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ABSTRACT

The Greater Antilles Outer Ridge is an 1800 km long,
submarine sedimentary ridge which lies below 5000 m in the
southwestern North Atlantic Ocean. Seismic reflection
profiles and core data indicate that the ridge is composed
of more than 6 x 10% km3 of acoustically transparent sedi-
ment which has accumulated above a sequence of acoustically
stratified sediments deposited before late Eocene time.

The sediments consist of low-carbonate, homogeneous,
terrigenous lutites which have accumulated at rates of up
to 30 cm/1000 yr. since the middle Eocene. Clay-mineral
analyses indicate that the chlorite-enriched sediment is
gerived from the northeastern continental margin of North

merica.

Abyssal contour-following currents which flow around
the Greater Antilles Outer Ridge are interpreted as an
extension of the Western Boundary Undercurrent (WBUC) found
along the continental rise of eastern North America. This
current system is proposed to be the agent which has trans-
ported sediment southward for more than 2500 km and deposited
it on the Greater Antilles Outer Ridge. Sediment is present-
ly carried in concentrations up to 65 ug/liter in the currents
flowing around the outer ridge, and mineral analyses show that
the suspended sediment has a northern provenance; it is simi-
lar in composition to the bottom sediment and is interpreted

as the source of sediment deposited on the Greater Antilles
Outer Ridge.

- The Puerto Rico Trench began to form in middle Eocene
time, and it cut off direct downslope sedimentation to the
Greater Antilles Outer Ridge. At the same time, the newly
formed WBUC interacted with existing sea-floor topography
and the Antarctic Bottom Water (AABW) flowing in from the
South Atlantic, and it began to deposit acoustically trans-



parent sediment on the eastern outer ridge. This depositional
pattern persisted until the middle or late Miocene, when
increased AABW flow diverted the WBUC to the northwest and
initiated deposition of the western sector of the Greater
Antilles Outer Ridge. Shortly thereafter, decreased AABW

flow and lower current speeds allowed rapid deposition of
sediment on the Greater Antilles Quter Ridge and on the

Caicos Quter Ridge to the west. The bottom topography has
controlled the abyssal current pattern, and current-controlled
deposition has continued to construct the Greater Antilles
OQuter Ridge since early Pliocene time.

Thesis Supervisor: Dr. Charles D. Hollister
Title: Associate Scientist
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CHAPTER I
INTRODUCTION

Thebarea investigated is the Greater Antilles Outer
Ridge north of Puerto Rico in the southwestern North Atlantic
Ocean (Fig. 1.1). This broad swell or rise was first
recognized on topographic maps by Tolstoy (1951). It can be
divided intorl) a western sector which rises from the
southern Hatteras Abyssal Plain near 24°N lat., 70°W long.
and extends southeast to about 21°N lat., 67°W long.; and
2) an eastern sector which extends along the north side of
the Puerto Rico Trench eastward to at least 56°W long. (Ewing -
and others, 1968). The Greater Antilles Outer Ridge is
bounded by the Nares Abyssal Plain, Vema Gap, and the
Hatteras Abyssal Plain on the north, the Silver Abyssal P]ain'
on the west, and the Puerto Rico Trench on the south. it is |
more than 1800 km long, from 110 to 220 km wide, and its
crest lies at a depth of 5100-5200 m (up to 700 m above the
surrounding sea floor). The Greater Antilles Outer Ridge is
thus comparable in length to the more familiar Blake-Bahama
Outer Ridge system, but its relief is only about one-third as
great.

This study arose during an investigation of the sediments
of the Greater Antilles Outer Ridge, which in jinitial research
were determined to be abyssal brown lutites of dominantly

terrigenous derivation interbedded with occasional calcareous






Figure 1.1.
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Bathymetry of the Greater Antilles Outer Ridge
and vicinity, contoured from precision soundings
of Woods Hole Oceanographic Institution and
Lamont-Doherty Geological Observatory. The
Greater Antilles OQuter Ridge, which extends from
24°N lat., 70°W long. to 21°N lat., 67°W long.,
and then east along the north side of the Puerto
Rico Trench, is not labelled in order to avoid
covering contours. Contours are in meters,
corrected for sound velocity in water (Matthews,
1939). Contours in Vema Gap are modified from
Heezen and Menard (1963), in the Virgin Islands
Passage from Frassetto and Northrop ?1957), on
the Caicos Outer Ridge from Schneider and

Heezen (1966), and on the Bahama Banks from HO
Charts BC 704 and 804. Control on bathymetry

is shown by light dotted lines.
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Tutites (the word lutite is used in this text as a descriptive'
term for unconsolidated sediment with grain»size less than
2 um, and no genetic associations are implied). Ericson and
otheks‘(1952) examined cores from the Greater Antilles Outer
Ridge and described them as "typical deep-sea red clay
“‘throughout" and "entirely red clay". Seismic reflection
profiles taken in this region (Ewing and Ewing,.1962; Savit
and others, 1964; Bunce and Hersey, 1966) demonstrated that
a blanket of acoustically transparent sediment up to 0.8 km
thick covers and actually forms the Greater Antilles Quter
Ridge in’many places. The origin of this accumulation of
sediment and the geologic evolution of the Greater Antilles
Outer Ridge was chosen as the topic of this research effort.
The most puzzTing problem in reconstructing the
geological history of the Greater Antilles Outer Ridge is the
origin of the upper, acoustically transparent layer, and
severa] working hypotheses can be tested. Extenéive accumu;
Tations of sediments with a similar acoustic nature occur at
numerous other Tocations in the world oceans, and some are
attributed to rapid deposition of biogenous material beneath
regions of high surface productivity (see for example, Ewing
and others, 1969). This mechanism could provide much of the
sediment on the Greater Antilles Quter Ridge; however, sedi-
ment cores from the tfansparent layer contain low-cérbonate,
texturally hqmogenequs, variegated, terrigenous sthy Tutites

with only scattered zones enriched in biogenous carbonate.
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This is expected since most of the Greater Antilles Outer
Ridge lies below the carbonate compensation depth. Further-
" more, the surface waters of the overlying southern Sargasso
Sea are relatively unproductive (Ryther and Menzel, 1960;
Be” and others, 1971). Core data from Site 28 of the Deep
Sea Drilling Project on the south flank of the outer ridge
(Bader and others, 1970) also indicate that the upper 170 m
of sediment, corresponding to the transparent layer, is
green-gray and brown lutite nearly devoid of biogenous'
material; thus accumulation of biogenous material can be
ruled out as an important factor in the deposition of the
transparent layer.

Bunce and Hersey (1966) suggested that the transparent
layer may be the remnant of a continental rise which extended
northward from Puerto Rico and pre-dated the formation of the
Puerto Rico Trench. However, continental rise sediments in
the western North Atlantic typically exhibit numerous strong
internal reflectors (Hoskins, 1967; Emery and others, 1970),
and cores from true continental rises contain numerous beds
of silt and fine sand (Ericson and others, 1961; Hollister
and Heezen, 1972). On the Greater Antilles Outer Ridge,
such rise-type sediments might also contain rapidly deposited
calcarenite layers similar to those found by Schneider and
Heezen (1966) on the Caicos Outer Ridge just 200 km to the
west. None of these features 1is observed in the transparent

lTayer.
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The working hypothesis chosen to explain thé origin of
the transparent layer is that near-bottom, contour-following
currents transporf fine-grained sediment from the continental
margin of eastern North America to the topographically
isolated Greater Antilles Outer Ridge and deposit the
suspended sediment there. Tucholke and Hollister (1970) and
Tucholke and others (1972) postulated that the necessary
current system might be the southerly extension of the
Western Boundary Uhdercurrént (Heezen and others, 1966;
Hollister and Heezen, 1972) which is active along the
continental rise of eastern North America, and the ramifica-
tions of this hypothesis are tested in this investigation.

The hypothesis of current-controlled sedimentation on
the Greater Antilles Outer Ridge was examined by studying:
1) the morphology and structure of the sediments on the
outer ridge and the chronology of their sedimentation;

2) the mineralogy of the sediment in order to determine its
provenance; 3) the present abyssal current pattern, and
4) the concentration, size distribution, and.composition of

suspended matter carried in the abyssal currents.



20

CHAPTER 11
BATHYMETRY

GENERAL DESCRIPTION

The initial step-in‘this investigation was to construct
an accurate and detailed bathymetric map of the Greater
Antilles Outer Ridge and vicinity (Fig. 1.1) using more than
thirty thousand kilometers of precision echo-sounding tracks
obtained by Woods Hole Oceanographic Institution and Lamont-
Doherty Geological Observatory.

The crest of the ridge is generally at depths of 5100
to 5200 m, although basement peaks commonly interrupt the sea
floor and extend to shallower depths just north of the Puerto
Rico Trench. The crest is centrally located on the western
sector of the ridge but is displaced to the south on the
eastern sector. Several saddles or depressions with depths
up to 5400 m cross the eastern sector in a north-south
direction, and one deep (nearly 5500 m) depression interrupts
the western outer ridge near 23°N lat., 68°W long.

The flanks of the Greater Antilles Outer Ridge vary in

~gradient from about 1:150 to 1:250, the Targest gradients

being on the north flank of the northwest end of the outer
ridge and on the western flank near 68°W long. The south
slope of the eastern outer ridge (north slope of the trench)

is much steeper, with gradients as high as 1:30.
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Most of the western sector of the Greater Antilles Outer
Ridge shallower than 5500 m has an undulating surface of
regular to irregular small-scale sediment swells with spacing
of 1-12 km and amplitudes of 10 to 140 m (Fig. 2.1). The
eastern sector of the outer ridge tends to have less well
developed swells than the western sector. Sbbbottom layering
detected in 3.5 and 12 kHz echo-sounding profiles is normally
parallel to the sea floor, but in some cases differéntia]
depositioh and small scale migration of the swells can be
seen. These swells have been ascribed to possible tectonism
or to current-influenced deposition (Ewing and others, 1968;
Savit and others, 1964).

Detailed bathymetric surveys were made in the area of
22°N Tat., 67°30'W long. to determine the orientation of the
swells. Analysis of slope, spacing, and spaéing/amplitude
versus azimuth failed to show more than a weak elongation of
the swells in the east~wes£ direction, nearly perpendicu]af
to the regional contours of the Greater Antilles Outer Ridge
in this area. There is further evidence in the general
bathymetry of the northwestern section (Fig. 1.1) that the
small-scale features trend in a northeast-southwest direction,
also at right angles to the axis of the outer ridge. Although
-the imprecision of echo-sounding surveys made from a surface
vessel in mapping these swells limits the reliability of the
interpretations, there appears to be a trend toward 1inearity

in the features, with their crests roughly perpendicular to



Figure 2.1.

22

Echo-sounding profiles (12 kHz) on the north- .
west section of the Greater Antilles Outer Ridge,
illustrating the regular (top) and irregular
sediment swells (bottom) which trend more or

less perpendicular to the regional contours.

Note the parallel-bedded layers detected in the
upper profile. For locations see Figure 3.1.
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régiona] contours.

An area centered on 22°30'N lat., 67°30'W Tong. on the
northeast flank of the western sector of the outer ridge is
referred to as the "1ayered valley" region by Chase and
‘others (1966) and Bunce and others (1973). Detailed bathy-
metric surveys conducted by these authors show a series of
small ridges and valleys arranged like a dendritic tributary
systém extending toward the Nares Abyssal Plain. Here again,
the swells are oriented roughly at 90° to the outer ridge.
The valley floors are flat, and they are thought to be
formed by localized turbidity current deposition from the

outer ridge.

THE SCALE OF SEDIMENT SWELLS

The following series of sediment swells, listed in order
of decreasing size, appears on the Greater Antil]es‘Outer
Ridge:

1) The largest swells are those that are indicated on
the bathymetric map (Fig. 1.1) running generally perpendicular
to tﬁe axis of the outer ridge. Their spacing ranges fromv
about 6 to 12 km with amplitudes up to 140 m.

2) A second set, obseryed in echo-sounding profiles but
generally not shown on the bathymetric map, has spacings of
1-6 km and amp]itudes up to 90 m. Detailed bathymetric
surveys suggest that these swells have the same orientation
as those of 1) above. Mud swells with similar amplitude and

spacing were observed on the Caicos Outer Ridge to the west
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during leg 8 of ATLANTIS II Cruise 60.

3) Hyperbolic echoes are infrequently observed in
.echo-sounding profiles taken over the lower flanks of the
outer ridge. Their spacing ranges from tens to hundreds of
meters and their amplitude is only a few meters. The fact
that they are infrequentTy observed may reflect an actual
rarity, or it may result from the insensitivity of the
echo-sounding system in detecting weak "side echoes” from
small mud swells of fine-grained sediment. The fact that
each pulse of‘the echo-sounding system insonifies roughly
105m2 of sea floor at these depths may also confuse detection
of these features.

4) Superimposed on the above are smaller mud swells,
probably greater than 10 m in spacing and of < 1 m amplitude.
These are not detected in surface echo-sounding records but
are well i]]ustrated in many bottom photographs (see
Appendi x II). Since their size is intermediate between that
normally resolved by surface echo sounding and bottom
photography, it is not possible to assess their frequency and
distribution with the information presently available.

5) Ripples are déve]oped in certain areas of the
Greater Antilles Outer Ridge; they are easily recognized in
bottom photographs and have wavelengths of 20 to 30 cm and
amplitudes of about 5 cm (see Fig. 6.14).

It must be emphasized that none of these patterns is
universal on the Greater Antilles OQuter Ridge, nor is there

reason to believe that the patterns always occur together in
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this region. However, all of these features have wavelengths
and amplitudes similar to those of other abyssal sediment
swells in the deep ocean (see Fig. 9.13 of Heezen and

Hollister, 1971).

SURROUNDING PROVINCES
The southern end of the Hatteras Abyssal Plain, about
5500 m deep, bouﬁds the northwest end of the Greater Antilles
OQuter Ridge. If is connected to the Nares Abyssal Plain by
- Vema Gap, which slopes toward the east parallel to the north-
east f]énk of the outer ridge with a gradient of 1:1500. The
Nares Abyssal Plain provides the northern boundary for the
eastern sector of the outer ridge, and it slopes gently to
the east from a depth of 5800 h at 67°30'W long. down to
5900 m at 62°30'W 1long. The outer ridge is bounded on the
west by the Sj]ver Abyss;1 Plain, about 5500 m deep, and on
the south by the Puerto Rico Trench with depths of up to
8413 m. The north slope of the trench forms the south flank
of the eastern sector of the outer ridge. |
Two sills connect the Greater Antilles Outer Ridge with
marginal features of the Bahama Banks. The first of these,
near 23°30'N lat., 70°30'W long., is only very sTightly
elevated above the level of the Hatteras and Silver Abyssal
Plains. It connects the northwest end of the Greater
Antilles Outer Ridge with the Caicos Outer Ridge‘and has a
maximum depth of about 5485 m. The second sill connects the

southwest elbow of the Greater Antilles Outer Ridge to the



oy

apron at the base of Navidad Bank and Silver Bank. The
maximum depth of this sill is about 5230 m in a narrow
passage at the southeast end of the Silver Abyssal Plain.

The Greater Antilles Outer Ridge is thus formed by a

‘low, rolling rise of sediment with a hummocky surface,

rising 400-700 m above the surrounding flat abyssal plains.

Although the eastern sector bounds the Puerto Rico Trench
on the north, the western sector extends away from the

trench northwest to the Hatteras Abyssal Plain.

27
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CHAPTER III
STRUCTURE OF THE GREATER ANTILLES OUTER RIDGE

PREVIOUS GEOPHYSICAL WORK

Portions of the Greater Antilles Outer Ridge have been
studied extensively by seismic reflection and refraction
over the last decade (Ewing and Ewing, 1962; Bunce and
Fahlquist, 1962; Northrop and Ransone, 1962; Savit and
others, 1964; Ewing and others, 1968; Bunce and Hersey, 1966;
Bunce and others, 1969).

In the present study, more than 20,000 km of continuous
seismic reflection profiles obtained by Woods Hole Oceano-
graphic Institution and Lamont-Doherty Geological Observatory
were examined to determine the structure of the basement and
the overlying sedimentary units in the vicinity of the
Greater Antilles Outer Ridge. The Tlocations of profiles
referred to in this text are shown in Figure 3.1.

The Greater Antilles Outer Ridge is characterized by
three main acoustic units recorded in seismic reflection
profiles (Figs. 3.2, 3.6, 3.11). The first and uppermost
unit is acdustica]]y transparent with thicknesses up to
1.0 sec reflection time. The second unit, which lies
imhediate]y beneath the transparent layer, ranges in thick-
ness from 0 to 1.0 sec reflection time, and it appears as
flat-lying, acoustically stratified sediment; it has been

suggested by Ewing and Ewing (1962) that this reflective
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Figure 3.1.
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Bathymetric map of the Greater Antilles OQuter
Ridge and vicinity showing locations of profiles
discussed in text: 1lines 1 and 2 are 12 kHz
profiles shown in Figure 2.1 (top and bottom
respectively), and 3-9 are seismic reflection
profiles. The star at 20°35.2'N lat.,

65°37.3'W long. shows the location of Site 28 of
the Deep Sea Drilling Project.
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Figure 3.2.

31

CONRAD 10 seismic reflection profile taken

along the crest of the Greater Antilles Outer
Ridge (Profile 7, Fig. 3.1). 'Note the upper,
acoustically transparent layer and the stratified
sediment beneath. Acoustic basement is poorly
defined, with possible peaks interrupting the
stratified Tayer at the right.
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sequence corresponds to layered turbidity-current deposits.
The stratified séquence overlies, and is often penetrated
by, a deeper reflector that exhibits an irregular, sometimes
broken, surface. No reflections are observed beneath the
strong echo of this third unit, and it is therefore referred
to as acoustic basement.

An observed increase in compressional wave velocity
from 1.50 to 1.77 km/sec with depth in the upper, acoustically
transparent layer, as determined by seismic refraction
measurements, indicates that it becomes increasingly
lithified with dépth (Savit and others, 1964; Bunce .and
others, 1969).. Velocities as high as 2.10 km/sec have been
reported for the transparent layer (Bunce and Hersey, 1966),
and a similar value was suggested by drilling through the
base of the transparent layer at Site 28 of the Deep Sea
Drilling Project (Bader and others, 1970; Fig. 3.2). The
second or stratified unit is characterized by velocities of
3.7 to 4.5 km/sec (Savit and others, 1964; Bunce and Hersey,
1966) a]though velocities as low as 3.0 km/sec have been
measured in certain areas west of 66°30'W long. (Northrop
and Ransone, 1962; Savit and others, 1964). The unit
referred to as acoustic basement has velocities of about
5.2 to 5.5 km/sec.

The geophysical studies indicate that the acoustically
transparent layer blankets most of the Greéter Antilles

Outer Ridge, but it is absent on the adjacent abyssal plains;
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the corresponding unit on the abyssal plains typically
contains multiple reflective horizons which are thought to
be stratified sediments emplaced by turbidity currents
(Hersey, 1965). A thin (< 0.2 sec) transparent layer
continues down the north slope of the Puerto Rico Trench
in places andvdips beneath the trench sediments (Bunce

and Hersey, 1966; Chase and Hersey, 1968). Acoustically

transparent sediments also occur on the two sills to the

~west of the Greater Antilles Outer Ridge and on the Caicos

Outer Ridge (Fig. 3.3). The fo]]oWing discussion treats

each of the above units in more detail.

ACOUSTIC BASEMENT

Acoustic basement under the eastern sector of the
Greater Antilles Outer Ridge has velocities in the range
5.2 to 5.5 km/sec, suggesting that it is oceanic layer 2
(Raitt, 1963; Ludwig and others, 1970). It is extremely
irregular in configuration, and in seismic reflection profiles
it may dip to more than one-second reflection time beneath
the sea floor. Acoustic basement also interrupts the over-
lying stratified and transparent sediment, occasionally
rising more than 500 m above the surrounding sea floqr to
depths shallower than 4700 h (Figs. 3.1, 3.4). The irregu-
1arity appears more pronounced underneath the Greater
Antilles Outer Ridge than under the Nares Abyssal Plain to
the north, and,'although there is a general increase in depth

to acoustic basement north of the outer ridge, basement peaks






Figure 3.3.
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Map showing dominant sediment type and sediment
thickness above Datum A and above the basement
peaks interrupting Datum A. Thicknesses are in
seconds reflection time. The southern 1limit of
the study is marked by the Bahama Banks escarp-
ment and the 7000 m contour on the north slope
of the Puerto Rico Trench. Datum A (cross-
hatched) crops out near the southern end of the
Silver Abyssal Plain and in at least two places
at the base of the Bahama Banks. The symbols
at the Tower left depict depths to basement
peaks which interrupt Datum A. DSDP Site 28

is marked by a star, and control for mapping is
shown by 1light dotted lines.
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Figure 3.4.
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Map showing the distribution of Datum A and the
basement peaks which interrupt it. The WNW/ESE-
oriented, dashed Tines indicate possible struc-
tural lineaments in the acoustic basement. See
Figure 3.6 for an idealized representation of
Datum A and the peaks which interrupt it. Note
that basement interruptions of Datum A are
restricted primarily to the eastern sector of
the Greater Antilles OQuter Ridge and to the Nares
Abyssal Plain. The dotted Tines roughly mark
the 5500 m isobath, and the 7000 m contour along
the north slope of the Puerto Rico Trench is the
southern 1imit of mapping. DSDP Site 28 is
marked by a star.
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still locally break through the stratified abyssal-plain
sediments. Acoustic basement thus forms a broad structural
high under the eastern sector of the Greater Antilies Quter
Ridge, parallel to the east-west trend of the Puerto Rico
Trench.

There is also some indication of smaller scale, WNW-ESE
trending, basement structural ridges within the outer ridge -
abyssal plain province (Fig. 3.4). The lineations are
poorly defined, but they agree closely with the overall
tectonic fabric of the oceanic basement in this region
(Johnson and Vogt, 1971). |

Under the western sector of the Greater Antilles OQuter
Ridge, acoustic basement lies at such great depths (>1.5
seconds) that it is rarely observed.

| Dredge hauls from near the 1eve1 of the acoustic base-
ment on the north slope of the Puerto cho Trench have
recovered basalt, serpentinite, chert and limestone. Bowin
and others (1966) suggested that the 5.2 to 5.5 km/sec layer
(layer 2) may be composed primarily of serpentinized
peridotite with some altered basalt. However, Chase and
Hersey‘(i968) felt that basalt flows, possibly interbedded
with Timestone and chert, compose the acoustic basement, and
they concluded that the serpentinite came from the top of a
deeper crustal layer of velocity 6.5 to 6.6 km/sec (the
"oceanic layer" or layer 3). It seems reasonable that
acoustic basement (layer 2) in this region is basaltic crust

which originated at the Mid-Atlantic Ridge (Bunce and

R
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others, 1973), and the upper portions probably contain
subsequent local basalt flows interbedded with consolidated
sedimentary rocks.

Certain limits can be placed on the age of acoustic
basement and the."oceanic layer" under the eastern sector
of the Greater Antilles Outer Ridge. The oldest sedimentary
rocks recovered from the north slope of the Puerto Rico
Trench are middle Cenomanian (about 100 m.y.) in age (Todd
and Low, 1964), and they probably originated from near the
top of acoustic basement (layer 2) or from the base of the
overlying stratified layer. Extrapolation of data from
magnetic anomalies and JOIDES borehole results (Pitman and
Talwani, 1972) into this area suggests a crustal age of
110-130 m.y. Thus the sea floor in this area was probably

first formed no earlier than the early Cretaceous.

THE STRATIFIED LAYER

The acoustically stratified sediment directly overlying
acoustic basement and forming flat-lying ponds between base-
ment peaks under the Greater Antilles Outer Ridge is referred
to hereafter as the stratified layer; it has compressional
wave ve]ocitiés of about 3.0 to 4.5 km/sec.

A distinctive reflector observed in the stratified
layer and here referred to as Datum A is ubiquitous in the
area studied, excepf under portions of the Greater Antilles
Outer Ridge east of 63°W long. (Figs. 3.4-3.6). Datum A

marks the top of the stratified layer under the eastern
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Figure 3.5.
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CONRAD 8 seismic reflection profile from :
20°13'N Tat. to 22°04'N lat. along 62°52'W long.
On this far eastern sector of the Greater
Antilles Outer Ridge, Datum A and the stratified
layer are usually absent, and the transparent
layer lies directly on acoustic basement. How-
ever, Datum A is observed under the flanking
Nares Abyssal Plain (right).
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Figure 3.6.
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Idealized profile along the topographic axis of
the Greater Antilles Outer Ridge. Note that
Datum A marks the top of the stratified layer
under the eastern sector but is overlain by
further stratified sediment in the western sector.
At the right, basement peaks with thin covers of
transparent or stratified sediment interrupt
Datum A. The deepest reflector at the left may
be 'Horizon 8 (Windisch and others, 1968).
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sector of the outer ridge, but it is commonly overlain by
additional stratified sediments to the west (Fig. 3.6).
Under the Greater Antilles Outer Ridge it is generally well
defined and readily traced, although it becomes indistinct
benéath the ridge axis in some profiles over the northwest
section. In Vema Gap Datum A is strongly distorted, but
in other areas it is relatively smooth.

The Woods Hole seismic profiles in several instances
fail to define Datum A clearly under the outer ridge,
. particularly on the north-south lines. 1In these instances
the reflectof could be traced as a weak echo 0.05 to 0.20 sec
above the stratified sequence. |

In virtually all instances where profile tracks
crossed, correlation of Datum A in the profiles was within
0.1 sec. EXceptions occurred in areas where rapidly changing
basement topography and navigation uncertainties made exact
correlation difficult.

Datum A resembles the sequence of reflectors referred
to as Horizon A in the western North Atlantic (Ewing and
others, 1966; Ewing and others, 1970). At the locations
where it has been sampled, Datum A is of early to middle
Eocene age (see below), as is Horizon A in certain parts of
the Atlantic (Ewing and others, 1970). However; Datum A
often overlies a‘deeper sequence of reflectors (Fig. 3.7)
which could just as easily constitute Horizon A, and for this

reason Datum A is treated separately from Horizon A.
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CONRAD 10 seismic reflection profiie from the
Bahama Banks across the Caicos Outer Ridge and
Greater Antilles Outer Ridge to Vema Gap (Profile
4, Fig. 3.1). Note that reflectors occur both
above and below Datum A under the Greater
Antilles Outer Ridge and that reflectors appear
to rise and terminate in an angular unconformity
under the Caicos Outer Ridge. Datum A appears

to crop out at the base of the Bahama Banks.
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Datum A is frequently interrupted by acoustic basement east
of 68°W long. under the Nares Abyssal Plain and the Greater
Antilles OQuter Ridge,‘but the stratified layer forms a thick
sequence over acoustic basement under most of the western
sector of the outer ridge (Figs. 3.4, 3.6, 3.7).

The thickness of the stratified layer is quite variable
under the eastern outer ridge,,ranging from < 0.1 km to
more than 1 km in places. From the crest of the eastern
sector Datum‘A slopes gently north under the Nares Abyssal
Plain and sharp]y_to the south down the north slope of the
Puerto Rico Trench, where it is frequently broken by fault
blocks or is completely absent. Thicknesses of the
stratified layer (below Datum A) are generally about the
same under the eastern sector of the outer ridge and the
Nares Abyssal Plain to the north.

The stratified layer undoubtedly crops out on the
north slope of the Puerto Rico Trench. The cherts, consoli-
dated mudstones, and limestones dredged on the north slope
(Bowin and others, 1966; Chase and Hersey, 1968) may come
from this layer. Core data from DSDP Site 28 (Bader and
others, 1970) on the north slope indicate that middlie Eocene
siliceous limestone and banded cherty layers, which are
probably from the top of the stratified layer (Datum A), were
encountered about 175 m beneath the sea floor. The sediments
below this depth consist of variegated lutites and silty

lutites, claystones, chalk, and microfossil oozes.
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Drilling continued to 404 m but failed to reach acoustic
basement, bottoming in Cretaceous (probably Upper Cretaceous)
sediment. The Cenomanian limestones (Todd and Low, 1964)
dredged from the north slope most likely came from near the
base of the stratified layer.

Datum A is an important acoustic marker which divides
two vastly different acoustic regimes under the eastern
outer ridge: i.e., the stratified layer and the overlying
acoustically transparent sediment. A piston core (RC 16-30;
21°00.3'N lat., 68°23.1'W Tong.) was obtained ffom the Datum
A outcrop near the southern end of the Silver Abyssal Plain
(Figs. 3.3, 3.8) to confirm the middle Eocene age suggested
by very incomplete core recovery at DSDP Site 28. The core
retrieved interbedded white marls and brown lutites of early to
middle Eocene ége at 870-962 cm beneath the sea floor. A
reflection»profi1e across this outcrop (Fig. 3.8) indicates
that the surface of Datum A may have been eroded away, so it
is possible that the core sampled sediment slightly below the
datum and within the upper stratified layer. However, the
available evidence strongly indicates a middle Eocene age

for Datum A.

THE TRANSPARENT LAYER _

The distribution of the post-middie Eocene transparent
llayer and stratified sediment was determined by constructing
an isopach map of sediment thickness (in seconds reflection

time) above Datum A (Fig. 3.3). The values on the map are
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CHAIN 34 seismic reflection profile near the
southern end of the Silver Abyssal Plain and
extending onto the western sector of the

Greater Antilles Outer Ridge (Profile 9, Fig.
3.1). The top of the stratified layer (Datum A)
breaks the sea floor at the left, and a piston.
core taken from this outcrop (RC 16-30) is

ear]y to middle Eocene in age.
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approximately equal to sediment thickness in kilometers if
an average sound velocity of 2.0 km/sec is assumed. Although
available data indicate that Datum A is of middle Eocene
age, there is the real possibility that the reflector is
>not a time-line. If this is true, bias in the interpretation
of post-middle Eocene sediment thickness would be expected.
However, the pattern of sediment distribution that emerges is
well defined, and significant departures of Datum A from a
common time-line would be required to alter radically the
following interpretations.

Except where basement peaks interrupt it, the surface
of the transparent layer forms the sea floor ovef the Greater
‘Antilles Outér Ridge. In general, this surface is not con-
formable to deeper reflectors, so it is unlikely that the
transparent layer represents deposition by normal pelagic
draping of sediment over an irregular sea floor.

The thickness of the transparent layer along the north
slope of the Puerto Rico Trench is highly variable, but
virtually everywhere it is thinner than 0.2 sec reflection
time (Fig. 3.3). Its irregular distribution probably is due
to slumping and faulting along the slope.

The maximum thickness of the transparent layer over the
eastern sector of the outer ridge is about 0.5 sec reflection
time. The axis of thickest sediments runs east-west near
21°15'N lat., and it is displaced about 60 km north of the

topographic crest of the eastern outer ridge. The trans-
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parent layer thins toward the east, rarely exceeding 0.2
seconds east of 63°W long. Basement peaks commonly interrupt
the transparent layer, especially along the south slope of
the outer ridge.

On the western sector of the Greater Antilles Outer Ridge
the axis of thickest transparent sediments lies directly
beneath the topographic crest of the outer ridge, and thick
stratified sediments (up to 0.8 sec) continue northwest
under the Hatteras Abyssal Plain beyond any surface expression
of the outer ridge.

The sediments above Datum A gradually thin to the south-
west under the Silver Abyssal Plain and Caicos Outer Ridge.
Sediment cover is very thin along the base of the Bahama
Banks, and Datum A crops out there in at least twb places,
as well as neaf the southern edge of the Si]ver‘AbySsa]

Plain (Figs. 3.3, 3.7, 3.8).

Some sediments of the transparent layer on the Greater
Antilles Quter Ridge are thought to extend under the
reflective layers of the Nares Abyssal Plain (Ewing and
Ewing, 1962; Ewing and others, 1968) and therefore to predate‘
the deposition of the abyssal-plain sediments. However, the
profiles examined in this study show that the transparent
Tayer interfingers with the sediments of the Nares as well as
the Hatteras and Silver Abyssal Plains (Figs. 3;5, 3.7, 3.9,
3.10), indicating contemporaneous deposition in all provinces.

The stratified sediments above Datum A which extend up to the,






Figure 3.9.
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CONRAD 10 seismic reflection profile (Profile 6,
Fig. 3.1) across the Nares Abyssal Plain and
Greater Antilles OQuter Ridge, showing the inter-
fingering of abyssal-plain reflectors with the
sediments of the transparent layer. Note the
very thin transparent layer at the top of the
north slope of the Puerto Rico trench (far left).
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sea floor are observed on]y in the abyssal-plain provinces.

A]though the transparent layer normally exhibits no
internal reflectors 1n seismic reflection prof11es, d1screte
segments of reflective sediments, termed layered valleys, do
appear (Figs. 3.10, 3.11, 3.12). They probably result from
small turBidity currents generated by slumping of sediment
from nearby slopes, with subsequent deposition of graded
material in depressions of the outer ridge (Chaﬁe and others,
1966; Bunce and others, 1973). These features are restricted
entirely to the western sector of the Greater Antilles Outer.
Ridge (Fig. 3.3), suggesting that this area is characterized
by rapid sedimentation and consequent slope ihstabi]ity. |

In certain instances where the characteristics of the
recording system were so adapted, some seismic profiles show
1ayering within the transparent layer that is conformable
with neither the sea floor nor the under]ying stronger
reflectors. The pattern of reflectors often suggests migra-
tion of sediment swells during the process of deposifion
(Fig. 3.13). Ewing and others (1971) have inferred that
similar features in the Argentine Basin have been broduced
by abyssal currents.

The apparent migratory pattern of the sediment swells,
their orientation at right angles to the sinuous axis of
the outer ridge, and the relatively undisturbed attitude of
the undef]ying'stratified'1ayer argue against.compressionai

deformation as an agent in forming the swells.



Figure 3.10.
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Seismic reflection profile made on VEMA cruise
22 from the Hatteras Abyssal Plain onto the
northwest section of the Greater Antilles Outer-
Ridge (Profile 3, Fig. 3.1). Note the inter-
fingering of reflectors under the abyssal plain.
with the sediments of the transparent layer.
Layered valleys occur as discrete reflector
sequences Wwithin the transparent layer. The
continuity of reflectors at the western end of
the outer ridge indicates a history of net
depogition rather than erosion (see Chapter
VIII).
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~Figure 3.11.
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CONRAD 10 seismic reflection profile (Profile

5, Fig. 3.1) across the Silver Abyssal Plain and
Greater Antilles Outer Ridge. Note the trans-
parent sediment deposited against the west side
of the seamount (arrow) and the sediment swells
and layered valleys in the transparent layer on.
the outer ridge.
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Figure 3.12.

"Echo-sounding profile (12 kHz), centered on

23°32'N lat., 68°48'W long., illustrating
slumping from the flank of a steep swell into
an adjacent valley. Small turbidity currents
are probably associated with the slumping,
and they may be responsible for formation of
the Tayered valleys.
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Figure 3.13. CONRAD 10 seismic reflection profile (Profile 8,
Fig. 3.1) across the Greater Antilles Outer
Ridge showing the migration of sediment swells
during the evolution of transparent layer
deposition.
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The transparent layer represents sediment deposited
since middle Eocene time, and its total volume is roughly
6 x 10%km3. Although sediment recovered from within this
unit at Site 28 could not be dated, piston cores from the
crest of the Greater Antilles Outer Ridge contain thick
sequences of Pleistocene and Holocene sediment, demonstrating
continued rapid deposition of the fine-grained, acoustically
transparent material to the present. Inferences concerning
modern and ancient depositional conditions are presented in

later chapters.
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CHAPTER IV
THE SEDIMENTS

GENERAL LITHOLOGY
Sediments on the Greater Antilles Quter Ridge typically

consist of texturally homogeneous, terrigenous, abyssal brown,
gray, and reddish Tutites which exhibit 1itt1e or no strati-
fication, a1th0ugh cohtacts between zones of different color
can be quite distinct (Fig. 4.1). Distinct 1ayérs of coarser
sediment are‘rake;'where present, these normally thin layers
contain re]atiVe]y high concentrations of carbonate, ash or
manganese micronodules. Carbonate is enriched in discrefe~
zones, but it is seldom greater than 30% of the total sedi-
ment. Burrow mottling by benthic organisms is very common
throughout the cores and is especially noticeable at the
base of the carbonate-enriched zones, where carbonate has
been reworked intq the adjacent, barren lutite. Manganese
micronoduléé, rarely exceeding 1-2 mm in size, normally
are scattergd-ih the lutite but sometimes are énriched in
certain zones. Very fine particulate manganese oxides
commonly createvgréy-black, weak]yllaminated zones within
the Tutite. Layérs of altered ash are infrequently observed
(Fig. 4.1). Data on all cores used in this study afe included
in Appendix I. |

Grain size of.the sediment from the Greater Antilles

Outer Ridge is quite uniform (Fig. 4.2) and consists of an
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General lithology of cores taken from the
Greater Antilles Outer Ridge. See Appendix I
and Figure 5.1 for locations.
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Figure 4.1
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Figure 4.2.

69 .

Grain-size distribution (deflocculated samples)

in four cores from the Greater Antilles Outer
Ridge and Nares Abyssal Plain. The sand in
cores from the outer ridge is composed of
foraminiferal tests. Core locations are shown
by corresponding numbers on the simplified
bathymetric map at lower right.
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average of 80% lutite (< 2 um) and 20% silt (2-62 um). The
only sand-size material (> 62 um) normally present consists
(in order of decreasing abundance) of: foraminiferal tests,
manganese micronodules, fish teeth, siliceous spicules, and
very rarely, radiolarian and diatom tests. The fine size of
the sediments precludes detection of obvious current-produced
primary structures.

Organic carbon is strongly enriched in the outer ridge
sediment in comparison with abyssal lutites in other areas
of similar depth. Organic carbon constitutes about one-half
to two percent of the sediment (Fig. 4.3), whereas values
less than one-half percent are normally encountered in abysSa]
oceanic areas (Lisitzin, 1972). This enrichment is more
typical of continental margin sediments and thus may suggest‘
a continental source for the detritus. Possible fragments of
Sargassum weed observed in bottom photographs may a]so}con-
tribute organic carbon to the bottom sediment.

Enrichment of organic carbon in the sediment may also be
demonstrated by another phenomenon. Bottom photographs taken
over the Greater Antilles Outer Ridge (see Appendix II) show
an abundance of benthic activity (Fig. 4.4) in the form of |
tracks, trails, and burrows; organisms themselves were
frequently photographed (pennatulids, echinoids, asteroids,
ophiuroids, polychaete (?) worms, sponges, and occésiona]
holothurians). In 512 bottom photographs taken at 33 stations
on the western sector of the outer ridge, the density of

animals photographed varies. from 0;4.to-3;2 organisms per



Figure 4.3.
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Organic carbon in two cores from the Greater
Antilles Quter Ridge and one core from the Nares
Abyssal Plain. Determinations were made by
combustion at 650°C (P.Hatcher, written comm.,
1973) using a combination of the methods of

%onra? and others (1970) and Justin and Tefft
1966).
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Figure 4.4.
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Bottom photographs taken on the flanks of the

~Greater Antilles Outer Ridge showing the abun-

dance of benthic activity in the region.
UL - Spoke burrows, worm burrows, and mounds;

- KN25, Sta. K6, 5483 m. UR - Pennatulid bending

in northwesterly current, worm burrows, plow

-marks; Camera frame is at lower left;

AI160-8, Sta. K11, 5499 m. LL - Worms (?)
ejecting sediment from burrows along obscure
echinoid (?) trails; worm burrows, spoke
burrows, plow marks; AII60-8, Sta. K12, 5400 m.
LR - Echinoid feeding in sediment, worm burrows;
AI160-8, Sta. K17, 5712 m. See Appendix II for
photograph locations ‘and additional descriptions.
Each photogrgph covers an area of approximately
1.5 to 2.0 m%, '
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10 mz, with an average ya]ue of 1.3 organisms per 10 me.
The abundance of organisms at these depths and below a water
mass of low productivity (southern Sargasso Sea) is very
unusual (Rowé, 1971); expected animal densities are probably
less than 0.2 organisms per 10 m2 (Rowe and Menzies, 1969).
Significant benthic activity is also confirmed by the
abundance of burrow mottling in the cores (Fig. 4.1). The
variety and intensity of benthic activity suggests that the
high organic carbon in the sediment may create unusually
rich feeding grounds for the organisms.

Sediment cores from the Silver and Nares Abyssal Plains
show the typical alternation of pelagic and turbidite
sequences normally encountered beneath abyssal plains
(Ericson and others, 1961). This is most strongly demon-
strated in the grain-size distribution (Fig. 4.2), where silt
may constitute 80%,0f the sediment in a turbidite sequence
on the Nares Abyssal Plain. The quantity of organic carbon
is similar to that on the Greater Antilles Outer Ridge.

The Nares Abyssal Plain differs from other abyssal
plains in the North Atlantic in that it is isolated from
direct downslope sedimentation from continental margin
sources; Vema Gap is the main tributary through which sedi-
ment is funneled to this area. The isolation of the Nares
Abyssal Plain probably results in deposition of thin, distal
turbidite sequences on its surface. This is indicated by the
virtual absence of sand-sized material (Fig. 4.2) and by the

thick sequences of fine silt and lutite laminae (Fig. 4.5).
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Figure 4.5,
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Distal turbidite sequences in MT. MITCHELL core

1GC from the southern edge of the Nares Abyssal
Plain: Left, 139-151 cm; right 172-184 cm.

Each such sequence of fine-grained, finely
Taminated sediments may represent distal deposi-
tion from dozens of turbidity-current events.
Scale: 1 division = 1 mm.
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The laminated zones and overlying pelagic sequehces are
interpreted as facies (d) and (e), respectively, in the
Bouma turbidite sequence (Bouma, 1962). Distal turbidites
are characterized by the absence of facies (a) - graded
bedding, (b) - sand/lutite laminae, and (c) - current-
bedded sequences, since the high flow regime and coarse
material do not reach the remote area of distal deposition
(Bouma and Hollister, 1973).

On the Greater Antilles Quter Ridge, sequences of
alternating lutite and micaceous silt laminae 1-2 mm thick
occasionally occur in flat-lying ponds (layered vai]eys)
within sediments of the transparent layer. They probably
result from localized slumping and turbidity currents which
may form mini-abyssal plains similar to those found in
ponds on the Mid-Atlantic Ridge ( Fig. 3.12; Hersey, 1965;
Chase and othérs, 1966). The turbidite sequences are
usually less than 10 cm thick, and they occur exc]usively
in topographic depressions in the outer ridge. The
remaining core material consists of variegated lutites
similar to other outer ridge sediment (Fig. 4.6).

Ten cores taken from the south flank of the eastern
Greater Antilles Outer Ridge (north slope of the Puerto Rico
Trench) and one core from the southwestern f]énk near the
Silver Abyssal Plain contain uniform unfossiliferous Tutites
which are dominantly altered ash with rare zeolites. Glass
shards in varying states of devitrification are also

abundant.
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Figure 4.6. General Tithology of cores taken from a layered
valley and adjacent sediment swell, showing
inferred turbidite sequences which may result
from localized slumping and turbidity currents.
The bathymetric map of the layered valley area
shows core locations and axes of the valleys
(dashed lines) extending toward the Nares
Abyssal Plain. Depths are in corrected meters.
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THE CARBONATES

Foraminiferal tests generally constitute more than 90
percent of the carbonate in the cores from the Greater
Antilles Outer Ridge, and consequently there is a strong
correlation between foraminiferal abundance determined in
visual core descriptions and the carbonate contént (Fig. 4.7).
Microscopic examination of smeér slides shows that the
non-foraminiferal carbonate consists mostly of nannoplankton
remains with very small amounts of carbonate detritus which
may be transported from shallower areas such as the Bahama
Banks. The paucity and very fine size (< 5 um) of this
material make identification difficult, but coralline-algal
fragments and dolomite rhombs have tentatively been
identified.

Since the carbonate consists dominantly of foraminiferal
tests, the cyclicity of carbonate content in the cored sedi-
ment (Figs. 4.7; 4.8) may be caused by any of four factors:
1) ‘dilution by terrigehous, carbonate-free sediment, 2)
current transportation of Foraminifera, 3) variations in
carbonate dissolution, or 4) variations in zooplankton
~productivity of the overlying surface water.

Any effect of dilution by terrigenous sediment is
largely ruled out by data on the observed rates of accumula-
tion (see Chapter V); radiocarbon dates of the upper portions
of cores indicate that average sedimentation rates are
generally lower in the low-carbonate zones than in the

high-carbonate zones. It is also unlikely that abyssal






Figure 4.7.

83

Graph of carbonate factors for core KN25-4GPC.
The paleotemperature curve of Emiliani (1971)

is on a linear time scale, but the curves of

core parameters represent depths in the core,

and they are not adjusted to a time scale. The
curve of relative surface productivity is derived
from the carbonate and dissolution curves,

using the assumptions that foraminiferal tests
constitute 100% of the carbonate and that they
were transported to the sediment by vertical
settling with little or no horizontal transpor-
tation. The zonation (left) is based on the
abundance of the Globorotalia menardii complex
(see Chapter V).
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Figure 4.8.
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Curves of carbonate versus depth in eleven
cores from the Greater Antilles Outer Ridge and
Nares Abyssal Plain. The cyclicity is produced
largely by a combination of decreasing depth

of the lysocline (i.e. dissolution) and varia-
tions in surface productivity (see Fig. 4.7).
The overall core-recovery ratio for the gravity
core KN25-3GGC is 0.445. However, rapid
carbonate variations together with visual
evidence of compaction and incompiete coring
indicate that core recovery was much less in
the lower third of the core. KN25-GGC3 is the
only core studied which contains strong car-
bonate peaks that are related to rich nanno-
plankton remains in thin layers. The zonation
(1eft) is based on the abundance of the
Globorotalia menardii complex (see Chapter V).







86

22

0¢

8}

Sl

bl

N
-

- METERS
e

8'p SunbiLy

\\\\\\\ ! \\\\\\\\\, !!!!!!!!!!! T e 1
=577/ P | L \\ VT T e e
- 77
\\\ 7 \ \\\\ /
=) 7 \ \
77 !
2 ) / S3Y0J 39a1y ¥3LNO
] “ / SITILNY ¥I1V3IYO
ln\\\ N \\\\\ / n
-\\\ __ «\\\\\\\\\\ /
i &\\\\\ ' 3ILUNOBYYD  IN3ON3d
~-\\\ __ = ~\\\ / _ _ — —[‘_
177 7 ! & \
) bl \M\, \ %001 0S 0 _
\ N __ _‘ n\\ / \\\\\
X ™ i / ‘ \ \ 7
! /] \\\
.\\\\\\\ //// _‘ \ /, / \\\\\
\ //// \‘__ \ ‘l‘\\\\\\\, / ,, \\\\\\.
S ! \ e
\\\\ ..\\“\ \ \ \\\\\ ,/ / ::,..:.:::\“ \\\\\\
! ! \ \.. v =t A
NIV Td \\\ /o ;\\\\ \
TVSSAGY \\\ ) || _ U
SIYYN 1 / ,\\\\\\\,
.S\\ .S\\\ \ ;o 7
\ ~ ' \\
\“ o . Ai | /
N !
4 ~_ ; _
/! - ———
Z \\ N / \ 7 \\\ ...wn\.nﬁ T~ T
d ~— h \ T X
\\ ‘i\\\\\ / \\\ \\\ ~ - -
-r 254} \\ e /.//
.\\\\\ \\1 .\\\\\\\\ T
> \ v
- ~ o211 11/ [/}
I e \\\\\\\\\ / .\\\\\\ \ / g
i\\\ \\\\ \“ -~ \\\\ ~ \\\\\
4 i .-~ = - Y- _ ——— g -
' \\\\ Illllliﬂ\ IIIIH\\\\ \\\\ i\ T T T 7/ T Z
! ! ! I 3noz
weees w90es wegles weglg wpleg wH9eg wepes wgsig weebs weges
odli dH Jd 621 od9 b J299¢ J9 64 J99i 9¢ 299 29¢
SIA 9¢ HD 8 0y G2 N GZNX 8-091v 8-090V 8-091V 8-091V 8-09 IV
\../,



87

currents have transported many Foraminifera into or out of
the region of the Gréater-Anti]]es Quter Ridge. Judging from
the grain-size distribution of the non-carbonate fraction of
outer ridge sediments, abyssal currents in this region are
competent to carry and déposit only lutite and fine silt-
size sediment; however, thg hydrodynamic grain size of the
Foraminifera in sediment from the outer ridge, determined
from settling ve]ocities; is in the coarse-silt and fine-
sand range.

In the region just southeast of this area, Berger (1968)
found that the lysocline (level of maximum increase in
carbonate solution) closely matches the transition between
Antarctic Bottom Water (AABW) and North Atlantic Deep Water
(NADW). If a similar relationship exists over the Greater
Antilles Quter Ridge, the present lysocline lies near
5000 m, or about 200-300 m above the crest of the outer
ridge. This solution effect and the present low plankton
production in the overlying Sargasso Sea (Be” and others,
1971) combine to give carbonate concentrations of 8-18% in
the surficial sediments of the outer ridge (5100-5300 m
depth) and less than 5% in those from the much deeper Nares
Abyssal Plain (Fig. 4.8).

The effect of factors 3) and 4) above was examined by
assuﬁing that foraminiferal tests do constitute 100% of the
carbonate fraction, and the cyclicity in carbonate cqntent

was analyzed by examining dissolution effects in the > 62 um
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fraction of the foraminiferal tests. A relative scale of
weak to strong (or total) dissolution was used, based on
visible corrosion and fragmentation of tests and on the
abundance of easily corroded species (Berger, 1968). The
resulting graph (Fig. 4.7) shows a reasonable (but not
perfect) correlation between carbonate percentage and
strength of dissolution. Both, in turn, tend to correlate
in some aspects with the generalized paleotemperature curve
of Emiliani (1971), with lower carbonate associated with
cooler climates. If the lysocline is indeed coincident
with the AABW-NADW transition, the dissolution curve indicates
additional pulses of increased AABW production (elevated
lysocline) beyond those associated with the three distinct
cool peaks in the paleotemperature curve.

The relative surface productivity can be crudely derived
from the carbonate and dissolution curves (i.e. low carbon-
ate plus weak dissolution = low productivity, high carbonate
plus strong dissolution = highest productivity, and so on),
except where total dissolution prevents an eva]uafion. The
resulting curve (Fig. 4.7) indicates that surface
productivity has indeed been variable and that present
production is moderate to low, relative to past production.

The observed cyclicity of carbonate in sediment from
the Greater Antilles OQuter Ridge therefore has resulted
from variations both in surface productivity and in

dissolution. Although cool climates tend to correlate with



89
increased dissolution (elevated lysocline), there are also
numerous additional dissolution events which may represent
pulses of Antarctic Bottom Water entering the western North

Atlantic basin. .

MINERALOGY
Methods

X-ray mineral determinations were made on the Tutite
(<2 um) and silt (2-62.um) fractions of sediment samples
from the Greater Antilles Outer Ridge and vicinity. The
sand-size fraction, which never exceeded about 2% of the
sample, was included in the silt analysis. |

A1l samples were treated with 1:4 acetic acid to
remove carbonate, dispersed in a Weak sodium hexameta-
phosphate solution, and céntrifuged repeatedly to separate
the less than 2 um and greater than 2 um fractions. The
lutite fractions were vacuum-sedimented onto silver filters,
thus providing an oriented aggregate to enhance basal lattice
reflections while minimizing size fractionation due to
settling. Samples were x-rayed (at 2° 26/min, using Cu Ko
radiation and a curved-crystal monochromator) after each of
three treatments: 1) removal of carbonate (referred to as
the untreated sample), 2) vapor glycolation at 70°C for at
least 4 hours, and 3) heat treatment at 400°C for at least
one-half hour. Carbonate-free silts were x-rayed in

random-powder mounts.
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Diffractograms of the lutite fractions indicated that
montmorillonite, mixed-layer montmorillonite-illite, illite,
chlorite, and kaolinite constitute nearly 100 percent of
the minerals in all samples. For purposes of this discussion,
material which expands to a 17 A (001) peak upon glycolation
is referred to as montmorillonite, although it also may
include some interstratified illite layers (Reynolds and
Hower, 1970). Clay which collapses to a 10 A (002) peak at
400°C is a combination of montmorilionite and mixed-layer
montmorilionite-illite. Minerals showing a basal sequence
10, 5, 3.3, 2.5 R that is affected by neither glycolation
nor a 400°C heat treatment are identified as illite.

Assuming that these minerals represent the total
sample, semiquantitative estimates of composition were made
(Table 4.1) using the following peaks and weighting factors
(Hathaway, 1972a): 1) the increase in intensity (peak area)
of the 10 A peak of the sample when heated to 400°C above
the intensity of the 10 A peak of the glycolated sample is
assigned to montmorillonite plus mixed-layer montmorillonite-
illite, 2) the intensity of the 10 R peak in the glycolated
sample is assigned to illite, 3) one-half the intensity of the
7 ; peak in the untreated sample is assigned to chlorite plus
kao]inite; and 4) the relative contribution of chlorite and
kaolinite to the 7 E peak is determined from the total peak
area of each in the 3.5 A chlorite-kaolinite doublet, using
the method of Biscaye (1964). Sample compositions were also

calculated according to the method of Biscaye (1965) using
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thé following peaks and weighting factors: 1) the area of
the 17 R peak of the glycolated sample is assigned to
montmorillonite, 2) four times the area of the 10 A peak of
the giyco]ated sample is assigned to illite, 3) twice the
area of the 7 A peak in the untreated sample is assigned to
chlorite plus kaolinite, and 4) the contribution of chlorite
and kaolinite is determined as above. Some.of the mixed-
layer material produces a 17 A peak upon glycolation and
is thus defined as montmorillonite. However, this method
does not detect any mixed-layer material that does not expand
to 17 R.

A1l clay-mineral diffraction patterns were recorded on
magnetic tape, processed in a computer program developed
by J;C. Hathaway, and peak intensities from the-printout were
used to calculate mineral abundances. The area of the 17 A
glycolated peak (montmorillonite) was determined graphically
because of the inaccuracy of the computer baseline at low 26
angles. Calculations based on graphic methods and those
based on intensities from the computer printout gdave
virtually identical results for all other peaks.

Random-powder silt patterns were also recorded on

magnetic tape and processed by the same computer program.

Results
Mineralogy determinations by Biscaye (1965) and
Hathaway (1972a) demonstrated that the northern portion of

the North Atlantic Basin and the northern continental margin

e
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of North America have clay-mineral assemblages resulting
dominantly from mechanical weathering; thus they are
dominafed by the clay minerals chlorite and i1lite. Below
the Tatitude of Cape Hatteras, however, the sediments tend
to be enriched in kaolinite and montmorillonite, reflecting
sources in regions of tropical weathering.

If abyssal currents are transporting sediments from
the continental margin of North America into the region of
the Greater Antilles Quter Ridge, the mineralogy of the
outer ridge sediments should reflect a northern provenance.
This concept is strikingly supported by a tongue-like
extension of chlorite-enriched sediments which lies beneath
the axis of the Western Boundary Undercurrent and extends
south along the Bahama Banks into the region of the Greater
Antilles Outer‘Rfdge (Figs. 4.9'and 4.10). A northern
assemblage of clay minerals on the Greater Antilles Outer
Ridge is evident when mineral compositions are determined
by either the method of Biscaye (1965) or that of Hathaway
(1972a). Hornblende, which is common in the northern
assemblage, is also observed consistently in sediments of
the area influenced by the Western Boundary Undercurrent
(i.e. the Caicos Outer Ridge - Bahama Banks Apron and the
Greater Antilles Outer Ridge). Hornblende is seldom
observed in the Puerto Rico Trench or on the Bermuda Rise,
where the Western Boundary Undercurrent has not deposited

sediment (Table 4.1, 4.2).
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Figure 4.9.

Chlorite abundances (weighted peak-area

percentage) in sediment samples from the
western North Atlantic, showing the tongue of
chlorite-enriched sediment which the Western
Boundary Undercurrent has transported south
along the margin of the basin as far as the
Greater Antilles Outer Ridge. Compositions
were calculated using the peaks and weighting
factors of Biscaye (1965).
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Figure 4.10.

97

Chlorite abundances (weighted peak area, parts
per ten) in sediment samples from the continen-
tal margin (Hathaway, 1972a) and Greater
Antilles Outer Ridge, determined using the
peaks and weighting factors of Hathaway. The
dotted lines show the axes of the Blake QOuter
Ridge and the Greater Antilles OQuter Ridge,

and sample 1ocat1ons are shown by dots.
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Obviously, dilution of the northern assemblage of
minerals should be expected, since much of the sediment
appears to Have been transported more than 2500 km to the
Greater Antilles Quter Ridge. This dilution by minerals
other than illite and chlorite may explain why chlorite on
the outer ridge is at the lower end of the spectrum for
chlorite abundances in a northern assemblage (Figs. 4.9, 4.10).

There is no other source for the chlorite-enriched
sediment on the Greater Antilles OQuter Ridge (Fig. 4.9), nor
is.the assemblage found outside the areas influenced by the
Western Boundary Undercurrent. The Antarctic Bottom Water
which flows into the Puerto Rico Trench and onto the Nares
Abyssal Plain from the south appears to carry a very small
amount of sediment in suspension (Eittreim and Ewing, 1972),
and the suspended material probably consists of a tropical
mineral assemblage of kaolinite and montmorillonite derived
from South America.

It has been suggested that ch]orite may form in the
marine environment by alteration of other continentally
derived material (Griffin and Ingram, 1955, Powers, 1957),
but the importance of this mechanism is doubtful. Hathaway
(1972b) demonstrated that chlorite is more abundant in
younger sediments at DSDP Site 105 on the continental rise,
so it is unlikely that prq]onged exposure to marine conditions
had caused diagenetic chlorite formation. The close correla-.

tion between continental chlorite sources and marine chlorite
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abundances (Biscaye, 1965; Rateev and others, 1966)
strongly suggests a detrital origin for chlorite in the deep
sea.

The effect of glacial/interglacial changes in sediment
source and/or competence of currents which transport the
sediment might be expected to appear in the sediments.
Zimmerman (1972), for example, found consistent differences in
the clay mineralogy of Holocene (montmorillonite-amphibole
rich) and Pleistocene (montmorillonite-amphibole poor) facies
beneath the Western Boundary Undercurrent on the New England
continental rise. However, cores from the Greater.Anti11es
Outer Ridge show no systematic differences in mineralogy
between glacial and interglacial sediments (Cores AII60-8:GC2,
GC16, GC19; Table 4.1). It is likely that mineral-dilution
effects during the presumed long transport of the sediment
damp out subtle mineralogical variations.

The samples from the north slope of the Puerto Rico
Trench (CH57, core 12, 190 and 265 cm; Table 4.1) are
typical of the sediments found there. Most of the sediment
cored on the north slope is lithologically similar to the
sample at 190 cm in core CH57-12 and probably has a similar
composition. The sequencesof altered ash in these cores
would have a composition 1ike the sample at 265 cm. It
is Tikely that the ashes were deposited during the Pliocene-
Pleistocene volcanism in the Antilles (Weyl, 1968) or at an

even earlier time (see Chapter V).
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THe mineralogical composition of the silt fraction of
sediments in the vicinity of the Greater Antilles Outer
Ridge is generally similar in all samples analyzed; however,
silt samples from the Bermuda Rise are different from the
-outer ridge silts in that they contain no hornblende (Table
4.2). I1lite, relative to kaolinite plus chlorite, tends
to be depleted in the silt fraction whenvcompared to the
lutite fraction.

The average composition of the silt fraction in
sediment from the Greater Antilles Outer Ridge is 36% quartz,
~21% plagioclase, 42% layer silicates, and < 1% hornblende.
Using the assumption that the silt fraction constitutes an
average of 20% of the total sediment, the bulk composition
of the sediment is 7% quartz, 4% plagioclase, 89% layer

si]icatés;and a trace of hornblende.

OTHER SEDIMENT TRACERS

Two other sediment parameters were considered for their
possible use in tracing sediment of a northern provenance
southward to the Greater Antilles Quter Ridge. The first of
these is the reddish lutite derived from the Permian -
Carboniferous red-bed area of the Canadian Maritime Provinces
(Ho]]ister,’1967; Zimmerman, 1972) and distributed southward
along the continental rise at least to the Blake-Bahama Outer
Ridge by the Western Boundary Undercurrent (Needham and
others, 1969). This tracer is of limited use because the

lutite colors become diluted to the south, and dn]y reddish-

N2
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gray lutites persist near the Blake-Bahama Outer Ridge (Fig.
15 of Hollister and Heezen, 1972). The reddish-gray and
reddish-brown lutites in cores from the Greater Antilles
Outer Ridge (Figs. 4.1, 4.5) may represent a further
extension of this color/sediment dispersal pattern, although
the validity of this observation is uncertain.

Samples from three cores on the Greater Antilles Outer
Ridge (AII60-8:16GC, 50-53 cm; AII60-8:6GC, 16-19 cm; and
KN25:4GPQ, 33-40 cm) were also examined for palynomorphs of.
northern affinity. Upper Carboniferous palynomorphs derived
from the red-beds of the Canadian Maritime Provinces have
been used to trace red-sediment dispersal to the south along
the continental rise to the Blake-Bahama Outer Ridge
(Needham and others, 1969; Habib, 1972). However, samples
from the Greater Antilles Outer Ridge are dominatéd by pine
pollen and fern spores, except for a few grains of subtropical
affinity (D. Habib, 1973, written comm.), and no palynomorphs
are observed which would be useful in determining sediment
provenance. This situation is not altogether surprising
when we consider the probable distance of sediment transport
and the consequent dilution of sediment tracers.

In summary, sedimentary parameters of cores frqm the
Greater Antilles Outer Ridge strongly suggest a sediment
provenance along the northeastern continental margin of
North America. Organic carbon is enriched in the cores

(similar to continental margin sediments and unlike isolated
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deep-sea areas), the sediment mineralogy indicates a
northern provenance, and sediment colors agree with the
observed dispersal pattern of red sediment by the Western
Boundary Undercurrent. No evidence has been found to
contradict a northern provenance for the sediment that

comprises the Greater Antilles Outer Ridge.
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CHAPTER V
CHRONOLOGY OF SEDIMENTATION

REGIONAL PATTERNS

The average rates of sedimentation for the provinces
in the vicinity of the Greater Antilles OQuter Ridge over
approximately the past 45 million years can be estimated
from the thickness of sediments above Datum A, which is
inferred to be of middle Eocene age (Table 5.1) (see
Chapter III). These rates are not absolute, since they
probably include periods of erosion, nondeposition, and
unusually rapid sedimentation. However, even rough
accumulation rates can be used to place coﬁstraints on some
sedimentation conditions. The two striking trends that
appear are: 1) relatively high rates of deposition along
the axis of the Greater Antilles Outer Ridge, and 2) low
average rates (probably with long periods of nondeposition
or erosion) along the southeast Bahama Banks and on the
north slope of the Puerto Rico Trench. The relationship of
these generalized observations to Pleistocene/Holocene

sedimentation is discussed below.

GREATER ANTILLES OUTER RIDGE

Although two cores taken on the Greater Antilles OQuter
Ridge are more than 20 m long (KN25:4GPC - 21.59 m;
V16:17PC - 21.70 m), neither these cores nor any of the

other 23 outer ridge cores studied penetrated the
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TABLE 5.1. AVERAGE RATES OF SEDIMENTATION
FOR THE GREATER ANTILLES OUTER RIDGE AND SURROUNDING
PROVINCES SINCE MIDDLE EOCENE TIMET

Average Rate - (cm/1000 yr)*
Province Minimum Maximum

Easterh Sector - Greater

Antilles Outer Ridge 0.4 1.2
Western Sector - Greater

Antilles QOuter Ridge 1.4 2.0
Nares Abyssal Plain 0.3 0.8
Silver Abyssal Plain 0.4 1.0

Southern end of
Hatteras Abyssal Plain 0.4 1.6

Caicos Outer Ridge -
- Bahama Banks Apron 0 1.0

North Slope of
Puerto Rico Trench 0 0.4

T Based on the assumptions 1) that Datum A is a time line of
middle Eocene age, and 2) the average compressional wave
velocity for the sediments overlying Datum is 1.8 km/sec.

* : . .
No corrections have been made for compaction effects.

L
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Pliocene/Pleistocene boundary. The bottoms of all cores

contain the planktonic foraminiferans Globorotalia

truncatulinoides, and Discoasteridae are absent; thus all

sediment coredis assumed to be Pleistocene and Holocene in

age (Ericson and others, 1964; Berggren and others, 1967).

The zonation of the Globorotalia menardii complex in

these cores was studied to determine the rates of sediment
accumulation on the Greater Antilles Outer Ridge. Ericson
and Wollin (1968), Ruddiman (1971) and Kennett and
Huddlestun (1972), among others, have utilized a semi-
quantitative evaluation of the relative abundance of this

taxonomic complex (G. menardii menardii, G. menardii tumida,

and G. menardii flexuosa) as an indicator of alternating

warm and cool intervals in tropical and subtropical areas
during the Quaternary. A sequence of zones designated

Q-Z in order of decreasing age represents these intervals,
where Q,S,U,W and Y are cool zones in which G. menardii is
rare or absent, and R,T,V,X and Z are warm zones with
abundant G. menardii (Ericson and Wollin, 1968). This
warm/cool zonation is supported by curves of oxygen-isotope
variations down through the V zone (Ruddiman, 1971).

The > 175 um fraction of Foraminifera from the cores
was judged representative of climatic change at this
lTatitude (Kennett and Huddlestun, 1972), and frequency
counts of a microsplit of about 300 specimens from each

sample were made to determine the abundance of G. menardii
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and thus the T-Z zonation (Fig. 5.1). Determination of
exact zonal boundaries was diffiéu]t in some cores because
total dissolution of foraminiferal tests prevented an evalu-
ation of the abundance of G. menardii. In these few
instances, a constant sedimentation rate was assumed (within
the constraints imposed by samples of known G. menardii
abundances), and boundaries were placed so that the re]aﬁive
proportion of each zone approximated its absolute time span
(Ruddiman, 1971). The last appearance of G. menardii
flexuosa was used as an indicator of the X zone (Kennett
and Hudd]estun, 1972). However, it cannot always be used as
such an indicator in this area, since it is not universally -
present in the X and older warm zones, and in one instance
(Core CH57-8) it does not appear at all.

The zonation thus derived can be used to determine
gross averagde sedimentation rates during the warm and cool
intervals (Table 5.2). It is apparent that the highest
sedimentation rates for the late Pleistocene and Holocene
occur on the crest of the western sector of the Greater
Antilles Outer Ridge, with lower rates on the far north
‘f1ank and on the eastern sector. This pattern is expected,
since the layered valleys (presumably associated with rapid
sedimentation and consequent slumping) are confined entirely
to the western sector of the outer ridge (see Fig. 3.3).

The time scale of Broecker and van Donk (1970) and
Ericson and Wollin (1968) is used because it gives fairly

consistent and uniform sedimentation rates for each of the
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Figure 5.1.
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Percent abundance of the Globorotalia menardii
compliex in ten cores taken along the crest and
north flank of the Greater Antilles Outer Ridge.
These species are used to determine the T-Z
zonation of the Pleistocene and Holocene
sediments. The paleomagnetic stratigraphy

of core KN25-4GPC (Denham, 1973) shows that

the Blake event spans the entire X-zone in this

~core. The arrows show the Tast appearance

of G. menardii flexuosa. Barren samples are
indicated by open circles and are connected
to other sample depths with dashed lines.
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TABLE 5.2. AVERAGE RATES OF SEDIMENT ACCUMULATION
DURING WARM AND COOL PERIODS™ (cm/lOOO yr)

Zone

Core No. JA Y X W ) U T

Crest - Western Sector of Outer Ridge

AI160-8:2GC 5.9 3.2

AI160-8:4GC 5.5 >2.2
~Al160-8:16GC 5.9 >2.6

A1160-8:19GC 5.5 >2.6

KN25: 3GGC 7.3 8.5 1.8 1.6 1.1 >0.7
KN25:4GPC . 10.9 13.3 4.6 9.2 2.3

North Flank - Western Sector
CH57:8PC 3.6 2.2 2.3 3.5 »>2.1

South Flank - Western Sector
AIIGO-S:GGC 2.7 >2.2

Crest and North Flank - Eastern Sector

RC8:129PC 3.6 3.1 3.1 5.3 2.3
CH36:1HP 3.6 1.6 >0.8
V16:17PC 3.2 2.7 5.4 6.3 3.1 3.3 >0.5

A11 values are uncorrected for core shortening and natural
compaction. Based on the initiation of zones at the
following times: Z - 11,000 yr, Y - 75,000 yr,

X - 127,000 yr, W - 165,000 yr, V - 400,000 yr,

U - 550,000 yr, and T - 920,000 yr (Ericson and Wollin,
1968; Broecker and van Donk, 1970). ’
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W through Z zones in these cores. The time scale of
Emiliani (1971) would yield much higher rates for the W and
X than for the V and Z zones. This difference would be even
more pronounced if sediment compaction effects were
considered.

Two factors suggest that the X-zone in core KN25-4GPC
is incomplete, possibly because of erosion at the beginning
of the Y (glacial) zone: 1) unlike other cores, the
average sedimentation rate in the X zone is much Tower than
in adjacent zones, and 2) the Blake event of reversed
polarity (Fig. 5.1), assumed to have occurred about 110,000
years ago, spans the entire X-zone in this core, whereas the
event normally covers less than 20% of the X-zone in other
cores where it has been detected (Smith and Foster, 1969).

The rates determined for the X-zone and older sediments
in core KN25-3GGC (< 1.8 cm/1000 yr) are also probably much
lower than true rates; the very rapid changes in carbonate
content (Fig. 4.7), along with a sharp decrease in moisture
content and an increase in shear strength in the lower half
of the core, may indicate compaction and incomplete core
recovery, resulting in a very low core-recovery ratio (see
Appendix IV).

Absolute rates of sediment accumulation were determined

by radiocarbon dating of intervals in three cores (Table 5.3).

There are several possible explanations for the relatively

great radiocarbon age (5000 - 8000 years BP) of the



113

‘19J4J4eg 3400 YL

UO BUL| PNW A0LJ4d3Xd 8Y3 Aq pauLwualdp °(3d9%:GZNM) GL°0 pue (J9% pue 999:8-0911V)
I/°0 SOL1®ed4 A43A023J4 340D 9y3z Bulsn BuLudluoys 3402 404 KLU0 P33I34J0D (2)
‘uor3oedwod 40 HuLudUAOYS B400 U0J pd3d3440duUn  (T)
ajeuoque) [°6 > €' f >euen _ 0o0‘0t < 01€-+0¢ JdIP:GZNY T1969-1
J LBIOL e Te/Teee /T -6"2T - _.GGT + 002°TI ¢01-G6 Jd9t 62N 0969-1
93BUOQURY  y .o geca. . .../ §2-G 6T- - _.02T + 091°4 €G-LY 3d9b:GZNY  8L/[9-1
8jeuoque) OTT + 061°G 0T-¥ JdO¥GeNA  €L[9-1
91BUOQURY  cuvr_ /e 0T.....2°8 =9°/ .- ..099 + 005°92 16T-981 29v:8-09I1V [G69-1I
91BUOGURY gy reey.... .1 TT-€°6 -- ..02T + G99°4 ¢ -8¢€ 29%:8-091IV 08/.9-1
dleuoque) GOT + 000°G LT-6 29%:8-0911Y 6££9-1
J (e3jol T CT.....7°0T=7"'F .....00¢ + 0LL°YT 1/-V9 099:8-09IIV 66G69-1
j (ejoy PPTTOCEL ¢ ot-e’6 09T + 502°8 8-0 199:8-0911% 8569-1
(2) (1)

poulon (44 Q00T /W) °1eY (*d°g 4£) @3eq (wo) [eAad3u] *ON 9409 *ON

yrdaqg 9ldueg

S31v¥¥ NOILYLNIWIG3S A3ILYTINITVI

ONY S31vd NOGYVvIO0IQVH

€76 3749Vl



Y

N

114

near-surface samples: 1) the wide sampling interval

(6-8 cm) which includes older carbon, 2) the presence of
older carbonate reworked from the Bahama Banks or older
carbon carried in by currents, 3) carbonate formation in

surface waters having a reduced C14/C12 ratio relative to

‘the atomsphere (Broecker and others, 1960), or 4) very low

Recent sedimentation rates. The last explanation seems
doubtful, since earlier interglacial periods (V and X,
Table 5.2) show reasonably high sedimentation rates.
Average sedimentation rates are derived by assuming that
these factors have the same relative effect on each sample
dated.

The radiocarbon dates suggest rapid sedimentation
(10-30 cm/1000 yr) on the crest and extreme south flank of
the western Greater Antilles OQuter Ridge. Rates determined
by this method are slightly higher than those determined
from the microfossil zonation, but the difference may be
accounted for by sediment compaction effects deeper in the
cores, beyond the range datable by radiocarbon. The dates
are in general agreement with an 11,000 yr B.P. age for the
initiation of thé’Holocene warming trend.

Rapia sedimentation is also indicated by measurements
of physical properties made on cores from the Greater
Antilles Outer Ridge (see Appendix IV). Consolidation
measurements demonstrate that the sediments are underconsoli-
dated with respect to their depth of burial, whereas

sediments from areas of less rapid sedimentation are normally
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consolidated (A.J. Silva, pers. comm.). Moisture content
in the sediment is generally high and saturated bulk
densities afe low in comparison to other.abyssal oceanic
areas, also suggesting rapid deposition.

At an average Pleistocene/Holocene sedimentation rate
of 7 c¢cm/1000 yr for the western sector of the Greater
Antilles Outer Ridge and 3 cm/1000 yr for the eastern sector,
approximately 126 m and 54 m of sediment have accumulated in
these provinces, respectively, since the beginning of the
Pleistocene. These rates and thicknesses constrain the
average rates of middle Eocene to Pliocene sedimentation
to values slightly less than those in Table 5.1.

From considerations of dépth, remoteness, and sea-floor
morphology, the rates of sediment accumulation (up to
30 cm/1000 yr) on the Greater Antilles Outer Ridge are more
than an order of magnitude higher than expected, and only
about 20% of the sediment can be attributed to carbonate
deposition. Normally, a ridge isolated from downslope
sedimentation and below the carbonate compensation depth
would éccumu]ate only pelagic sediment, probably at rates
less than 0.5 cm/1000 years (Arrhenius, 1963). Thus the
observed rapid sedimentation rates are strongly indicative
of deposition of sediment from other than normal pe]agic

sources.

ABYSSAL PLAINS

The great depth and consequent carbonate dissolution of
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sediments on the Silver and Hatteras Abyssal Plains
generally precludes age dating by radiocarbon or micro-
fossil zonation. The cores obtained from these areas
(Appendix I) do not penetrate the Pliocene-Pleistocene
boundary, so only minimum sedimentation rates of 0.2 to 0.5
cm/1000 yr cén be determined. Furthermore, sedimentation
rates on the abyssal plains must be less than those on the
outer ridge for the ridge to maintain its morphological
expression on a crust of uniform age. On the Nares Abyssal
Plain, P]eistocéne/Ho]ocene rates are therefore probably
lower than the average 3 cm/1000 years determihed in core
CH57-8 deep on the north flank of the Greater Antilles OQuter
Ridge. The Silver Abyssal Plain is closer to a source area
and therefore may have slightly higher rates for this time
interval, although, for the same reasons noted above, the
rates are probably less than the 2.7 cm/1000 yr determined
on the south flank of the western outer ridge (Core AII60-8:
6GC; Table 5.2).

NORTH SLOPE - PUERTO RICO TRENCH

Of the ten cores examined from the north s]dpe of the
Puerto Rico Trench (south flank of the Greater Antilles
Outer Ridge), only three have enough biogenic carbonate for
datihg (Fig. 5.2). The westernmost core, consisting of pela-
gic lutite and‘altered volcanic ash, is interrupted by
numerous calcareous turbidites which probably originated from

Navidad Bank. They range from late Oligocene to late Miocene
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Figure 5.2.
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Ages and general 1ithology of the three datable
cores from the north slope of the Puerto Rico
Trench. Fragmental material from less than

one cm to over 8 cm in size is scattered
throughout core CH57-4. Symbols are G - clay
galls; C - chert; S - serpentinite; M - very
coarse-grained mafic rocks; D - dolomite;

B - bedded siltstones and sandstones. Contour
interval is 2000 m on the location map, and
areas shallower than 4000 m are shaded.
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in age, and the ash is probably associated with the
Oligocene and Miocene volcanism in Haiti and the Dominican
Republic, respectively (Weyl, 1968). The foraminiferal
assemblage near the top of the next core to the east

(CH57-12) includes G. truncatulinoides and G. menardii

flexuosa, dating the sediment as X-zone (75,000 years) or
older. The abundant altered ashes in the lower half of the
core may be associated with late Pliocene and Pleistocene
volcanism in Hfspanio]a (Schuchert, 1968). Core CH57-4,
deep on the north slope of the Puerto Rico Trench, can be
deséribed as a breccia lutite of altered ash with layers and
inclusions of chalky nannoplankton ooze. The obvious
mixing of maferia] at all depths (Fig. 5.2) indicates

slumping, although the regular dated sequence of lower to
‘upper-middle Eocene sediment argues against large-scale
disruption. The Eocene geosynclinal volcanism in the
Greater'or Lesser Antilles (Weyl, 1968) may account for the
ash in this core.

The ages of these cores suggest that sedimentation rates

at the core locations have been extremely low (average < 1.‘
mm/1000 yr) since Eocene time. The other cores from the
north slope of the Puerto Rico Trench are lithologically
similar to the three dated cores, in that they contain
unfossiliferous mixtures of altered ash and pelagic lutite;
thus all cores from the north slope are distinctly different
from outer ridge cores, which contain only a few thin beds

of altered ash. This suggests that the north slope of the
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Puerto Rico Trench has received sediment only from
occasional ash falls and from normal pelagic sedimentation
in a depositional environment totally unlike that of the
rapidly accumulating Greater Antilles Outer Ridge.

In order to\fu]]y Qnderstand the regional sedimentation
and sediment dispersal patterns discussed thus far, it is
necessary to evaluate the effect of the abyssal currents as
an agent in moving and depositing sediment in this region.
Recent sedimentation patterns may be closely linked to the
present deep circu]ation pattern over the Greater Antilles
Outer Ridge, aHd once this relationship is understood,
earlier depositional patterns and the depositional history
of the outer ridge can be deduced.

The following chapter deals with the modern pattern of
abyssal circulation over the Greater Antilles Outer Ridge,
and the development of earlier deep circulation patterns
and their effect on sedimentation are discussed in

Chapter VIII.
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CHAPTER VI
ABYSSAL CIRCULATION(D)

WATER MASSES

The two abyssal water masses above the Greater Antilles
Outer Ridge that may affect sediment provenance and dispersal
are the Antarctic Bottom Water (AABW) and the overlying North
Atlantic Deep Water (NADW). These water mass terms are used
in the sense of Wright and Worthington (1970), who defined
NADW as water on the potential temperature/salinity (o/S)
diagram for the North Atlantic falling roughly between
1.8°6, 34.89%00 and 4.0°9, 35.00°/00. AABW includes water
that is both colder and fresher than NADW down to 0.5°¢,
34.74%/00. Unless otherwise specified, potential temperature
in degrees centigrade, signified by 6, will be used through-
out the text.

There is no sharp boundary between the NADW and AABW in
the North Atlantic. Charts of salinity distribution on
potential temperature surfaces (Worthington and Wright, 1970)
demonstrate that AABW is affected by mixing with NADW down to
at least 1.7°6. Between 1.0° and 1.6°6 there is only slight
latitudinal change in the salinity of AABW at a given
temperature, but there is an increase of more than 0.01%/¢0

toward the north at 1.7° and 1.8°6. The salinity increase

(1) Portions of this chapter are included in Tucholke and
others (1973).
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must result from mixing with the overlying warmer and saltier
NADW because there is no other adjacent source of salt.

Below 1.8°8, the water of southern origin (AABW) and that of
northern origin are geographically separated by more than
500 km.

The AABW just southeast of the Greater Antilles Quter
Ridge is characterized by high silicate values (about
50-75 ug-at/%2), and the NADW by lower values (minimﬁm about
15 ug-at/e at 4.0°e‘up to about 50 ug/% at 1.8°0; Metcalf,
1969). Some mixing of the two water masses in that area is
indicated by the uniform transition from low to high silicate

values beneath the NADW.

EARLIER STUDIES OF CIRCULATION

Wust (1933) recognized that the deepest water in the
vicihity of the Greater Antilles OQuter Ridge is AABW, and he
postulated a general northwestward spreading of that water
mass. Later dynamical calculations (wast, 1955, 1957)
indicated that at 10°N most of the flow was concentrated
toward the weétern side of the basin with speeds greater
than 5 cm/sec. He inferred that this flow continued north-
westward to include a branch of AABW on each side of the
Greater Antilles Outer Ridge, flowing west and northwést at
speeds close to 10 cm/sec (Wust, 1964). Wright (1970) used
IGY data to calculate a volume transport of northwestward-
flowing AABH of about 1 x 106m3/sec across the 50th meridian

into the area of the Greater Antilles Quter Ridge.
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The NADW overlying the AABW in the region of the Greater
Antilles Outer Ridge was recognized to have a general
northerly source (Worthington and Wright, 1970), although the
details of NADW transfer to this region had not been worked

out. The sloping isotherms in the IGY sections across the

‘western North Attantic at 24°N and 67°W (Fuglister, 1960,

pls. 33 and 51) and the southerly persistence of low silicate
NADW along the western margin of the North American basin
(Fig. 2 of Metcalf, 1969) suggest a southerly extension of
the Western Boundary Undercurrent (WBUC) into the region of
the Greater Antilles Outer Ridge. The WBUC has generally
been considered to consist of NADW. Hydrographic observa-
tions where direct current measurements were made in the
WBUC (Swallow and Worthington, 1961; Volkmann, 1962; Barrett,
1965; Richardson and Knauss, 1971; Zihmerman, 1971;
Worthington and Kawai, 1972) have shown potential temperatures
warmer than 1.8°6 and salinities greater than 34.8990/00.
However, water as cold as 1.66°6 and of salinity 34.86%/00
was reported deep on the flanks of the Blake-Bahama Outer
Ridge as part of the WBUC (Amos, Gordon, and Schneider, 1971).
Few direct current measurements have been made on the
Greater Antilles Outer Ridge. Bruce (1964) examined the flow
between 19° and 23°N lat. at 66°W long. with closely spaced
hydrographic observations, drogues and Swallow floats. His
dynamic calculations, based on a reference level at 3800 m

(the depth of the lower oxygen maximum) showed general
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eastward flow of NADW between 1500 and 3800 m with variable
flow at greater depths. A Swallow float at 5200 m in AABW
over the crest of the eastern sector of the outer ridge

went east at 4 cm/sec; one at}5500 m on the south flank,
also in AABW, went north at 2 cm/sec; and a third at 4500 m
in NADW on the north flank went 3 cm/sec northeast. More
recently, an eight-hour near-bottom current measurement at
5500 m in AABW on the far eastern section of the outer ridge
(20°47'N lat., 61°56'W long.) showed speeds up to 25 cm/sec
to the southeast (Amos and Escowitz, 1971).

Clearly more data were needed to resolve the modern
pattern of abyssal circulation. Therefore we initiated a
program of long-term near-bottom current measurements,
closely spaced hydrograbhic stations, and bottom photography
on the Greater Antilles Outer Ridge early in 1971.

METHODS

Current Meters

The current meters used were modified Geodyne Model 850,
magnetic tape-recording instruments (McCullough and Tupper,
1969), and they were set to sample currents every 30 minutes
for periods up to six months. The meters were incorporated
in a relatively short (< 220 m) mooring package with an
anchor, a flotation package and an acoustically triggered
release.

Current meters weré set on the Greater Antilles Outer

Ridge during two periods (Table 6.1). The first setting,
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which recorded currents for about four months, incorporated
five current meters in three moorings. The moorings on the
southern edge of the Nares Abyssal Plain and north flank of
the Greater Antilles Outer Ridge (A and B respectively,
Fig. 6.1) included two current meters, at 15 and 200 m off
the bottom, to determine variability of currents with depth.
The third mooring (C) contained only a single current meter.
Since the records from the deep and shallow instruments .
were nearly identical in the first setting of current meters,
the second setting was made with one current meter per
mooring, at 100 m above the bottom. The meters were set for
about six months near a common depth of 5300 m, with one at
the northwest tip of the outer ridge and one each on the
north and south flanks (D,E,F, Fig. 6.1), in an attempt to
monitor the clockwise flow around the end of the outer ridge

indicated by the hydrography and the bottom photographs.

Hydrographic Stations

Hydrographic data from depths greater than 3500 meters
- were collected at 57 stations during five cruises made since
early 1971 (Fig. 6.1). Four deep stations were made in
January, 1971, from MSS MT. MITCHELL,and in February a
section of deep stations was made from R/V KNORR along the '
current meter line from 23° to 21°N lat. In August, 1971,
we made 23 stations combining bottom photography and water
sampling from R/V ATLANTIS II over the northwestern section.
of the outer ridge. KNORR made additional stations with



Figure 6.1.
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Bathymetric map of the Greater Antilles Outer
Ridge and vicinity showing positions of hydro-
graphic stations and the locations of hydro-
graphic sections (Fig. 6.2). Letters indicate
current-meter positions (see Table 6.1).
Current-meter moorings A to C were bracketed by
Section 5 (KNORR, February, 1971) and moorings
D to F by pairs of hydrographic stations
(KNORR, February, 1972).
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bottom photographs in February, 1972, which extended one of
the ATLANTIS II sections to the north across Vema Gap, and
bracketed the.second setting of current meters, which was
placed in November, 1971. A section from the southeast ‘
Bahama Banks across the.Caicos Outer Ridge toward the
northwest tip of the Greater Antilles Outer Ridge was made
from KNORR in May, 1972.

Each hydrographic cast contained 12-14 Nansen bottles,
with six bottles in the bottom 200 m. Salinities were
determined on board by conductivity measurement, and silicate
analyses were run during the two 1972 KNORR cruises. Tempera-

tures are considered good to + 0.01l°e.

Bottom Photography

A bottom-triggered camera was used in place of the
standard lead weight on most hydrographic casts, and oriented
bottom photographs were taken at 39 stations. Direction and
relative speed of currents were deduced from the photographs
by three methods: 1) Attached benthic organisms bending in
the flow, 2) dispersal of mud clouds stirred up by the camera,
and 3) current lineations, scour marks, and ripples in fhe
sediment. Current directions determined by the first two
methods, although consistent with the observed flow pattern,
are at best only momentary indicators of currents and have
even greater limitations than short-term current-meter
records. However, persistent unidirectional flows are

necessary to create the observed ripples and lineations in
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-the fine-grained sediment of the Greater Antilles Outer Ridge,
and such features are not easily erased by short-term fluctua-
tions in currents, unless the fluctuations are particularly
strong (Hollister and Heezen, 1972). However, the current-
meter measurements indicate that variations from the mean
"flow direction on the outer ridge are always associated with
lower speeds. The current directions obtained from
sedimentary features in the bottom photographs were therefore
considered to be, and later proved to be, reliable indicators

of the mean flow in this region.

RESULTS

Hydrography

Plots of potential temperature against salinity for all
the observations except those on the ATLANTIS II cruise
showed more than 90 percent within the envelope of one
standard deviation (+ .003%9/00 to .0069/00 below 2.5°8)
from the deep 6/S curve of Worthington and Metcalf (1961) for
the western North Atiantic. The ATLANTIS II observations
averaged .0069/00 fresher than the curve, with slightly more
scatter than the other plots. Plots of silicate measured on
the 1972 KNORR cruises show a tighter fit for potential
temperature vs. silicate than for either potential temperature
vs. salinity or silicate vs. salinity, suggesting that the

salinity measurements are the least precise of the three.
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Several important features were observed in the
hydrography (Fig. 6.2). On all sections the water below
5000 m is 1.8°6 or colder, and fresher than 34.892%/00.

Except for one‘station discussed below, the water immediately
above the sea flbor is colder than 1.7°6 (most of it colder
than 1.6°6) and fresher than 34.875%00. Water with thése
characteristics (AABW) must ultimately be derived from the
south (Worthington and Wright, 1970). The isotherms on a11
six sections follow the bottom topography, indicating clock-
wise circulation around topographic highs and counterclockwise
flow around depressions if an intermediate reference level is
used.

This isotherm structure is also apparent in an extensive
region surrounding the Greater Antilles Outer Ridge (Fig. 6.3).
Two major potential-temperature regimes occur, divided by the
21°N parallel. In the northern regime the_potentia] tempera-
ture distribution is consistent with that shown in the
hydrographic sections (Fig. 6.2). The colder water near the
edges of the basins indicates northwestward flow south of the
Bermuda Rise, general southward flow along the Blake-Bahama
OQuter Ridge and Bahama Banks, clockwise circulation around
the northwest end of the Greater Antilles Outer Ridge, and
eastward flow along the north flank of the outer ridge.

South of 21°N there is warmer water along the southern and
western edge of the Puerto Rico Trench, suggesting a broad

flow of AABW westward into the trench. The flow'appears to



\_

Figure 6.2.
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Potential-temperature sections (see Fig. 6.1
for locations). Salinity profiles are not
shown because of their close resemblance to
those for potential temperature. Section 1:
along the crest of the Greater Antilles Outer
Ridge, made by ATLANTIS II, Aug. 3-12, 1971.
Section 2: across the Greater Antilles OQuter
Ridge by ATLANTIS II, Aug. 5-7, 1971; extended
northward across Vema Gap by KNORR, February
10-11, 1972; current-meter positions and
directions of mean flow are shown. Section 3:
across the Greater Antilles Quter Ridge, by
ATLANTIS II, Aug. 9-11, 1971. Section 4:
across the Greater Antilles OQuter Ridge, by
ATLANTIS II Aug. 7-9, 1971. Section 5: across
the Greater Antilles OQuter Ridge by KNORR
February 18-19, 1971; current-meter positions
are indicated. Section 6:across the Caicos
Outer Ridge, by KNORR, May 2-3, 1972.
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Figure 6.3. Potential temperature at 5300 m for an extensive
area surrounding the Greater Antilles OQuter
Ridge. Plus and minus signs indicate points
outside the range of the contour interval by
more than 0.0l°e. Station positions are shown
by dots. The data, compiled from the files of
Woods Hole Oceanographic Institution and the
National Oceanographic Data Center, cover 23
years from 1949 to our cruises in 1971 and 1972.
The axis of the Greater Antilles Outer Ridge is
indicated by a dashed line, and black areas are
shallower than 5300 m.
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turn north in the western part of the trench, and some water
may pass across gaps in the Greater Antilles Quter Ridge east
of 65°W to become part of the eastward flow on the north
flank. Some flow of warmer water from the Silver Abyssal
Plain southeast across the outer ridge sill at 21°N lat.,
68°W long. is also indicated.

Over the western sector of the Greater Antilles Outer
Ridge the coldest water on the foﬁr transverse profi]es
(Fig. 6.2) is 1.52 to 1.54°6, and it lies exclusively north
of the cfest at depths greater than 5200 m. This water may
have an eastern source north of the outer ridgé. However,
water this cold is found in the Puerto Rico Trench, and it
may move to the north across depressions in the outer ridge
east 6f 65°W. |

One station (AII Sta. 1825) at the northwest tip of the
Greater Antilles Outer Ridge was unique in that the potential
temperature never dropped below 1.80°6 (Section 1, Fig. 6.2)f
A11 five temperature readings in the bottom 150 m were 1.80°9,
and the salinities ranged from 34.8849/00 to 34.8869/00.
Although these salinities are .004 to .006%/00 fresher than
Worthington and Metcalf's (1961) curve, they are in close
agreement with the other ATLANTIS II observations. Consistent
thermometric depths from four unprotected thermometers in‘the
bottom 400 m eliminate any possibility that the deep part of
the cast tripped improperly, and the calculated depth for the

deepest thermometer was 8 m above the sea floor at 5496 m.
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At Station 1826, twenty-two km to the southeast, the bottom

temperature was 1.57°0 at 5415 m. The warmest bottom

'temperature observed on any other station was 1.65°6 at

5389 m (ATLANTIS II Sta. 1833). Although we were not able
to repeat Station 1825, earlier observations near this
station include anomalously warm temperatures (in the area
warmer than 1.7°¢ west of the outer ridge, Fig. 6.3) but
none as warm as 1.8°9.

The isotherms and isohalines are spaced more closely

between 1.6°6 and 1.8°6 than above and below this interval

(Fig. 6.4) on every station except the anomalously warm

station ATLANTIS II 1825. A nearly isothermal bottom layer
colder than 1.6°6 was observed on all stations except a few
made in water shallower than 5400 m, where the gradient
persisted to the bottom. The layer of increased gradient
begins at 1.81 + .06°0 at a depth of 4840 + 250 m, and it
ends at 1.58 + .04°¢ at 5290 + 150 m. The potential tempera-
ture gradient above the layer is 0.20 + .03°g/km, and below
the layer it is 0 to 0.20°¢/km. Within the layer it averages
0.55°06/km with a range from 0.33 to 1.29°0/km. The variation
within the layer may result in part from the wide bottle
spacing (up to 200 m) near the top of the layer. Since the.
adiabatic gradient at these depths and temperatures is about
0.13°C/km, the observed temperatures above and below the
layer are very nearly isothermal.

This type of structure is observed in the southwestern

North Atlantic wherever deep stations are made with close
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Traces of potential temperature, in situ

temperature, and salinity vs. depth for KNORR

‘Sta. 55 (22°44.5'N lat., 66°40.8'W long.),

illustrating the transition layer observed in
the deep water over the Greater Antilles Outer
Ridge. Note that in situ temperature is nearly
isothermal above and beTow the transition layer.
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bottle spacing. An example is the IGY temperature section at
8°N (Fuglister, 1960, p. 29). The region of increased |
gradient is considered to be the transition between AABW and
the overlying NADW. As mentioned earlier, it is in this
temperature interval that marked 1ndications of increased
salinity first appear in AABW as it penetrates toward the
north. |

Recent STD (salinity/temperature/depth) observations |
(Amos, Gordon, and Schneider, 1971) indicate that the transi-
tion may be more abrupt than the Nansen bottles show. Their
STD traces recorded chhnges of 0.02 to 0.04°96 dccurring over
‘intervals of less than 20 m at about 1.8°8, but they argue
that the gradient layer is not a transition between AABW and
NADW because some influence of AABM can be found at shallower
depths. Although the AABW and NADW may influence each other
outside the 1.6° to 1.8°6 interval in this part of the ocean,
the influence is probably too small to discern with existing
techniques, and the waters above and below theltransition
region-should be considered as two distinct water masses.

The 6/S envelope of all the hydrographic observations
deeper than 4300 m lies on the curve of Worthington and
Metcalf (1961) for the western North Atlantic. Although
generally colder and fresher, it overlaps the envelope of
8/S values associated with the Western Boundary Undercurrent

up to 1.93°6 (Fig. 6.5).

——



Figure 6.5.
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Diagram of potential temperature vs. salinity
for water flowing south along the western

margin of the North Atlantic basin. The envelope
labelled Labrador Sea encloses observations in
the deep counterclockwise gyre in the Labrador
Sea (Swallow and Worthington, 1969). The flow
is considered to be a continuation of the Nor-
wegian Sea overflow (Worthington, 1969) with
some contribution of fresher and warmer Labrador
Sea water. The envelope Tabelled WBUC encloses
only those points in the Western Boundary Under-
current where simultaneous hydrographic observa-
tions and direct current measurements have been
made (Swallow and Worthington, 1961; Volkmann,
1962; Barrett, 1965; Richardson and Knauss,
1971; Worthington and Kawai, 1972). It would
extend down the Worthington-Metcalf curve to
about 1.66°6 if the data from Amos, Gordon,

and Schneider (1971) were included. The third
envelope, marked GAOR (Greater Antilles Outer
Ridge), represents all the observations made
deeper than 4300 m in this investigation.
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The silicate values plotted against potential tempera-
ture fall very nearly on a straight line (+ 2 upg-at/2) from
1.90°6, 34 ug-at/%, to 1.55°0, 59 ug-at/s (Fig. 6.6). Below
1.75°6 the values are identical to the plot of Metcalf (1969)
for the western Atlantic between the Equator and about 10°N,
an indication that the AABW over the Greater Antilles Outer
Ridge is not strongly affected by mixing below about 1.7°9.
Silicate values from water warmer than 1.75°6 over the outer
ridge form a tighter curve with Tower mean values than

Metcalf's curve.

Dynamic Calculations

The geostrophic method (Lafond, 1951) was used to
calculate volume transports thrbugh all six sections (Table
6.2) and between six pairs of stations bracketing the current
meters. Additional calculations between the end stations of
the sections were made to determine total transports into
and out of the region. Since the region is characterized by
active currents, the reference surface is probably neither
level nor fixed in time. Calculations were made for two
different reference levels, at 4300 m and 4700 m, to deter-
mine representative flow around the Greater Antilles Outer
Ridge.

The shallower depth is at the level of both minimum
horizontal and minimum vertical density gradients and is
thus a level of minimum shear. However, it is not a level of

zero shear since indications of the deeper temperature
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Figure 6.6. Silicate (ug-atoms/liter) versus potential
temperature for hydrographic stations on the
Greater Antilles Outer Ridge (KNORR 25, leg 1)
and Caicos Outer Ridge (KNORR 25, leg 6).
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TABLE 6.2. CALCULATED VOLUME TRANSPORTS

FOR REFERENCE LEVELS AT 4300 m and 4700 m

151

4300 m 4700 m
Direc- Direc-
Section T* tion T* tion -

Section 1 (Crest)

NW (AII 1825-1832) 0.7 NE 0.6 NE

Middle (AII 1832-1837)f% 0 - 0 -

SE (AII 1837-KN59)T 0.5 NE 0.3 NE
Section 2

Vema Gap (KN94-AII 1829) 1.6 W 1.2 W

N of Ridge (AII 1829-1832) 0.2 SE 0.2 SE

S of Ridge (AII 1832-1834) 0.2 NW 0.1 NW
Section 3

N of Ridge (AII 1841-1844) 0.4 SE 0.2 SE

S of Ridge (AIl 1844-1845) 0.1 NW 0.1 NW
Section 4

N of Ridge (AIl 1837-1840)T 0.7 SE 0.3 SE

S of Ridge (AII 1835-1837)f7 0.1 SE 0.1 SE
Section 5

N of Ridge (KN54-59) 0.5 SE 0.4 SE

S of Ridge (KN59-62) 0.3 NW 0.3 NW
Section 6

Caicos Quter

Ridge (KN224-229) 1.2 SE 0.7 SE

est 0.1 x 10 /sec.

Calculations for Station 1837 were made with observed

temperatures, but salinity values were taken from the
See text for explanation.

mean 6/S curve for the cruise.

Transport vaguss are x 100m3/sec and are rounded to near-
m .
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structure persist at and above 4300 m. The potenfia] tempera-
ture at 4300 m is 1.91 + 0.04°6 and the salinity is 34.899 #
.006%/00, clearly within the NADW, which is generally
considered to be moving slowly southward, but near its lower
Timits according to Wright and Worthington (1970).
| At 4700 m the potential temperature is 1.84 + .04°¢
and the salinity is 34.891 + .007%/00, close to the defined
boundary between NADW and AABW. Wright (1970) used a
reference level at about 34.89%/00 to calculate the transport
of AABW in the western basin of the Atlantic Ocean. In the
region of the Greater Antilles Quter Ridge, however, there is
some evidence that the NADW and AABW are moving in the same
direction, and there may be no motionless level between them.
Using the deeper reference surface does not substantially
affect the pattern of circulation befow that level. The
volume transports are reduced by amounts up to 40 percent,
but the directions are not changed except where the trans-
port is negligible. With either reference level there is a
reversal of flow in the shallower water because of the up-
ward persistence of the temperature structure, and the
reversal is smaller with the shallower level. Uncertainties
inherent in the method of dynamic calculations and those
introduced by possible measurement errors are such that there
is 1ittle reason to refine the calculation by using a
reference level of varying depth.

Clearly the circulation pattern around the Greater

Antilles OQuter Ridge would be the same with any reasonable



153

reference level above the crest of the ridge. If the 4700 m
surface is used, the flow represents AABW only; with the
4300 m surface, it includes NADW up to a temperature of
about 1.93°6.

The calculations involving ATLANTIS II Station 1837 in
section 4 across the crest of the Greater Antilles Outer
Ridge (Fig. 6.2) were made with salinities taken from the
mean 6/S curve for the region because salinity observations
at 4693 m and 4891 m were anomd]ous]y fresh by about 0.03% o0o0.
No other observations departed mofe than 0.01%/00 from the
mean curve. Using the observed salinities would have created
a counterclockwise circulation around Station 1837 of aboutv
0.3 x 106m3/sec but would not have affected the other
transport values.

A circulation pattern for the region based on the
values in Table 6.2 and on the calculations between the end"
stations using the 4300 m reference level shows the
following (Fig. 6.7):

1) A flow composed largely of Antarctic Bottom Water
westward through the northern section of the Vema Gap. |

2) A southeasterly flow of approximately the same
magnitude, composed of AABW and NADW, along the Caicos Outer
Ridge, most of which turns northward‘and then northwestward
- following the general trend of the bathymetric contours.

This flow is considered to be the southern extension of the
Western Boundary Undercurrent. Since Section'6 is not closed

off to the Bahama Banks (Fig. 6.2), it is possible that a



Figure 6.7.

154

Current pattern and volume transports based on
dynamic calculations with a reference level at
4300 m. Transport units are x 100m3/sec. Widths
of arrows are approximately proportional to
volume transports. Consequently, the arrows do
not show the precise location of flow, which may
include part, or all, of a given section. The
black area is shallower than 4500 m.
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substantial flow not indicated in these calculations may pass
southeast through this gap and over the sill at 21°N Tlat.,
68°W long. to the south slope of the Puerto Rico Trench.

This seems especially plausible since the calculated volume
transport through the Caicos Outer Ridge segtion is only

1.6 x 106m3/sec. The calculated volume transport of the
Western Bouhdary Undercurrent around the Blake-Bahama OQOuter
Ridge to the northwest is an order of magnitude greater
(Amos, Gordon, and Schneider, 1971), although a much
shallower reference surface (about 2500 m) was used for their
calculations.

3) C]ockwfse flow of AABW and NADW around the northwest
tip of the Greater Antilles OQuter Ridge, again following the
bathymetric contours, and a southeasterly flow along the
north flank of the outer ridge.

This simple picture is ﬁomp]icated by flow to the
north across a depression in the western Greater Antilles
Quter Ridge at 23°N lat., and by connections between the
northwest flow through Vema Gap and the southeast flow along

the north flank of the outer ridge.

Direct Current Measurements

The first series of current meters was set across the
Greater Antilles Outer Ridge in January 1971 for approximately
four months (Tab]e 6.1). The pair of current meters moored
on the southern edge of the Nares Abyssal Plain (A in Fig.
6.1, Tab]e,ﬁ.l) recorded currents generally to the WNW at
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speeds of 2 ém/sec (the stall speed of the rotor) to 12 cm/
sec for the first two months of the recording period (Figs.
6.8, 6.9). The}flow then shifted to the south for about
three weeks'with speeds less than 7 cm/sec beforé turning

to the southeast at about the same speeds. The two current
meters, separated by a vertical distance of 185 meters,
showed virtually identical patterns of current direction and
speed. The majqf speed discrepancy, from February 7-27,
resulted from the rotor'sticking on the lower current meter.
- The southéasfer]y current was faster at the deeper meter
during the 1ast‘part of the recording period.

| A second pair df current meters, also at 15 m and 200 m
from the bottom (B in Fig. 6.1, Table 6.1), was moored a day
after the first pair, on the north flank of the Greater
Antilles Outer Ridge (Figs. 6.9, 6.10). Both records show
ESE currents at speeds 2 to 10 cm/sec for the first 5 weeks
although the deeper meter recorded higher-average speeds.
A 360° counterclockwise shift in flow with greatly diminished
current speeds occurred during the next two months. The
shaj]ow meter‘failed in mid-April, but the deep one continued
until recovery on May 23, recording an ENE éufrent up to
9 cm/sec. As in the northern mooring, simi]arvchahges in
direction were recorded simu]taheous]y by both meters, but
speed differences were slightly more pronouncea; with the
lTower current meter generally recording higher speeds.

The observed current pattern can be explained by two
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Progressive vector diagrams of currents recorded

-on the south edge of the Nares Abyssal Plain (A
. in Fig. 6.1). The diagrams are constructed by

vector addition of successive velocity measure-
ments, creating a simulated trajectory for a
parcel of water initially located at the
current-meter site. Crosses mark one-day inter-.
vals. The major speed discrepancy, February
7-27, resulted from the rotor st1ck1ng on the
1ower current meter.
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Polar histograms of currents recorded at the
deep meters of moorings A and B and at moorings
D and E (see Fig. 6.1?. Each point represents
the tip of a vector of current speed

averaged over a one-hour interval. The dark
circle (2 cm/sec) marks the stall velocity of
the current-meter rotor. Speeds are in cm/sec.
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Figure 6.10. Progressive vector diagrams for currents
~recorded on the north flank of the Greater
Antilles Outer Ridge (point B, Fig. 6.1).
Crosses mark one-day intervals.
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broad oppoéing flows, one to the WNW over the Nares Abyssal
Plain and one to the ESE along the northern flank of the
Greater Antilles Outer Ridge, with a boundary between the
'flows which shifts periodically in a N-S direction. This
cbncept is supported by a time lag between shifts in current
direction reéorded at the two moorings. For example, the
NW flow recorded at the northérn mooring from 31 January to
17 March is not observed at the southern mooring until the
beginning of March. The subsequent easterly flow beginning
about 10 April at the southern mooring is recorded at the
northern mooring»about 20 April. This pattern agress with a
southerly shift of opposing flows to a point where both
moorings are in the region of the westerly £1ow (first week
in March), fo]Towed by a northerly shift until both moorings
are within the easterly flow (third week in April). The
lesser variations in the records may be due to interactions
between the f]ows.

A third modring, consisting of a single current meter
(C in Fig. 6.1, Table 6.1), was set 15 m from the‘bottom on
the westérn flank of the Greater Antilles Outer Ridge near
fhe southern end of the Silver Abyssal Plain. Unfortunately,
the rotor fai]ed and only directions were recorded. A
direction histogram for this meter (Fig. 6.11) shows no
preferred f]ow-orientation.v.The topbgraphic constriction at
the southeastérn end of ﬁhe Silver Abyssal Plain may form a

cul-de-sac creating weak and variable currents.

g



165

Figure 6.11. Polar histogram of current direction (number
of measurements vs. azimuth) for current meter
C. For location see Fig. 6.1.
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In November, 1971, a second series of three current
meters was set on the western sector of the Greater Antilles
Outer Ridge near a common depth of 5300 m: one at the north-
west end and one each on the north and south flanks (Fig. 6.1,
Table 6.1). A fourth current meter which was planned 6n the'
Caicos Quter Ridge was not set because the acoustic release
functioned improperly in pre-mooring tests. A six-month
record was obtained from the instruments on the flanks but the
one at the northwest end of the Greater Antilles Quter Ridge
malfunctioned and no useful data were obtained.

Current meter E, moored at 5290 m on the north flank of
the Greater Antilles Outer Ridge, showed nearlyvunidirectioné1
flow to the ESE parallel to the bathymetric contours over the
entire recording period (166 days) (Fig. 6.12). Speeds,
averaged ovér one-hour intervals, ranged from 2 to 17 cm/sec
(Fig. 6.9); the maxihum three-day average speed was 13 cm/sec.
Speeds greater than 10 cm/sec were uniformly to the east and
southeast. |

Current meter D, at 5352 m on the south flank, showed a
nearly unidirectional current to the northwest for 169 days,
also parallel to the bathymetric contours (Fig. 6.12).

Current speeds were similar to those observed on the north
flank, a]though the higher speeds'were_generalTy directed to
the north and nofthwest (Fig. 6.9). The maximum three-day-
average speed was 15 cm/sec. |

Two small-scale variations occur in each of the six-month
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Figure 6.12.

168

Progressive vector diagrams for current meter
D on the south flank of the Greater Antilles
Quter Ridge and E on the north flank, Nov. 19,
1971 to May 4, 1972 (Fig. 6.1). Crosses mark
three-day intervals.
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brogressive vector dfagrams (Fig. 6.12). On the southern
mooring, the first is é clockwise loop from 1-21 January and
the second is a‘sharp drop in speed With no change in
direction over the interval 17-29 February. On the north
f]ank,’sharp changes in speed and direction occur at 7-19
February and 26 March - 7 April. Thus variations are
observed in the northern record 4 1/2 and 5 1/2 weeks after
variations of similar duration in the southern record. Five
weéks-is the appfoximaté time necessary tb transport a
parcel of water from the location of the southern mooring
around the northwest end of the Greater Antilles Outer Ridge
to the northern mooring at the average current sbégds
observed, suggesting that the flow variations observed in
the southern mooring may have been transmitted "downstream“
to the northern mooring.

These last two current-meter records clearly support the
concept of topogréphic control of deep oceanic flow in this
region, and the arguments frequently raised against the
significance of short-term current-meter measurements are
difficult to>épp1y'to these measurements, which show nearly
unidirectional currents for six months. If the observed
currents are part of a cyclic phenoménon,'the period of the
fluctuation must be greater than one year. |

The dynamic calculations for hydrographic stations
bracketing the current meters agree with recorded directions
except in one case. The dynamic topography betweén KNORR

stations 54 and 55 (Section 5, Fig. 6.2) is not reflected in

N
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the flow recorded at current meter mooring A, where recorded
ve]oéities were about 6 cm/sec to the west, and calculated
velocities were 1-2 cm/sec southeast. A reference surface
at the bottom would have given closer agreement in this
case. A very different situation occurred in the case of
current meter E, which was bracketed by a pair of stations
on 12 February 1972. Dynamic calculations indicated a flow
to the west at 5 cm/sec which matched the current-meter
record, even though the westerly flow was only a transient
of six-day duration superimposed on a long-term southeasterly
current (see Fig. 6.12).

Recorded speeds at the other two moorings (B and D) were
double the calculated values, implying a reference level
above 3500 m, where our shallowest observations were made.
The highest speed calculated from hydrographic data was 6 cm/
sec to the northeast between ATLANTIS II Stas. 1825 and 1826
at the northwest tip of the ridge (Section 1, Fig. 6.2),

where the current meter (F) that failed was located.

Current Evidence from Bottom Photographs

More than 800 oriented bottom photographs were taken on
the Greater Antilles Outer Ridge to determine current effects
on the sediment, the nature of the sea-floor microrelief, and
to observe the activity of benthic organisms (see Chapter IV
and Appendix II). The photographs show evidence of currents
similar to‘that recorded by the»current meters, of a contour-

following flow moving clockwise around the outer ridge
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(Fig. 6.13). The strongest currents were on the tip of the
northwestern section of the outer ridge, where the sea floor
"was strongly smoothed, and on the nprth flank of the north-
westérn section, where ripples had developed in the fine-
grained sediment (Fig. 6.14). Moderate currents were
obserVéd on the south flank, and evidence of weak to moderate
currents appeared across the central section of the outer
ridge. Indications of northwest currents of moderate speed
were observed in the northern portion of Vema Gap, in
agreement with the hydrographic data. Evidence of a SSE
flow at the single station just north of Silver Bank indicates
that the shallower water may cross the ridge si]] there and
then flow south and east along the south slope of the

Puerto Rico Trenth.

SUMMARY.

The flow of déep and bottom water determined by hydro-
casts, current-meter measﬁrements, and bottom photography
on the Greater AntiT]es Outer Ridge can be accounted for,
with minor variations, by a circulation pattern similar to
that shown in'Fig. 6.7. These measurements are current
indicators representatiye of periods ranging fkom-seconds
up to 23 years (the time span of hydrographic méasurements
used in Fig. 6.3), and they show the following pattern:

1) There is westward flow of AABW as cold as 1.52°¢
across the Nares Abyssal Plain and through the northern

portion of Vema Gap. The magnitude of the flow through

N’
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Figure 6.13. Directions and relative intensities of bottom
currents on the Greater Antilles Outer Ridge
determined from bottom photographs. Strong
currents, >10 cm/sec; moderate currents, 5-10
cm/sec; weak currents, < 5 cm/sec.
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Figure 6.14. Bottom photograph taken at ATLANTIS II 60
Sta. K20A at 5197 m depth. The current
Tineations, ripples, and bending pennatulid
“all indicate a strong current to the southeast.
Note the debris deposited on the lee side of
the ripples. The area photographed is roughly
three square meters.
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Section 2 (Figs. 6.1, 6.7) is about 1.6 x 10%m3/sec.
2) A return flow of the same magnitude, and of only
\ slightly wafmer water (the Western Boundary Undercurrent),
moves southward along the Blake-Bahama OQuter Ridge and to
the southeast along the Caicos Outer Ridge. Both AABW and
NADW are included in this flow. L
| | -3) This return flow swings north and then northwest,
fd]]owing the bathymetric contours around the Silver Abyssal
Plain, and then curves toward the northeast around the tip
~of the'Greatek Antilles Outer Ridge before continuing toward
the southeast along the north flank of the outer ridge. A
smaller amount of water moves northward through a saddle in
the outer ridge at 23°N lat., 68°W long. and rejoins the
southeastward flow north of the outer ridge. A third,
smaller branch croSSés the outer ridge sill at 21°N lat.,
68°W Tong. and flows into the Puerto Rico Trench.
| 4) A broad flow of cold AABW enters the Puerto Rico
~ Trench from the east. The shallower portion of this water
mass apbarentTy flows northward through depressions in the
Greater Antilles Outer Ridge east of 66°W and then eastward
along the north flank of the ridge. | |
5) The boundary between the fnew" AABW flowing west-
ward across the Nares Abyssal Plain and through Vema Gap
and the "olderf'AABw flowing eastward along the:north flank
of the ridge is probably neither distinct nor stationary.
It appears to shift latefally (N-S) across the boundary
betwéen the Nares Abyssal Plain and the north flank of the
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Greater Antilles Outer Ridge, and there is almost surely

some exchange of water between the two main flows. The
marked similarity between the upper and lower current meter
records at A and B suggest that the boundary between the flows
is nearly vertical.

6) In areas of marked topography, such as the Bahama
Banks and the flanks of the Greater Antilles Outer Ridge; the
topography clearly controls the pattern of abyssal circulation.

The broad pattern of abyssal circulation in the western
North Atlantic has begun to emerge from evidence of direct
current measurements, bottom photography, dynamic calculations,
and analysis of sediment tracers during the past 15 years
(Fig. 6.15). These measurements indicate that the Western
Boundary Undercurrent, composed dominantly of NADW north of
Cape Hatteras, flows south along the continental rise parallel
to the bathymetric contours. AABW, entering the system via
the Vema Gap/southern Bermuda Rise, flows around the
Hatteras Abyssal Plain and joins the NADW near the latitude
of Cape Hatteras to become the deeper portion of the WBUC.
This picture is supported by the dynamic calculations of
Amos, Gordon, and Schneider (1971), showing a contour-
following flow around the Blake-Bahama Outer Ridge which
includes about 2 x 10%m3/sec of AABW. In addition, the
Bermuda-Elbow Cay hydrographic section made by ATLANTIS in
1955 shdws a narrow band of intense southeast flow along the

eastern flank of the Blake Outer Ridge and a broader, weaker
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Summary of direct current measurements (white
center arrows) and photographic indications of
bottom currents in the western North Atlantic
Ocean. Compiled from data in the Woods Hole
bottom-photograph library and Buoy Group data
files, and from Amos and Escowitz (1971?,

Bruce (1964), S. Eittreim (pers. communication),

Ewing and Mouzo (1968), Heezen, Hollister, and

Ruddiman (1966), and the summary by Hollister
and Heezen (1972). The base map is a portion
of the Physiographic Diagram of the North
Atlantic Ocean, published by the Geological
Society of America, Boulder, Colorado, copy-
right 1968, Bruce C. Heezen and Marie Tharp;
reproduced by permission.
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northwest flow along the west flank of the Bermdda Rise,
both containing AABY. |

| The preseht observations extend the southerly fldw of
the‘western Boundary Undercurrent into the region of the
Greatér.Antil]es’Outer Ridge and indicéte additional contri-
butioné of colder AABW in the deep southﬁestern basin of
the western North Atlantic Ocean. The added easterly
flowing AABW comprises the bottom water circu1ating,arouﬁd
the Greater Antilles Quter Ridge, and it lies 1mmediéte]y
beneath the warmér Watef flowing in from fhe lower continental
rise further north. | |

The transpbrt of sediment from the northern continental
margin of quth America to the Greater Antilles OQuter Ridge
by this current systeh is considered in the'f0116wing
chapter, and the implications of its effect on the history
of sedimentation on the Greater Antilles Outer Ridge are

considered in Chapter VIII.

R
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CHAPTER VII
SUSPENDED PARTICULATE MATTER

INTRODUCTION

The evidence presented thus far has dealt with
patterns of seé-floor morphology, bottom-sediment distribu-
tion, and abyséal circulation on the Greater Antilles Outer
Ridge. The following discussion is devoted to an examina-
tion of the sediment carried in suspension in the deep |
currents and its relationship to these patterns.

Concentrations of suspended particulate matter were
determined on 101 water samples from 32 stations over the
Greatef Antilles Outer Ridge (Fig. 7.1). Five additional
samples were collected directly on silver filters (0.45 um
pore size) for x-ray analysis. Samples were collected
primarily from depths of 4580 to 5730 m in the North
Atlantic Deep Water and Antarctic Bottom Water (see

Appendix III).

METHODS |

Water samples were taken in 30 liter Niskih}bott]es
spaced between 12 to 14 Nansen bottles in the botfom 350 m
of hydrographic casts, thus allowing accurate determination
of the o/S relationship of the water samp]ea. Each water
sample was fi]tefed on shipboard under 14_pounds nitrogen
pressure through preweighed pairs of Millepore filters

(0.45 um pore size) or through a single preweighed Nuclepore
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Locations of suspended-particulate-matter
samples (dots), and locations of nephelometer
profiles illustrated in Figure 7.2 (circles,
from Eittreim and Ewing, 1972): clockwise from
top - C11-196; C11-195; C11-194; C11-197.
Arrows show schematically the flow of the
Western Boundary Undercurrent around the
Greater Antilles Outer Ridge and the flow of
AABW through Vema Gap. The dashed line marks
the axis of the Greater Antilles Quter Ridge.
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Figure 7.1
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filter (0.50 um pore size). After filtration, filters were
rinsed five times with distilled water to remové-sa]ts. The
samples were air dried and weighed in the shore laboratory
after they had equilibrated with the laboratory atmosphere.
The precision of the procedure is 50 ug for total suspended
matter (Spencer and Sachs, 1970). Weights‘of total
susbended matter collected per sample ranged from 120 to'

- 1650 ug.

CONCENTRATION AND DISTRIBUTION

The particulate matter concentrations ranged from 6 to
63 ug per']iter of sea water; all values greatér than
40 ug/liter were festricted to the depth range 5050-5400 m,
and concentrations dropped abruptly above and below these
depths.  Since all samples were collected in standard
hydrocasts, the concentrations can be plotted accurately
against potential temperature (Fig. 7.2), thus relating
suspended matter to the water mass which is'transpofting
'it. The average concentrations for discrete potential
temperature intervals are: 1.51 td 1.60°0e - 15 ug/liter
(34 samples), 1.61 to 1.70°6 - 31 ug/liter (29 samples),
1.71 to 1.80°6 - 22 ug/liter (32 samples), and 1.81 to
1.90°6 ~ 14 ug/liter (3 samples). Samples taken at
individual stations seldom showed a regular pattern of
increasing or decreasing concentrations toward the sea floor.

" The overall éirculation pattern responsible for trans-

porting suspended matter to the Greater Antilles Outer Ridge



Figure 7.2.

186

Light-scattering profiles (Eittreim and Ewing,
1972) and suspended-matter concentrations
plotted against potential temperature. The
potential-temperature curves used to plot the
lTight-scattering profiles are from hydrographic
casts (shown in parentheses) taken within 22 km
of the nephelometer stations. Profile C11-196
was made in Vema Gap; the other profiles are
from the Greater Antilles Quter Ridge. See
Figure 7.1 for locations. In the light-
scattering profiles, values of film exposure
(E) are normalized to the exposure in the
clearest water (E;)(Eittreim and Ewing, 1972).
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has been discussed. As pointed out by Eittreim and others
(1969) and Eittreiﬁ and Ewing (1972), the nepheloid layer
north of Cape Hatteras is deep and intense, whi]e it is more
diffuse and spans a broader depth range to the south. In
their detailed discussion of light-scattering.observations
in the westerh North Atlantic, Eittreim and Ewing point out
that, among the several sediment inputs to the nepheloid
layer north of CapevHatteras (Western Boundary Undercurrent
"load" from north, hemipelagic,»peiagic, atmospheric, sea-
‘fioor erosion, énd turbidity currents), turbidity currents
are prbbably.most important. Smaf], episbdic turbidity
currents originating in the numerous submarine canyons north
of Cape‘Hatteras would maintain the intense light-scattering
observed in the nepheloid Tayer there, while the Tayer would
be Considerab]y weaker to the south, where theré are few
submarine canyons to contribute sediment. This effect_is
illustrated in Figure 7.3 where several of Eittreim's
profiles are related to the transporting water mass by
plotting 1ight scattering against potential temperature.

The extent of mixing of NADW and AABW has also been
discussed previously (Chapter VI). However, since the water
masses lie along the séme /S curve, which is veky nearly a
straight line below 2.0°6, one cannot use the classical
methods to determine the degree of mixing. One indication
that mixing is not strong is that the coldest water returning

from the north along the Caicos Outer Ridge (Section 6,



Figure 7.3.

189

Light-scattering profiles (Eittreim and Ewing,
1972) plotted against potential temperature for
areas affected by the Western Boundary Under-
current. Note that water colder than about
1.7°6 is found only in the southern basin and
that near-bottom 1ight scattering is much less
intense for this temperature than the scatter-
ing in warmer bottom water to the north. The
potential-temperature curves used to plot the
lTight-scattering profiles are from hydrographic
casts (shown in parentheses) taken within 45 km
of the nephelometer stations, except for the

Caicos Outer Ridge profiles which are compared

with hydrographic stations 120 km "upstream".
Profile V22-2 has no sensitometer control

and units are in optical density of the film
(Eittreim and Ewing, 1972).
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Fig. 6.2) is only about 0.05°C wafmer than that entering the
basin through the Vema Gap, with no change in either the 6/S$
or Si/e relationships.

If mixing befween NADW and AABW is not important in the
southern extension of the Western Boundary Undercurrent,
there are two ways in which AABW can serve to transport
sediment from the continental rise southward fo the Greater

Antilles Outer Ridge. First, the 'AABW itself may erode
-sediment in its southward f]ow a]ong the base of the lower
cont{nenta] rise. The gedstrophic calculations of Amos,
Gordon, and Schneider (1971), based on a reference level of
2500 m, show current speeds greater than 25 cm/sec in water
colder than 1.7°8 on the Blake-Bahama Outer Ridge. These
speeds are sufficient to transport fine-grained debris
(see Fig. 3 of Hollister and Heezen, 1972), and, since
sediments on the Blake-Bahama Outer Ridge and continental
rise are not as uniformly fine-grained as sediments on the
Greater Anti11es.00ter Ridge, the currents may also erode
the.sediments along the continental margin. Occasional
higher speeds would almost certainly cause erosion
(Partheniades, 1962; Southara and others, 1971;

Zimmerman, 1971). Erosional patterns have been detected

in seismic profiles and by deep-sea drilling on the Blake-
Bahama Outer Ridge (Hollister and others, 1972) and in
3.5-kHz profiles further north on the continental rise

south of New England (R. Young, pers. comm.). However, any
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extensive erosion on the lower continental rise south of
Cape Hatteras at the present time should cause strong light
scattering near the bottom, and this is not observed (Fig.
7.3).

Alternatively, sediment entrained upstream by the NADW

"may settle into the underlying AABW as the Western Boundary

Undercurrent flows south along the continental rise. This
is supported by the observation of a deepening and weakening
nepheloid layer toward the south in the western North
Atlantic (Fig. 7.3).

The latter mechanism probably provides the best
explanation for the transportation of terrigenous sediment
to the Greater Antilles Outer Ridge at the present time.
However, the evidence of earlier erosion on the Blake-
Bahama Outer Ridge and lower continental rise indicates
that large amounts of sediment may have been resuspended
and entrained by the Western Boundary Undercurrent in the

past.

If either of the above mechanisms is operative, new'
AABW flowing westward through Vema Gap should be relatively
free of suspended matter, while the return flow (Western
Boundary Undercurrent) should be transporting a larger
suspended load. Nephelometer profiles (Figs. 7.1, 7.2) in
fact show that 1ight scattering is much lower in Vema Gap

(Eittreim and Ewing, 1972), and suspended matter concentra-

tions of the 14 samples from Vema Gap average only
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12 ug/liter, compaked with an average of 31 ug/liter in the
return flow around the Greater Antilles Outer Ridge.

There is a good correlation betweeﬁ average suspended
matter concentratfons and intensity of light scattering
(Fig. 7.2). Although low concentrations occur over the
entire range of potential temperatures, minimum values are
somewhat higher in the region of maximum light scattering.
Local temporal vériations probably occur in the amount of
sediment'in the nepheloid layer (Biscaye and Eittreim, 1973;
Eittreim and others, 1973).and in the abyssal circulation
(Tucholke and othérs, 1973), so the random sampling results
in scattered concentrations, the whole of which_are.repre-
sentative of average conditions. The uniformity of the

nephelometer traces compared with the variability of
individual samples suggests that short vertical concentra-
tion gradients or "patchinessf in the water column may have

been sampled, but were not detected in the 1light scattering

profiles, which have a Vertica] depth reso]ufion of only 20 m

(Eittreim and Ewing, 1972). However, it also appears
likely that many of the low concentrations in filtered
samples may be dﬁe to passage of some of the very fine
detritus through the 0.45 to 0.50 um pores.in'the filters

(see discussion below).

GRAIN SIZE AND GENERAL COMPOSITION
Both suspended particulate matter and bottom-sediment

samples were examined with a scanning electron microscope

_—
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(SEM) to determine composition, grain fabric, and size
distribution (Figs. 7.4, 7.5). Most grains in the suspended
matter samples are flat platelets oriented parallel to the
viewing plane; therefore the vertical axis is normally
shorter than the other two axes, and the shorter of the

two axes in the horizontal plane was judged representative
of particle size. Particles on the filters range in size
from about 0.2 um to greater than 30 um, a]though the larger
particles are much less frequent. Flocculated aggregates

of particles are seldom observed in lTow concentration
samples, but are more common (10-30% by area) in the samples
of higher concentration (Fig. 7.5). Because it is not

known whether the filtration process destroys or even
creates floccules, and because bottom-sediment grain-size

- determinations were made on unflocculated samples in
dispersant solution, all grain-size determinations on
floccules were made on individual particles to facilitate
comparison between suspended and bottom sediment. The less
than 2 um fraction of suspended matter averages less than

15 percent of the samples by volume, and the mean grain

size (by volume) ranges roughly from 2.7 to 4.1 um. The
average perticle size of suspended matter samples is thus
somewhat greatef than that of the underlying sediment. The
difficulty encountered in identifying and counting partfc]es

Tess than about 0.3 um in size may bias these results.
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Figure 7.4.
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Scanning electron micrograph of suspended-matter
sample #271 from 5169 m depth (left) and of a
smear of bottom sediment from the top of core
KN25-4GPC (right). The biogenic fraction
includes the coccoliths E. huxleyi (with radia-
ting spines) and G. oceanica (perforated disc).
A diatom fragment is at right center in the
suspended-matter sample. Note the dusting of
very fine grains (< 0.45 um) in the bottom-
sediment sample. Scale bar = 5 um.
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Scanning electron micrographs of suspended-

‘matter samples taken over the Greater Antilles

Quter Ridge. UL: Sample 245, 5355 m, north
flank of northwest outer r1dge UR: Sample
257, 5145 m, south fiank of northwest outer
r1dge LL: Sample 269, 5375 m, south flank of
northwest outer ridge. LR: Sample 311, 5266 m,
near crest of western outer ridge. Note the
flat clay-mineral platelets, floccules, and
b1ogen1c remains. The sponge-l1ike background

is the surface of the Millepore filter. Scale
bars = 5 um.
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The less than 2 um (lutite) fractidn of all suspended
matter samples taken over the Greater Antilles Outer Ridge
is composed almost entirely of c]ay;mineral p]ateTefs{
Feldspar, quartz, and fragments of calcareous nannoplankton
and biogénous silica constitute less than 5 percent of
this fraction. |

~ In the silt fraction (2-62 um) about 30-50 percent of
~the sample is layer silicates. Kaolinite is infkeqdent]y
rECQQnized as fragments of hexagonal plates, but the other
Clay minera]é cannot be differentiated. Quartz and
plagioclase feldspar are common, constituting 30 percent
of the.sample in some instances. The ca]careous nanno-

plankton are mostly Gephyrocapsa oceanica and Emiliania

huxleyi, and theirvébundance is quite variable bﬁt may'
rahgé up to 10 peréent by area. Foraminifera are very .
rarely observed.

Samples taken from Vema Gap have consistently less
biogenous material and 1es§ total suspended mattér than
those taken over the Greater Antilles Outer Ridge, and
flocculated aggregétes appear more commonly.

The bottom sediment examined with the SEM}is visually
similar in composition to that of the suspended matter.
However, the bottom material appears to contain a larger
‘proportion of maferiél finer than about 0.4 um (Fig. 7.4).
It is entirely possible that a subsfantia1’amounf of suspended

matter smaller than 0.4 um was not trapped on the filters,
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thus accounting for this grain size discrepancy and
possibly explaining the abundance of low concentration
samples (Fig. 7.2).

When all factors are considered, the physical character-
istics of the suspended particulate matter and the bottom

'sediment are quite similar.

MINERALOGY
Methods

The limiting factor in determining mineralogy of
suspended matter is the small sample size, and it is
important to consider whether semiquantitative x-ray
diffraction analysis of such small samples will yield the
same results as that of the same samples in larger
quantities. Jacobs and Ewing (1965) recognized that the
quality of x-ray diffraction spectra could be limited by
the very minute quantity of material available in
suspended-matter studies. The work of Jonas and Oliver
(1967) further suggested that quantitative relationships may
be affected when very small samples are analyzed. They
found that montmorillonite appears to have an effective
crystallite thickness of one unit cell and a width of 20-30
unit cells. In a pure montmorillonite suspension, stacking
of these crystallites provides layer overlap and allows
face-to-face bonding with such crystallographic regularity
that 002 x-ray diffraction occurs much as if the lattice

were a single crystal.
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In a samplé_where additional clay minerals characterized
by book]et-crystallites are present, one would expect that
the booklets would inhibit the formation of a regular
- lattice 6f montmorillonite crystallites in the oriented
aggregate used for x-ray diffraction analysis. The effect
of this disruptfon is probably similar in samples at any
concentration. Of greater importance is the poséibi]ity
that at low sample concentrations, insufficient montmoril-
lonite is present to develop a regular lattice capable of
we]]—developed'Bragg diffraction. |

A second prob]em>in analyzing samples of suspended
matter is that the duantities are so small that size
fractionation usually cannot be performed. This places
"unfortunate limitations on the determination of sample
composition, in that particle size can have significant
effects on the analysis. X-ray analysis of very fine
particles may not yield distinct diffraction maxfma, in
effect causing extreme broadening of certain peaks .
(Jacobs and Ewing, 1965). The expansion properties of
miﬁas are also determined by particle size (Jonas and
Roberson, 1960), an important consideration when samples
aré treated by glycolation. |

An experiment was conducted to determine if a rela-
tionship exists between apparent variatfons in mineralogy
and the cohcentration of the sample analyzed. Multiple

Xx-ray analyses df the carbonate-free, < 2 um fraction of a
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single bottom-sediment sample (Core KN25-4GPC, 548 cm) with
high montmorillonite and mixed-Tayer mineral content were
made, using different sample concentrations on each silver
filter. Concentrations of samples on ten filters ranged
from 0.025 mg/Cm2 to 6.4 mg/cmZ, and they were checked by
"weighing similar aliquots filtered onto preweighed Nuclepore
filters (0.4 um pore size). The effect of particle size on
the analysis of each sample was assumed to be uniform since
all aliquots were taken from the same dispersed sediment
sample. Instrument conditions and x-ray procedures are
described in Chapter IV.

Fairly consistent mineralogical compositions were
observed at sample concentrations greater than about
1.6 mg/cm2 (7.28 um sample thickness; Table 7.1) using the
peaks and weighting factors of either Hathaway (1972a) or
Biscaye (1965). At lower sample concentrations, however,
there is a marked decrease in the calculated abundance of
montmorillonite and montmorillonite + hixed—]ayer material,
with a corresponding increase of illite. No basal
reflections are recorded in the x-ray diffraction pattern

2 (0.22 um thickness).

below concentrations of about 0.1 mg/cm
The abundance of kaolinite and chlorite is quite
uniform when determined by either method of calculation
where basal reflections (peaks) are well enough developed
to facilitate comparison. The exception is that these two

minerals appear to increase slightly in abundance at high
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TABLE 7.1. CALCULATED CLAY MINERAL COMPOSITION
| VERSUS SAMPLE CONCENTRATION

Sample Concentration

on Filter (mg/cm2) ML:1:c:k(1) M:I:C:K(Z)
0.025 v ND:ND:ND:ND ND:ND:ND:ND
0.05 ' ‘ ND:ND:ND:ND ND:ND:ND:ND
0.10 ND:P:P:P ND:P:P:P
>0.15 : 5:82:9:4 0:86:10:4
0.20 : 9:77:10:4 0:84:11:5
0.40 o 15:73:8:4 - 7:80:9:4

| 0.81 o 20:65:10:5 13:71:11:5

1.61 39:48:9:4 15:66:13:6
3.22 41:44:10:5 14:64:15:7
6.45 ) 40:45:10:5 16:63:15:6

ND = not detected, P = present

(2)

Calculated according to the method used by Hathaway
(1972a); see text for explanation. ML = montmorillonite
‘plus mixed-layer illite-montmorillonite, I = illite,

C = chlorite, K = kaolinite.

Ca]cu]éted using peak areas and weighting factors of

“Biscaye (1965). M = montmorillonite, I = illite,

C = chlorite, K = kaolinite.



204

concentrations when the weighting factors of Biscaye (1965)
are used. This can be related to increased detection of
montmorillonite and its shift to 17 A upon glycolation of

the high-concentration samples, resulting in a loss of
intensity in the 10 R illite peak of the glycolated

samples (Fig. 7.6). The consequent increase in the
calculated abundance of kaolinite-chlorite (compared at 1:2
with the 10 A illite peak) is greater than that of montmoril-
lonite (compared at 1:4 with the il1lite peak).

It is apparent that consistent, high-intensity 002
reflections from the montmorillonite Tattice are recorded
only when this mineral is analyzed at relatively high
concentrations. At lower concentrations the lattice
formed by particie-upon-partic]e deposition of the thin
crystallites is apparently too small to create fully
developed constructive and destructive interference of basal
reflections. Thus, for sediment with this particu]ar
grain-size distribution and mineralogy, a sample thickness
comparable to about 5 x 102 unit cells of montmorillonite
is needed for fully developed Bragg diffraction.

Obviously, the graph illustrated (Fig. 7.6) cannot be
used for direct comparison with other samples of widely
ranging mineralogical composition and grain-size distribution.
For example, samples with a higher true montmorillonite
content will probably yield consistent semiquantitative
estimates of composition at lower concentrations. The

important point is that calculated mineral abundances
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Relationship between peak areas on x-ray
diffractograms and sample concentrations on
silver filters for aliquots of the same sedi-
ment sample. 1In each sample, the increase iy
intensity (measured as peak area) of the 10 A
peak on heating the iamp1e to 400°C over the
intensity of the 10 peak in the glycolated
sample is caused by collapse of montmorillonite
and mixed-layer montmorillonite-illite. The
increase is compared directly with the intensity
of the 10 peak of the glycolated sample to

~determine the abundance of these minerals.

Increased detection of montmorillonite and
mixed-layer montmorillonite-illite at the

higher sample concentrations is indicated b

1) greater increase of intensity of the 10

peak in the sample heated to 400°C over the
intensity of the 10 peak (illite) in the
glycolated sample (dashed line),_ 2) larger
decrease of intensity of the 10 A peak in the
glycolated sample from the intensity of the 10 A
peak in the untreated sample due to expansion

of gixed-]ayer montmorillonite-illite away from
10 A (solid line), and 3) increase of the 17 A
montmorillonite peak area in the glycolated
sample relative to that of the 10 (i11ite)
peak in the glycolated sample (dotted Tine).
Sample thicknesses (top) are based gn an

dssumed sample density of 2.20 g/cm”.
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cannot always be accepted at face value when Tow sample .
concentrations,}éuch as those of suspended mattér, are used..
The five suspended-matter samples collected direct]y
on silver filters on shipboard were x-rayed under the same
conditions as the bottom-sediment samples (see Chapter IV)
in order to make.minera1ogica1 comparisons with the bottom
sediment and to determine whether the suspended matter
may be é source for sediment on the Greater Ahti11es‘0uter
Ridge. These samples were not treated before analysis
because of the minute quantities collected. However,
results of the SEM studies indicate that the effects of

organic aggregates and amorphous silica on the analyses

~ should be minimal. Calculations of composition (Tab]e 7.2)

were made using fhe peaks and weighting factors of

Hathaway (1972a). The calculations were based on the
assumption that the entire suspended-matter sample was
composed of 1ayér silicates. Whiie hot true in the
strictest sense (i.e. the SEM studies indicate that quartz,
- plagioclase, and biogenic tests may constitute up to 15%

of the sample, the assumption is justified because the
quartz and feldspar peaks are virtué]]y unidentifiable in

the x-ray diffractogram.

Results
Chlorite and kaolinite constitute about 2 parts in 10
of the suspended matter (Table 7.2), as they do in the

< 2 um fraction of the underlying sediment (Table 4.1).
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TABLE 7.2. MINERALOGY OF SUSPENDED MATTER SAMPLES
Sample Lat. °N Long. °W Depth (m) M:I:C:K*
KN25-SF1 23°52.6' 68°35.1' 5340 ND:P:P:Pt
KN25-SF2 23°43.5° 68°41.5" 5766 ND:75:18:7
KN25-SF3 23°24.0' 69°06.1" 5232 6:73:19:2
KN25-SF4 23°48.0' 69°56.0"' 5326 8:72:16:4
KN25-SF5 4' 67°56.9' 5124 ND:78:18:4

22°25.

*

M
c

chlorite, K

= kaolinite.

montmorillonite plus mixed-layer minerals, I = illite,

Calculated using the peak
areas and weighting factors of Hathaway (1972a).

T ND = not detected, P = present, but with peaks too ill-

defined for semi-quantitative calculations.
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The apparent enrichment of chlorite in the suspended
matter is probably due to the uncertainty involved in
resolving the contribution of chlorite to the small 3.5 R
doublet in the diffractogram of thesé 1ow-concen£ration
samples. |

The major minera]ogica] difference between suspended
and bottom sediment from the Greater Antilles Outer Ridge
is in thé relative abundances of illite and montmorillonite
plus mixed-layer minerals. The maximum concentration of
suspended matter recovered on any Millepore or Nuclepore
filter was about .172 mg/cmz; although the residue concen-
iration on the ﬁi]vér filters could not be determined, it
almost certainly falls below this value and thus is in the
range where montmori]ionite and mixed-layer montmorillionite-
i1lite are not fully detected (Fig. 7.6). The effect is
strikingly illustrated by a comparison of the difffactogram
of a glycolated suspended-matter sample to that of a low and
a high concentration, glycolated, bottom-sediment sample
(Fig. 7.7).

It is conceivable that the suspended-matter samples
are actually, rather than apparently, depleted in mont-
morillonite. However, in view of the arguments outlined
concerning the montmorillonite-depletion effect, it is
assumed that the minera]ogy of the suspended matter and
subjacent bottom sediment are quite similar, if not
identical. This asSertion, together with evidence of the

depositional regime presented in the next section, argues



Figure 7.7.
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X-ray diffractograms of glycolated samples. The
top two traces are aliquots of the same bottom
sediment sample (KN25-4GPC,548 cm) x-rayed at
different concentrations (in parentheses) on the
silver filters, and the bottom trace is from a
suspended matter sample (KN25-SF3). Note that
montmorillonite plus mixed-layey montmorillonite-
illite is not detected as a 17 A peak in either
the suspended matter or dilute sediment sample,
but it is readily detected at higher concentra-
tions (top). Hornblende and quartz detected in
the concentrated sample are not seen in the
dilute sample. The bottom two traces were
recorded at the same range (102 x 5) and the top
trace at a greatly increased range (103 x 5).
Numbers represent the calculated composition
(using the method of Hathaway, 1972a) in the
order, montmorillonite + mixed-layer montmoril-
lonite-illite: illite: chlorite: kaolinite.
Letters are Q - quartz, C - chlorite, I - illite,
K - kaolinite, H - hornblende, M - montmoril-
lonite, ML - mixed-layer montmorillonite-illite.
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in favor of the concept that the suspended particulate
matter is a source for the sediment on the Greater Ant111e$
Outer Ridge. The suspended matter, much as the bottom
sediment,'is enriched in chlorite and thus appears to have

a northern provenance.

THE DEPOSITIONAL CONDITIONS

The current régime over the Greater Anti]]es Quter
Ridge that has allowed the observed deposition of suspended
sediment cannot yet be fully correlated with theoretical
and empirical data because 1) the behaviof of fine-grained
cohesive sediments in salt water cannot be mathematicajly
modelled, and 2) the small amount of empirical data from
saTt-water flume experiments are not sufficient to fully .
resolve the problem. |

The few empirical data that are available indicate that
1Qtite (< 2 um) will be deposited from salt-water flows
at velocities less than about 10 cm/séc. Einstein and Krone
- (1962) found that a 0.1 g/% suspension of San.Francisco
Bay mud, which was only partially Tutite and was enriched in
organic material, was all slowly deposited at ve]oéities
below 7 cm/sec. Kuenen (1965), using higher concentrations
ofblutite;silt mixtures in a circular salt-water flume,
found that all the sediment settled out at current
velocities of less than 10 cm/sec. Partheniades (1962)
used San Francisco Bay mud and determined that rapid

deposition of lutite occurred at velocities below about
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14 cm/sec.

The rate of deposition of lutite is undoubtedly related
to grain size, mineralogy, percent organic material, floccu-
lation effects, salinity, and temperature, as well as the
velocity, turbulence, and shear within the flow, and it is
‘therefore difficult to relate the results of these experi-
ments to actual abyssal environments; salt-water flume
experiments simulating the deep-sea environment are undoubt-
edly needed to resolve the problem. However, in view of
the existing experimental data and data collected in the
deep sea (Hollister and Heezen, 1972) it seems reasonable
to predict that there will be net deposition of suspended
sediment at speeds less than about 10 cm/sec.

The bulk of current speeds recorded on the Greater
Antilles Outer Ridge thus fall in the range necessary for
lutite deposition (see Fig. 6.9). The zone of shear
between the opposing currents on the north and south flanks
of the western Greater Antilles Outer Ridge is probably
characterized by even lower current speeds.

If abyssal currents are transporting sediment to this
region, the greater thickness of acoustically transparent
sediments and higher rates of accumulation on the western
sector of the Greater Antilles Outer Ridge, compared to the
eastern sector, suggest that suspended sediment is preferen-
tially deposited in the western sector. This contention is

supported to some extent by a nephelometer profile (C11-3)
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on the north flank of the far eastern outer ridge (Eittreim
and Ewing, 1972) ‘which shows greatly reduced light scatter-
fng in the nepheloid Tayer. However, it is possible that
some of the easterly flow along the north flank has not
reached this longitude, but has escaped to the south
fhrough intervening depressions in the outer ridge.

| The zone of cdrrent shear which shifts N-S across the
boundary between'fhe north flank of the eastern Greater
Antilles Outer Ridge and the Nares Abyssal Plain is also
brobab]y associated with preferential deposition, but rates
of accumulation there would be reduced since the Western
Boundary Undercurrent has already lost much of its suspended
load when it reaches that area; the wester]y—fTowing AABW
also contains véryllitt1e suspended matter.

There is probably 1ittle erosion of the fine-grained
cohesive sedimeht on the Greater Antilles Outer Ridge at
present, since maximum current speeds are only 15-20 cm/sec.
Southard and others.(1971),f0und that velocities of 15-20
cm/sec were necessary for incipient erosion of calcareous
ooze of less than 30 percent lutite when the water content
of the sediment appfoximated that found in the deep sea.
Postma (1967, Fig. 1) noted that velocities greater than
30 cm/sec would probably be necessary to erode sediment with
a water content and grain size similar to those on the

outer ridge.



215

Any extensive erosion on the Greater Antilles Outer
Ridge should be detected by a strong near-bottom nepheloid
lTayer, but this is not observed (Fig. 7.2). Furthermore,
there is no evidence in high-frequency sub-bottom profiles
taken over the outer ridge for the small-scale lensing or
‘unconformities that erosion would create (Fig. 2.1).

Although transient current speeds may infrequently become
high'enough to erode the outer ridge sediment, the average
current speeds observed are low enough that most of the
material thus entrained is probably redeposited very quickly,
and the area must be characterized as largely depositional.

The activity of benthic organisms on the Greater Antilles
OQuter Ridge may also resuspend sediment (see Fig. 4.4), but
the intensity of resuspension and the character of the re-
worked detritus are uncertain. Therefore it is not possible

at present to evaluate the significance of this mechanism.

DISCUSSION
The volume of transparent sediments above Datum A on
the Greater Antilles Outer Ridge is roughly 6 x 104km3, and

the mass approximately 1.2 x 10209 at an average sediment
density of 2.0 g/cm3. Using the present water-volume
transport of 1.6 x 106m3/sec and a suspended matter concen-
tration of 50 ug/%, approximately 1.2 x 1020_grams of
sediment could have been transported into the region of the
Greater Antilles Outer Ridge since middle Eocene time (the

assumed age of Datum A). These rough calculations indicate
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that enough suspended matter has been transported into the
region to account for the volume of the transparent layer
if all the suspended matter were deposited, but it is
unlikely that total deposition ever occurred. The discrep-
ancy is partially resolved when foraminiferal tests,
composing perhaps 20% of the bottom sediment, are considered.
However, it seems likely that either water volume transports
or suspended matter concentrations were higher at times
during the geologic evolution of the Greater Antilles Outer
Ridge than they are now. Pulses of increased AABW flow into
the area (see Chapter IV), for example, may have contributed
substantial amounts of sediment to the Greater Antilles
Outer Ridge in the past.

In summary, suspended sediment transported to thé
Greater Antilles Outer Ridge by the Western Boundary Under-
turrent is both a 1ikely and a reasonable source of sediment
for the transparent layer. Grain size, composition, total
volume of sediments, and current regimes are all in
reasonable agreement with the requirements of a model of

current-controlled deposition.
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CHAPTER VIII
THE GEOLOGICAL EVOLUTION OF THE
GREATER ANTILLES OUTER RIDGE

-PREVIOUS THEORIES

Ear]ier concepts concerning the formation of the
transparent layer which comprises most of the Greater
Antilles Outer Ridge have relied on interpretations of
seismic profiles. Ewing and others (1968) felt that the
transparent layer must predate the deposition of Nares
Abyssal Plain sediments because portions of the layer dip
beneath the stratified sediments of the Nares Abyssal Plain,
and they offered two possible explanations: 1) filling of
a long depression with lutites, followed by later elevation
of the sediment body, or 2) formation of the transparent
layer as the extreme outer end of the Blake-Bahama ridge
system, with later separation by erosion at the southern end
of the Hatteras Abyssal Plain. Bunce and Hersey (1966)
observed a thin layer of transparent sediments dipping
beneath the Puerto Ricd Trench Abyssal Plain and suggested
that the layer was the remnant of a Puerto Rico continental
rise predat{ng formation of the trench. Savit and others
(1964) speculated that sediment erosion and/or transportation
processes might be active in regulating the configuration of
the transparent layer, but they made no comment on the timing

or methods of formation.



218

The following pages describe a model based on a
synthesis of the data outlined in earlier chapters of this
work combined with information from the published literature.
Several factors must be considered in interpreting the
histbry of sedimentation in this area: 1) the probable
sedimentary processes before formation of the Puerto Rico
Trehch, 2) the effect of formation of the trench on these
processes, 3) the time of initiation and the effect of
geologically significant deep-current activity in the basin
of the western North Atlantic Ocean, and 4) the sUbsequent
sedimentary enviroﬁment. An attempt is made here to resolve
all conflicting interpretations into a single uhified evolu-
tionary sequence. The following discussion will describe the
formation of the Greater Antilles Outer Ridge from middle

Cretaceous time to the present.

MIDDLE CRETACEOUS TO MIDDLE EOCENE

The oceanic basement under the Greater Antilles Outer
Ridge was probably formed during the early to middle
Cretaceous, and the Puerto Rico Trench had not yet formed
(Fig. 8.1). The distribution of basement peaks which now
penetrate Datum A (Fig. 3.4) suggests that a rugged, ridge-
Tike elevation occupied the location of the present eastern
Greater Antilles Outer Ridge and possibly also the area of
the present Puerto Rico Trench. Uchupi and others (1971)
suggested that the southeastern Bahama Banks, Tying on the

same trend as this basement rise, may have formed atop a
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Schematic sketch of sedimentation conditions

during the early to middle Eocene. The Puerto

Rico Trench had not yet formed and detritus shed
from the Greater Antilles (black arrows) formed
a sequence of stratified sediments which covered
and ponded between peaks of the basement ridge
presently beneath the Greater Antilles Outer
Ridge. The abyssal flow of the Western Boundary
Undercurrent (shaded arrow) and Antarctic Bottom

Water (open arrow) may have been initiated near
this time.
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series of ridges associated with an early east-west trans-
form fault. ff so, the basement structures under the
Greater Antilles Outer Ridge may represent a younger
extension of this fault zone. |

During late Cretaceous time the rugged sea floor
received pyroclastic sediments from the Greater Antilles,
which were experiencing extensive geosyhc]ina] volcanism
(Weyl, 1968; Monroé, 1968). Some of the siltstones, clay-
stones, cherts, and limestones dredged from the north slope
of the present Puerto Rico Trench probably also were
derived from the Greater Antilles, and they may have been
interbedded with flows of tholeiitic magma (Chase and
Hersey, 1968). The Cenomanian limestones dredged from the
north slope were probably deposited at depths‘greater_than
3000 m (Todd and Low, 1964); their nonclastic texture
indicates that they may have been deposited on an elevated
area which was not influenced by the downslope sedimentation.

Core data from DSDP Site 28 on the north slope of the
Puerto Rico Trench indicate that the deposition of inter-
bedded layers of chert, limestone, siltstone, Tutite, and
microfossil ooze apparently continued under similar
conditions, but without the basalt flows, until middie
Eocene time, thus forming the present stratified layer.

Pyroclastic debris was furnished by early to middle Eocene

volcanism in the Greater Antilles (Mattson and Pessagno,1971).

It is likely that the acoustic stratification of the

pre-middle Eocene sediment is due to interbedding of these

—
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sediment types and to layering formed by downslope sediment
movement and turbidity currents, similar to the layering
found on modern continental rises and abyssal plains.

The absence of the stratified layer under the Greater

Antilles Outer Ridge east of about 63°W long. (Figs. 3.4,

'3.5) indicates either that there was no source of land-

derived material to the south or that an intervening deep
(possibly a precursor of the Puerto Rico Trench) was present

to cut off the supply of sediment from the Greater Antilles.

MIDDLE TO LATE EOCENE

The middle Eocene Datum A is the top of the stratified
layer under the eastern Greater Antilles Outer Ridge, and
it marks a distinct change from acoustically stratified to
acoustically transparent sediment. It is suggested here
that this acoustic dissimilarity also represents a change
in depositional conditions and that Datum A marks the final
stage of downslope sedimentation on the eastern sector of
the Greater Antilles Outer Ridge. The formation of the
Puerto Rico Trench may have proceeded far enough at this
time to form a chasm along the southern portion of the
eastern outer ridge, and it trapped sediments which were
shed from the preéent region of Puerto Rico and the Virgin
Islands (Fig. 8.2) (Tucholke and others, 1972). This
timing for the formation of the Puerto Rico Trench is in
general agreement with independent geologic evidence from

Puerto Rico which dates initial trench formation as late
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Eocene to Oligocene (Monroe, 1968).

If the stratified layer was deposited before the Puerto
Rico Trench formed, its present flat layering indicateé
that the tectonic movement associated with trench formation
was localized in the immediate area of the trench. There
is some indication that normal fau1ting,may have disturbed
the stratified unit in a few places under the Greater Antilles
:,Outer Ridge, much és it has on the north wall of the trench
(Chase and Hersey; 1968), but this effect is not pronounced.
Although the gent]e northward slope of Datum A under the
eastern Greater Antilles Outer Ridge may indicate that the
sea floor was elevated there while the Puerto cho Trench
was forming, the slope may also represent the original
attitude of the layering. Seismic profiles over the far
eastern outer ridge show Datum A under the Nares Abyssal
“Plain but not under the Greater Antilles Outer Ridge‘(Fig.
3.5),.nggesting_that the basement ridge under the.0uter
‘>ridge was an elevated feature even before the Puerto Rico
Trench formed. Thé possibility of transcurrent faulting
associated wiﬁh formation of the Puerto Rico Trench is
largely eliminated by the presence of unbroken, northWest-
southeast trending magnetic lineations acrbss its present
north slope (Griscom and Geddes, 1966).

Although the formation of the.Puerto Rico Trench
undoubtedly had a significant effect on hechanisms of

sediment deposition on the Greater Antilles Outer Ridge,
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there are also other factors which must be considered. The
abyssd] circulation of the North Atlantic probably Was
initiated sometime between Paleocene and middle Eocene time,
when Greenland and Scandinavia separated far enough to allow
cold dense water to invade the North Atlantic Basin from
the Norwegian Sea (Jones and others, 1970; Berggren and
Hollister, 1972; Ewing and Hollister, 1972). The introduction
of this cold water mass probably correlates with the
initiation of the Western Boundary Undercurrent, and we
could expect that the WBUC was transporting sediment from
the continental margin of North America to the Greater
Antilles Oqter Ridge by early to middle Eocene time.
Furthermore, if Layer A in the South Atlantic is synchronous .
with Horizon A in the North Atlantic, as proposed by
Le Pichon and others (1971), then the sequence of seismic
reflectors recorded in Vema Channel in the South Atlantic
"suggests that Antarctic Bottom Water must also have entered
the western North Atlantic basin about this time (Fig. 8.2).
These abyssal-circulation/sedimentation events, together
with the cessation of downslope sedimentation to the
Greater Antilles Outer Ridge from Puerto Rico, are suggested
here as the cause for the acoustic and compositional changes
which are marked by Datum A. '

The effect of these events on source areas for the
sediment composing the Greater Antilles Outer Ridge is

evident in data on sediment composition from DSDP Site 28
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Synthesis of sea-floor morphology and sedimen-
tation conditions in middle to late Eocene time.
By this time, the Puerto Rico Trench had
developed enough to cut off downslope sedimen-
tation to the eastern sector of the Greater
Antilles Outer Ridge, but turbidity currents
continued to feed sediment to the Nares Abyssal
Plain and the area of the present western
ridge-sector. Antarctic Bottom Water was
flowing westward into the North American Basin,
and the Western Boundary Undercurrent was
depositing the basal unit of the transparent
layer.
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- (Table 8.1). The interbedded silts and silty lutites below
Datum A are enriéhed in carbonate, montmorillonite, and
c]inbpti]o]ite, and thus form an assemblage which may have
been derived largely from the volcanic ashes and carbonate
banks of the Greater Antilles. In the overlying transparent.
layer, however, these components are rare, and they are
replaced by a northern assemblage of minerals (quartz, mica,
chlorite and plagioclase), which suggests current transpor-
tation of sediment. The low carbonate content of the
homogeneous lutites in the transparent layer may also
reflect increaséd dissolution by the cold abyssal currents.
As the juvenile Western Boundary Undercurrent
‘encountered the elevated basement ridge structure which is
presently under the eastern Greater Antilles Outer Ridge,
and as it interacted with the AABW entering from the south,
fine-grained sediments probably were deposited to form the .
earliest unit of fhe transparent layer (Fig. 8.2). This
type of deposftion was ubiquitous over the eastern sector of
the Greater Antilles Outer Ridge, the north slope of the
incipient Puerto Rico Trench, and the northern continental
slope of Puerto Rico (south slope of the trench). It is
proposed here that the sediment cover deposited by currents
on the north slope of the Puerto Rico Trench during middle
to late Eocene time repkesents the thin transparent layer
which presently extends beneath thé sediments of the Puerto

Trench Abyssal Plain (Fig. 8.2) (Bunce and Hersey, 1966;
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Chase and Hersey, 1968). The thin transparent layer observed
in some places beneath the stratified sediments on the
‘south slope of.the Puerto Rico Trench (Ewing and'ofhers,'1968)
may also have been depos1ted at this time, but most of the
homogeneous sed1ment deposited there has probably been
masked by downs]ope sediment movement or has 1tse1f s]umped
into the‘trenCh. Most of the transparent sediment deposfted
in the trench would be masked in a similar way.> |
Meanwhile, downslope sedihent movement and turbidity
currents from the area of the present southeastern Bahama
Banks continued to deposit flat-lying, stratified sediments
above Datum A in the region where the western Greater
Antilles Outer Ridge how lies (Figs. 3.6, 3.7, 8.2).
A1theugh it is 1mpo$Sib1e to assess the extent of current
depositien of Tutite along the base of the Bahama Banks
during this period, the lutite which was deposited there
probably was eroded by‘turbidity currents and redeposifed
in the flat-lying sediments above Datum A under the present
western Greater Anfi]les Outer Ridge. }The restricfion of
these post-Dafum A turbidites to the western ridge sector
suggests that they may correlate with the 3.0 km/sec 1ayer
present]y found under portions of the western Greaterr ‘
Antilles Outer Ridge (see Northrop and Ransone, 1962; Savit
and others, 1964). Isolated pockets of cﬁrrehf-deposited
lutite, such as the one on the western side of the seamount
in the Silver Abyssal Plain (Fig. 3.11), appareﬁt]y'forméd

despite the turbidity-current activity. The location and
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configuration of this pocket of acoustically transparent
sediment suggesfs that it is a foredrift deposited by the
Western Boundary Undercurrent.

The Nares Abyssal Plain continued to receive sediments
from turbidity currents, but the source area was now the
Bahama Banks rather than the Puerto Rico-Virgin Islands

p]atform (Fig. 8.2).

LATE EOCENE TO MIOCENE

As the Puerto Rico Trench continued to deepen and as
the eastern Greater Antilles Outer Ridge was further
constructed by current-controlled deposition, the resulting
topography probably split the Western Boundary Undercurrent
into two branches (Fig. 8.3), thereby isolating the north
slope of the Puerto Rico Trench from current-controlled
sedimentation. Since that time, probably only thin
accumulations of pelagic sediment and ashes from epsisodic
volcanic activity in the Greater Antilles have been
deposited on the north slope. This is largely substantiated
by the cores recovered from the north slope, which contain

mostly altered ash and pelagic lutite of probable early and

‘middle Tertiary age (see Chapter V). Furthermore, the high

compressional-wave velocity which drilling at DSDP Site 28
indicated for the transparent layer on the north slope
(> 2.1 km/sec) may reflect the relatively great age (and

thus the advanced compaction) of this unit.
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Schematic diagram of sedimentation on the
Greater Antilles Outer Ridge in the late
0Oligocene. A substantial portion of the trans-
parent layer was deposited on the eastern
Greater Antilles Outer Ridge by late Oligocene
time, interfingering with the abyssal plain
deposits. Deposition rates had dropped sharply
on the north slope of the Puerto Rico Trench

as it became isolated from current-controlled
deposition, and stratified sediments in the

Puerto Rico Trench Abyssal Plain lapped onto

the transparent layer there.
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Downslope sedimentation covered the lutites deposited
on the south slope of the Puerto Rico Trench, and the
stratified sediments in the trench continued to lap onto the
basal transparent layer on the north slope. Stfatified
sediments were deposited on the Nares Abyssal Plain con-
tempqraneous]y with the transparent layer on the eastern
Greafer Antilles Outer Ridge, but at a 1essér rate, resulting
in an interfingéring of the two units, with the transparent
layer gradually-overlapping the edge of the stratified
sediments (Fig. 3.9). Maximum rates of sediment accumu]atioh,
and cdnsequent]y the thickést sections of transparent
sediment, were beneath the WBUC flowing along the north
flank of the eastern Greater Antilles Outer Ridge.

The exact timing of formation of the northwestern
extension of the Greater Antilles Outer Ridge is uncertain.
Although the morphology of the eastern sector of the outef
ridge might have diverted the northern limb of the Wéstern
Boundary Undercurrent to some extent (Fig. 8.3), it is
doubtful that it turned the current far enough to create a
northwest-trending depositional axis. However, the initia-
tion of this depbsitiona] event may be estimated from other
evidence. |

Recent.results of deep-sea drilling off Antarctica
(Hayes and others, 1973) suggest that Antarctic glaciation
intensified in middle to late Miocene time. This event may

have caused increased pkoduction of AABW, thus creating an
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increased flowvof AABW westward across the Nares AbyssaT
Plain into the North American Basin. If this flow was
strong enough to divert the Western Boundary Undercurrent,
it could have initiated deposition of the western Greater
Antilles OQuter Ridge out over flat-lying sediments (Figs.
3.7, 3.10, 8.4). Once the surface expression of the
western sector of the outer ridge was established, abyssal
currents would probably continue to follow the bathymetric
contours and produce further constrﬁction of the outer
ridge, much as we observe at the present time.

An independent, although very uncertain, estimate of
the time of initial formation of the western Greater
Antilles Quter Ridge can be derived from the 600 m thickness
of transparent sediment above the uppermost, flat-lying
reflector (Fig. 3.7). Assuming an average compressional
wave velocity of 1.8 km/sec and assuming an average
sedimentation.rate of 5 cm/1000 yr (see Chapter V), the
reflector would be about 12 m.y., or‘ late middle Miocene
in age.

During the period of increased AABW flow, the AABW
input also may have intensified the Western Boundary Under-
current, possibly causing the erosional conditions which
created the ahgu]ar unconformity under the Caicos Outer
Ridge (Fig. 3.7) and left the base of the Bahama escarpment
with a very thin sediment cover (Figs. 3.3, 3.7). The

attitude of the reflectors in Figure 3.7 suggests that






Figure 8.4.
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Sketch showing the development of the Greater

- Antilles Outer Ridge from the late Miocene to

the Recent. The western sector of the Greater

‘Antilles Outer Ridge was probably built out

over flat-lying sediments in middle to late
Miocene time. Deposition of the Caicos Outer
Ridge began shortly thereafter, and increased
deposition occurred on the western Greater

‘Antilles Outer Ridge, a condition which has

persisted to the present.
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sediment was being eroded in the region of the Caicos Quter

Ridge at the same time that deposition was initiated,on the

western Greater Antilles Outer Ridge. The thin sediment cover

on the sill south of the Silver Abyssal P]ainimay also be a
result of erosioh'or nondeposition by the Western Boundary
Undercurrent. Very slow deposition or erosion is indfcated
by the presence of the Datum A outcrop (Fig. 3.3) and the
Oligocene/Miocene‘core_(CH57-13) recovered from this area
(see Chapter V).

A decrease in current velocities shortly after this
time may have beeh responsible for sediment deposition on
the Caicos Outer Ridge and increased sedimentation on the
weak1y developed western sectioh of the Greater Anti]les
Outer Ridge. Golovchenko and others (1973) found that the
Bahama Outer Ridge to the northwest began to develop above a
late Miocene turbidite sequence, and they attribute its
formation to deposition caused by decreased‘current
velocities. Rapid éedimentation (19 cm/1000 yr) also
occurred on the Blake Quter Ridge during the late Miocene
(Ewing and Hollister, 1972), and the source of the sediment
was the northeasfern continental margin of North America
(Habib, 1972).

The time of initial formation of the Caicos OQuter
Ridge, the Bahama Outer Ridge, and the western sector of
the Greater Antilles Outer Ridge is roughly the same, and

it is suggested here that all three features resulted from

N
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the same event of current-controlled sedimentation.

PLIOCENE TO RECENT

Since its initial development, the northwest trend of

.the western secfor of the Greater Antilles Outer Ridge has

apparently contfo]]ed the flow of the Western Boundary Under-
current, and fhe outer ridge has continued to grow both
upward and to the northwest through preferential deposition
from the zone of current sheér above its crest (Fig. 8.5).
The configuration of seismic reflectors resolved within the
transparent layer of the western Greater Antilles OQuter

Ridge and in the stratified sediments of‘the f]anking'abyssal
plains (Fig. 3.10) demonstrates that the outer ridge has
formed by preferential deposition rather than by erosion of a
pre-existing sediment body. During the development of the
Greater Antilles Outer Ridge, the zone of most rapid sedi-
ment accumulation has shifted toward the west, and it is now
centered on the western sector of the outer ridge, although
the eastern sector still accumulates sediment at a rate of
several cm per thousand years.

At the present time, part of the Western Boundary Under-
current probably still continues southeast toward Puerto Rico
with high enough velocity to inhibit deposition on the sill
near 21°N lat., 68°W long. Similarly, rapid currents along B
the Bahama escarpment probably prevent much deposition
above the unconformity created by Miocene erosion (Figs. 3.7,

8.5). The definition of reflectors in the southern edge of






Figure 8.5.
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Idealized representation of the modern bottom-
flow regime and erosional/depositional condi-
tions across the Caicos Outer Ridge (left) and
Greater Antilles Outer Ridge (right) (compare
with Fig. 3.7). Dots represent currents flow-
ing toward the reader; x's are currents flowing
away. Maximum deposition occurs in places ,
where current speeds drop far enough that the
currents are not competent to carry their
suspended load. For similar models, see Davies

and Laughton (1972).
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the Caicos Outer Ridge is sufficient on the full-scale prdfi1e
to show that the absence of sediment at the base of the
Bahama Banks is due to nondeposition rather than erosion.

Where fhe current decreases in intensity-away from the
steep s]épe bf the Bahama Banks and interacts with the
Vétill“'water to the north, deposition'is rapid}and has
formed the:Céicos Outer Ridge (Fig. 8.5). The zonevof inter-
action or shear-betweenvthe opposing sediment-laden currents
on‘fhe north .and south flanks of the western Greater Antilles
Outer Ridge is also associated with very rapid deposition.of
sediment. |

It is puzz]ing that depositional ridges have not
formed in the zones where these currents interact wiih
water over the SfTVer Abyssal Plain and central Vema Gap
(points A and B in Fig. 8.5). Deposition of turbidites in
Vema Gap and on the Silver Abyssal P]ain,'especiaTIy during
the Pleistocene, may have:been sufficient tovcovér or
eradicate any small riages formed‘by the'contour-following
flow. It is equally likely that the flow boundaries at A
and B shift freduént]y in a N-S direction, much as the
WBUC-AABW boundary over the Nares Abyssal Plain §h1fts, so
that thin Tutite layers rather than distinct rfdges are
formed. Where the flow is more constrainedvby.fopography,
i.e. against the Bahama Banks and on the Greater Antilles
Outer Ridge, fhe‘débositibna] axis is more stable.

The sediment swells or dunes which form the bresent

surface of the Greater Antilles Outer Ridge, and which also
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formed earlier depositional surfaces (Fig. 3.13), are most
reasonably explained by current activity. There is no
strongly pronounced pattern in the configuratfon of the
swells, and we cannot rule out the possibility that

periodic erosion has modified their structure. However,

‘current speeds higher than those on the outer ridge at

present (2-18 cm/sec) would probably be required to erode
this fine-grained, cohesive sediment. Also, the probable
shifts in current boundariesvand in the shear zone between
flows may obscure or prevent formation of a regular pattern
of dunes. In addition, the nature of the finefgréined
sediment itself may not be conducive to formatfon of a

series of regular dunelike features, -

COMPARISON WITH OTHER DEPOSITIONAL RIDGES

Some similarities between the Greater Antilles Outer
Ridge and other depositional ridges in the North and South
Atlantic Oceans have been noted; this section briefly
describes the similarities and dissimilarities of the
depositional ridges affected by the Western Boundary Under-
current, which is here considered to extend from the
Norwegian Sea overflow at least as far south as the Greater
Antilles Outer Ridge.

As might be expected, the greatest dissimilarities
among depositional ridges in the North Atlantic are in
sediment composition,since sediment sources as well as

patterns and intensities of bottom circulation vary greatly.
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vDetai]ed compositional comparisons are beyond the scope of
this discussion, and the reader is referred to Hollister and
othérs (1972) and Laughton and ofhers (1972) for descriptions
of sediments cqmposihg the Blake-Bahama OUter'Ridgé, Gardar
Ridgé, and other depositional ridges in thg northeknmost
Atlantic. However, it is noteworthy that organic carbon

is enriched invthé sediments of the Blake-Bahama Outer

Ridge, where values as high as 1.3% have been}repdrted,
'_although moét va]ﬁes areiless than 1.0% (Boyce, 1972). The_.
even greater va]ﬁes of organic carbon'encounterédfin sediments
froh the Greater Antilles Outer Ridge may indicate that a
large amount of very ffne carbonaceous material is trans-
ported beyond the continental rise at least aé far as the
Greater Antilles Outer Ridge.

A1l of the depositional ridges in the NQrth,At]antic
appear to share certain characteristics Which can be
identified iﬁ seismic reflection profiles.(Davies ahd
Laughton,71972).

i) The sediments composing the ridges are relatively
transparent (acoustically). This transparency is most
pronounced‘in séismic profiles takén over the Greater
Antilles Quter Ridge, while other ridges‘such as the
Gardar, Feni, Eirik, and Blake-Bahama ridges have weak to
moderate internal reflectors (Jones and dthers, 1970; Davies
and Laughton, 1972;;Ewing and Ho]]ister;'1972)._ The

difference is probably related to fhe fine_grain-size‘and
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homogeneity of the sediments on the Greater Antilles Outer
Ridge; the other depositional ridges often contain weakly
bedded lutite, silt, and occasionally sand.

2) The sediments are seldom conformable to deeper
strong reflectors, but are deposited in piles and ridges
"where current ve]ocitieé fall below those necessary to
transport the particular grain-size of sediment being
carried (Fig. 8.5).

3) The upper surface of the depositional ridges
commonly exhibits regular to irregular sediment swells.

The swells observed on the Greater Antilles Outer‘Ridge
have been discussed, and striking examples also occur on
the Blake-Bahama Outer Ridge (Markl and others, 1970),

and on other ridges in the northern North Atlantic (Davies
and Laughton, 1972).

4) Marginal channels or moats are frequently developed
where the sediment body encounters basement highs, and the
sediments may thin or dip toward the obstacle. This
characteristic is seldom observed on the Greater Antilles
Quter Ridge, the best examp]es being shown in Figures 3.8
and 3.9, and in Plate 4 of Bunce and Hersey (1966).

Another common characteristic of these depositional
ridges is their high rate of sediment accumulation (several
cm to tens of cm per thousand years). While rates of
accumulation can be roughly estimated by tracing reflectors

of known age in some seismic reflection profiles, they
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normally must be determined by coring or drilling.

Finally, the age of the depositional ridges must be
considered. The evidence presently available from deep-sea
drilling and interpretation of seismic profi1es suggests
‘that the depositional ridges in the northern North Atlantic
~and Labrador Sea probably began to form in Paleocene time
or later (Davies and Laughton, 1972; Jones and.others, 1970).
The Blake-Bahama Outer Ridge has developed above Horizon A
and thus probably began to form in the early Tertiary
(Ewing and Hollister, 1972); the Greater Antilles OQuter
Rfdge is interpketed to be sediment'deposited since middle
Eocene time. The available evidence therefore indicates
that the construction of sedimentary ridges by the Western

Boundary Undercurrent began in Paleocene to Eocene time.

SUGGESTIONSYFOR FUTURE WORK
| Although considerable data have been cd]]ectéd and
studied to reconstruct the history of sedimentation and
abyssal circulation in the region of the Greater Antilles
Quter Ridge, there are several lines of inquiry that wou]d
help clarify the hypotheses outlined in this manuscrfpt.
1) North Slope - Puerto Rico Trench:

Although this region is covered largely by barren
’abyssa1 lutites, long piston cores taken in areas‘shallower
than about 5500 meters might contain enough biogenous car-
bonate to date the sediment and test the low poSt-Eocene

sedimentation rates postulated here.
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2) South Slope - Puerto Rico Trench:

Deep hydrographic sections extending north from
Puerto Rico are needed to delineate the possib]e flow of
the Western Boundary Undercurrent in this area. Similar
sections are also needed north of the Bahama Banks between
‘Cat Gap and the Caicos Outer Ridge. Study of cores taken
from the south slope of the Puerto Rico Trench may also
reveal current-produced primary structures related to the
flow of the WBUC.

3) Eastern Sector - Greater Antilles Outer Ridge:

A carefully chosen and continuously cored deep-sea
drill hole near the crest of the outer ridge could fully
establish a) the depositional history of the transparent
layer, b) similar information for Datum A and the under-
lying stratified layer, and c) the composition and probable
age of acoustic basement.

4) Western Sector - Greater Antilles Quter Ridge:

Deep-sea drilling on the southern flank of this
sector could establish the time of ridge formation, the
presence or absence of the 3.0 km/sec layer, the age of
Datum A, and the history of downslope sedimentation from

the Bahama Banks.
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APPENDIX I SEDIMENT CORES

Cores from the geological sample collections at Woods
Hole Oceanographic Institution and Lamont-Doherty Geological
Observatory, as well as cores obtained on four cruises to the
Greater Antilles Outer Ridge, were studied (Table Al.1).
The cores were taken from the research vessels ATLANTIS (A),
ATLANTIS II (AII), CHAIN (CH), KNORR (KN), MT. MITCHELL (MM),
ROBERT CONRAD (RC), and VEMA (V). A11 AII60 cores were
obtained on leg 8. Cores KN25-3GGC and KN25-4GPC were taken
on leg 1 and core KN25-1GC on leg 6 of KNORR cruise 25.
Core types are: PC - standard piston core, HF and HP - heat-
flow cores, GC - open-barrel gravity core, KC - cumulative
camera-core, GGC - giant gravity-core, and GPC - giant piston-
core.

Physiographic locations are: PRT - Puerto Rico Trench,
NAP - Nares Abyssal Plain, SAP - Silver Abyssal Plain,
VGAP - Vema Gap, GAOR - Greater Antilles Outer Ridge, SILL -
sill between Greater Antilles Outer Ridge and Silver/Navidad
Banks, BDAR - Bermuda Rise, NSLP - north slope of Puerto
Rico Trench, COR - Caicos Outer Ridge, DTMA - Datum A out-
crop at southern end of Silver Abyssal Plain. All depths
are in corrected meters.

Core recovery ratios are based on the length of core
obtained versus the mud line on the exterior of the core

barrel (i.e. penetration), and they give a rough
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approximation of the amount of shortening that each core has
undergone during the coring process. Unfortunately, the
exterior mud-l1ine is not always a reliable indicator of"
total core-barré]-penetration because some mud may be

washed off‘during.recovery,.so the figures can only be

considered as maximum ratios of core recovery.

N .
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APPENDIX II BOTTOM PHOTOGRAPHS

Bottom photographs were examined to determine the
microstructure of the sediment surface, the direction of
~bottom currents (seé Chapter 6), and the type and activity
of benthic organisms. Benthic activity and the effect of
bottom currents is most pronounced on the Greater Antilles
Outer Ridge, while currents are weak or absent and benthic
activity is greatly reduced on the Nares Abyssal Plain and
on the north slope of the Puerto Rico Trench. Unless
otherwise noted in the photograph descriptions (Table A2.1),
the microrelief is roughly 1-2 cm for tracks, trails, and
current lineations, 2-5 cm for burrow mounds, and 4-6 cm
for ripples.

The bottom photographs studied were taken from the
following ships: ATLANTIS II (AIl), CHAIN (CH), KNORR (KN),
LONG LINES (LL), STANLEY ANGWIN (SA), and WILLEBROAD
SNELLIUS (WS). Locations and depths (in corrected meters)
are the mean values for each station. Stations with
compass-oriented photographs are indicated by an asterisk

(*). GAOR refers to the Greater Antilles Outer Ridge.
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Cruise Station Lat. °N Long. °W

Depth
(m)

AIT 11 1 20°08.0" 65°05.0'

North slope of Puerto Rico Trench.
Moderate to no current evidence.
Bottom varies from soft, rippled
mud with moderate tracks and trails
to angular rock outcrops.

AIT 11 2 19°58.6" 65°10.9"'

Lower north slope of Puerto Rico
Trench. Soft muddy bottom with
some tracks and trails. No
current evidence.

AIT 60 Leg 8 K1 24°03.5" 70°00.5"

Northwest tip of GAOR. Flat,
current-smoothed, mud bottom.
Numerous small burrow mounds,
occasional faint holothurian and

echinoid tracks. Unoriented photos.

AIT 60 Leg 8 K2* 23°53.3" 69°48.2"'

Flat to slightly hummocky,

current smoothed mud bottom.
Current lineations NE-SW., Small
burrow mounds and echinoid trails.
Northwest tip of GAOR.

AIT 60 Leg 8 K3* 23°49.0" 69°32.8'

Nearly flat, current-smoothed, mud
bottom with NE-SW lineations from
moderate currents. Few indications
of benthic activity. Northwest tip
of GAOR.

6375

7116

5492

5417

5382
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Cruise Station Lat. °N Long. °W

Depth
(m)

~AII 60 Leg 8 K4* 23°43.7' 69°12.2"

Slightly hummocky, mud bottom with
weak and variable currents.
Occasional weak NE-SW Tineations
in mud, Partially obscured holo-
thurian trails, small burrow
mounds and few asteriods and
pennatulids. Crest of northwest
GAOR. .

AIT 60 Leg 8 K5* 24°09.7' 68°21.2"

Flat to hummocky mud bottom with
some weak-moderate NW-SE current
lineations. Echinoid and holo-
thurian trails, worm burrows, and
spoke burrows all largely obscured
by currents. Shrimp. Southern
side of Vema Gap.

AIT 60 Leg 8 KBA* 24°12.0" 68°21.6"
Same as Station K5.
AII60 Leg 8 Ke* 23°56.6"' 68°30.6"'

Fairly flat mud bottom. Worm

burrows, spoke burrows, holothurian
and abundant echinoid trails partially
obscured by moderate-strong SE current

flow. Pennatulid bending SE in current.

North flank of northwest GAOR.
AII 60 Leg 8 K7* 23°46.0" 68°43.5"

Flat mud bottom lineated by moderate-
strong SE current. Ophiuroids, aster-
oids, worm tubes and burrows, echinoid
trails. Several mounds developing
slip-face from current. Mud waves
about 10 m long and 1 m high indicated
in some photographs. North flank of
northwest GAOR.

5272

5763

5769

5573

55639 -
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LE A2.1. BOTTOM PHOTOGRAPHS (Cont'd.)

Cruise

Depth

~Station Lat. °N Long. °W (m)

AII 60 Leg 8

AIT 60 Leg 8

AIl 60 Leg 8

AII 60 Leg 8

AIl 60 Leg 8

K8* 23°35.6"' 68°55.7" 5194
Soft, flat to slightly hummocky mud

bottom. Worm tubes, burrows, spoke

burrows, ophiuroids, pennatulid, few

small plow marks. Very weak currents.

Crest of northwest GAOR.

K9* ' 23°25.6" 69°04.5" 5398
Flat to slightly hummocky mud bottom.

Spoke burrows, worm burrows, obscure
holothurian and echinoid trails, fecal
coil, ophiuroids. Moderate NW current
shown by mud lineations. South flank
of northwest GAOR.

K10* 23°11.0" 69°18.7" 5497
Nearly flat mud bottom, smoothed and
lTineated by moderate-strong NW
current. Obscure spoke burrows and
holothurian trails. Worm tubes and
burrows, pennatulids, ophiuroid.
South flank of northwest GAOR.

K11* 22°50.2" 68°43.8' 5499
Nearly flat mud bottom smoothed and
lineated by moderate N to NW current.
Worm burrows and tubes, spoke burrows,
asteroid burrows, small plow marks,
ophiuroid, pennatulid bending in NW
current (see Fig. 4.4), shrimp. South
flank of northwest GAOR.
K12* 22°59.8" 68°32.7' 5400
Mud bottom smoothed and slightly lineated
by moderate NW current. Burrow mounds,
few small plow marks, obscure echinoid
trails, spoke burrows. Apparent worm
burrows along old echinoid trails (Fig.

4.4). South flank of northwest GAOR.

\_,//
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2)
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Cruise Station Lat. °N Long. °W

Depth
(m)

~AIl 60 Leg 8 K13* 23°10.0" 68°19.3"

Very hummocky mud bottom with
lineations indicating moderate N

to NW current. Actinarian, sponges
pennatulid, worm tubes and burrows,
spoke burrows, echinoid trails.
Crest of northwest GAOR.

AII 60 Leg 8 K14* 23°19.5" 68°05.5"

Fairly flat to hummocky mud bottom.

(?)’

Lineations and ripples indicate moderate
current to SE. Possible mud waves of

1 m amplitude indicated in some photos.
Numerous worm burrows, small plow marks,

spoke burrows. North flank of north
west GAOR.

AII 60 Leg 8 K15* 23°28.8" 67°51.5"

Flat to hummocky mud bottom with some
evidence for weak southerly currents.

Possible mud waves 0.5 to 1 m high
and 5-10 m long suggested in several
photos. Numerous obscure to fresh
echinoid trails, holothurian trails,

worm burrows and tubes, spoke burrows,

small plow marks. North flank of
northwest GAOR.

AIl 60 Leg 8 Kle* 23°39.7" 67°41.3"

Nearly flat mud bottom with obscure

echinoid tracks and fresh worm burrows.

Little current evidence, but a few

weak NW-SE Tineations. Southern side

of Vema Gap.

5241

5424

5630

5766
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Cruise Station Lat. °N Long. °W

Depth
(m)

AIl 60 Leg 8 K17* 23°53,2" 68°03.4"

Flat to rolling mud bottom with some
lineations showing weak S to SE
currents. Good indications of mud
waves of spacing > 5 m and amplitude
of 0.5 to 1 m. Asteroids, echinoids
making trails (Fig. 4.4) small plow
marks, worm burrows and mounds, spoke
burrows, possible Sargassum weed on
surface. Southern side of Vema Gap.

AIT 60 Leg 8 K18* 23°43.4° 68°16.6"

Nearly flat mud bottom with strong
current lineations to SSE. Spoke
burrows, worm burrows and echinoid
trails largely obscured by current
lineations. North flank of northwest
GAOR.

AIT 60 Leg 8 K19* 23°37.4" 68°24.6"

Mud bottom with ripples and mounds a
few cm in height. Ripples mostly
developed when slip faces form on
mounds in strong SE current. Spoke
burrows, echinoid trails, worm burrows.
and tubes, small plow marks. North
flank of northwest GAOR.

AIl 60 Leg 8 K20A* 23°29.4" 68°35.0"

Nearly flat to well-rippled mud
bottom (Fig. 6.13) beneath moderate
to strong SE current. Worm burrows
and tubes, large plow marks, penna-
tulids, spoke burrows, echinoid and
holothurian trails. North flank of
northwest GAOR.

5712

5452

5379

5197

T
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Cruise

Station Lat. °N Long. °W

CAIT 60 Leg

AIIl 60 Leg

AIT 60 Leg

AIT 60 Leg

ALl 60 Leg

8 K21 ] 23°15.7" 68°43.6"

Smoothed mud bottom with worm

burrows, mounds and tubes. Possible
moderate currents of unknown direction.
Murky water. South flank of northwest
GAOR.

8 K22* 22°51.5" 68°17.1"

Hummocky mud bottom with NW-SE
lineations indicating weak to

moderate current. Some very poorly
developed ripples. Actinarian,
tunicate, worm tubes and burrows, spoke
burrows. South flank of northwest GAOR.

8 K23* 22°45.2" 67°55.8"'

Flat to slightly hummocky mud bottom
with weak NW-SE current lineations.

Worm burrows, mounds, and tubes, obscure
echinoid trails, small plow marks, spoke
burrows, ophiuroid burrows. North flank
of northwest GAOR.

8 K24* 22°51.7" 66 °32.4"

Flat mud bottom with no current evidence.

Obscure echinoid trails, worm burrows.
Nares Abyssal Plain.

8 K25* 22°32.0" 66°55.0"

Flat mud bottom with no current
evidence. Worm burrows, obscure
fecal coils and echinoid trails,

few small plow marks. Deep on north
flank of GAOR.

5347

5409

5821

5635
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TABLE A2.1. BOTTOM PHOTOGRAPHS (Cont'd.)

Cruise Station Lat. °N Long. °W (m)

AIT 60 Leg 8 - K26* 22°15.5" 67°21.1" 5458

Nearly flat mud bottom with weak
current lineations to SE. Spoke
burrows, worm burrows, plow marks,
fecal coils, holothurian trail,
possible small manganese nodules.
North flank of GAOR.

AIl 60 Leg 8  K27* 21°51.1' © 67°40.9"' 5207

Nearly flat mud bottom with few
mounds and weak SE current lineations.
Worm burrows, spoke burrows, fecal
coils, pennatulid bending to S in
current. Crest of western GAOR.

AIT 60 Leg 8 K28* 21°07.3" 68°06.4' 5444

Mud bottom with large (10-20 cm wide,
3-5 cm high) fossil lineations oriented
generally NNE-SSW. Weak recent linea-
tions to NNW. Holothurian trails, spoke
burrows, worm burrows and tubes, small
plow marks. Flank of GAOR near southern
end of Silver Abyssal Plain.

AII 60 Leg 8 K29* 20°38.5" 68°25.0" 5159

Nearly flat mud bottom of slightly

coarser texture with very weak linea-

tions to the S and SE. Worm tubes and
burrows, spoke burrows, ophiuroid, few
mounds and small plow marks, small
pennatulid. Apron at base of Navidad Bank.

AIT 60 Leg 8 K30* 20°13.0' 68°37.0' 4850

Flat, coarse textured, mud bottom with
lighter color where mud is disturbed by
benthos. Spoke burrows, worm burrows

and tubes, fecal coils, mounds, holo-
thurian trails, plow marks, faint indi-
cations of weak southerly currents. Base
of Navidad Bank. '
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TABLE A2.1. BOTTOM PHOTOGRAPHS (Cont'd.)

Depth
Cruise Station Lat. °N Long. °W (m)

“CH

CH

CH

CH

CH

11 SCé6 ' 19°35.0' 66°28.0"' ~7800

Puerto Rico Trench. Soft mud bottom
with mounds. No current evidence.
Little benthic activity except for
worm burrows and tubes.

11 8A 19°59.0"' 66°30.0' 7259

Lower north slope of Puerto Rico
Trench. Blocky, angular rocks to
sand-size material with no current
evidence. Also muddy-sand bottom
with moderate currents.

11 10* 20°54.0' 66°26.0" 5339

Crest of eastern sector GAOR. Mud
bottom covered with manganese nodules.
Scour around nodules shows moderate
current to east.

19 3* 20°07.0" 66°18.0' 5708

North slope of Puerto Rico Trench.

Worm burrows, rare spoke burrows and
echinoid trails. No current evidence

to evidence for weak westerly current.
Coarse textured, nearly flat, mud bottom
with a few talus piles.

19 5* 20°05.0" 66°04.0' - 6966

North slope Puerto Rico Trench. Nearly
flat, muddy to granular bottom with
occasional angular blocks. N-S sediment
lineations may be current induced or be

due to downslope sedimentation. Very

little current evidence and 1ittle benthic
activity except for occasional worm burrows.
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Cruise

Station Lat. °N Long. °W

Depth
(m)

CH

CH

CH

CH

CH

19

19

19

34

34

7% 20°08.0" 65°58.5"

North slope Puerto Rico Trench. Mud
bottom to rock outcrops or blocks showing
evidence of downslope sediment movement
to SW. No current evidence. Worm
burrows, fecal coils, holothurian and
echinoid trails rare to moderate in
abundance.

8* 20°01.5" 66°29.5"

North slope Puerto Rico Trench. Flat

mud bottom strongly corrugated (1-2 cm

height) by mostly old echinoid and holo-
thurian trails and fresh worm burrows.
No current evidence.

9* 20°00.0" 66°30.0"

North slope Puerto Rico Trench. Rock
outcrops and angular blocks with thin
sediment cover. No current evidence or
benthic activity.

3 20°16.5" 65°46.2"

Soft, flat, mud bottom on north slope of
Puerto Rico Trench. No current evidence.
Some echinoid trails and worm burrows.

4 22°11.0' 66°24.5"

Deep on north flank of eastern sector of
GAOR. Flat mud bottom weakly corrugated
by numerous, mostly obscure, echinoid and
holothurian trails. Large ophiuroids,
scattered manganese nodules. Little
current evidence.

6531

6424

6375

6393

5727

NN
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Cruise

Station Lat. °N Long. °W

Depth
(m)

 CH

CH

CH

KN

KN

36

57

75

25

25

CD1 ’ 21°30.0' 66°30.0"

North flank of GAOR. Nearly flat
mud bottom, smoothed by weak to mod-
erate currents of unknown direction.
Worm burrows, spoke burrows, obscure
trails.

15-1 20°09.0' 65°12.0"

Soft, muddy bottom on north slope of
Puerto Rico Trench. No current
evidence. Very murky, poor quality
photos.

2% 19°29.5" 60°46.5"
Far eastern end of GAOR. Soft mud

bottom with manganese nodules 4-7
cm in diameter on surface. Currents

and benthic activity not determinable.

K1* 25°01.5" 68°03.5"

North side of Vema Gap. Fairly flat,
current smoothed, mud bottom with few
lineations showing weak to moderate
NW currents. Numerous worm burrows,
fewer spoke burrows, plow marks and
echinoid trails.

K2* 24°42.2" 68°08.0"

North side of Vema Gap. Flat mud
bottom smoothed by weak to moderate N

to NW currents. Echinoid trails, worm

burrows, plow marks, spoke burrows.
Unidentified floating holothurian.

5480

6550

5296

5519

5689
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TABLE A2.1. BOTTOM PHOTOGRAPHS (Cont'd.)

Cruise

Station Lat. °N Long. °W (m)

KN25

KN 25

KN 25

KN 25

K3* 24°23.8'" 68°11.4" 5737

Central Vema Gap. Flat mud bottom
with current lineations oriented
E-W to SE-NW. Fresh worm burrows,
spoke burrows. Mostly obscure plow
marks and echinoid trails.

K4* 23°45.2" 69°40.8' 5390

Northwest tip of GAOR. Current
smoothed mud bottom indicating N
to NW current. Worm burrows, few
spoke burrows and plow marks,
actinarian.

K5* 23°48.5" 69°54.5" 5411

Northwest tip of GAOR. Flat mud
bottom strongly smoothed by northerly
currents. Burrow mounds (occasionally
with slip face developing), worm tubes
and burrows, holothurian trails, plow
marks, pennatulids, tunicate.

Ké* 23°52.6" 68°35.1" 5483

North flank of northwest GAOR.

Strong lineations and current smoothing

by SE current. Spoke burrows (see

Fig. 4.4), echinoid and echinoid trails,
holothurian trails, worm burrows and

tubes, plow marks, shrimp, actinarian.
Several photographs indicate mud waves

of 0.5 - 1 m height and of unknown spacing.
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TABLE A2.1. BOTTOM PHOTOGRAPHS (Cont'd.)

Depth
Cruise Station Lat. °N Long. °W (m)

KN 25 K7* 23°43.5' 68°41.5" 5311

North flank of northwest GAOR.
Moderate to strong E to SE current
producing smoothed, lineated, mud
bottom. Worm burrows and tubes,

plow marks, burrow mounds, spoke
burrows, pennatulid, echinoid, sponge,
holothurian trails. Rare indication
of mud waves of about 1 m amplitude.

KN 25 K8* 23°57.2" 68°59.0" 5446

North flank of northwest GAOR. Mud
bottom smoothed and lineated by

easterly current. Plow marks, worm
tubes and burrows, obscure echinoid
trails, tunicate (?), spoke burrows.

KN 25 K9* 23°24.0" 69°06.1" 5394

South flank of northwest GAOR.
Current-smoothed mud bottom with
lineations showing moderate NW
current. Burrow mounds, echinoid
trails, worm burrows and tubes,
spoke burrows.

LL 8 5* 22°57.4" 68°20.0"' 5349

South flank of northwest GAOR. Soft

mud bottom with NW-SE current lineations
indicating moderate current. Worm
burrows and tubes, plow marks.

LL 8 6* 20°12.5" 65°45.4" 6484

North slope of Puerto Rico Trench. Mud
bottom with no current evidence. Echinoid
and echinoid trails, worm burrows, penna-
tulid, plow marks.
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Cruise

Station Lat. °N Long. °W

Depth
(m)

LL

LL

LL

LL

LL

SA

7 20°02.5" 65°48.9"'

North siope of Puerto Rico Trench.
Fairly flat, soft, mud bottom smoothed
by currents of unknown direction. Holo-
thurians and their trails, fecal coils.

8A* 19°58.7" 65°56.0'

North slope of Puerto Rico Trench.
Fairly flat, soft, mud bottom with no
current evidence. Worm burrows, mounds,
and tubes. Minor N-S undulations.

8B* 19°57.0" 65°57.4"

Puerto Rico Trench. Flat mud bottom
with few angular rocks. Weak current
to west. Fecal coils, few trails,
holothurians.

g* 20°05.6" 65°59.0'

North slope of Puerto Rico Trench.
Nearly flat, soft mud bottom.
Numerous worm burrows and burrow
mounds. Holothurians and trails.

11+ 20°05.2" 66°00.5"

North slope of Puerto Rico Trench.
Soft, flat mud bottom with no current
evidence. Holothurian and echinoid
trails, fecal coils, worm burrows.

K4* 19°51.0" 63°56.0"

Floor of Puerto Rico Trench. Coarse-
textured mud bottom with lineations
indicating moderate current to west.
Fossil ripple marks (?) oriented NE-SW.
Worm tubes and burrows.

7346

7623

8143

7071

7015

7577
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Cruise

Station

Lat. °N Long. °W

Depth
(m)

~ SA

SA

SA

WS

K5*

North slope of Puerto Rico Trench. Soft

20°04.5" 63°47.0"

mud bottom with worm burrows, spoke

burrows, few fecal coils and plow marks,

actinarians, one rat-tail fish.

Ké6*

20°25.0' 63°47.0'

Crest of eastern GAOR. Fairly flat mud
bottom with Tittle current evidence.

Scattered, half-buried manganese nodules.
Spoke burrows, worm burrows, acorn worm.

K7*

22°59.0" 63°50.0"

Nares Abyssal Plain. Flat mud bottom
with no current evidence. Fresh to
obscure echinoid trails, worm burrows,
spoke burrows.

E7

22°05.0" 68°05.0'

West flank of west-central GAOR.
Current-smoothed and lineated, flat

mud bottom.
plow marks.

Worm burrows and tubes,

6167

5009

5842

~5420
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APPENDIX III SUSPENDED PARTICULATE MATTER

Suspended particulate matter samples were obtained

from depths greater than 4500 m over the Greater Antilles

- Quter Ridge on three cruises: MT. MITCHELL RP-13-MI-71

(January, 1971), ATLANTIS II 60, leg 8 (August, 1971), and
KNORR 25, leg 1 (February, 1972). Sample handling procedures
are described in the text.

A1l samples were taken as part of standard hydrographic
casts, and the hydrographic station numbers are listed in
parentheses (Table A3.1). N before a filter number denotes
a Nuclepore filter, SF denotes a silver filter, and all
others are Millepore filters. Sample depths were calculated
from the hydrographic data, and these depths and the water

depths are in corrected meters.
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APPENDIX IV PHYSICAL PROPERTIES OF CORES

WATER CONTENT

Water content is determined as percent dry weight

according to the formula
w = (Ww/Ws) 100 percent

where Ww 1is the weight of water present in the sediment
sample, and Ws is the weight of the sediment solids.
Samples were oven dried at 105°C.

The values of water content for the cores from the
Greater Antilles Outer Ridge (Figs. A4.1-A4.13) are
generally greater than or equal to values for other deep-
ocean cores taken in the Atlantic and Pacific Oceans
(Richards, 1962; Buchan and others, 1967). The high water
content of the sediment probably results from the rapid

sedimentation on the Greater Antilles Outer Ridge.

SHEAR STRENGTH

The shear strength of a sediment is the maximum shear
stress which the sediment can withstand. Most measurements
of shear strength were made with a manually operated
Torvane device on the vertically-split surface of the cores.
The vanes on this apparatus prqject 0.8 cm into the sediment
and thus test only a shallow section of the core. Measure-

ments were also made on the KNORR cores with a motorized
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vane which penetfated deeper into the cores, and the values
obtained in this manner are less than or equal to those of
the Torvane (Figs. A4.1, A4.2). The reasons for this
discrepancy aré undetermined, although the Torvane may not
have been accurately calibrated. . |

The shear strength values determined for the cores from
the Greater Antilles Outer Ridge (Figs. A4.1-A4.13) are

comparable to values for other deep-ocean sediments in the

Attantic and Pacific Oceans (Richards, 1962; Hamilton, 1970)f

The very high}Va]ues determined in the lower part of core
KN25-3GGC (Fig. A4.1) are most likely due to compaction

of the sediment during the coring process.
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Figure A4.1. Plots of water content and shear strength for
~gravity core AII60-8:2GC.
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Figure A4.1
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Figure A4.2. Plots of water content and shear strength for
~gravity core 4B, taken on leg 8 of ATLANTIS II
Cruise 60.
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Figure A4.3.
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Plots of water content and shear strength for
gravity cores 6A and 6B, taken from the

"southwest flank of the northwestern Greater

Antilles Outer Ridge on ATLANTIS II Cruise 60,
leg 8. A and B are the two barrels of a dual-
barrel corer; the two cores thus represent
sediment samples taken 23 cm (center to
center) apart.
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Figure A4.4.
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Plots of water content and shear strength for
gravity core AII60-8:7GC. This core was taken

70 km southeast of cores AII60-8:6GC and at

the same depth. Note the very close resem-
blance of physical property variations in this
core to those in cores AII60-8:6GC (Fig. A4.3);
the 1ithologies of the cores are also very
similar.
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Figure A4.5. Plots of water content and shear strength for
o ‘gravity core 10A (AII60, leg 8). '
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Figure A4.6. Piots of water content and shear strength for
gravity core AII60-8:11GC.
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Figure A4.7. Plots of water content and shear strength for
~gravity core AII60-8:13GC.
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Figure A4.8. Plots of water content and shear strength for
gravity core AII60-8:18GC.
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Figure A4.9. Plots of water content and shear strength for
~ giant gravity-core KN25-3GGC. Note the sharp
drop in water content and the increase in
shear strength in the lower half of the core,
possibly indicating compaction and incomplete
recovery during the coring process. At right,
filled circles are Torvane measurements; open
circles are measurements made with the motor-
ized vane.
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Figure A4.10.
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Plots of water content and shear strength for

"giant piston-core KN25-4GPC. At right, filled

circles are Torvane measurements; open circles
are measurements made with the motorized vane.
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Figure A4.11. Plots of water content and shear strength for
’ ~gravity core MM-1GC.
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Figure A4.12. Plots of water content and shear strength for
~gravity core MM-2GC.
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Figure A4.13. Plots of water content and shear strength for
gravity core MM-3GC. ‘
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