/kg as the sulfate ion) but nevertheless

it is an essential constituent of all living matter. In the aerobic zones of the

ocean the concentration of sulfate varies only slightly. In reducing basins, such

as the Black Sea, the disappearance of sulfate, as well as the presence of other

forms of sulfur (Danil'chenko and Chigirin, 1929), has been reported for the

waters. The sediments of basins may present a complex mixture of sulfur

compounds.

Studies on the sediments from the southern California basins show that

apart from sulfate, free sulfide, acid volatile iron monosulfide (hydrotroilite),

fixed sulfide (pyrite), elementary sulfur and organic sulfur can occur in varying

concentrations. In the highly reducing sediments where sulfide formation is

active, the sulfate concentration decreases rapidly in the first 50 or 60 cm and

then more slowly, down to one-tenth or less of the concentration in sea-water at a

depth of about 6 m. In the Santa Catalina Basin, where oxidizing layers overlie

reducing ones, there is good evidence to suggest that a reoxidation of bottom

sulfides has occurred to form sulfates at a higher concentration than initially

present in the sea-water.

The concentration of elementary sulfur is directly proportional to the content

of free and acid volatile sulfide. In the oxidizing basins, or those with small

sulfide content, native sulfur is absent. Organic sulfur and pyrite ajopear to be

proportional to the content of organic matter. Thus, in oxidizing or slightly

reducing sediments having high organic contents and low free sulfide and hydro-

troilite (e.g. Santa Catalina Basin), the content of pyrite is high. The mechanism

of pyrite formation is as yet unknown, although most observations indicate that

it probably has an authigenic origin.

d. Oxidation-reduction potentials and pH

The oxidation-reduction potential (Eu) of a marine sediment is influenced

more by the activity of organisms than by any other factor. Microorganisms,



604 KAPLAN AND RITTENBERG [CHAP. 23

because of their quantitatively greater importance, ultimately dictate the condi-

tions. The larger organisms, particularly the worms, as well as some mollusks,

sea-urchins and other animals which burrow or disturb the surface of the sedi-

ment by their movements (Hartman and Barnard, 1958), may have a marked

influence in keeping the first few centimeters oxygenated.

The role of the microbes is to utilize the oxygen for the metabolism of the

organic matter settling on the bottom and to release reducing substances. In a

basin in which water is not constantly renewed, the extraction of oxygen plus

the release of reduced substances lowers the Eh. From the work of Baas Becking,

Kaplan and ]\Ioore (1960) it appears that the removal of oxygen alone does not

lower the Eh. The most effective poising agent is hydrogen sulfide, or more

correctly the sulfhydril ion (HS~), Highly oxidized waters have an Eh of +500
mV, while stagnant hydrogen-sulfide-containing waters appear to have a mini-

mum of about -200 mV (Strakhov, 1959). This corresponds to the S04-~-HS~

couple. Basin sediments on the other hand generally show lower Eh values

(Emery and Rittenberg, 1952; Rittenberg, Emery and Orr, 1955; Baas Becking,

Ka])lan and Moore, 1960); it is seldom that a potential exceeds + 300 mV under

maximal oxidizing conditions, and reducing values as low as — 400 niV have

been reached. This approaches the lower limit for the stability of water.

In sea-water the pH generally remains within the range 7,5 to 8,5; the water

is buffered by the carbonate-bicarbonate system. Under conditions of extreme

evaporation, addition of fresh water or high biological activity, a greater

spread may result. The sediments of true marine basins also have a narrow pH
range. There is usually no marked trend, although, in general, a slight increase of

pH occurs with depth. There is often a change in pH between the sediment and

the overlying water. The direction of this change is unpredictable and usually

slight. In some basins there is a definite decrease in the pH of the sediment

relative to the water, e.g. Milford Sound, New Zealand. This may be due to

the release of CO 2 by biological activity and to a cation exchange process in

which the alkali metals are preferentially adsorbed.

C. Subsurface Waters of Ancient Basins

Subsurface waters of ancient marine basins are thought to be remnants of

sea-water trapped within the sediments at the time of deposition. It is, therefore,

of some interest to examine the ionic composition of connate waters in order to

gain a greater understanding of the processes causing diagenetic changes in the

interstitial waters of freshly deposited marine sediments. The recent review by

Chave ( 1 960) draws adequate attention to the pitfalls involved in accepting all

published data without critical evaluation. It may be added that because of the

heterogeneous character of sediments, even analyses on freshly deposited

material are often subject to insurmountable error.

From the many thousand published results, Chave (1960) draws some con-

clusions on the chemistry of the ancient waters. The predominant ion is chloride.

There is always an increase of Cl~ with respect to sea-water and the chlorinity
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may range from 19 to 200 %o. A decrease in chlorinity is interpreted by Chave as

being due to contamination by meteoric water. The other principal anions,

bromide and iodide, are also enriched. Sulfate is generally depleted (presumably

by bacterial reduction), often to vanishingly small quantities, and sulfide may
substitute for it. Enrichment in sulfate is thought to be due to the addition of

liyjjersaline evaporite water. The cations also show a variation. Calcium is

enriched, probably as a result of the solution of limestone and replacement by
magnesium in the formation of dolomite. This j^rocess, and the adsorption of

magnesium by clays during montmorillonite and illite formation, results in the

depletion of magnesium. Potassium is also depleted, presumably by the ]3ro-

cesses of exchange in clay-mineral formation. Strontium and barium are

enriched, probably through the release by fine sediments into sulfate-poor

water.

Data on these ions in recent sediments in present-day basins are not as well

established. This is partly due to lack of effort and partly to the inability of

getting sufficiently long cores until relatively recently. The decrease of sulfate

in reducing environments has been confirmed by many workers. The change in

chloride is not so straightforward. Emery and Rittenberg (1952) and Ritten-

berg, Emery and Orr (1955) found no change with depth down to 200 cm;
Bien (Chave, 1960) also apparently could not detect any significant changes.

Shishkina (1959), however, studying the Black Sea sediments, found that a

considerable decrease occurred with depth, amounting to 43% at about 900 cm
in one core. Bromide was also found to decrease,but not to the extent of chloride.

Potassium, sodium and magnesium were all found to diminish by Shishkina.

In some cores, potassium almost disappeared at depths of 800-900 cm, although

in others the changes to depths of 300-400 cm were not ]3ronounced. Calcium

generally showed an increase with depth.

These results, especially the analyses of anions in the interstitial waters of

recent sediments, can be seen to differ from the measurements on connate

waters. The results of the Black Sea measurements may not be truly repre-

sentative of present-day conditions, having been influenced by post-glacial

deposition in an environment of lower salinity. There is, however, a serious

lack of data from jjresent-day neritic basins.

4. Isotopic Studies Related to Biological Processes in Sediments

The recent interest in stable isotopes (Rankama, 1954) has proved of great

value in elucidating many problems in nature, including the ocean. Surprisingly

little work, however, apart from the oxygen isotope work, has so far appeared

in the literature attempting to interpret mechanisms in oceanic sediments

generally and basin sediments in particular.

The studies of Richards and Benson (1959) on denitrification were briefly

mentioned earlier. By measuring the 1^^/14;^ ratio in the dissolved molecular

nitrogen of the Cariaco Trench, they were able to show that approximately 3%
of the nitrogen was derived from denitrification processes occurring in the



606 3CAPLAN AND RITTENBERG [CHAP. 23

anaerobic zones only. This is probably the first in situ estimate that has been

obtained. Much more work is required to establish a reliable figure that can be

used on a world-wide basis in order to balance the nitrogen cycle. This tech-

nique should ultimately prove important in determining the amount of mole-

cular nitrogen being fixed, both in the euphotic zone as well as at the nnul-

water interfoce.

Fractionation of jiydrogcni isotopes by bacteria has been shown in the labo-

ratory. Using facultative organisms isolated from sediments of the Bahama
Bank, Cloud et al. (1958) showed that there was an enrichment of the lighter

isotope by a factor of 20 over its occurrence in sea-water in the metabolic

hydrogen produced. Such drastic fractionations could have some influence on

the H/D ratio of semi-isolated bodies of water, such as lagoons.

Studies on the isotopes of carbon are of particular interest in tracing break-

down and accumulation processes of organic matter. It has been confirmed by

a number of workers that growing organisms are able to fractionate the carbon

atoms by concentrating the lighter isotope in the protoplasm and the heavier

one in the carbonate skeleton. Craig (1953) has shown that marine plants and

animals have a definite range for the i^c/isQ ratio of their total organic con-

stituents. Certain extracts of phytoplankton, however, notably hydrocarbons

and lipids, were found by Silverman and Epstein (1958) to be considerably en-

riched (15 to 20%o) in the lighter isotope with respect to the total protoplasm.

The organic matter in basin sediments is also known to be enriched in the lighter

isotope with respect to marine organisms (Emery, 1960; Silverman and Epstein,

1958). Chloroform-methanol extracts of the organic matter gave slightly higher

12C concentrations than the average total material and closely coincided with

the measin-ements made for petroleum. This can be used as an argument for the

origin of oil directly from the hydrocarbon and lipid fractions of the organic

matter. Carbon isotope work should be able to determine the importance of

bacterial processes in the deposition of carbonate, since metabolic CO 2 is

probably enriched in ^-C. This process has been proposed for the formation of

the limestone associated with the salt-dome deposits of Texas and Louisiana

(Feely and Kulp, 1957). Laboratory experiments have not yet substantiated

these predictions.

There is a considerable literatin-e on the isotopes of sulfur, ^\•hich has most

recently been reviewed by Ault and Kulp (1959). The investigations have been

largely restricted to sulfur compounds in ancient sediments, ores and volcanic

exhalations. Comparatively few results exist for recent marine sedimentary

deposits. The investigations carried out on some sediments at Milford Sound by

Kaplan, Rafter and Hulston (19(50) can be used as an indication of the im-

portance of such studies. The analyses on four samples are given in Table I.

These represent surface sediments from stations A and G and the water over-

lying them. The results show that the isotope ratios for the sea-water sulfate

fall very close to the average of 21.76 given by Ault and Kulp (1959). The
slightly higher ratio for sample R240/1 may be due to the influence of inter-

mixing with fresh water, since the area i)i Avhich this restricted basin lies has an
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Table I

Isotope Fractionation in Estuarine Mud and Water of Milford Sound,

New Zealand
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higher if based on the average 32S/34S ratio of SO42- in sea-water) can be at-

tained by such biological systems, under suitable conditions.

5. Special Problems

Basin sediments are thought to be particularly suited for the formation and

accunuilation of certain deposits commonly not present in other marine

environments. These include petroleum, base-metal sulfides and uranium. The

exact mechanism for their formation is unknown, and so far the evidence comes

mainly, if not in some cases entirely, from ancient marine sediments; a short

discussion of these topics is believed warranted in order to draw attention to

possible lines of study.

A. Petroleum

The origin of oil has been a much disputed question for the past 100 years.

Although a voluminous literature exists, no definitive theory has yet been

proposed satisfying all the questions arising from the complex properties of

petroleum and the special conditions needed to create them. At the present

time the majority of workers consider that most deposits have a marine origin.

Although a freshwater environment could likewise serve as a starting point,

such an environment is quantitatively unimportant compared with the marine

environment. It is generally agreed that the plankton serves as the source

material.

The evidence for the marine environment is that petroleum is found in strata

which are either entirely or i^redominantly marine. The evidence for the bio-

logical origin stems from the direction of optical rotation and more important

from the presence of porphyrins (desoxophylloerythrin) in the petroleum. Since

these substances are sensitive to high temperatures and since petroleum has

been found in relatively young beds of the late Pliocene it has been concluded

that oil can form at low temperatures (< 150°C) and pressures. Complications

do arise, since the highly paraflftnic oils do not appear to contain porphyrins.

This has generally been interpreted as being the result of their destruction by

heat and pressure due to deep burial. However, parafhnic oils have been found

at shallow depth in stratigraphic traps which do not appear to show deep burial.

This leads to the question of the nature of the organic substances from which

petroleum was derived. As mentioned in an earlier section, crude oil as such does

not exist in present-day basin sediments, although hydrocarbons have been

separated from the surface muds of both marine basins and freshwater lakes.

It would therefore appear that formation and accumulation begin soon after

deposition and perhaps even during sedimentation of the dying plankton.

The two theories suggested are (a) the accumulation of oil from residual im-

decomposed compounds such as lipids and fatty acids, (1)) the production of

hydrocarbons by diagenetic processes. The first proposal may account for the

low density asphaltic petroleums containing porphyrins, the second for the
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high density paraffinic type. Evidence from recent basin sediments can be used

to support either hyjjothesis.

Petroleum is generally found in porous rocks or in strata containing fissures,

faults and voids, mainly in sands or limestones. Such sediments are known to be

poor in organic matter. Shales, on the other hand, have high contents of

organic matter but are poor reservoirs for petroleum. It is concluded that

petroleum generally does not remain where it originates, but is transported

either laterally or vertically as a result of compaction. This introduces the factors

of selection and transformation through transf)ortation. The recent mechanisms
proposed by Baker (1959) and Meinschein (1959) for the accumulation of sub-

stances with the general characteristics of petroleum suggest that the trans-

porting agent is of vital importance. It may be that this is the reason for the

apparent absence of petroleum in continental-type sediments.

The production of organic matter in modern basins is usually high enough to

account for the accumulation of hydrocarbons in large quantities. From a

comparison of the Los Angeles Basin with the still submerged Santa Monica
Basin, Emery (1960) concluded that for every barrel of petroleum formed,

19,000 barrels of equivalent organic matter had to be produced by plankton

and 1200 barrels deposited on the basin floor; the present annual extraction

of petroleum in the Los Angeles Basin is 100 million barrels per year. Suffi-

ciently long cores are still lacking in present marine basins to determine

whether petroleum is currently being formed in them.

B. Metal Sulfides

Iron sulfides are known constituents of reducing basin sediments. The two
tyjDes most commonly met are the black hydrated iron monosulfide, hydro-

troilite, and pyrite. The fkst is highly unstable and decomposes during drying or

heating to iron oxides and elementary sulfur. Sulfides of other heavy metals

have not yet been described as occurring in modern basin sediments, but this is

probably due to their relative scarcity compared with the detrital material and
they have ]3robably been overlooked. There appears to be no reason why copper,

manganese, zinc and other cations which form highly insoluble sulfides should

not coexist with iron sulfide. Many such metals are present in living systems

(e.g. copper in the blood of Crustacea) and are liberated on the death of the

organism.

The geological literature contains many descriptions of sedimentary pjnrite

and marcasite deposits. Coals sometimes have as much as 10% sulfur in the form

of pyrite. Shales are particularly rich in pyrite, as for example the Wabana
District of Newfoimdland which contains oolitic pyrite beds of 1 cm to about

30 cm in thickness. Sandstones and limestones also contain pyrite as found in

the Upper Cretaceous of Wyoming. The large deposits of Nairne, South Aus-

tralia, have been described as sedimentary by Skinner (1958) and LaGanza
(1959). Copper, lead and zinc sulfides are also found in sedimentary rocks but

their origin is not well established. The Kupferschiefer Basin in the Permian of
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Germany, with shallow-water marine fossils, contains black shales rich in

chalcocite, bornite and chalcopyrite as Avell as sulfides of iron, zinc and lead,

together with small quantities of silver, nickel, cobalt, vanadium and molyb-
denum minerals. The Tri-State District in the Mississippi Valley is exception-

ally rich in zinc and lead sulfides, which occur in limestones, dolomites, cherts or

calcareous shales of the Paleozoic (Lindgren, 1928).

Whether these non-ferrous sulfide ores are epigenetic or syngenetic is still a

lively (luestion. The main difficulty lies in finding the source of the metals.

The tendency has been to describe sulfide ores, even in sedimentary strata

separated by large distances from igneous intrusions, as being of a hydro-

thermal or metasomatic origin. Stanton (1955) found that in the lower Paleozoic

of the Bathurst region of New South Wales, Australia, sulfide ores occurred

adjacent to limestone and volcanic rocks. He interpreted this as indicating a

release of cations by volcanic exhalations then carried to the ocean in solution

and deposited in lagoons adjacent to actively growing reefs, probably containing

reducing sediments with a high sulfide content.

The exact mechanism for pyrite formation in marine sediments is not yet

known, although it is commonl}'^ assumed to arise from hydrotroilite. This

concept is strengthened by the similarity in the isotoi^ic ratios of the hydro-

troilite and pyrite sulfur in the Milford Sound sediments (Table I). Pjri-ite is

found widely dispersed throughout reducing as well as oxidizing sediments. In

the surface oxidizing layers of the Santa Catalina Basin, pyrite constitutes the

most abundant sulfur compound, whereas in the Santa Monica Basin, which has

a high hydrotroilite content, pyrite is low. It thus appears that pyrite can form
in mildly oxidizing environments and at a comparatively rapid rate.

Since sulfate reduction is undoubtedly involved as the first step in jowite

genesis, it might appear paradoxical that pyrite is abundantly formed in mildly

oxidizing sediments which should exclude sulfide production. The common
occiu"rence of pyrite within foraminiferal and diatom tests suggests that

reducing micro-environments adequate for sulfate reduction can occur in a

milieu that is predominately mildly oxidizing.

Of great interest is the direct relationship between the pyrite content and
organic content of the sediment, which was also observed by Harmsen et al.

(1954) for marshes and soils in the low-lying coastal area of the Netherlands.

Because of the tendency for pyrite to concentrate in sediments Avith high

organic matter it is tempting to postulate a reaction occurring between the

hydrotroilite first formed and the protoplasmic matter, resulting in the

deposition of the disulfide. >

With respect to the formation of other sulfides, Miller (1950) has shown that

sulfate-reducing bacteria can tolerate relatively high contents of base-metal

cationsand Baas Becking and Moore(1961) haverecentlydemonstrated the form-

ation of galena, sphalerite, covellite and digenite in bacterial cultures. Present

day neritic marine basins adjacent to areas of high volcanic activity or sub-

marine seepage such as Alaska, Japan or the South Pacific Island arcs, may, there-

fore, prove useful places to initiate studies on the formation of such minerals.
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C. Uranium and Transition Metals

Uranium, cobalt, molybdenum, nickel and vanadium are known to be en-

riched in bituminous marine shales, and vanadium and nickel are present in

some crude oils. There is no doubt that these trace metals are authigenic; the

mechanism of their deposition is, however, still ambiguous. Three processes can

be suggested, but their relative importance must await further studies.

The first is the active concentration of the trace metals by living organisms.

It is well know^n that the transition metals are important constituents of a

number of biological substances. They are able to form chelate compounds

which perform the important function of solubilizing particulate matter.

Goldberg (1957) reviewed the literature and found ample evidence for their

selective concentration by plankton, sessile algae, sponges and other organisms.

Vanadium appears to be concentrated the most, by a factor of > 280,000 over

its concentration in sea-water.

Scavenging by clays, colloids and settling organic matter is another process

that has been suggested (Krauskopf, 1955) for the concentration of trace metals.

Krauskopf found that hydroxides of manganese and iron were the most effici-

ent in the adsorj^tion of ions from sea-water.

The third method, and according to Krauskopf (1955) the least important,

is the chemical precipitation of oxides, carbonates or sulfides. In areas of the

ocean where upwelling results in high productivity and later in stagnation in

bottom waters, or in restricted stagnant basins discussed in this chapter, the

Eh may drop sufficiently to transform the soluble complex ions into the

lower valence insoluble oxides. The theoretical calculations by Garrels (1955)

show that the reducing conditions produced by sulfate reduction create an

environment in which the oxides of vanadium III and IV, uranium IV and

sulfides of iron, copper, zinc and lead are stable. The isotoiDic studies by Jensen

(1958) on the metal sulfides associated with the uranium deposits of the Colo-

rado Plateau (freshwater deposits) give extra weight to the hypothesis that

bacterial sulfate reduction may be directly involved in the deposition of

uraninite and montroseite.

It is well known that primary uranium occurs in ancient marine sediments,

principally those rich in phosphate and poor in lime, and the carbonaceous or

black bituminous shales. The most favorable environments for its deposition

seem to have been areas near margins of platforms during the Paleozoic. It

appears that the uranium may substitute for calcium in the crystal lattice of

the carbonate-fluorapatite, which is the predominant phosphate mineral in

phosphatic sediments. In the organic shales there appears to be a direct rela-

tionship with the organic matter (McKelvey and Nelson, 1950). Thin layers

particularly rich in organic matter can attain uranium concentrations of 0.7%.

In general, the uranium content of these shales varies from a few thousandths to

0.02% (Klepper and Wyant, 1957). The shale beds are often several feet thick

and cover areas of tens or hundreds of thousands of square miles. The uranium

is preferentially concentrated in the fine-grained sediments, especially where the

21—s. Ill
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carbonate content is low, and, from the nature of the deposits, in areas that are

tectonically relatively stable allowing for a slow accumulation. The source can

sometimes be traced to overlying volcanic ash beds that have been leached

(Becraft, 1958).

Because of the recent interest in nuclear energy, a considcraljle literature

exists on ancient marine basin sediments enriched in syngenetic uranium. No
reports have yet been published on the occurrence of uranium in recent neritic

basin sediments. As in the case of the metal sulfides, it is recommended that

lagoons or other reducing environments adjacent to volcanic areas or to

localities particularly rich in granitic rocks, that can act as sources, be studied

for enrichment of uranium as well as vanadium and the other trace metals

mentioned above.

D. Phosphates

Phosphate deposits may be classified into six geological types: apatite

deposits of igneous origin, residual deposits, phosphatized rocks, river-pebble

deposits, guano and marine phosphorites (Curtis, 1957). There are two types of

marine phosphates present in the geological column: (a) the phosphatic nodules

and (b) the stratified phosphates associated with shales or limestones; both of

these are authigenic. The former type is present along the continental shelves

of many continents, and is especially high in regions where upwelling is domi-

nant and sedimentation of detrital material low, e.g. the coasts of Peru and

Chile, the southwest coast of Africa and the coast of North America (Dietz,

Emery and Shepard, 1942). The second type has not yet been described in

recent marine sediments.

The phosphorites associated with shales are widespread, often cover large

areal distances and tend to accumulate uranium. The Phosphoria Formation of

the Permian of Western United States of America is perhaps the best known
deposit of this type. It is thought that deposition occurred in the miogeosyncline

facies of the orthogeosyncline. The phosphate is often enriched in clastic or

limestone members of a dominantly shale formation. For example, the Ten-

nessee blue-rock phosphate occurs in the Hardin Sandstone member of the

Chattanooga Shale.

Many authors have suggested origins for the phosi)horites present in shales

(Mansfield, 1931; McKelvey et al., 1953); these explanations are based largely

on field observations without giving much attention to the conditions prevailing

in present-day environments. Emery (1960) has attempted to explain phos-

phatic nodule formation on continental shelves as the result of precipitation

from supersaturated solution probably in the form of colloids. He concludes

that upwelling bottom waters rich in phos])hate may undergo changes in

environmental conditions which cause the tricalcium phosphate to exceed its

solubility product.

We wish to draw attention to a further possibility which appears to have been

generally overlooked and could ])rofitably be investigated. The close association

of ancient marine phosphates with black shales indicates a reducing environ-
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ment, as now exists in marine basin sediments and occasionally in waters, as

described in this chapter. Under these conditions phosphate is released by dia-

genetic processes and may reach concentrations one hundred times as great

as in the overlying surface waters. At the same time the pH of the basin waters

is decreased (Rittenberg, Emery and Orr, 1955; Baas Becking and MacKay,

1956). The mixing of such water with oxygenated water at the sill or near the

rim of reducing basins with a resulting increase in pH should cause phosphate

to precipitate. As a consequence, areas in the open ocean surrounding such basins

would be enriched in insoluble phosphate. The shelves surrounding the Cariaco

Trench or the coastal regions of Norway where fjords are abundant could be

present-day environments where phosphate deposition is occurring. Another

possible mechanism could involve large-scale turbidity currents which might

introduce sufficient oxygenated water and divalent ions into a stagnant basin

to cause a precipitation of phosphate. In such an event phosphate would be

enriched in the surface layers of the coarser sediments. This may account for

the presence of phosphate in ancient basin sediments,

E. Carbonate Deposition

The deposition of carbonates on the ocean bottom has been a problem of

primary interest to geologists for many years. The source and mechanism of

precipitation of amorphous or microcrystalline carbonates is still not entirely

solved to the satisfaction of all workers. One of the earliest explanations was

given by Murray and Irvine (1889) who suggested an interaction between

ammonium carbonate liberated by microbial decomposition of proteinaceous

matter and the calcium sulfate in sea-water, producing calcium carbonate and

ammonium sulfate. Since then there have been numerous advocates of the

hypothesis of deposition of calcite by bacterial activity (Lalou, 1957). Much

evidence has been based on the experimental work of Drew (1913) who sug-

gested that denitrification was the primary cause of calcium carbonate de-

position. Lipman (1924) critically repeated the work of Drew and concluded

that the artificial conditions used in culturing the bacteria were so different from

those actually existing in the ocean as to make a direct comparison untenable.

The most recent support for bacterial precipitation comes from the work of

Lalou (1957, 1957a) who set up mixed cultures in aquarium tanks using re-

ducing mud covered with sea-water enriched with 0.5 to 1.0% glucose.

The studies with bacterial cultures have many drawbacks, the major one

being the high content of nutrients and calcium added to the culture medium.

The processes of denitrification to which has been attributed the liberation of

ammonia are probably incorrect. Denitrification which results in the reduction

of nitrate to ammonia or nitrogen can occur only in the anaerobic environment.

In a highly anaerobic environment the nitrate content is low, and it is doubtful

how much ammonia actually forms compared to the molecular nitrogen liberated.

Deamination of the proteins in the mud is probably more important.

Bacterial sulfate reduction has been proposed as a direct method of formation
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of calcium carbonate through the substitution of the sulfate by a sulfide and
then a carbonate. Lalou (1057, 1957a) found that the initial stage of decomposi-

tion in the reducing sediments was the formation of organic acids together with

the liberation of C()2. which caused a marked decrease in ])H. This solubilized

calcium and caused a twofold increase in its concentration in the sea-water.

The next step was the initiation of sulfate reduction with an increase in H2S,
until the sulfate disa])])eared. The pH at this stage rose to that at the start. Up
to this point little or no carbonate precipitated; only when the containers were
placed in the light was there an observed deposition. In the presence of light

there was growth of the photosynthetic purple bacteria and a rise in pH. The
conclusion that must be reached from this is that CO2 was removed by photo-

synthetic fixation displacing the equilibrium to the side of carbonate. There is

no indication from this work whether carbonate is actually removed from sea-

water or whether it is just a recycling of the carbonate in the mud.
The necessity for photosynthesis suggests that those processes would occur

only at the relatively shallow depths of the euphotic zone. Rapid escape of

CO2, an increase in temperature and a high pH of the water would all help this

process. Shallow lagoons associated with atolls or fringing reefs would suggest

themselves as such environments; most of these, however, are highly oxj^genated.

Stagnant basins, particularly in temperate zones, could produce this pheno-
menon. In such a case autotrophic bacteria living at the oxidizing-reducing

interface could remove the CO2. Such a process may be responsible for the re-

working of carbonates in the Black Sea and other deep anaerobic basins.

The problem outlined above deserves careful attention. There is need for

studies in situ rather than artificial culturing as has been done in the past.

Since bacterial metabolism liberates the light isotope of carbon as CO2, any
carbonate precipitated by this method should be enriched in ^-C. On the other

hand precipitation of carbonate by the biological adsorption of CO 2 will leave

the calcite enriched in ^^C. This may be one method of obtaining more in-

formation from the sediments, as well as from controlled laboratory experiments.

Neritic marine basins, including fjords, lagoons and inland semi-isolated

seas cover only a small fraction of the total oceanic area. Their significance,

however, appears to be out of proportion to their extent. The epicontinental

seas that were so abundant during the Paleozoic have left ample evidence of

their importance in the deposition of neritic sediments. In particular, basins

located within continental shelves have played a special role in the formation,

preservation and accumulation of mineral resources. The two basic reasons for

this role are (a) the slow rate of deposition preventing a dilution of authigenic

minerals by terrigenous detritus, and (b) the isolation of the basin water from
the overlying water because of restrictions imjoosed by sill depth.

The consequence of the al)ove two factors is to i)ermit relatively high contents

of organic matter to accumulate in the sediment. Because of a restricted ex-

change between basin water and surrounding water, dissolved oxygen is re-

moved by biological activity, mainly at the mud-water interface. In exchange,
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hydrogen sulfide is liberated through bacterial breakdown of organic matter

and by sulfate reduction. In the extreme case, this results in the formation of

oxygen-free, sulfide-containing water, that is, a stagnant environment.

Bacterial diagenetic processes, in particular the formation of highly reducing

conditions through the liberation of sulfides, have many interesting conse-

quences. The organic matter, which would normally be effectively destroyed in

an oxidizing environment, is only partially degraded and permitted to accumu-

late, in as yet an unknown manner, to huge reservoirs of petroleum. Trace

metals often associated with clays and living organisms are fixed in the sedi-

ments. Nutrients are regenerated within the sediment column and at the mud-
water interface and released to the overlying water, ultimately to re-enter the

productive cycle. The reduced environment appears to be particularly efficient

for the regeneration of phosphate and plays a special role in maintaining

nitrogen balance in the oceans through denitrification.

Although more is known about basins than many other marine environ-

ments, large gaps are still present. The preceding discussion has attempted to

draw attention to our present state of knowledge and to indicate where further

studies can be profitably undertaken.
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24. ESTUARIES, DELTAS, SHELF, SLOPE

A. Gfilcher

1. Estuaries, Tidal Marshes and Flats, and Deltas

A. Definitions

Estuaries and tidal marshes are river mouths and coastal areas where tides

and tidal currents play an essential part in sedimentation (Latin aestus means
tide), whereas in deltas the deposition results usually from a large excess of

load in the river stream at the place where the river meets the sea. True marshes

may exist, however, in some regions where the tidal range is low, for example at

Esbjerg, Denmark, or at Newport Bay, California, where it does not exceed

5 or 6 ft at spring tides (Jacobsen, 1956; Stevenson and Emery, 1958), or even

2 ft at Porto Vecchio in Corsica (Blanc and Picard, 1954), but the marshes tend

to be very poorly developed when the range falls below 3 ft. Marshes and tidal

flats are usually found on both sides of estuaries (Chesapeake Bay, Delaware

Bay, Gironde, Loire, Thames, Scheldt, Weser, Elbe, etc.), behind shingle- or

sand-spits (Norfolk in England, New England, Guianas, Guinea, etc.), or in

sheltered parts of bays (Bay of Fundy, Baie de I'Aiguillon and Marais Poitevin

in France). A special type consists of very wide tidal flats extending in front of

large reclaimed marshes: these flats are referred to as Watten (Dutch: Wadden)

in Dutch, German and Danish Friesland (Fig. 1); other watts are those lying

in the \A^ash in England, and in Mont Saint Michel Bay and Saint Brieuc Bay
in Brittany. On some watts, the distance between high and low spring water

marks may be as large as 10 nautical miles or even more (Johnson, 1925, pp.

504—588; Steers, 1946, chap, 14 and passim; Van Straaten, 1954; Gripp, 1956;

Russell, 1959, including examples from tropical and subtropical countries;

Phlipponneau, 1955; Verger, 1954).

Deltas, which are generally piles of sediments at the mouths of rivers, are

more especially found in seas where the tidal range is insignificant, e.g. in the

Mediterranean (Rhone, Ebro, Po, Nice, etc.), in the Baltic (Weichsel), and in the

Gulf of Mexico (Mississippi), because these conditions are unfavourable to a

wide dispersal of sediment carried to the sea. They can, however, sometimes

coexist with large tidal ranges, for example in the Far East, provided that the

sedimentary discharge is very high, and true tidal marshes can occur in deltas

when the tidal range, or wind tides (surges), allow them to come into existence

(Mississippi). Most deltas have several distributaries, and the Lena River is

said to have no less than forty-five mouths; some, such as the Tiber, however,

have only one, but deserve their name because they protrude into the sea. The

classification of the mouth of the Senegal River is more controversial, since this

river has but one mouth and does not bulge the shoreline; the sediments have

only filled a former bay and continue to spread in the coastal region (see below).

Another transition t3rpe is the submarine delta which partially fills the outer

part of an estuary, as at the mouth of the River Loire (Guilcher, 1958, fig. 13,

p. 111). Submarine deltas are even found with no river at all: these are called

[MS received April, 1960] 620
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tidal deltas and occur at inlets between barrier islands, as off North Carolina and

off Friesland (Fig. 1). They project inwards and outwards, and originate from

the slackening of the flood and ebb currents on both sides of the pass. Thus,

the concept of a delta is complex and comprehensive; protrusion forms are

diverse (Gulliver, 1898-1899); caution is necessary in definition.

[ZH] Marsh
Above
averoge low

water mark

[^0 to -5m
rrn-s to-iomi

P77-10 to-20mJ

-20 to -30 m

Fig. 1. Tidal delta and part of Wadden Sea in West Friesland. Inlet over-deepened by
tidal scour. (From Waddensymposivim, 1950, p. 448.)

B. Description of Tidal Marshes

A typical tidal marsh in temperate countries (Fig. 2) includes two main

parts. The lower part, which is exposed at low tide and is entirely under water

at high ordinary tide, is generally free of vegetation. It is referred to as the

slikke in international terminology. Sometimes, it bears a Zostera cover, or

mussel banks, or green algae, e.g. in the Netherlands and in Ireland (Van

Straaten, 1954; Guilcher and King, 1961). The higher part is the schorre (salt

marsh in England and in America), which is entirely covered by sea-water only

at high spring tides and always bears halophytes. On the schorre proper, or

"high marsh", different species of plants are found according to altitude: the

most widespread one in Europe is PuccineUia maritima; Aster tripolium and

Obione portulacoides are also numerous; with further increase in height, Juncus

maritimus is often of common occurrence (see Steers, 1946, for more detail).
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Between the high marsh and the sHkke a transition area sometimes occurs—the

"low marsh* {haute slikke in French papers)—with a sparse cover oi Salicornia.

But the Salicornia zone often disaj^pears and is replaced by a low cliff, vertical

or overhanging, wliich abruptly bounds the schorre from the slikke. In many
marshes of the English Channel and the southern ])art of the North Sea,

Spartina toivnsendi has rapidly spread in recent times. Corresponding zones,

with somewhat different species, exist on both coasts of North America (Ste-

venson and Emery. 1958; Johnson. 1925). These halophytes are able to endure

large clianges in salinity, according to the time of the tide, the range of the tide

and the season (rain, river discharge, etc.), but each zone has its particular

ecology. On the other hand, peat can grow in the inner parts of the marshes,

which usually remain outside the reach of the salt or brackish water.

Salt pan in schorre

>eek in marsh

Pleistocene

periglacial deposits ^

^ V V ,
Bed-rock

^ ^ X X X X ^

y-^^- Pleistocene ^^ Y. X ^ Bed-rock y y
iVIuddy sand periglociol deposits X X X Y V V V

Fig. 2. Diagram showing parts and section of a small estviary in Brittany.

The marshes are fed by large tidal creeks (Dutch: geulen) meandering into the

slikke, and smaller creeks (Dutch: prielen) dissecting the schorre. Straight

sections are rare, and very pronounced meanders are much more common than

in ordinary rivers, but their general evolution is the same, consisting of cut-offs,

captures, etc. Interconnections between creeks are frequent. The ebb current is

more important in creek evolution than the flood current, since the former

flows during a longer time than the latter. But on many slikkes in watts or

estuaries, the channels show an inter-digitated pattern: some of them are

flood channels which gradually shoal as they enter the watt, whereas others are

only followed by the ebb current: these are deepest in their inner parts and

gradually merge into shallow banks at their outer reaches. Such ebb- and

flood-channels in the Scheldt estuary have been described by Van Veen (in

Waddensymposium, 1950), and on several tidal flats around Great Britain by

Robinson (1956), and elsewhere. The surface of the high marsh between the

creeks includes ponds which are devoid of plants and are known as salt pans, in

which the water becomes highly saline at neap tides by evaporation, a fact

which may account for the absence of vegetation. Salt pans are often remnants

of silted-up creeks, although some of them may have other origins.

In the intertropical belt, grass is generally replaced by mangrove in tidal
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Fig. 3. Meandering tidal creeks in mangroves, north-west Madagascar. (Photo. A. Guilcher.)

Fig. 4. Part of the Betsiboka estuary, Madagascar. Mud flats in foreground; mangrove
in middle distance; bare zone in background, submerged only at high spring tides.

(Photo. A. Guilcher.)

marshes (see for example Davis, 1940; Schnell, 1952, pp. 197-218; Lindeman,

1953). On Atlantic coasts, the mangrove trees consist mainly of Rhizophora and

Avicennia, and also Laguncularia and Conocarpus. As a rule, Rhizophora lives

on the outer flats, but this distribution may be inverted in young mangroves,

and Avicennia may be found seaward of Rhizophora, for example in Guinea,
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because it grows more quickly. Similar mangrove successions have been de-

scribed as evidence of coastal changes in Malaya (Carter, 1959). It must be

pointed out that mangroves are not found only in muddy marshes, but occasion-

ally also on rocks or pebbles, and that grassy areas, resembling the temperate

high marshes, are found not infrequently among, or instead of, trees, for

example in Dahomey where mangroves are rare. On the other hand, between

the mangrove zone and the continental vegetation, the high -spring-tide zone

often remains completely free of vegetation, for exam])le in Madagascar. This

feature may be due to the long dry season and to the high temperature, which

Fig. 5. Mangroves with alternating sand ridges (cheniers) in north-west Madagascar.

(Photo. A. Guilcher.)

lead to complete dessication of the surface and crystallization of salt during

neap tides so that no plant is able to grow there. The pattern of the tidal creeks

in mangroves is the same as in tidal flats and marshes in temperate countries.

C. Estuarine Mud

In estuaries, tidal marshes and flats, the sediments consist principally of mud
{vase in French; Schlick in Cerman), a term which is intentionally imprecise,

since the sand-silt-clay ratio is extremely variable in the mud (in American

nomenclature, the medium grain size in clay is smaller than 3.9 [x; in silt it

lies between 3.9 y. and 62.5 \i; in sand it is coarser than 62.5 [x). A silt or clay

fraction is present in all muds, so that the mud always hardens w hen it dries,

whereas sand remains loose. But in some intertidal nnids the medium grain

size may be as coarse as 250 y., while in others it may be as small as 2,5 (i,

(Berthois, 1955). As a rule, the grain size is coarser in the tidal creeks, where the
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sand fraction may be very large, and it decreases on tidal fiats and salt marshes,

where much higher clay contents occur. Examples of this distribution are found
in the Wadden Sea, West Friesland (Fig. 6), off Cuxhaven, East Friesland

(Gellert, 1952), and in North Friesland (Hansen, 1951). True sand may be seen

on parts of the outer watts bordering the North Sea and the English Channel,

and also on tidal flats behind sand-spits in Kerry, Ireland (Guilcher and King,

1961). This is connected with processes of deposition which are considered

below. As a consequence of the wide range of the grain size in muds, the sorting

Fig. 6. Lutite {<2 y.) contents of sediments in Lauwerszee, Wadden Sea, West Friesland:

general inci'ease towards the coasts and the watersheds. (From Van Straaten and
Kuenen, 1957.)

Legend— 1: 0-li%; 2: 1^-3%; 3: 3-5%; 4: 5-8%; 5: 8-12%; 6: 12-17%; 7: 17-

25%; 8: >25%; 9: marshes.

is always much poorer than on beaches and in submarine sands on the shelf

where strong currents act upon them. In deltas, the sorting is also poor, and the

grain size is even more variable than in estuaries: the sediments can include

large pebbles in Mediterranean deltas, such as the Var delta in south-east

France, while in the Mississippi delta the coarser fraction consists of fine sand.

On the other hand, the particles are not the same in all parts of the deltas, since

they depend on the processes of deposition (see below).

Estuarine and deltaic sediments also contain an organic fraction, consisting

of algal particles, small pieces of roots, remnants of planktonic animals, and so

on. The organic fraction sometimes constitutes a large volume, and it leads,

either in fresh or in salt water, to the formation of suspended flakes in which
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the mineral y)articles are enclosed in fibrous networks. Foam also includes small

mineral (grains, givintr them more })U()yancy and allowing tiieir transportation

to the higher parts of the marsh (W'aksman, 1933; Trask, 1939-1955; Bourcart

and Francis-Ba3uf. 1942; Francis-Boeuf, 1947; Rajcevic, 1957). Nevertheless,

the organic fraction is always considerably smaller in estuarine muds than

the mineral fraction, which usually exceeds 90% by weight (Berthois, 1955). The

exceptions are peats (which are not truly muds) and tangues deposited on the

watts of north-east Brittany (Bourcart and Charlier, 1959), in which the lime

content is unusually high (more than 60% sometimes) and consists of com-

minuted fragments of marine shells and spicules of s])onges. These tangues are

comparatively coarse, since the clay is almost comi)letely lacking, and fine

sand predominates with some silt. Fine calcareous sediments deposited in

shallow water in warm seas, and euxinic or poorly ventilated basins, where the

organic matter content is much higher, are not considered here.

Iron is found in estuarine muds, in percentages ranging from 2.1 to 7.3, in

examples given by Bourcart and Francis-Boeuf (1942, p. 21). Along with the

organic content, it acts as a binding factor, and bacteria, which live in very

large amounts at the surface of the tidal flats, seem essential in its fixation

(Harder, 1919).

The water content of the soft mud may exceed the weight of the dried sedi-

ment, and those who have walked on tidal mud flats have experienced how deep

one can sometimes sink into them. However, mud is plastic, and the footmarks

remain impressed into its surface for a long time, even after many tides have

l^assed over it.

D. Source of Sediments

The source of the mineral fraction in deltas is obviously the catchment area

of the river, or a j^art of it. Van Andel (1955) has thus shown, by means of

heavy-mineral analyses, that "at least four-fifths of the Rhone delta sediments

have been derived from the Alps; a comparatively small contribution is made by
the Massif Central". This is not surprising, because the tributaries coming from

the Alps are by far the most important ones. According to the same author, the

sand in the Lower Rhine is su]i])lied by reworked Pleistocene deposits, which

came partly from Switzerland and partly from the Rhenish Schiefergebirge

(Van Andel, 1950, p. 114).

Concerning estuaries and tidal marshes, the problem of the source of the

sediments is more complex. A mass of material in suspension is carried to and
fro with the rising and falling tide, but whence this bouchon vaseux (Glangeaud,

1938) comes is disputed, and various views are held. Many Dutch authors,

especially Crommelin ( 1 940, 1 947), have come to the conclusion that all fractions

of the sediments of the Wadden Sea in West Friesland are derived from the

North Sea, since the heavy minerals are the same as those found in the fine

particles on the bottom of the North Sea, and diff'erent from those carried in

suspension in the rivers Ems, Weser and Elbe. Van Straaten and Kuenen (1957)
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support this conclusion with some reservations: the main source is the North

Sea; the River Ijssel may have suppHed some mud, but this contribution was

"only of subordinate importance". The evidence which has been produced is

convincing, and this result seems to be well established.

Rajcevic (1957) also thinks that 75% of the mud in the Seine estuary is of

marine origin; however, evidence for this is scanty and doubtful, and, in the

writer's opinion, the Seine estuary needs more attention before a definite

conclusion can be reached. It might be supposed that a large supply of marine

particles is made easily available by the fact that, in the salt wedge which has

been proved to exist in many estuaries in the world, the resulting current goes

upstream at and near the bottom, whereas the resulting outflow to the sea

occurs near the surface. Such a distribution of the currents is encountered, for

example, in Chesapeake Bay (Pritchard, 1952). Nevertheless, Burt (1955)

assumes that, in Chesapeake Bay, the settling particles are mostly coming

from the rivers ending in the estuary. Spectrophotometer readings show that

the maximum of suspended materials in the estuary occurs in spring, a fact

which can be explained neither by the production of organic matter, which is as

large in summer as it is in spring, nor by the tidal currents, which have no

annual cycle, nor by the wind stress; on the contrary, the peak in river discharge

occurs in spring, and this is in accord with observations. It may be suggested

that the bottom current carries along particles of terrestrial origin, which

first travelled downstream in the surface current.

A continental origin of the estuarine sediments has also been well established

by careful and numerous observations over a period of several years carried out

by Berthois in the Loire estuary (several papers summarized in Guilcher,

1956-1957; see especially Berthois, 1956). Multiple measurements at the entrance

of the estuary to the north of Saint Gildas Point have shown that turbidity is

always higher at all depths during ebb than during flood tides, so that a net

inflow of marine suspended material is impossible. The continental suspended

material can hardly be carried outside at neap tides and in periods of low river

discharge, but it is f)artly driven to the sea during the floods, or at spring tides

in summer, when the viscosity of the water is low. On the other hand, the mineral

fraction in the tangues of the Breton tidal flats has been supplied by Pleistocene

loess or head existing in nearby cliff's, and even from the foreshore beneath the

tangue; only the calcareous fraction (see above) is derived from marine shells.

Burrowing organisms (worms, lamellibranchs, amphipods, etc. ) largely contribute

to converting the loess into tangue (Milon, 1935). In the small estuaries along

the coasts of Brittany, thermal differential. X-ray and grain-size analyses and

mineralogy support the conclusion that the mud is derived from periglacial

Pleistocene deposits (rubble drift) covering the slopes of the estuaries (Fig. 2),

which are washed by waves at high spring tides. The deposits are clifFed: the

coarser fraction settles at the foot of the cliff's and the finer fraction is brought

into suspension in water and feeds the mud flats and tidal marshes (L, and C.

Berthois, 1954-1955; Berthois, 1955; Guilcher and Berthois, 1957). In Derry-

more marsh, Tralee Bay, Kerry, mud is also derived mostly from the washing
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of continental deposits outcropping in the immediate vicinity (Guilcher and

King, 1061): and. in Newport Bay, California, nnid is supplied by slumping of

shales and siltstones outcropping in the surrounding cliffs (Stevenson and

Emery, 1958. p. 51).

In tropical countries, where observations are not so numerous, it may be

assumed in a number of cases that estuarine mud is also derived from the

continent. A typical example may be cited at Majunga, Madagascar, where the

Betsiboka estuary has been filled up at a tremendous rate by red lateritic muds,

as a consequence of deforestation in the catchment area of the river (LaFond,

1957). The lagoons stretching along the coast of the Gulf of Benin in Ivory

Coast, Ghana, Togo and Dahomey, are likewise fed by rivers during the annual

floods, and a large part of the suspended mud spreads into the sea through the

outlets (Guilcher, in Russell, 1959).

Thus, the mud deposited in estuaries and tidal marshes seems to be generally

ascribed to a terrestrial supply, according to the evidence given by accurate

investigations. The case of the Wadden Sea in Friesland appears to be a

notable exception.

E. Processes of Deposition and Erosion

Present-day sediments in estuaries and deltas are the ultimate result of

deposition ])rocesses which were in progress during the so-called Flandrian

transgression, corresponding to the melting of Pleistocene ice-caps. Practically

all the river mouths in the world rest upon a sedimentary column filling an old

valley which was carved during Pleistocene low sea-levels. The few exceptions

consist of small hanging valleys in which estuaries are lacking. Examples for

Great Britain may be found in Codrington (1898) and for Brittany in Guilcher

(1948, pp. 157, 320 and 584-585). In the United States, the borings in Chesa-

peake Bay (Hack, 1957) have shown that the bottom of the old valley system

lies at 200 ft below present sea-level near Annapolis. The gradients of the

profiles of some tributaries steepen near the main river; this is an inheritance

of the Pleistocene deepening. The oldest deposits of the fill consist of coarser

sediments (sand and gravel) than the present estuarine muds. This occurs

widely in, for example, the Mississippi valley and in many European estuaries

and is probably related to overloaded and braided-channel streams at the end

of the Pleistocene. Another typical area in this respect is the Texas and south-

western Louisiana coast, for which data are very accurate (LeBlanc and Hodg-

son, in Russell, 1959; Shei^ard and Moore, 1955; Gould and McFarlan, 1959;

and others).

The eustatic rise of sea-level is not alone responsible for the recent aggrada-

tion in estuaries and deltas. In several large coastal plains, a long-continued

subsidence must also be taken into account. Two typical examples are the Lower
Mississippi Plain and the Low Countries along the North Sea. In both areas, the

Pleistocene is some 2000 ft thick under present sea-level in its thickest sections

(see for instance Akers and Hoick, 1957; Pannekoek, 1956; and Chapter 13 in
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this book). In the coastal marshes and estuaries bordering the North Sea from
Zeeland to the Elbe mouth, the combination of subsidence and eustatic shifts

of sea-level has resulted in most complicated stratigraphy. The marine deposits

related to the last two interglacial periods, which are referred to as the Hol-

steinian (or Needian) and the Eemian deposits (Woldstedt, 1950), are depressed

under the marshes, while they stand as subaerial terraces in coastal areas where
no subsidence occurs. During the last 10,000 years—the Holocene—the follow-

ing strata were laid down in order (Fig. 7): a layer of peat (the lower peat),

deposited before the post-glacial sea-level was high enough to reach these

countries; the older tidal flat deposits and marine clays, deposited behind

barrier beaches; the upper peat, which may tentatively be related to a fall of

sea-level by a few metres after the post-glacial climatic optimum; and young

.Young dunes

sand bars
Young marine cloy

X A A '^ ^ X
X ^ Pleistocene sand

Lower peat

Fig. 7. Diagrammatic section through tlie Holocene deposits of Holland. (Simplified from
Pannekoek, 1956.)

marine clays and sands, resulting from the fact that the small lowering of sea-

level was finally surpassed by the subsidence, which led to invasions of the peat

bogs by the sea. Such alternations of marine and terrestrial deposits, with peat

layers in the sub-surface, have morphological consequences in the coastal

marshes (see below).

If we consider now the processes acting today, we must describe separately

the deltas, the estuaries and the related marshes.

a. Deltas

Deltas (see, for example, Russell and Russell, in Trask, 1955) consist of

a complex of distributary channels, natural levees bordering the channels, and

shallow lakes or swamps lying between them at a slightly lower level. The
coarser elements are concentrated in the channels and on the crests of natural

levees; the finer ones are found in inter-levee lakes or swamps, where clay can

settle to the bottom in quiet waters. Organic sedimentation is also important in

this environment. As the lakes are slowly filled up, they gradually enlarge

by wave erosion along their banks, and their contours become more and more
regular and rounded. During floods, crevassing can occur in the levees, so that

the quiet sedimentation in the lakes is disturbed and coarser layers consisting
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of sand or silt are (loi)ositftl ujtoii tlic clays, (uillyiiig and coarse lenses in

clay beds are thus common. The counterpart of these deposits in the emerged

part of the delta is a subaqueous offshore deposition, including topset beds

which form a shallow submarine ])lain, foreset beds extending outwards and

di])])ing downwards in inclined and parallel strata, and bottomset beds on the

sea-floor beyond the submarine delta front (Fig. S). As a rule, the foresets are

coarser than the topsets, and the bottomsets are the finest ones; and, as the

delta is prograded, the foresets gradually overlap the older bottomsets. Actually,

this is an idealized picture which may be found in small deltas but rather

infrequently in large ones, where it is disturbed in various ways. On the east

margin of the Mississippi delta (Fig. 17), which has been thoroughly investigated

by Shepard (1956), the foreset beds, or "pro-delta slope", are definitely finer

than the bottomset and topset beds, with a percentage of clay as high as 55%,
and their dip scarcely exceeds 1 degree, whereas it reaches commonly 10 to 25

degrees in smaller deltas. In the submarine part of the Rhone delta (Van

______________ Topset beds



SECT. 3] ESTUARIES, DELTAS, SHELF, SLOPE 631

Fig. 9. Mississippi River Holocene sub-deltas. (From Louisiana Coastal Studies Institute,

Russell, 1959, p. 370.) Hatchings: Pleistocene terraces. Figures indicate beginning of

Mississippi River occupation before present time.

W

Jedeida
Bou
Fares Shore Sea

Continental
deposition

Marine
deposition

Fig. 10. Scheme of Utiquian cyclothems in the Medjerda River delta, Tunisia. (From

Pimienta, 1959.)

in the Rhone delta, which has been carefully investigated in recent years

(Duboul-Razavet, 1956; Kruit, 1955; Van Straaten, in Russell, 1959). According

to Pimienta, a Pleistocene sub-delta of the Medjerda River is found immediately

to the south of Tunis, and the modern delta includes a number of cyclothems in

which marine and continental sediments alternate (Fig. 10). This type of

stratification is common, and points to alternating advances and retreats of the

delta front resulting from changes in balance between supply of sediments,
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subsidence, shiftiiigs in sea-level, strength of waves and long-shore drift. The

Rhone delta does not divide into true sub-deltas, but large changes in discharge

in its various distrilnitaries have led to recent accretion at the eastern mouth

and erosion further to the west, where the submarine foreset beds have been

truncated and partially reworked into beaches.

When the amount of sediment distributed over the delta sea-front by waves

is very small, as at the present mouths of the Mississippi, beach ridges may
completely fail to occur, but submarine bars appear and can emerge at the

mouths of the distributaries: they are known as theijs in the Rhone delta

(Duboul-Razavet, 195G) and cause frequent bifurcations at the passes of the

Mississippi (Welder, 1959). Combinations of natural levees along distributaries

Fig. 11. Pass a Loutre, Mississippi delta, showing growing levees. (Photo. A. Guilcher.)

and recurved courses of these channels under the influence of long-shore drift

which lead them to follow a course parallel to the coast are described as

"perilittoral levees" by Mrs. Duboul-Razavet and Pimienta. More purely marine

features reworking the coarse fraction of deltaic deposits are the cheniers or

successive beach ridges of south-western Louisiana (Byrne et al., 1959). They

form beautiful birdfoot complexes in the Rhone delta, where they have been

mapped by C. Kruit. Every kind of transition exists between digitated deltas

such as the Mississippi and stunted deltas such as the Guadalaviar mouth

near Valencia in Spain (see Gulliver's classification, 1898-1899).

Climatic conditions diversify the processes in deltaic sedimejitation. One of

the most curious climatic types is the arctic or periglacial delta, principally

represented in Siberia (Lena, Yana, Indigirka, Kolyma), and existing also in

Canada (Mackenzie). The deposits are deeply frozen during the greater part of
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the year, but in summer catastrophic floods rush from the south, where the

break-up of the ice occurs distinctly earher than in the delta: the mean dis-

charge of the Lena River in June is said to be as large as 2,275,000 ft^/sec; in

other words it nearly reaches the absolute maximum discharge reported from

the Congo River. This huge mass of water, carrying ice-rafts and trees, is often

not able to find its way in the delta through the existing distributaries, since

these are still frozen, so that it commonly overtops the banks and creates new
channels every year. The resulting network is very confused. Concerning the

grain size of the sediments, Carsola (1954) gives information for the Mackenzie

River, which appears to carry to the open sea only fine silts and clays, either in

suspension or through ice-rafts (Fig. 22). It would be interesting to know the

Fig. 12. North Mahavavy delta, Madagascar, showing a braided-channel pattern. (Photo.

A. Guilcher.)

part played by wave action on the delta front: it may be supposed that it

would be of very small extent, because the sea is frozen at the time when waves

could overcome the river forces.

Another type includes intertropical deltas in which disastrous floods occur

owing to the great rains which fall over large areas during hurricanes or

ty|)hoons. The North Mahavavy delta in the north-west of Madagascar belongs

to this type (Fig. 13). Each big hurricane results in a new course. The channels

are braided and basins exist as distinct units. The sediments in channels are of

two types: coarse sand deposited during floods and fine sand, silt and some clay

deposited during low discharge. Micaceous silts of low density are found on

levees. The clay content is a maximum in the basins, although coarse quartzose

elements are present. On the seaward side, between meandering tidal creeks

extensive mangroves grow on mud which includes an important coarse fraction
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of quartzose sand. Waves can rework the fluviatile sand into beaches or bars,

when the river discharge is low during the dry season.

Another deltaic environment is found at the mouth of tropical rivers flowing

into the sea after a long and low course across arid or semi-arid countries, e.g.

the Senegal River (Tricart, 1955, 1956). At the time of high river discharge

(August to November), numerous basins adjoining the lower valley are flooded

and fed with silt and clay. Then the discharge becomes extremely low or even

practically nil for several months, so that, owing to the exceedingly low gradient

of the Senegal River, sea-water enters deeply into the distributaries with the

tide, and is driven into the basins when the floods of the next rainy season

arrive. Other sources of salt for basins lying close to the sea are spray from the

10 mm 1mm 100^ 10/^ 1/x O.V
99.6 %
99%
98%

10 mm 1 mm
rrm i

100m lO^i-

^3
0.1^

4

0.4 %

Fig. 13. Enveloping cumulative curves of grain-size distribution in four environments in

the Xorth Mahavavy delta, Madagascar. (From data in Berthois and Guilcher, 1956.)

Legend— 1: coarse sediments in channels (7 samples); 2: basins (2 samples);

3: coastal mangroves (3 samples); 4: beaches on delta sea-front (6 samples).

heavy surf beating upon the outer beach and percolation of sea-water through

the coastal dunes at high tide. As a consequence of this, the water in the basins is

saline. Since a large proportion of the basins are dry at the end of the dry season

or even before, the salt crystallizes and salt mixed with clay, silt and sand is

transported by the wind and deposited in more sheltered areas. Owing to the

climatic environment, the inter-levee basins are thus sebkhas, or saline bahadas,

and the role of salt in deltaic sedimentation is much more imi)ortant than it

would be under a humid climate. Rather similar processes have been reported

from the Laguna Madre flats, coastal south Texas, by Fisk (in Russell, 1959),

Price (1958) and others.
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b. Estuaries and marshes

In these the processes and rates of deposition on schorres or high marshes have

been studied and measured in Europe (Wales, Denmark, England, Brittany,

Poitou, Normandy) by means of sand layers scattered in patches between the

plants on the muddy or silty marshes. Borings show the thickness of mud
which has settled upon the sand (Richards, 1934; Nielsen, 1935; Steers, 1938-

1948, 1946; Guilcher and Berthois, 1957; Verger, 1956; Elhai, 1959). The rate

of retreat of the low cliffs at the outer edge of the schorres has also been mea-

sured by Guilcher and Berthois.

The rate of accretion is extremely variable, ranging from 0.5 mm in five

years to 8 mm per month. It depends on the marsh, and, in any individual marsh,

on the height and on the distance to big creeks acting as feeders, and also on

the type of vegetation. The relative importance of these factors differs according

to the marshes. In Brittany and Poitou, it was found that the height is generally

the controlling factor if the low marsh (or high slikke) is not considered: the

maximum accretion takes place on the lowest parts of the schorre. In north

Norfolk, England, the distance to the creeks is important in determining the

accretion rate, particularly if dense Obione colonies grow along the creeks.

Obione is also of particular importance in Normandy, since the thickest de-

position occurs in it. Irregularities in deposition exist from year to year, but the

sand patches are very rarely removed.

At the same time, the edges of the schorres are retreating at the places where

they are cliffed. The rate of retreat is also highly variable, since the recession

is caused by blocks of hardened mud falling down from time to time onto the

mud flats. Photographs repeatedly taken in the same areas show that these

blocks are progressively disintegrated and their mud returns once more to

suspension in the water, which in turn feeds the marsh surface and allows it to

continue to grow. This may be defined as a true cyclic evolution of the

mud.
On low marshes or high slikkes, the same method has been used in Salicornia.

The rate of deposition has proved to be higher than on schorres in many cases

;

but deposition alternates with erosion, since sand patches have often dis-

appeared, sometimes after they had first been covered by a rapidly growing

layer of mud. The conclusion is that deposition is more irregular than higher

up on the marsh, probably because Salicornia is an annual plant the vegetal

cover of which no longer exists in winter. Moreover, the cover is always more

sparse than on schorres, and as the plants are stirred by the wind they gather

some mud and can erode the fiats.

The fact that deposition generally exceeds erosion in marshes has been ex-

plained by Van Straaten and Kuenen (1957) as follows. The velocity of the tidal

current entering the marsh decreases as the current goes farther into the marsh.

In such a current, there is a time lag between the moment at which it is no

longer able to hold its sedimentary material in suspension and the moment at

which this material reaches the bottom. This "settling-lag effect" increases the

distance for transportation to the inner reaches of the marsh. On the other hand,
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Fig. 14. Part of Le Conquet estuary, Brittany, on September 5, 1951. (Photo. A. Guilcher.)

Fig. 15. Same part ot Lu Conquet estuary on September 9, 195.5, showing erosion of high

marsh edges and outhers since 1951. (Photo. A. CJuilcher.)

the minimum velocity required to erode a sediment after it has been deposited

is higher than the maximum velocity at which the same particles can settle:

this "scour lag" favours an excess of deposition. Likewise, the decrease in depth
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from creeks to watersheds makes easy the deposition of suspended particles

reaching the watersheds at the end of the flood, whereas the particles reaching

the outer parts of the channels at the end of the ebb have more difficulty

in settling in these deeper waters. This accounts for the deposition of fine sedi-

ments, especially on watersheds and inner marshes (Fig. 3).

Berthois's studies (1953-1958) in the Loire estuary have also added much to

the knowledge of the processes. Deposition is more active in warm water than

in cold water (from which we can infer that its rate should be high in mangroves)

and in salt water than in fresh water; it occurs principally at slack tide, and

not during the ebb as Francis-Boeuf (1947) suggested. It reaches a peak in a

lense of immobile water which has been proved to persist for several hours near

the bottom in a part of the Loire estuary, and also in smaller Breton rivers,

especially during the ebb. The silting up of the lateral marshes is favoured by a

(a)
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peaty or clayey. multi])le sand barriers, or cheniers, alternating with long,

narrow swamps, are a common feature and point to successive stages in pro-

gradation: such areas have been studied in the Guianas (Van der Eyk, 1957,

with an excellent map; Vann, in Russell, 1959; and others), in Texas and Loui-

siana (Price, 1955; LeBlanc and Hodgson, in Russell, 1959; Byrne, LeRoy and

Riley, 1959; Gould and McFarlan, 1959; and others), in Dahomey (Guilcher, in

Russell, 1959), etc.

Laminations, or the presence of thin successive layers, are expected to occur

in estuarine and deltaic deposits. Actually, the situation is not always the same,

since it dejiends on processes of deposition and on ecological conditions (Van

Straaten, 1959; Hantzschel, in Trask, 1939). Salt marshes (schorres) show

laminations which are often graded "as a result of decreasing competency of the

currents during each stage of inundation of the marshes". On banks of tidal

creeks in flats, other laminations are due to variations in competency of tidal

currents, and show irregularities related to local erosion. Laminations are also

found in some kinds of deltaic deposit, but in other tidal environments they

disappear owing to burrowing animals, especially in tropical mangroves where

innumerable crabs, mud-skippers (gobies), etc. hide in the mud. At the places

where such disturbances occur, it does not seem possible to study the deposition

by the method of artificially scattered sand patches.

2. Continental Shelf

The simplest conceivable distribution of sediments over the continental shelf

includes well sorted sands near the shore, followed by silts and clays more

and more poorly sorted on the median and outer parts of the shelf as the depth

increases and the waves become less efficient in stirring the sediments on the

bottom. Such a distribution would fit with a well graded slope of the shelf,

consisting of a smooth curve, concave upward, which may be defined as the

profile of equilibrium of the shelf. Before accurate sedimentological investiga-

tions were carried out on the shelf, this feature was expected to be of general

occurrence, and, according to H. C. Stetson (in Trask, 1939, 1949), it is actually

found in sections off the east coast of the United States.

However, Stetson himself admits that "the fully graded profile . . . would be

the exception . . . and represents the theoretical form that should eventually be

arrived at, but seldom is". The profile shows irregularities in several New Eng-

land traverses, and examples are given in the same area by Stetson in which the

sediments near the outer edge of the shelf "are coarser than some of those found

in shallower water near shore". As early as 1939, Twenhofel insisted on the same

idea, which was also supported by findings of pebbles in the Celtic Sea and in

the Bay of Biscay at depths ranging from 30 to 55 fm, where the waves are no

longer able to stir them (Furnestin, 1937).

Shortly after World War II, Shepard gave in his treatise (194S) the results

of an extensive examination of detailed charts covering the principal shelves

around the world. He came to the same conclusion already reached for the



SECT. 3] ESTUARIES, DELTAS, SHELF, SLOPE 639

continental borderland off Southern California by Revelle and Shepard (in

Trask, 1939), namely, that "there is no progressive decrease in average grain

size with either increasing depth or distance from shore": the general distribu-

tion is irregular, and it is not at all unusual to find coarse sediments on the

outer shelf.

During the last fifteen years, a great deal of new data has been gathered

concerning shelf sediments, especially in European and North iVmerican waters

but also in hitherto little-known areas such as the platform off Venezuela and

89° 20' 89°10' 89°00' 88° 50' 88°40'

89° 20 89 10 89 00 88 50 88 44

Fig. 17. East Mississippi delta sediment environments. (Slightly simplified from Shepard,

1956, fig. 5.)

Legend— 1: interdistributary bays; 2: delta-front platform; 3: pro-delta slope;

4: open shelf recent delta; 5: old shelf deposits; 6: reworked Mississippi delta deposits;

7: open inlet deposits; 8: open lagoon deposits.

Western Guiana where accurate investigations were initiated in 1952 under

Kuenen's leadership. The results agree entirely with the provisional conclusions

drawn from chart examination. An increase in grain size on the outer shelf

is now well established for a large number of areas, and this feature is an in-

heritance from Pleistocene conditions, as Stetson (in Trask, 1939) and Daly

(1934, p. 206) had already suggested for the New England shelf.

One of the most striking examples is afforded by the eastern margin of the

Mississippi delta (Fig. 17). Although the Mississippi River at present carries

to the sea a tremendous sedimentary discharge, averaging perhaps two million
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tons i)er day, the present-day sediments do not settle farther east than some

forty statute miles off the eastern passes. This part of the shelf, 20 to 40 fm
deep, is occupied by old sediments, much coarser than the present bottomset

shelf deposits nearer shore, since sand on the average constitutes almost 60%
of these older sediments compared with only 2% in the latter. They include

macro-organisms representing an older environment characteristic of a shallow

or even estuarine water, in which a i'*C determination on some of the shells

showed an age of about 7000 years. They seem thus to have been related

62° 30' 62° 61° 30

Noutical miles

Fig. 18. Distribution of terrigenous sediments on the shelf off Peninsula de Paria, Vene-

zuela, and to the north of Trinidad Island, showing an increase of coarse particles

near the edge of the shelf. (Simplified from Koldewijn, 1958.)

Legend— 1: percentage of pelites (particles smaller than 50 y.) exceeding 30;

2: percentage of pelites between 30 and 5; 3: percentage of sand particles between

5 and 30; 4: percentage of sand particles exceeding 30. Contours in fathoms.

to a lower sea-level at the end of the Pleistocene or the beginning of the Holo-

cene. Off West Louisiana and Texas, however, Greenman and LeBlanc (1956)

assume that Recent clastic deposits have accumulated on the shelf (although

they do not give figures for the thickness of accumulation on the shelf, but only

on the slope). The causes would be the discharge from the Mississippi and Texas

Rivers and the prevailing east-to-west current. But "Recent" is defined by

these authors as including the last 20,000 years, that is, a large part of the

Wisconsin or Wiirm glacial stage (see Woldstedt, 1958), so that it cannot be

said that these sediments have been deposited in Holocene conditions.
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On the shelf off Trinidad, Venezuela and Western Guiana (Van Andel and
Postma, 1954; Koldewijn, 1958; Nota, 1958), the distribution is much the same
as to the east of the Mississippi delta (Fig. 18). Pelitic sediments, including

more than 30% of terrigenous particles finer than 50 [i and less than 5% of

sand, are found in the median part of the shelf off the Orinoco River and near

shore to the north of Trinidad and of the Peninsula of Paria, while sediments

including 5% to more than 30% of sand occur on the outer part of the shelf, down
to 100 fm at least. It is believed that the finer sediments are now being supplied

by the Orinoco River and transported to the west by the North Equatorial

Current, whereas offshore sands have been deposited during one or several

low glacial sea-levels; since that time, fine particles coming from the Orinoco

River have been added to the sands on the outer shelf, but they do not conceal

the older deposits. The study of the heavy minerals off Trinidad and Tobago
demonstrates that the coarser fraction on the outer shelf cannot have been

supplied at the present time, because the assortment of minerals is different from

that existing on Trinidad and Tobago beaches: it has come either from local

sources on the shelf or from the Orinoco, which flowed into the sea during the

lowerings of sea-level farther north than now.

In the Mediterranean off south-eastern France (Blanc, 1958b; Nesteroff,

1958), the distribution resembles more, it is true, the classic pattern described

in old textbooks (Fig. 19). Terrigenous muds supplied by the continent occur

on an average deeper than 30 fm down to great depths, while, closer to the shore,

the sediments consist of terrigenous or shell sands, often covered with dense

meadows of sea-grasses, Cymodoceae or Posidoniae, which trap the particles

in their rhizomes. But it must be noted that, even in this area, the classic

distribution is disturbed by the occurrence of a large number of small pebbles,

widely scattered among the muds and muddy sands of the shelf and consisting

of quartz, sandstones, phyllites, variohtes, etc. They have been dredged mostly

from gently sloping grounds beginning at 40 fm and extending down to 60 fm,

but others have been discovered (Bourcart) at much greater depths. In the

Bays of Marseilles and Cassis, they have encrustations which are associated

with thanatocoenoses, usually associated with shallow waters. Although their

age is not well known, they might represent fiuviatile or coastal deposits

belonging to the Pliocene or Lower Pleistocene. Be that as it may, they are

neither of present nor of recent age, and they show that present-day sedimenta-

tion on the shelf has not been thick enough to bury them deeply.

Obviously this remark also applies to other coarse sediments quoted above:

since old deposits still lie at the surface near the edge of the shelf, it must be

concluded that the rate of sedimentation is very low or nil there today. On the

other hand the deposition has been very considerable in many inner parts of

the shelf. In the Gulf of Paria, Venezuela, Van Andel and Postma conclude

tentatively that it ranges from 12 cm to 100 cm per century for the last 700

years, except at and near the inlets of the bay where scouring by currents has

kept the bottom free from deposition. Off" Trinidad, figures ranging from 1.2

cm to 27 cm per century have been found by radiocarbon analyses for the inner
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shelf (Koldewijii, HJoS). On the other hand, the recent Mississippi sub-delta

has been built on the slielf within the last 450 years (Fig. 9), and continues to

be ])rograded off South Pass at the rate of 200 ft a year.

Observations in Europe also point to very low amounts of recent marine

d('])ositi()n in many regions of the shelf lying far offshore, especially in the

Celtic Sea and the Bay of Biscay (Bertliois. lOooa, 1050; Berthois and Le

One nautical mile

Fig. 19. Sediments in (iolfe .luan, soutli-east France, showing a t>q3ical distribution over

the continental margin in the north-west IMe(Hterranean. (From Nosteroff, 1958.)

Legend— 1: rock; 2: terrigenous sand; 3: Cymodoceae and Posidoniae meadows,

trapping sediments; 4: skeletal sand; .5: much

Calvez, 1950). In the latter, the sediments to the w^est of a line joining the mouth

of the Gironde to Fenmarc'h Boint are sands; their grain-size distribution

resembles closely the beach and dune sands of the Landes of Gascony, although

they extend to 100 fm de]ith. They have been partly reworked by sluggish

currents, and this reworked type has been reproduced in laboratory experi-

ments from samples collected in the dunes of the Landes. Moreover, many sand

grains on the shelf of Biscay are wind-worn. Berthois concludes that these



SECT. 3] ESTUARIES, DELTAS, SHELF, SLOPE 643

submarine sands are the continuation of the dunes of Gascony, which extended

over the shelf as far as south-west Brittany before the post-glacial trans-

gression and have not been covered by other sediments after they were drowned.

The same suggestion has been put forward by Stetson (in Trask, 1939) for

rounded and frosted sand grains found off the coast of southern New England,

which are believed to be remnants of dunes formed when the sea retreated

from the continental shelf. Another conclusion concerns the so-called "Grande

Vasiere", a broad strip of mud which runs, according to charts, across the shelf

of Biscay: in fact, this mud layer is so thin that it is dispersed when corings

are attempted in it and only sand remains in the corer. In the Celtic Sea, large

sand ripples, more than 30 ft high and several hundreds of yards apart, have

been known for a long time. Berthois has shown that they are probably inactive,

since no current can account for them at the present time. They probably

came into existence during a Pleistocene low sea-level, when currents were much

more efficient in shallower waters. Today, weak currents are only able to

produce much smaller ripples which are superimposed on the large ones. Here

again the deposition is now insignificant.

In the North Sea, the distribution of grain size in sediments is most intricate,

as may be seen on a very accurate map published by Jarke (1956). As early as

1936, Baak showed that these submarine sediments have intimate petrological

connections with the emerged lands which they lie in front of, namely, that

English-Scottish, Dutch and Scandinavian groups exist as distinct units

which have not been mixed together. According to Caiileux (1942, p. 117), the

English and Scandinavian groups often include a very high content of wind-

worn grains in their southern extension, probably because they have undergone

severe periglacial conditions during the last glaciation (Wisconsin, or Weichsel).

More recently, Berthois (1957) has found that some of the North Sea sands

have been reworked by currents and are now well-sorted, while others remain

ill-sorted and are probably glacial or fluvio-glacial sediments in which sea

action is hardly perceptible. Volpel (1959) has also studied them, and observes

that those which are well-sorted lie generally at 14-17 fm and are lacking at

depths below 22 fm: they occur in strips coinciding in position and direction

with strong nearly alternating tidal currents, in which the ellipses are very

narrow. The same differences in sorting are also reported from the bottom of

the Irish Sea (Berthois, 1957). It may be said that in the North and Irish Seas,

a winnowing of sands by present marine action may occur in shallow depths,

but it does not apply anywhere near to the entire bottom; the influence of

Pleistocene sub-aerial or sub-glacial action remains the deciding factor.

Tidal currents are sometimes so strong that they are able to keep large shelf

areas free of sediments. The English Channel, especially around the Cotentin

Peninsula and off north Brittany, is well known in this respect. Dangeard

(1928) and Pratje (1950) have emphasized the fact that "hard grounds", on

which the solid rock outcrops, are common in these areas. Such localities

correspond to places where the current velocity increases. Pratje's calculations

led him to the conclusion that 100% of the rocks or gravel grounds are found

22— s. Ill
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in areas in which the maximum velocity exceeds 3| knots. Along the English

coast, tidal ranges are lower and sediments are finer grained; nevertheless, hard
grounds exist off headlands, such as the Lizard and Saint Alban's Head, where
currents are stronger. Similarly, in the Sicihan Channel, which belongs entirely

to the shelf, cm-rents are fairly strong owing to the narrowing of the Mediter-

ranean, and hard grounds are reported from several places by Blanc (1958).

Tidal scour is certainly responsible for the deep clefts, or zeegaten, between the

Frisian Islands (more than 22 fm below mean low tide between Texel and the

mainland, and between Borkum and Rottum in the West Ems : see Van
Straaten, 1954, chart of the Wadden Sea; and Fig. 1).

20'

63'

40'

20

Fig. 20. Distribution of sediments over the continental shelf and slope off More and
Romsdal, West Norway. (From Holtedahl and Berthois, in Berthois, 1957.)

Legend— 1: mixed clay and sand; 2: fine sand; 3: sand; 4: coarse sand and gravel;

5: pebbles; 6: angular cobbles; 7: corals; 8: broken shells; 9: numerous stones; 10: rocky
bottom. Depth contour to 200 m. Depressions on shelf not shown.

However, geologists must be very cautious in generalizations, for sediments
can settle in unexpected areas. Between the islands of the Molene archipelago,

off West Brittany, hydraulic "dunes" of different shapes, consisting of gravel

and coarse sand, exist in many places below low water at spring tides, in spite

of the fact that the maximum velocity of the tidal currents exceeds 5 knots.

This results from numerous skerries which divide the current and create small

shelters where deposition is possible. It can derive from the difference in velo-

city between the ebb and the flood; this causes deposition at one side of the

rocks, whereas at the opposite side the bottom remains rocky (Guilcher, in

Bourcart, 1959). In such areas of very rugged submarine topography, the local

environment plays an essential part in sedimentation: the characteristics of the
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deposits may be completely different at equal depths and 50 yd apart as a

result of local shelters. Conversely, rocky grounds exist in shelf areas where

current velocities do not seem to be especially high, for example on outer

shelves off Southern California (Revelle and Shepard, in Trask, 1939), and in

East Antarctica, where they often correspond to j^laces from which the inland

ice has retreated only recently (Lissitzin and Jivago, 1958).

An interesting type of deposit on shelves consists of the sediments situated

in front of present or former glaciated areas in America, North Europe and

Antarctica. Those lying off More and Romsdal, Norway, have been studied by

Holtedahl (1955) and Berthois (1957) (Figs. 20 and 21). The samples include

stones, sand, silt and clay in variable percentages. "The medians show wide

23 mm 1480^ 360m 0.1 M

0.4%
3 mm 50 M

Fig. 21. Cumulative curves of particle diameters of glacial marine sediments of continental

shelf and slope off More and Romsdal, West Norway. Figures on curves indicate the

depths of samples in fathoms. (From Berthois, 1957.)

variations at the same depths, both sand and gravel being found in the de-

pressions as well as on the shallow banks." Only pebbles are dredged in some

places. Their roundness is not at all typical of a former coastal environment: on

the contrary, they closely resemble glacial pebbles, and the bulk of the sedi-

ments has the character of glacial tills. Some samples consisting of sand and

lying at 100 fm are fairly well sorted and might represent an old shoreline, but

generally the sorting is extremely poor and the size distribution curves show

such individual characteristics that it is difficult to classify them. The nature

of the pebbles covers a wide range of crystalline and metamorphic rocks;

limestones, sandstones and flints are sometimes present. These data point to a

Pleistocene glacial origin and a transportation to the shelf by ice, either through

glaciers extending over it or through icebergs dropping their material when they

melted. Transportation by drifting icebergs is most probable for flints, which
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may have come from Denmark where Cretaceous rocks exist. Such deposits are

known as glacial marine sediments. Off Brittany, the pebbles dredged on the

shelf may also come in part from the melting of Pleistocene ice-rafts, as sug-

gested long ago by French and British geologists; others may be drowned
strand lines.

The Russian expeditions to East Antarctica during the International Geo-

physical Year have added to our knowledge of the glacial marine sediments

from the shelves of the Southern Continent. These had, however, been reported

before, especially by the scientists of the German South Polar Expedition at

the beginning of this century. Here we are concerned with present glacial

deposition. Lissitzin and Jivago (1958) have clearly defined this environment,

which is, at the present day, unique in the world for such a wide area. Run-off

is practically absent on land (whereas it exists even in Greenland) ; no chemical

weathering occurs, so that the material is affected only by mechanical dis-

integration; wave abrasion is hindered by the pack and the ice-foot; thermal

conditions prevent calcium carbonate precipitation; the ice-cap and diatoms

are essential in the supply of mineral and biogenic particles; the rocky bottom,

on which the sediments settle, is often very uneven and rugged (see Chapter 13);

icebergs sometimes drift for years before melting completely, so that their

material becomes widely scattered. Nevertheless, the greater part of the ice-

berg deposits falls to the bottom in front of areas in which ice calving is more
important and the rocky content in ice is higher. Between 50° and 70° E, where

land ice supply is comparatively poor, the iceberg deposits are restricted to a

narrower area than elsewhere. Several mineralogical provinces have been dis-

tinguished on the shelf, corresponding probably to differences in the structure

of the adjacent parts of the continent, which does not consist only of a Pre-

Cambrian shield, since Mesozoic and Tertiary stones have been collected on the

shelf. The sorting is typically poor and stones are numerous near the continent,

although fine-grained muds occur in some depressions. The fine fraction in-

cludes, along with terrigenous particles, an important skeletal content con-

sisting of diatoms and siliceous spicules of sponges. Carbonates are practically

absent. The rate of deposition seems to be high in some areas, since a core 14.5 m
long failed to reach the basement of the glacial marine sediments. It may,

however, have encountered Pleistocene deposits.

The continental shelf in the Beaufort Sea and the East Chukchi Sea, off

north Alaska and north-west Canada, represents another environment in very

cold water (Carsola, 1954; and Fig. 22). Poorly sorted sediments consisting of

mixtures of cobbles, jjebbles, sand and mud an; deposited on the shelf, but only

sea-ice or river-ice rafts and not icebergs contribute to this sedimentation, since

no ice-cap exists on the adjacent continent. The situation appears to have been

the same during the Pleistocene. The dirty ice does not drift very far from land,

so that these "glacial" marine sediments, which would be more adequately

described as ice-borne marine sediments, extend to a much narrower strip than

in areas where they derive from land-ice.

The recent results summarized above lead to a general observation. It appears
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that the sedimentation on continental shelves results largely from Pleistocene

processes, which were much more efficient than those acting now, except, per-

haps, for the Arctic Ocean and Antarctica, which may provide a picture of the

conditions existing formerly on other shelves, and for some restricted areas

where large overloaded rivers flow into the sea (e.g. the Hwang Ho and the

Yangtze in the western parts of the Gulf of Pohai and the East China Sea: see

Niino and Emery, 1961). Even in coastal regions which were not directly

affected by glaciations, the terrestrial supply is likely to have been much larger

during the cold periods of the Pleistocene, when the shelf, under periglacial or

"pluvial" climates, was widely exposed as dry land and the sedimentary dis-

charge was higher. The deposition proceeds now at a much lower rate,

especially on the outer parts of the shelves which are no longer within the reach
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Fig. 22. Median diameter, expressed in microns, of sediments on shelf and slope in Beaufort

and north-east Chukchi Seas. Contours in fathoms. (From Carsola, 1954, fig. 4.)

of big sedimentary supplies owing to the retreat of shorelines after the post-

glacial transgression. The reduction in grain size from outer to inner shelves

may also be due to a general reduction in river competence, and thus have a

climatic significance.

The low rates in terrigenous sedimentation may have prevailed for a much
longer time off arid or semi-arid regions, where river discharge, although it was

increased during pluvial Pleistocene periods, was not able to compete with more

humid climates. This is probably the case for the continental shelf of Western

Austraha (Carrigy and Fairbridge, 1954), and the Persian Gulf (Emery, 1956;

Houbolt, 1957), where the hot dry chmate results in slow accumulation,

relative abundance of organogenic calcareous deposition, and dominance of

silt and clay in the non-calcareous fraction, partly contributed by wind supply.
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This does nut mean that organogenic deposition is always insignificant on

the shelves outside the warm areas. Sediments inchiding more than 75% of

calcium carbonate are sometimes found on shelves at fairly high latitudes,

for example, off Brittany, where more than 80% or even 95% of skeletal remains

may be found in some places, especially in underwater "dunes" piled up by

tidal currents (Berthois, 1955a, p. 543; Guilcher, in Bourcart, 1959; Hinsch-

berger and Guilcher, 1962).

3. Continental Slope

The continental slope is not so well investigated as the shelf. At the present

status of knowledge, the sediments on this part of the ocean floor seem to cover

a wide range of types as far as grain size is concerned. According to Shepard

(1959, p. 129), whose opinion is based largely on chart notations, the world

distribution on the continental slope would be approximately as follow^s:

mud, 60% ; sand, 25% ; rock and gravel, 10% ; shells or ooze, 5%. On the average,

mud is more common than on shelves, but it may be seen from the figures above

that coarse sediments are not infrequent.

Many instances are known in which the sediments on the slope have strong

connections with those lying higher up the shelf. This may be particularly true

for slopes lying off glaciated areas in Norway and East Antarctica (Holtedahl,

1955; Lissitzin and Jivago, 1958; also Fig. 20). Off Norway, mixtures of sand,

silt and clay, sometimes including pebbles, are reported down to 520 fm. As a

rule, no stratification is to be seen in the clays. Grades finer than sand are not

so abundant above 270 fm, although they are present as admixtures. The pro-

cess of deposition by Pleistocene icebergs has been the same as on the shelf. No
sedimentation has occurred down to a depth of about 500 fm after the deposition

of the glacial marine sediments.

In the western Mediterranean, the mud which covers the lower part of the

shelf continues farther down to the abyssal plain (Fig. 19), more or less mixed

with sands (Bourcart, 1954; Bourcart and Ottmann, 1957). The calcium carbon-

ate content is relatively high, consisting of organogenic particles. Rocky ledges

are frequent on the walls of the submarine canyons, which may be visualized from

the descriptions of those who have visited them on board the first French bathy-

sca])h (Houot, 1957). These walls stand out as imposing, winding and stepped

escarpments with a general coating of mud, resembling furniture and stairs

covered with thick dust in an old castle neglected for a very long time. The

slightest impact results in avalanches and big clouds of mud.
On both sides of the North Atlantic also, rock outcrops alternate with clay

and sand on the slope. Off the eastern United States (Elmendorf and Heezen,

1957), the slope is often "covered with low^-density grey clay in which the coring

rig completely buries itself. Gravel and sand form the floors of some continental

slope canyons, while others are deeply covered with low density mud. In many
areas ancient, partly consolidated clays crop out on canyon walls." In the Bay
of Biscay (Berthois, 1955a; Berthois and Le Calvez, 1959), dredgings and corings
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on the slope have proved that the coarse sediments occurring on the outer shelf

exist also at lower levels. Sand, gravel and pebbles have been dredged between

250 and 410 fm: the pebbles range from 23 to 60 mm in length and include a

variety of crystalline, metamorphic and sedimentary rocks. But another sample,

collected in a Kullenberg piston corer at 480 fm, consists of a much finer,

plastic sediment including a microfauna, which points to a gradual warming

of the environment from the base to the top. The core is 2.67 m long, and it

may be assumed that the rate of deposition has been relatively high here since

the end of the last glaciation. At another locality on the Biscay shelf, a Mesozoic

rock has been obtained. The Lamont Geological Observatory took photographs

from the upper part of the slope off Saint Nazaire, France, at 260 and 285 fm,

showing different kinds of ripples on a sedimentary bottom (Heezen, Tharp and

Ewing, 1959, pi. 11). More data are needed for an accurate picture of this area,

which appears to be complicated but promising.

In the Beaufort and East Chukchi Seas (Carsola, 1954), clays have been

deposited on the slope, while poorly sorted sediments including pebbles have

been dredged on the shelf (Fig. 22). The decrease in grain size from the shelf to

the slope is due to the fact that the ice-rafts carrying coarse sediments outwards

do not reach the slope, as seen above, so that they do not disturb the "normal"

sedimentation.

The north-west Gulf of Mexico (Greenman and LeBlanc, 1956) is another area

where the sediments are distinctly finer grained on the slope (clay) than on the

shelf (sand, silt, shells, with poor correlation from core to core). But the out-

standing feature on the Gulf slope is found further to the east: it consists of a

huge cone gently sloping into great depths from the Mississippi delta (Ewing,

Ericson and Heezen, 1958: see also Chapter 13). This cone is beheved to have

been built by the Mississippi River, whereas the slope on both sides of the cone

seems to have remained largely free from deposition. The building of the cone

must belong essentially to the Pleistocene, since warm water planktonic

Foraminifera are found only in an upper layer 2-3 ft thick; the lower layer,

consisting of a grey silty clay with occasional beds of sand and silt, generally

exceeds in thickness the length of the cores, which are 6 to 10 m long. The

abrupt change in sedimentation has been dated by radiocarbon as being about

11,000 years B.P. We meet here again the idea of a fundamental modification

and drastic decrease in deposition at the end of the Ice Age which has been

put forward concerning the continental shelf.

As to the processes of deposition on the slope, httle will be said in this section,

because they involve a discussion of turbidity currents, submarine landslides

and other mechanisms which are considered elsewhere (see Chapters 27 and

28). Here it will be merely pointed out that, if turbidity currents and/or land-

slides are acting up to the present time, as shown by spectacular breaks of

submarine cables, they were probably much more efficient during the Pleisto-

cene, and may largely account for changes in deposition on the slope such as

those which have just been mentioned in the Gulf of Mexico. They may also

explain why soHd rock is so often found in dredgings on the slope.
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25. PELAGIC SEDIMENTSi

G. Arrhenius

1. Concept of Pelagic Sedimentation

The term pelagic sediment is often rather loosely defined. It is generally

applied to marine sediments in which the fraction derived from the continents

indicates deposition from a dilute mineral suspension distributed throughout

deep-ocean water. It appears logical to base a precise definition of pelagic

sediments on some limiting property of this suspension, such as concentration

or rate of removal. Further, the property chosen should, if possible, be reflected

in the ensuing deposit, so that the criterion in question can be applied to ancient

sediments.

Extensive measurements of the concentration of particulate matter in sea-

water have been carried out by Jerlov (1953); however, these measurements

reflect the sum of both the terrigenous mineral sol and particles of organic

(biotic) origin. Aluminosilicates form a major part of the inorganic mineral

suspension; aluminum is useful as an indicator of these, since this element

forms 7 to 9% of the total inorganic component, 2 and can be quantitatively

determined at concentration levels down to 3 x lO^i^ (Sackett and Arrhenius,

1962). Measurements of the amount of particulate aluminum in North Pacific

deep water indicate an average concentration of 23 [xg/1. of mineral suspensoid,

or 10 mg in a vertical sea-water column with a 1 cm^ cross-section at oceanic

depth. The mass of mineral particles larger than 0.5 [x constitutes 60%, or less,

of the total. From the concentration of the suspensoid and the rate of fallout of

terrigenous minerals on the ocean floor, an average passage time (Barth, 1952)

of less than 100 years is obtained for the fraction of particles larger than 0.5 [i.

For the finer particles the average passage time is longer, such as more than

200 (but considerably less than 600) years.

A mechanism which possibly contributes significantly to the removal of

coarse suspensoid is aggregation in the gut of filter-feeding animals; this

phenomenon has been observed by Rex and Goldberg (1958). Gravitative

settling of single grains could account for the deposition of most particles

larger than a few microns, but for smaller grains this mechanism is inadequate

since the settling time required by Stokes' law^ is several orders of magnitude

larger than the passage time actually observed ( < 10^ years).

^

1 Much of the information presented in this chapter is the result of research partly

carried ovit under Contract No. AT (ll-l)-34 with the U.S. tomic Energy Commission,

partly sponsored by the Petroleum Research Fund of the American Chemical Society

(ACS PRF Unsolicited Award 875-C6). The generous support from these agencies is

gratefully acknowledged.
2 Data from the Pacific Ocean (Sackett and Arrhenius, 1962); determinations from the

English Channel give similar values (Armstrong, 1958).

3 7800 years for a 0.1 ^ spherical particle of density 2.6 through 2900 m of the oceanic-

water column at 10°C.

4 The passage time is defined as the time at which the mass of particles originally present

in the water column has been reduced to 1/e of the original value. This occurs when the

[MS received February, 1961] 655
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Coagulation of unprotected colloids at high electrolyte concentration has

been demonstrated by von Smoluchovski (1917) to be a second-order reaction

with a rate constant of the order 2 x 10~2. If in the coarse ( > 0.5 \i) part of the

oceanic mineral suspensoid the average particle diameter is taken to be 1 y., in

agreement with the particle-size distribution found in the sediment, i the num-

ber of ])articles per ml is 7 x lO^. In 3 x lO^ sec (100 years, which is the maximum
passage time given above for this fraction), coagulation by such a reaction

would reduce the original particle concentration by a factor of 4 x lO^i, i.e. all

particles in 5 x 10^ ml of sea-water, or a 100 cm^ oceanic-water column, would

be aggregated together.

If a similar reasoning is applied to the fine fraction of the suspensoid (0.01-

0.5 (jl), in which an average particle diameter of 0.05 [x is assumed, the initial

particle content of 3 x 10' per ml should be reduced to 6 x 10~i5 of the original

value in lO^o sec (300 years) which, as indicated above, is a probable passage

time for this fraction. This aggregation would comprise all particles in this

size range contained in a 400-cm2 water column.

It is obvious that the rate of coagulation by such a reaction is far more rapid

than the rate of removal actually observed in the open ocean. Rates of the

order required by von Smoluchovski's theory prevail, however, in concentrated

suspensions such as in shallow seas and off river mouths (see e.g. Gripenberg,

1934). It is possible that one of the organic components of sea-water, present in

concentrations several orders of magnitude higher than that of the mineral

suspensoid, might decrease its rate of coagulation. Whether this is correct or not,

the low concentration of the suspensoid in the open ocean, its abnormally low

rate of coagulation, and, therefore, its long passage time, permitting wide areal

distribution, are observed properties which contrast with the properties of

the more concentrated, rapidly flocculating, and, therefore, locally varying

hydrosol observed in some coastal areas. Pelagic sediments may consequently

be defined on the basis of a maximum value for the rate of deposition of the

terrigenous component. This value seems to fall in the range of millimeters per

thousand years. Within the basins accumulating pelagic sediments, the terri-

genous deposition rate appears to vary not much more than one order of magni-

tude (ox 10~^ to 5 x 10~4 cm/year), whereas values much higher and varying

by several orders of magnitude are characteristic of the sediments fringing the

continents. An attempt to outline the area covered by pelagic sediments, as

defined above, is made in Fig. 1.

The rapidly accumulating sediments on the continental slope are unstable,

and when the structures fail, coherent masses of sediment slide or slump.

When water infiltrates the sliding masses, the concentrated suspensions slide as

particles have settled (1-1/e) of the height of the water column, or (1-1/2.72) x 4600== 2900
m on the average.

1 The particle-size frequency distribution of the sediment is not identical with the

corresponding distribution in the suspensoid for reasons discussed in Sackett and
Arrhenius (1962), but this effect is too small to be considered in the order-of-

magnitude computation above.
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high-speed turbidity currents, invading the unprotected areas of the deep-

ocean floor adjacent to the shelf slope, and smoothing the original topography

to almost level abyssal plains (Kuenen, 1950; Heezen et at., 1959; Menard, 1959;

Hurley, 1960). Rises or trenches protect areas separated from the continental

shelf from invasion by turbidity currents; in the absence of topographic

barriers such as in the Gulf of Alaska and in large parts of the Atlantic Ocean,

detrital sediments are, or were once, spread over extensive areas of the deep

ocean by this mechanism (Fig. 2). On the other hand, some pelagic deposits

accumulate close to the coast in areas where river discharge is low, where

topographic protection is provided and where currents prevent fine-grained

elastics from accumulating, such as on banks and rises, or where the clastic

erosion products are efficiently funneled into deep catchment basins by sub-

marine canyons (Shepard, 1948; Kuenen, 1950; Emery, 1960; Inman and Cham-
berlain, 1960). Iron and manganese oxide rocks, phosphorite and glauconite

deposits, coral reefs, pteropod and foraminiferal oozes are thus frequently

found in local areas close to the continents.

Although few measurements exist which permit quantitative estimates of

the rate of deposition of the terrigenous component, i.e. the parameter suggested

as a basis for division of marine sediments into pelagic and rapidly accumulating

ones, the large differences in accumulation rate between these two sediment

types often permit their recognition on the basis of a number of easily observed

features. One of these is evidence of reworking of the sediment by organisms.

Benthic animals appear to be distributed over all areas of the ocean floor where

free oxygen is available, even at the greatest depths. Studies of the mixing of

sediments across unconformities demonstrate that although single worm bur-

rows might occasionally penetrate as deep as 20-30 cm, the mean mixing depth,

above which 50% of the extraneous material is located, is of the order of 4-5 cm.

In pelagic sediments the time required for burial of such a layer under another

equally thick one varies between 10^ and 10^ years. The longer time is tjrpical

of areas with a low rate ofdeposition of organic remains, where a correspondingly

low population-density of benthic animals is sustained. The total amount of

reworking of a given stratum before ultimate burial might, therefore, not vary

as much as the total rate of deposition within the area of pelagic sedimentation.

When adjacent strata have different colors or shades, the mixing process

causes a typical mottled appearance (Fig. 3). In pelagic sediments without a

color stratification, the mud-eating animals leave less conspicuous traces, but

their presence is indicated by fecal pellets, annelid jaws, and other fossil

remains including chemical reduction structures. Non-pelagic deep-sea sedi-

ments, on the other hand, are deposited so rapidly that the sparse benthic

population does not have enough time to distiu-b the strata as extensively as in

pelagic deposits with similar population densities, and the original stratification

is preserved, often in minute detail. Examples are the thin laminations often

present in graded beds, deposited by turbidity cm-rents, and laminae of volcanic

ash.

Another effect of the low rate of detrital deposition, characteristic of pelagic
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Fig. 3. Mixing by animal burrowing in pelagic sediments. The photograph CH 30 (16-24

cm) contains an unusually long vertical worm burrow extending through the section

(8 cm). CH 40 (0-8 cm) demonstrates by tone contrast the redistribution of sediment

over the boundary between layers of clay and calcareous ooze.

The section CH 30 (40-48 cm) contains an unconformity between Middle Tertiary

and Quaternary sediment. The evaluation of a radioautograph of this section (adjacent

to the photograph) distinguishes between the highly alpha-active Quaternary sedi-

ment and the inactive Tertiary, and demonstrates the extent and distribution of

mixing of material from the two strata.

The total number of alpha tracks generated in the surface of the section CH 30

(40-48 cm) during six weeks was counted, and the average activity in each 4 mm^
surface unit is shown in the radioautograph evaluation in the following intensity

shades, graded in vmits of 10~4 alpha particles per cm^ sec:

No surface tone 0-2.0

Line hatched 2.1-5.0

Cross hatched 5.1-9.3

Double cross hatched 9.4^16.6

The linear scale in millimeters (relative to an arbitrary origin) is indicated at the edge

of the diagram. (From Picciotto and Arrhenius, unpublished.)

sediments, is the high percentage of authigenic minerals, extra-terrestrial

material, and fossil remains of planktonic organisms. Further, with a similar

rate of diagenesis in pelagic and neritic deposits, considerably more rapid

increase in shear strength with depth in the sediment is found in the former

than in the latter (Fig. 4). Bramlette (1961) has pointed out that the redox

500
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Fig. 4. Induration of sediment as a function of burial depth in pelagic sediments (Swedish

Deep-Sea Expedition, East Pacific, N. Pacific basin) and in rapidly accumulating

clay sediments (max. rate: Miss, delta). (From Moore, 1960.)
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state of the sediment is mainly determined l^y the duration of contact with the

oxidizing bottom water. This property consequently reflects the total rate of

deposition, and Bramlette suggests a high degree of oxidation as one criterion

for pelagic sediments.

Any single one of the criteria for pelagic versus high-rate sedimentation

might be insufficient when a])])lied alone. In cases where several indications

occur jointly, conclusions regarding the order of magnitude of the sedi-

mentation rate can apparently be safely drawn. The reliability of such con-

clusions is illustrated by the fact that estimates of the rate of deposition of

different types of pelagic sediments, made before the advent of nuclear age-

determination methods, have in general proved correct within surprisingly

narrow limits. Even if the number of absolute age determinations will remain

relatively limited, the suggested definition of pelagic sediments on the basis of a

maximal value for the rate of deposition of the terrigenous component thus

appears rational and practical.

2. Composition

Attempts to classify pelagic sediments have been based either on appearance

and composition, or on the ultimate origin of the components. A rigorous appli-

cation of the latter scheme has been attempted by Grabau (1904) and Schott

(1935), and recently in a modified form by Goldberg (1954), further applied by
Arrhenius (1959). However, at this time not enough is known of the ultimate

origin and mode of accretion of some of the minerals making up the sediment

(cf. PettiJohn, 1949, p. 184). To indicate the general distribution of different

types of pelagic sediments it is consequently necessary to limit genetic classi-

fications to major groups, except in the case of biotic sediments which can be

identified morphologically. The origin of the major inorganic component in

most areas has not been established with certainty; the term "red clay" has

come into general use, although a red hue is seldom dominant and clay minerals

sometimes are not the major mineral group.

Although introducing additional technical terminology is deprecable, the

discussion of pelagic sediments on a genetic basis warrants some modification

of existing terms. It appears feasible to distinguish minerals which crystallized

in sea-water from those which formed in magmas, in hydrothermal solution, or

by weathering under acidic conditions. This distinction is important, inasmuch

as only the first group can be used to interpret the physicochemical state of

the ocean in the past. These minerals are here described as halmeic (from

aXfirj; sea-water). Conversely, the properties of the third group of components

frequently furnish information on the processes acting on the lithosphere and

on the transport of this group of minerals into the pelagic environment. The

minerals derived from the exposed surface of the lithosphere are here designated

as terrigenous. Minerals and mineraloids deposited into the ocean by volcanic

eruption are described as pyroclastic, Sohds secreted by living organisms are

referred to as biotic.
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In the map showing the distribution of pelagic sediments (Fig. 1), this broad

genetic classification is attem23ted, based in some instances on assumptions

which, admittedly, are as yet unproven. However, the accomit given below of

the composition of such sediments is based solely on the observed properties

of the constituent minerals, whose possible sources of origin are discussed

subsequently. In this way the basic observations have been separated from the

interpretations

.

A. Elements and Oxides

Iron and manganese oxide mineral aggregates constitute one of the major

types of rock encountered on the ocean floor; according to Menard (unpublished)

about 10% of the pelagic area of the Pacific is covered by such nodules.

Measurements from the northeast Pacific by Skornyakova (1960) and Mero

(1960a) give similar averages and indicate a considerable local variability in

concentration (Fig. 5).

The nodules consist of intimately intergrown crystallites of different minerals

;

among those identified, besides detrital minerals and organic matter, are opal,

goethite, rutile, anatase, barite, nontronite, and at least three manganese

oxide minerals of major importance, described by Buser and Griitter (1956),

Griitter and Buser (1957, 1959). One of these minerals, identical with

a synthetic phase described in the chemical literature as 8-Mn02, forms

aggregates of randomly oriented sheet units as small as 50-100 A. The other

two minerals possess a double layer structure similar to that of lithiophorite

and to synthetic phases, in chemical nomenclature called manganites.i These

consist of ordered sheets of Mn02, alternating with disordered layers of

metal ions, co-ordinated with water, hydroxyl and probably also other anions.

The most prevalent cations in the disordered layer are Mn2+ and Fe3+. It is

assumed that Na, Ca, Sr, Cu, Cd, Co, Ni, and Mo also substitute in this part of the

structure. Two species of this general type have been observed, one with a basal

spacing of 10 A, the other with 7 A. Buser has interpreted the 10 A spacing as

due to the existence of two discrete layers, OH and H2O, whereas in the

collapsed structure these groups are assumed to form a single layer, but owing

to the disorder, the structure has not yet been precisely described. Syn-

thesis experiments demonstrate that the three manganese oxide minerals

represent increasing degrees of oxidation at formation in the order 10 A
"manganite," 7 A "manganite", and 8-Mn02. Buser has pointed out the

potential use of this information in interpreting the conditions of formation of

pelagic sediments.

Recent determinations of the bulk composition of manganese nodules have

been made by Goldberg (1954), by Riley and Sinhaseni (1958), and by Mero

(1960, and unpublished), and specific elements have been reported on by a

number of authors, Mero's data, compiled in Table I, demonstrate the wide

1 Not identical with the mineral manganite, y-MnOOH, which is monoclinic-pseudo-

rhombic and isotypical with the diaspore group (Strunz, 1957).
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Fig. 5. Two photographs from the floor of the Atlantic Ocean, taken a few hundred feet

apart, show the marked local variability in concentration of manganese nodules.

(Photo: Bruce Heezen, Larnont Geological Observatory, Columbia University.) The

locality is further discussed by Heezen et al. (1959), who include a third photograph

from the same station (pi. 11, fig. 6).
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Table I

Bulk Chemical Composition of Manganese Nodules from the Pacific and Atlantic

Oceans as Determined by X-Ray Spectrography«
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of many of the heavy metals from sea-water to sediment. High concentrations of

a specific element at the ocean floor would under these conditions be expected

in areas with a high rate of biological extraction of this element in the surface

layer. Mero {op. cit.) has established a regional regularity in the elemental

composition of the nodules (Fig. 6), and assumes that the regional variations

Fig. 6. Regional variation in chemical composition of manganese nodules. Regions

marked A are characterized by ratios Mn/Fe less than 1; B-areas conversely have
exceptionally high ratios Mn/Fe (ranging from 12 to 50). In areas marked C the

nickel and copper content of the nodules is unusually high. D denotes regions with

large amounts of cobalt (0.7-2.1%) in the nodules. (Mero, unpublished, modified from

Mero, 1960a.)

in copper and nickel content of the nodules are controlled by the process

referred to above.

Arrhenius and Korkisch (1959) have attempted to separate from each other

the different minerals constituting the nodules, in order to establish the details

of their structure and the localization of the heavy metal ions. The results

demonstrate (Table II) that copper and nickel are concentrated in the man-
ganese oxide phases. Cobalt, part of the nickel and most of the chromium are

distributed between these and the acid-soluble group of the non-manganese



SECT. 3] PELAGIC SEDIMENTS 667

minerals, dominated by goethite and disordered FeOOH. With increasing

cobalt concentration in the rock, more of it substitutes in the manganese oxide

minerals, which may achieve concentrations of well above 1% of cobalt, nickel,

and copper. A variable fraction (mostly ^ to |) of the soluble iron prevails in the

form of goethite and in some instances as nontronite (the acid-soluble fraction

of sample no. 2, Dwd HD 72, in Table II contains one-third nontronite). The

remainder of the soluble iron is located in the manganese oxide minerals

substituting for divalent manganese (Buser, op. cit.). Conversely, between a

tenth and one per cent of manganese is always found in the separation group

which contains the goethite, probably substituting as Mn3+ for Fe3+ in this

*W*»

IT

M

II

10/x

Fig. 7. Rutile needles and multiple twin, Cap. 49 BG, Quaternary, North Equatorial

Pacific.

mineral. This group also tends to concentrate the major fractions of molyb-

denum, lead, titanium, scandium, the rare earth elements, and thorium. It is

as yet uncertain which of the minerals constituting the group is responsible for

the accumulation of the first four of these elements; it appears that thorium

and the rare earth elements largely prevail as phosphates.

The elements barium and strontium in manganese nodules appear to be

partitioned between the manganese oxide structures and the barite-celestite

solid solutions (see also Section 2-B). These latter crystals account for the

occasional high barium content of the acid-soluble and insoluble fractions in

Table II. Titanium in the insoluble residue (Table II) is present as small

euhedral crystals of rutile (Fig. 7) and anatase, the rutile frequently twinned

on Oil. The relatively high niobium content of the insoluble residue is probably
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Table

Distribution of Elements between Minerals Soluble in 1m Hydroxylamine
Residue of

iSample number,
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Hydrochloride (Reducible); in 1m HCL (Acid-Soluble) and in the Insoluble

Manganese Nodules

Mo Pb'' Ti'' Sc La Y Yb Zr^ Th^ Ba . Sr Nb

220
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due to substitution in rutile. The origin of the titanium oxide minerals is still

uncertain; it appears probable that the rutile is terrigenous but the anatase

might develop in situ (cf. Correns, 1937, 1954; Teodorovich, 1958).

The ferromanganese nodules range in size from a few microns, suspended in

the sediment or coating other minerals, to intergrowths forming slabs several

meters wide. The nodules have alternating growth zones of high and low

Via ^

Fig. 8. Zonal growth in manganese nodule (16810, South Pacific). Reflected light, ^^^lite =
manganese oxide minerals; grey = goethite; black = mounting medium (polyvinyl

resin) filling voids.

goethite content (Figs. 8 and 9). Detailed information on the distribution of

macroscopic concretions over the present sediment sm'face has been obtained

through deep-sea bottom photography (Fig. 5) such as by Owen, Shipek,

Menard and Dietz in Dietz (1955), Menard and Shipek (1958), Heezen et al.

(1959), Shipek (1960), and Zenkevitch (1959), and by sampling of the sediment

surface (Skornyakova, op. cit.). Large nodules and crusts appear to accrete on

topographic highs, or in other areas with a low total rate of deposition, where

the growing nuclei are not buried by other sedimentary components. The rate

of accretion was in the range of 10^ to 10^^ cm year~i in a nodule investigated

by von Buttlar and Houtermans (1950) apjjlying the results of Goldberg and
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Picciotto (1955) (Goldberg and Arrhenius, 1958, p. 198). Similar values are

obtained for manganese micronodules in pelagic clays and zeolitites by inte-

grating the manganese content in a column of known interval of time.

Several hypotheses have been advanced regarding the ultimate source of the

manganese. ^Murray, in contrast to Renard (Murray and Renard, 1884) and
lately Pettersson (1945, 1955, 1959), suggested that the manganese is derived

from pjTOclastics decomposing on the ocean floor; so far, no decomposition

residue correspondingly deflcient in manganese has been observed. Further, by
order of magnitude, the manganese found on the ocean floor is accounted for by
the amount of this element known to be continually lost from the continents

(Kuenen, 1950, p. 390; Goldberg and Arrhenius, ojp. cit.; Wedepohl, 1960).

Consequently many authors assume that the manganese on the ocean floor,

other than the relatively small part which can be accounted for by decomposi-

tion in situ of basaltic pyroclastics, originates from dissolution of this element

from continental rocks and from volcanic exhalates. Recent geochemical

balance computations by Wedepohl {op. cit.) indicate that the volcanic ex-

halates are quantitatively important sources of manganese, iron, and other

heavy metals with high halide vapor pressures. World-wide or large regional

changes in the absolute rate of deposition of manganese in pelagic sediments

could accordingly be due to variations in the rate of weathering on the conti-

nents, or in volcanic activity. Local or regional differences in the concentration

of manganese in pelagic sediments, such as between the North and South

Pacific at the present time or between Atlantic and Pacific sediments, can be

accounted for by differences in dilution of the sediments with terrigenous

material. Strata with a markedly increased manganese concentration, fre-

quently found in pelagic sediments (see, for example, Arrhenius, 1952, pis.

2.51, 2.56; Revelle et al., 1955, fig. 7; Pettersson, 1959), appear to corres-

pond to periods of a lowered rate of total deposition, resulting in a decreased

dilution of the halmeic oxide minerals with terrigenous silicates.

Whatever the ultimate source and mode of transportation of manganese

and associated elements, several processes have been suggested to explain the

mode of subsequent accretion of the manganese oxide minerals. One group

involves various inorganic reactions (a review of these is given in Goldberg and

Arrhenius, 1958); another group assumes organic (bacterial) mechanisms

(Dieulafait, 1883; Butkevich, 1928; Dorff", 1935; Kalinenko, 1949; Ljunggren,

1953; Graham, 1959; Kriss, 1959). Goldberg and Arrhenius suggest specifically

that manganese is removed from the bottom water by catalytic oxidation of

manganous ion by colloidal ferric hydroxide at the sediment-water interface.

In support of the biotic transfer (Jraham has demonstrated the presence of

organic matter in the nodules. Although investigations in process (Galen Jones,

unpublished) have demonstrated that the nodules contain bacteria capable

of reducing manganese, it is difficult at the present time to evaluate the biotic

hypothesis against an inorganic one.

Under the oxidizing conditions on the ocean floor, the only elemental

mineral observed, besides carbon from burning forests and grasslands, is
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Fig. 10. Cosmic spherules from deep-sea sediments: (a) silicate spherules; (b) magnetite-

coated nickel-iron spherules. (From Hunter and Parkin, 1960.)
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nickel iron in the form of droplets, formed by ablation of iron meteorites

during their passage through the atmosphere (Fig. 10b). The total amount of

such spherules has been estimated at a few thousand tons per year over the

surface of the earth (Pettersson and Fredi'iksson, 1958), which is only a fraction

of a per cent of the total accretion rate of cosmic matter estimated from satellite

measurements of micrometeorite impacts (LaGow and Alexander, 1960).

Associated with the partly oxidized metal spherules are chondrules (Fig. 10a)

consisting of olivine and pyroxene, ^ which are crystalline and thus could hardly

Spherules per kg of carbonate-free sediment

1000 2000 3000 4000 5000

Fig. 11. Frequency of cosmic iron spherules as a function of depth in core 90, Swed.

Deep-Sea Exped., from the West Pacific. (After Pettersson and Fredriksson, 1958.)

Paleontological investigations by Bramlette and Riedel (quoted by Olavisson, 1961)

indicate an unconformity between Quaternary and Lower Miocene at about 56 cm
depth.

have formed from molten drops in the atmosphere; these are probably original

cosmic particles or fragments of chondritic meteorites breaking apart at entry

into the atmosphere. Studies of the cosmic components of pelagic sediments were

originally carried out by Murray and Renard {op. cit.). Recent extensive

investigations by Hans Pettersson have focused on the variation in time of the

accretion of cosmic material. The results of Pettersson and his co-workers

(Pettersson and Fredriksson, 1958; Fredriksson, 1958; Castaing and Fred-

riksson, 1958; Laevastu and Melhs, 1955; Pettersson, 1959a; Fredriksson, 1959)

indicate marked, world-wide changes in the rate of accretion of metallic

spherules during Cenozoic times (Fig. 11). Hunter and Parkin (1960) have also

1 The presence of this latter mineral is not evident from the work of Hunter and Parkin

(I960) but has been established in similar chondrules by Murray and Renard (1891) and
Bramlette (unpublished).
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studied the metallic spherules and have investigated the nature of the silicate

chondrules. The size distributions both of the nickel-iron spherules and of the

olivine-pyroxene chondrules found on the deep ocean floor (Fig. 12) are in

remarkable disagreement with the tentative size distribution of micrometeorites

derived by impact, counting from the satellites 1958 Alpha and 1959 Eta
(LaGow and Alexander, ojp. cit.). An exponential increase in number of particles

with decreasing size below 10-20 [j. is indicated by the satellite observations,

although cosmic particles from the ocean floor show a marked decrease in

No. of spherules
in deep sea
sediment

40

30

20

IO-

C-

No of satellite

impacts of
micrometeorites
per m^sec

10'

10"

5 10 20 40

10-

Fig. 12. Size distribution of cosmic spherules from pelagic sediments, and from micro-

meteorites in oviter space. Shaded histogram = iron spherules; Ime-boiuided histogram

= silicate spherules from pelagic sediments (data from Hunter and Parkin, 1960);

filled circles = impact observations from satellites 1958 Alpha and 1959 Eta (computed

from data in LaGow and Alexander, 1960, assuming an average particle density of 3.0).

frequency below 25 y. and a comparatively large number of big (90 to 300 [i)

silicate chondrules. This corroborates the idea that the cosmic material found

on the ocean floor represents debris of meteorites, as suggested by Fredriksson

(1959), rather than the original cosmic dust.

Large numbers of magnetic spherules of unknown origin and composition,

ranging in size from less than a micron to several microns, are frequently

observed in sediments (see, for example, Crozier, 1960). Analyses of such bodies

indicate a heterogeneous origin. Many of the magnetic spherules previously

assumed to have been derived from outer space have been shown by Fredriks-

son (1961) to consist of volcanic glass with inclusions of magnetite and metallic

iron. Others, in size-range of 0.5-5 y.. appear to consist of goethite and might

have been accreted by marine bacteria. It therefore appears necessary to

define individual cosmic spherules not only on the basis of shape and mag-

netic properties but also on chemical composition. Considering the difficulties in

23—s. Ill
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/ $

50 /x

Fig. 13. Authigenic celestobarite from Pacific pelagic sediment showing frequent elongated

prismatic habit and barrel-shaped growth form (B). Varying degree of corrosion by
aqueous solution at separation is shown by A-H. I and J were protected against

corrosion by use of excess sulfate ion at separation.
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preservation, separation, and diagnosis of spherules in sediments, polar ice is a

promising source for recovery and quantitative study of Pleistocene cosmic

accretion (Thiel and Schmidt, 1961).

A material of geophysical significance found on the deep-ocean floor is

maghemite (R. Mason, unpublished), which is a diagenetic alteration of

magnetite (Hagg, 1935; B. Mason, 1943). The presence of maghemite increases

the magnetic susceptibility of the solid. The martite reported by Mellis (1952,

1959) might possibly also be a pseudomorph of maghemite after magnetite.

B. Sulfates

The high concentration of sulfate ion in sea-water, occasionally increased in

the interstitial water of the sediment by oxidation of proteinaceous matter,

probably limits the solubility of strontium, barium, radium, and lead (Arrhenius,

1959). Radioactive solid solutions of celestite (SrS04) and anglesite (PbS04) in

barite (BaS04) thus constitute geochemically important mineral species on the

ocean floor (Arrhenius, Bramlette and Picciotto, 1957; Arrhenius, 1959) (Fig.

13). A sample consisting of a large number of celestobarite crystals, obtained

from equatorial North Pacific sediments, showed the average amount of sub-

stitution to be 5.4 mole per cent celestite and 0.05 mole per cent anglesite.

Comparatively high concentrations of barium, strontium, and lead are found

in some marine planlitonic organisms, which also contain considerable quantities

of other heavy-metal ions (Table III). This suggests that biological extraction

from surface sea-water and subsequent sinking is an important mechanism in

accreting these elements to the sediment. Among the organisms notable in

this respect are some species of Foraminifera, pteropods and heteropods. The

acantharid Radiolaria (Schewiakoff, 1926) are particularly efficient in extracting

strontium; the celestite (SrS04) skeletons of these protozoans contain in

addition 0.4 mole per cent of barite in sohd solution. The skeletons consist of

dart-like spines of radially arranged celestite microcrystals with Y oriented in

the radial direction of the spine. At decomposition of the protoplast, the spines

become detached and presumably settle at a high rate owing to their shape

and high density. In contact with sea-water they are, however, rapidly

corroded and dissolve entirely before burial in the sediment occurs.

Thus, marine organisms provide a conveyor mechanism for certain elements

from the surface of the ocean to the deep water or the bottom, where the

dissolved elements are released by dissolution. Phosphorus, silicon and nitrogen

have been found in higher concentrations in intermediate and deep water than

in surface water (ref. in Sverdrup et ah, 1946). Still higher gradients are found

from the near-bottom water and the interstitial water of the sediment for

sihcon and phosphorus (Koczy, 1950, fig. 2.3; and Table VI of this chapter), for

radium (Koczy, 1958), for barium (Chow and Goldberg, 1960), and for nitrate

(3 to 15 times excess over bottom-water concentration in interstitial water in

South Pacific sediments, Arrhenius and Rotschi, 1953, fig. 29). Part of the ions

released into the bottom water or interstitial water are returned to the sediment
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I

Table Illb

Species Distribution in Composite Sample (16 256) of Planktonic Foraminifera

Used for Analysis in Table Ilia. The sample was collected at Tethys Expedi-

tion Station 28, 26° 13.9'N, 141° 34.5'W, 9 Aug., 1960, and Station 29, 27°

15.5'N, 137° 58.0'W, 11 Aug., 1960. (Arrhenius, Bradshaw and Kharkar,
I

unpublished.)
i

Hastigerina pelagica (d'Orbigny) 66.4%
Olobigerinoides conglobatus (Brady) 19. .5

O. sacculifer (Brady) 6.4

Orhulina universa (d'Orbigny) 3.0

Oloberigerinoides ruber (d'Orbigny) 2.6

Candeina nitida (d'Orbigny) 1.5

Globoquadrina conglotneratu (Schwager) 0.3

Globorotalia tumida (Brady) 0.2

O. cultrata {d'Orhigay) — menardii

(d'Orbigny) 0.1

Total number of specimens 2077

Dry weight 37.5 mg

Table IIIc

Relative Abundance of Pteropods and Heteropods in Composite Sample

(16 257) Used for Analysis in Table Ilia. The sample was separated from
plankton collected at the same stations as Sample 16 256 (Table Illb)

Relative abundance
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by crystallization of less soluble solids; barium, strontium, and lead separate

into harmotome-type zeolites, manganese oxide minerals, possibly including

psilomelane, and further crystalline solid solutions of celestite, barite, and angle-

site in proportions mentioned above. At slight solution of the celestobarite in

distilled water, the crystal faces develop a typical pitted appearance (Fig. 13,

A-H). The lack of these etching features in the crystals as found in the sediment

(Fig. 13, I-J) indicates that dissolution of celestobarite is not taking place on

the ocean floor.

Besides the extensive cation substitution in the celestobarite crystals, re-

placement of SO4 by BF4 and possibly Cr04 is indicated by the presence of

1000 ppm of boron and 1400 ppm of chromium in this mineral. These and the

cation substitutions are of potential interest as indicators of the physico-

chemical conditions in the sea-water and in the interstitial solution.

The exceedingly slow crystal growth on the ocean floor probably produces a

close approach to thermodynamic equilibrium between the liquid and the solid

solution. If in the relation

Be and Ac denote the concentrations of the substituting species and the sub-

stituted main species respectively in the crystal, and Bi and Ai the corres-

ponding concentrations in the liquid, the partition coefficient, D, indicates the

enrichment (if > 1) or depletion of the substituting foreign ion in the crystal

structure. If Be and Ac are known from analysis of the actual crystals, and D
from controlled experiments, the ionic ratio, BjA, in the bottom water or inter-

stitial solution from which the crystals formed can be derived. For the cation

substitution couple, Sr2+/Ba2+, the ionic ratio in the halmeic crystals is 0.057,

and D has been determined to be 0.030 ± 0.004 (Gordon, Reimer and Burtt,

1954). The solution in equilibrium with these crystals should consequently

have an ionic ratio, Sr2+/Ba2+, of 1.9. If 114xl0~3 mmole/1. (the average

strontium concentration in sea-water) is accepted as a minimum concentration

value in the interstitial solution of the sediment, then a minimum concentra-

tion of 60 X 10~3 mmole/1. of barium is needed to maintain the ratio indicated

by the crystal composition. Such a barium concentration would be 136 times

higher than that observed in deep water. A part of this apparent discrejDancy

might be due to lowering of the strontium concentration in the interstitial

water by the zeolite and oxide species observed in co-existence with the barite;

however, a considerably higher barium concentration in the interstitial water

than in the deep water is suggested by these data. Chow and Goldberg {op.

cit.) have interpreted the deep-water concentrations observed by them as close

to saturation with the sedimentary barite. However, considerably higher

saturation concentrations should be expected since both the cation and the

anion substitution in the barite structure contribute to a markedly increased

solubility of the crystalline solid solution above that of pure barite. In pure
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water the solubility of celestite is 587 ^mole/1, at 25°C and 1 bar^ as compared

with 9.5 (jimole/l. for barite. Under the assumption of a linear increase in solu-

bility with substitution, the observed 5.4 mole per cent of celestite in the barite

structure would result in a solubility of 40.7 [xmole/l., or 4.3 times the solubility

of barite. As is seen in Table IV, the other substitutions observed further in-

crease the solubility of the crystal.

Table IV

Solubility and Substitution Relations

Solubility, pimole/1.
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f)hos23hate minerals (mainly francolite, Ca5[F|P04C03]3) in shallow low-

latitude areas where saturation is reached. Upwelling of phosphate-rich deep

water produces exceptionally high concentrations of phosphate minerals in such

areas (Kazakov, 1950). The ensuing increase in organic productivity in the

euphotic zone leads to a high rate of accumulation of organic remains on the

bottom, and a high rate of crystallization of phosphates is maintained by
decomjDosition of the organic phosphorus compounds (McKelvey et al., 1953).

Bruejewicz and Zaytseva (1958) measured concentrations of dissolved phos-

phorus as high as 27 [xmole/l. in Pacific sediments of this type.

Fig. 14. Dendritic intergrowth of manganese oxide in marine phosphorite from oxidizing

environment (Cape Johnson Guyot; 17° lO'N, 177° lO'W). Transmitted Ught.

The solubility relations of francolite are complicated by variable substitution

of calcium with zirconium and rare earth ions, which drastically reduce the

solubility; zirconium phosphate concentrations up to 2800 ppm Zr have been

observed in marine inorganic apatite (Arrhenius and Korkisch, unpublished).

The phosphorite rock accumulating in areas of high organic productivity

consists of a microcrystalline matrix of francolite with phosphatized tests of

Foraminifera (originally consisting of calcite), skeletal apatite of marine verte-

brates, thin flakes of opaline silica derived from diatom frustules, films and

grains of glauconite, interspersed dark-colored organic matter and terrigenous

minerals. Other widespread deposits of marine phosphorite occur, without

association with exceptionally high organic productivity, in shallow areas of the

tropical ocean, where calcareous deposits are exposed to relatively warm sea-

water, such as on seamounts and on drowned coral reefs; some of these are
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now elevated above sea-level and commercially exploited. Complete pseudo-
morphous replacement of calcite and aragonite fossils is attained in some cases
(Rex, in Hamilton, 1956, p. 35). In contrast to the phosphorite from areas of
high productivity, intergrowth with manganese and ferric oxide minerals is

common in this type of phosphorite (Fig. 14), but glauconite and organic

1''
'
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matter are absent. The oxidizing conditions of deposition are further indicated

by the low uranium content of this type of marine francoHte. Uranium probably

prevails in the hexavalent state (ionic radius 0.80 A) under the normal oxidiz-

ing conditions in sea-water, presumably as a carbonate complex (Starik and

Kolyadin, 1957), and does not easily substitute for the 20% larger calcium ion in

the francolite structure. However, where uranium is locally reduced to the tetra-

valent state, its increased ionic radius (0.97 A) is close enough to that of calcium

(0.99 A) to substitute extensively in the crystal structure (Altschuler, Clarke

and Young, 1958). Consequently, the concentrations of uranium in the seamount-

and reef-type francolite, formed under oxidizing conditions, amount to only

one twelfth to one hundredth of the concentrations found in francolite when

it is deposited under reducing conditions in areas of high organic productivity

(Arrhenius and Korkisch, 1959) (Table V).

Table V
Substitution of Uranium in Marine Authigenic (Halmeic) Apatite and in

Microcrystalline Fish-Bone Debris

Those apatite deposits which crystallized under reducing conditions, indicated by the

presence of organic compounds, glauconite and other ferrous minerals, are high in uranium,

presumably substituting as U4+. Conversely, those formed under oxidizing conditions, in-

dicated by lack of organic matter and ferrous minerals and by the coexistence with

manganese oxide minerals, have a low uranium content, probably due to the difference in

size between Ca2+ and U6+, and to the excess charge of the latter ion.

Similar relations appear to govern the sorption of uranium on microcrystalline bone

apatite in oxidizing and reducing environments as shown in the lower part of the table.

(Data from Arrhenius and Korkisch, 1959.)

Sample no.
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Table V

—

continued

Sample no. Mineral type Environment
U,
ppm

Description
of sample

16 195-8.2 Fish-bone apatite Oxidizing

16 193-10 +
+ 16 194-6

Oxidizing

but less than
in 16 195-8.2

16 181-1 Weakly reduc-

ing

1.5 From low organic produc-

tivity area, 17-21°N in

East Pacific; brown clay

sediment with numerous
manganese nodules

8.5 From siliceous - calcareous

sediments below Equa-
torial Current system.

Ferrous iron preserved

in zeolites, 1-3 mmole
NH4+/I. of interstitial

solution

16.3 Modelo Formation, Cajif.

(Tertiary). Compara-
tively rapidly accumulat-

ing epicontinental sedi-

ment. Organic matter
present at the level of

2-4% carbon in the sedi-

ment; ferrous iron pre-

served or generated, no
sulfides

Goldberg and Parker (1960) have proposed that the low oxygen content of the

bottom water in areas with a high rate of deposition of organic matter is a

causal factor in the precijDitation of francolite. The widespread occurrence

of this mineral, deposited under oxidizing conditions as well as under reducing

ones, would seem to point instead to a reaction which is insensitive to the

redox state of the system.

The high concentrations of phosphorus, often attaining values of 1-2%
P2O5 in slowly accumulating clay sediments and zeolitites on the deep-ocean

floor, were previously attributed to precipitation of iron phosphate (Gold-

schmidt, 1954); it now seems quite evident that the phosphate prevails in

the form of skeletal debris of fish (Arrhenius, Bramlette and Picciotto, 1957).

Apatite is soluble at the deep-ocean floor, so that delicate structures such as

scales and minute bone fragments are preserved only in the most recent parts

of rapidly accumulating calcareous deep-sea sediments.

In deep-sea sediments, including manganese nodules, which accumulate

slowly, only the most resistant structures with a large crystallite size, such as

teeth of fish and earbones of whales, remain undissolved. The dissolution of

skeletal apatite is counteracted by the incorporation into the crystal structure

of large quantities of the rare earth elements thorium and zirconium, adsorbed

from solution in sea-water. The ensuing highly insoluble phosphates eventually

remain as microscopic crystals after the disappearance of the original skeletal

debris in the most slowly accumulating t3rpes of deep-sea sediments, such as

manganese nodules.
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D. Carbonates

The abundant planktonic and benthic organisms which build skeletal

structures of calcite or aragonite provide a mechanism for deposition of these

minerals over the ocean floor. Quantitatively most important in this respect are

Foraminifera, which are Protozoa with calcareous, arenaceous, or chitinous

tests (Fig. 16), and coccolithophorids, which are unicellular algae with minute

calcite platelets—coccohths—that have been secreted from the cell

Fig. 16. Calcareous ooze with tests of Foraminifera. Thin section, polarized light.

wall (Fig. 17). Most Foraminifera contributing to the pelagic sediments are

planktonic, and all of the jolanktonic species form calcite tests. Benthonic

Foraminifera constitute less than 10% of the fossil assemblages in pelagic deep-

sea sediments but are more abundant in shallow-water pelagic sediments such

as coral reefs. The variation in species distribution as a function of ambient
water temperature has successfully been used, initially by Schott and later by
a number of workers (ref. in Phleger, 1960), to trace variations in the surface-

water temperature of the ocean in the past. Recently, similar information has

been obtained by mass spectrometric determination of the temperature-

dependent ratio Oi^/Qi^ in the carbonate of Foraminifera in deep-sea pelagic

sediments (Emiliani et al., see ref. in Emiliani, 1955 and 1956; Ericson and
Wollin, 1956) and in the skeletal structures of a number of reef organisms

(Lowenstam and Epstein, 1957). The usefulness of pelagic coccolithophorids for

this purpose has recently been indicated by Craig (unpubhshed). A compre-

hensive survey of marine paleo-temperature work is presented by Emiliani

and Flint elsewhere in this volume (Chapter 34).
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Fig. 17. (a) Coccoliths (electron micrographs of carbon replicas) (from J. Markali, Oslo,

unpublished); (b) CoccoHth and Discoaster ooze (Aquitanian), Equatorial Pacific.

(From Bramlette, 1961.)
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Owing to relatively rapid and easily distinguished evolutionary changes of
the coccolithophorids, it has been possible to use their fossil remains for indica-

tion of geological age by highly precise biostratigraphic correlations (Bramlette
and Riedel, 1954). The mass of coccohths in the carbonate fraction of deep-sea
sediments sometimes exceeds that of foraminiferal tests; such coccolith oozes
were particularly abundant in the Cretaceous and the Tertiary, Coccolith ooze
also constitutes the glacial maximum productivity stage below the Pacific

Equatorial Divergence (Fig. 36).

In sediments older than the Middle Mesozoic, identifying coccoliths is usually

difficult, owing to gradual recrystalHzation of the calcite; in fact, many fine-

grained limestones in older geological formations may be recrystallized cocco-

Hth oozes (Bramlette, 1958). Although the calcareous planktonic Foraminifera
did not evolve until Mesozoic time, calcium from the continents might thus have
been deposited as carbonate over the deep-ocean floor by planktonic organisms
early in the history of the Earth.

Aragonite shells are secreted by some groups of planktonic organisms, of
which pteropods are the quantitatively most important. Because of the re-

latively high rate of dissolution of aragonite in sea-water at low temperatures
and high pressures, pteropod ooze is accumulating only in comparatively
shallow areas.

Extensive substitution in the marine calcium-magnesium carbonate struc-

tures is essentially limited to strontium in aragonite. A concentration of other
trace elements such as lead, copper, barium, strontium, titanium, and iron

is to be found in the protoplasts of some species of Foraminifera (Table III)

and in pteropods, whose organic shell structures interlayered with aragonite

provide a possible site for heavy-metal ions concentrated from sea-water (Curl

and Nicholls, unpublished). Thus, a number of trace elements can be related

to calcareous fossils or their dissolution residue (Correns, 1937; Graf, 1960).

Several of these organism groups might consequently play an important role

in the vertical-transport mechanism mentioned in Section 2-B of this chapter.

Pelagic sediments, as defined in the present work, include shallow-water
pelagic carbonate sediments which constitute bioherms of various types and
particularly coral reefs. This group of sediments is described elsewhere in this

volume (Chapter 22).

Calcite and aragonite are highly soluble, so the original distribution of these

minerals over the ocean floor is extensively modified by post-dej)Ositional

dissolution favored by low temperatures, high hydrostatic pressures, rapid
removal of the solution, and high partial pressures of CO2, generated by oxida-
tion of organic matter at the sediment surface. The dissolution process in a
given stratum is slowed as new sediment accumulates above it, producing
a diffusion barrier of increasing thickness, separating the carbonate from the sol-

vent. The ultimate rate of accumulation of carbonate at a given depth and circu-

lation is consequently determined by the rate of deposition of carbonate minerals
and by the total rate of accumulation of sediment. The regional distribution of
calcium carbonate in ocean sediments illustrates the influence of these para-
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meters. From the distribution of carbonate concentrations with depth in areas

with different productivities, the combined influence of hydrostatic pressure and
temperature and hkewise the influence of productivity are quite evident (Figs.

18 and 19). Further, at a higher total rate of deposition, providing rapid pro-

Depth

3000

4000 -

CaCO-

20 40 60 80 100%

-•— Average for 500 m intervals from

all available data-, present sediment

5000

6000
m

I

/

j^f

Pacific

135°W)

Fig. 18. Concentration of calcium carbonate at the present sediment surface as a function

of depth in the Pacific Ocean. The average curve shows a pronounced effect of depth
on the rate of sokition of carbonate. In the central equatorial Pacific, characterized by
a wide regional variability in biological productivity, this latter factor dominates the

carbonate distribution. (From Bramlette, 1961.)

tection of the carbonate, the disappearance of the carbonate occurs at greater

water depths (Fig. 20). Finafly, the influence of the removal of the dissolved

calcium ion is demonstrated by the carbonate distribution in the South Atlantic

basins; at equal depths the dissolution of calcite is far more extensive in the

Brazil Basin, which is flushed by Antarctic deep water, than in the neighboring

Congo Basin, which has a slower renewal of the bottom water (Wattenberg,

1933, 1937; Correns, 1939).

At shallow and intermediate depths where the rate of dissolution of calcium

carbonate is low, calcite and aragonite are sometimes dolomitized. Outcrops of

dolomitized limestone, such as on the Nasca Ridge in the South Pacific (Bram-

lette, unpublished), are coated with manganese-iron oxide minerals, indicating

that the dolomitization was active in the past, and that it has since been re-

placed by oxide deposition. A similar sequence is observed in many oceanic

limestones and phosphorite deposits, which also display a coating of manganese-
iron oxide minerals (Fig. 14). Growth of sparse euhedral dolomite crystals in
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Recent deep-sea sediments have been observed in several instances, both in the

Pacific (Bramlette, unpublished) and in the Atlantic (Correns, 1937; Radczew-
ski, 1937). Extensive dolomitization is observed to occur at the interface of

basaltic intrusions, such as the one encountered in the experimental Mohole off

Guadalupe Island.

CaCO,

4000

00%

5000

6000
m

Fig. 20. Average carbonate content as a function of water depth in the Atlantic and
Pacific, demonstrating the effect of total rate of deposition on the rate of solution of

calcium carbonate at the ocean floor. Under similar depth conditions the ultimate
carbonate content of the sediment is, on the average, higher in the Atlantic than in

the Pacific. This is due to more rapid burial of the sediment in the Atlantic Ocean,
which, per surface area, receives considerably more solid and dissolved material from
the continents than does the Pacific. (From Revelle, 1944.)

Much detrital carbonate appears to be carried by wind into the pelagic

environment. Calcite and dolomite are often the dominant components of

eolian dust, which occasionally also contains small amounts of breunnerite

(Radczewski, 1937). In Mediterranean sediments, calcite is the dominant
eolian material (Norin, 1958). In deep pelagic sediments most of the fine-grained

eolian calcite is dissolved, but in areas with a heavy eolian fallout and a high

preservation of accumulating carbonates, eolian calcite and dolomite might be

quantitatively important.
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E. Silicates

Skeletal structures of opaline silica are secreted by a number of marine

organisms, including the planktonic diatoms, radiolarians and silicoflagellates,

and some benthic sponges. Much of this opal is dissolved or peptized soon after

the death of the organisms; however, the remaining fraction of relatively

robust skeletons often forms a significant portion of the sediment, especially

below areas of high productivity such as the Subarctic Convergence,

the Equatorial Divergence, and the divergences along the west coasts of the

Depth in

sediment

400-

5 10 15 m mole/I.

Interstitially dissolved SiOo —

>

Fig. 21. Monosilicate in interstitial solution at various depths of the core Capricorn

38 BP, South Pacific. The interstitial solution was separated from the sediment by
adding a known mass of fresh sediment (with separately determined water content)

to a measured volume of filtered sea-water with a low and known silica content. After

dispersion, the suspension was centrifuged, and an aliquot of the supernatant

liquid was passed through a membrane filter and analyzed colorimetrically. (From
Arrhenius and Rotschi, 1953.)

continents (cf. Fig. 1). The instability of silica in the interstitial water of the

sediment causes continuous dissolution of the siliceous fossils after deposition;

the silicoflagellates disappear first, followed by diatoms, then radiolarians, and

finally even the robust sponge spicules. Part of the dissolved silica reacts to

form authigenic aluminosilicates observed as overgrowths in partly dissolved

siliceous skeletons (see below). In some cases reprecipitation of the silica as opal

takes place, resulting in thin flakes of this mineral along the bedding planes in

phosphorite, or in laminae of chert, observed to occiu' at depth in pelagic
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sediments in a few instances. Another part of the dissolved siHca is returned to

the bottom water by diffusion. Thus, a marked vertical gradient is maintained

in the concentration of silica in the interstitial solution of the sediment, and

at the water interface (Table VI and Fig. 21).

Table VI

Concentration of Dissolved Monosilicate in the Water immediately above the

Sediment Surface and in the Interstitial Solution of the Sediment in the South

Pacific. (Arrhenius and Rotschi, 1953.)
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sediments. The present author found a narrow size frequency distribution of

quartz centred at 3-10 [x in north equatorial Pacific clay sediments, and
suggested eolian transport as an explanation. Rex and Goldberg (1958), in

subsequent extensive studies of Pacific sediments, demonstrated a regional

regularity in the quartz distribution (Fig, 22), which they interpreted as an

Fig. 22. Areal distribution of quartz in the Pacific. (After Rex and Goldberg, 1958.)

indication of fallout of dust from the high altitude jet streams. The importance

of tropospheric transport is indicated by the numerous observations of extensive

dust-falls at sea in the equatorial Atlantic (Radczewski, ojp. cit.; Seefried, 1913)

and Indian Oceans, and in the South Pacific (Marshall and Kidson, 1929), and
further by the correlation between the wind pattern from arid areas and the

occurrence of dry atmospheric haze at sea (Fig. 23). Rex and Goldberg {op. cit.)
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report low concentrations of quartz in the Tertiary pelagic sediments of the

North Pacific, as, compared to the unconformably overlying Pleistocene,

indicating a smaller arid source area or weaker transporting wind currents dur-

ing Tertiary time. Another indication of low intensity of the Tertiary circulation

is the low organic j)roductivity in the Equatorial Divergence during the

Fig. 23. Tropospheric transport of dust, as indicated by average frequency of haze (dry

aerosol) during the northern winter (upper map) and summer (lower map). Fre-

quencies are given in per cent of total niumber of observations. (From Arrhenius, 1959.)

Pliocene, followed by conditions suggesting a sequence of epochs with markedly

increased intensities of zonal winds during the Pleistocene (Fig. 24).

Eolian dust contains little material in the size range below one or a few

microns (Fig. 25), though pelagic sediments often display a secondary maxi-

mum in this range. Most of this fine-grained pelagic quartz was probably

transported together with the aluminosilicate suspensoid in sea-water from

the continents to the areas of deposition.

Mixed assemblages of mainly plagioclase feldspar with a grain-size distri-

bution similar to that of quartz are ubiquitous in pelagic sediments. The optical

properties indicate that the dominant species range between labradorite and
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oligoclase in most Pacific sediments; commonly several species are present

together. Large grains of orthoclase, microcline and sanidine, indicating

occurrences of acid igneous rocks, are not uncommon within the predominantly

basaltic province of the Pacific basin (Revelle, 1944, pp. 10, 18-39). A detailed

Equatorial Pacific

rate of circulation

time

years

Fig. 24. Relative tx'ade-wind

intensity as a function

of geological time. The
relative intensity is esti-

mated from the ensuing

productivity changes at

the Equatorial Diverg-

ence. (From Arrhenius,

1952.)

PELAGIC SEDIMENTS— AEOLIAN DUST

0.5 1 2 3 4 6 8 10 20 40

particle size yL,

Fig. 25. Particle-size distribution in pelagic sediments

from the North Pacific and in eolian dust from

Illinois. (Data from Rex, 1958; Udden, 1914.)

investigation by Peterson and Goldberg (1962) shows that such feldspar species

prevail over a large part of the East Pacific Rise. For the Atlantic, Radczewski

(1937) and Leinz (1937) showed that acidic rocks must have been the main

source of feldspar in the Cape Verde and the Guinea Basins, inasmuch as the
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majority of grains had a composition An < 30. As is true of quartz, most of the

fine-grained feldspar is probably wind-transported from continental elastics.

Authigenic orthoclase has been observed in a few instances; Mellis (1952,

1959) described a sample from the west Atlantic in which orthoclase had re-

placed the original plagioclase in altered andesite boulders. This sample indi-

cates highly alkaline conditions during crystallization, as it is known from

controlled synthesis experiments that orthoclase grows only above a pH of

about 9 at low temperatures; directly below this limit, zeolites form the stable

phases.

Rex (1958) attempted to establish the regional variability in the total amount
of feldspar in reference to the known amount of quartz in the Pacific. The great

variability of X-ray diffraction from given crystallographic planes in the feld-

spar series, as well as interference from other minerals in the range of inter-

Feldspar/quartz

relative units

10 r
Ti/AI and Cr/AI

arbitrary units

200 300

Miles NNE of Oahu

Fig. 26. Relative ratio feldspar/quartz in the North Pacific off Hawaii, showing the rapidly

vanishing influence of the basaltic province. This is also reflected by the decrease

in the relative concentration of titanium and chromium, mainly occurring in pyroxene
crystallites. (From Rex, 1958.)

planar spacings used, limits the interpretation of these data. Nevertheless, some
general relationships appear well established, such as an increase in the relative

amount of feldspar around the Hawaiian Islands (Fig. 26) indicating the con-

tribution from the basaltic province.

Olivine is unstable on the deep-ocean floor and hence is not observed in quan-

tities in pelagic sediments. However, in association with cosmic nickel-iron

spherules, olivine and pyroxene chondrules have been observed which strongly

resemble those in chondritic meteorites, and are probably of extra-terrestrial

origin (see further page 674 and Fig. 10b).

Pyroxene minerals are ubiquitous and are useful indicators of the origin of

pyroclastics. The absence of hypersthene-enstatite among the frequently occur-

ring pjTOxene grains in South Pacific sediments indicates an origin within the
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province of oceanic basalts, rather than transport from the circum-Pacific

andesite regions. MelHs (1959) has found examples of uralitization of pyroxene.

The conditions determining the rate of decomposition and devitrification of

volcanic glass in marine sediments are still obscure. While some minute glass

shards in Mesozoic sediments are unaltered, some Quaternary deposits of ash

and pumice have been entirely altered to montmorillonoid minerals or to phil-

lipsite. The occurrence of unaltered glass in calcareous deposits indicates that

a high calcium ion concentration might preserve the glass. Layers and laminae

of volcanic glass are potentially useful as stratigraphic markers because of the

wide dispersal and the short duration of the supply of volcanic ash. Successful

attempts to correlate strata over large distances in marine sediments have been

made by Bramlette and Bradley (1942), Mellis (1954) and Nayudu (1962a).

A correlation has also been suggested between ash layers observed (Worzel,

1959) off the Middle American coast in the Pacific and in the Gulf of Mexico

(Ewing et al., 1959). Further observations of these deposits suggest, however,

that they are due to eruptions from different centers and probably at diff"erent

times.

Kaolinite, which commonly occurs as a weathering product of basaltic

glass under acid weathering conditions (Sigvaldason, 1959), has not been found

in marine decomposition products of pyroclastics. This agrees with the experi-

mental observations of the influence of hydrogen ion concentration on the

stability of low temperature silicates, referred to below.

Palagonitization of basaltic glass is frequently observed on the ocean floor;

Correns (1939) and Nayudu (1962) indicate that this alteration takes place

mainly at the interaction between hot lava and sea-water or interstitial water,

rather than during the continued exposure after cooling.

The zeolite phillipsite was early recognized as quantitatively important in

slowly accumulating pelagic sediments (Murray and Renard, 1884). Recently, it

has been found that other members of the phiUipsite-harmotome series are

widespread, although less conspicuous because of their microcrystalline habit,

the low intensity of their first order diffraction and their diffractive interference

with feldspar. Zeolite concentrations higher than 50% are not infrequent, and
zeolitite consequently is a common pelagic sediment type. Controlled synthesis

of the mineral indicates phillipsite and harmotome to be stable from a lower pH
limit between 7 and 8 to an upper between 9 and 10 in a potassium-hydrogen

cation system. Above this limit feldspar is stable at low temperatures, and
directly below the limit IM mica forms from solution. These relations might be

useful in estimating the hydrogen ion concentration in ancient marine environ-

ments.

It is not entirely clear how much of the silicon and aluminum of the zeolite

framework, and the interstitial cations, is directly inherited from the igneous

silicates and glass decomposing on the ocean floor, and what proportion is de-

rived from ions which have long been in solution and circulation in the ocean.

The amount of aluminum passing through the ocean in a dissolved state is of the

same order of magnitude as the rate of accumulation of zeolites (Sackett and
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Fig. 27. Twinned zeolites of the phillipsite (K+ Na+; Ca2+)-harmotome (Ba2+) series. The

crystals tjqDically display extensive intergrowth with other phases, primarily non-

tronite, which often form as much as one half the volume.



700 AURHENius [chap. 25

Arrhenius, 1962). The synthesis experiments mentioned above also indicate that
precipitation of aluminum species from solution in sea-water would form
zeohtes rather than phyllosihcates. Finally, microcrystalline zeohte is found
within dissolving skeletons of sihceous organisms in sediments without signi-

ficant quantities of igneous silicates. This suggests that the high concentrations
of dissolved sihca from biotic sources at the sediment-water interface (cf.

Table VI) induce the formation of the zeohtes in these cases. On the other
hand, phillipsite is frequently observed in intimate physical association with
pyi'oclastics or their remnants on the deep-ocean floor, suggesting that the
solution from which the zeolite crystallized is derived directly from the pyro-
clastic aluminosihcates (Murray and Renard, op. cit.).

A third mode of formation of zeolites, known to operate on the deep-ocean
floor, is the interaction between sea-water or interstitial water and hot basaltic
lava dm-ing its intrusion. This phenomenon, together with extensive palagonit-
ization of the glass and serpentinization of ohvine, is beautifully illustrated in

the basalt found at the bottom of the experimental Mohole drilled at Guadalupe
Island in 1961.

Phyllosihcates frequently form a major part of the non-biotic fraction in

pelagic sediments. Some are clearly terrigenous, with kaolinite the major
representative. In solutions containing alkah or alkaline earth ions, kaohnite
is a stable phase at only a relatively high concentration of hydrogen ion ; it is

thus precluded as a mineral forming in the ocean. Oinuma et al. (1959; see

also Kobayashi et al, 1960) have demonstrated higher concentrations of this

mineral on the continental shelf than in the pelagic areas of the Western Pacific.

Fui'ther, the investigations by Correns (1937) and Yeroshchev-Shak (1961a)
indicate considerably higher kaolinite content in Atlantic sediments than in the
Pacific. This agrees with the greater influx of terrigenous material in the
Atlantic, indicated independently by deposition rates and by the chemical
composition of the sediment (Goldberg and Arrhenius, 1958).

Other phyllosihcate species are obviously halmeic, while a third group,
comprising much of the poorly crystallized material with a grain size less than
a few microns, is of uncertain origin. Highly ordered polymorphs like biotite

and chlorite prevail in relatively large grain sizes (3-30 (jl) in areas receiving

considerable terrigenous material from metamorphic rocks. However, in the
finer fraction of these sediments the crystaUinity decreases, and disordered
IM mica species^ dominate. Some of these may have come directly from the
continents; their coexistence with coarser, ordered polymorphs seems to indi-

cate that the disordered mica species are partly diagenetic alteration products.
Rimsaite (1957) has reported progressive alteration of different mica species.

On the basis of the high boron content and the bonding of the boron in the
grain-size fraction containing the iMd micas, Arrhenius (1954 and 1954a) sug-
gested that these micas have crystallized from solution in the ocean with boron

1 The term illite has been used as a group name for these minerals, together with mixed
layer structures (Grim, Dietz and Bradley, 1949). Yoder (1957) has pointed out the need
for a modified terminology.
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(a)

(b)

Fig. 28. (a) Aggregates of microcrystalline harmotome and nontronite. The aggregates

contain Ba2+ and Fe2+ as principal cations, and often considerable amounts of thormm

(in one instance 2200 ppm). The density varies owing to substitution of lighter cations

for barium; the highest density measured is 3.2. The aggregates have a high magnetic

susceptibility. The microcrystallites rarely exceed a few microns in length, (b) Radio-

autograph of harmotome-nontronite aggregate showing emerging alpha particle

tracks, [(b) from Picciotto and Arrhenius, unpublished.]
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Fig. 29. Chlorite. North Pacific abyssal plain. Polarized light; canada balsam.

Fig. 30. Nontronite (grey) intergrown with manganese oxide minerals (black) in nodule,

(white = voids). Noil Tobe, Timor (Danavi Formation).
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in coordination with oxygen or fluorine substituting in the tetrahedral sihcate

sheets. However, Harder (1959) has recently demonstrated that borate ion

is readily and irreversibly fixed from solution by natural iMd mica. Further,

measurements of the rate of passage of dissolved aluminum through the ocean

(Sackett and Arrhenius, op. cit.) show that only a small fraction of the total

aluminosilicate deposition can be accounted for in this way (of. Sillen, 1961).

Montmorillonoid minerals of nontronite type occur in significant quantities

around centers of volcanic activity, like the Cape Verde and the Hawaiian
Islands, and in general in areas with a high proportion of pyroclastic sediments

(Table VII). These minerals are usually assumed to have formed in situ by
decomposition of the volcanic glass. The highest relative crystallinity is found

Table VII

Concentration and Relative Crystallinity of Montmorillonite Species in Marine

Sediments of Varying Geological Age.

A purified sample of theAPI clay mineral standard 25 a, Upton, Wyoming, was arbitrarily

selected to represent pure and perfectly crystalline montmorillonite. Concentrations were
measured against synthetic boehmite as internal standard.

Sample
Geological

age

Montmorillonite
A

Concentration, Crystallinity,
0/ 0/
/o /o

Bentonite, Gotska Sandon, Sweden Ordovician*''

Bentonite, Mossen, Kinnekulle, Sweden Ordovician^

"Red Clay", Noil Tobe, Timor Jurassic"

McBride Chalk, Alabama Tertiary

Pelagic Clay, S. Pacific, Dwd 61 Quaternary
Pelagic Clay, S. Pacific, Cap 32B Quaternary
Pelagic Clay, S. Pacific, Cap 31B Quaternary

33

41

36

16

26

16

15

65

49

53

57

43

40

38

«Thorshmd (1948, 1958); Waern et al. (1948); Hagemann and Spjeldnaes (1955).

«'Molengraaff (1920).

in sediments of Paleozoic and Mesozoic age (Table VII), whereas the Cenozoic-

Recent marine montmorillonoid is poorly crystallized and has a limited ex-

pansibility. Pelagic montmorillonoids and IM micas may show high disorder

because they form as metastable structures, which is often the case at low

temperature synthesis; the well ordered zeolites, on the other hand, are stable

phases at the composition and in the pH range of sea-water (molar ratio of

large cations to magnesium ion ==9, pH approx. 7.3-8.5). This suggestion is

supported by laboratory studies of the stability relations of the minerals in

question. The higher crystallinity of the ancient montmorillonites may be the

result of a diagenetic process active after the removal of the sediment from the

original alkaline environment.



704 ARRHENIUS [chap. 25

F. Organic Matter

At the low rate of deposition characteristic of pelagic sediments, and under

the oxidizing conditions usually prevailing at the deep-ocean floor, most of the

Fig. 31. Carbon and nitrogen concentrations as a function of depth in a pelagic clay

sequence (Sw 55, 11° 20'N, 127° 37'W; 4916 m). (From Arrhenius, 1952.)

EN (//mole/I.) NH3 (/zmole/l.) NO3 (//mole/I.) NO3 (mole % of EN)

Qgpip^
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(a) (b) (c) (d)

Fig. 32. Distribution of nitrogen between ammonia and nitrate in interstitial solution of

core Capricorn 38 BP (South Pacific, 14° 16'S, 119° ll'W; 3400 m). (From Arrhenius

and Rotschi, 1953.)

organic matter is oxidized soon after deposition. The oxidation probably is

accomplished mainly by bacteria and mud-eating animals concentrated in the

surface layer of the sediment (cf. Section 5, and ZoBell, 1946, p. 91). In pelagic

sequences far from any terrestrial source of organic matter, the concentration
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of organic carbon and nitrogen first decreases rapidly with depth in the sedi-

ment and then slowly as the remainder contains an increasingly larger proportion

of refractory compounds (Fig. 31) (Mironov and Bordovsky,1959). Correspond-

ingly, less resistant structures, such as scales of fish and the chitinous beaks of

cephalopods, are found only in the surface layer of the sediment. The decom-
position of proteins and aminosugar in the sediment produces ammonia and
nitrate, which distribute themselves between the interstitial solution and
sorption sites on the minerals. Typical values range between 0.1 and 4 mmole
of NH4+ per kg of solid, and similar amounts per liter of interstitial solution

Ratio C/N

c

E

Qi

Q.
CD

Q

Fig. 33. Frequency distribution of the carbon/nitrogen ratio as a function of depth in

Pacific north equatorial clay sediments. The right-hand graph shows the number of

samples measured within each of the depth classes limited by horizontal lines. (From
Arrhenius, 1952.)

(Fig. 32b) (Bruejewicz and Zaytseva, 1959; Shiskina, 1958). The oxidation state

of the interstitially dissolved nitrogen compounds changes rapidly with depth

in the sediment, so that at the surface a considerable portion is nitrate whereas

at depth ammonium ion predominates in solution (Fig. 32d), In the progressive

decomposition of pelagic organic matter, carbon is lost more rapidly than

nitrogen and consequently the ratio of carbon to nitrogen in the sediment de-

creases with depth below the sediment surface, i.e. with geological time (Fig.

33). The combined influence of origin and diagenesis of the organic matter on

its composition is illustrated in Fig. 34.

Most of the refractory solid organic matter consists of the original and de-

composed organic molecules interstratified with, and protected by, the apatite
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crystallites in the ubiquitous fish-bone debris (Fig. 15a) (Arrhenius, Bramlette

and Picciotto, 1957), and by the calcite crystallites in foraminiferal tests

(Correns, 1937). In the former case higher fatty acids form much of the de-

composition products precipitated by salt formation with zinc adsorbed from

sea-water. Copper, nickel, lead, and silver, also adsorbed from sea-water, are

fixed by the proteinaceous residue in the bone debris, whereas the large amounts

of rare-earth elements zirconium and thorium from the same source replace

calcium in the apatite crystallites. The slow progressive decomposition of the

organic matter in the fish debris is further indicated by the gradual disappear-

ance of the deep amber color typical of fragments in Recent strata (Bramlette,

Fig. 35. Variation of carbon and nitrogen concentrations with depth in core Sw 39 from

the Galapagos area. The stratigraphic subdivision of this sequence is shown in Fig. 37,

and the absokite age of the stratigraphic units is indicated in Fig. 38. (From Arrhenius,

1952.)

unpubhshed). Complete fading of the color has occurred in pelagic fish debris

of Tertiary age.

Variations in geological time of the rate of accumulation of organic matter,

large enough to overshadow the diagenetic effects, and the effects of varying

dilution with calcium carbonate, have been found only below areas of excep-

tionally high productivity such as at the eastern end of the equatorial current

system in the Pacific. In this area the ensuing sedimentary strata, representing

times of low and high organic productivity at the surface of the ocean, differ

by a factor of two in their content of carbon and nitrogen (Fig. 35). A similar

stratification might be expected below the Peru Current and the Kuroshio.
24—s. Ill
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Because of low density, particles of organic matter from land might spread

extensively over adjacent oceanic areas, a minor fraction being windborne (cf.

Fig. 21) and the majority transported into the ocean by rivers. Some pelagic

sediments, in areas near land with heavy tropical vegetation and protected by
marginal trenches (such as on the Pacific side of Middle America), may contain

several per cent of terrestrial organic detritus.

The decomposing organic matter on the ocean floor rarely forms well defined

organic minerals. Weddellite (calcium oxalate dihydrate) and earlandite

(calcium citrate tetrahydrate) have been described by Bannister and Hey
(1936) from Antarctic sediment samples, together with authigenic gypsum.

Small amounts of strontium and barium substitute for calcium in the organic

crystals. Since later attempts to find these minerals in freshly collected Ant-

arctic sediments have failed, and as gypsum is often observed to form in drying

bottom samples from calcium carbonate and decomposing proteins, it is possible

that the weddellite and earlandite formed during storage of the samples.

3. Productivity Control of Pelagic Sedimentation

One may select approximately level areas of pelagic deposition where the

pressure factor and (at least during Pleistocene-Recent times) the temperature

factor influencing the post-depositional dissolution of calcite is small compared

to the production factor and can be separately estimated (Fig. 19). This

facilitates investigating the combined effects of organic production and total

rate of deposition on the concentration and rate of accumulation of calcium

carbonate. Such studies have been carried out in an approximately level area in

the east equatorial Pacific where the Equatorial Divergence maintains a high

organic productivity.

The meridional distribution of the rate factors involved, the causative

circulation mechanism, and the ensuing sedimentary record are shown graphic-

ally in Fig. 36. The top diagram shows a north-south section through the surface

layer of the Pacific Ocean at approximately 130°W, The temperature distribu-

tion is indicated by the isotherms for 15, 17, 20, 25 and 27°C. The cold inter-

mediate water is represented by a dotted area, and the vertical circulation is

indicated by arrows. i Divergence of the trade-wind drift currents produces

upwelling along the equator of the nutrient-rich intermediate water, resulting

in a high rate of production of phytoplankton, sustaining an increased pro-

ductivity also of higher members of the food chain. At higher tropical latitudes

the lack of a mechanism enriching the euphotic layer keeps the productivity

low.

The rate of production of skeletal calcium carbonate from coccolithophorids

and Foraminifera is illustrated in the middle diagram of Fig. 36, where the full

line curve marked "Pleistocene minimum rate of production (interglacial)

"

corresponds to present-time conditions. The inferred rate of dissolution of

calcium carbonate before final burial of the fossils is indicated by the dashed

1 The heavier shading marks the extension of the Cromwell Current (Knauss, 1960).
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Fig. 37. Size distribution of frustules of the diatom Coscinodiscus nodulifer in three widely

spaced sedimentary^ sequences from the equatorial Pacific (Sw 39, long. 93°W; Sw 60,

long. 135°W; and Sw 74, long. 150°W). The flat cylindrical frustvile of this diatom

consists of two halves, the upper one fitting over the lower like a top over a box. At

cell division, each daughter cell retains half a frustule as a top and secretes a new

bottom (smaller) half. Continuous reproduction by division leads to a distribution of

frustule sizes from a few hundred microns to approximately 13 [j,. In the majority of

cases the frustules are shed and sexual reproduction takes place when the frustule

has been reduced to 40 [x. A naked auxospore is then formed, which grows out to

maximum size before a new frustule is secreted.

During times of maximum circulation, as indicated by the rate of accimiulation of

calcareous, siliceous, and phosphatic fossils (cf. Fig. 38), a secondary maximum at

large size occurs in the frustule frequency distribution, indicating a modification of

the reproductive cycle. This phenomenon is employed to confirm the correlation of

strata over wide distances in equatorial facies. The distance between Sw 39 and Sw 74

amounts to approximately one earth radian. Stratigraphic stages are indicated by

numbers in the graphs. (For the age-and-productivity relations of these stages, see

Figs. 38 and 35. Also, compare D. Ericson, Chapter 31 of this volume, and Ericson etal.,

1955, 1956.)
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curve "Pleistocene minimum rate of dissolution (interglacial)", which pre-

supposes an increase under the equatorial productivity maximum due to the

effect of carbon dioxide produced by the respiration of bottom-living animals

that feed on the rain of organic detritus.

The resultant rate of accumulation of calcium carbonate corresponds to the

ordinate difference between the two curves and constitutes the parameter

actually measured. At the intersection of the two curves near 9°N the carbonate

accumulation accordingly drops to zero. Siliceous clay sediments cover the

bottom of the ocean north of the present loci of this intersection, the carbonate

compensation line.

Emiliani (1955) has used the calcium carbonate tests of both benthonic and
pelagic Foraminifera for paleotemperature measurements in this section. The
planktonic results for the j)resent sediment surface are indicated at the present-

time production curve in the middle diagram of Fig. 36. The benthonic tests

indicate a temperature of about 1°C, in good agreement with the directly

measured temperature of the bottom water. The planktonic tests display a

gradient, with temperature rising from the equator northward (14.8°C at the

equator, 15.3°C at 2°N and 15.6°C at 7°N). This trend agrees with the observed

temperature distribution in the surface layer shown in the top graph.

i

The lower diagram in Fig. 36 shows a generalized cross-section through the

bottom deposits. The ordinate for the present sediment surface is taken as 0.

The lower detached part of the graph, showing the stratification of the Middle

Tertiary sediments, lacks detail because of the paucity of observations. The
vertical scale is in this latter case relative, and reference to the zero level is not

available.

The distribution of carbonate at the present sediment surface is a function

of the productivity distribution in the surface layer of the ocean with the

superimposed effect of dissolution. From high values below the Equatorial

Divergence, the concentration drops toward higher latitudes, and the present

northern carbonate compensation line is found near latitude 9°N.

The profile further demonstrates the marked stratification of the calcareous

deposits. Below the surface layer, which is characterized by relatively low

carbonate concentrations, lies a stratum (2) subdivided into units 2.2, 2.3 and

2.4, high in carbonate and coinciding with the last glaciation in higher latitudes.

This stratum is preceded by another low carbonate unit (3) with a small

maximum, 3.2, between the minima 3.1 and 3.3.2 Below this is a high-carbonate

stratum (4) indicating extraordinarily high rates of accumulation of biogenous

carbonate and silica. Altogether about nine major carbonate maxima occur in

the Pleistocene part of the sequence. The underlying Pliocene sediments are

1 For no known reason, the magnitudes of temperature derived from the oxygen
isotope ratio fall considerably below the temperature range in the top 50-m layer of the

ocean, where the meridional gradient occurs, and which is the main habitat of the Fora-

minifera.

2 Not all the details of the stratification are included in this generalized figure, but they
can be seen in Figs. 38 and 39.
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characterized by less variability with time of the carbonate content. The

Pliocene-Pleistocene transition is indicated by a drop in the temperature of the

bottom water, shown by the oxygen isotope distribution in benthonic Fora-

minifera (Emiliani and Edwards, 1953), and by a marked change in the fossil

CaC03
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Fig. 38. Age relations of strata in Pacific equatorial carbonate facies as shown by two

cores, 3600 km apart. The 95,000-year level in core 60 is determined by the prot-

actinium/ionium ratio at this level, as compared to the sediment surface. The exten-

sion of the time scale beyond this age is based on extrapolation assuming a constant

rate of deposition of inorganic components but allowing for the wide variability in

accumulation of biotic compounds. Strata interpreted as isochronous on the basis of

stratigraphic correlation are marked by numbers in the graph (cf. Fig. 37).

assemblages of coccolithophorids (Bramlette, unpublished). In this profile, the

transition is marked by a dashed line crossing over the carbonate compensation

surface.

From measurements in stratum 4 the full line curve marked "Pleistocene
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maximum rate of production (glacial)" in the middle diagram, and the dashed

curve marked "Pleistocene maximum rate of dissolution (glacial)" have been

constructed. The production appears to have increased greatly, especially in the

Equatorial Divergence, and the dissolution seems to have increased somewhat,

owing to respiration of benthonic animals, although not enough to counter-

balance the greatly increased rate of deposition of calcareous skeletal remains.

Thus, the rate of accumulation of calcium carbonate reaches a maximum during

this time. The greatest increase occurs at the equator, where values of 5 to 10 g
of calcium carbonate per cm^ in a thousand years are found.

Although the amount of calcium carbonate relative to the inorganic com-

ponents of the sediment is an analytically convenient measure of past variations

Equatorial Pacific

Relative rate of biotic
accumulation

Equatorial Atlantic and Caribbean

Generalized surface water
30 25''C paleotemperature

Fig. 39. Age relations and stratigraphic designation of climatically controlled strata in the

equatorial Pacific and Atlantic Oceans. (Data from Arrhenius, 1952; Emiliani, 1955;

and Emiliani, in lift., 1961.)

in organic productivity, it is not the only one available. The variations

described above are accompanied by still more marked changes in the relative

amounts of phosphate from fish debris and of opaline silica from diatoms. The

diatoms also display characteristic changes in their reproductive cycle (Fig. 37).

As is seen from the planktonic paleotemperature data at the curve "Pleisto-

cene maximum rate of production (glacial)" in the middle graph of Fig. 36

(11.9°C at the equator, 12.9°C at 2°N and 14.1°C at 7°N), the surface tempera-

ture gradient away from the equator displayed by the oxygen isotope ratio in

the foraminiferal tests is even steeper during the time of circulation maximum
(Riss [Illinoian] Glacial Age) than under the present conditions of interglacial

type. This further confirms that an increased rate of upwelling in the Equatorial

Divergence is the direct cause of the increased productivity. A displacement

toward the Equator of the high pressure centers now found between latitudes
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20 and 35° could explain this intensified vertical circulation during glacial

times. The stratification of biotic components in the Equatorial Pacific under

these conditions provides a record of the general climatic evolution of the earth;

new drilling techniques now being introduced (Bascom, 1961) could extend the

time record beyond the few million years now accessible.

Sediments from Eocene to Pliocene age, outcropping or covered by relatively

thin Quaternary strata, have been sampled on topographic highs within the

area in question (Arrhenius, 1952, 2.57; Riedel, Chapter 33, this volume). This

sedimentation information from the early Cenozoic has been summarized in the

lower disconnected part of the bottom graph of Fig. 36, and in the curves

marked "Lower Tertiary" in the upper graph of the figure. The northern

carbonate compensation line in Lower Tertiary was much farther north than at

present, probably north of latitude 45°. However, it was gradually displaced

southward, passed latitude 16°N in Miocene time, and approximately reached its

present location in Upper Miocene or Pliocene times. Oxygen isotope measure-

ments of benthonic Foraminifera from these strata indicate bottom-water

temperatures of approximately 10°C as compared to 1-2° throughout the

Pleistocene (Emiliani, ojp. cit.; Emiliani and Edwards, op. cit.). Apparently the

large meridional extent of carbonate sediments in Lower Tertiary times was due

to a decreased rate of dissolution rather than to an increased rate of pro-

duction.

The meridional drop in concentration of fossils away from the equatorial

zone appears also in the Tertiary strata, indicating the operation of the Equa-

torial Divergence already in early Cenozoic times. Its accurate location in rela-

tion to the present equator is not yet known.

4. Physical Stratification

The detailed record on the ocean floor of the climatically induced oscillations

in the Equatorial Current system makes it possible to correlate the sedimentary

strata of this facies over large distances. Such a correlation is indicated in Fig.

38, which shows two sequences, 3200 km apart, or one-third of the earth's

quadrant. The identification of the individual strata is further corroborated by

the sequence of properties other than carbonate content, such as the distribution

of diatoms shown in Fig. 37.

Attempts have been made to determine the absolute ages of the Pacific

equatorial Pleistocene strata by the radiocarbon activity of the carbonate

(Arrhenius, Kjellberg and Libby, 1951), and recently by the protactinium/

ionium method (Sackett, 1960). Because the short half-life of i^C (5800 years)

limits direct age determinations by this method to the Late Glacial and Post-

glacial strata (stages 1 and 2.2), the age measurement was used to determine the

Late Pleistocene and Recent rate of deposition of inorganic constituents; and

the ages of older strata were extrapolated under the assumption of a constant

average rate of deposition of inorganic compounds throughout the Pleistocene

within the area selected. The error inherent in this assumption is probably not
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much larger than the experimental error of the absolute age determination.

This statement is based on two facts. First, accumulation measurements have

demonstrated that within the area in question and during the Pleistocene time-

intervals studied, the rate varies only little, and apparently randomly from one

station to another (Arrhenius, 1952, fig. 1.1.6.1). This approximate spatial

constancy demonstrates that the depositional area is far enough removed from

the source area of the settling particles for the suspension, from which sedi-

mentation takes place, to have assumed a uniform character. The time that the

particles have spent in suspension must consequently be long compared to the

half-life of the suspension, which is controlled by coagulation or other precipita-

tion mechanisms. If these reactions, as is likely, are of second or higher order,

even large variation in the rate of influx of suspensoids in the ocean will have a

negligible effect on the terminal precipitation rate (Arrhenius, 1954). Only

small variations with time of the rate of accumulation of inorganic components

would consequently be expected in an area where the conditions mentioned

above are met, and as long as the global ratio of chemical to mechanical

weathering is not markedly changed.

Second, the Tertiary clay sediments in the Pacific, as compared with the

Quaternary, clearly indicate less dilution of the halmeic and biotic components

(such as manganese oxide minerals and skeletal phosphate) with terrigenous

material, and a variation of this dilution with time (Fig. 40). The lack of such

marked variations in the Quaternary part of the sequences confirms the assump-

tion of a relatively steady inorganic accumulation rate during this time,

particularly when averaged over at least one climatic cycle. This conclusion

pertains to only one specific region and is not valid in some other areas in-

vestigated (cf. section from East Pacific Rise in left part of fig. 1.1.5, Arrhenius,

1952; Broecker et al., 1958). Local deviations from the average conditions,

attributed to topographic control, are discussed below (Section 5).

The time scale obtained for the Upper and Middle Pleistocene events is

indicated in Fig. 38, together with the recent protactinium/ionium date. This

absolute age determination confirms the extrapolated age within the limits of

experimental error (95,000 ± 13,000 years for stage 3.1 by protactinium/ionium,

as compared to 90,000 + 6000 years by radiocarbon extrapolation).

The Lower Pleistocene and Upper Pliocene strata, which are conformably

represented in a few investigated sequences, are beyond the reach of present

nuclear age determination methods. In this stratigraphic range two events

characterize the Tertiary-Quaternary boundary: a distinct evolutionary change

in the coccolithophorids (Bramlette, unpublished) and a marked drop in

the surface temperature of the ocean, as indicated by the carbonate paleo-

temperature (Emiliani, 1955). These events have been recorded in two sequences,

one near the equator at an extrapolated age level of 1.4 million years (core Sw
62), the other near the north equatorial carbonate compensation surface (Fig.

36), at 1,7 million years (core Sw 58). Because the first area is smoother, its

value is more probable; the second area might contain redistributed sediment

from a nearby seamount which causes a rate of accumulation of inorganic
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matter higher than average and thus an overestimate for the extrapolated age.

These conditions ilhistrate the desirabihty of stratigraphic control in sequences

where absolute age determinations are attempted.

Methods similar to those applied in the equatorial Pacific have been used by
Emiliani (1955) and Broecker et al. (1959) to determine the absolute age

relations of the Upper Pleistocene climatic stages in the Atlantic Ocean.
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Fig. 39 shows data for both oceans based on protactinium/ionium dates at

approximately the 100,000-year level in both cases, and on extrapolation of the

age below this level. A higher resolution is obtained in the Atlantic sequences

owing to the higher total rate of deposition, which protects the record more

efficiently from the smoothing effects of animal burrowing and post-depositional

dissolution. The higher Atlantic resolution indicates a bij)artition of the Pacific

productivity maximum 3.2 and confirms the bipartition of the Pacific maxima
2 and 4, only vaguely indicated in most Pacific sequences. A cumulative error

from extrapolation might account for the difference in apparent age between

the Pacific maximum 6 and the Atlantic 14. The suggested interoceanic cor-

relation is summarized in Table VIII. The climatic implications of the strati-

fication are discussed in detail elsewhere (Emiliani, 1955; Arrhenius, 1959a;

Emihani and Flint, Chapter 34 of this volume).

Table VIII

Suggested Correlation between Productivity Stratification in Equatorial Pacific

Sediments (Arrhenius, 1952) and Paleotemperature Stratification in Atlantic

and Caribbean Sediments (Emiliani, 1955)

Stages and substages

Equatorial Equatorial Atlantic

Pacific and Caribbean

1
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equator go back to only the Middle Pleistocene, about half a million years.

During this time the equator has remained constant within the resolution of the

present sampling grid, which is about four degrees of latitude. If 500-m cores

could be drilled in the equatorial sediment bulge. Cretaceous or older sediments

might be reached, corresponding to postulated positions of the North Pole in

the North Pacific (Runcorn, 1956, 1959). Determination of polar wandering by
this method would be free from the uncertainty imposed by possible continental

drift.

Biostratigraphic means available for subdividing into stages and correlating

Upper Cenozoic formation units in their calcareous-siliceous facies are lacking

in the adjacent clay and zeolitic facies. The stratigraphic units so far resolved

in the North Equatorial Pacific clay facies consist of a Pleistocene-Recent bed

of buff clay, comparatively low in halmeic minerals, conformably overlying a

series of dark brown clay members (Pliocene), high in manganese-iron oxide

minerals and other halmeic phases, and in fish bone apatite (Fig. 40). Older clay

sediments (Middle Tertiary) occasionally sampled in outcrops on topographic

highs (cf. Section 5) show a petrological composition similar to the Pliocene ones.

Where the buff top formation is found without interruption of the sequence by
unconformities, the thickness amounts to a few meters, but its lower boundary

cannot be defined precisely. Accepting for the north equatorial Pleistocene-

Recent clay facies a rate of inorganic accumulation around 2 mm/ 1000 years,

indicated by protactinium/ionium and radiocarbon dates (see above) and
ionium/thorium measurements (Goldberg and Koide, 1958), it appears that the

buff clay formation comprises the last one or two million years. The stratigraphy

suggests a relatively low rate of transportation of terrigenous matter into the

area during Tertiary times through Middle Pliocene, periodically varying transi-

tion conditions in the Upper Pliocene, and a general increase in terrigenous

contribution during Pleistocene and Recent.

5. Topographic and Tectonic Control of Sedimentation

Deformation of the ocean floor into hills, mounts, and fault scarps has

undoubtedly occurred many different times. Much of the present small-scale

topographic relief in the Pacific was probably created by extensive laccolithic

injection of basaltic lava, which updomed the overlying sediments (Arrhenius,

1952, 2.57.0, 3.4.1). This process is assumed to have created the low-relief, hilly

topography typical of vast areas in the Pacific Ocean basins (cf. Figs. 41 and 43).

Lava erupting at oceanic depths—unlike conditions on land or in shallow water

—

does not encounter marked discontinuity in the confining pressure at the

sediment surface. Lateral flows are consequently not particularly probable at

this surface, but are likely to occur at petrological discontinuities at depth in the

sediment. Submarine lava flows at great water dejoth are expected to spread

extensively owing to low viscosity resulting from the flow of interstitial water

or sea-water into the lava at high water pressure. The discontinuity in sound
velocity a few hundred meters below the sediment over wide areas in the east
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Fig. 41. Topography of area around stations Chub 8, 9, 10 and 11 in North Equatorial
clay facies. (Dashed Hnes indicate the sounding track.) At stations 9 and 10 on the

topographic high the Tertiary clay formation is covered only by about 40 cm of
Quaternary. The cores 8 and 11, however, which are 160 and 175 cm long respectively,

do not penetrate through the Quaternary formation in the valley bottom. The simi-

larity in stratification between cores 8 and 11 suggests that the greater thickness of

the Quaternary formation in the valley is not caused by slumping. The abnormal
thinness of the Quaternary strata on the slope and crest of the hill consequently
appears to be due either to a persistently lower rate of accumulation or to a period

of non-deposition represented by the Tertiary-Quaternary unconformity. (From
Bramlette and Arrhenius, unpublished; topographic survey by R. L. Fisher.)



720 ARRHENIUS [chap. 25



SECT. 3] PELAGIC SEDIMENTS 721

Pacific might well be due to such a stratigraphically determined preferred level

of intrusion.

Probably because of the uplift, sedimentation appears in many cases to have
ceased on the topographic highs for varying lengths of time, except for halmeic

minerals accreting by precipitation. In some cases erosion seems to be or has

been active on the crests and slopes of the hills, while accumulation continues

around them (Fig. 41). The older deposits on the topographic highs, outcropping

or covered by relatively thin layers of younger sediments, appear to range in age

between Oligocene and Pliocene (Arrhenius, 1952; Riedel, Chap. 33 of this

volume). If it is correct to postulate control of the tojDography by volcanic

intrusions, it would then seem that such events have occurred frequently

during the Cenozoic era.

Quaternary ^^^^ ,, , .

, ,
I

,
. „ ^-^ Unconformity

conformably overlying ^^^^^ ,

r«^t'°^y
hiatus

Fig. 43. Hypothetical schematic profile illustrating topographic control of pelagic sedi-

mentation in low, hilly topography. The order of magnitude size of the hills is a few
kilometers horizontally and up to a few hundred meters vertically. The thickness

scale of the Quaternary formation is exaggerated; the maximum thickness found in

pelagic clay facies is a few meters.

Scouring even by weak currents might prevent accumulation of fine-grained

clay sediment from taking place on hill-tops and slopes and may account for

lateral displacement of resuspended sediment, but is unlikely to be responsible

for the resuspension which appears to affect Pleistocene and older sediments

with comparatively high shearing strengths. The dispersion of Tertiary Radio-

laria through the Pleistocene sediments adjacent to the eroded hills (Riedel,

Chapter 33 of this volume) indicates a continuous process of resuspension and

transport downhill of the deposit from the topographic highs. This is probably

caused by the churning action of benthic animals, some of which have been

observed forming a suspension cloud (Fig. 42), which may be displaced by any

horizontal movement of the near-bottom water. Repetition of this process

seems to result in slow abrasion of the elevated areas and movement of the

resusjDended sediments downhill, until a level is reached where the streamlines

are parallel to the sediment surface. The accumulating sediment, mostly new
material and including some redeposited sediment, appears gradually to invade

the elevated areas of non-deposition, as schematically indicated in Fig. 43. The
upper Cenozoic clay sediments thus form a blanket with frequent holes and thin
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spots over hills and seamounts. The smoothing of the topographic irregularities,

accompanied by gradual closure of the holes, is apparently more rapid in cal-

careous sediments on account of their higher accumulation rate.
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26. CLAY-MINERAL DISTRIBUTIONS IN THE
PACIFIC OCEAN

J. J. Griffin and E. D. Goldberg

1. Introduction

The clay minerals are often the jjredominant components of the calcium-

carbonate-free phases of marine sediments, yet only very limited studies have

been made on their areal and depth distributions. Many significant problems in

marine geochemistry await resolution as to their compositions, origins or modes

of formation, such as the use of clay minerals in geochronology, source areas for

detrital components in marine sediments, and changes with time of the reactants

and products within the major sedimentary cycle.

Grim (1953) has summarized much of the earlier work and concludes that

many of the reported analyses suffer on the basis of incomplete or inadequate

data. Determinations made prior to 1944-45 did not involve the glycerine or

ethylene glycol solvation technique (MacEwan, 1944; Bradley, 1945) for the

analysis of montmorillonite. Electron microscopic and diffraction techniques in

combination are today definitive for the identification of halloysite (Bates,

Hildebrand and Swineford, 1950; Studer, in litt. 1960). Finally, information on

mixed layer clay minerals and the variation in types of illite, chlorite and

montmorillonite were unknown to the pioneer workers. Thus the efforts of

Revelle (1944) on the Carnegie samples and Correns (1937) on the Meteor

material from the Atlantic are difficult to interpret and collate with modern

analyses.

All of the analyses in the recent literature are restricted to samples recovered

close to land and with a small areal distribution. Zen (1957) has studied the clay

minerals in the sediments off the coast of Peru and Chile; Grim, Dietz and

Bradley (1949), the Gulf of California and the Pacific Ocean off the California

coast; Pinsac and Murray (1960), and Murray and Harrison (1956), the Gulf of

Mexico (Sigsbee Deep and environs); Murray and Sayyab (1955), the Atlantic

coast; and Suzuki and Kitazaki (1954) and Oinuma and Kobayashi (1957), the

coastal Japanese area. There are a host of other investigations on even more

restricted areas including seas, estuarine environments, bays, etc.

In order to obtain general background information for marine sedimentation

problems on an oceanic basis, clay-mineral analyses were made on materials

covering the entire Pacific Ocean. Although the density of the samples is

relatively low, the clay-mineral suites were found not to change markedly from

one location to another, and it is felt that the coverage is probably adequate

for a general distributional pattern. Many of the samples have been subjected

to other analyses: quartz contents (Rex and Goldberg, 1958); chemical com-

position (Goldberg and Arrhenius, 1958); and rates of sedimentation (Goldberg

and Koide, 1962). Most of the materials were collected by expeditions of the

Scripps Institution of Oceanography.
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2. The Clay Minerals

The clay minerals were identified by their X-ray basal reflections. Initially,

the samples were dispersed in distilled water and the soluble salts removed

through a filter cone by repeated washings. The <2 y. size fraction was

collected by centrifugation and the clays were pipetted on glass microscope

slides and air dried, and these oriented samples were then subjected to X-ray

diffraction analysis.

A large number of the samples were preserved continuously under refrigera-

tion after removal from the sea floor and were in a moist condition. In certain

cases no moist samples were available and samples dried at room temperature

were used. To evaluate the effect of using such samples, controlled experiments

were conducted upon the moist materials. One portion was dried at 110°C

overnight and then rehydrated and the other left in its original wet condition.

The diffraction patterns of these two samples were identical within the limits of

error of the X-ray technique.

A. Montmorillonites

A diffraction peak that shifts to 17 A after ethylene glycol solvation was

assigned to the montmorillonite group (Bradley, 1945). This mineral could be a

true montmorillonite (low tetrahedral substitution) or an illite and/or chlorite

which has its inter-layer cations removed and now sorbs two layers of ethylene

glycol. This material would have a high tetrahedral charge. In some cases, and

maybe in all, it is possible to have a mixture of the two types either as discrete

mineral species or as intergrowths (Greene-Kelly, 1955; Jonas and Thomas,

1960). With glycol-glycerine sorption as the sole criterion, it is often difficult to

tell what phases are present (Johns and Tettenhorst, 1959).

B. Illite

Diffraction maxima at 10, 5 and 3.3 A which do not shift after ethylene

glycol solvation are characteristic of the illite group of clay minerals. In the

present investigation no attempt was made to distinguish 2M micas from the

IM and iMd tjrpes.

C. Chlorite-Kaolinite

Diffraction maxima at 7 and 3.5 A were attributed to the chlorite-kaolinite

groups. A distinct maximum at 14 or 4.7 A was used as evidence of chlorite. The

presence of kaolinite in those samples which contained chlorite could not be

determined with any degree of accuracy. Therefore in such cases the minerals

are reported as " chlorite -I- kaolinite "

.

D. Halloysite

The electron-microscope pictures of the typical tubular morphology, coupled

with an electron diffraction pattern, uniquely determined halloysite.

In order to show trends in the clay-mineral distribution, the ratio of the
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integrated peak areas of the minerals was used. This tends to compensate for

fluctuations in orientation and to a certain degree the effect of variations in the

crystalhnity. Compensation for the effects of isomorphous substitution in both

the ilhte and chlorite groups of minerals is difficult to make. Most probably this

effect will be slight for clay minerals from the marine environment where the

major cation concentrations in the water are nearly constant.

To give equal weight to illite when comparing it to montmorillonite (i.e. the

Mil ratio), the 10 A peak area was multiplied by 4. This compensates for the

diff'erence in the form factor of the two minerals (Bradley, 1945a; Johns, Grim
and Bradley, 1954).

3. Surface Distribution of Clay Minerals

The clay-mineral distribution in the upper few centimeters of cores taken

from the Pacific is shown in Figs. 1, 2, 3 and 4. A most dramatic observation

is the systematic distributional trends in the North Pacific, whereas there

appears to be no obvious pattern in the South Pacific. The equatorial region

acts as a natural boundary between these two provinces of clay-mineral dis-

tribution. The following generahzations are derived from our experimental

data, partly shown in the plots.

A. North Pacific

1. Abundant illite was found in all samples, whereas montmorillonite,

chlorite and kaohnite were generally present and their abundances are a function

of location.

2. Montmorillonite was generally more abundant in nearshore sediments.

The montmorillonite/illite ratio {Mjl ) is > 1 along the coast of North America

and Asia; however, the ratio decreases in high latitudes (Fig. 1). Above 50°N
the coastal sediment ratio generally has a value < 1. Between the coastal area

and the mid-ocean areas of the eastern Pacific there is a band of sediment

which has Mjl ratios varying between 0.5 and 1.0. This band is not defined

off the Asiatic coast. In the mid-oceanic areas, the ratio is generally quite low

and has values lying between and 0.5.

3. Chlorite abundance, based on the presence of the 14 and 4.7 A peaks,

increased with increasing latitude in nearshore sediments (Fig. 2). However,

the relatively high abundances in coastal sediments off Northern Canada,

Alaska and the Aleutian Islands decrease with increasing distance from land.

4. Kaolinite abundance, which was based on the presence of the 7.1 and 3.5 A
peaks and the absence of the 14 and 4.7 A peaks, was confined to nearshore

areas on both the east and west coasts. However, with increasing distance from

land, it is difficult to evaluate the kaolinite abundances because the 14 and 4.7 A
chlorite peaks begin to appear in the diff"raction tracings.

5. The 7.1/10 A peak-area ratios (chlorite -f-kaolinite)/(illite) show a cor-

respondence to the Mjl ratio (Fig. 3). The ratio is usually < 1 along the eastern
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coastal area up to 50°N at which point it becomes > 1, The {C -\-K)jI ratio

decreases from vahies around 1 along the coast of Canada, Alaska and the

Aleutian Islands to 0.5-1.0 in Mid-Pacific waters. The 3.5/3.3 A peak-area ratio

(chlorite + kaolimte)/(ilhte) and the 7.1/10 A were quite similar; however, both

ratios were complicated by kaolinite and the former ratio was further compli-

cated by quartz (Fig. 4). In order to eliminate these interferences the 4.7/5.0 A
ratios were determined (Fig. 2). This plot showed a gradual increase in the ratio

with increasing latitude in coastal waters. There is also a decrease in the ratio

from the coastal waters off Northern Canada, Alaska and the Aleutians where

the ratio is approximately 1.0 to mid-ocean where the ratio is about 0.5. The
similarity between the 7.1/10, 3.5/3.3 and 4.5/5.0 A peak-area ratios indicates

that chlorite is the varying parameter, not kaolinite. However, the influence of

increasing amounts of illite in mid-ocean areas cannot be overlooked and may
exert an influence in decreasing the chlorite/ilhte ratio. Isomorphous substi-

tution is thought to have little effect since the observed trend is noted in all

three peaks, 7.1, 4.7 and 3.5 A. If this effect was present it would show in one

of these peak ratios unless this substitution was extremely complex.

B. South Pacific

1. Montmorillonite was the most abundant clay mineral in those samples

where clay minerals were present. The Mjl ratio was always > 1 and no obvious

variation in the ratio with either latitude or longitude was observed (Fig. 1).

2. Illite was generally present but in much smaller quantities than in the

North Pacific.

3. Kaolinite was present but it was difficult to evaluate its abundance

because the 7.1 A peak of kaolinite coincided with one of the strong jDeaks of the

zeolite phillipsite. The 4.7 A peak of chlorite was found in the South Pacific in

only a few samples (Fig. 2).

4. The 3.5/3.3 A ratio was variable but with high values clustered near land

areas.

5. In the area between 100-140°W and from the equator to 50°S, which

includes the East Pacific Rise, the highly ferruginous and calcareous cores

have no detectable clay minerals in the calcium-carbonate-free residue. However,

the residue further treated to remove iron oxide (Mehra and Jackson, 1960)

contained trace amounts of montmorillonite, illite and chlorite.

The factors regulating these surface-clay-mineral assemblages can best be

approached by some general considerations of marine sedimentation. It is

evident from an inspection of maps of the Pacific area that the North Pacific

borderlands have more rivers emptying into the ocean and that these rivers

have larger drainage basins than do the South Pacific borderlands. Furthermore,

the North Pacific Ocean has a larger ratio of land to water area. Quantitative

estimates of river-water influx to oceanic areas, based on river lengths, drainage

areas, annual rainfalls of land, etc., certainly would enhance our understanding;

yet, because the necessary data are either lacking or uncertain in accuracy,
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recourse will not be made to such considerations. Nonetheless, one a 'priori

expects a greater relative contribution of land-derived material to the North

Pacific as compared to the South Pacific.

Experimentally derived data give strength to this deduction. Goldberg and
Koide (1962) using the ionium/thorium chronology (Goldberg and Koide,

^^. ^'

«

lliije

Fig. 5. Electron micrograph of halloysite tubes I'roni the core Capricorn BG 9, 19° Ol'S,

177° 46'E. (By courtesy of Shell Development Corporation, Houston, Texas.)

1958) found a rather uniform rate of build-up of the sea floor in the South

Pacific of 0.4 mni'/lO^ years, whereas values of the rate of sedimentation in

the North Pacific vary between 0.5 and 10 mm/lO^ years with an overall

average around 1-2 mm/lO^ years. These rates of accumulation are for the

non-calcareous components of the deposits.

Detrital quartz attains values of 25% by weight in sediments from the mid-

ocean North Pacific and falls off" in concentration toward polar and equatorial
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latitudes (Rex and Goldberg, 1958). The South Pacific is essentially devoid of

quartz with abundances rarely exceeding 6% in mid-oceanic areas. These

authors attribute the latitudinal dependence to an eolian path for the quartz

particles from the arid regions of the continents which have their greatest areal

extents in the mid-latitudes of the North Pacific.

Hurley et al. (1959) point out that the potassium-argon ages of illites taken

from the surface sediments of the North Pacific are of the order of hundreds of

millions of years old, clearly suggesting a continental source for these clay

minerals.

Finally, the more common occurrences of authigenic minerals, the zeolite

phillipsite and the ferromanganese minerals, in sediments from the South

Pacific (Goldberg and Arrhenius, 1958) emphasize the significance of in situ

mineral formation here. The finding of the large area, the East Pacific Rise,

almost free of any detrital minerals is added evidence for a lack of land-derived

materials in these sediments.

Thus, an entry into the understanding of clay-mineral distributions can be

initiated with considerations of source areas in the North Pacific and diagenetic

processes in the South Pacific. The complexity of the North Pacific clay-

mineral assemblages suggests a number of source areas. On the other hand, the

rather homogeneous distribution of clay minerals in the South Pacific, combined
with the uniformity in chemical and physical properties of near-bottom waters,

is not in conflict with a primarily authigenic origin of these materials.

The formation of montmorillonite from volcanic ash is well documented in

the literature (Ross and Hendricks, 1945) and it is quite probable that such an

alteration occurs in this area. Furthermore, a few samples examined by
electron microscopy and diffraction showed halloysite tubes (Fig. 5), which
are found as weathering products of volcanic debris on land.

The source areas for the clay minerals in the North Pacific may be derived

by studying their concentration gradients (Fig. 6). Increasing chlorite abun-

dances tend toward the coasts of Canada, Alaska and the Aleutian Islands.

Increasing montmorillonite concentrations approach the coastal regions of the

east and west Pacific. The implication of source areas for these two minerals

from such plots is clear. On the other hand, illite concentrates in mid-ocean

areas. This pattern, similar to the quartz band but more diffuse, may well

result from an eolian origin from the arid regions of the world for illite. However,

because of the much smaller grain size of the clay minerals ( < 2 [x) than the

quartz (3-10 [jl), the illite would be subject to a greater dispersion by both

atmospheric and oceanic currents.

The 17 A material found in coastal sediments of the North Pacific may well

contain contributions of expandable illites and chlorites. In continental

environments where proton attack, oxidation and hydration reactions occur,

K+ and Mg2+ can be removed from the inter-layer structures of the illites and
chlorites respectively. These stripped clays react like montmorillonite and
expand to 17 A under solvation with ethylene glycol. Because these stripped

illites and chlorites expand to 17 A in glycol, they have been identified as
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montmorillonite whereas they are distinctly different from true montmoril-

lonite. A true montmorillonite has its excess negative charge located in the

octahedral layer and little, if any, negative charge in the tetrahedral layer. The
micas, on the other hand, will have a high net negative charge in the tetrahedral

layer. Furthermore, the net charge on the montmorillonite will be much smaller

than that on the micas.

So it would be expected that the stripped illite and chlorite would upon
entry into a proper environment revert back to better crystalline mica and

Fig. 6. Concentration gradients of clay minerals in the North Pacific.

chlorite by sorption and "fixation" of K+ and Mg2+. The phenomenon of K+
"fixation" is well established and a voluminous literature on the subject has

been developed by soil scientists (Volk, 1938; Barshad, 1954). Recently, Weaver
(1958) used the phenomenon to differentiate montmorillonite from stripped

micas. He showed that the montmorillonite would not "fix" K+ and then

collapse, whereas stripped micas would readily "fix" K+ and collajjse.

An examination of the 17 A peak from diffraction tracings taken from the

surface sediment in the east to west traverse across the North Pacific lends

support to the hypothesis that the 17 A material is sorbing K+ and Mg2+ and
collapsing. In nearshore sediments the 17 A peak is sharp. However, further

from land, the peak broadens and loses intensity because of random inter-

layer collapse. In the mid-oceanic areas the peaks disappear (Fig. 7).

At first glance this striking correlation of the 17 A peak broadening and
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decreasing in intensity with concomitant increase in intensity and resolution of

the ilHte and chlorite peaks would lead one to believe that the 17 A material

was transforming to a well crystallized illite and chlorite. Undoubtedly this is

one of the factors that is influencing the clay-mineral distribution pattern in the

3.3 a 3.5 & 4,7a 5&
1 I

7I& 10 S I7&

CK22
ZS'aa'N 168*53 W

'

V\**Vyy^/W

MP 40-1

16° N 178° E

H7I
2I°58'N I5I°I9'E

^ ^Av-ww^-^-vVv-M-"^'

H29
20°N 124° E

25° 20° 10° 5° 20

Fig. 7. X-ray diffraction tracings of the ethylene-glycol-treated ( < 2^) clay fraction in the

surface sediments in a traverse across the North Pacific Ocean.

North Pacific. However, a closer look at the data will show that the sediment

along the coast of Canada, Alaska and the Aleutian Islands is high in chlorite

and iUite and deficient in montmorillonite. Transport of these sediments to

mid-oceanic areas would also tend to give the observed increase of ilhte and

chlorite with increasing distance from land. Furthermore, the fall-out of air-

borne material from continental areas as postulated by Rex and Goldberg

(1958) no doubt becomes important in the sediments of the mid-oceanic areas.
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One permutation upon the source area pattern is the introduction of Ter-

tiary sediments to the surface deposits. This phenomenon is well known in

certain parts of the Pacific (Riedel, 1957) and may account for anomalously high

montmorillonite concentrations in certain North Pacific areas. The following

section develops evidence that at least some of the depositional parameters in

the North Pacific during the Tertiary were quite similar to present-day para-

meters in the South Pacific.

CAPRICORN BP 50 14°55'N 124°12'W

+
I

—

\—rVT

100
(/I

200-

z

z 300
UJ

o 500

m
X
t 600
UJo

700

800.

T
\

T n

—

\

—
\—

I

III
I I

10 20 30 40 50

^7A PEAK AREA / 10 A PEAK AREA X 4 ^Je aS' \-]

I I \ L

100

200

300

400

- 500

600

700

10 20

PERCENT QUARTZ

800

Fig. 8. The quartz, M/I and chlorite values in Capricorn 50 BP as a function of depth.

4. Vertical Distribution

A. North Pacific

The distribution of clay minerals in the North Pacific falls into two categories

of variation versus depth profiles

:

( 1

)

There is a continuous decrease in the Mjl ratio with depth in a few cores

taken very close to shore. A concomitant increase in the 4.7/5.0 A ratio and
a decrease in the 7.1/10 A ratio was observed. The 3,5/3.3 A ratio remained

constant with dej^th.

(2) The Mil ratio shows abrupt changes with depth where Tertiary sediments

are encountered. In Capricorn 50 BP, the typical Mjl ratio discontinuity, due

to sediment passing downwards from the Recent to the Tertiary, is accompanied
by large discontinuities in the 4.7/5.0 and 3.5/3.3 A ratios. Below the dis-

continuity the 10, 5.0, 4.7, 3.5 and 3.3 A jDeaks were nearly or completely

absent (Fig. 8), whereas the 17 A peak increased in intensity.
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The first group includes those sediments deposited very rapidly which

apparently do not equilibrate with sea-water before burial. However, the

majority of cores which penetrate only Recent sediments show no variation

in the vertical distribution of clay minerals.

B. South Pacific

The few cores examined from the South Pacific showed a uniform vertical

distribution. The Mjl ratio was uniform through the depth of sampling. Like

the Tertiary sediments in the North Pacific, the 5.0, 4.7, 3.5 and 3.3 A peaks

were missing or too diffuse so that their ratios were not amenable to interpreta-

tion. The 7.1/10 A ratio could not be used because of the interference of phillip-

site.

It is interesting to note that a core taken from an area in the East Pacific

Rise contained no appreciable clay minerals either at the surface or at depth.

Samples taken through a length of 9 m did not reveal any indication of clay

minerals in diffraction patterns for either the untreated sample or those free

of carbonate. Only after removal of iron oxide did any evidence of clay minerals

become apparent and then only in trace amounts.

The homogeneous distribution of clay minerals with depth in any given core

emphasizes the stability of clay minerals in the marine environment at least

over periods of hundreds of thousands of years. Certainly, the burrowing action

of marine organisms may have homogenized the sediments so that subtle

changes in composition are smoothed out or are not detectable. Further, it is

evident that the physical-chemical environment parameters have not fluctuated

with time and that the supply of sediments from the source areas have remained

constant within the Recent.

The older Tertiary sediments from the North Pacific are distinctly similar

to the present-day South Pacific ones. The chemical composition (Goldberg and

Arrhenius, 1958), the quartz contents (Rex and Goldberg, 1958) and the clay

minerals make it inviting to suggest that the North Pacific during Tertiary

times was similar as a depositional environment to the South Pacific today,

i.e. an area that receives small amounts of detrital minerals and large amounts
of pyroclastics. Ross (1955) reported that during the Tertiary Period, the

western U.S. received thousands of cubic miles of pyroclastics. No doubt large

quantities of this material were ejected into the atmosphere and transported by
winds for great distances. If the wind patterns were directed to the west, the

North Pacific would receive large quantities of fall-out. With time this fall-out

would lose its volcanic identity by reacting with sea-water and altering to

montmorillonite or other more stable minerals.

5. Summary

The clay-mineral assemblages taken from the surfaces of the marine deposits

of the Pacific Ocean can be interpreted on the basis of both terrestrial sources

and authigenic formation. The mid-North Pacific shows marked concentrations
25—s. Ill
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of illite, normally associated with high quartz contents. Both of these compo-
nents are presumed to originate from the arid regions of the earth and are

primarily brought to the oceanic environment by eolian paths. The North Pacific

coastal deposits show an enrichment in a " montmorillonite type" mineral

which shows evidence of being composed mostly of expandable stripped illite

or chlorite. Such clays probably have as their source the coastal continental

areas and are mainly transported to the oceans by water paths. Finally, there

is a latitudinal decrease in chlorite going from high latitude regions southward,

apparently resulting from a chlorite source in the high latitudinal land areas.

The South Pacific surface samples show little terrestrial influence with

montmorillonite being the predominant clay mineral. Apparently this clay

arises from the alteration of volcanic materials. In strong association with it is

often the zeolite phillipsite. These South Pacific sediments are slowly accumu-
lating (0.4 mm/ 103 year on a carbonate-free basis) as compared with their

northern mid-ocean counterparts (1-2 mm/lO^ years) which receive large

amounts of terrestrial materials.

The vertical distribution of clay minerals in Recent sediments of the North
Pacific is essentially uniform, although a few near-coastal cores show a con-

tinuous decrease in montmorillonite relative to illite with depth. The Tertiary

deposits of the mid-North Pacific are enriched in montmorillonite and phillip-

site and resemble both mineralogically and chemically those of the present-day

South Pacific. The South Pacific cores show no recognizable changes in clay-

mineral composition with depth in the sedimentary column.
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27. TURBIDITY CURRENTSi

Bruce C. Heezen

1. Early Views

The idea that dense flows of sediment-w^ater mixtures could be of importance

in creating subaquatic morphological features, and in transporting sediment,

w^as first suggested by F. A. Forel in 1885. Forel, who had studied the mor-

phology of the bottom of Lake Leman, discovered that there was a large

sublacustrine canyon which ran from the vicinity of the mouth of the upper

Rhone River to the flatter floor of the lake. He deduced that repeated flows of

watery sediment, emanating from the river, had created the canyon, partially

by erosion, but largely by deposition along the lateral margins of the bottom-

seeking current.

This idea was resurrected and championed again by R. A. Daly, whose classic

paper published in 1936 encouraged a number of investigations which ultimately

led to the verification of turbidity currents as an important submarine and

sublacustrine phenomenon. Daly proposed that, during the glacial stages, storm

waves breaking on beaches created mixtures of sediment and water which

flowed beneath the sea, eroding submarine canyons into the continental slopes.

At the time Daly made this suggestion there was no experimental evidence

for turbidity currents, and although considerable detail was known concerning

the morphology of the submarine canyons (largely owing to excellent surveys

of the United States Coast and Geodetic Survey) little else was known con-

cerning the canyons. It was, however, known, through the work of Stetson and

others, that rock cropped out in the canyons. The canyons seemed definitely to

have been eroded into the continental slope.

Kuenen, stimulated by Daly's paper, conducted tank experiments in which

he was able to model turbidity currents. Kuenen demonstrated that mixtures

of clay, silt and sand introduced at one end of a tank would indeed flow down

the sloping tank floor beneath the clear water and deposit a layer of sediment.

However, he was unable to demonstrate erosion by such currents.

Support also came from the work done in reservoirs. Grover and Howard

(1938) had observed turbid underflows in Lake Mead Reservoir and had dis-

covered that the bottom of the lake immediately behind the dam was being

flattened by the deposits of these bottom-seeking sediment flows. However, the

density contrast between these weak turbidity currents and the lake water was

small, and the velocity of the currents did not exceed a small fraction of a mile

per hour.

It was generally thought that although turbidity currents may be of local

importance in the ocean, they jDrobably do not account for submarine canyons,

1 Lamont Geological Observatory Contribution No. 599.
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for it is difficult to believe that halting flows of muddy water could cut rock-

walled, giant canyons into the continental slope.

Stetson and Smith (1937) believed that the density contrast between tur-

bidity currents and the superadjacent water was so small that a marine
turbidity flow would leave the bottom and flow as a turbid interflow when it

reached a depth where the density of the water exceeded that of the turbidity

current. However, later experiments by Kuenen, in which he used higher

density mixtures, yielded much greater velocities and suggested that erosion

could be accomplished by turbidity currents.

Although high density turbidity currents had been effectively demonstrated
in Kuenen's later experiments, scepticism and lack of confidence in scale factors

prevented a general acceptance of the process when projected to full scale. The
concept of low-density turbidity currents which leave the bottom to form
interflows was also adopted by Menard and Ludwick (1951). Although they

concluded that submarine landslides "are the only likely sources of dense

turbidity currents thus far suggested", they had serious reservations, and felt

that such turbidity currents resulting from slides "may be tenuous rather than
dense". They also concluded that "turbidity currents resulting from suspended

sediment in rivers must be rare". Concerning the generation of turbidity

currents along the shore they concluded:

"If they exist, marine turbidity currents produced by wave agitations, or any
other stirring agent, probably do not have high effective density. . . .

"No means exist for holding the current in j^lace until the suspended sedi-

ment becomes very concentrated; therefore, it is unlikely that very dense

turbidity currents can be generated even by violent wave and current agita-

tion. ...

"... turbidity currents may flow on the ocean surface or within the ocean

due to marine density stratification. . . . Surface flows and interflows may be

important geologically because they can spread sediment over wide areas."

For this reason they conclude that "marine turbidity current deposits may
be difficult to identify".

The concejDt thus projected was not appealing and most oceanographers and
geologists could not believe that turbidity currents were an important process

in oceans, and many comj^letely rejected the concej)t.

2. Full-Scale Experiment

The case for modern high-density, high-velocity turbidity currents was finally

proved by a study involving the explanation of both the breakage of submarine
cables and the origin of deep-sea sands.

A . Grand Banks Turbidity Current

In 1952 Heezen and Ewing concluded that the "... events associated with

the Grand Banks earthquake of 1929 November 18 may be considered as a

y



CABLE BREAKS AND SEDIMENT CORES LOCATED ON TOPOGRAPHIC PROFILE SOUTH OF CABOT STRAIT

NORTHWEST

NAUTICAL MILES

Fig. 1. Cable breaks and sediment cores located on the topographic profile south of the

Cabot Strait, with superimposed graph of velocity of the Grand Banks turbidity

current. (After Heezen and Ewing, 1952.)

EXPLANATION

• ••
PISTON CORE STATIONS
ATLANTIS CRUISE A 180

SUBMARINE TELEGRAPH
CABLES

AREA OF SLIDES AND
SLUMPS NEAR EPICENTER

AREA TRAVELLED BY
DESTRUCTIVE TURBIDITY
CURRENT. CABLES BROKEN
AND REMOVED

MARGINAL AREA OF
WEAKER CURRENT. CABLES
BURIED BUT NOT BROKEN

+ + +
100 FATHOM CONTOUR

ABYSSAL PLAIN

HILLS AND MOUNTAINS.
BERMUDA RISE, WESTERN
FOOTHILLS OF THE
MID-ATLANTIC RIDGE

Fig. 2. Map of the 1929 Grand Banks turbidity current. (After Heezen, Ericson and
Ewing, 1954.)
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full-scale experiment in erosion, transportation, and deposition of marine

sediments by a turbidity current in which the submarine telegraph cables

served to measure its progress and to give tangible evidence of its force".

Following this earthquake, which shook the continental slope south of New-

foundland, all the submarine telegraph cables lying downslope (south) of the

epicentral area were broken in sequence from north to south (Fig. 1). According

to Heezen and Ewing's explanation each successive cable was broken by a

turbidity current which had originated as a series of slumps in the epicentral

50 100 150 200 250 300

Distance from (00:59) break measured

along deepest portion of bight

350

Fig. 3. Time-distance graph of the 1929 Grand Banks turbidity current. (After Heezen

and Ewing, 1952.)

_ /^--:i

area. The current travelled down and across the continental slope, continental

rise and ocean basin floor, and, continuing far out onto the abyssal plain,

reached a limit well over 450 miles from its source area on the continental slope

(Fig. 2).

On the continental slope where the bottom gradient is 1:10 to 1:30 the

velocity of the current exceeded 50 knots; and out on the abyssal plain where

the gradient is less than 1 : 1500 its velocity, although diminished, still exceeded

12 knots (Fig. 3). Subsequent exploration of the area with the piston corer

revealed a one-meter thick, uppermost bed of graded silt containing shallow-

water microfossils (Heezen, Ericson and Ewing, 1954) overlaying abyssal lutite
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(Figs. 4 and 5). The thickness of the bed was nearly identical with that cal-

culated by Kuenen (1952) on the basis of the slopes and observed velocities.

This bold challenge to the concept of the motionless, pristine abyss was
immediately attacked. Shepard (1954) based his objections largely on the claim
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100%

75%

50%

25%

MECHANICAL ANALYSES

Core A180-1 Core A180-2

Phi scole 3^4 4 5 6

Microns 125// 62 31 16

9 102034 5 6 78
2 1 250// 125 62 31 16 8 4

Fig. 5. A mechanical analysis of cores 180-1 and 180-2. Note the well defined particle

grading in both cores. Also note the sharply contrasting particle size distribution in

the abyssal clay facies at 150 cm in core 180-1. (After Heezen, Ericson and Ewing,
1954.)

Fig. 6. Generalized bathymetric map of the western Mediterranean Sea, showing the area

in which submarine cables were broken on the Balearic Abyssal Plain, following the

1954 Orleansville earthquake. Depths in fathoms. (After Heezen and Ewing, 1955.)
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pointed out, could not be attributed to turbidity currents. However, subsequent

exploration confirmed Heezen and Ewing's belief that the alleged mountain

range was the result of poor contouring of bad soundings. In fact, a siu'vey by

Heezen, Ewing and Ericson (1954) revealed nothing but a smooth abyssal

plain in the indicated position of Kullenberg's mountains.

Submarine Cables

— Undisturbed Cable

Replaced Coble

o Cable Splice

• Electrical Deternninatlon

of Break

I 2 3

® Epicenter 9 September, 1954

! O; Isoseismals (Roth$,l955)

Mercalli -Sieberg Scale

,///..'' Balearic Abyssal Plain

^ Suggested Path of Main

/ Turbidity Current

Fig. 7. Map showing locations of Orleansville earthquake, path of main turbidity current

and submarine cables. Depths in fathoms. Note that the northernmost cables were

not interrupted by the turbidity current. It is probable that several coalescing

turbidity currents joined to produce the pattern of breaks indicated on this map.
(After Heezen and Ewing, 1955.)

B. Orleansville Turbidity Currents

A series of cable failures on the floor of the western Mediterranean (Figs. 6,

7 and 8), essentially similar in distribution and order to the Grand Banks

sequence, followed the 1954 Orleansville earthquake (Heezen and Ewing, 1955).

These events further support the interpretation of the Grand Banks turbidity
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current and provide additional evidence of the mode of emplacement of the

Mediterranean deep-sea sands which Bourcart (1953) had previously inter-

preted as turbidity-current deposits.

Bourcart and Glangeaud (1956, 1958), however, objected to the interpretation

claiming that turbidity currents had broken only the cables on the steep slopes.

To explain the later breaks out on the nearly level ocean floor they suggested

that undetected or at least unlocated aftershocks had caused the breaks.

0700
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denies that they have the abihty to erode. Unable to accept the high velocities

indicated by the Grand Banks sequence of cable breaks, Shepard (1954) sug-

gested that an unrelated series of local and independent submarine landslides

had broken the cables. He wrote: "Is it not possible that slides developed more

slowly on the gentle outer slopes and built up pressure gradually against the

cables until they broke? . . . otherwise the sequence could be explained as at

least in part a coincidence and in part due to the slower development of slides

at an increasing distance from the epicenter."

Jones (1954) also believed the breaks were "... much more likely to have

been caused by slumping than by the thin stream of material carried in a

turbidity current (flowing at) an incredible velocity"",

A. Spontaneous Liquefaction

Encouraged by the objections to the turbidity-current hypotheses raised by

Shepard and others, but not satisfied with their alternate explanations, Terzaghi

(1957) offered a new explanation for the cable breakage which followed the

1929 Grand Banks earthquake. He supposed that the sediment in the epicentral

area and over the whole area of cable breakage to the south existed in a meta-

stable state. He supposed that the earthquake shock caused spontaneous

liquefaction over the epicentral area and that the apparent velocity of the

turbidity current was instead: "the velocity of the advance of the boundary of

the liquified portion of the sediments underlying the ocean floor and not the

velocity at which the slide material moved over the floor".

The only fact he attempts to explain is the velocity indicated by the sequence

of cable breaks. He is concerned neither with the problem of how the sediment

came to be in the supposed metastable state, nor with why the sequence of breaks

was downslope and not in all directions from the epicenter. Nor was he con-

cerned with the emplacement of the shallow-water sediments in deep water or

the grading of the deposited beds. It is not readily apparent why the passage

of such a wave of liquefaction should break submarine cables with at least 10%
slack. One might think that the cable would be required to sink thousands of

feet into the sediment before breakage would occur. Although it cannot be

denied that the mechanism he suggests may locally affect sediments, the weight

of evidence seems definitely to point away from Terzaghi 's theory of propaga-

tion of spontaneous liquefaction as an explanation of the Grand Banks cable

breaks,

B. Seismo-volcanic Catastrophe

One of the most severe critics of the turbidity-current concept is Professor

Hans Pettersson (1954), the well-known leader of the Albatross Expedition.

To explain the occurrence on the equatorial Atlantic abyssal plains of graded,

deep-sea sands which contained "twigs, nuts, and the bark of dicotyledonous

trees", he offered the following alternative to turbidity-current deposition: "In

the event that a large island, harbouring vegetation, and with a fairly extensive
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shelf covered the Mid-Atlantic Ridge northwest of St. Paul's Rocks and became
submerged during a catastrophe of seismic-volcanic character a few hundred
thousand years ago, material like that found in the Albatross cores might have
become distributed over the adjacent sea bottom."

C. Creep

Lombard (1956), referring to the transportation of ancient sediments, and
Koczy and Burri (1958), referring to the present deep-sea environment, favor

as an alternative to turbidity currents a slow creep which might require

hundreds or thousands of years to traverse a distance that a turbidity current

would cross in only a few hours. That slumps, slides and other slower and more
massive slope failures occur in the ocean is clear from the evidence of topo-

graphy, of sediments and of sedimentary structures. But the results of such slow

movements are quite different from the graded, well-sorted deposits laid down
by turbidity currents ti'avelling at express train speeds over the ocean floor.

Koczy (1954) notes that: "Near the shelf the surface is often undulating

because of the presence of the sediment sliding down the continental slope.

This movement can be assumed to be very slow."

This slow creep, though certainly of importance over wide areas, cannot be

considered as a substitute for turbidity currents, but rather as an additional

and independent process (Kuenen, 1956).

D. Tsunami

Bucher (1940) formerly thought that tsunami waves set up by the Grand
Banks earthquake had caused the later sequence of cable breaks. Indeed there

seems to be a relationship between tsunami and cable breaks; however, they

are probably not cause and effect but both result from the motion of the slump
and ensuing turbidity current. Heezen and Ewing (1952) concur with Guten-

berg's (1939) view that the "principal cause of each tsunami is submarine

slumping". However, the turbidity currents themselves probably are also

capable of generating tsunami. That tsunami could not be the direct result of

earthquakes was proved by the fact that not all large submarine earthquakes

produce tsunami. In order to prove that turbidity currents and slumps alone

could produce a tsunami, we clearly need to find a tsunami and a related series

of cable failures not preceded by an earthquake; or to disprove the concept, to

discover a turbidity current lacking an associated tsunami.

4. Physiographic Evidence

Following World War II continuously recording echo-sounders were first

extensively used in deep water. One of the first discoveries was that, while

most of the deep-sea floor is covered by hills and mountains, large areas in the

deepest portions of the ocean are covered by abyssal plains (Heezen, Ewing and

Ericson, 1954). The origin of these vast flat areas posed a real problem until the

concept that turbidity currents were filling the oceanic depressions offered a

^

>y
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ready solution (Heezen, Ewing and Ericson, 1951). Pettersson and some of his

followers, including Koczy, remained unconvinced, and to this day prefer to

explain the abyssal plains as the result of great outpourings of lava (Koczy and
Burri, 1958).

During the exploration of the abyssal plains, long narrow steep-sided chan-

nels were discovered which cut into the abyssal plains. These features, called

mid-ocean canyons (Ewing et al., 1953) or deep-sea channels (Dietz, 1953;

Menard, 1955), were indeed an enigma to those who beheved that the plains are

the result of the outpourings of lava. Koczy and Burri (1958), in an attempt to

explain the occurrence of features normally ascribed to erosion and deposition

in an area where these authors deny the existence of such processes, offered the

suggestion that mid-ocean canyons were, in fact, fault-bounded rift valleys,

and that their natural levees were instead the sides of tilted fault rocks. This

explanation says nothing of the graded sand beds found in the canyon floor, the

graded silt beds found on the levees, or of any of the other streamlike char-

acteristics of the Northwest Atlantic Mid-Ocean Canyon (Ewing et al., 1953).

A. Submarine Natural Levees

^ Submarine natural levees have been observed along the continental slope

canyons of southern California (Buffington, 1952), as well as along the mid-

ocean canyons of the Atlantic (Ewing et al., 1953), the Indian Ocean (Dietz,

^ 1953), and the deep Pacific (Menard, 1955). The largest deep-sea natural levees

observed to date are those of the Congo Submarine Canyon (Heezen et al., 1957),

which in a depth of 2250 fm are 100 fm high and over 20 miles wide. It is safe

to conclude that the submarine natural levees are of nearly the same origin
•" as the subaerial ones. When turbidity currents overflow the tops of the canyon

walls they suddenly deposit a considerable portion of their load as they abruptly

slow down and disperse.

Since the natural levees of the Northwest Atlantic Mid-Ocean Canyon are

nearly identical in form with those bounding the deeper parts of the Congo
Submarine Canyon, it seems unlikely that they are the result of a radically

different process, as proposed by Koczy and Burri (1958).

5. Sediments

A . Deep-Sea Sands

Ericson et al. (1952, 1961) presented an account of their study of turbidity-

current sediments deposited in the abyssal plains of the North Atlantic.

The hthological contrast between pelagic sediments and sediments of tur-

bidity-current origin is generally very striking. The turbidity-current beds

consist of silt and sand and sometimes even gravel. They are characterized by
extremely sharply defined bases, and with particle size grading from coarse at

the bottom to fine at the top. Since the sediments grade generally into the

normally fine-grained pelagic sediments, the tops of the beds are generally

much less distinct than the bottoms of the beds. Frequently the blurring of the
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top of a turbidity-current bed is due to churning by sediment-burrowing

organisms. Apparently most burrowers confine themselves to the upper 10 or

20 cm. Thus, the 1x3wer parts of graded beds, greater than 10 or 20 cm in

thickness, are rarely disturbed by burrowing.

The shallower-water origin of at least a part of the coarser material making

up turbidity-current layers is frequently proven by the presence of a certain

species of Foraminifera and particles of calcareous algae or other plant debris.
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Fig. 9. Seismic reflection profile across the Puerto Rico Trench. Tliis profile, obtained by
John Ewing indicates over 1 km. of sediments below the trench abyssal plain. Beds
of calcium carbonate -rich graded sediment have been found intercalated in abyssal

clays beneath the trench abyssal plain. These sediments containing fragments of

calcareous algae were transported by turbidity currents from south to north into the

trench.

In some layers there occurs a concentration of coarse vegetal debris several centi-

meters thick. These concentrations are usually associated with silts or fine

sands, and individual particles may be several millimeters in diameter. In other

layers, organic material is present but only as dark gray or nearly black pigment

in the upper lutite fraction.

Frequently turbidity-current beds deposited in the greater depths of the

ocean have a much higher lime content than the normal abyssal lutite. This is
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particularly true of the sharply defined layers of graded lutite often found in

cores of the abyssal plains of the North Atlantic. In these, the coarse fraction is

either absent or is represented by a mere film of silt at the base. The lime con-

tent is from two to three times as great as the interbedded abyssal red clay.

A peculiarity common to all these turbidity-current layers, whether composed i

of sand or very fine sediment, is their discordance in physical, chemical and
biological make-up from the environment in which they occur. They are truly

|

displaced sediments. Usually some of the material, and sometimes most of it,

is of shallow-water origin. However, in most cases, good sorting, thin bed- '^'''Y'",^

ding and grading set deep-sea turbitites distinctly apart from typical shallow-

water marine deposits.

Another highly important characteristic of these sediments is their distri-

bution with respect to ocean-bottom topography. Graded layers, and layers of

gray calcareous lutite, have been found in submarine canyons, on the continental

rise and on the gently sloping abyssal plains and in the abyssal plains of the
j

oceanic trenches. They have never been found on isolated rises. Some of the

most dramatic evidence comes from two cores taken from the narrow trench

abyssal plain which lies at about 4580 fm at the bottom of the Puerto Rico
|

Trench (Fig. 9). These cores consisted of abyssal red clay at their base; but
'

each contained a graded bed of calcareous sand, silt and clay which included

fragments of the alga Halimeda. Since living Halimeda requires sunlight this I

detritus must have originated near the shore . The graded layers ofcalcareous sand i

also contained shells of pteropods and shallow-water species of Foraminifera,

However, cores taken on the ridge north of the trench, in depths between
,

5000 and 6000 m contain only red clay of abyssal facies. Elsewhere, depth
|

differences of no more than 100 m have been found to be enough to separate an
'

almost continuous succession of graded beds from uniform foraminiferal lutite.
!

Over 200 cores have been obtained from the abyssal plains of the North
I

Atlantic. Each core taken in an abyssal plain contained either sands or silts,
j

many with shallow-water Foraminifera (Figs. 10 and 11). Most cores from the

flanks of the Mid-Atlantic Ridge, the abyssal hills and the oceanic rises contained
'^

Jo.^S'ff .

only pelagic deposits, although a few at the bases of islands or from the crest
{

zone of the ridge contained coarser material (Ericson et al., 1961 ; Heezen, Tharp i

and Ewing, 1959). Deep-sea sands and even gravels have been found associated

with fans or cones at the mouths of submarine canyon systems (Fig. 12).

A concept which might be described by the term "elevator tectonics" (or

perhaps "lift faulting") has often been employed in the explanation of dis-

placed sediments interbedded in pelagic sequences (Cushman, 1941; Landes,
'

1952). The latest proponents of this concept are Greenman and LeBlanc (1956)

who invoke a 10,000-ft subsidence of the entire central portion of the Gulf of i

Mexico at the close of the Wisconsin (11,000 years ago) to account for the
|

emplacement of gray silts now found on the floor of the Sigsbee Abyssal Plain. '

These gray silts have been explained by Ewing, Ericson and Heezen (1958) as ]

the results of turbidity-current deposition of sediment contributed by the

Pleistocene Mississippi River. Cores from low knolls rising above the abyssal
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Fig. 11. Distribution of sediment in cores containing sand and silt layers. The top of the

column is approximately the location of the core station. A black zone denotes sand

and/or silt. A line denotes a thin sand or silt layer. An open zone denotes lutite. (After

Ericson, Ewing, WoUin and Heezen, 1961.)
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Fig. 12. Distribution of sediment cores in the vicinity of the Hudson Submarine Canyon.

Contours in fathoms. The top of the cohunn is the approximate location of core

stations. A black zone indicates quartz sand and/or silt. A line indicates a thin quartz

sand or silt layer, an open zone indicates lutite. The dotted zone in Core A 156-12

denotes gravel. Note that Cores A 164-5 and A 164-6, which lie on either side of the

Hudson Canyon on the continental rise, are entirely free of sand or silt, whereas most

of the cores near the mouth of the canyon contain appreciable percentages of sand or

silt. Cores A 164-63, -62 and -69 are associated with Hydrographer Canyon. (After

Ericson, Ewing, Wollin and Heezen, 1961.)
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plain contained only slow, uniformly deposited, pelagic sediments. According to

Greenman and LeBlanc's explanation, the knoll core stations would have stood

more than 150 m above sea-level until commencement of Recent time. Radio-

carbon measurements on the pelagic deposits from the knolls indicated post-

glacial rates of deposition of 3 cm per 1000 years, while the Pleistocene rate in

the same cores ranged from 10 to 20 cm per 1000 years. In contrast, the sedi-

ments cored from the abyssal plain showed post-glacial rates of 10 cm per 1000

years and glacial rates of 60 cm per 1000 years.

6. Requirements of Turbidity Currents

Turbidity currents first of all require sediment, just as rivers require water;

without it they do not exist. Turbidity currents require a trigger mechanism;

Fig. 13. Cable breaks in the submarine canyons at the mouth of the Magdalena River,

Colombia, South America. All cable breaks indicated on the diagram were in a single

submarine cable. Most of the cable failures shown occurred following extensive

slumps of the Magdalena river bar. Preceding the 1935 and 1945 breaks, 450 and

250 m respectively of the western and eastern river-mouth control jetties respectively

were carried away, along with the river bar. (After Heezen, 1956.)
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this can be supplied by earthquakes, hurricanes impinging on the shore, high

bedload discharge of rivers; and, lacking a trigger mechanism, turbidity

currents probably can occur after a long-continued deposition simply by slope

failure resulting from gradual over-steepening of a depositional slope. Finally,

turbidity currents require a slope. The optimum conditions for the generation of

a turbidity current probably would be a large body of fine, well-sorted sand
triggered by an earthquake on a steep slope.

20
e<

' J '

INDEX CHART
WESTERN CARIBBEAN

Adapted From KO 5487

Fig. 14. Sediment cores from the western Caribbean. Sediment cores indicated by open
circles contain only pelagic sediment, without any evidence of turbidity-current

deposition. Sediment cores A179-4 and V8-10 indicated by solid dots both contain
beds high in vegetal debris. The log of core A 179-4 is shown in Fig. 15. The core

V8-10 contained two beds almost entirely composed of twigs and leaves. Turbidity
currents are frequently initiated in the area off the Magdalena and Sixaola Rivers.

These areas are indicated by black rectangles. (After Heezen, Ewing and Menzies,

1955.)

Heezen (1956), studying cable failures from various parts of the world, has

found evidence for several different trigger mechanisms. Besides earthquakes,

hurricanes have, in at least one instance, triggered turbidity flow off Cape
Hatteras. One of the most interesting types of trigger mechanism is that related

to the high bedload transport at the mouths of rivers. Potentially, such a source

should have a greater geologic importance since both the trigger effect and the

source of sediments are supplied by the river. In such an area repeated flows

from a single source could build up a submarine abyssal cone, and at the same
time repeated currents down the same path on the continental slope could

erode a canyon. Significant periodic changes in depth have been observed at
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the heads of submarine canyons by Shepard (1948), Zenkovich (1958), Heezen

(1956) and others.

It was found that cable faihu'es in the submarine canyon of the Magdalena

(Heezen, 1956) occurred after prominent changes had taken place in the depth

and shape of the river mouth (Fig. 13). These changes in turn had occurred

only during the highest flood stages of the river. A similar pattern was also

observed off the Congo. Both rivers have a common characteristic in their lack
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Fig. 15. Log of core A179-3 from the Colombia Abyssal Plain. Sediment in this core

presumably caine from the month of the Magdalena River through the action of

turbidity currents, which carried this sediment nearly all the way across the Colombia

Basin. Note that many of the beds contain up to 90°o of plant debris. Other cores in

this general area were found to be extremely rich in plant debris. (After Heezen, 1 956a.)

of a modern subaerial delta. The delta sediments in both cases are to be found in

the alluvial cones at the mouths of their submarine canyons; and, indeed,

exploration in both areas has disclosed graded beds containing a large propor-

tion of terrestrial organic remains as well as tree leaves and wood (Figs. 14 and

15). A dramatic fact associated with the 1935 cable failure off the Magdalena

was recorded when grass, still green, was brought up wrapped around the

damaged cable which lay in 750 fm, 12 miles seaward from the river mouth.
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7. Tectonic Significance of Turbidity ('urrents

A. Modern Geosynclines

Turbidity currents are gradually filling the modern deep-sea trenches.

Turbidity-current smoothed trench (abyssal) plains have now been reported

from every trench which has been sounded in detail. Trenches bound most of

the circumference of the Pacific Ocean, but in the Atlantic such marginal

topographic trenches are exceedingly rare. However, wherever seismic-refrac-

tion studies have been made at the base of the continental slope, a deep trough

of lower velocity material ascribed to unconsolidated sediments and sedimentary

rock has been found paralleling the base of the continental slope (Fig. 16).

These former trenches were probably filled largely by turbidity-current sedi-

ments. They constitute in all probability the modern geosynclines which quietly

await the process of orogeny which, through deformation and uf)lift, may
eventually turn them into folded mountains.

The effect of turbidity currents over a long period of geologic time is to fill in

the hollows of the deep-sea floor by building vast abyssal plains, and to erode

canyons into the continental slopes. Of course, if the rate of subsidence of the

marginal trenches exceeds the rate of deposition, broad basin-floor abyssal

plains would not form since all turbidity-current deposits would be trapped in

the trenches. The effect of turbidity currents in the deep sea produces a topo-

graphy essentially similar to that produced by periodic downpours in desert

mountains. The coalescing alluvial fans resemble the continental rise, and the

playas resemble the abyssal plains.

Unfortunately, the turbidity-current concept has been occasionally over-

worked even in regard to recent deposits. By invoking turbidity-current action

Rigby and Burckle (1958) attempted to explain the emplacement of thin beds

(millimeters thick) of freshwater diatoms found in cores of mid-equatorial

Atlantic eupelagic sediment. This explanation is no less ridiculous than the

theory proposed by Malaise (1957) who believes them to be deposits laid down
in ponds during a recent and complete emergence of the Mid-Atlantic Ridge.

The Congo River at present carries freshwater diatoms hundreds of miles

offshore. Kolbe (1957, 1957a) points out that they are also blown hundreds of

miles to sea by the wind. To emplace diatoms on the Mid-Atlantic Ridge as

suggested by Rigby and Burckle (1958) would require turbidity currents to

climb over 3000 m in 500 miles, travelling all the way over an intensely rugged

bottom, an ability not attributable to turbidity currents. Rigby and Burckle do

not doubt that surface currents, or perhaps the wind, can transport diatoms as

far as the core stations on the Mid-Atlantic Ridge, but they do not believe,

for some unspecified reason, that ocean currents could deposit and concentrate

beds of freshwater diatoms.

The geological record contained in the ancient sediments is sufficiently com-

plex for other misapplications undoubtedly to occur.

Turbidity-current deposits have been described from the modern basins of

sedimentation off southern California by Gorsline and Emery (1959). These
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modern turbidity-current deposits have been compared by them to those

described by Natland and Kuenen (1951) and others from the filled sedimentary

basins of southern California. Consideral)le attention has been given to these de-

posits since the analogous deposits in the filled basins are productive ofpetroleum.

Menard (1955) has employed the turbidity-current hyj)othesis to explain the

smooth topography, and the canyons, and the deep-sea channels of the North

Pacific. Locher (1954) and Phleger (1951), who studied the lithology and

fauna of the deep-sea sands from the equatorial Atlantic, became convinced of

their turbidity-current origin. Bourcart (1953) and Duplaix and Calleux (1956)

described deep-sea sands from the abyssal plains of the Mediterranean which

they identified as the deposits of turbidity currents. The concept has found an

"^^^v^ik
AREAS INACCESSIBLE
TO SHALLOW-WATER
TURBIDITY CURRENTS

HISTORICAL TURBIDITY
CURRENTS

Fig. 17. Historical turbidity currents (since 1880). Each arrow denotes one or more
turbidity currents. With the exception of two off southern California, all are based on

submarine cable breakage. (After Elmendorf and Heezen, 1957.)

increasingly greater application in paleogeographical reconstruction and a host

of recent papers have appeared which we will not attempt to review here. It

will suffice to say that Kuenen, his associates, and his students, as well as many
other independent workers, have had considerable success in identifying ancient

turbidity-current deposits throughout the world.

There is now little doubt that turbidity currents play an important part in

the deep sea (Fig. 17). Their velocities have been determined by sequences of

cable breaks. The distribution of sands and silts in the deep-sea basins has

conclusively shown that the abyssal plains, archipelagic plains and smooth

continental rise areas owe their existence to the smoothing activity of turbidity

currents. The deep-sea sands, long an enigma of geology, are adequately ex-

plained by this process. It is clear that turbidity currents occur both as broad,
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sweeping flows, such as the Grand Banks turbidity current, and as narrowly

channelized flows which create characteristic physiographic features, such as

natural leveed channels, deep-sea fans and deep-sea cones. AU investigators

are now convinced of the existence of turbidity currents, and their relatively

frequent occurrence in the deep sea.

However, there is one point which is still quite controversial and that is the

capacity of turbidity currents to erode. It is held by several workers that

turbidity currents cannot erode into solid rock. Indeed, if turbidity currents

are to be considered the primary agent for the erosion of submarine canyons,

it would seem that they must have appreciable capacity to erode. In Chapter 12

on Submarine Topography and in Chapter 14 on the Abyssal Plains, physio-

graphic evidence for turbidity currents has been more extensively summarized.

8. Biological Significance of Turbidity Currents

The occurrence of carbonaceous deposits in the deep-sea alluvial cones led

to speculation on the effect of this material on the nutrition of the abyssal

fauna (Heezen, Ewing and Menzies, 1955, 1957). It was reasoned that turbidity

flows would have two radically contrasting effects on the abyssal fauna. Rapid

deposition of a thick bed of sediment over the abyssal floor must have a tre-

mendous destructive effect, smothering by burial much of the indigenous

fauna. In contrast, the large windfalls of organic debris brought to the deep sea

by turbidity currents must support a greater productivity than the normal,

slow, pelagic deposition.

Repeated turbidity currents from an organic-rich source build an organic-

rich submarine deposit containing both the transported organic debris and the

trapped and entombed abyssal fauna.

Another important effect of turbidity currents on petroleum occurrence is

independent of the bottom fauna. Orr, Emery and Grady (1958) found that

while the content of chlorophyll derivatives in sediment immediately below

turbidity-current-deposited sands was anomalously high, that of the sands

themselves was anomalously low. The turbidity current which brought in the

sands was apparently derived from a source low in organic matter and thus in

this case only the blanketing effect of the turbidity-current deposit is seen.

Since the geologist's key to the past is the present, the implications of

submarine turbidity currents as regards paleographic reconstructions are tre-

mendous. No longer can scattered shallow-water fossils be considered evidence

of shallow-water deposition, nor does evidence of strong currents indicate

shallow depths. Even ripple marks, long considered an absolute proof of shallow-

water origin, have been found as deep as 2000 fm.

9. Other Processes of Deep-Sea Erosion and Transportation

A. Abyssal Ripples

When photographs of the deep-sea floor were first taken in appreciable

numbers the frequent discovery of ripple marks and scour marks was simply
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astounding. In 1948 a well-known physical oceanographer, upon seeing a

picture of ripple marks at 410 fm, was so amazed that he seriously suggested

to the writer that the ripples were fossil and had been formed before a local

subsidence of the sea floor. Ripples were found in many localities inaccessible

to downslope movements. It is improbable that turbidity currents are related

in any general way to the processes forming the rijDples seen in bottom photo-

graphs. Actually, the ripples should not have come as a surprise, since early

studies of sediments taken from submarine peaks and in deep straits in depths

ranging down to 2000 fm had revealed winnowing of the finer particles

Fig. 18. Ripple marks on the flank of Atlantis Seamonnt in 410 fm. Photograph made on
Atlantis Cruise 152, August, 1948. Area of photograph approximately 6 m^.

(Murray and Renard, 1891). In fact, Agassiz (1888) early recognized that current

scour could be effective to depths down to at least 650 fm. He concluded

that "... the bottom of the Gulf Stream along the Blake Plateau is swept clean

of slime and ooze, and is nearly barren of animal life".

Weber, in 1900, later noted coarse sand and rock bottom to depths of 1500 m
in the passages between the Indonesian Islands. But concerning these findings

Grabau (1913) concluded that : "It is probable that we have here a prevention of

sedimentation by the removal of the particles before they reach the bottom,

rather than any effect of eroding work of the currents at such depth."

Ripple marks (Fig. 18) and scour marks (Fig. 19) have been found on every
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seamount photographed to date (Menard, 1952; Heezen, Tharp and Ewing,

1959). Ripple marks have been observed on the crest of the Mid-Atlantic

Ridge down to 2000 fm (Elmendorf and Heezen, 1957). They have also been

observed on the continental slopes to similar depths. The deepest photographs

of the North Atlantic abyssal floor had indicated probable scour marks in 3200

fm depth (Dietz, 1952; Elmendorf and Heezen, 1957). The deepest Atlantic

photographs recently taken revealed rock bottom at 4000 fm in the Romanche

Fig. 19. Photograph from western rift mountains of the Mid-Atlantic Ridge in 1410 fm

depth (48° 38'N, 28° 48'W). Note the patches of recent sediment lying in the de-

pressions between outcropping rocks.

Trench Fracture Zone (Equatorial Atlantic) (Coiisteau, 1958). These sharper

topographic features are being scoured by ocean currents which remove the

finer sediment and produce the ripple marks. The direction of these currents

has not been determined, although a collection of oriented photographs might

go far to solving the problem. It must be supposed that the sediment eroded

from these peaks by the currents is deposited in their lee. A study of these

deposits may produce evidence of the direction of the deep currents and the

nature of their variations in late Tertiary, Pleistocene and Recent times

(Figs. 20 and 21).
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section in core A173-4. The thicknesses of the recent warm period and the previous

warm period, which correlates with the Globorotalia menardii flexuosa zone, are near

the same thickness in both cores. (After Ericson and Heezen, 1959.)
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Fig. 21. Location of cores A164-44 and 173-4 on the flank of the Muir Seamount, showing

the interpretation of the data presented in Fig. 20. It is presumed that during the

present warm period and during the previous period of warm climate, currents flowed

northwest, parallel to the seamount. However, during the last glaciation, currents are

presumed to have moved from the southwest to northeast, wimaowing material from

the top and the flanks of the seamoimt, and depositing the finer material in the lee of

the seamount on the northeast flank. This would account for the thick bed of fine

sediments representing the last glaciation in core A 173-4 and the thin, winnowed
layer in core A 164-44. (After Ericson and Heezen, 1959.)
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Wtist (1957) concluded that relatively strong bottom currents swept along

the continental slope off eastern South America. His calculations indicated

a 5-20 cm /sec western boundary current in the South Atlantic. The same range

of velocities was recently measured in the North Atlantic western boundary

current through the use of neutral floats (Swallow and Worthington, 1957).

Ocean-bottom photographs of rock outcrops and ripple marks taken on the

continental slope show the eroding capability of this current (Northrop and
Heezen, 1951; Heezen et al., 1959). Dietrich (1957) and Cooper (1955) have

described boluses of cold Norwegian sea-water which flow through the Denmark
Strait and descend to the depths of the Atlantic at velocities of 10 to 30 cm/sec.

Jarke (1958) has shown the influence of bottom currents on the distribution of

sediments on the Iceland-Faeroe Ridge. Strong currents have been calculated

from the fine systematic observations made by J. B. Tait (1956) in the Shetland

Channel.

It has been suggested that the boluses of cold water flowing across the

northern margins of the Atlantic may be related in some way to the turbidity

currents which built or eroded the Northwest Atlantic Mid-Ocean Canyon
(Ewing et al, 1953).

Except where shallow-water benthonic organisms are found incorporated in

the deposit, it may be difficult to distinguish in every case the effects of bottom

scour from the deposits of turbidity currents.

More must be learned of the causes and further effect of these strong bottom
currents which have denuded the crest of a large part of the Mid-Atlantic Ridge

to depths of 2000 fm (Heezen et al., 1959). These currents wear so gradually that

trans-Atlantic submarine cables crossing the crest of the ridge often last 25

years or more before their armour wires are finaUy worn through. Thus, this

incessant motion must never become too violent or the cables would snap more
frequently.

Swallow (1957) has recently made measurements of deep-sea currents in the

western Atlantic with neutral buoyant floats. He has found that velocities up to

43 cm/sec can be observed in depths as great as 4000 m and that these currents

vary in direction and velocity over very short periods of time. Such currents

are of such magnitude that the occurrence of ripple marks, scour marks and

denuded surfaces in the deep sea is no longer a mystery, and certainly no

longer conflicts' with the concepts of modern physical oceanography,

B. Homogenized History

Evidence of deep-sea erosion, transportation and deposition by bottom cur-

rents comes from the fine studies of the minute, fragile tests of silicious Radio-

laria and diatoms found in mid-Pacific abyssal red clays. The long, red-clay

cores of the Albatross Expedition were chosen for detailed study since, based on

estimates of sedimentation rates, they were thought to contain the undisturbed

record of most of the late Tertiary. At the time Riedel (1957) began his in-

vestigation of the Radiolaria, he "expected that the assemblages in the tops of
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the cores could be used to determine the areal distribution of various species at

the present day, while samples from lower levels of the cores would show, in an

orderly manner, the development of present-day species through at least

Pleistocene and Recent time".

However, the results of his study forced him to conclude "that the situation

is actually more complicated than was expected. Late Tertiary Radiolaria were

found to be reworked into Recent sediments, and evidence of disconformities

were found in the sediment sequences. Re-examination of some of the samples

from the Challeiiger Expedition showed that Tertiary sediments outcrop on the

deep-sea floor. Erosion, and reworking of older Radiolaria into younger sedi-

ments, obscure phylogenetic developmental sequences in the long sediment

cores. ..."

The "epic poem" contained in these layers of sediment had, it seemed,

been frequently reduced to a font of jumbled type as cryptic to read as a

typesetter's pie.

Kolbe (1957, 1957a), who found pre-Quaternary diatoms in several Pacific

and Indian Ocean cores, concluded that their presence is "unimportant" and

"accidental, although no plausible explanation of the occurrence can be given".

Riedel, however, "speculated that a more or less continuous agency (? current)

was transporting Radiolaria on or near the sea floor " and that "the transporting

agency has acted either continuously, or at such short intervals as to obscure

intermittance".

Recent seismic-reflection studies indicate that the thickness of sediments

beneath the abyssal floor is much greater than that beneath the adjoining

abyssal hills and Mid-Atlantic Ridge. This suggests that ocean currents may
gradually concentrate fine sediments in the deep ocean basins.

In the light of Riedel' s conclusions, it is not surprising that difficulty was

encountered in the stratigraphic interpretation of the chemical analyses of

these cores (Berrit and Rotschi, 1956) and that, in general, the ionium and

radium methods of dating of deep-sea sediments have been more often a failure

than a success (Kroll, 1955; Volchok and Kulp, 1957). Probably the most

important result of the later studies has been the conclusion that conditions of

uniform, undisturbed, unreworked sedimentation required by these dating

methods only rarely prevail on the deep-sea floor.

C. Sub-bottom Echoes

The character of the echo returned to the echo-sounder from the deep-sea

floor can be examined in great detail by use of the high-resolution Precision

Depth Recorder.

The echo may be sharp and discrete, diffuse and prolonged, single, double or

multiple. Over distances of a few hundred yards, the bottom may appear

absolutely smooth or completely disrupted on a minute scale.

Sub-bottom echoes are frequently observed in deep-sea echograms. In some

cases the sediment horizon responsible for the sub-bottom echo has been identi-
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fied by coring or drilling. Worzel (1959) has correlated a prominent sub-bottom

echo in the east tropical Pacific with a 2-4-in. thick bed of volcanic ash. Heezen

et al. (1958) have correlated a prominent sub-bottom echo with the base of the

Recent anaerobic layer in the Cariaco Trench. Gorsline and Emery (1959)

have mapped turbidity-current beds in the San Pedro Trough. In areas of

particle by particle deposition where one or two prominent 5-20-fm deep sub-

bottom echoes can be traced over a wide area they typically show deepening in

the small depressions, thinning over gentle rises, and are totally absent on

steeper inclines, indicating that, owing to gentle scour, sedimentation has been

greater in the depressions (Fig. 22).
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10. Conclusion

We can now view the vast abyss with somewhat less mystery and more real

understanding. The picture of an unremitting snowfall of sediment which

softly casts a thin veil over the rugged, grand and imposing relief of the deep-sea

must be tempered with occasional, sometimes frequent, turbidity flows, which,

like snow avalanches in the Alps, sweep down and smother the relief of the

lower slopes. Just as winds striking the mountains drive the snow from the

peaks, so the ocean currents sweep the sediment from the higher and bolder

submarine mountains.

Just as wind and water shape the land, so do the submarine currents of

water and mud, by erosion, by solution and by scour shape the ocean floor.

To be sure, erosion dominates on the land, as does dej30sition in the deep sea.
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28. ORGANIC TRANSPORTATION OF MARINE SEDIMENTS

K. O. Emery

1. Introduction

The chief agents of erosion of the ocean floor are inorganic in nature; however,

organic agents locally may be more important. Organisms make use of both

mechanical and chemical methods of erosion. Simple mechanical erosion is

illustrated by the biting off of coral tips by fishes in search of the polyps within,

and by the breaking away of projecting rocks by attached kelp lifted by storm

waves. Erosion of rock by pholads, snails, chitons, limpets, echinoids and

worms (Barrows, 1917; Emery, 1960, pp. 15-19) is also mostly mechanical in

nature, but is aided to an unknown extent by biochemical solution of the rocks.

Sponges and blue-green algae (Ranson, 1955; Revelle and Fairbridge, 1957, pp.

279, 280) appear to do their work mostly by biochemical methods. Biochemical

activity alone, or almost alone, is responsible for the development and growth

of solution basins and the leveling of reef flats (Revelle and Emery, 1957).

Organisms transport and deposit some sediments which are produced by

inorganic agents as well as those which they themselves eroded. The organic

transporting agents play roles which make difficult an assignment of order of

importance. For example, worms probably transport a greater quantity of

sediment than do all other organisms combined, but the movement is only a

few centimeters; in contrast, driftwood and birds carry small quantities for

thousands of kilometers. Each of the major kinds of transporting organisms

will be considered in turn, but in a more or less arbitrary order.

Many oceanographers appear to know of several instances of organic trans-

portation of stones, but few realize the extent of this transport or the number of

organic agents involved; accordingly, a relatively large bibliography is included

for its possible value in other studies.

2. Kelp

The larger seaweeds, particidarly the genera of larger brown algae, are known
as kelps. Largest of these is Macrocystis, which reaches lengths of 200 m, and

Pelagophycus and Nereocystis—about 30 m. All of these plants live in waters

mostly between 5 and 20 m deep, exceptionally 30 m. Several other genera

{Egregia and Pterygophora) occur in shallower water, up to the level of low tide.

Gas-filled floats keep most of the plant near the water surface where the blades

spread out in a broad canopy to catch the sunlight. At the base is a holdfast,

or rootlike mass, composed of branching structures attached to the bottom.

Usually attachment is to bedrock or to boulders and cobbles, but many hold-

fasts also enclose much shelly fine gravel and sand and some are imbedded only

in sand (Thompson, 1959). The writer has also seen two holdfasts of Macrocystis

attached to the tops of abalone {Haliotis) shells.

Large waves from storms often exert a greater lifting force on the plant

and its floats than the attachment can stand. Unless the stipe, or stem, parts

[MS received March, 1960] 776
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first, the holdfast can break off and hft part of the bottom and the plant be set

adrift. If one plant drifts against another, the combined pull of both may break

the second one loose, finally tearing open a wide swath through a kelp bed.

The anchor, buoyed by the plant, may be floated away from the kelp bed

(Fig. 1), occasionally touching or dragging on the bottom to form markings

which in geological strata sometimes have mistakenly been identified as plant

Fig. 1. Two kelp holdfasts {Macrocystis pyrifera) afloat in 25 m depth off Coronado
Islands, Mexico. Largest is about 40 cm long and both consist of probable Middle

Miocene sandstone and conglomerate. Note that intermittent touching of the bottom
can produce holes and other markings on the sand. (U.S. Navj^ photograph by
R. F. Dill.)

impressions. Most of the rocks are drifted inshore, as shown by the fact that

beaches near kelp beds usually contain many rocks having remnants of hold-

fasts and encrustations of calcareous red algae, bryozoans, rock oysters, and

other organisms which live below the low tide level (Emery and Tschudy, 1941 ),

Single rocks rafted to beaches by kelp weigh as much as 10 kg, and one holdfast

was found to contain an estimated 25,000 pebbles and granules coarser than

one millimeter in diameter.

Some plants also float seaward where masses of the larger ones have been
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observed several hundred kilometers from shore in waters several kilometers

deep. In fact, free-floating kelp was taken as one of the signs of nearness to the

rugged California coast by pilots of the Manila galleons en route to Acapulco;

thereupon, the galleons were turned to a southeasterly course to reach Acapulco

(Schurz, 1959, p. 239). An unknown percentage of these freely drifting kelps

still tow their rocky anchors through the water. An example reported by Menard

Fig. 2. Areas of greatest importance to chief transporting agents of coarse sediments.

Kelp: cross-hatching shows areas likely to be reached by kelp rafting from coastal

zones where kelp lives. (After McGill, 1958.)

Sea mammals: cross-hatching shows areas where transportation by sea-lions and

most other sea mammals may occvir. (After Scheffer, 1958.)

Ice: dashed line indicates equatorward limit of present-day floating ice; cross-

hatching shows areas where bottom sediment may be classed as glacial-marine

origin. (From Dietrich and Kalle, 1957; Hough, 1956; Menard, 1953; and others.)

Turbidity currents: cross-hatching shows areas accessible to turbidity currents, i.e.

omits mid-oceanic ridges, continental shelves. (Modified from Elmendorf and Heezen,

1957.)

(1953) was a raft of Nereocystis about 500 km offshore in the Gulf of Alaska

suspending a subround pebble about 8 cm in diameter. At least two rocks

having remnants of holdfasts were dredged from the bottom at depths of about

215 m off southern California, but many other rocks have been similarly rafted

and their holdfasts decomposed or eaten by benthic animals. Rounded and

partly pholad-bored pebbles and cobbles of various rock types dredged from

about 3800 m off western Mexico have thus been attributed to kelp rafting
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(Shiimway, 1953). In addition to rafting rocks, kelp also transports shells,

foraminiferal tests and other organic remains far from the environment in

which they had hved. Since representatives of nearly every phylum are known
to live in or on holdfasts, their transportation to deep water can raise problems

in ecology and paleoecology.

Smaller algae such as sea lettuce {IJlva) and some brown algae {Lessoniopsis

and Laminaria) have no floats but provide a sail-like surface which permits

somewhat stronger than normal waves and currents to move attached pebbles

and shells. Examples of transportation of 2-cm pebbles and shells several kilo-

meters were reported by Brown (1911), the movement leaving trails along the

bottom.

The kelps at present have an antipodal distribution (Fig. 2), being confined

to cool waters of high latitudes or areas of strong upwelling (McGill, 1958).

However, in order to achieve this distribution they must have lived to some

extent at low latitudes during the colder glacial epochs of the Pleistocene. It is

likely that even then the kelps were more abundant at high latitudes than at

low ones. Because the plants can drift freely only a limited time owing to losses

of floats by decomposition and eating by fishes, kelp-rafted rocks and organic

remains are probably confined to an area within a few hundred kilometers from

shore: farther in cold water at high latitudes than in warm water nearer the

equator (Fig. 2). Rafting by kelp has probably also occurred during the geo-

logical past because brown algae are well known from the Miocene (Gardner,

1923; Emery, 1960, pp. 162-166) and lived much earlier, even in Silurian and

Devonian times (Krausel and Weyland, 1930).

Locally, sand and shells are entangled and transported a short distance

(usually less than 100 m) in the balls of eel grass, Phylospadix, and of Posidonia

(Aleem, 1955) and of other plants (Olson, 1957) which are roUed onto beaches

from depths of a few meters, sometimes in enormous numbers. According to

Guilcher (1958, p. 32), Posidonia may cause a rise in the sea floor near such

beaches amounting to one meter per century by trapping of sediment particles

in the balls. Examples of algal balls, possibly of this origin, with enclosed sand

are reported from rocks as old as Silurian (Croneis and Grubbs, 1939).

3. Driftwood

Trees which grow in rocky soil commonly enclose masses of earth, pebbles,

cobbles and even boulders in and between their roots. These trees are sometimes

undermined by streams and are washed out to sea or they fall directly into the

sea by cliff" erosion. Once afloat they have been known to be carried thousands of

kilometers by ocean currents (Brooks, 1875; Rouch, 1954; Barber, Dadswell

and Ingle, 1959). One floating tree is reported to have held a boulder three or

four meters in diameter (Emery, 1955). Eventually, the wood loses its buoyancy

by attacks of wood-boring animals and by soaking up water so that it sinks to

the bottom carrying its cargo of rocks. Other logs drift ashore onto the mainland

or islands. Especially on the islands of the central Pacific Ocean the rocks
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SO carried were highly prized by the natives, frequently being designated as

belonging to the chiefs. Occasional loose exotic stones found on the beaches of

coral islands by Chamisso (1821) and by many later travellers j^robably arrived

via driftwood which afterward decomposed. Although the quantity of rocks

transported by driftwood is small, both the size of individual rocks and the dis-

tances are great.

Distance from shore is much less limited for rafting by driftwood than by

kelp, so one might suppose that rocks carried by driftwood might be distributed

thinly but widely throughout the oceans. There may be some relationship to

major rivers and forested regions. Probably most of the rocks so carried are

angular and many are weathered.

Erratic rocks are common in ancient sedimentary strata, particularly in

coals, of Britain, Europe, Australia and the United States (Emery, 1955).

Most likely these rocks were held by tree roots and rafted to the sites of their

burial in coastal swamps while others were carried to the ocean beyond.

4. Sea Mammals

Gastroliths have been found in most of the smaller sea mammals—sea-lions,

sea-elephants, fur seals, harbor seals and walrus (Hamilton, 1934; Scheffer,

1950; Fleming, 1951, 1953; Brooks, 1954; Loughrey, 1959; see other references

in Emery, 1941). Most gastroliths consist of stones which are slightly to well

rounded. Occasional mollusk shells, usually beach w^orn, are also present;

Andree (1920, p. 393) reported more than 500 shells of Mya truncata in the

stomach of a single walrus. Individual stones have been recorded with diam-

eters up to 10 cm and weights to 2 kg, but single stomachs have contained

more than a hundred individual stones. The largest aggregate weight reported

is 37 kg in a sea-lion (Mohr, 1952), but weights of more than 5 kg are unusual.

There is no agreement as to why stones are picked up and carried as gastroliths

;

the animals may use the stones as an aid in triturating their food, as ballast, to

destroy nematode worms, or perhaps they merely pick them up in play. In any

event stones have been found in males and females, in old and young, even in

milk-feeding pups, and in all seasons. Where stones are lacking, other objects

may be picked up. For example, a harbor seal in an open tank at the Steinhart

Aquarium in San Francisco became a floating bank; according to E. S. Herald,

Curator {in litt.), "it had swallowed $7.48 in coins, ranging from French

centimes to U.S. 500 pieces. Corrosion of copper pennies indicated that some of

the coins had been in the stomach for a considerable length of time. Eventually,

of course, this resulted in the demise of the harbor seal.

"

More is known of gastroliths in stomachs of the California sea-lion {Zalophus

californianus) than of other sea mammals, owing to collections made by A. L.

Kelly (Scripps Institution of Oceanography) and Emery along the mainland

and islands of southern California and Mexico. Stones were found in 73 of 170

stomachs (Fig. 3). Where land geology is well known and the local rocks are of

diagnostic types, it is possible to determine whether or not the sea-lions picked
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Table I

Source of Gastroliths in some California Sea-Lions. Based on Autopsies by

Arthur L. Kelly and K. O. Emery

Area where sea-lion

was killed

Number of sea-lions Source of stones same
having stones as at collection site

North Coronado Island, Mexico"

South Coronado Island, Mexico <»

San Nicolas Island, California^

La JoUa, California <^

11

5

3

5

8

5

2

4

« North Coronado Island has only Miocene red sandstone, whereas South Coronado

Island, only 3 km distant, has only Miocene yellow sandstone and a conglomerate

composed of metamorphic and igneous rocks.

^ San Nicolas Island is entirely Eocene shale and sandstone.

c La Jolla gravel beaches are mostly of a Mesozoic metavolcanic rock reworked

from Eocene conglomerates in sea cliffs.

Fig. 3. Dissected stomach of sea-lion {Zalophus califoniianus) taken at Coronado Islands,

Mexico, by A. L. Kellj'. Largest stone is about 5 cm long. All are well romided and are

of Middle Miocene sandstone similar to that of which the islands are composed.

up the stones locally. Where identifiable the stones are mostly of local types,

as shown by Table I, indicating that the sea-lion probably does not carry stones

very far or very long. This conclusion is verified by observations that in zoo

tani;s stones are picked up after meals and regurgitated a few hours later, and

by the fact that of 22 fur seals collected in the open sea by Austin and Wilke
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(1950), iiont^ contained stones. Support is also given by the fact that the stones

are only slightly polished, far less than typical gastroliths of dinosaurs (VVieland,

1907). On the other hand, Fleming (1951, 1953) reported finding basalt pebbles,

presumably sea-lion gastroliths, on Snares Island off New Zealand about 250

km from the closest shallow water or land source of basalt.

Data are scanty, but porpoises also are known to carry stomach stones.

According to Kenneth S. Norris (Marineland of the Pacific, Palos Verdes,

California, in litt.) three or four freshly caught porpoises, Tursiops gilli, were

found to contain shells and gravel to about 1 cm in diameter. One stomach was
so tightly packed with gravel as to be a possible contributing cause of death.

During captivity porpoises are observed frequently to pick up and play with

stones in the tank, sometimes swallowing them. Stomach stones have not been

reported in whales, not even in the sperm whale, which feeds on benthos by
plowing its lower jaw through the bottom at water depths as great as 1135 m,

in the process sometimes becoming entangled in telegraph cables (Heezen, 1957).

An interesting method of transportation is provided by sea-otters, which use

stones as tools to break up and detach prey (Kenyon, 1959; Limbaugh. 1961).

Sea-otters may thus be the only mammals in the natural state other than man to

use tools. The animals commonly float on their backs carrying a stone as large as

20 cm in diameter on their stomachs. Mussels and other shells are rapped against

the stone until broken open. The otter carries its stone during dives, keeping the

same one for periods that are unknown but in at least one instance more than

eight hours (R. A. Boolootian, University of California at Los Angeles, in litt.).

During its foraging the otter may transport a stone as far as 20 km along the

shore.

Another curious form of transportation is as enteroliths, concretionary bodies

which grow in the kidneys, gall bladder, lungs, and other organs. They are

best known in land mammals, but also occur in fishes and lobsters (Hutton,

1942, 1945). Some enteroliths of land mammals reach diameters of 8 cm and

most consist of several phosphate minerals; others are composed of various

organic salts. Some are probably passed from the system during life by sea

mammals as they are by land mammals.
The sea mammals which most commonly carry stones are those which

inhabit shallow water and spend a large part of their lives ashore or on floe ice.

Their distribution, like that of kelp, is antipodal (Scheffer, 1958), and probably

most of the depositions of stones by these animals is on or close to shore (Fig. 2).

Bones of sea mammals are fairly common in strata as old as Miocene, and at

least one instance is known of gastroliths associated with fossil seal and walrus

bones—on an island off Massachusetts (Woodworth and Wigglesworth, 1934,

pp. 19-20).

5. Fishes

Many fishes of coral islands are known to bite off coral tips in search of polyps

and worms and to graze upon algae growing upon dead coral and other rocks

(Wood-Jones, 1912, pp. 164, 664; Emery, 1956, and included references; Gohar
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and Latif, 1959, and included references). Shells, coral, and calcareous algae are

usually present aniong the stomach contents of parrot fish {Scams), surgeon

fish (Acanthurus), trigger fish (Melichthys), and puffer [Arothron) from Pacific

islands and the Red Sea. When frightened, the fishes defecate clouds of the

material comminuted to sand and silt grain size. The great role of fishes in

producing fine-grained sediments in lagoons of coral reefs has scarcely been

recognized. According to Bardack (1961) such coral-browsing fishes at Bermuda
ingest about one ton of calcareous material per hectare per year.

Shallow-water fishes of non-calcareous areas also transport stones. According

to Conrad Limbaugh (Scripps Institution of Oceanography, in litt.) cabezone

(Scorpaenichthys) carries stones in its stomach in shallow water (less than 10 m).

The stones range up to 10 cm in diameter and weigh as much as a kilogram.

Possibly these stones are transported seaward to the 100-m depth limit of this

fish. Halibut, a bottom-living fish generally in deep water, was once noted by
Thompson (1919) to contain a stone weighing about one kilogram, but its pre-

sence was ascribed "to reckless eating, not foresight". According to J. E. Fitch

(California State Fisheries Laboratory, Terminal Island, i7i litt.) many other

bottom-living fishes also carry gastroliths. Among them are flounders, sculpins

and rock cods. Others, which live just above the bottom, sheepshead, ling cod

and ocean whitefish, also sometimes carry them. R. V. Vaughan (San Diego, in

litt.) stated that about 60% of the first arrivals in southern California of the

pelagic albacore tuna {Thunnus alalonga) contain stones. Most are granitic or

basaltic types, rounded and polished, about one cm in diameter. Aggregate

weights range up to about 100 g. Later in the season gastroliths appear to be

rare; in fact, they have not been recorded among the thousands of tuna stomachs
examined by personnel of the California State Fisheries Laboratory. Some
bottom-living freshwater fishes have the same habit, and, according to R. J.

Miller of Long Beach State College {in litt.), 8.2% of 146 specimens oi Cottus

beldingi from Lake Tahoe, California, contained stones.

In addition to carrying stones as gastroliths, some fishes carry them for other

purposes. Skates and rays, for example, often cover themselves with sand,

presumably for concealment; when they swim away some of the sand is

carried for tens of meters. According to Limbaugh, pileperch (i)amaZ^cA^%s vacca)

at Guadalupe Island, off Mexico, carry flat pebbles in their mouths, "presumably
as an aid for crushing shellfish". He also reported that jawfishes in the Bahama
Islands line their burrows with pebbles, and that during excavation of burrows

under rocks, fishes, lobsters, crabs, shrimps, and octopi carry small stones for

short distances. Octopi in fact are known to carry pebbles for tens of meters

and have been reported to drop stones into clams and oysters to prevent closure

(Lane, 1957, pp. 69-72).

Probably the bulk of stone transportation by fishes occurs in coral reef areas,

but some exists in other shallow-water coastal regions. Doubtless, fishes have

had similar habits during most of post-Ordovician times, though no observations

are available of fossil fish gastroliths. A distant relative, the Mesozoic reptile,

Plesiosaurus, however, is known to have carried gastroliths (Shimer, 1924,
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p. 357), but according to W. E. Schevill (Woods Hole Oceanographic Institu-

tion, Massachusetts, m litt.) in at least several instances these are only poorly

polished. Some modern reptiles do carry stones. An 8-m cayman in the

Philippine Islands was found to contain 70 kg of stones to about 12 cm diameter
(de la Gironiere, 1853), and 545 out of 681 specimens of the Nile crocodile

examined by Cott (1961) contained stones averaging in total about 1% of

body weight.

6. Birds

It is well known that chickens must have available a supply of grit or small

pebbles to serve as grinding tools against seeds in their gizzards. Many other

seed-eating land birds pick up sand and grit for the same purpose. The largest

land bird, the extinct moa of New Zealand, carried gizzard stones as much as

2 cm in diameter, as noted by the writer during the excavation of a moa
skeleton, and according to Hamilton (1892) stones associated with a single

skeleton may weigh in aggregate nearly 3 kg. The instinct or need for grinders

is so well developed that in the absence of sand or pebbles swans at Tule Lake
and nearby game refuges in California pick up so much of the estimated 52-ton

annual fall-out of lead shot that many sicken and die of lead poisoning (Rosen
and Bankowski, 1960).

Transportation of pebbles by shore-based sea birds is less well known but
definitely occurs. Penguins, living far from known sources, commonly carry

stones of a wide variety of rock types (Murphy, 1936, pp. 353, 364, 377, 397,

451). As much as 300 g of pebbles having diameters up to about 1 cm have been
found in young penguin chicks (J. M. Sieburth, Virginia Polytechnic Institute,

in litt.). Adults of the large emperor penguin have been reported (Sclater, 1888)

to contain pebbles of 3.3 cm diameter with an aggregate weight of 5 kg. Since the

stomachs are not muscular, the stones cannot serve as trituration aids, butpossibly
are used for ballast. They are commonly regurgitated near the nests and picked

up again when the penguin returns to the water. Similar pebbles have been
dredged by M. Ewing of Lamont Geological Observatory (Fellows, 1958) from
deep water near Antarctica where they may have fallen from floating ice on
which nests had been built. Many other sea birds from the Antarctic, such as

shearwaters, storm petrels, diving petrels, steamer ducks, oyster catchers,

sheath bills, cape pigeons and ducks are reported by Murphy (1936, pp. 666,

672, 770, 786, 962, 968, 980, 981, 1006, 1056, 1081) to contain pebbles, shells

and sand in their stomachs. At Cedros Island, Mexico, Kelly found three sub-

round 1.5-cm pebbles of a local kind of schist in a cormorant, but two other

cormorants taken at La Jolla, California, contained none. At least one
instance is recorded of fossil gizzard stones—in phosphate deposits of Kita-
Daito-Zima (Yabe and Sugiyama, 1934).

Some sea birds, especially gulls, are well known for their shell-opening tactics,

by dropping clams, mussels and other mollusks from a height of 10 to 20 m onto

sandy or rocky shores. An entertaining description of the technique is given by
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Oldham (1930), who also mentioned the application of the same technique to

the opening of hermit crabs, turtles, and even walnuts by various birds.

According to Fitch, it is sometimes a little hazardous to walk on the causeway
at Mission Bay. near San Diego, or along the shore at Pebble Beach, California,

when gulls are preparing clam dinners. Accumulations of broken shells formed
in this manner are not uncommon (Andree, 1926, pp. 719, 730; Teichert and
Serventy, 1947). Many broken tubes of vermetid mollusks noted by the writer

atop a small island near Guaymas, Mexico, were probably so deposited. A
curious indirect role is played by woodpeckers through their habit of placing

pebbles in holes drilled in tree trunks when nuts are not available (Ritter, 1938);

the possible later floating away of the trees results in transportation of the

pebbles.

An occurrence of a new species of mollusk in a guano deposit, as described by
Smith (1952), resulted from the swallowing of the mollusk by a fish which
was later caught and eaten by a cormorant which deposited the mollusk by
regurgitation or excretion in its nesting area.

Living animals and plants may also be deposited unintentionally by birds

as contamination on dirty feet (Ladd, 1960), or stuck to feathers (Wiens, 1962).

Murphy (1936, p. 422) even mentioned the presence of barnacles growing on the

feet of a penguin presumably long at sea. B. C. Cotton described a Black Duck
from Australia on wiiose foot a 30-g mussel had closed; the bird had been seen

flying with its foot hanging and was shot. The same species of mussel withstood

six months' exposure in mud after a river flood; another specimen survived 231

days out of water followed by shipment to England (Cotton, in litf.). In other

instances birds have been trapped by large clams (Jones, 1959).

Some sea birds move quantities of stones or mud in building their nests.

Penguins use pebbles and have been observed to walk a kilometer to get a

single nest pebble, often by robbing an untended nest (Murphy, 1936, pp. 373,

393, 394, 412, 447, 449). According to Limbaugh, noddy terns at Clipperton

Island have carried hundreds of tons of coral rubble and shell for courtship

and nesting materials onto the rocky surface around the lagoon. Albatrosses,

pelicans and boobys mostly use mud for their nests, carrying it from more or

less distant shore areas to places where such marine sediments would not

naturally occur.

During migrations or other travels, birds probably transport sand, shells

and pebbles as far as thousands of kilometers, eventually depositing them by
regurgitation, excretion or death. The quantities of sediment so deposited,

however, are so small that they may escape notice. In at least one instance

Sayles (1931, p. 443) suggested a bird-borne source of quartz grains in the soils

of Bermuda; however, more recent work indicates that the quartz sand more

probably came from underlying igneous rocks.

7. Invertebrates

Worms, holothurians, mollusks, crustaceans and other invertebrates con-

tribute in varying degrees to sediment transport. Most important are the various
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kinds of worms which live in the bottom sediments. Since most are deposit

feeders, they annually pass large quantities of sediment through their digestive

tracts, in the process making burrows and dumps of fecal pellets and destroying

the bedding of sediments. Such features are common in ancient as well as in

recent marine sediments (Schwartz, 1932; Shrock, 1935; Seilacher, 1953;

Schafer, 1956).

As shown by Darwin (1883, pp. 159, 305), earthworms on average ground of

England bring up subsoil at a rate corresponding to a layer 0.5 cm thick each

year; or in other terms, the average of 6 earthworms (6 g) per square meter

moves about 2500 g of soil each year. The work of marine worms has not yet been

well measured, but biomasses commonly amount to more than 100 g/m^ in

bottom depths of less than 2000 m, suggesting that worms may even be more
important transporters of sediment on the sea floor than on land. It should be

noted, however, that most of this transport is vertical, rather than lateral, and

for only a few centimeters; thus, its main function is that of mixing sediment.

Outstanding is the work of the echiuroid worm, Echiurus echiurus, which lives in

U-shaped burrows about 30 cm deep in water depths of 10 to 30 m in western

Sweden (Gislen, 1940). Specimens measure about 10 cm in length and number
from 20 to 335 per square meter of bottom. A medium-sized specimen may ex-

crete daily a total of 540 pellets, each about 2 mm long. Similar intense activity

is probably characteristic of a larger echiuroid worm, Listriolobus pelodes,

which lives in such abundance in muds of the shelf off Santa Barbara, Cali-

fornia, as to constitute biomasses of 1100 grams per square meter (Barnard and
Hartman, 1959).

During their passage between the hard tooth-like grinder stones in the worm's

gizzard, sand grains become somewhat rounded and worn, especially the softer

grains. Other modification of grain size of sediment occurs through the sorting

activities of some of the sand-reef building polychaetous worms, notably those

of the genera Phragmatopoma and Pectinaria. Species of Phragmatopoma are

known to select sand grains with such precision that the species can be identified

on the basis of grain size of sand composing their tubes. The form endemic to

Peru selects grains of the smallest size, the one in Ecuador takes medium sand,

and the ones in southern California and the West Indies use the coarsest sand

(Hartman, 1944). These species are not known from any other parts of the

world. Some terebellid worms select foraminiferal tests of particular kinds or

sponge spicules of a certain length and thickness; where these sj)ecies are

abundant, they can account for deposits of considerable extent.

In shallow-water areas of coarse sand in the tropics holothurians probably

play a greater role than worms as a geological agent. Studies by Crozier (1918)

at Bermuda indicate that Stichopus mobii ingests 6 to 7 kg of sand per square

meter each year. During the passage of this sand through the intestinal tract it

becomes immersed in digestive fluids having a pH as low as 5.0. The resulting

solution of calcareous grains corresponds to about 400 g/year, according to

experiments by Mayor (1924) at Samoa; this amounts to aiDproximately one per

cent of all the sand which is ingested. Analyses by Emery (1962) of sand in and
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near five specimens of Holothuria atra from a reef flat at Guam showed that the

finer grains are dissolved first, causing the excreted residual sand to have a

coarser median diameter than the total which was ingested. Unlike worms,

holothurians move laterally as far as 50 m per day, producing more lateral than

vertical transportation of sand.

Many other invertebrates also act as sediment transporters, but those whose

role is best known live in the intertidal region, and even there they are only of

minor importance as compared to inorganic and other organic agents. Accord-

ingly, they will not be further considered here.

8. Comparison with Inorganic Transporting Agents

Sand and stones are transported by inorganic agents over, on and under the

water surface to eventual deposition on the ocean floor. According to Rex and
Goldberg (1958) high-altitude jet streams may be responsible for the presence

of fine-grained quartz in sediments at mid-latitudes. Other winds carry seaward

so much desert silt and sand from the Sahara Desert as to discolor sails of

ships (Darwin, 1887, p. 5) and to make an appreciable contribution to the ocean-

floor sediment in the east central Atlantic (Radczewski, 1939). The writer has

noted similar contributions of wind-blown sediment in the Red Sea, Persian

Gulf and Yellow Sea. Darwin mentioned that the dust settling on to the At-

lantic consists largely of diatoms, 65 of 67 species being of freshwater origin.

Such may well be the origin of the thin layers of freshwater diatoms recently

found in cores in the east central Atlantic (Kolbe, 1957), rather than the

extreme eustatic or diastrophic movements proposed by Landis (1959) to

convert the sea floor into sites of freshwater lakes.

Layers of volcanic ash are widespread in oceanic sediments, being well

known in cores from the North Atlantic (Bramlette and Bradley, 1942),

Mediterranean (Mellis, 1955) and Pacific (Menard, 1953; Worzel, 1959). The ash

owes its presence, of course, both to vulcanism and wind. Coarser ejecta from

volcanoes must make its way to distant sites by floating, an easy feat owing to

the high porosity of pumice. Probably the chief contributing volcanoes are

those which have grown upward from the sea floor to near sea-level. During the

past decade eruptions from such volcanoes have been reported off Japan

(Niino et al., 1953), off Mexico (Richards, 1958), near Guam and in the Azores.

Large quantities of pumice were produced in the nearly simultaneous eruptions

off Japan and Mexico, and rounded pieces floated as far as 12,000 km from the

Mexican source. The writer has noted much pumice stranded on beaches of the

Mediterranean Sea probably from Greek or Sicilian volcanoes. As pointed out

by Ladd (1960), floating pumice may transport for long distances mollusks,

corals and other attached invertebrates. The same high porosity permits pieces

of dried coral to float alone for long distances (Kornicker and Squires, 1962).

Non-volcanic sediments denser than water can also float on calm bodies of

water owing to surface tension. Patches of floating sand are common on tide

pools (Emery, 1945) and have also been seen on a quiet bay of Japan (Kotaka
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and Hayasaka, 1954) and on tidal rivers of Australia (Wolf, 1960), but they

probably do not occur on the open sea where waves roughen the surface.

Flotation of stones as large as 2.5 cm in diameter has been observed (Norden-

skiold, 1900) in a Patagonian bay, probably because the local shale was im-

pregnated with petroleum. The drifting ashore of buoyant tar from offshore

seeps and from ships is commonplace; however, after some oxidation the tar

becomes denser than sea-water and sinks to the bottom. Pieces have been taken

from cores in basins off southern California at depths corresponding to de-

position about 10,000 years ago and they are dead with respect to radio-carbon

dating.

Widespread at high latitudes are deposits of sediment rafted by ice in the

form of floes and bergs. These sediments range from clay to boulder size, with

the boulders being most easily recognized as of ice origin by their mixed

exotic lithologies, angularity, occasional striations, sometimes adhering rock

flour and associated poorly sorted sediment (Carsola, 1954; Lisitsin, 1958).

Bottom photographs in the Arctic Sea also show many small pits in the mud
surface, presumably made by falling ice-rafted pebbles (Hunkins, Ewing,

Heezen and Menzies, 1960). Sediments are frozen into the bottom of ice floes

in shallow water or are deposited by melt-water streams on the tops of floes and

on glaciers which later become water-borne. During the travels of the floating

ice the sediment is released mostly by melting of the ice raft. Because of their

larger masses, icebergs drift into lower latitudes than floes before melting

away; but only floes occur in the North Pacific and eastern North Atlantic

Oceans. At present, bergs and floes reach farther equatorward in the Northern

Hemisphere than in the Southern, according to charts of Dietrich and Kalle

(1957, p. 172). However, glacial marine sediments in the North Pacific (Menard,

1953; Kuno, Fisher and Nasu, 1956) and in the North Atlantic (Peach, 1912;

Bramlette and Bradley, 1942) occur far south of the present limits of floating

ice (Fig. 2). These deposits are doubtlessly of Pleistocene age. In the Southern

Hemisphere the hmits of glacial marine sediments recognized by Hough (1956),

Lisitsin (1960), Needham (1962), and others are more restricted than is

present-day floating ice. The diflference between the limits of floating ice and

limits of ice-rafted bottom sediment in the Southern and the Northern Hemi-

spheres is probably a result of the relative lack of access of ice to rock on

Antarctica (leading to small loads of sediment) as compared to the great ease of

access on the continents of the Northern Hemisphere. In any event, ice-rafted

sediment is widespread at high latitudes both at the sediment surface and

beneath thin layers of post-glacial marine sediment.

Coarse-grained sediments are also transported beneath the ocean in the form

of turbidity currents. Field studies have shown widespread deposits of sand on

the floors of the Atlantic (Ericson, Ewing and Heezen, 1952) and the Pacific

Oceans (Menard, 1955). Associated with the sand, but more restricted to the

base of steep slopes, are accumulations of gravel. Pebbles and cobbles have been

obtained even from the deep floor of the Philippine Trench by Bruun (1951).

Detailed studies of gravels and sands from the basins off southern CaUfornia
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(Gorsline and Emery, 1959) clearly show that the coarser materials there are

concentrated at the- mouths of submarine canyons. Presumably the sediments

were transported by turbidity currents flowing down submarine canyons or

down steep slopes where they were initiated by slumping. After deposition of

the coarser parts of their loads, the turbidity currents can carry fine sands and

silts for additional hundreds of kilometers. Where ridges cross their paths the

turbidity currents are blocked, but the areas of their effective deposition are well

indicated by smooth, gently sloping topography even at great depths (Elmen-

dorf and Heezen, 1957). Unlike ice-rafted sediments, the turbidity-current

deposits can occur at all latitudes, but are largely in strips adjacent to con-

tinental areas (Fig. 2).

Possibly the bulk of sea-floor sediment is transported in suspension from shore

areas. Transportation of sediment coarser than sand probably does not occur by
suspension. The grain size appears to decrease outward to a point beyond which

further decrease owing to limitation of transportation is masked by changes

caused by diagenetic alteration of clay minerals.

9. Criteria for Recognition of Rafting Agent

The criteria to be used for possible recognition of the agent which rafted a

given deposit of sand or gravel in recent, and especially in ancient, sediments

must necessarily be somewhat elastic. However, the following are suggested

for possible use:

(a) Kelp: within 500 km of shore, between 20° and 60° of latitude, often

rounded, pholad-bored and encrusted by shallow-water organisms, in clusters.

(6) Driftwood: anywhere in ocean, angular, weathered, isolated.

(c) Sea mammals: on beach or in shallow water at high latitudes and pos-

sibly in deep water below margin of floe ice, less than 10 cm in diameter,

rounded, slightly polished, in clusters.

{d) Fishes: less than 2 cm in diameter, many of coral, much fine-grained

material if calcareous.

(e) Birds: less than 1 cm in diameter, varied lithology, in clusters.

(/) Wind: sand or finer, angular shards of silt to well-rounded sands, in

layers.

(g) Ice: at high latitudes, clay to boulders, angular, unweathered, some
striated, in layers.

{h) Turbidity currents: on flat areas of sea floor, silt to gravel, often graded

upward from coarse to fine, gravel usually rounded, in layers.
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29. PHYSICAL PROPERTIES OF MARINE SEDIMENTSi

J. E. Nafe and C. L. Drake

1. Introduction

The unconsolidated sediments that blanket the ocean floor are of widely

varying thickness, but seismic observations indicate that 200 to 400 m in the

Pacific (Revelle et at., 1955) and 1 km in the Atlantic (Ewing and Ewing, 1959)

are fairly typical values for deep water. At present direct observation of these

sediments is limited to such samples as may be recovered by dredging or coring

operations, for drilling has been carried out only in the shallow waters of the

coastal shelves. Knowledge of the physical properties of the great bulk of the

sediments deeper than the few tens of feet reached by coring equipment is thus

necessarily derived from geophysical observations.

The recoverable sediments of the topmost part of the sedimentary column

may be studied in detail. Physical properties, such as elastic wave velocities,

attenuation, density and thermal conductivity, are directly measurable. The

bulk properties depend ultimately on the values of other observables. These

include water content, particle density, size and shape of particles, age and

chemical composition. Measurements may be static or dynamic. They may be

carried out at elevated pressure, they may be made in various frequency ranges,

or they may sometimes be made in situ. Measured properties on small samples

are related only in some average sense to the results of large-scale measure-

ments.

It will be noted that, whether on the scale of small samples or on the scale

of seismic refraction experiments, acoustic measurements play a major role in

any study of physical properties of marine sediments. They provide direct

information on compressional-wave velocity, shear-wave velocity, impedance,

attenuation and Poisson's ratio. If density is known independently, they supply

in addition dynamic values of compressibility, shear modulus and other elastic

constants. Combined with appropriate travel-time analysis they give the varia-

tion with depth of elastic-wave velocities and, consequently, the depth variation

of any derived quantities. In certain cases, such as dispersion of elastic waves in

shallow water, some information on the depth variation of density is obtained.

Approximate depth variation of many physical properties may be derived from

velocity measurements by combining them with empirical relationships con-

necting velocity with density or velocity with porosity. These relationships are

based on experimental observation, and inferences from them are capable of

being partially checked by comparison of gravity with seismic interpreta-

tions. The existence of such empirical connections is a consequence of the

limited range of substances ordinarily occurring in sedimentary deposits and

is to be regarded as a fact of geology rather than the operation of physical

law.

1 Lament Geological Observatory (Columbia University) Contribvition No. .598.
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2. Relationships among Observables

795

The physical properties to be dealt with in this chapter are listed in Table I,

together with the symbols and units employed. Observables that specify

particle statistics or sediment type have been omitted from the table but some
will be discussed later in connection with results. Also omitted are observables

that are not properties of the sediments alone. The group velocity of a dispersed

wave in shallow water, for example, depends to some extent upon the density

and elastic properties but it is especially a characteristic of a particular depth

variation of these quantities. Heat flow is not a property of the sediments at all

except to the extent that sources within the sediments might contribute to the

total flow.

Equations relating physical properties that make possible the computation

or estimation of one quantity from measured values of others are given in

Table II. Some are generally valid both for sediments and sedimentary rocks;

Table I

Property
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with increasing frequency. Sutton et al. (1957) hfive shown, however, that over

the frequency range of from a few tens of cycles per second to one megacycle the

velocity change is not likely to exceed 1% for sediments usually encountered.

Birch and Bancroft (1938) noted no significant difference between velocities

measured on rocks at high frequency and corresponding seismic velocities. In

effect, then, particles and fluid may usually be considered to move together.

If compressional velocities are observed that are higher than predicted by the

Wood equation (Table II, equation 8), the increment will be attributed to an

increase of quantity k-\-% [x caused by compaction and cementation.

Table II

Equation Applicability Reference

. - J'^
(4/3)/^

1. 1

2. Vs = Vif^lp)

/T^\2 ^ 2(l-a)
'•

\VsJ (l-2a)

4. E ^ 3k{l-2a)

5. Q = TT/ycT

6. p = IfiPi
«

1. c = 2fiCi "

8. F2 = l/pC "

9. 1/F = IfilVi

isotropic elastic solid

isotropic elastic solid

isotropic elastic solitl

isotropic elastic solid

Bullen (1947)

Hiilien (1947)

Bullen (1947)

Bullen (1947)

rc = phase velocity „. , ^ 7 /,a..-h
plane waves-^ ^ . , Bu-ch e/:a<. (1942)

[ jf = period

general

emulsion or suspension

emulsion or suspension

(Wood's equation)

transmission perpendicular

to a layer sequence

(time-average equation)

Shumway (1960)

Shumway (1960)

Wood (1941)

Wyllie el al. (1956)

"/j = volume fraction of ith constituent (/water = ^)-

^ p and C from equations (6) and (7) respectively.

Despite the exceedingly complex nature of granular media and the multi-

plicity of processes that affect the behavior of the aggregate as a whole, it is

clear from Fig. I that some broad general trends may be discerned in the

experimental results. The Wood equation (equation 8) is an approximate lower

limit to observed compressional velocities for a given porosity. As Wyllie,

Gregory and Gardner (1956) have pointed out the time average equation (equa-

tion 9) is a fair representation of the main trend of observations for consolidated

sediments. The spread of observations is sufficiently limited that rough pre-

dictions of porosity and density may be made if velocity is known. Thus, if

the compressional velocity is 4 km/sec, it is unlikely that porosity wiU be

outside the range 0.15 to 0.25 no matter what other attributes the sediment may
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have. From equation 6 (Table II) density is a linear function of porosity

provided the individual grains of the sediment are all of one kind. Nafe and
Drake (1957) have shown that nearly the same straight line would fit the

observations for sandstones, limestones, shales and ocean sediment cores. A
])orosity range of 0.15 to 0.25 means that density is in all likelihood between
2.3 and 2.5 g/cm^. Thus the similarity of particle densities in common sediment-

forming substances leads to great simplification in empirical description of

physical properties.

.^ 3

2-

1
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3. Methods of Measurement

Among the methods described below some are direct measurements and

some yield information on physical proj^erties only through a comparison of

experiments and theory involving observables other than the ones sought. Thus,

velocity may be measured by direct timing or it may be determined indirectly

by comparison of measured with computed curves of phase velocity as a func-

tion of period. It is not intended to provide a comprehensive summary of

available methods but rather to indicate some that are typical and that are

currently in use. Methods of static determination of elastic constants are not

included on the grounds that they are adequately treated elsewhere. Moreover,

results are frequently incompatible with observed velocities, which depend on

djmamic values. Particular notice is given to methods having special advantages

for use at sea.

A. Density, Porosity and Average Grain Density

These three quantities have been measured (Sutton ef al.. 1957; Hamilton

et al., 1956) directly for sediment samples by weighing a sample of known
volume and reweighing after drying at 100° to 115°C.

Then

P = wiv

Rg

Dp,r

W{pulp)-W + D

W-D\
_p_

Piv
* - (^)

where W and D represent wet and dry weights respectively, p„- the density of

water, pg the average grain density and V the original volume. Alternative

expressions may be written by replacing W by Vp.

Sutton et al. (1957) have described a method for measuring bulk density that

is particularly useful aboard ship where accurate weighing is not possible. The

density of a known volume of sediment from a freshly obtained core was

determined by suspending the sample beneath a modified spirit hydrometer in

distilled water. The sample was obtained by inserting a small cyhnder into the

core, at the same time holding a piston fixed at the core surface to prevent

compaction of the sample. After density measurement, samples were preserved

in sealed containers so that dry and wet weights could also be determined in the

laboratory for determination of pg and an independent measurement of p.

Hamilton et al. (1956) have described underwater density sample collection

by a diver. A metal tube, after insertion into the sediment, was sealed at the

top by a plastic disk. Another disk was placed at the bottom of the tube by

burrowing down along the side. As the methods of Hamilton et al. and Sutton

et al. suggest, it is important to avoid any compaction in the process of samjDle

collection. An excellent example of the distortion in length that can be produced
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by the act of samjiling is shown by Ericson and Wollin (1956). They compare the

lengths of corresponding intervals of cores taken with and without a piston.

Nearly a 50% reduction in length occurs in the upper part of the core taken

with no piston.

B. Compressional Wave Velocities and Attenuation

The methods of seismic refraction have been described elsewhere in this book

and consequently will not be repeated here. It is sufficient to remark that

compressional velocities and thicknesses of principal layers, and sometimes

shear velocities, are obtained by this method. Since frequencies are typically of

the order of 100 c/s (wavelengths of the order of 20 m) and path lengths within

the sediment may be many kilometers, the resulting velocities are average

values over large volumes of material.

Velocity measurements on sediments in situ were reported by Hamilton et al.

(1956). This was accomplished by insertion of two probes each with a barium
titanate transducer into the sea floor by a diver. The probes were 1 ft apart

and penetrated to a depth of 6 in. Velocities were then measured by direct

timing of 100 kc/s pulses.

Sutton et al. (1957) measured sound velocities in freshly obtained cores by
direct timing of an acoustic pulse across the diameter of the core. A velocity

standard was used to obtain the origin time of the transmitted pulse.

Velocity measurements by direct timing, though not on marine sediments,

have also been described by Hughes (1957), Paterson (1956) and Wyllie et al.

(1956). Laughton (1957) and Kershaw {in litt.) have employed direct timing

methods to study the effect of compaction on physical properties of marine

sediments.

Shumway (1956, 1960) measured both compressional velocity and attenua-

tion by exciting axial modes of oscillation in sediment samples contained in

thin-walled plastic cylinders. The values of velocity reported by Shumway were

obtained by comparison of resonance frequencies for a given mode of a sediment-

filled container with that from a water-filled container. Attenuation was

measured by determining the Q of the system from the resonance widths at

half power points. Toulis (1956) has derived equations relating Q and the

resonance frequency to the attenuation and sound velocity respectively for this

system. He has also shown how to introduce corrections for finite thicknesses of

the cylindrical container.

C. Shear-Wave Velocities

Although there is no doubt that shear waves occur in marine sediments, there

are many practical difficulties to overcome in measurements and few reliable

observations have been made. The coefficient of rigidity is normally so small

that measurements by direct timing on recovered samples have been accom-

plished only under elevated pressure. Laughton (1957) measured shear-wave
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velocities in a sample of Globigerina ooze compressed between porous disks.

Shear waves were observed at pressures above 500 kb/cm^ on the initial

compression. On decompression shear waves could be identified at pressures as

low as 64 kg/cm^. Indirect evidence from seismic refraction measurements for

the existence of shear waves in marine sediments has been reported by Nafe and

Drake (1957). An excellent measure of an average sedimentary shear-wave

velocity is to be found in the dispersion of oceanic Love waves and higher mode
Rayleigh waves. The observed periods and low values of group velocity near the

group velocity minimum cannot be accounted for without assigning a rigidity

to the sedimentary column. According to Oliver and Dorman (Chapter 8)

an average shear velocity between 0.25 and 0.60 km/sec is required.

D. Dispersion Analysis

Surface waves traveling in a layered half space are, in general, dispersed

with phase and group velocity determined by the depth variation of elastic

wave velocities and density. Normal mode propagation in shallow water, and

Rayleigh and Love waves in the crust and upper mantle of the earth are familar

examples of such dispersed wave trains. The dispersion may be computed from

an assumed structure. By comparison of observed with computed phase and

group velocities the validity of the assumed velocity-density depth variation

may be tested. A comprehensive treatment of layered media is to be found in

Ewing, Jardetsky and Press (1957).

There are numerous examples of dispersion studies relating to shallow-

water sediments. Pekeris (1948) has computed dispersion for a number of

two- and three-layer cases, each layer being assumed liquid and of constant

density and velocity. Press and Ewing (1950) and Tolstoy (1954) have treated

the case of a liquid over a semi-infinite elastic solid. Tolstoy (1960) and Sato

(1959) have considered cases of continuously varying material properties.

The most detailed dispersion studies involving properties of sediments apply

to shallow water. Some work yields information on deep-water sediments.

Oliver et al. used the fluid thickness indicated by Rayleigh-wave dispersion

across ocean basins to estimate average sediment thickness. Katz and Ewing

(1956) identified a constant-frequency arrival occurring on deep-water refrac-

tion records at ranges of the order of 60 km as a wave propagating for part of its

path in a thin layer just below the water-sediment interface with a velocity

lower than that in the water. Much more information on deep-water sediments

may be expected in the immediate future as machine computations of dispersion

for a wide variety of assumed structures become available for comparison with

observations.

E. Thermal Conductivity

Thermal conductivity has been measured both by steady-state and transient

methods. Ratcliflfe (1960) described apparatus for steady-state measurements
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for a few ocean sediments. He used two disk-shaped samples of like dimensions

with a disk-shaped . heat source between them. The sediment samples were

confined in ebonite rings. The ends of the sediment disks opposite the heat source

were cooled by circulating water. The apparatus was subjected to a vertical

load to ensure good thermal contact and the whole apparatus was surrounded

by glass wool insulation to reduce loss of heat at the edges. From the dimensions,

power input and temperatures at the hot and cold end plates, the thermal

conductivity was determined. Zierfuss and van der Vliet (1956) employed a

steady-state method to measure thermal conductivity of sedimentary rocks.

They also used cylindrical samples but arranged in such a way that all of the

heat passing through the sample passed also through a crown glass standard.

Thus the only measurements required were of temperature gradient in sample

and standard. The ratio of the thermal conductivities is then equal to the in-

verse ratio of the temperature gradients. Zierfuss and van der Vliet depended

for shielding on a heated glass tube having temperatures at all points very near

to those at corresponding points of the sample and standard. In this way
edge losses were minimized.

Von Herzen and Maxwell (1959) measured thermal conductivity on freshly

obtained cores by insertion of a small needle probe containing both a heating

element and a thermistor. The needle constitutes basically a line source and,

after a sufficiently long time, the measm-ed temperature varies linearly with the

logarithm of the time. The slope of the line is qj^TrK, where q is the heat input

per unit length of cylinder and K is the thermal conductivity. For validity of

the linear relationships the time must be large compared with the square of the

probe radius divided by the diflfusivity (diffusivity = A'p x thermal capacity).

The probe used by Von Herzen and Maxwell was constructed from a hypo-

dermic needle 6.4 cm long and 0.086 cm in diameter. The power input was of

the order of 2 W and the time required for measurement was 10 min or less.

Measurements compared favorably with steady-state measurements carried out

on selected samples. For application of measured values to heat-flow deter-

mination, corrections for change of temperature and pressure between place of

measurement and the sea bottom are required. These corrections are discussed

by Bullard et at. (1956). They amount to a 5 to 10% reduction on account of the

temperature decrease and something less than a 3% increase to correct for

pressure.

4. Summary of Results

A. Density-Porosity

In Fig. 2 are plotted measurements of density as a function of porosity for

water-saturated sediments and sedimentary rocks. For a two-component

mixture of fluid and particles of a single kind, the relationship is necessarily

linear. It is remarkable that when observations are plotted without regard to

sediment type the observed points come so close to fitting a single straight fine.

In the figure are plotted some 300 points representing measurements on lime-

stones, dolomites, sandstones, shales, clays, sands, gravels and ocean sediments.

27—s. Ill
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Measurements have been taken from Birch, Schairer and Spicer (1942), Hamil-

ton et al. (1956), Shumway (1960), Sutton et al. (1957), Kershaw {in litt.) and

others. The range of porosity vahies is to 0.25 for hmestones, to 0.4 for

sandstones and to 0.5 for shales. Clays, sands and gravels cover the middle

range from (/) = 0.2 to 0.6. Ocean sediments range from = 0.4 nearly to 0.9.

Deviations from the straight line drawn on the figure are greatest in the case of

limestones and dolomites. Of all the points plotted, two-thirds lie almost

on the line and the remaining one-third lies above the line. A few large devi-

ations occur in the middle range of porosities for clays and gravels but even

most of these lie close to the mean line.

E
0» (O
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from a variety of sources. In Fig. 3 observations are distinguished according to

sediment type. It wiU be noted that most of the observations fall within the

n = 4: to n = 6 range defined by the equations of Nafe and Drake. Since these

equations roughly take into account the effect of grain-to-grain contacts, they

do not fit the distribution of observations on uncompacted samples. On the

other hand, they do outline the main trend of points and in particular fit well

to trajectories on the F-^ graph of artificially compacted sediments. It is clear

.^3-
o

>

Fig. 3. Compressional velocity-porosity data for sediments and sedimentary rocks com-
pared with empirical equations of Nafe and Drake.

from Figs. 1 and 3 that many samples can be found for which the observed

points lie close to the Wood equation even at low porosity. Observations suggest

that initial distribution on the V-(f) plot is governed by the Wood equation but

that subsequent compaction and cementation have the effect of displacing the

points upward along the direction of the curves shown in Fig. 3.

The occurrence of measured velocities less than water velocity is now well

documented. Katz and Ewing (1956) found evidence of a low-velocity layer at

the top of the sediments on twelve seismic refraction stations in the Atlantic
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Ocean basin west of Bermuda. Similar conclusions were reported by Officer

(1955) on the basis of wide-angle reflection studies. Hamilton (1956) and Sutton
et al. (1957) have observed velocities less than water velocity on recovered

sediment samples. Such low velocities are not to be confused with much lower

values that occur in gassy sediments. The effect is caused by initial loading of

the fluid by particles of higher density in the high-porosity range. Within the

experimental error the reduction of velocity is just that predicted by the Wood
equation. Lowest measured values are about 1.45 km/sec.

Porosity is clearly a major factor in determining compressional velocity as

Figs. 1 and 3 indicate. The scatter about the main trend may be partially

understood by examination of the effects of other variables. Sutton et al. (1957)

carried out a detailed study of a group of cores from a variety of environments

in the Atlantic Ocean. They measured median grain size, porosity, carbonate

content, sorting coefficient, density, average grain density and salt content

with the aim of determining separately the influence of each variable on sound
velocity. Using a multiple regression analysis involving as variables, porosity,

carbonate content and median grain size, they found the velocity to increase

with decreasing porosity and increasing grain diameter and carbonate content.

Shumway (1960) in a study of a group of samples from the Pacific and Arctic

Oceans found a positive connection between velocity and the porosity and
between the grain size and porosity. Unlike Shumway's samples those described

by Sutton et al. showed no strong correlation between porosity and grain size.

Thus the effects of grain size and porosity on velocity could be clearly separated.

In the high-velocity region shown in Fig. 3 it should be noted that limestones

lie for the most part above 4.5 km/sec and sandstones between 3.5 and 5 km/sec.

The choice of 6 km/sec for the upper limit of the plotted curves is arbitrary. As
the density data will show, some observations on limestones and dolomites

occur at velocities as high as 6.5 to 7 km/sec. The dependence of measured
velocities on temperature and pressure has been discussed by Shumway (1956)

and Sutton et al. (1957). The change with temperature results almost entirely

from the change of velocity of the water fraction. Change with temperature
for a deep-water sample raised to the surface is approximately the same, though
opposite in sign, as the change with pressure. Since bottom- and surface-water

velocities differ by about 1% the in situ velocity should differ from that

measured on deck by about the same amount.

C. Compressional Velocity-Density

Velocity-density data for sediments and sedimentary rocks are shown in

Fig. 4. Included in the figure are results for most of the samples plotted on the

velocity-porosity figures. Independent measurements of density were made for

most of the ocean sediments occurring in the low-velocity range and for most of

the values at very high velocity. Points representing artificially compacted
sediments have been derived from measurements of volume of expressed water

together with a measurement of initial density. The curve drawn through the

points is intended only as a fair indication of the main trend and one that may
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serve to provide estimates of density from velocity in the absence of any other

information. Cracking of samples or the presence of small amounts of gas in

samples of ocean sediments will have the effect of reducing velocity for a given

density, and anhydrites have exceptionally high densities for a given velocity.

In drawing the curve of Fig. 4, therefore, relatively less weight was given to

observations for which velocity reduction or density increase from such causes

is a possibility.

Density (g/cm^)

Fig. 4. Conipressional velocity as a function of density. Most observations on ocean sedi-

ments lie below 2 km/sec in velocity.

All points plotted in Fig. 4 represent observations on water-saturated

materials. Those published values for which the degree of saturation was not

indicated have been omitted.

It is interesting to note that when data for igneous and metamorphic rocks

are plotted together with those for sedimentary rocks the velocity-density

curve may be continued upward to higher velocities with no noticeable offset,

though the curve has a slight decrease in slope.

D. Shear-Wave Velocities and Poisson's Ratio

The information that exists on shear-wave velocities in marine sediments

consists mainly of direct measurements by Laughton (1957) on artificially
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compacted sediments, the occurrence reported by Nafe and Drake (1957) of

refracted arrivals consistent with the supposition that they propagated over

part of their path a's shear waves, and the evidence of Oliver and Dorman
(Chapter 8) that higher mode Rayleigh- and Love-wave dispersion is affected by

sediments having a shear-wave velocity of 0.25 to 0.60 km/sec. Hamilton has

computed values of rigidity by attributing the discrepancy between observed

compressional velocities and those predicted by the Wood equation as arising

entirely from rigidity. Actually, an increment to the incompressibility may also

be a contributing factor so that Hamilton's values are in fact upper limits to the

rigidity. The available information is summarized in Fig. 5 on a graph of Pois-

son's ratio plotted against porosity. Poisson's ratio is related to shear velocity

0.5

0.4

fT 0.3!

0.2

0.1
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upper limit except at low porosities. Seismic refraction data normally yield

values of a higher than 0.25. Limestones at low porosity tend to group around

0.30. Evison (1956) has measured a value of ct for concrete of 0.20 at low porosity.

Thus considerable scatter may be expected.

The degree of water saturation is especially important in determining a, for

unsaturated sedimentary rocks actually show a decrease of a with increasing

porosity rather than an increase as do saturated rocks.

E. Thermal Coriductivity-Porosity

Observations of thermal conductivity for ocean sediments and sedimentary

rocks are plotted against porosity in Fig. 6. They are compared with computa-

40 60

Porosity

Fig. 6. Thermal conductivity-porosity data for ocean sediments, sandstones and lime-

stones compared with theoretical curves adapted from Parasnis (1960).

tions of Parasnis (1960) for thermal conductivity of mixtures of particles and

fluid for two convenient choices of particle shape. The results are applied in one

case to the particles of quartz and in the other to calcite. While shape is an

important factor there appears also a clear separation of materials according to

composition as is shown by the data for sandstones and limestones.

Conductivities of ocean sediments are principally affected by the water

content, as has been pointed out by RatcliflFe (1960) and Bullard et al. (1956).

F. Selected Values of Other Measured Physical Properties

Table III provides a selection of values of physical properties for ocean

sediments from a number of different marine environments measured by
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several different methods. These vahies are not necessarily typical. The table

has been constructed to give at least one value of each quantity listed, to illus-

trate measurements at high and low porosity, to compare shallow-water and

deep-water environments to show changes with frequency and to provide some

indication of results that may be expected for different sediment types. Num-
bers in brackets are not directly measured but are derived through one or

other of the formulae in Table II. Although most of the observations were

made on marine sediments a few entries for non-marine sediments have been

added at the bottom of the table to illustrate unusual situations, such as

inclusions of gas, or to provide estimates of probable values where actual

measurements on marine sediments are few or lacking altogether. It is parti-

cularly important to assemble information on shear-wave velocities.

The only values of impedance listed are those of Hamilton et al. (1956).

These are not measured but are derived by taking the product pV. It is

probably better to find impedance by taking this product than to derive it

from a measured reflection coefficient, for measured reflection coefficients

are almost invariably complicated by the occurrence of multiple reflections

with a consequent increase in the apparent value of the impedance. The

error so introduced is much more serious below 1000 c/s than it is above that

frequency.

Velocities derived from critical angle reflections and sub-bottom reflections

(Katz and Ewing, 1956) doubtless apply not to sediments close to the water-

sediment interface but to those at some distance below. On the same refraction

profiles leading to the tabulated numbers there was clear-cut evidence for the

existence of a layer close to the interface with a velocity less than water

velocity.

The frequency dependence of the attenuation coefficient y is of particular

interest. Shumway (1960a) has reported y to be proportional to /^'^ for 65

samples with a standard deviation of 0.98 for the exponent. Measurements were

made in the frequency range 20 to 40 kc/s and attenuations apply to compres-

sional waves. At much lower frequencies, though not for ocean sediments,

McDonal et al. (1958) have observed an approximately linear dependence of

attenuation on frequency, the attenuation in dB per thousand feet being 1.05/

for horizontally traveling shear waves from 20 to 152 c/s and 0.12/ for vertically

traveling compressional waves from 50 to 450 c/s. Their measurements were

made in bores in the Pierre Shale. Since the exponent may depend on the degree

of water saturation (Born, 1941) this example is introduced mainly to illustrate

the fact that attenuation for shear waves may differ widely from that for

compressional waves.

It will be noted that in not one single instance have measurements been made
of all the quantities of interest. In fact, it is frequently the case that in publica-

tion of results no clear indication is given of the degree of water saturation,

though all evidence points to degree of saturation and water fraction as the

most significant variables in determining physical properties. All quantities

listed for ocean sediments apply to cases of 100% saturation.
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G. Depth Dependence of Compressional Velocity

Evidence for depth variation of compressional velocity in marine sediments

is derived from reflection and refraction measurements. Arrivals reflected at a

sub-bottom interface or refracted in the upper part of the sedimentary column
commonly show the effects of gradients ranging from 0.5 to 2 sec~i. Hill (1952)

observed gradients of the order of 2 sec~i in the eastern Atlantic. Officer (1955)

reported reflections at a location northeast of Bermuda that indicated an average

gradient of about 1.0 sec-i. Katz and Ewing (1956) reported gradients of about

2 -

•
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be expected, for processes of cementation occurring over an extended time

interval should have the effect of increasing the velocity.

In Fig. 8 points representing observed velocities are distinguished according

to locality. The observations from deep-water stations appear to have velocities

o North Atlantic - shallow

X North Atlantic - deep

• Bloke Plateau

• Gulf of Mexico - shallow

Gulf of Cadiz- shallow

• Bloke Ploteou area - deep

n Gulf of Mexico - deep

4 6

Depth of burial (km)

10

Vip. 8. ( 'oinpressional velocity-depth of burial data derived from seismic refraction

measurements. The indicated dejath of burial does not include water depth. The
slowest rate of increase of velocity with depth occurs in the case of deep-water sedi-

ments (water depth > 2000 fm).

distinctly lower than those from shallow-water stations with the same depth of

burial. It should be pointed out that most shallow-water observations in Fig. 8

are from the continental shelf of northeastern America. Shallow-water environ-

ments with velocity-depth curves similar to those for deejj-water sediments are
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known to exist. The equations given in the figure are not significant in them-
selves. They are simply convenient representations of the main trends of the

data. Velocities observed on the Blake Plateau, east of Florida, are higher than

those at corresponding depths of burial elsewhere in the shallow waters of the

North Atlantic. This is probably a consequence of the high carbonate content

of the sediments of the Blake Plateau and is consistent with the observation

that, for a given porosity, sediments of high carbonate content have higher

velocities than those of low carbonate content. Fig. 8 suggests, as do the

velocity-porosity data, that the zero porosity limit for the velocity of commonly
occurring sediments is near 6 km/sec. Additional evidence for the existence of

this approximate velocity limit may be seen in the trend of deep-water points

at depths of burial greater than about 1.5 km. The trend to much higher

velocities below 1.5 km may be a consequence of loading of the sediments by
the water column when water-filled interstices are isolated from each other and
do not have free access to the sea.

Nafe and Drake (1957) have suggested that in deep water the principal con-

tribution to the increase of velocity with depth is that of compaction alone.

Many other processes can occur in a shallow-water environment such as circu-

lation of water, deposition of solid material in the interstices between particle

grains, and erosional unloading. All would tend to increase the compressional

velocity. Thus, in a shallow-water environment, velocity might well increase at

a greater rate with depth than in deep water. It is unlikely that the rate of

increase could be less.

5. Conclusions

Consideration of available observations together with data on sedimentary
rocks suggests that a known value of one quantity may limit the range within

which values of other quantities are likely to be found. Estimation of such
limits may be useful in determining the consistency of results of measurements
of different kinds. For example, densities to be used in gravity interpretation

have been assigned in accordance with seismic measurements of- velocity.

However useful, estimation is not measurement, and much more detailed

information is needed on marine sediments. The close connection between
density and porosity seems well established. Very little is known about shear

velocity or about attenuation at low frequency. Compressional velocities are

easily measured for near-surface samples but direct measurements of velocity

as a function either of density or porosity at points well within the compacting
sedimentary column are needed. Artificial comjDaction experiments suggest that

the trend of observations will be roughly that of the /i = 4 to n = Q curves of

Fig. 3.

The value of a physical quantity is in a sense a function of the use for which
that quantity is required. A static determination of Young's modulus, as Evison
(1956) has pointed out, may differ widely from the Young's modulus obtained

dynamically through substituting into equation (4) constants found by mea-
suring compressional and shear velocities. Indeed, the dynamic value of Young's
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modulus found by timing compressional and shear velocities over 100 ft of

sediment in situ may differ widely from that obtained by measurements on a

hand sample in the laboratory. If interpretation of seismic data is to provide in-

formation on sedimentary structure, then the physical constants most needed are

dynamic values and values determined by relatively large-scale measurement.
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30. AGE DETERMINATION IN SEDIMENTS BY
NATURAL RADIOACTIVITY

F. F. KoczY

1. Introduction

The exact method of age determination in geology is based on the decay of

radioactive elements. The simple mathematical expression for this process is

given by the differential equation stating that the number of atoms of a

radioactive isotope disintegrating per time unit is linearly proportional to the

existing number of atoms and independent of exterior parameters

:

dN/dt = -XN, (1)

where N is the number of atoms present and A the decay constant. By integra-

tion we obtain the following equation:

N = iVoe-^«-«o), (2)

where No is the number of atoms at the time ^o, and N the number of atoms at

the time t.

The radio-nuclides used for the purpose of age determination belong to three

categories, as follows: (1) The three natural radioactive series: uranium, prot-

actinium and thorium; (2) the natural radioactive elements: potassium-40

and rubidium-87; and (3) cosmic-ray-produced radio-nuclides. The elements

belonging to the two latter categories generally decay by one step into a stable

isotope, but the three natural radioactive series cover all the heavy elements

down to lead.

The time span (t — to), of particular interest in deep-sea research, is the time

elapsed since a given sediment layer settled on the ocean floor. Other ages

important to know include the time when the sediment entered the ocean, and,

of further significance, the age of the formation of rock material found in the

sediment on the ocean floor.

In order to be able to determine an age, it is obvious that two parameters

must be known : one connected with the time of formation of the investigated

material, the other with the present time representing a reference point. In the

most simple cases, these parameters are No, the number of atoms present t

years ago, and Ni, the number of atoms present now. The first of these para-

meters has to be determined in some way other than by direct measurement,

whereas the latter is accessible to precise measurements. One of the problems

of age determination is connected with this indirect evaluation, which is

usually dependent on certain assumptions that cannot always be established

as valid.

A further problem is encountered through the fact that, in most cases, we can-

not determine the number of atoms without relating it to a volume or a mass.

Only concentrations of radioactive elements in the sediment, therefore, can be

[MS received April, 1961] 816
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measured. Variations in the concentration of these elements are caused by the

decay as well as the differences in the rate of sedimentation. This difficulty is

serious when the addition of the radioactive elements to sediments is governed

by a process independent of sedimentation.

86 87 88 89 90(Th) 91(Po) 92(U)

a

81(TI) 82(Pb)-- 83(8i
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(a) If Ai is much smaller than A2, Nq^ —^ N^ and the equation can be approxi-

mated as follows:

i\r2 = mi^{l-e-'2(),
A2

(4)

which gives the formula for age as

1

a;'"
'

^2A2\
(5)

where Nq^ is the initial amount of the decaying nuclide and N^ the nuclide

produced. This method is applicable when one of the long-lived nuclides, such as

uranium or thorium, is incorporated without daughter products in a mineral.

0.5 1.0 2.0 2.5 3.0 3.5 4.0

Ag/.

Fig. 2. Age determination with the aid of the ratio of two radioactive elements from the

same series where the decay constant of the daughter product is large compared with

the decay constant of the parent element. The ordinate gives the ratio of activities

of the two radio-elements. The abscissa gives the time scale in non-dimensional units

as multiples of mean lifetime.

The produced nuchdes with half life large enough to be used for the purposes of

marine geology are, in that case, ionium (230Th), protactinium (23iPa) and

radium (228R,a, 226^^).

(b) In the case where Ai is much larger than A2 the equilibrium equation is

approximately

N'^ NoHl -^,f
),

but as No'^^Nh^i', we obtain as a formula for the age

iV2\
t i-i 1 + NK

(6)

(7)

where the same notation is used as above.

This equation is used when a radio-nuchde produces a stable isotope, such as

potassium-40 giving argon-40, and rubidium-87 producing strontium-87. The
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Fig. 3. Age determination using the ratio of two elements from radioactive series for the
case when the decay constant of the parent element is much larger than the decay
constant of the daughter element. The ordinate gives the ratio of the two radio-

isotopes. The abscissa gives the time scale in non-dimensional imits as multiples of
mean lifetime.

same equation is applicable when the production of lead is used in age deter-

mination by the use of the natural radioactive series.

B. Theoretical Method of Age Determination, Type 2

When two isotopes of the same element are radioactive and each forms a new
radioactive element, the ratio of the radio-isotopes produced can be used for

age determination. A condition is that the ratio of the two isotopes of the parent

element is constant in nature. This is nearly always true of elements with a
high atomic weight. The decay equation of each of the isotopes is

iV«2 = :^iVi(l_e-M)
A2

and iV<4 = ^iV3(l -A,(
). (8)

By taking the ratio of these two, we obtain

iV^ _ AiA4iVi (l-e-^2«)
(9)

When the ratio of the parent isotopes is constant, when concentrations are given

in units of per cent-equivalent, and when the precipitation is faster than 1000

years, we obtain an equation for the age:

t =
X2 — A^

In
A2 Nt^

(10)
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In this equation, A^o is eliminated and we are able to use this method for

absolute age determination without making any theoretical assumption. The
uranium isotopes, 235 and 23S, produce protactinium-23] and thorium-230.

The ratio of the latter permits the determination of age when the two elements

have been separated from their mother elements.

ivir=

l.lj

0.8
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An improvement of this method, as proposed by Lai {in litt.), is obtained

when the ratio of two cosmic-produced isotopes, such as 26A1 to ^^Be, can be

employed.

For the natural radio-isotopes, the ratio of ionium to thorium has also been

used. The use of this ratio is possible when it is assured that only thorium,

which is precipitated from sea-water together with ionium, is measured.

I

Fig. 5. Decay of radioactive substance. The ordinate gives tlie latio of the original amount
of the radio-nuchde to the amount left after a certain time. The abscissa gives the

non-dimensional units indicating the time as multiples of mean lifetime.

3. Geochemical Considerations

The basic condition for all age determinations is the elimination or addition

of radio-nuclides to a closed system which, after the completion of the processes,

does not exchange with the surroundings. Age determination in marine sedi-

ments is based on the same principle. Because the sediments are a mixture of

many components of different origins and different histories during the trans-

port to their final burying ground on the ocean floor, many difficulties arise.

In the following sections, some of the most important processes that have a

bearing on age determination are discussed.

A. Thorium

As early as 1908, Joly had found a high radium content in sediment samples

he had received from the Challenger Expedition. Hans Pettersson gave the

right explanation in 1937 by suggesting that ionium (230Th) is precipitated in

the ocean and added to the sediment. His hypothesis was confirmed by Koczy
et al. (1957) and later reconfirmed by Sackett, Potratz and Goldberg (1958).

The yield of separation of sso^h from sea-water was more than 98%. It is

believed that it is as high as 99.8%. If we assume that the uranium content of

ocean water is 3 x 10"^ g U/ml and that the produced ionium is evenly spread

over the ocean floor, about 1.9 x 10~i3 g saoTh is precipitated per square centi-

meter per year on the ocean floor. The first assumption, based on several
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measurements by Rona et al. (1956), Stewart and Bentley (1954) and Hecht

et al. (1956), gives values of 2.5 to 3.3 by 10~^ g U/ml. The second assumption is

a crude approximation and valid only when a constant depth of the ocean is

assumed.

The ionium precipitation is constant as long as the uranium content in ocean

water is constant and the pH value of ocean water is about the same as at

present. But it is unlikely that the uranium concentration is constant in the

ocean, since the amount of uranium transported to the ocean is rather high

(8 X 10~^ g/cm^ per year) as compared with the amount of the uranium contained

in a water column of 1 cm^ base (12.6 x lO"* g). (See later discussion of uranium.)

The mechanism involved in the precipitation of thorium is not very clear.

Pettersson (1937) assumed co-precipitation with iron. Holland and Kulp (1954)

assumed adsorption on clay. Arrhenius et al. (1957) also mentioned incorporation

into bone structures. Thorium-232 is a thorium isotope found in greatest abun-

dance in sea-water. It has not yet been possible to obtain exact values, but

only an upper limit of the concentration. According to the measurements by

Koczy et al. (1957), this is 2 x IQ-ii g Th/ml. The thorium content of fresh

water is so small that it has not yet been possible to determine it. It is believed,

therefore, that the thorium content found in sediments must be transported while

incorporated in the minerals which settle on the ocean floor, as the following cal-

culation will substantiate. The thorium content in the deep-sea sediment is about

5 to 10 x 10-6 g Th/g. If we assume a rate of sedimentation of about 1 g sediment

per square meter per year, about 5 to 10 x 10-^ g Th must be transported per

square meter per year to the sea. This would make necessary the conclusion that

the thorium content in fresh water is one order of magnitude higher than the

upper hmit estimated. Further thorium measurements in river water are

necessary in order to substantiate this conclusion.

B. Uranium

Selective enrichment of uranium is known to occur by the formation of corals

and oohtes (Barnes, Lang and Potratz, 1956; Tatsumoto and Goldberg, 1959).

In these calcareous organic remains the growth of thorium-230 and protactin-

ium-231 from the parent elements uranium-235 and -238 and the age of the

formation of the carbonate can be determined by the formulas given above.

Uranium is also enriched in many of the sediments formed under reducing

conditions.

The uranium content of deep-sea sediment is generally lower than in sedi-

ments found on the continent or in the rocks where it originated. On the other

hand, black shales and sediments in land-locked water show a rather high

uranium content (Strom, 1948; Koczy, Tomic and Hecht, 1957). It may,

therefore, be concluded that uranium is leached from the inorganic material

formed in the deep-sea sediment and enriched in some shelf sediments. This

process makes the uranium content in sea-water dependent on the distribution

and the character of shelf sediments. Variation by a factor of 2 may occur during
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a period of 200,000 years. It should be evident that the variation of sea level

during the fluctuations of the Ice Age had a pronounced effect on the uranium

content of sea-water. During maximum glaciation, the area favorable for

uranium precipitation would be considerably smaller than during the inter-

glacial stages. In addition, the uranium in the layers where it was concentrated

would be oxidized and could consequently be transported in solution to the

ocean.

C. Radium

Radium is found in excess over ionium in sea-water (Koczy et al., 1957).

Further ionium determinations are necessary, however, in order to substantiate

this statement, since it is based on the determination of the thorium isotopes in

North Sea water and in one sample of Pacific deep-sea water (Sackett, Potratz

and Goldberg, 1958). The explanation for this high radium content in sea-water

was given by Koczy (1954). He assumed it is supplied from the ocean floor. In

favor of this explanation is the deficit of radium in the surface layer of sedi-

ments (Picciotto and Wilgain, 1954; Picciotto, 1960). An attempt was made to

determine the rate of diffusion of radium in sediments by Koczy and Bourret

(1958), They were able to establish the equation for the distribution of the

radium content in a sediment layer under the assumption that the rate of

sediment precipitation, the rate of ionium precipitation, and the rate of radium

diffusion are constant:

c{x) = coe-^WD)+—-J^—- [e-x^WD)-e~^^/% (13)
{ixivyD — A

where c{x) is the radium concentration at depth x, A is the half life, D is the

effective diffusion coefficient, /u, is the decay constant of ionium, v is the rate of

total sedimentation, and T is the ionium content. This formula was applied to

the radium distribution of a core measured by Piggot and Urry (1942) and
remeasured by Volchok and Kulp (1957). The upper part of the curve allows us

to determine the diffusion rate of radium, the lower part of the curve gives the

rate of sedimentation. In this particular core, the maximum rate of diffusion

was found to be of the order of 10~9 cm-/sec. Thereby, it was assumed that about
IQ-io g radium are given off to sea-water from the sediment per square meter

per year. The low value of the radium diffusion indicates that radium is rather

strongly adsorbed on clay. The ratio of the radium in solution in the interstitial

water to the radium adsorbed must be about 1 to 10,000. Consequently, the

transport of radium from sediments to sea-water must be rather dependent on

the adsorption rate. The rate of radium release from the ocean floor was deter-

mined from the radium distribution close to the water-sediment interface and

also from the total amount of radium that has to be sustained in sea-water.

The calculation made for six different stations during the Swedish Deep Sea

Expedition gave a value of the same order of magnitude, i.e. between 100

and 180xl0~i2 g radium/m- per year. Further studies of the geochemical
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processes near the sediment-sea-water interface will have to be carried out to

obtain better understanding of the radium release.

Radium is also built into carbonate shells (Koczy and Titze, 1958). The

radium content varies between 0.014 to 0.136 x 10~i2
g/g. The highest radium

content was found in a fresh plankton sample mainly composed of diatoms that

contained 0.275 x 10~i2
g/g. It is, therefore, evident that the radium content

of sea-water is depleted in the surface layer by incorporation in organisms and

may be released by solution of the organisms when they are slowly sinking in

the ocean. Further investigation of the effect of this process on radium distri-

bution has to be made.

1/ = 1 X 10~2 cm year
^

3

Years (x 10^)

Fig. 6. The distribution of radium with the depth m a sediment layer. The settUng rate of

the sediment is assumed to be constant at 1 x 10~3 cm per year. It is further assumed

that a constant amount of radivim diffuses out from the sediment into the ocean water

and the rate of ionium precipitation is constant during the time and corresponds to

the total ionium produced in the water column of average depth containing 3 x 10~6

grams uranium per liter. The different curves indicate the distribution assuming

different rates of diffusion from D = to D= 10 cm^ per year. The depth in the sedi-

ment is given as the time when the respective layer of sediment was settling.

D. Carbon-14 and Beryllium

The composition of sea-water with respect to carbon-14 has been rather

intensely studied and a summary is given by W. Broecker in Volume 2 of this

work (Chapter 4). Carbon-14 enters into carbonate shells formed in the ocean

in a certain ratio to carbon- 12 which is determined by isotopic fractionation.

Beryllium- 10, which is added to the ocean from the atmosphere, follows the

geochemistry of beryllium in ocean water. No specific survey has been carried

out, but it can certainly be assumed that the main part of beryllium contained

in deep sediments has been transported in mineral resistates and only a small
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amount- has been in ionic solution in sea-water. Although it has been employed,

the ratio of loge to "Be is a very uncertain isotope ratio to be used for age

determination.

4. Practical Methods of Age Determination

The few methods available that allow us to determine the time period

elapsed since a component of a sediment layer reached the ocean floor are

not generally applicable. Some of them are limited to a single component, which

may be the carbonate or the clay; some do not work in shallow-water sediment;

and unproved assumptions are often made for others. The theoretical equations

applied and the geochemical processes involved are discussed above. In the

following section, the methods in practice are described.

A. Cosmic-Ray-Produced Radio-nuclides

a. Carbon-14

This method was first used by Arrhenius, Kjellberg and Libby (1951) for a

Pacific core taken during the Albatross Expedition. Further determinations on
deep-sea samples were carried out by Rubin and Suess (1955), Rubin (1956),

Ericson, Broecker, Kulp and Wollin (1956), and Broecker, Ewing and Heezen
(I960). It is assumed that the ^^Cj^^C ratio in the carbonates is constant at the

time of the carbonate formation, and the change of the ratio is used to determine

the age according to theoretical method Type 3 given on page 820. The method
is generally limited to about 30,000 years and may be extended, by using

extremely carefully developed techniques, to 65,000 years (Haring, De Vries

and De Vries, 1958).

b. Other nuclides

Potential methods are given by the use of beryllium- 10 (Peters, 1957;

Arnold, 1956), silicon-32 (Lai, Goldberg and Koide, 1959) and aluminum-26.

c. Aluminuni-26/beryllium-lO ratio

By using two cosmic-ray-produced radio-nuclides, a mixture of Types 2 and 3

is obtained and would allow absolute age determination with the only assump-
tion that both nuclides are produced in constant ratio. Lai {in litt.) proposed the

use of aluminum-26 in connection with bervlhum-10. The difficulties involved

in the use of this method are great and would entail the development of very

low background counters. It would allow age determination from 500,000 to

about 10,000,000 years.

B. Natural Radio-nuclides

a. Ionium/uranium or protactinium/uranium ratios

When uranium is incorporated in a mineral without its following products,

the increase of the daughter elements ionium (230Th) and protactinium (23iPa)
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can be used for age determination. First it must be established that the separa-

tion of uranium from its following product is complete or at least the degree of

separation is constant and known. This is established for corals (Barnes, Lang

and Potratz, 1956) and for oolites (Tatsumoto and Goldberg, 1959). The

formula (7) apphed is given above under Type 1 (b) (p. 818). The upper limit

is about four half lives, i.e. 300,000 years by using ionium (230Th) and 100,000

using protactinium (23iPa). The use of the ratio of protactinium to ionium makes

the determination of uranium unnecessary.

b. Protactinium/ionium ratio

The age of one level in a Pacific core was determined by Sackett (1960), and

the affes of several levels in cores from the Caribbean and the Atlantic are

reported by Rosholt et al. (1961). This method is based on the assumptions that

( 1 )
protactinium and thorium are precipitated to the same extent in sea-water,

i.e. with a yield of more than 98% ; (2) the isotope ratio or uranium-235 to

uranium-238 is constant in sea-water ; and (3) the uranium in the sediment is in

equilibrium with its following product. In order to correct for the uranium

content, the equation (10) of Type 2 is changed to

f = 8.66 In
230Th-W

2.33 104 yr, (14)
23iPa-wJ

where the bars indicate uranium equivalents. The limit of age determination

is about 175,000 years. Of the three given assumptions, the first two seem to

be valid as deduced from the chemistry of protactinium and thorium and the

results of isotope measurement by Senftle et al. (1957). The assumption that

uranium is in equilibrium with the daughter product may not be true as outlined

in geochemical considerations, but the error introduced is rather small. This

method gives the age of the material to which the ])rotactinium and ionium

are attached during precipitation. The determined age is not necessarily the

same for other components of the sediment because of the reworking of a part

of the sediment.

c. Ionium/thorium ratio

Picciotto and Wilgain (1954) proposed the use of the ratio of the two thorium

isotopes with atomic weights 230 and 232. The method was used by Baranov

and Kuzmina (1958) and by Goldberg and Koide (1958). The validity of this

method is doubtful. It assumes that the total thorium-232 content extracted

from the sediment is precipitated from sea-water. A further assumption is the

constant ratio of uranium to thorium in ocean water, which seems unlikely.

The development of suitable extraction methods yielding only the adsorbed

thorium-232 may improve the method. The limit of age determination would

be in the order of 400,000 years.

d. Ionium or protactinium

This method is based on the following assumptions: (1) The uranium content

of sea-water is constant, and (2) the precipitation of thorium isotopes is con-
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slant. Piggot and Urry (1939) used for age determination the hypothesis

proposed by Pettersson (1937) that thorium is precipitated in ocean water.

They assumed that the concentration of uranium-unsupported ionium is

constant in each type of sediment.

The difficulties in connection with these assumptions are many. A variation

of the concentration of a radioactive element in the sediment can be caused by

decay or changes of rate of sedimentation when we assume ionium is precipi-

tated at a constant rate or by changes in the nature of the sediment. Further-

more, diffusion of radium was not considered. It was shown by Picciotto and

Wilgain in Picciotto (1960) that this is sometimes the case in old sediments but

never in recent sediments, where a diflFusion of radium is always found. The
difficulty arising is evident, as variations in the concentration of ionium in the

sediment may be caused by decay or by changes in the rate of sedimentation,

as outlined above.

If the assumptions of Piggott and Urry are accepted as valid, a change in the

character of the sediment must be accompanied by a change in the concentra-

tion of ionium. Since very few deep-sea sediments are homogeneous in their

composition, it is impossible to know the original ionium concentration by
only knowing the type of sediment. Small variations in concentrations Of

ionium, then, may be attributed either to changes in the type of sediment or

to the decay of ionium. If Pettersson's assumption is adopted, variations in

the concentrations of ionium may be caused by the decay of ionium, thereby

making the determination of age possible, or by a change in the rate of sedi-

mentation. In the latter case, age cannot be determined, since the change in

the rate of sedimentation is not known.

Both investigators encountered an additional difficulty in the fact that, at

that time, no attempt had been made to determine the thorium-230 directly

and only radium was measured. It was thereby assumed that radium was in

equilibrium with ^soxh. If this assumption is correct, at least for the period

earlier than 10,000 years ago when radium had reached secular equilibrium

with ionium, the following considerations are applicable.

The ionium or the radium content is obtained as a concentration in the

sediment, c. It can be assumed that for the time instant when the sediment

settles, ionium and the sediment settle independently, having the setting rates

i^ and s^. The concentration of ionium is then

cO = iojs^ gig. (15)

After t years the concentration of ionium becomes

c{t) = cO{t)e-^t. (16)

The age is then given by

t= -l/A[lnc(0 + hi.9(0-hi rO(/)]. (17)

It is obvious that, since A is known and c{t) can be measured, assumptions
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must be made about s{t) and i^{t) before this equation is applicable. These are

the assumptions discussed above.

(1) i^ls{t) = c^{t) = constant (Piggott-Urry assumption).

The concentration of ionium is constant during the past for the moment
when the sediment settles. The resulting radium distribution with depth is

then smooth and must be logarithmic. Three cores have demonstrated this to

be true, but they are exceptions.

(2) i^{t) = constant (Pettersson assumption).

This assumption alone does not allow age determinations and an additional

assumption has to be made. If it is assumed that .s-^' is constant, the same case

as (1) results and c^{t) would be constant.

In order to exj)lain the irregularities of the concentration with depth, radium

diffusion and selective adsorption on some layers were assumed to blur the

picture. Picciotto (1960) showed that this explanation could apply in some
instances, but extremely high radium maxima in old layers also have a high

ionium content unsupported by uranium. The only possible conclusions are

that the rate of ionium precipitation and the rate of sedimentation are variable

with time, or that ionium is mobile. The latter is rather unlikely because of

geochemical reasons. Kroll (1953) designed a method giving the average rate

of sedimentation, but not the age of diiferent levels (see later discussion).

5, Rate of Sedimentation

The rate of sedimentation is estimated by dating of the sediment layers. In

general, the rate is given in length per time, which is rather inexact, as has been

discussed by Arrhenius (1947) and Koczy (1949). The appropriate unit, ex-

pressed as mass/time/area, is independent of compaction of sediment and water

content. The rate of sedimentation is easily obtained for a given period of time

from the difference in the ages of the upper and the lower boundary and the

amount of sediment in between. But other methods may be used. If it is known
that an element settles at a constant rate in the ocean and is added to the

independently settling sediment, the concentration of the element gives the rate

of sedimentation. One necessary condition is exact knowledge of the constant

rate of precipitation of this element, and another is that the element is not

contained in the sediment at the moment it settles. Thorium-230 and prot-

actinium-231 are hydrated in ocean water and are consequently unstable.

Both are produced by the rather soluble uranium isotopes. The amount pro-

duced seems to be much higher than the amount soluble in sea-water, Thorium-

230 and protactinium-231 are precipitated at a constant rate as long as the

uranium content in sea-water is constant. This situation is unique, and in no

other known instance is there an independent and rather constant rate of

precipitation of an element in the ocean.
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If it is assumed that the uranium content of ocean water is 3 x 10 » g/ml and

the decay constant js 1.52 x lO^i" yr~^,

230^ X 1.52 X 10-10 X 3 X 10-9 g lo = 4.45 x lO-^ g Iq

are produced per year per millihter. When this amount is precipitated in a

4000-m deep ocean, 1.78 x lO^^ g of ionium settle per square meter per year.

The ionium content of the surface sample then directly gives the rate of sedi-

mentation:

Biglm^ yr) = l''^l''^^~' . (18)^' concentration oi ionium

The ionium content must be corrected for the ionium in equilibrium with the

uranium in the original sediment. It is not necessarily true that the original

ionium content of the sediment corresponds to the uranium content, but it is

the only possible assumption at the moment. It may be, as mentioned before,

that uranium is leached from the sediment, leaving a higher amount of ionium

than the amount in equilibrium with the final uranium content. It is believed

that this correction for slowly settHng deep-sea sediments is very small and may
be of the order of 1%, assuming that 25% of the original uranium content has

been lost during the residence time of the sediment in the ocean.

Urry (1950) assumed a constant concentration of ionium in the settling

sediment. With this assumption, the ionium content must decrease monoton-

ously with depth in the sediment. The decrease would allow us to determine

age and hence the rate of sedimentation would be obtained. His assumption has

been disproved, since only a certain amount of ionium is produced per time

unit in ocean water. Accounting for a constant rate of ionium precipitation as

proposed by Pettersson (1937) and in order to obtain sedimentation rates and

ages, Kroll (1953) reasoned that the total ionium unsupported by uranium in

the sediment must be in equilibrium with the total uranium in sea-water. If it

is further assumed that the rate of sedimentation is constant, the distribution

of ionium in the sediment should show a logarithmic decrease with depth in the

sediment. All deviations from this theoretical curve must then be connected

with changes in the rate of sedimentation. Kroll could not use the above-

mentioned rate of ionium precipitation, as he did not know the correct value of

the uranium content of sea-water. He assumed that, at a level where the ionium

content was twice as large as the equilibrium amount with uranium, the average

rate of sedimentation and of ionium precipitation for the whole core could be

applied. In that way, he was able to construct a normalized curve for radium

distribution. By this method, he found that the uranium content of sea-water

had to be larger than it was assumed to be at the time he carried out the

investigation.

Another method, giving only the average rate of sedimentation, is obtained

when it is assumed that each of two equally long subsequent parts of a sediment

core covers an equally long period of time and that the ionium precipitation
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during each of these i)eriods is the same. Then the time period covered by each

section is given by

1 , Ai
' = A

'"
Al-

"«)

where Ai and .42 are the total ionium contents in the two subsequent parts of

the core.
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31. CROSS-CORRELATION OF DEEP-SEA SEDIMENT CORES
AND DETERMINATION OF RELATIVE RATES OF SEDIMENTATION

BY MICROPALEONTOLOGICAL TECHNIQUES i

D. B. Emcsoisr

1. Introduction

The new era in the study of deep-sea sediments which opened with the

invention of the piston corer by Kullenberg (1947) has taught us many things.

We now know that uninterrupted slow particle-by-particle accumulation should

never be taken for granted. On the contrary, experience at Lamont with

hundreds of cores has shown that when a core is taken without regard to bottom

topography it is more likely than not to contain evidence of slumping or catas-

trophic deposition by turbidity currents. Often the evidence for such interrup-

tions of orderly sediment accumulation is clear enough, as for example when the

normal sequence of foraminiferal lutite is broken by a layer of graded sand

containing parts of organisms of shallow-water origin. At other times, and
particularly when a part of the section has been removed by slumping, there is

no hint from the gross lithology of the core that the section is incomplete. This

is not surprising in view of the lithological uniformity of the Pleistocene section

and the mixing or blurring effect of burrowing by mud-feeders. How then is the

student of the deep-sea record of Pleistocene climatic changes to distinguish

between complete and incomplete records? The only satisfactory way of avoid-

ing confusion is to study suites of cores and to persist until layer-by-layer

correlations have been established between several cores.

As a by-product of the cross-correlation of cores from the North Atlantic,

evidence has emerged that rates of sediment accumulation may vary greatly

from place to place apparently quite without the intervention of turbidity

currents. The plausible and virtually proven explanation is that deep oceanic

circulation, contrary to older ideas, is a fairly effective agent in the horizontal

transportation of fine sediment. This opens up the possibility of determining the

general direction of deep circulation wherever there are cores adjacent to a

seamount whose top has been swept by deep currents. An even more interesting

possibility is that of detecting changes in direction and velocity of deep circula-

tion during the Pleistocene and in connection with climatic changes.

2. Methods of Correlation

The stratigraphy of Pleistocene deep-sea sediments is pecuhar in its small scale

not only in the vertical dimension but also in the time dimension. For example,

the deep-sea stratigra])her must establish the time equivalence of zones which

are often no more than a few decimeters thick. Because of the short time inter-

1 The laboratory work upon which this report is based was supiDorted by research

grants G4174 and G6540 from the National Science Foundation.

Lamont Geological Observatory Contribution No. .589.
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vals involved most of the faunal zones cannot be defined by extinctions or by
first appearances of new species. Instead, the stratigrapher must learn to deal

with a series of oscillations between dominance by low latitude species and
dominance by high latitude species. The distinction between zones of low and
high latitude species in a single core is usually clear enough, but to estabhsh the

time equivalence of various zones in two or more cores from stations separated

by many kilometers is quite a different matter. For this purpose the mere

matching of species is hardly good enough. The need is rather for some variable

or variables of the foraminiferal assemblages which can be measured with a fair

degree of precision and which can be expressed numerically.

The foraminiferal number of Schott (1937), defined by the number of tests

of planktonic Foraminifera in a gram of dry sediment, can be measured with

sufficient precision, but curves of variation of the foraminiferal number are not

very satisfactory in cross-correlation. Unfortunately, the foraminiferal number
is often strongly, sometimes overwhelmingly, influenced by the supply of ter-

rigenous and fine calcareous sediment, which may vary enormously from place

to place. The percentage of coarse fraction ( > 74 jx) determined by wet-sieving

the samples taken for foraminiferal analyses is essentially the same as the

foraminiferal number since in most deep-sea foraminiferal lutites the coarse

fraction is composed almost exclusively of the tests of planktonic Foraminifera.

It has been used a good deal at Lamont as an invaluable aid in distinguishing

different processes and environments of deposition, but it has not been found

to be particularly reliable in making cross-correlations.

The frequency-to-weight ratio (Ericson and Wollin, 1956) is obtained by
counting the tests of a particular species in a weighted sample of coarse fraction.

It is therefore, in effect, a measure of the abundance of the particular species with

respect to the total number of tests of planktonic Foraminifera in the sample.

In this way the disturbing influence of variation in supply of fine terrigenous

material is eliminated. It has the further advantage that no time is wasted in

counting all of the eurythermal species which are important only as a back-

ground against which the good climatic indicators can be contrasted. As an index

of climatic change in individual cores the frequency-to-weight ratio is valuable,

and it is sometimes useful in cross-correlation. Its weakness lies in the well-

known fact that the species compositions of the thanatocoenoses of deep-sea

sediments are strongly influenced by differential solution. For this reason curves

of variation in the frequency-to-weight ratios of various species do not provide

a very satisfactory way of making firm correlations between cores from stations

differing considerably in depth and, therefore, subject to markedly different

degrees of solution of the tests.

The most satisfactory method of establishing correlatable faunal zones

depends upon variations in the coiling directions of certain species of planktonic

Foraminifera. As yet no physical or chemical difference between the dextral and

sinistral tests has been found. It is, therefore, very probable that the two kinds

of a given species are equally subject to solution, and consequently coiling ratios

should be independent of solution. The species which have proven to be most
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iiseful are Globorotalia trimcatulinoides, G. hirsuta and Globigerina pachyderma.

These species construct fairly robust tests which sometimes occur where the

tests of many other species have been completely destroyed. In designating the

mirror image forms as right or left the gastropod convention has been followed,

that is the test is oriented with the dorsal or aboral side up. If when so viewed

the chambers have been added in a clockwise sense or cum sole, the test is called

dextral, and vice versa. In counting the tests we have found it convenient to

use two tally counters. When the species is abundant we continue to count

until one hundred dextral or sinistral tests have been counted. This takes from

'°| COILING OF Globoralalia Iruncalulinoides

IN SURFACE LAYER OF CORES FROM

THE NORTH ATLANTIC
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Fig. 1. Chart of coiling of Glohorotalia truncatulinoides in the surface layer of sediment in

the North Atlantic.

one to two minutes. The coiling ratio may be expressed either as a percentage of

the dextral tests in the total count or as a percentage of tests of the dominant

coiling direction in the total count.

Curves of variation in coiling direction have been used successfully in the

correlation of oil wells by Bolh (1950, 1951), Vasicek (1953) and Nagappa (1957).

However, the method can be used only where planktonic species are common.
Although chiral symmetry is frequent among benthic species, dextral and sinis-

tral tests are normally about equally abundant. Apparently the geometry of the

tests plays a critical role only in the planktonic way of life.
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A well defined interdependence between coiling direction and temperature

tolerance has been found in Globigerina pachyderma (Ericson, 1959). On the

other hand, no interrelationship between coiling direction and surface water

temperature is discernible in the geographical distributions of dextral and

sinistral populations of Globorotalia truncatulinoides (Fig. 1) and G. hirsuta.

3. Time Equivalence of the Faunal Zones

If these Pleistocene faunal zones are to serve as indicators of variation in

relative rates of sediment accunmlation from place to place, their time-

equivalence must be more rigorously assessed than is usually necessary in

stratigraphical geology where a few tens of thousands of years one way or the

Depth

West

V9-28
4305 m

VI4-5
3365 m

V9-27
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Fig. 2. The equatorial suite of cores.

other are negligible in comparison with the gross time intervals involved.

The radiocarbon method of dating is of little use here because of its limited

range. It is, in fact, directly applicable only to the horizon defined by the

rather abrupt appearance of Globorotalia menardii at the base of the uppermost

post-glacial zone in cores from the equatorial and mid-latitude Atlantic.

Radiocarbon assays of samples from above and below this horizon indicate

that it is essentially isochronous within the suite of cores sampled (Ericson et al.,

1956).

Perhaps the strongest argument for close time equivalence of the faunal zones

over wide areas is the present distribution of the various planktonic species in

the North Atlantic. In the east-west dimension their present distribution is

truly ocean-wide. It appears reasonable to suppose, therefore, that the faunal

zones of the suite of cores shown in Fig. 2 are essentially isochronous even

28—s. Ill
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though the total length of the profile is 1300 km. When the distances between
cores are much smaller, as for examj^le the distance between two cores from
the vicinity of a seamount, essentially complete time equivalence of faunal

zones is a reasonable assumption.

Fig. 1 shows the general distribution of dextral and sinistral populations of

Globorotalia truncatulinoides in the North Atlantic. Here again the pattern of

distribution is on an ocean-wide scale. Study of widely scattered cores has

shown that this pattern has persisted for at least several thousand years, a

time interval amply sufficient to have permitted thorough mixing of the popula-

tions. Evidently there is some environmental condition which tends to maintain

the present distributional pattern. Coiling dominance may, therefore, be

regarded as characteristic of the waters of certain regions much in the same
way that a particular salinity, temperature or oxygen content may characterize

a water-mass. Presumably changes in coiling direction with depth in the cores

reflect wide geographical shifts in environmental conditions during the late

Pleistocene. On theoretical grounds it seems improbable that the areal distribu-

tion of controlling conditions in the open Atlantic could ever have been on any
other than a very broad scale. This implies that zones determined by changes in

coiling dominance in cores ought to be very nearly isochronous over distances

of at least hundreds of kilometers, if not thousands.

4. Some Examples

The general locations of the suites of cores discussed in the following section

are shown in Fig. 1. The geographical positions and depths of the individual

coring stations are given in the following table.

Table I

Position and Depths of Coring Stations

Station no.
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A . The Equatorial Suite

Fig. 1 shows the positions of the cores, and Fig. 2 shows the faunal zones in

the cores in graphic form. The temperature or chmatic curve (heavy hne) is based

upon the abundance of Glohorotalia menardii and other temperature-sensitive

species. The subspecies G. menardii flexuosa (Koch) is especially abundant in

the flexuosa zone. Thus the heavy line represents primarily fluctuations in

faunal composition. In drawing the graphs these fluctuations have been

translated into climatic terms. Here it should be emphasized that the variations

in faunal composition are very strikingly apparent; their detection does not

depend upon careful counts or complicated statistical methods. For example,

the contrast between washed samples of Foraminifera from the uppermost zone

of "cold" climate and samples from the flexuosa zone is such that the difference

can be seen easily without taking the samples out of the vials in which they are

stored. The dashed line labeled "Top of Pulleniat. ohliquiloc. zone" in the

diagram of core V9-28, Fig. 2, marks the level in the cores above which the

planktonic species Pulleniatina obliquiloculata is rare (1-5 tests) or absent.

Below this level the species is very abundant ( > 100 tests in each sample). It

is again abundant in the uppermost post-glacial layer of these same cores.

The light line representing coiling percentages of Glohorotalia truncatulinoides

has been drawn only where there is strong deviation to the left. Elsewhere in the

cores coiling is consistently between 90 and 100% to the right. Apparently twice

during the past 100,000 years a boundary between provinces of right and left

coiling dominance has swept back and forth across the equatorial region. If the

boundary line was essentially parallel to the core profile, it must have crossed

the positions of the various core stations at about the same time. If, on the other

hand, it moved from east to west and the rate of movement was slow, it must
have passed successively over the stations at appreciably different times. But
in that case the zones of left coiling in core A 180-72 would be thicker than the

corresponding zones in core V9-28, because station A 180-72 would then have

lain within the left coiling province an appreciably longer time than station

V9-28. Since no difference in thickness is discernible, we conclude that move-
ment of the boundary across all the stations took place virtually "instan-

taneously" or occupied a time interval which was so short as to be inappreciable

in terms of sediment accumulation at these stations. From this we infer that the

coiling zones in these cores are for practical purposes isochronous.

Clearly evident in this suite of cores is the small variation in rate of sediment

accumulation from station to station. The almost exact equivalence of rates at

the extreme stations, Al 80-72 and V9-28, is particularly striking. This, together

with the fact that three other cores show closely similar rates, makes us believe

that, in these cores, we have examples of orderly accumulation by vertical

settling of particles with little or no interference from horizontal transportation.

Extrapolation of radiocarbon dates in various cores (Ericson and Wollin,

1956) and one direct dating by the ionium method (Urry, 1948) show that the

interval of warm climate represented by the flexuosa zone came to an end
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between 65,000 and 70,000 years ago. If we assume a compromise date of 67,000

years B.P. for the top of the flexuosa zone in the five cores, A180-72, A180-73,

A180-76, V14-5 and V9-28, we obtain an average rate of sediment accumulation

of 3.3 cm in one thousand years.

B. Cores from the Sigsbee Knolls

These were taken on or near the tops of some low rises at about the center of

the abyssal plain of the Sigsbee Deep in the Gulf of Mexico. The faunal zones in

Sigsbee Knolls, Gulf of Mexico
V3-I27 V3-I28 V3-I26

Depth 3540 m 3495m 3485 m
Climatic Variation. <, Coiling of Globo. truncatulinoides

SW ^ 24km * l.6l<m ^ ME
100% Left 100% Right IOO%L 100% R IOO%L IOO%R

Warm Cold W C W C

Im

2m

3m

4m

5m

6m

7m

V,

\l

Fig. 3. Cores from the Sigsbee Knolls, Gulf of Mexico.

the cores are shown graphically in Fig. 3. In this instance time equivalence of the

faunal zones is virtually certain in view of the following considerations. At
present the deep and open Gulf is homogeneous with respect to coiling of

Globorotalia truncatulinoides and the various species of planktonic Foraminifera.

It is highly improbable that a faunal boundary could have maintained a position

between such closely spaced stations, about 25 km, in so homogeneous a body of

water for any appreciable time during the late Pleistocene.
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Good correlation between cores V3-127 and V3-128 is evident from the

graphs of Fig. 3. This amounts to conclusive evidence that these two cores

contain continuous records of late Pleistocene events. Core V3-126 is in striking

contrast in spite of the fact that it came from a point only 1.6 km distant from

station V3-128. Comparison of the graphic logs shows that the section which

lies between 1.70 and 3.50 m in core V3-128 is missing from V3-126. No layer

of coarse winnoM^ed sediment occurs at the level of the stratigraphical hiatus

in V3-126, as would be expected if the hiatus were due to deep-current scour.

Furthermore, current scour of sufficient energy to prevent deposition of about

1.8 m of sediment ought to have made some impression on the corresponding

section in the adjacent core, V3-128. Erosion by a turbidity current cannot be

seriously considered; not only are the topographical positions of the core

stations such as to put them above the influence of the turbidity currents

which flowed over the surrounding abyssal plain, but station V3-126 as the

highest of the three ought to have been the least accessible to turbidity currents.

The most plausible explanation is that slumjDing was responsible for removal of

the missing section.

As is often the case the gross lithology of V3-126 gives no evidence of a

depositional hiatus at 1.8 m. The lesson to be learned from this example is clear.

A single core, however free of disturbance it may appear to be, should not be

relied upon to yield a continuous record of Pleistocene events, and no regional

stratigraphical sequence should be regarded as established until a layer by layer

cross-correlation has been found between at least two cores.

C. The Canaries Cores

Fig. 1 shows the positions of the coring stations. Curves of variation in coiling

percentages of Globorotalia fruncatulinoides are shown in Fig. 4. Time equi-

valence of the zones is reasonably certain in view of the short distance, 28 km,

between the coring stations. Completeness of the sections is assured by the

close correspondence between the two curves. It is obvious that there has been

much disparity in rates of sediment accumulation at the two stations, that at

station A 180-39 having been continuously about 80% faster. Samples from

core Al 80-39 are consistently deficient in coarse fraction ( > 74 pi), that is in the

tests of planktonic Foraminifera. Presumably the tests have been settling at

about the same rate at both stations, but the deeper station, A 180-39, has

continuously received an excess of fine material. Preferential accumulation of

this fine sediment at the deeper station suggests that the route of travel was

determined by bottom topography, but the continuity of accession of fine

material makes it appear improbable that transportation was due to turbidity

currents, which are characteristically spasmodic in effect. More probably the

energy responsible for horizontal transportation of the fine material was

supplied by deep oceanic circulation.

Comparison of the coiling curves shows that the ratio of the rates of

accumulation in the two cores has remained very nearly constant. Since both
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cores pass through the flexuosa zone and into sediment which was probably

deposited during the last interglacial, we conclude that deep circulation in this

part of the North Atlantic has remained essentially constant in both direction

and velocity during the late Pleistocene.

Canaries Cores

AI80-39

3470 m

25°50'N. I9°I8'W

R5-54
32 95 m

25°52.3'N, I9°03.3'W

I007o Left
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100% Right

^^ 28 km-

^ Climotic Variation

2m Coiling of Globoro folia

truncatulinoides

Fig. 4. The Canaries cores.

D. The Muir Seamount Cores

The location of the Muir Seamount is shown in Fig. 1 . The positions of the

cores with respect to the seamount, the coiling curves of Globorotalia truncatu-

linoides and the positions of the flexuosa zone in the cores are shown in Fig. 5.

Here again, as in the case of the Canaries cores, we find a marked contrast in

rates of sediment accumulation within a short distance, 15 km. Sediment
samples from the top of the mount are almost devoid of fine fraction. Presum-
ably this is due to winnowing by a deep current of sufficient velocity to prevent

fine material from coming to rest on the top of the mount. Percentages of fine

fraction ( < 74 [j.) in the cores are shown in Fig. 5. In the zone between the top

of the flexuosa zone and the base of the post-glacial zone in core A 164-44, the



SECT. 3] CROSS-CORRELATION OF DEEP-SEA SEDIMENT CORES 841

percentage of fine fraction averages 65%. This is about normal for foraminiferal

lutites in the North'Atlantic. Apparently horizontal transportation of sediment

has had a negligible effect at station A 164-44. In sharp contrast is the corres-

ponding zone in core A 173-4 from the northeast flank of the mount. Here the

percentage of fine fraction in most samples exceeds 99%. Evidently this station

received much fine material from the top of the mount during the latter part of

the last ice age. From this we infer that the general direction of deep circulation

Muir Seamount
33°45'N, 62°35'W ,

I5km

Possible deep
current dtrecliun

during Fiexuosa

nterval of warm
climate

1460 m

AI64-44 AI73-4
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Worm Cold W
Right

C

> Coiling of

Globorotalia

truncatulinoldes
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Fine Fraction: < JAjj.

0% I007o 0% 100%

Fig. 5. The Muir Seamount cores.

in the region of the Muir seamount during the last ice age must have been from

southwest to northeast. However, within the fiexuosa zone of core A173-4 the

coarse fraction reaches 90%, a value which can only be explained by current

scour winnowing. Thus, the direction of deep circulation must have been quite

different during the time of relatively warm climate represented by the fiexuosa

zone. To account for current scour at this station, A 172-4, it is necessary to

suppose that the direction of deep circulation was parallel to the long axis of

the seamount. The fact that the percentage of coarse fraction in the fiexuosa

zone of core A 164-44 is normal for the depth of water suggests that the direction
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of deep circulation was in general from southwest to northeast. With circulation

in the reverse sense station A 164-44 would probably have been exposed to

current scour judging from its position with respect to the seamount.
It is significant that the uppermost post-glacial layers in both cores contain

fairly large percentages of coarse fraction. While this may be partly due to

greater productivity of large species of planktonic Foraminifera such as Globoro-

talia menardii under present climatic conditions, the 52% of coarse fraction in

the top layer of core A173-4 appears to be too great to be accounted for in this

way. More probably station A 173-4 is presently subject to weak current scour.

This suggests that the direction and velocity of deep circulation in the vicinity

of the Muir seamount is now just about the same as it was during the period of

warm climate represented by the jlexuosa zone.

With these few data no closer definition of cm-rent directions is possible. The
important thing is that we have in these two cores compelling evidence of signi-

ficant changes in deep circulation which are correlatable with climatic changes

of the late Pleistocene. Presumably application of this method of analysis to a

series of cores suitably spaced around a seamount could yield interesting

evidence regarding variations in deep circulation in the Atlantic during the

Pleistocene epoch.
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32. THE ORIGIN OF LIFE

Stanley L. Miller

1. Early Considerations of the Problem

The problem of the origin of life has occupied man's mind since history began.

The problem was not as troublesome for the ancients as it is for us today, since

it was quite clear to them that life arose by spontaneous generation. Thus when
the Egyptians saw snakes arise from the muds of the Nile and when the Greeks

saw rats arise from piles of garbage on exposure to warmth, they interpreted

this to mean that such animals arose spontaneously.

That organisms could arise spontaneously, as well as by sexual and
asexual reproduction, was not seriously questioned until the middle of the 17th

century. In 1688 the Tuscan physician, Francesco Redi, showed that worms
did not develop in meat if the flask was covered with muslin so that flies could

not lay their eggs on the meat.

The demonstration that micro-organisms, which had been discovered in 1676,

did not develop spontaneously was much more diflicult. In 1765 Lazzaro Spal-

lanzani showed that micro-organisms did not appear in various nutrient

broths if the vessels were sealed and boiled. Objections were raised that the

heating had destroyed the "vital force" in the broth and air. This "vital force"

was postulated as necessary for life to develop. By readmitting air it was

possible to show that the broth could still support the growth of micro-

organisms. But Spallanzani could not demonstrate that the air in the sealed

flask had not been altered, and the doctrine of spontaneous generation persisted

widely.

This problem was finally solved by Pasteur in 1862. He used a flask with

broth, but instead of sealing the flask he drew out a long S-shaped tube with its

end open to the air. The air was free to pass in and out of the flask, but the

particles of dust, bacteria and molds in the air were caught on the sides of the

long S-shaped tube. When the broth in the flask was boiled and allowed to

cool, no micro-organisms developed. When the S-shaped tube was broken off at

the neck of the flask, micro-organisms developed. These experiments were

extended by Pasteur and by Tyndall to answer all the numerous objections

that were raised. Thus, after two centuries of experimentation and many
more centuries of belief, the doctrine of spontaneous generation was disproved.

(For an extension of this history, see Oparin, 1938.)

Shortly before 1858, Darwin and Wallace had published, simultaneously and

independently, the theory of evolution by natural selection. This theory could

account for the evolution from the simplest single-celled organism to the most

complex plants and animals, including man. Therefore, the problem of the

origin of life no longer involved how each species developed, but only how the

flrst living organism arose.

To answer this question it has been proposed that life was created by a

supernatural event. This is not a scientific theory, since by its very nature it is
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not subject to experimental investigation. S. A. Arrhenius offered a second

theory that hfe developed on the Earth as a result of a spore or other stable form

of life coming to the Earth in a meteorite from outer space or by the pressure of

sunlight driving the spores to the Earth. One form of this theory assumes that

life had no origin, but like matter, has always existed. The presence ofcertain

lonof-lived radioactive elements shows that the elements were formed about

5 X 10^ years ago. If the elements have not always existed, it is difficult to

understand how life could have always existed. Another form of this theory

assumes that life was formed on another planet and traveled to the Earth. This

hypothesis does not answer the question of how life arose on the other planet.

In addition, it is doubtful that any known form of life could survive very long

in outer space and fall through the atmosphere without being destroyed.

Therefore, while this theory has not been disproved, it is held to be highly

improbable. If micro-organisms are carried on interi^lanetary rockets, space is

likely to become contaminated, and this would make it impossible to disprove

this theory conclusively. For this reason, space vehicles are being sterilized.

A third hypothesis holds that the first living organism arose from inorganic

matter by a very improbable event. This organism, in order to grow in an in-

organic environment, would have to synthesize all of its cellular components

from carbon dioxide, water and other inorganic nutrients. Our present know-

ledge of biochemistry shows that even the simplest bacteria are extremely

complex and that the probability of the spontaneous generation of a cell from

inorganic compounds in a single event is much too small to have occurred in the

approximately 5 x 10^ years since the Earth's formation.

The fourth proposal is that life arose spontaneously in the oceans of the

primitive Earth, which contained large quantities of organic compounds similar

to those which occur in living organisms. This theory was outlined mainly by

Oparin (1938) and it forms the basis of most of the present ideas on the origin

of life. Oparin argued that if large amounts of organic compounds were in the

oceans of the primitive Earth, these organic compounds would react to form

structures of greater and greater complexity, until a structure would form

which we would call "living". In other words, the synthesis of the first living

organism would involve many non-biological steps, and none of these steps

would be highly improbable. Oparin further proposed that the atmosphere

was reducing in character and that organic compounds might be synthesized

under these conditions. This hypothesis implied that the first organisms would

be heterotrophic, meaning that they would obtain their basic constituents from

the environment instead of synthesizing them from carbon dioxide and

water.

In spite of the argument by Oparin, numerous attempts were made to

synthesize organic compounds under the oxidizing conditions now present on

the Earth (Rabinowitch, 1945). Various sources of energy acting on carbon

dioxide and water failed to give reduced carbon compounds except when con-

taminating reducing agents were present. The one exception to this was the

synthesis of formic acid and formaldehyde in very small yield (10"'^ molecule
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of H2CO per ion pair) by the use of 40 x 10^ eV helium ions from a 60-in.

cyclotron (Garrison et al., 1951). While the simplest organic compounds were

indeed synthesized, the yields were so small that this experiment can best be

interpreted to mean that it would not have been possible to synthesize organic

compounds non-biologically as long as the Earth had oxidizing conditions. This

experiment is important in that it induced a re-examination of Oparin's

hypothesis of the reducing atmosphere (Urey, 1952, 1952a).

2. The Primitive Atmosphere

The geological record gives us little (and contradictory) evidence as to the

nature of the atmosphere when the Earth was formed. Opinions as to the nature

of the early atmosphere range from regarding it as strongly reducing to strongly

oxidizing and include all types of atmospheres of intermediate degrees of

oxidation.

The discussion here is based on the assumption that the conditions on the

primitive Earth were favorable for the production of the organic compounds
which make up life as we know it. There are many sets of conditions under

which organic compounds could have been produced. All these conditions are

more or less reducing. However, before accepting a set of conditions for the

primitive Earth, one must show that reactions known to take place will not

rapidly change the atmosphere to another type. The jiroposed set of conditions

must also be consistent with the known laws for the escape of hydrogen.

Cosmic dust clouds, from which the Earth is believed to have been formed,

contain a great excess of hydrogen. The planets Jupiter, Saturn, Uranus and
Neptune are known to have atmospheres of methane and ammonia. There has

not been sufficient time for hydrogen to have escaped from these planets owing
to their lower temperatures and higher gravitational fields. It is reasonable to

expect that the Earth and the other minor planets also started out with reducing

atmospheres and that these atmospheres became oxidizing due to the escape of

hydrogen.

The meteorites may be the closest approximation we have to the solid

material from which the Earth was formed. They are observed to be highly

reducing, with the iron mostly as metallic iron with some ferrous sulfide, the

carbon as elemental carbon or iron carbide, and the phosphorus as phosphides.

The carbonaceous chondrites contain several per cent of organic carbon.

The overall chemical change has been the oxidation of the reducing atmo-
sphere to the present oxidizing atmosphere. This is caused by the loss of hydro-

gen which results in the production of nitrogen, nitrate, sulfate, free oxygen
and ferric iron. As we shall discuss, many complex organic compounds would
have been formed during this overall change, thereby presenting a favorable

environment for the formation of life. It is extremely doubtful that life could

begin unless large quantities of organic compounds were present on the Earth.

Therefore, the first living organism must have been formed by the time sig-

nificant quantities of oxygen appeared in the atmosphere, for otherwise the
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organic compounds formed during the reducing conditions would have been

oxidized rather rapidly by the molecular oxygen (Miller, 1957a). Whether the

surface carbon of the present Earth was all part of the initial atmosphere or

whether it has been escaping from the Earth's interior in a somewhat reduced

condition is not important to the overall picture to be presented.

A . The Escape of Hydrogen

We have learned in recent years that the temperature of the high atmosphere

is 2000°K or more, and there is no reason to suppose that the same temperature

was not present in the past. One might expect that a reducing atmosphere

would be cooler than an oxidizing atmosphere because methane and ammonia
can emit infrared radiation while nitrogen and oxygen cannot. However,

Curtis and Goody (1956) have shown that carbon dioxide is ineffective in emit-

ting infrared radiation in the high atmosphere. This is due to the low efficiency

of energy transfer from the translational and rotational to the vibrational

degrees of freedom, and it seems likely that this would apply to methane as

well.

The loss of hydrogen from the Earth is now believed to be limited by the

diffusion of H2 to the high atmosphere, since almost all the water is frozen out

before it reaches the high atmosphere. Urey (1959) has discussed this problem

and finds that the loss is entirely due to these effects and not to the Jean's

escape formula.

The present rate of escape is 10'^ atoms of hydrogen cm~- sec~i, and it is

proportional to the concentration of molecular hydrogen in the atmosphere,

which is now 10~^ atm at the Earth's surface. This rate would result in an

escape of hydrogen equivalent to 20 g of water/cm'^ in the last 4.5 x 10^ years.

This rate is not sufficient to account for the oxygen in the atmosphere (230

g/cm2).

In addition, we must account for the oxidation of the carbon, ammonia and

ferrous iron to their present states of oxidation. The oxidation of the 3000 g/cm"^

of surface carbon on the Earth from the to +4 valence states (i.e. from C or

H2CO to CO2) would require the loss of 1000 g/cm^ of hydrogen. At the present

rate of escape this would require 2.5 x lO^' years. If this escape was to be

accomphshed in 2.5 x 10^ years (i.e. from 4.5 to 2.0 x 10^ years ago) the pressure

of hydrogen at the surface of the Earth would be 0.7 x 10""^ atm. In order also

to oxidize the nitrogen, sulfur and iron, even larger losses and a higher pressure

of hydrogen are needed. We shall use a figure of 1.5 x 10"^ atm for the hydrogen

pressure in the primitive atmosphere.

These calculations are much oversimplified since methane and other volatile

hydrogen compounds would be decomposed in the high atmosphere, and, there-

fore, a higher concentration of hydrogen might exist in the high atmosphere than

indicated by surface partial pressures. However, the results of the calculation

would be qualitatively the same for hydrogen pressures different from the

chosen value by an order of magnitude.
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B. The Equilibria of Carbon Compounds

The partial pressure of carbon dioxide in the atmosphere is kept low by two
biiflFer systems. The first system, which is rapid, is the absorption of carbon

dioxide in the sea to form COs-^, HCO3- and H2CO3; the second, which is slow,

is the reaction of carbon dioxide with silicates, e.g.

CaSi03 + C02 = CaCOa + SiOa AV = IQ-s.

This reaction, which is the basic cause of the low CO2 content in the atmosphere,

is known as the Urey eqnilibrinm. The equilibrium partial pressure of CO2 is

10-8 atm, while the observed partial pressure at sea-level of 3.3 x 10-4 atm is

somewhat higher.

The equilibrium constant at 25° in the presence of liquid water for the re-

action

CO2 + 4H2 = CH4-f2H20(i)

is 8 X 1022, Assuming equilibrium was attained, and using Pco^= 10"^ atm and

^Ha = 1 -5 X 10-3 atm, we find that Pch^ = 4 x 10^ atm. It is evident then that the

partial pressure of CO2 would be less than 10"^ atm and hmestone (CaCOs)
would not form if equilibrium conditions are assumed.

Complete thermodynamic equilibrium could not exist in a reducing atmo-
sphere because of the dependence of the equilibrium proportions of compounds
on pressure and hence on altitude. It is more likely that the steady-state

concentrations of CO2 and CH4 would not be determined by the equilibrium at

sea-level, but rather by the equilibrium at higher altitude where the ultra-

violet light would provide the necessary activation energy to bring about rapid

equilibrium. Under these conditions water would be a gas, and the equihbrium

constant is lO^o, so

A'25. = 1020 ^ PcH4^H,2 = (Xch,A'h,o2/A'cO,Xh,4)^-2,

where the A's are the mole fractions and P is the total pressure. If the surface

partial pressures were Pch4=1, PcOg = 3.3 x 10-4 (the present value),

Ph.2=1.5x 10-3, i\^Q x'^ would be equal to these partial pressures. We shall

use Xh2O=10-^, which is the present value for H2O above the tropopause.

Equilibrium will be established under these conditions when P = 2.5xl0-^
atm, which is the present atmospheric pressure at about 180 km. It is reasonable

to assume that equilibrium was established at some high altitude, and, there-

fore, that carbon dioxide and hydrogen could both be present at small partial

pressures and methane present at a moderate partial pressure in a reducing

atmosphere where the pressure of hydrogen is 1.5 x 10-^ atm.

Carbon monoxide should not have been an important constituent of the

atmosphere as can be seen from the following reactions,

COa-fHs = CO + H2O (1), ^25° = 3.2x10-4

Pco/Pco, = 3.2 X 10-4Ph,
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Using Pho = 1.5 X 10~3^ we have the ratio PcojPco^ = 5 x 10~'^, which is indepen-

dent of pressure. Furthermore, carbon monoxide is a relatively reactive com-

pound, and should any significant quantities appear in the atmosphere, it

would react in various ways to give organic compounds, carbon dioxide and

hydrogen, and formate. The hydration of carbon monoxide to formate is a base-

catalyzed reaction and proceeds at a significant rate, and the other reactions

would also be relatively rapid.

Rubey (1955) and Abelson (1956) have argued that the surface carbon and

nitrogen came from out-gassing the interior of the Earth instead of coming from

the remainder of the cosmic dust cloud from which the Earth was formed. The
carbon from the out-gassing may be in the form of CO2 and CO or CH4, and

hydrogen may be present. While this may have been a significant process on

the primitive Earth, it does not require that the atmosphere was composed

of CO 2 and CO. The above thermodynamic considerations still apply. The
carbon dioxide would dissolve in the ocean to form HCOs" and CO32-, and

CaCOs would be deposited, and the CO would be unstable as demonstrated

above. The state of oxidation of gases from volcanoes is difficult to determine,

since they come in contact with the oxygen of the air and with oxides of iron,

which in turn may owe their oxidation state directly or indirectly to the

oxidizing atmosphere.

The buffer systems of the ocean and the calcium silicate-calcium carbonate

equilibrium are of sufficient capacity to keep the partial pressure of the carbon

dioxide in the atmosphere at a low value, so that the principal species of car-

bon in the atmosphere would be methane even though the fraction of surface

carbon in the oxidation state of carbon dioxide was continuously increasing.

This would be true until the pressure of H2 fell below about 10"^ atm. At this

point the small partial pressure of carbon dioxide would have made it the

principal carbon species in the atmosphere. It is likely that shortly after this,

significant quantities of molecular oxygen would appear in the atmosphere.

C. The Equilibrium of Nitrogen Compounds

The equilibrium concentrations of ammonia can be discussed by considering

the reaction

lN2 + fH2 = NH3, A'25^ = 7.6 X 102

Using -^H2= 1.5 X 10~3, we have

P^^JPl = 0-04.

The nitrogen pressure could not be the present value and was probably much
lower.

Ammonia is very soluble in water and this would displace the above reaction

toward the right, giving

iN2 + fH2 + H+ = NH4+

[NH4+]/Pi^^P^^ = 8.0xl0i3[H+],
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which is valid for pH's less than 9. At pH = 8 and Pk^= ^.^ x IQ-^, we have

rNH4+]/P^^^ = 47,

which shows that most of the ammonia would be in the ocean instead of in the

atmosphere. The ammonia in the ocean would be largely decomposed when the

pressure of hydrogen fell below 10"^ atm, assuming that the pH of the ocean

was the present value of 8. A higher pH would make the ammonia less stable

and conversely for a lower pH.
The presence of large quantities of ammonia in the ocean does not necessarily

imply that the oceans had a pH greater than at present. The NH4+ would

weather acidic rocks, thereby lowering the pH. It is even possible that the

oceans under reducing conditions were more acidic by one or two units of pH.
It is unlikely that there exist any effective inorganic syntheses of nitrogenous

organic compounds of biological interest which could use nitrogen in a higher

oxidation state than ammonia, unless strong reducing agents Avere present. It

seems almost necessary that ammonia was present in oceans of the primitive

Earth but not necessarily in the atmosphere. This point alone is a strong argu-

ment for the presence of reducing conditions on the primitive Earth.

All the oxides of nitrogen would have been unstable and should have been

rare. Hydrogen sulfide would have been present in the atmosphere only as a

trace constituent because it would precipitate as ferrous and other sulfides.

Sulfur would be reduced to hydrogen sulfide by the reaction,

H2 + S = H2S, ^^25° = 6x104.

It is evident that the calculations do not have a quantitative validity because

of many uncertainties, such as temperature, processes by which equilibrium

could be approached, the atmosj)heric level where such processes were effective,

the partial pressure of hydrogen required to provide the necessary rate of

escape, etc.

It should also be noted that these thermodynamic calculations do not mean
that compounds which are highly unstable in a reducing atmosphere—such as

oxygen, oxides of nitrogen, oxides of sulfur, etc.—were entirely absent, but

that they were present in no more than a few parts per million. In the present

atmosphere, hydrogen, ozone, methane and nitrous oxide are highly unstable

thermodynamically, but they are present only in a few parts per million.

The above discussion does not prove that the primitive atmosphere contained

low partial jDressures of hydrogen and ammonia and moderate partial pressures

of methane and nitrogen. However, this atmosphere is stable and can account

for the loss of hydrogen from the Earth, w^hich is not the case for atmospheres

containing large quantities of carbon dioxide and carbon monoxide. The
reducing atmosphere also provides favorable conditions for the origin of life.

D. Sources of Energy

At the present time the direct or indirect source of free energy for all living

organisms is the sunlight utilized by photosynthetic organisms. But before the
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evolution of photosynthesis other sources of free energy must have been used.

It is of interest to consider the sources of such free energy as well as the origin

of the appropriate chemical compounds prior to the existence of what should

be called living organisms, and before the evolution of photosynthesis.

Table I

Present Sources of Energy Averaged over the Earth

Source cal cm- 2 yr-i

Total radiation from sun 260,000

Ultraviolet light

A < 2500 A 570.0

A < 2000 A 85.0

A<1500A 3.5"

Electric discharges 4.0''

Cosmic rays 0.0015

Radioactivity (to 1.0 km depth) O.S*'

Volcanoes 0.1 3**

" Inchides the 1.9 cal cm-^ yr-l from the Lyman a at 1216 A
(Reuse, 1953).

^ Includes 0.9 cal cm~2 yr~l from lightning and about 3 cal cm~2
yr~l due to corona discharges from pointed objects (Schonland,

1953).
'' The value 4 x 10^ years ago was 2.8 cal cm-2 yr-l (Bullard, 1954).

'' Calculated assuming the emission of 1 km^ of lava (Cp = 0.25

cal/g, p = 3.0 g/cm3) per year at lOOOX'.

Table I gives a summary of the sources of energy in the terrestrial surface

regions. It is evident that sunlight is the principal source of energy, but only a

small fraction of this is of wavelengths below 2000 A which can be absorbed

by CH4, H2O, NH3, CO2, etc. If more complex molecules were formed, the

absorption could move to the 2500 A region or longer wavelengths where sub-

stantial energy is available. With the appearance of porphyrins and other

pigments, absorption in the visible becomes possible.

Although probable, it is not certain that the large amount of energy from

ultraviolet light would make the principal contribution to the synthesis of

organic compounds. Most of the photochemical reactions at these low wave-

lengths would take place in the upper atmosphere. The compounds so formed

would absorb at longer wavelengths and, therefore, might not get into the

oceans before they were decomposed by the ultraviolet light. The question is

whether the rate of decomposition in the atmosphere is greater or less than the

rate of transport to the oceans.

Next in importance as a source of energy are electric discharges which, as

lightning and corona discharges from pointed objects, occur closer to the Earth's

surface; hence more efficient transfer to the oceans would have occurred.
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Cosmic-ray energy is negligible at present, and there is no reason to assume

it was greater in the past. The radioactive disintegration of uranium, thorium

and potassium was more important 4.5 x 10^ years ago, but still the energy was

largely expended on the interior of solid materials of the rocks, and only a very

small fraction of the total energy was available in the oceans and atmosphere.

Volcanic energy is not only small but its availability is very low. A continuous

source of energy is needed. It contributes little to the evolutionary process to

have a lava flow in one part of the Earth at one time and to have another flow

on the opposite side of the Earth years later. For a brief time heat is available

at the surface of the lava, but the surface cools and heat flows slowly from the

interior for years, giving a slightly warmer surface. Only a very small contri-

bution to the evolutionary process could be contributed by these energy sources.

3. The Synthesis of Organic Compounds

A. Electric Discharges

While ultraviolet light is a greater source of energy than electric discharges,

the greatest progress in the synthesis of organic compounds under primitive

conditions has been made with electric discharges. The apparatus used by

Miller in these experiments was a closed system of glass, except for tungsten

electrodes. The water is boiled in a 500-ml flask which mixes the water vapor

and gases in a 5-1. flask where the spark is located. The products of the discharge

are condensed and flow through the U-tube back into the small flask. The first

report (Miller, 1953) showed that when methane, ammonia, water and hydrogen

were subjected to a high-frequency spark, milligram quantities of glycine,

alanine and a-amino-n-butyric acid were produced. A more complete analysis

(Miller, 1955, 1957) of the products gave the results shown in Table II. The

compounds in the table account for 15% of the carbon as methane, with the

yield of glycine alone being 2.1%. Indirect evidence indicated that polyhydroxyl

Table II

Yields in moles ( x 10^) from Sparking a Mixture of CH4, NH3, H2O and H2.

710 mg of Carbon was added as CH4.

Glycine



,vir)4 MILLER [CHAF. '.i'l

compounds (possibly sugars) were synthesized. These compounds were probably

formed from condensations of the formaldehyde that was produced by the

electric discharge. The alanine was demonstrated to be racemic, as would be

expected in a system which contained no asymmetric reagents. It was shown

that the syntheses were not due to bacterial contamination by performing blank

runs in the absence of a spark, which gave no amino acids, and by autoclaving

the whole apparatus prior to sparking, which gave the same yields as when the

autoclaving was omitted. The addition of ferrous ammonium sulfate did not

change the results, and the substitution of No for the NH3 changed only the

relative yields of the compounds produced.

This experiment has been repeated and confirmed by Abelson (1956a),

Pavlovskaya and Passynskii (1957) and by Heyns, Walter and Meyer (1957).

Abelson worked with various mixtures of H2, CH4, CO, CO2, NH3, N2, H2O and

O2. As long as the conditions were reducing—either H2, CH4, CO or NH3 present

in excess—amino acids were synthesized. The products were the same and the

yields as large in many mixtures as in the methane-ammonia-water case. If the

conditions were oxidizing, no amino acids were synthesized. These experiments

have confirmed that reducing atmospheres are required for the formation of

organic compounds in appreciable quantities. A number of the mixtures of

gases used by Abelson are highly unstable. The primitive atmosphere could not

have been composed of such mixtures, in view of the discussion in Section 2-B.

Heyns, Walter and Meyer also performed experiments with different mixtures

of gases with results similar to Abelson's. These workers also used CH4, NH3,

H2O and H2S. They obtained ammonium thiocyanate, thiourea and thio-

acetamide in addition to compounds formed when H2S was absent. All of these

experiments indicate that reducing conditions are required for the production

of appreciable amounts of these carbon compounds.

The mechanism of synthesis of the amino acids is of interest if we are to

extrapolate the results in these simple systems to the primitive Earth. Two

alternative proposals were made for the synthesis of the amino and hydroxy

acids in the spark discharge system. (1) Aldehydes and hydrogen cyanide react

in the aqueous phase of the system to give amino and hydroxy nitriles, which

are hydrolyzed to amino and hydroxy acids. This mechanism is essentially a

Strecker synthesis. (2) The amino and hydroxy acids are synthesized in the

gas phase from the ions and radicals produced in the electric discharge.

It was shown that most, if not all, of the amino acids were synthesized

according to the first hypothesis, since the rate of production of aldehydes and

hydrogen cyanide by the spark and the rate of hydrolysis of the amino nitriles

were sufficient to account for the total yield of amino acids (Miller, 1957).

This mechanism accounts for the fact that most of the amino acids were

a-amino acids, the ones which occur in proteins. The ^-alanine was not formed

by this mechanism, but probably by the addition of ammonia to acrylonitrile

(or acrylamide or acrylic acid), followed by hydrolysis to ^-alanine. Similarly,

the addition of hydrogen cyanide to acrylonitrile would give the succinic acid

on hydrolysis.



CM A I'. 32] THE OBIGIN OF l^lh'K 855

The experiments on the mechanism of the electric discharge synthesis of

amino acids indicate that a special set of conditions or type of electric discharge

is not required to obtain amino acids. Any process or combination of processes

that yield both aldehydes and hydrogen cyanide would have contributed to the

amount of a-amino acids in the oceans of the primitive Earth. Therefore, it is

not fundamental whether the aldehydes and hydrogen cyanide came from

ultraviolet light or from electric discharges, since both processes would con-

tribute. It may have been that electric discharges were the principal source of

hydrogen cyanide and that ultraviolet light was the principal source of alde-

hyde, so that the two processes complemented each other.

B. Ultraviolet Light

It is clear from Table I that the greatest source of energy would be ultra-

violet light. The effective wavelengths would be CH4< 145o'A, H20< 1850 A,

NH3<2250A, CO < 1545 A, CO2<1690A, N2<1100A and H2 < 900 A. It is

more difficult to work with ultraviolet light than with electric discharges because

of the short wavelengths involved.

The action of the 1849 A Hg line on a mixture of methane, ammonia, water

and hydrogen produced only a very small yield of amino acids (Miller, 1957a).

Only NH3 and H2O absorb at this wavelength, but apparently the radical

reactions formed active carbon intermediates. The limiting factor seemed to be

the synthesis of hydrogen cyanide.

Groth (1957) and Groth and von Weyssenhoff (1957) found no amino acids

produced by the 1849 A line with a mixture of methane, ammonia and water,

but amines and amino acids were formed when the 1470 A and 1295 A lines of

argon were used. The 1849 A line produced amines and amino acids with a

mixture of ethane, ammonia and water. The mechanism of this synthesis was
not determined. Terenin (1957) has also obtained amino acids by the action of

the krjrpton lines on methane, ammonia and water.

We can expect that a considerable amount of ultraviolet light of wavelengths

greater than 2000 A would be absorbed in the oceans, even though there would
be considerable absorption of this radiation by the small quantities of organic

compounds in the atmosphere. Few experiments have been performed which
simulate these conditions.

Ellenbogen (1958) has worked with a suspension of ferrous sulfide in aqueous

ammonium chloride through which methane was bubbled. The action of ultra-

violet light from a high-pressure mercury lamp gave small quantities of a sub-

stance with peptide frequencies in the infrared. Paper chromatography of a

hydrolysate of this substance gave a number of spots with ninhydrin, of which
phenylalanine, methionine and valine were tentatively identified. Unfor-

tunately, this experiment is difficult to reproduce.

Bahadur (1954) has reported the synthesis of amino acids by the action of

sunlight on concentrated formaldehyde solutions containing ferric chloride and
nitrate or ammonia. Pavlovskaya and Passynskii (1958) have found a number
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of amino acids by the action of ultraviolet light on a 2.5% formaldehyde

solution containing ammonium chloride. These high concentrations of formalde-

hyde would not have occurred on the primitive Earth. It would be interesting

to see if similar results could be obtained with 10~4-10~5 m formaldehyde. This

type of experiment deserves further investigation,

C. Radioactivity and Cosmic Rays

Because of the small amount of energy available, it is highly unlikely that

high-energy radiation could have been very important in the synthesis of

organic compounds on the primitive Earth. However, a good deal of work has

been done using this type of energy, and some of it has been interpreted as

bearing on the problem of the origin of life.

Dose and Rajewsky (1957) produced amines and amino acids by the action of

X-rays on various mixtures of CH4, CO2, NH3, N2, H2O and Ho. A small yield

of amino acids was obtained by the action of 2 MeV Van de GraafF electrons on

a mixture of CH4, NH3 and H2O (Miller, unpublished experiments).

The formation of formic acid and formaldehyde from carbon dioxide and

water by 40 MeV helium ions was mentioned previously. These experiments

were extended by using aqueous formic acid (Garrison, Morrison, Haymond and

Hamilton, 1952). The yield per ion pair was only 6x 10~4 for formaldehyde

and 0.03 for oxalic acid. Higher yields of oxalic acid were obtained from

Ca(HC03)2 and (NH4)HC03 by Hasselstrom and Henry (1956). The helium

ion irradiation of aqueous acetic acid solution gave succinic and tricarbolic

acid along with some malonic, malic and citric acids (Garrison et al., 1953).

The irradiation of 0.1 and 0.25% aqueous ammonium acetate by 2 MeV
Van de Graaff electrons gave glycine, aspartic acid and a third compound,

probably diaminosuccinic acid (Hasselstrom, Henry and Murr, 1957). The yields

were very small. Massive doses of gamma rays from cobalt-60 on solid am-

monium carbonate yielded formic acid and very small quantities of glycine and

possibly some alanine (Paschke, Chang and Young, 1957).

The concentrations of carbon compounds and dose rates in the above ex-

periments were very much larger than could be expected on the primitive Earth,

and the products and yields may depend markedly on these factors, as well as

the effect of radical scavengers such as HS"", and Fe2+ and ¥e^+. It is difficult to

exclude high-energy radiations entirely, but if one is to make any interpretations

from laboratory work, the experiments should be performed at much lower

dose rates and concentrations of carbon sources.

D. Thermal Energy

The older theories of the formation of the Earth involved a molten Earth

during its formation and early stages. These theories have been largely aban-

doned, since the available evidence indicates that the solar system was formed

from a cold cloud of cosmic dust. The mechanisms for heating the Earth are the
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gravitational energy released during the condensation of the dust to form the

Earth and the energy released from the decay of the radioactive elements. It is

not known whether the Earth was molten at any period during its formation,

but it is clear that the crust of the Earth would not remain molten for any
length of time.

Studies on the concentration of some elements in the crust of the Earth

indicate that the temperature was less than 150°C during this lengthy fractiona-

tion, and that it was probably near ordinary terrestrial temperatures (Urey,

1953).

Hydrogen cyanide, acetylene and other compounds are synthesized by heating

methane and ammonia or nitrogen to temperatures of 400 to 1000°C for short

periods of time. The short contact times of the atmospheric gases with lava

flows might be useful in synthesizing some of these compounds, although the

efficiency would probably be low. Long contact times with the lava would give

an equilibrium mixture of C, CO, CO2, CH4, H2 and H2O.
Eox et al. (1956) have maintained that organic compounds were synthesized

on the Earth by heat. When heated to 150°, malic acid and urea were converted

to aspartic acid and ureidosuccinic acid, and the aspartic acid decarboxylated

to a- and /S-alanine. The difficulty with these experiments is the source of the

malic acid and urea, a question not discussed by Fox. He has also synthesized

some peptides by the well known reaction (Katchalski, 1951) of heating amino

acids to 150-180°C. The reaction will proceed at lower temperatures using

poljqihosphoric acid (Vegotsky and Fox, 1959) as a catalyst and dehydrating

agent, but it is not likely that polyphosphoric acid would have been present

on the primitive Earth. Salts of polyphosphoric acid are possible but the reaction

has not been shown to work with these salts. These polymerizations were

carried out with pure amino acids. It is questionable whether this polymeriza-

tion would work in the presence of large quantities of salts and other impurities.

There is a difficulty connected with heating amino acids and other organic

compounds to high temperatures. Abelson (1957) has shown that alanine, one

of the more stable amino acids, decarboxylates to methylamine and carbon

dioxide. The mean life of alanine is lO^ years at 25°C but only 30 years at

150°C. Therefore, any extensive heating of amino acids will result in their

destruction, and the same is true for most organic compounds. In the light of

this and since the surface of the primitive Earth was probably cool, it is difficult

to see how the processes advocated by Fox could have been important in the

synthesis of organic compounds.

E. Organic Phosphates, Porjihyrins

Gulick (1955) has pointed out that the synthesis of organic phosphates is a

difficult problem because phosphate precipitates as calcium and other phos-

phates under present Earth conditions in the oceans. He proposes that the

presence of hypophosphites, which are more soluble, would account for higher

concentrations of phosphorus compounds in early times when the atmosphere
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was reducing. Thermodynamic calculations show that all lower oxidation states

of phosphorus are inistable in the presence of the pressures of hydrogen assumed
in this paper. For example, the equilibrium constant for the reactioii

H2PO4- (aq) + 2H2 = H2P02-(aq) + 2H20(i)

is 2.5 X 10~27 at 25°C. It is possible that stronger reducing agents than hydrogen
(such as formaldehyde or hydrogen cyanide) reduced the phosphate, or that

some process other than reduction solubihzed the calcium phosphate. This
problem deserves careful attention.

The synthesis of porphyrins is considered by many authors to be a necessary

step for the origin of life. Porphyrins are not necessary for living processes if

the organism obtains its energy requirements from fermentation of sugars or

other energy-yielding organic reactions. According to the heterotrophic theory
of the origin of life, the first organisms would derive their energy requirements
from fermentations. The metabolism of sulfate, iron, N2, hydrogen and oxygen
appears to require porphyrins as well as photosynthesis. Therefore, porphyrins
would probably have to be synthesized before free energy could be derived

from these compounds. While porphyrins may have been present in the

environment before life arose, this is apparently not a necessity. Porphyrins
may have arisen as a result of biochemical experimentation of very primitive

organisms.

F. Intermediate Stages in Chemical Evolution

The major problems remaining for an understanding of the origin of life are:

(1) the synthesis of peptides, (2) the synthesis of purines and pyrimidines,

(Jif (3) a mechanism by which "high energy" phosphate or other types of bonds
'' could be synthesized continuously, (4) the synthesis of nucleotides and poly-

nucleotides, (5) the synthesis of polypeptides with catalytic activity (enzymes),

and (6) the development of polynucleotides and the associated enzymes which
are capable of self-duplication.

The free energy change for the reaction

amino acid + amino acid — dipeptide-t-H20

is about -(- 3 to -f 5 kcal {K — 10"^). Since the concentrations of amino acids in

the oceans would be low, the percentage of amino acid in the form of dipeptide

would be extremely small. The equilibrium constant for a peptide of n amino
acids is about K". The K^ must be corrected for the fact that the addition of

an amino acid to a long peptide requires less energy than to a small peptide,

but this difference still leaves the corrected K^ extremely small. This reaction

can be pushed to the right by removing water or by heating as Fox has done,

but, as pointed out earlier, these methods would probably not be effective on the

primitive Earth. Adsorption on mineral surfaces might aid in the synthesis of

peptides, but this would require the peptides to be firmly bound to the mineral.
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If the peptide is desorbed from the mineral then the mineral is simply a catalyst,

and a catalyst cannot change the equilibrium constant of a reaction.

In biological systems energy is "pumped" into the amino acids by adenosine

triphosphate. It seems clear that some method of "pumping energy" into the

amino acids is necessary in order to form peptides.

There has been no synthesis of the purines and pyrimidines starting from the

constituents of the primitive atmosphere. However, adenine and possibly

guanine and uracil have been synthesized by allowing ammonium cyanide to

polymerize in aqueous solution (Oro, 1960; Oro and Kimball, 1961). Glycine,

alanine and aspartic acid are also formed by the polymerization of ammonium
cyanide (Oro and Kamat, 1961). Hydrogen cyanide is readily produced from

methane and ammonia (or nitrogen) by electric discharges and some other

sources of energy (Miller, 1955, 1957). However, these experiments were per-

formed in concentrated ammonium cyanide solutions (1.5 m) which could not

have been present on the primitive Earth. It has not been shown that such

reactions will take place in more dilute solutions.

If the purine and pyrimidine bases and the sugar (ribose, deoxyribose or

other suitable sugar) are present then the problem of making a nucleotide or

adding phosphates to make a nucleotide is similar to making a ]3eptide bond.

Energy must be pumped into the system. The bases and sugar are less stable

than amino acids, so drastic treatments would not be effective here.

If the nucleotides (in the di- or tri-phosphate form) can be made, then it

appears that their polymerization to polynucleotides should not be too difficult,

Ochoa has found an enzyme (Steiner and Beers, 1961) which will polymerize

ribonucleotide diphosphates and Kornberg (1960) has found an enzyme which

will polymerize the deoxyribonucleotide tri-phosphates. It is possible that

certain mineral surfaces might be able to accomplish this polymerization, or

enzymes might have developed by this time which could catalyze this re-

action.

The synthesis of polypeptides with catalytic activity is an extremely difficult

one. Granick (1953) and Calvin (1956) have proposed that this synthesis

proceeded in steps. First a metal ion catalyzed a reaction, followed by the

formation of a chelate complex to give the metal greater activity. The next step

was the addition of a protein to give greater activity, followed by the "evolu-

tion" of this protein to improve on the catalytic activity and/or specificity. In

order for a molecule to evolve, there must be reproduction, mutation and selec-

tion. This process of molecular evolution could go on in an organism that could

reproduce, but one would think that the enzymes for a very primitive organism

would need some degree of specificity. If such molecular evolution took place

outside a living organism, then this hypothesis does not answer how such

primitive enzymes could have been reproduced so that there could be mutation

and selection. The problem might better be approached by looking for some

process for synthesizing enzymes that is more direct and does not require a

large degree of chance and evolution.
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4. The Origin of Life

In order to consider the problem of the origin of hfe, it is necessary to define

life. There appears to be no general agreement on how to define life, and it has

been asserted that life is incapable of definition. While it may be difficult to

find a single definition that will cover all aspects of life, we will define life as

follows: A living organism is an entity that is both (a) capable of making a

reasonably accurate reproduction of itself, with the copy being able to accom-

plish the same task; and (b) is subject to a low rate of alterations (mutations)

that are transmitted to its progeny.

Using this definition, one would say that the development of polynucleotides

and associated enzymes capable of self-duplication would be the origin of life.

The enzymes, polynucleotides and other factors required for this process might

require a membrane to hold them together, or they might be held together on

mineral surfaces.

Romberg's enzyme appears to be able to duplicate the DNA used as a primer

for the reaction (Romberg, 1960). This enzyme is synthesized by bacteria, but

if this system could be synthesized outside an organism and held together under

conditions that might have been present on the primitive Earth, this would

probably be considered the synthesis of life.

Oparin does not view the first organism as a polynucleotide capable of self-

duplication, but rather as a coacervate colloid which accumulates proteins and

other compounds from the environment, grows in size and then sj^lits into two

or more fragments which repeat the process. The coacervate would presumably

develop the ability to split into fragments which were similar in composition

and structure, and eventually a genetic apparatus would be incorporated which

could make very accurate duplicates.

These two hypotheses for the stef)s in the formation of the first living organism

differ mainly in whether the duplication first involved the relatively accurate

duplication of nucleic acids followed by the development of cytoplasm duplica-

tion, or in the reverse order. Other sequences could easily be enumerated, but

it seems clear that any significant hypothesis on this process requires a much
greater knowledge of the preliminary steps.

5. Evolution of Early Organisms

While little can be said about the development of the first living organisms,

reasonable hypotheses can be made for the early evolution of the most primitive

organisms. The theory that the primitive oceans contained large quantities of

organic compounds implies that the first organisms were heterotrophic. Hetero-

trophic organisms do not synthesize their basic constituents such as amino
acids, nucleotides, carbohydrates, vitamins, etc., but obtain them from the

environment. Autotrophic organisms synthesize all their cell constituents from
CO 2, H2O and other inorganic materials. Heterotrophic organisms are simpler

than autotrophic organisms in that they contain fewer enzymes and specialized
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structures to carry out their metabolism. Hence heterotrophic organisms would

have formed first.

A mechanism by which heterotrophic organisms could acquire various

synthetic abilities was proposed by Horowitz (1945). It has been found that the

presence of an enzyme in an organism is often dependent on a single gene. This

is known as the one gene-one enzyme hypothesis. Suppose that the synthesis of

A involves the steps

D-^C-^B-^A,
where a, b and c are the enzymes and A, B and C are compounds which the

organism cannot synthesize. If the necessary compound A becomes exhausted

from the environment, then the organism must synthesize A if it is to survive.

But it is extremely unlikely that there would be three simultaneous mutations

to give the enzymes a, h and c. However, a single mutation to give enzyme a

would not be unlikely. If compounds D, C and B were in the environment when
A was exhausted, the organism with enzyme a could survive while the other

would die out. Similarly when compound B was exhausted, enzyme h would

arise by a single mutation, and organisms without this enzyme would die out.

By continuing this process the various steps of a biosynthetic process could be

developed, the last enzyme in the sequence being developed first, and the first

enzyme last.

It is necessary for all living organisms to have a source of energy to drive the

biochemical reactions that synthesize the various structures of the organism.

According to the heterotrophic hypothesis the first organisms would obtain their

free energy from fermentation reactions. For example, the lactic acid bacteria

obtain their free energy from the reaction

CeHisOe (glucose) = 2CH3CH(OH)COOH (lactic acid).

Yeasts also ferment glucose, but they produce ethyl alcohol and CO 2 instead

of lactic acid, and there are bacteria which carry out many other types of

fermentation reactions. It is likely that organisms obtained their free energy

from fermentation reactions until the supply of fermentable compounds was

exhausted. At that point it would have been necessary for the development of

photosynthetic organisms which could obtain their free energy from light.

The first type of photosynthesis was probably similar to that of the sulfur

bacteria and blue-green algae which carry out the reactions

2H2S + CO2^ 2S + (H2CO) + H2O

H2S + 2CO2 + 2H2O^ H2SO4 + 2(H2CO),

where (H2CO) means carbon on the oxidation level of formaldehyde (carbo-

hydrates). It is much easier to split H2S than to split H2O, and so it would seem

likely that organisms would develop photosynthesis with sulfur first. When the

H2S and S were exhausted, it would become necessary to split water and

evolve O2, the hydrogen being used for the reduction of CO2.
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When the methane and ammonia of the primitive atmosphere had been

converted to carbon dioxide and nitrogen by photochemical decomposition in

the upper atmosphere, water would be decomposed to oxygen and hydrogen.

The hydrogen would escape, leaving the oxygen in the atmosphere and thereby

resulting in oxidizing conditions on the Earth. It is likely, however, that most

of the oxygen in the atmosphere was produced by photosynthesis from plants

instead of by the photochemical splitting of water in the upper atmosphere.

The evolution of multicellular organisms probably occurred after the de-

velopment of photosynthesis. The evolution of primitive multicellular organisms

to more complex types and the development of sexual reproduction can be

understood on the basis of the theory of evolution.

6. Life on Other Planets

Life as we know it requires the presence of water for its chemical processes.

We know enough about the chemistry of other systems, such as those of silicon,

ammonia and hydrogen fluoride, to realize that no highly complex system of

chemical reactions similar to that which we call "living" would be possible in

such media. Also, much living matter exists and grows actively on the Earth

in the absence of oxygen, so that oxygen is 7wt necessary for life, as is stated so

often. Moreover, the protecting layer of ozone in the Earth's atmosphere is not

necessary for life since ultraviolet light does not penetrate deeply into natural

waters, and also because many carbon compounds capable of absorbing the

ultraviolet would be present in a reducing atmosphere.

It is possible for life to exist on the Earth and to grow actively at temperatures

ranging from 0°C, or perhaps a little lower, to about 70°C. It seems likely that

if hot springs were not so temporary, many plants and possibly animals would

evolve which could live in such temperatures. Plants are able to produce and

accumulate substances which lower the freezing point of water and hence can

live at temperatures below 0°C. At much lower temperatures the rates of

reaction would probably be too slow to proceed in reasonable periods of time.

At temperatures much above 120°C reaction velocities would probably be so

great that the nicely balanced reactions characteristic of living things would

be impossible. In addition, it is doubtful if the organic polymers necessary for

living organisms would be stable much above 120°C, even allowing for the

amazing stability of the enzymes of thermophilic bacteria and algae.

Only Mars, Earth and Venus conform to the general requirements so far as

temperatures are concerned. Mars is known to be very cold and Venus to be too

hot. Recent observations of the black-body emission of radio waves from

Venus indicate surface temperatures of 290 to 350°C (Mayer et ah, 1958).

Infrared bands of water have been detected recently by observing Venus from

a balloon at high altitude. The presence of water on Venus would make life

possible, but if the radio-wave temperature is in fact the temperature on the

surface, then hfe could only exist on dust particles in the atmosphere.

Mars is known to be very cold with surface temperatures of -f 30 to — 60°C
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during the day. The colors of Mars have been observed for many years by many

people. The planet exhibits seasonal changes: green or bluish in the spring and

brown and reddish in the autumn. Sinton (1959) has observed absorptions at

3.43 [JL, 3.56 II and 3.67 [i in the reflected light of Mars. The 3.43 [j. absorption

corresponds to the C—H stretching frequency of most organic compounds at

this wavelength. The changing colors of Mars and the 3.5 {jl absorption are the

best evidence, however poor, for the existence of life on the planet. One thing

that can be stated with confidence is that if life exists there, then hquid water

must have been present on the planet in the past, since it is difficult to believe

that life could have evolved in its absence. If this was so, water must have

escaped from the planet, as very little water remains there now, and no hquid

water has been observed. Hence, oxygen atoms must escape from the planet.

This is possible if the high atmosphere has a temperature of 2000°K, and this is

not impossible in view of the high temperatures in the high atmosphere of the

Earth.

Surely one of the most marveUous feats of 20th-century science would be the

firm proof that life exists on another planet. All the projected space flights and

the high costs of such development would be fully justified if they were able to

estabhsh the existence of life on either Mars or Venus. In that case, the thesis

that life develops spontaneously when the conditions are favorable would be far

more firmly established, and our whole view of the problem of the origin of

life would be confirmed.

References

Abelson, P. H., 1956. Paleobiochemistry: Inorganic synthesis of amino acids. Carnegie

Inst. Wash. Year Book, 55, 171.

Abelson, P. H., 1956a. Amino acids formed in "primitive atmospheres". Science, 124, 935.

Abelson, P. H., 1957. Some aspects of paleobiochemistry. Ann. N.Y. Acad. Sci., 69, 276.

Bahadur, K.. 1954. Photosynthesis of amino acids from paraformaldehyde and potassium

nitrate. Nature, 173, 1141. Also in Oparin et al. (Eds.), Proc. 1st Intern. Symp. Origin of

Life on the Earth. Pergamon Press, London, 1959, p. 140.

Bernal, .J. D., 1949. The physical basis of life. Proc. Phys. Soc. London, 62A, 537; 62B,

597.

Bullard, E., 1954. The interior of the earth. In G. P. Kuiper (Ed.), The Earth as a Planet,

Chicago Univ. Press, Chicago, 111., 110.

Calvin, M., 1956. Chemical evolution and the origin of life. Amer. Set., 44, 248.

Curtis, A. R. and R. M. Goody. 1956. Thermal radiation in the upper atmosphere. Proc.

Roy. Soc. London, A236, 193.

Dose, K. and B. Rajewsky, 1957. Strahlenchemische Bildung von Aminen und Amino-

carbonsauren. Biochim. Biophys. Acta, 25, 225.

Ellenbogen, E., 1958. Photochemical synthesis of amino acids. Abstr. Amer. Chem. Soc.

Meeting, Chicago, 1958, p. 47C; and personal commimications.

Fox, S. W. et al., 1956. On biochemical origins and optical activity. Science, 124, 923;

Ann. N.Y. Acad. Sci., 69. 328 (1957); J. Chem. Ed. 34, 472 (1957).

Garrison, W. M., D. C. Morrison, J. G. Hamilton, A. A. Benson and M. Calvin, 1951.

Redviction of carbon dioxide in aqueous solutions by ionizing radiation. Science, 114,

416.



864 MILLER [chap. 32

Garrison, W. M., D. C. Morrison, H. R. Haymond and J. G. Hamilton, 1952. High-energy
helium-ion irradiation of formic acid in aqueous solution. J. Amer. Chem.. Soc, 74
4216.

Garrison, W. M., H. R. Haymond, D. C. Morrison, B. M. Weeks and J. Gile, Melchert,
1953. High energy helium ion irradiation of aqueous acetic acid solutions. J. Amer.
Chem. Soc, 75, 2459.

Granick, S., 1953. Inventions in iron metabolism. Amer. Naturalist, 87, 65.

Groth, W., 1957. Photochemische Bildung von Aminosauren imd anderen organischen
^'erbindungen aus Mischungen von H2O, NH3 und den einfachsten Kohlenwasser-
stoffen. Angew. Chemie, 69, 681.

Groth, W. and H. von Weyssenhoff, 1957. Photochemische Bildung von Aminosauren aus
Mischungen einfacher Gase. Naturtvissenschaften, 44, 510.

Gulick A., 1955. Phosphorus and the origin of life. Amer. Sci., 43, 479; Ann. N.Y. Acad.
Sci., 69, 309 (1957).

Hasselstrom, T. and M. C. Henry, 1956. New synthesis of oxalic acid. Science, 123, 1038.
Hasselstrom, T., M. C. Henry and B. Murr, 1957. Synthesis of amino acids by beta radia-

tion. Science, 125, 350.

Heyns, K., W. Walter and E. Meyer, 1957. Modelluntersuchungen zur Bildung Organischer
Verbindimgen in Atmospharen einfacher Gase durch elektrische Entladungen.
Naturwissenschaften, 44, 385.

Horowitz, N. H., 1945. On the evolution of biochemical syntheses. Proc. Nat. Acad. Sci.,

31, 153.

Katchalski, E., 1951. Poly-a-amino acids. Advances in Protein Chem., 6, 123.

Romberg, A., 1960. Biologic synthesis of deoxyribonucleic acid. Science, 131, 1503.
Mayer, G. H., T. P. McCullough and R. M. Sloanaker, 1958. Observations of Venus at

3.15 cm wave length. Astrophys. J., 127, 1.

Miller, S. L., 1953. A production of amino acids under possible primitive earth conditions.

Science, 117, 528.

Miller, S. L., 1955. Production of organic compounds under possible primitive earth
conditions. J. Amer. Chem. Soc, 77, 2351.

Miller, S. L., 1957. The mechanism of synthesis of amino acids by electric discharge.

Biochim. Biophys. Acta, 23, 480.

Miller, S. L., 1957a. The formation oforganic compounds on the primitive earth. Ann. N. Y.
Acad. Sci., 69, 260. Also in Oparin et al. (Eds.), Proc 1st Intern. Symp. Origin of Life
on the Earth. Perganion Press, 1959, p. 123.

Oparin, A. I., 1938, 1957. The Origin of Life. Macmillan, New York, N.Y. Third edition.

Academic Press, New York, N.Y.
Oparin, A. I., A. E. Braunshtein, A. G. Pasynskii and T. E. Pavlovskaya (Eds.), 1959.

Proc. 1st Intern. Symp. Origin of Life on the Earth. Pergamon Press, 1959, p. 151.

Oro, J., 1960. Synthesis of adenine from ammonimn cyanide. Biochem. Biophys. Res.

Commun., 2, 407.

Oro, J. and S. S. Kamat, 1961. Amino acid synthesis from hydrogen cyanide under possible

primitive earth conditions. Nature, 190, 442.

Oro, J. and A. P. Kimball, 1961. Synthesis of purines under possible primitive earth condi-

tions, I. Synthesis of adenine. Arch. Biochem. Biophys., 94, 217.

Paschke, R., R. Chang and D. Young, 1957. Probable role of gamma irradiation in origin

of life. Science, 125, 881.

Pavlovskaya, T. E. and A. G. Passynskii, 1957. The original formation of amino acids

under the action of ultraviolet rays and electric discharges. In Oparin et al. (Eds.),

Proc 1st Intern. Symp. Origin of Life on the Earth. Pergamon Press, 1959, p. 151.

Pavlovskaya, T. E. and A. G. Passynskii, 1958. Amino acid formation when exposing

formaldehyde and ammonium salt solutions to ultraviolet irradiation. Abstr. 4th

Intern. Cong. Biochem., 12,



CHAP. 32] THE ORIGIN OF LIFE 8G5

Rabinowitch, E. I., 1945. Photosynthesis, Vol. 1, p. 81. Interscience, New York.

Rense, W. A., 1953. Intensity of Lyman-alpha line in the solar system. Phys. Rev., 91,

299.

Rubey, W. W., 1955. Development of the hydrosphere and atmosphere, with special

reference to probable composition of the early atmosphere. Geol. Soc. Amer. Spec.

Paper 62, 631.

Schonland, B., 1953. Atmospheric Electricity. Methuen, London, 42, 63.

Sinton, W. M., 1959. Further evidence of vegetation on Mars. Science, 130, 1234; Astrophys.

J., 126, 231.

Steiner, R. F. and R. ¥. Beers, Jr., 1961. Polynucleotides. Elsevier, Amsterdam.
Terenin, A. N., 1957. In Oparin et al. (Eds.), Proc. 1st Intern. Syrnp. Origin of Life on the

Earth. Pergamon Press, 1959, p. 136.

Urey, H. C, 1952. On the early chemical history of the earth and the origin of life. Proc.

Nat. Acad. Sci., 38, 351.

Urey, H. C, 1952a. The Planets. Yale Univ. Press, New Haven, 149.

Urey, H. C, 1953. On the concentration of certain elements at the earth's surface. Proc.

Roy. Soc. London, A219, 281.

Urey, H. C, 1959. The atmospheres of the planets. In S. Flugge (Ed.), Handbuch derPhysik,

52, 363. Springer-Verlag, Berlin.

Vegotsky, A. and S. W. Fox, 1959. Pyropolymerization of amino acids to proteinoids with

phosphoric acid or polyphosphorie acid. Federation Proc, 18, 343.



33. THE PRESERVED RECORD: PALEONTOLOGY OF
PELAGIC SEDIMENTS

W. R. RiEDEL

1. Introduction

The i^aleontology of the deep and relatively permanent ocean basins represents

the last frontier of a discipline which, in the course of its development over the

past hundred years, has been largely concerned with fossil remains deposited in

epicontinental seas, on continental shelves, and in terrestrial environments.

Study of fossil assemblages deposited in shallow marine waters has yielded a

great deal of information about the history of the oceans, but this field is ex-

cluded from consideration here because its most significant results have recently

been summarized in the Treatise of Marine Ecology and Paleoecology (edited by
Hedgpeth and Ladd, 1957). Differences which exist between deep-sea and
shallow-water paleontology depend principally on the different types of organ-

isms constituting the bulk of the paleontologic records of the two kinds of

environment, and the relative stability and uniformity of the deep-sea environ-

ment. More superficial differences in methods of study result from the relative

inaccessibility of ancient deep-sea sediments.

As the terms "pelagic" and "planktonic" tend to be confused by some geologists and
paleontologists, it may be well to explain their usage in this chapter. "Pelagic " is here used
to mean "of the open sea", as in the classical usage of the word. Thus, sediments deposited

near shores or in narrow bodies of water cannot be "pelagic". "Planktonic" is applied to

organisms to denote incapability of strong directed movement—their distribution is to

a great degree dependent upon water currents. Under certain circumstances, .sediments

containing a high proportion of planktonic microfossils can accumulate in a non-pelagic

environment.

2. Fossils of Deep-Ocean Basins versus Those of Shallow Waters

Sediments deposited in shallow marine waters present a wide range of bio-

genous comjjonents, from coquinas and reef deposits formed almost exclusively

of the remains of benthic macro-organisms to fine-grained calcareous and sili-

ceous sediments consisting largely of skeletons of planktonic micro-organisms.

Sequences of such sediments at any one locality are not generally uniform

through periods of many millions of years, and at any one time the areal extent

of a uniform sedimentary unit seldom exceeds a few hundred square miles.

Changes in the physical and chemical characteristics of shallow and nearshore

waters occur relatively frequently, affect relatively small areas, and are reflected

by sharp and frequent changes in the specific and general composition of the

associated fossil assemblages. Abundance, rarity or absence of any fossil group

in a shallow-water sedimentary rock is a function mainly of the contemporary

presence or absence of that group of organisms at the locality, dilution of the

fossils by inorganic sedimentary comjjonents, and processes during or after

lithification which may have affected the skeletal material physically or

[MS received August, I960] 866
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chemically. In most sequences of sedimentary rocks of shallow-water origin,

planktonic microfossils are far outweighed in mass by the skeletons of benthic

organisms. These latter, owing principally to their usually larger size, have been

the subject of many investigations and form the basis for most interpretations

of paleoecology and age of sedimentary sequences. Finally, sediments deposited

in shallow water frequently have their character influenced profoundly by water

movements (shallow currents, wave action, etc.) which frequently change

intensity and direction; these movements rework, sort, and abrade the associated

fossils.

In sediments of the deep-sea basins, on the other hand, skeletal remains of

benthic organisms practically never constitute a high proportion of the con-

tained fossils. The fossil assemblage here is composed principally of the remains

of a few groups of micro-planktonic organisms. The httle direct evidence at

present available indicates that in many areas the type of sediment accumula-

ting and the contained fossil assemblage have remained constant in most of their

characters over millions of years : and if a change of sediment type and fossil

content does occur, it is most frequently occasioned by a change in the calcium

carbonate compensation depth and concomitant increase or decrease of the

calcareous components as a whole. Another principal cause of changes in the

sediment at any locality is migration of the boundaries of the main surface

water masses of the open oceans: such changes apparently occur much less

frequently than their analogues in shallow and nearshore waters. The areal

extents of most of the uniform pelagic sedimentary units being deposited at the

present day are measurable in thousands of square miles, and there are reasons

to believe that this has been the case for as long as the ocean basins have

existed. All of the main groups of planktonic organisms contributing skeletal

remains to deep-sea sediments are ubiquitous, only their relative proportions

differing from one locality to another. Their frequency in sediments is controlled

largely by the extent of their dissolution during descent to the sea floor and

during their burial to a depth of a few centimeters below the sediment surface

:

dilution by varying rates of supply of inorganic sedimentary components plays

a relatively minor role. Once deposited, deep-sea sediments and their associated

fossils are not so liable to disturbance by strong current action as are shaUow-

water deposits, though even at great dej)ths there are jjhysical agencies capable

of re-distributing sediments, as indicated in the section on "Reworking",

page 881.

3. Objectives of Deep-Sea Paleontology

Following the early observation that patterns of distribution of present-day

organisms are strongly dependent upon certain measurable physical and

chemical parameters, it was inevitable that natural historians should attempt

to deduce past environmental conditions through investigation of fossil

assemblages. A knowledge of past oceanic conditions is fundamental to many
aspects of oceanography, and, therefore, one of the most important objectives

29—s. m
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of deep-sea paleontology is the elucidation of the history of the oceans on the

basis of biogenous components of sediments. The several steps toward this

goal are:

(1) Mapping the distribution and abundance of the skeletons of pelagic

organisms in Recent deep-sea sediments, and determination of the fidelity with

which these thanatocoenoses reflect the biocoenoses of the overlying water.

The more fundamental investigation of the relation of species of organisms to

present-day physical and chemical oceanographic parameters is the province

of the biogeographer.

(2) Determination of ages of various levels in sediment cores, or at least the

establishment of successive isochronous levels in the cores,

(3) Comparison of isochronous fossil assemblages from many localities over

large areas, and interpretatioa (in terms of oceanic conditions) of observed

patterns in the distribution of species and assemblages.

4. Shelled Pelagic Micro-organisms and Their Distribution

The principal groups of organisms contributing skeletal material to pelagic

sediments are:

1. Plants (restricted in life to the photic zone)

a. with calcareous skeletons

Coccolithophorids

b. with sihceous skeletons

Diatoms

Silicoflagellates

2. Animals

a. with calcareous skeletons

Foraminifera

Pteropods

Fish (phosphatic remains)

b. with sihceous skeletons

Radiolaria

Sponges

A. Coccolithophorids

These organisms consist in general of a spherical or ellipsoidal protoplast of

the order of 5-50 [j, in diameter surrounded by a layer of joined or separated

circular, elliptical or angular calcareous plates (coccoliths, rhabdoliths, penta-

liths, etc.. Fig. 1). After death, the spherical tests (coccospheres, rhabdospheres,

braarudospheres, etc.) usually disintegrate into their component elements,

though they are occasionally preserved intact in sediments. Hentschel (1936) and
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Hasle (1959) have reported that the numbers of coccolithophorids in the upper

100-200 m of tropical to subantarctic waters are of the order of thousands/ml.

Bramlette (1958) estimated that in typical Quaternary calcareous ooze fi-om

the tropical Pacific, coccolithophorids constitute 10-15% of the total calcium

carbonate of the sediment, and that in many early Tertiary calcareous oozes

and chalks, coccoliths and related forms account for about 50% of the total

calcium carbonate. In recent years it has come to be generally recognized that

practically none of the calcium carbonate in deep-sea sediments is of inorganic

origin^electron microscope examination has revealed that the fine-grained

calcium carbonate previously loosely described as "impalpable" is formed

principally of fragments of coccolithophorids. "Coccolithophorids" in this

context is used to embrace the true coccolithophores, known from plankton

e f g

Fig. 1. Coccolithophorids and related forms, a-c, discoasters; d, pentalith of Braarvdo-

sphaera; e, f, rhabdoliths; g, h, coccoliths.

samples, and other small calcareous bodies which are inferred to have been

formed by rather similar organisms. Quantitatively the most important of

these microfossils of uncertain affinities are the discoasters (Fig. la-c)—usually

flat, stellate bodies of approximately the same size as coccoliths, formed by a

group of organisms which are believed to have become extinct at about the end

of Tertiary time.

Although information on the distribution of species is difficult to obtain

because of the difficulty of routine species identifications, Hentschel (1936) was

able to recognize different associations of coccolithophorids characteristic of

diff"erent water masses of the Atlantic. Preliminary results of Hasle (1959)

indicate that some of the species in Pacific plankton can be distinguished as

warm-water forms and others as cold-water forms, and that different species

live at different depths, at least within the upper 150 m in the equatorial

Pacific. Much more work on Recent plankton is required, however, before it

will be possible to make ecological interpretations of the abundant members of

this group in sediment cores.
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B. Diatoms
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Members of this ubiquitous group have siKceous frustules of a variety of

shapes (Fig. 2), most of them ornamented with characteristic areolae or other

surface patterns. The forms most obvious in sediment preparations are discoidal,

elliptical, and, much less commonly, triangular or quadrangular in the usual

plan view, generally 10-100 \j. in diameter, but fragments of elongate rod- or

thread-like forms up to several hundred microns in length are common at some
localities. Some species form frustules so delicate as to dissolve soon after the

death of the organism, in many cases apparently during their descent from the

photic zone to the sea floor. Highly diatomaceous sediments are especially

characteristic of high latitudes, and occur also under some areas of coastal

upwelling along the western coasts of Africa and America. In tropical regions,

radiolarians generally exceed diatoms in the mass of silica contributed to the

50u
Y^

Fig. 2. Some Quaternary planktonic diatoms.

sediments, but under conditions especially favorable to the preservation of

delicate sihceous skeletons (relatively shallow depth and high rate of sediment

accumulation) the contribution of biogenous silica by the diatoms approaches

or exceeds that of the radiolarians. Well defined diatom oozes in some areas

contain as much as 30-40% biogenous silica, but it must not be assumed that

such a high content of siliceous skeletons is characteristic of all of the areas

marked as diatom ooze on charts of Recent sediments : the sediments of a part

of the North Pacific usually mapped as diatom ooze are now estimated to

contain only up to about 10% biogenous silica (Riedel, 1959; N. S. Skornyakova,

in litt.). The floral assemblages of most diatomaceous sediments comprise a

large number of species : the Ethmodicus oozes reported from some tropical and

temperate localities of the open oceans represent a special case in which frag-

ments of only one genus of large diatom dominate the assemblage (Kolbe, 1957;

Jouse, Petelin and Udintsev, 1959).

Patrick (1948) comprehensively reviewed earlier work elucidating the factors

affecting distribution of living diatoms, and it is possible here to mention only

a few of the biogeographic studies which have broadened our understanding of
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the relation between diatom species and assemblages and the main water

masses of the oceans. Cleve (e.g. 1900) was one of the first of a series of European

workers to show that different diatom assemblages are associated with the

different water masses of the North Atlantic. Hendey (1937) distinguished cold-

water and warm-w^ater floras in the near-surface waters of the Southern Ocean

and reported a relation between physical and chemical conditions of the en-

vironment and the morphology of diatom frustules; and Hustedt (1958)

investigated some of the South Atlantic and Antarctic diatoms in greater

detail. Semina (1958) and Karohji (1959), investigating plankton diatoms from

the northwest Pacific, traced a pronounced difference between the boreal

assemblage of the colder northern water and the warm-water assemblage of the

Kuroshio. In his study of the sediments of the tropical parts of the Pacific,

Fig. 3. Silicoflagellates from pelagic sediments, a-c, Eocene; d, e, Miocene.

Atlantic and Indian Oceans, Kolbe (1957) found the warm-water assemblage to

be similar in the three oceans, and different from the assemblages characteristic

of high latitudes.

C. Silicoflagellaies

The living organism comprises a small, flagellated cell with an associated

siliceous skeleton of hollow bars which form a spiny ring, variable in form and

in most species simply reticulated (Fig. 3). Silicoflagellates occur in all parts of

the oceans, and although their skeletons are found in almost all sediments

containing diatoms, they never constitute a significant proportion of the mass

of pelagic sediments. As a result probably of the small size of these organisms

(generally 10-50 [x), little is known of their biogeography (Gemeinhardt, 1930).

D. Foramiiiifera

The chambered tests of these protozoans, generally about 50-1000 y. in size,

are the major component of the calcareous microfossils in Quaternary pelagic

sediments. Most of the tests accumulating on the deep-sea floor are of plank-

tonic species (Fig. 4) which inhabit i^rinciiDally the upper part of the water

column, to a dejjth of 100-300 m. Tests of benthonic sjiecies, some of them



872 BiEDEL [chap. 33

calcareous and others formed of agglutinated foreign grains, are widespread

but at present form a quantitatively minor constituent. However, planktonic

Foraminifera have not always formed a major constituent of sediments—they

first became abundant during the Cretaceous. The sparse benthonic foramini-

feral assemblages in pelagic sediments are relatively uniform in species-

composition, compared to assemblages of planktonic forms (Phleger, Parker

and Peirson, 1953).

Planktonic foraminiferal species at present inhabiting the world's oceans

number only about 30-50, a surprisingly small total when compared to the

hundreds of described Recent species in such groups as the diatoms and Radio-

laria: the possibility should be borne in mind, however, that the large number

of species described in some groups may be to some extent a result of over-

splitting, not truly reflecting the number of non-interbreeding units. Murray

I mm

Fig. 4. Some Recent planktonic Foraminifera.

(1897) noticed that the Foraminifera obtained in plankton tows in high latitudes

are different from those of temperate and tropical waters, and a few investi-

gators have since made more detailed biogeographic studies on this group.

Schott (1935) mapped the distributions of living planktonic Foraminifera in

the equatorial part of the Atlantic Ocean and noted that at least some of the

species showed distribution patterns apparently related to surface water masses

as defined by temperature and chemical characteristics. Be (1959), investigating

the Foraminifera in the upper 200-350 m of water in the North Atlantic over

an area bounded by 35-44°N, 55-65°E, found the biocoenoses to differ in the

three water masses represented (the slope-water in the north, the Gulf Stream

and the Central Atlantic water of the Sargasso Sea). Most of the nineteen species

occurring in this area were found throughout the region, but groups of species

separated as cold-tolerant and warm-tolerant differ in relative abundance from

one water mass to another. Bradshaw (1959) found it possible to group the

twenty-seven species of planktonic Foraminifera which he found in the North

and Equatorial Pacific Ocean into four faunas (subarctic, transitional, central

and equatorial-west-central) with limits corresponding in a general way with

those of the surface water masses. Many of the species occur in two or more

of his faunal regions, but zones of relative abundance are more restricted. In

Chapter 31 of this book Ericson discusses the interrelation between water

temperature and coiling direction of the planktonic foraminifer Globorotalia

truncatulinoides .



CHAP. 33] THE PRESERVED RECORD: PALEONTOLOGY OF PELAGIC SEDIMENTS 873

E. Pteropods

Some members of this group of pelagic molluscs have shells which are gener-

ally spirally coiled, conical or compressed-conical, up to several millimeters in

length (Fig. 5). Biogeographic studies of this group have been made by
Meisenheimer (1905), Tesch (1946, 1948) and Hida (1957). Characteristically

tropical, subtropical, boreal and ubiquitous species are known. The majority of

species live within the upper few hundred meters of the water column, but

there are some bathypelagic species living predominantly in depths greater

lOOii

Fig. 5. Pteropods from a Recent sediment

from the Tuamotu Archipelago.

Fig. 6. Fish skeletal debris from a
South Pacific zeolitic clay.

than 500 m. The contribution of pteropods (and heteroiDods, which have some-

what similar shells) to pelagic sediments is severely limited by the instability

of their aragonitic shells. They are found more commonly in Mediterranean and
Atlantic than Pacific sediments. This apparently reflects the shallower depth

and more rapid rate of sediment accumulation in the former.

F. Fish Debris

Fragments of bone, placoid scales and small teeth (Fig. 6) form a minor
constituent of all pelagic sediments, but there has been no reported attempt to

identify the fish they represent.

G. Radiolaria

Members of this group of Protozoa occur in all parts of the oceans, and
contribute significant amounts of opaline silica to sediments, especially in

tropical and temperate regions. Their tests, most of them 50-400 \l in diameter

or length, exhibit a great variety of shapes generally based on spherical or

helmet-shaped ground-forms (Fig. 7). In attempting to evaluate the literature

on Radiolaria, it is important to bear in mind that there are two profoundly

different, not closely related, groups of siliceous Radiolaria, and generalizations
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Fig. 7. Radiolaria (Spumellaria and Nassellaria) from Pacific sediments, a-d, Quaternary;

e, f, Lower Miocene; g-j, Eocene.

Fig. 8. 7'ripylean Radiolaria from a Quaternary Pacific sediment. (Scripps core Cap. lOBGl,
22° 03'S, 178° 34'E, 20-22 cm below sediment surface.)
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valid for one group are not necessarily applicable to the other. The first of these

two groups is the Tripylea ( = Phaeodaria), with skeletons apparently formed of

an intimate mixture of silica and some organic substance: skeletons of this group
are not represented in the fossil record (Deflandre, 1960), though they are

preserved in a few Recent sediments deposited under exceptionally favorable

conditions (Fig. 8). The second group (comprising Spumellaria and Nassellaria)

has skeletons of opaline silica without organic admixture, and it is these

w hich are preserved in sediments. It may be mentioned that the Acantharia,

which have skeletons of strontium sulphate and are regarded as Radiolaria by
some workers, are not known with certainty to occur in either Recent or

ancient sediments.

Because of their relatively large size (up to a few millimeters), the Tripylea

are often observed in plankton samples and have therefore been the subject of

a number of biogeographic studies (annotated bibliography of Riedel and Holm,
1957). But the Sphaerellaria and Nassellaria, with which we are concerned here,

are much more difficult to obtain from plankton samjDles and their biogeo-

graphy is consequently sparsely documented. It appears that the majority of

them are restricted in life to the upper few hundred meters of the water column,
though Haecker (1907) observed some living at depths of 400-5000 m. Popofsky
(1908, 1912, 1913) found some species of Sphaerellaria and Nassellaria to be
restricted to cold waters and others to warm waters, and the size of some widely
distributed species to vary according to the temperature of their habitat.

H. Sponges

Members of this group of sessile Metazoa are widespread on the ocean floor,

and contribute siliceous spicules of a variety of forms (Fig. 9) to j)elagic sedi-

ments. Sponge spicules can generally be distinguished from fragments of other

siliceous microfossils by their having a central canal. In deep-sea sediments these

spicules usually constitute only a minor proportion of the biogenous silica,

though they form a major constituent of some assemblages on shallower banks
and continental shelves. The present impossibility of identifying isolated

spicules limits their use in paleoceanographic interpretations.

5. Interpretation of Quaternary Microfossil Assemblages

Before attempting any interpretation of microfossil assemblages in Quater-
nary sediment cores, it is necessary to evaluate the fidelity with which distri-

bution patterns of species in Recent sediments reflect those of the organisms
living in the waters above. The most conclusive way to accomplish this is to

compare directly the distributions of living planktonic species with the distri-

butions of their skeletal remains at the sediment surface. For most planktonic

groups this is impossible at present because of lack of the necessary data, and
very few investigations have been made with this object directly in view. On
the basis apparentl}^ of little evidence, Murray (1897) categorically stated that
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"the distribution of the dead shells of the pelagic Foraminifera on the floor of

the ocean corresponds exactly with the distribution of the living specimens at

the surface of the sea . . . ; the distribution of the dead shells on the bottom does

not appear to be much if any wider than that of the hving specimens at the

surface, and this shows that the dead shells must reach the bottom a very short

time after the death of the organisms". Schott (1935) examined this matter in

the equatorial Atlantic and found Murray's statement to be generally correct if

allowance is made for dissolution of some of the more delicate tests. Semina and

l\

200ti .

Fig. 9. Sponge spicules from an Atlantic pelagic sediment. (Lament core A167-44, 25° 40'N,

77'' 21'W, 5-10 cm below sediment surface.)

Jouse (1959) found a correspondence between diatom biocoenoses and thanato-

coenoses in the western part of the Bering Sea, again allowing for impoverish-

ment of the thanatocoenoses due to selective dissolution of the dehcate frustules

of some species.

A less direct approach is to chart distributions of species and assemblages in

Recent sediments and compare them with the pattern of overlying water

masses. If the pattern of faunal assemblages in Recent sediments mirrors that

of the more or less discrete water masses above, it appears permissible to

conclude that the assemblages of living organisms represented are related to

those water masses, and that there has been little lateral displacement of the

skeletons during their descent to the sea floor. Kanaya {in litt.) is engaged in a

study of the diatoms in Quaternary sediment samples from the Pacific floor,

and has been able tentatively to distinguish five distinct diatom assemblages in
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the northeast Pacific area (Fig. 10, I-V). The southern hmit of the assemblages

characterized by the cold-water diatom Denticula marina Semina corresponds

rather well to the southern limit of subarctic water, and the fact that the

other boundaries between the different thanatocoenoses remain distinct argues

against much lateral transport of the sinking frustules by subsurface currents.

Lohman (1941) estimated that isolated diatom frustules would require several

hundred years to settle through 3000-4000 m of ocean water, and currents are

known to exist in intermediate and deep waters. It is, therefore, at first sight

remarkable that patterns of diatom assemblages are discernible in Recent

pelagic sediments. There appears to be httle doubt that a high proportion of at

least the smaller microfossils settle through the water column as aggregates,

and therefore sink more rapidly than would isolated skeletons. Large numbers

20'

_ Sth. limit of common Denliculo merino— Nth. limit of common CoscinocJisc

160° 140° 120°

Fig. 10. Diatom assemblages (I-V) tentatively recognized by T. Kanaya in Recent sedi-

ments of the NE Pacific, x marks positions of samples forming the basis of assemblage

definitions.

of diatoms and silicoflagellates, for example, are observed in the stomachs of

planktonic crustaceans and tunicates, and faecal pellets and decaying intestines

would provide a source of rapidly setthng aggregates.

Havins estabhshed that the microfossils of Recent sediments reflect condi-

tions in the overlying waters, it is then justifiable to attempt to deduce past

oceanic conditions on the basis of changes in microfossil assemblages of sediment

cores. Many workers investigating Foraminifera in deep-sea sediment cores

have been able to trace successions of alternating assemblages representing

warmer and colder conditions in Quaternary sequences: examples are those

described by Schott (1935, 1952), Cushman and Henbest (1940), Phleger et al.

(1953) and Ericson and Wolhn (1956) in the Atlantic, by Todd (1958) and Parker
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(1958) in the Mediterranean, and by Stubbings (1939) in the Arabian Sea.

Similar alternations of diatom assemblages have been described from northwest

Pacific sediment cores by Jouse (1960). Such sequences can be related to

Quaternary climatic changes, particularly when account is taken also of litho-

logic changes throughout the cores, as has been done, for example, by Bramlette

and Bradley (1940) in the North Atlantic, by Arrhenius (1952) in the Pacific,

and by Wiseman (1954) in the equatorial Atlantic. By these means, it is a

relatively straightforward matter to trace, qualitatively, changes in certain

oceanographic conditions through the Quaternary, and to correlate one core

with another in any suitable region; but few investigators have yet obtained

sufficient data to determine the actual positions of boundaries between water

masses during the various stages of the Quaternary. On the basis of their

foraminiferal investigations, Phleger et al. (1953) concluded that the northern

edge of the North Equatorial Current off the west coast of Africa may have

shifted southward through at least 10-15° of latitude during some parts of the

Quaternary; and Jouse (1960) found that the southern limit of the boreal

diatom assemblage east of the Kuriles, at present situated at about 42-45°N,

was displaced northward to about 50°N during the last interglacial period.

6. Mieropaleontological Determination of Ages

Passing from a consideration of the pelagic micropaleontology of the Quater-

nary to that of the Tertiary, we enter a field in which our knowledge is even

more fragmentary. The principal reason for this is that fossiliferous Tertiary

pelagic sediments are much less frequently encountered than those of Quater-

nary age; and when they are obtained it is difficult to date them accurately, or

to refer them to isochronous levels preparatory to applying them to the inter-

pretation of oceanic conditions at any given time.

The degree to which any group of fossils is potentially useful for age deter-

minations depends primarily upon the areal extent of distribution of individual

species, and the length of time between origin and extinction of the species.

Species and assemblages of the planktonic micro-organisms here under con-

sideration have relatively large areas of distribution, and the species and genera

seem to have evolved at rates comparable with other fossil groups, and, there-

fore, all are potentially useful as age-indicators. Their application is limited by

such factors as inadequacy of the taxonomic systems currently in use, and the

small number of described, well-dated assemblages with which samples of

unknown age can be compared,

A. Coccolithophorids

The potentialities of these microfossils as indicators of age were pointed out

by Bramlette and Riedel (1954), and in recent years our knowledge of Tertiary

assemblages has been increased by the investigations of several European

workers (including Defiandre and Fert, 1954; Martini, 1958, 1959; Stradner,
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1959). Bramlette {in litt.) has examined coccolithophorids and related forms

from portions of the European Tertiary sequence and their equivalents in

other widely separated parts of the world, and has found these microfossils

to be useful for rather detailed correlation. The ease with which coccolitho-

phorids can be prepared for preliminary microscoi3ic examination is a factor

which favors their routine use. A few milligrams of highly calcareous pelagic

sediment need only be puddled on a glass slide with a few drops of water,

dried and covered with Canada balsam: in the preparation of less calcareous

sediment samples the coccolithophorids may be concentrated by utilizing the

different settling velocities of the components of the dispersed sediment.

Discoasters appear to have been common in at least the warm waters of the

open ocean throughout Tertiary time, and to have become extinct (or virtually

so) at about the end of the Tertiary; thus the occurrence of numerous dis-

coasters in a pelagic sediment may be interpreted as indicating a Tertiary age

for the sample, or an admixture of reworked Tertiary material.

B. Diatoms

As with several other groups of pelagic microfossils, the paucity of described

assemblages of well established ages is the principal obstacle to the use of dia-

toms as indicators of age. Rheinhold (1937) was one of the first to attempt to

correlate Tertiary diatom assemblages, but he was hampered by erroneous

age assignments of some of the reference localities which formed the basis of

his comparative studies. Both Hanna (1932) and Lohman (1960) have pointed

out the striking similarity of Miocene diatom assemblages from the east and
west coasts of the United States and have expressed the belief that future

investigations will increase the applicability of these microfossils to problems
of stratigraphic correlation. Other investigators currently laying the ground-

work for future application of diatoms to problems of stratigraphic correlation

include Kanaya (1957, 1959), Jouse (1948, 1959), and Sheshukova-Poretskaja

(1959).

C. Silicoflagellates

In most pelagic sediments, both species and individuals of this group are too

few to permit extensive application as indicators of age. They do, however,

offer useful supplementary information on ages. Interpretation of the age-

significance of silicoflagellates is aided by several recent articles reviewing these

microfossils (Frenguelli, 1940; Deflandre, 1950; Tynan, 1957).

D. Foraminifera

Of all the groups of pelagic microfossils, it is the Foraminifera which have
been most extensively applied to stratigraphic problems. For several decades,

benthonic representatives of this grouj) received most of the attention of
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niicropaleontologists, but within the last 20-30 years the planktonic forms have

come in for more intensive study. From the vohnninous hterature produced by

many authors, it is possible to refer here to only a few papers which indicate

the history of the use of planktonic Foraminifera for regional and inter-regional

correlation. As an indication of the degree of precision attainable by paleonto-

logical correlation, it might be pointed out that within the Tertiary, for example,

an inter-regional correlation confidently established within limits of ± 5 million

years would be regarded as satisfactory by present-day standards. Grimsdale

(1951) showed that the succession of planktonic foraminiferal species in the

Tertiary of the Middle East is remarkably similar to that in the region of the

Caribbean and Gulf of Mexico. Bronnimann (1950), Beckmann (1953), Bolli (in

Loeblich et al., 1957) and Blow (1959) investigated Tertiary planktonic assem-

blages in the Caribbean region and their relationship to faunas of similar

age in other parts of the Americas and in Europe. Hamilton (1953) assigned

ages to fossil foraminiferal oozes from Central Pacific seamounts on the basis

of planktonic species; and in correlating the New Zealand Upper Cretaceous and

Tertiary stages with the international time scale, Hornibrook (1958) based his

interpretations largely on planktonic Foraminifera. Monographic regional

studies of fossil reioresentatives of planktonic foraminiferal genera, such as those

of Subbotina (1953) on Russian globigerinids, hantkeninids and globorotaliids,

will enhance their applicability of inter-regional correlation. When a series of

Oligocene and Miocene radiolarian assemblages from the tropical Pacific floor

required correlation with a sequence of known age on land (Riedel, 1959a),

comparison of the associated foraminiferal assemblages with those described

from the Caribbean region provided an important part of the basis for the

correlation. The pre-eminent position of the Foraminifera in the sphere of

Tertiary inter-regional correlation is due largely to their frequent occurrence in

a great variety of sediment types in many localities, and to the intensity with

which they have been investigated. It seems that the only group which may in

the future challenge their position in this field are the coccolithophorids, which

apparently present a greater variety of widely distributed species, but which

have hitherto received little attention from stratigraphic niicropaleontologists.

E. Pteropods

Shells of these organisms can to a very limited extent be applied to problems

of age determination. They proved to be of assistance to Putsch (1934) and

Stainforth (1948) in their correlation of Tertiary molluscan assemblages of the

Caribbean region with those of Europe.

F. Fish Debris

Since the time of the Challenger Expedition (Murray and Renard, 1891), it

has been suspected that some of the sharks' teeth dredged in areas of slowly

accumulating red clay are Tertiary in age. In the present context, however,
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discussion is limited to those small skeletal fragments and placoid scales which

can be obtained in considerable numbers by sieving a few grams of any sample

of pelagic clay. It is not at present possible to use these for stratigraphic

correlations, but further investigation to determine their applicability seems

desirable because they are practically the only microfossils preserved in many
clays lacking siliceous and calcareous remains.

G. Radiolaria

Attempts (summarized by Kobayashi and Kimura, 1944) have been made to

assign ages to radiolarian assemblages on the basis of the proportion of cyrtoi-

deans to sphaeroideans (two great subdivisions of the Radiolaria). Although it

is indeed true that cyrtoideans seem to have developed later than sphaeroideans

in geological time, the proportion of species belonging to the two groups in any

assemblage can be expected to depend largely on ecological conditions as well

as on age. The only reliable method of radiolarian age determination is through

comparison of assemblages of species from all available parts of the geological

column. This approach has recently resulted in correlations which agree with

those based on other microfossil groups (Riedel, 1957, 1959a). Relatively few

workers have investigated fossil Radiolaria, and there is no doubt that future

descriptions of assemblages of known age will enhance their value for strati-

graphic interpretations.

H. Reworking of Older Microfossils into Younger Sediments

In the absence of supporting evidence, it is not safe to assume that the micro-

fossil assemblage in any given sample from the surface of the deep-sea floor

includes only Recent species. In addition to turbidity currents transporting

and mixing sediments in and near areas of relatively high relief, there seem to

be abyssal currents capable of eroding and transporting sediments over some

areas of low relief on the ocean floor. Evidence of deep-sea erosion and transpor-

tation is summarized by Heezen (1959). In view of the fact that late Tertiary

sediments may be covered by Quaternary deposits only a meter thick in areas

of slow sediment accumulation, it is not surprising that relatively minor

agencies of disturbance are able to expose Tertiary sediments on the deep-sea

floor where the general relief is of the order of 100 m.

Recognition of reworked Tertiary elements in Recent sediments is hampered

by the incompleteness of our knowledge of the Tertiary representatives of

pelagic microfossil groups. Where reworked Tertiary microfossils can be re-

cognized in Quaternary sediments, it may also be concluded that inorganic

Tertiary sediment components have accompanied the microfossils, and this has

considerable bearing on the interpretation of the chemical or mineralogical

character of the sediment as a whole. If a sufficient number of closely spaced

sediment samples could be collected from around an isolated Tertiary outcrop,

it might be possible to determine the strength and direction of the water
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samples obtained are disconformably overlain by a relatively thin Quaternary

cover. Apart from the Cretaceous and Paleocene on mid-Pacific seamounts
(Hamilton, 1956), the oldest known pelagic sediments from the Pacific Ocean
basin are two Middle Eocene outcrops on the Tuamotu Ridge (Riedel and
Bramlette, 1959). Eocene sediments have been reported in the Atlantic (Heezen

et al., 1959), and are believed to crop out also on the floor of the Indian Ocean
(Wiseman and Riedel, 1961).

Fig. 12. Comparison of Quaternary (above the line) and middle Tertiary (Oligocene to

Lower Miocene, below the line) sediments at some localities ( x ) on the Pacific floor.

calc. = calcareous (microfossils); silic. = siliceous (microfossils); oz. = ooze.

The spacing of the Tertiary pelagic sediment samples of any given age which
have been collected to date is not sufficiently close to permit drawing any but
the most generalized paleoceanographic conclusions. Certain interesting con-

clusions can be drawn, however, even from the gross microfossil content of

isolated Tertiary samples. Fig. 12 indicates the positions at which middle
Tertiary (Oligocene to Lower Miocene) sediments have been encountered in the

Pacific Ocean, and the nature of these middle Tertiary sediments at each

locality as compared with the type of sediment at present being deposited there.

It will be noticed that the contribution of calcareous microfossils at many
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localities was higher during the middle Tertiary than at present, but this is not

paralleled by a higher content of siliceous microfossils in the Tertiary samples.

Presence or absence of calcareous microfossils in pelagic sediments depends

largely on whether the locality of accumulation is above or below the calcium

carbonate compensation depth, but the abundance of siliceous microfossils in

such sediments depends principally upon the rate of organic production in the

overlying waters (Riedel, 1959). Thus the middle Tertiary data seem to indicate

that the calcium carbonate compensation depth was greater at that time than at

present, presumably because of higher temperatures of the bottom water

(Emiliani and Edwards, 1953), and that the zone of high organic production

associated with the equatorial current system, for example, had limits in the

middle Tertiary not very different from those at the present day. Long cores

of slowly accumulating, non-fossiliferous clay from the north-central Pacific

probably penetrate to at least the late Tertiary, and provide evidence that the

North Pacific Central Water has maintained its stably stratified, relatively

unproductive character throughout the time represented by the deposits.

Many of the most interesting aspects of paleoceanography which can be

elucidated by pelagic micropaleontological studies remain practically un-

touched. When samples are available from many widespread localities on each

of several isochronous levels through the Tertiary, investigations of the distri-

bution of species at each level may be expected to reveal the changes in the

water mass structure of the oceans throughout that epoch. If the lithologic

characters of the ancient sediments are investigated in relation to the associated

microfossils, more comprehensive interpretations of past oceanic conditions

can be made, as, for example, the rates of contribution of terrigenous minerals,

factors controlling preservation and dissolution of biogenous sediment com-

ponents, and so on. Many species of planktonic organisms have appeared and

become extinct during Tertiary time, and studies of pelagic microfossils will

very probably shed some light on problems of paleobiogeography and speciation

in the open oceans, which are of wide interest to marine biologists. Increased

knowledge of the evolutionary history of pelagic microfossils will almost

certainly result in improvements in the taxonomic systems of these planktonic

groups, which in turn will facilitate their further investigation and make
possible more meaningful interpretations of fossil assemblages.
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34. THE PLEISTOCENE RECORD

C. Emiliani and R. F. Flint

1. Introduction

The Earth is a geojjhysical, geochemical and biological system of such

complexity that less is known about its structure, composition and dynamics

than about those of most other celestial bodies. The complexity of the Earth as

a planet rests essentially upon a threefold basis: its mass, large enough to

have permitted the differentiation of core, mantle and crust, and the retention

of a substantial hydro-atmosphere; its heat balance, permitting surface water

to exist in all three phases; and its angular velocity and axis orientation

resulting in a diurnal cycle of convenient frequency. A perhaps unavoidable

consequence of these things has been the luxuriant development of life.

Motions of a convective nature occur within the hydro-atmosphere, energized

almost entirely by the sun. There is some reason to believe that convective

motions take place also within the geosphere, energized by the decay of radio-

active nuclides and possibly by continuing growth of the core. Thus the Earth

seems always to have been in a mildly dynamic state, with a whole array of

geophysical, geochemical and biological processes operating concurrently, in

both cyclical and non-cyclical patterns, and interacting with each other in

complex ways.

The various processes operate through an extreme range of time intervals.

Core growth and mantle degassing (two eminently non-cyclical processes) seem

to have begun soon after the final accumulation of the Earth, and are likely to be

still continuing and to continue for a long time in the future, even though their

rates may today be much smaller than in the early times when 235U and ^OK

were generating relatively large amounts of internal heat. Other non-cyclical

processes operating over extreme lengths of time may be the controversial

activities of continental drift or polar wandering. Cyclical or quasi-cyclical

processes, on the other hand, usually operate over much shorter time intervals.

Thus, orogenic cycles may involve tens or hundreds of millions of years; the

glacial-interglacial cycle involves only some tens of thousands of years ; and the

diurnal migration of plankton involves only a day. In addition, there are a

multitude of non-cychcal processes of relatively short duration, such as the life

of a volcano (a few years to several million years), the life of a marine molluscan

species (some ten million years), tectonic motions of various kinds, isostatic

phenomena, weathering, non-glacial eustatic changes of sea-level and short

term meteorological events. Some of these could be episodes in longer-range

cyclical or non-cyclical phenomena, but others are not.

Whereas processes operating over short intervals (up to a few hundred years)

are easily studied by direct observation, those operating over longer intervals

can be understood only if, in addition to direct observation, their effects

through 2^eriods proportional to their durations are studied. In this context,
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Pleistocene research assumes an importance that vastly exceeds purely his-

torical interest.

In the view of many, the Pleistocene is the last epoch of geologic time. It has

been defined as the time elapsed since the late Cenozoic migration of certain

species of northern marine mollusks and Foraminifera into the Mediterranean,

and is beheved to embrace many hundred thousand years. During this time

the history of the Earth has been particularly exciting and eventful. Most of the

Tertiary and some of the older mountain chains have been repeatedly uplifted,

with vertical displacements estimated in hundreds and, in some areas, thou-

sands of meters (cf. Flint, 1957, pp. 499-503). Volcanic activity has been
intense, as evidenced by great lava flows on many lands and by numerous and
widespread ash layers in deep-sea sediments (cf. Worzel, 1959). Vast ice sheets

have repeatedly covered large continental areas, especially in the Northern
Hemisphere. The whole biosphere has been subjected to intense environmental

stresses. Evolution, especially among land animals, has been generally fast and,

last but not least, man has come into being.

Glaciation is the outstanding feature of the Pleistocene Epoch. Indeed, the

definition of the Pliocene-Pleistocene boundary implies climatic deterioration

that led to the general development of glaciers. Glaciation may have been
made possible by an increase in albedo accomjDanying mountain building

and uplift. The glaciers and pack ice that repeatedly spread over a third of

the Earth's surface caused a further large increase of albedo and consequent

temperature decrease. Within the last several hundred thousand years the

Earth has oscillated between glacial and interglacial conditions; that is,

between conditions of lower and higher temperatures. The temperature oscil-

lations have been greatest in the high latitudes, but have not been negligible

even at the equator. There is some reason to believe that the major temperature

oscillations have been world-wide and generally synchronous on the two polar

hemispheres (Emiliani and Geiss, 1959). If so, and if these oscillations are dated
absolutely, useful world-wide time markers would be available. Correlation with

the thermal record at any locality could then imply absolute dating as well.

This is significant because absolute dating, especially of terrestrial material, is

at present difficult or impossible to achieve for much of the Pleistocene Epoch.
Before the invention of the piston corer for sampling deep-sea sediments

(Kullenberg, 1947), Pleistocene studies centred largely on continental features.

From these studies were recognized four or five major glaciations, some of them
having second-order oscillations, and separated by interglacial intervals. Dating
of glacial and interglacial events was based largely on geologic estimates of

dubious validity, until radiocarbon dating was developed. Ajiplication of this

method to continental material resulted, during the decade 1950-1960, in

fixing the last two major glacial maxima at about 18,000 years B.P. (before the

present) and about 60,000 years B.P. As the natural limitations of the radio-

carbon method preclude the dating of material older than about 70,000 years,

most of Pleistocene time is beyond the reach of radiocarbon. In addition, the

inherent discontinuity and fragmentary character of the continental record
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do not permit the dating of earlier Pleistocene events by extrapolating rates

obtained from the short time span measurable with radiocarbon. Some attempts

have been made to date continental Pleistocene material by the potassium-

argon method, but important difficulties, both of sampling and of techniques,

are yet to be solved. Deep-sea sediments, which sometimes offer continuous

and undisturbed stratigraphic sequences and are more easily datable than

continental material by means of radioactive methods having a greater range

than radiocarbon, may make possible the estabhshment of a continuous, dated

thermal record covering the whole Pleistocene. Correlation of geophysical,

geochemical and biological events with this record should then afford insight

into the rates at which many primary processes operate. Although the Pleisto-

cene Epoch represents only a fraction of 1% of the time elapsed since the

beginning of the Cambrian Period, probably it is long enough to resolve the

activities of many of these processes.

2. Continental Stratigraphy

A. Character of Data

Research in the stratigraphy of the Pleistocene is focused directly or in-

directly upon three lines of enquiry: sequence, climate and absolute dating.

The goal that can be visualized, but that is still far from being attained, is a

stratigraphic sequence correlated from one region and continent to another,

and time calibrated at significant points throughout its length. Attached to

the sequence would be absolute values of mean annual temperature for repre-

sentative stations at various latitudes. The maxima and minima for a station,

changing with time, would measure roughly the amplitude fluctuations, during

the Pleistocene, of temperature, a basic parameter of climate on which other

parameters appear to be dependent.

This is a very long-term goal, but progress toward it is already substantial.

From evidence of many kinds there has been erected a series of regional strati-

graphic sequences to which new discoveries are fitted by correlation. The units

within the sequences carry labels that, through widening use, are approaching

standardization, although universal standards are still in the future. As much

of the early stratigraphic work was done in glaciated regions, the iniits recog-

nized first were glacial sediments consisting chiefly of drift, and interglacial

units consisting of soils, weathering zones and sediments with fossils of tem-

perate- rather than cold-climate aspect. These constitute the chief basis of

the sequences developed up to the present.

The sequences follow reasonably well the principles on which the classification

of the earlier geologic strata has been built. These principles involve ideally the

recognition of time-stratigraphic units, both major and minor, with each unit

defined, at least in theory, in terms of the fossils it contains. In parts of

Africa, artifacts have been substituted for fossils, with results that, so far,

appear reasonable.
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In conformity with ancient usage, post-Pliocene strata are grouped into a

Quaternary System. By many authorities that System is subdivided into a

Pleistocene Series and a Recent, Holocene, or Postglacial Series. Others view

the distinction between Pleistocene and Recent as arbitrary, and prefer to

consider the Pleistocene strata as representing the entire sequence from the

base of the Quaternary System to the sediments that are accumulating today.

The later classification is adopted, without prejudice, for the present contri-

bution because it is well adapted to the discussion of deep-sea sediments.

The base of the Pleistocene Series (and also of the Quaternary System) has

been defined in various ways. A recent and closely reasoned definition sets the

base at the appearance in late Cenozoic sediments occurring in various parts of

Italy of a cold-water marine fauna (the Calabrian fauna) differing from the

underlying PHocene fauna. The newer fauna is characterized by the disappear-

ance of certain Pliocene species and by the apjDearance of a dozen species of

North Atlantic mollusks. In northern Italy the Calabrian marine strata grade

upward into continental sediments containing a distinctive mammal fauna

variously labeled Villafranchian and Upper Villafranchian. In some other areas

the mammal-bearing sediments contain a cool-climate continental flora, con-

trasting with the warmer. Pliocene flora in the underlying rocks. Thus, through

fossils of various kinds the base of the Pleistocene is extended by correlation

into widely separated regions.

Subdivision of the continental Pleistocene is still based less on fossils than on

sediments implying alternation of glacial and interglacial conditions. In both

Europe and North America the glacial layers seem to fall naturally into major

subdivisions, some of which record a single glaciation, whereas others imply

repeated glaciation. Between the glacial units is found evidence, such as zones

of deep thorough weathering of glacial drift, or fossils denoting higher non-

glacial temperatures, from which long periods of warmer interglacial climate are

inferred. In classical North American terminology the major glacial and inter-

glacial subdivisions are stages, based only in part on fossils and otherwise on

evidence of glacial and interglacial climates. The stages imply at least four, and

probably more, major glacial events that seem, through similarity of sequence

and wide continuity, to be fairly well established in both Europe and North

America. As a result transatlantic correlations have been made with varying

degrees of confidence.

Because few sheets of glacial drift possess distinctive characteristics by which

they can be identified throughout wide regions, the validity of the sequence of

stages is coming to depend more and more on distinctive characteristics within

the interglacial sediments that lie between them. The useful characteristics

consist chiefly of (1) distinctive fossil plants (commonly represented by pollen)

and animals, and (2) distinctive patterns of climatic fluctuations recorded by

changes in fossil pollen upward through the sequence.

The areal extent of application of the terms glacial and interglacial is not

sharply defined. The terms are applied in the glaciated regions, where the former

presence of glacier ice is quite evident. They are applied also in areas of major
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bodies of oiitwash sediment deposited beyond the glaciated regions by streams

of melt-water. A grand example is the Mississii)i)i River valley, within which

outwash sediments are traced downstream through hundreds of miles beyond

the limit reached by glacier ice. At a further remove, the terms glacial and inter-

glacial are applied to the much broader areas of loess (wind-blown silt) secon-

darily derived, in large part from bodies of outwash. Like the glacial drift, the

loess can be subdivided into stratigraphic units, separated by ancient soils and

more rarely by distinctive non-eolian sediments.

Outwash sediments and loess, indirectly of glacial origin, are developed

mainly in the humid and subhumid regions of middle latitudes. In arid regions

of middle and low latitudes are found other kinds of evidence of climatic fluctua-

tion. Conspicuous among these are beaches and floor sediments of former Pleis-

tocene lakes, where under existing climates the sites have only shrunken, saline

lakes or are completely dry. In western United States, mainly in structural

basins, about 120 former lakes have been identified thus far, the largest having

an implied area of more than 50,000 km^ and a maximum depth of more than

300 m. Similar groups of former lakes are known in Asia, Africa, South America

and Australia. Such features constitute one of the chief bases for the concept of

pluvial and interpluvial chmates. According to this concej^t the lakes imply a

combination of greater precipitation and reduced evaporation, compared with

today's climate. As early as 1865 the inferred pluvial climates were thought to

be contemporaneous with the glacial climates of other regions. In some former

lakes two or more alternations of climate are recorded in the stratigraphy. At

certain localities a contemporaneous or near-contemporaneous relationship be-

tween lake beaches and glacial drift in adjacent mountain valleys has been

demonstrated. In cores from a former lake in California, the last high-water

phase has been shown by i^C dating to have been contemporary with the

last major glacial maximum in central United States (Flint and Gale, 1958).

Although similar data are greatly needed from other continents, it seems at

present reasonably likely that glacial and pluvial episodes were contem-

poraneous,

B. Representative Sequences

All stratigraphic columns of regional application are imperfect in that they

are broad generalizations from the known evidence. Some of the most interest-

ing, because best supported by detailed information, are discussed below.

Probably the best-supjDorted continental sequence is that of the Netherlands-

eastern England region. In that region the column extends from the top of the

Pliocene into the upper part of the Pleistocene, with fewer interruptions than

in most other regions (Table I). The pre-Cromerian sequence is based in the

Netherlands on fossil pollen, which records distinct fluctuations of air tempera-

tures, and in part on terrestrial vertebrates. In eastern England the same part

of the sequence is based mainly on marine invertebrates, again with temperature

implications. In both areas the Cromerian and post-Cromerian sequence is
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Table I

Stratigrapliic Column for the Netherlands-Eastern England Region

Netherlands Eastern England

(Zagwijn, 1957; van der Vlerk, 1959; (West, 1958; van der Vlerk, 1959)

!-:ee also Zagwijn, 1960, fig. 8)

UNITS UNITS

Weichselian

Eemian Ipswichian

Saalian (3 temperature minima) Gipping

Hoxnian Hoxnian

Elsterian Lowestoft

Cromerian Cromerian

Menapian Weyboume Crag

^, ,. Chillesford Clay
Waalian

Eburonian
Norwich Crag

Butley Crag

Tiglian Newbourne Crag

Pre-Tiglian Walton Crag

PLIOCENE PLIOCENE

based on pollen stratigraphy and in part on intervening layers of glacial drift.

The Weichselian of the Netherlands has correlatives other than glacial drift in

eastern England, and in northwestern England drift of probable Weichselian

age is present.

A generalized sequence for the region of the Alps is shown in Table II.

Mainly because it was the first sequence with any pretence to completeness to

apjjear in the literature, it has become "classical," and its names have been

applied, in some cases with little justification, to stratigraphy outside the Alps.

Table II

Stratigraphic Column for Northern Alps Region. (Data from Penck and

Briickner, 1909; Eberl, 1930, p. 402)

STAGES

Wiirm Glacial (at least 2 temperature minima)

R-W Interglacial

Riss Glacial (2 temperature minima)
M-R Interglacial

Mindel Glacial (2 temperature minima)

G-M Interglacial

Giinz Glacial (3 temperature minima)

D-G Interglacial

Donau Glacial (more than one temperature minimum)
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Much of the evidence on which glacial units are based consists of outwash

rather tlian of sediments deposited by glaciers directly, and most of it has been

drawn from a few valleys on the northern flank of the mountains. Data from

other parts of the mountains have been gradually embodied in the scheme, but,

as the sediments are discontinuous, correlation from one valley to another is

based in some instances only on similarity of sequence.

The interglacial or "warm" units are based on both zones of weathering and

soils, and, more helpfully, on fossil-bearing sediments in which pollen is out-

standingly conspicuous. Some of the fossil-bearing strata occur in such a fashion

that although they are unquestionably "warm", their position in the sequence

as a whole is in doubt. A possible exception is the fine succession of lacustrine

deposits at LeflFe, northeast of Milan. The pollen content of this long succession

(Lona, 1950; Lona and Follieri, 1957) reveals an alternation of "warm" and

"cold" climates, reaching from near the base of the Pleistocene into a "cold"

unit considered as possibly equivalent to the Mindel (Table II). The sequence

at Lefife is tentatively fitted into the general Alpine succession through local

stratigraphic relations (Venzo, 1955).

The units commonly recognized in central North America, the region where

the peripheral drift of the great ice sheet is best developed, are fewer than in the

regions of Europe discussed above. The column (Table III) includes only four

Table III

Stratigraphic Column for Central North America

STAGES

Wisconsin Glacial

Sangamon Interglac ial

Illinoian Glacial

Yarmouth Interglacial

Kansan Glacial

Afton ian Interglacial

Nebraskan Glacial

glacial and three interglacial stages. Correlation of American with European

units is insecure except for upper parts of the Wisconsin stage, which are

equivalent, through i^Q dating, to upper parts of the Weichsel. Stratigraphic

units in other parts of North America have been commonly correlated with this

sequence. In the Cordilleran region, however, the use of local names has been

the general practice,

C. The Last Major Glaciation

The last major glaciation should be the most useful for study because its

record has survived in greatest detail. Actually, however, its stratigraphy has

proved difficult to establish, and much of the record is still unclear. The earliest
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systematic study of it was made by Penck and Briickner (1909), who defined the

Wiirm glacial in the Alps. Those workers recognized within the Wiirm two
chief phases of glaciation, separated in time by an interval of deglaciation.

Subsequently, detailed study by F. Brandtner and others (and as yet mainly

unpublished) of the sequence of loess sheets and soil zones along the Danube
River in Lower Austria revealed a sequence confirming the concept of at least

two cold-climate units within the Wiirm succession in the Alps. The evidence

consists basically of three chief loess bodies, representing glacial times in the

nearby mountains, and two intervening soils representing times of Alpine

deglaciation. The sequence was calibrated in part through ^^C dating. Later it

was shown that the succession of end moraines and loess bodies in northern

Germany, related to the Scandinavian Ice Sheet, could be fitted to the Alpine-

Lower Austria scheme by similarity of events, although as yet the fit is confirmed

only in small part by i^C. An attempt to show the sequence in graphic form was
made by Woldstedt (1958, fig. 1). Although the curves for the last 27,000 years

B.P. are fairly well supported, the older part of the record is still very poorly

controlled by reliable data. Time calibration of the older part is discussed by
de Vries (1958, 1959), Haring et al. (1958), and Andersen et al. (1960). i4C dates

of a few samples from northern Germany, the Netherlands and Britain, taken

from positions in the lower part of the sequence and related to fossils that

indicate the climatic character at the time, give a reasonably consistent result,

although there are still large gaps. The oldest dated sample (de Vries, 1958,

GRO-1397) of Wiirm age has a date of 64,000 i^Q years, if a result equivalent

to more than 11 half-lives of i^C is accepted. This result would imply that the

end of the Riss-Wiirm interglacial occurred still earlier, an implication with

which the results reached by Rosholt et al. (1961, 1962) from a study of

deep-sea cores are compatible.

The latest major glacial maximum appears to have occurred at around

18,000 years B.P. Thereafter warming and deglaciation occurred, with fluctua-

tions, of which the most notable were the temperature minimum at around

11,000 B.P., following ten or more centuries of markedly higher temperature

(Allerod time); and the Hypsithermal time of relatively high temperature

falling between about 9000 and 2600 years B.P.

Much of the record of Wisconsin glaciation in central North America,

as recognized thus far, correlates with the later part of the European record,

embracing the last 25,000 years or so. The major glacial maximum, fixed in

Ohio at 18,000 years B.P. or somewhat later, the Allerod warmth, the post-

Allerod glacial readvance, and the Hy[3sithermal are all fairly well documented
and were essentially contemporary with the corresponding climatic fluctua-

tions in Europe. Events corresponding to the earlier part of the Wiirm sequence

in Europe, however, are less well known. Research between 1955 and 1962,

supported by i^c dates, has made possible a first approximation to a time-

calibrated sequence of such events in central North America, summarized by
Flint (1963), but alterations can be expected. Not only does the close similarity

between the events of the last 25,000 years or so on both sides of the Atlantic
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suggest the likelihood that earlier events were also similar, but the scanty data

published thus far are compatible with the view that the last major glacial age

included, in North America, a long sequence of events antedating those of

the classical Wisconsin glaciation.

D. Temperatures

Examination of geologic sediments and other features of Pleistocene age has

shown that many such things are not in equilibrium with their present climatic

environment. Glacial drift is widespread in middle latitudes, even in positions

close to sea-level. Terrestrial plants and animals occur as fossils in areas where
climatic parameters, such as temperature and precipitation, preclude their

existence today. Ancient soils, both buried and at the present surface, and
chemical precipitates such as travertines are known to be out of equilibrium

with existing climates, chiefly as regards precipitation values. In some regions

deflation basins and extensive sand dunes are widespread, now fixed by a

continuous cover of vegetation. The shorelines and sediments of former lakes

are conspicuous in some regions now arid. Artifacts recording the industries

of prehistoric man occur in areas now too dry to support similar cultures. The
occurrence of identical species in habitats widely separated by inimical terrain

suggests former continuity of habitat.

Disequilibrium features of this nature establish the fact of widespread

change of temperature or precipitation or both, within the general span of

Pleistocene time. Most of the evidence jDertains to temperature rather than to

precipitation. Although in a very few instances the data are sufficiently good to

indicate the approximate amplitude of change, on the whole they are both

widely scattered and imprecise. It is impossible as yet to correlate them from

one region to another.

The data are both physical and organic. The physical group consists of changes

in the vertical or areal ranges of parameters that are temperature-dependent at

least in part. One of the earliest of these parameters to be recognized is fluctua-

tion of the altitudinal zone within which nivation sculjDtures cirques. In the

northern Alps, during the Wiirm glaciation, the zone was depressed to as much
as 1200 m below its present position. A comparable depression (1200 m) is

indicated for the Wisconsin glacial maximum in the Rocky Mountains of

Colorado, and a depression of at least 1000 m occurred on Mt. Kenya at the

equator. Translation of these data into terms of temperature change is not yet

possible because the climatic snow-line is dependent also on precipitation. Based
on lapse rate alone, without correction, the temperature difference equivalent

to a snow-line difference of 1200 m would be about 6.6°C.

The occurrence of glacial drift beyond the present range of glacier ice implies

that surface temperatures were no greater than 0°C at the time and place of

deposition. Zero temperature at a glacial maximum in Illinois, at 38°N and at

an altitude of less than 150 m, compares with around 13°C today. Such tem-

peratures, however, were dependent partly on the presence of the glacier itself

and so were not necessarily secular in an independent sense.
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The equatorward limit of perennially frozen ground, which is believed to lie

close to the mean annual isotherm of — 2°C, probably affords a better (although

still imperfect) basis for inference as to secular climate. On the assumption that

the limit at the time of the last major glacial maximum has been correctly

traced across Europe from geologic data (Poser, 1948), mean annual tempera-

tures 8°C to 10°C below existing values can be inferred. The chief uncertainty

here lies in the reliability of identification, from relict features, of former

frozen ground.

Fluctuations of lakes in basins without outlet are dependent not only on

temperature but on precipitation as well. A crude value (probably maximum)
for mean annual temperature during the last high-lake episode in the Basin-

and-Range region of western United States was found by Meinzer (1922) to be

8°C less than today's values.

As a group, terrestrial plants are thought to be more sensitive to temperature

changes than are terrestrial mammals. Consequently special attention has been

given to Pleistocene fluctuations of the ranges of fossil plants. In Europe, where

most of the studies on record have been made, we find derived mean annual

temperatures 4° to 6°C lower than today's at glacial times, and at one locality

2° to 3°C higher than today's at an intergiacial time. We find also comparable

values exj)ressed as July means.

Three nearly continuous paleobotanical sequences give a picture of tempera-

ture fluctuation during earlier parts of the Pleistocene. One is the lacustrine

sequence at LefFe, northern Italy (Lona, 1950; Venzo, 1955; Lona and Follieri,

1957), reproduced in its essentials in Fig. 1. The altitude of the locality is about

400 m. Temperature fluctuation equivalent to a change of altitude of more than

2000 m within the full glacial-interglacial range is implied. The apparent mean
annual temperature at the coldest times shown by the curves in Fig. 1 was
about 9°C lower than that of today (Lona, in litt.). The second is the sequence

(Szafer, 1954) from Carpathian Poland, with a rich content of megafossils,

extending from well back in the Phocene to a point that is believed to lie near

the middle of the Pleistocene. From the Pleistocene part of the sequence,

deduced mean annual temj)eratures range through 13°C ( + 8°C to — 5°C),

the lowest value being based on Arctic-Alpine tundra recording an extensive

glaciation at the top of the measured sequence. The highest value is close to that

of today in the same district. Because of the continental position of the district

concerned, the range of temperature fluctuation may well be substantially

greater than that of the secular mean. It does not yet seem possible to use the

Polish data to extend the curves shown in Fig. 1 further up into the Pleistocene,

but the data deserve close study.

Some of these pollen sequences and other sequences having climatic implica-

tions for the last several tens of thousands of years were compared by Flint and
Brandtner (1961). The agreement among them is fairly good, suggesting general

synchrony of temperature fluctuation during the time represented.

The third is the sequence from the Netherlands, developed by Zagwijn (1957),

mainly from pollen data. It agrees fairly well with that from Lefife as to
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Time-strati-

grophic units

(Zagwijn, 1957)

(?) Elsterion

Cromerian

Menaplon

Waalion

Eburonian

Tiglian

Pre-Tiglian

CLIMAT

S.E. NETHERLANDS

Fig. 1. Pleistocene temperature fluctuations inferred from pollen data. Left: Fluctuations

between late Pliocene and early middle Pleistocene time, estimated from pollen content

in strata in 8.E. Netherlands (Zagwijn, 1957, p. 240). Right: Fluctuations between
earliest (?) Pleistocene and middle Pleistocene time, estimated from pollen content

of two cores from points 500 m apart in a single lacustrine sequence near Leffe, Italy

(From an unpublished version, kindly furnished by Fausto Lona, of the curves in

Lona, 1950. p. 169; Lona and Follieri, 1957, p. 93.)

The Leffe curves were fitted by R. F. Flint to the Netherlands curve by correlatmg

the temperature minima as suggested by Zagwijn (1957, p. 243), who first noticed the

similarities. The parts of the Leffe curves between those minima were fitted to the

intervening spaces by proportional reduction. Columnar sections show character of

sediments: black = peat and lignite; shading= inorganic sediments, chiefly marl and
clay.

The vertical scale is not time calibrated in either curve; hence variations in local

rates of sedimentation are not compensated for. The troughs and peaks are significant

for relative amplitude only.

succession of fluctuations, but as neither column is time-calibrated, spacing of the

peaks and troughs of the curves is dependent on rate of sedimentation at each

locality, so that curve slopes cannot be compared.

Besides these three sequences there are two paleobotanical sequences in
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North America both from core borings. One is a pair of cores from lake sedi-

ments beneath Mexico City (Sears et al., 1955). The pollen stratigraphy shows

fluctuation of moisture-indicating trees through a range of about 40% of total

plants represented, and imj)lies significant climatic variation. However,

although it seems likely that the sequence might extend as far back as the last

major interglacial age, the fluctuations have not yet been correlated with those

derived from other localities. Another sequence is derived from a core in western

New Mexico (Chsby et al., 1956, 1957). It shows fluctuation of the proportion

among subalpine trees, other woodland and semi-desert plants, and is calibrated

by i^C dates in its upper part. This sequence, too, remains uncorrelated with

sequences elsewhere. There is a distinct possibility that climate at the locality

may have been altered by tectonic movement.

. Fluctuation of the evaporation-precipitation ratio is implied also by the

results of study of a long core taken from beneath Great Salt Lake in Utah

(Eardley and Gvosdetsky, 1960). No pollen is involved, and correlation is only

tentative, but it is thought possible that much of the Pleistocene is represented.

In South America pollen stratigraphy is being elaborated by Thomas van

der Hammen from cores taken from basin fill near Bogota, Colombia. Results

to date include curves showing fluctuation of temperature and precipitation

continuously back into the glacial age preceding the last major interglacial

(van der Hammen and Gonzalez, 1960, p. 305). The curve, located close to the

equator, resembles curves for localities in Europe, North America and the deep-

sea floor.

As to both range of temperature and departures from today's values, then,

the record is meager and spotty. However, two generalizations seem justified.

First, the ranges derived from physical data are of the same order as those de-

rived from organic data—several degrees centigrade. Secondly, today's values

lie within the Pleistocene ranges, usually near their upper limits. But the rela-

tion of the temperature fluctuations to the units of the stratigraphic column

remains incompletely defined. The view is commonly held that there are major

units (the stages of North American usage) and within them secondary units

(some of them called substages in North America), but a clear distinction be-

tween them has never been agreed on. In European practice glacials and inter-

glacials (essentially the stages of North American usage) are distinguished from

stadials and interstadials (essentially substages); here, at least by implication,

the diff"erence lies mainly in span of time and amplitude of temperature change

represented, rather than in differences among the related fossils, if fossils are

present at aU. As knowledge grows it may appear that this classification is

too rigid; that fluctuations of various amplitudes and durations have occurred;

and that a more flexible framework of terminology may be needed.

Whatever the ami^litude of fluctuations derived from continental data, the

Pleistocene changes of temperature appear to have been rather distinctly

localized in time, following a long antecedent period of generally falling tem-

perature. Table IV illustrates the falling trend through a period of some 50

miUion years. Within the record of that period no evidence of conspicuous

30—s. m
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Table IV

Trend of Cenozoic Temperature Derived from Fossils

[chap. 34
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important difficulties of sampling and analytical techniques exist. If these diffi-

culties can be sufficiently minimized in the future, K-A dating may produce

the much-needed absolute time scale for the continental Pleistocene beyond the

range of i^C.

3. Marine Stratigraphy

A. Marine-Epicontinental Stratigraphy

The repeated formation of extensive ice sheets on the continents during the

glacial ages and their disappearance during the intervening interglacials

(Greenland and Antarctic ice sheets excluded) has resulted in repeated glacial-

eustatic oscillations of sea-level through much of the Pleistocene. The ampHtude

of these oscillations is believed to have been at least 130 m and possibly con-

siderably more. Thus, sea-level is believed to have reached at least 100 m below

the present level during the last glacial maximum (Main Wiirm or classical

Wisconsin), and to have risen to at least 8 m and possibly 30-35 m above the

present level during the last or the previous interglacial age.

In tectonically stable or slowly subsiding areas of the continental margin,

where terrigenous sedimentation is appreciable or abundant, the repeated

oscillations of sea-level created sequences of alternating marine and continental

sediments. Some such sequences have been sampled by means of borings and

have been described in some detail. The section of the Lower Versilia (northwest

shore of Tuscany) described by Tongiorgi (1936) and Blanc (1937) pictures

rather clearly the sea-level changes during the last glacial age (Early and Main

Wiirm) and after. Following the end of the last interglacial age, the sea-level

decreased to below 90 m, and continental sand 14-m thick was deposited (Early

Wiirm). The sea-level then rose to — 61 m and marine sand with seeds of Vitis

vinifera was deposited (Early Wiirm-Main Wiirm interval). A new lowering of

sea-level occurred, during which a layer of continental sand 29-m thick was

deposited (Main Wiirm). This sand contains predominant oak pollen at the

base, replaced upward by Abies and then by Pinus mugo and Pinus silvestris.

The sequence thus indicates a progressive, marked cooling. Eventually sea-

level rose to its present position and additional marine and continental sands,

peat and clays were deposited. Carbon- 14 analysis of a peat cobble, apparently

reworked from the Pinus level, gave an age of 18,350 years (Broecker et al.,

1956).

A succession of marine transgressions and regressions, presumably controlled

by glacial-eustatic movements, was reconstructed by Pfannenstiel (1952) for the

coast of Syria and Israel. The sea-level was found to have been lowered to at

least — 89 m during the Early Wiirm, in agreement with what was found in the

Versilia. In addition, the sea-level appears to have oscillated repeatedly during

the time of high sea-level defined as the Tyrrhenian Age with maxima at + 30-

35 m, -f 15 m and + 6 m, separated by minima of less than + 10 m and less than

+ 2 (all in order of decreasing age). Evidence of sea-level positions during the

Early Wiirm-Main Wiirm interval and during the Main Wiirm is apparently
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missing in the region studied by Pfannenstiel, but sea-level may have risen to

+ 3-4 m about 5000 years ago. Such a high stand of the sea-level in the recent

past has been recognized by some authors (Fairbridge, 1958; Hopkins, 1959;

Schofield, 1960) but not by others (Shepard and Suess, 1956; Godwin et al.,

1958; Graul, 1959; Jelgersma and Pannekoek, 1960).

Sea-level rise during the last 15,000 years can be seen also in the stratigraphy

of the Mississippi delta (Fisk and McFarlan, 1955; McFarlan, 1961), but the

situation is complicated by the large amount of subsidence and sediment com-

paction that has occurred (cf. Broecker, 1961).

During the Pleistocene, the Po Valley was filled with marine sediments

grading into continental ones upwards and landwards. In limited areas the

combined marine and continental Pleistocene sediments attain the remarkable

thickness of 2000 m (Perconig, 1956). Preliminary work by Selli (1949), Perconig

(1956), Ruggieri and Selli (1950), and others has revealed the repeated occurrence

of warm and cold stages. Through most of the Po Valley there is continuity of

sedimentation between Pliocene and Pleistocene, the boundary being recog-

nized on the basis of Foraminifera (Perconig, 1956).

Classical Plio-Pleistocene sections of marine epicontinental deposits occur in

Calabria, southern Italy. It was in this area that Gignoux (1913) established the

Calabrian stage, the base of which is accepted by many as marking the beginning

of the Pleistocene Epoch (Intern. Geol. Cong., 1950). In many sections there is

continuity of sedimentation between Pliocene and Pleistocene, and the boun-

dary is identified by the sudden appearance of northern species of marine

mollusks and Foraminifera (esp. Cyprina islandica and Anomalina haltica).

Oxygen-isotopic analyses of shells of pelagic Foraminifera collected at close

stratigraphic intervals from the section at Le Castella, near Crotone, has re-

vealed the occurrence of marked temperature oscillations, present in the

Pliocene but becoming especially large in the Pleistocene (Emiliani et al., 1961).

In addition, a progressive decrease of the secular maxima and minima was

observed, but no sudden, large temperature decrease was noticed across the

sharply defined paleontological boundary. Important temperature changes

were observed to take place across stratigraphic intervals as short as a meter or

two, suggesting that, because of rapidly changing conditions during the Pleisto-

cene, marine-epicontinental deposits of Pleistocene age should be sampled in

far greater stratigraphic detail than has generally been done.

Excellent sections of marine-epicontinental sediments exist in East Anglia

and the Netherlands. In parts of the Netherlands, marine Pleistocene sediments

follow conformably marine Pliocene sediments. The boundary, recognized from

the gradual advent of foraminiferal faunas adjusted to cooler conditions, lies as

deep as 600 m below sea-level in the area of Haarlem (Pannekoek, 1954, 1956).

The foraminiferal faunas have been described in detail by ten Dam and Rhein-

hold (1942), Pannekoek and van Voorthuysen (1950), van Voorthuysen (1950,

1953), and others. The marine Pleistocene deposits pass upwards and eastwards

into estuarine facies, making it difficult to recognize temperature variations

other than the cooling that marks the beginning of the Pleistocene.
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Marine sediments of lower-middle Pleistocene age, up to a few thousand feet

thick, occur in the Xos Angeles and Ventura basins of southern California.

Thinner marine deposits of the same age occur along the borders of the basins.

In the Palos Verdes Hills, southwest of Los Angeles, lower-middle Pleistocene

deposits attain a thickness of a little over 100 m (Woodring et al., 1946). In this

area three stratigraphic and lithologic units have been recognized: the Lomita

Marl, a loose calcarenite lying unconformably upon Upper Miocene shale; the

Timms Point Silt, partly overlying the Lomita Marl, partly grading laterally

into it; and the San Pedro Sand, partly overlying both the Lomita Marl and the

Timms Point Silt, partly grading laterally into them. Attempts to deduce the

temperature conditions prevailing when these units were being deposited were

made by studying the fossil faunas contained in each unit (Woodring et al.,

1946). The results were not very conclusive, probably because temperature

varied repeatedly while each unit was being deposited, so that the total faunas

consisted of "mixtures" of warmer and colder species, a condition analogous to

that in the section at Le Castella, discussed above. Repeated and marked
temperature variations were revealed by oxygen-isotopic analyses of calcareous

benthonic Foraminifera collected at 15-cm stratigraphic intervals from a 10 m
section of the Lomita Marl (Emiliani and Epstein, 1953).

From the above discussion it appears that marine-epicontinental sediments,

if studied with sufficient stratigraphic detail, can provide valuable information

on the general history of the Pleistocene, in spite of the fact that the marine-

epicontinental environment is deeply affected by local variations in rate of

terrigenous sedimentation, depth of deposition, current system, salinity, local

temperatures, freshwater influx and other parameters.

B. Deep-Sea Stratigraphy

a. Character of the sediment and analytical techniques

Apart from occasional volcanics, ice-rafted material and sand and silt

contributed by turbidity currents, terrigenous elastics are absent from pelagic

sediments. These sediments are eminently heterogeneous, consisting of water-

and wind-borne mineral particles, skeletal remains of pelagic and benthonic

organisms (Foraminifera, pteropods, coccoliths, Radiolaria, diatoms, holo-

thurian sclerites, fish teeth and otoliths, etc.), volcanic ash, cosmic spherules

and some precipitates (largely iron and manganese compounds). Depending

upon the local conditions on the ocean floor, the various sedimentary components

or some of them may accumulate and remain in situ or may be partly or wholly

transported from areas of higher to areas of lower topography by the action of

bottom currents and perhaps also by submarine solifluction. We define as "un-

disturbed" that sediment or sedimentary component which has settled on the

ocean floor from the water column above and has remained in situ. Because

of the great difference in sedimentological behaviour among the various com-

ponents, a given component may be undisturbed by the above definition, while
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other components intimately mixed with it may have been largely or even

entirely derived from reworking. Generally, the relatively heavy shells of

pelagic Foraminifera can settle undisturbed on a given portion of the ocean floor

while the finer biogenous components (coccoliths, diatoms, Radiolaria), and

especially the much finer mineral particles settling at the same time through

the same water column, may be moved away by bottom currents and may be

replaced by similar components reworked from adjacent areas. In such cases

the reworked components are older than the undisturbed component or

components.

The local factors which importantly affect marine-epicontinental sedimenta-

tion are integrated in the pelagic environment. The "background noise" is thus

greatly reduced and an undisturbed section of deep-sea deposits can yield

invaluable information on the conditions prevailing when the sediments were

being deposited. The conditions include those on the ocean floor, in the water

column above, at the ocean surface, in the atmosphere, on land areas, and

possibly on the sun and in the interplanetary space. In addition, the occurrence

itself of sedimentary disturbances (turbidity-current deposits, winnowing, etc.)

in a column of otherwise undisturbed deep-sea sediments may yield information

on the factors causing the disturbances. Thus, the repeated and extensive

occurrence of graded and non-graded layers of sand and silt in North Atlantic

cores (Ericson et al., 1952, 1955, 1961) which generally contain normal deep-sea

clays and oozes in their uppermost portions demonstrates that turbidity cur-

rents across the continental slope bordering the North Atlantic basin on the

west were far more frequent during the last glacial age than in postglacial time.

Totally undisturbed deep-sea sediments (that is, sediments in which all the

components are undisturbed as defined above) are probably a rare occurrence.

In cores oi Globigerina ooze in which the foraminiferal component is undisturbed,

the undisturbed character of the finer components (e.g. fine-carbonate fraction

and clay) can be considered as proved if parameters measured on these correlate

with similar or even different parameters measured on the foraminiferal com-

ponent. Thus the demonstrated correlation between Mg percentages in the fine-

carbonate component and paleotemperatures measured on the foraminiferal

component in deep-sea cores from the Caribbean shows that the fine-carbonate

component is undisturbed (Wangersky, 1958; Rosholt et al., 1961).

The facility with which information obtained from the various sedimentary

components of undisturbed deep-sea cores can be interpreted varies greatly.

The foraminiferal record can be interpreted easily by the various methods

discussed below, while the record offered by clay mineralogy is still difficult to

interpret. This is unfortunate, because red clay accumulates at rates far lower

than those of foraminiferal oozes, and can be sampled to far greater ages than

the latter. The record offered by coccoliths, diatoms and Radiolaria is still

besieged by taxonomic difficulties and also by the facility with which the very

light skeletons and skeletal elements of these organisms can be reworked, not

only from neighbouring areas of the ocean floor but also from distant lands

(cf. Kolbe, 1954, 1955, 1957, 1957a; Riedel, 1957, 1959; Riedel and Bramlette,
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1959). Thus information from deep-sea sediments, pertinent to Pleistocene

history, lias been garnered largely from the foraminiferal component.

Disregarding accessory components, normal Globigerina ooze consists essen-

tially of shells of pelagic and benthonic Foraminifera, coccoliths, Radiolaria,

diatoms and clay. Generally these various components amount to most of the

dry weight of the bulk sediment. Globigerina ooze accumulates at rates varying

from less than a centimeter to several centimeters per thousand years, depend-

ing upon rates of supply of the various components from the water column

above, and upon bottom conditions such as currents, morphology and post-

depositional solution. Following the invention of the j)iston corer by Kullenberg

(1947), sections of deep-sea sediments as long as 20 m or more were obtained

from the ocean floor. In the absence of a reliable method of dating Globigerina

ooze beyond the range of the ^sipa-SSOTh method (about 200,000 years), cores

showing sedimentary disturbances are difficult to use for the reconstruction of

Pleistocene events, because a sedimentary section representing unknown time

may have been added or removed by each disturbance. Elisions are most

common on the to]3s and steep sides of deep-sea mounds, whereas additions

occur on the floors of depressions. Thus, the most convenient place to sample

the ocean bottom for undisturbed sections are the sides of gentle deep-sea

mounds.

Research on Globigerina ooze cores that seem undisturbed upon megascopic

inspection revealed that major unconformities are common in deep-sea sedi-

ments, especially in the Atlantic basin. Thus many of the long Globigerina

ooze cores that have been described in detail show at least one major un-

conformity, below which older Pleistocene, Tertiary or even Cretaceous sedi-

ments occur (cf. Ericson et al., 1961). Indeed, the stratigraphically longest core

so far described from the Atlantic and adjacent basins, containing no major

unconformities, is a core from the central Caribbean which is only 9 m long.

Major unconformities seem to be absent from a suite of five eastern-equatorial-

Pacific cores described by Arrhenius (1952). Two of these cores (nos. 58 and 62)

may reach back in time about a million years through continuous sedimentary

sections. Unfortunately these cores do not seem to be as easy to interpret

from the point of view of Pleistocene events as the Atlantic cores, as explained

below.

Globigerina ooze does not accumulate below 4800m in the Atlantic and 4300 m
in the Pacific, where post-depositional solution of the carbonate material is

already important. The depth at which post-depositional solution becomes

appreciable may have varied during the Pleistocene in response to climatic

changes, especially in the Atlantic and adjacent seas where significant tem-

perature changes of the bottom water have been noticed (Emiliani, 1955, 1958).

During the Tertiary, when the bottom temperature of the oceans was higher,

Globigerina ooze accumulated in some of the areas where only red clay has been

accumulating during the Pleistocene (Revelle et al., 1955).

Globigerina ooze, which accumulates largely on aerobic bottoms, is constantly

reworked by bottom organisms. The sedimentary thickness affected by this
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mixing is believed to range from a few to several centimeters, and corresponds

to a time span of a few thousand years. The time resolution of the events re-

corded by the sediment is thus decreased to a few thousand years, from a

theoretical limit of only a few years. The loss of resolution is inversely propor-

tional to the rate of sedimentation, being greatest for the more slowly accumu-

lating sediments. Therefore undisturbed sediments accumulating at higher

rates generally yield a record of comparatively greater detail.

Stratigraphic study of Globigerina ooze cores involves a variety of methods.

Of direct interest to Pleistocene research is the study of those parameters which

have been most affected by repeated glaciation of the continents. These para-

meters are the micropaleontology of the pelagic foraminiferal faunas; the

oxygen-isotopic composition of foraminiferal shells; the weight percentage of

Foraminifera relative to bulk sediment (possibly only in the Atlantic and

adjacent seas); and calcium-carbonate percentages (only occasionally).

The living species of pelagic Foraminifera number about 25, of which 15 are

common. Spectrographic and X-ray analysis of 1 1 species showed that the shell

material is nearly pure calcite with only about 0.11% of strontium (Emiliani,

1955b). A small amount of organic material is also present. The common
species can be grouped as follows with respect to temperature preferences (data

from Phleger et ah, 1953; valid for the Atlantic and possibly also for the other

oceans; cf. Bradshaw, 1959):

1

.

Species abundant in low latitudes

:

Globigerina eggeri

Globigerinoides sacculifera

Globorotalia menardii menardii

Globorotalia menardii tumida

PuUeniatina obliquiloculata

2. Species abundant in middle latitudes:

Globigerina bulloides

Globigerina inflata

Globorotalia hirsuta

Globorotalia scitula

Globorotalia truncatulinoides

3. Species abundant in high latitudes:

Globigerina pachyderma

4. Species abundant in both low and middle latitudes:

Globigerinella, aequilateralis

Globigerinita glutinata

Globigerinoides conglobafa

Globigerinoides rubra

Orbulina universa
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The relative abundances of the species listed above, in cores of Globigerina

ooze, afford a simple method by which past temperature variations at the

ocean surface can be estimated. This method was first proposed by Philippi

(1910) and was later applied by many authors to a large number of deep-sea

cores. In the absence of post-depositional solution (which would make quanti-

tative taxonomic studies impossible because shells of different species dissolve

at different rates), the method is sensitive enough to permit the detection of

glacial and interglacial stages not only in such areas as the Mediterranean

where the amplitude of the temperature change has been large, but also in
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Fig. 2. Temperature variations in a suite of four equatorial Atlantic cores estimated from

changes in the relative abundances of pelagic Foraminifera. W means "warin" and
C means "cold". (From Ericson and Wollin, 1956.)

the equatorial Atlantic where the amplitude has probably not been larger than
6° or 7°C (Fig. 2).

A much more precise method of analyzing the temperature record contained

in cores of Globigerina ooze involves mass-spectrometric measurement of the

isotopic ratio i^o/isQ in the calcite of the various species of pelagic Foramini-

fera. This method, devised by Urey (1947) and developed by Urey, Epstein and

co-workers (Urey et al., 1951; Epstein et al., 1951, 1953) is based on the fact

that the oxygen isotopes in CaCOs precipitating slowly in a water solution are

fractionated between water and the carbonate ions, and the fractionation factor

depends upon temperature. As a result, the i^O/i^O ratio changes by 0.00023

per degree centigrade within the normal temperature range of biological
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carbonate deposition, the change being inversely related to temperature. If the

oxygen-isotopic composition of the water is known, the temperature existing

during the time of carbonate deposition can be determined within one degree

centigrade. If the composition is not known but can be reasonably estimated,

as in the case of open oceanic water of the not too distant past, reasonably

reliable temperature data can still be obtained.

Paleotemperature analysis has been rather extensively applied to the study

of Cenozoic deep-sea cores (Emiliani, 1954a, 1955, 1955a, 1956, 1958; Rosholt

ef al., 1961, 1962). Most of the isotopic work has been done on shells of pelagic

Foraminifera, which provide data on the oceanic surface temperature and on
its variation through the time represented by the deep-sea cores. No post-

depositional recrystallization or ionic diffusion through the solid state of the

foraminiferal shell material has been noticed. Since empty shells of pelagic

Foraminifera are buried on the ocean floor where temj^erature is very low,

recrystallization and ionic diffusion would tend to increase the i^o/ieQ ratio

in the CaCOs. The result would be temperature readings lower than the original

temperatures or equal to the bottom temperature for total exchange. It was
found, instead, that shells of pelagic Foraminifera of a Middle Oligocene age

from a deep-sea core from the subtropical Atlantic Ocean gave temperatures

around 29°C, although the shells had been maintained at much lower tempera-

tures for about 30 million years (Emiliani, 1956). Similar results were obtained

from two Miocene cores (Emiliani, 1956). The aj)parent preservation of the tem-

perature record may be due in part to the fact that diffusion through the solid

state is not only very slow but is also strongly dependent on temperature (see

Urey et al., 1951, for data on calcite). Thus the low temperature at which the

foraminiferal shells were maintained may have been important in preserving the

temperature record even though the shells are thin and j^erforated by canals.

Organic coatings may also be important.

Because different species of pelagic Foraminifera appear to deposit their

CaCOs at different depths (Emihani, 1954, 1955, 1958; see also Bandy, 1956;

Bandy and Arnal, 1957; Polski, 1959) and/or at different seasons (Emiliani,

1958; Be, 1960; Phleger, 1960), and because temperature varies rapidly with

depth near the ocean surface, and also with time of the year in regions outside

the equatorial belt, oxygen-isotopic analysis of deep-sea cores must be per-

formed on monospecific samples and different temperature graphs must be

constructed for each different species. The superficial species Globigerinoides

rubra and Glohigerinoides sacculifera yield a temperature record of greater

amplitude and detail because climatic variations affect more surface water than
the water below.

The carbonate component of Globigerina ooze may be conveniently divided

into two size fractions, one larger than 62 ]x and the other smaller. In general,

the fraction larger than 62 \x consists almost entirely of shells of pelagic Fora-

minifera, while the smaller fraction consists of minute shells and shell fragments

of pelagic Foraminifera, and especially of coccoliths. In cores of Globigerina

ooze from the equatorial, tropical and subtropical Atlantic Ocean, and adjacent
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seas, the weight percentage of the coarser carbonate fraction is in general

directly proportional to paleotemperatures (Emihani, 1955, 1958; Ericson and

Wolhn, 1956), while the weight percentage of the finer carbonate fraction

appears to be inversely proportional (Wangersky, 1958, 1959; Rosholt et ah,

1961). Accordingly, the total carbonate percentage may be variously related to

temperature, depending not only upon the amount of the non-carbonate

component (essentially clay), but also upon the relative amounts of the two

carbonate fractions because of their different temperature dependences (Ros-

holt et al., 1961). A direct relationship between total carbonate percentages and

paleotemperatures was observed in a short pilot core from the equatorial

Atlantic (Wiseman, 1954, 1959; Emiliani and Mayeda, 1961 ) and is also noticeable

in other Atlantic cores (compare Emiliani, 1955, with Olausson, 1960). Such a

relationship might be especiall}^ clear in deep-sea cores where post-depositional

solution has reduced the amount of the finer carbonate fraction (Wangersky,

1962).

The direct relationship between weight percentages of the coarse carbonate

fraction and i^aleotemperatures should not be taken to indicate a greater

productivity of pelagic Foraminifera during warmer ages. In effect, chemical

and i^C analyses conducted at close stratigraphic intervals in an equatorial

Atlantic core showed that the sedimentation rates of the coarser carbonate

fraction, of the finer carbonate fraction and of the non-carbonate component

decreased markedly from the last glacial age to the postglacial, the decrease

having been greatest for the non-carbonate component, smallest for the coarser

carbonate fraction, and intermediate for the finer carbonate fraction (Broecker

et al., 1958). The different temperature dependence of the sedimentation rates

of the three components explains the observed relationships between their

weight percentages and paleotemperatures.

A greater foraminiferal and coccolith productivity during glacial ages is

consistent with an overall greater biogenous activity in the oceans, brought

about by an increase in the vertical circulation in response to the greater

temperature gradient between equator and middle-high latitudes. The greater

rate of clay sedimentation in the Atlantic and adjacent basins during glacial

ages is explained not only by the faster oceanic circulation (which could carry

suspended material farther) but also by the fact that most of the glacial water

drained into the Atlantic and adjacent seas. In the equatorial and tropical

Pacific, on the other hand, the increase of suspended clay during glacial ages

was probably much smaller, explaining the apparent j)roductivity-controlled

inverse relationship between carbonate percentages and temperature in the

cores described by Arrhenius (1952). Generally, depending upon the relationship

among the changing rates of foraminiferal, coccolith, radiolarian, diatom and

clay sedimentation, the ratio of Foraminifera to the other components and the

ratio of carbonate to non-carbonate fraction can be either directly or inversely

proportional to temperature; they can remain constant if the above rates haj^pen

to change by the same amounts (cores of type II in Revelle et al., 1955, fig. 11)

;

or can vary independently of temperature (Wangersky, 1958).
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Marked variations of the weight percentages of the foraminiferal component
and of the carbonate percentages occur also in core sections of Ohgocene and
Miocene age (Arrhenius, 1952, pis. 2.53 and 2.57; EmiUani, 1956). These varia-

tions do not seem to be periodic and do not correlate with the temperatures,

which remained more or less constant. Their cause is unknown.
Important, apparently cyclic carbonate variations occur in at least three

(nos. 58, 59 and 60) of a suite of five eastern-equatorial-Pacific cores described

by Arrhenius (1952). These variations are believed to result from productivity

changes in the absence of important changes in the rate of sedimentation of the

non-carbonate comj)onent, and, therefore, to be inversely related to temperature

(Arrhenius, 1952). It is not entirely clear whether this is exactly the case or not,

because the carbonate percentage of the modern sediment (shown by two short

pilot cores) is actually closer to the carbonate maxima (which should represent

glacial conditions) rather than to the minima. In any case, the carbonate cycles

seem best interpreted in terms of climatic fluctuations.
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quartz particles than the underlying Tertiary sediments (Rex and Goldberg,

1958). The low temperature of the Pacific bottom water late in Pliocene time

suggests that Antarctica was already fully glaciated, with ice extending to the

Antarctic shore.

Oxygen-isotopic analysis of pelagic Foraminifera from equatorial and sub-

tropical xltlantic cores of Middle Oligocene and Lower-Middle Miocene age

showed that the ocean-surface temperatures remained rather uniform during the

time intervals represented by these cores (perhaps 100,000 years for the Middle

Ohgocene section and perhaps up to 300,000 years for the Lower-Middle

Miocene sections). Only random fluctuations, mostly within 2°C, are apparent

(Emiliani, 1956).

Only one core, which probably represents the whole Pleistocene Epoch and

penetrates well into the Pliocene, has been analyzed so far by the oxygen-

isotopic method. This core, no. 58 of the Swedish Deep-Sea Expedition of
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Fig. 4. Plio-Pleistocene temperature decrease of surface water of the eastern equatorial

Pacific as shown by oxygen-isotopic analysis of Pulleniatina obliqv iloculata (curve a)

and Oloborotalia menardii tumida (curve b) from core 58 of the Swedish Deep-Sea

Expedition, 1947-1948. (From Emiliani, 1955.)

1947-1948, raised in the eastern equatorial Pacific, shows an appreciable

temperature decrease (about 3°C) from the bottom up to the middle portion of

the core, followed by small temperature oscillations in the uj)per half (Fig. 4).

These oscillations, however, do not offer a clear picture of climatic changes

during the Pleistocene because of the relatively small value of the secular tem-

perature change in the equatorial Pacific, because of the deeper habitats of the

foraminiferal species available for isotopic analysis, and because of the local

pattern of vertical circulation of the surface water (Emiliani, 1955).

The Pleistocene temperature record is far clearer in cores from the Atlantic

and adjacent seas than in Pacific core 58, but unfortunately it is as yet far

shorter stratigraphically. In fact, the stratigraphically longest core so far

analyzed (Emiliani, 1955) is Lamont core A172-6 from the Venezuelan Basin of

the Caribbean, extending back in time an estimated 300,000 years.

Micro^Daleontological work on this and many other cores from the equatorial,

tropical and temperate Atlantic, the Caribbean, the Gulf of Mexico and the

Mediterranean (Bramlette and Bradley, 1940; Cushman, 1941; Cushman and

Henbest, 1940; Ericson, 1953; Ericson et al., 1955; Ericson and WolHn, 1956;
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Fig. 5. Paleotemperature curves of five deep-sea cores, determined by means of oxygen-
- isotopic analysis. Core numbers to the right. Arrows indicate last occurrence of

Olohorotalia menardii flexuosa. Core 280, North Atlantic (34° 57'N, 44° 16'W, 4256 m);
core 234, equatorial Atlantic (5° 45'N, 21° 43'W, 3577 m); core 246, equatorial

Atlantic (0° 48'N, 31° 28'W, 3210 m); core A240-M1, Caribbean (15° 26'N, 68° 30'W,
4180 m); core A179-4, Caribbean (16° 36' N, 74° 48'W, 2965 m).
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Ericson et al, 1961; Ewing et al, 1958; Parker, 1958; Phleger, 1939, 1942, 1947,

1948, 1951, 1955; Phleger and Hamilton, 1946; Phleger et al, 1953; Schott,

1935, 1952, 1954; Todd, 1958) revealed the occurrence of alternating warmer
and colder stages numbering up to nine or ten each in the stratigraphically

longest cores. Whenever the climatic record offered by the micropaleontology

is of sufficient detail, correlations can be made or attempted among the various

cores and between the core stages and the continental-Pleistocene stages. In

some cores, the correlations based on changing foraminiferal abundances have

been substantiated by correlations based on the changing ratio of left-to-right

coiled specimens of Globorotalia truncatulinoides (Ericson and Wollin, 1956; see

also Chapter 31).

Oxygen-isotopic analysis of deep-sea cores from the Atlantic, the Caribbean

and the Mediterranean have yielded temperature records which correlate closely

with each other, as shown in Fig. 5 (cf. Emiliani, 1955, 1955a, 1958; Rosholt

et al., 1961, 1962), and also with the microjDaleontology (Ericson and Wollin,

1956a; Emiliani, 1957). A typical temperature graph (Fig. 6) shows a number
of warm units (identified by increasing odd integers in order of increasing

age) alternating with a number of cold units (identified by increasing even

integers in order of increasing age). One warm unit (no. 3) does not attain a

temperature as high as the other warm units, and two cold units (nos. 8 and
12) do not attain temperatures as low as the other cold units. One can thus dis-

tinguish major and minor warm and cold units. Within any given region, all

major warm units reach about the same temperature extremes, and so do all

major cold units. The measured temperature difference between major maxima
and minima in cores from low latitudes is about 8° or 9°C, but a correction

accounting for the greater concentration of i^O in sea-water during glacial ages

reduces this difference to about 6° or 7°C. An average, uncorrected temperature

difference of about 12°C is shown by Mediterranean core 189 (Emiliani, 1955a),

whereas a difference in surface temperatures of only about 4°C may be inferred

from oxygen-isotopic analyses on Globorotalia menardii tumida from cores raised

in the eastern equatorial Pacific (Emiliani, 1955). Thus it appears that, as ex-

pected, temperature oscillations of the surface waters of the oceans during

the Pleistocene were smallest in the equatorial Pacific, were larger at corres-

ponding latitudes in the Atlantic, and were still larger in the more northern

Mediterranean basin.

Arrhenius (1952) and Olausson (1960a, 1961) published chemical ana-

lyses on a number of Pacific cores and included data on the micropaleontology

and other features of the sediments. As previously mentioned, carbonate per-

centages were found to vary markedly and repeatedly in a suite of five cores

from the eastern equatorial Pacific, possibly reflecting productivity changes

associated with major climatic fluctuations. Correlation among these cores was
made using the cumulative amounts of TiO-a in the sediments, and the last four

major carbonate maxima were correlated with the four major glaciations

(Arrhenius, 1952). If this correlation is correct, the occurrence of earlier car-

bonate maxima in two of the cores (nos. 58 and 62) would suggest that
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important glaciations occurred before the first major glaciation. Cores 58 and 62

are believed to contain a complete section of Pleistocene sediments and to pene-

trate into the Pliocene (Arrhenius, 1952). The position of the Plio-Pleistocene

boundary in these cores is unknown because a correlation with the Plio-

Pleistocene sections of Italy has not yet been made. On paleotemperature

evidence alone, the boundary has been placed at 610 cm below the top in core 58

(Emiliani, 1955), but some other lower levels, such as those at 780 or 880 cm
below the top, could also be chosen. Ages of 600,000 to 900,000 years can be

estimated for these levels (cf. Emiliani, 1955).

So far, only a few cores from the Indian and Pacific Oceans have been ana-

lyzed micropaleontologically. The ratio Glohigerina hulloides to Glohorofalia

menardii menardii, believed to be inversely proportional to temperature, was
found to vary markedly in six relatively short cores from the western Indian

Ocean (Stubbings, 1939), but the relationship of these variations to Pleistocene

ages is obscure. Equally obscure is the relationship between the relative abun-

dances of pelagic Foraminifera in a long core from the central Pacific and
Pleistocene events, although a correlation with the Atlantic cores has been
attempted (Brotzen and Dinesen, 1959).

Lithological analysis of a core, 194 cm long, from the latitude of 9°S in the

eastern equatorial Pacific showed the occurrence of alternating layers of

Glohigerina ooze, red clay and sediments of intermediate type (Hough, 1953).

The top 24 cm consist largely of "medium dark brown lutite". Red-clay layers

one to a few centimeters thick with interbedded Glohigerina ooze occur between
24 and 44 cm below the top, between 102 and 114 cm, and from 175 cm to the

bottom of the core. These intervals were interpreted as representing glacial

ages; and the intervening sections, containing white to medium brown oozes, as

representing interglacial ages (Hough, 1953). The correctness of this interpreta-

tion is not assured, because pure Glohigerina ooze occurs interbedded with red

clay in the supposedly glacial sections, and the postglacial section is represented

by "medium dark brown lutites" which are apparently closer to red clay than
to Glohigerina ooze. The detailed chronology published by Hough (1953) is of

uncertain validity. In fact the radium measurements by Urry (1949) on both
the Glohigerina-ooze and red-clay components did not yield the 230'jh decay
curves hoped for, and allow only the tentative conclusion that the bottom of

the core is some hundreds of thousands of years old (cf. Volchok and Kulp, 1957;

Rosholt et al., 1961). This difficulty, the obviously large amount of post-

depositional solution and the inadequate stratigraphic study of this core, make
it impossible to interpret the published stratigraphy in terms of Pleistocene

events.

Four cores from north of the Ross Sea, ranging in length from 0.9 to 2.6 m,
show the occurrence of coarse glacial-marine sediments in the top 10-20 cm,
followed by fine, well sorted sediment a few decimeters thick. This is followed

in turn by various layers of alternating coarse to fine glacial-marine sediments
(Hough, 1950; Thomas, 1959). As suggested or implied by Thomas (1959), it

seems likely that the very fine, well sorted sediments were deposited during
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glacial times, when sea-ice probably covered a vast area all around Antarctica.

Conversely the coarse glacial-marine sediments are likely to have been

deposited during interglacial times (as the occurrence of such sediments in the

top portions of the cores indicates) when sea-ice was greatly reduced. Radium
measurements by Urry (1949) on three of the four cores indicate either greatly

varying rates of sedimentation, or radium migration, or both. Important

radium migration appears to have taken place in at least two of the cores (nos.

N-4 and N-5), where anomalous radium concentrations were observed at some

depth in the cores (Urry, 1949, table II; cf. Pettersson, 1951; Kroll, 1954, 1955).

Again, the detailed chronology published by Hough (1950) is open to question.

The contention that coarse sediments represent interglacial conditions and the

very fine sediments glacial conditions is supported by the observation that

diatoms and Radiolaria are abundant in the former and absent from the

latter (Thomas, 1959).

Altogether, the deep-sea cores from the Atlantic and adjacent basins have

yielded a consistent picture of climatic change. The Pacific and Indian Ocean

cores have not yielded as good a picture partly because the Pleistocene tem-

peratvu'e oscillations may have been considerably smaller than in the Atlantic

and adjacent basins, partly because most of these cores have not yet been

studied by means of micropaleontological and oxygen-isotopic analysis.

c. Chronology of deep-sea cores and correlation with the continental Pleistocene

stratigraphy

14C, 230Th and the ratio 23ipa/230Th have been used for absolute dating of

deep-sea cores. i'*C measurements have been made on the foraminiferal com-

ponent alone, on bulk core material and on the fine carbonate fraction, using

modern shells for the contemporary assay. Measurements on the finer carbonate

fraction gave ages up to 10% greater than the ages obtained from the associated

foraminiferal component (Rubin and Suess, 1955; Ericson et al., 1956), indicating

the occasional presence of some reworked material. Generally, however, the

amount of reworked material in the fine carbonate fraction does not seem to be

large enough to affect importantly the ages obtained from bulk core material.

These, and the ages obtained from the foraminiferal component alone have

yielded a consistent chronology for various deep-sea cores, ranging back in

time to approximately 40,000 years B.P. (Rubin and Suess, 1955, 1956; Ericson

et al., 1956; Broecker and Kulp, 1957; Broecker et al., 1958).

The ssoTh and 23ipa/230Xh methods are based on the fact that thorium and

protactinium isotopes produced by 238U ^nd 235U existing in solution in sea-

water are rapidly removed by adsorption on particles and deposited on the

bottom. The half-lives of 230Th, 23ipa, and of the ratio 23ipa/230Th are, respec-

tively, 80,000, 34,300 and 60,100 years. If the concentration of uranium in the

ocean remained constant with time, and if the rate of sedimentation of the clay

component also remained constant, the activity of 230x11 alone would provide

a reliable dating method. Urry (Piggot and Urry, 1942, 1942a; Urry, 1949)

dated various deep-sea cores from the North Atlantic, the Caribbean and the
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Pacific using radium as an index of 23oxh. Although radium was later shown to

migrate rather freely through deeji-sea sediments (Pettersson, 1951; Kroll,

1954, 1955), radium migration is relatively unimportant in sediments with a gross

rate of sedimentation greater than about 1 cm/ 1000 years (Koczy and Bourret,

1958), which is generally the case for Globigerina ooze. If the stratigraphy of the

Atlantic and Caribbean cores dated by Urry (Bramlette and Bradley, 1940;

Cushman and Henbest, 1940; Cushman, 1941) is interpreted in the light of

present knowledge, it appears that the last major warm stage was dated from

about 110,000 to about (55,000 years B.P., the last major cold stage from

65,000 to 12,000 years ago, and the postglacial from about 12,000 years ago.

These figures have been substantiated by recent dating by i^Q and ^sipa/sso^h

methods (cf. Rosholt et al., 1961, 1962). It is unfortunate that stages older than

the last major warm stage cannot be clearly recognized in the Cayman core

dated by Urry (Piggott and Urry, 1942; Cushman, 1941), a result, probably, of

much post-depositional solution of the foraminiferal shells having occurred at

the depth from which the core was raised (4800 m).

The difficulty associated with possible changes in rate of supply of uranium to

the sea and changes in the rate of clay sedimentation is eliminated by using the

^3iPa/230Th method, because such changes would affect equally both parent

uranium isotopes. Using this method, Rosholt et al. (1961, 1962) dated temj)era-

ture fluctuations back to about 175,000 years ago in three apparently undis-

turbed Caribbean cores. The ages obtained from the younger jDortions of these

cores correlate with the ^^C chronology within the limits of error of the two
methods, ^sipa/saoxh dating of a North Atlantic core (Swedish core 280) gave

ages that are about 30,000 years greater than the ages obtained from the

corresponding levels of the Caribbean cores, and do not correlate with the ^^C

chronology in the region of common range. This discrepancy is believed to result

from the introduction of reworked clay into the Atlantic core (Rosholt et al.,

1961).

If the ages of the temperature stages of the deep-sea cores obtained with the

various methods mentioned above are compared with the ^^C chronology of the

continental stratigraphy (Flint, 1957, p. 395; Andersen etal., 1960), it appears

that stage 2 (see Fig, 6) represents the Main Wiirm; stage 3 the Early Wiirm-
Main Wiirm interval; stage 4 the Early Wiirm; and stage 5 the last interglacial

(cf. Emiliani, 1955, 1958; van der Hammen, 1957). Thus the correlation be-

tween core stages 1 to 5 and continental stages from the present to the preceding

major interglacial seems to be good. The tentative correlation between older

core stages and continental stages suggested by Emiliani (1955) is still con-

sidered speculative, as it was when first proposed.

Oxygen-isotopic analysis of calcareous benthonic Foraminifera from the

section of core 234 representing the last interglacial showed that bottom tem-

perature followed closely the pattern of surface temperature, but with con-

siderably smaller amplitude (Emiliani, 1958). These and other analyses of

calcareous benthonic Foraminifera (Emihani, 1955, 1958) showed that the

maximum glacial-interglacial temj)erature range of the bottom water was on



918 EMILIANI AND FLINT [CHAP. 34

the average 3°C in the equatorial and temperate Atlantic, and negligible in the

equatorial Pacific.

Oxygen-isotopic analyses performed at close stratigraphic intervals on short

pilot cores from the Atlantic and the Caribbean generally failed to reveal

temperature oscillations related to the units of the last glaciation, with the

exception of a minor temperature reversal at 10-15 cm below the tops of the

cores possibly related to the Valders unit (Emiliani, 1955, figs. 7-10; Emiliani

and Mayeda, 1961). This failure is believed to result from sediment reworking

by bottom organisms, affecting a stratigraphic thickness of a few to several

centimeters. The implication is that temperature events spaced in time less

than a few thousand years from each other cannot be resolved by deep-sea sedi-

ments of normal Globigerina ooze facies.

The transition between the last glacial age and the postglacial is strikingly

clear in the Arctic (Ericson and Wollin, 1959), in the Norwegian Sea (Holtedahl,

1959), and in the northern North Atlantic (Bramlette and Bradley, 1940),

where glacial-marine sediments deposited during the last glacial age and

containing some or much ice-rafted material pass into postglacial lutites with

abundant pelagic Foraminifera. It is also clear at lower latitudes. In the Gulf

of Mexico, for instance, a marked sedimentary change occurred 11,000 years ago

(Ewing et al., 1958), which implies reduction, by at least one third, in the capa-

city and competence of the Mississippi River (Emiliani, 1957). The abundance

of pelagic Foraminifera in the postglacial sections of cores from the Arctic

Ocean and the Norwegian Sea, mentioned above, apparently resulted from an

increase in productivity, following reduction or disappearance of sea-ice and/or

marked decrease of the terrigenous component. Broecker et al. (1960) have

marshalled evidence suggesting that most of the temperature increase marking

the transition between glacial and postglacial conditions occurred over a

period of only about 1500 years, close to 11,000 years ago. This sudden tem-

perature rise might have been caused by decrease of albedo following rapid

reduction or removal of sea-ice over the northern North Atlantic, Norwegian

Sea and other high-latitude areas (Emiliani and Geiss, 1959).

The evidence offered by deep-sea sediments bears directly on the elaboration

of theories of glaciation. No theory of glaciation can be valid unless the facts

revealed by the study of deep-sea sediments are also taken into consideration

and explained. These facts have already made highly improbable some of the

glaciation theories proposed in the past. Thus, Simpson's theory (Simpson,

1934, 1940, 1957) that surface temperatures at low latitudes during glacial ages

were alternately lower and higher than during the intervening interglacials is

incompatible with the observed or inferred synchronism between glacial ages

and the temperature minima of the deep-sea cores from the Atlantic, the Carib-

bean and the Mediterranean. The groups of theories based on volcanism (cf.

Flint, 1957, pp. 504-505, and references therein) and on submarine tectonism

along the Greenland-Iceland-Scotland axis (Saks et al., 1955) are perhaps

incompatible with the apparent regularity of the temperature variations

suggested by the deep-sea cores. Theories based on variations of solar emission
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are made questionable by Opik's conclusion, based on elaborate, quantitative

analysis (Opik, 1953), that the reduction of solar emission required to produce

the observed ice sheets of the glacial ages would have reduced the equatorial

temperatures to 8°C. Theories based on variations of CO2 content in the atmos-

phere (Plass, 1956; cf. also Flint, 1957, p. 504) are made improbable by the

rapid exchange of CO 2 between atmosphere and ocean, including the deep sea

(Craig, 1957; Revelle and Suess, 1957). A recent theory claiming that the

Arctic Ocean was open during glacial ages and that it provided the moisture

for the northern ice caps (Ewing and Donn, 1956, 1958) has been questioned on
theoretical grounds as incapable of maintaining sustained oscillations (Living-

stone, 1959) and is apparently contradicted by the pattern of glaciation in

Alaska and Siberia (cf. Flint, 1957) and by the stratigraphy of Arctic deep-sea

cores (Ericson and Wollin, 1959).

According to a model of glaciation developed by Emiliani and Geiss (1959)

and largely based on ideas of earlier authors (esp. Milankovitch, 1938; Koppen
and Wegener, 1924; Flint, 1947), glaciation was made possible by Tertiary

cooling caused by albedo increase associated with the Alpine orogenesis; the

successive Pleistocene glaciations were started by quasi-periodic reductions of

summer insolation in northern latitudes (the so-called Milankovitch mechanism,
see Zeuner, 1945, 1952, 1959) known to have occurred at intervals of about

40,000 years; the further development of glaciation was largely a self-sustaining

process; and complete deglaciations outside of Antarctica and Greenland

resulted from surface freezing of the northern North Atlantic and time-delay

effects introduced by plastic flow of glaciers, heat absorption by ice melting and
crustal warping.

Most of the very numerous theories of glaciation which have been proposed to

date have been disproved or made questionable by subsequent discoveries. Of
the very few which survive, none exceed the status of theory. The cause of

glaciation and the mechanism regulating the repeated advances and retreats of

glaciers during the Pleistocene EjDOch undoubtedly will become clear in the

future, but only through an intensive study of both continental and deep-sea

deposits directed to establish standard sections, and only with time calibration

by absolute dating methods.

4. Summary

In the foregoing discussion we have summarized what we believe are some of

the basic facts in the record of the Pleistocene, gathered from continental and
sea-floor sources. The facts concern three chief parameters: (1) stratigraphic

sequence, (2) paleotemperatures, and (3) chronology. The sequence displayed

beneath both lands and oceans clearly shows both major and minor fluctuations

of temperature. The fluctuation is secular, but its amplitude varies with geo-

graphic location. Repeated changes of temperature characterize the Pleistocene

but have not been discerned in the Tertiary, which is marked by slow, general

decrease in temperature.
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Radiocarbon dating and the discovery and development of some other

methods for absohite dating of Pleistocene materials, invention of the piston

core-sampler and the consequent intensive study of relatively long sections of

deep-sea sediments, refinements in the techniques for the study of continental

deposits (expecially loess and soil profiles), and the pollen-analytical work done
on some particularly long sections of lacustrine deposits have greatly advanced
Pleistocene science in the decade 1950-1960. Yet, many major advances remain
to be made before a clear picture of the Pleistocene Epoch as a whole will emerge.
On the one hand, the glacial and periglacial deposits on the continents show four

or five, and perhaps more, major glacial advances, each one of which appears
to have been double or multiple. On the other hand, the deep-sea cores f»rovide

us with a picture of repeated temperature cycles totalling perhaps ten or fifteen

during the past half-million years. Correlation between temperature cycles of

the deep-sea cores and glacial advances and retreats on the northern continents

seems established, at least tentatively, only for the past 100,000 years, i.e. back
into the last interglacial. Further, important advances in our knowledge of the

Pleistocene Epoch will probably require the collection and study of deep-sea

cores representing continuous stratigraphic sections much longer than the ones

presently available, together with absolute dating of both deep-sea and con-

tinental materials formed in the long Pleistocene time preceding the last inter-

glacial and significantly related to the climatic changes. In addition, much work
needs to be done on the Pleistocene of the Southern Hemisphere, both on land
and beneath the sea, as well as on continental deposits in equatorial and tropical

regions. Techniques for these studies have been already developed or are being

developed rapidly, so that a clear, world-wide picture of the history of the

Pleistocene may be achieved in the not-too-distant future. The picture, as

discussed in the introduction, will be of paramount importance in assessing

the rates at which many geojjhysical, geochemical, geological and biological

processes operate.
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SUBJECT INDEX

Titles of Parts and Chapters and the page numbers at which they begin are printed in

heavy type. Names of ships and of genera and species are printed in italics.

Where a single index entry (such as a geographical name) is followed by a string of page
numbers, the reader should consult the list of contents at the beginning of the book to

differentiate them by subject.

The letters ff after a page number denote either the beginning of a chapter subdivision

on the subject in question or that the subject is mentioned again on one or both of the

next two following pages.

Ablation of iron meteorites, 674

Absorption coefficients, 70

Abulat Island, 303

Abyssal fauna nutrition, 764

Abyssal plains, 254 ff, 312, 747 ff, 754

abyssal-hills province, 312

adjacent seas, 328

archipelagic, 336 ff

atectonic areas, 356

bottom currents distributing sediments,

359

cores from south of Newfoundland, 349 ff

deep-sea channels, 337 ff

gaps, 337 ff, 342 ff

geophysical characteristics, 351 ff

gravity field, 355

heat flow, 355 ff

interplain channels, 342 ff

introduction, 312 ff

lava plains, 358

long-continued sedimentation, 359

magnetic field, 355

mid-ocean canyons, 338 ff

mylonitic plains, 357 ff

Precision Depth Recorder : see this index

entry

regional description, 315 ff

sediments, 347 ff, 659

subaerial erosion surfaces, 358

theories of origin, 356 ff

trench plains, 333 ff

turbidity currents burying original topo-

graphy, 360 ff, 751 ff

Abyssal ripples, 764 ff

Acantharia, 875

Acapulco, 228, 231, 249, 423

Acoustic impedances, 5

Actiniaria, 459

Aden, Gulf of, 394 ff, 404

Aegean Sea, 253

Africa, 248, 300

African rift valley, 272 ff

Agadir, 288

Age determination : see Cross-correlation

Age determination in sediments by natural

radioactivity, 816
Al-26/Be-lO ratio, 825

Be-lO/Be-9 ratio, 824 ff

C-14 method, 824 ff

decay series of 238-U, 235-U and 232-Th,
817

geochemical considerations, 821 ff

I/U or Pa/U ratios, 825

practical methods, 825 ff

radium, 823 ff

sedimentation rate, 828 ff

theoretical considerations and methods,
817 ff

thorium, 821

uranium, 822 ff

Agulhas Bank, 302

Ailuk, 377

Air-borne material : see Eolian
Airy phase, 125

Alaska, 238, 283, 304, 324, 370 ff, 373, 399,

586, 646, 659, 737, 919
Albatross Expedition, 326, 341, 750, 768
Albedo increase, 919

Aldehydes and amino acids synthesis by
electric discharge, 854

Aleutian-Alaska earthquakes, 1958, 126 ff

Aleutian Islands, 251, 737

Aleutian Trench, 210, 213, 229, 322 ff, 361,

413 ff, 419 ff, 427

Alexa Bank, 252

Algerian coast, 252, 286, 299 ff

Alinginae Atoll, 380

Alpes-Maritimes submarine canyons, 252
Alpine-Himalayan Mountain system, 388
Aluminum in sea-water, 655, 698
Amazon, 299

Amino acids, 595, 854
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Aminosugar, 705

Ammonia, 600

Ammonium cyanide, 859

Ampere Bank, 448

Anatase, 663, 669 ff

Andesite line, 414

Andros Island, 295

Anegada Trovigh, 427

Anglesite, 680

Angola, 264, 322

Animal burrowing, 717

Aniinals, classification, 868

Antarctic Ocean, 238, 270, 283, 286, 304 ff,

645 ff, 648, 689

Antillean Island Arcs. 251, 427

Antillean Trench, 412 ff

Antrim, 304

Apatite, 668, 681, 684 ff

Appalachian geosyncline, 251

Arabian Sea, 303, 326, 395

Aragonite, 577, 683, 686

Archimede bathyscaph, 419

Archipelagic apron, 269, 336

Arctic Ocean, 156, 238, 327, 372, 401 ff, 918ff

Argentina, Argentine Basin, 281, 321

Argo R.V., 426

Ascension Island, 365 ff

Aseismic ridges, 264 ff

Asteroid mounds, 461

Atlantic Mid-Ocean Canyon, 752 ff

Atlantic Ocean {see also North, . Eastern

North, South Atlantic aNC?,M?irferCrustal

rocks, see Eastern North, Western
North Atlantic), 75, 88, 105 ff, 122 ff,

177, 227 ff, 230, 238, 253 ff, 270 ff, 313,

659, 665, 696, 728, 770, 876, 911 ff

Atlantis R.V., 393, 406

Atlantis-Great Meteor Seamount Group,

265, 320, 381

Atmosphere, primitive, 847 ff

Atmospheric haze at sea, 694

Atolls, 374

development and age, 378 ff, 384

distribution, 365, 377

importance, 385

islands, 376

lagoons, 376 ff

reefs, 374 ff

submerged, 381 ff

subsurface geology, 377 ff

volcanic, 381 ff

Australia {see also Western Australia), 252,

302, 398

Austral Islands, 267 ff, 366 ff

Azenmour, 288

Azores, 276, 320, 365, 462 ff

Bacterial types and numbers, 598 ff

Bacteriological processes, 597 ff

Baffin Bay, 584

Bahama, 282, 293 ff, 562 ff, 565 ff, 574 ff,

578

Baikal rift valley, 404

Baja California Seamount Province, 195,

257, 370

Balearic Sea and Abyssal Plain, 252, 299, 328

Baltic Sea, 292, 583, 590 ff, 620

Banda Sea, 251

Banks Island, 402

Barbados Ridge, 426

Barents Sea, 281, 327, 399, 402

Barite, 663, 680

Barium, 677, 680. 686, 708

Barium in manganese nodules, 667 ff

Bartlett Trough, 429

Basaltic glass and lava, 698, 718

"Basaltic" Layer 2. 100

Basin sedimentation and diagenesis, 583

avithigenic type, 587

basin types, 583 ff

calcium carbonate distribution, 591

carbonate deposition, 613 ff

carbon/nitrogen ratio, 593

color, 592 ff

composition and distribution, 590

detrital matter, 592

eolian type, 586

grain size, 590 ff

isotopic studies related to biological pro-

cesses, 605

neritic marine basins, 614

nutrients, 584 ff, 599

organic matter, 591, 593 ff

organic type of sediment, 587

oxidized and reduced, 592, 603 ff

petroleum, 608 ff

phosphates, 612 ff

physical aspects, 586 ff

physiography, 583 ff

rafted, residual and relict types, 587
rate of deposition, 593

recent detrital type, 588

sediment types, 586 ff

shallow sills, 583

special problems, 608 ff

stagnant, 585

strvicture, 588 ff

sulfur, 603, 606
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Sasin sedimentation and diagenesis

—

con-

tinued

subsurface waters, 604 ff

water circulation and renewal, 583 ff

Bassin algero-proven(^al. 299

Batabano, Gulf of, 566 ff, 570, 574

Bathymetric Chart of the Oceans, Murray's

General, 233, 411

Bathyscaphs, 416. 419, 437, 473

Bayous, 630

Beach and nearshore processes, 507 (see

also other headings under Sedimentation)

auto-suspension, 518 ff

avalanches under bed load, 518 ff

bed disturbance threshold, 525 ff

bed drag theory, 523

bed load theory, 516

boimdary stress near bed, 516, 527

classification by origin, 507

definition of sedimentation, 507

dynamic transport rate, 545

energy profile, energy loss frona bed
friction, 530 ff

fall or settling velocity, 508

flow of granular solids dispersed within

fluids, 510

fluid power available, 515 ff

friction factor or coefficient, friction

angle, 510

littoral processes, 529

mechanics of marine sedimentation, 507

model experiments : see index entries

directly loider this

oscillations of water under surface waves,

518, 527 ff

permeability and sand size, 531

ripples, 539 ff

sand : see index entries directly under this

shoreline forms, 547 ff

steady unidirectional flow, 525 ff

symbols, 550 ff

thermal properties, 222 ff, 226

thicknesses, 110

three-dimensional littoral processes, 540 ff

transport during fall through sea, 508 ff

transport over sea bed, 509, 513 ff

transport rate and fluid "power", 512 ff

turbulent boundary layer, 527

turbulent suspension, 519 ff

two-dimensional littoral processes, 530 ff

waves : see index entries directly under this

work done in transporting a bed load , 5 1 2 ff

work done in transporting a suspended

load, 517 ff

31*

Bear Island, 306, 399

Beata Ridge, 331

Beaufort Sea, 281, 646, 649

Belle Isle, 284

Bellinghausen Abyssal Plain, 326

Bengal, Bay of, 326, 342

Benin, Gulf of, 628

Benthic fauna (see also under Microtopo-

graphy), 589, 721, 866

Bering Sea, 251 ff, 333, 402, 414

Bermuda Rise, 63, 164, 207 ff, 256, 258 ff,

265, 269, 315 ff, 336, 347, 350 ff, 445

Betsiboka estuary, 623

Bikini Atoll, 97, 375 ff, 380 ff, 383,

568 ff

Bills Bailey Bank, 282

Biogenous sediment, 507, 662

Bioherms, 688

Birdfoot Delta, 494

Biscay, Bay of, 206, 318 ff, 344 ff, 361, 442,

638, 642 ff, 648

Black Sea, 590 ff, 593, 599, 603

Black shales, 822

Blake-Bahama Abyssal Plain, 249

Blake-Bahama Basin, 245

Blake Escarpment, 237, 249, 287, 294

Blake Plateau, 245 ff, 248, 281, 765,

812 ff

Bomb-sovinding, 415 ff

Bogota, Colombia, 899

Bonaparte Gulf, 297 ff

Bonin, 414, 420

Boomer, 59

Boron, 680, 700

Bothnia, Gulf of, 587

Braarudospheres, 868

Brahmaputra, 326

Brazil, 245, 248, 318, 321, 689

Breunnerite, 691

British Isles, 304

Brittany, 282 ff, 286, 291 ff, 620 ff, 626 ff,

635 ,644 ff, 648

Browse depression, 298

Bryozoa, 459

Butley Crag strata, 893

Buzzards Bay, 64

Cables : see Submarine cables

Cadiz, Gulf of, 812

Calabria, 902

Calabrian fauna, 891

Calcareous deposits, 711, 867

Calcic plagioclase, 669

Calcite, 683, 688, 691
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Calcium carbonate

compensation depth, 867

distribution, 591, 688 ff

Calcium citrate tetrahydrate, 708
Calcimn oxalate dihydrate, 708

California, 146 ff, 230, 244, 286, 291 ff, 304,

313, 326, 333, 337 ff, 342, 393, 399,

404, 489, 501, 583 ff, 588 ff, 593, 601,

620, 638, 645, 728, 763, 900
Callao Bay, 585

Calypso Expedition, 303

Cambridge University (England), Depart-
ment of Geodesy and Geophysics, 20,

24, 40, 87

Campeche, 286 ff, 330

Canada Abyssal Plain, 327

Canada Pacific coast, 737

Canary Islands, 247, 314, 320, 839 ff

Canning, 297 ff

Cap Breton (see also Brittany), 319
Gape Johnson R.V., 416, 424
Capes : see their names
Cape Verde Islands, 164, 314, 320, 696
Capricorn Expedition, 90, 97

Capricorn Seamount, 427

Carbonate deposition, 613 ff, 672, 686 ff,

711, 909

Carbon radio-isotope, 14c, 824 ff, 916
Cariaco Trench, 335, 584 ff, 588, 592, 595,

605, 770

Caribbean Sea, 105 ff, 250, 282, 313, 331 ff,

411 ff, 759, 880, 904, 911 ff, 917

Carniel Submarine Canyon, 487, 501

Carnarvon, 297 ff

Carnegie Institution and non-magnetic ship,

176 ff, 728

Carolina ridge, 294

Carpathian Poland, 897
Caryn Peak, 166, 208

Cascadia deep-sea channel, 257, 324, 346 ff,

500

Cayman Ridge, 332

Cayman Trench, 429
Ceara Abyssal Plain, 318

Celestobarite, 676, 680

Celtic Sea, 286, 293, 296 ff, 642

Central American Pacific coast trench, 251
Cephalopods, 705

Ceylon, 490, 493

Chain R.V., 477 ff

Challenger Deep, 416 ff

Challenger ILM.^. (1872), 369, 769, 821, 880
Challenger H.M.S. (1950), 88, 416
Champagne, 297

Chert, 692

Chesapeake Bay, 57, 295, 620, 627

Chile, 159, 399, 404, 413, 728
Chilean earthquakes, 118, 431 ff

Chillesford Clay, 893

China Sea, 647

Chinese invention of the compass, 175

Chlorite, 700 ff, 729 ff, 737

Chlorophyll, 596

Chondritic meteorites, 674
Chromium, 666, 680
Chukchi Sea, 646, 649

Churning action of benthic animals, 721

Clarion Fracture Zone, 422
Clay-mineral distributions in the Pacific

Ocean, 728

analytical techniques, 728

concentration gradients, 736
pioneer investigations, 728

sedimentation rates, 728

summary of chapter, 739 ff

surface distribution, 730 ff, 737

vertical distribution, 738 ff

zeolitic, 873

Clay minerals (see also Red clay), 592, 611,

729 ff

Clays, density-porosity relations, 804
Clipperton Fracture Zone, 262

Cobalt, 666

Coccolithophorids, 686 ff, 708, 712, 715,

868 ff, 878

Cod, Cape, 469

Colombia, 331

Colombia Abyssal Plain, 760

Compass, history of the, 175

Compass Island, U.S.S., 141 ff

Compressional and shear waves : see under
Seismic refraction and reflection and
under Physical properties of marine
sediments

Congo River and submarine features, 237 ff,

249, 256, 490, 689, 752, 761

Connate waters, 604

Continental shelf and slope (continental

margin), 58, 157, 203 ff, 235, 237 ff, 281
block-faulted type, 302 ff

conclusion, 306

constructional classic theory, 290 ff

constructional type, 293 ff

downfaulted type, 302 ff

erosional theory, 290 ff

fissured type, 304 ff

microtopography, 467 ff

sediment distribution, 638 ff, 648 ff, 656



SUBJECT INDEX 949

Continental shelf and slope (continental

margin )

—

continued

structure and origins, 290 ff, 428

subsiding type, 293 ff

tidal scour, 293

topography, 282 ff

Continental stratigraphy, 890 ff

Continuous recording: see Echo-sounders

Continuous reflection profiling, 47

conclusions, 71

data-processing techniques, 54

design, 50 ff

geological interpretation, 70

geophysical interpretations, 67 ff

geophysical measurements, 70 ff

graphic recorders, 48, 54 ff

inland waters, comparative data, 57 ff

intermediate depths and deep ocean

studies, 59

results, 56

sea operations, 56

sub-bottom echoes, 48

Cook Island, 367

Copper, 688

Coqumas, 866

Corals, 459, 659, 822

Core growth of the Earth, 888

Coring stations, examples, 836

Corinth, Gulf of, 329

Coronado Submarine Canyon, 484

Corsica, 293, 299, 488 ff, 501

Coscinodiscus nodidifer, 710

Cosmic dust, 847, 856

Cosmic rays

energy from, 852

producing radio-nuclides, 816

unimportant for synthesis of organic

compounds, 856

Cosmic sediment, 507, 674

Costa Rica, 331

Cotentin, 293

Crawford R.V., 393, 404

Creep hj^pothesis for cable breaks, 751

Cretaceous planktonic Foraminifera, 872

Crete, 253

Cromwell Current, 708

Cross-correlation of deep-sea sediment cores

and determination of relative rates of

sedimentation by micropaleontological

techniques, 832, 878 ff, 916 ff

equatorial suite of cores, 837 ff

examples, 836 ff

methods, 832 ff

time equivalence of faunal zones, 835 ff

Crotone, 902

Crozet Plateau, 276

Crozon Peninsula, 286

Cruiser Seamount, 320

Crustaceans, 446

Crustal rocks, 85

average oceanic crust, 101

Eastern North Atlantic, 95

Eastern North Pacific, 96

Indian Ocean, 98
layering of, 5, 92 ff, 95 ff, 98 ff

Mid-Oceanic Ridge, 404 ff

oceanic refraction profiles, 85

South Pacific, 98

surface waves, 121 ff

thickness uniformity, 110

trenches, 423

Western North Atlantic, 92 ff

Western North Pacific, 97

Cuba, 332, 562 ff, 571, 574

Cyanophyceae, 291

Cyclothems, 621

Cymodoceae, 641

Dahomey, 300 ff, 624, 628

Dakar, 405

Davis Sea, 286

Declination, magnetic, 175

Deep-focus earthquakes, 413, 422

Deep sea {see also tinder Abyssal plains and
under Microtopography)

Cenozoic cores, temperature analysis, 908

channels and fans, 337 ff

erosion and transportation, 764 ff

fauna, benthic, 589, 721

fossils, 866 ff

Pleistocene sedimentation, 837 ff

sand, 348, 499 ff

stratigraj^hy, 903 ff

Deep trenches : see Trenches

Deformation of ocean floor, 718

Delgada Canyon, 501

Deltas, 629 ff

Demerara Abyssal Plain, 318

Denitrification, 600

Denmark, 620, 635, 768

Denticula marina, 877

Depth recorders, 235

Diagenesis in sediments, 593 ff {see index

entries under Basin sedimentation

and diagenesis)

Diatoms, 692, 693, 710, 713, 761, 768, 868,

879
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Dips, determination of, 9

Discoasters, 687, 869

Discovery II, 220

Dogger Bank, 297

Dolomite, 691

Dolomitized limestone, 689

Dominican Abyssal Plain, 332

Donau Glacial strata, 893

Drygalski Island, 286

Earthquakes {see also Seismicity under Mid-

Oceanic Ridge and under Trenches),

118, 126 £f, 251, 271, 328, 329, 350, 360,

389, 412, 422, 498, 502, 743 ff

East Africa : see Rift Valley of East Africa

East China Sea, 251 ff

East Chukchi Sea, 281

Easter Island, 124 ff, 275, 398 ff, 770
Eastern England stratigraphic column,

893, 902

Eastern North Atlantic, 318

Eastern Pacific, 226, 273, 398, 696, 731, 770
East Indies, 411

East Pacific Rise, 228, 230, 273 ff, 399

Eburonian strata, 893

Echo-sovmders, 233 ff, 415 ff, 751

Electric discharges, yields of organic com-
pounds, 853 ff

Elevator tectonics, 754

Ellesmere Island, 304

Ellice Islands, 374, 378

Elphidiutn and Elphidiella, 350
Elsterian strata, 893

Emperor Seamounts, 275
Enderby Land, 290

End moraines, 895

Energy sources averaged over the Earth,

852

English Channel, 203 ff, 292 ff, 296 ff, 319,

622, 625, 643

Eniwetok Atoll, 97, 208, 211, 377, 380 ff

Enteromorpha, 602

Enzymes, 859

Eolian deposits and dust, 691 ff, 695, 737
Epicenters, 389

Equatorial Atlantic Mid-Ocean Canyon, 258
JEquatorial currents affected by islands and

atolls, 385

Equatorial Divergence, 692, 695 ff, 708,

713, 717

Erban Guyot, 261, 381 ff

Erosion, 721, 764 ff, 769
Estuaries, deltas, shelf, slope, 620

continental shelf, 638 ff

Estuaries, deltas, shelf, slope

—

continued

definitions, 620

deltas, 629 ff

deposition and erosion, 628 ff

estuarine muds, 624 ff

marshes, 635 ff

sources of sediments, 626 ff

Ethiopian rift valleys, 395

Ethylene glycol solvation technique, 728,

737

Eua, 368

Euphotic layer, 708

Evolution theory supported by islands and
atolls, 385

Faroe Bank, 282, 304, 768

"Faros" (coral knolls), 377

Farsan Bank, 302

Faunal zones time-equivalence, 835 ff

Fayal, 164

Feldspar, 669, 695 ff, 698

Ferromanganese nodules, 670

Fiji, 368

Filter-feeding animals, 655

Filters, passive and electronic, 53

Finisterre, Cape, 302

Fish, 459

Fish skeletal debris, 685, 705, 873, 880 ff

Florida, 205, 286 ff, 291, 295 ff, 330, 562 ff,

569 ff

Flow of granular solids dispersed within

fluids, 510

Flow of heat through ocean floor : see Heat
flow through ocean floor

Flysch, 299

Foraminifera, 335, 347, 350, 376, 383, 422,

566 ff, 659, 677, 686, 708, 711, 753 ff,

833 ff, 871 ff, 879 ff, 902

calcareous benthonic, 917

coiling directions of planktonic species,

833

frequency-to-weight ratio, 833

oozes, 880

pelagic, 906

Fossils, 866 ff, 900
Fram Abyssal Plain, 327

Fram. R.V., 402 ff

Francolite, 682 ff

Franz Joseph Land, 402
Eraser Delta, 494
Friesland, 297, 620, 625 ff, 644

Funafuti Atoll, 374, 377, 571

Galapagos, 368, 385, 797
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Galathea californiensis, ,44:6

Galathea R.V., 416
Galicia Bank, 206, 210, 441

Galician Shelf, 302

Galilee non-magnetic ship, 177

Ganges, 249, 326, 493 ff, 500

Gas exploder as sound source, 49

Geneva, Lake of (Lake Leman), 313, 335,

500, 742

Georges Bank, 241

Georgia, 287

Geosynclines, 761 ff

Germany, 297

Gibraltar, 62, 286, 318 ff

Gilbert archipelago, 336, 370, 383 ff

Gilbert's vibrating string meter, 136

Gipping strata, 893

Gja (fissures in Iceland), 399

Glacial-marine sediments, 916

Glacials and interglacials, stadials and inter-

stadials, 899

Glaciation, 889 ff, 893, 894 ff, 919
Glauconite, 659, 682

Glohigerina hulloides, 915

Globigerina ooze, 223 ff, 265, 422, 447 ff,

450, 455 ff, 463, 802, 808, 811, 904 ff,

906 ff, 917 ff

Globigerina pachyderma, 834

Globorotalia hirsuta, 835, 838

Globorotalia meriardii and menardiiflexuosa,
835 ff, 842, 911 ff, 915

Globorotalia truncatulinoides, 834 ff, 837 ff,

872, 913

Goethite, 663, 667 ff

Gorgonia sea fan, 457 ff

Gough Island, 366

Grabens, 393, 400, 407

Grand Banks, 295, 350, 360, 497

Grand Banks earthquake, 743 ff

Grand Canary, 164

Grande Vasiere, 643

Grass cells, silicified, 693

Gravels, 804

Gravity at sea, 134

abyssal plains, 355

airborne measurements, 148 ff

anomalies, 164 ff, 169

asymmetry between hemispheres, 155

Bouguer anomaly, 151, 157, 160

California, Gulf of, table of comparisons,

147 ff

continental margins, 157 ff

Eotvos correction, 136, 150

free-air anomaly, 157

Gravity at sea

—

continued

geoid depression, 155

geological interpretations, 154 ff

Graf Sea Gravimeter, 135 ff, 138 ff, 167
International Gravity Formula, 151, 155
islands and seamounts, 163 ff

LaCoste-Romberg gravity meter, 135,

143 ff

mid-ocean ridges, 160 ff

observations and interpretation, 150 ff

ocean trenches, 168 ff

pendulum apparatus of Vening Meinesz,
135, 141

summary of chapter, 1 7 1 ff

surface-ship gravity meters, 134 ff

topographic corrections, 152 ff, 157
trench areas, 412

Great Australian Bight, 327
Great Bahama Bank, 565 ff, 574 ff,

578
Great Barrier Reef, 302
Great Meteor Seamount, 320
Great Salt Lake, Utah, 899
Greece, 329

Greenland, 281, 304 ff, 327, 400 ff

Greenland-Iceland-Scotland tectonic axis,

918

Guadalaviar, 632

Guadalupe, 691

Guatemala, 413

Guiana, 639 ff

Guinea, 282, 696
Gulfs : see their names
Gulf Stream, 765, 770, 872
Giinz glacial strata, 893
Guyots, 266 ff, 276, 365, 371, 383, 501
Gypsum, 681, 708

Gyromagnetic ratio of proton, 181

Gyro-stabilized platforms, 178 ff

Haarlem, 902
Halifax, 405

Halimeda alga, 335, 377, 565, 569 ff, 576,
754

Halloysite, 628 ff

Halmahera, 419

Halmeic minerals, 662, 684, 721

Harmotome, 699 ff

Hatteras, Cape, 241 ff, 246, 293 ff, 317, 322,

345, 759

Hawaii, 86, 89, 129, 164 ff, 266 ff, 269, 336,

366 ff, 368, 370

Hawaii-California fracture zone, 261

Hawaiian volcanoes, 257
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Heat energy : see Thermal energy

Heat flow through ocean floor, 218

abyssal plains, 355 ff

future work, 231

Mid-Pacific ridge, 398

results of measurements, 227 ff

temperature probe, 218 ff

thermal properties of sediments, 222

trench floors, 413

Hebrides, 285

Henry, Cape, 295

Heteropods, 677 ff

Hidalgo R.V., 145

Hispaniola, 331

Holothurians, 459, 463

Hong Kong, 459

Horizon R.V., 142, 145, 405

Hornblende, 669

Horseshoe Abyssal Gap, 320

Hudson channel, 282

Hudson submarine canyon. 237 ff, 492, 503,

757

Hurd Deep, 283, 293

Hurricanes, 759

Hwang Ho, 647

Hydrocarbons, 595

Hydrogenous sediment, 507

Hydrophones, 23, 25-31, 41 ff, 43 ff, 52 ff

Hydroxy acids and hydrogen cyanide

synthesis, 854, 857 ff

Hydrozoa, 459

Iberia Abyssal Plain, 320, 344 ff, 450, 455,

458, 463, 466

Iceland {see also under Mid-Oceanic Ridge),

304 ff, 393, 586

Iceland-Faroe Ridge, 768

Idzu-Bonin trench, 420

Illinoian Glacial strata, 894

Illite, 729 ff, 737

Indian Ocean (see also under Crustal rocks),

122, 177, 191, 230, 238, 253 ff, 257,

270 ff, 273 ff, 277, 300, 326 ff, 336, 342,

366 ff, 378, 752, 769

Indonesian Islands, 251, 765

Indus, possible abyssal cone, 249, 326, 500

International Committee on the Nomen-
clature of Ocean Bottom Features, 281

International Geophysical Year, 134, 170,

399

Ireland, 621, 625

Ionium, 822 ff

Iron in Foraminifera, 688

Iron meteorites, 674

Iron oxide rocks, 659, 663

Islands : see Oceanic islands

Islas Tres Marias, 423

Isogonic lines, 177

Isotope fractionation in estuarine mud and
water, 607

Isotopic studies related to biological pro-

cesses in sediments, 605 ff

Israel, 901

Ivory Coast, 300 ff

Jan Mayen, 400

Japan, 249, 251 ff, 411 ff, 420 ff, 586, 602

Jasper Seamount, 208

Java-Sumatra area, 251

Java Trench, 427

Johnston Island, 275

Josephine Bank, 450

Kamchatka-Kuril-Hokkaido arc, 366,

412 ff, 432

Kansan Glacial strata, 894

Kaoe Bay, 584 ff, 589, 592

Kaolinite, 698, 729 ff

Kara shelf, 402

Karman-Prandtl equation, 527

Kattegat, 284

Kelvin Seamount Group, 265 ff, 370

Kerguelen-Gaussberg Ridge, 289

Kermadec Trench, 252, 412, 419, 427, 431 ff

Kita Daito Jima, 378

Kupferschiefer Basin, 609

Kuril-Kamchatka Trench, 210, 249 ff,

251, 334, 412 ff, 419 ff

Kuril Islands and volcanoes, 414

Kuroshio, 707

Kwajalein, 374

Labrador, 283 ff, 304

La Castella, 902

Laccolithic injection of basaltic lava, 718

LaCoste-Romberg gravity meter, 143 ff

Laguna Madre, 634

La JoUa Canyon, 481 ff, 488 ff, 501

Lakemba, 368

Lakes : see their names
Lamont Geological Observatory, New York,

19, 20, 30, 48, 59, 65, 87, 89, 135, 218,

315, 352, 388, 412 ff, 438, 470, 480,

492, 497, 664, 742, 794, 832 ff

Laptev Shelf, 404

Lars Christensen Coast, 290

Laurentian Trough, 295

Lava flows, 439, 718, 889
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Layers, seismic, 7, 12 ff, 83, 85 ff (see also

under Crustal rocks)

Lead, 667 ff, 677, 680, 688

Leffe, 894, 897

Leman: see Geneva, Lake of

Lena delta, 404, 620, 633

Life : see Origin of Life

Lift faulting, 754

Lignins, 598

Line Islands, 275, 367, 383

Lipids, 596

Lithiophorite, 663

Littoral processes of sedimentation, 529

Loess, 892, 895

Lofoten, 289

Loire estuary and submarine delta, 620,

627, 637

Lomonosov Ridge, 265, 327, 372, 402

Long Island Sound, 55 ff

Longshore current and sand movement,
547 ff

Longuet-Higgins theory of bed drag,

523 ff

Lorraine, 297

Los Angeles Basin, 590, 609, 903

Louisiana, 205, 286, 296 ff, 299, 607, 628,

632, 640

Lousy Bank, 282

Love-wave dispersion, 808

Lowestoft strata, 893

Lutite, 754

Liitzow-Holm Bay, 289

LjTin Canal, 399

Lyons, Gulf of, 489, 503

Mackenzie River, 633

Macquarie Island, 395, 398

Madagascar, 265, 281, 327, 623, 628, 633

Madeira, 62, 164, 206, 320, 353, 356, 443,

448, 453 ff, 458, 461

INIagdalena river and submarine canyon,

256, 331, 758 ff, 760

Maghemite, 193, 677

Magnetic field over the oceans, The, 175

abyssal plains, 355

aircraft surveys, 177

anomaly maps, 194 ff, 200, 204

continental shelves, 203 ff

deep trenches, 210 ff

discontinuity at Curie point isotherm

depth, 193

fluxgate magnetometer, 179 ff

helium magnetometer, 182

historical, 175 ff

Magnetic field over the oceans. The

—

con-

tinued

igneous rocks, permanent or remanent
magnetization, 192

magnetic storm effects, 190 ff

measurements at sea, 177 ff

mid-ocean ridges, 206 ff

northeast Pacific surveys, 193 ff

non-magnetic ship surveys, 177

power spectrum and space spectrum, 1 87

Project "Magnet", 177 ff, 191

proton magnetometer, 179 ff, 182 ff

reduction of observations, 190 ff

regional trend, 191

rubidium vapor magnetometer, 182

seamounts, 206 ff

secular variation, 190

submarine rocks, 192 ff

susceptibility, 192

temperature effects, 193

total force measurement, 177

U.S. west coast survey, 194 ff

variations, 190 ff

Magnetic spherules, 675

Magnetite, 675

Mahabis R.V., 394

Mahavati delta, 633

Maine, Gulf of, 48, 286, 292, 295

Malagassy Abyssal Plain, 327

Malaya, 624

Maldive Islands, 377

Malo Jezero, 588

Manganese nodules, 445, 507, 665 ff, 670 ff

Manganese oxides, 659, 663, 680

Mantle rocks. The, 103

compressional and shear-wave velocities

and Poisson's ratio, 106 ff

compressional-wave measvirements, 103 ff

convection current hypothesis, 430 ff

crustal thicknesses as function of sea-

floor elevation, 108

degassing, 888

depths of M discontinviities under oceans
and continents, 104

shear-wave measurements, 105 ff

sub-crustal velocities vs. number of ob-
servations, 105

summary of chapter, 107 ff

surface waves, 117 ff

Maracaibo Lake, 584 ff, 590 ff

Marcus-Necker rise, 276, 382
Marginal plateaus and escarpments, 245 ff,

281

Marianas Islands, 251, 366
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Marianas Trench, 416 ff, 419

Markhams Hole, 284

Marquesas Islands, 267, 336, 366 ff

Marquis-Necker Rise, 276, 382

Mars, colors of, 863

Marshall archipelago, 336, 374 ff, 377 ff,

381 ff, 385

Marshes, 635 ff

Martite, 677

Mauritius, 164

May, Cape, 294

Mead Reservoir, Lake, 742

Mediterranean Sea, 238, 252 ff, 281, 313,

328 ff, 488 ff, 583 ff, 625, 641, 648,

747, 911 ff

Medjerda delta, 630 ff

Melanesia, 245, 413

Menapian strata, 893

Mendocino escarpment, fault, ridge, 168,

192, 195 ff, 201 ff, 265, 322 ff

Mercenaria, 595

Meriadzek terrace, 286

Meseta, 288

Mesozoic sediments, 277

Messina Strait, 61, 253, 329

Metal phosphates, 602

Metal sulphides, 609

Meteor Expedition, 233, 264, 393, 728

Meteorites, 674

Mexico City, 899

Mexico, Gulf of, 107, 205, 248, 293, 296, 313,

328, 329 ff, 465, 583, 620, 649, 728, 812,

838 ff, 880, 911

Mexico volcanic province, 422

Mica, 669, 698

Microcline, 696

Micropaleontological techniques : see Cross-

correlation

Microtopography, 437 [see also Underwater

photography)

bedrock outcrops, 439 ff, 455

benthic fauna, 457, 459 ff

boulders and cobbles, 443 ff

classification of features, 439 ff

continental slopes, 469

current activity, 451 ff

current ridges, 456

deformation of ocean floor, 718

depositional drifts, 457

description by physiographic I'egions,

467 ff

lava flows, 439 ff, 889

mid-oceanic ridges, 469

muds and oozes, 451

Microtopography

—

continued

ocean basins, 469

pebbles and granules, 447 ff

ripple marks, 451 ff, 454

sand, 348, 449 ff

scour pits, 457

seamoimts, 443 ff, 459, 470

sediment-water interface disturbed by
benthos, 460 ff, 465

submarine canyons, 469

summary of features, 468

surface geology, 439 ff

Mid-Atlantic Ridge, 189, 209 ff, 227, 230,

234, 256, 270 ff, 273, 276, 356 ff, 367,

391, 399 ff, 444 ff, 447, 462 ff, 755, 761

Middle America Trench, 334, 411 ff', 419,

422 ff

Midian Islands, 303

Mid-ocean canyons, 752

Mid-oceanic plateaus, 276 ff

Mid-Oceanic Ridge, The, 206 ff, 235, 270 ff,

274, 388

Arctic Basm, 401 ff

crest provinces of North Atlantic, 388

crustal structure, 404 ff

flank provinces of North Atlantic, 391

Iceland, 399 ff

Indian Ocean, 273, 388 ff, 391, 394 ff, 405

microtopography, 469

Mid-Indian Ocean Ridge, 397

North Atlantic {see also Mid-Atlantic

Ridge above), 388 ff, 398, 405

Norwegian Sea, 399 ff

origin, 408

rift valleys, 395 ff, 407

seismicity, 391 ff, 402 ff

South Atlantic {see also Mid-Atlantic

Ridge above), 388, 392, 393 ff, 405

South Pacific, 388 ff, 395 ff, 398, 404

Mid-oceanic rift, 271 ff, 274, 393, 399, 766

"Mid-Pacific" Expedition, 97, 372

Mid-Pacific Mountains, 276, 336, 370, 381 ff

Milankovitch mechanism, 919

Milford Sound, 607, 610

Minch, 285

Mindel glacial strata, 893

Mineralization by bacteria, 599

Miocene radiolarian assemblages, 880 ff

Misaine Bank, 295

Mississippi, 248, 249, 287, 296, 328 ff, 493 ff,

500, 610, 620, 625, 628 ff, 639, 642,

649, 754, 892, 902, 918

Model experiments

beach and nearshore processes, 529, 535
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Model experiments

—

cojttinned

surface-tension effects modifying energy-

dissipation, 534

Modern geosynclines, 761 ff

"Moho", 230

Mohole, 691

Mohorovicic discontinuity, 89, 195, 413,

423, 426 ff

Mollusks, 902

Moluccas, 584 ff, 590 ff

Molybdenum, 667 ff

Monterey submarine canyon, 237, 337, 487,
503'

Montmorillonite, 592, 703, 728 ff

Montmorillonite from volcanic ash, 735

Moonless Mountains, 261

Mornington Abyssal Plain, 326

Morocco, 287, 292, 301

Mozambique, 327

Mud feeders, 463, 832

Muds and oozes, 451, 624

Muir Seamount, 767, 840 ff

Mukluk Channel, 324

Mull lavas, 192

Murray Expedition, 394

Murray Fault and fracture zone, 195 ff,

198, 201, 260 ff, 263

Naga Expedition, 417

Hansen's Sill, 401

Nares Abyssal Plain, 317, 322, 345, 353

Nasca Ridge and guyots, 831 ff, 689

Nassellaria, 875

National Institute of Oceanography (Eng-

land), 437, 470

Natural radioactive nuclides, 816

Nautilus submarine, 327

Navy Electronics Laboratory (U.S.A.),

438, 442, 445 ff, 463, 470, 483

Nazareth Bank, 265

Nearshore processes: see Beach and near-

shore processes

Nebraskan glacial strata, 894

Neritic marine basins, 614

Neritic sediments

calcareous, 554 ff

non-calcareous, 583 ff

Netherlands, 291, 297, 893, 897, 902

Newboume Crag strata, 893

New Britain-Bougainville-New Hebrides

Trench, 419 ff, 424 ff

Newfoundland, 239, 256, 282, 295, 315, 338

Newfovmdland Abyssal Plain, table of cores,

347 ff

New Guinea, 414

New Hebrides, 424 ff, 432

New Jersey, 293

New South Wales, 610

New York, 295

New Zealand, 123, 252, 393 ff, 398, 404,

414, 432, 584 ff, 607, 880

Nice, 299

Nickel, 666

Nickel-iron spherules, 675

Niger Delta, 493

Nile Delta, 253, 329

Niobium, 669

Nitrogen, phosphorus, silicon in sediments,

600, 677

Nitrosomanas and Nitrobacter, 600

Non-dipole field, 185

Nonion lahradoricum, 350

Nontronite, 663, 667 ff, 701 ff

Normandy, 292, 635

North America continental margin, 239,

293 ff, 297

North American stratigraphic column, 894

North Atlantic {see also under Mid-Oceanic

Ridge), 187 ff, 227, 234 ff, 253 ff, 256 ff,

260, 270 ff, 274, 282, 350, 354, 465,

812 ff, 918

Northeast Pacific, 193 ff, 253, 260, 322 ff,

381, 877

Northern Alps stratigraphic column, 893

North Kimberley, 298

North magnetic pole, 175

North Pacific, 251, 276, 332, 373, 598, 655,

730 ff, 735, 738 ff, 763

North Sea, 292 ff, 622, 625, 628, 643

Northwest Atlantic Mid-Ocean Canyon,

339 ff

Norway and Norwegian Sea (see also under

Mid-OceanicRidge),123,281,283ff,288,

292, 304 ff, 327, 584, 644 ff, 648, 768,

918

Norwich Crag strata, 893

Nova Scotia, 295

Nutrient regeneration, 599

Oahu, 164, 368

Ocean-basin floor, 235

Oceanic islands, 365

arcuate groups, 366, 412, 424, 428

currents affected by, 385

distribution, 365

importance, 385

"Oceanic" Layer 2, 100

Offshore zone, definition, 529
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Okhotsk, 251 ff, 333

Oligocene radiolarian assemblages, 880 ff

Olivine, 674, 697

Oolites, 822

Ooliths, 573 ff

Oland, Island, 292

Ongea, 368

Opal, 669

Ophiuroids, 440, 459 ff

Organic carbon and nitrogen, 705 ff

Organic compounds synthesis, 853 ff

Origin of life. The, 845

carbon compounds equilibria, 849 ff

definition of life, 860

energy som-ces on primitive earth, 851 ff

evolution of early organisms, 860 ff

hydrogen escape from earth, 848 ff

intermediate chemical evolution, 858 ff

nitrogen compounds equilibria, 850 ff

other planets, 862

primitive atmosphere, 847 ff

Orinoco River, 641

Orleansville earthquake, 328, 747 ff

Orthoclase, 696

Outer Silver Pit, 284

Outwash sediments, 892

Oxidation-reduction potentials and pH,
603 ff

Oxygen is not necessary for life, 862

Pacific Ocean {see also Eastern, Northeast,

South, Western Pacific and, under

Crustal rocks, see Eastern North, West-
ern North Pacific), 105 ff, 122 ff, 125,

177, 185, 229, 238, 264, 276, 336, 368 ff,

377 ff, 571, 665, 689, 707, 752, 768,

823 ff, 910

clay-mineral distributions in : see under

this heading

tectonic belt, 251

Palagonitization of basaltic glass, 698

Paleontology of pelagic sediments : the pre-

served record, 866 (see also some refer-

ences directly under Pelagic sediments)

definitions of "pelagic" and "planktonic",

866

fossils, deep-ocean lis. shallow-water, 866ff

micropaleontological determination of

ages, 878 ff

objectives, 867 ff

Pre-quaternary paleoceanography, 882 ff

Quaternary microfossil assemblages,

875 ff

Paleontology ofpelagic sediments—continued

reworking of older microfossils into

yoiinger sediments, 881 ff

shelled micro-organisms, 868 ff

Paleotemperature analysis of Cenozoic

deep-sea cores, 908

Paleotemperature measurements using

Foraminifera, 7 1 1 ff, 908

Palisades, 112, 124

Palau, 366

Palos Verdes Hills, 903

Panama, 331

Paria, Gulf of, 641

Patton Escarpment, 257

Paxunotu, 367

Peat lenses, 637

Pelagic sediments, 655 {see also under

Paleontology of pelagic sediments)

biotic, 662

carbonates. 686 ff

Cenozoic, 714, 718

clays, 672, 716, 721

concentration of particulate matter, 655

Cretaceous, 688, 718

definition of concept, 655, 866

elements and oxides, 663 ff

elements distribution in soluble and in-

soluble minerals, 668 ff

Eocene, 714

eolian deposits and dust, 691 ff, 695

equatorial mechanism, 709

manganese source, 672

monosilicate concentration, 693

montmorillonite species, 703

organic matter, 704 ff

paleotemperature stratification, 717

phosphates, 681 ff, 857 ff

physical stratification, 714 ff

planktonic Foraminifera species distribu-

tion, 679

Pleistocene, 695, 709, 712, 715 ff

Pliocene, 709 ff, 712, 718

productivity control, 708 ff

productivity stratification, 717

pteropods and heteropods, relative abun-
dance, 679

Quaternary, 667, 715, 719, 871, 875 ff, 878

red clay, 662, 768

redox state, 661

reworking by organisms, 659

scouring, 721

silicates, 692 ff

solubility and substitution relations, 681

Tertiary, 277, 688, 695, 719 ff, 878, 880



SUBJECT INDEX 957

Pelagic sediments

—

continued

topographic and teutonic control, 718 ff

trace-element composition of planktonic

organisms, 678

uranium svibstitution, 684

Pendragon Scarp, 286

Penmarc'h Point, 283

Pennatulids, 459

Peptides, purines, pyrimidines, polypep-

tides, polynucleotides evolution, 858 ff

Pernambuco, 318, 321

Persian Gulf, 291, 647

Perth basin, 298

Peru, 228, 585, 728

Peru-Chile earthquake sequences, 412

Peru-Chile Trench. 419, 422

Peru Current, 707

Petroleum, 608 ff

Phaeodaria, 875

Philippine Sea, 250 ff, 366. 414

Philippine Trench. 414 ff, 419 ff. 432

Phillipsite, 698 ff

Phillosilicates, 700

Phosphates, 612 ff, 681 ff, 857 ff

Phosphorite nodules, 445, 612

Phosphorite rock, 682

Phosphorus in sediments, 601, 659, 677, 681

Photography : see Underwater photography

Photosynthesis, 584 ff, 614, 851 ff

Physical properties of marine sediments, 794

compressional wave velocities and rela-

tions, 799 ff. 804 ff, 806 ff, 811 ff

conclusions, 813 ff

critical angle reflections, 810

density, porosity, average grain density,

798 ff, 803 ff

impedance values, 810

methods of measurement, 798 ff

Poisson's ratio, 807 ff

relationships between observables, 795 ff

shear-wave velocities, 799 ff, 807 ff

sub-bottom reflections, 810

summary of results, 803 ff

thermal conductivity, 802 ff, 809 ff

values measured other than the above,

809 ff

Phytoplankton, 597, 708

Pierre Shale, 810

Prnger, 475

Pioneer Fault, 195 ff, 198

Piston corer, 889, 920

Plagioclase feldspar, 695

Planetary atmospheres, 847

Planets, life on other, 862

"Planktonic" defined, 866

Planktonic Foraminifera, 871 ff

coiling directions, 833, 839

frequency-to-weight ratio, 833

species distribution, 679

Planktonic micro-organisms, 866

Planktonic paleotemperature data, 713

Plants, classification, 868

Plato Seamount, 320

Pleistocene climatic changes and deep-sea

sediments, 832 ff

Pleistocene record, The, 888

analytical techniques, 903
chronology, 900 ff, 916 ff

climatic changes and deep-sea sediments,

832 ff

continental stratigraphy, 890 ff, 916 ff

deep-sea stratigraphy, 903 ff

lakes, 892

marine stratigraphy, 901 ff

oxygen-isotopic analysis, 917 ff

pluvial climates, 892

sediment character, 903 ff

stratigraphic column for Netherlands-
Eastern England Region, 893

stratigraphic column for Northern Alps

Region, 893

stratigraphic record, 910 ff

summary of chapter, 919 ff

temperatures, 896 ff

Pliocene flora, 891

Pliocene-Pleistocene boundary, 889, 893, 902
Pohai, Gulf of, 647

Poitou, 635

Pollen analysis, 920

Porcupine Abyssal Plain, Bank, Seabight,

281, 286, 304

Porous media, physical properties, 795

Porphyrins, 596 ff, 857 ff

Portugal, 292, 320

Posidoniae, 641

Potassium-argon datmg, 269, 273, 406
Potassiimi isotope '^^K, 888

Po Valley, 902

Prandtl-Karman theory of flow, 520

Pratt-Welker guyots, 373

Pre-amplifiers, 27 ff, 30, 53

Precision Depth Recorder, 235, 312 ff, 353,

359 ff, 369, 405, 419 ff, 480, 769

Preserved record, The : see Paleontology of

pelagic sediments

Pressure-gauge depth measurements, 416
Pre-Toglian strata, 893

Prince Edward Island, 276, 366
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Princess Ragnhild Coast, 289

Proa Expedition, 419

Profiles (see also Continuous reflection pro-

filing)

combinations of linear, classified types,

31 ff

Protactinium/ionium dating, 714

Proteins, 705

Protons, magnetic interaction, 181 ff

Protoplast, 677

Psilomelane, 680

Pteropods, 447, 659, 677 ff, 688, 873, 880

Puerto Rico-Africa section, 156

Puerto Rico Trench, 57, 229, 237, 249 ff,

333 ff, 413, 419 ff, 426 ff, 478, 753 ff

Pulleniatina ohliquiloculata, 837, 911

Pyroclastic minerals, 662, 672

Pyroxene, 669, 674, 697

Qatar Peninsula, 291

Quartz, 669, 693

Quaternary pelagic sediments : see under

Pelagic sediments

Quaternary system subdivisions, 891

Queen Charlotte Islands earthqviake, 122

Queen Maude's Land, 286

Queensland, 302

Radioactivity : see Age determination in

sediments

Radioactivity as source of terrestrial heat,

229, 852

Radioautograph, 661

Radiolaria(ns), 692, 721, 769 ff, 873 ff,

880 ff, 904

Radio-nuclides, 816

Radio sono-bvioys, 39 ff, 94

Radium, 677, 823 ff

Rayleigh-wave dispersion, 808

Recent sediments, 875 ff

Red clay, 622, 768, 904

Redox state, 661

Red Sea, 212, 230, 231, 302 ff, 404, 429,

583 ff

Reef deposits, 866

Refraction and reflection : see Seismic re-

fraction and reflection

Rekyjanes, 400

Rhabdoliths, rhabdospheres, 868

Rharb, 300

Rhine delta, 626

Rhone river and delta, 328, 335. 494, 500,

626, 630 ff, 742

Rif, 288

Rift Valley of East Africa, 272 ff, 388, 393,

395 ff, 407

Riisser-Larsen Peninsula, 290

Rip currents, 540 ff, 549 ff

Ripple marks, 451 ff, 454

Ripples, 534 ff. 549, 764 ff

Rises protecting from turbidity currents,

659

Riss glacial strata, 893

Rockall Bank, 282

Rodriguez Island. 394 ff

Romanche Trench. 357. 439 ff. 470, 766

Rongelap, 377, 380

Rongerik, 380

Ross Sea, 395, 915

Rotuma, 411

Rowley depression, 298

Rumpftreppe, 306

Rutile, 663, 667 ff. 670

Ryuku Trench. 414

Ryukyu arc of islands, 251

Saalian strata, 893

Sagami Bay, 491

St. Helena, 365 ff, 368

St. Kilda, 285

St. Paul Island. 277, 366. 395

St. Paul's Rocks, 273, 357

Saint Pierre Bank, 295

Salicomia, 636

Salinas Valley, 503

Salt pans, 622

Samoan Islands, 267, 366 ff, 370

San Andreas Fault, 201, 432. 502

San Clemente Island, 493. 500

Sand
deep-sea, 752 ff, 763

density-porosity relations, 804

dispersion of grains in uprush zone, 539

longshore transport, 547

migration of grains under wave action,

537 ff

model for longshore transport, 545 ff

radioactive tracer technique applied to

movements of, 538

ripples on beaches, 534 ff, 549

San Diego, 240, 333, 485

Sanidine, 696

San Lucas Canyon, 485 ff

San Lucas, Cape, 489 ff

San Pedro sand, 903

San Pedro Trough, 770

Santa Barbara, 595, 602

Santa Catalina, 601, 610

II
I
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Santa Monica, 333, 593,- 600 ff, 609, 610

Sao Miguel, 164

Sargasso Sea, 872

Scandinavia (see also Denmark, Norway,

Sweden), 300, 895

Scandium, 667

Scaphopods, 459, 462

Scavenging by clays and colloids, 611

Schorre, 621

Scotia Sea and islands, 251, 445

Scotland, 304

Scouring, 721

Scripps Canyon, 481 ff

Scripps Institution of Oceanography, 20,

24, 87, 194, 218, 227, 399, 413, 480,

484 ff, 497, 728

Sea-level oscillations, 901

Seamounts, 206 ff, 248, 365, 368, 369, 501

distribution, 369

Foraminiferal oozes from, 880

microtopography, 443 ff, 459, 470

Seasonal upwelling, 585

Sedimentation, 507. See relevant entries

under following index heads :

Age determination by natural radio-

activity, 816

Basin sedimentation and diagenesis, 583

Beach and nearshore processes, 507

Clay-mineral distributions in the Pacific

Ocean, 728

Cross-correlation of deep-sediment

cores . . ., 832

Estuaries, deltas, shelf, slope, 620

Littoral processes, 530

Mesozoic, 277

Microtopography, 437

Model experiments

Organic transportation of marine sedi-

ments, 776

Paleontology of pelagic sediments : the

preserved record, 866
Pelagic sediments, 655
Physical properties of marine sediments,

794

Sand
Shallow-water carbonate sediments, 654

Trenches

Turbidity currents, 742 ff

Unconsolidated sediments, 73

Waves
Sedimentation disturbances, 904

Sedimentation rates, 828 ff, 832 ff, 909

Sedov R.V., 402 ff

Seine estuary, 320, 627

Seismicity : see Earthquakes and under

Mid-Oceanic Ridge and Trenches

Seismic refraction and reflection, 3, 351 ff,

354 ff, 413 ff, 423

bubble-pulse phenomenon, 31

complications and deviations from simple

theory, 17

compressional and shear waves, 5

elementary theory of, 3

island arc and continental margin struc-

tures, 428

Layers 1, 2 and 3, 7

Layers 4 and 5, 12 ff

layer velocities and thicknesses, 4 ff

"masked" layers, 17

miscellaneous variations, 34 ff

non-explosive systems, 37

normal incidence reflections, 81

operational plan, 31 ff

ray diagram, 13, 15, 18

receiving techniques, 24 ff

reflected waves, 3 ff (see also Continuous

reflection profiling)

reflection methods, 35 ff

refracted waves, 6 ff

refraction equipment, 30 ff

refraction observations, 65 ff, 86, 169

shear waves and complex refracted waves,

12ff

shooting techniqvies, 21 ff

sub-bottom reflections, 810 ff

techniques and procedure, 20

time-distance graph, 6, 13, 15 ff

unconsolidated sediments, 73

velocity gradients, 14ff

Seismic surface waves : see Sub-oceanic

structural exploration

Seismo -volcanic hypothesis for cable breaks,

750

Senegal River, 634

Serpentinized periodites, 414, 430

Severnaya Zemlya, 402

Shallow-water carbonate sediments, 554

cements, 576 ff

chambers and crusts, 558 ff

non-skeletal particles, 573 ff, 578 ff

sheaths and spicules, segments, branches,

556

skeletal particles, 554 ff, 560 ff, 570 ff

Shallow-water fossils, 866 ff

Shelled micro-organisms, 868 ff

Shetland Channel, 768

Shore processes : see under Beach and near-

shore processes
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Siberia, 919

Siberia Abyssal Plain, 327

Sicilian Channel, 644

Sierra Leone Abyssal Plain, 321

Sigsbee Deep and Abyssal Plain, 328 ff,

493, 500, 754, 838 ff

Silicates, 692 ff

Silicoflagellates, 692, 868, 871, 879
Silicon, 677

Simpson's theory of glacial-age tempera-

tures, 918

Single-ship seismic refraction shooting, 39

Skado Trough, 404

Skagerrak, 284

Skate submarine vessel, 327

Skeletal particles, 554 ff, 560 ff, 570 ff

Slikke, 621

Slumping, 832

von Smoluchovsky's theory, 656
Snell's Law, 548

Society Islands, 267, 366 ff

Socony Marine Seismic System, 51

Sohm Abyssal Plain, 315 ff, 338 ff, 351 ff,

360, 746

Solomon Islands, 124, 414, 424
Somali coast, 327, 395

Sonoprobe, 49

Sono-radio buoys, 39 ff. 94

Sounding of trenches, 415

Sound sources, 49, 52

Sound velocity discontinuity, 718

South American trench, 228 ff, 231. 251

South Atlantic {see also under Mid-Oceanic
Ridge), 257, 321 ff, 336

South Florida major environments, 563 ff

South Pacific {see also under Mid-oceanic

Ridge), 257, 266, 270, 273, 689, 697,

704, 731 ff, 735, 739, 770, 873
South Sandwich Trench, 411 ff

Space vehicles being sterilized, 846

Sparker, 59

Spark sound source, 49
Spencer F. Baird R.V., 419
Spinel, 669

Spitsbergen, 288, 304 ff, 399 ff, 402 if

Sponges, 459, 692, 875
Spontaneous generation of life, anciently

supposed, 833

Spontaneous liquefaction hypothesis for

cable breakage, 750
Spumellaria, 875

Starfish, 446, 459
Stranger R.V„ 416, 421

Strecker synthesis, 354

Strike-slip faults, 404, 407. 413, 424, 432
Strontium, 667, 677, 688, 708

Subarctic Convergence, 692

Sub-bottom reflections, 80 ff, 769 ff

Submarine cables and their failures, 411,

497, 744 ff, 759

Submarine canyons, 243 ff, 326, 337 ff, 480,

742

Corsican and Riviera types, 488, 492, 501 ff

delta foreset-slope gullies, 494 ff, 500
descriptions, 481 ff

microtopography, 469

New England t\Y>e, 492 ff

origin, 496 ff

Pleistocene cutting by turbidity currents,

504

shallow straight-walled valleys of escarp-

ments, 496

subaerial erosion, 500 ff

tectonic and delta-front troughs, 493 ff

turbidity currents as a cause, 496 ff, 499 ff

Submarine landslides, 743

Submarine rocks, 192 ff

Submarine valleys classification, 480 ff

Sub-oceanic structural exploration by seismic

waves, 110

Airy phase, 125

body waves, shear and compressional. 111

crustal waves, 121 ff

dispersion curves, 113 ff

"G-waves", 119

group velocity, 112

Love waves. 111 ff {see also within each

section of this chapter)

low-velocity layer or zone, 111, 119

mantle waves, 117 ff

mud layer to explain short -period data,

128

phase and group velocity, 112

Rayleigh waves, 1 1 1 ff {see also within

each section of this chapter)

seismic surface waves, general nature of,

lllff

seismograms as affected by excitation and
propagation, 111

shear modes of Rayleigh waves, 115 ff

short-period, 126

T-phase, 131

tsunamis, 131

Sulfate in sediments, 607 ff, 613

Sulfur, 603, 606 ff

Sunda Shelf, 282

Siui's total radiation averaged over the

Earth, 852
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Surf zone, definition, 529

Swallow Bank, 444

Swash zone, definition, 529

Sweden, 292

Swedish Deep-Sea Expedition, 1947-8, 36,

341,674,823,911
Sylvania Guyot, 380, 383

Syria, 901

Tadjoura, 395

Tafelneh, 288

Tagus Abyssal Plain, 320

Talus continental, 290

Tasmania, 395, 398

"Tectogene", 412, 426

Tectonic features of the Earth, 407

Tehuantepec Ridge, 262, 423 ff

Television : see Underwater television

Temperatures
bottom water, 917

Cenozoic, from fossils, 900

gradient in ocean floor, 218

Miocene, 911

Oligocene, 911

Pleistocene, 896 ff, 900 ff, 911

Pliocene, 911

probe, 218 ff

Terrestrial organic detritus, 708

Terrigenous sediment, 507, 655 ff, 659,

669

Tertiary sediments : see under Pelagic sedi-

ments
Tethys Expedition. 679

Texas, 205, 286, 607, 628, 634, 640

Thanatocoenoses, 877

Thermal conductivity of ocean floor, 218

Thermal energy synthesizing organic com-
pounds, 856

Thermistor, 218 ff

Thermocline, 18

Thermocoviple, 218

Theta Abyssal Gap, 257, 320, 343

Theys, 632

Thorium and its radio-isotopes, 667 ff, 817,

821, 900, 916

Tidal marshes, 621 ff

Time-distance graph : see under Seismic re-

fraction and reflection

Timms Point silt, 903

Timor, 412

Tiran Island, 304

Titanium, 667, 670, 688

Tobago, 641

Tokyo Bay and Canyon, 491, 501

Tonga Trench, 210 ff, 214, 251 ff. 368,

412 ff, 419 ff, 427, 431 ff

Topography of the deep-sea floor, 233 {see

also geographical references between this

and 276)

abyssal cones, 249 ff

abyssal floor, 253 ff

abyssal gaps, 257

abyssal hills, 256 ff

abyssal plains, 254 ff

aseismic ridges, 264 ff

continental margins, 237 ff

continental rise, 248 ff

continental shelf, 240 ff

crest provinces, 271 ff

fans, 249 ff

flank provinces, 273 ff

fracture zones, 260 ff

highs, 721

island arcs, 250 ff

linear archipelagos, 265 ff

marginal plateaus, 245 ff

mid-oceanic canyons, 257 ff

mid-oceanic plateaus, 267 ff

mid-oceanic ridge, 270 ff

minor lineations, 263 ff

morphologic divisions, 235 ff

ocean-basin floors, 253 ff

outline of chapter, 235 ff

physiographic features, 235

seamounts and groups, 265 ff, 275

shelf break, 241 ff

submarine canyons, 237, 243 ff

summary of forms, 277 ff

tectonic activity of ocean-basin floor,

269 ff

Trade winds variation effects, 716

Transportation and erosion in deep sea, 764 ff

Transport of sediments, 742

Trenches, 210 ff, 411

bottoms, 418, 422

continental border structures, 414

earthquakes, 412 ff, 422 ff, 431 ff

extension hypothesis, 429 ff

gravity exploration, 412

heat flow through floors, 413

laboratory experiments, 426

mantle convection hypothesis. 430 ff

maximimi reported depths, 418

negative isostatic and gravity anomalies,

411, 426, 429

plastic deformation of crust, 412

postulated mechanical situation for

crustal movement, 431
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Trenches

—

continued

previous work, 411 ff

protection against turbidity currents, 659
sedimentary fill, 415, 420, 423

seismicity, 412 ff

sounding, 415 ff

stratification of floor sediments, 422
structure and origin, 426 ff

"tectogene", 412
terraces, 423

topography, 415 ff

turbidity currents filling, 761

volcanoes, 414
Trieste bathyscaph, 416
Trincomalee Submarine Canyon, 491, 501
Trinidad, 641

Tripylea, 875

Tristan da Cunha, 366

Tromso, 289

Tropospheric transport, 694

Trough-shaped submarine valleys, 493 ff

Trou Sans Fond, 302

Tsimamis, 131, 751

Tuamotu, 275 ff, 366 ff, 370 ff, 381 ff, 873,

883

Tubuai, 366 ff

Tufts Abyssal Plain, 324 ff

Tunisia, 300

Turbidity currents, 73, 338, 360, 496, 521,

659, 742
biological significance, 764
cable breakages ascribed to this and

alternative hypotheses, 749 ff

conclusion, 771

deposits from, 904
early views, 742 ff

earthquakes as triggers for, 743 ff

full scale experiment, 743 ff

Grand Banks earthquake, 743 ff, 749 ff

homogenized history, 768 ff

hurricanes as triggers for, 759
Orleansville earthquake, 748 ff

physiographic evidence, 751 ff

sediments, 752 ff

tectonic significance, 761 ff

Turpie submerged atoll, 252
Tyrrhenian Sea, 253, 328

Ultraviolet light, energy source for synthesis

of organic compounds, 852, 855 ff

Unconsolidated sediments, 73
critical angle for reflection, 79
gradients and low-velocity sediments,

75 ff

Unconsolidated sediments

—

continiied

Layer 2, 83
marine seismic measurements, 73

pelagic currents, 73

summary, 82 ff

thickness and velocity, 73

turbidity currents, 73

variable angle reflections, 76

Underwater photography, 437, 473
cables and winches, 475

camera details, 474 ff

data chamber, 474 ff

difficulties of identifying rock types, 439

exogene traces observed, 460
flashlight, 473

sonar, 475

world distribution of photographs, 438

Underwater television, 437, 473

United States: see also Navy Electronics

Laboratory

United States Coast and Geodetic Survey,

194, 389 ff, 742

United States east coast, 638, 648, 762

United States seamounts off northeast

coast, 248

Uranium and transition metals, 611, 684,

817, 822 ff, 888, 900. 916

Urey equilibrium, 849

Ushant, 283, 293, 452

Valders unit, 918

Var delta, 625

Vema Abyssal Gap, 257 ff. 318, 345

Vema (Russian) R.V., 143, 315, 318, 352,

356. 393 ff

Venezviela, 331, 335, 639 ff

Ventura basin, 903

Verkhoyansk Trough, 404

Vermilion Sea Expedition, 146

Versilia river, 901

Vesicular basalts, 443

Vibrotron pressure gauge, 135

Villafranchian mammal flora, 891

Vineyard Sound, 55, 68 ff

Virgin Islands, 427

"Vital force", 845

Vitiaz Depth, 419, 424

Vitiaz R.V., 411, 416, 424

Volcanoes, 257, 261, 266, 368ff, 399, 406, 414

ash and glass, 698, 735

energy from, 852

Pleistocene activity, 889

sediments from, 507, 586, 672

submarine lava flows, 439

I

I
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Wadden Sea, 625 ff, 644.

Wales, 635

Walton Crag strata, 893

Walvis Bay and Ridge, 264 ff, 585, 592

Watten (or Wadden) and symposium there-

on, 620 ff ^
Waves

breaking, 549

drift current, 522 ff

"radiation stress", 536

sand-grain migration caused by, 537

sediment transportation under oscillating

water motion, 516, 518

set-up or momentum flux, 536

tank experiments, 516

Weathering of glacial drift, 891

Weddell Basin and Abyssal Plain, 322

Weddellite, 708

Weichsel glacial strata, 893, 900

Western Australia, 291, 297, 647

Western North Atlantic, 315

Western Pacific, 225, 266, 414

West Indies island arc, 251

Weybourne Crag strata, 893

Wind-borne material : see Eolian

Winnowing, 904

Wisconsin glaciation, 292, 330, 894, 895 ff,

900

AVood's equation, 796, 805

Woods Hole Oceanographic Institution, 20,

24, 49, 59 ff, 65, 87, 89, 413, 477 ff, 480

Worms, 459, 659 ff

Wotje, 377

Wiirm glacial strata, 893, 895 ff, 901, 917

Wyoming, 609

X-rays producing amines and amino acids,

856

Yap, 366

Yellow Sea, 299

Yovmg's modulus, 813

Yucatan, 286, 332

Zaghouan fault, 300

Zarya non-inagnetic ship, 177

Zeolites, 672, 680, 698 ff

Zirconium, 669, 682

Zooplankton, 597

Zostera, 621
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