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ABSTRACT

Sedimentation in the Central Pacific Ocean is controlled by

proximity to sediment source areas, bottom water circulation, and bathy-

metric relief. Variations in circulation intensity and seafloor relief

on local scales has produced significant differences in sediment accumula-

tion over distances of a few kilometers. Sediment thickness is relative-

oly uniform where slopes are less than 1 , while sedimentary sections are

. 11 bId· 10 0
•typ~ca y a sent on s opes excee 1ng On abyssal hills where slopes

are 10_50
, sediment thickness varies by factors of 2-4 between slopes

and adjacent valleys. The purpose of this study is to evaluate the

geotechnical properties of the present seafloor surface and to model the

mechanisms involved in the sediment redistribution process.

Examination of DSDP data shows that erosion rates during intensified

circulation "episodes" in Eocene/Oligocene and middle Miocene time range

from 10-30 m/my. These episodes mark major transitions in oceanic

circulation over periods of several millions of years. There is no

correlation of the stratigraphic extent of hiatuses related to these

episodes with sediment lithology or regional location of DSDP sites.

This suggests that erosion and redistribution is primarily influenced by

local factors such as bathymetric relief, tectonic history, or the freq-

uency and lateral extent of erosive bottom currents (so-called "benthic

storms").

In two localities studied, the majority of sediment redistribution

occurred prior to late Miocene time and involved approximately 25-50 m

of material. This could be accomplished either by a relatively continu-

ous process at rates of meters per million years or by active erosion
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during the middle Miocene "episode". Quaternary sedimentation,

presumably under quiescent circulation conditions, also varies by a

factor of avO, suggesting that sediment redistribution in this region

is a continuous process which is amplified during periods of climatic

or oceanic change.

The majority of sediment cores collected in all bathymetric set

tings has a low-strength surface lay~r to depths of about 10 em produced

by bioturbation. Because these sediments have high shear strengths

(termed "overconsolidation"), bioturbation may regulate erosion over

geologic time. Erosion of the upper centimeter at a frequency of 103

years will satisfy the estimated rates during active erosional episodes.

It is postulated that erosion of the seafloor occurs at current

speeds greater than about 20 em/sec, and that this process rapidly

scours the upper 1-2 cm across wide areas (lOO's km
2) . Dense concentra-

tions of suspended material tend to dampen near-bottom turbulence causing

erosion and vertical mixing, and these turbid layers transport material

down slopes into local basins. These "lutite flows" have been observed

in other marine settings and provide the best explanation for sediment

redistribution in this region. rfuss movement (slumping) is not probable

on abyssal hill slopes because of their low angle and the overconsolidat-

ed nature of their sediment cover. Surface "creep" of the bioturbated

layer or failure of thick sedimentary sections is possible only on slopes

steeper than 20o_30o~ therefore this mechanism is restricted to seamounts

or local fault escarpments and has a limited extent.

Future studies should involve the insitu monitoring of environmental

conditions and quantitative modeling of short-term erosional events,

although their rarity in abyssal regions poses a difficult problem.
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I. NATURE OF STUDY

Introduction

The concept of active sedimentary processes in remote regions of

the abyssal seafloor is not new. The Swedish Deep-Sea Expedition (1947

1948) initially disproved "layer cake deposition" by recognizing varia

tions in sediment age and thickness. Since then, advective bottom water

circulation has been frequently used to explain the occurrence of

Tertiary strata at the seafloor surface (Saito et al., 1974), variations

in sediment thickness over bathymetric relief (Arrhenius, 1963; Ewing

et al., 1968), and sedimentary bedforms (Heezen and Hollister, 1964;

Lonsdale and Spiess, 1977). While these observations are easy to

justify in areas known for their strong bottom currents, such as the

Antarctic Circumpolar Current (Kennett et al., 1972), Western Boundary

Undercurrent (Hollister and Heezen, 1972; Hollister et al., 1976), and

deep passages (Hollister et al., 1974), their occurrence in central

ocean basins is enigmatic in view of "slow and sluggish" deep circula

tion models (Strommel and Arens, 1960).

The Deep-Sea Drilling Project (DSDP) has found that major uncon

formities in sedimentary sections occur in the Southwest Pacific Ocean

(Kennett et al., 1975), the Indian Ocean (Davies et al., 1974), the

South Atlantic Ocean (Supko et al., 1977), and the central Pacific

Ocean (Tracey et al., 1971; van Andel et al., 1973). Using DSDP data,

Rona (1973) and van Andel et al., (1975) defined several distinct inter

vals of widespread deep-sea unconformities during Tertiary time. These

episodes can be correlated to major changes in bottom water circulation

in Eocene/Oligocene (about 40 my B.P.) and Middle Miocene time (about
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12 my B.P.). The first episode is attributed to the initial develo?

ment of the Antarctic Circumpolar Current, and the latter episode is

attributed to development of a major Antarctic ice sheet and formation

of true Antarctic Bottom Water (van Andel et al., 1975). A more recent

and less extensive erosional episode occurred at the Tertiary/Quaternary

boundary (about 2 my B.P.) and is attributed to global cooling and

glaciation in the Northern Hemisphere (Hays et al., 1969).

The question remains: Is deep-sea erosion active under present

oceanic conditions, or is it restricted to intense periods of bottom

water circulation associated with major oceanic changes? Evidence is

somewhat conflicting. Huang and Watkins (1977) and Johnson et al. (1977)

report evidence for active erosion and winnowing of deep-sea sediment

during early Matuyama time (1.7 to 2.4 my B. P.) and uniform deposition

throughout Brunhes time (0.7 my B.P. to present). However, recent

bedforms observed at the sediment surface (Heezen and Hollister, 1964;

Lonsdale and Spiess, 1977) suggest that bottom currents continue to

redistribute pelagic sediment. Evidence for recently active processes

of sediment erosion and redistribution has been reported by numerous

surveys in the central Pacific basin. These investigations, associated

with ferromanganese nodule exploration, have found significant varia

tions in Quaternary sediment thickness over distances of a few kilometers,

frequent outcrops of basaltic basement rock and Tertiary strata, and

typical mixtures of Tertiary and Quaternary microfossil assemblages

in surface sediment (Moore and Heath, 1967; Luyendyk, 1970; Moore, 1970;

Johnson and Johnson, 1970; Johnson, 1972; Mudie et al., 1972; Beiersdorf

and Wolfart, 1974; Durbaum and Schluter, 1974; Piper et al., 1977;

Theyer, 1977). The local variability in chemical composition and
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seafloor coverage of ferromanganese nodule deposits in this region

suggests active sedimentary processes throughout their growth during

the past 10 my or so (Moore and Heath, 1966; Andrews and Meylan, 1972;

Piper et al., 1977; Calvert et al., 1978; Craig, 1975, 1979; Craig

and Andrews, 1979).

The study of sedimentary processes in the deep-sea must be app

proached on two time scales; one being the direct in situ observation

of sediment dynamics over periods of hours to days, and the other being

the indirect evaluation of the effects of these short-term processes

over thousands to millions of years. Although projects to quantitative

ly model sedimentary processes in shallow-water settings have been

successful (see Swift et al., 1972; Stanley and Swift, 1976), the

problems associated with in situ studies in the deep-sea over long

periods make quantitative modeling difficult. Sediment dynamic studies

are presently in planning stages (McCave, 1976; McCave and Hollister,

in press). This dissertation research will, therefore, approach the

problem of sediment erosion and redistribution by the indirect method.

Sedimentary processes are evaluated on a geologic time scale, where

rates of erosion are given in centimeters per thousand years (cm/ky) or

meters per million years (m/my). The dynamics of short-term inter

actions must be inferred from properties of the present seafloor surface

and accumulation of sedimentary sections 100 m or so in thickness. This

approach does provide, however, an important base for future in situ

experiments as well as for a fundamental understanding of the abyssal

environment.

Purpose of Study

The purpose of this study is to characterize the geotechnical
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properties of deep-sea sediments and their bathymetric setting in the

equatorial Pacific region and to apply these data to a general evaluation

of processes of sediment erosion and redistribution on the abyssal sea

floor. Although deep-sea erosion has often been qualitatively attri

buted to active circulation of bottom water, a quantitative description

of the dynamic interaction between turbulent benthic boundary layers

and geotechnical properties of the seabed is unavailable. Quantitative

modeling of sedimentary processes has been partially successful in

shallow-water settings (see Swift et al., 1972; Stanley and Swift,

1976), and these results can, in some instances, be applied to deep-

sea settings. Studies of "near-wall" turbulence in laboratory settings

by hydraulic physicists and flume experiments by coastal engineers also

provide models for sediment erosion, transport, and deposition. An

objective of this study is, therefore, to bridge the gap between

several diverse fields of research in order to relate deep-sea geologi

cal observations of sedimentation to the dynamic processes which have

affected sediment accumulation.

To accomplish this objective, this dissertation is organized into

sections which examine various aspects of deep-sea sedimentation in

increasing detail. To begin, a framework of regional tectonic and

sedimentary history is established which focuses on abrupt changes in

sedimentary regime related to changing oceanic and climatic factors.

Next, the geology of two small areas is examined relative to the varia

bility of bathymetric relief, sedimentation, and geotechnical properties

of surface sediments or local scales. Next the results of geotechnical

tests on a variety of typical sediment types found in this region are

discussed, with special emphasis on properties directly related to their
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physical stability. The final section develops models of mechanisms

which could produce the observed trends in sediment accumulation with

respect to bathymetric relief on both regional and local scales.

In the regional geology section, factors controlling sedimentation

and the occurrence of major stratigraphic hiatuses are discussed. Of

primary concern is the spacial and temporal extent of the major ero

sional episodes at 40 my, 12 my and 2 my B.P. at selected DSDP sites.

Some questions examined here will be: Is the spacial and temporal

extent of an episode similar throughout the region, or are local factors,

such as tectonic setting, bathymetric relief, sediment type, or varia

tions in deep circulation, dominant in controlling the hiatus? What

are the rates of seafloor erosion and/or the duration of non-deposition

at these sites? What thicknesses of strata were affected during these

Tertiary episodes?

The geology of two localities is examined to define characteristics

of bathymetric relief and sediment accumulation patterns in a region

known for its complex sedimentation history. The results of geophysical

surveys are discussed in conjunction with sediment coring programs and

laboratory studies of geotechnical properties. Some questions examined

here are: What are the characteristics of bathymetric features (struc

tural orientation, spacial relationships, slopes, etc.), and when/what

were processes involved in their formation? How do observations of

sediment redistribution in local areas fit in with observations on a

regional scale--i.e., are these areas typical? What are the charac

teristics of the seafloor surface (0-50 em) in terms of shear strength,

grain-size and micro-relief, and how do these characteristics vary

with respect to bathymetric relief? How do sedimentation patterns
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vary with local bathymetric relief, and when were sediment redistri

bution processes active? How much strata was involved in theseerosiow

redistribution processes, and what are the areal scale and rate of these

processes?

In the geotechnical properties section, parameters which directly

relate to sediment stability are presented, including plasticity

properties, strength characteristics (shear strength, water content,

stress/strain behavior), and relationships of composition to the above.

Some questions considered are: How and why do geotechnical properties

vary with lithology and regional setting? In what way do geotechnical

profiles (shear strength, water content) reflect the interaction of

physical consolidation, benthic bioturbation, and diagenesis? What are

the relative importance and rates of these processes, and how do they

affect potential erosion of the seabed? How are grain-size distribu

tions in various sediment types related to primary source areas and

secondary redistribution mechanisms?

In the last chapter processes which can account for the observed

variation in sedimentation on regional and local scales are discussed.

Questions considered are: What is the nature of the benthic boundary

layer in these areas? How strong must bottom currents be to initiate

erosion of the seafloor surface? How steep must slopes be before

slumping or surface creep is feasible? What sediment thicknesses and/or

rates are associated with erosion or redeposition processes? Over what

distance scale are they potentially operative? What factors control

the rate of these processes over geologic time? What are reasonable

transport mechanisms to explain the accumulation of sediment on bathy

metric relief, and have these mechanisms been observed or modeled
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elsewhere?

The solution of these questions provides a proper beginning rather

than a definitive end to the study of sedimentation dynamics on the

abyssal seafloor. Although processes and rates can be theoretically

modeled from a simple data base and evaluated on geologic time scales,

a direct analysis of short-term interactions along the benthic inter-

face require a highly sophisticated, multi-discipline approach in care-

fully chosen areas (McCave and Hollister, in press). Recognition of

the critical aspects of future research as well as limitations of the

present approach is an important contribution of this study.

Scope of Survey and Laboratory Work

This section describes briefly the geophysical survey, sample

collection, and geotechnical test methods used during research cruises

VA 13/1 (R/V VALDIVIA, 1976) and SO-6 (R/V SONNE, 1978). Most of these

methods are routinely used in geological study of the deep-sea floor

and manganese nodule exploration and will not be described in detail

here. The purpose of this section is mainly to acquaint the reader

with the general level of sophistication of data collection which

consequently influences the scope of this study. It is necessary to

clarify that the research undertaken here was peripheral to the primary

objective of nodule exploration and that selection of survey locality,

station priority, and survey technique was determined by this objective.

Geological and geotechnical data were collected in survey sites

throughout the central equatorial Pacific region. This work is, however,

mainly concerned with two of these areas where the data base was most

complete. These are: Area VA-4, a 800 km2 site investigated by cruise

?
VA 13/1 (Beiersdorf et al., 1976); Area SO-F, a 2000 km- site
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investigated by cruise SO-6 (Friedrich et al., 1979). These areas

provide an interesting comparison of the geology and sedimentation

history on the northern and southern fringes of the equatorial high

productivity belt (Fig. 1).

Site surveys began with bathymetric profiling using narrow-beam

echo 12 kHz and 30 kHz sounders (7.1 0 and 2.9 0 beam width, respectively).

Reflection profiling of the area employed a large volume airgun (5000

cm3) and hydrophone eel system. Survey tracks were spaced at 2 km

intervals in area VA-4 and at 10 km intervals in area SO-F, with a

dominant orientation of East-West to define typical north-south

abyssal hill trends. Ship speeds for these surveys was 6-8 knots where

optimum signal to noise and towing performance were obtained. Preli

minary bathymetric charts were produced shortly after the completion

of these surveys and were then used in the selection of sampling

stations.

Navigational control in both surveys was provided by an integrated

system of satellite navigation and dopplar-sonar instruments (INDAS)

which produced position updates every ten seconds. The average error

between dead-reckoning and satellite fixes using the INDAS system was

1-2 km. Instruments and sampling equipment were tracked on their trip

to the seafloor using a 12 kHz pinger attached to the wire.

Sediment was collected by a variety of devices, including a

Reineck-type spade corer (20 x 30 x 50 cm), long box corer (30 x 30 cm

x 3-6 m), and piston corer. The piston and long box corers were

released many meters above the seafloor and allowed to freefall into

the sediment to obtain a core. Consequently, these devices severely

disturbed the sediment surface and therefore provided unacceptable
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samples for primary geotechnical measurements (shear strength). In

contrast, the spade corer was set gently on the seafloor using the

pinger as a positional aid and driven into the sediment by a 200 kg

weight stand. Because of the excellent preservation of the sediment/

water interface and associated surficial manganese nodules, spade

corers were of primary importance in this study as in similar projects

(e.g., DOMES). Further discussion of the advantages of spade corers

for geotechnical tests over conventional gravity-type corers is given

by Hagerty (1974) and Sorem (1977). The locations of core stations

is given in Appendix 1.

Sampling of nodules was made primarily by Preussag free fall grabs

which could be equipped with deep-sea cameras, mini sediment corers,

and water sampling bottles. These freefall devices have proven superior

to conventional dredging because they provide a more accurate deter

mination of sample location, and can be deployed in widespread patterns

which reduce station time. The Preussag freefall grabs descend rapidly

to the seafloor (about 75 m/min.), release their ballast weight and

collect a sample, and return to the sea surface in 2-4 hours. Posi

tional uncertainty between the ship's location and sampling site is

approximately 100-200 m, which is well within the acoustic beam area

on the seafloor (about 400 m diameter in 5000 m depths). Freefall grab

samplers were usually deployed at intervals of 200-500 m in circular

patterns surrounding "coring" stations and on long traverses involving

10-20 samplers.

Photographs of the seafloor were made using cameras attached to

free fall samplers and by a camera sled (TROIKA) towed on the seafloor.

The freefall systems consist of }1inolta instamatic cameras (110 mm
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format) with flash inside Preussag-designed pressure cases. Their

shutter is released at a fixed distance (usually 2 m) above the sea

floor by the contact of a trigger weight. The TROIKA sled contains

two Benthos deep-sea cameras, strobe light source, and 12 kHz pinger.

Photos were taken in 35 mm format using both black and white (Tri-X)

and color (high-speed Ektachrome) film rolls that were 30 m (800

frames) in length. The camera/strobe system was aimed forward from a

position about 1/2 meter above the base of the sled and focused at an

oblique angle at a field of view from 1.5 m to 5 m. At a towing speed

of approximately one knot, photo repetition rate of 10-12 sec gave an

overlap of successive frames and provided continuous photo coverage

on traverses averaging 5 km in length.

Figures 2 and 3 show the survey equipment used in the field

portion of this research. Additional descriptions of design criteria,

equipment specifications, and deployment technique can be found in the

cruise reports.

The emphasis of laboratory work in this study was placed on

"geotechnical properties," which in a broad sense includes mass

physical properties and mechanical or engineering characteristics.

This definition is slightly modified here. Mass physical properties,

which describe the composition, grain-size distribution, and mineralogy

are treated separately from geotechnical properties which directly

describe the plasticity, shear strength, stress/strain and consolida

tion behavior as well as the time-dependent changes in the above

characteristics. Laboratory work was primarily concerned with prompt

testing (at sea) of sensitive geotechnical properties affected by

storage and handling (e.g., shear strength, water content) and
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Fig. 2. Survey, sampling, and geotechnical test equipment. (A) TROIKA
camera sled; (B) Preussag-designed camera attached to freefall grab
basket; (C) launching a freefall grab with water sampling bottle;
(D) hand-held shear vane in stabilizing jig attached to box core;
(E) Geonor fallcone instrument testing a split sub-core sample
extracted from box core.
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Fig. 3. Manganese nodules on seabed and box core surface. (A) typical
photo obtained by Preussag freefall camera. Note effect trigger
weight (7 cm diameter) on left side of photo (also used as scale).
Sediment surface is highly disturbed by equipment which plunges into
the seafloor; (B) Reineck-type spade corer used to collect "undis
turbed" samples of sediment surface; (C) surface of recovered spade
core sample with mixed population of mono- and poly-nodules in soupy
surficial layer; (D) another photo of space core surface containing
large mono-nodules ("hamburger-type") partially imbedded in sediment
surface; similar photos of the surface of spade cores in addition to
visual core descriptions are found in Sorem (1977).
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secondarily concerned with shore-lab studies of selected mass physical

properties which directly relate to geotechnical characteristics.

Shortly after recovery of spade cores, tests for shear strength

(original and remolded) were conducted using a variety of instruments.

These included a simple, manually-operated shear vane (referred to as

the "hand-held vane") designed by Lockheed Ocean Laboratory (see Simpson

et al., 1977), and a Geonor (or "Swedish") fallcone penetrometer

(lfunsbo, 1957). The results are compared to those of other participants

who conducted similar tests with a Haake rheological vane (at sea) or

with Haake and Wyeka~Farrancevane systems (in shore labs). Additional

description of testing techniques and comparison of respective results

is given in Appendix 2 and discussed in the text. In addition to shear

strength, water content values were of primary concern, although be

cause of the difficulty in obtaining accurate weight determinations at

sea these tests were made after returning to port. However, since

water content is easily affected by drainage and/or evaporation care

was taken to seal and refrigerate samples until these shore-lab tests

could be made (about one month later). Detailed description of storage

and measurement technique for water content is given in Appendix 4.

Shore-lab geotechnical work included water content determination,

grain-size analysis, Atterberg tests of plasticity, thixotropic strength

regain tests, rheological tests of remolded shear strength and water

content, undrained-unconsolidated (UU) vane shear tests for stress/

strain behavior, and routine microscopic description of smear slides

and coarse fraction (> 62.5 Um) components. These data are given in

tables included in Appendix sections with discussions of technique and

results given in the text.
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II. REGIONAL SETTING

Tectonics and Bathymetric Relief

The central Pacific region is located on the Pacific lithospheric

plate whose tectonic history and bathymetric relief is directly related

to seafloor spreading from the East Pacific Rise (EPR). Tectonic history

of the Pacific Plate during Cenozoic time is somewhat less complicated

than the set of smaller plates (Farallon, Cocos, Nasca) located east of

the EPR which are in various stages of subduction into trenches which

follow(ed) the continental margin of the Americas (Atwater, 1970; Herron,

1972; Handschumacher, 1976). The tectonic history of the western Pacific

during Mesozoic time is also complex, involving the interaction of three

plates (Pacific, Farallon, Phoenix) whose spreading history is recorded

in the Japanese, Hawaiian, and Phoenix magnetic anomaly patterns found

west of the Hawaiian Ridge (Hilde et al., 1976; Winterer, 1976). Compila

tion of the works of Sclater et al. (1971) and Herron (1972) by van Andel

and Heath (1973) shows the age of the Pacific Plate increasing from

10 my B.P. near the.Mathematicians Ridge (about 110oW) to 75 my B.P. at

l500W (Fig. 4). The Mathematicians Ridge is interpreted to be a fossil

location of the EPR which shifted into its present position during the

period of 10-12 to 4 my B.P. (van Andel and Heath, 1973).

During the Cenozoic era, relative motion of the Pacific Plate is

best described as a rotation around two poles (Emperor, before 25-30 my

B.P. and Hawaiian, 25-30 my B.P. to present) (Clague and Jarrard, 1973)

which have left linear volcanic island chains as tracks of plate motion.

This theory has been supported by numerous data, including paleomagnetic

data from seamounts (Francheteau et al., 1970), progressive northwestward
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displacement with increasing age of equatorial sedimentary deposits (van

Andel et al., 1975), and increasing basement age and seafloor depths

away from the EPR (Sclater et al., 1971). Westward seafloor spreading

orates of 4-10 cm/yr (average 0.7 longitude/my) have translated the sea-

floor away from the EPR crest and into greater depths due to a gradual

subsidence of the cooling oceanic lithosphere (Sclater et al., 1971).

In addition, northward plate rotation rates of 0.80 Latitude/my (Emperor

Pole) and 0.250 Latitude/my (Hawaiian Pole) have slowly shifted the sea-

floor away from the high biological productivity belt that parallels the

equator (van Andel et al., 1975).

A series of east-west trending fraction zones delineate gross struc-

tural blocks within the Pacific plate. Wilson (1965) initially described

these fracture zones as inactive features produced by the outward move-

ment of oceanic crust away from shear zones (transform faults) that off-

set the spreading ridge. However, significant lateral displacement along

these structures is indicated by structural alignment of abyssal hills

bordering fracture zones (Andrews, 1971) and magnetic anomaly offsets

(see Fig. 4). As more bathymetric data and basement ages become availa-

hIe, it is apparent that these large shears in the oceanic crust are more

abundant than previously mapped by Menard (1964) and Menard and Chase

(1970). A good example is the so-called "unnamed" or "Clapperton" Frac-

ture Zone, located midway between the Clarion and Clipperton fracture

zones, which was predicted by Sclater et al. (1971) and Herron (1972).

This zone of irregular seafloor topography, thin sediment cover, and

clustered seamounts (van Andel et al., 1973) appears to be a fossil ex-

tension of the present Orozco Fracture Zone which offsets the EPR.

Winterer, Ewing et al. (1973) reported a transverse structural trend
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cutting the Line Islands Ridge which may be correlative to this "unnamed"

fracture zone. As shown in Figure 4, displacement of basement ages across

this structure at l400W is several hundred kilometers, suggesting that

considerable seismic and volcanic activity might have occurred along this

trend in Tertiary time.

The.small-scale bathymetry of the Pacific Plate is dominated by

abyssal hills averaging 50-200 m in relief and several kilometers in

width (Menard, 1965). The marked differences in north-south and east-west

bathymetric profiles indicate a general structural trend of these features

paralleling the EPR (Luyendyk, 1970; van Andel et al., 1973; Craig, 1975;

Andrews et al., 1977; Piper et al., 1977). Luyendyk (1970) concluded

that abyssal hills are produced by both extrusive volcanic and block

faulting processes. Numerous closely-spaced faults of 10-50 m in vertical

separation which often extend to the seafloor were reported by DSDP site

surveys (van Andel et al., 1973), indicating that contemporaneous tectonic

activity during sediment deposition continues to modify these small-scale

seafloor features. Abyssal hill slopes, although averaging only 1_3 0
,

often contain steep local escarpments, basalt outcrops, ponded sediment

traps and small tensional grabens which are created by on-going tectonic

and sedimentary processes (Moore and Heath, 1967; Luyendyk, 1970; Mudie

et al., 1972; van Andel et al., 1973).

When viewed on a regional scale, the bathymetry of the Central

Pacific is accurately described by charts from several sources (e.g.,

Chase et al., 1970). However, detailed site surveys by numerous projects

have typically recognized variations in abyssal hill alignment, occur

rence of volcanic seamounts of all sizes, and irregular block-faulted

topography associated with intermediate-sized fracture zones. These
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surveys indicate that the original abyssal hills topography produced by

tensional faulting on the flanks of the EPR may be modified substantially

by later tectonic processes and volcanic activity at considerable dis-

tances from the rise crest.

Ocean Circulation

The circulation of surface water in the equatorial Pacific is induced

by large subtropical gyres centered at 300N and 300S which result from the

balance of wind stress from the trade wind systems and geotrophic flow.

The equatorial side of these gyres consist of the westward-flowing North

and South Equatorial Currents. Separating these westward flowing currents

is a narrow eastward-flowing Equatorial Counter Current which is located

obetween 3-10 N. Subtropical surface water is typically well-mixed to

depths of about 100 m, below which a sharp thermocline isolates the warm,

high salinity, nutrient-poor surface water from the nutrient-rich Inter-

mediate Water mass. Along the equator a divergence of surface water pro-

duces an upwelling zone where the movement of nutrient-rich Intermediate

Water into the euphotic zone creates a band of high biological productivity

(Ryther, 1963). Additional description of these current systems, water

masses, and biological productivity is presented by Sverdrup et al. (1943).

Deep circulation in the central Pacific basin, as in other oceanic

regions, is induced by thermohaline density differences between water

masses. Bottom water in the Pacific basin is produced on the deep conti-

nental margins of Antarctica, and as it flows northward it mixes with

deep and bottom water masses of all oceans to form Pacific Deep Water.

The contact between Antarctic Bottom Water (AABW) and Pacific Deep Water

(POW) is termed the "Benthic Front" (Chung, 1975) and is recognized by a
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deep thermocline varying in height from about 1000 m above the seafloor

(Chung and Craig, 1972). This benthic thermocline has been correlated

by several authors to the carbonate lysocline, and models of carbonate

deposition through the Cenozoic are linked to changes in the height of

the benthic front caused by variations in Bottom Water production and

circulation (van Andel et a1., 1975).

The movement of Bottom Water from the Southern Ocean into Pacific

basins has been studied by numerous investigators, including Wooster and

Volkman (1960), Knauss (1962), Lynn and Reid (1968), Reid et ale (1968),

Burkov (1969), Gordon and Gerard (1970), Wong (1972), and Reid and Lons

dale (1974). These studies have defined a general path of bottom water

circulation northward along the Tonga-Kermadec Trench, through the

Samoan Passage, and into the eastern Pacific basin through passages in

the Line Islands Ridge. Based on analyses of water mass characteristics

by these authors, as well as theoretical models of abyssal circulation

by Stommel and Arons (1960), the general northerly movement of bottom

water should be "slow and sluggish" (less than 1 em/sec) except in con

stricting passages (Hollister et al., 1974). However, direct current

measurements on the abyssal seafloor in the central equatorial Pacific

have found mean current speeds well above this range (e.g., 3-5 cm/sec)

which are quite variable in both speed and direction (Johnson and Johnson,

1970; Earle, 1975; Amos et al., 1976; Lonsdale and Spiess, 1976; Hayes,

1977). These in situ current measurements have indicated the importance

of tidal forces as well as transient "benthic storms" in producing mean

flows above 20 cm/sec in local areas. Based on geological observations,

Heezen and Hollister (1974) report that strong bottom currents (4-40 cm/

sec) are not at all uncommon in many other deep-sea regions.
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Paleoceanography

Global oceanic circulation is controlled by the configuration of

continents and ocean basins as well as climatic conditions in high lati-

tudes. Major changes in circulation patterns in the Pacific basin during

the Tertiary period have been caused by continental drift. Of particular

importance is the progressive closure of the equatorial Tethys Seaway in

Oligocene time (Dewey et al., 1973) and the consequent rifting of Austra-

lia and Antarctica to allow the development of the Antarctic Circumpolar

Current (ACC) (Kennett, 1972). The final closure of an equatorial passage

by the Isthmus of Panama in late Miocene to Pliocene time (Malfait and

Dinkleman, 1972) resulted in the present basin configuration and circula-

tion patterns. Climatic conditions in polar regions not only influence

the production and circulation speed of bottom water but also increase

the intensity of surface circulation and upwelling along eastern conti-

nental margins and the equator. An increase in upwelling, and consequent

biological productivity and biogenic sedimentation, is attributed to a

shifting and intensification of climatic zones towards the equator.

Although separation of continents to allow unhindered oceanic circulation

is rapid by geologic standards (102 km/my), fluctuations in global tem-

peratures, oceanic temperatures, production of bottom water, and widths

5of climatic and biological productivity zones are far more abrupt (10 -

106 yr) (Margolis et al., 1977).

During Eocene time, the deep water of the Pacific was somewhat stag-

nant due to a low bottom water influx. Long residence time of deep water

promoted the dissolution of carbonate material (van Andel et al., 1975).

During early Oligocene time the CCD deepened abruptly and an increase in

deep circulation is suggested by a major drop in both surface and bottom
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water temperature (Johnson, 1974a; Margolis et al., 1977). This global

cooling trend apparently preceded the final opening of the deep passage

between Antarctica and the South Tasman Rise which led to the development

of the Antarctic Circumpolar Current (ACC) (Kennett et al., 1975; Kennett,

1977). The abrupt drop in bottom water temperature might best be ex

plained by isolation of the Antarctic region by the initial ACC which

flowed through a shallow passage opened in the late Eocene (45 my B.P.)

(Kennett et al., 1975). The ACC would provide an effective barrier from

warm, southward flowing western boundary currents, thereby promoting an

abrupt temperature drop in Antarctica and increased bottom water

production.

The present circulation system in the Pacific was established in

the early-Late Oligocene following the complete separation of Australia

from Antarctica and the closure of the equatorial Tethys Seaway (van

Andel et al., 1975). Changes in oceanic circulation have primarily been

influenced by climatic factors since that time. Based on the character

istics of the CCD (van Andel et al., 1975) and isotopic data (Margolis

et al., 1977), surface and bottom water temperatures were fairly stable

throughout the remainder of Oligocene and early Miocene time. The next

significant change in circulation occurred about 18 my B.P. (Margolis

et al., 1977) when there was a temporary warming period which can be

correlated to a shoaling of the CCD, a reduction of the width of equa

torial carbonate deposition, and a steepening of the lysocline (van Andel

et al., 1975). This temporary warm period was followed by a sharp drop

in surface and bottom water temperatures during middle Miocene time (14

15 my B.P.) which has been correlated to major glaciation on the Antarc

tic continent and the establishment of true Antarctic Bottom Water
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(Margolis et al., 1977). The increase in bottom water circulation during

middle Miocene time is marked by extensive regional hiatuses which conti

nue in many deep-sea areas to the present (van Andel et al., 1975). The

last major drop in the ceo and bottom water temperatures occurred in the

early Pliocene and is correlated to the onset northern hemisphere glacia

tion about 3 my B.P. (Margolis et al., 1977).

Sedimentation

Deep-sea sediments reflect the subtle balance between rates of supply

and rates of removal. In contrast to the North Atlantic with its abundant

supply of terrigenous sediment derived from fluvial systems, the central

Pacific receives little material from continental sources (Windom, 1976).

With the exception of the northeastern Pacific, terrigenous debris is

largely trapped in ocean trenches or marginal basins and seas. Pelagic

clays, which are deposited at extremely slow rates are transported great

distances in a nephe10id layer whose characteristics and sedimentation

dynamics are poorly known (Ewing and Connary, 1970). Wind-blown material

from the American landmass adds negligible amounts of quartz and feldspar

to sediments in mid-latitudes (Ra~ and Goldberg, 1958) and ice-rafted

debris is restricted to high southern latitudes (}~rgolis and Kennett, 1971).

The major flux of sedimentary material to the seafloor in this region

is produced by biological productivity. The supply of biogenic debris is

controlled by the balance between productivity in the euphotic zone, re

lated to equatorial upwelling intensity, and rate of removal determined

by the flow speed and corrosiveness of bottom water (Berger, 1970; Berger,

1976). The dissolution of siliceous sediment is independent of depth.

Estimates of several investigators (see Heath, 1974) find that about 4%
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of biogenic silica produced in the surface layer arrives at the seafloor

and only about 2% becomes part of the stratigraphic record. These ap-

proximate values range between wide limits as a result of several inter-

acting factors (~urd, 1972). Because of intensive dissolution, solution-

resistant forms (e.g., radiolaria) are unually selectively preserved over

less resistant forms (e.g., diatoms, silico-flagellates). The occurrence

and diversity of siliceous microfossils in sediment is then a good indi-

cation of surface productivity. In contrast to siliceous sediment, cal-

careous biogenic debris is very sensitive to the chemical properties of

seawater. In the central equatorial Pacific the rate of calcite solution

increases abruptly at the "lysocline" (3700 m, Berger, 1970) which cor-

responds approximately to the boundary between Pacific Deep Water and

northward-flowing Antarctic Bottom Water. Below the lysocline, solution

rates increase linearly to a depth where supply rates equal by dissolu-

tion rates and all calcareous material is dissolved. This boundary is

termed the "carbonate compensation depth" (CCD). The distribution of

calcareous sediments is therefore strongly influenced by both seafloor

depth (related to regional tectonics) and oceanic circulation (upwelling

intensity, properties of AABW). o 0At present, between 7 Nand 4 S the CCD

is below 5000 m and it shoals away from the equator to depths of 4500 m

at l50N and 100S (Berger and Winterer, 1974).

As recognized by numerous authors (Arrhenius, 1952; Horn et al.,

1970, 1974; van Andel et al., 1975; and others), sediment beneath the

equatorial divergence is dominated by calcareous ooze which is rapidly

deposited at rates of greater than 20 m/my. To the north and south,

calcareous ooze is replaced by a clayey siliceous ooze deposited at rates

of 5-10 m/my as the CCD is exceeded. In the unfertile subtropical gyres,
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sedimentation rate decreases further as siliceous clay grades into unfos

siliferous pelagic clay deposited at rates less than 2 m/my. Isopach

maps produced by DSDP studies clearly show the effect of decreasing sedi

mentation rates with increasing distances from the equatorial upwelling

(Fig. 6). Sediment thickness generally ranges from 600 m at the equator

to 100 m at lSoN (van Andel et al., 1975).

Plate tectonics has modified the distribution of sediment types of

producing a northwestward migration of the seafloor. The primary effect

of longitudinal migration on sedimentation is that the seafloor is moved

into greater depths. On the crest of the EPR (approximately 3000 m)

calcareous ooze accumulates at typically high rates, while on the flank

of the EPR calcareous ooze is replaced by siliceous ooze at depths ex

ceeding 4800 m (Berger and Winterer, 1974). Although subsidence of the

seafloor should be gradual (approx. 30 m/my), the exact location of the

CCD is complicated by several factors. Broecker and Broecker (1974) re

ported a "transition zone" for the CCD on the western EPR flank of about

80 m, which they attributed to either a kinetic lag in carbonate disso

lution of shifts in the CCD during Pleistocene glacial periods. Uncer

tain relationships between the width, elevation, and spreading rates of

spreading centers, in addition to ancestral ridge "jumps", further com

plicates the evaluation of paleobathymetry and the CCD. Plate rotation

also causes a northward migration of the seafloor away from the equatorial

divergence, resulting in a gradual decrease in biological sedimentation

with time. However, since Oligocene time, latitudinal rotation rate of

0.250 my (Hawaiian pole) has produced a slow northward migration of the

seafloor. For example, a northward shift of 2.50 latitude has occurred

since middle Miocene time (10 my B.P.), which agrees with data that
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suggests that the axis of maximum sediment thickness is presently located

o
at 3 N (van Andel et al., 1975). Fluctuations in the width and intensity

of equatorial upwelling caused by climatically controlled changes in

oceanic circulation are far more abrupt than gradual plate migration,

and variations in productivity seem to overshadow the effect of plate

rotation on regional sedimentation.

Stratigraphy

A general description of regional stratigraphy based on the DSDP

sections from Leg 5 (MCManus, Burns et al., 1970), Leg 8 (Tracey, Sutton

et al., 1971) and Leg 16 (van Andel, Heath et al., 1973) is shown in

Figures 5 and 7. A comprehensive presentation of this topic is found in

a regional synthesis of DSDP study by van Andel et al. (1975). Because

of uncertain stratigraphic relationships within the lithified strata

(chalks, cherts) at the base of these sections, Figure 5 shows only strata

which was cored during DSDP operations. That is, these sections extend

only to acoustic basement and therefore differ in sediment thickness

from regional isopach maps presented by van Andel et al. (1975) (Fig. 6).

The northward shift of sediment accumulation with increasing age is

indicated by stratigraphic boundaries which converge steeply toward the

seafloor surface south of the equator. To the north, stratigraphic

thickness increases with age, although this relationship is obscured by

the occurrence of chert in the pre-Qligocene section. Eocene strata are

dominantly siliceous, reflecting a shallow CCD (3500 m) during this

interval (yan Andel et al., 1975). The noticeable difference in strati-

graphic thickness of the midcle and upper Eocene and lower and upper

Oligocene sections is indicative of a major regional hiatus which is
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centered on the Eocene/Oligocene boundary (van Andel et a1., 1975).

Following an abrupt deepening of the CCD at the Eocene/Oligocene

boundary, high rates of carbonate deposition occurred in a wide zone

through Oligocene time. The deposition of calcareous sediment reached

its highest rates and widest extent during late Oligocene and early Mio-

cene time. During the middle Miocene, the CCD shoaled slightly (van

Andel et a1., 1975), but carbonate deposition continued relatively unaf

fected. At Site 70, located at about 2.50N in early middle Miocene time

(14 my B.P.), calcareous sedimentation continued. However, in sites

further away from the equator, the middle Miocene interval is marked by

an extensive erosional unconformity.

Deposition of carbonates beneath the equatorial high productivity

zone and abundant hiatuses at sites removed from this zone appears to

have continued from the middle Miocene to present. The transition in

sediment type away from the equator is clearly shown at the tops of these

DSDP sections. A mixed calcareous/siliceous lithology at Site 72 (0
0

)

ochanges to a dominantly siliceous lithology at Sites 70 (6 N) and Site 74

oFurther away from the equator (about 10 ), a thin section of

pelagic clay or mixed clay/ooze sediment overlies an unconformity which

generally increases in age with increasing latitude. This occurrence of

older Tertiary strata underlying mixed Tertiary/Quaternary strata has been

previously recognized by many investigators (Arrhenius, 1952; Saito et

a1., 1974; van Andel et a1., 1975).

Tracey, Sutton et ale (1971) divided the lithologies found in Leg 5

drilling sites into several oceanic formations, which were subsequently

modified by van Andel and Heath (1973) based on Leg 16 sites. At the

base of the sedimentary section is a "ferruginous unit" which occurs in
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all DSDP holes reaching basaltic basement. Tracey, Sutton et ale (1971)

initially named this unit the "Line Islands Oceanic Formation." van Andel

and Heath (1973) later used this formation name for the lowermost sili

ceous unit which is generally of Eocene age and termed this altered zone

the "unnamed basal unit." Above the Line Islands Formation is the

"Marquesas Oceanic Formation" composed primarily of calcareous strata.

As shown in Figure 5, this formation ranges in age from early Oligocene

to early Miocene. Both Line Islands and Marquesas Formations are recog

nized in their acoustically stratified character. The uppermost unit was

named the "Clipperton Oceanic Formation" and consists of a "lower cyclic

unit" of rad nanno ooze and brown clay unit and an "upper brown unit" of

rad zeolitic clay (Tracey, Sutton et al., 1971). The age of the Clipper

ton Formation ranges from early Oligocene to recent, and it is typically

recognized as an "acoustically transparent" unit which overlies the stra

tified, Tertiary ooze formations. Both thicknesses and sedimentation

rate of the Clipperton Formation were shown by many investigators to be

quite variable over short distances and strongly influenced by bathymetry

(Moore and Heath, 1967; Johnson and Johnson, 1970; van Andel et al., 1973;

Piper et al., 1977).

Effects of Regional Erosion Episodes

The previous description has shown that major changes in oceanic

circulation are recorded in the distribution of deep-sea sediments in the

central equatorial Pacific. The purpose of this section is to examine

variations in sedimentation rate at selected DSDP sites in order to eval

uate the effects of erosion and non-deposition associated with transition

periods. A major unconformity at the Eocene/Oligocene boundary (~ 40 my
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B.P.) separates dominantly siliceous strata (Line Islands Formation)

from overlying calcareous ooze strata CMarquesas Formation). Another

major unconformity of lower to middle Miocene age (~12 my B.P.) separates

Marquesas strata from overlying radiolarian ooze/pelagic clay belonging

to the Clipperton Formation. A minor unconformity in equatorial carbonate

sediments is recognized at the Pliocene/Quaternary boundary (2.0 my B.P.).

Estimates of strata absent in major hiatuses can be used to indicate

the intensity of advective bottom water flow, the frequency of transient

currents ("benthic storms"), or perhaps the erodibility of various sedi

ment types. Estimates of time spans of non-deposition also suggest varia

tions in bottom water circulation, and can be used to calculate average

rates of erosion during these periods. Close similarity between the spa

cial and temporal extent of major hiatuses at widespread DSDP sites sug

gests that these "episodes" occurred on a regional scale during a distinct

time interval. Conversely, a lack of similarity between the stratigraphic

extent of hiatuses at scattered DSDP sites suggests that variations in

seafloor erosion were primarily influenced by local factors. Basically,

we are addressing the questions: (1) Are the effect of abrupt changes in

bottom water circulation similar over regional scales, or is erosion and

non-deposition primarily influenced by factors which vary on local scales?

The obvious problem of where to deposit "tens to hundreds of meters" of

strata eroded from the seafloor over the entire region suggests that a

local erosion and redeposition process is more reasonable; (2) Can the

local variations in sedimentation be prodUCed by erosion during active

transition episodes which were separated by periods of relatively stable

sediment accumulation over tens of millions of years, or is it more prob

able that sediment is redistributed at more frequent intervals «1 my)?
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Stratigraphic summaries of DSDP sites are shown in Tables 1 and 2.

The effect of the Eocene/Oligocene episode is most clearly seen at most

sites. Sedimentation rates during the middle Eocene (~10 m/my) for

radiolarian ooze deposited at paleolatitudes of lIoN and 30N (Sites 40/41

and 163, respectively) decreases considerably (0.5-2.5 m/my) in strata

of similar lithology in the upper Eocene. Following this hiatus, rates

of sedimentation of calcareous ooze increase by a factor of two from the

lower Oligocene to upper Oligocene section at sites ranging in paleolati

o 0tude 2 -15 S.

The changes in sedimentation associated with the middle Miocene epi

sode are not distinct. At DSDP sites located at paleolatitudes greater

than 50, thin sections of Clipperton strata rest directly on or near the

Eocene/Oligocene unconformity (Sites 40/41, 162, 163). Other DSDP sites

show an absence of all middle Miocene strata and reduced sedimentation

rates in their lower Miocene section, suggesting erosion into the lower

Miocene section (Sites 69, 161). In contrast with these sites of exten-

sive erosion in middle Miocene time, DSDP sites in the equatorial region

( <30 paleolatitude) show an increase in sedimentation rate from the

lower to middle Miocene period (Sites 71, 72, 73).

The variations in sedimentation rate associated with the most recent

hiatus (2 my B.P.) are also obscure. Typically, in sites located at

latitudes greater than 50 from the equator sedimentation rates of the

Clipperton Formation have been low and variable (0.1 to 2.0 m/my) since

Miocene time. Along the equator there was a noticeable decrease in sedi-

mentation rate of calcareous ooze (12-13 m/my to 7-8 m/my) at some sites

(Sites 72, 73) between Pliocene and Quaternary time, while at 30N (paleo-

latitude, Site 71) there was a slight increase in sedimentation rate.
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TABLE 1

Stratigraphic Summary: DSDP Sites Along l400W

40/41 162 161 70 71 72 73 74
ACE lOy

0 B.P. B

QUATERNARY 1.5 4.5 B.5 7.5 I- In~ 15! ~~.O 3 9! 2 2.2

PLIOCENE r--- .1 1.5 3.0 11.7 13.3 !
5.0 7.5 , I IB! 2 52 ! 2 55 , ~ i i e 2

UPPER MIOCENE 5.5 1---- 2.3 7.5 11.1 3.1 0.9

10.5 I 2Q • 3 59! 2 113 , 3 72! 3 16

MIDDLE MIOCENE 3.5 5.7 33.1 16.3 9.4 0.6

,i4.0 40 , 5 175' 5 170! 20 105' 10 18

I.OII!R MIOCENE 8.5 1.0 1.9 13.3 20.2 10.6 8.8 2.6

22.5 18 1l3! 10 347, 5 260' 10 18D! 20 40! 3

UPPER OLIGOCENE 8.5 10.7 18.0 18.0 B.2 8.2 5.1

,3~.0 109 266' io 500' 15 330! 5 250' 5 831 J

LOWER OLIGOCENE 15.4 11.6 9.0 2.0 7.6 3.4

37.5 10 209 324' 3 545 , 6 340! 3 288' 2 100

UPPER EOCENE 2.4 4.1 1.2 1.3 '0.1

45.0 14 240 335' 3
60

300' J 101' 1'--
I

MIDDLE EOCENE 10.7 19.8 X

50.0 89 153· 2f..S*

LOIIER EOCENE -- 19.4
3.5 157

TABLE 2

Stratigraphic Summary: DSDP Sites Between
Clarion and Clipperton Fracture Zones

69 163 161 160 159
ACE lOy

8 5 8 5 5 5
B.P.

QUATERNARY I I
--2.0 1.8 1.8

, PLIOCENE I II
5.0

IUPPER MIOCENE

91

5.5 2.0 .6 .1 I 1.6

~.5

I
1.2 18

I MIDDLE MIOCENE 3.5 I 5.1

14.0 28 20 36

I LOWER M10CENE 8.S 2.8 1.9 2.S S.8
I

22.5 52 18 42 85

i UPPER OLIGOCENE 8.S 8.8 10.7 S.5

31.0 127 19 109 89 108-

i I.OII!R OLIGOCENE 6. S 2.7 1.4 IS.4

37.5 14S 209 f--i 109·
Ii UPPER EOCENE 7.S

,4S.0 1.80

!MIDDLE EOCENl!

50.0 2J6-

i LOW!R !OCEN! 3.5
·~3.

D = duration of interval; B = depth to
boundary (meters); S = sedimentation rate (m/my);
* refers to basement depth; X = invalid estimate
because of incomplete section. Time scale from
Beggren (1972).
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A direct way of evaluating the erosion intensity and duration of

these Tertiary "episodes" is to compare the stratigraphic interval of

the hiatus with underlying and overlying sequences which were not af

fected. The original stratigraphic thickness in the sequence containing

the unconformity can be estimated from average sedimentation rates of

the underlying sequence of similar lithology. The duration of the "epi

sode" is estimated from reduced sedimentation rates in strata overlying

the unconformity. The amount of "missing" strata below the unconformity

is assumed to have been removed by erosion, and the condensed section

above the unconformity is assumed to be the result of non-deposition.

In this model, erosion and non-deposition combine the effects of physical

removal and chemical dissolution, although sediment types (calcareous,

siliceous, clay) may differ considerably in their susceptibility to

these processes. Also, non-deposition is taken here to be synonymous

with non-accumulation; that is, sedimentary material presumably is first

deposited and later redistributed so that net accumulation at the site

does not occur over time-spans of a few million years. Erosion, on the

other hand, implies removal of strata that has accumulated in quiescent

periods prior to the onset of erosional activity. Calculations shown in

Table 3 assume that similar lithologic sections accumulate at equivalent

rates until the onset of major transitions in bottom water circulation.

Short-term fluctuations in biological productivity are averaged in time

intervals of 5 my and long-term variations (tens my) in sedimentation

are presumably slightly because of the low latitudinal movement of sea

floor in relation to the equatorial high productivity belt. Inaccuracies

in the model are: (1) definition of the onset of active bottom water

circulation, (2) comparison of sedimentation processes at the seafloor



TABLE 3

- Model Calculations for Erosion Thickness
and Non-Deposition Period during Major Tertiary Events

Eroded Strata Estimate:

38

S(2) x D(l) = Ta

Ta - Tp = Te

where:

S = sedimentation rate (m/my)
D = interval duration (my)
T = strata thickness (m)
Ta = strata estimated (m)
Tp = strata present (m)
Te = strata eroded (m)

(1) and (2) refer to intervals away
from event

Period of Non-Deposition! Estimate:

S(2) x D(l) a Ta(l)

Ta - Tp = Tnd

:nd x D(l} =P
.La

Examples: Site 163 - Erosion

where:

Tnd = strata not deposited (m)
P = period of non-deposition (my)

M. Eoc. S(2) = 10.6 m/my;

u. Eoc. D(l) = 5.0 my; Tp = 19 m

S(2) x DCl ) = Ta = 53 m

Ta - T = 34 mp

Site 72 - Non-deposition

u. Oligo. S(2) = 8.2 m/my

L. Oligo. Tp = 10 m, D(1) = 6.5 my

S(2) x D(1) = 53 m = Ta
Ta - Tp = Tnd = 43 m

TndT
a

x DCl ) = 5.3 my
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surface to accumulation rates at depth in cores , and (3) definition of

time-stratigraphic boundaries in cores due to loss of strata during core

operations and precision of bio- and time-stratigraphic correlations.

Estimates of the onset of active bottom water circulation is based on

bottom water temperature changes indicated by isotope data (Margolis et

al., 1977) and biostratigraphic changes which define the boundaries of

Tertiary episodes (Berggren, 1972). These changes are safely made with

+ 10% accuracy. The effects of differential compaction is presumably

minor between similar lithologies and core depths. The erosional portion

of a hiatus at depth in a section is adjusted to allow for compaction by

comparing average bulk densities. For example, the difference between

bulk densities of surface sediments (~1.2 g/cm2) and bulk densities in

deeper core sections (1.4-1.6 g/cm3) means that estimates of surface

erosion must be increased by 14-25%.

The effects of the Eocene/Oligocene erosional episodes is summarized

in Table 4. For these calculations, representative stratigraphic sec

tions were selected from the DSDP cores in the equatorial Pacific region

(Fig. 6) on the basis of (1) having a uniform lithologic sequence pre

served at least two series intervals below the event (erosion estimate)

or above the event (duration estimate); (2) the sections had well-defined

biostratigraphic ages; and (3) the sections did not contain major propor

tions of diagenetic rock types (i.e., chalks of cherts) or other major

hiatuses. The onset of this erosional event is presumed to coincide

with major global cooling trends which were reflected in isotopic and

biological changes at 37.5 my B.P. The regional effects of the middle

Miocene erosional episode are obscured by several factors and therefore,

this model is unsuitable. These factors include, a lithologic change
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TABLE 4

Calculated Erosion (A) and Non-Deposition (B)
Associated with the Eocene-Oligocene (40 my B.P.) Event

(A) Estimate of Erosional Thickness

DSDP Age Paleo
Site Interval !.AT Lithology S 0 Ta Tp Te

(m) (my)

40/41 M. Eoc. (2) UON R 10.2 5
u. Eoc. (1) R 0.5 7.5 80 4 76

162 M. Eoc. (2) 60N
RN 19.8 5

u. Eoc. (1) R 2.4 7.5 148 18 130

163 M. Eoe. (2) 30N RIC 10.6 5

u. Eoc. (1) RIC 2.5 7.5 79.5 19 60.5

(B) Estimate of Period of Non-Deposition

DSDP Age Paleo
Site Interval LAT Lithology S D Ta Tp Tnd P

(m) (my)
•

69 L. Oligo. (1) RN 3.4 6.5 57 17 40 4.6

u. Oligo. (2) 3°5 RN 8.8 8.5

L. Oligo. (1) N 11.6 6.5 117 58 59 3.3
70 u. Oligo. (2) 2°5 N 18.0 8.5

L. Oligo. (1) Rli 9.0 6.5 117 45 72 4.0
71 u. Oligo. (2) 40S RN 18.0 8.5

L. Oligo. (1) N 2.0 6.5 53 10 43 5.3
72 u. Oligo. (2) 80S N 8~2 8.5

L. Oligo. (1) N 7.6 6.5 53 38 15 1.8
72 u. Oligo. (2) 90S N 8.2 8.5

L. Oligo. (1) N 3.4 6.5 33 17 16 3.2
74 u. Oligo. (2) 15°5 N 5.1 8.5

L. Oligo. (1) N 10.7 6.5 100 100 a 0
161 u. Oligo. (2) 30N N 15.4 8.5

Description of symbols: N a nannofossil ooze; RN = radiolarian nannofossil ooze;
R a radiolarian ooze; RIc = radiolarian ooze and chert.
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from calcareous ooze to radiolarian clay, an overlying unconformity at

the Pliocene/Quaternary boundary, and a short middle Miocene interval

(3.5 my).

Table 4 shows that for the Eocene-Oligocene episode, data from sites

40/41 and 163 are in reasonable agreement, each estimating that 60-76 m

of upper Eocene strata was eroded from sites at lIoN and 30N. The ano

malously high estimate for erosional thickness at Site 162 is probably

caused by a decrease in sedimentation rate from carbonate to siliceous

lithology. Adjusting the sedimentation rates at Site 162 from a nanno

fossil ooze (~ 20 m/my) to a radiolarian ooze (~10 m/my) would reduce

the estimate for erosional thickness into the range estimated for Sites

40/41 and 163 (65 m). Correcting the thickness of strata at depth (bulk

density = 1.4 g/cm3) to surface properties (bulk density = 1.2 g/cm3)

gives an estimate of seafloor erosion ranging from 68-86 m. As shown

by Table 4, a hiatus occurred for a period ranging from 0-5.3 my during

the early Oligocene at sites located between 30 and ISo latitude, and

consequently affected the accumulation of 0-72 m of strata. A correla

tion between the duration of this episode and paleolatitude is not appa

rent from these results. Sites 69, 70, and 71 in the southern portion

of the equatorial zone experienced similar periods of non-deposition

(J.3-4.6 my), while at equivalent paleolatitudes in the northern hemis

phere Site 161 had uniform deposition. Notice also that Site 69 had

anomalously low sedimentation rates in late Oligocene time compared to

adjacent sites of similar lithology (Table 4). At sites located away

from the equatorial high productivity zone, the duration of non-deposition

varied considerably at adjacent sites' (Sites 72, 73), while Site 74 at

paleolatitude of l50S experienced a similar non-depositional period as
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sites in the high productivity zone (Sites 69, 70, 71).

An evaluation of the extent of erosion/non-deposition for the middle

!1iocene episode is attempted using a different approach. As previously

described, variable thicknesses of the Clipperton Oceanic Formation occur

above a regional unconformity which generally increases in age with in

creasing latitude. Assuming that an average depositional rate of this

siliceous/clay unit is 2 m/my, comparisons can be made between the "thick

ness expected" versus the "thickness preserved" in the time interval

since the Eocene unconformity. The difference between expected thickness

and preserved thickness can be attributed to a combined process of ero

sion of non-deposition during the middle Miocene and Pliocene/Quaternary

episodes. Under normal conditions where sedimentation rate is 2 m/my,

the intervals between Eocene and middle Miocene, middle Miocene and

Pleistocene, and Pleistocene to present should have accumulated 54 m,

17 m, and 4 m of Clipperton strata, respectively.

Table 2 shows that sedimentation in the equatorial North Pacific at

sites in the western (Sites 69), south-central (Site 70), and northeas

tern (Sites 159, 160) areas do, in fact, show the expected accumulation

. rate for Clipperton strata, while other sites in the northern (Site 40/41)

and central (Sites 163, 162, 161) areas do not. At Sites 40/41 and 162,

preserved thicknesses of 10 m and 36 m, respectively, remain of an ex

pected thickness of 75 m which should have accumulated since Eocene time.

At Sites 161 and 163, thicknesses of 2 m and 19 m, respectively, remain

of sections expected to be 26 m and 43 m tnick. This model estimates

the stratigraphic extent of eroded or non-deposited sediment to be as

follows: 39 m at Site 162 and 65 m at Site 40/41, since late Eocene

time; 43 m at Site 163, since early Oligocene time; 26 m at Site 161
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since early Miocene time. These estimates mean that the processes of

erosion in the middle Miocene and Pliocene/Quaternary episodes and/or

non-deposition since Eocene time vary by a factor of two at these sites

in the central portion of the region, while at similar latitude normal

depositional conditions persisted in adjacent areas. This observation

supports the hypothesis that sedimentation is strongly influenced by

local factors, such as bathymetric relief, in areas of low sedimentation

rate. It is also apparent that sedimentation rate (or the effects of

erosion/non-deposition) is not clearly a function of latitude or sea

floor depth; since there are many sites containing normal thicknesses

of Clipperton strata adjacent to those with highly condensed sections.

In conclusion, three intervals of seafloor erosion and/or non-depo

sition in the central equatorial Pacific are recognized by distinct hia

tuses in Eocene/Oligocene (40 my B.P.), middle Miocene (12 my B.P.) and

Pliocene/Quaternary (2 my B.P.) time. All of these "episodes" have been

correlated to changes in the intensity or circulation pattern of bottom

water produced in the Antarctic region (van Andel et al., 1975) and

should, therefore, have similar effects on sedimentation on a regional

scale. However, of these episodes only the Eocene/Oligocene event has

affected sedimentation on a regional scale. This is indicated by an

abrupt change from siliceous to calcareous sediments caused by a drop in

the CCD related to the initiation of advection bottom water circulation

from the Antarctic region. Based on a simple model, 75 m + 10 m of

strata was eroded from three sites located then between 30N and 110N in

Eocene time, and the duration of this transitional period at sites

located between 2
0S

and l5
0S

is estimated at 2-5 my. As shown by Figure

7, the effects of this transitional period persisted longer in the South
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Pacific than the North Pacific which is unexpected in view of the reported

circulation path of bottom water into the North Pacific.

In the period since 40 my B.P. there was a considerable difference

in sedimentation in north and south Pacific regions. Most north Pacific

sites have experienced erosion/non-deposition conditions, while south

Pacific sites have experienced relatively uniform conditions of carbonate

deposition. In the northern DSDP sites (>50N), sedimentation of the

Clipperton Oceanic Formation has varied considerably. Sites in the nor

thern and central sections of the region have highly condensed sections

while surrounding sites contain expected thicknesses of Clipperton strata.

The middle Miocene and Pliocene/Quaternary changes in oceanic circulation,

which were primarily related to global climatic factors, seemed not to

have a uniform influence on regional sedimentation. Along the equatorial

zone upwelling was intensified, productivity zone width was narrowed, and

sedimentation rates were increased. At higher latitudes, conditions of

slow sedimentation and variable local erosion have persisted until the

present time.

Applying estimates of eroded strata or duration of these episodes

during Tertiary time to the evaluation of erosional processes is very

speculative. However, given that an estimate good to an order of magni

tude is useful in later discussions concerning mechanisms involved in

this erosional process, the following rates are given. For example, an

average of 75 m of strata was eroded during the Eocene/Oligocene episode

which lasted 2-5 my, giving an estimated erosional rate of 37.5-15 m/my.

For erosion during the middle Miocene event (assuming a similar period

of 2-5 my), removal of 54 m of Clipperton strata would require erosional

rates of 27-11 m/my. Assuming that the Pliocene/Quaternary episode
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lasted only 1 my, an erosional rate of 17 m/my would be required to re

move all Clipperton strata deposited since the middle Miocene episode.

From these tentative estimates it is concluded that seafloor erosion

rates during periods of aggressive bottom water circulation are in the

range of 10-30 m/my, or approximately equal to sedimentation rates typi

cal of biogenic oozes and an order of magnitude higher than pelagic clay

sedimentation. This means that sedimentary sections of pelagic clay can

be severely eroded during infrequent episodes of active bottom water

circulation. This estimate also implies that significant variations in

thick sections of biogenic ooze must be produced by sediment redistribu

tion at more frequent intervals rather than by intense erosion during a

brief transitional period.
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III. DETAILED GEOLOGICAL SURVEY

Area VA-4, Equatorial North Pacific

Regional setting and survey description

Survey area VA-4 is located in the western portion of the structural

block bounded on the north and south by the Clarion and Clipperton Frac

ture Zones (Fig. 1). The age of basaltic basement is approximately 70 myr

(Fig. 4). A zone of volcanic peaks, large normal faults, and anomalously

thin sedimentary sections, recognized between DSDP Sites 161 and 163 (van

Andel et al., 1973) is attributed to the "Clapperton" Fracture Zone. The

postulated structural trend of this fracture zone is through the study

area and DOMES Site A.

Detailed sampling of nodules and sediments in a 15 x 15 n. mile area

(approx. 770 km2) was made over a period of 19 days during cruise VA 13/1

of the R/V VALDIVIA (Beiersdorf et al., 1976). The objective of survey

work in this area was to expand the data base initiated by cruise VA-08

and to evaluate trends in nodule morphology, chemical composition, and

seafloor coverage in relation to bathymetric relief and sedimentation.

Survey work began with 12 kHz echo-sounding profiles on 1.85 km grid which

expanded and modified an earlier survey of this area by cruise VA-08

(Beiersdorf and Wolfart, 1974; Durbaum and Schluter, 1974). Nodule sam

ples and bottom photographs were collected by Preussag freefall devices

deployed at intervals of 200-500 m in circular patterns and on long tra

verses. Sediment samples were obtained by spade cores, long box cores and

piston cores.

Bathymetry and sedimentation

The relief of this area, shown by a bathymetric chart (Fig. 8) and
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Fig. 8. Bathymetric chart of survey area VA-4 (cruise R/V
VALDIVIA; VA 13/1). Chart was compiled from VA 13/1 cruise
report (Beiersdorf et a1., 1976) and VA-08 cruise synthesis
(Beiersdorf and Wo1fart, 1974). Depths are in corrected meters
with 20 m contour interval.
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reflection profiles (Fig. 9), is dominated by a small seamount named

"Gundlach Hohe" (peak) by VA 13/1 scientists. This peak rises 650 m above

a 5200 m-deep central plain, and its oval shape and steep basaltic slopes

suggest it is volcanic in origin. North-south trending abyssal hills of

100-200 m in relief found in the northern portion of the area plunge

southward into the central plain and are separated by a steep-walled

valley. Slopes less than 10 cover most of the area with exception of the

volcanic peaks (10-150
) and abyssal hill slopes (1_50

) .

The pattern of sediment accumulation in this area was determined by

reflection profiling. An isopach map published by DUIDaum and Schluter

(1974) (Fig. 10) and reflection profiles (unpubl.) produced by these in

vestigators (Fig. 9) show that sediment thickness is generally conformable

to undulating basement relief, although these data indicate a thinning of

sediment cover by factors of two on steep abyssal hill slopes (see Profile

A-A'). Figure 10 shows that the thickest sedimentary sections (> 175 m)

occur in ponds on the central plain, intermediate thicknesses (125-150 m)

cover the majority of the area, and a thin section «100 m) is found on

the steep abyssal hill slope in the northern valley. As shown by Figure

10 and bottom photographs, sediment is generally absent from Gundlach Peak

at depths less than 5000 m. A biostratigraphic study of piston cores by

Beiersdorf and Wolfart (1974) reports a Quaternary age for surface sedi

ments and a typical admixture of Eocene and Miocene radiolaria (Fig. 10).

Quaternary sedimentation rates of 1.5-3 m/Myr are similar to surface sedi

ments in DOMES Site A (Theyer, 1977). Redistribution of sediment from

high relief settings to low-lying sites is therefore indicated by variable

stratigraphic thicknesses and by the corroded and/or fragmented appearance

of Tertiary microfossils mixed with Quaternary taxa. Beiersdorf and
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Fig. 9. Reflection profiles of Area VA-4. Data were obtained during
cruise VA-08 and are used with permission of BGR investigators
involved in this survey (H.J. Durbaum, H.V. Schluter, and & Beiersdorf).
Profiles were recorded using a 5000 cm3 air cannon and a 100 hydrophone
eel system towed at 6 knots. Track locations are shown in Figure 10.
Note the variation in sediment thickness over distance scales of 5 km
in areas of steep basement relief.



e
w
o

,e
~,. I ,

i ~'i: ~n .:.

'h~-'

~.D.~,.
~r.;,
~~.\"''::.:~I. ,'1.t!.
.• ',.'4-,

•E
o
5!

.
~.

.:"

Q

u

;; ii

ri

a:I

!.!....':l

«

""<



51

s'
la'

A
15'

35'

-t-
I
I
I
I I

D

40'

50
DT

------:-~.~1J
1'15

45'

_ /\~.StE

t.~5j
10'

OS'

35'40'45'

N N
L .L... L- --L~-----~:__--l9-0'

9-0'

Fig. 10. Isopach map of area VA-4. Figure is slightly modified
from Durbaum and Schluter (1974) (cruise VA-08). Contours are
sediment thickness to acoustic basement assuming an average
sound velocity of 1600 m/sec. Labeled points are piston core
locations (Beiersdorf and Wo1fart, 1974). Letters refer to
sediment age based on biostratigraphy; (Q) Quanternary; (UM)
upper Miocene; (LM) lower Miocene; (E) Eocene. Numbers refer
to thickness of strata containing Quaternary radiolaria. For
example, 3.5 Q,E/E means 3.5 m of mixed Quaternary and Eocene
age overlie Eocene strata.



52

Wolfart (1974) suggest that the highly corroded appearance of Eocene

radiolaria, compared to Upper Miocene and younger taxa, indicates that

the majority of this sediment redistribution took place prior to late

~liocene time. Their interpretation agrees with van Andel et a1. (1975)

who define regional erosional episodes in late Eocene/Oligocene and in

middle Miocene. Although extensive sediment erosion/redistribution during

Tertiary episodes accounts for most of the variation in sediment thickness

in this area, variable thicknesses of Quaternary strata suggest that sedi

ment redistribution has occurred more recently, possibly associated with

the Pliocene/Pleistocene climatic changes (Johnson, 1972; Huang and

Watkins, 1977; van Andel et a1., 1975).

The acoustic stratigraphy seen in reflection profiles (Fig. 9) is

similar to those sections described at DSDP Sites 69, 163, and 161 (Tracey,

Sutton et al., 1971; van Andel, Heath et al., 1973). Although several

prominent reflectors were delineated by these authors at these DSDP sites,

the prominent and continuous reflectors in Area VA-4 occur only near the

seafloor surface and at acoustic basement. A thin transparent layer may

occur at the seafloor surface, however, its continuity and thickness is

difficult to determine because of the weak and variable return signal.

The acoustic section varies from transparent to highly stratified, often

within distances of a few n. miles (see B-B'). Generally this section

consists of "diffuse" reflecting horizons which have fine, discontinuous

stratification. In some parts of the area strong, closely-spaced reflec

tors occur in the upper portion of the acoustic section « 0.1 sec) and

a lower transparent layer lies between these strong reflectors and acous

tic basement (example, B-B'). Just above acoustic basement strong reflec

tors are occasionally visible, suggesting that acoustic basement consists
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of indurated chert horizons. This conclusion was also reached by pre

vious authors (DSDP Legs 8 and 16; Durbaum and Schluter, 1974).

Acoustic stratigraphy shown in these reflection records can be cor

related to lithostratigraphic units defined by DSDP. The correlations

described here are in agreement with those made by Cook et ale (1977)

for DOMES Site A and for this area by VA-08 scientists (Durbaum and

Schluter, 1974; Beiersdorf and Wolfart, 1974). Stratigraphic sections

described at DSDP Sites 69, 161 and 163 were divided into three litho

stratigraphic units: a thin upper unit, the Clipperton Oceanic Formation,

which is acoustically "transparent"; a middle unit, the Marquesas Oceanic

Formation, which is acoustically "stratified"; a lower unit, the Line

Island Oceanic Formation, which is also acoustically "stratified". At

sites 69 and 161, the Clipperton Formation (32 m and 2 m thick, respec

tively) rests on Marquesas strata, while at site 163, 28 m of Clipperton

strata lie directly on the Line Islands Formation. The sharp contact be

tween the Clipperton Formation and underlying biogenic ooze units repre

sents an unconformity, and the uppermost reflecting horizon is generally

chosen as this boundary. A similar interpretation is reached for the

upper reflector in this area. However, due to the resolution of these

reflection records and the thinness of the upper transparent unit (0.01

0.02 sec), a better estimate of the Clipperton Formation is given by pis

ton core results which indicate a stratigraphic thickness in the range of

3-9 m (Fig. 10). Durbaum and Schluter (1974) suggested that underlying

this transparent layer the "stratified" section is correlated to the Line

Islands Formation, although it is possible that this lower section con

sists of both Marquesas and Line Islands strata.

These interpretations indicate that most sediment was redistributed
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prior to deposition of the Clipperton Formation. This means that major

variations in sediment thickness with respect to bathymetric relief were

produced prior to middle Miocene time. Given that Quaternary strata is

only a few meters thick, displacement of strata amounting to 25-35 m would

account for the range in sediment thickness observed in this area. In

addition, it is concluded that while significant variations (2X) in sedi

ment thickness occur over distances of 10 km, the variability over the

whole area is very slight. Since the resolution of the reflection profile

records is 0.02 sec (16 m), it is difficult to prove that redistribution

processes operate on distance scales greater than tens of kilometers; that

is, sediment is largely redistributed over distance scales controlled by

the size of local bathymetric features.

Manganese nodule distribution

The distribution of manganese nodules on the seafloor affects hydro

dynamic flow conditions near the seabed and therefore is important to

models of surface erosion or subsequent redeposition of suspended sediment.

Two distinct nodule facies were recognized in this area by Friedrich and

PIUger (1974), and the facies map (Fig. 12) is in agreement with their

observations. A symmetrical distribution of intergrown or "poly" nodules

(Facies A) (Meyer, 1973) of small size, variable seafloor concentration,

low Mn/Fe ratios (ave. 2.4), and low Cu + Ni contents (ave. 1.4%) surrounds

the ferromanganese-encrusted outcrops on Gundlach Peak. Facies C, which

occurs on the abyssal hills, consists of larger "B type" or "hamburger"

nodules (Meyer, 1973) of higher Mn/Fe ratios (ave. 4.8) and Cu + Ni con

tent (ave. 2.50%). These two populations are intermixed on the central

plain surrounding Gundlach Peak.

Seafloor coverage by nodules was mapped during four TV transects, by
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bottom photos from freefall grabs, and by nodules collected by freefall

grab samplers (Fig. 11). The results of these observations is presented

by Figures 12, 13, and 14. Bottom photos in Figure 14 show that nodule

coverage ranges from 10-50% of the sediment surface which appears very

soft and easily disturbed by the camera trigger weight. The highest and

most variable coverage occurs near Gundlach Peak (Facies A), while more

uniform densities of generally larger nodules occur in the northern por

tion of the area (Facies C). The percentage of barren areas, defined by

freefall grabs that returned empty, decreases from Facies A (about 20%)

to Facies C (about 5%). The variability in seafloor concentration (kg/m2)

with distance along several freefall grab traverses is shown in Figure 14.

These data show that the concentration of nodules on the seafloor is

fairly uniform over distances of a kilometer or so in the abyssal hill

setting (Facies C), with average values ranging from about 10 kg/m 2 (pro

file A) to 5 kg/m 2 (profile B). In contrast to this setting, the samples

obtained from the plain in the central portion of the area showed a wide

variation (0-24 kg/m2) over distances of a kilometer or so (profile C).

Nodule concentration in settings nearer to Gundlach Peak (profiles D, E,

F) was more uniform but generally lower than other settings (average 5

kg/m2). The apparent discrepancy between high coverage (%) and low con

centration (kg/m2) can be explained by the smaller average size of nodules

in Facies A (see Fig. 12 for comparisons). It is interesting to note the

very low concentrations (average 1 kg/m 2) found along profile E which is

difficult to explain on the basis of seafloor setting or isopach data.

It is clearly shown by these data that nodules vary in size distri-

bution, morphology, and seafloor coverage over distances of a few kilo

meters. Concentration in kg/m
2

typically varies by a factor of two or
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Fig. 13. Representative photos of seafloor in area VA-4. Photos were
taken by single shot Mino1ta cameras .(110 nun format) in pressure
cases (Preussag designed) attac~ed to freefa11 samplers. Camera
units were triggered by weights (7 em diameter) at heights above sea
floor of about 2 m. Photos 86 and 80 illustrate general trends of
decreasing nodule coverage (%) and increasing nodule size away from
rock outcrops on Gundlach Hohe (photo 51). Comparison of stations 86
and 80 with 54 indicates the variability in nodule size and coverage
on seafloor on opposite sides Gundlach Hohe. Stations 101 and 105
again show the trend of decreasing nodule coverage away from Gundlach
Hohe as well as the intermixture of small po1ynodu1es and larger
mononodu1es. Station 111 illustrates the "soupy" nature of the sedi
ment surface in areas of low nodule coverage and the partially
sediment-covered appearance of large discoidal or "hamburger" nodules.
Station 124 illustrates the importance of biological activity in
controlling nodule coverage on scales of meters. Grazing by epi
fauna, presumably large ho1othurians, is frequently observed to push
nodules aside.
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more over these distances, although it is recognized in bottom photo

?
and TV traverse observations that small barren areas (few m-) within

dense nodule patches is probably related to biological activity. From

these data it is concluded that seabed micro-relief or bottom roughness

of 2-3 em (assuming nodules are half buried in the sediment surface) is

typical of this locality. Areas with uniformly small nodule populations

or barren, bioturbated patches are the exception rather than the rule.

As discussed in a later section, bottom roughness of a few em would alter

the flow velocity and turbulence structure directly above the seabed,

possibly resulting in erosion at considerably lower bottom water speeds.

Surficial sediment: Description and geotechnical properties

Surface sediment was collected to depths of 50 em by spade cores

and to depths of a few meters by long gravity box cores. A detailed

description of sampling and storage techniques is given in several other

sections (see Introduction and Appendix 2). Sediment collected through-

out this survey area is of uniform lithology, consisting of micronodule-

and RSO-bearing, radiolarian-rich, pelagic clay. The color of this

sediment varies from a homogeneous dark yellowish brown (10 YR 4/4)

layer at the seafloor surface (about 0-10 em depths) to a mottled dark

yellowish brown (10 YR 4/4) and light yellowish brown (10 YR 6/4) layer

beneath. This apparent stratification has been previously attributed

to the effects of bioturbation, and these layers have been referred to

as the "mixed layer" and "historic layer" by Berger and Heath (1968).

The mottled historic layer extends down to depths sampled by long box

cores (8 m). Additional microscopic description of this sediment is

given in Appendix 3.

Geotechnical index properties will be discussed in detail in a later
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section and compared to other deep-sea sediment types. Essentially,

water content of these cores varies slightly throughout the 0-50 cm

interval (250-300% dry weight), although a general decrease of about 30%

is suggested by linear regression analyses. According to lab analysis

and comparison with DOMES sediments of similar lithology, bulk densities

vary between approximately 1.22 to 1.30 g/cm3 (Fig. 46). Conversion of

water content (% dry) to related properties using Fig. 45 gives estimated

void ratios 6.5 and 9.0, and porosities between 89-92%. Shear strength

profiles measured by fallcone and hand-held vane instruments are given

in Appendix 2.

Shear strength profiles typically show a sharp increase in original

shear strength (Tm) through the mixed layer (0-10 cm) and a more gradual

strength increase through the historic layer (la-50 cm). Remolded shear

strength (Tr) show a more gradual increase in value than does Tm, prob-

ably related to the slight decrease in water content caused by compaction.

The sensitivity (Tm/Tr) of this surface sediment therefore also increases

with depth from approximate values of 1. 5 (0 em), 3.5 (10 cm), to 6 (50

em). Low sensitivity values in the surface "mixed layer" are apparently

related to active remolding processes by biological agents, while high

sensitivity in the "historic layer" results probably from the formation

of a metastable fabric by strong interparticle bonds developed over long

time periods. This state of overconsolidation (high T ) has been attri
m

buted to secondary or delayed compression effects developed in very slow-

ly deposited sediments (Keller and Bennett, 1970).

A comparison of shear strength profiles to visual core descriptions

in three bathymetric settings is shown in Figure 15. These profiles

illustrate the variability in strength of sediments over small-distance
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scales as well as the variation in seafloor density of manganese nodules.

The coverage of manganese nodules at the seafloor surface typically

varies by a factor of 2 to 3 in the three localities shown, with concen

trations ranging from about 5 to 15 kg/m 2 (see Fig. 14). The stations

shown in Fig. l5A are clustered in the central plain area and exhibit

a uniform mixed layer 7.5 to 10 em thick. The shear strength of these

profiles differ from profiles on a gentle abyssal hill slope (Fig. l5B)

and steep abyssal hill slope (Fig. l5C) in that they have generally

lower shear strengths at the base of the mixed layer «2.0 kPa) and

show an abrupt increase in shear strength below about 10 em. In contrast,

the other profile sets show a rapid increase in shear strength beginning

near the sediment surface (3.5 em depth) and continuing to the base of

the mixed layer (10-15 em depth) where values typically exceed 4.0 kPa.

Station 139 located on a steep slope, shows evidence of diagenetic recrys

tallization (high water content with very high shear strength) and con

tains no manganese nodules. The occurrence of a uniform mixed layer of

low strength in the central plain stations and the absence of a similar

surface layer on the slopes of the abyssal hill suggests that bioturba

tion of the sediment surface is more intense in the central plain

locality. The conclusion was previously suggested to explain the occur

rence of barren areas within dense nodule patches in this setting

(profile C).

Grain-size analysis

The purpose of size analysis of sediment in area VA-4 is to evalu

ate possible relationships between sediment accumulation patterns, bathy

metric relief, and grain-size distribution. It is hypothesized that if

sediment is slowly eroded from elevated topographic sites and redeposited
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in low-lying sites from low-concentration nepheloid suspensions, a char

acteristic winnowing of material will occur. If distinct sorting trends

are not recognized, redistribution processes involving mass movement by

turbidity (flow) or slumping are favored. Other investigators have cor

related trends in size parameters of fine-grained sediment in deep-sea

regions to segregation by settling velocity during transport (van Andel,

L973) , by erosional winnowing of finer fractions by bottom currents

(Huang and Watkins, 1977), and by dissolution of siliceous microfossils

in the surface mixed layer (Johnson, 1974b).

The "photometric centrifuge" technique (Woodruff, 1972) used in

this study is described in Appendix 3. Briefly, grain-size analyses

were conducted on archive subcores stored in refrigeration for about one

year. Samples were prepared for the photometric centrifuge by mechanic

ally dispersing the sediment in tap water and wet sieving to separate

the coarse (> 62.5 um) fraction. Three sets of photometric analyses

were made for each fine fraction sub-sample at suspension concentrations

from about 0.1-1.0 giL. Moment measures for three depth intervals (1-5

em, 15-20 em, and 35-40 em) were calculated on the basis of ~16, ~50,

and ¢84 cumulative percentile averages for each set.

All sediment intervals contained a low, but relatively uniform coarse

fraction (2.5-7.0 wt%) which was dominated by radiolarians (75-90%).

Radiolarian tests were often abraded and corroded suggesting they have

been reworked. Other biogenic siliceous debris accounted for less than

10% of the coarse fraction. Micronodules and opaque hydroxides (RSO)

were a consistent component (2-5%). Trace amounts of « 2%) glass shards,

zeolites, and fish teeth were also identified (see Appendix 3).

Table 5 gives descriptive measures calculated from cumulative weight
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percent data given in Appendix 3. These data indicate that mean grain

size varies within a relatively narrow range of 6.l5-7.l0~ (14.1-7.3 ~m).

This mean size range is larger than values reported by other investiga

tors for deep-sea sediment in this region (8-9¢; Horn et al., 1974;

Richards, 1977b), although my results are similar to these obtained by

Sallenger et ale (1977) who used seawater as a suspensate fluid for

DOMES Site A sediment analysis. The effect of flocculation in seawater

suspensions probably accounts for the larger mean grain size obtained in

this study. Both sorting (X = 0.58 to 0.79) and skewness (Xsk = -0.25

to -0.39) values are typical of deep-sea sediments which are moderately

well-sorted and fine-grained. The analytical precision of grain-size

determination, influenced by sample preparation and measurement technique,

tends to obscure subtle differences in grain-size parameters. Jordan et

al. (1971) reported a precision of 0.09-0.23¢ for the photometric tech

nique, and a standard deviation of replicate analyses in this study

averaged 0.14~. This suggests that differences amounting to 0.1-0.2¢

might result from analytical precision alone.

The spread of the grain size parameters in selected cores throughout

this survey area is shown by Table 5, where asterisks indicate signifi

cant differences (95% confidence) in sub samples in ~e three respective

depth intervals. These statistics show a complex variation of these

parameters both within a single core and between adjacent cores (Fig. 8).

An initial impression of these data is that grain size parameters which

are significantly different from the parent population (see Table 6) are

roughly grouped by core stations. For e~~ample, stations 39, 40 and 142

have more parameters which vary significantly from the parent population

than other cores, although all stations contain some grain-size parameters
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TABLE 5

Descriptive Measures of Sediment Size Distribution: Area VA-4

Sample Mean Sorting Skewness (%) (Z)
Mej> crej> a.ej> < 4 ej> < 4 ej>

39-T 6.97* 0.66* -0.19* 4.5* (-0.25)
39-M 7.05* 0.69 -0.29 4.2* (-0.46)
39-B 6.59 0.58* -0.54* 2.5* (-1. 66)
40-T 6.58 0.63* -0.20* 6.2* ( 0.94)
40-M 6.96* 0.53* -0.20* 3.7* (-0.82)
40-B 7.10* 0.52* -0.01* 2.9 (-1. 38)
46-1 6.38 0.62* -0.35 5.2 ( 0.24)
46-2 6.76 0.69 -0.23* 7.1* ( 1. 58)
46-3 6.65 0.88* -0.34 7.8* ( 2.07)
63-1 6.33 0.83 -0.30* 5.5 ( 0.45)
63-2 6.51* 0.81* -0.23* 3.8* (-0.75)
63-3 6.35* 0.63 -0.33 1.2* (-2.58)
92-1 6.24* 0.81 -0.46* 5.8 ( 0.66)
92-2 6.90 0.44* -0.30 5.6 ( 0.52)
92-3 6.78 0.58* -0.44* 4.5 (-0.25)

115-1 6.15* 0.94* -0.38* 5.2 ( 0.24)
115-2 6.66 0.71 -0.45* 6.3* ( 1. 01)
115-3 6.71 0.73 -0.37 3.2 (-1.17)
116-1 6.55 0.86* -0.32* 5.4 ( 0.38)
116-2 6.68 0.73 -0.21* 5.0 ( 0.09)
116-3 6.71 0.77* -0.32 2.9 (-1. 38)
141-1 6.75* 0.79 -0.34* 6.4* ( 1. 08)
141-2 6.99* 0.70 -0.29 5.4 ( 0.38)
141-3 6.39* 0.64 -0.38 3.8 (-0.75)
142-1 6.25* 0.75 -0.39* 5.3 ( 0.31)
142-2 6.52* 0.70 -0.40* 5.8 ( 0.66)
142-3 6.93* 0.58* -0.17* 4.6 (-0.18)
148-1 6.39 0.84 -0.44* 5.9* ( 0.73)
148-2 6.63 0.80* -0.28 5.5 ( 0.45)
148-3 6.75 0.85* -0.21 4.5 (-0.25)

39-1 refers to Station 39; T indicates core top interval (0-5 cm);
M indicates middle depth (15-20 cm); B indicates core bottom (> 30 cm);
Mean (Mej» = 4>16+<j>84/2; Sorting Coef. (crej» = ej>84-ej>16/2; Skewness (a.ej» =
Mep-<j>50/crej> .

*Symbo1s see Table 6.
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TABLE 6

Descriptive Measure Statistics: Relationships to
Bathymetric Setting and Depth in Core

DEPTH
(em)

0- 5 6.46

oMcp

.25

All Cores (n = 10)

.77* .11 -.38* .09 5.44

04CP

.55

15-20

> 30

6.77

6.70

.20

.23

.68

.68

.11

.12

-.29

-.31

.08

.15

5.24

3.79

1.09

1. 76

0- 5 6.45

Cores from Plain (n = 7)

.27 .76 .13 -.26 .14 5.40 .53

15-20

> 30

6.78

6.70

.19

.22

.65

.67

.13

.13

-.27

-.36

.09

.10

5.10

3.57

1.30

2.10

0- 5 6.46

Cores from Hill (n = 3)

.26 .79 .05 -.39 .05 5.87 .55

15-20

> 30

6.71

6.69

.25

.27

.73

.70

.06

.14

-.33

-.25

.06

.11

5.57

4.30

.21

.44

Symbols: X (mean); 0 (standard deviation), 1cr); mean (MCP) = <1>16+84/2;
Sorting (St) = CP84-CP16/2; Skewness (Sk) = MCP-CP50/St; 4CP =
weight % greater than 62.5 ~m; (A) all cores (10); (B) plain
cores (39, 40, 46, 63, 92, 115, 116); (C) abyssal hill cores
(141, 142, 148)
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which vary at significant levels. From these data it is difficult to

conclude any systematic variation in grain size parameters with depth in

core or core location.

A statistical summary of descriptive measures with respect to bathy

metric location and depth in core is given by Table 6. Differences be

tween average grain size parameters in the three depth intervals are

very slight. Mean values for sorting and skewness in the surface inter

val (0.5 cm) are significantly different from underlying sediment at 95%

confidence intervals, whereas mean grain size and coarse fraction weight

percent parameters are not. With respect to bathymetric location, the

mean values of grain-size parameters are not significantly different

(95% confidence) between sediment collected on the low-relief, central

plain and the abyssal hill slope at equivalent depths in core.

Additional statistical tests of grain size were centered on the

sand-size fraction (CF%) for several reasons: (1) other grain-size para

meters (~ean size, sorting, etc.• ) were derived from cumulative percent

curves and size analyses which are very sensitive to sample preparation

and analytical technique, whereas the sand-size fraction was determined

directly by sieving; (2) sand-size particles have settling velocities

several orders of magnitude higner than silt-size flocs and therefore

should be more distinctly sorted by hydraulic processes. Furthermore,

Table 5 indicates that values of CF% generally differ by factors of two

or more, and these differences are probably real because analytical pre

cision for wet sieving is 12% (see Appendix 3, Table 12). The distribu

tion of CF% values with respect to bathymetric setting and depth in core

were studied using a chi-squared (X
2)

test which evaluates the hypothesis

that these values were drawn from a normally distributed parent population.
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The X2 test basically involves the comparison of a frequency distribution

of standardized variables (2 scores shown in parenthesis in Table 1) to

a normal frequency distribution which is divided into four 25% probabi

lity categories.

The first chi-squared test considers all stations and depth inter

vals and indicates that CF% are not part of a normally distributed parent

population. This test also shows that the deviation from a normal fre

quency distribution is caused by the occurrence of too many sub samples

in category 3s which is correlated to samples in the surface interval

(0-5 em) (Table 5). The CF% data in Table 5 also indicates that greater

amounts of sand-size material are found in the surface mixed layer com

pared to underlying sediment. Additional chi-squared tests were run on

each depth interval to substantiate this claims and possibly define

trends in coarse fraction amount to bathymetric setting. For the lower

depth intervals (15-20 cm s >30 em) chi-squared tests indicate that there

is no evidence that these values were not drawn from a normal population.

The results of a chi-squared test for the surface interval (0-5 em) is

given in Table 7. These results indicate that the CF% population is not

normally distributed with respect to bathymetric relief; that is, coarse

fraction percentages are more uniform (5.2-5.5%) in stations on the cen

tral plain compared to the abyssal hill setting. However, as previously

shown (Table 6), differences in CF% between bathymetric settings are not

significant at 95% confidence.

In summary, grain-size analyses generally indicate that there is

no significant difference in grain-size parameters between sediment in

the central plain and abyssal settings. As previously described, the

steep-walled valley separating abyssal hills in the northern part of



TABLE 7

Chi-Squared Tests for Coarse Fraction Distribution

All samples:

71

x= 4.86%, <5 = 1.42, Z = Xi - X
<5

(see Table 5 )

i(0_E)2
~--

E

Category 1:

Category 2:

Category 3:

Category 4:

o = observed in i t h category
E = expected in i t h category

2(6 7.5) /7.5 - 0.3

(7 7.5)2/ 7• 5 = 0.03

(12 - 7.5)2/7• 5 = 2.7

(5 - 7.5)2/7.5 = 0.83

X2= 3.86

Surface interval (0-5 cm): X = 5.54%, <5 = 0.55

sample Z category

39-1 -1.89 1

40-1 1.20 4

46-1 -0.62 2 Category 1: (1-2.5)2/2• 5 0.9=
63-1 -0.07 2 " 2: (5-2.5)2/ 2. 5 2.5=
92-1 0.47 3 .. 3: (2-2.5)2/2.5 0.1=

115-1 -0.62 2
" 4: (2-2.5)2/2.5 0.1=

116-1 -0.25 2

141-1 1.56 4 2 3.60X
142-1 -0.44 2

148-1 0.65 3

x = subpopu1ation mean; <5 = standard deviation; category (1-4) = -00

to -0.67, -0.67 to 0.00, 0.00 to 0.67, 0.67 to ~.
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Area VA-4 has a relatively thin sedimentary section, while the central

plain surrounding Gundlach peak contains a section approximately twice

as thick. The thickness of Quaternary sediment varies by a similar fac

tor across this area, although the limited number of core stations do

not suggest a similar inverse correlation between bathymetric relief and

sediment thickness. The uniformity in grain-size parameters suggests

that processes involved in the redistribution of sediment do not effec

tively sort material by size at this distance scale. This interpretation

would support a mass movement model over a dilute suspension pro~ess.

However, the general uniformity in grain-size and random occurrence of

significantly different parameters may also result from several factors.

Bioturbation in the mixed layer could homogenize sediment following its

redeposition. It is equally possible that surface erosion and redeposi

tion was not active during the time interval represented by these shallow

cores (0.4-1.2 Myr, using accumulation rates for Site A; Theyer, 1977).

In other deepsea areas, Huang and Watkins (1977) and Johnson et al. (1977)

report significant erosional activity during the lower Matuyama epoch

(1.7-2.4 Myr B.P.) and uniform depositional conditions during the Brunhes

epoch (0.7 Myr to present). The significant decrease in amount of coarse

fraction material below the surface layer is best explained by the disso

lution of siliceous microfossils (Heath, 1972; Johnson, 1974b; Schink

and Guinasso, 1977).

Area SO-F, Equatorial South Pacific

Regional setting and survey description

Survey area SO-F is located approximately 250 n. miles southeast of

DSDP Site 74 on the structural block bounded by the Galapagos and Marquesas
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Fracture Zones (Fig. 1). The survey encompasses a ZO x 30 n. mile (approx.

2000 km
Z

) site centered at 7
0S,

13Z
oW

which was chosen on the basis of a

previous CNEXO survey and its proximity to DSDP Site 74. The age of

basaltic basement at Site 74 is given as middle Eocene (about 45 myr)

based on biostratigraphic dating (Tracey, Sutton et a1., 1971). DSDP

site surveys (see Tracey, Sutton et a1., 1971) reported small-scale, rough

topography in this part of the equatorial region, with local faulting and

maximum relief of about 150 m. These surveys delineated the strike of

the topographic grain as north to northwest and typical sediment thick-

ness of 0.12-0.14 sec with local ponding, unconformities, and denuding

over higher elevations.

Survey operations in Area SO-F during the five days on station were

initiated by reflection and echo-sounding profiles spaced at five n. mile

intervals (Fig. 16). Sediment was collected at seven spade core stations

with the objectives of defining the location of the CCD and the geotech-

nica1 properties of various sediment types in relation to their topogra-

phic setting.

Bathymetry and sedimentation

The bathymetry of area SO-F is shown in Figure 17 and by airgun re-

flection profiles (Fig. 18). The bathymetry chart shows a general north-

south strike of the topography and a maximum relief of 800 m across this

area. The eastern portion of the area is dominated by a prominent ridge

20 n. miles long and 5 n. miles wide. The size and relief of this fea-

oture (> 10 slopes, 500 m from top to base) is too great to fit the des-

cription of a typical abyssal hill (1-30 slopes, 50-200 m relief) and

suggests it is volcanic in origin. Various knobs and lobes modify the

basic oval shape of this ridge and the escarpment on its northeastern
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Fig. 17. Bathymetric chart of area SO-F. Contour lines are at 50 m intervals.
Depth is in corrected meters. This chart was constructed by Olaf Lettau during
cruise 80-6 from interpretations of 12 KHz narrow-beam echo sounder records. "VI
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Fig. 18. Reflection profiles in area SO-F. Survey tracks are shown in
Figure 16. Sound-source was a five liter air-cannon fired at five
sec rate. Receiving system was a 100 element hydrophone eel towed at
6-8 knots. Filter range is 40-120 Hz. Entire scale on facsimile
records is two sec, with horizontal lines indicating 0.1 sec inter
vals. Times at top of record correspond to times on Figure 16 tracks.
Sample locations are designated by downward arrows with station
numbers. Distance scale and slope diagram varies between tracks
because of variable ship speeds.
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flank appears to be produced by a large normal-fault (Fig. l8D, E).

Luyendyk (1970) described the origin of abyssal hills by a combination

of volcanic and tensional faulting processes. This feature is also

apparently produced by a combination of these processes, although

volcanism may be the primary influence. Approximately ten n. miles

due west is a smaller volcanic peak whose slopes exceed 100 and are

largely barren of sediment (Fig. l8F). The western portion of this

area is low-lying (4800 m), has slopes of low angle « 30
) and low

vertical relief ( < 100 m). Although topographic grain in the western

sector is not distinct, a general north-northwest trend can be recog

nized. An illustration of the change in relief character from the

eastern to western sectors of this area is clearly shown by profiles B

and C (Fig. 18).

Variations in sediment thickness in area SO-F are shown by an iso

pach map (Fig. 19) and again in reflection profiles (Fig. 18). The iso

pach map is contoured in two-way travel times to acoustic basement, and

may be converted to actual sediment thickness using an estimate of average

sonic velocity from Site 74 (1.52 km/sec.; Tracey, Sutton et al., 1971).

This map indicates that sediment thickness ranges from 0 to slightly

above 0.15 sec (0-114 m), with typical thickness of about 0.10 sec (76 m).

Sediment is generally absent on top and steeper slopes of the volcanic

peaks. The thick sediment accumulations found in ponds on slopes (> 0.1

sec) occur adjacent to thin sections ( < 0.05 sec) on slopes of higher

elevation. Sediment accumulation on the top of the peak is also not uni

form, ranging from 0-100 msec in a few kilometers distance (Fig. 19, Fig.

l8D, F). Sediment thickness is relatively uniform in low-lying sites

(averaging 100 msec) , although several basement peaks found there are
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barren of sediment cover.

Tensional faults are recognized in the reflection records and are

shown on the isopach map. With the exception of the large, normal-fault

on the eastern flank of the large ridge, these faults do not appear to

affect sediment distribution patterns. This suggests that tectonic acti

vity that produced vertical displacements of acoustic basement on the

order of 0.1 sec predated sediment deposition. The period(s) of tecto

nism during the development of the ridge cannot be concluded with confi

dence. Thick sedimentary sections on portions of this feature suggest

it is of Tertiary age, while denuded portions on its faulted flank and

on its crest suggest on-going tectonic episodes. However, the most

reasonable conclusion is that these high-relief areas are also old but

sediment does not accumulate there.

The acoustic stratigraphy delineated by airgun reflection profiling

can be correlated to the acoustic and biostratigraphic results from DSDP

Site 74. Representative acoustic sections are found in sediment ponds

in Profile C (1750 hrs) and Profile B (1300 hrs). Prominent reflectors

in area SO-F are found at 0.01, 0.09, and 0.10 sec. The strata above the

first reflector is a transparent layer of uniform thickness although

because of the low frequency filter range selected (40-150 Hz) the

continuity of this layer is often difficult to delineate. The first

strong acoustic horizon consists of two reflectors (Fig. 18), might be

caused by characteristics of the airgun signal. These "paired" reflec

tors can be traced over most of this area, and a series of strong reflec

tors are often recognized throughout the interval from 0.02-0.06 sec (15

45 m). Below this zone is a "diffuse zone" which contains few continuous

reflectors and is often practically transparent. Immediately overlying
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acoustic basement (presumably basalt) are one to several strong and

fairly continuous reflectors in the interval from 0.08 to 0.10 sec (61

76 m). At DSDP Site 74 prominent reflectors were recognized at 0.02,

0.06, and 0.13 sec (Tracey, Sutton et al., 1971). The upper reflector

was correlated to the lithologic change from siliceous to calcareous

ooze at a depth of 24 m marking the contact between the Clipperton and

Marquesas Formations. The Marquesas Formation, occurring between depths

of 25 and 100 m at Site 74, can be correlated to the acoustically "diffuse"

zone. Strong reflectors present occasionally in the upper part of the

Marquesas Formation are recognized in both acoustic sections (0.05, SO-F;

0.06, Site 74). Directly overlying basaltic basement at DSDP Site 74 is

an abrupt lithologic change from an unaltered nannofossil ooze (Marquesas

Formation) to an iron-oxide rich nannofossil facies termed the Line

Islands Formation by Leg 8 scientists (Tracey, Sutton et al., 1971).

They reported that the sharp contact between these formations represents

an unconformity at the Eocene-Oligocene boundary. In Area So-F, a strong

reflector(s) found 10-20 msec above acoustic basement may correspond to

this contact.

The clear correlation between lithostratigraphic formations and

acoustic stratigraphy is due in part to the fact that these formation are

bounded by sharp contacts representing major unconformities. The Clipper

ton Formation was deposited since the sessation of a major erosional

event in middle Miocene time. In the lower section, the sharp contact

between the Marquesas and Line Islands Formations represents another

major regional unconformity at the Eocene/Oligocene boundary. Conditions

during the deposition of the ~arquesas Formation (early Oligocene to early

Miocene) were presumably uniform (van Andel et al., 1975). However, given
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the frequency range of the profiling system does not allow continuous

resolution of the transparent layer (Clipperton Formation) or the strong

reflecting horizons near acoustic basement (Line Islands Formation), it

is apparent from Figure 18 that the major variation of sediment thickness

occurs in Marquesas strata. Throughout the low-relief, western sector

(west of l32°W), sediment thickness typically varies from 50 to 100 msec

(38-76 m). The area of basement outcrops and thick sedimentary ponds is

insignificant «1%). These observations suggest that redistribution of

approximately 25 msec (10 m) of sediment would produce the isopach varia

tion. In the sector East of l32°W, a greater variation in sediment thick

ness (0-150 msec) is directly correlated to higher bathymetric relief.

Assuming a uniform initial sediment thickness of 75 msec and an approxi

mate basement outcrop area of 20% in this eastern sector, redeposition

of all sediments eroded from the basement area would increase the average

thickness in adjacent areas by 25%, or from 75 msec to about 100 msec.

Uniform sedimentary sections on the southwestern lobe of the volcanic

ridge suggest that sediment was continuously eroded from slopes steeper

than 5° throughout deposition of Marquesas strata.

Surficial sediments: Description and geotechnical properties

The results of sediment collection in this area are shown by Figure

20. Sediments are principally composed of biogenic debris, and they

generally differ with respect to the relative proportions of siliceous

and calcareous microfossils and clay admixture. Description of microsco

pic examination of these cores is given in Appendix 3 (Fig. 43). A

clear relationship between lithology and depth of seafloor suggests the

controlling influence of carbonate dissolution or CCD. At depths shal

lower than about 4900 m (estimated position of present CCD), sediments
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typically consist of a siliceous-bearing, clayey, calcareous ooze. At

depths exceeding the CCD, these sediments typically consist of a clayey

siliceous ooze. The 'distribution of lithologies in these cores suggests

that the position of the CCD has changed in the recent past. The abrupt

decrease in carbonate material at depths below 10-20 cm in several cores

(73, 79, 80) suggests that the CCD was shallow (approximately 4700 m)

about 104 yr B.P. (using calcareous sediment deposition rates of 1-2 cm/

3
10 yr). This estimate is in approximate agreement with si1iceous/carbo-

nate cycles reported in the equatorial Pacific by Arrhenius (1963), Hays

et a1. (1969) corresponding to glacial periods (Valencia, 1977).

Geotechnical index properties of these sediments vary with 1itho1o-

gic composition and will be discussed in a later section. Generally,

water content, liquid limit, and plasticity index have their lowest

values in calcareous sediments and their highest values in pure siliceous

ooze. With admixture of clay material these properties tend to fall into

an intermediate range similar to that of pelagic clay. This variation in

lithology generally obscures trends in geotechnical properties as well as

grain-size distribution. For example, because these lithologic types

change with depth in core (i.e., calcareous to siliceous), a reverse

trend in water content is observed; that is, water content increases with

depth. Despite wide variations in plasticity, these sediment types show

similar average shear strength profiles (Fig. 21). Regression coeffi-

cients indicate an increase in shear strength with depth and c/p' ratios

of 0.5-0.9 for siliceous and calcareous ooze.

Shear strength measurements along with visual core description given

in Figure 21 indicate apparent stratification similar to that observed in

Area VA-4. A "mixed layer" from the sediment surface to depths of 10-20 cm
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indicates active bioturbation of the seafloor. Below the mixed layer a

wide scatter of shear strength values is caused by scattered burrows in

the so-called "historic layer" (Berger and Heath, 1968). The general

trend of abrupt strength increase through the mixed layer and more grad-

ual increase below this bioturbated zone is indicated by both fallcone

and hand-held vane tests. As explained in Appendix 2, fallcone tests are

good indicators of strength variability because of the small testing in-

terval, while hand-held vane tests are better indicators of true in situ

strength because of minimal sample disturbance.

Two general types of shear strength profiles can be recognized.

Type A profiles show a marked strength increase from about 2 kPa at 2.5

cm to values exceeding 6 kPa near that base of a relatively thin mixed

layer (see 45, 92). These cores (45, 92) were collected at nearby shal-

low stations on the western flank of the eastern ridge (see Figs. 16 and

17). Type B profiles have a more gradual shear strength increase from

about I kPa to values approaching 8 kPa at about 30 cm and mixed layers

which vary in thickness from 10-20 cm. These cores (51, 73, 79, 96) were

collected at widely-spaced, deeper stations. Station 47 has a shear

strength profile intermediate between Type A and Type B. Type A cores

can be correlated to a dominant carbonate lithology occurring at eleva-

tions above the CCD and at sites of relatively thin sediment cover (50

msec, Fig. 18). Whereas Type B cores have more siliceous microfossil

components and were collected near or below the CCD in sites of thicker

sediment sections (100 msec, Fig. 18). These observations indicate that

bioturbation is more extensive in low-lying areas which typically receive

sediment, while higher elevations that typically lose sediment by erosion

have thinner bioturbated mixed layers.
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These shear strength tests and visual observations support the hypo-

thesis that bioturbation plays a key role in sediment redistribution.

Assuming that biological density and bioturbation rates are reasonably

similar on distance scales the size of this area, sediment redistribution

acting primarily down-slope would periodically remove sediments remolded

by biological activity, leaving relatively high strength material close

to the sediment/water interface. This would consequently tend to produce

a sharp shear strength increase with depth. In contrast, the long-term

stability of low-lying sites with respect to erosion would allow the ef-

fects of bioturbation to be preserved to greater depths. Similar conclu-

sions regarding bioturbation and sediment accumulation patterns was pre-

viously reached for Area VA-4.

Manganese nodule distribution and seabed roughness

The distribution of manganese nodules on the sediment surface is

determined by a series of freefall samples and bottom photo traverses

shown in Figure 16. Freefall-grab traverses (Fig. 22) indicate that a

low coverage of nodules is typical for this area. The majority of sam-

pIes contained few or no nodules, resulting in concentration estimates

2which are below 1.0 kg/m. As in Area VA-4, coverage estimates may in-

crease abruptly by factors greater than 2 over distances of a few kilo-

meters. Abrupt increases in seafloor density can be attributed to the

presence of widely scattered large nodules on a typically barren sediment

surface. Variable seabed roughness on the order of 2-3 cm produced by

widely scattered large nodules contrasts considerably from the uniform

roughness character of the seafloor surface in Area VA-4.

The character of the seabed surface was investigated by bottom photo-

graphy utilizing the camera sled system. Camera traverse T3, located on
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Fig. 22. Variation in nodule concentration (Kg/m2) along freefall
sampling traverses: area SO-F. Nodules recovered b2 grab sam
plers are weighed and converted to estimates of Kg/m using a
factor of 7.6. Traverses Fl and F3 are shown in relation to
variation in sediment thickness shown by reflection profiling
(see Fig. 18.). Profile along F2 was constructed from
bathymetry chart (Fig. 17.), and sediment thickness varies only
slightly from 0.1 sec.
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a 3° slope at the base of the major volcanic peak (see Fig. 16, Profile

C-C', Fig. 18), recognized tow principle seabed micro-relief types desig

nated here as types A and B (Fig. 23). Type A consists of a relatively

smooth sediment surface containing scattered small nodules « 10% coverage),

smooth biological mounds, and occasionally epifaunal organisms. Evidence

of active bioturbation is indicated by the frequent occurrence of mounds

(up to 20% of surface) and a mottled appearance of dark and light sedi

ment on the seafloor surface. Type B has relatively large roughness (few

ems) consisting of irregular, clod-like sediment lumps and is generally

devoid of nodules. Using an approximate tow speed of one knot and time

given on the photos, type B areas are estimated to be 50 m across. The

mechanism which produced this seabed form is uncertain, but its appearance

is similar to that of a "debris flow". Camera traverse T3, located in low

relief setting (Figs. 16 and 18), shows a generally smoother seafloor

character similar to type A. Scattered large nodules and benthic organ

isms occur frequently on an apparently firm seabed. The seafloor surface

is again characteristically mottled with dark- and light-colored sediment

areas tens of centimeters across. The light material appears to be rela

tively coarse-grained and is spread above a darker-colored fine-grained

base. The dark material is associated with mounts and trails, suggesting

that it was mixed upward by burrowing fauna.

Grain-size description

Analysis of grain-size for sediment in Area SO-F was made by a simi

lar method as for Area VA-4; that is, coarse (sand-size) fraction was

separated by wet sieving and the remaining fine fraction (> 4 ep) was

studied using the photometric centrifuge. Because of the difficulties

encountered in interpretation of grain-size for the uniform sediment
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Fig. 23. Bottom photos of seafloor along TROIKA traverses, area SO-F.
Two photos at top (18.13; 07.13) show rough seabed surface produced by
semi-indurated sediment clods (Type B surface). Middle photos show
scattered small manganese nodules and sediment mounds of a Type A
surface (note large epifauna; 35.13). Lower photos show dark sediment
mixed upward into course grained (probably foram ooze) surface sedi
ment giving a mottled appearance. Notice the course size of material
stirred into suspension by the tow cable (09.14).
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collected in Area VA-4 and the probability that any variations between

bathymetric settings in Area SD-F are strongly related to lithology. A

similar statistical treatment was not attempted here.

General trends in the distribution of lithologies and their grain

size are shown in Figure 20. As previously described, coring stations

located above 4900 m had sediments containing high amounts of calcium

carbonate. Sediment collected above 4500 m contained CaC03 amounting to

80% of more of the total weight and coarse fractions (principally forams)

of about 30%. At depths between 4500 and 4900 m, sediment cores showed

a sharp decrease in both % CaC03 and > 62. 5 u m fraction below depths of

10-20 cm in core. Microscopic description of these cores (47, 73, 79, 96)

given in Appendix 3 shows coarse fraction percentages ranging from 10-15%,

where siliceous microfossils (principally rads and diatoms) replace fora

minifera as dominant components. At depths exceeding 4900 m calcareous

microfossils are largely absent and siliceous microfossils (principally

rads) are exclusive contributors to the coarse fraction which averages

approximately 10%. The significant decrease in coarse fraction material

below the surface mixed layer (10-20 cm thick) was previously noted for

VA-4 sediments, and the hypothesis that this trend is caused by dissolu

tion of biogenic components is again suggested here.

A more thorough study of moment measure trends to depths of a few

meters is given in Figure 24 and Table 8. Stations 79 and 80 are located

in a low-relief setting containing a thick section of sediment (see Figs.

16 and 19). Figure 24A shows several distinct trends near the seafloor

surface. First, is a consistent decrease in coarse fraction amount (CF%)

below the surface mixed layer. Sorting also improves as a result of the

decrease in proportion of material larger than 5¢ in size. Secondly,
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TABLE 8

Descriptive Grain Size Parameters for Cores KG-79 and KAL-80

Depth
(cm) 16% 50% 84% M SRT SKW < 4 ep

KG-79

0-2 4.0 6.3 7.1 5.55 1.55 -.48 19.9

15-20 5.0 6.4 6.8 5.90 0.90 -.55 12.2

25-30 4.6 6.05 6.45 5.53 0.93 -.56 8.7

KAI-80

50 4.5 6.15 6.60 5.55 1.05 -.57 10.6

100 4.25 6.0 6.70 5.48 1.22 -.43 8.6

150 4.25 5.75 6.25 5.25 1.00 -.50 10.6

200 4.35 5.70 6.20 5.28 0.93 -.45 10.2

250 4.30 5.65 6.20 5.25 0.95 -.42 8.6

16, 50, 84% are cumulative percents; Mean, M = P1~84 ; Sorting,

SRT = 4>84-¢16 , Skewness, SKW H-¢50 a

2 = SRT; <44> =% coarse than 62. 5 um

95
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there is an increase in the proportion of material smaller than 6 ~ which

produces a uniform negative skewness, while mean size typically varies

within a narrow range (5.53-5.90 ~). Thirdly, despite indications that

these sediment sub-samples contain high proportions of clay (>50%), very

small amounts of material «1%) are found a size smaller than 8 ~ (3.9

~). Major proportions of fine material in the range of 6.5-7.5 ~ (11.0

5.5 ~) is probably due to the formation of clay aggregates by floccula

tion. Below the strata sampled by spade cores, grain-size measures are

quite uniform (Fig. 24B). Mean size, sorting, skewness and CF% vary

within narrow ranges (+ 10%) throughout depths from 50 cm to 250 cm.

These small variations are within the precision of the analytical method

and cannot be attributed to real trends. However, a correlation between

lithology and cumulative curves is recognized. Figure 20 shows a subtle

transition from siliceous clay to siliceous ooze at a dpeth of 130 cm

based on smear slide examination. This lithologic change is not indicated

by a significant increase in coarse biogenic debris. Figure 24B shows a

noticeable difference between siliceous clay curves (depths 50, 100) and

siliceous ooze curves (> 150 cm depth). Mean size of siliceous ooze sub

samples is approximately 1/2~ greater, and this lithology tends to be

slightly better sorted. Note again that much of the material in both

lithologies lies in the fine-silt size range (6.0-7.0~) and very little

material is found in sizes smaller than 8~. It seems that variations in

the size range larger than 6~ are produced by characteristics of biogenic

debris, such as the relative abundance of microfossils and/or microfossil

preservation, while trends in sizes smaller than 6 ~ are largely con

trolled by flocculation.
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Discussion of Survey Results

Two survey areas located on the northern and southern fringes of

the equatorial high productivity region were studied to determine the

physical characteristics of the seafloor surface and to evaluate the

variation in sediment thickness relative to bathymetric relief.

The bathymetry and stratigraphy of these areas are similar in many

respects despite their difference in basement age. The age of the oceanic

crust is 45 my (middle Eocene) in area S0-F and approximately 75 my (late

Cretaceous) in area VA-4. A major portion of both areas contains abyssal

hills of low relief « 200 m, < 50 slopes) which are aligned generally

north-south. Both areas also contain scattered volcanic peaks or ridges

of high relief (> 500 m > 10 0 slopes). These high relief features are

typically devoid of sediment cover, while adjacent abyssal hill areas

contain fairly uniform sedimentary sections over undulating basement

relief. The sedimentary sections examined by airgun reflection profiling

are correlated to stratigraphic units cored at nearby DSDP sites. Near

the seafloor a thin « 20 msec), acoustically transparent unit is recog

nized and correlated to the Clipperton Oceanic Formation. This unit

varies in lithology from a radiolarian ooze to a pelagic clay which

accumulated since middle Miocene time. Beneath a prominent unconformity

of middle Miocene age, a thick section (100 msec) of calcareous ooze of

early Oligocene to middle Miocene age, identified as the Marquesas Oceanic

Formation, is characterized by its strong, closely spaced reflecting

horizons. At the base of the sedimentary section, a dominantly siliceous

unit composed of radiolarian ooze and chert is defined as the Line Islands

Formation. This unit accumulated in Eocene time and is separated from

the overlying Marquesas Formation by a major unconformity at the Eocene-
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Oligocene boundary.

The variation in total sediment thickness above acoustic basement

is primarily related to differential accumulation of post-Eocene strata.

Total sediment thickness often varies by factors of two or more over dis

tances of a few kilometers, while lesser variations (+ 25%) occur over

distances tens of km. This observation suggests that processes involved

in the displacement of sediment are most effective at distance scales

controlled by the size of bathymetric features in the area. The observed

variations in sediment accumulation in low-relief areas can be produced

by redistribution of 25 m of strata or less. This means that long-term

rates of sediment redistribution are on the order of m/my during the Oli

gocene to middle Miocene interval (38 my to 10 my B.P.). Alternately,

active erosion and redeposition during the middle Miocene erosion "epi

sode" produced the displacement of this strata. Evidence from area SO-F

indicates that high-relief basement features were formed prior to sedi

mentation, and that sediment was more or less continuously eroded from

steep basement slopes. The Clipperton Formation also varies in thickness

by a factor of two, although redistribution of a few meters of strata in

the period from middle Miocene to present (~lO my) would account for

this variation. In the absence of 3.5 kHz profile data, these survey

data are too limited to define variations in Clipperton Formation thick

ness with respect to bathymetric relief.

The seafloor surface is similar in both areas with respect to shear

strength profiles and seabed roughness, although these areas differ con

siderably in their seafloor coverage by nodules. Shear strength measure

ments typically define a low-strength surface layer to depths of 5-15 cm.

Shear strength increases rapidly with depth through this surface layer
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and subsequently increases slowly, but with high variability, beneath.

Comparison of remolded to original shear strengths indicates that the

sediment surface is actively mixed by benthic organisms, as reported

by previous authors. At the seabed surface manganese nodules and/or

biological mounds create a typical roughness of 2 centimeters.

These survey areas do differ with respect to sediment lithology.

Area VA-4, with a mean depth of 5200 m, lies below the CCD (4800 m) and

sediment found there contains small proportions of biogenic debris (5%)

with no calcareous material. In contrast, area SD-F ranges in depth

from 4100 m to 4900 m and contains the CCD boundary. Sediment below

about 4700 m is devoid of calcareous debris below the surface mixed layer.

The occurrence of calcareous debris at depths to about 4900 m is caused

either by a kinetic lag in carbonate dissolution or a recent (10 4 y B.P.)

downward shift in the CCD, possibly related to glacial cycles (Broecker

and Broecker, 1974). Grain size analyses of these sediments generally

indicate a uniform size distribution for all bathymetric settings in

each survey area. A significant decrease in the proportion of coarse

( > 63 ~m) biogenic debris below the surface mixed layer suggests that

chemical dissolution and perhaps biological fragmentation are dominant

factors affecting grain size. These analyses also suggest that processes

of sediment erosion and redeposition do not selectively winnow material

that is generally transported downslope.

Several preliminary conclusions can be drawn from these surveys:

(1) Gravity is a primary driving force in sediment redistribution.

Sediment thickness is common inversely related to slope steepness; that

is, slopes 5-10° or steeper are typically devoid of sediment cover, while

adjacent low-relief areas contain anomalously thick sediment sections.
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Given that abyssal hill height (200 m) to width (5000 m) ratio is very

low (0.04) and the seabed is uniformly rough on a scale of 2 cm, gravita

tional force appears to be the only factor capable of causing sediment

to be preferentially redeposited in flat, low-lying sites.

(2) Sediment redistribution has occurred throughout the history of

these areas. The majority of thickness variation is associated with a

relatively stable period of high sedimentation rate in Oligocene and

early Miocene time (Marquesas Formation). Large quantities of material

were more or less continuously eroded from steep slopes, while in low

relief sites long-term redistribution rates of m/my are sufficient to

account for thickness variations. Variations in Quaternary stratigraphic

thickness and the occurrence of mixed Tertiary-Quaternary microfossil

assemblages at the seafloor surface indicates a continuation of this re

distribution process(es). Redistribution rates similar to those for

Marquesas strata (1-2 m/my) are sufficient to produce the variability of

Quaternary sediment thickness. lVhether or not this as yet undescribed

redistribution process occurs at episodic intervals of millions of years

of is relatively continuous is uncertain. Evidence provided by grain

size analysis indicates that a continuous, particle by particle surface

erosion and redeposition mechanism is unlikely due to the lack of size

sorting in sediments from various bathymetric settings.

(3) Sediment erosion may be closely related to bioturbation at the

seafloor surface. As shown by shear strength profiles the seafloor sur

face to depths of about 10 cm is highly modified by the activities of

benthic organisms. Given that erodibility is accurately indicated by

bulk shear strength, only a thin layer of sediment can be eroded from the

seafloor surface before very firm material is reached. This means that
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whatever the frequency of advective bottom water flow or "benthic storms",

erosion of sediment comprising the mixed layer will proceed only as fast

as bioturbation rates subsequently remold underlying sediment. Estimated

long-term sediment redistribution rates of 1-2 m/my (0.1-0.2 cm/10 3 yr)

are several orders of magnitude lower than reported bioturbation mixing

rates (1-100 cm2/103 y) (Guinasso and Schink, 1975), and therefore events

eroding the upper 1-2 cm could occur at frequencies of 104 years to satis

fy these long-term rates.
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IV. GEOTECHNICAL PROPERTIES

Geotechnical properties of sediment depend on interrelated para

meters which can be generally divided into two groups: (1) compositional

parameters, or "mass physical properties," that can be accurately

evaluated in laboratory settings because they are unaffected by changes

in environmental conditions, and (2) environmental parameters, or

"mechanical properties," which are sensitive to changes from in situ

conditions and therefore require careful sampling, storage, and testing

procedures. Compositional parameters include sediment composition,

grain-size distribution, and clay mineralogy. Environmental parameters

include water content, sediment fabric, pore water composition and

pressure, temperature, and confining and normal stresses. Accurate

prediction of geotechnical behavior based only on mass physical proper

ties is unrealistic because of the complex physical and chemical inter

actions which take place during the geologic history of a deposit.

These compositional parameters do, however, suggest probable ranges of

geotechnical properties as well as their sensitivity to changes from in

situ conditions.

Environmental parameters are interrelated; that is, a change in one

will usually result in changes in the others. Since the quantitative

relationships between parameters are uncertain, no attempt is made here

to review previous work in this field. Rather, an assumption is made

that with careful sample collection and prompt ship-laboratory testing

only minor changes will occur.

Sendiment Composition

In the present study, sediment types are designated according to
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microscopic examination of smear slides following DSDP guidelines.

The primary sediment name (or sediment type) is based on the compo

nent particles which are greater than 25% in abundance. Due to the

normal estimation accuracy of about 5%, the relative proportion of

components are given descriptive terms. They are: < 2%=trace;

2-l0%=bearing; 10-25%=rich; components greater than 25% are included

in the name in increasing order of abundance. Unconsolidated biogenic

sediment is termed ooze. Fine-grained material (> 62.5 ~m) is termed

mud and includes material derived from external (exogenic) sources,

such as terrigenous and volcanic, as well as authigenic material produced

in situ. In various sections of this report, the terms "fine fraction,"

"mud," and "pelagic clay" are used interchangeably. Detrital material

greater than 62.5 ]lm (441) is termed the "coarse fraction" or sand-

size" components. The color of sediment (wet) is described according

to the Munsell Color charts.

Figures 41-44 in Appendix 3 indicate the relative abundance of

sedimentary components in sediment examined in smear slides and in the

coarse fraction separated by wet sieving. Sedimentary components are

classified as "exogenic," "authigenic," and "biogenic" following the

scheme used by Cook et al. (1977) for the DOMES cores. These figures

incorporate the relative percent ranges suggested by the DSDP and can

therefore be easily converted into descriptive names. Because trace

components « 2%) are not usually included in the name of the sediment

and have very little influence (if any) on geotechnical properties, only

large or distinctive trace components are recorded in these charts. In

biogenic ooze, the occurrence of trace components is masked by the

overwhelming proportion of biological components, whereas in pelagic
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clays a greater diversity of trace components can be recognized. A

more complete description of trace components is given by Arrhenius

(1963), Hein and Jones (1977).

The sediment collected by cruise VA 13/1 can generally be described

as a light yellowish brown (10 YR 6/4), micronodule-bearing, radiolarian

rich pelagic clay. The coarse fraction is dominantly composed of radio

larian tests (75-90%), and this fraction is typically less than 5% of

the total sample weight.

Sediment cores collected on SO-6 include a variety of lithologies

which can usually be distinguished by their color. Siliceous fossil

rich clay is again light yellowish brown in color. Calcareous ooze is

a grayish orange (10 YR 7/4). Clayey siliceous ooze and clayey

calcareous ooze are generally moderate to dark yellowish brown (10 YR

5/4, 4/2). Pelagic clay is typically very dark reddish brown (5 YR

3/2). It is important to note that clay comprises a significant propor

tion of all of these samples. Sand-size components in calcareous ooze

(dominantly forams) and siliceous ooze (dominantly rads) rarely exceed

20% by weight in the bulk sample. In smear slides, biogenic oozes

range in clay content upward from 10-25% (that is, they are at least

clay-rich). The dominating influence of clay, which acts as a matrix

material supporting large biogenic debris will be discussed in a

subsequent section.

Grain Size

Deep-sea sediments contain a tremendous range in particle sizes.

Sedimentary components in the sand-gravel size range (> 103 ~m) occur

infrequently, some examples of which are biological debris (sharks'

teeth), volcanic rock fragments, and authigenic ferromanganese nodules.
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These components are usually excluded from grain size analyses. In

the sand-size range (103 ~m to 62.5 ~m), deep-sea sediments contain a

variety of biological components (principally forams and rads), however,

these particles typically comprise less than 20% of the bulk sediment

weight. The majority of deep-sea sediment is then composed of fine

grained mud, including exogenic and authigenic clay, fragments of

larger biologic components, and some small intact biologic forms

(principally nannofossils and diatoms). The geotechnical behavior of

the sediment is determined by the relative proportions of the coarse

(sand-size) to the fine fraction. Theoretically, the infilling of

voids in the coarse fraction by fine material prevents direct inter

particle contact. Evaluating the weight-volume relationships for a

water-saturated clay/sand mixture, Mitchell (1976) calculated that

soils (or sediment) need contain only 10-30% fine material for the bulk

geotechnical properties to be dominated by this fraction. From the

data presented in this study (Appendix 3) and other investigations in

this region, it can be demonstrated that fine material constitutes

at least 10-30% of the sediment studied and therefore can be considered

as a primary influence to geotechnical properties.

For this reason, the emphasis of grain size analysis in this study

is the silt/clay or "fine" fraction. Because particles in this size

range are too small to be accurately studied by microscope, sedimenta

tion techniques provide the only feasible method of obtaining grain size

distributions. The most commonly used sedimentation techniques include

pipette analysis and hydrophotometer. Although pipette analysis has

been widely accepted and used by geologists for over fifty years, it

has several disadvantages when compared to hydrophotometer techniques
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(Jordan et al., 1971) (see also Appendix 3). One of the major disad

vantages is the inaccuracy in correction for weight of residual salts

when using seawater as a suspensate fluid. However, the use of seawater

as a suspensate medium in grain-size analyses provides results which are

obviously more applicable to natural sedimentation in oceanic environ

ments which inherently involve particle aggregation or flocculation.

The dynamics of flocculation are very complex, and particle aggregates

are repeatedly formed, modified as to size and wet density, and

disrupted by shear stress in turbulent suspensions (Whitehouse et al.,

1960; Krone, 1963). Particle settling velocities are consequently

affected in a complex manner. The size analyses reported here should

therefore be viewed as particle size distribution in moderately

concentrated seawater suspensions and not necessarily as the strict

size of individual particles.

Cumulative percent graphs representing the grain-size distribution

of several sediment types is shown in Figure 25. The remainder of

grain-size data analyzed during this study is given in table form in

Appendix 3. As previously explained, sediment types are distinguished

in this study by microscopic examination of smear slides and the coarse

fraction. Descriptive measures for the grain-size distribution of

each sample is listed in the respective cumulative plots according to

the suspensate medium used (distilled or seawater).

These sediments are characterized as fine-grained (> 4~ fraction

less than 20%; mean size, 6~), moderately sorted and negatively skewed.

The range in mean grain size from 5.52 to 6.24 ~ (21.8 to 13.2 ~m) for

both distilled water and seawater analyses differs considerably from

data reported for similar sediments collected in the Central Pacific
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Fig. 25. Cumulative percent curves of grain size analysis for
representative deep-sea sediment types. Percent greater than 4 ¢
(65.2 ~m) was obtained by wet sieving. Fine fraction (4 ¢-8 ¢)
obtained by photometric centrifuge (see Woodruff, 1972). Solid lines
are replicate analysis runs in distilled water (D) suspensate fluid.
Dashed lines are replicate runs in filtered seawater (S) suspensate.
KG-34 is a calcareous ooze; GK-40 is a rad-bearing clay, KG-96 is a
clayey, siliceous ooze; KG-l62 is a pelagic clay. Md is median
(¢SO); M¢ is a mean size; O¢ is sorting coefficient; ~k¢ is skewness.

•
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region (Horn et al., 1970, 1974; Richards, 1977b). These investigators

analyzed their samples by the standard pipette technique and reported

typical mean grain sizes in the range of 8.0 to 10.0 ~ (3.9 ~m to 0.97

~m). My res~ts, however, are in agreement with several recent

investigations which used modified sedimentation techniques, involving

seawater suspensate and varying initial suspension concentrations,

on sediment from this region (Sallenger and Luepke, 1976; Sallenger

et al., 1977). As expected, the pelagic clay (KG-162) has the smallest

mean grain size, the lowest sorting coefficient, and the most negative

skewness of these sediment types. The other sediment types have

approximately equivalent mean size, sorting and skewness values. The

biogenic samples (KG-34 , 96) tend to have broader cumulative percent

curves (i.e., higher sorting values) due probably to the presence of

fragmented biogenic components in a wide range of sizes smaller than 4~.

This is also suggested by the close similarity of cumulative percent

curves for distilled water and seawater where biogenic components

tend not to flocculate and thus have similar size distributions

regardless of the suspensate medium used.

The comparison of distilled water (D) and seawater (S) analyses for

the various sediment types reveals differences in settling dynamics

which can be attributed to particle composition. For example, the

percentage finer than 8~ is lower in the S-runs than the D-runs in the

same sediment sample probably as a result of flocculation. However,

there are small differences between the mean grain size for D-runs and

S-runs due to the normalizing affect of ~16 and ~84 percentiles used in

the calculation of mean size. The S-runs generally have smaller median

percentiles, higher negative skewness values, and show steeper
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cumulative percent curves at phi grades greater than 6.0~. Samples

containing lower proportions of biogenic particles in the coarse fraction

(KG-162, GK-40) or conversely, higher relative proportions of clay

material, show more radical shifts towards finer median size and more

negative skewness values in S-runs as compared to D-runs. These

characteristics are probably related to flocculation which primarily

affects cohesive clay material. As previously mentioned, the similarity

in cumulative percent curves (distilled and seawater runs) for biogenic

ooze sediments (KG-34, KG-96) reflects the presence of biogenic fragments

which are not as susceptible to aggregation.

Clay Mineralogy

Analysis of the clay mineralogy of these sediment samples is

beyond the scope of the present study. The importance of this topic

is not underestimated since the mineralogy and relative amount of clay

may strongly influence geotechnical properties (Mitchell, 1976). Rather,

it is assumed that the composition of deep-sea clays varies slightly

throughout the study region and a general discussion of clay mineralogy

is sufficient.

Based on numerous investigations in the Pacific region, montmoril

lonite (smectite) is the dominant clay mineral (Griffen et al., 1968;

Horn et al., 1970, 1974; Lisitzin, 1972; Rein and Jones, 1977). Between

latitudes of 200N and 200S in the Central Pacific basin, montmorillonite

typically comprises greater than 50% of all clay minerals, followed in

decreasing abundance by illite (20-40%) kaolinite « 10%), and chlorite

« 10%). The smectite family includes several mineral species which are

separated by Hein and Jones (1977) into montmorillonite, which is

considered to be detrital, and nontronite, which is authigenic. These
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investigators recognized that 65-90% of the clay fraction in the DOMES

sites is composed of a "mixed-layer" phase of illite and smectite, and

the relative abundance of smectite in the mixed-layer phase increases

with depth in core and with increasing distance away from the American

continents. They attributed these trends to a dilution of smectite

by increasing input of detrital illite clay into the Pacific basin during

low sea level stands in the Pleistocene.

Since mineralogy controls the size, shape, and surface-charge

characteristics of clay particles and is directly related to geotech-

nica1 properties, a brief description of smectite mineralogy is

appropriate. The structure of smectite minerals consists of an octa-

hedra1 sheet (AI cations) sandwiched between two silica sheets (Si
o

cations) with a unit cell spacing of 9.6 A (Grimm, 1968)~ The inter-

layer bonds are weak, thereby producing a tendency for smectite minerals

to occur in sheets of unit cell thickness. Because of this characteris-

tic, their specific surface area is extremely large (50-120 m2/g).

The smectite group is also characterized by extensive isomorphous

substitution for aluminum and silica within the lattice structure by

other cations which causes a charge deficiency averaging 0.66 per

unit cell. The large surface area and charge imbalance produces cation

exchange capacities in the range of 80-150 meq/100 g (as compared to

10-40 meq/lOO gm for illite and chlorite, 3-15 meq/100 g for kaolinite).

These characteristics create strong electrochemical surface forces

which increase the thickness of the "diffuse double layer" of adsorbed

water surrounding particle surfaces and consequently influence both

flocculation in suspension and plasticity in unconsolidated sediment.

Smectites are strongly influenced by the presence of electrolytes which
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cause a contraction of the diffuse double layer, and these minerals are

actively flocculated in seawater suspensions (Whitehouse et al., 1960).

Smectites typically have the highest water contents, greatest plasticity

range and greatest capacity for swelling and shrinkage of major clay

species (Mitchell, 1976). With regard to mechanical properties,

smectites have the lowest ratio of stress/strain, lowest angle of

internal friction, and highest true cohesion.

Plasticity and Index Properties

Plasticity is defined as that property of a material which allows

it to be deformed without rupture or volume change. In soil mechanics,

plasticity is often used to describe deformation such as creep. It is

generally recognized that the density and strength of sedimentary

material is primarily controlled by its water content. This relation

ship is obvious from the range of physical states from a recently

deposited mud to a fully compacted sedimentary rock (see also Fig. 46).

In geotechnical literature, plasticity is described by the water content

of a material at defined values of strength. Early workers explained

the relationship of water content and shear strength (cohesion) in

terms of electro-chemical attraction of water molecules to charged

surfaces of clay particles, and recognized the close relationship

between plasticity and clay mineralogy.

Plasticity limits which are in most common usage are the Atterberg

Liquid Limit (LL) and Plastic Limit (PL) (Richards, 1974). Of these

two limits, the LL is most easily interpreted because it corresponds

essentially to a simpLe shear test. Interparticle attractive forces

(cohesion) largely account for sediment strength at the LL, and these

forces are clearly related to particle surface charges (mineralogy)
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and interstitial water which isolates these particles. There is no

strict agreement, however, on the value of cohesion at the Atterberg LL,

and shear strengths reported for the LL range from about 2.5 kPa to

1.8 kPa (Mitchell, 1976). In this study, the Liquid Limit was determined

using the fallcone method of Karllson (1961) who defined this limit at

a shear strength value of 1.8 kPa. The Plastic Limit is less easily

interpreted. Several early workers suggested that it corresponds to

the point where there is no free water in interstitial voids, that is,

all pore water is adsorbed or "bound." Below this water content soil

cannot be deformed without rupture or volume change. Compared to the

wide range of Liquid Limits for various sediment types, plastic limits

vary much less CMitchell, 1976; Table 9).

Relationships between natural water content and water content at

Liquid Limit and Plastic Limit are used as "index properties" which

are indicative of stress-deformation-time behavior. Ind~x properties

used most commonly in the interpretation of geotechnical b~havior are:

Liquidity Index (LI) = Wn - WpL
PI

Plasticity Index (PI) = WLL - WpL

Plasticity indices have been related to a wide variety of compositional

and geotechnical properties by numerous authors (see Mitchell, 1976)

and form the basis of geotechnical sediment classification according

to the so-called "Plasticity Chart."

"Activity" is another useful index property that involves the

relationship between the amount of clay and the plasticity index.

Activity (A) = PI
% < 2 llm

In general, the higher the activity of the material, the greater the

influence of the clay fraction on geotechnical properties, and the
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higher the susceptability to variations in exchangeable cations, pore

water composition, and the presence of organic matter which alter

particle surface forces. Since the separation of the < 2 ~m fraction

proved unsuccessful in this study due to the effects of particle floc

culation, activity was not calculated for these sediments. However, it

is noted that the Activity of the predominant clay mineral (smectite;

A = 1-7) is considerably greater than that of subordinate clay minerals

(illite; A = 0.5-1 and kaolinite; A = 0.5) found in this region.

The index properties of various sediment types collected from the

study region are given in Table 9. The composition and grain-size dis

tribution of these sediments is described in a previous section (see

Figure 25) and in detail in Appendix 3. The siliceous clay and pelagic

clay types generally contain relatively low amounts of coarse, non

cohesive debris ( < 5% and < 2%, respectively), whereas the biogenic

oozes contain considerably higher proportions of coarse, non-cohesive

biogenic debris (radiolaria, forams; 10-20%). The fine fraction in

all of these sediments is presumably composed of smectite minerals,

although significant proportions of fragmented biogenic debris may be

present in the silt size range. Despite differences in the relative

amount of coarse debris, the plasticity characteristics of these

sediments are dominated by the fine fraction. High values for both

Liquid Limit and Plasticity Index place these sediments in the region

of "inorganic clays of high plasticity" (MH type) according to the

standard Plasticity Chart.

The range in plasticity indices for these sediments may be caused

by wide variations in natural water content values. Water content (W%)

for each sediment type varies considerably, probably due to factors
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of different storage/time or depth in core. Mean water contents are

therefore listed with their standard deviations to allow a more reason

able interpretation. The highest water contents are found in siliceous

(principly radiolarian) ooze, intermediate values are found in siliceous

and pelagic clays, and the lowest values occur in calcareous ooze.

These trends are generally consistent with previously reported data

(Horn et al., 1970, 1974; Keller and Bennett, 1970). It is important

to recognize that typical water contents in surface sediments of all

types are well above the Liquid Limit. The liquidity ratio ~%/LL)

ranges from 1.3 (pelagic clay) to 1.9 (calcareous ooze). This indicates

that the deformation behavior of remolded sediment at the seafloor surface

is best described as a viscous slurry. High water contents of these

sediments also suggests the importance of excess pore pressure effects

which could be developed by rapid loading by overburden or seismic

shocks.

Lack of agreement between Atterberg limits reported by the various

investigators in Table 9 suggests the complexity of factors which control

particle interaction. Although there is a reasonable similarity of LL

and PL values for sediment which is composed predominantly of clay,

there is a considerable spread in Atterberg limits for sediments which

contain higher proportions of biogenic debris. Clearly, a simple

sediment name is insufficient to describe these deep-sea materials to

the degree required for a quantitative evaluation of Plasticity. Other

data, such as grain-size descriptive measures, mineralogy of various size

fractions, exchange capacity of clay minerals, and composition of pore

water is necessary for a quantitative analysis. However, relationships

between plasticity and mineralogy is exemplified by data from the DOMES
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Sample Sediment Type W% LL PL PI LI

5-27 Siliceous Clay 246 + 45 192 86 106 1.51

V-40 " " 299 + 29 146 91 55 3.78

DOMES C (R) " " 178 + 46 137 82 55 1. 74

DOMES B (R) " " 256 + 53 182 72 110 1.67

DOMES A (R) Siliceous Ooze 271 + 32 193 73 120 1.65

5-79 " " 431 + 63 263 150 113 2.49

5-51 " " 431 + 63 310 207 103 2.17

9-5A (N) " " 247 210 96 114 1.32

9-5B (N) " " 388 273 92 181 1.63

5-34 Calcareous Ooze 124 + 28 67 45 22 3.59

5-45 " " 124 + 28 64 49 15 5.00

9-3 (N) " " 148 79 60 19 4.63

(KB) " " 96 101 29 72 0.93

5-179 Pelagic (Red) Clay 232 + 88 157 67 90 1.83

5-184 " " " 232 + 88 166 80 86 1. 77

10-1 (N) " " " 123 118 43 75 1.07

10-lC (N) " " " 118 102 55 47 1.34

(KB) " " " 159 167 86 81 0.90

W% = Water Content (% Dry Weight); LL = Liquid Limit; PL = Plastic
Limit; PI = Plasticity Index; LI = Liquidity Index; + values for W%
are 1.0 sigma; 5 = Sonne Station; V = Valdivia Station; (R) refers to
Richards (1977b); (N) refers to Noorany (1972); (KE) refers to Keller
and Bennett (1970).
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Sites. Rein and Jones (1977) reported a consistent variation in clay

mineralogy (specifically iilite and smectite) with increasing distance

away from the American continents. The relative proportion of illite/

smectite changed from 46%/30% at Site C, to 42%/38% at Site B, to 31%/

52% at Site A. Since smectites have greater particle surface forces

than illites, they' tend to have higher water contents and plasticity

ranges. This correlation is clearly apparent in Table 9 where values

of W%, LL, and PI increase steadily to the West from DOMES Site C to

Site A.

A general descripti~u of geotechnical behavior can be made on the

basis of Atterberg limits and plasticity indices. A high Liquid Limit

indicates large quantities of interstitial water, and the loss of this

interstitial water by heating or compaction would cause a considerable

change in volume. These data indicate that siliceous ooze has higher

compressibility, shrinkage, and swelling tendencies than the other sed

iment types. Plasticity index is generally considered to be indicative

of visco-elastic behavior, including such time-dependent phenomenon as

secondary compression, creep, and stress relaxation. Of these sediment

types, siliceous ooze is again suspected of having the greatest tendency

for creep and secondary compression. In contrast, calcareous ooze should

be the most physically stable. The Liquidity Index (LI) indicates the

stress or consolidation history of a sediment. Normally consolidated

sediment has LI values of approximately 1.0, while well-consolidated

sediments should have LI values approaching zero. Recently deposited or

sensitive sediments should have LI values ranging above 1.0. As seen in

Table 9, most of these sediments have LI values in the range of 1-2,

although some anomalously high LI values (2-5) were found for siliceous
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and calcareous oozes. High values for LI seem to be caused by a combi-

nation of a high water content and a low plasticity index. These

characteristics of biogenic sediments can be explained by their composi-

tion of non-cohesive but highly porous debris.

Shear Strength: Controlling Factors, Terms, Comparison of Test Techniques

Shear strength is most simply defined as frictional resistance to

deformation under conditions of applied stress. Although frictional

resistance is easy to describe in general terms, the relationships

between numerous parameters which control the interaction of particles

within sedimentary materials is vastly complicated and to date has not

been successfully quantified. Some of the more important factors which

influence shear strength include:

(1) soil structure (fabric, grain, size, cementation)

(2) confining pressure or effective stresses

(3) drainage conditions

(4) sample disturbance and stress history

(5) test methods

These factors are intimately related. For example, the sediment fabric

can be considerably modified both by the activities of benthic organisms

(bioturbation) and by sampling methods (coring). The former factor is

usually considered under the category of stress history which acts

over geologic time, while the latter factor falls under the artificial,

short-term category of sample disturbance. Testing methods employ a

wide variety of techniques which differ with respect to sample prepara-

tion (disturbance), drainage conditions (fast versus slow rates of

applied stress), confining pressure, and evaluation of effective
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stresses. Clearly geotechnical tests which can be performed on sediment

in situ are preferable to those elaborate laboratory techniques carried

out under artificial conditions where factors which control shear strength

are undoubtedly altered to some degree.

Although detailed discussions of models describing stress-deformation

and strength of soils are found in textbooks and standard references on

soil mechanics (Terzaghi and Peck, 1948; ASCE, 1960), a brief summary

is appropriate here. In the late 1700's, Coulomb recognized a linear

relationship between shear strengths and applied normal stress (a)

involving parameters of physiochemical surface forces (cohesion, c) and

physical interactions of particles (interval friction, ~). This rela

tionship is described by the classic equation, S = c + atan~. In the

late 1800's, Mohr modified Coulomb's equation by recognizing that stress!

strain behavior actually followed a curve line around circles which

graphically represent the contribution of three principle stresses

(aI' a2, a3) to soil strength. In Mohr's model, 02 and a3 represent

confining (lateral) stresses, and a
l

represents a normal or compressive

stress which is the dominant influence to shear strength. Terzaghi,

several decades ago, redefined a
l

as stress which is carried both by

particles and pore water and defined the term "effective stress"

(a' = a1 - u), where u is the pore water pressure.

The combined Coulomb-Mohr-Terzaghi model is important in under

standing deformation behavior because it defines cohesion (c) as the

dominant strength parameter in saturated, fine-grained sediments under

low or rapidly applied stress, whereas internal friction (a'tan~)

generally controls the behavior of unsaturated, coarse-grained sediments

at high or slowly applied stress. This is because fine-grained sediments,
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typically having high water contents and low permeability, experience

a buildup of "excess pore pressure" during applied stress which reduces

the effective stress (cr') term. "Undrained" conditions imply that pore

water content remains the same and excess pore pressure develops, and

sediment strength under these "undrained" conditions is equivalent to

cohesion. "Drained" conditions imply a loss in pore water and conse

quent dissipation of excess pore pressure.

Due to the variety of testing techniques used during this study

(see Appendix 2) and their applicability to estimates of in situ shear

strength, additional discussion is necessary. A basic problem in the

comparison of laboratory and in situ shear strength is the limited

amount of published data on in situ testing of deep-sea sediments (see

Richards and Matlock, 1978). While techniques and instruments needed

for in situ testing exist, this work has largely been carried out by

industrial and Defense Department groups and the results are usually

classified (Lee, 1976). Comparison of tests conducted in shore labora

tories on cores and tests conducted in situ by submersibles have been

reported by independent groups. These investigators (Inderbitzen et

al., 1974; Perlow and Richards, 1977) have found that differences

between in situ and laboratory shear strengths are primarily related

to three factors: (1) test method, (2) sample disturbance, (3) natural

variability.

Differences between the results of various testing methods are

common in all fields, with each investigator arguing the merits of his

method and the disadvantages of others' methods. However, we must assume

that accurate calibration of instruments by their manufacturers elimi

nates instrumental errors for each technique. Intercalibration between
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fallcone and vane tests have previously been discussed by several

authors (Kessler and Stiles, 1968; Flaate, 1965; among others).

A significant source of variability between shear vane tests has

been attributed to variation in vane rotation rates (Monney, 1974).

This effect appears to be related to drainage conditions, where slow

rates of shear (less than l20/min) permit drainage of pore water.

Although the difference in shear strength between drained (6°/min) and

undrained (90o/min) conditions is about 30%, variations in rate of

shear in the undrained range (above l2o/min) produce only slight dif-

ferences in shear strength (about 0.1% for lO/min change) (Manney, 1974).

Perlow and Richards (1977) recognized that little attention was given to

vane size and that rate of shear was most accurately expressed as

angular shear velocity in units of mm/sec. They suggested a standard

rate of 0.15 mm/sec, which corresponds to a vane rotation rate of

8lo/min for a typical laboratory vane (1.27 x 2.54 em). As previously

described, angular shear velocities for vane tests at sea were well

above the recommended rate, averaging about 0.5 mm/sec, which produces

uncertainty in direct comparisons between ship and shore laboratory

test values of about 20%.

The results of shear strength tests on cores from cruise VA 13/1

is shown in Figure 26. These data are not only useful in the comparison

of results obtained by different test instruments, but are also indi

cative of the natural variability encountered in a deep-sea setting.

For example, mean values for maximum shear strength (um) at a depth of

20 cm range from 5.0-6.0 kPa (20% difference) and are well within the

limits of standard deviations shown by error bars. However, the lab

oratory vane profile shows a somewhat higher average strength value
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Fig. 26. Comparison of shear strength measurement techniques for
sediment in Area VA-4. Profiles are natural undrained shear
strength and remolded she~r strength. Depth in core (em) and
shear strength (kPa, g/cm ) scales given in (A) apply to others.
(A) Geonor fallcone penetrometer (ship tests); (B) Haake shear
vane (ship tests); (C) DMC/Wyekam-Farrance vane (shore tests);
(D) Hand-held vane (ship tests). Error bars on data are ± 1
standard deviation.
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(8.0 kPa) than the shipboard tests. This difference between ship and

shore laboratory values could be caused by storage effects (compaction)

and possibly a loss in water content. It can be concluded that the

effects of variation in rate of shear and test method under undrained

conditions is much less than effects of sample storage and naturally

occurring variability.

It is obvious that sample disturbance has an important effect on

sediment shear strength, and it is generally acknowledged that all

sediment samples are disturbed to some degree. Disturbance is usually

caused by compaction during coring operations on the seafloor or subcore

sampling aboard ship, both of which cause excess pore pressures. Tech

niques to quantitatively describe the degree of disturbance have recently

been developed (Lee, 1974; Silva, 1974), although they are not as yet

routinely used on sediment cores. These techniques involve both pore

pressure and consolidation tests and are beyond the scope of this study

also.

Steps can be taken, however, to minimize uncertain effects caused

by coring and storage. It is now generally accepted that Reineck-type

spade corers which are dropped gently on the seafloor provide much more

"undisturbed" cores than do conventional piston or gravity corers which

plunge into the bottom from heights of several to tens of meters

(Hagerty, 1974). Because of their spade sampling attributes, corers

were used exclusively by this project to collect sediment used for

geotechnical tests.

The effects of sample storage and handling were minimized by con

ducting tests of sensitive geotechnical parameters soon after sample

recovery. Figure 27 illustrates changes in sensitive geotechnical
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properties (water content, shear strength) with storage time. These

cores were collected on cruise VA 13/1 and stored in sealed D-tubes in

refrigeration since they were collected. In most cases, there is no

significant change in shear strength over a period of one month when

the cores were stored aboard ship. This is encouraging because many

research cruises ~o not carry personnel to conduct shear strength

measurements at sea, and must collect and store sediment samples until

returning to post. However, during long storage periods considerable

changes take place. Water contents shown in Figure 27 typically decrease

by 50% or more and shear strength increases by nearly 100% in periods

of one year. Although elaborate steps are taken to insure the quality

of sediment samples, the reliability of data reported for deep-sea

sediments that have been stored for several months or more must be

questioned (see Hagerty, 1974; Richards, 1977b).

Naturally occurring variability of geotechnical properties has been

described in several deep-sea settings (Hirst, 1973; Hagerty, 1974;

Simpson et al., 1977). This variability has generally been attributed

to process of benthic bioturbation. Hagerty (1974) stated that biotur

bation, indicated by a homogeneous layer at the sediment surface and

scattered burrows to depths of tens of centimeters, creates considerable

variability both within a single box core and over distances of a few

kilometers. A statistical analysis of the variability in DOMES box cores

by Simpson et al. (1977) reached a similar conclusion, that is, box

cores from the same station (few km2) showed the highest variance followed

by replicate profiles in the same core (few cm) and finally cores from

different sites (100 km). Data given in Figure 26 shows that variabili

ty (standard deviation) typically increases below the surface mixed
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layer for all test techniques. These data confirm that the bioturbation

related variability at a given site is often greater than the differences

produced by various testing techniques. While the effects of biological

burrowing are obvious in box cores collected in this and numerous other

studies, the quantitative evaluation of density, feeding characteristics,

and bioturbation rates are limited by a general knowledge of benthic

ecology. Quantitative estimates of bioturbation using various tracers

give sediment mixing rates which vary by three orders of magnitude

(Guinasso and Schink, 1975), and few studies to date have attempted

to define vertical or lateral scales of variability with respect to

benthic density or diversity (Jumars, 1978).

In summary, noticeable differences between in situ, ship labora

tory, and shore laboratory results of shear strength tests have been

reported. Generally, the shear strength of sediments decreases from

in situ to ship laboratory and from ship to shore laboratory settings,

although prolonged storage in core lockers often causes a significant

strength increase. These differences have been attributed primarily to

(1) test method, (2) sample disturbance, and (3) natural variability.

Evaluation of these factors has shown that the variability related to

disturbance (coring, handling, and sample preparation) and natural

factors (bioturbation) overwhelm the effects of different testing

techniques. In this study, the sample disturbance factor is minimized

by the use of box cores which, because of their large volume/thin wall

design and gentle seafloor contact attributes, collect the most "un

disturbed" samples possible by devices in current use. Immediate

ship-board testing of sensitive geotechnical properties before consid

erable handling or storage time elapses also reduces uncertainties
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as to sample quality. The third factor, natural variability, has to be

acknowledged as an important factor of in situ shear strength, and

consequently must be included in the interpretation of shear strength

profiles.

Geotechnical Profiles

Geotechnical profiles of water content and shear strength with

depth in core are of primary importance to the evaluation of seabed

stability. Water content has been shown to be closely related to

cohesion and plasticity, and is commonly used in analysis of consolida-

tion involving the progressive loss of pore water. The degree or state

of the consolidation process is commonly defined by the relationship

between sediment strength (cohesion) and overburden pressure--or c/p'

ratio. Shear strength described by remolded strength (. ) and original
r

strength (. ) indicates the stress history as well as the resistance ofm

sediment to stresses applied by outside forces (such as bottom water

flow or gravity). The relationships between cohesion, overburden

pressure, water content, and consolidation state will be discussed in

this section.

Geotechnical measurements made on cores collected during this study

were evaluated by linear regression analysis using a SPSS SCATTERGRAM

program. Since previous attempts to use linear regression analysis

for geotechnical data have generally resulted in rather high values for

standard error (Hamilton, 1974; Keller, 1974; Richards and Parks, 1977),

my data were separated by sediment lithology based on smear slide and

grain-size analysis descriptions. Consequently, the results presented

here are more satisfactory than previous attempts, with significance

levels of .05 for water content and .01 for shear strength regression
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lines. A complete listing of statistical parameters for the linear

regression analyses of these geotechnical data along with plotted data

is given in an unpublished report (available on request).

The relationship of water content to depth in core is shown in

Figure 28. Of the variety of sediment types studied only calcareous

ooze and siliceous clay can be described by linear regression at .05

significance level. These regression lines indicate approximately a

30% decrease in water content in the 0-50 em interval. Other sediment

types, such as clayey biogenic ooze and pelagic clay, have wide varia

tions in water content in this surface interval, as well as in depths

of a few meters (Table 18, Appendix 4). A general pattern is apparent,

however. The range of water content for these sediment types is clearly

bracketed by pure biogenic oozes, where calcareous ooze has the lowest

average water content « 150%) and siliceous ooze has the highest

average water content (> 350%). With major proportions of clay ad

mixture the water content of these biogenic oozes moves toward an inter

mediate range typical of brown pelagic clay (150-350%). This correla

tion of clay content and water content supports the previously discussed

theory that the geotechnical properties of deep-sea sediments are

primarily influenced by the fine-grained fraction.

Table 18 (Appendix 4) shows that the decrease in water content is

not gradual as suggested by linear regression, rather an abrupt decrease

typically occurs below the sediment surface (0-2 cm). However, even

among the cores of uniform ~ithology from a small area (VA-4), there

is considerable variation in water content at the sediment surface

(210-343%). This variability might be related to the activity of

benthic organisms which stir up the seafloor surface at variable time
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Fig. 28. Variation in sediment water content with depth in core.
(A) calcareous ooze (open squares) and clayey, calcareous ooze (half
solid squares). Regression line is for calcareous ooze (co). (B)
siliceous clay (half solid triangles). Regression line describes
siliceous clay data (sc). (C) brown pelagic clay. Water contents
are in percent dry weight with correction for residual salt (35% pore
water salinity). Numbers indicate multiple data at the point.
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and distance scales or erosion of the sediment surface.

Because of the operational characteristics of the corers used to

collect these samples, the true nature of the sediment/water inter-

face (top centimeter) is uncertain. Many photos of the seafloor suggest

a "fluid mud" nature of the interface which is lost in the coring

process. The water content of this layer (if present) is obviously much

higher than the values reported here.

Profiles of shear strength with increasing depth in various

sediment types are shown in Figure 29 and 30. It is encouraging that

the significance of correlation coefficients is generally above .01.

These figures also compare original (L ) and remolded (t ) shear
m r

strength values obtained by cone penetrometer and shear vane testing

techniques. While the profiles produced by these two measurement

techniques are generally parallel, the penetrometer (fallcone) values

are usually 10-50% lower than corresponding shear vane values for both

Land L. Assuming that the calibration of these instruments ism r

accurate, this discrepancy can be explained by sample disturbance.

Hand-held shear vane profiles were measured directly in spade core

samples which are expected to be relatively undisturbed, while fa1lcone

measurements were conducted on sub core samples which were extracted from

the original spade core. It was noted that during the insertion of plas-

tic core liners, sediment samples were shortened by about 10%, which

would tend to cause a decrease in void ratio. This artificial compaction

would probably produce excess pore pressures which lower shear strengths.

For remolded shear strength measurements, samples mixed by hand are more

thoroughly disturbed than sediments stirred in-place by the hand-held

vane. Therefore, fallcone tests would be expected to have lower values



132

Fig. 29. Linear regression analyses of sediment shear strength with
depth in core (cruise SO-6). (A) is calcareous ooze; (B) is clayey
calcareous ooze; (C) is pelagic clay; (D) is clayey siliceous ooze.
Dashed lines are produced by hand-held shear vane tests. Solid lines
are penetrometer tests on subscores. T is original or maximum un
drained shear strength. T is remolded mshear strength. Regression
equations given in upper rright corner have significance levels of
a < .01 unless noted. Finely dashed lines (0-10 cm) in all graphs
indicate separate linear regression analysis for 0-10 cm and 10-50
cm intervals.
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for remolded shear strength than vane tests. Each test method has its

advantages and the best estimates of in situ shear strength is given

by a combination of the two; that is Tm is most accurately measured

by the hand-held vane, while hand-remolding and fa11cone tests give the

best values of Tr according to the definition of remolded shear strength.

In the original shear strength (Tm) profiles shown in Figures 29

and 30, fall cone and shear vane slopes are generally parallel, with re

gression coefficients ranging from e = 0.1-0.2. Differences between the

profiles produced by these two techniques are greatest for biogenic

oozes and least for pelagic clay. Surface Tm intercepts range from

about 3.0 kPa for calcareous ooze to about 1.0 kPa for pelagic clay.

Clayey calcareous ooze, clayey siliceous ooze have intercept values of

about from 2.0 kPa.

Since a homogeneous layer averaging about 10 cm in thickness was

visually recognized at the surface of essentially all cores collected,

linear regression analysis was separated into 0-10 cm and 10-50 cm

intervals (Figs. 36, 37). Close agreement between the surface inter

cept value for Tm and freshly remolded Tr strengths indicates that a

physical process is actively disturbing the sediment surface. This

phenomenon has generally been attributed to benthic organisms (Berger

and Heath, 1968; Guinasso and Schink, 1975). The regression coefficients

in the 0-10 cm interval (8 = 0.2-0.6) are considerably higher than those

for the entire 0-50 em interval (8 = 0.1-0.2), indicating that the

effects of bioturbation are largely concentrated at the sediment surface.

With regard to remolded shear strength, fallcone and shear vane

profiles are again approximately parallel, with regression coefficients

in the range of 8 = 0.01-0.05. Since Tr is presumed to be closely
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related to water content, which was previously shown to generally de

crease by about 30% in the 0-50 cm interval, remolded shear strength is

expected to increase. A change in remolded strength corresponding to

S = 0.01 would produce an increase in Tr from 0.16 kPa to 0.66 kPa

in the upper 50 cm (or 3X increase).

Data from long box cores which sampled deeper sections of siliceous

clay are shown in Figure 31. Tests using both the shear vane and

fallcone techniques indicate the greatest increase in shear strength

(Tm) occurs from 0-2 m and only a slight increase is found from 2-8 m.

The wide scatter in data points for both techniques cannot be described

by linear regression at the accepted significance level. However, re

molded shear strength measured by the fallcone technique is described

by linear regression. This regression line (S'= .0007) gives an increase

in Tr with depth similar to that obtained in the surface interval

(Figs. 29 and 30). The uniform Tr increase implies a graduate decrease

in water content in response to slow physical compaction. The relatively

high rate of shear strength increase in the upper 2 m is therefore

probably caused by secondary compression rather than by overburden

pressure.

The progressive increase in undrained shear strength with increasing

depth is generally attributed to the effect of consolidation. Consoli

dation, in a broad sense, describes the progressive transformation

(physical and chemical) of a freshly deposited sediment into a sedimen

tary rock. In a geotechnical sense, however, the term consolidation is

used interchangeably with compaction under an imposed vertical load.

Vertical pressure is produced by increased thickness of overlying strata

(overburden) or by artificial stress in laboratory settings (consolidation
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tests). Descriptions of consolidation tests are given in most textbooks

(Terzaghi and Peck, 1948; Means and Parcher, 1963), and interpretation

of test results relative to the depositional history of sediments is

given by Richards and Hamilton (1967) and Skempton (1970). Overburden

pressure is equal to the buoyed weight of sediment grains, and calcu-

1ated by the equation:

G - Psw
( )D

1 + e
(Richards and Hamilton, 1967)

where p is vertical pressure, G is specific gravity of grains, Psw is

density of seawater, e is void ratio, and D is core depth or sediment

thickness. Consolidation (volume reduction can only occur when there

is a loss (drainage) of interstitial water because "effective pressure"

(p') is a function of both overburden pressure (p) and pore water pres-

sure (u), or p' = p-u.

Assuming that depositional rates in the deep-sea are very low and

excess pore pressures are absent, consolidation state can be evaluated

by the ratio of cohesion to effective overburden pressure, or c/p'.

Richards and Hamilton (1967) noted that cohesion becomes a linear func-

tion of overburden pressure at depths below 0.5-1.0 m and the c/p' ratio

deviates considerably at shallower depths due to the effects of biotur-

bation and secondary or "delayed" compression. By definition (Bjerrum,

1961), most "normally consolidated" clays have c/p' ranging from 0.2-0.4.

"Underconsolidated" clays have c/p' ratios below this range, which is

caused primarily by excess pore pressures developed in rapidly deposited

sediments. "Overconsolidated" clays have c/p' ratios above this range

caused by dessication, removal of overburden, or secondary compression.

The relationships between c/p' and plasticity characteristics are
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given in Figure 32 and Table 10. Figure 32 shows that cfp' ratios for

calcareous sediments range from about 0.4-0.5, and these sediments have

the lowest plasticity index (PI = 20-50). Siliceous sediments have the

highest plasticity index (PI = 115-130) and highest cfp' ratios (.86

1.43). Pelagic clay and clayey biogenic oozes have intermediate values

for cfp' (.63) and plasticity index (PI = 76). These data are in agree

ment with values previously reported for deep-sea sediments (Bryant

et al., 1974; Noorany, 1972; Richards and Hamilton, 1967). These data

suggest that sediments of higher plasticity are more susceptible to

secondary compression which in turn produces anomalously high strength

(overconsolidation). The phenomenon of secondary or delayed compression

is considered to be a time-dependent adjustment of the sediment structure

similar to creep-type behavior (Mitchell, 1976), and therefore is ob

viously related to plasticity. The data are too meager to postulate

why calcareous and siliceous ooze sediments are so different with respect

to cfp' and plasticity, while pelagic clay or clayey biogenic sediments

lie in an intermediate range. However, an explanation is probably re

lated to the water content of these sediment types. The difference in

plasticity index between calcareous and siliceous ooze is clearly associ

ated with differences in water content (Figure 28, Table 9). With

respect to cfp' ratio, low water contents typical of calcareous sediment

produce a higher effective overburden pressure at equivalent sediment

thickness due to the reduced buoyancy of the solid grains. However,

because of their high plasticity, siliceous sediment slowly adjusts to

a stable fabric (and consequently higher shear strength) despite rela

tively lower effective overburden pressure. The combined effects of

primary consolidation (related to pI) and secondary consolidation
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PLASTICITY INDEX

o 20 LJO 60 80 100 120 140
Fig. 32. Plasticity index versus c/p' ratio. Plasticity

parameters are given in Table 9. Cohesion (c) and
effective overburden pressure (p') are given in Table 10.
Sediment lithology symbols are the same as in Figure 29.
Line represents variation in PI with c/p' for normally
consolidated sediments (Bjerrum, 1972).
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(related to PI) are apparently equalized over the long interval of sedi-

3 5
mentation (10 -10 y for 50 em) so that the slopes of c/p' for these

sediment types vary within rather narrow limits.

Table 10

Geotechnical Properties and Effective Overburden Pressure

Sediment Type w e ,E.' c c/p'

Calcareous OOZE: 123 3.2 .374D .19D 0.51

Clayey cal.careous ooze 148 3.8 .328D .14D 0.43

Pelagic clay 172 4.5 .268D .18D 0.63

Siliceous ooze 417 10.8 .133D .19D 1.43

Siliceous clay 268 7.0 .197D .17D 0.86

Calculation of p' assumes that excess pore pressure is nil and average
specific gravity of grains is 2.60. Conversion of w to e is from
Figure 45. Values of cohesion depth are regression coefficients from
Figures 29 and 30.

Thixotropy

Thixotropy is defined as reversible, time-dependent changes in the

strength of materials. Strength can either be lost when the natural

sediment fabric is disturbed, or gained by the reorganization of inter-

particle forces. The ratio of this strength change from natural to

remolded states is defined as the "sensitivity" (St = Tm/Tr), and it is

closely related to stress and diagenetic history. The change between

original and remolded states is commonly seen in stress/strain behavior.

Ideally "brittle" behavior is where there is essentially a total loss
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of strength when the maximum limit is exceeded and the fabric is dis

rupted. Ideally "plastic" behavior is where there is little strength

loss upon remolding. MOst natural materials exhibit traits intermediate

between these ideal behavior types. "Sensitive" clays show a smooth

transition of curves between natural and remolded states and have values

of St = 2-8. "Quick" clays are special cases where a low strength,

viscous fluid is produced by remolding a metastable fabric and St > 8.

Stress/strain tests of natural materials typically show "elastic" deforma

tion (linear strain) at low applied stress and "plastic" deformation (in

creasing rates of strain) near the failure point. The stress range at

the transition between "elastic" and "plastic" deformation is termed

the "creep" or "yield" strength (Ty ) which is not a discrete point.

Stress/strain behavior of representative pelagic sediment types is

shown in Figure 33. These graphs were produced by a series of unconsoli

dated-undrained (UU) laboratory shear tests at various depth intervals

in sub-core samples. Shear stress in units of kPa is plotted against

axial strain in degrees of vane rotation. As previously explained,

rapid rates of applied shear (0.09 mm/sec angular velocity) by the

laboratory vane apparatus (1.27 x 1.27 cm vane; 4So/min rotation rate)

prohibits drainage from these saturated sediments and therefore their

strength is related solely to "cohesive" forces. Immediately apparent

from these stress/strain curves is the difference in original and re

molded strengths. Sensitivity values generally are uniform throughout

the cores, averaging St = 4. These sediments would then be described as

having medium sensitivity. All tests results indicate an increase in

original shear strength with increasing depth in core, and rates of

strength increases are greatest at depths less than 15 cm. Notice also
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that character of these stress/strain curves changes between shallow

and deeper core depths. At test depths less than 8 cm, stress/strain

behavior is of a plastic-type behavior, with smooth transitions between

original and remolded states. In contrast, tests at depths below 8 cm

generally show a more pronounced peak in stress/strain curve suggesting

an increasingly "brittle" character. The smooth- failure peak in these

curves at all test depths is suggestive of normal consolidation rather

than overconsolidation as previously indicated by high c/p' ratios

(Fig~ 32).

Additional description of stress/strain behavior can be made rela

tive to these different sediment types. Core KG-79 consists of a sili

ceous and calcareous microfossil rich clay which grades downward into a

clayey radiolarian ooze. Core KG-123 consists of a clayey nannofossil

ooze which grades into a calcareous clay. Core KG-184 consists of a

pelagic clay (see Appendix 3 for additional grain size and composition

descriptions). These cores are reasonably uniform with respect to

original and remolded strength values. Original strength increases

from about 1.0 kPa at 4 cm depth to about 6.0 kPa at 30 cm depth, while

remolded strengths range from about 0.5 kPa to 2.5 kPa in this interval.

There is a noticeable difference, however, in the slope of the stress/

strain curves and values for "yield strength" among these sediment types.

The biogenic sediments (KG-79, KG-123) have greater strain at equivalent

stress and lower "yield strength" (elastic to plastic strain transition).

Yield strength (Ty) varies from about 30-50% of maximum (Tm) strength

in the biogenic sediments compared to about 50-70% in the pelagic clay

(KG-184), although it is clear that Ty. increases relative to Tm with

depth in these samples. These traits are probably related to plasticity
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which has previously been shown to be higher in biogenic ooze/clay mix

tures than in pure clay (Table 9).

Relationships between sediment type, water content, and remolded

strength are also indicated by Figure 33. A clear correlation between

water content and remolded strength for the pelagic clay (KG-184) indi

cates an increase in Tr from 0.3-2.8 kPa with a corresponding 36% de

crease in water content. Similar results were reported in a previous

section. This water content to remolded strength correlation is, however,

obscured by lithologic changes with depth in the other two cores. Note

that calcareous sediment (KG-123) has equivalent remolded strength to

the siliceous sediment (KG-79) with water contents higher by a factor of

two.

The relationship between water content and remolded shear strength

for various sediment types is further illustrated by Figure 34. Figure

34 shows the comparison between ship laboratory tests, using fal1cone

(solid triangles), hand-held vane instrument (solid circles), and shore

laboratory tests using a motorized vane. The wide scatter of data points

for ship testing cannot be described by a linear relationship at accep

table confidence intervals (> .01), while the shore-lab test results can.

A regression line shows the expected inverse relationship between water

content and remolded strength. A regression coefficient of B = 34.1 in

dicates that there is approximately a 10% decrease in water content for

a 1.0 kPa increase in remolded strength for siliceous clay. As previously

explained, the difference between fa1lcone and hand-held vane remolded

strength ranges is probably related to sample preparation. This graph

also shows a range in water contents for siliceous clay « 10% coarse

biogenic debris) of 200-300%. Figure 34b shows relationships between
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Fig. 34. Relationships of water content to remolded shear strength.
(A) are various sediment types from cruise SO-6 tested by fallcone.
(B) are these sediment samples tested for remolded strength by hand
held vane. Symbol description is same as in Fig. 28. (C) is
siliceouq clay from area VA-4, with solid triangles representing
fallcone tests and solid circles representing hand-held vane tests.
Regression equation is for laboratory vane tests. Subscripts indicate
sediment type described by linear regression at ~ < .01, unless noted
otherwise. (SP) is siliceous clay; (P) is pelagic clay; (PC) is
clayey calcareous ooze.
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several sediment types collected on cruise 80-6 and tested by the fall

cone method (TRF). Relationship between remolded strength and water

content can be described by linear regression for pelagic clay and sili

ceous clay types, whereas the data for siliceous ooze, calcareous ooze

and calcareous clay cannot. Pelagic clay shows the expected negative

correlation between remolded strength and water content. The regression

coefficient indicates a 28% decrease in water content with a 1.0 kPa

increase in strength. Also it is important to recognize that calcareous

and siliceous ooze sediments have similar remolded strength ranges while

their natural water contents differ considerably. Water contents of

siliceous ooze range from 300-500%, while calcareous ooze values range

from 100-200%. Figure 34C shows results of hand-held vane tests made

during cruise 50-6 in relation to water contents. Again, sediments con

taining high proportions of clay follow a linear relationship between

water content and remolded strength, while purer biogenic oozes have a

wide scatter in remolded strength values.

Investigations of thixotropic hardening or "strength regain" are

very important to models of sediment redistribution because erosion by

bottom water flow is probably confined to the bioturbated seabed surface.

As previously suggested by a variety of my data and observations by

numerous other researchers, the seabed is disturbed to depths of about

10 cm by biological activity. Accurate prediction of critical erosional

stress must then use remolded strength values rather than original "un

disturbed" strength or water content parameters. Thixotropic hardening

of remolded sediments is a preliminary indication of the behavior of the

seabed following disturbance related to biological activity.

Figure 35 shows the results of tests on remolded sediments allowed
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to "regain" strength over a period of a few days. Sediment samples were

placed in sealed sample cups under refrigerated (20C) storage between

tests and water content decrease was negligible over periods of a few

days. Remolded strength was determined by the fallcone instrument. Two

ranges of water content were chosen and these values are reported in .

terms of "liquidity" (water content/liquid limit) in order to directly

compare the behavior of representative sediment types. Figure 35a shows

a very similar rate of strength increase from about 0.2 to 0.6 kPa for

siliceous and calcareous ooze at equal liquidity values. Figure 35b

compares the test results of a siliceous clay (27), siliceous ooze (51)

and pelagic clay (179, 184). The increase in strength in these cases

is logarithmic with time; that is, for periods up to about 100 hours (4

days) the strength regain is approximately a 2X increase in 102 hours.

Figure 35(c,d) show similar trends for these sediments at water contents

equal to their liquid limit. For times exceeding 100 hours, an abrupt

increase in strength is probably caused by dehydration found to be about

10% over long periods of storage.

Short-term thixotropic hardening can be attributed to adjustments

in pore water pressure. Numerous studies have shown that excess pore

pressure is developed when the original sediment.fabric is disturbed,

and that there is a continual decrease in this excess pore pressure

with time after remolding (Mitchell, 1976). The rate at which excess

pore pressure is equalized, or the rate of strength increase, is a

function of both water content and hydraulic conductivity. Both of

these factors are largely controlled by particle surface forces. Since

the behavior of these sediments is dominantly influenced by the fine

fraction, these examples have similar thixotropic characteristics.
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Fig. 35. Thixotropic strength regain for representative sediment types
at various water contents. Water content are given as Liquidity
(water content/Liquid Limit) in parentheses. Numbers at end of
curves indicate coring stations. Samples were remolded by hand and
tested with the fallcone instrument, then allowed to stand in
refrigerated storage between tests. Loss in water content was
negligible over periods less than three days. Stations 179 and 184
are pelagic clay. Stations 27 and 63 are radiolarian-rich pelagic
clay. Stations 51 and 79 are clayey, siliceous ooze. Stations 34
and 45 are calcareous ooze.
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However, as expected, sediment of lower relative water content (liquidity)

show higher rates of strength regain. The extent to which thixotropic

hardening may account for sensitivity increase in situ is difficult

to determine, although studies have indicated that medium sensitivities

(St < 8) may be produced by thixotropic hardening alone (Mitchell, 1976).

From the shear strength profiles shown in Figures 29 and 30, it is recog-

nized that surface intercept values are typically 2X higher than initial

laboratory remolded strengths. Based on tests shown in Figure 6, this

strength increase would occur in approximately 102 hours.

Discussion of Geotechnical Results: Interactions of Bioturbation,
Consolidation and Erosion Processes

The composition of deep-sea sediments in the central equatorial

Pacific is primarily controlled by biological productivity in the

euphotic zone. At latitudes greater than about 50, sediments contain

relatively low proportions of coarse biogenic material ( < 10%) and

high proportions of inorganic clay (25-50%). In the equatorial region,

biogenic oozes typically contain higher amounts of coarse debris (30%)

and silt-size material (> 50%) consisting of biogenic fragments and

flocculated clays. In both settings, coarse debris is generally iso-

lated in a matrix of fine material, and sediment geotechnical properties

are influenced dominantly by the fine fraction. Smectite minerals are

primary clay components throughout this region, and their unique geo-

technical properties are related to characteristically high particle

surface forces.

The main sediment types occurring in this region differ considera-

bly with respect to their natural water content, which consequently af-

fects their shear strength, plasticity, and consolidation behavior.
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Siliceous ooze has the highest average water content ( > 350%) while,

in contrast, calcareous ooze has the lowest ( < 150%). Pelagic clay

and clayey biogenic oozes have intermediate water contents ranging

from about 200-300%. Plasticity index properties are closely associated

with water content and therefore follow a similar trend of siliceous

ooze > pelagic clay > calcareous ooze. All sediment types collected

are generally classified as "inorganic clays of high plasticity" because

of their high Liquid Limit and Plasticity index, and therefore they have

strong tendencies for time-dependent phenomenon such as plastic creep

and secondary compression.

Several lines of evidence indicate that these sediments are "over

consolidated"; that is, their strength is anomalously high for the

present amount of overburden. However, apparent overconsolidation seems

to be a typical property of most slowly-deposited deep-sea sediments

(Keller and Bennett, 1970). Overconsolidation is indicated by high

ratios of cohesion to effective overburden pressure (c/p' = 0.4-1.4)

and by high preconsolidation pressures (pc). For example, a Pc =

0.3 kg/cm2 in siliceous clay (Noorany, 1972) would correspond to' an

overburden load imposed by approximately 20 m of strata. Erosion of

this quantity of overburden strata is unreasonable for a Quaternary sea

floor where depositional rates are generally 1-5 m/my. An overconso1i

dated state could also be produced by secondary compression, where struc

tural adjustment of the sediment fabric and development of strong phy

siochemical bonds produce characteristics similar to the effects of

overburden pressure; that is, lower void ratio, greater strength, and

reduced compressibility. As expected siliceous ooze with high plasti

city index properties shows the greatest degree of overconsolidation.
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Evidence supporting normal gravitatio~al compaction is given by the uni-

form· decrease in water content (30% in 0-50 em depth) and Liquidity

Index values (LI = 1-2) characteristic of recently deposited, normally

consolidated sensitive muds.

Undrained shear strength has a similar variation with depth in all

sediment types. Natural or maximum shear strength is controlled primar-

ily by stress history (disturbance) and drainage conditions of inter-

stitial water. Shear strength profiles show a sharp increase in original

strength (Tm) through a layer, often recognized visually, to depths of

5-15 cm. Beneath this surface layer, Tm values tend to increase grad-

ually although they are highly variable (+ 50%). In contrast to Tm

values, remolded strength (Tr ) increases gradually throughout the core

•
interval. At the sediment surface Tm and Tr are approximately equal

(Tr < 1.0 kPa, Tm = 1-2 kPa) while at 50 cm depths they differ by factors

of 5-8. This change in shear strength upon remolding of the original

fabric defines the sensitivity of the sediment. These sediments are

described as moderately to highly sensitive (St = 2-8); that is, they

lose 50-88% of their natural strength upon remolding. Of the main

sediment types, calcareous ooze has generally the highest sensitivity

and siliceous ooze has the lowest, and sensitivities in all lithologies

generally increase with depth in core. Stress/strain curves also show

a relationship to depth. In the surface layer (0-10 cm) these curves

show a smooth "plastic" transition from undisturbed to remolded states,

while below the mixed layer a sharp peak is found. This semi-"brittle"

behavior is probably caused by rupturing of strong physiochemical bonds

becween particles. B9th stress/strain behavior and shear strength

profiles indicate that an active physical process mixes sediment near
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the seafloor surface. This phenomenon has been previously described

by numerous authors (Berger and Heath, 1968; Guinasso and Schink, 1975)

and attributed to bioturbation. Beneath the surface "mixed layer"

secondary compression acts to develop a strong sedimentary fabric

and the variability in Lm values can be attributed to scattered bio

logical burrows recognized throughout the lower portion of cores.

Remolded shear strength is primarily related to excess pore

pressure created when the natural sediment fabric is disrupted. Re

molded shear strength is, therefore, inversely correlated to water

content for pelagic clays, while calcareous and siliceous oozes have

similar remolded strengths at very different natural water contents.

A good way to define excess interstitial water content is to use a

"Liquidity ratio" of water content to Liquid Limit. Most sediments

have Liquidity ratios ranging from 1.3-1.9; that is, their water contents

are considerably (30-90%) above the Liquid Limit. Thixotropic behavior

studied by strength regain tests at various Liquidity values indicates

that shear strength after initial remolding increases by factors of 2-3

over periods of 102 hours (4 days). This characteristic is attributed

to dissipation of excess pore pressures caused by remolding, and is

primarily related to the permeability of the fine fraction. As ex

pected, strength regain is more rapid in sediment with lower liquidity.

The shear strength of the seafloor surface is primarily controlled

by the interaction of biological activity which weakens sedimentary

fabric in the upper mixed layer, and by secondary compression which

strengthens the fabric by interparticle bonding in deeper strata. These

two processes, generally described as bioturbation and consolidation,

are clearly shown by shear strength profiles in all sediment types
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where a homogeneous, low-strength surface layer lies directly on over

consolidated sediment of similar lithology. A description of rates of

bioturbation and secondary compression in relation to sedimentation

and erosional rates is important to estimates of seabed strength.

Information regarding the ecology, population density, metabolism,

and spacial relationship of bathyal benthic communities is very scarce

compared to data in shallow water environments (Menzies et al., 1973;

Rowe, 1974; de Wilde, 1976). In the North Pacific, Hessler and Jumars

(1974) studied the composition of a benthic community in brown clay and

described a macrofauna population dominated by small polychaetes. Bottom

photographs by numerous investigators have also commonly shown large

epifauna, such as holothurians, crustaceans, and "rat-tailed" fish, capa

ble of moving sediment and manganese nodules. Other investigators have

emphasized the importance of meiofauna (benthic forams) in destroying

lebenspuren produced by macrofaunal activity. Most investigators agree

that species density is highest in the upper centimeter or so, and there

fore this zone would be expected to have the highest bioturbation rates.

In the few cases where lateral variability of benthonic occurrence has

been studied, species frequency and bioturbation was found to be non

uniform over short time scales and distances on the order of 100 meters

(Jumars, 1978).

Small-scale or short-term variations are averaged over long periods

and the overall effects of biological activity are probably enhanced in

areas of slow sedimentation despite low benthonic density (Rowe, 1974;

Rhoads, 1974). Numerous studies, including Berger and Heath (1968),

Guinasso and Schink (1975), Berger and Johnson (1978), and Schink and

Guinasso (1977) among others, have attempted to define both the thickness
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and mixing rate of bioturbated deep-sea sediments using a variety of

radiometric, chemical, and paleontological models. These studies have

generally concluded that surface sediments are mixed at rates several

orders of magnitude faster than sedimentation rates, and produce a

homogeneous surface layer which averages approximately 10 cm in thickness.

They also suggest that bioturbation mixing probably decreases exponen

tially from values of 102-103 cm/ky at the surface to values of 1-10

cm/ky at the base of the mixed layer. Assuming a sedimentation rate of

1 cm/ky, these mixing rates indicate that the upper centimeter of

sediment is reworked on the average of once a year. In contrast, sediment

at the base of the mixed "layer is disturbed only once every thousand years.

These mixing rates can be applied to average rates of thixotropic

regain, secondary compression and values of sensitivity (St = 4-10) to

arrive at estimated changes in the shear strength of the s~abed with

time. For example, recent bioturbation is expected to lower the shear

strength of sediments in random, small areal sites to values equivalent to

initial remolded strength values (T r = 0.25 kPa). Over periods of a

few days the strength of the sediments in trails or mounds is expected

to increase by factors of 2-3 due to a progressive dissipation of excess

pore pressures (Tm = 0.5 kPa). Long-term strength increase is primarily

related to secondary compression, since no significant overburden has
\

b d . d·" 1 than 103 (" 1) Ad"een epos~te ~n t~me spans ess years ~.e., cm. escr~p-

tion of secondary compression by Bjerrum (1972) suggests that this

process follows a logarithmic time scale, where the interval between

one day and 104 years is represented by six cycles; this means that 50%

of the secondary compression will occur in the first year (e.g., Tm =
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32 kPa; St = 4) and about 90% in 10 years (e.g., Tm = 5 kPa; St = 10).

At the sediment surface, bioturbation and secondary compression are

balanced on short time scales (years) and produce a shear strength of

approximately 2 kPa. At the base of the mixed layer, bioturbation on a

frequency of 103 years is followed by secondary compression which restores

sediment strength to its original value (about 3 kPa). At depths of one

meter (104 years of sedimentation), secondary compression is largely

completed and void reduction is subsequently produced by slow gravitational

compaction.

In conclusion, processes which control sediment shear strength and

consequently determine seabed erodibility differ widely in their rates.

Long-term erosional rates are equivalent to the depositional rates of

pelagic clay, while short-term erosional processes are regulated by such

factors as bioturbation, secondary compression, and gravitational consol-

idation. Because of the rapid increase in shear strength through the

mixed layer at the sediment surface, seabed erosion over thousands to

millions of years may be primarily regulated by benthic bioturbation.

Under the action of constant bioturbation and steady, strong bottom water

circulation the abyssal seafloor might be eroded at rates of cm/y.

However, since long-term erosional rates were estimated to be 1-2 m/my,

the frequency of erosional events involving the uppermost 1-2 cm need

only occur at intervals of 10 4 years. Given that these long-term erosion

rates are equivalent to depostion rates in this region it comes as no

surprise that major hiatuses often occur at or near the present seafloor,

and that sediment accumulation is highly variable over abyssal hill relief.
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v. DISCUSSION OF REDISTRIBUTION PROCESSES

The preceding sections have described sedimentation patterns and

history on both regional and local scales, as well as the physical and

geotechnical properties of the seafloor surface. This section will deve

lop models of erosion and redeposition which have produced the observed

variations in sediment accumulation with respect to bathymetric relief.

Geophysical evidence in detailed survey localities and stratigraphic

descriptions of DSDP sites indicate that sediment accumulation was not

uniform throughout the Central Pacific region during Cenozoic time. The

effects of sediment redistribution are most apparent on localized scales

(km) where redistribution of sediment typically has resulted in thicker

sedimentary sections in flat, low-lying settings than on adjacent slopes

and elevated areas. The progressive redistribution of sediment over long

periods (tens my) had the greatest effect in areas of slowly deposited

pelagic clay and the least effect on more rapidly deposited biogenic

oozes. Short-term (few my) rates of erosion/non-deposition during epi

sodes of active bottom water circulation have, however, produced distinct

hiatuses in all deep-sea sedimentary provinces.

The seafloor surface in all areas studied contains a low-strength,

bioturbated zone or "mixed 1ayerll extending to depths averaging 10 cm.

A micro-roughness averaging 2 em created by manganese nodules is typical

of areas distal from the equatorial high productivity belt. Since sedi

ment strength increases rapidly through the "mixed layer" and is charac

terized or being "overconso1idated" to depths of at least several meters,

seafloor erosion is probably most active in the upper portions of this

bioturbated zone. Previously discussed estimates of seafloor erosion
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have shown that displacement of the upper 1-2 cm need only occur at

intervals of 103 years to satisfy redistribution rates during active

periods of bottom water circulation, while over short time spans (years)

distribution rates may be largely controlled by bioturbation which

places sediment directly into suspension and frequently disturbs sediment

at the seafloor surface.

Because the scope of this study primarily involved the measurement

of geotechnical properties of the seabed, the following models will focus

on interactions between turbulent bottom water flow, down-slope acting

gravitational forces, and the shear strength of the seabed. Speculative

discussion of the dynamic processes of sediment mixing, transport, and

redeposition in turbulent benthic boundary layers will be kept to a

minimum necessary in the explanation of the observed characteristics of

sediment accumulation on localized scales.

Benthic Boundary Layer: Structure and Dynamics

As air or water moves past a boundary friction retards the flow near

the surface. The zone where oceanic flow is affected by the presence of

the seafloor is termed the benthic boundary layer (BBL) (Wimbush and Munk,

1970). Since oceanic flows are primarily geostrophic, Coriolis force and

boundary friction produce a spiral velocity profile in this layer. The

BBL or Ekman layer has a thickness controlled by current velocity and geo

graphic latitude, typically ranging from 5-50 m in the deep-sea (Wimbush

and Munk, 1970). In this layer, complex turbulent motions are superim

posed on bottom water flowing at velocities greater than 0.1 em/sec

(Wimbush and Munk, 1970). In the deep-sea, typical current speeds of

2-5 cm/sec cause rapid vertical mixing of bottom water throughout the
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boundary layer. In the eastern equatorial Pacific a turbulent BBL ex-

tends to heights of 50-200 m above the seabed (Chung and Craig, 1972;

Hayes, 1977) and is mixed at rapid rates (eddy diffusion coefficients,

20-200 cm
2/sec)

(Broecker et al., 1968). The BBL is generally contained

below the "benthic front" (IV 500-1000 m) (Chung, 1975).

Since sedimentary processes involve the interaction of bottom

water turbulence, suspended particles, and the seabed, a brief descrip-

tion of the layer near the seabed is warranted. The following descrip-

tion is largely based on theoretical summaries by Wimbush and Munk (1970),

Monin and Yaglom (1971) and Komar (1976). Near the seabed turbulence is

primarily produced by horizontal shear stress which decreases with height

(or distance) away from the seabed. The actual velocity of bottom water

in contact with the seabed (or "frictional velocity) is converted to bot-

tom shear stress by Equation (1), where U* is frictional velocity, L
O

is

bottom shear stress and Pw is the density of the water.

= Equation (1)

Hydrodynamic conditions are defined as "smooth", "transitional", or

"rough" on the basis of frictional velocity and height of bottom roughness

(see Komar, 1976). Under "smooth" hydrodynamic flow conditions, a "viscous

sublayer" develops near the seabed, where viscous forces dominate turbu-

lent inertial forces and the flow is laminar. However, with typical

deep-sea current speeds of 2 cm/sec or more, a viscous sub layer is not

expected for areas where bottom roughness is greater than about 1 cm.

In the deep-sea localities surveyed in this study a typical bottom rough-

ness of 2 cm was observed, therefore suggesting that a viscous sublayer

is not present. Even in hydrodynamically smooth flows, recent investiga-



162

tions have discovered periodic instabilities in viscous sublayers, where

fluid ejections ("bursts") and inrush ("sweeps") are collectively termed

"bursting phenomena" (Kim et al., 1971; Rao et al., 1971; Grass, 1971).

Bursting "events" in marine boundary layers were found to contribute 80%

of the total boundary stress in 20% of the time, and subsequently in

crease Reynolds stresses by factors of 10-30. Bursting phenomena have

therefore received considerable attention in recent sedimentary models

(Gordon, 1974; Heathershaw, 1974; McCave and Swift, 1976).

Overlying the viscous sub layer (if present) the mean velocity pro

file increases as a logarithmic function with distance above the seabed.

Typical thicknesses of boundary layer zones for a deep-sea setting are

2 cm (viscous sublayer), 10 cm (buffer zone), and 100 cm (logarithmic

layer) (Wimbush and Munk, 1970). Along a transition to rough boundary,

the logarithmic layer extends to the seabed and estimates of bottom

stress can be made by theoretical "law of the wall" equations (Monin and

Yaglom, 1971; Komar, 1976) and empirical "Quadratic Stress Law" equations

(Sternberg, 1972). These equations describe general relationships be

tween mean current speeds at the top of the logarithmic layer (100 cm)

and seabed, where U*/UI OO = 0.054 (for rough flow) and U*/UI OO = 0.038

(for smooth flow). These relationships greatly simplify the interpreta

tion of sedimentary bed forms because bottom roughness (from photos) and

mean current speed (1 m above the seabed) are easily obtained by standard

instruments (Sternberg, 1972; Lonsdale and Spiess, 1977). However, the

wide range in proportionality constants or "drag coefficients" measured

in several marine settings suggests an inequilibrium between current

flow and bed surface (Sternberg, 1972; Ludwig, 1975). This means that

proportionalities between mean current speed and bottom friction velocity
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must be viewed as averages which include the effects of "bursting pheno-

mena" and changes in seabed configuration.

Erosion by Bottom Water Flow

Sedimentary particles are suspended from the seabed when the shear

stress generated by bottom water flow exceeds the shear resistance of

the bed. Shear resistance can be evaluated on two scales: a microscopic

or interparticle strength and a macroscopic or bulk cohesive strength of

the bed. Erosion therefore occurs by suspension of individual sedimen-

tary particles or aggregates (referred to as "surface erosion") and as

massive failure of the bed surface (referred to as "mass erosion"). The

shear stress required to initiate erosion is now commonly evaluated in

terms of "critical" or "threshold" bottom stress (Lcrit) or frictional

velocity (U*crit), although early workers (Hju1strom, Shields) evaluated

erosion in terms of mean flow velocity (Ucr i t ) . These critical velocity

and stress parameters are interrelated by "law of the wall" or "Quadratic

stress law" equations (Komar, 1976; Sternberg, 1972). The strength of

interparticle bonds which controls surface erosion can be estimated from

the bonding strength of aggregates, and is generally on the order of

21 dynes/em (0.01 kPa) (Krone, 1963). The bulk cohesive strength of the

bed, controlling mass erosion, is equivalent to undrained shear strength

or cohesion. For the sediments studied cohesion was found to be on the

order of 0.1 kPa and 1.0 kPa for remolded and undisburbed states,

respectively.

Although erosional studies involving cohesive (muddy) sediments are

far fewer than those involving non-cohesive (sandy) sediment (see Swift

et al., 1972; Stanley and Swift, 1976), relationships between the suscep-
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tibility of sediment to erosion or "erodibility" and geotechnical pro

perties have been established in both laboratory and in situ flume set

tings (Einstein and Krone, 1962; Heezen and Hollister, 1964; Partheniades,

1967; Postma, 1967; ASeE, 1968; Mignoit, 1968; Southard et al., 1971;

Einsele et al., 1974; Lonsdale and Southard, 1974; Southard, 1974; Gust

and Walger, 1976; Young and Southard, 1978; among others). These inves

tigations found at resistance to erosion is a complex function of inter

related parameters, such as water content, mineralogy, fabric, and

depositional history, which are difficult if not impossible to reproduce

in laboratory settings. However, given that the seafloor surface is

actively disturbed by bioturbation, studies using redeposited or remolded

sediments may be applicable to sedimentary conditions on the seafloor.

In an abyssal environment low rates of deposition and bioturbation, uni

form mineralogy, and low organic content of sediments should tend to

minimize the complexities associated with sedimentary processes in shallow

water environments.

Threshold erosional velocities for various cohesive sediment types

have a relatively wide range. While most workers have reported a decrease

in critical bottom stress with increasing water content for all sediment

types, a direct comparison of experimental results is hampered by incon

sistencies in sample preparation and definition of threshold erosion

conditions. As previously discussed, the various sediment types studied

have equivalent values for both remolded and undisturbed shear strength,

while their natural water contents differ considerably. It is apparent

from other studies that threshold values for surface erosion are directly

controlled by interparticle forces, related to mineralogy and geochemical

factors, and indirectly by natural water content. This is clearly shown
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in a study by Lonsdale and Southard (1974) where calcareous ooze (largely

non-cohesive biogenic debris) was eroded at threshold velocities 2-4

times lower than pelagic clay (illite/montmorillonite) whose natural

water content was higher by a factor of two. The above considerations

lead to conclusions that water content is indicative of erosional resis

tance only when restricted to the same sediment type, and threshold

erosion parameters may be related to, but difficult to accurately define

from, vane shear measurements. It has also been noted by several workers

that threshold erosion defined visually during short-term laboratory ex

periments may not be applicable to long-term surface erosion in deep-sea

environments (Lonsdale and Southard, 1974).

Despite these problems in applying flume studies to in situ erosion

processes, laboratory results do provide good approximations for thres

hold erosional velocity. A compilation of existing work by Heezen and

Hollister (1964) shows that current speeds of about 80 em/sec for cohe

sive sediment as opposed to 6-10 em/sec for non-cohesive silt-sized par

ticles is required for erosion. However, a more recent study by Young

and Southard (1978) using an in situ flume showed much closer threshold

velocities for bioturbated mud and fine non-cohesive material. They re

ported that flow speeds of 8-21 em/sec on a natural seabed were typically

less than laboratory values of 21-34 em/sec where bioturbation was absent.

They also found that threshold velocity varies by a factor of two over

distances of a few meters. Experimental erosion of pelagic clay in a

laboratory flume by Lonsdale and Southard (1974) confirmed the inverse

correlation between erosion resistance and water content and observed a

variation in erosion with bed roughness produced by manganese nodules.

For smooth beds, surface erosion was initiated at flow speeds of about
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34 em/sec, while for rough beds, surface and mass erosion occurred at flow

speeds of 12-30 em/sec. Einstein and Krone (1963) and Gust and Walger

(1976) studied the erosion of estuarine mud (illite/smectite) and reported

critical friction velocities of 0.7 and 0.8 in hydro-dynamically smooth

flows. These values convert to mean flow speeds of 18.4 and 21.1 em/sec

using a proportionality constant of 0.038. Einsele et ale (1976) compared

their results with numerous other laboratory studies and derived a rela-

tionship between macroscopic bed strength and critical shear stress where

erosion stress was a factor of 10-2 of bed strength. Their relationship

is quite similar to the relationship between aggregate bonding and bulk

cohesive strength (Krone, 1963). Einsele et al (1976) also summarized

2
numerous works and reported a critical stress range of 0.1-1.0 N/m (0.01-

0.1 kPa) for a variety of sediment types and water contents; these values

correspond to mean flow speeds of 25-82 em/sec). Partheniades (1965),

using a laboratory flume, found that erosion rate was independent of macro-

scopic bed strength (cohesion) suggesting that surface erosion was the

dominant erosion process for a smooth bed. He also reported that sediment

was rapidly (gm/cm
2/sec)

removed from the surface of the bed when the

2
shear stress exceeded a range of 4.8-13.4 dynes/em and subsequently ceased

even under higher flow velocities.

In summary, investigators have generally reported a range in thres

hold erosion stress from 1-20 dynes/cm2 (0.01-0.2 kPa) which is equivalent

to the characteristic strength of particle aggregate strength (Krone, 1963;

and others). This similarity suggests that surface erosion occurs at

shear stress 1-2 orders of magnitude lower than the bulk cohesive strength

of the seabed. These studies also suggest that even small amounts of over-

burden (few em) increase the strength and inhibit the removal of underlying
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material following rapid erosion of the bed surface.

These theoretical and laboratory results can now be used to evaluate

deep-sea erosion. Based on the previous discussion it is concluded that

bottom water velocities above approximately 20 em/sec are required for

erosion of the various pelagic sediment types. This estimate is made with

the considerations that, while calcareous ooze has a lower erosion resis

tance because of its non-cohesive particles, areas of pelagic clay are

typically covered by manganese nodules which increase the turbulence near

the seabed. Calcareous provinces generally have sedimentation rates too

high to permit the growth of manganese nodules. When the estimated thres

hold value is exceeded, erosion and suspension of the upper sediment is

expected to take place quickly (minutes) and stop as firmer underlying

material is exposed. In all pelagic settings studied here, bioturbation

of the seabed modifies the shear strength profile, significantly lowering

the strength of sediment in the upper few centimeters. This process may

continuously prepare the seabed surface for later erosion by anomalously

strong bottom currents. Although bottom currents in the postulated

erosional range (> 20 em/sec) are anomalously high, they have been re

ported in the central Pacific region. Bottom current measurements by

Johnson (1972), Amos et al. (1977), and Hayes (1977) define a variable

direction mean flow of 2-5 em/sec with short-term fluctuations in the range

of 10-25 em/sec related to tidal frequencies. The special/temporal extent

of transient currents produced by the interaction of tidal and inertial

forces, internal waves, mesoscale eddies, or the fluctuation of these

phenomena around bathymetric features is still largely uncertain (Harvey

and Patzert, 1976). However, assuming that normal bottom water velocity
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fluctuations are below the threshold erosional range, the frequency of

3
transient currents or "benthic storms" need only be 10 years and remove

only the uppermost centimeter of sediment to satisfy estimated erosion

rates during periods which are marked by widespread regional hiatuses.

With this conclusion in mind it is not difficult to explain why many deep-

sea localities have not accumulated sediment throughout much of Tertiary

time. The problem becomes one of explaining the observed accumulation

patterns rather than that of justifying the existence of erosional

processes.

Erosion by Slumping

The preceding section examined an erosional mechanism which is prob-

ably restricted to the uppermost centimeters of the seabed surface. Ero-

sion by bottom currents does not, however, fully account for the local

sedimentation pattern typically observed in this region. If the seabed

surface is relatively uniform with respect to biological activity and micro-

scale roughness, and bathymetric relief is very low, why do sediments

preferentially accumulate in low-lying settings? A form of down-slope

slumping is an obvious conclusion. This section will examine the possi-

bi1ity of mass sediment in relation to slope steepness and geotechnical

properties of sediments.

The stability of submarine slopes basically depends on the rate of

increase in strength relative to the rate of increase in overburden load.

A slope fails when the shear stress along a potential failure plane ex-

ceeds the shearing resistance of sediments along this plane. It is im-

portant to distinguish between "drained" slope failure, which is a

long-term process primarily controlled by interval friction and "undrained"

slope failure, which is a short-term process controlled by sediment
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cohesive strength. Geotechnical tests concluded during this study are

generally applicable to analysis of "undrained" mechanisms only, ;md

"undrained" failure is evaluated using published data from other sources.

Large slides on submarine slopes are not uncommon in the deep-sea,

although they are easier to explain in areas of rapid deltaic sedimenta

tion and "underconsolidated" sediments than they are for pelagic areas

containing "overconsolidated" sediments. The anomalously low strength of

underconsolidated sediment is largely caused by the time lag between rapid

overburden loading and slow dissipation of excess pore pressure. However,

along many continental margins where sedimentation rates are less than

2 cm/l03 y slides have occurred in water depths greater than 2000 m, on

slopes less than 1.5°, and involved several hundred km
3 of material.

Characteristic features associated with large-scale slumpes are seldom

reported for abyssal hill areas (Mudie et al., 1972), which suggest that

either these processes occur rarely or that they involve only thin sedi

mentary sections and are not recognized by geophysical profiling from

surface ships. Current summaries of submarine slope failures are given

by Moore (1977) and Richards (1977).

Drained slumping is related to the balance between applied normal

stress (or effective overburden pressure) and shear strength controlled

by interval friction of the sediment mass. By definition, excess pore

pressures do not develop. Based on well-known theoretical models (Terza

ghi and Peck, 1948), drained failure is possible where the slope angle

equals or exceeds the angle of interval friction of the sediment. Pre

vious survey results have shown that abyssal hill slopes are typically

less than 5° and the angle of internal friction for various deep-sea

sediments varies from 20°-35° (Richards, 1967; Noorany, 1972; Lee, 1973;
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Inderbitzen, 1974). This observation has led most other investigators

to discount drained slumping as a slope failure mechanism in abyssal

hill settings. However, given that residual internal friction angles

for remolded sediment are considerably lower than for undisturbed sedi

ment (10°-20°; Mitchell, 1976), drained failure is possible in the bio

turbated layer on steep slopes of seamounts where mass sediment flows

have been observed (Stanley and Taylor, 1977).

Undrained slope failure is most frequently considered in the evalua

tion of submarine slides. Excess pore pressures, generated by rapid over

burden loading (slumping of unslope material) and accelerations associated

with earthquakes, reduce the effective normal stress and leave cohesive

strength as the controlling parameter for shear resistance. An "infinite

slope" equation (Terzaghi and Peck, 1948) is commonly used to evaluate

slope stability under undrained conditions, and shear strength is equiva

lent to cohesion as measured by vane shear tests. Slope failure occurs

when c < pSHsin0cos0, where c = shear strength, PS = saturated bulk

density, 0 = slope angle, H = sediment thickness.

Linear regression analyses of the strength increase with depth for

various deep-sea sediment types produced ratios for cohesion/depth rang

ing between 0.14-0.19 kPa/cm (Fig. 29). Notice that the strength in

crease is equivalent for all sediment types. Converting this ratio into

units of grams/meter (150-200 g/m) , we can quickly see that these "over

consolidated" sediments are stable on very steep slopes. Assuming a bulk

density of 1.2 g/cm2 and a sediment thickness of 100 m, slope failure by

undrained slumping is theoretically impossible. However, assuming that

an average bulk density for thick sedimentary sections is 1.4 g/cm3 and

the overconsolidated character in the upper 50 cm becomes normally
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consolidated at greater depths, sedimentary sections approximately 20-24

m in thickness would be stable on typical slopes steeper than 200
• Fol

lowing a similar calculation, sedimentary sections of 80-165 m in thick

ness would be stable on typical slopes of abyssal hills « 5 0) • This

evaluation is regarded as a rough approximation because of the lack of

shear strength data at depths in abyssal sediments.

Since slumping of thick sedimentary sections on abyssal slopes is

shown to be unlikely be these calculations and likewise has been disre

garded by previous authors, attention is again turned to the low-strength

layer at the sediment surface. Using the infinite slope equation and

properties of the sediment surface (PB = 1.10 g/cm3,
L y = 0.04 - 0.1 kPa;

Einsele et al., 1974) we derive a critical slope angle of ~10-300. This

theoretical slope angle is similar to the experimental slide results of

Einsele et al. (1974) who found critical slope angles of 17-22 0 and

depths to failure planes of a few em. From these results it is concluded

that undrained slope failure, either involving thick sections or as sur

face creep, is improbable on the slopes typically encountered in an

abyssal hill seafloor. Anomalously steep escarpments found on some abys

sal hill slopes or on seamount flanks would be the only sites where mass

movement is expected under normal gravitational force. Mass movement is

therefore considered to be a special and very localized mechanism of

downslope sediment transport.

Under "normal" conditions refers to the constant state of gravita

tional force. Several authors have used accelerations produced by earth

quakes to explain the occurrence of large submarine slides or turbidity

currents (Morgenstern, 1967; Almagor and Wiseman, 1977). The evaluation

of slope stability basically again involves the balance between strength
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increase with depth slope angle, and a factor representing the increase

in gravitation acceleration induced by an earthquake. Using a graph by

Morgenstern (1967; Fig. 9) and c/p' ratios for various deep-sea sedi

ments (0.4-0.8; Fig. 32) accelerations of 11-24% would be required for

slumping on abyssal hill slopes of 5°. Assuming that the overconsolida

ted character of surficial sediments gradually becomes one or normal

consolidation at depths of a few meters (Richards, 1967; Inderbitzen,

1974) and abyssal slopes which are 1-3°, seismic accelerations of 5-13%

could induce slope failure. The existence of seismic activity in deep

sea areas is speculative at present, however, the-occurrence of large

fracture zones is well documented. Horizontal displacement along these

tectonic features is often measured in hundreds of kilometers and varia

tion in alignment of abyssal hills and abundance of volcanic seamounts

support the possibility of mid-plate tectonic activity through Tertiary

time (Andrews, 1971; van Andel et al., 1973; Renalli, 1974). Because of

slow sedimentation rates in this pelagic region, a single earthquake

every ten million years which induced the failure of a 10-20 m thick

section would be enough to produce downslope displacement and the esti

mated erosional rate in the localities studied.

Redeposition of Suspended Sediment

From the previous discussion it appears that bottom water is the

most probable erosion mechanism. Slumping (drained or undrained) can

generally be discounted on gentle abyssal slopes, and the possibility

of seismic-induced slope failure is reasonable although highly speculative.

We are basically confronted with the problem of how to redeposit a thin

layer of sediments, eroded from the seafloor across wide areas, in low-
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lying local basins. It has been previously shown that sediment redistri-

bution produces variations in sediment accumulation over scales of 10 km

and less. From grain-size analyses in one locality (VA-4) it is suggested

that this process does not involve sorting of sediment particles. Sedi-

mentation of clay particles from the nepheloid layer is presumed to be

a steady state process which produces uniform deposition on bathymetric

relief at slow (1-2 m/my) rates. The high flux of sediment particles

produced by biological productivity is also presumed to be uniform with

respect to subdued bathymetric relief.

Following erosion and suspension of sediment particles by turbulent

bottom water flow, sediment will be mixed into the overlying BBL. The

heights and rates of this mixing is regulated by the motion of turbulent

eddies and is commonly modeled by a factor termed "eddy diffusivity".

A study of the BBL in this region by Chung and Craig (1972) and Hayes

2(1977), reported values of 20-200 cm /sec for eddy diffusivity and mixing

heights ranging from 50-200 m. This vertical mixing process is on the

same scale as an Ekman boundary layer and is far below the "benthic front"

or top of the nepheloid layer (~500 m). Since Ekman layer thickness is

largely a function of current speed (Wimbush and Munk, 1970), it is esti-

mated that bottom currents in the erosion range (20-30 em/sec) will pro-

duce rapid mixing (days) of sediment to heights of approximately 50 m.

The relationship between sediment concentration, particle size, and

settling velocity has previously been studied by numerous authors (see

}lcCave, 1975). Their results have shown that settling velocities vary

by three orders of magnitude for the size range of particles comprising

these deep-sea sediments. The difference in settling velocity between

sand size (44); approx. 10 m/day) and clay floes (6. 5d,>; 0.57 m/day) could
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be expected to produce a sorting of suspended material during the deposi

tion process. For example, if deep-sea sediment material were uniformly

mixed to heights of 50 m by a 30 em/sec bottom current which subsequently

returned to normal speeds of 5 em/sec, sand-sized particles would settle

from the suspension in about 5 days and be transported 4.32 km. In com

parison, silt-size aggregates would require 28.5 days to settle, during

which time they would be transported 24.6 km. There are obviously many

problems associated with this type of evaluation, including (1) sedimen

tary particles may not be uniformly suspended or mixed in turbulent boun

dary layers, (2) bottom current velocities probably fluctuate considera

bly during these episodes, (3) transient currents may not be unidirec

tional over periods of several days, and (4) flocculation continually

modifies the settling velocity of particles in turbulent suspensions.

Since deposition of suspended particles occurs only when the set

tling force, related to particle mass and settling velocity, is greater

than the shear stress along the seabed, many depositional models have

used a limiting shear stress term to define depositional conditions.

It is important to remember that these are average values, and under

natural conditions bottom shear stress periodically varies as turbulent

eddies interact with the seabed ("bursting phenomena"). This means that

sediment particles may be temporarily resuspended, but conditions of

net deposition occur when the bottom shear stress falls below the limit

ing value. In contradiction to early models (Hjulstrom), many workers

have found a relatively narrow range in current speeds where fine-grain

sediment is transported in natural suspensions (Einstein and Krone, 1962;

McCave and Swift, 1975; Owen, 1977).

Empirical and theoretical evaluation of limiting shear stress have
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been made by several investigators. Einstein and Krone (1962) reported

a limiting stress of 0.6 dynes/cm2 for flocculated illite/montmorillonite

clay suspensions with a mean aggregate size of 5.2 ~m. This bottom

stress corresponds to a mean flow velocity of 20 em/sec. Calculations

by McCave and Swift (1976), which include the effect of decreasing parti-

cle density with increasing size, yield values of limiting stress ranging

2from 0.1-0.29 dynes/em for particle sizes of 5.56 and 22.6 ~m, respec-

tively. These shear stresses convert to mean flow velocities of 8.2-

14.0 em/sec in hydrodynamically smooth flows. Without examining the

relative merits of these or other estimates, it can be clearly seen that

bottom water velocities substantially above the typical 3-5 em/sec range

would be required to retain most deep-sea sediment particles and aggre-

gates in suspension. It is a],.so apparent that during an "erosional

episode" complex conditions of re-suspension and re-deposition of parti-

cles would occur with subtle variations in flow velocity. Generally

speaking, deposition of flocculated clay particles is expected below

approximately 10 em/sec, transport (or alternate erosion/deposition)

should occur between 10-20 em/sec, and net erosion conditions prevail at

velocities above 20 em/sec.

Equations which relate settling velocity, limiting shear stress,

and sediment concentration to net depositional rates are derived by

numerous authors, including Partheniades (1965), Krone (1976), XcCave

and Swift (1976), and Owen (1977). These depositional models commonly

eliminate uncertainties caused by time-varying sediment concentration,

bursting phenomenon, and the effects of bed roughness by introducing a

"probability factor" and assuming an entrapment of particles in a viscous

sub1ayer (McCave and Swift, 1976). Laboratory deposition experiments
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also attempt to minimize uncertainties by using uniform sedimentary

materials and flow conditions. As evident from data presented earlier

in this dissertation, these theoretical models cannot be strictly applied

to typical deep-sea areas where sediment is composed of a variety of

particle sizes and compositions and the viscous sublayer is probably

absent over a characteristically rough seabed. There are also problems

associated with interaction of particles in suspension. According to a

Hjulstrom-type diagram presented by Heezen and Hollister (1964), parti

cles of 40 ~m size (coarse silt) should be deposited at current speeds

of 0.15 em/sec. In contrast, calculations by McCave and Swift (1976)

yield a limiting stress value corresponding to current speeds of 15.7 cm/

sec or an order of magnitude higher. Problems are also encountered in

modeling of the deposition of dense suspensions (> 300 mg/L) where turbu

lent drag reduction is caused by suspended floes which absorb shear stress

(Gust and Walger, 1976).. In this poorly documented realm, termed "hin

dered settling" (Einstein and Krone, 1962) or "two-phase flow phenomenon"

(Gust and Walger, 1976), inter-floc forces dominate the suspension. Depo

sition of these dense suspensions occurs rapidly (hours) even at current

velocities above the critical erosion range (> 50 em/sec) (Einstein and

Krone, 1962). Becuase of the damping effect of suspended sediment on

turbulence, the erosive potential of the bottom water flow may also be

altered considerably (Gust and Walger, 1976).

Downslope Sediment Transport

The previous discussion of sediment deposition was kept brief pur

posely because the factors controlling the dynamic balance between trans

port and deposition of cohesive sediment particles in a turbulent boundary

layer are uncertain at present. However, from the previous discussion we
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can see that deposition of suspended sediment will occur in the normal

bottom water velocity rang~. It is probable that the entire process

of erosion of the upper 1-2 cm, vertical mixing in the boundary layer

and redeposition will occur in a matter of days. It has been previously

recognized that transient currents vary in velocity and direction with

time, and when monitored over long time spans the net water motion is

nearly zero (Hayes, 1977). This means that transient currents which are

capable of eroding surface sediments may not necessarily transport

the suspended material out of the locality where it is eroded. The

problem remains: why do sediments preferentially accumulate in low

lying local settings? Since net erosional (slope) and net depositional

(basin) settings are similar with respect to hydrodynamic conditions

(bottom roughness, current speed), gravity is again suspected as a major

driving force. This final section will postulate a mechanism which

might satisfy the observations of the preceding study.

As previously discussed, simple depositional models are difficult

to apply to sedimentary processes involving dense suspensions. However,

models which treat these dense suspensions not as independent particles

but as a coherent mass are well-known. Turbidity flows or currents

have been postulated and theoretically modeled in deep-sea settings by

numerous authors (see Kuenen, 1964; Komar, 1969). Low density, low

velocity "turbid layer" or "lutite flows" have also been proposed

previously as sediment transport mechanisms in a variety of marine

environments ranging from estuarine to deep-sea (Moore, 1969; Postma,

1969; McCave, 1972). Combining the parameters of slope angle, gravity

particle size, and suspension concentration in a revised version of

Bagnold's autosuspension equation, McCave (1972) predicted lutite flow
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speeds of 0.68-2.7 em/sec for concentrations of 1.0-10.0 mg/L of the

fine-grained sediments (settling velocity 10-3_10-4
em/sec) down

slopes of 1/500 (0.1°). Komar et ale (1974) reported the observation

of a 2 m thick turbid layer which flowed at speeds of 3-5 em/sec down

a slope of 0.13° on the Oregon shelf beneath a bottom current of 15 cm/

sec. This lutite flow was driven by an "excess density" of suspended

particles of about 1 x 10-2% (about 20 giL). This concentration is

similar to "fluid mud" observed during laboratory deposition experiments

of Einstein and Krone (1962). Einstein and Krone (1962) reported that

the shear strength of fluid mud in concentrations of 20-80 giL ~anged

from 1-4.5 dynes/cm2 (0.1-0.45 Pa). Calculating the stability of such

a layer using the infinite slope equation (where PB = 1.03 g/cm3 and

H = 2 m) yields a critical slope angle of = .02 - .1°. As pointed out

by McCave (1972), on a slope of 1/50 (1.1°) the velocities of hypo the-

tical lutite flows (about 5 em/sec) would give a considerable increase

in the rate of vertical transport over simple particle settling (factor

of 50). However, the paths of low velocity lutite flows on gentle slopes

will probably deviate from directly downslope due to Coriolis force

which increases the likelihood of a collapse of the flow as autosuspension

conditions are not met (McCave, 1972).

Exhaustive calculations of mass downslope transport by hypothetical

lutite flows are also not included in this discussion because, as

previously described, the amount of material redeposited is probably

equal to the amount initially eroded. This hypothesis assumes a neg-

ligible amount of material is lost to the nepheloid layer. The formation

of a turbid layer above the seafloor and the consequent downslope

transport of suspended material by a "lutite flow" process is
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simplistically envisioned as follows. Erosion of the upper 1-2 em of

the seabed would place approximately 1-2 grams of sediment in suspension.

A near-bottom lutite flow might then be formed by collapse of a

turbid sediment layer by particle settling or by the damping effect of

eroded and suspended material on near-bottom turbulence. As previously

described, Gust and Walger (1976) found an alteration of turbulent flow

parameters at sediment concentrations above about 300 mg/L.

This "two phase" or "lutite flow" is therefore expected when 1-2

g/cm2 of surficial sediment is mixed (or collapses) into a layer 3.3

6.6 m or less in thickness. Lateral transport by a lutite flow moving

at 1-5 em/sec would displace suspended sediment downslope over distances

of 1-5 km in a period of 28 hours. As described by Einstein and Krone

(1962), the final collapse or deposition of a dense suspension occurs

rapidly even in the presence of flow speeds which would normally erode

this material. The entire episode of seabed erosion, turbulent mixing

into the BBC, collapse of the suspension, downslope movement by lutite

flow, and final deposition in flat seafloor basins would be rapid

(days to weeks) by geologic time standards.
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VI. CONCLUSIONS

(1) Pelagic sedimentation in the central equatorial Pacific region

was extensively disrupted by intensified bottom water circulation in

Eocene/Oligocene and middle t1iocene time. Well-defined unconformities

produced by these "episodes" have previously been correlated to changes

in oceanic circulation pattern and bottom water production in the

Antarctic region.

(2) Stratigraphic hiatuses caused by seafloor erosion and non

deposition during these episodes vary in temporal extent at widespread

DSDP sites in this region. There is no correlation of thickness of strata

eroded and duration of non-depositional conditions to sediment lithology

and regional location. This suggests that sediment redistribution is

influenced by factors, such as bathymetric relief or transient bottom

currents, which are variable between localities.

(3) During the Eocene/Oligocene episode, 60-75 m of strata were

eroded at DSDP sites located then at 30N to lIoN, and lower Oligocene

sediments did not accumulate for periods of approximately 2-5 my at

sites located then at 20S to l50S. The effect of the middle Miocene

episode is strongly influenced by proximity to the equatorial upwelling

belt, where sites at latitudes greater than 30 have unconformities

ranging back as far as late Eocene age while sites on the equator

experienced increased sedimentation rates. At the distal sites an

estimated 20-50 m of strata were redistributed during the period between

the Eocene and middle Miocene episodes, or alternatively, this thickness

of strata was eroded entirely by the middle ~iocene episode.
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(4) From a simple model which combines the effects of physical and

dissolution erosion, seafloor erosion rates during these periods of

active bottom water circulation are estimated to range from 10-30 m/my.

Such episodes have a pronounced effect on sediment accumulation in areas

beyond the influence of high biological productivity where sedimentation

rates are an order of magnitude lower than rates of erosion.

(5) Investigation of two localities located at 90N and 70S reveals

a strong correlation of sediment thickness to bathymetric slope. Sedi-

ment thickness is relatively uniform over areas where slopes are less

than 1°, while in contrast, sediment accumulation does not occur on

slopes exceeding 100 such as those found on seamount flanks and fault

escarpments .
o 0

On the typical abyssal hill relief where slopes are 1 -5 ,

sediment thickness varies by factors of 2-4 over distances of 5 km or less.

(6) To account for this local variation approximately 25-50 m of

sediment have been redistributed from steep, elevated areas into flat,

low-lying basins. ~Vhile most of this material was displaced prior to

late Miocene time, the thickness of Quaternary sediment which accumulated

in a presumably quiescent period also varys by a factor of two over

similiar distance scales. This indicates that although active erosion

and redistribution of sediment during intensified circulation "episodes"

can account for the observed variation in sediment thickness, sediment

continues to be redistributed at rates approximately an order of magnitude

lower during periods of normal oceanic circulation.

(7) Sediment shear strength, lithology, and seafloor micro-relief

are relatively uniform over distances on the order of a kilometer,

that is, these parameters are similiar in abyssal slope and basin set-

tings. Shear strength profiles of the Quaternary sediment surface
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suggest that erosion is confined to the top few centimeters which are

actively disturbed by the activities of benthic organisms.

(8) Grain-size studies indicate that sedimentary material is not

winnowed in the erosion/redistribution process, leading to the speculation

that these events are very rapid by geologic standards (days-weeks) and

that they effect areas primarily related to the size of bathymetric

features in the locality. Deposition of re-suspended material probably

takes place in local basins after transport over distances on the order

of 10 lan.

(9) The majority of all cores collected has a low-strength zone

(or bioturbated "mixed layer") to depths averaging 10 em. The litho

logies tested have similiar shear strength gradients, with surface

intercept values of 0.5-2.0 kPa and cohesion to effective overburden

ratios (c/p') of 0.14-0.19 kPa/cm. All sediment types are classified

as "inorganic clays of high plasticity" and are "overconsolidated

relative to present overburden strata. The geotechnical properties of

these deep-sea sediments are primarily controlled by material in the

fine fraction (silt-clay).

(10) There is a direct correlation between water content, plasticity,

degree of overconsolidation, and lithology which follows the trend of

siliceous ooze >pelagic clay >calcareous ooze. This correlation suggests

that the state of overconsolidation is produced by secondary compression

rather than by removal of overburden load.

(11) Shear strength profiles reflect the balance between processes

which disrupt the sediment fabric (bioturbation) and strengthen the

sediment by external (overburden) and internal (secondary compression)
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forces. These processes vary considerably in their respective rates:

bioturbation (cm/y); secondary compression (10 3
y); sedimentation (cm/l04y).

Long-term erosion of the seafloor over geologic time is therefore probably

regulated by benthic bioturbation because overconsolidated sediment will

resist scour by bottom currents. Bioturbation continuously prepares the

seafloor surface for further erosion.

(12) Models of sediment redistribution must satisfy both the

estimated rates of erosion and the observed patterns of sediment accumu-

lation in local settings. If bioturbation indeed controls the scour

resistance of the seabed, the estimated erosional rates are easily met.

Bioturbation of the seafloor surface occurs at rates 3-4 orders of mag-

nitude faster than erosional rates. This means that erosion of the

upper centimeter of sediment need only occur at average frequencies of

3 410 -10 years to produce hiatuses in all deep-sea provinces.

(13) Based on numerous laboratory flume and insitu studies, sediment

erosion takes place at current speeds of 20-30 em/sec and rapidly

removes the upper centimeter or two. Deposition of suspended sediment

will occur at current speeds below approximately 10 em/sec in periods

of days to weeks. Sediment transport, or alternating erosion and re-

deposition will occur in the current speed range of 10-20 em/sec.

(14) Typical bottom current speeds in this region are 2-5 cm/s~c

and these currents vary in speed and direction at tidal frequencies.

Therefore, while currents approaching threshold erosion velocity

(10-20 em/sec) occur often, the net motion of the water (or suspended

particles) is probably confined to local distance scales. This suggests

that resuspended material will not be involved in nepheloid layer
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processes and long-distance transport. Vertical mixing of this material

should be confined to the benthic boundary layer (50-100 m).

(15) Since abyssal slopes and adjacent basins are similiar with

respect to micro-relief and presumably hydrodynamic conditions, downslope

sediment transport is best explained using a mechanism of turbidity flow

driven by gravitational force. These low-velocity "lutite flows" have

been previously observed and modeled, and they move under the excess

odensity of particles in suspension down slopes of 0.1 or steeper. Such

phenomena have concentrations on the order of 10 gIl which could be

produced by erosion of the top centimeter and mixture of this sediment

to heights of 1-10 m.

(16) Downslope sediment transport by slumping is not probable on

the low-angle abyssal hill slopes found in this region because of the

overconsolidated state of the sediment. The possibility of seismic-

shock induced failure is speculative because of the presumably stable

tectonic history through Tertiary time. Theoretical and experimental

models show that surface creep of the upper bioturbated layer is only

probable on slopes approaching 200 and therefore is considered to be a

very local processes (tens of meters). Likewise, drained slumping or

progressive failure of thick sedimentary sections is possible on slopes

Future work to expand and further quantify deep-sea sedimentary

processes is obviously necessary. The seafloor must be surveyed in far

greater detail with respect to bathymetric relief--from height scales

which could affect turbulence in the benthic boundary layer (eg. 100 m)

down to micro-roughness (cm) which affects hydrodynamic flow conditions
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directly adjacent to the seabed. In addition, high frequency reflection

profiling (3.5 kHz) is needed at similiar detailed scales in order to

define sediment accumulation patterns relative to small-scale seafloor

relief. A second area of research must certainly involve the insitu

monitoring of bottom water circulation and turbulent mixing in abyssal

settings. To define the effects of accelerated flow related to tidal

cycles and the spacial and temporal extent of transient currents (or

so-called "benthic storms), instrument packages to measure current speeds

and suspended sediment concentrations should be deployed in arrays over

periods of six months or longer. A third approach involves the direct

measurement of threshold erosion velocity on a variety of natural seabed

surfaces. in addition to the rates of erosion and depth of scour relative

to the intensity, turbulent parameters, and duration of erosional flow.

In conclusion, the present "indirect" method of assessing sediment

ary processes is near the limit of its resolution, and while this approach

does provide a essential data base future advancement of this topic must

involve "direct" or insitu studies of a interdisciplinary nature. The

study of sediment erosion and redistribution on the seafloor has wide

applicability to marine geology and engineering fields.
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Table 11

Core Station Locations

CRUISE SO 6/1

Core
Depth Length

Station Date Latitude Longitude (m) (cm)

AREA C

5 KG 9/3 11
030.90'N

133044.50'W 4779 15
26 KAI-2 9/4 11030.10'N 133049.80'W 4779 200
27 KAI-3 9/5 11034.70'N 133044.60'W 4881 300
28 KG 9/5 11°30.30'N 133044.32'W 4656 30

AREA D

34 KG 9/7 3059.21'N 133059.16'W 4570 38

AREA F

45 KG 9/11 7000.76'S 131052.83'W 4321 38
47 KG 9/12 6059.75'S 131058.37'W 4682 38
51 KG 9/12 6059.65'S 132009.65'W 4913 40
73 KG 9/12 6050.25'S 132008.59'W 4851 40
79 KG 9/13 6°49.38'S 132000.94'W 4769 39
92 KG 9/14 6°59.75'S 131055.65'W 4529 36
96 KG 9/14 6°58.98'S 132007.94'W 4887 40
80 KAI 9/13 6049.94'S 132°01.14'W 4750 275

AREA G

110 KG 9/17 9032.22'S 134000.17'~\1 4583 42
114 KG 9/18 9048.39'S 134°05.42 '1\1 4189 44
123 KG 9/18 9050.75'S 133°59.46 '1\1 4557 43
124 KG 9/18 9°55.09'8 1330S9.97'W 4387 45
138 KG 9/20 10°15.54'8 134°00.15'1\1 4672 41
148 KG 9/20 10016.07'S 134°15.14'W 4687 39

CRUISE 80 6/2 - AREA K

162 KG 9/30 17026.87'S 159°33.77 'w 5232 35
179 KG 10/2 19°21. 27' S 162016.78'W 4616 35
184 KG 10/3 19057.19'S 161059.98'W 5006 43
198 KG 10/4 20°30.68'8 161013.84'W 4995 43
200 KG 10/4 21°12.50'8 160°17.48 'w 4697 38
206 KG 10/6 21036.01'S 159°52.71'101 4286 28
210 KG 10/6 21034.64'S 160029.81'W 4667 29
214 KG 10/6 21035.79'S 161032.23'W 4463 41
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233 KG 10/8 21005.92'S 163029.55'W 5016 41
236 KG 10/9 22019.20'S 164014.92'W 5211 39

CRUISE VA 13/1

Core
Depth Length

Station Date Latitude Longitude (m) (em)

GK-5 8.1 13.00344 150.02470 5329 40
GK-11 8.1 12.01650 149.68620 5302 33
GK-149 31.1 14.02806 153.01321 5805 42

AREA 4

KH-32 11.1 9.11439 148.72483 5253 120
GK-39 13.1 9.14998 148.69831 5190 32
GK-40 13.1 9.13180 148.70060 5199 45
GK-46 14.1 9.12549 148.71333 5210 40
KH-47 14.1 9.12099 148.69782 5215 450
GK-63 16.1 9.06666 148.66666 5115 39
KH-75 16.1 INDAS down 5212 650
GK-92 23.1 9.12208 148.74551 5190 42
GK-115 25.1 9.13032 148.69509 5191 47
GK-116 25.1 9.13280 148.70752 5140 40
GK-117 25.1 9.13155 148.73751 5163 38
KH-130 27.1 9.13000 148.73333 5150 275
GK-131 27.1 9.14345 148.62754 5180 30
GK-132 27.1 9.17200 148.52818 5130 40
GK-134 27.1 9.20808 148.62115 5180 40
GK-135 27.1 9.21750 148.62730 5148 40
GK-139 28.1 9.25042 148.63902 5133 20
GK-141 28.1 9.24833 148.64770 5215 40
GK-142 28.1 9.24663 148.65874 5240 45
GK-147 29.1 9.26138 148.65223 5225 40
GK-148 29.1 9.25130 148.70252 5143 38
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Shear Strength Measurement

Measurements of shear strength were made by a variety of instruments

which are in standard geotechnical use, including manual Geonor "fall

cone" penetrometer (Hansbo, 1957) and "hand-held" vane (Simpson et al.,

1977) instruments, and Haake and Wyekam-Farrance motorized laboratory

vane systems (Richards, 1974). Shipboard measurements using the fallcone

and hand-held vane were personally made within hours after the sample was

collected, and these measurements provide the majority of shear strength

data presented in the study. Laboratory tests were conducted within a

few months after the cruise and provide a comparison to shipboard measure

ments. While the shipboard instruments produce values for maximum and

remolded shear strength only, the laboratory systems equiped with motor

ized vane, voltage output, and chart recorder components provide a

continuous plot of stress versus strain. Calibration of all instruments

was conducted by the manufacturer, although shear strength values often

had to be converted into suggested standard units of kPa (kilo Pascals;

103 x Newtons/m2; Richards, 1974). Since rates of shear were rapid and

fine-grained sediments were saturated with water, these tests were con

ducted under "undrained" and "unconsolidated" conditions. As previously

explained, under "undrained" stress conditions, shear strength is essen

tially equal to cohesion, and these two terms are used interchangeably

throughout the test.

Tests using the hand-held vane were made directly in spade cores

shortly after their recovery (within one hour) and before subcores

were inserted. Measurement profiles consisted of maximum and remolded

shear strength tests made at 5 to 7.5 cm intervals from the sediment

surface downward. Torque required to turn the vane is converted to
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values of shear strength according to equations which define frictional

resistance on a cylindrical failure surface. Following strength failure

at Lm, the sediment was mized by rapidly rotating the vane through several

revolutions and then re-tested for Lr• Since this instrument was rotated

by hand, shear rates were somewhat variable, ranging between 900/min

and laOo/min. The usual rate (gOo/min) corresponds to angular shear veloc

ities of 0.33 and 0.50 mm/sec for the vane sizes used in this study

(2.5 cm and 3.8 cm diameter). This instrument and measurement technique

was used in shipboard testing throughout the DOMES project by Lockheed

Ocean Lab personnel, and additional description of this method is given

in Sorem (1977) and Simpson et al. (1977).

Fallcone tests were conducted on subcore samples within 24 hours

after the spade core was collected, during which time the subcore was

stored upright in refrigeration. Subcores consist of 50 cm sections of

polybuterate piston core liner which were split length-wise and taped

back together so that sample disturbance would be minimized when re

opened. Despite the care taken in inserting subcores, sediment samples

were usually compressed by 5-10%. The fallcone test basically measures

penetration depths of stainless steel cones that are dropped into the

sediment from a fixed height. Penetration depth is converted to units of

shear strength by the manufacturer (Hansbo, 1957) based on the angle and

weight of the cone. Original or maximum shear strength (Lm) was averaged

from 2 replicate tests conducted at 2.5 cm intervals along the split

subcore sample. Remolded tests were made at 5 cm intervals where the

sediment removed from the subcore and thoroughly mixed by hand in a

separate cup. Because of its simplicity fallcone tests have been employed

by many shipboard studies (DSDP, see Keller and Bennett, 1973).
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Tests aboard ship (cruise VA 13/1) using a Haake laboratory vane

(Halbach et a1., 1976) were made on subcore samples collected and stored

in a similar manner to those used for the fa11cone tests. Rotation rates

for Haake vane tests were 360o/min, corresponding to an angular shear

velocity of 0.52 mm/sec for the 1 em diameter vane. These tests were

made by another investigator (M. Ozkara, TU C1austha1) and did not in

clude remolded strength measurements.

Tests were conducted by Lockheed Ocean Labs (San Diego, California)

using motorized laboratory vane systems (Haake and Wyekam-Farrance).

These tests were conducted on subcore samples which had been stored

under refrigeration for periods of a few months. Shear strength (Lm

and L r ) was measured at 5 cm intervals along split subcores at rotation

rates of 4So/min. For the typical size laboratory vane (1.27 cm dia

meter) this corresponds to an angular shear velocity of 0.09 mm/sec.

In addition to basic tests of original (Lm) and remolded (L r ) shear

strength, continuous graphs of stress versus strain were provided by a

chart recorder for selected sediment types. Additional explanation for

laboratory vane technique and calibration see Richards (1974) and

Simpson et a1. (1977).

The results of laboratory shear strength tests at sea are given in

Figures 36 and 37.
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Fig. 36. Shear strenBth profiles (cruise VA 13/1). Solid lines con
necting data points indicate fallcone tests; dashed lines indicate
hand-held vane tests. All tests were made aboard ship on spade core
samples. High strength profiles are natural undrained shear strength.
Low strength profiles are remolded strength. Under these conditions
shear strength is equivalent to cohesion. Bold numbers in upper
right corner refer to station (see Table 11).
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APPENDIX 3

Grain Size Description

Grain Size Analysis: Theory and Technique

Classification of sediment or sedimentary rock is made primarily on

the basis of the size and composition of its component particles. The

size of individual grains can be described either by linear dimensions

or by the volume of the particle. In common practice particle size is

measured indirectly because of their board size distribution and irregu

lar shapes. For sand-size grains, the most common analytical technique

is by sieving by which particles are separated according to approximate

intermediate diameter. However, since settling velocity is a more

useful dynamic property than approximate geometric size, sedimentation

methods are commonly favored for both clay-silt and sand-size analyses.

Sedimentation methods employ a variety of techniques, all of which are

based on Stokes' Law,

g(Ps - PW)d2
V = _

18n

where V = terminal settling velocity, Ps = specific gravity of solids,

Pw = density of the fluid, n = viscosity, and d = equivalent diameter.

"Equivalent diameter" is defined as the settling velocity of a particle

equal to that of a quartz sphere (ps = 2.65 g/cm3). A close similarity

of settling velocities between a true spherical shape and various

spheroids (prolate, oblate) has been shown by Lerman et al., 1974.

The "equivalent diameter" size or grade (sizes between defined points)

are commonly measured on the dimensionless phi ($) scale, defined as:

~ = -log2 d(mm)

The hydrometer technique which involves size analysis based on the
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specific gravity of a suspension, the pipette technique which directly

measures the weight of ·suspended solids, and the hydrophotometer technique

which measures light transmittance through a particle suspension have

several assumptions inherent in Stokes' Law that limit their utility

for interpretation of sedimentation processes in natural settings. They

are: (1) the true wet density of a wide range in particle sizes in

suspension, (2) the difference in fluid density between laboratory (ZOOC)

and in situ (deep-sea, ZOC), (3) differences in viscosity between fresh

and seawater, and between seawater at ZOoC and ZOC, and (4) interactions

between particles. Uncertainties associated with (1) are eliminated by

using the concept of "equivalent diameter," that is, particle size is

equated to the settling velocity of a quartz sphere. Problems (Z) and

(3) can be solved using published tables wh~ch list properties of water

at various temperatures and salinity values. The differences in fluid

density and viscosity between laboratory and in situ conditions are

partially compensating. However, laboratory techniques which involve

particle settling under in situ conditions (i.e., seawater at ZOC)

eliminate the need for compensating errors, and these analyses would be

far more useful to the study of natural sedimentation dynamics than

standard techniques presently recommended (see Richards, 1974).

Problem (4) presents the most difficult analytical problem because

sedimentation in natural settings does not involve particles settling

individually; that is, settling on suspensions which are low enough in

concentration to eliminate particle interaction. Particle aggregation

or flocculation represents the rule rather than the exception in all

seawater environments. In a recent study involVing sediment from the

equatorial North Pacific, Sallenger and Luepke (1976) and Sallenger
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et al. (1977) reported differences in particle fall velocity between sea

water and fresh water suspensions, and an increase in median diameter of

samples from run at low (0.1 gIL) to those run at high (1.0 gIL) initial

concentrations (4-5 ~m versus 10-15 ~m, respectively). Gust and Walger

(1976) report significant changes in the hydrodynamic parameters of a

turbulent tidal flow containing concentrations of sediment abo1Te approxi

mately 300 mg/L, and suggested that flocculated particles provide an

effective shear/stress damping mechanism within a suspension.

Flocculation is the process by which sediment particles are bound

together by physiochemical surface forces to form larger aggregates,

and it may directly control both depositional rate and geotechnical

properties of recently deposited sediment (Krone, 1963). Because of

physiochemical forces on the surfaces of clay particles, discrete parti

cles that collide in a suspension adhere to each other. The size of the

aggregate formed is fundamentally controlled by the clay mineralogy,

which determines the magnitude of inter-particle forces, and by proper

ties of the fluid (Whitehouse et al., 1960). Flocculation rate or fre

quency of collisions is directly related to both particle concentration

and turbulent shear stress in the suspension (Einstein and Krone, 1962;

Krone, 1963). Shear stress in the fluid has a destructional as well as

a constructional role in flocculation. Although collisions are more

frequent at higher shear, collisions which result in stable aggregates

only occur below variable threshold values where inter-particle bonds

are broken. The settling velocity of an aggregate then changes as

flocculation proceeds since dynamic settling properties are directly

related to both particle size and wet density. Generally, an increase

in aggregate size results in a decrease in wet density. Krone (1976)
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reported variations on wet density for "orders of aggregation" which range

from 1.250 gjcm3 (zero order) to 1.063 gjcm3 (third order). Sheldon

et ale (1972) reported that flocculated sediment in the size range of 8

to 15 ~m had an average wet density of 1.65 g/cm3• McCave (1975) listed

particle wet densities ranging from 1.53 g/cm3 (9-10$) to 1.11 g/cm3

(4-5$). Variations in the wet density of sedimentary particles, whether

caused by inclusion of organic matter (McCave, 1975) or water (Krone,

1976), cause a considerable underestimation (100-240%) of the true grain

size according to the "equivalent diameter" concept (Pwet = 2.65 g/cm3,

quartz sphere). For example, a 5 ~m floc (Pwet = 1.1 g/cm3) would have

-4approximately the same settling velocity (Vs = 3 x 10 em/sec) as a

quartz sphere 2 ~m in size.

Deep-sea sediment studied in this project is largely composed of

silt-clay size particles, although they occasionally contain significant

proportions of sand-size grains (20% by weight) in biogenic oozes. The

sand-size fraction, here referred to as the "coarse fraction," was

separated from the finer particles by wet sieving using a 250 mesh screen

and contains particles which are 62.5 ~m (4 $ ) in size or greater.

Descriptions of the relative proportions of components in the coarse

fraction of the sediment studies is given in Figures 42 and 44.

The results of replicate coarse grain size analysis are given in

Table 12. The average coefficient of variation (C = 12.2) for these

replicate analyses is higher than generally reported for dry (Ro-Tap)

sieving and can largely be attributed to the low weight percent of this

fraction. These data show that the largest discrepancies in replicate

analysis occurred in sediments containing less than 10% of total weight

in the coarse fraction.
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Replicate Course Grain Size Analysis
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Sediment wgt % (>4cj»
Cruise/Station Depth (1) (2) X>4cj> 0">4cj> c

VA 13-1/GK-5 0.7-5 24.0 23.9 23.95 .07 0.3

VA 13-1/GK-11 25-30 11.5 12.4 11.94 0.59 4.9

VA 13-1/GK-40 0-5 6.2 6.6 6.40 0.23 3.6

VA 13-1/GK-40 15-20 3.7 5.1 4.44 1.0 23.0

VA 13-1/GK-63 35-40 1.2 1.5 1.37 0.18 13.0

VA 13-1/GK-149 30-40 1.95 2.1 2.0 0.12 5.9

SO-6-1/KAl-26 155 4.4 4.0 4.2 0.28 7.0

SO-6-1/KG-28 25-30 11.9 7.0 9.45 3.46 37.0

SO-6-1/KG-34 15-22.5 12.9 18.6 15.75 4.03 26.0

SO-6-1/KG-96 20-25 11.5 11.3 11.4 0.14 1.0

coefficient of variation (c) = 100 0"

X

Xc = 12.2
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Fine-grain analyses in this study were made using a photometric

centrifuge instrument designed by Woodruff (1972). The basic theory of

the photometric method is that the change in transmission of light through

a sediment suspension is related to the differential particle settling

velocity in the suspension as determined by Stokes' Law. Woodruff's

photometric centrifuge uses the centrifugal force generated by the

acceleration of a rotating mass to increase particle settling under

conditions of 20X normal gravitational force. This increased settling

force effectively reduces settling time by a factor of 20 and means that

clay size particles (8 $) which normally require approximately 1 hour

to settle 4 cm (Jordan et al., 1971) need only 3 minutes to settle in the

photo-centrifuge instrument. Analytical constants relating changes in

transmission values to weight percents of particles according to the

Beer-Lambert Law are taken from Jordan et ale (1971). An example data

sheet is included (Figure 38) along with a FORTRAN program (Figure 39)

written to calculate cumulative percent from differences in transmission

values at times corresponding to ~ $ grades from 4 $ to 8 $.

Replicate fine grain analyses were run for a variety of deep-sea

sediment types, including calcareous ooze (KG-34), siliceous ooze (KG

96), siliceous clay (GK-40), pelagic clay (KG-162), in both seawater

and distilled water suspensate mediums (Table 13). Standard deviations

for the seawater runs (average 0$ = 0.14 $) are slightly higher than the

distilled water runs (average 0$ = 0.11 $), although both sets are within

the range of standard deviations obtained by Jordan et ale (1971)

(0.09-0.23 $). Higher variance in the seawater runs compared to

distilled water runs, is explained by the variability in flocculation

in seawater suspensions.



PHOTOMETRIC CENTRIFUGE
DATA SHEET
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Station:
Ijl Size Wet Weight Individual Cumulative

Core Depth: em (RlD) % %
Blank Liquid: (WAT) > 4.0
Blank Range: off

on < 4.0 (A)

(CPHI) TOTAL

Ijl Size Ordinate 6 Ordinate Jx Wn (Wn/I:Wn) x A
•

4.0-4.5 43.65

4.5-5.0 27.78

5.0-5.5 18.22

5.5-6.0 11.31

6.0-6.5 7.00

6.5-7.0 4.83

7.0-7.5 3.22

7.5-8.0 2.03

> 8.0 0.56

r.Wn - (WCUM)

Station: 4> Size Wet Weight Individual Cumulative
Core Depth: em (gm) % %

Blank Liquid: (WAT) > 4.0
offBlank Range:

< 4.0 (A)
on

(CPHI) TOTAL

4> Size Ordinate 6 Ordinate Jx Zn (zntr. Zn) x A

4.0-4.5 43.65

4.5-5.0 27.78

5.0-5.5 18.22

5.5-6.0 11.31

6.0-6.5 7.00

6.5-7.0 4.83

7.0-7.5 3.22

7.5-8.0 2.03

> 8.0 0.56

r Zn - (ZCUM)

Fig. 38. Photometric centrifuge data sheet.
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This program calculates cumulative percent values (4$ to 8$ size interval) from a pair
of replicate runs in the HIG ~hotometric centrifuge (Woodruff. 1972) (see DATA SHEET.
Fig.40). Input: Sta a Station; DPTH = depth in core; WAT a suspensate (distilled
water or sea water); A - weight % .LT. 4$ (obtained by wet sieving); CPHl and DPHl
are differences in light transmission values. Constants (Jx) from Jordan et al.(1971)
are input as Tx (1-9). Output: input data from STEP 20; SUMS (Wn, Zn); individual
percent for replicate runs (WCUM. ZCUM); average cumulative percent (CUM). Last card
in data deck STA = 9999. Written by J. Craig, 12/78.

SJllB
__.l..... ""rl 1l1£JJ~ lQtLJJU?J • r::JUL'l.l...J.ll!lll...l2L '.11 ")1 , Z ('11 .IlnCn\! (t') 1.. ;:PCl: t-J( 91 •

CWCUM(IOI,;:I.~W(I~),CUM(IO~JL- __
----"'2------------''"""F.·!: 41Sl~ fOITlX n r, i ·:;·f;qr-

J to F CI:11I1T('J(F!j,2.~X))

4 IS "FAC('5.201 STA.f1PTIl'''_'1.!..!A.(CPI-l([),J-I,':Q,(L>I=... IlJ).I=1.9)
5 ao FCRMAT(,\4.1X.,\4.1X.A:!.IX.F5,2.1X.("l(F3.0).2X.(9(r:!,OI))
6 IF (STA,EO,99q9~~J 150
7 WR 1 TE (6. J 0) S TA. 4. (C PH 1 I 1 ) .1 =1 • C;) • (OF'H 1 (I ) • 1= 1 .91
8 30 rORI1AT ( 1"(. A". 2X. F5,2.::! X,( 'I( F~.Lt-,,4,-!:X~.!-.1..(~<;(..!.F:....:4:..!..:,/)~)..!.I..I)"-- ----,
Q DC 50 I 1.9

10 \1(1I=TX(II*CPH1(lJ
11 z ( r )= TX ( 1 ) • CP t-r ( r )
12 c;0 ~r.Jr~"~u,l!F.t;..- ~

---13 Sl~~-O.
~4 suwZ O.
115 00601=1.9

16 :. Uv.w- SU~, "1+ \oj(~Iri)l---------------------------------------------------------~
17 S~~Z-su~z+Z(r)

~8 £:If(':Lro.'-1 ro.UF.
. 19 WRITEI6.62)SU~W.SUMZ

20 62 F C 1:'1,'IT 1!-!I~X~'jF~<;l~'~7~.~5~X~.~F~Q~.~?~I========================~1 no 7----O-1~ I , <;
~2 WPCEflf (I) (ld II/S~-A
! 23 ZPCCNTIII=(ZIIl/SUr.1Z)ioJ\

24 70 CIJNlINUE25 WR I TF.'-i(7fl~,:'-'b"",c:~)-r)T(-;:;wnpCmT( I), l-l,Q;{I _
26 WR In: 115---;-561TZPC-E:"NnTT";"1=T;<»
27 e s Fo~r-ll\T( IX.' ~PCC:~l' ,2X,lnIF5.2,2X))
28 66 FC~~~1(IX,'2PCF-NT'.2.~X~.~1~O~(Ur~·~~)~,~2~,~2~X~1LJ _
29 wCU.~fTl=IOO.-A

47
48
49
50__5L---__SlliL- __

30 lCu"l(ll-,'Jo.-/\
31 DC 90 I=?. 1 0
~2 N= 1-1
~.1 \~ci.J-';;-( t )=WClI"'(N) +-wPCF.I,r(NI
.'H ZCu·~ ( t ) =ZCLFi.TN1.:: >(,"l:tHlfil
35 <;0 CCtHINUE
36 \4:11 t T E (6.1 Of) 1( \'/~ :ll-H.-L.G.L= I •.J 0)

---37 ~HltTE(6.l10)(ZCJM(t).l=I.tO)

--Yd 1 do FtjlmATrTx--;O~D'~' ;:?x;I YlrS.i! ,2-x rr
39 110 FOF;~/JlT()X.·ZCU~·,2X.lO(F!j,2.2X»
4 0 0 C 1 2 0 t = I tl 0 . ~

--4[- ClJ"1( t )=(y:cUloIffT+zclP;f(TTI /."?,
- 4~- 121J C cr~T fNut

43 hRITE(6.125) O~TH,'t;AT

44 12'; FOf<MAT(lX.,\".cl(.\.~)

--45 WI:ITE(6t1301 STJ\
4 I) I .: 0 F u fl~, A r ( 1 x , l\ 4 ,2 x .' 4. 0 ,---;-, x ,. ,\, 5 '. 1X.' 5, 0 ., 1x , i !:, 5 .,

C IX,' 6.0 ',IX,' 6.5 ',lx,' 7,C '.lX.' 7,S '.1),' e,o oJ
~: R t T E «(, , 1 4 0 ) I CU'~ ( t ) • t = I • I n I

~----.1-;:4---;;0,-·Fjj::;MAT(7x-;ICn='i,2;-I~T_·_-_·_-_· _
GO TU 15 ..

ISO STep
E'NO

Fig. 39. FORTRAN program to calculate cumulative percent for replicate
size analysis.
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Figure 40

Grain Size Analysis--Water Content Data Sheet

Cruise: Station: Date
Collected:
Tested:

Sediment depth:

Cup + sed, (wet) : Cup + sed. (dry):

Cup II: Cup if:

Bulk wet wgt (A): Bulk dry wgt (B):

wet wgt (A) - dry wgt (B)

dry wgt (B) - 0.035 (A-B)
Water content (W) =------------ _

Cup + sed. (wet):

Cup II:

Sample wet wgt (C):

Sieve
at

62 llm
(4<jl)

(> .4411) + Cup (dry):

Cup II:

(> .4411) dry wgt (D):

Wet wgt (> .4411) = W x (D) : (E)

wgt % (> .4411) = (E)/(C): _

Description (> 62.5 mm)

Components Relative %



Table 13A

Comparison of Replicate Grain Size Statistics
for Distilled and Sea Water Analyses
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CP16 CPs 0 cP 8 4

Station; KG-34 4.0 6.15 7.60

Suspensate; D. 1;vater 4.0 6.25 7.65

Depth Interval; 0-5 em 4.0 6.40 7.55

-
Xcp 4.0 6.28 7.60

Qcp 0 0.15 0.05

Station; KG-34 4.0 6.50 7.15

Suspensate; S. Water 4.0 6.60 7.05

Depth Interval; 0-5 em 4.0 6.35 7.10

-
Xcp 4.0 6.48 7.10

Qcp 0 0.13 .05

Station; KG-96 4.0 6.0 7.35

Suspensate; D. Water 4.0 5.55 7.35

Depth Interval; 0-2 em 4.0 5.85 7.45

-
Xcp 4.0 5.80 7.38

Qcp 0 .23 .06

Station; KG-96 4.0 6.35 7.20

Suspensate; s. Water 4.0 6.10 6.90

Depth Interval; 0-2 em 4.0 6.25 7.00

-
Xrp 4.0 6.23 7.03

Qcp 0 0.13 0.15



Table l3B
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ep 16 ep50 epa 1+

Station; KG-162 4.45 6.10 8.05

Suspensate; D. Water 4.40 6.35 8.10

Depth Interval; 10-15 em 4.40 6.75 8.00

-
Xep 4.42 6.40 8.05

0ep .03 0.33 .05

Station; KG-l62 4.95 7.05 7.40

Suspensate; S. Water 4.95 7.00 7.35

Depth Interval; 10-15 em 4.45 6.90 7.25

-
Xep 4.78 6.98 7.33

0ep 0.29 0.08 0.08

Station; GK-40 4.35 6.35 6.75

Suspensate; D. Water 4.35 6.50 6.70

Depth Interval; 0-5 em. 4.40 6.50 6.85

-
Xep 4.37 6.45 6.77

0ep .03 .09 .08

Station; GK-40 5.25 6.20 6.70

Suspensate; S. Water 5.45 6.55 6.85

Depth Interval; 0-5 em 5.70 6.35 6.75

-
X 5.47 6.37 6.77ep

0ep .23 0.18 0.08
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The results of grain size analyses on the deep-sea sediment studied

are given as cumulative percents in Tables 14 and 15.

Prior to and during laboratory analysis, the size of sedimentary

particles can be altered from their natural condition in a variety of

ways. If a sediment sample becomes dessicated (or is intentionally

dried for water content determination) particle aggregates can be formed

which are difficult to disperse. Deflocculating agents commonly used

to disperse weakly-bound aggregates in fresh sediment may disrupt the

floes which were deposited initially. The large aggregates might also be

mechanically broken during wet sieving. To minimize the alteration of

natural particle size the following procedures were employed:

(1) Sediment samples were carefully stored to prevent water loss

before beginning the size analysis.

(2) Prior to wet sieving to separate the sand-size fraction, samples

(20-50 g) were dispersed by vigorous shaking in cups with tap

water.

(3) During wet sieving, sediment was washed through the 250 mesh

screen by moderate water pressure only.

(4) The fine fraction « 4 ~) was collected in a large beaker,

transferred to falcon cups, and allowed to settle for periods

greater than one week before decanting the excess tap water and

returning the sample to refrigerated storage.

(5) Before beginning the size analysis, filtered (0.2 ~m) seawater

was added and the sample was again dispersed by vigorous shaking

for a few seconds.

Analytical errors inherent in wet sieving exist, but they are compen

sating. Fine fraction material may be left on the screen (in dispersed



TABLE l4a

Cumulative Percent Values for Fine-Grain Size Analysis (Cruise SO-6)

~ >4:-0- - - 4.5-
___C!;UD.!!.l!.t!.v~ ~e!.c~n!. ( -Lu!!.i!.sl ,.. ___ ' ____ ,.. ___

Station Interval 5.0 5.5 6.0 6.5 7.0 7.5 8.0

GK-37 0-5 4.5 4.5 4.5 4.5 7.7 22.4 34.6 60.1 98.5

GK-37 15-20 4.3 4.3 4.3 4.3 4.3 21.4 32.8 46.2 98./,

cK-37 25-30 2.5 2.5 2.5 5.2 15.8 31.1 67.9 97.3 99.5

CK-40* 0-5 6.4 20.7 29.8 35.8 41.4 51.7 63.1 77.3 90.9

CK-40 0-5 6./, 6.4 6.4 14.7 23.4 51.8 95.7 98.9 99.8

GK-40 15-20 3.7 3.7 3.7 3.7 7.8 18.0 45.0 86.3 98.9

GK-40 35-42 2.9 2.9 2.9 2.9 5.0 12.5 41.1 78.3 98.8

GK-46 0-2 5.3 5.3 7.7 9.2 16.0 33.0 61.7 98.2 99.6

GK-46 15-20 7.1 7.1 7.1 9.7 14.4 25.1 53.2 86.2 99.1

CK-{,6 30-35 7.7 7.7 7.7 12.6 20.2 27.8 53.1 83.0 99.3

GK-63 0-5 5.5 5.5 11.8 15.9 29.8 42.4 77.5 96.7 99.5

GK-!J3 5-10 4.7 4.7 4.7 4.7 11.3 29.7 61.7 97.8 99.6

GK-63 10-15 4.4 4.4 4.4 12.8
,

18.0 47.9 91.1 98.9 99.8

CK-63 15-30 3.9 3.9 6.8 11.2 24.3 39.4 69.7 92.1 99.3

GK-63 20-25 5.2 5.2 5.2 5.2 9.8 20.2 53.1 97.5 99.6

GK-63 25-30 2.9 14.8 22.7 26.1 31.2 46.0 86.7 98.8 99.9

GK-63 35-40 1.2 1.2 1.2 11.4 25.1 42.4 88.1 98.0 99.8

GK-92 0-2 5.9 5.9 13.6 18.6 37.8 55.3 93.1 94.5 99.4

.:

N
W
o



TABLE l4b

->-4-:0-
_______ £umul.a.tiye P~r£.e!l.t_ jll!.n.!.t.§)

-7.0---7-:5- - 8-:0-Station Interval 4.5 5.0 5.5 6.0 6.5

GK-92 15-20 5.6 5.6 5.6 5.6 10.2 19.1 47.4 87.7 99.5

GK-92 32-37 4.6 4.6 4.6 4.6 13.5 22.3 47.4 91.4 99.5

GK-115 0-2 5.2 5.2 12.5 22.0 32.3 49.8 78.1 97.1 99.5

GK-1l5 12-17 6.5 6.5 6.5 6.5 16.0 28.4 45.2 88.9 99.2

~K-1l5 32-37 3.2 3.2 3.2 10.1 16.9 23.8 51.2 91.1 99.4

GK-1l6 0-2 5.6 5.6 9.4 12.1 21.8 33.8 49.6 91.4 99.2

GK-1l6 15-20 5.1 5.1 5.1 7.6 16.7 32.7 61.2 90.0 99.1

GK-1l6 31-36 3.9 3.9 3.9 9.6 18.5 27.3 53.0 85.3 99.0

GK-141 0-2 6.4 6.4 6.4 9.2 16.3 26.2 49.7 82.1 99.1

GK-141 15-20 5.5 5.5 5.5 5.5 11.1 17.0 40.6 78.27 99.0

GK-141 32-37 3.8 3.8 3.8 11.4 23.2 50.9 80.1 97.7 99.6

GK-142 0-2 5.6 5.6 12.4 15.2 30.2 45.7 84.8 97.4 99.6

GK-142 15-20 5.8 5.8 5.8 10.7 19.4 31.3 66.0 96.1 99.4

GK-142 30-35 4.8 4.8 4.8 4.8 9.2 19.6 48.2 83.4 99.0

GK-148 0-2 6.0 6.0 9.6 14.3 24.5 31.8 67.7 97.4 99.4

GK-148 15-20 5.6 5.6 5.6 10.8 20.4 32.4 57.9 88.6 99.3

GK-148 32-37 4.5 4.5 4.5 10.1 18.8 32.9 54.2 76.9 98.8

GK-149 20-30 1.5 1.5 1.5 1.5 5.6 22.1 38.3 69.5 98.5

GK-149'" 20-30 1.5 1.5 1.5 11.1 17.1 31.8 47.2 64.2 82.6

*Indicates use of distilled water suspensate.
N
W.....



TABLE lSa

Cumulative Percent Values for Fine-Grain Size Analysis (Cruise VA 13/1)

~---
________CUIll.!!l~t.!v~ fe.!.c~n!. J~_u!!.i!.Bl,--___ ----,----

Station Ir.terva1 > 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

6-26 40 4.9 4.9 4.9 4.9 8.1 21.0 54.0 97.2 99.7

B-26 80 3.4 3.4 3.4 8.2 12.7 23.9 50.3 97.2 99.7

B-26 155 4.2 14.0 17.5 21.8 25.9 33.4 51.1 97.5 97.8

B-27 80 4.7 15.5 21. 4 24.1 30.2 46.0 80.0 98.3 99.9

B-27 150 4.1 12.4 17.7 21.2 23.3 33.7 70.8 98.4 99.8

B-27'" 150 4.1 12.8 18.4 22.0 24.3 38.0 50.3 65.4 78.5

B-27 225 4.6 4.6 4.6 7.3 8.9 16.0 39.5 96.0 99.6

KG-34 0-5 18.2 23.3 23.3 27.9 36.5 53.4 77.9 97.9 99.6

KG-34* 0-5 18.2 18.2 29.7 37.2 41.8 53.4 69.1 80.3 93.2

KG-34 15-22 16.3 27.0 30.3 32.6 36.7 45.2 54.1 13.8 99.0

KG-34 32-38 16.0 20.9 24.0 28.6 31.5 38.5 50.7 13.6 99.1

KG-45 0-5 18.6 24.2 27.8 32.5 38.3 49.1 61.5 86.0 99.3

KG-45 10-15 19.5 24.0 30.2 34.3 42.0 53.2 67.', 91.4 99.4

KG-45 32-37 20.4 24.2 26.7 32.9 36.8 47.0 68.5 91.8 99.4

KG-47 0-5 19.9 19.9 19.9 25.1 29.9 40.7 53.6 75.3 98.9

KG-47 15-20 16.0 26.5 29.9 32.0 34.7 46.5 63.9 96.3 99.4

KG-47 ))-38 11.2 19.2 24.3 25.8 33.1 59.6 94.3 98.8 99.8

N
W
N



TABLE ISb

Cumulative Percent (~ units) --------- >4-:0- -------- ----~--- ----~---
Station Interval 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

K-51 0-2 14.0 23.8 30.1 34.2 39.3 50.4 62.2 93.1 99.4

K-51 10-b 11.2 20.7 20.7 20.7 25.7 44.7 7J.8 98.2 99.6

K-51 35-40 10.2 10.2 13.6 17.9 24.5 41.8 75.8 98.0 99.7

K-73 0-5 16.8 26.1 32.0 41.0 50.6 65.9 84.6 98.0 99.8

K-73 15-20 12.1 12.1 19.2 23.8 32.5 57.2 94.0 98.3 99.8

K-7J 35-40 9.7 9.7 16.0 21.8 30.6 62.4 96.1 99.1 99.9

K-79 0-2 19.9 23.7 32.0 37.5 45.7 53.3 76.4 97.9 99.7

K-79 15-20 12.2 12.2 15.4 20.9 30.0 57.1 94.1 98.7 99.9

K-79 25-30 8.7 14.8 18.8 27.7 41.3 81.6 98.0 99.5 100.0

8-80 50 10.6 16.2 19.8 26.0 36.6 77.9 97.3 99.3 100.0

8-110 100 8.6 25.7 31.1 38.3 49.9 66.3 96.6 99.0 99.4

8-80 150 10.6 22.3 38.2 44.1 57.7 96.3 98.8 99.7 100.0

8-80 200 10.2 19.8 25.9 39.9 61.6 97.0 98.8 99.8 100.0

8-80 250 8.6 21.5 27.3 43.2 65.2 97.3 98.9 99.8 100.0

KG-92 0-2 21.0 30.4 34.4 40.9 45.7 51.0 73.0 97.2 99.6

KG-92 10-15 18.2 26.8 32.3 37.3 43.1 49.9 62.1 84.7 99.3

KG-92 32-36 15.0 21.2 23.3 28.4 35.5 63.8 96.6 99.0 99.9

KG-96 0-2 15.8 24.2 29.6 36.6 45.3 60.7 86.2 98.3 99.8

N
W
W



TABLE 15c

- - _.- - - - -- ___ .f."!!!.u.!.a.!.i"ye_P.!:.r.£e.!!.t_(!.!.!.n!.t.:!.)_____ r--: ___

- 8.0Station Interval > 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

K-96 20-25 11.4 11.4 17 .S 23.4 34.4 71. 7 96.3 99.1 99.9

Kr96 35-40 10.9 18.5 23.3 29.7 40.6 70.9 97.2 99.2 99.9

K-96* 0-2 15.8 33.5 37.1 46.9 54.4 66.5 75.6 85.5 96.3

K-162 0-2 2.2 20.4 20.4 22.8 24.5 32.3 49.9 91.8 99.6

K-162 10-15 0.9 14.9 21.1 25.1 27.6 34.4 50.3 94.4 99.6

K-162* 10-15 0.9 27.0 34.4 34.4 37.4 48.1 59.7 70.2 83.2

K-162 26-35 2.2 15.6 21.7 25.5 32.7 42.4 66.3 97.6 99.6

K-184 0-2 2.1 7.1 7.1 9.2 11.9 21.9 47.4 97.3 99.6

K-184 10-15 1.8 1.8 1.8 6.8 9.9 27.3 64.4 97.6 99.7

K-184 38-43 2.1 20.0 26.7 29.7 35.3 53.5 76.7 96.6 99.9

K-198 0-2 2.9 2.9 12.0 18.0 21.8 35.9 66.5 97.9 99.8

K-198 10-15 0.6 32.9 38.1 41.5 44.6 54.3 74.9 98.3 99.6

K-196 38-43 1.4 20.7 31.1 33.8 46.4 58.6 85.9 99.0 99.9

*Indicates use of a distilled water suspensate.

N
W
.po
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or aggregated form) or trapped inside large biogenic components which

would give a higher value for coarse fraction percent. However, a

certain amount of coarse fraction material might be crushed through the

screen, left on the screen, or lost during transfer from the sieve to

falcon cups for drying. The weight percent of the coarse fraction was

obtained by adjusting the dried weight to percent wet weight using the

water content of the sample. Computations can be followed on the labora

tory data sheet given in Figure 40.

Despite these careful procedures uncertainties do exist with respect

to the natural grain size distribution in a deep-sea environment. How

ever, laboratory techniques which maintain the sample in its natural

state, minimized separation and preparation steps, and the use of sea

water as a suspensate should give a more realistic appraisal of in situ

grain size distribution than do standard techniques which involve sample

drying, ultrasonic dispersion, deflocculating agents and a distilled

water suspension medium.

Slight variations in mean grain size or descriptive measures can be

caused by the formula used in these calculations, while significant

differences (several phi grades) must be attributed to sample preparation

and testing methods. For example, the mean size of sample KG-96 (D)

could vary by the following values:

~25 + ~75/2 = 5.65~

~16 + ~84/2 = 5.69~

~16 + ~50 + ~84/3 = 5.72~

In the present study, the 16 and 84 percentiles are selected for descrip

tive measure calculations because they define inflection points in the

probability density of a normal distribution (±I.O cr), and they are not
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tiles of the distribution (± 2.0 a; 2.5% and 97.5%).

formulas are used in this study:

Median Mdep = ep50

Mean Mep = ep16 + $84/2

Sorting 0$ = $84 $16/ 2

Skewness Skep = Mep - Md$/aep

as susceptible to sampling and measurement errors as the extreme percen

The following
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Figs. 41 to 44. Description of smear slides and coarse fraction of
sediment studied. Bar graphs are used to define relative percentage
of sedimentary components. Since abundance ranges are similar to
DSDP guidelines, these data can be directly converted into a sedi
ment name. For example, sample KG-45 (0-2 cm) is a diatom-bearing,
clay-rich, foram-nanno ooze. Note that trace components (in this
case, micronodules and rads) are omitted from the sediment name.

< 2% (trace)

2-10% (bearing)

10-25% (rich)

25-50% } (name)
> 50%
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APPENDIX 4

Water Content

Water content is a fundamental property of soil or sediment. It

has been shown in numerous studies to relate closely to the volume change

and strength behavior of fine-grained materials. Water is present as

free pore water, adsorbed water on negatively charged clay surfaces, 'and

as hydroxyl ions within crystal lattices. In normal usage, as in the

present study, water content refers only to "free" or mobile water

contained in pore spaces within the sediment fabric, and is a quantity

determined by oven-drying a sediment sample for a period of 24 hours

at l050C. The volume of pore spaces can also be described by parameters

such as void ratio or porosity, and is controlled by the composition,

grain-size distribution, and consolidation history of the sediment.

Water content, void ratio, and porosity are interchangeable parameters

describing pore water in sediments (Figure 45).

While adsorbed water and crystal lattice water can only be removed

at high temperatures (lOO-2000C and 500-l0000C, respectively), pore

water is readily lost during evaporation and by drainage at lower tempera

tures. Because of the susceptibility to water loss, sediment samples

must be either tested quickly for water content after recovery from the

seafloor or carefully preserved by storage in a high-humidity, refrigera

ted environment until these tests are made. Since weight determination

at sea using analytical balances are affected by ship motions, accurate

weighings can only be made under ideal conditions. Therefore, sample

storage until the ship returns to port (usually from 7 to 30 days) is

a typical practice. A variety of sample storage procedures were used

in the course of this study, including:
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Fig. 45. Theoretical relationships between water content (% dry
weight; % total weight), void ratio (e), and porosity (n).
Relation between these parameters assumed that sediment has
100% saturation by water and particles have an average spe
cific gravity of 2.6 g/cm3 • Interrelationships are based on
the following equations:

~oJ'ater Content (% dry weigh t) : W%d = M 1M x 100o ry w s

Water Content (% total weight): W% 1 = M 1M x 100
otota w t

Void Ratio: e = V Iv = Vl%d x Go ry s = n/l-nv s SAT
Porosity: n = V Iv = e/l+e

v t
where, M = total mass; M = mass of

t w
G = specific gravity of solids; SAT
VS = volume of voids; V = volume ofv s

water; M = mass of solids;
s

= % saturation with water;
solids; Vt = total volume.
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(1) careful sealing (with caps and tape) of subcore samples in

sections of piston core liner.

(2) sealing of discrete sub-samples (with lids and tape) in FALCON

cups.

(3) heat-sealing sub-samples in plastic bags (double insulated).

(4) heat-sealing sections of split cores in plastic bags within

sealed "D-tubes."

The primary objectives throughout this sediment collection and testing

program were to keep the sample in refrigerated storage until testing and

begin these water content tests as soon as possible after returning to

port. Storage procedures (2) and (3) involving discrete sub-samples

are favored because they eliminate drainage of pore water into lower

sections of the sub-core during storage. In future research programs,

determination of the water content of fresh samples while at sea will

eliminate the present uncertainties regarding sample storage procedures.

Since these marine sediments are saturated with seawater having an

approximate salinity of 35%0, a correction must be made in the calcu-

lations for residue salts left after drying. The full equation for water

content expressed as a percent of the solids (dry weight) with the "salt

correction" is given by:

wet weight - dry weight
dry weight - 0.035 (wet weight - dry weight)

W=-:---~"..----="--="~--:----..,........,,...---.,..--.....,....--.-

Table 16 presents the relative difference between water content

values with and without this "salt correction." This shows that the

"salt correction" increases the values for water content by 4% to 21.2%

within the typical range of the sediments studied (W = 100-500%).

The accuracy of water content determinations in shore labs is
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illustrated by Table 17. With an occasional exception, replicate water

contents are accurate to less than ± 1% and are subsequently reported

in whole numbers. Tables 18 and 19 list the water contents determined

for sediment samples collected in this study. All values have been

corrected for residual salt weight and were stored in refrigeration

until determinations were made in the shore laboratory.



Table 16

Salt Correction in Water Content Calculation
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Wet Dry Water Content Water Content Percent
Weight Weight (% dry wgt ) (with Salt Correction) Increase

10 10 0 0 0

15 10 50 51 2

20 10 100 104 4

30 10 200 215 7.5

40 10 300 335 11. 7

50 10 400 465 16.3

60 10 500 606 21.2

70 10 600 759 26.5

80 10 700 927 32.4



Table 17

Replicate Water Content
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Sediment
IV1 W2 IV3Cruise/Station Depth XIV a

W c

VA 13-1/GK-5 0-5 244 241 278* 242 2.12 0.9

VA 13-1/GK-5 12-17 259 260 257 259 1.5 0.6

VA 13-1/GK-11 0-5 249 252 250 250 1.53 0.6

VA 13-1/GK-11 15-20 257 256 255 256 1.0 0.4

VA 13-1/GK-149 0-10 289 284 286 286 2.5 0.9

VA 13-1/GK-149 10-20 300 311 341* 306 7.7 2.5

VA 13-1/GK-149 20-30 259 261 256 259 2.5 1.0

SO-6-1/KG-51 0-2.5 430 429 429.5 0.71 .16

SO-6-1/KG-148 0-2.5 284 290 287 4.24 1.0

SO-6-1/KG-148 32-38 388 389 388.5 0.71 .18

*determinations not included in test statistics Xc 0.82%

c = coefficient of variation

c = 100 aW

Xw



Table 18 a

Water Content, Percent of Dry Weight

D E P T H I N COR E, C M
---- ----- --------------- --------- ------- ---------------- ------- ------- --------

Cruise/Station 0-2 2-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 l.5-50

SO-6/KG-5 181
-28 453 551
-34 147 100 102
-45 108 90 124
-47 171 335 466
-51 429 480 517 501
-73 276 442 466
-79 350 386 425
-92 130 105 188 300
-96 425 455 490
-110 205 163 343
-114 151 100 161
-123 214 211 269
-12l. 194 128 248
-138 335 370 376
-148 287 297 389
-162 384 240 216 208
-179 280 192 192
-184 380 345 217 173
-198 319 193 179 187
-200 227 144 121 115
-206 68 74 71
-210 178 129 114
-214 172 155 140 132
-233 376 218 200 215
-236 292 221 246 207

N
VI
VI



Table 18b

D E P T H I N COR E, C M
---- ----- -------~------- ---------~------- ------- -------- ------- ------- --------

Cruise/Station 0-2 2-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-50

VA 13-1/GK-5 225 210 217 216 201 284 282
-11 210 246 235 240 243 202 228
-39 230 241 258 205 203 199
-40 329 349 313 305 310 305 319 317 329
-46 333 291 280 257 287
-63 326 275 265 249 260 264 226 242 183
-92 315 290 274
-115 346 314 259
-116 343 306 258 282 270
-139 415 474
-141 339 324 284
-142 323 308 284
-148 339 314 258
-149 417 385 402 364 370 322 306 279 194

50 100 150 200 250 300 350 400 450 500

SO-6/KAI-26 232 239
-27 234 213 237
-80 489 406 471 458 482

N
VI

'"




