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position of near surface sediments in these cores provided analyses

which could be used to obtain accumulation rates for these corn-

ponent S.
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A general similarity between the map pattern of surface pro-

ductivity and the patterns of carbonate and opal accumulation rates

suggests a first order control of biogenic sedimentation by fertility

of surface waters. Accumulation rates of terrigenous components

are highest near the continents; the map and depth patterns suggest

dispersal by currents shallower than 2000 m or by winds. It is in-

ferred from textural component accumulation rate patterns that no

significant regional redistribution of sediment by winnowing occurred

during the Holocene. Deposition from deep thermohaline circulation

probably increased the accumulation rates of silt, clay, and opaline

components in the gaps between the western and eastern troughs.

Calcium carbonate accumulation rates at equal depths are generally

lower within 250 km of the edge of the continental shelf. Below

2000 m in high productivity regions > 250 km from the shelf calcium

carbonate accumulation rates decrease linearly with depth according

to a gradient of -3.3 gm CaCO3 / cm2 / 1000 yrs / km. From this

gradient, two independent estimates of the lysocline in this region,

and a model of calcium carbonate accumulation, the average Holocene

rate of supply of calcite from the surface is calculated to be

5-10 gm/cm2/l000 yrs.
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HOLOCENE ACCUMULATION RATES OF PELAGIC
SEDIMENT COMPONENTS IN THE PANAMA BASIN,

EASTERN EQUATORLAL PACIFIC

INTRODUCTION

The Panama Basin at the eastern end of the Equatorial Pacific

is a region of aseismic ridges, active seafloor tectonism, and struc-

turally controlled basins (van AndeletaL, 1971). The Carnegie

Ridge, Cocos Ridge, and the continental margin of Central and South

America form an enclosed basin divided into an eastern and western

trough by two smaller highs, the Malpelo and Coiba Ridges (Figure 1).

The sediments are dominated by the silt (48% average) and

clay (39% average) fractions (van Andel, 1973). The sand fraction

consists predominately of foraminiferal tests in shallow pelagic

regions, of radiolarian skeletons in deep portions of both basins, and

of mineral grains on the continental shelf and slope (Kowsmann,

1973b). Volcanic ash layers are important stratigraphic markers in

piston cores from the Panama Basin region (Bowles etaL, 1973;

Ninkovich and Shackleton, 1975), but they are an insignificant com-

ponent of the sand fraction of the surface sediments everywhere but

on the crests of the Carnegie and Cocos Ridges (Kowsmann, 1973b).

Over most of the basin, calcium carbonate is the dominant component

of surface sediments; in deep portions of the western basin and in

sediments less than 200 km from the coast fine-grained opal and
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for variations in the velocity of sound in sea water) were selected to show salient morphologicfeatures. F. Z. = Fracture zone.



3

terrigenous detritus dominate (Moore etal., 1973; Heath etal., 1974).

Surface sediments usually contain less than 5 percent quartz. The

most abundant clay, minerals are smectite, kaolinite, and illite

(Heath etal., 1974).

Considerable alteration and redeposItion of the microfossils in

the surface sediments has occurred. Radiolarians are poorly pre-

served (Dinke iman, 1974). Numer ous samples contain Tertiary and

Early Quaternary species. The coarse fraction of samples from the

central portion of the western basin is enriched in radiolarian frag-

ments, while foraminiferal fragments are concentrated on the flanks

of the ridges (Kowsmann, 1973b). The distribution of foraminiferal

species is a complex function of dissolution and bottom reworking

(Yamashiro, 1975).

Compositional studies have contributed much to the understand-

ing of the distribution of sediment types and the processes controlling

the sediments in the Panama Basin. It is evident that the sediments

are the product of the interaction of at least 5 factors: (1) high input

of biogenic components from the surface, (2) influx of terrigenous

material from the continent, (3) transport by bottom and possibly

intermediate depth currents, (4) dissolution of calcium carbonate

and opal, and (5) erosion on topographic highs and subsequent down-

slope movement (Heath etal., 1974; Kowsmann, 1973b; Moore etal.,

1973; van Andel, 1973).
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However, concentrations of any particular component do not

reflect directly the processes controlling its accumulation because

a concentration, by definition, must be expressed relative to at least

one other component0 Variations in the abundance of a component

may be due to changes in its own accumulation rate or to changes in

the accumulation rate of other components0 While it is possible to

make meaningful interpretations of concentration data by assuming or

calculating -relative relationships, absolute rates and their variations

are required to understand quantitatively how sedimentation processes

form a sedimentary deposit0

Accumulation rate measurements must necessarily be made

on long core intervals representing up to several tens of thousands of

years of sedimentation, On time scales such as these, oceanographic

processes relevant to deep-sea sedimentation are variable (Imbrie

and Kipp, 1971; Pisias, 1975), Though some variations cannot be

avoided when studying a sedimentary regime through accumulation

rates it is imperative that the rate measurements be made on chrono-

stratigraphically comparable samples and on core sections repre-

senting time intervals that are short with respect to major variations,

Such variations of depositional processes have occurred in the

recent past in response to climatic fluctuations, Dissolution of

calcium carbonate in the Pacific increased in the last 11,000 years

(Berger, 1973; Thompson and Saito, 1974) and carbonate accumulation
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decreased in the Panama Basin (Pisias, 1975). Prior to 11,000 years

before present (y, b. p.) equatorial surface circulation was located

farther north, constricted, and intensified causing parallel changes

in productivity and faunal distributions (Arrhenius, 1952; Berger,

1973; Dinkelnian, 1974; Molina-Cruz, 1975). In the Panama Basin

region eolian input may have been larger and fiuvial input smaller

during the last glacial period due to dryer climates in northern

South America (Dinkelman, 1974).

There is good evidence from the Atlantic that bottom water

transport during the last glacial was different than at present

(Streeter, 1973; Schnitker, 1975). However, if the deep circulation

in the Panama Basin is controlled by geothermal heat flux (Laird,

1971; Detrick et al., 1974) then fluctuations in circulation on the time

scale of glacial-interglacial cycles should not be expected. Even so

changes outside the basin in oceanic watermass structure and dynamics

during this period may have varied the spillage of water across the

Carnegie Ridge Gap (Kowsmann, 1973b; Lonsdale and Malfait, 1975).

Thus, the balance of sedimentary processes in the Eastern Equatorial

Pacific during the last glacial stage was probably significantly

different from that of the Holocene.

This project was initiated in an attempt to use accumulation

rates to study the interaction of sedimentary processes in a complex

region of the deep-sea. Rate measurements were made in order to



reduce the number of assumptions necessary in the interpretation of

compositional data. The Holocene epoch was chosen because it was

within the range of accurate dating by the radiocarbon technique,

short gravity cores could be used, and sedimentary component. rates

could be calculated using previously gathered analyses. The epoch

commenced with a significant change in climate which is marked in

the deep-sea record (Broecker etal., 1960), but the climate since

then has been relatively stable (Dansgaardet al., 1971).
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ME THODS

Cores Used

The selection of cores for this study (Figure 2, Table 1) was

guided by the desire for a distribution representative of the different

sedimentary regimes, by the availability of cores, by the limitations

imposed by the dating technique used, and by the time and financial

limits of the project. The suite of cores which was used is signifi-

cantly biased towards the north and south flanks of the Carnegie Ridge

and under-represents the tops of the ridges. Several cores had to be

excluded from the study because their carbonate curves could not be

correlated with a dated core (see below). One core (V2l-2ll) from

the crest of the Cocos Ridge (3N, 88°23'W) was rejected because 3

radiocarbon dates from the upper 120 cm indicated contemporary

carbon (Table 2).

There is evidence for a great deal of local variation in sediment

composition and sedimentation history in deep regions of the Pacific

effected by bottom currents (Johnson and Johnson, 1970; Johnson,

1974; Moore, 1970) and on topographic highs on the seafloor

(Lonsdaleetal., 1972; Malfait, 1975; Dowding, 1976). Without the

results of close sampling in such regions conclusions about the

details of the sedimentary processes cannot be drawn. Though the

distribution of cores in this study is neither dense nor topographically
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TABLE 1. Identification, Location and Lengths of Cores Used in Study. 

Core No. 
(This Paper) Core 

Type of 
Sampler 

Corrected 
Water Depth 

(m) Latitude 
Longitude 

(°W) 
Length 
(cm) 

1 V15-32 P 2853 3°15'S 82030? 980 
2 V17-43 P 3147 1°52tN 82°37' 1090 
3 V17-44 P 3358 3°34'S 85007! 969 
4 V19-25 P 2404 2°28'N 81°42' 1509 
5 V19-27 P 1373 O°28'S 82°04' 972 
6 V19-28 P 2720 2°22'S 84°39' 1618 
7 V19-29 P 3157 3°35'S 83°56' 1680 
8 V19-30 P 3091 3°23TS 83°31' 1818 
9 \T2i26 P 3081 4036?N 82044! 1190 
10 V21-212 P 3338 2°50'N 85°08' 1132 
11 V21-214 P 2246 3°50'N 80038? 1180 
--12 RC8-.102 P 2180 1 °25'S 86°51' 1667 
13 RC8-103 P 2937 1 °16'N 85010! 598 
14 RC1O-52 P 2243 3°52'N 83°56' 822 
15 RC13-142 P 3550 4°28'N 82°26' 1123 
16 RIS 29 G 2230 2°18'N 89°27' 161 
17 RIS 30 G 2580 1 °13'N 88°3P 101 
18 RIS 32 PG 2770 0009!S 85059? 119 
19 Y69-71 P 2740 0°06'N 86°29' 1004 
20 Y69-72 P 2586 1 °OltN 87027? 753 
21 Y69-73 P 2707 1°27'N 87°56' 537 
22 Y69-74 P 2586 2°0Z'N 88°19' 552 
23 Y69-105 P 3408 0°09'N 84°03' 1060 
24 Y69-106 P 2870 2°59'N 86033? 1007 



TABLE 1. Continued. 

Corrected 
Core No. Type of Water Depth Longitude Length 

(This Paper) Core Sampler (m) Latitude (°W) (cm) 

25 Y71-3-l0 P 3474 l°13'S 82°17' 1084 
26 Y71-3-11 P 2656 0°17'S 830161 1032 
27 Y71-3-24 P 2099 1°06'S 85°O1' 1013 
28 Y71-3-30 P 2950 O°21'S 85°29' 577 

2a Y71-3-30 MG 2950 0°2J)S 82°29' 60 

P = Piston core 
PG = Pilot gravity core 
G = Gravity core 
MG = Multiple gravity core 

I 0 
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TABLE 2. Radiocarbon Ages (y. b. p.) of Sediments in Panama
Ba sin.

Sample Depth Radiocarbon
Core No. Core in Core (cm) Age (yrs)

9 vzi-z3 2-17 <245
52-68 5910 ± 110

102-117 7660 ± 200

-- V21-Zii3 2-17 <245
52-67 < 185

102-117 <185

12 RC8-1023 2-17 <180
51-61 405 ± 135

102-117 15080 ±490

19 Y69-711 30-40 6630 ± 125
80-90 12130 ± 180

160-170 17170 ± 350

21 Y69-731 0-S 3590 ± 100
48-53 8900 * 150

165-175 18350 ± 320

23 Y69-105' 0-13 3050 ± 155
13-22 2850 ± 180
58-70 9540 ± 150

24 Y69-1062 0-6 4450 ± 110
10-15 9030 ± 155
29-36 19400 ± 800

28a Y71-3-30MG3 2-17 180
31-41 430 ± 170
50-60 2070 ± 100

1 from Dinkelman (1974) 2 from Pisias (1974)

Ages measured by Teledyne Isotopes, Westwood, N. J.
C14 half life = 5568 years.



12

fully representative, it is sufficient for an interpretation of general

sedimentation processes on a scale of hundreds of kilometers in the

western Panama Basin.

Sedimentation Rates

Determinations of sedimentation rates in the deep- sea require

at least two time datums to be established in each core either by

absolute radiometric dating or by correlation with previously dated

sequences. For this study it was most feasible to use a combination

of the two approaches.

Detailed calcium carbonate stratigraphies (variations down

core) were available for all gravity cores and for the uppermost 2

meters or more of all piston cores. Absolute ages were established

in 7 of the cores by radiocarbon dating and in two cores by correla-

tion with an oxygen isotope curve. Trends and peaks in the calcium

carbonate curves of these cores were dated by interpolation. The

stratigraphies of the 19 other cores were then correlated with one or

more of the dated cores and time datums established. After bulk

accumulation rates had been calculated, component accumulation

rates were determined using the textural, mineralogical, and coarse

fraction data on these cores of previous workers (van Andel, 1973;

Moore etal., 1973; Heathetal., 1974; Kowsmann, 1973b).

Ninkovich and Shackleton (1975) presented carbonate curves for
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13 cores in the Panama Basin region. Analyses were done by the

gasometric technique (Hulsemann, 1966). Pisias (1974) and Dinkel-

man (1974) obtained carbonate curves for six cores by analyzing for

total carbon and expressing the result as carbonate. In this method

all of the carbon is assumed to be in the carbonate phase ("total

carbon expressed as carbonate"). The weight percent carbon is

determined on a LECO WR-l2 Carbon Analyzer. Seventeen additional

cores were analyzed by the author using this method. Alternatively,

the percent "carbonate" may be obtained by measuring the total carbon

in two splits of a sample of which one has been burned for 2 hours in

a 500°C oven to remove the organic carbon.

In order to ascertain whether organic carbon in the cores

analyzed by the total carbon method was significant in controlling

down core variations, one core was analyzed for both total carbon

and organic carbon (Figure 3). It is evident that the variations in the

"total carbon expressed as carbonate" curve due to variations in the

organic carbon are insignificant in positioning vertically the major

peaks and trends. Thus, lithologic daturris established with data from

either technique are equivalent, though, there may be systematic

differences of 8-17% in the actual carbonate values corresponding to

a range in organic carbon of 1-2%.

Temporal variations in calcium carbonate percentage in deep-

sea cores not significantly effected by terrigenous input are generally
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attributed to time variations in two processes controlling the accumu-

lation rate of calcium carbonate: dissolution (Berger, 1973; Luz and

Shackleton, 1975; Gardner, 1975; Thompson and Saito, 1974) and

productivity (Arrhenius, 1952; McIntyre etal., 1972). In the equa-.

tonal Atlantic and Pacific variations in carbonate stratigraphy are

correlatable over large distances between areas of hemipelagic,

density current, and purely pelagic sedimentation areas (Gardner,

1975; Damuth, 1975; Arrhenius, 1952; Hays etal., 1969). This sug-

gests that dilution by terrigenous material plays a minor role in

controlling carbonate variations in these areas. Carbonate cycles can

be related to changes in dissolution and productivity which are assumed

to result from global climatic fluctuations.

In the Panama Basin region most calcium carbonate curves do

not conform to an easily recognizable pattern (see Ninkovich and

Shackleton, 1975; Dinkelman, 1974). Sets of closely spaced cores or

sets of cores from equal depths show differences in the frequency

and amplitude of fluctuations in carbonate percentage. In some cases

these differences may be due to large scale post- depositional dis-

turbances (slumping). More likely they result from local winnowing

and transport by bottom water flow superimposed on variations in

dissolution, productivity, and terrigenous input.

It was not possible to estimate at the outset what effects and

what magnitude of changes in calcium carbonate percentage would be
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produced by environmental changes during the last glacial-interglacial

cycle. The curves could not be reliably grouped for the purpose of

correlation on the basis of location with respect to ridges or continent,

depth, or even proximity to each other. Since it is more likely that

similar shapes of curves indicate similarity of processes, the pri-

mary criterion for grouping was overall similarity in the carbonate

lithostratigraphy. Thus, core V17-43 (3147 m) was placed in a group

with Y69-106 (2870 m) (Figure 4) rather than with VZi-26 (3081 m)

or Y69-105 (3408 m).

The only exceptions to this subjective approach were V17-44,

V15-32, and Y71-3-10. Considerations of depth, closeness to other

cores and possible sources of sediment were the basis for the

groupings used, though the shapes of the carbonate curves suggested

other possible ones.

Seven groups of stratigraphies were formed (Figure 2; Table 3).

Each group included at least one core which had been dated. Peaks

and valleys were used in the correlation when they were well defined

on both sides by a 3 or 4 point trend. Otherwise, midpoints of trends

or changes in slope of the curve were used. Correlations throughout

the core could sometimes be made, but only correlations of features

in the Holocene section were used in the sedimentation rate calcula.-

tion.
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TABLE 3. Groupings of Cores Used to Establish Time Datums
in Non-dated Cores by Correlation of Carbonate
Curves.

Group No. Cores

1. v2l_26:, RC1O-52, RC13-142, Y71-3-l0

2. Y69-73, Y69-7l, Y69-72, Y69-74, RIS 29,

RtS 30, Y71-3-11

3. Y7l33OMG*, Y71-3-30P, Y71-3-24, RIS 32

4. Y69_105*, RC8-103

5. Y69-lO6, V21-212, V17-43, V19-27
* *

6. V19-28 , V19-29 , V19-30, V17-44, V15-32
*

7. RC8-102 , V21-214, V19-25

* Cores which were dated.
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Absolute Age Dates

The carbonate curves of seven cores were dated by radiocarbon

age measurement (Table 2). In calculating the sedimentation rates

the only ages used were those which were less than 11, 000 y. b. p.,

did not give large error limits, and yielded a reasonable extrapolated

age for the top of the core, In cores where the surface age indicated

contemporary carbon (<250 y. b, p.) in the shallowest sample, an age

of 0 y. b. p. was set at 0 cm core depth.

The radiocarbon dates on Y69-106 were used by Pisias (1974)

to calibrate an accumulation rate model which assumed a constant

quartz input to the sediment. According to the model the age at any

depth in the core is a linear function of the total quartz accumulation

above that depth. By measuring the quartz accumulation rate at the

top of the core and the quartz concentration at 10 cm intervals

throughout the core the age at any depth can be calculated very pre-

cisely. A radiolarian extinction (Stylatractus universus) at 841 cm

(400, 000 ± 20, 000 y. b. p.) and a 18 maximum at 35 cm (17,900 e

1,300 y. b. p.) agree well with the model ages.

Ninkovich and Shackleton (1975) published oxygen isotope

curves for two cores on the south flank of the Carnegie Ridge.

Stage Termination I (Broecker and van Donk, 1970) could easily be

located at about 68 cm in V19-28 and at 80 cm in V19-29. This



20

datum was assigned an age of 11,000 y.b. p. No subdivision of the

Holocene based on the 18 curves was possible. Sedimentation

rates in these two cores were determined by assuming an age of

0 y.b.p0 for the top of V19-29.

Bulk Density

in order to estimate accumulation rates the dry bulk density of

the sediment is required. Bulk density and water content can be

statistically related to a number of sediment compositional and

physical parameters. A relationship between dry bulk density and

textural or mineralogical concentrations would be; useful for the pur-.

poses of calculating accumulation rates of dried sediment cores.

Lyle and Dymond (in press) have shown that estimates of den-

sity by either direct measurements or by an equation relating den-

sity to carbonate percentage are preferable to an assumption of

constant bulk density. Luz and Shackleton (1975) derived a least

squares relationship between dry bulk density and percent carbonate

using data from the Eastern Equatorial Pacific study of Arrhenius

(l952) They used this expression to calculate the density of cores

which have been allowed to dry out.

For this study, cores which had been stored both wet and dry

were used. Wet bulk density and water content measurements were

made on ten wet cores (Table 4). No salt corrections were made. In



TABLE 4a. Near Surface Sediment Densities of Ten Cores in the Panama Basin0

Wet Bulk Dry Bulk Water
Sample Depth Density Density Content No0 of

Core No0 Core in Core (cm) (gm/cm3) (gm/cm3) (%) Measurements

19 Y69-71 36-48 1.270
21 Y69-73 24-45 1.274
22 Y69-74 25-55 1.337
23 Y69-105 25-55 1.298
24 Y69-106 10-21 --
25 Y71-3-l0 15-36 1.271
26 Y71-3-ll 15-35 1.338
27 Y71-3-24 5-32 1.365
28 Y71-3-30P 15-35 1.320
28a Y71-3-3OMG 15-35 1.293

Wet bulk density = Wi/VT Dry bulk density = W/V,

431
, 451
.512
435
470
475

. 546
61 2

.495
488

66. 08
64. 66
61.76
66. 53

62. 62
59. 20
55.19
62. 48
62. 25

3
3
4
3
2
3
3
3
2
3

Water content = WW. 100/WT

WT = total weight of wet sediment

W5 = weight of dry sediment plus salts from interstitial water

W = weight of fresh water
3

VT = volume of total sample (ring volume of 1.723 cm
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TABLE 4b. Grain Size and Calcium Carbonate Composition at
Approximately the Same Core Depth as Sediment
Density Measurements.

Core No, Sand Silt Clay Carbonate
(%) (%) (%) (%)

19 14 50 36 63.6

21 25 69 6 71.3

22 28 65 7 73.5

23 18 46 36 25.4

24 26 59 15 68.6

25 10 41 49 42.1

26 43 33 24 58.1

27 28 39 33 70.7

28 21 38 41 55.0

28a 24 39 37 64.9
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order to obtain bulk density estimates for the dry cores, empirical

relationships between the dry bulk density calculated for the wet

cores and the concentration in the total sediment of various seth-

mentary components.were obtained by multivariate least squares re-

gression (Draper and Smith, 1966). Carbonate percentages corres-

ponding to the depth of the density measurements were taken from the

carbonate curves. Textural data were available for nine cores and

coarse fraction composition data were av3ilable for five cores. The

correlation coefficients of equations in which all variables were

significant at the 90% confidence level were compared. The equation

with the least amount of unexplained variance (highest r2) was selected

to calculate the dry bulk density of the remaining cores (Table 5).

The density of core V19-29 for which there was no textural data, was

calculated using a density-percentage carbonate relationship (Table 5),

Using the data in Table 4, the correlation coefficients (r2) of

equations of the form of Luz and Shackleton (1975) or Lyle and

Dymond (in press) were 0. 2 and were not significant at the 75% con-

fidence level. This suggests that factors such as grain size, clay

naineralogy, or sedimentation rate may influence sediment density as

much as percent carbonate.

Sediment Composition

The bulk accumulation rates (Table 5) were proportioned
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TABLE 5. Bulk Accumulation Rates in the Panama Basin.

Sedimentation Dry Bulk Bulk Accurnul-
Core Rate Density3 ation Rate
No. Core (cm/l000yr) (gm/cm ) (gm/cm2/l000 yr)

1 V15-32 8.6 .307 2.64
2 V17-43 3.4 .270 .92
3 V17-44 5.5 .321z 1.8
4 V19-25 7,0 o471z 3,30
5 V19-27 6,7 .3462 2.32
6 V19-28 6.2 .6683 4.14
7 V19-29 703 .378z 2.76
8 V19-30 10.0 .6812 6.81
9 V21-26 12.2 6.02

10 V2l-212 3.4 .2122 .72
11 V21214 8.0 o465z 3.72
12 RC8-102 7.2 07692
13 RC8-103 13. .281z 3.66
14 RC1O-52 30, .185z
15 RC13-142 28.3 .342z 9.69
16 RIS 29 7.7 .674 5.19
17 RIS 30 11.5 .4652
18 R1S32 29, 525i 15.
19 Y69-71 9,1 .431z 3.92
20 Y69-72 9.6

. 568i
21 Y69-73 8.9 .451i 4,01
22 Y69-74 808 .512i 4.51
23 Y69-105 8.8 3.83
24 Y69-106 2.5 .470i 1.18
25 Y71-3-l0 17. .470i
26 Y71-3-11 8.7 .5461
27 Y71-3-24 39. .6121 23,9
28 Y71-3-30 27.5 .488 13.4

1 Measured value
2 Dry Bulk Density = 0.44 + 0. 0078 (% sand) - 0. 016 (% carbonate) +

0.00012 (% clay)2 + 0,00019 (carbonate)2
r2 = . 69

Dry Bulk Density = 11(3. 379 - 0. 026 (% carbonate) )
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according to grain size fractions, sand fraction composition, and

mineralogy. The analyses were done on near surface samples 1-7

cm thick of which all but two are Holocene in age. One of these

(RC8-103, Core No. 13) was not used. The age of the other (Y69-

106, Core No. 24), based on the quartz accumulation rate model, is

12,450 y.b.p. (Pisias, 1974). Because of the slow sedimentation

rate for this core and the mixing activity of biological organisms

(Quianasso and Schink, 1975) this sample probably contains a large

portion of material sedimented after 11, 000 y. b. p. and is considered

representative of the Holocene.

Van Andel (1973) determined the weight percentage of sand,

silt and clay for samples in the Panama Basin by wet sieving at

63 p. and repeated settling and decantation at 2 p.. These results were

supplemented by analyses on samples from 10 additional cores

(Appendix II).

Nineteen values of "total carbon expressed as carbonate" from

Moore etal. (1973) and one "carbonate'1 value from Molina-Cruz

(1975) were used (see above, Appendix II). For the other cores

values for carbonate percentage were taken from the carbonate curves

at depths corresponding closely to those where samples for textural

and bulk density were taken. No correction was made to account for

the different methods of carbonate analysis.

Eighteen values of carbonate-free opal, quartz, and detritus
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(percentage detritus = 100 - percent calcium carbonate - percent

opal - percent quartz) were taken from Moore etal. (1973), Heath

etal. (1974) and Molina-Cruz (1975). Analysis was by the cristobalite

conversion technique (Goldberg, 1958; Calvert, 1966). No additional

measurements were made.

Kowsmann (1973a,b) counted the number of planktonic foramini-

fers, benthic foraminifers, foraminiferal fragments, whole radio-

larians, and mineral grains in the > 63 i. fraction of Panama Basin

surface samples. Numerical percentages based on the sand fraction

were converted to weight percent of the bulk sediment by using the

textural analyses of van Andel (1973) and by assuming average

particle weights for a radiolarian skeleton of 0. 05 igm, for a plank-

tonic foraminifer of 10 gm, and for an anisotropic mineral of

5 i.gm (Kowsmann, 1973a,b). Also, estimates were made of the opal

and calcium carbonate concentrations in the > 63 fraction using

these weights. The percentage calcium carbonate and opal finer than

63 p. was then calculated by subtraction of these quantities from the

values of total calcium carbonate and total opal.

Analytical Errors

In a comparative study such as this there is more concern for

errors in precision than in accuracy. In accumulation rate measure-

ments such errors are quite high due to the compounding of errors in
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C14 age determinations, in the position of the age datums in the core,

in correlations of time datums between cores, in the bulk density

measurements, and in the composition determinations. Broecker

etal. (1958) calculated accumulation rates for two cores using closely

spaced C14 dates. They estimated errors in bulk accumulation rate

for one core to be 12-60%. The absolute error i5 probably much

higher because error limits of only one standard deviation on the

ages were used. An error analysis of the rates in this study cannot

be made because of the subjectivity involved in correlating lithologic

boundaries. It is possible, however, to isolate the source of the

largest error and to estimate its effects.

The errors which are most isgnificant are those associated with

the factors which contribute most to the magnitude of the accumulation

rate measurement. Of the three factors in the calculation the seth-

mentation rate and the compositional parameter both vary over an

order of magnitude while the bulk density varies less than a factor

of two (Table 5, Appendix II). The analytical errors in the precision

of the texture and mineralogical measurements are probably <20%.

Errors in the sedimentation rates due to subjectivity in correlation

and to analytical errors in radiocarbon ages can be evaluated only

by much more age dating but are probably on the order of 100%.

Thus, the greatest contribution to the total error is the subjectivity

of the sedimentation rate calculation.



The total analytical imprecision in the accumulation rates pro-

bably does not exceed a factor of 2-3. Since the range in accumula-

tion rates is over an order of magnitude for all components and all

cores (Table 6), the patterns in these values are probably significant.

Systematic Errors

Systematic errors probably exert some control on the distribu-

tion patterns of the accumulation rates. A biased set of values could,

for example, result from the grouping of cores in the calculation of

sedimentation rates. The correlation technique used assumes that

similar lithologic datums in two cores are time equivalents. This

may not be true. By correlating stratigraphies with those of very

high or low sedimentation rate cores, the sedimentation rates of the

correlated core might artificially be biased in that direction. If this

effect dominates the accumulation rate calculation, cores of the same

group would vary together. There is evidence for such systematic

error in the patterns of accumulation rates. On the map of bulk

accumulation rates (Figure 5) the core locations are coded by corre-

lation group. In only two out of seven cases do cores from the same

group occur in different contour intervals. However, two lines of

reasoning suggest systematic errors are minor for most cores.

Examination of the maps of component accumulation rates

(Figures 6-9) and of the data in Appendix III shows that cores do not



TABLE 6. Average Bulk Density, Sedimentation Rate and Component Accumulation Rates
in the Panama Basin.,

Total Standard Number
Average Range Deviation of Cores

Bulk Density
(gm/cm3)

Sedimentation Rate
(cm/l000 yrs)

Bulk Accumulation Rate
(gm/cm2/l000 yrs)

Sand

Silt

Clay

Carbonate

Opal

Quartz

Detritus

Fine Carbonate

.492 .431 - .612 .055 10

12.8 2.5 - 36. 10.3 28

5.57 .72 - 24. 4.68 27

1.01 .022 - 6.68 1.36 27

2. 71 . 56 - 9. 31 2. 05 27

2.04 .18 - 7.88 2.03 27

3.03 .31 - 14.8 3.19 28

.86 .087 - 4.02 .95 17

.10 .010- .43 .11 17

1.10 .32 - 3.64 .94 17

1.84 .37 - 7.95 1.94 18 N.)

0



TABLE 6. Continued

Fine Opal

Whole Planktonic
Foraminifer s

Radiolaria

Foraminiferal Fragments

Minerals

Ben thic Foraminifer s

Total Standard Number
Average Range Deviation of Cores

.086 - 4.01 .98 16

.288 0.0 - 1.02 .362 18

.0099 .0004- .031 .016 18

.236 0.0 - .874 .256 18

.0761 .0005 - .584 .146 18

.0045 0.0 - .0156 .0047 18

L.)

0
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Figure 5. Bulk accumulation rates in the Panama Basin. Bathy-
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always cluster by correlation groupings. In fact, only two groups do

this consistently. The variability within the other groups suggests

that they are dominated by a process (or processes) with either

lateral or depth gradients (eg. bottom current transport and dlissolu-

tion). Furthermore, the determination of sedimentation rates by

correlation of similar carbonate curves assumed that they were pro-

duced by the same balance of sedimentary processes. It follows that

the accumulation rates should also be in the same range.
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PATTERNS OF SEDIMENT ACCUMULATION

Bulk Sediment

High values (> 6 gm/cm2/l 000 yr) of bulk accumulation occur

at the base of ridges in four locations: in the two gaps between the

western and eastern basins and on the north and south flank of the

Carnegie Ridge (Figure 5). Intermediate values (3-6 gm/cm2/l000

yr) are found on the flanks of the ridges with two exceptions. (1) In

the western basin low values (approximately 1 gm/cm2/l000 yr)

occur at the lower flank of the central south Cocos Ridge and at the

western end of the Malpelo Ridge. A third core of < 1 gm/cm2/l000

yr between them appears to define a region of low values for the

central western basin. (2) Bulk accumulation rate values of 1. 5 to

3 gm/cm2/l000 yr appear to form a low rate region in the basin

south of the Carnegie Ridge. The one crestal core at the east end of

the Carnegie Ridge has a low bulk accumulation rate.

Mineralogical Components

The distribution patterns of carbonate and opal accumulation

rates (Figure 6) are similar in general to that of the bulk sediment.

In detail there are differences. The carbonate accumulation rate is

higher along the upper and lower flanks of the Carnegie Ridge than in

the Malpelo or Coiba Gaps. The opal accumulation rate shows the
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opposite trend. Low values occur on the upper Carnegie Ridge and

high values occur in the Coiba Gap. The difference in the number of

cores precludes any closer comparison.

The distributions of accumulation rates of detritus and quartz

(Figure 7) are different from those of either opal or carbonate. Within

the resolution of the core distribution there is less bathymetric con-

trol than for carbonate or opal. Both quartz and detritus show

patterns of high accumulation rates in the northeast and in the south-

east: with rates decreasing towards the west end of the basin. In the

case of quartz, there are two distinct high regions while the detritus

gradient is more uniform.

Textural Components

The general patterns of fast and slow accumulation of the three

textural components (Figure 8) are similar to each other. The

patterns parallel the bulk sediment, especially for silt and clay.

The most significant anomaly is the low sand accumulation rate from

the Coiba Gap to within ZOO km of the Carnegie Ridge. This is an area

of rapid accumulation of sediment <63

The dominance of silt in the Panama Basin is apparent in

Figure 8. For silt the area of accumulation rates less than 1 gm/

cm2/l 000 yr is very small and centers in the western basin. In the

case of clay, the area increases within the western basin and also on
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the crest of the Carnegie Ridge. For sand, the area of accumulation

> 1 gm/cm2/l 000 yr is confined to the flanks of the Carnegie Ridge.

WelL-defined progressive changes in the accumulation rates

within any one size class are difficult to find in the maps. High gra-

dients usually extend across only two or three cores before reversing.

Despite this, three trends seem to be consistent. From the center

of the Carnegie Ridge there is a decrease in accumulation rate away

from the ridge. This is most apparent in the maps of sand and clay.

From the Coiba Gap west there is a less well established decrease in

the silt and clay accumulation. Finally, on the southern flank of the

Carnegie Ridge there is a decrease in sand accumulation rate down-

slope.

Coarse Fraction Components

The distributions of four components of the sand fraction are

mapped in Figure 9. The rates of accumulation of planktonic

foraminifera and foraminiferal fragments are about four times those

of radiolaria and benthic foraminifera. Two trends are apparent:

(1) There is a general west to east decrease in the accumulation rate

of the calcareous components. This is not true for radiolaria. High

rates of accumulation for radiolaria occur in deeper areas than for

calcareous tests of the same size, (2) A trend of high rates extends

semi- continuously towards the southeast from the saddle joining the
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Cocos Ridge and the Galapagos Pedestal.
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PROCESSES OF SEDIMENTATION

Influence of Surface Productivity

The surface waters of the Panama Basin supply large amounts

of calcareous shells and siliceous skeletons to the floor of the basin.

Carbonate material in the form of coccoliths and foraminiferal tests

dominates this flux in pelagic areas. Though diatoms probably

account for a large part of the carbon fixation in upwelling areas, the

siliceous frustules are strongly recycled within the surface waters

(Heath, 1974). Only a small fraction settles out of the euphotic zone.

On the other hand, the surface waters of the Pacific are saturated

with respect to 'calcite (Pytkowicz, 1965; LietaL, 1969) and dis-

solution occurs primarily at the sediment-water interface (Heath and

Qilberson, 1970; Adelseck and Berger, 1975). Thus, a significant

portion of the carbonate fixed in the surface waters will be transported

out of the euphotic zone. Vertical mass flux is probably dominated by

the size classes greater than 100 (McCave, 1975) as sand-sized

shells and as fecal pellet bound silt and clay (Smayda, 1971).

Surface productivity is controlled by the pattern of surface

currents (Forsbergh, 1969). Moore etal. (1973) presented a map of

the productivity of the euphotic zone. Though the overall average is

quite high for pelagic waters there is a wide range in values. High

values are associated with regional upwelling of nutrient rich, low
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oxygen waters (Love, 1970, 1971). These regions occur above the

Carnegie and Malpelo Ridges and in the eastern Panama Basin.

Throughout the year the locations of these upwelling zones and that of

the Costa Rica Dome to the northwest of the Cocos Ridge remain

stable (Wyrtki, 1965). The intensity of the upwelling and, supposedly,

the productivity varies with the seasonal intensity of the surface

circulation (Forsbergh, 1969; Wyrtki, 1966). A region of low values

is centered around 4°N, 84°W and extends southeast to a point

approximately above the western end of the Malpelo Ridge. This is

the locus of an anticyclonic circulation cell which is somewhat more

seasonably variable than the surrounding upwelling regions.

Productivity is postively, though not linearly, correlated with

standing stock of phytoplankton (Koblentz-Mishke et al., 1970;

Ryther, 1963). In the eastern Equatorial Pacific, Beers and Stewart

(1971) found statistically significant correlations between total

volume of microzooplankton and chlorophyll A concentration (standing

stock of phytoplankton) and between total volume of rnicrozooplanktoli

bioniass and productivity. Assuming that the supply of shells to the

sea floor is positively correlated to the standing stock of phyto-

plankton and zooplankton, we should expect lateral variations in the

pelagic input of biogenic material in the Panama Basin. This pattern

is probably smoothed somewhat by the seasonal variations in the

circulation and by lateral transport of sinking particles while within
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the influence of surface and intermediate currents.

On the ocean floor high rates of accumulation of bulk sediment,

carbonate, opal, and textural components occur on the northwest and

southeast flanks of the Malpelo Ridge and on the flanks of the Carnegie

Ridge and Galapagos Pedestal. These are all regions of high pro-

ductivity. The correlation seems to account for the major features,

but it is not perfect. Lower values of carbonate accumulation occur

in the northeast portion of the basin and on the crest of the eastern

Carnegie Ridge. Opal accumulation is low on the Carnegie Ridge.

Processes in addition to productivity must be effecting the

accumulation patterns. These processes may be divided into physical

and chemical phenomenon. The physical processes include lateral

transport by currents and post- depositional erosion or reworking.

Dissolution of calcium carbonate is the only chemical process which

will be discussed in this paper.

Deposition and Erosion by Currents

The three cores in Group Ill (see Figure 2, Table 3) form a

consistently high set of values in all maps. The northerly two cores

in the group, Cores No. 18 and 28, are taken from the thick sediment

sections just north of the east-west fault scarp which forms the foot

of the Carnegie Ridge (Malfait, 1975). This fault also bounds the

northern limit of the valleys which incise the north flank of the ridge.



It is tempting to attribute the high sedimentation rates to a high

lateral sediment flux.

Van Andel (1973) suggested sediment dispersal paths away from

the saddle in the Carnegie Ridge based on the relative concentrations

of grain size modes in the silt fraction. Plank et al. (1973) found

high light scattering values near the bottom. These values extended

north 100-150 km from the crest of the ridge onto the floor of the

basin.

Kowsmann (1973a,b) suggested on the basis of a vertical profile

of water density across the Carnegie Ridge saddle at 83 ow that

spillage of bottom water over the sill from the south was one source

of deep water in the western basin. Using the results of a detailed

bottom stu.dy in this area and additional deep water dissolved oxygen

and potential temperature data, Lonsdale and Malfait (1974) hypo-

thesized episodic northward flow of bottom water in a manner

analagous to the spill-over across the Iceland-Faroe sill in the North

Atlantic. The flow of this water. and, perhaps, the topographically

accentuated effects of tidal currents have stripped the crest of the

ridge bare of sediment, helped to erode channels on the flanks,

and have deposited thick sediments on the ocean floor to the north

and south (Malfait, 1975). The presence of active dunes of Quater-

nary foraminiferal sand in one of the north flank valleys indicates that

transport is active at the present time (Lonsdale and Malfait, 1974;



Lonsdale, l975)

Despite this ample evidence for erosion and transport by rapid

currents downslope from the sill at the Carnegie Ridge Gap, it is

doubtful that both Cores No. 18 and 28 represent deposits from such

currents. The bulk accumulation rates in the two cores are approxi-

mately equal. For a current to have deposited sediment at about the

same rate and textural composition at the two locations it must have

maintained the same velocity and sediment concentration over the

75 km which separate the two cores, Such conditions in the deep sea

are possible only when the sediment concentration is maintained in

steady state by material from above (McCave and Swift, 1976). In

this case, the sediments, supposedly, are derived from Quaternary

deposits on the Carnegie Ridge and steady state should not exist.

Turbiclite deposition prior to dune formation is unlikely because of the

basin trap just to the north of the fault scarp at the base of the ridge,

and the absence of graded bedding or laminations characteristic of

turbidity current deposition in either of these cores0 It is more

likely that systematic error in dating and correlation has inflated the

bulk accumulation rate estimates of Core No. 18 and probably that of

No. 27. Additional radiocarbon dating is required to test this

suggestion.

In addition tothe sporadic spillage across the mid-Carnegie

Ridge sill, deep thermohaline circulation flows into the Panama Basin



47

from south to north through the topographic gap between the Carnegie

Ridge and the Columbian continental slope (Laird, 1971; Lonsdale,

1975). The distributions of bottom water temperature, salinity,

and dissolved oxygen indicate that water flows into the eastern basin

and then into the western basin through the two gaps to the north and

south of the Malpelo Ridge (Laird, 1971; Kowsmann, 1973b; Lonsdale

and Malfait, 1974).

The accumulation rates of silt, clay and opal in cores from

these gaps are high relative to shallower cores and cores further

west (Figure 8). Transport of terrigenous material from the clay-

and radi.olaria-rich sediments of the eastern basin could account for

this (van Andel, 1973; Moore etal., 1973).

Accumulation rates of detritus and quartz in this region are

also high but show less topographic control. At the equator, a lobe

of high detritus accumulation extends west from the continent. This

high cannot be adequately accounted for by volcanic glass input

(Appendix III). Significant transport of fluvial- derived sediments by

intermediate depth flow as suggestedbyHeathetal. (1974) to account

for the distribution of clay minerals must be occurring across the

deep troughs of the continental margin. Figure 10 shows the

accumulation rates contoured on a plot of depth vs. distance to the

continental shelf break (200 m contour). The distribution also sug-

ge s ts dispersal by intermediate currents, though transport by surface
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currents or winds cannot be excluded.

To the south a lobe of high quartz accumulation extends into the

western basin across the Carnegie Ridge. Distribution by shallow

currents could account for this pattern. More likely, the quartz is

eolian. Molina-Cruz (1975) found that the concentration of quartz in

the surface sediments of the subtropical southeast Pacific decreases

towards the northwest away from Peru in a direction parallel with the

trend of the southeast trade winds in this area. Comparative minera-

logy of the atmospheric dust suggests sources in Peru (Prospero and

Bonatti, 1969). That the northerly limit of the lobe in Figure 7 coin-

cides with the equator is also suggestive of transport by northerly

atmospheric winds.

Winnowing

Moore etal. (1973) concluded that another type of lateral trans-

port, winnowing by tidal or intermediate depth currents on ridges,

was of primary importance in controlling the distribution of opaline

biogenic material and second only to dissolution in controlling car-

bonate concentration. Winnowing is commonly envisioned as a pro-

cess involving the selective removal of hydrodynamically lighter

material to produce lag deposits" and selective deposition down-

current (here downslope) to produce "chaff deposits." Smaller

particle size, lower density, and less compact morphology of
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microfossils (Berger and Piper, 1972) are good measures of the

tendency to be winnowed by a current.

If winnowing is active on a regional scale, its effects should be

apparent in accumulation rate maps in two ways0 First, accumulation

rate increases or decreases with respect to the regional slope should

be different for different size, density, or composition of particles0

Textural accumulation rate maps (Figure 8) do not show these changes.

On the flanks of ridges high sand accumulation occurs along with high

accumulation of particles less than 63 ji. In the central basin

accumulation of all size classes is low. Only in the Coiba Gap where

sand accumulation is low and silt and clay accumulation is high might

selective transport be active0 However, this aspect can also be ex-

plained by selective solution and destruction of much of the sand-

sized foraminiferal particles (Figure 9), and by transport of the finer

fractions from the eastern basin by bottom currents (van Andel,

1973; Heath etal., 1974).

Secondly, large scale winnowing of sediments should produce

higher accumulation rates at deeper depths than at shallow depths of

an easily transported component (assuming uniform input) which is

not susceptible to increasing dissolution with depth. There is abun-

dant compositional evidence in the Panama Basin for this0 Kowsmann

(l973b) found that ridge deposits were enriched in whole foraminiferal

shells, volcanic glass shards, and benthic foraminifers while the
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flanks were enriched in hydrodynamically lighter foraminiferal frag-

ments and radiolarians. Moore etal. (1973) found that opal and car-

bonate in the less than 63 fraction formed a higher portion of the

sediment on the floor of the western basin than on the ridges. It

should be remembered, though, that concentration patterns do not

directly reflect changes in accumulation

Since calcareous debris is susceptible to dissolution and, sub-

sequently, breakage into finer material and since opal less than 63

makes up >95% of the total opal in the basin (Moore etal., 1973),

fine opal should be a good indicator of winnowing. The plot of fine

opal accumulation rates vs. depth (Figure 11) indicates considerable

scatter. Some of the extremely high or low values at depths greater

than 2750 m may be due to systematic errors discussed previously.

If these are removed then a roughly linear increase in opal accumula-

tion with depth is apparent. If the points are retained, the large

variations can be explained in terms of surface productivity changes

and lateral transport by deep water flow. Thus, the evidence for

winnowing of opal on a regional scale is inconclusive, but the data

set, especially for high rates and shallow depths, is small.

Calcium Carbonate Accumulation

The accumulation of calcium carbonate is determined not only

by the productivity and ecology of surface waters but also by
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dissolution by undersaturated deep water (Broecker, 1971; Berner,

1974). Peterson (1966) found that the rate of dissolution of calcite in

the water column was small down to a certain depth at which the

gradient of increase with depth increased sharply. This depth did

not correspond to the transition from super.. to under saturated water

(Heath and Culberson, 1970), Berger (1967) found evidence for this

sudden increase in dissolution in forarniniferal sediments of the

Atlantic and referred to the depth at which it occurred as the "lyso-

clime" (Berger, 1968). The origin of the lysocline is still in

question (Edmond, 1974; Berner, 1974).

The depths at which an increase in calcite solution occurs as

determined in the water column and in the sediments are approxi.-.

mately the same in the central North Pacific (Berger, 1970), Below

the lysocline a linear increase in the dissolution rate with depth is

not incompatible with Peterson's (1966) data nor with the concentration

of carbonate in the surface sediments (Heath and Culberson, 1970;

Berger, 1971). At some point below the lysocline, commonly re-

ferred to as the calcite compensation depth, the dissolution rate

equals the rate of supply of calcite from above.. The facies boundary

between carbonate and non-carbonate sediments occurs where the

plane formed by the locus of these points inter sects the bottom

topography.

Van Andel et al (1975) have modeled the accumulation of
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carbonate on the seafloor as the interaction of three factors: the rate

of supply of carbonate material from the surface, the depth of the

lysocline, and the gradient of increase in dissolution rate with depth

below the lysocline. Knowing any two factors allows calculation of

the third. The model assumes no dissolution above the lysocline,

and no post- depositional additions or removals of material. Using

an independent estimate of the lysocline and an estimate of the dis-

solution gradient from the accumulation rates in this study, the

average Holocene input of calcite in the Panama Basin can be

calculated.

To use the carbonate accumulation rates in this way the dis-

solution regime must be the same for all cores. In Figure 12 car-

bonate accumulation rates are plotted on a diagram of depth vs.

shortest distance to the shelf break. The contours show a general

upward trend as they near the continent indicating that dissolution

increases with proximity to the continent as well as with increasing

depth. The very low carbonate accumulation at shallow depths on

the eastern end of the Carnegie Ridge (Figure 6) and the eastward

decrease in accumulation rates of calcareous components of the

coarse fraction (Figure 9) conform with this pattern. Berger (1970)

and Parker and Berger (1971) attribute the shallowing of the lyso-

dine and the carbonate compensation depth near the continent to

oxidation of the higher amounts of organic matter produced in the
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surface waters of the continental margins. There must be significant

transport of this organic material out to 250 km from the continent in

water depths shallow enough to avoid the troughs along the continental

margin in order to account for the rising contours in this way. Such

transport was suggested by Heath et al. (1974) and earlier in this

paper to explain the accumulation patterns of terrigenous minerals.

In Figure 12 there are two exceptions to the systematic decrease

in carbonate accumulation with depth: a pair of cores at 3500 m

depth and 200-300 km from the coast, and a pair at 3000 m depth and

500 km from the coast. A plot of carbonate accumulation vs. depth

(Figure 13) highlights these anomalously high values. The three cores

with carbonate accumulation rates > 8 gm/cm2/1 000 yr include one

set of high values in Figure 12 (squares). These three are cores of

Group III which either receive large amounts of reworked sediment

from the Carnegie Ridge or are systematically in error (see above).

The two deepest cores (triangles) are from the two topographic gaps

between the basins. Their rates are about 2 gm/cm2/1 000 yr. To

account for such high carbonate accumulation at depth requires an

increased input from the surface or from shallower sediments. An

alternative explanation is that the total carbon analysis which was

made to determine the percent carbonate in these cores included a

significantly high contribution from organic carbon. This error

would require that only 2-3 weight percent of the total sediment were
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in the form of organic matter. Considering the flow of deep water

from the continental margin through the gaps it is reasonable to

expect high organic carbon contents here.

When the five cores with suspect carbonate accumulation rates,

the cores within 200 km of the coast, and the cores from the low pro-

ductivity regions are removed from the diagram a linear trend is

apparent (Figure 14). This trend probably reflects a linear increase

in the dissolution rate of calcite with depth below the lysocline

similar to that found by Peterson (1966).

On the basis of calculations of the amount of calcium carbonate

dissolved from the sediment Moore etal. (1973) estimated that the

pelagic lysocline in the Panama Basin should be at about 1000 m or

shallower. Wenkam (personal communication, 1975) reached a

similar conclusion by calculating the position of the lysocline using

the procedure of Berner and Wilde (1972) and Morse and Berner

(1972). She found that at a station located at 4°6'N, 85°W the critical

values of t pH occurred at 300 to 1900 m water depth. This mdi-

cates a very shallow and diffuse lysocline which is typical of near-

shore waters (Berger, 1970).

Placing the "sediment lysocline at 1000 m the surface calcite

input is 8.5 gm/cm2/l000 yr (Figure 14). Using the lysocline depth

limits of Wenkam (personal communication, 1976) a range in supply

of calcite of 10.8 to 5.3 gm/cm2/l000 yr results. If the production
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regions greater than 200 km from the coast. Cores with
rates suspected of analytical or systematic error have
been removed. Linear fit done by least squares re-
gression. Other workers have positioned the lysocline
at 1000 m (Moore etal. , 1973) and between 300 and
1900 m (Wenkam, pers. comm. , 1976).



rate and density distributions according to volume of calcite material

in the surface waters were known, a comparison with the rates cal-.

culated here could be made. At present such data has not been

published.

The slope of the accumulation curve is -3. 3; the trend of the

corresponding dissolution curve is 3. 3 gm calcite dissolved/cm2!

1000 yr/kin of water depth. Extrapolation of the former to zero

accumulation positions the calcite compensation depth at about 3610

m.

Dissolution gradients can be estimated for two other regions in

the Pacific. A linear approximation by eye to the results of

Peterson's (1966) calcite spheres experiment in the central North

Pacific gives a gradient of 0.26 gin calcite dissolved!cm2!1000 yr!

km of water depth. Broecker and Broecker (1974) calculated calcium

carbonate accumulation rates for the top section of four cores on the

west flank of the East Pacific Rise. A linear fit to a plot of accumu-

lation rate vs. depth gives an inferred dissolution gradient for the

Holocene of 0.57 gm calcite dissolved!cm2/l000 yr/kin of water

depth.

These gradients are much lower than the value for the Panama

Basin. This may be due to the presence of a much sharper water

mass boundary or change in water chemistry in the Panama Basin.

In a temporal sense, it may also reflect the trend towards lower
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values which started in the late Miocene in Equatorial Pacific waters

(van Andel et aL l975).
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SUMMARY AND CONCLUSIONS

Accumulation rates of pelagic sediments measured on the

Holocene section of sediment cores in the Panama Basin are inter-

preted to be the result of the interaction of sediment source, disper-

sal, and post-depositional reworking. Error in these rates is due

primarily to the correlation method of sedimentation rate calculation.

Additional radiometric dating of the cores in this study or other cores

in this region would be a first test of the validity of the results,

Within this limitation inferences about the sedimentary processes

active in the Panama Basin can be made which are significantly

different in some points than those based on concentration studies

alone,

The accumulation rates of all components are highly variable

over distances as short as 50 kin, A first order correlation between

map patterns of accumulation rates of biogenic components and the

patterns of surface productivity suggests lateral variations in surface

shell supply are the initial control on pelagic sediments accumulation

patterns. The discrepencies from this pattern can be explained by

lateral transport and dissolution mechanisms.

For example, the patterns of opal accumulation can be

accounted for by the influence of lateral variation in productivity,

downslope movement off ridge crests onto the flanks, and current



transport from the east to the west basin. Low productivity over the

central western basin can account for the low accumulation rates in
that region. The high opal concentration in the surface sediments of
the same area is due to lower carbonate accumulation rates rather
than to higher opal accumulation rates. Low opal rate values on the

Carnegie Ridge may be due to local effects of winnowing. High values

in the Coiba Gap may be due to bottom water flow or to winnowing from

nearby ridges.

Accumulation of terrigenous material is controlled by its source
locations on the continents and by the dispersal patterns of currents
shallower than 2000 m and of atmospheric winds. The quartz accu-

mulation pattern suggests a dual source: an eolian source to the
southeast and to a fluvial source in the northeast, Detritus accumula-
tion increases towards the continent. Deposition is not constrained

by bathymetric highs or lows suggesting significant transport by
intermediate or surface currents.

More sampling in critical regions is needed to define the

importance of winnowing as a regional sedimentary process. It is
undoubtedly active on ridges where, as a sedimentary reworking

process, it is capable of redistributing significant amounts of sedi-

ment (van Andel et al., 1971). However, it is not required to

explain the accumulation patterns of any component except perhaps

opal.
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Carbonate is the dominant component of the sediment, and car-

bonate accumulation controls the pattern of the bulk sediment accumu-.

lation. It, in turn, is controlled by productivity variations, vertical

and lateral gradients in dissolution, and, to a limited extent, by

downslope movement. Rates of carbonate input from the surface are

estimated to be 5-10 gm/cm2/l 000 yr in the high productivity regions

of the basin. Dissolution below the lysocline in pelagic regions

follows a gradient of about 3 gm/cm2/l 000 yr/km Dissolution in-

creases toward the continent, reflecting a shallowing of the lysocline,

or a steepening of the dissolution gradient, or both.
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APPENDIX I.

Sedimentation Rates

Core
No. Core

Correlation
Group

No.
Correlated
Depth (cm)

Time
Datums

Age
(y.b. p.)

Sedimentation
Rate

(cm/l000 yrs) Comments

1 V15-32 6 0 0 8.6 Correlatedwith
48 5600 V19-29, V19-28.
95 11000

2 V17-43 5 0 0 3.4 Correlated with Y69-
25 11000 106. 3.4 is an
355 49900 average of 2, 3 for
455 77100 0-25 and 3.6 for

355-455.
3 V17-44 6 10 5500 5.5 CorrelatedwithVl9-

40 11000 29. Rate is a mini-
mum value.

4 V19-25 7 30 6000 7.0 Correlatedwith
65 11000 RC8-102. Rate = 7.

gives 12 cm core
top loss.

5 V19-27 5 0 0 6.8 Correlated with Y69-
45 6000 106. Rate = 6.8 cal-
75 11000 culated using 0 cm
240 49900 and 75 cm datums. j



APPENDIX I. Continued

Time
Correlation Daturns Sedimentation

Core Group Correlated Age Rate
No. Core No. Depth (cm) (y.b. p.) (cm/l000 yrs)

5 V19-27 5 420 77100 6.8

6 V19-28 6 15 5500 6.2
68 11000

7 V19-29 5 0 0 7.3
40 5500
80 11000

8 V19-30 5 35 5500 10,
90 11000

9 VZ1-26 1 0 0 12.2
59 5900
110 7660

C omments

Agrees well with
other rates calcula-
ted in this and in
previous carbonate
minimum.
Correlated with o18
curve to date 11000
yr datum and with
V19-29 to date 5500
yr datum.
Correlated with o

8

curve to date 1100
datum. 5500 datum
dated by interpoation
with the surface.
Correlated with
V19-29, V19-28.
Rate is the average
of 9.98 and 14.4 cal-
culated by using 0
cm=Oyrandthe

14lower two C dates.



APPENDIX I. Continued.

Core
No. Core

Correlation
Group
No.

Correlated
Depth (cm)

Time
Datums

Age
(y.b.p,)

Sedimentation
Rate

(cmIl000 yrs) Comments

10 V21-212 5 0 0 3.4 Correlated with Y69-
40 11000 106. Rate is average
255 49900 of rates calculated at
345 77100 the surface and next

lowest carbonate
rn.inimurn.

11 V2l-214 7 30 6000 8,0 Correlatedwith
70 11000 RC8-lOZ.

12 RC8-102 7 0 0 7.2 Rate calculated using
110 15000 0 cm = 0 yr and the

lower age date.
13 RC8-103 4 30 4300 13. Correlated with

78 8000 nearby core Y69-105.
14 RC1O-52 1 0 0 30. Correlated with

90 3000 V21.-26.
15 RC1 3-142 1 0 0 28. 3 Correlated with

85 3000 VZ1-26.
16 RIS 29 2 35 8400 7.7 Correlated with

55 11000 Y69-73, Y69-71.

Ui



APPENDIX I. Continued.

Core
No, Core

Correlation
Group

No.
Correlated
Depth (cm)

Time
Datums

Age
(y.b. p.)

Sedimentation
Rate

(cm/1000 yrs) Comments

17 RIS 30 2 55 8400 11.5 Correlated with
85 11000 Y69-73, Y69-71.

18 RIS 32 3 0 0 28.6 Correlated with
60 2100 Y71-3-30. Correla-

tion with nearby Y69-
71 gives too high a
core top loss.

19 Y69-71 2 35 6600 9.1 Rate calculated using
85 12000 top two radiocarbon

dates.
20 Y69-72 2 30 8400 9.6 Correlated with

55 11000 Y69-71, Y69-73.
21 Y69-73 2 2.5 3600 8.9 Rate calculated using

50 9000 top two radiocarbon
dates.

22 Y69-74 2 40 8400 8. 8 Correlated with
65 11000 Y69-71, Y69-73.

23 Y69-105 4 6.5 3000 8.8 Rate calculated using
64 9500 lstand3rddates.



APPENDIX I. Continued.

Core
No. Core

Correlation
Group

No.
Correlated
Depth (cm)

Time
Datums

Age
(y. b. p)

Sedimentation
Rate

(cm/i 000 yrs) Comments

24 Y69-106 5 3 4400 2.5 Rate is the qLz0

12 9000 accumulation model
rate for 10 cm.
Agrees with rate
calculated using top
two radiocarbon
dates

25 Y71-3-l0 1 0 0 17. Correlated with
50 3000 V21-26,

26 Y71-3-].1 2 30 4000 8.7 Correlatedwith
65 8400 Y69-71. Rate is the
90 11000 average of 3 rates

using all 3 datums.
27 Y71-3--24 3 50 4700 39, Correlated with

120 6500 Y713-30.
28a Y71-3-3OMG 3 0 0 27.5 Rate calculated using

55 2070 Ocm=Oyr and 3rd age
date.

-1



APPENDIX I. Continued.

Time
Correlation Datums Sedimentation

Core Group Correlated Age Rate
No. Core No. Depth (cm) (y. b. p.) (cm/i 000 yrs) Comments

28 Y71-3--30P 3 0 2100 27.5 Top of piston core
70 4700 was correlated to
120 6500 bottomofmgcore.
250 11000 Rate of MG extra-

polated downward to
date curve.
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APPENDIX IL

Compositional Data

Core
No. Core

Depth of
Sample

(cm)

OSU
Accession

No.
Analyses

Done

1 V15-32 11-12 PL11329 1,3
2 V17-43 14-17 PL00025 1,2,3,4
3 V17-44 15-18 PL000Z7 1,2,3,4
4 V19-25 10-13 PL00047 1,2,3,4
5 V19-27 10-13 PL00049 1,2,3,4
6 V19-28 14-15 PL11330 1,3
7 V19-29 4 -- 1

8 V19-30 15-16 PL11332;8176 1,3;1,2
9 V21-26 19-22 PL00057 1,2,3,4

10 V21-212 9-12 PL00068 1,2,3,4
11 V21-214 13-16 PL0007Z 1,2,3,4
12 RC8-102 7-10 PL00088 1,2,3,4
13 RC8-103 17-20 PL0009O 1,2,3,4
14 RC1O-52 18-22 PLOO1O5 1,2,3,4
15 RC13-142 1-3 PL10068 1,3
16 RIS 29 0-2;11-13 PS09983;121 3;1,4
17 RIS 30 10-11;9-l1 PS09995;123 1;3,4
18 RIS 32 11-13 PS00124 1,2,3,4
19 Y69-71 14-20 P000153 1,2,3,4
20 Y60-72 40-47 P000156 1,2,3,4
21 Y69-73 26-32 P000159 1,2,3,4
22 Y69-74 26-33 P000161 1,2,3,4
23 Y69-105 22-23;10-12 P010837;182 3;1,2,4
24 Y69-106 0-1;18-24 P000211;184 1,2;3,4



APPENDIX II. Continued.

Depth of OStJ
Core Sample Accession Analyses
No Core (cm) No. Done

25 Y71-3--lO O-l;3O3l P010638;10641 l;3
26 Y713-.11 O-2;lO-ll P010842;10843 3;l
27 Y7l-324 O-1;8-lO Z006947;10839 l;3
28a Y71-3-30 5.7;1O-l1 P010840;10270 3;l

Analysis Code:

1 Carbonate
2 Opal, Quartz
3 Sand, Silt, Clay
4 Coarse Fraction (Kowsmann 1973a)



pencifr II Continued. eiz1t nerce:.t of total sar:)e.

U

ii
.

0 U) U) 0 00 00 40 0 00 0 a z

V15-32P 2853 1.1 66 23 24.40
Vt7t+3P 3147 5 61 34 43.50 3.56 39.94 1.7.80 .06 17.74 3.1.8 35.52 38.70
V17-44P 335k 9 58 33 54.50 8.87 45.63 13.10 .10 13.00 3.34 29.36 32.40
vlq-2sp 74tI.+ 1? 40 48 51.10 11.34 39.76 18.10 .10 18.00 3.54 27.26 30.80
V19-?7P 1373 9 52 39 38.50 2.13 36.47 4.83 .04 4.79 1.85 54.72 56.57
V19-28P 272 5 21 44 62.40
V19-29P 3157 28.30
V1°-30P 3091 12 27 61. 24.80 15.50 6.26 3.+'F S'L+
V?1_26D 3081 3 45 52 24.9C 2.04 22.86 23.5C .09 23.41 4.57 47.03 51.63
V21-2i2P 333 3 6. 28 43.90 2.47 41.43 27.60 .30 _7.30 2.45 26.05 28.50
V21-21L#P 2245 7 41 52 41.00 0 41.00 13.80 .84 12.96 4.28 40.92 45.20
RC8102P 2tlu 29 33 38 83.9 28.63 52.27 8.24 .15 8.09 1.02 9.84 10.86
PC8-103P 2937 9 7. 13 4.80
-C10-52 22+3 1 71 25 36.60 .56 36.04 31.80 .18 31.62 2.97 28.63 31.60
pr13-1t4.2 3550 5 56 29 18.70

IS ?9G 2230 17 47 36 81.90 16.76 65.14
PIS3U( 2586 5 63 32 75.80 4.72 71.08
PIS 32P 277C i 41 48 62.cc 9.54 52.96 26.80 .09 26.71 1.03 9.67 10.70
'59-71P 2740 14 50 35 68.50 13.72 54.88 13.0 .18 13.72 .51 16.99 17.50
y5q_7?p 2586 28 57 15 77.10 27.6q 49.41 15.00 .1.3 14.87 .69 7.21 7.90
Y69-7P 2737 25 5 s 71.30 24.51 46.79 14.70 .17 t4.5 .59 13.42 14.00
Y69-74P 2546 ?8 65 7 73.50 27.30 46.20 1.3.90 .07 13.83 .42 12.18 12.60
YF9-105P 3+08 18 46 36 25.0 .94 24.46 36.50 1.79 34.71 2.28 35.82 38.10
Y69-106° 287 26 59 15 64.3k 25.64 38.66 7.37 .03 7.34 .86 2.47 28.33
V71-3-jQ 3474 10 41 49 25.80
Y71-3-i1 2656 43 33 24 59.80
Y71-3-24 2)99 28 39 33 62.10
Y71-3-30 2950 24 39 37 56.20



Anpondix II Continued. eitht ercent of total sample.

U)

U)

C U) Cd

E
> Cd

-4 U w
E

- C
0 0

U)

6 U)Cd Cd0.0. .. 0) .cd U)
0.)

C 0)
0 D U)

o 0) 0
-Cd
O

'0
Cd

0
0)0 Cd

0 Cd
7-.

C 'o 41 4141 Z to C
. -4

o 0
0

0
V15-32P 2553 -

V17-43P 3j07 1.0 2.5 .1. 1.1+ .0 .0 .1 .0 1.2 .1 .0 0 .0 91.8 11.2 99.7 255.3 25V17-1.4P 335 2.0 6.8 .1 .0 .1 .0 .1 0 .0 .0 0 0 .0 53.7 5.1. 99.2 125.5 27V192t5P 21+3+ .4 10.1+ .1 .6 .1 .0 .1 .0 .1+ .1 .0 0 .0 77.8 3.5 99.4 174.6 47V19-27P 1373 .5 1.5 .9 6. .2 .0 .0 .1. 5.1+ 1.3 .0 0 .9 94.5 17.1. 99.3 135.9 49V19-25P 2720
V19-29P 3157
V19-30P 3091.
V2'1-26P 051 1.0 1.0 .1. . .1 .0 .1 2 .1 .1 .0 .0 91.5 11.2 99.6 270.2 57V21-2122 '338 1.3 1.2 . .2 0 .1. .2 .0 .1. .0 .1 0 .0 44.4 16.7 98.9 91.4 68V21-211+P 221+6 C 0 .5 6.2 0 .1. .7 0 3.6 2.2 C 0 °° 93.9 15.5 72R18-102P 2150 15.9 12.5 .1 .2 .3 .0 .1 .0 .1 .0 .1 0 .0 64.6 1.5 95.2 54.9 58PCS-103P 2937
PC1O-52P 221+3 .0 .5 .2 .3 .1 .0 .1 .0 . .1 .1 0 .0 95.5 64.2 94.1+ 174.7 105PCj3142 3550
PIS 29G 2230 3.7 7.9 .0 .2 .1 .0 .0 .0 .1 .0 .1. 0 .0 7.5 3.9 121PIS3OC 2550 2.2 2.5 .1 .2 .0 .0 .1. .0 .1 .0 .0 0 .0 93.8 1.5.1 123PIS 32P 2770 3.7 5.5 .1 1.1+ .0 .9 .1 .0 1.3 .0 .0 0 .0 54.7 5.5 99.7 295.5 121+Y69-71P 271+0 7.1 6.6 .2 .1 0 .0 .1 .0 .0 .0 .0 0 .0 30.0 4.0 98.7 75.2 153YF9-72P 2536 15.5 5.7 .1. . .2 .0 .1 .1 .1 .0 .0 0 54.1 1.8 94.1. 115.8 158Y69-73° 2707 13.4 10.9 .2 .3 .2 .0 .1 .1 .2 .0 .0 0 .0 65.6 1.9 98.9 56.5 159Yc.9-74P 2536 21.9 5.1 .1 .6 .3 .0 .1 .0 .6 .0 .0 0 .0 62.9 1.7 99.5 209.2 161Y"9-105P 31+)5 q 0 jq j53 0 .2 1.6 0 oq n .2 .2 96.3 2.0 95.1 19.4 152Y6g-196P 2870 14.? 11.? .0 .3 .2 .0 .0 0 .7 .1 .0 0 .1 69.1 1.5 gq 214.7 154Y71-3--1t) 31+74
Y71-3-1l 2656
'f71-3-21+ 2949
y7j..339 2959

FIAiB of total sample which is
'INLiL = of total sanrnle thich is

= fine carbonate / coarse carbonate.
Oi-ALAT = fine opal / coarse onal.

to
'0



Apendj2: fl. cuu1atjorj rates (gm/crn2/1Q:O yrs).

U

I i

V:5-32P 2853 .291 1.744 .608 .61+5
V17-L.3P 3147 .046 .561 .313 .400 .033 .367 .161. .001 .163 .029 .327 .356V17-44P 3358 .159 1.023 .582 .961. .1.56 .801. .231 .0(2 .229 .051+ .518 .571V19-25P 2#4 .396 1.319 1.583 1.685 371. 1.311 .597 .003 .593 .117 .899 1.016V19-27 1373 .209 1.207 .905 .896 .040 .847 .112 .001 .111. flL3 1.270 1.313V19-28P 2720 j.419 .870 1.822 2.584Vi.9-29P 317 .781V19-30P 3fl1 .818 1.839 4.156 1.690 1.056 .4, 3.f '4oV21-26P 301. .181 2.7GB .i29 1.498 .123 1.376 1.414 .005 1.1+09 .275 2.30 3.105V2i-2i2 3338 .022 497 .202 .316 .018 .29 .199 .002 .197 .01.8 .188 .205V1-?14' 22,6 .260 1.526 jq35 1.526 0 1.526 .514 .031 .1.82 .159 1.523 1.682PC'-102P 21.80 1.607 1.828 .105 4.482 1.586 2.896 .456 .008 .448 .057 515 .602RCB-103P 217 .329 2.851 .475 2.369PCIO-52P 2243 .055 4.J98 1.385 2.027 .031. 1.996 1.761 .010 1.751. .164 1.586 1.750PC13-142 3550 .485 6.397 2.811 1.812PTS 295 2230 .882 2.439 1.869 4.251 .870 3.38j

TS3GG 238 .268 3.371 1.71.2 4.056 .252 3.803PIS 3?P 2770 1.652 6.157 7.208 9.386 1.433 7.952 4.025 .014 4.011 .155 1.452 1.607Y59-71P 2740 .549 1.961 1.412 2.691 .538 2.153 .545 .007 .538 .020 .666 .68669-72P ?3%6 1.527 3.108 .818 4.204 1.510 2.694 .18 .007 .811 .38 .393 .431V'9-73P '7r)7 1.003 2.770 .241. 2.862 .984 1.878 .590 .007 .583 .0?3 .538 .562Y69-71#P 2586 1.262 2.929 .315 3.312 1.230 2.081 .626 .003 .623 .019 54q .568Yc'9-105P 34)6 .689 1.761 1.378 .972 .036 .936 1.397 06q 1.329 .087 1.71 1.458Y9-1U6 2870 .306 .693 .176 .756 .301 .454 .087 .000 .086 .010 .323 .333Y71-3-1) 3.74 .799 3.216 3.915 2.061Y71-3-jt 265 2.043 1.56R 1.140 2.841Y71-3-?4 20)9 â.683 9.309 7.876 14.82271-3-30 2)50 3.221 5.234 4.965 .B84



ApDendjx II Continued Accur1atjon rates (gni/em2/loo yrs).

11
FE jj4Jill I

V15-32p 2853
V17-43p
V17-i.p
V19-25p

311.7
3358

.0092

.0353
.0231
.1190

.0006

.0018
.0127
.0005

Qgg .0001 .0005 .0000 .0110 .0012

V19-27p
21.01.
1373

.0289

.0110
.3425 .0034 .0185

.0020

.0023
.0002
.0007

.0016

.0027
0 .0002 .0001

.0002
0

0
0

.0002

.0001
25
27

V19-28p
V19-Zqp

2720
.0347 .0008 .1587 .0037 .0001 .0007

.0002

.0920
.0136
.1258

.0031 .0012 0 .0003

V19-30p
3157
30g1

.0297 .0000 0 .0011 49

V21-26p
V21-212p

3081
3338

.0592

.0091
.0602
.0087

.0052 .0528 .0032 .0011 .0041 .0139

V21-2j4p
RC8-102p

2246
2130

0 0
.0022
.0311

.0016

.2294
0
0

.0005 .0017 .0901
.0231
.0007

.0071

.0003
.0059
.0091,

.0022
0

.000s 57

RC8-103p 2937
.8795 .6909 .0082 .0123 .0156

.0051

.0017
.0260
.0065

0
.0006

.1349 .0810 0 0
.0001
.0135

68
72

RCIO-52p
RCI3-142

2243
3550

.0021 .9255 .0100 .0143 .0035 .0021

.0037 .0008 .0060 0 .0012 88

RIS 29G
RIS300

2239
2580

.+53i, .4112 .0020 .0105 .9053

.0080 .0023 .0023 .001.1 .0051 0 .0005 105

RIS 32P 2770
.1155
.5529

.1342

.8735
.0061 .0091 .0026

.0003

.0014
.0016
.0047

.0908

.0018
.0048 .0001 .0045 0 .0002 121

Y69-71p
V69-72p

271.0 .2796 .2583
.3136
.0069

.2051

.0043
.0068

0
.0022 .0113 033 .0064

.1935
.0005
.3020

.0001 0 .0003 123

Y69-73p
2536
2707

1.0248
.5387

.4729 .0070 .0997 .0123
.0013
.0014

.9056

.0057
.0002 .0014 .0012

.0055

.0010
0
0

.0008

.0001,
124
153

Y69-71,p
Y9-ifl

2586
31.08

.9876
.4361
.2313

.0067

.0030
.0131
.0284

.0088

.0111.
.0012 .0055

.0029

.0030
.0046
.3062

.9097

.0013
.0014 0 0 156

Y69-106p 2870
.0360
.1674

0 .0685 .5845 0
.0005
.9O8

.0025

.05q
.0007

0
.0275 .0001

.0020

.0009
0
0

.0007

.0001
159
161

Y71-3-j 3471,
.1317 .00J .0038 .0022 .0001 .0003 0

.3803 .1902 .0070 0 .0070 182

V71-3-jj 2656

.0021 .0007 .0002 0 .0009 184

Y71-3-24 2099
Y71-3-39 2959

'0




