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The Carnegie Ridge is a linear, aseismic, submarine ridge
lying between the Galapagos Islands and the coast of South America.

A 2300 meter deep saddle near 86°W. longitude divides the ridge into

western and eastern segments. Surface ship, near bottom, and grain

size studies from the saddle have been used to delineate the present
geological environment and history of the ridge.

Structurally the Carnegie Ridge is rather simple in profile,
being bounded by east-west trending scarps which give the ridge a
block-faulted appearance. Acoustic basement over the ridge appears

smooth on reflection profiles and is composed of chert. The sedimentary sequence above the chert horizon contains a lower chalk unit
overlain by calcareous ooze. Where erosion has exposed the chalk a

karst-like micro-topography is present which is characterized by
steep walled channels and cliffs and consolidated bed forms undergoing erosion and dissolution.

The ridge crest has been stripped of almost its entire sediment
cover. Thick sequences of sediment are found only in areas pro-

tected from north or south flowing bottom currents. Evidence of
erosion is provided by extensive channeling on both the north and
south flanks of the ridge, Near bottom observations in one channel on

the north flank revealed a large field of sand dunes indicating northward, downslope sediment transport. These dunes are found on a
manganese-encrusted chalk which floors the channel. Hydrographic

data suggest that the northward flow across the ridge may be produced by the spillover of bottom water. Near bottom and surface ship
observations are consistent with a southward sediment transport on
the south Uank of the ridge.

The mechanism responsible for this

southward flow remains unresolved. Current meters deployed on the

north and south flanks recorded only low speed currents, opposite in

direction to the inferred sediment transport. Apparently the bottom
water flow responsible for erosion and sediment transport over the
ridge is episodic in nature and was not recorded during the present
survey.

The grain size characteristics of surface sediments respond to
the same processes which control sediment distribution. Where

erosion is evident over the ridge crest, coarse lag deposits of forami.niferai sand are found. Apparently the erosion is most pronounced

at the sill depth on the ridge since the sediments tend to become finer

both upsiope and downslope from that point. Three dominant modes

are present in the sand fraction from the ridge. These modes record
the initial input and fragmentation of foraminiferal tests. Continued

fragmentation and dissolution of these tests creates a large number
of finer modes.

The age of true basaltic crust over the ridge is between 10 and
26 million years. This crust was probably created during a period of
very slow spreading on the Galapagos Rift Zone during the Miocene.

Unconforrnities on the ridge indicate thateros ion dates only from the
mid-Pliocene. The initiation of erosion was probably in response to

further uplift of the ridge. This uplift may have been related to slight

southward underthrusting along the north flank of the ridge.
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THE CARNEGIE RIDGE NEAR 86°w, STRUCTURE,
SEDIMENTATION AND NEAR BOTTOM
OBSERVATIONS

L SMALL AREA SURVEY NEAR 86°W,

Introduction

The Carnegie Ridge is a linear east-west trending, submarine
ridge approximately 200 kilometers in width and 1100 kilometers in
length.

The crestal portions of the ridge are typically shallower than

2000 meters (Fig.

1).

Near 86°W, longitude the bathymetry of the

ridge is interrupted by a 2300 meter deep saddle which divides the

ridge into western and eastern segments. To the west of this saddle
the ridge shoals, broadens and terminates in the Galapagos volcanic
pedestal. The active volcanoes of the Galapagos Islands are the most

striking geologic features of this pedestal,

The ridge shoals to

approximately 1400 meters to the east of the saddle before terminating
near the continental margin of Ecuador. The junction of the ridge and

the margin forms a 2600 meter deep sill separating the deeper portions of the Panama Basin from the Pacific basin to the south, This

sill effectively defines the northern termination of the Peru Trench,
The Carnegie Ridge forms the southern boundary of the Panama
Basin which is bounded to the west by the Cocos Ridge and to the north

and east by the continental margins of Costa Rica, Panama, Colombia

8O.

Figure 1. Bathymetry of Panama Basin. Carnegie Ridge survey outlined in black.
[]
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and Ecuador, Along 82°W, the Panama Basin is effectively divided

into western and eastern basins by the Coiba and Malpelo Ridges.

The

Coiba Ridge forms a topographic extension of the Panamanian conti-

nental margin while the Malpelo Ridge is an isolated rise shallower
than 2000 meters over most of its length. Passages deeper than
3000 meters between the Coiba and Malpelo Ridges and Malpelo and

Carnegie Ridges connect the western and eastern portions of the
Panama Basin.

From an oceanographic viewpoint the Panama Basin can be con-

sidered a miniature ocean basin. Topographically it contains

shallow, isolated rises far from continental influence as well as deep
sections of sea floor, Sedimentation in the basin ranges from predominantly pelagic in the southern and western regions which lie
below highly productive surface waters to mainly hernipelagic near
the Central and South American continental margins (Moore and

others, 1973), With the exception of ice-rafted detritus the Panama

Basin receives the full complement of sediment input which charac-

terizes a larger ocean basin, The deep passages to the north and
south of the Malpelo Ridge should act in an analogous manner to

similar open- ocean constrictions in controlling bottom water circulati on.

The Panama Basin is therefore an ideal location for a study of

deep-sea sedimentation, as well as of the sea floor processes which

alter sediment characteristics after initial deposition. Such a program was begun in 1968 by geologists from the School of Oceanography
at Oregon State University. This program has focused on regional

analyses of the structure, morphology and tectonic history of the
entire Panama Basin (van Andel and others, 1971), the distribution
and composition of surface sediments (Moore and others, 1973;

Kowsmann, 1973), the texture and dispersal of sediments (van Andel,
1973; Heath and others, 1974), and the fluctuation in oceanographic

and climatic conditions in the eastern equatorial Pacific during the
Quaternary (Dinkelman, 1973).

During these regional studies it became apparent that selected
portions of the Panama Basin would need to be studied on a more

intensive scale than was possible with available data. Detailed small
area surveys within the basin would place important constraints on
the broad conclusions drawn from the regional studies and would
allow a more thorough investigation of both the sedimentary and

tectonic processes which have operated within the basin. Much as the
regional investigation was an attempt to study a model of sedimenta-

tion in the world ocean, the small area surveys were an attempt to
focus on the important and dominant components of that model.

The central saddle on the Carnegie Ridge was chosen as the

site of one survey for several reasons. Regional studies of the
distribution of sedimentary components (Moore and others, 1973;

i;i

Kowsmann, 1973) and grain size (van Andel, 1973) had shown that the

crests

of

the elevated ridges of the region are an important source of

winnowed sediment to the ridge flanks and deeper basins. Although

ample evidence of erosion exists on the ridge crests (Wilde, 1966;
van Andel arid others, 1971). the process by which sediment is trans-

ported downslope remained a mystery. A second objective of the study

was to examine the effect of erosion and transport processes on the
fine scale morphology of the sea floor and to see to what extent trans-

port processes are recorded by dunes, ripples and scour of the
surficial sediment cover. A third objective was to examine textural

variations in surface sediments in an attempt to relate grain size
alteration to both the local erosional environment and the dominant

transport process.

A fourth objective was to study the geologic

history of the ridge. Though several models for the structural
evolution of the region had been proposed, none had met with wide

acceptance. An important constraint in evaluating these models was

the relation of crustal ages over the ridge crests to the age of the
adjacent sea floor within the Panama Basin. Although drilling by the

Glomar Challenger had partially alleviated this problem, the results
of drilling proved somewhat contradictory (Heath and van Andel,
1973).

['1

Data Base

Detailed studies of the central portion of the Carnegie Ridge were

initiated during Oregon State University's YALOC-71 cruise. An

initial, ten-day survey over the ridge crest and deeper portions of
sea floor to the north and south was conducted to examine the bathy-

metry, sediment distribution and basement structure within the area
shown in figure 1. This survey consisted of approximately 2500 kilo-

meters of trackline. Underway data gathering equipment included a
650 cubic centimeter airgun for seismic reflection profiling, a
Varian proton precession magnetometer, a 3. 5 K1-Iz reflection profiling system and a 12 KHz echo sounder. Equipment failure in the

3. 5 KHz system terminated its use in the early stages of the survey.
Satellite navigation was used throughout the survey though an

Omega navigation system was used to supplement satellite fixes when

the frequency of satellite passes was low. The accuracy of satellite
navigation systems has been discussed elsewhere (Taiwani and others,
1966; Taiwani, 1970) and absolute fixes within the survey are probably

accurate to within a few kilometers. Where contemporaneous sateUite
and Omega fixes were available they seldom differed by more than
3 kilometers. The large number of trackline crossings within the

survey provides an estimate of the internal precision of the navigation
since the depth should be the same on two track],ines which intersect.

7

Only in rare cases during the Carnegie Ridge survey did depth dis-

crepancies at trackline crossings exceed 50 meters.
Tracicline spacing was approximately 10 to 15 kilometers.

Although this allows changes in bathymetry, sediment distbution and
structure to be examined in detail, it severely restricts the areal
extent of sea floor which can be examined. Specifically, during the

1971 cruise adequate data were not obtained for a detailed analysis of

the structure of the southern boundary of the ridge. To fill this gap
approximately 3 days of ship time were used on Leg 5 of the Scripps

Institution's Southtow cruise for a survey to the south of the ridge

crest. Data from these two surveys have been supplemented by
additional traciclines from Scripps Institution and the Lamnont-Doherty
Geological Observatory.

Since the Carnegie Ridge study was also an examination of

sediment characteristics in relation to the local geologic environment,
gravity, free-fall and piston cores were tacen following the 1971

survey at selected positions on the ridge crest and northern and
southern flanlcs.

Bathymetry

The central portion of the Carnegie Ridge is the second deepest
sill along the enclosing ridges of the Panama Basin. Only the sill
between the Ecuadorian continental shelf and the eastern end of the

Carnegie Ridge provides a deeper connection between the Panama

Basin and the surrounding Pacific Basin. To the west and east of

the central saddle the Carnegie Ridge shoals to less than 2000 meters
within the survey (Fig. 2). To the north the 2800 meter contour
marks the boundary between the ridge and the sea floor of the Panama
Basin proper. To the south a chain of seamounts along 2°S. latitude
marks the southern boundary of the Carnegie Ridge.

The central saddle on the ridge crest is actually divided into
two passes by a seamount which rises to a crestal depth of

1643

meters. The western passage has a sill depth of slightly shallower
than 2200 meters, while the eastern passage is between 2200 and 2300

meters deep. The western passage is rather simple in form while the

eastern passage is constricted by several small pinnacles which rise
several hundred meters above the average sill depth, To the south

of the eastern passage the crestal portion of the ridge is relatively
flat and between 2300 and 2400 meters deep.

The relatively smooth east-west trend of the north flank of the

ridge is interrupted by two channels which lead from the ridge crest
to the deeper portion of the Panama Basin.

The western of these two

channels is the narrower and extends from the western passage downslope to a depth of approximately 2700 meters, The eastern channel

extends from the volcanic pinnacles of the eastern passage and is

evident as deep as 2900 meters at the northern limits of the survey
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area. The floor of this channel is relatively flat and has a gentle,
down-channel slope of less than 20. In the northeastern portion of the

survey a seamount slightly shallower than 1800 meters further inter-

rupts the east-west trend of the ridge. Only the southern slopes of

this feature were crossed, but the seamount is clearly visible on
bathymetric maps of the region (van Andel and others, 1971; Fig. 2).

A 200 to 300 meter high, east-west trending scarp marks the
southern boundary of the ridge crest in the survey. Erosion of the

sediment along the base of this scarp has cut a deep channel that is
apparent on aLl reflection profiles across this portion of the ridge

crest (Fig.

3).

On most crossings the erosion has cut through to

acoustic basement at the base of the scarp. This channel appears as
the elongate, enclosed bathymetric lows immediately to the south of

the ridge crest on figure 2. To the south of this prominent channel an
intricate series of channels is encountered in an otherwise flat,
topographic terrace which extends from the ridge crest to the line of
seamounts at 2°S. These channels appear to have a north-south

orientation since they are always more prevalent on east-west than
north-south profiles (Figs. 3 and 4).
In the eastern portion of this system the frequency of channels

is much greater than the trackline spacing (Fig.

5).

Correlation of

individual channels is, therefore, tentative at best since on reflection
records the remaining sediment sequence appears to be composed of
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only isolated peaks. This area of most intense channeling lies approx-

imately due south of the eastern passage in the ridge crest,
The western portion of this channel system displays a single
channel which has a north-south orientation and extends from near the

southern boundary scarp of the ridge crest to the line of seamounts to
the south. This channel is apparently structurally controlled since it

lies above a noticeable offset in acoustic basement on all airgun

profiles which cross it (Fig, 4). Several northeast-southwest trending channels intersect this channel near its northern end, In places
these channels appear to also be structurally controlled, being above
noticeable offsets in acoustic basement, At other points, however, no
disturbance of basement is apparent beneath individual channels
(Fig. 3),

Although the distribution of tracklines is sufficient to allow the

overall trend of these channels to be mapped and in several cases for
individual, prominent channels to be correlated between crossings,

the termination of this system to the south is not well defined by
existing data,

The channels must terminate near the east-west

seamount chain, since profiles and the bathymetry to the south of
these seamounts show a smooth sea floor sloping gently southward

with no evidence of erosion of the sedimentary section (Fig. 2).

Between the individual seamounts erosion is still apparent on reflection records, though the lack of data immediately to the north of the

15

seamounts (Fig. 5) precludes any correlation of individual channels

with those observed farther to the north.
To the south of the ridge crest and to the west and east of the

channel system, the sea floor is relatively smooth and free of any
evidence of extensive erosion. Thus, although both flanks of the

ridge display evidence of erosion they differ strikingly in appearance.
To the north, the erosion has been confined to two wide channels, To

the south erosion has occurred over a wider though still areally

restricted region but has produced an intricate series of much
narrower channels.
Individual seamounts in the chain along the southern boundary of

the ridge reach depths as shallow as 1600 meters, Thus, these seamounts rise to a depth slightly shallower than the depth of the crestal
regions of the ridge within the survey. To the east of the survey area

the southern flank of the Carnegie Ridge displays similar isolated
seamounts which also appear to be clustered between 20 and 2015?

S.

In this respect the southern flank of the Carnegie Ridge is
similar to the Cocos Ridge. The within-basin slopes of both ridges are
quite smooth and uninterrupted by large numbers of seamounts,

The

outer slopes, however, are characterized by numerous seamounts
(van Andel and others, 1971; Fig. 2). To the west of our survey along

the southern flank of the ridge fewer seamounts are observed, This is
probably related in part to an absence of extensive bathymetric control

16

in this area. A sharp bathymetric slope, apparent at 2°S. to the
south of the Galapagos Islands (Rea and Malfait, 1974), may mark a

westward extension of the structural system which controls the location of the seamounts within the survey over the central portion of the
ridge.

Structure

Figure 6 is a map of depth to acoustic basement determined

from reflection records. On this map and on the airgun profiles
acoustic basement on the Carnegie Ridge has a comparatively simple

structure. The north flank of the ridge is bounded by a steep scarp
which is approximately 500 meters high near the center of the survey
(Fig. 3).

To the east and west the slope of this scarp becomes gentler

and the acoustic basement along the scarp appears to merge much
more gradually with the basement of the Panama Basin to the north.

To the south of this scarp basement shoals gradually until near l°S.

where a second steep scarp marks the transition from the north flank
to the crestal portions of the ridge.
The ridge summit is characterized in profile by a single broad

crest. The acoustic basement produces a very smooth return on
reflection records but is pierced in several places by what appear to
be volcanic pinnacles (Fig. 3, profile B).

The largest of these

features is the seamount which divides the sill on the ridge into
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western and eastern passages. To t1e east of 85°W. the summit is

characterized by paired crestal ridges which rise sharply from the
smooth slopes of both flanks. These ridges are not apparent on the

bathymetric map of the survey since a thick sediment accumulation

has produced a smooth bathymetric profile across the summit in this
area.
Along the southern portion of the ridge crest the smooth acoustic

basement is barren of sediment and forms a flat terrace which is
approximately 15 kilometers wide across the survey area. This

terrace is a characteristic feature of the south flank from the western
limits of our survey to near 85°W. To the east of 85°W. the southern

flank of the ridge has a much more uniform slope and lacks the steep
scarps which dominate reflection profiles to the west.
Although over most of its extent in the central portion of the

survey this flat terrace is devoid of appreciable sediment cover,
isolated piles of sediment can be observed on some profiles. To the

west and east of the passages in the ridge crest, on the other hand,
several hundred meters of sediment are found on this terrace .(Fig.
profile D). Near 85°50'W. the terrace is offset approximatel 75

meters by a north-south oriented s carp. This scarp apparently

extends across the ridge, though it is not well defined across the
summit in the western passage. On the north flank of the ridge it

marks the eastern boundary of a northward protrusion of structural
contours and again appears as a distinct scarp (Fig.

6).

3,
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The southern boundary of the terrace is a steep scarp between
200 and 300 meters high. Immediately to the south of this major

scarp several minor scarps are commonly observed to offset acoustic
basement. Near 85030 W. these small scarps produce deflections in

the trend of the basement contours on figure 6. These smaller scarps

are only found within a few tens of kilometers south of the terrace.

Aside from these minor small scarps acoustic basement between
the terrace and the chain of seamounts at 2°S, is smooth and slopes
downward gently from the northeast toward the south and southwest,

Along 85°50'S. this gentle slope is offset approximately 75 meters by a

north-south trending scarp that controls the position of the 2900 meter
contour on the basement map of the ridge (Fig.

6).

This scarp must

terminate near 2°S since it is not apparent on reflection profiles to the
south of the seamount chain,

To the west of this scarp acoustic base-

ment is comparatively flat.

The step from the ridge crest to the base-

ment to the south also changes west of 85°50'W.

Whereas to the east

this step is accomplished by a series of small scarps, to the west the
drop occurs over only two, well-defined east-west trending scarps.
Although acoustic basement between the ridge crest and 2°S. is

smooth it is pierced at several points by small isolated pinnacles
which rise 200 to 300 meters above the local basement depth.

These

pinnacles appear as small, isolated, closed contours between the 2600
and 2800 meter contours on figure 6, Since the individual pinnacles
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are small in areal extent our survey provides only a minimum estimate
of the number of these features in the area. During Leg 16 of the Deep
Sea Drilling Project one of these pinnacles was drilled when surface

currents moved the Challenger from its desired position over a thick
sediment section to one directly above the pinnacle marked as
D. S. D, P. - 156 on figure 6, Drilling in this hole terminated after a

few meters when a hard crust of ferromanganese oxide was encountered. This manganese is probably a surficial coating on basalt
(van Andel, Heath and others, 1973a).

The seamounts along 2°S, are perched at the top of the southern-

most scarp of the Carnegie Ridge. Individual seamounts within this

chain rise over 1000 meters above the local depth of acoustic basement, Near 85°W the east-west trend of this feature is broken by a

southwestward trending ridge which is capped by small isolated highs.

The scarp to the south of the seamounts is approximately 500 meters

high and terminates at its base in a basement that slopes gently
southward into the deeper Pacific Basin (Fig.

6).

The central portion of the Carnegie Ridge is therefore dominated

by a series of east-west trending scarps which give the ridge its blocklike appearance, Several of these scarps were originally mapped by

van Andel and others (1971, Fig. 6) in their study of the morphology
and structure of the Panama Basin, The wide spacing of tracklines in

that study, however, left doubt as to the continuity of scarps between
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individual tracklines,

The survey over the central portion of the ridge

has confirmed that over distances of tens of kilometers, as well as
hundreds of kilometers, the ridge is structurally defined by a system

of well-defined, linear, discrete scarps in the acoustic basement,
Two north-south structural lineations are apparent in the present
survey that were not noted in earlier studies of the ridge, The first of
these lies along 85°50'W, and extends from 2°S. across the ridge crest

in the western passage and then terminates at the northern boundary
scarp. This lineation is marked by prominent scarps which offset

acoustic basement by approximately 75 meters along their length,
The second north-south lineation lies along 85°W, and is not as

well defined as its counterpart to the west. Along the ridge summit it

marks the western termination of the paired crestal ridges. The
large seamount on the north flank of the ridge also lies along this
lineation.

Near 2°S, the southwestward trending basement ridge termi-

nates at approximately 85°W. A structural transition near 85°W. on the
Carnegie Ridge has been mapped by van Andel and others (1971, Fig.
6).

To the west the ridge is bounded by east-west trending S carps,

To the east the scarps trend more northeast-southwest. The present
survey does not extend far enough eastward to record this change in

fault trend, though the change in crestal structure at 85°W. suggests
that the eastern section of the Carnegie Ridge may have had a different tectonic history than the section to the west.
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Another prominent feature of the basement structure within the
survey is the exceptionally smooth nature of the acoustic basement on

seismic reflection records, The smoothness of the acoustic basement on all elevated ridges of the Panama Basin led van Andel and

others (1971) to suggest that its origin was sedimentary, In Deep Sea
Drilling Project hole 157 to the south of the Carnegie Ridge (Fig. 6)
and in hole 158 on the Cocos Ridge this suggestion was confirmed when

chert was recovered at a depth appropriate to acoustic basement, In
the eastern passage where erosion has removed the sedimentary cover,

small pebbles of chert were recovered in a piston core. This implies
that chert is probably responsible for the smooth nature of acoustic

basement over the ridge crest and north flank, as well as to the south
in the vicinity of the 157 hole. Locally this smooth basement is

pierced by small pinnacles which are probably basaltic in composition,
Sediment Distribution

To a first approximation the distribution and thickness of sedi-

ment in the survey area are controlled by the relative elevation with
respect to the ridge (Fig,

7),

The crestal portions of the ridge are

almost totally devoid of sediment above acoustic basement, Erosion
has evidently been competent enough to strip the sedimentary section

from the exposed, shallow portions of the ridge and expose the smooth
acoustic basement of chert. Several isolated sediment piles,
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however, do remain in this region of overall erosion. These remnants
are typically less than 100 meters thick and cover a relatively small
area. The thickest accumulations of sediment are found at the northern
and southern boundaries of the survey. Within the Panama Basin the

thickness approaches 600 meters. To the south of 2°S, the sediment
sequence exceeds 700 meters in thickness. Here, the sediment iso-

pachs form an elongate pod which lies against the large scarp to the
south of the seamounts. To the south of this pod sediments again

thin to less than 400 meters.
Between these two limits the isopach map of figure 7 reflects

the erosional processes which control the sediment distribution on the
ridge flanks. The two channels on the north flank of the ridge appear

as alleys of thin sediment accumulation leading from the ridge crest
downslope into the Panama Basin. They are separated by a thick
accumulation of sediment which is perched on the north flank imme-

diately to the north of the large seamount on the ridge crest.

To the south of the ridge crest the sediment cover is fairly
uniform and slightly less than 400 meters thick. The channels noted
earlier on the bathyrnetry of this portion of the survey show up as

fingers of very thin sediment which extend from the ridge crest to the
line of seamounts. Once again, the isopach map shows the sudden

termination of this channel system near 2°S. To the south the thick
accumulation of sediment is undisturbed by any evidence of channeling.
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Although the character of the isopach map initially appears to

be controlled by elevation on the ridge, a closer examination also

reveals a subtle east-west control, The most striking example of
this, of course, is the thick accumulation of sediment which sits

immediately north of the large seamount on the crest,

To the east and

west of the crest of this accumulation, sediment thickness decreases
markedly beneath the channels on the north flank (Fig. 8), but then

increases once again to 400 meters along the east wall of the eastern
valley.

The western passage is also an area of subtle east-west

variation in sediment thickness. To the north and south of the central

portion of the passage the ridge crest is devoid of any sediment
cover. To the west the ridge crest shoals and sediment is found on

the northern and southern crestal slopes,
On the flat terrace along the southern boundary of the ridge

crest small isolated piles of sediment occur, These piles of sediments are located predominantly to the south of the seamount on the

ridge summit although one isolated pile does occur in the eastern
passage. Thick accumulations of sediment are found along the ridge

crest to the east of 85°W, in low troughs between the paired crestal

ridges of the eastern portion of the survey.
The thick accumulations of sediment to the north and south of
the Carnegie Ridge were first noted by van Andel and others (1971).

They suggested that these accumulations were produced by erosion on
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the ridge crest and subsequent downslope transport of the eroded
material. The present survey indicates that at least on the crest and

north flank of the ridge this erosion and transport is strongly controlled by the east-west changes in relief along the ridge crest.
Appreciable thicknesses of sediment can apparently accumulate only

in areas that are protected to the north or south by crestal elevations
above the local sill depths of the ridge summit. This implies that
erosion over this portion of the Carnegie Ridge is produced by bottom
water exchange between the Panama Basin and deeper Pacific Basin to
the south of the ridge.

On the north flank the sediment distribution is suggestive of

bottom water spillover from south to north across the ridge crest.
The initial flow of water must occur in the two deep passages in the

ridge summit, though the eastern, deeper passage would probably
contain the larger volume of flow. Since this flow condition is con-

trolled by gravity, bottom water would flow due north from the

ridge crest, downslope along the local topographic gradient.
Given a uniform initial thickness of sediment on the north flank,
continued spillover would produce both the present bathymetry and

sediment distribution observed on the north flank. Flow of water is
apparently confined to the two channels. The more striking appearance

of the eastern channel and the abundant evidence of sediment transport

reported from its floor (Lonsdale and Malfait, in press) reflects a

greater flow than in the channel to the west, This probably results

from the deeper sill depth near its head,
I

The thick sediment pile to the north of the central seamount
remains undisturbed by this northward flow. Similarly, the crestal
ridges to the east of 85°W, have served to protect the north flank from

bottom water flow and have allowed an appreciable thickness of sedi-

ment to accumulate in this area, Sediment is again protected from
northward flow to the west of the western passage,
Van Andel and others (1971) suggested that northward flowing

currents at intermediate depths were responsible for erosion on the
north flank, Lonsdale and Malfait (in press) used the data of Kows-

mann (1973) to conclude that the currents were driven by density con-

trasts in bottom water across the ridge. Water of sigma-t = 27, 75 is
banked up almost to sill depth on the south side of the ridge but occurs

almost 0. 5 kilometers deeper in the Panama Basin to the north
(Kowsmann, 1973, Fig. 3), A slight elevation of this density surface
to the south of the ridge would cause a northward directed flow down
the north flank to a depth of corresponding density, Such flow would

be constrained by both the relief of the crestal sills and the bathymetry
gradient on the north flank, This has apparently been the case during

the erosional history of the north flank.

The erosion to the south of the ridge crest is more difficult to
interpret in terms of the hydrography of the region, The erosion has
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apparently occurred over a much broader area as witnessed by the
great width of the channel system. The channels lie to the south of

the central portion of the ridge crest. Although minor erosion occurs
to the west and east along fault scarps and around seamourits, no
coherent channel systems are developed. Thus, the position of this
complex network of channels and its north-south orientation suggests
that it, too, is related to bottom water flow across the ridge crest.

Bottom water movement during times of northward spillover

could conceivably be responsible for the erosion of these channels. If

this were the case, however, the erosion and transport process would
have to totally dissolve the missing sediment since no large accumulation of sediment occurs near the northern termination of the channels.
Thus, a unidirectional northward flow seems unlikely.

A southward transport of sediments is, in fact, suggested by the
thick accumulation of sediment near the southern termination of these
channels at 2°S, Van Andel (1973) also suggested a southward trans-

port of sediments from textural studies of surface sediments to the
south of the ridge. Turbidity currents could have in part been

responsible for the erosion and southward transport of sediment
within these channels.

The ridge crest, however, would have to be

the source for these flows. Over most of its extent the ridge crest

is flat and has been completely stripped of its sediment cover. This
seems an unlikely source area for turbidity currents which would be
able to erode the channel system to the south.
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Another possibility is that tidal currents have played a dominant
role in the origin of the channels. Although these oscillating currents

have only a limited ability to transport material unless superimposed
on an overall unidirectional flow, their constant agitation of surface
sediment may be extremely effective in dissolving calcareous sediments such as those found over the Carnegie Ridge. Several of these

channels appear to be structurally controlled, sitting above minor
scarps in the acoustic basement. Initial offest of a flat sediment

surface might produce similar scarps in the sea floor along which tidal
energy could be concentrated. The position and orientation of this

channel system may, therefore, only reflect the containment and
possible amplification of tidal currents between the ridge crest and
line of seamounts to the south. The generation and dissipation of

internal tides are poorly understood in the deep sea (Hendershott,
1973), but without long term current meter measurements from the
area this possibility cannot be discounted.
Stratigraphy

The dominant characteristic of the sedimentary sequence on

airgun reflection profiles is its vertical uniformity. Almost all
records display closely spaced, continuous reflectors. The Carnegie
Ridge lies beneath highly productive surface waters (Moore and others,
1973) and the sediments consist mostly of tests of calcareous and
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siliceous organisms. At Deep Sea Drilling Project sites farther to

the west in the equatorial Pacific similar layering in the acoustic
section beneath highly productive waters has been correlated with

either variations in the carbonate content or degree of lithification of
the pelagic sediments (Winterer and others, 1971; Tracey and others,
1971; Hays and others, 1971). It must be noted, however, that air-

gun records probably give an overestimate of the number of such

reflectors in the sediment. The sound energy emitted by an airgun is
spread out over some short time span. Thus, one reflector in the
sediment can produce several reflections for a given energy pulse.

The sediments drilled at site 157 to the south of the ridge consist predominantly of nannofossil chalk 000ze which gradually becomes
more indurated with depth. At 240 meters below the surface the drill-

ing rate was sharply reduced at the position of a prominent reflector
near the base of the acoustic sequence (van Andel Heath and others,
1973b),

This reflector (marked as "tfl on Fig. 3) records the trarisi-

tion from an ooze to a more lithified chalk of mid-Pliocene age. The

reflector can be traced on air gun profiles across most of the survey
area. It is especially evident near the southern scarp of the ridge

crest where the erosion has removed the overlying sedimentary section, Here it is a prominent reflector on 3. 5 KHz as well as airgun

reflection profiles.
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At 345 meters in site 157 the first chert was encountered. This
chert forms the highly reverberating acoustic basement on reflection

records. The chert occurs in the form of small blebs or anastomosing networks of silica, is typically cristobalite-rich, and occurs in
sediment approximately 6 million years old (Heath, 1973). X-ray

analysis of the small pebbles of chert recovered in core Y71-3-26P
(Fig. 9) reveals this chert to be dominantly quartz-rich.

Interbedded cherts and chalk occur between the top of the chert

layer and basalt at 430 meters. Paleontologic boundaries and extrapo-

lated sedimentation rates can be used to date this basalt as between 7
and 8 million years old. Since the basalt surface is masked by the

chert layer on reflection records the significance of this date is open
to question, because drilling may have terminated on a pinnacle rising
above the local depth of true basaltic basement, Indeed, several such

pinnacles pierce the chert layer in this portion of the survey with one
pinnacle having been drilled at the 156 site (Fig.

6).

If this were the

case, the 7 to 8 million year age represents only a minimum estimate
of true crustal age to the south of the ridge crest.
Several uncoriforrnities are visible on reflection records from
the survey area. The most striking of these occurs in the thick
sequence of sediments on the north flank of the ridge (Fig,

3),

The

ability to resolve angular unconformities in marine sediments is
critically dependent on the azimuth of the ship track. On the north
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flank the unconformity is best displayed on north-south tracklines

since the unconformable surface strikes east-west, Fortunately the

unconformity also produces a strong reflector on airgun records,
This allows it to be located on east-west profiles which intersect

north-south tracklines (Fig. 8), The unconformity is exposed along the
walls of both of the channels that extend from the ridge crest down the
north flank. Across the eastern channel a similar unconformi.ty is

seen in the thick sequence of sediments along its eastern wall (Fig.
8),

Between these unconformities and the underlying acoustic base-

ment, the sediment thickness is remarkably constant at approximately
200 meters.

Two free fall cores (Y7l-3-32FF3 and FF4) dropped on the
YALOC-71 cruise recovered sediment of Late Miocene and Late
Miocene or early Pliocene age from below the unconformity (Fig. 9).

Free fall cores from above the unconformity recovered sediments

from early to late Pleistocene age. This unconformity, therefore,
apparently marks a major Pliocene tectonic event on the ridge which
severely altered the sedimentation conditions on the ridge crest and
flanks.

Three piston cores from the floor of the eastern channel
recovered chalk of Miocene age. The southernmost of these cores,

Y71-3-27P terminated in sediment of mid-late Miocene age (Fig,

9).

Y71-3-28P cored sediment of a slightly younger age, while Y71-3-29P
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near the northern terminus of the channel recovered sediment of
latest Miocene age. As one proceeds northward down the channel
increasingly younger sediments are exposed along the channel floor.

This is to be expected since the northward slope of the channel floor
is slightly shallower than the northward dip of sediments below the
unconformity on the north flank of the ridge.

The cores from the floor of the channel allow an estimate to be
made of the age of acoustic basement on the north flank, The oldest

sediment in each core is from the Ommatartus antepenultimus radiolarian zone which extends from 6 to 11 million years on the Berggren
(1972) time scale.

Core Y71-3-27P recovered sediment from very low

in this zone (N 10 m. y. , T, Moore, oral communication) a few tens

of meters above acoustic basement. Y71-3-28P and Y71-3-29P were
both approximately 80 meters above acoustic basement, Applying a

sedimentation rate comparable to that in the 157 site during this time
period would give ages of between 8 and 9 million years for acoustic
basement below these two cores,

Piston core Y71-3-ZOP on the broad terrace to the south of the

eastern passage also recovered sediment from low in the antepenultimus zone, Thus, the 8 to 10 million year age of the chert on the

ridge crest and northern flank is approximately two to four million

years older than at site 157 to the south of the ridge crest. It should
be remembered, however, that this age reflects only the age of the
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sediment which contains the chert. The conversion of opaline silica in

the sediment to chert must post-date its stratigraphic age by some
measurable period of time (Heath and Moberly, 1971).

Angular unconformities are not extensive within the acoustic

section to the south of the ridge crest. Where they do occur they are
of limited horizontal extent and typically occur in the upper part of
the sediment sequence. There is some suggestion that a dis conform-

ity of approximately one million years may be present at the MiocenePliocene boundary in the site 157 drill hole (van Andel, Heath and
others, 1973b). Along the south flank of the ridge to the east of 85°W.

a prominent unconformity is again visible in the sediment section. As

is the case on the north flank of the ridge the underlying unit is
approximately 150 to 200 meters thick.

A notable consequence of the acoustic basement of chert is the
unconformable nature of this basement and overlying reflectors on
some profiles. This occurs where chertification cuts across bedding

in the overlying sediment. An excellent example is at the base of
the scarp that bounds the south side of the ridge crest (Fig. 3, profile
D).

Here the chert is flat lying and truncates sediments which dp to

the south, producing an apparent thinning of the sediment section

away from the ridge crest.
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Ridge Crest Magnetic Anomalies

The Carnegie Ridge sits between two areas of sea floor which

are characterized by east-west trending magnetic anomalies.

Mag-

netic anomalies of sea floor spreading origin, however, have not been

reported from over the ridge itself (Raff, 1968; Herron and Heirtzler,
1971).

Underway magnetic profiles obtained during the YALOC-71

survey were digitized at five minute intervals. The regional field
used to calculate the anomalies was computed using the spherical
harmonic coefficients from the International Geomagnetic Reference
Field (Cain and Cain, 1968).

The computer routine used in the cal-

culations is described in Gemperle and Keeling (1970). The contoured

magnetic anomaly field from over the Carnegie Ridge is presented in
figure 10. Equipment failure during the Scripps Southtow cruise

severely restricted the amount of magnetic data available in the
southern portion of the survey. Hence, figure 10 covers only the

northern portion of the survey area. The omission of data from this

portion of the survey is probably not critical since earlier studies
(Raff, 1968) have reported no correlatable anomalies in this area.
To the north of the major boundary fault on the north flank of

the ridge, long, linear anomalies can be found extending from the
western boundary of the survey eastward to approximately 85030 'W.

where they terminate against the western flank of the large seamount.
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These anomalies lie above the deep crust of the Panama Basin and
were probably produced by sea-floor spreading from the Galapagos
Rift zone to the north. Although noted by Sclater and Klitgord (1973)

in their analysis of magnetic anomalies within the Panama Basin,

they were not correlated with the reversal time scale,
To the south of the line of searnounts at 2°S,, high amplitude,

east-west trending magnetic anomalies are again observed. Although
recognized in early studies (Raff, 1968; Herron and Heirtzler, 1971)

they were not correlated with the geomagnetic time scale. Between
2°S.and the crest of the Carnegie Ridge the anomalies are of low
amplitude and show no consistent orientation (Fig.

10).

Magnetic anomalies over the ridge crest are typically of low
amplitude, ranging between +100 and -300 gammas and are lineated in

an east-west direction. These anomalies are not similar in form or
amplitude to those produced by sea-floor spreading in the Panama

Basin, A computer model was therefore generated to test whether
these anomalies were produced merely by the block-faulted structure
of the ridge.

Initially a flat-bottomed block model was tried. This model pro-

duced a resulting anomaly field that was several hundred gammas

larger than those observed, even at a magnetization as low as 0. 001
emu/cc. The most successful fit to the observed field is produced by

the summed anomalies from two different source bodies (Fig.

11).

Figure 11. Observed magnetic anomalies and theoretical profile predicted by block models shown
superimposed on line drawing of reflection profile. Location of profile shown on
figure 10.
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The first body is a series of 500 meter thick blocks of infinite length
in the east-west direction, The north-south dimension of these blocks
is controlled by the block-faulted nature of the ridge shown in the
reflection profile of figure 11. The thickness of the blocks is similar
to that used by Sclater and Klitgord (1973) in modeling anomalies pro-

duced by sea-floor spreading in the Panama Basin. The computer
program *TAWAHTZ used to compute the anomalies from the block

model has been described in Taiwani and Heirtzler (1964). The

second body was a pyramid with dimensions similar to the central
seamount on the ridge crest, The anomalies produced by this feature
were modeled with the program POLYMAG, a modification of the
algorithm described by Bott (1963),
A magnetization of 0,001 emu/cc for the searnount and block

model gave the best fit to the observed anomaly field. Although this
value is somewhat 1ow it is within the range of values measured for

dredge basalts from searnounts and spreading centers (Grossling,
1970; Carmichael, 1970),

Though the calculated and observed anomaly profiles differ

somewhat in amplitude, the correlation in the form of the two profiles
over the northern flank of the ridge is quite good. It appears that the

relative positive trends superimposed on the overall negative field are
produced by the steep scarps in the basement relief, On the other
hand, the observed anomalies on the south side of the ridge do not
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correlate well with those predicted by the model.

However, since the

acoustic basement across the ridge is chert, underlying basaltic
crust may have a much more complex relief in this area than is
represented by the simple model of figure 11.
Regional Magnetic Anomalies and Age Relations

The actively spreading Galapagos Rift zone enters the Panama
Basin just to the north of the Galapagos Islands, Although offset by

a small fracture zone at 88°W. the rift zone extends in a nearly eastwest direction along l°N.to approximately 85°W. (Fig.

12).

From

there it is offset to approximately 4°N.by a wide, complex fracture
zone that is most conspicuous on earthquake distribution maps of the
region (van Andel and others, 1971; Sclater and Klitgord, 1973;
Stover, 1973), The eastern end of this eastern spreading segment

terminates in the Panama Fracture Zone, a north-south transform
fault that marks the eastern boundary of the Cocos Plate.
Herron and Heirtzler (1967) and Raff (1968) first correlated
magnetic anomalies within the Panama Basin with the standard

reversal sequence of Heirtzler and others (1968). Later work by Grim
(1970), van Andel and others (1971) and Sciater and Klitgord (1973)

extended the distribution of recognizable magnetic anomalies within
the Basin, The results of these investigations are presented in figure
12.

The anomaly numbers assigned to the east-west trending
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Figure 12. Distribution of magnetic anomalies within the Panama Basin
and to the south of the Carnegie Ridge. Anomaly numbers
from time scale of Heirtzler and others (1968).
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anomalies to the south of the Carnegie Ridge are from Rea and
Malfait (1974).

Anomalies out to nearly the beginning of anomaly 5 can be

observed across the eastern spreading segment of the Rift Zone
within the basin,

The last identifiable anomaly is a small positive

trend just preceding anomaly 5, This anomaly has been labeled E on
figure 12 following the nomenclature used in van Andel and others
(1971),

Sea-floor spreading from this segment of the rift zone, there-

fore, began approximately 10 million years ago.
The western segment of the rift zone has apparently had a more
complicated history. As first pointed out by Sciater and Klitgord,

anomaly 5 can be seen to the north of the rift zone along 86°W. while
the oldest anomaly to the south along 86°W, is 2' (i3 m.

y.

old) which

lies immediately north of the Carnegie Ridge, At approximately 89°W.

the magnetic anomalies appear to be symmetric across the rift zone
with anomaly 2 the oldest to the north and south, Spreading rates

along the western and eastern segments have apparently remained

nearly constant at a half-rate of 3. 25 cm/year (Sciater and Klitgord,
1973).

Magnetic anomalies over the Carnegie Ridge cannot be correlated with the standard anomaly sequence. As shown in figure 11,

these anomalies appear to be produced by the block faulted nature of

the ridge over at least its central portion. Only careful structural
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modeling and detailed magnetic surveys over other portions of the
Carnegie and Cocos Ridges could determine whether this correlation

is a characteristic feature of the ridges in general.
Figure 13 is a plot of crustal age versus distance from the
Galapagos Rift Zone southward along 86°W longitude. Between the

Galapagos Rift Zone and the Carnegie Ridge the ages were determined
from the magnetic profiles of Sciater and Klitgord (1973) shown in the
bottom left of the diagram. To the south of the Carnegie Ridge ages
were determined from the anomaly profiles of Rea and Malfait (1974)
shown in the bottom right. Over the Carnegie Ridge data are provided

both by estimates of the age of acoustic basement based on cores
from the eastern channel and by estimates of the age of basalt
recovered at site 157, It should be remembered that acoustic basement ages of 8 to 10 million years labeled as TTchert on figure 13

represent only a minimum estimate of the age of true basaltic crust
since the chert must lie some distance above basalt, Uncertainties in
the accuracy of accepting the 7 to 8 million year age at site 157 as a

true representation of local crustal age were discussed earlier.
Although Sclater and Klitgord (1973) state that anomaly 2'
"abutts the north flank of the Carnegie Ridge, in actuality it lies

approximately 40 kilometers north of the northern boundary fault of
the ridge. Applying a spreading rate of 3. 25 cm/year to this 40

kilometers yields an age of between 4 and 5 million years for sea floor
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at the base of the scarp, A gap of at least 3 to 4 million years exists
between this age and the age of crust above the scarp on the north

flank of the ridge as shown by the chert ages on figure

13,

The age of crust immediately to the south of the line of seamounts bounding the southern flank of the Carnegie Ridge is approxi-

mately 25 million years (Rea and Malfait, 1974).

The age of crust

over the Carnegie Ridge itself must be older than 8 to 10 million
years and younger than 25 million years. Along 86°W,, therefore,

the 160 kilometers of crust between the northern boundary scarp of
the ridge and the line of seamounts at 2°S is representative of a
maximum time span of approximately 16 million years.

If this crust

were produced by continuous sea-floor spreading it would occur at a

rate of 1 cm/year.
Geologic History of the Central Portion
of the Carnegie Ridge

Two models have been presented to explain the evolution of the

Carnegie and Cocos Ridges as well as the Panama Basin enclosed by
the ridges. The first suggests that the Carnegie and Cocos Ridges

are the surface expression of a mantle "hot spot" (Morgan, 1972)
presently located beneath the Galapagos Islands (Holden and Dietz,
1972; Johnson and Lowrie, 1972), As the Cocos Plate drifted toward

the northeast and the Nazca Plate toward the east, volcanic outpourings

from the "hot spot" would have created the Cocos and Carnegie

Ridges as two linear, volcanic features. In this model the Panama
Basin would open in passive response to the absolute drift of the two

crustal plates. The second model suggests that the Carnegie and
Cocos Ridges once formed an ancestral east-west trending ridge.
This ridge was split by the initiation of spreading along the Galapagos
Rift Zone (van Andel and others, 1971), Opening of the rift zone

began in the east and proceeded westward in a stepwise fashion. This

model would retain the southern half of the ancestral ridge as the
present Carnegie Ridge, with the Cocos Ridge produced by northerly

offset blocks of the ancestral ridge.

The absolute drift direction of the Cocos and Nazca Plates is
apparently in the right direction to have produced the ridges as

volcanic trails behind a 'hot spot" (Minster and others, 1974). The
13 million year age for D. S. D. P. site 158 on the northern Cocos

Ridge (van Andel, Heath and others, 1973c) is in good agreement with

the predicted age based on absolute drift velocity of the Cocos Plate,
If one accepts the minimum estimate of the age (8 to 10 ni. y. years)

of the crust over the central saddle on the Carnegie Ridge, then it,
too, fits well with the predicted age based on drift rates for the

Nazca Plate published by Minster and others (1974). Vogt and

Johnson (1973) have suggested that the proximity to such a rising
mantle plume would provide basalt rich in titanium and iron to the
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Galapagos Rift Zone. This:, they argue, would explain why the ampli-

tude of the magnetic anomalies within the Panama Basin is higher than
along the Galapagos Rift Zone to the west of the Galapagos Islands.

Heath and van Andel (1973) have reported that rare earth data from

basalts drilled at sites 158 and 157 suggest a slightly more fractionated
lava than is normal for typical oceanic tholeites. Such might be the
case if the magma were generated by a rising mantle plume.

Several pieces of data, however, are difficult to reconcile with
the 'hot spot" model. Although the Carnegie Ridge is a semi-linear

feature, the Cocos Ridge is broken into a series of blocks bounded by
east-west and north-south trending scarps (van Andel and others,
1971).

Such a structural outline is difficult to produce by volcanic

outpourings onto a drifting plate. The major element chemistry of

basalts from the ridges is characteristic of oceanic tholeities produced at spreading centers and is dissimilar to Pleistocene lavas from
the volcanoes of the Galapagos Islands (Campsie and others, 1973).

Finally, the 'thot spot" model does not readily explain the formation of
the Malpelo Ridge in the eastern portion of the Panama Basin. This

ridge is similar in structure and morphology to the Cocos Ridge
(van Andel and others, 1971).

The ancestral ridge model has several advantages over the "hot
spot" model in explaining the structural evolution of the region.

It

explains the different structural outlines of the Carnegie and Cocos

Ridges as the result of northward offset blocks from the ancestral
ridge now forming the Cocos Ridge.

The Carnegie Ridge has remained

relatively undisturbed and retains the trend of the old ridge. The
sedimentation histories at the 157 and 158 sites also appear to be
more consistent with this model (Heath and van Andel, 1973).

The ancestral ridge model, however, fails to explain why
spreading on the eastern and western segments of the Galapagos Rift
Zone apparently commenced approximatly 10 million years ago. The

model would predict that spreading along the eastern segment should
have begun much earlier. Additionally the model is unable to explain

the existence or creation of the ancestral ridge, though Johnson and
Lowrie (1972) suggest this ancestral ridge may have been produced as
a volcanic trail behind a Thot spot.
Recently, Rea and Malfait (1974) have proposed that this

ancestral ridge may have been built during a very slow or quiescent
phase of sea floor spreading along the Galapagos Rift Zone between
26 and 10 million years ago. Such a model had been proposed earlier

by McKenzie and Sclater (1971) for similar, linear, aseismic ridges
in the Indian Ocean. These authors quote McKenzie (1972) as showing

that a ridge spreading at an extremely slow rate (<2 mm/year) would
have a radically different temperature structure and volcanism than a
faster spreading ridge. Presumably this would lead to the elevated
topography and volcanism characteristic of aseismic ridges.
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It would appear that evidence is available to either support or
refute the two models which have been presented to explain the

evolution of the Panama Basin, Both fail to explain the distribution of
magnetic anomalies along

86°W0

in the Panama Basin or the gap in

crustal ages which occurs across the northern boundary fault over the

central portion of the ridge (Fig.

13).

Within either of the models one

is forced to assume highly asymmetric spreading between 10 and 5

million years ago to explain the presence of crust of this age to the

north of the rift zone and its absence to the south, or assume that
crustal consumption by underthrusting has taken place beneath the
north flank of the Carnegie Ridge. Asymmetric spreading is not
unknown in the oceans (Hayes, 1974) and some published magnetic

profiles from the Panama Basin do suggest gaps in the history of
sea floor spreading (Sciater and Klitgord, 1973). The wavelength of
anomalies immediately to the north of the Carnegie Ridge, however,
does not appear to exhibit the slow spreading which would be required

if 5 million years were compressed into the 40 kilometers of crust
between anomaly 2' and the Carnegie Ridge (Fig.

13),

Underthrusting beneath the north flank would have interesting

consequences for the structure and tectonic history of the ridge within
the survey area, At a spreading rate of 3. 2 cm/year the amount of
crust missing to the south of the rift zone is approximately

160

kilometers, This is just equal to the width of the Carnegie Ridge
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between the northern boundary scrp and the line of seamounts at 2°S,
The termination of underthrusting would have to post-date the age of

sea floor at the base of the north flank scarp and must therefore have
occurred sometime between 5 million years ago and the present. This
would undoubtedly have led to some uplift of the ridge, presumably in

isostatic response to low density sediments carried beneath the ridge.
Evidence for such uplift is perhaps recorded in the Pliocene unconformity on the north flank of the ridge. Sedimentation in post-Pliocerie

time apparently took place on a sea floor of radically different morphology than in pre-Pliocene time.
A change in sea-floor morphology might have also affected
bottom water circulation. At present bottom water enters the Panama

Basin predominantly through the sill between the eastern Carnegie
Ridge and the Ecuadorian continental margin.

This water circulates

into the western portion of the Panama Basin, is heated over the
Galapagos Rift Zone, rises and diffuses out of the basin (Laird, 1971),
Lonsdale and Malfait (in press) have suggested that uplift of the

Carnegie Ridge in the Pliocene may have created the density structure

in the bottom water presently seen across the sill. Thus, the erosion
produced by the resulting spillover may also owe its initiation to
termination of underthrusting.

It should be remembered that an indication of underthrusting

has been found only within the survey area near the center of the ridge.
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This may reflect the fact that detailed studies on crustal ages over
other portions of the Carnegie Ridge are lacking, or it might imply
that underthrusting is only a local phenomenon along the ridge.

Certainly the Carnegie Ridge is bounded by a well defined series of

faults at other points alorg its length.

4t

present the ridge is aseismic

(van Andel and others, 1971; Stover, 1973) and refraction studies to
the east of the present survey show no evidence of underthrusting
(Bentley, 1974).

The refraction data indicate that the ridge has a

crustal root that is produced by a thickening of all crustal layers.
Such a structure is consistent with the origin of the ridge suggested
by Rea and Malfait (1974).

The mid-Pliocene unconformity in the sirvey area is not conclusive evidence for termination of underthrusting but can be explained

equally well as a regional tectonic event. A similar unconformity deep
in the sedimentary sequence is apparent on other reflection profiles
from along the Carnegie Ridge (van Ande]. and others, 1971).

The age

of this unconformity, however, is unknown. In the site 158 drill hole

on the northern Cocos Ridge a major late Pliocene unconformity was
also found (van Andel, Heath and others, 1973c).

Thus, regardless

of which model is accepted for the formation of the Panama Basin, a
subsidiary mid to late Pli.ocene tectonic event seems required by the
sedimentary histories recorded on the Carnegie and Cocos Ridges.
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The Rea and Malfait model for the origin of the ancestral ridge

may account for the distinct north-south structural trend along
85°50'W. in the survey.

This trend which is delineated along most of

its length by a prominent, 75 meter high scarp, does not extend
beyond the northern boundary scarp of the ridge. No evidence of it

is found within the Panama Basin nor are the east-west trending
anomalies north of the ridge disturbed at this longitude (Fig,

10).

In their paper Rea and Malfait (1974, figure 4a) suggest that the

east-west trending anomalies to the south of the ridge are interrupted
by at least two fracture zones; one at 86. 5°W. and the other slightly to
the east of 86°W. Since these two fracture zones must trend roughly

north-south, the eastern of the two is very nearly on strike with the
prominent scarps along 86°50'W. in the survey area to the north.

Uplift along this scarp may therefore have occurred along a preexisting line of weakness. This trend would therefore owe its position

to the pre- 10 million year spreading history of the Galapagos Rift
Zone.

The distinct structural change in the ridge along 85°W. is harder

to relate to the spreading history of the rift zone since little is known
of the geologic history of the eastern Carnegie Ridge or the sea floor
to the south. This trend appears to align with the wide fracture zone

which presently offsets the northern and southern segments of the rift
zone. Thus, the ridge to the east of 85°W. may have been structurally
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more influenced by the present spreading epoch than the pre- 10

million year spreading history.
Each of the models presented above is therefore capable of
explaining one or more of the structural aspects of this geologically
complex region.

Without better data on crustal ages and deep crustal

structure no final preference can be given to any of these models,
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IL NEAR BOTTOM OBSERVATIONS

Introduction

Initially, studies of sediments in the deep sea were designed to
provide information on the large scale distribution and composition of

these sediments. As knowledge increased in these areas it became
apparent that some thick accumulations of sediment could not be

explained in terms of the existing knowledge of source areas or trans-

port processes for these sediments. For the most part these thick
accumulations occurred in long ridges that stood several hundred
meters above the surrounding sea floor (Ewing and others, 1964;
Heezen and others, 1966). Work in recent years has shown that the

location of these thick sequences is controlled by the deep, thermohaline circulation of bottom water (Johnson and Schneider, 1969;
Ewing and others, 1971; Hollister and Heezen, 1972; Tucholke and
others, 1973).
Although W.ist (1936) had originally suggested that bottom water

circulation might play an important part in the transport of abyssal
sediments, geologists were slow to recognize the significance of his
suggestion. Only recently have geologists tackled the problem of the

influence of these currents in shaping the distribution and thickness of

sediments in the deep sea (Jones and others, 1970; Hollister and
Heezen, 1972; Johnson, 1972).
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Simultaneous with these studies of fine scale sediment distribution was the recognition that bed-form evidence of sediment transport
could often be recognized on both bathymetric and reflection profiles

in the form of large dune-like features (Laughton, 1962; Fox and
and others, 1966).
Bottom photography provided direct visual evidence of sediment

transport in the deep-sea (Meriard, 1952; Heezen and Hollister, 1964).
Rippling and scouring of the sediment surface were commonly

observed in areas where the deep thermohaline circulation reached
high speeds (Heezen and Hollister, 1971).

Evidence of sediment

transport was also found in areas not directly influenced by the large
scale circulation of deep water (Bowin and others, 1967).

Finally, studies of textural and compositional changes in sediments themselves have recently been applied to problems of sediment
reworking and dispersal on the deep-sea floor (van Andel, 1973;
Moore and others, 1973; Kowsmann, 1973).

Two important facts must be kept in mind when evaluating the

significance of erosion, transport and redeposition of marine sediments.

The first is that studies of these processes have mainly con-

centrated on areas that are influenced by the deep thermohaline
circulation of the world's oceans. In areas such as the Drake Passage,

Argentine Basin or Blake-Bahamas Plateau fast bottom currents are
suggested by physical oceanographic studies. Other areas which are

removed from this circulation system have remained relatively unstudied, One of these areas is the eastern portion of the south and

equatorial Pacific. Near bottom observations on the Carnegie Ridge
were designed to study a portion of sea floor in an area well removed
from intense circulation of bottom water.

A second fact is that a gap exists in the size range of features
which can be studied with standard marine geological and geophysical
field techniques. Surface ship surveys have been used to examine

features which are over a few hundred meters high and a kilometer or
more in areal extent. Photography and textural studies are commonly

limited to a study of features on the order of a few meters or smaller
in areal extent, Thus, sea floor features greater than a few meters

and smaller than a kilometer in extent are seldom resolved.
Since its development the deep-tow instrumentation system of

Scripps Institutionts Marine Physical Laboratory has successfully
filled this gap. It has been used in studying magnetic lineations and

fine scale tectonics near centers of sea-floor spreading (Luyendyk and
others, 1968; Atwater and Mudie, 1968; Larson, 1971) and the structure and geologic history of abyssal hills (Luyendyk, 1970). Recently,
the instrument package has provided valuable information on sea floor

morphology and sediment characteristics which are indicative of sediment transport and erosion in the deep sea (Johnson, 1972; Normark
and Spiess, 1973; Flood and others, 1974; Lonsdale and Malfait,

in press).
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Two deep-tow surveys on the Carnegie Ridge were conducted

during leg 5 of the Scripps Institution?s Southtow cruise (Fig.

14).

The first survey was on the floor of the large channel which leads

from the eastern passage in the ridge crest down the north flank into
the deeper portion of the Panama Basin, The second survey covers

the flat terrace, steep scarp and channel system to the south of the
ridge crest, Results from the first survey will be published elsewhere (Lonsdale and Malfait, in press). Only information from that
study which relates to observations from the south flank will be sumrriarized here.

The deep-tow surveys were designed to provide data on the

effect of erosion and transport processes on sea floor morphology.
Specifically, it was hoped that these studies would provide direct

evidence of sediment transport in the form of ripples, scour and
dunes on the sediment surface. Also of importance was an examina-

tion of the distribution of sediment in terms of its implications for the
long term directions of sediment transport.
Instrumentation

The deep-tow vehicle is a cylindrical pressure case approximately two meters in length and 30 centimeters in diameter which is
towed approximately 100 meters above the sea floor by a surface
support ship (Spiess and Mudie, 1970). Navigation of the vehicle is
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accomplished by using an array of bottom-anchored, acoustic transponders which allow navigational accuracies on the order of a few

meters with respect to the transponder locations (Spiess and Tyce,

Position of the surface vessel is also determined with respect

1973).

to these transponders,
Instrumentation aboard the vehicle of importance in the

Carnegie Ridge survey includes: a narrow beam 40 KHz echo sounder
combined with a 24 KHz pup-looking" sonar for fine scale resolution

of sea floor morphology; left and right side-scanning sonar for acoustic

observation of sea-floor features on either side of the vehicle path;
stereo cameras mounted fore and aft that photograph the sea floor
from a

height

of approximately 10 meters; and finally, a 4 KHz pene-

tration system for detecting shallow subbottom reflectors. During

most of the survey only the 4 KHz system failed to return high quality
data.

Also in operation during the Carnegie Ridge study were a

magnetometer, temperature probe and snap-shot television system.
Both bathymetry and 3. 5 KHz reflection profiles were obtained from

the surface vessel throughout the survey.
Approximately 169 hours were devoted to towing operations on

the south flank of the ridge. During the study the vehicle height above
the bottom was maintained at an optimal height of 100 meters except

during camera runs or when rapid bathymetry changes necessitated
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towing at an increased height to insure vehicle safety. The R, M, S.

error of all fixes based on three or more transponders was less than

three meters. Nine transponders were deployed during the survey.
Current meters were attached to four of these, though failure in the

recorder of one meter resulted in the loss of its data,
Surnrriary of North Flank Survey

As discussed earlier, the eastern channel on the north flank of
the ridge has been eroded into Miocene chalk, The channel floor is a

strong acoustic reflector which can be traced beneath both of the
channel wells on 3. 5 KHz reflection records (Lonsdale and Malfait,

in press). Near the center of the channel erosion has cut through

this reflector to form an elongate, enclosed depression over one
kilometer in length, Bottom photography reveals that the chalk has
developed an armor plating of manganese, Evidently, upon exposure

the channel floor is resistant enough to allow an appreciable thickness

of manganese to precipitate thus increasing the resistance of the
channel floor to further erosion,

Where erosion has been able to cut through this plating, large,
thin plates of the manganese crust can be seen resting chaotically on

the underlying sediment (Lonsdale and Malfait, in press, Fig. 4),
Also visible are overhanging ledges of this pavement which have

formed where the underlying sediments have been progressively
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stripped away. This suggests that the manganese layer itself must

have considerable internal strength.
A thin veneer of unconsolidated sediment covers this pavement

over the remainder of the channel floor, Side-looking sonar records
show that this sedimentary veneer has been shaped into complexes of
large dunes. Near the center of the channel the dunes stand out

individually and resemble barchan dunes found in desert environments,

Closer to the channel walls dunes occur in interfirige ring

complexes of transverse dunes.
Individual barchan dunes have an average length of between 20

and 25 meters, Photogrammetric analysis of the few stereo photo-

graphs available of individual dunes slipfaces indicates their heights
are on the order of one to two meters, Such a low height is supported
by the fact that the dunes do not show up on the narrow beam bathy-

metry system which is able to resolve sea-floor relief to a precision
of approximately two meters (Spiess and Tyce, 1973).

The orientation of individual barchan dunes indicates that their

transport direction is to the northwest, downslope into the Panama
Basin,

Prominent current lineations of sediment and pavement frag-

ments are displayed on photographs taken of the sediment cover
between dunes, Elsewhere, asymmetric ripples are abundant on the

sediment surface, These photographic data are consistent with the

orientation of barchan dunes and indicate sediment transport to the
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northwest. Evidence of sediment transport is confined to the channel
floor, Side-looking sonar records and photographs of the channel

walls show a smooth sea-floor disturbed only by. the activities of
benthic organisms.

A current meter anchored 10 meters above the sea floor
recorded current velocities for 52 hours and showed that the nontidal bottom water transport during the deep tow survey was to the

south at a speed of 3 cm/sec. The maximum velocity recorded was
13 cm/sec toward the south. During only three separated hours was

the current flowing in the direction of sediment transport as indicated
by the side-looking sonar and bottom photograph data. At no time did

these isolated intervals of northwestward flow exceed a speed of

7 cm/sec.
The bottom water flow which forms, and propels these dunes and

is responsible for the other evidence of sediment transport must be
episodic,

Lonsdale and Malfait (in press) have suggested that this

flow is produced by the episodic bottom-water spillover from south to

north across the ridge which was discussed earlier. The frequency
of individual spillover events cannot presently be determined.
South Flank Survey

Terrace
The bathymetric map of the south flank survey displays the
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striking contrast between sea floor relief to the north and south of the
boundary scarp which defines the southern limit of the ridge crest
(Fig. 15).

Perhaps the most prominent feature of figure 15 is the

exceedingly low relief displayed by the flat terrace, even when con-

toured at an interval of 20 meters, On a finer interval, yet, the

terrace does reveal a subtle micro-relief of small isolated bathymetric highs extending a few meters above the smooth sea floor. A
thin sediment veneer is commonly seen in the low areas between these
local highs. Side-looking sonar records display dark, heavy returns

from the exposed bedrock on the terrace (Fig.

16).

In the center of the survey the terrace is an enclosed low slightly
deeper than 2340 meters. To the south this low is bounded by an

east-west trending high slightly shallower than 2340 meters. The

sudden rise onto the higher elevations of the ridge crest marks the
northern boundary of the terrace.

To the east and west small hills interrupt the level nature of the

terrace, These two hills are isolated piles of sediment,

The eastern

of these is approximately 150 meters thick and is well displayed on

air gun profiles across the terrace (Fig.

3,

profile B). Acoustic

basement below this pile occurs at the same 2340 meter depth as on

the barren portion of the terrace to the west. A small northwestsoutheast trending channel separates the 2200 meter closed contours
on the northeast slope of this hill (Fig.

15).

The western hill is also

tit

Figure 15. Bathymetry of deep-tow survey on south flank of Carnegie Ridge. Depths in
uncorrected meters. Tracklines shown on figure 19.
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and dark returns from surface of exposed terrace. "H"
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figure 20.

a pile of sediment, though thinner than the one to the east, This hill
has a prominent northwest-southeast trend,
As shown in figure 3 (profile B) the acoustic section in these

hills is composed of horizontal, continuous reflectors similar to those
to the south of the scarp. Surface 3, 5 KHz records show that the

eastern sediment pile has a 10 to 15 meter thick unconformable sedi-

ment layer mantling the underlying, horizontal reflectors (Fig.

17),

The distribution of sediment on the terrace is best displayed on
side-looking sonar records (Fig. 18), which provide an TTacoustic
photograph's of the sea floor up to 500 meters to either side of the
vehicl&s path, Areas of sediment give little return of acoustic energy

because the sediment surface is characterized by poor reflectivity
and smooth slopes. Traverses across the level portion of the ter-

race show dark, patchy returns surrounded by the thin veneer of
sediment mentioned earlier, Subtle changes in the proportion of light

versus dark return are apparent on records from over the terrace,
This apparently reflects changes in the thickness and lateral distribution of sediment, The proportion of light area does increase as one

approaches the two hills, The proportion of dark area increases

dramatically along the top of the steep scarp in response to a lack of
sediment veneer in this area, Elsewhere changes in the proportion of
light versus dark area on records follow no noticeable pattern.
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Distribution of sediment within survey area. Heavy, dotted pattern shows areas characterized by patchy and dark returns on side-looking sonar records.
Surface of scarp shown by vertical lined pattern. Manganese pavements on channel floors to south of scarp shown by light stippled pattern. \reas
Q
lacking side-looking sonar targets are unshaded.

71

Camera runs over this terrace (Fig. 19) reveal the broad range
of micro-environments suggested by side-looking sonar coverage
(Fig. 20), About one-half of the photographs display only sediment

and small nodules, Ripples are observed on photographs of sediment

but typically are dominant only on camera runs close to the two hills
of sediment, Fractured plates of what appears to be manganese are

visible on many photographs (Fig. Z1A). Often these plates have a

nodular surface.

These are similar in many respects to sections of

the fractured pavement in the floor of the channel on the north flank of
the ridge, On several photographs an unfractured pavement can be

observed which has a similar nodular surface (Fig. Z1B),

Large, consolidated masses of what appear to be lithified sediment are present in many photographs. These typically have a

smooth, crenulated surface and commonly display erosional grooving

and hollowing. On some photographs, flat nodular surfaces are appar-

ent on the tops of these masses (Fig. 22), At other points on the
terrace these consolidated masses have been eroded to where only

thin, fluted, stalagmite-like fingers of the lithified material remain,
The appearance of most of the rock exposed on the terrace is
suggestive of karst topography in which lithified carbonate sediments
are being dissolved and eroded. It would appear that the chalk is

resistant enough in local areas to acquire a plating of manganese

before being completely eroded. Where this resistance is continuous
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Figure Z2. Steroscopic pair of what appears to be erosion of
lithified body of sediment. Location of photographs
shown in figure 19.

over a large horizontal area extensive pavements of manganese may
be formed on the chalk surfaces,

In several photographs smaller consolidated masses occur in
dendritic exposures (Fig. 23), This form is reminiscent of the
description of the occurrence of chert in D. S. D. P. site 157 to the
south of the ridge (Heath, 1973). A manganese cementing of the
individual stringers and blebs of chert could lead to an outcrop
exposure similar to that in the photo,

A pipe dredge from the terrace surface returned only small
fragments of a brownish-black, sooty manganese layer. Manganese
nodules up to 5 cm in diameter are visible in many photos from the

terrace, At a coring site on the north flank of the ridge a small
nodule was recovered in the nose of a gravity core. Sectioning of this
nodule revealed a one centimeter thick layer of manganese around a

large basalt fragment and smaller, subsidiary fragments of chert.
Apparently, either basalt or chert can provide the nucleus for precipitation of the nodules on the terrace, but the proximity of the underlying acoustic basement of chert suggests that it may provide the
majcrity of these nuclei. Pillow basalt is not evident in any of the

photographs from the terrace.

The surface of the eastern sediment pile shows little evidence

for active sediment transport, at least on its higher elevations, Sidelooking sonar records reveal no large-scale bedforms such as dunes,
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Figure 23. Dendritic rock type exposed on terrace. Outcrop form is
similar to description of chert occurrence to south of ridge
in D.S.D.P. site 157. Location of photographs on figure 19.
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Camera runs record a smooth, unrippled sea floor which is disturbed
only by the activities of occasional benthic organisms. Side-looking

sonar records display erosion in the form of small depressions or
moats around isolated, dark returns along the base of the southwest
facing slope of this hill (Fig. 24). The dark reflectors are apparently

isolated rocks or more lithified sediments which are being exposed
by erosion at the base of the sediment pile. Currents then erode
small moats around the outcropping, consolidated rock. The channel

which separates the 2200 meter closures is further evidence that
erosion has occurred on this sediment pile. The unconformable layer
overlying this hill shown in figure 17 suggests that either this erosion
is an infrequent phenomenon or that the erosional features are relict.

The western hill, on the other hand, displays the most prominent
evidence of sediment transport observed in the deep-tow survey.

Dunes are found on the lower slopes of this hill and on adjacent por-

tions of the flat terrace. These dunes give side-looking sonar returns
(Fig. 25) which are similar to those observed by Lonsdale and others
(1971) on the crest of Horizon Guyot. Where the vehicle height is

low, acoustic energy strikes the sediment surface at a low grazing
angle. Hence, the sea floor immediately downcurrent from the steep

slipface of the dune is not insonified. The small crescentic areas of

negligible return on the righthand record of figure 24 represent this
area of shadowed sea floor. Just the opposite is the case on the left
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Figure 24. Side-scan sonar record showing erosional moats around
rock exposed at base of eastern sediment pile. TIHH is
vehicle height above sea floor. Location of record on
figure 20.
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Figure 25, Side-scan sonar records on western sediment pile. Small
crescentic areas on righthand record represent shadowed
sea floor produced downcurrent from dune slipfaces. Dark
returns on left record are produced by steeply inclined
slipfaces. Location of record on figure 20.

side-looker record, Here the dune slipfaces represent faint reflec-

tors since their steep slopes allow acoustic energy to strike them at
a higher incident angle than the surrounding sea floor, The slipfaces

therefore stand out as narrow, elongate bands of higher energy return,
The geometry of the side-looking sonar system allows the height
and length of these dunes to be calculated, The height of these dunes
is between two and four meters and their wavelength is between 20
and 30 meters, The orientation of the dune slipfaces and ripples
observed between dunes on photographs are consistent with sediment

transport to the southeast along the lower slopes of this hill,

There is no evidence for sediment transport across the top of
this hill, Even though camera runs were made in several locations

across the crest (Fig. 19) neither side-looking sonar nor bottom
photography revealed any disturbance of a smooth sediment surface,

Benthic organisms are abundant in photographs from the crest, Their

activity may destroy ripples lineations and other evidence of transport
on the sediment surface, Alternatively one might suggest a very thin
bottom water flow which would affect only the lower slopes and

surrounding terrace, The bathymetry of this area would require the
flow to be less than 40 meters thick, A further possibility is that the

lower slopes and adjacent portions of the terrace provide a more stable
substrate for dune formation, Such is apparently also the case for the
channel on the north flank of the ridge (Lonsdale and Malfait, in press),

Across the flat portions of the terrace isolated photographs of
ripples, current lineations and scour (Figs. 22 and 23) give evidence
of sediment transport. The predominant direction of sediment

transport in these photos is toward the southeast.
Scar p

The character of the scarp bounding the terrace changes across
the survey area, To the west its slope is relatively steep, while to

the east it is more of a long, gentle rise (Fig, 26). Near the center
of the survey the scarp is not merely a continuous slope, and numer-

ous small rises and narrow depressions are found along the scarp
surface, Steep slope segments on several of the profiles suggest the

scarp is probably composed of numerous, small faults,

Side-looking sonar records give dark, chaotic returns on most

crossings suggesting that for the most part the surface is free of
sediment, The local rugged micro- relief also contributes to these

dark returns, Sediment is apparently ponded where topographic
benches or local lows occur on the slope.

Unfortunately the steepness of the scarp as well as its rugged
relief prevented an extensive examination of its surface with photography,

One camera run was made down the scarp on the eastern

side of the survey, At this point the scarp has a low slope and all but
two photographs display a smooth sediment surface,

This run was
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Figure 26. Deep-tow bathymetry profiles of scarp. Location of
profiles on figure 20.

made to the south of the eastern sediment pile on the terrace which is
possibly the source of the sediment foundon the scarp in this area.
The two photographs not dominated by sediment show a coalescent,
pillowy rock that is undoubtedly basalt (Fig 27).

Pillow basalts were also photographed on camera runs on the
top and bottom slopes of the scarp, The surface of the basalt pillows
often shows a minor crenulation or "dimpling" suggesting they may be
coated with manganese. In other exposures fracturing of pillows has

revealed radial jointing common to these basalts (Fig, 27B). No
other photos from the survey area exhibit the pillowy nature of those
shown in figure 27. Basalt is apparently only exposed along the scarp

where uplift has exposed crust below the acoustic basement of chert,
Sea Floor to South of Scarp

The sea floor to the south of the terrace has a striking washboard
relief composed of ridges and valleys which trend roughly northsouth (Fig. 15).

The deepest of these valleys extends from the scarp

toward the southeast across the entire survey. The overall northsouth trend of this relief is bound on the north by the major channel

along the base of the scarp (Fig. 3). Locally this channel shoals over
narrow highs where erosion has been unable to completely remove the
sediment overlying acoustic basement,

11M.
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Figure 27. Photograph of pillow basalt taken on surface of scarp.
Location of photographs on figure 19.

Air gun and 3. 5 KHz profiles reveal that the sea floor in this
area is underlain by up to 200 meters of sediment, The underlying,
smooth acoustic basement of chert slopes gently toward the south and

southwest from the base of the scarp where it has been exposed by
erosion, Two prominent reflectors can be seen on 3. 5 KHz records
(Fig. 28).

The shallowest of these is observed in the sediment

sequence between 2450 and 2500 meters, It parallels acoustic base.-

rnent and is therefore shallowest in the north and east and deepest in
the south and west,

The second reflector is approximately 75 meters

below the top reflector. This reflector is more difficult to trace since

its depth in the sedimentary section masks it from view except where
erosion has thinned the overlying sediment column.

The top reflector can be seen on air gun records from across

the survey, On figure 3 (profile C) it is marked as

This

reflector can be traced on reflection profiles to near the vicinity of
D, S. D. P. site 157.

The depth of the reflector in that location cor-

responds to the depth at which a chalk sequence was encountered
during drilling. Also apparent in figure 28 are local, vertical inter-

ruptions of the reflection record below the top reflector, This is a
characteristic feature of 3, 5 KHz records in the deep-tow survey and
is never found above the top reflector, Areal variations in the degree
of lithification of the chalk might produce such a return.

2400

reflector
2500

i1TSii!

Figure 28. Reflection profile (3,5 KHz) of lower portion of sediment section to south of scarp. Top
reflector corresponds to reflector HtH on figure 3 profile C and marks top of chalk
sequence. Characteristic vertical interruptions in chalk below top reflector may mark
lateral changes in degree of induration within chalk. Bottom reflector in chalk sequence
also visible. Location of profile on figure 20.

Side-looking sonar records to the south of the east-west trending, scarp-base channel typically record a smooth, uninterrupted sea
floor. An exception to this occurs where the vehicle crosses the

deeper channels of the washboard relief. Where these channels inter-

sect the vehicle's path at a shallow angle, four characteristic returns
can generally be seen on the side-scan records (Fig. 29). The first is
an elongate, dark band which occurs over the channel floor and has the

same overall trend as that of the channel determined from the bathymetry along adjacent tracklines. This band, appears on both the left

and right side scan records. A narrower, darker return on one
record and a shadow zone to the opposite side occur immediately
adjacent to this wide band.

This is a result of the geometry of the

channel crossing. Where the channel trend and vehicle path are not

perpendicular, the steep channel wall will be insonified and produce a
dark return on only one side of the vehicle.

The channel wall to the

opposite side will be shadowed by sea floor adjacent to the channel

and the side-scan record to this side will show a distinct shadow.

The

fourth distinct pattern is a thin ribbonlike return which marks the
boundary of the shadowed zone on figure 29 and therefore apparently
marks the top of the channel wall,

On figure 29 the top of the eastern channel wall corresponds to
the outcrop of a prominent reflector shown at the bottom of the diagram
on the 4 KHz record. This reflector is the shallower of the two
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Figure 29. Side-scan sonar records across channel to south of scarp
showing dark, wide band produced by manganese fragments on channel flow. Second dark return on lefthand
record produced by channel wall. Reflection profile
(4 KHz) at bottom shows outcrop of top reflector in chalk
sequence which is coated by thin layer of manganese producing thin, ribbonlike return on right side-scan record.
Location of profile on figure 20.

prominent reflectors to the south of the terrace and marks the transition from calcareous ooze to a more lithified chalk. This channel has

been eroded into the more resistant chalk strata below the top reflector, The lithification in this chalk allows the formation of the steep
channel walls shown in figure 29.

Photographs of one of these walls show an indurated, grooved

surface which is apparently the erosional, outcrop expression of this
chalk (Fig. 30A). Also apparent on these photographs are thin

fractured plates of what appears to be a manganese coating resting
chaotically on the sloping wall, These plates are not seen above the

point where the top reflector outcrops. Apparently they are the
eroded remains of a manganese coating on the top of the chalk
sequence. The outcrop of this coating is responsible for the ribbon-

like returns on the righthand side-scan record of figure 29, Photographs of the channel floor reveal a rubble pavement of these plates
(Fig. 30B). This rubble produces the wide band on side-scan records

from along the channel floor. Slightly below the channel floor the

lower of the two prominent reflectors can be seen, The prominent
reflecting surface on the left side of the 4 KHz record is a local

erosional surface covered by a few meters of unlithified sediment,

intersecting tracklines this surface can be traced for approximately
two kilometers to either side of the trackline of figure 29,

On
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Figure 30. Photographs of chalk exposed in channel wall and manganese plates visible on channel wall and concentrated on
floor of channel. Location of photographs on figure 19.

The acoustic signature on side- scan records and the local
morphology of the sea floor are therefore directly determined by the

position of this chalk unit with respect to the local bathymetry. Where

erosion has exposed the chalk strong returns are observed from both
the steep channel walls and the manganese coating on the chalk surface, Elsewhere, even though channels and erosion do occur, the sea

floor has a gentle slope and is not covered by manganese. The ooze
overlying the chalk is apparently too weak to allow the formation of

steep slopes and not stable enough to allow the precipitation of
manganese.

The chalk sequence also outcrops along the south wall of the

channel at the base of the scarp, though a thin surficial sediment

cover masks much of its character and gives the sea floor a smooth
and more gentle slope. Here, the bottom reflector in the sequence

outcrops producing small cliffs up to a. few meters high or slight
inflections in the local bathymetric slope (Fig. 31),

The outcrop of

this reflector is also responsible for the thin, ribbonlike return along
the wall of this channel seen on side-looking sonar records (Fig. 31).
Also apparent on the right side- scan record of figure 31 is an area of
confused tracked return, Such a return might be produced by a chalk
outcrop similar to that shown in figure 30A, One photograph across

the outcrop of the bottom reflector revealed a thin coating of what is
apparently manganese (Fig. 32),
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Figure 31. Side-scan and 4 KHz records showing outcrop of lower
reflector in chalk sequence. Dark returns in distance on
left record are produced from barren floor of channel
immediately south of scarp. Tracklike returns on rightlooking record produced by exposed chalk surface.
Location of profiles on figure 20.
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Figure 32. Stereoscopic pair showing outcrop of lower reflector
in chalk sequence apparently coated by thin layer of
manganese. Location of photographs on figure 19.
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The floor of the east-west channel south of the scarp is barren
of appreciable sediment cover, Side- scan sonar records from this

floor reveal patchy and dark returns. On some records distinct

lineations can be seen paralleling the scarp (Fig. 33). Bottom photographs from this floor reveal elevated, elongate masses of what
appears to be lithiuied sediment, These bodies are also typically

oriented in roughly an east-west direction paralleling the scarp and

are apparently responsible for the side-scan returns, What appear to
be small steps or bedding planes are visible on the steep sides of some
of these outcrops (Fig. 34A). Elsewhere, thin, dike-like vertical

bodies are seen extending above the sea floor. Distinct layering is

visible on the top surface of several of these exposures (Fig. 34B).
These bodies are apparently formed by lithified sediment undergoing
erosion since hollows and grooving can commonly be observed over

their surfaces (Fig. 34C). The dark, smooth appearance of the
surface of these bodies when compared to the surrounding sediments

or chalk suggests that they may have acquired a thin, surficial coating

of what is probably manganese. A slightly more extensive surficial
coating of the sediment is exposed just at the base of the south wall of
this channel. As erosion proceeds, the coating apparently is fracturing (Fig. 34D),

The overall parallelism of these features with the scarp trend
is quite striking. This may suggest that either lithification of the
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Figure 33. Side-scan sonar record showing elongate returns characteristic of portions of channel floor immediately to south
of s carp. Location of photographs on figure 19.
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sediment is in some way related to the proximity and orientation of

the scarp or that erosional processes parallel the scarp, Lithification could be affected if movement along the scarp had disturbed the
sediment sequence immediately to the south. Small faults and frac-

tures within the sediment could be the sites for precipitation of what
appear to be the vein fillings of figure 34, Whether this increased

lithification is merely the result of local variations in induration of
the chalk or whether it records early chertification of the sediment is
an open question, since no samples of the material are available.
Sediment transport within the east-west channel is influenced by
the local microrelief produced by the elevated bodies of lithified
sediment, Ripple marks and current lineations record flow that

sweeps parallel to the east-west trend of these features. Elsewhere
sediment streamers, local ponding, lineations and scour suggest that
current flow perpendicular to the trend of these bodies is also common.

Photographs taken in the north-south channel system farther

south record little evidence of sediment transport. No ripples are
observed on the floors of these channels, In only a few instances are
lineations of sediment behind manganese plates visible. These do not

record a consistent direction of sediment transport, Photographs
from between the deeper channels record a monotonous, smooth sedirnent surface disturbed only by the activities of benthic organisms.

Current Meter Measurements

Current meter data were obtained at three different locations
during the deep-tow survey,

The meters used are similar to those

described by Schick and others (1968) arid recorded current velocity

10 meters above the sea floor. The location of each meter and a rose
diagram showing direction and speed are presented in figure 35.

individual points on the rose diagrams represent averaged velocities
over a one hour time period.

The current meter records are all similar in that they show
oscillating tidal currents superimposed on a slow, net, non-tidal
current. Vector diagrams for the current meter records show this

net current to be directed to the north or northeast at a speed slightly

less than 3 cm/sec. On all three records the fastest instantaneous
speeds recorded were always in this northerly or northeasterly
direction.

Current meter "orange" deployed in the channel at the base of

the scarp records the widest variation in direction of currents. This
meter was well above the micro-relief of the sea floor displayed in
bottom photographs of figure 34, The variation in current direction as

implied by ripples and lineations in photographs from this channel

discussed earlier may reflect the actual variation in direction of
bottom water flow as well as the diversion of this flow by local microrelief.
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Figure 35. Rose diagrams showing current velocity 10 meters above the sea floor. Concentric
circles on diagram represent speeds of 5, 10 and 15 cm/sec. Each dot represents
averaged velocity and direction for a 1 hour period.
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Bottom photographs from near the locations of the other two

current meters show no evidence of sediment transport consistent
with the measured bottom water flow. The scouring noted on side-

scan records from the vicinity of the TTblackTT current meter may
reflect slight erosion around rocks produced by these oscillating

currents.

The current speed required to erode and transport calcareous
sediment is not well known,

During his study in the equatorial

Pacific, Johnson (1972) found that this current must exceed 10 cm/sec.
Lonsdale and others (1972) suggested that locally accelerated tidal

currents of 17 cm/sec were responsible for rippling of the sediment
surface on Horizon Guyot. Speeds of 13 cm/sec in the channel on the

north flank of the Carnegie Ridge are apparently insufficient to trans-

port sediment (Lonsdale and Malfait, in press), It should be remem-

bered that these velocities were measured several meters above the
sea floor with no knowledge of the near bottom velocity gradient.

Local differences in the near bottom gradient as well as accelerations
produced by changes in local micro-relief will strongly affect the
velocity within the sea floor boundary layer.
Southard and others (1971) have attempted laboratory studies on

transport of calcareous ooze, They found that velocities between 7

and 20 cm/sec were required to initiate erosion. The higher velocities
were needed for longer periods of compaction of the sediment before
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current flow was initiated. The degree of compaction decreases the

water content of the sediment, apparently increasing grain-to-grain
cohesion and thus requiring a higher velocity for sediment entrainrnent. No ripples were observed on the sediment surface during this

study.

The maximum currents of approximately 15 cm/sec measured

in the deep tow survey may be sufficient to entrain calcareous sediment.

Locally where the current is accelerated by flow around sea

floor obstructions this is probably the case. The dunes observed on

the western sediment pile, however, must require a significantly
faster current than those measured. Lonsdale and Malfait (in press)
suggested that this flow must exceed 20 cm/sec to permit dune forma.tion on the north flank of the ridge. The consistent southeastward

transport on the terrace suggested by the orientation of individual

dunes would require a fairly uniform flow direction, at least during
the period of active dune formation and migration.

The measured velocities are also probably sufficient to aid in
erosion of the channel walls to the south of the terrace. This is
because the channel walls are composed of chalk which can be eroded
by both mechanical fracturing and dissolution.
Conclusions

The deep-tow survey on the south flank of the Carnegie Ridge
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records at least five distinct environments, The first of these occurs
over the crests of the two sediment piles on the terrace and in the

inter-channel sections of sea floor to the south of the steep 5 carp.
Side-scan sonar records from this environment reveal only smooth

sea floor, uninterrupted by local 5 carps, steep slopes, isolated rocks
or any bedform indicators of sediment transport. Bottom photographs
reveal the sea floor to be disturbed only by the activities of benthic
organisms. Unconformable sediment layers are seen mantling under-

lying horizontal reflectors in local areas,
The second environment occurs within the channels to the south

of the scarp where erosion has cut into, but not completely through,
the chalk sequence at the base of the sedimentary section, This

environment is characterized by strong returns on side-looking sonar
records, These returns record the steeper slopes of the channel
walls, the thin layers of manganese which coat outcropping reflectors
in the chalk sequence, and the rubble pavements of manganese along
the floors of the channels, Photographs reveal the lithified chalk
along the channel walls which has apparently been scoured by bottom
water flow. Only slight evidence of sediment transport is recorded on

the floors of these channels.

The barren terrace and the floor of the east-west trending
channel to the south of the scarp comprise the third environment,
Reflection records show this environment to be devoid of extensive
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sediment cover. Instead, erosion has apparently exposed the acoustic

basement seen on reflection records, The sea floor gives patchy and

dark returns on side-scan sonar records. At times isolated ponds of
thin surficial sediment between exposures of bedrock can be seen.
Bottom photographs reveal a variety of consolidated bed forms,
Grooving and hollowing of these forms can be observed in many photographs.

In other photos small, stalagmite-like, fluted fingers can be

seen projecting above the main consolidated body. Many of these

features exhibit a smooth surface, broken occasionally by small steps
suggestive of bedding planes. Elsewhere this smooth surface can be

seen to be fractured and hollowed, suggesting it may merely be a
smooth coating of manganese, Thinner, layered dike-like features

are also seen on photographs, though these are only observed on the
floor of the channel to the south of the scarp,

Between these consolidated bedfornis sediment transport is
recorded by rippling lineation and scour, Across the terrace photo-

graphs reveal a dominant transport to the southeast. Along the floor
of the channel sediment responds to a variety of flow directions.

The steep scarp forms another environment, On some crossings
the scarp has a rugged local relief composed of small benches and
local highs bounded by steep slope segments, Sediment accumulates

in local lows or where the slope of the scarp is relatively shallow,
Pillow basalts were photographed on camera runs which traversed

various portions of this scarp.
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The last environment occurs at the base of the slopes on the two
isolated sediment piles on the terrace, The western of these hills
records evidence of sediment transport in the form of dunes on sidelooking sonar records and rippling and lineation of the sediment surface on bottom photographs. Along the eastern sediment pile, scouring

around isolated rocks is visible,
The differences between these environments are caused, to a

first order, by contrasts in the susceptibility to erosion of the various
sedimentary lithologies exposed in the survey area, A more subtle
influence is probably imparted by the location of each environment

with respect to regional bathymetry. The base of the sediment
sequence on the ridge is exposed across the terrace and along the floor
of the channel to the south of the scarp. This basement composed of

chert is apparently impervious to further erosion once it is exposed
since its depth beneath the sediment piles on the terrace is the same
as that on the barren sections of the terrace. On seismic reflection
profiles to the south of the deep-tow survey downcutting by erosion

must also terminate at this chert since no channels extend below this
layer, The isolated, consolidated bed forms noted on photographs give

patchy and dark returns on side-looking sonar records, These features
apparently record erosion of the lower portions of the lithified chalk
sequence which overlies the chert basement.

The proximity to the

underlying chert might imply that initial chertification has taken
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place within the lowest portion of the chalk sequence thus increasing

the resistance to erosion, Manganese coatings on these features
may further prevent their destruction,
Steep walled channels are found within the main part of the chalk
sequence,

These small individual channels are similar to the large

channel on the north flank of the ridge (Lonsdale and Malfait, in press).
Both on the north and south side the channels are floored by chalk
-

where examined with the deep-tow vehicle, Prominent reflectors

within this chalk sequence are apparently resistant enough to erosion
to allow a thin coating of manganese to develop after their exposure.
In core Y71-3-ZO to the east of the deep-tow survey (Fig, 9) a surface

layer of manganese overlying chalk was cored, This coating was
approximately five centimeters thick, A second layer of manganese

was encountered at 60 centimeters in the core, No manganese was
found in D. S. D, P. site 157 where the sediment was reducing (van

Andel, Heath and others, 1973b), Apparently oxidation of the chalk

and precipitation of manganese only occur where erosion has exposed
the chalk, Locally where erosion is more intense the pavements of

manganese are fractured resulting in rubble heaps of thin plates and
smaller fragments,
The lack of evidence for extensive sediment transport does not

correspond with the erosional history implied for this area on the
ridge, The unconformable layer mantling the eastern hill on the
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terrace suggests relatively undisturbed sedimentation in this portion
of the survey. Perhaps this is a result of topographic shielding from

southerly or southeasterly directed currents. The higher elevations
of the ridge summit lie almost due north of this hill (Fig.

14).

The

western hill may be more exposed to southerly flow, though the bathy-

metry of the ridge crest to the north was not examined during the deep
tow survey (Fig. 15).

Across the barren portion of the terrace isolated photographs

record scour, rippling and current lineations consistent with a
southerly flow. Elsewhere on the terrace the predominance of smooth

unrippled sediment in photographs implies that these areas may be
shielded by the local microrelief. Alternatively, bottom water flow

over the terrace may be episodic in nature. The activities of benthic

organisms and oscillating tidal currents may erase sedimentary
evidence of strong southerly currents.

Current measurements on the terrace were not consistent with a
strong southeasterly flow, Apparently such flow must occur at

intervals that are greater than the five days during which measurements were made. Perhaps this flow is responding to seasonal or

monthly accelerations in tidal current velocity.
Evidence for a net southward transport of sediment to the south

of the ridge was discussed earlier, Neither current meter data nor
bottom photographs lend support to the arguments discussed earlier.

Erosion of the channel walls is probably aided by tidal oscillations
which leads to enhanced dissolution of the exposed chalk. The sedi-

mentation rate in this area, however, approaches 10 cm/1000 years,
No sediment is seen mantling the rubble pavements, implying that

currents must episodically transport sediment along the floors of
these channels on a time scale of thousands of years at the very most,
Johns on (1972) has suggested that bottom water circulation and

hence erosion may have been more intense during the Pleistocene than

at present in the Pacific. Some evidence for this may be found over

the terrace, It would nicely account for the erosion of the eastern
sediment pile and its subsequent burial under a thin mantling of
unconformable sediment, The lack of this unconformable layer over

the remainder of the terrace, however, implies that this change in
sedimentation regime must have been only a local phenomenon perhaps
related to topographic shielding. At other locations sediment transport

must occur frequently enough to sweep sediment from the exposed

terrace and channel floors, Apparently this flow does not occur frequently enough to have been recorded by the current meters deployed
during this survey.
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III, GRAIN SIZE STUDIES

Introduction

Geologists have long been interested in the size distribution of

sedimentary particles. Such studies provide a basic description of a
sedimentary deposit and may be indicative of a specific environment of

deposition for that deposit. A third and perhaps more important

reason for grain size studies is that at times they can be used in
analyzing the physical mechanism active during transport and sedimentation of individual particles.

Grain size studies on surface sediments from the Carnegie
Ridge survey were made in an attempt to relate variations in the

textural characteristics of the sediment to the erosional and transport
processes which affect sediment distribution, Regional analyses of
the size distribution in surface sediments found a coarsening of sedi-.
ment with decreasing depth onto the elevated ridges of the Panama
Basin (van Andel, 1973), Examination of the composition and texture

of these sediments also implied extensive winnowing of ridge crest

material with subsequent downslope transport of the finer fraction
(Kowsmann, 1973).

Neither of these studies, however, was able to

examine changes in the textural characteristics of sediment over a

small area. This, of course, is of importance in attempting to define
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whether the erosion and downslope transport are responding to isolated
or regional conditions of bottom water movement,

Samoles and Procedures

Surface samples were taken from 22 of the cores within the
survey (Fig, 36). For the most part these samples were from the

pilot cores at piston core stations, Samples from free-fall cores
and from one piston core supplemented this data set,
A visual and microscopic examination was used to determine if

the top few centimeters of each core were representative of the
remainder of the core, In handling cores on board a ship and in the

actual coring process itself the surface of the core can be disturbed
since it typically has a high water content, Resettling of this dis-

turbed surface commonly leaves a thin layer of fine material capping
the core, The cores used in this study commonly revealed a few

millimeters of this resettled material. Two cores had between three
and five centimeters of fine grained material overlying a much coarser
sediment, It seems difficult to attribute this much of a fine grained

capping to resuspension. One of the samples (7948) lies in a broad low

in the eastern passage, while the other (7950) is at the base of the
eastern channel on the north slope (Fig. 36), During periods when
sediment transport is not pronounced both of these areas may be
receiving fine grained suspended sediment transported from
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neighboring highs. Such suspended sediment is apparent in the water

column over the ridge crest and slopes (Plank and others, 1973). A
sample from this fine layer and one from the coarser portion of the
core were analyzed, though the Lower samples in each core were

considered more typical of the grain size at each location.

Each sample was washed three times with filtered distilled
water, The clay, silt and sand fractions were separated by repeated

decantations assuming Stokesian settling. The weight percent of the

sand, silt and clay fractions was then determined for each sample,
The greater than 63

fraction of each sample was then split.

The grain size distribution of this fraction was determined using a
large diameter settling tube (van Andel, 1964). The resulting curnulative weight curve was digitized at

05

4

intervals assuming Stokesian

settling for individual particles at a temperature of 26°C. A computer
program was then used to fit these data points with a cubic spline
curve, Differentiation of this fitted curve resulted in a size-

frequency distribution foi' the sand fraction.

If a particle size distribution approximates a Gaussian distribu-

tion, several different statistical measures can be used to describe
deviations of this distribution from normality (Inman, 1952; Folk and
Ward, 1957). However, if the frequency distribution represents the

sum of several different grain size distributions such statistical
descriptions are no longer valid (McCammon, 1962). Instead, the
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frequency distribution should be resolved into its various modal components.

This can be done by graphical methods (Cassie, 1954)

though these are somewhat time consuming and inaccurate when

individual modes are not distinct, In this study a Dupont 310 Curve

Resolver was used to resolve the polymodal character of the sizefrequency distributions (Oser, 1972). Each of the individual modes

comprising the distribution was assumed to have a Gaussian distribution (Oser, 1972; van Andel, 1973).

Grain Size Distribution

The grain size characteristics of sediments over the Carnegie
Ridge reflect the processes of erosion and sediment transport which

have been discussed earlier. Whereas the average surface sediment
in the Panama Basin contains less than a 15% sand fraction (van Andel,

1973) those from the survey area commonly have a sand content
exceeding 30% of the total sample (Fig. 37). On the crest of the ridge
the sand content is commonly in excess of 50%,

The distribution and proportion of the sand fraction must
reflect winnowing and downslope transport of the finer portion of the

sediment on the ridge crest,

All studies of textural characteristics of

sediment in the Panama Basin have shown this progressive coarsening
of sediment onto shallower, bathymetric highs (van Andel, 1973;
Kowsmann, 1973), This coarsening is controlled by erosional
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processes which are apparently more prevalent at shallower depths in
the Panama Basin (van Andel and others, 1971; Truchan and Aitken,
1973),

Figure 37 shows that sediments from over the Carnegie Ridge

follow this trend to only a first approximation. Within the survey a

distinct east-west control can also be seen in the coarseness of the
sediment, though the distribution of samples is not adequate to fully
define this pattern.
Instead of displaying a uniform, downslope decrease in sand
fraction, sediments tend to become finer both downslope and upslope

from the sill depth along the ridge summit. Coarse sediments are
also found along the floor of the eastern channel on the north slope.

The upward fining from the sill depth is especially apparent in the

eastern passage. Sample distribution in the western passage is not
adequate to delineate a pattern in this area, though the one sample
available has a sand content in excess of 70%, similar to surface
sediments in the eastern passage.
The grain size distribution over the ridge crest and north flank
tends to mirror the sediment thickness map of figure 7. This, of

course, is to be expected. Where erosion has thinned the sediment
section bottom water flow is certainly fast enough to remove the finer

fraction from the surface sediment, Data discussed earlier led to the

conclusion that the flow across the ridge crest and north flank was at
least partially controlled by bottom water spillover from south of the
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ridge into the Panama Basin, Such a spillover mechanism would nicely
account for the distribution of sediments displaying a high sand content,

The flow of water in this process should only affect sediments
near the sill depth and in the channels down which the water flows on
the north flank, The shallower depths of the ridge crest would be

unaffected by this flow and thus should retain a much higher percentage

of their fine fraction, Sediments to the north of the ridge in the
deeper portions of the Panama Basin will also be unaffected by this

flow and in addition probably receive finer material transported
downslope from the ridge crest, The upsiope and downslope fining of

sediment from the sill depth in figure 37 appears to reflect this control, though once again the sample distribution is adequate only to
define this pattern broadly,
One sample (7940) from a core taken immediately south of the

central seamount on the ridge crest does not fit this simple pattern,
This sample is from the eastern sediment pile in the deep-tow survey
(Fig. 36), The low sand content of this core reflects the nature of the

unconformable mantling of sediment on the eastern hill, As discussed

earlier, erosion of this hill appears to be limited and the surface
sediment probably retains a high proportion of its fine- grained
fraction,
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Cores to the south of the ridge crest show a fairly uniform southward fining of the sediment,

This is somewhat surprising since an

attempt was made to place several of these cores in the axes of the
channels on this flank of the ridge and one might therefore expect a
higher sand content than that observed,

As shown in deep-tow profiles, however, local, unconformable

sediment layers are present near the floors of these channels (Fig.
29).

An error in core location of only a few hundred meters would

result in coring of sediment which is not characteristic of the channel
floor. Ship drift during coring operations was quite noticeable since

surface currents are both fast and variable in direction over the
Carnegie Ridge, This drift combined with the narrowness of indivi-

dual channels suggests that samples from south of the ridge do not

fully define the characteristics of surface sediments along the channel
floors,
Modal Analysis

Curray (1960) and van Andel (1964) have studied the modal

distribution in sediments from shallow and intermediate depth waters.
Recently, Oser (1972), Dauphin (1972) and van Andel (1973) have

extended this method to an analysis of textural modes in deep-sea
sediments, Van Andel' s study was restricted to an investigation of

the silt modes which generally dominate the grain size distribution

of
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surface sediments from the Panama Basin, Since the sand fraction is
the dominant component of sediment in the Carnegie Ridge survey,
only that fraction was examined in this study.

Three modes (labeled A, B, C in figure 38) are consistently

present in the surface samples from the study area and comprise the
coarsest portion of the sand fraction, These three modes typically
account for between 40 and 70% of the entire sand fraction. Finer

modes are common in all samples, but no particular mode appears
to be common to more than a few individual samples (Fig. 38),

Modes A, B and C were separated from three samples for
microscopic examination (Fig. 39), Mode A in the three samples is
composed dominantly of the whole tests of foraminifera Globoquadrina

dutertrei (70%) and Globorotalia menardii (30%) (Thiede, personal
communication). The ratio of whole tests to fragments is approxi-

mately 70:30. Mode B contains the same two species of foraminifera

but fragments account for approximately 70% of this mode. Fragments

of Orbulina universa are also present in this mode, Mode C is
distinguished from modes A and B by being composed of greater than
90% fragments,

Although the dominant characteristic of each mode in all samples

is its striking uniformity, slight differences are apparent. The modes
from samples 7946 and 7949 show staining of individual tests. Pyrite
is also visible on some test walls, Sample 7959 does not exhibit this

793679377938793979407941794279437944794579467947-

I

J

I

I
I

I

I

I

I

I
I
I

III

III

I

lI

7948-

I

7949-

I

I

I

I

795179527953-

III

II

I

I

,

I

I

1

II

7954 -

II

7955-

II

79587959-

I'

7956-i
7957-

I

1

11111
I

(A)

I

(B)

III

(C)

I

I

2.2

24

I

28

I

I

2.6

3.0

3.2

3.4

3.6

.218

3.8

.190

4.0

.165

.144

.125

.109

.095

.083

.072

.063

I

I

SCAlE

mm.

Figure 38. Distribution of mean position of modes in sand fraction from surface
samples.
I-

'0

120

2.0

24

2.8

32

3.6

4.0

Figure 39. Samples from which modes A, B, and C were
separated for examination.

12 1

alteration in any of its modes, Alteration of particles in individual

modes may result in the small shifts in modal position apparent in
figure 38,

These three modes reflect the initial input and subsequent

fragmentation of foraminiferal tests on the sea floor. BothG.

dutertrei and C. menardii are species resistant to solution (Berger,
1970) and their tests therefore survive whole as the coarsest mode
observed in surface sediments. Their occurrence together is not

surprising since they have a similar settling velocity (Berger and
Piper, 1972), The chambered nature of foramiriiferal tests suggests
that they may not respond homogeneously to destruction,

Thus,

discrete modes of fragments may be produced by the initial destruction of tests, Solution of the calcium carbonate composing these tests

perhaps aids in the initial fragmentation and may account for the

lack of consistent modes finer than the three examined in the sand
fraction (Fig. 38), Where initial fragmentation might be expected to

produce discrete modes, dissolution should be process tending to
form a more continuous grain size distribution from these fragments,

Mode A, of course, does not represent the entire sediment input
in the sand fraction to the survey area. Hydrodynamically light

radiolaria and foraminiferal species easily destroyed are rapidly
removed from this sediment leaving only the resistant species of
mode A as a coarse lag deposit (Kowsmann, 1973), Such is apparently
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the case for Orbulina universa, Whole tests of this species are
observed in sample 7947 from high on the ridge crest above the sill
depth erosion but are not present in mode A of the other samples
examined. In these samples from erosional areas 0. universa frag-

ments are visible in modes B and

c,

0, universa is much less

resistant to solution than either C. menardii or C. dutertrei (Berger
and Piper, 1972) and therefore is removed from the coarse mode
rather rapidly.
Conclusions

The grain size characteristics of sediments over the Carnegie
Ridge are responding on a first order to the same processes which
control sediment distribution. Where erosion of the sediment sequence
is pronounced the fine- grained portion of the sediment is removed

leaving only a coarse residual lag deposit of foraminiferal species
resistant to dissolution. The sand content of the surface sediment
lends strong support to the hypothesis that bottom water spillover

across the ridge controls sedimentation on the north slope and portions

of the ridge crest,
Examination of the modal composition of the sediment apparently
only yields information on the initial input and fragmentation of the
biogenic sediment from the overlying water column. Dissolution

acting throughout the size range of the sand fraction is probably
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responsible for creating a diverse number of modes within the finer
portion of that fraction.

The relative proportions of the individual

modes are also responding to local and perhaps more continuous

processes of erosion and transport than that which initially controls
the distribution of samples with a high sand fraction.
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