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ABSTRACT  

Suspended coccoliths are abundantly distributed 
throughout the water column down to 5 km along a 
meridional aphotic water profile of the central North 
Pacific Ocean. Their state of preservation varies from 
unaltered to slightly etched at all depths. This observa-
tion contradicts the expectation that coccoliths falling 
from the photic layer should dissolve and disappear in 
the calcite-undersaturated part of the water column. 
The species composition of coccolithophore assemblages 
in the overlying productive layer was reflected through-
out the aphotic water column with no significant change. 
Electron microscopic study of fecal pellets from grazers 
collected at depth by a sediment trap as well as labora-
tory experiments feeding cultured coccolithophores to 
small zooplankton suggest that fecal transport is an ef-
ficient process removing the coccoliths produced in sur-
face waters directly to the deep-sea floor. The sus-

pended coccoliths can be classified into two categories; 
the free-falling coccoliths from the surface productive 
layer which are the result of shedding from host cocco-
lithophores while they are living, and the suspended 
coccoliths replenished at any depth by spilling out from 
the host fecal pellets while they descend. The type 1 
coccoliths probably will be dissolved as soon as they' 
pass the calcite saturation depth. The majority of the 
type 2 coccoliths may eventually dissolve at under-
saturated depths before descending very far, but are 
widely distributed throughout the deep-sea column at 
least temporarily. Thus the suspended coccoliths may 
playa very small role but the direct and rapid transport 
of coccoliths via fecal pellets appears to be the main 
channel in carbonate ooze sedimentation on the deep 
sea floor. 

INTRODUCTION 

The pathway and the fate of a typical small calcium 
carbonate particle migrating through the deep-water 
column toward the sea floor is poorly understood. 
There is no guarantee that the thanatocoenoses of micro-
organisms replicate the living communities in the over-
lying productive layer (Berger, 1971). However, a 
knowledge of the oceanographic transfer mechanisms 
and the extent of modification of settling assemblages 
expected in the water column is indispensable for ac-
curate paleooceano!,'Taphic reconstruction. 
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A coccolith is small but provides a relatively large 
surface area. The residence time of a coccolith sus-
pended in the deep sea column may be considerably 
longer that the other geologically and paleontologically 
important particles such as planktonic foraminiferan 
tests. Therefore, coccolith communities may suffer 
severe physical screenings before they reach the bottom. 
The lateral shifting and winnowing by the surface and 
deep water current system may result in serious disrup-
tion of the relation between the original community 
produced in the productive layer and the corresponding 
thanotocoenosis. 

The sea water is undersaturated in calcite at relatively 
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shallow depth and throughout the deeper water column 
below that depth, the calcite saturation depth (Taka-
hashi and others, J970; Takahashi, this volume). If 
the rate of the calcite dissolution in the deep sea mea-
sured on calcite crystals tPeterson, 1966) and plank-
tonic foraminiferan tests (Berger, 1967) is pertinent 
to free-falling coccoliths (whose chemical composition 
is close to planktonic foraminiferan tests, i.e., low mag-
nesium calcite, Thompson and Bowen, J969), and 
their rate of descent is in the order of a hundred meters 
per year, they may disappear soon after they cross the 
saturation depth. In reality, however, coccolith ooze 
ranges widely over the ocean floor where depths exceed 
the saturation depth. Suspended coccoliths in deep-sea 
columns may provide a useful natural laboratory to 
solve such confusing problems on the carbonate solu-
tion chemistry in the deep sea. 

This report consists of three parts. First, the distribu-
tion of suspended coccoliths along the 155 0 W profile 
is described, based upon systematically collected sam-
ples. Well-preserved suspended coccoliths were re-
covered throughout the water column, contrary to ex-
pectation. Detailed electron microscopy was conducted 
to investigate the records of dissolution on the surface 
architecture of suspended coccoliths. Suspended cocco-
lith species were analyzed using a variety of community 
analysis techniques to test if there was any geographical 
provincialism in terms of depth and latitude. 

Second, the suspended coccoliths communities were 
compared to the directly overlying living coccolitho-
phore communities along the same transect described 
earlier (Honjo and Okada, 1974). The samples of 
deep-sea suspended coccoliths for this study were col-
lected by extending the water casting to 4.0 km or 5.0 
km beneath the photic substations. The suspended 
coccolith communities were more or less identical to 
the overlying "source" community showing no taxo-
nomical screening during sinking. However, the amount 
of suspended coccoliths immediately below the produe-
tive layer was considerably less than anticipated if 
these coccoliths are to provide the flux in a steady 
state relationship. 

Third, a model is given that explains the presence 
of slowly settling coccoliths in undersaturated waters 
and the discrepancy between the number of coccoliths 
found in the aphotic layers and the expected flux by 
rapid transportation via fecal pellets. The great ma-
jority of suspended coccoliths, even apparently well 
preserved at great depths, does not reach the deep-sea 
floor. The coccolith population produced in the surface 

is transported almost instantaneously by fecal pellets 
of grazers, bypassing the aphotic water column. The 
laboratory culture/feeding experiment of coccolitho-
phores and electron microscopic observation of fecal 
pellets collected on a deep-sea sediment trap support 
this view. This model enhances the reliable corre-
spondence between the living community of coccoliths 
and the thanatocoenosis and avoid the complex physical 
and chemical screening expected during long-term sus-
pension in the water column. 

This paper is mainly concerned with the preserva-
tion, dissolution and transportation of coccoliths while 
they are suspended or sinking in the deep-sea column; 
the fate of coccoliths after arriving at the water-sedi-
ment interface (McIntyre and Mcintyre, 1971; Berger, 
1973; Schneidermann, 1973) is not discussed (See Roth 
and Berger, this volume). 

SAMPLES AND METHODS 

Nintey-three water samples were eollected by 30-
liter van Dorn-type water samples from 14 stations 
along 155 0 W meridian (text fig. 1) from 0.4, 0.6, 
1.0, 1.5, 2.0, 3.0, 4.0, and 5.0 km depth during the 
HAKUHO MARU cruise HK69-4 in the summer and 
fall of 1969 (Ocean Research Institute, 1970). The 
aphotic water samples were always collected at the same 
stations where the living community of coccolithophores 
was investigated (Honjo and Okada, 1974). 

Water samples were filtered immediately on board 
ship with Millipore filters of 47 mm diameter (Mc-(H) 

Intyre and Be, 1967) with a nominal pore size of 0.45 
;.tm, applying a constant and gentle negative pressure 
(less than 3 psi). Ten to twenty liters of water usually 
yielded a satisfactory number of coccoliths for statistic 
analysis and electron microscopy. The filters were 
rinsed with approximately 20 ml of prefiltered distilled 
water while the filters were wet, placed in an oven at 
50° C for a few hours, then stored in plastic con-
tainers. The above-mentioned procedure was repeatedly 
tested on fresh laboratory-cultured coccolithophore 
specimens and was found to cause no significant dam-
age to coccoliths and coceospheres. 

A piece of filtered sample was placed on a glass 
slide and rendered transparent with a few drops of syn-
thetic immersion oil and sealed by cover glass with 
cellulose solution for preservation. A high magnifica-
tion polarizing and phase contrast microscope was 
utilized for counting the standing stocks. A video-
matic computer system (Honjo, Emery, and Yamamoto, 
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Location of the stations. The water samples were collected from station 1 (Aug. 23) to station 19 (Oct. 14), during the HK 
69-4, R/V HAKUHO MARU. The detailed information of location and casting date is available in Okada and Honjo, 1973b. 

in press) was used for statistical tests for randomness 
of the coccolith distribution on filter samples. 

The identification of coccolith species and the de-
tailed observation of the dissolution of suspended cocco-
liths was conducted under transmission and scanning 
electron microscopes using different pieces cut from 
the same filter used for the standing stock counting. 

The same preparation procedure used for the trans-
mission electron microscopy of living coccolithophores 
(Okada and Honjo, 1973b) was applied for the sus-
pended coccolith study. A piece of filter was coated 
by thin platinum/palladium film for the scanning micro-
scope observation. The detailed reports on the count-
ing data, lists of species, statistical analysis, and electron 
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TEXT FIGURE 2 
Distribution of standing stock of suspen ded coccoliths in the 155 0 W ap hotic profile ( lower figure) and Ji vin g ce lls (cocco-
spheres) in the ove rl ying photic profile. All coccoliths (or coccospheres) in the view fie ld of optical microscope was cOLinted by 
tl'aversing microscopic stage fo r 8 mm in X-direction and this was repeated J 0 times to cove r 3.6 mm'. Then the obtained 
was ca librated to per lite r concentration. Fragments of less tha n a third were not cou nted . 

micrograp hs on which this paper is partially based, 
are available In a separate technical report (Honjo, 
1974) . 

SUSPENDED COCCOLITH COMMUNITIES  
IN THE APHOTIC LAYER: OBSERVATIONS  

DISTRIBUTION OF SUSPENDED COCCOLITHS IN  
THE DEEP WATER COLUMN  

Suspended coccoliths abundance was usually on the 
order of 103 to 104 individuals per liter throughout 

the profile along the 155 0 W meridian, except for the 
northern part of the transect. The water samples from 
greater depths such as 5.0 km also yielded significant 
numbers of suspended coccoliths (text fi g. 2). They 
were far less dense in the aphotic Subarctic zone\ than 
in other parts of the profile and concentrations were 
generally several hundreds per liter. A few substations 

I The term "aph otic Subarc tic Zone" in this paper means 
"the layer of ap hotic water underneath the sub-Arctic Zone" 
(Compare Okada and H onjo 1973, for zonati o ns). 
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yielded higher concentrations, 0.6 km and 1.0 km deep, 
with interesting specific contents which will be discussed 
below. Concentrations were particularly high in two 
areas between 4.0 km and 2.0 km of the Transitional 
Zone and the uppermost aphotic layer of the Equatorial 
Zone. The highest concentrations of suspended cocco-
liths which was recorded during this cruise was 9.1 X 
105 per liter of water collected from lat 35° N, long 
long 155 0 W, 0.4 km deep. The photic water column 
of the Central zone yielded a relatively small number 
of suspended coccoliths. The number of suspended 
coccoliths generally decreased rapidly with depth at all 
stations except for the Subarctic Zone. The rate of 
decrease was not consistent. Concentrations at 4.0 km 
were between 1/100 to 1/1,000 of those in the upper-
most aphotic layer. 

STATE OF PRESERVATION 

The suspended coccoliths were well preserved at all 
depths throughout the aphotic layer. Under the electron 
microscope, many coccoliths showed slight etching on 
the surface but never severe dissolution. Broken speci-
mens were also found occasionally (pI. 1). At 0.4 
km the evidence of etching on coccoliths was hard to 
recognize. At 0.6 and 1.0 km, more obviously etched 
samples were found but the majority were complete 
and intact coccoliths. In samples collected deeper than 
1.5 km, etching was observed. More progressively 
etched coccoliths, usually found at 5 km depth, were 
limited to large, rigid placoliths, such as Cycloccoco-
lith ina leptoporus (Murray and Blackman) Wilcoxon. 
However, the complete specimens of fragile-looking 

species of coccoliths were still commonly found at this 
depth. Fresh-looking, complete coccoliths were dis-
tributed ubiquitously in the aphotic profile. No evi-
dence of progressive dissolution with depth was found. 

Etching and dissolution of palacoliths at great depths 
usually progressed by numerous curving of small "steps" 
(0.1 to 0.3 /Lm) around the edge of unit crystals (pI. 1, 
fig. 3). Rounding of edges was observed on slightly 
dissolved coccoliths of the Emiliania and Geophyrocapsa 
groups (pI. 1, figs. 4, 5). 

The coccoliths of Umbellosphaera were most easily 
disintegrated into unit crystals along the seams of their 
unit crystal, particularly in water deeper than 0.6 km 
(pI. 2, fig. 2). However, intact specimens of this 
species, with no sign of damage, were often found at 
greater depth, 4.0 km. Coccoliths of Florisphaera and 
Thorosphaera were excellently preserved throughout the 
profile (pl. 2, fig. 1b). No preferential progress of etch-
ing was found on the distal or proximal discs of placo-
liths. At deeper stations, the distal parts of Heli-
copontosphaera were more severely etched while the 
proximal part was intact. 

SPECIES ASSEMBLAGES OF SUSPENDED COCCOLITHS 

As we reported previously, coccolithophore assem-
blages in the surface water were zonally arranged in 
distinct zones. Vertical provincialism was also de-
veloped in the photic layer. The total species assem-
blage (text fig. 3, uppermost left figure) integrated 
from 0 to 200 m, was somewhat different from that 
obtained from the surface water (0-50 cm) (Okada 
and Honjo, 1974; Honjo and Okada, 1974). 

PLATE 1  
Scanning micrographs of suspended coccoliths. Scale bar approximately 3 /Lm.  

A well preserved coccolith of Cycloccolithina leptopora. 
No etching is observed on the surface. 0.4 km, 0°, 
155 0 W. 

2 A cracked (arrow mark) specimen of the same species 
showing slight etching along the seams of the unit crystals. 
3.0 km, 35° N, 155° W. 

3 Extensively etched coccoliths like this specimen are found 
rarely and only at greater depth such as 5.0 km. Better 
preserved specimens like figures I and 2 are also usually 
found on the same filter sample. 

4 Slightly etched coccoliths of Gephyrocapsa oceanica; the 
seams between the unit crystals (arrow mark) are separated 
by dissolution. They will be disintegrated into the smaller 
units and may disappear during filtering. 3.0 km/O', 
155° W. 

:; Sometimes G. oceanica is extensively dissolved, yet keeps 
the basic configuration while other species are disinte-

grated in the earlier stage of dissolution. 4.0 km, 00, 
155° W. 

6 Coccoliths of Emiliania huxleyi are fragile but many are 
found in excellent condition at the greater depths. 4.0 
km, 0°, 155 0 W. 

7 Incomplete coccoliths of E. huxley! are often found in the 
photic layer, probably by shedding while the host is 
alive. Short end and rounded ray without the peripheral 
bars (arrow mark) are not always the result of dissolu-
tion, particularly in case of E. huxley!. 0.4 km. 0°, 1550 W. 

8 Slightly etched coccolith of Umbilicosphaera sibogae. 
Etching proceeds along the edge of inner rim. 4.0 km, 
0", 155' W. 

9 Disintegration of this species usually starts along the in-
ner rim (arrow mark, also pI. 2, fig. Id). 3.0 km, 
0°, 155' W. 
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TEXT FIGURE 3 

Species assemb lage of suspended cocco lith s at five levels through the 155 0 W meridian. T he left uppemlost figure is the total 
species assemb lage of li vi ng coccospheres for the total photic-water column ( Okada and Honjo , 1973a; Honjo and Okada, 1974). 
C.f. Cycioccoli/llIIs jragilis. c.1. Cvc/occolifhilla lepfoportlS, D.t. Discospllllcra /ilbije/{{ , G.o. Cepl,yrocapsa oceallica , G.e. C. eric-
sO lli, F.p. va L A o r B. Florisl>haerll projullda, var. A or B, T.f. Thorospll(Jera jlohel/a/a , U .i. Umbel/osp lwera irregularis, U.t. Umhe. 
/elluis , U .h. Ulllbilicosplw{'/"a hlllhllrtialla, U. s. Umbi. sibogoe. 

PLATE 2 
Scanning micrograph s of suspended coccoliths and fecal pellets. 

A typ ica l view of a filter sample. Some are intac t and the 
the others a re etched in different extents. 
a.  a lmost intact cocco liths of C. oceallica, proximal view; 
b.  F/orisphacl(I projullda , no etching is observed; 
c.  A half fragment of C. lep/oporus, broken but no etch -

ing is observed o n the s urface nor a long the fracture. 
d.  An eighth fragment of Ul1Ibilicosphaera sibogae ; 
e.  Strongly di ssolved Helicopoll/osphaera kall1p/lleri, prox-

imal view. 0 0 
, 155 0 W. Scale bar, 3 I'm, common 

for figures I, 2 and 4. 
2  UlIIl)('/lospllClc l"{/ irregularis are disintegrated easily along 

the seams of the unit crystals. 4.0 km, 0° , 155 0 W. 
3 Pa rt of a probable fecal pellet. A coccosphe re of C. lepfo-

porus is intact (a) and coccoliths of C. oceallica, (b) 
and C. lep loporus (variety with large coccoliths) are ex-
cellently pt'ese rved and show no effect s of etching. 4.0 km, 
0°, 155 ° W. Sca le bar; 3,"m. 

4  Coccolit hs with delicate architecture such as SyracospllClera 
pulchra Lohma nn are usually found intact at greater depths. 
4.0 km , 0°, 155° W. 

5 A "green fecal pellet" co llected by the Wiebe-t ype sedi-
ment trap at the equatorial Atlantic. Sca le ba r; 50 ,urn. 

6  Enl a rgement of figure 5 indicated by the square show ing 
fecal pe ll ets made of coccolith (and coccosp heres) . Sev-
eral species of coccoliths are obse rved in this photo-
micrograph. Scale bar; 5 I'm. 
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TEXT FIGURE 4 

An example of per cent similarity curves for depth levels. 
Similarity is computed (Honjo and Okada, 1974) between the 
sample indicated by a white bar and all other samples in the 
same column. No conspicuous structure was found at this 
station nor any other. 

Provincialism observed in the photic layer was 
vaguely replicated in suspended coccolith assemblages 
in the aphotic layer. Emiliania huxleyi increased at 
the expense of Umbellosphaera in the aphotic Transi-
tional Zone. Two deep photic genera Florisphaera and 
Thorosphaera were particularly abundant in the Cen-
tral and Equatorial Zones. Those two genera exceeded 
50 percent of all other suspended coccoliths at many 
stations. Gephyrocapsa oceanica (Kamptner), Cyclo-
coccolith us fragilis (Lohmann) Wilcoxson, and C. lepto-
porus were more abundant in the Equatorial zone. They 
gradually increased from the Central zone toward the 
south. The percentages of Umbellosphaera tenuis 
(Kamptner) Paasche and U. irregularis (Paasche) 
slightly decreased in the layer deeper than 1,500 m; the 
latter was usually the more abundant except in the 
northern part of the Central zone, somewhat reflecting 
its distribution in the photic total assemblage. 

The percentage of G. oceanica increased with depth 
at the Equatorial zone. However, the species assem-
blage profiles at different depths through 40° N to 15° 
S (text fig. 3) in the aphotic layer, were generally quite 
similar to each other, indicating no vertically developed 
structures and this will be further tested by similarity 
analysis in the following section. 

SIMILARITY OF SUSPENDED  
COCCOLITH COMMUNITIES  

Quantitative analysis of similarity-dissimilarity be-
tween communities in each substation using Whit-
taker's percent similarity index has been a useful method 

to clarify the large-scale provincialism of pelagic plank-
tonic communities (Honjo and Okada, 1974). Lateral 
comparison was made between all possible combinations 
of substations at the same aphotic depth level. Vertical 
comparison was also made between communities at dif-
ferent depths at the same station. Tabulation of compu-
tation results and similarity curves in lateral and vertical 
comparisons of the aphotic suspended coccolith com-
munities are available in a separate report (Honjo, 
1974) . 

The lateral similarity comparison showed the com-
munity between lat 40° and 30° N (Transitional zone) 
was unique to other areas throughout the water 
column. This was simply due to the dominance of 
E. huxleyi. The boundary between the Central and 
Equatorial zones was not clearly shown. The Southern 
Hemispheric Central zone at 15° S was also not dis-
tinguished from the Equatorial zone by this method. 

Downward comparison within the same stations 
showed that the suspended coccolith communities at 
different depths were dissimilar in cases (text fig. 4, 
for an example). The community at 5.0 km showed 
marked dissimilarity to the ones in the overlying water 
column in our limited number of stations (4 stations); 
more samples are required to generalize this observa-
tion. Generally speaking, similarities between sus-
pended coccolith assemblages were poorly developed 
at the same depth levels and little grouping was 
observed. 

DIVERSITY OF SUSPENDED COCCOLITHS 
IN THE APHOTIC LAYER 

Species diversity indices (H') of suspended coccolith 
assemblages were computed using Shannon-Weaver's 
formula (Pielou, 1966) on 200 randomly sampled in-
dividuals from each substation (text fig. 5). Diversity 
was generally low at all depths and somewhat variable 
in the north. Indices increased rapidly toward the south 
at all depths. In the southern part of the Central Zone 
and the Equatorial Zone, diversity was consistently 
high at all depths exceeding 2.0 H' units in many sub-
stations. It was relatively low at the station in the 
Southern Hemispheric Central zone. 

No systematic change of diversity was observed with 
depth (through 0.4 km to 4.0 km) except it increased 
somewhat at middle depths (such as between 1.5 km 
to 3.0 km) in many stations. Diversity indices at 5.0 
km were only available at four stations; they were al-
ways smaller than diversity at 400 m levels of the same 
water columns. 
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The distribution of the species diversity (H') of suspended coccoliths throughout the aphotic profile of the 
ing the Leg 69-4. The contour lines were produced by computer linear interpolation. 

155 0 W meridian dur-

SUSPENDED COCCOLITHS IN DEEP SEA  
AS CALCITE  

Text figure 6 shows the distribution of the total weight 
of the suspended coccoliths as calcite in a liter of sea 
water at each substation. Weights were calculated 
from the average volume of coccoliths per species as 
estimated from scanning micrographs and the specific 
gravity of calcite. The effects of etching on the sur-
face was ignored. This method is somewhat crude 
considering the complicated morphology of coccoliths 
and their variable size. The error is estimated to be 
more than 50 percent in the Central and Equatorial 
Zones. 

COMPARISON OF COCCOLITH  
COMMUNITY BETWEEN THE SURFACE  

PRODUCTIVE LAYER AND  
NON-PRODUCTIVE LAYER  

STANDING STOCK 

A numerical relation may exist between the produc-
tion of coccoliths in the photic layer and the standing 

stock of suspended coccoliths in the immediately under-
lying layer assuming they are under steady state condi-
tion. Suppose the only source of the suspended cocco-
liths is the disintegration of cocco spheres in the 
overlying productive layer, the following should be ob-
served; the yearly production of coccoliths in photic 
unit column is equal the number of suspended cocco-
liths in the aphotic extension of the same eolumn with 
the length of the yearly rate of descent of coccoliths. 

Therefore, 
S·t·n s·D (1) 

where, S = the total standing stock of coccospheres in 
the productive layer, in number per m2, 

t yearly turn-over rate of coccospheres, in times 
per year, 

n = average number of coccoliths on a cocco-
sphere, 

s concentration of coccoliths in the uppermost 
aphotic layer, in number per m3, 

D = yearly rate of descent of an average cocco-
lith, in m per year. 
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DISTRIBUTION OF SUSPENDED COCCOLITHS AS CALCITE : nglt 
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TEXT FIGURE 6  

The distribution of the estimated total weight of the suspended coccoliths per liter of sea water.  

This hypothesis was tested in several tropical stations 
between 17" Nand 15 S where the seasonal fluctua-
tion of total standing crop in the productive layer is 
reasonably small. The field turnover rate in such an 
area is not measured as yet but estimated in vitro and 
at least more than once every ten days (36 times per 
year). The average number of coccoliths on each cocco-
sphere of dominant species was obtained from a large 
number of electron monographs and is roughly 20. The 
total standing stock in a unit water column during 
Leg 69-4, HAKUHO MARU, is available (Honjo 
and Okada, 1974). The productive layer of certain 
coccospheres such as Thorosphaera and Florisphaera 
sometimes extends to as deep as 300 m (Okada and 
Honjo, 1973). Therefore, the standing stocks of sus-
pended coccoliths at 400 m level measured during the 
same leg were applied to the value of (s). Sea water 
below several hundred meters is undersaturated in terms 
of calcite in the tropical central North Pacific (Taka-
hashi and others, 1970; Ben-Yaakov and others, 1974) 
and data on the standing crop of suspended coccoliths 
obtained below the saturation depth should not be used 
for estimation. 

At the 10° N, 155 c W (Station 10), for example, 
the total standing crop of coccospheres in the unit photic 
water column was 2.2 x IOn per The yearly pro-
duction of coccoliths in the water column (S· t· n) is 
thus estimated as 1.6 X per per year. The 
standing stock of suspended coccoliths at 0.4 km was 
2.9 x 103 per liter during Leg 69-4. Suppose Stoke's 
law is applicable to coccoliths and considering its shape 
factor (A. Lerman, personal communication, 1974), 
an average size coccolith (a placolith of 3 fLm x 5 
fLm) descends approximately one hundred meters in 
a year. Coccoliths produced during a year and sub-
sequently suspended in the underlying aphotic layer 
(s' D) is estimated at 3 X 107 • This implies that only 
a few coccoliths in every 105 coccoliths that were pro-
duced in the photic layer, arrived at the 400 m level. 
Assuming a turnover rate t of 36 per year and solving 
equation (1 ) in terms of D, the rate of descent of cocco-
liths becomes 1.7 x 106m per year of 4.7 x 102m 
per day, and such a high estimate of rate of descent 
is unacceptable. 
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COMPARISON OF PHOTIC AND  
APHOTIC COMMUNITY  

The total number of coccolith species in the aphotic 
layer were more or less constant and did not show 
significant correlation with the total species number of 
coccospheres in the overlying photic column. The 
former was always smaller than the latter. Approxi-
mately 95 living coccolithophore species were found 
in the photic layer of the transect (Honjo and Okada, 
1974) and approximately 75 species of coccoliths were 
identified from the aphotic profile. Thc majority of the 
species distributed in an aphotic water column were 
also observed in the directly overlying photic layer but 
sometimes this rule was not followed. The discrepancy 
between the number of species between the aphotic 
layer and photic layer was mostly attributed to rare 
or very rare species which consist of less than a half 
percent (in photic layer) of the coccolithophore 
(coccosphere) population. During this study, 200 sus-
pended coccoliths from each substation were identi-
fied and counted; also 200 coccospheres, each of which 
carried 15 to more than 100 coccoliths. Therefore, 
the chances of overlooking the rare species of sus-
pended coccoliths are much larger than missing the rare 
coccosphere species unless one counts 20 times (the 
average number of coccoliths in coccospheres) more 
suspended coccoliths for a direct comparison of the 
aphotic and photic species lists. An exception was the 
relation between the living coccospheres and the sus-
pended coccoliths of Coccolithus pe/agicus (Wallich) 
Schiller. Only a few specimens of the coccospheres of 
this species were found during this cruise (47° N, 155 0 

W, 0-50 cm) although they were reported in more 
abundance from the sub-arctic zone of the Pacific Ocean 
by other investigators (McIntyre and others, 1970). 
On the other hand, suspended coccoliths of C. pelagicus 
were frequently found at 0.6 km and 1.0 km depth 
between 55 e Nand 50° N. They occupied more than 
60 percent of the suspended coccoliths' popUlation in 
such substations. 

For the same reason mentioned in the last paragraph, 
photic coccosphere diversity data cannot be compared 
to the underlying aphotic coccoliths' diversity except 
for a crude estimate. The diversity of suspended cocco-
lith communities at any aphotic substation was smaller 
than the total diversity of coccospheres in the overly-
ing photic column [the H' value computed on the hypo-
thetical coccosphere community of 0 m to 200 m 
(Honjo and Okada, 1974)]. They were closer in the 

Equatorial zone where the number of rare or very 
rare species was reduced in the photic column. 

The relation of the photic and aphotic diversity of 
coccospheres and coccoliths are more unrelated at the 
Transitional zone. The total species number and di-
versity in the photic water column rapidly increased 
toward the south. At the boundary of the Transitional 
and the Central zones (30° N, 155 0 W) the number 
of species at this station was 52 and this was the largest 
throughout the transect. While in the underlying 
layer, only 13, 14, and 10 species were found at 0.4 
km, 3 km, and 5 km deep, respectively, in the same sta-
tion. The total number of species for the aphotic 
water column was 19. The total diversity of the aphotic 
coccolith species at this station was significantly smaller 
than the one on the total photic coccosphere which 
was also the largest along the transect. Such a 
large discrepancy between the photic and aphotic com-
munity is hard to explain by the difference of statistics 
between the photic coccolithophore and aphotic cocco-
lith communities. 

DISCUSSION 

DISSOLUTION OF SUSPENDED COCCOLITHS  
IN THE DEEP SEA  

Recent cstimates of calcite saturation in the N'orth 
Central Pacific Ocean suggests that the transition from 
calcite supersaturation to undersaturation occurs within 
several hundred meters of the surface (Takahashi, and 
others, 1970; Morse and Berner, 1972); sea water is 
undersaturated at all depths beneath this. Spar-calcite 
spheres (Peterson, 1966) or planktonic foraminiferan 
tests (Berger, 1967) dissolve slowly in such under-
saturated water until the lysocline (Berger, 1970) where 
planktonic foraminiferan tests in the sediment first 
show significant dissolution. The planktonic foraminif-
erallysocline in the North Pacific is significantly deeper 
than the saturation depth. 

An average size coccolith (a placolith of 3p.m x 5 
p.m) weighs approximately 22 x The area ex-
posed to the sea water is approximately 0.8 x 
(The total surface area in a gram of such placoliths 
is estimated as at least 1 x 1 The rate of dis-
solution of a calcite sphere obtained from the Peter-
son's exposure experiment (Fig. 2. p. 1543 in Peterson, 
1966) is approximately 0.3 mg between 0.7 
km and 1.5 km deep. If we assume this is also ap-
plicable to coccoliths, the maximum time to completely 
dissolve a coccolith at such a rate of dissolution is ap-
proximately 0.9 years. Berger's experiments (1970) 
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indicate planktonic foraminifcran tests dissolve at a 
rate of approximately 0.2 percent at such depth. 
If this rate is pertinent to coccoliths, they should dis-
appear within 1.5 years. As long as the rate of descent 
of a coccolith is as slow as 100 meters per year, free-
falling coccoliths can remain only in the uppermost 
layer of the undersaturated water and should disappear 
long before reaching greater depth. This estimate con-
tradicts present observations on the distribution of abun-
dant and well-preserved coccoliths in the deep sea of 
the central North Pacific Ocean. 

One explanation is that the dissolution rate of cocco-
liths is much slower than the ones measured on the 
spar-calcite or foraminifera samples. It has been sug-
gested that fossil coccoliths are more resistant (Mc-
Intyre and McIntyre, 1971) to the dissolution than the 
other calcareous microfossils. They arc relatively more 
abundant than planktonic foraminiferan tests close to 
the carbonate compensation depth (Hsii and Andrews, 
1970; Hay, 1970). However, Berger (1973) observed 
that the dissolution behavior of coccoliths and plank-
tonic foraminiferan tests are similar in deep-sea sedi-
ment. Chemosorptive organic coatings (Chave and 
Suess, 1970) or organic coatings of a biological origin 
(McIntyre and McIntyre, 1971) can also be considered 
an efficient protection. However, Morse (1973) did 
not find significant inhibition of carbonate dissolution 
in a large selection of organic and biochemical sea-water 
solutions. In situ saturometry experiments on deep-sea 
carbonate sediment near Hawaii, which is mainly com-
posed of coccoliths and planktonic foraminiferan tests, 
showed no significant difference from pure calcite (Ben-
Yaakov, and others, 1974). The dissolution experiments 
at constant disequilibrium on the calcite powder and 
coccoliths bearing fine calcareous sediment in the pH-
stat, did not show a significant difference (Berner, 
personal communication, 1974). Dissolution inhibition 
models do not explain why fresh-looking and slightly 
etched coccolith specimcns coexist at great depths. 

RAPID TRANSPORTATION BY FECAL PELLETS 

A large number of fecal pellets of zooplankton, prob-
ably copepods, were collected by a sediment trap 
settled for two months at the Tongue of the Ocean 
at 2,200 m depth (P. H. Wiebe, S. H. Boyd and C. 
Winget, unpublished). They were a few hundred mi-
crons long and several tens of microns wide (pI. 2, 
fig. 5). Two types of fecal pellets were identified under 
the binocular microscope: greenish-colored, less con-
solidated pellets and darker, consolidated pellets with 

more consistent configuration than the other. Under 
the electron microscope, greenish-colored fecal pellets 
consist almost exclusively of coccoliths (pI. 2, fig. 6). 
Sometimes, intact coccospheres were found in them. 
An average green fecal pellet weighed approximately 
0.8 }lg (as CaCO;{, estimated by atomic adsorption 
analysis) and contains approximately 4 x I cocco-
liths. By virture of the elongated cylindrical shape, they 
descend rapidly at the rate of approximately 200 m/ 
day. They were estimated to arrive at the sea floor 
at the rate of approximately The de-
tailed microscopic study of fecal pellets collected by the 
sediment trap will be published elsewhere by S. Honjo 
and P. H. Wiebe. Several species of calanoid cope-
pods collected near Woods Hole were successfully 
maintained by feeding pure-cultured E. huxleyi with 
the cooperation of Dr. Thomas Lawson, Woods Hole 
Oceanographic Institution. They produced fecal pellets 
which consisted of near 100 percent of the coccoliths 
with similar configuration to the greenish fecal pellets 
collected by the trap. No dissolution of coccoliths was 
observed either in the natural or laboratory produced 
fecal pellets. 

The above observations suggest that fecal pellets of 
the grazers can transport coccoliths and coccosphere 
population from the surface productive layer to 
the deep-sea floor with great efficiency. Similar ob-
servation was made on the vertical transportation of 
pelagic diatoms (Schrader, 1971) or radionuclides 
(Osterberg and others, 1963). 

There might be many other marine organisms who 
graze coccolithophores. For example, Lohmann 
( 1902) found a large number of coccoliths in salp 
guts. Mauchline and Fisher (1969) reported that a 
euphausiid eats anything from detritus to other euphau-
siids. Therefore, some of the coccoliths may be trans-
ported indirectly by the larger fecal pellets as far as 
the guts of the hosts arc not acidic. 

THE ORIGIN ASD FATE OF  
SUSPENDED COCCOLITHS  

The coccolithophore popUlation is presumed to be 
under high grazing pressure from small zooplanktons 
such as cope pods in the oligotrophic open sea and the 
majority of coccolithophores is taken up by such grazers 
before it completes the life cycle. Therefore, the 
chances of shedding the free coccoliths from the "dead 
coccospheres" might be small. 

Coccospheres of E. huxleyi in our laboratory culture 
shedded a number of coccoliths during growth under 
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slightly stressed condition particularly when a "stimu-
lant" such as a small amount of methyl alcohol was 
dropped into the media, hundreds of extra coccoliths 
were produced by a coccolithophore and they were 
shed into the media. If this observation is applicable 
to the natural photic ecosystem, the majority of free-
falling coccoliths are shed individuals while they are 
productive. Shedding is inconsistent and probably has 
little quantitative relation with the host community. 
Such free-falling coccoliths may disappear by dissolu-
tion shortly after they come across the saturation depth 
and are removed from the water column. 

The abundant suspended eoccoliths distributed in 
greater depth is presumed to have spilled out from fecal 
pellets. The green fecal pellets mentioned before were 
not strongly consolidated and after they were passed 
by gravity through 3-foot-Iong, 4 0 C sea-water columns 
a few times in the laboratory, a substantial number of 
coccoliths were left in water in suspension. Fresh cocco-
liths or coccospheres may thus be replenished at all 
depths by rapidly descending fecal pellets. After cocco-
liths are released from the host fecal pellets, the rate 
of descent decreases a thousandfold and they are fully 
exposed to the undersaturated deep water. At the 
depth deeper than the calcite saturation depth, dissolu-
tion proceeds immediately, and the structure of a cocco-
lith is weakened by loss of adhesion which keeps its 
unit crystals As a consequence, the coccolith 
decomposes into a smaller unit and is lost during filtra-
tion. This explains the reason why no strongly dis-
solved coccoliths are left on the filter residue. The 
decrease of the standing crop (text fig. 2) and the 
weight as calcite in a unit volume (text fig. 6) with 
depth may reflect the rate of such decomposition with 
depth (rather than dissolution) in the progressively 
undersaturated sea water. 

The suspended coccolith populations in the upper 
aphotic layer which is shallower than the saturation 
depth are a mixture of coccoliths with two different 
origins; 1) the falling coccoliths from the photic layer 
possibly originated by shedding, and 2) the coccoliths 
and coccospheres "spilled out" freshly from fast de-
seending fecal pellets. Therefore, the balanee of the 
standing crops of coceoliths between the productive 
and aphotic layers cannot be of steady state. The 
yearly yields of the suspended coccoliths in a unit 
column must be significantly smaller, under the circum-
stances where the majority of coecoliths produced in 
the photic layer is removed by grazing activity bypass-
ing the aphotic water eolumn. 

PALEO-OCEANOGRAPHIC IMPLICATIONS OF THE 
RAPID FECAL PELLET TRANSPORT MODEL 

If the above-mentioned model on coccoliths, cocco-
spheres, and fecal pellets is pertinent in pelagic water 
column, free-falling coecoliths from the productive layer 
and suspended coceoliths resulting from dispersion 
from fecal pellets are all dissolved before reaching the 
sea floor where the depth exceeds the saturation depth. 
The majority of coccoliths produced in the photic layer 
is sealed in feeal pellets and transported to the under-
lying sea floor almost instantaneously. Therefore, 
oceanographie filters expected during the free fall of 
minute calcareous particles, such as selective dissolu-
tion, lateral transport by current, or winnowing of 
coccolith species by size, will give no effect on the 
deep-sea coccolith-ooze formation. The majority of 
the coccolith population is continually transported to 
the underlying sea floor, regardless of the depth, main-
taining its original community structure (if no selective 
grazing occurs at the species level). Selective dissolu-
tion of coccoliths (Mcintyre and Mcintyre, 1971; 
Schneidermann, 1973; Roth and Berger, this volume) 
may occur after arrival at the sediment-water interface. 
The contribution of coccoliths to controlling the alka-
linity of deep-sea water columns is mainly aehieved 
by the diffusion from the sea floor, and the role of 
dissolving coccoliths suspended throughout the water 
column would be minor. 
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TABLE J120 100 
Core locations and data sources. 

Depth 
Core Lat. Long. (111) Reference 

0 

TEXT FIGURE 1 

Depth of the lysocline map (after Parker and Berger, 1971) 
and core locations. 

( 1971 ), who suggested variations in rates of dissolution 
as an interpretation. Hays and others (1969) corre-
lated the CaCO., record with the climatic record of 
Atlantic cores and suggested as did Arrhenius (1952) 
that times of high CaCO;! accumulation are approxi-
mately in phase with glacial periods. The exact corre-
lation, however, was yet to be documented. 

The development of oxygen isotope stratigraphy has 
made it possible to obtain fine stratigraphic zonation 
within the Pleistocene, and we feel that the time is ripe 
for another attack on thc problem of CaCO;! sedimenta-
tion in the equatorial Pacific. In the present study we 
aim at the following: (1) understanding thc processes 
which control rates of carbonate accumulation; (2) 
timing the major changes in rates of aeeumulation and 
dissolution; and (3) plaeing some limits on magnitude 
of variations in rates of dissolution. 

MATERIAL AND DATA 

Core material analyzed by us is from the Lamont-
Doherty Geological Observatory collection. Core loca-
tions and data sources are given in table 1. Locations 
of cores from the east equatorial Pacific are shown in 
text figure 1. 

Counts of biogenic constituents were made on sam-
ples which contained more than 300 specimens greater 

--_.__._----_._------
VJ9-53 17'01'S 1I3°31'W 3058 This paper, Luz (1973)  
V19-55 17'00'S 114°II'W 3177 This paper, Luz (1973)  
V21-33 3°48'S 92°05'W 3726 This paper  
RCII-230 8'48'S l/O c 48'W 3259 This paper, Luz (1973)  
39 2'44'S 92°45'W 3600 Arrhenius (1952)  

than 250p.. CaCO., content was determined gasometri-
cally by a technique described by Lohmann (1974). 
Oxygen isotope analysis was performed on Globigeri-
noides sacculi/era in the case of V 19-55 and RC11-230, 
and on Globoquadrina dutertrei in the case of V21-33. 

METHODS OF THE STUDY 

Our chief objective is to obtain the record of dissolu-
tion variations in the tropical east Pacific during the past 
130,000 years. In order to achieve this purpose it 
is neccssary to have the following: (1) a means to 
evaluate the intensity of the CaCO., dissolution process; 
and (2) a time scalc down the cores studied. 

DISSOLUTION INDICATORS 

Parker and Berger (1971) have shown the usefulness 
of solution indexing in studying dissolution patterns on 
the floor of the South Pacific Ocean. A similar method 
can be applied in down-core study in order to obtain 
the record of dissolution variations. In calculating the 
solution index (SI), the solution ranking of Parker 
and Bcrger (1971) was used, and SI was calculated as 
described by Berger (1968). The solution indexing is 
based on the proportions of the different species in a 
planktonic foraminiferal assemblage. High values of 
SI indicate relative enrichment of an assemblage with 
solution resistant specics. Where it is reasonable to 
assume that ecology is not the cause for down-core 
variations, SI indicates fluctuations in the intensity of 
CaCOa dissolution. 

SI is sensitive to variations in dissolution only where 
the down-core assemblages contain a mixture of solu-
tion resistant and solution susceptible species. Once 
that carbonate dissolution proceeds to a degree where 
all the solution susceptiblc species arc eliminated, SI is 
no longer sensitive to any further change in dissolution. 
In this case the relative abundance of resistant faunal 
elements such as radiolarians and benthonic foraminifers 
are better indicators of the dissolution intensity. 
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TEXT FIGuRE 2 

Plots of Sl (solution index), T-200 (an estimate of the paleo-
temperature at 200 m) and 5"0 (with respect to Emiliani B I 
standard) for cores V19-53 and VI9-55. The cores are located 
several hundred meters above the lysocline (see text fig. 1). 
In both cores high SI values indicate increased solution around 
75,000 years B.P. 

TIME SCALE 

Our basis for correlation of the cores and timing of 
the changes in solution intensity is matching of 8180 
curves. It has been shown that the primary control over 
8180 fluctuations are global changes in glacial ice vol-
ume (Broecker and van Donk, 1970; Shackleton, 1967; 
Shackleton and Opdyke, 1973). In this case, thc major 
fluctuations in isotopic composition took place simul-
taneously in various cores, and the 8180 eurves provide 
a prccise stratigraphic tool. 

The time scale of Broeckcr and van Donk (1970) is 
adopted in this paper. According to this time scale the 
last interglacial began 127,000 years BP and ended 
75,000 years BP. The termination of the last glacial 
occurred 11,000 ycars BP. These three events are easy 
to recognize in most 8180 curves produced for deep-sea 
cores. The events are indicated by arrows in text 
figures 2, 4, and 5, and are used in estimation of the 
age of the major changes in the solution intensity. 
If the time scale of Emiliani (1966) is chosen, it would 
be necessary to change the age estimates of the solution 
events and to correct the calculated rates of accumula-
tion (text figs. 9 and 10) accordingly. It should be 
noted, however, that the correlation of the solution and 
the climatic changes would not be affected. 

TEMPORAL AND SPATIAL VARIATIONS IN  
CARBONATE DISSOLUTION IN THE  

TROPICAL EAST PACIFIC  

The cores selected for the present study (see tcxt 
fig. 1) belong to three diffcrent categories. Cores whieh 
are located well above the lysocline (as mapped by 
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TEXT FIGuRE 3 

Plots of SI (solution index) and percent CaCO" in V 19-53 and 
V 19-55. The cores are located several hundred meters above 
the lysocline (text fig. I). Note the lack of correspondence 
between the carbonate content and the solution intensity. 

1,0 
I 

1,2 14 

Parker and Berger, 1971), ncar the lysocline, and well 
below the lysocline. The shape of the solution record 
and the effect of the solution on the sediment, depend 
on the location with respect to the lysocline. 

THE CORES ABOVE THE LYSOCLINE 

Two cores (V19-53 and V19-55) are located several 
hundred meters above the lysocline (text fig. 1). 8180 
was determined only on V19-55, and correlation be-
tween the two cores is done by means of the foraminif-
eral index T-200 (from Luz, 1973). SI curves are 
plotted in text figure 2. These curves register con-
siderable noise, but both show an indication for in-
creased solution intensity around 75,000 years BP. 

It is interesting to find out to what extent the con-
centration of calcium carbonate in the cores, is con-
trolled by the changing solution intensity. SI and 
percent CaCO;{ curves for V19-53 and V19-55 are 
plotted in text figure 3. Comparison of the curves 
reveals little or no correspondence between 
content and solution intensity. Thc cores V] 9-53 and 
V19-55 were raised from near the crest of the East 
Pacific Rise and the carbonate in this area is diluted by 
matcrial derived from local volcanism (Bender and 
others, 1971; Bostrom and others, 1973). It seems 
that local sedimentary conditions and perhaps varia-
tions in the activity of the ridge account for most of 
the changes observed. In any case, dissolution varia-
tions scem to play only a minor role in shaping the 
percent CaC03 curves. 
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TEXT FIGURE 4 

Plots of percent CaCOa, SI (solution index), percent fragments, 
and 0"0 with respect to the PDB standard in RCll-230. The 
core is located near the lysocline (text fig. 1). Note that the 
carbonate content is not affected by the changes in the solution 
intensity. 

THE CORE NEAR THE LYSOCLINE 

Plots of 8180 and SI for core RCll-230 are shown 
in text figure 4. Comparison of the curves shows that 
dissolution peaked up in intensity about 119,000 years 
BP, after the beginning of the last interglacial. The 
dissolution decreased in intensity about 67,000 years 
BP, after the end of the last interglacial. Comparison 
of the solution record with the percent CaCOs curve 
(text fig. 4) does not reveal any correspondence. The 
percent CaC03 is very uniform all the way down the 
core. The increased solution results in the destruction 
of fragile planktonic foraminifers, but the change in 
the amount of carbonate removed to solution is small, 
and not sufficient to cause the percent CaC03 curve to 
fluctuate. It is worthwhile emphasizing that it is un-
likely that the change in the foraminiferal assemblage 
reflects a change in the ecology. Luz (1973) has 
shown that only small variations in upper water con-
ditions are registered in RC11-230, and those variations 
that are recorded do not correlate with the changes in 
carbonate solution intensity. 

THE CORES BELOW THE LYSOCLINE 

Core V21-33 is located several hundred meters below 
the lysocline (text fig. 1), and throughout its length it 
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TEXT FIGURE 5 

Plots of 0"0 (with respect to PDB), percent CaCOa, percent 
radiolarians, percent benthonic foraminifers and percent frag-
ments in V21-33. The core is located below the lysocline (text 
fig. 1). Increased solution intensity is indicated in the carbonate-
low interval, by relatively high abundance of radiolarians and 
benthonic foraminifers. The abundance of fragments in this 
core does not correspond to other dissolution indicators. 

shows considerable dissolution effects. The planktonic 
foraminiferal assemblage consists almost entirely of one 
resistant species (Globoquadrina dutertrei) and its frag-
ments. Since we are dealing with monospecific as-
semblage, SI is not sensitive to solution variations, and 
is not useful in this case. Radiolarians and benthonic 
foraminifers-both less affected by solution than plank-
tonic foraminifers-fluctuate in abundance down the 
core. Their high abundance in the CaCOs-low interval 
(text fig. 5) is judged to indicate increased solution. 
It seems that in this case the variations in solution 
intensity are large, and play an important role in shap-
ing the percent CaCOs curve. The abundance of frag-
ments of planktonic foraminifers does not correspond 
to the solution intensity. It seems that in this core the 
rate at which whole shells fall apart into fragments is 
close to the rate at which other fragments are eliminated. 
Comparison of the percent CaCOs curve with the 8180 
curve shows that the reduction in carbonate content 
due to the increased solution occurred approximately 
between 109,000 and 63,000 years BP. 

In several equatorial Pacific cores which have a 
complete record of the last 11,000 years, percent CaCOs 
decreases near the top (Arrhenius, 1952; Hays and 
others, 1969). Such a decrease does not occur in 
V21-33, but is found in the nearby core 39 (text fig. 6). 
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TEXT FIGURE 6 

Plots of percent CaCO, in cores V21-33 and 39 (after Arrhenius, 
1952). Note that percent CaCO" does not drop at the top of 
V21-33. It seems that the upper-most part of this core is 
truncated. 

It seems that the top of V21-33 is truncated, but corre-
lation with the 8180 curve (text fig. 5) indicated that 
the early part of the Holocene section is present, and 
that the decrease in percent CaCOtl occurs at the later 
part of the Holocene. It is possible that the late Holo-
cene decrease in percent CaCOg is a result of increased 
solution. However, more evidence has to be found 
before this matter can be decided. 

To summarize, effects of changing carbonate disso-
lution are recorded in all the cores studied (text fig. 7). 
Dissolution increased during the period from about 
115,000-65,000 years BP (based on information from 
both RCJ1-230 and V21-33). The change in solution 
intensity is significant in the cores below the lysocline, 
and produces percent CaC03 fluctuations. Near the 
lysocline the same dissolution period is recorded, but 
the percent CaC03 curve is not affected. Above the 
lysocline the effects are small, and increased solution 
is noticed only at the end of the period. 
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TEXT FIGURE 7 

Correlation of the carbonate-solution record of three tropical 
east Pacific cores with a generalized 0"0 curve. From left to 
right the cores are located progressively deeper with respect to 
the lysocline (see text fig. 1). The shading indicates zones of 
increased solution intensity. In general the solution increased 
approximately 115,000-65,000 years BP (based on information 
from RCII-230 and V21-33), but above the lysocline (V19-53) 
the effects of the increased solution were felt only at the end 
of this period. Carbonate solution plays an important role in 
shaping percent CaCO, curves only below the lysocline (V21-33, 
and see text figs. 3-5). 

RATES OF ACCUMULAnON 

Although solution indices can be used to indicate 
time intervals in which dissolution increased, these in-
dices do not measure the actual change in the amount 
of material removed. In order to obtain some estimate 
of the magnitude of the change, it is useful to calculate 
absolute rates of accumulation for the time of high and 
the time of low solution intensity. 

In order to calculate meaningful rates of accumula-
tion of different sediment components, it is necessary to 
know the density of sediment. However, direct density 
measurements were not available, and for that reason 
we used estimates in the calculations. The following 
regression equation can be used to estimate the density 
from percent CaCOs: 

1 
3.379 - 0.026 (% CaC03 ) 

A 
where D is estimated dry weight (in gr) of one ems 
wet sediment. The equation is derived from data on 
equatorial Pacific sediments (from Arrhenius, 1952). 
A plot of density versus percent CaC03 is shown in 
text figure 8. The linear correlation coefficient be-
tween the estimated density (f») and the observed 
density (D) is Rnfi =0.9723, and the standard error 
of estimate is SE = 0.0581 gr/cm3• 
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Sediment density (in gr dry sediment per em" wet sedi-
ment) versus percent CaCD". The solid curve is a plot of 
1\ 1 
D 0 (% CD)' The dashed curves mark the 683.379 .026 oCa " 
percent confidence interval. The data are from Arrhenius 
(1952) . 

The average rates of accumulation of calcium car-
bonate were determined in RCll-230 and V21-33 
(text figs. 9 and 10). Assuming no change in the rate 
of shell output, the change in the rate of solution in 
RCll-230 was 0.05 years or about 
4 percent. Calcium carbonate content is not sensitive 
to such a small change (Berger, 1971), and for that 
reason the percent CaC03 remains essentially uniform. 
While carbonate content does not change, the shells of 
fragile planktonic foraminifers are affected. It appears 
that the increased solution weakened the shells, which 
then fell apart and the absolute number of fragments 
increased. Note that the absolute abundance of the re-
sistant foraminifers does not change significantly (text 
fig. 9). 

RC 11 - 230 
1 CoCOa 1 FORAMS I<RAGMENTsl RESISTANTI 
gr /cm211000y no I cm2j'OOO yr$ FORAMS 

1.17 1496 45168346 

.lfl!': . .................................................................  

48466630 25761.12 

...!,Uf/f.. ................................................................. 

TEXT FIGURE 9 

Plots of percent CaCD" SI (solution intensity), percent frag-
ments and calculated accumulation rates for the low- and the 
high-solution periods in RCll-230. The core is located near 
the lysocline (text fig. 1) and the change in the rate of CaCD, 
solution is small. The increased solution approximately 
119,000-67,000 years BP weakened the shells of fragile plank-
tonic foraminifers and they fell apart into fragments (the 
accumulation of planktonic foraminifers decreased and the ac-
cumulation of fragments increased). Resistant planktonic fora-
minifers were not affected. 
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TEXT FIGURE 10 

Percent CaCD, plot and calculated rates of accumulation for 
the low- and the high-solution periods in V21-33. The change in 
the rate of accumulation of CaCDs is large, while the change 
in the noncarbonate is relatively small. The core is located 
below the lysocline (text fig. 1) and the changes in the carbon-
ate content and accumulation result from the variations in the 
solution intensity. 
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Arrhenius (1952) attributed the vanatJons in car-
bonate accumulation in the equatorial Pacific to oscilla-
tions in carbonate production. However, in the light of 
the data from RCII-230, it seems that the rate of shell 
production is fairly uniform. As mentioned above, the 
rate of accumulation of the resistant foraminifers, which 
in this core arc relatively unaffected by the solution 
variations, is close to uniform. If the rate of production 
did change, then the absolute abundance of the resistant 
shells would have shown variations. 

Considerable change in dissolution rate is registered 
in V21-33, which is located several hundred meters 
below the lysocline. The change in this core was 0.556 
gr/em;)/lOOO years or 82 percent, enough to cause large 
fluctuations in the percent CaCO;l curve. The change 
in carbonate content would have been even greater, but 
as shown in text figure 10, there is more dilution by 
noncarbonate material in the interval of low dissolution. 

In conclusion, cores which are located deep enough 
arc subjected to large fluctuations in dissolution in-
tensity. On the other hand, shallow cores are subjected 
to relatively minor changes in CaCOa removal to 
solution. 

DISCUSSION 

In the previous sections we have demonstrated that 
CaCO;{ dissolution intensity fluctuated in the tropical 
east Pacific; that large changes in rates of dissolution 
arc registered only in cores located bclow the lysocline; 
and that the period from approximately 115,000 
through 65,000 years BP saw increased solution in-
tensity. Broecker (1971) and Berger (1973) have 
shown that the well-known carbonate cycles of the 
equatorial Pacific (Arrhenius, 1952; Hays and others, 
1969) arc controlled by solution variations. Peter 
Thompson (personal communication) finds that the 
relationships between 8180 and SI in west equatorial 
Pacific cores arc similar to those found in RC 11-230. 
Thus vast areas in the tropical Pacific were subjected 
to solution variations, and increased intensity occurred 
115,000-65,000 years BP. 

So far we have been concerned with documentation 
of the variations in the dissolution process. At this 
point we may ask why dissolution variations occur at all. 
Before trying to answer this question, it will be helpful 
to examine other parts of the world ocean where car-
bonate depostion occurs. It is widely known that the 
North Atlantic is a major trap of carbonate sediments, 
and it is reasonable to assume that variations in CaCO;) 
sedimentation there would have significant effects on 

carbonate deposition elsewhere. Fluctuations in percent 
CaCO;{ are found in many North Atlantic cores, but 
the cause of the fluctuations is not always clear. Read-
ing the literature on the North Atlantic (Berger, 1973; 
Broecker, 1971; Thiede, 1973; McIntyre and others, 
1972; Olausson, 1971; Ruddiman, 1971; to mention 
only a few) results in much confusion. There is no 
agreement between thc various authors about the 
mechanism that accounts for the changes in carbonate 
content, and about the timing of intensified solution. 

Gardner (1974) shows that at least in some Atlantic 
cores there is strong evidence for increased carbonate 
solution during glacial maxima. He links high solution 
intensity to increased production of the Antarctic Bot-
tom Water (AABW). As we have shown above, in-
creased solution intensity in the Pacific occurred at 
different times, and thus it is not likely to be driven 
by the same cause. It seems that the Atlantic is favor-
ably located to receive influence from past variations in 
AABW production, while the Pacific is not. 

Broecker (1971 ) compiled data on various low- and 
mid-latitude North Atlantic cores. He has demon-
strated that the accumulation rates of CaC03 do not 
change considerably from glacial to interglacial. This 
is judged to indicate that carbonate production rate 
there is relatively stable, and in this discussion we as-
sume that production in the low- and mid-latitudes does 
not have much effect on global variations in CaCOa 
budget. In the high latitudes the pattern is different. 
Recent studies (Ku and others, 1972; McIntyre and 
others, 1972; Sancetta and others, 1972, 1973) have 
shown that large fluctuations occurred in the rate of 
production of CaCOs, in the high latitudes of the North 
Atlantic, and that production and climatic fluctuations 
are closely related. During times of rclatively warm 
sea surface, production was high, and during the cold 
production was low. From 127,000 to 75,000 years 
BP CaCOa production was high, 75,000-11,000 years 
BP the production was low, and high production started 
11,000 years BP and it continues today. 

Another area of high calcium carbonate production 
-the Sub-Antarctic-seems to work in a much similar 
fashion. Hays and others (in press) have shown that 
large fluctuations in CaCOa accumulation occur in a 
belt to the north of the present position of the Antarctic 
Convergence. As in the high latitudes of the North 
Atlantic, these fluctuations are in step with the climatic 
changes. North of the belt of large fluctuations the 
rate of accumulation is relatively uniform. 

In searching for an explanation for the variations in 
the solution intensity in the tropical Pacific, it is im-
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TEXT FIGURE II 

Typical percent CaCO" curves of the high-latitude North At-
lantic (after McIntyre and others, 1972) and of the equatorial 
Pacific. In the North Atlantic the variations indicate primarily 
climatic induced changes in the production of CaCO,. In the 
equatorial Pacific the variations result primarily from fluctua-
tions in the carbonate solution intensity. Note that the changes 
in the solution occur after the changes in production. The ages 
of the solution changes are approximate and based on informa-
tion from V21-33 and RCI 1-230. 

portant to consider the total amount of carbonate avail-
able for deposition in the ocean. With limited carbonate 
supply, the variations in the accumulation rates in high 
latitudes, and perhaps solution variations in the Atlantic, 
are likely to have significant effects on the rate of 
CaCO;r dissolution in the deep Pacific. Comparison of 
percent CaCO;r curves from the high-latitude North 
Atlantic and from the equatorial Pacific is shown in 
text figure 11. As discussed above, the North Atlantic 
core records climatic-induced variations in calcium car-
bonate production, while the equatorial Pacific core 
records variations in solution intensity. In general, the 
two records correspond in such a way that increased 
high-latitude production matches with increased disso-
lution intensity, and vice versa. There are some dis-
crepancies, however. The major changes in solution 
intensity at 115,000 and 65,000 years BP occur after 
the major changes in production (at 127,000 and 
75,000 years BP). It appears then, that when more 
CaCO:l accumulates in the high latitudes, less is avail-
able for deposition in the equatorial Pacific, and since 

CaCO:! production rate in the equatorial Pacific remains 
essentially unchanged, compensation is achieved by in-
creased solution rate. The response of the solution to 
the production changes is not instantaneous, and the 
solution lags several thousand years behind production. 

In order to check whether the lag is a rcasonable 
explanation, the response time of the oceanic carbonate 
system has to bc known. Dctermination of the response 
time would involve fluxes and relaxation times of differ-
ent components of the carbonatc system, but this in-
formation is not yet available. Based on CO:I- - content 
of sea watcr and the rate of CaCO;l accumulation, 
Broecker (1971 ) estimates 20,000 years as the response 
time of the carbonate ion in the ocean. If Broecker's 
estimate approaches reality, then the lag in the disso-
lution response to the driving production change would 
be reasonable. 

CONCLUSIONS 

The duration and the intensity of calcium carbonate 
solution on the floor of the tropical cast Pacific depend 
on the location with respect to the lysocline. Significant 
changes in the solution rate occur only below the lyso-
cline. Above the lysocline, effects of increascd solution 
are evident, but the changes in solution rate are minor 
and the duration of the high solution period shorter. 
Approximately 115,000-65,000 years BP the rate of 
solution increased, and the percent CaCO:l in deep 
cores was reduced. 

CaCO:; budget considerations suggest that the solu-
tion cycles of the equatorial Pacific are driven by 
climatic-induced fluctuations of the rate of CaCO;1 ac-
cumulation in the high latitudes of the North Atlantic 
and in the Sub-Antarctic. However, it seems that the 
solution response to the fluctuations in the high latitudes 
is not instantaneous. The changes in carbonate solution 
occur several thousand years after the changes in car-
bonate accumulation, and it is possible that this timing 
descrepancy results from relatively slow response time 
of the oceanic carbonate system. 
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DIFFERENTIATING DISSOLUTION AND TRANSPORT EFFECTS  
IN FORAj\'IINIFERAL SEDIj\'IENTS FROM THE PANAMA BASIN  

CHIYE YAMASHIRO  

School of Oceanography, Oregon State University, Corvallis, Oregon 97331  

ABSTRACT  

Valid interpretation of sediment assemblages of 
planktonic foraminifera requires some knowledge of the 
filters through which the components have passed. 
Dissolution is the most important process modifying 
carbonate sediments and it would be useful to separate 
solution effects from the effects of the other major 
filter, lateral transport. Indices based on rankings or 

foraminiferal species according to the ease of solution 
and settling velocity of their tests give no clear separa-
ration of transport and dissolution. Factor analysis and 
regression analysis show that whole foraminifera pro-
vide information about preservation and that different 
sizes of fragments, and therefore grain-size analysis, is 
a more useful indicator of sediment transport. 

INTRODUCTION 

Where there are carbonate sediments on the ocean 
floor planktonic foraminifera can be useful sources of 
information about paleotemperatures, water masses, and 
surface and bottom circulation. In determining pale-
oceanic conditions from sediment assemblages one must 
consider the depositional history of the sedimentary 
components. Solution has long been recognized as a 
strong modifier of carbonate sediments (Murray and 
Renard, 1891), thc obvious solution effects being a 
reduction in the final carbonate content and a lowering 
of total sediment accumulation rate. The solution effect 
on foraminifera is a weakening of the test as calcite is 
dissolved away. Berger (1967), Ruddiman and Heezen 
(1967), and Pytkowicz and Fowler (1968) explored 
solution effects on different species of planktonic 
foraminifera. Berger, in his extensive work on the 
sedimentation of planktonic foraminifera (especially 
1968, 1970, 1971) has ranked the foraminifera on the 
basis of their resistance to solution. 

That reworking by bottom currents is widespread 

and important in determining the distribution and char-
acteristics of sediment is now recognized. The effects 
of erosion, winnowing, lateral transport, and redeposi-
tion of sediments grains have been pictorially docu-
mented by Heezen and Hollister (1971) and discussed 
by Correns (1939), van Andel and Komar (1969), 
Johnson (1972), Kennett and others (1972) , Watkins 
and Kennett (1972), Moore and others (1973), van 
Andel (1973), and Lonsdale and Malfait (in press). 
Berger and Piper (1972) determined that there is dif-
ferential settling of foraminiferal species, implying that 
once deposited, some species can be more easily rede-
posited by bottom currents than others. Thus currents 
acting on foraminiferal sediment assemblages may 
winnow out lighter tests and create fragments from 
solution-weakened tests, and also enhance dissolution 
by replacing calcium carbonate saturated water next to 
tests with "fresh" undersaturated water. 

This study attempts to differentiate these effects 
through analysis of selected components of a fora-
miniferal assemblage. 
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TEXT FIGURE I 

Bathymetry of the Panama Basin (contours in meters). 
Sample locations shown by dots, numbers are accession num-
bers in the Oregon State University marine sediment laboratory. 

OCEANOGRAPHY AND SEDIMENTAnON 
OF THE AREA 

The Panama Basin lies in the east equatorial Pacific 
in the arm of Central America and South America 
between lat 8°N. and 4°S. Its oceanic boundaries are 
the Cocos Ridge on the northwest and the Carnegie 
Ridge on the south. The oceanography of the area has 
been described by several authors including Wooster 
and Cromwell (1959), Wyrtki (1967), Forsbergh 
1969), and Stevenson (1970). The waters are 
characterized by high productivity, much of it due to 
upwelling. Productivity is highest near the coastal 
margins and over the Carnegie Ridge (Moore and 
others, 1973). The basin has a south-north tempera-
ture gradient of 22-28°C. The salinity is a low 33.0 
to 33.5 due to dilution by precipitation and runoff. 

The sediments are dominated by biogenous com-
ponents, except near the coast where terrigenous input 
is large. The distribution and character of the sediments 
are discussed by Kowsmann (1973), Moore and others 
(1973), van Andel (1973), and Heath and others 
(1974). These workers have concluded that dissolu-
tion and transport are important in determining the 
sediment characteristics in the basin. 

TABLE 1 
Ranking of common species with respect to settling velocities 
(A-fast ones first), and ease of solution (B-resistant ones first). 
(Data from Berger, 1968, and Berger and Piper, 1972. except 
*-ranking according to morphological considerations.) 

A B 

1. Globorotalia tumida T. humilis  
') Pulleniatina obliquiloculata G. tumida  
3. Sphaeroidinella dehiscens S. dehiscens 
4. Globoquadrina conglomerata P. obliquiloculata 
5. Globorotalia inflata G. pachyderma 
6. Globorotalia crassaformis G. dutertrei 
7. Globigerina pachyderma G. menardii 
8. Globigerina falconensis G. crassaformis 
9. Globoquadrina dutertrei G. inflata 

ro. Globigerinoides conglobatlls G. truncatulinoides 
11. Globorot<llia menardii G. hirsuta 
12. Globorotalia truncatlliinoides G. conglomerata 
13. Globorotalia hirsllta G. digitata 
14. Globigerinoides tcnellus G. hcxagona 
15. Globigerinoides sacclllifer O. universa 
16. Globigerinoides ruber C. nitida 
17. Globigerinella siphonifera G. falconensis 
18. Globigerina calida G. iota 
19. Globigerina blllloides G. gilltinata 
20. Globigerina rubescens G. calida 
21. Globoquadrina hexagona G. bulloides 
22. Turborotalita hllmilis* G. conglobatus 
23. Globigerinita iota G. sacculifer 
24. Globigerinita glutinata G. siphonifera 
25. Orbulina universa G. tcnellus 
26. Globigerina digitata G. rubescens 
27. Candeina nitada G. ruber 
28. Hastigerina pelagica H. pelagica 

METHODS 

SAMPLES AND GRAIN COUNTS 

The samples used in this study are the> 62 It fraction 
of the tops of 25 cores from the collections of Lamont-
Doherty Geological Observatory, Scripps Institution of 
Oceanography, and Oregon State University. TheIr 
locations and identifying numbers are shown in text 
figure 1. Appendix 1 contains a more complete 
sample description. 

Each sample was separated into a > 177 It fraction 
and a 62-177 It fraction. Each size fraction was further 
divided with a microsplitter into subs am pIes of 300-
1,200 grains. Species were identified following Parker 
(1962). In addition to whole foraminifera, globom-
taliid and globigerinid fragments were counted. The 
counts of items used in this study are given in ap-
pendix 2. 
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Indices calculated for some Panama Basin samples after the 
method of Berger (1968). 

INDEXING 

In a previous study, Berger and Piper (1972) at-
tempted to differentiate dissolution and transport by 
computing "solution" and "redeposition" indices based 
on ranking foraminiferal species according to the ease 
of solution and settling velocity of their tests (table 1). 
The indices are calculated in this manner: the products 
of species rank number multiplied by the percentage of 
the species are summed for a sample and divided by 
the median rank value (Berger, 1968). Unfortunately, 
there is a good correlation between the indices (text 
fig. 2A) because the fastest settling tests are commonly 
the most resistant to solution and the slowly settling 
tests the least resistant. Thus, sediment containing 
heavy resistant foraminifera may result from dissolu-
tion of less resistant tests and/or bottom currents 
winnowing out these lighter tests (Berger and Piper, 
1972). 

TABLE 2 
Ranking of species with respect to ease of transport and ease 
of solution (A-light, non-resistant, B-heavy, non-resistant). 

A  B 

I. G. iota + G. glutinata I. G. conglobatus 
2. O. universa 2. G. sacculifer + G. siphonifera 
3. G. hexagona 3. G. teneliliS 
4. T. humilis 4. G. ruber 

20 

TEXT FIGURE 2 B 

Indices calculated for Panama Basin samples according to this 
paper. 

In an attempt to reduce this correlation, "heavy, non-
resistant" and "light, resistant" species were selected 
from table 1 on the basis of greatest difference between 
solution and settling rankings and ecological considera-
tions. For example, Globigerinoides ruber has a rank 
difference of minus 10: settling rank 16, solution 
ranking = 26, and is fairly common in the Panama 
Basin. Globigerina falconensis has a rank difference 
of minus 8: settling =8, solution = 16, but because 
of its rarity in the Panama Basin, was not included. 
Globoquadrina hexagona has a rank difference of plus 
8: settling = 21, solution = 13. In this manner 10 
species (table 2) were selected. Each species on the 
"preservation" list is heavier and less solution resistant 
than each species on the "transport" list. Under current 
action species on the "transport" list are more likely to 
be transported whole and survive, whereas species on 
the "preservation" list are more likely to dissolve and 
fragmentize in place. Indices based on these rankings 
(text fig. 2B) were calculated in the same manner as 
Berger's solution and redeposition indices. 

FACTOR ANALYSIS 

Multivariate factor analysis has been shown to be a 
useful method of organizing species counts into a small 
number of assemblages or factors (Imbrie and Kipp, 
1971 ). The distribution of these factors can be related 
to hydrological parameters and bottom processes (for 
examples, Sachs, 1973). In this study the Q-mode 
factor analysis program CABFAC (Klovan and Imbrie, 
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Weight percent calcium carbonate in surface sedi ment (after 
Moore and others, 1973 ), 

1971) was used to resolve the data set of 25 counts 
(from 25 core tops) and 26 variables, The variables 
are the percentages of the species in table 2, Globo-
quadrina conglomera/a, juvenile planktonic foraminif-
era, globorotaliid fragments, globigerinid fragments and 
benthic foraminifera, and fragments for each size 
fraction. 

RESULTS AND DISCUSSION 

A low transport index should indicate a winnowcd 
sample, a low preservation index a poorly preserved 
sample. A high transport index should indicate a 
sample containing redeposited material, a high preserva-
tion index, a weJl preserved sample. A map of the 
preservation indices yiel,ded a pattern similar to the 
distribution of total carbonate (text fig, 3) with the 
lowest values east of long 83°W. and on the northwest-
ern Cocos Ridge, The deep floor of the basin has 
higher preservation index values than these areas (indi-
cating somewhat better preservation) which may mean 
that the index is affected by differences in productivity, 
which changes significantly across the basin , Certainly 
the index is affected by foraminiferal input; this should 
be minimal for the preservation index which is based 
on species which can tolerate the wide temperature 
range of the basin. Unfortunately, the planktonic fora-

TEXT FIGURE 4 

Distribution of factor 1 dominance, preservation, Higher values 
indicate greater relative dominance of factor. 

miniferal assemblage data of Bradshaw (1959) is not 
detaiJed enough to confirm or de ny homogenous input. 

The distribution of the transport indices showed the 
highest values on the ridge crests, If a high transport 
index indicates a sample enriched in res istant, easily 
transported species, one would expect higher values in 
deeper parts of the basin where fine-grained redeposited 
material accumulates. Instead, a high value seems to 
indicate an undisturbed sample. The lower transport 
indices occurred on both basin floor and ridge crests, 
That low values are generated by winnowed samples is 
supported by sample 7959 from a barchan dune. The 
dune field and sample are described in detail by Lons-
dale and Malfait (in press), Current action strong 
enough to create the dune field where this sample was 
taken is strong enough to winnow out fine material 
(ibid.), Thus indexing does not provide a method of 
determining whether a sample contains redeposited ma-
terial but does provide information about sa mple preser-
vation and winnowing, 

The factor analysis separated the variables into 3 
assemblages or factors which accounts for 97 percent 
of the variation between samples. The first assemblage 
is dominated by juvenile planktonic foraminifera with 
minor contributions from whole adults, Because juve-
niles are among the most delicate, least solution-resistant 
foraminifera (Hofker, 1967, Berger, 1971) , this factor 
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TEXT FIGURE 5 

Distribution of factor 2 dominance, redeposition. Higher values 
indicate greater relative dominance of factor. 

has been called the "preservation" factor. Its distribu-
tion is shown in text figure 4. A low factor 1 dominance 
indicales a poorly preserved sample. The pattern of 
preservation presented by factor 1 is similar to the 
distribution of total carbonate (text fig. 3). Regression 
analysis showed a good positive correlation between 
factor 1 and weight percent carbonate. 

Factor 2 is domina ted by smaller (62-177 fl') glo-
bigerinid fragments. Text figure 5 shows its distribution 
which increases downslope and is dominant in the 
deepest part of the basin. The caplike globigerinid 
fragments should have settling velocities lower than 
spheres of equivalent volume (Lerman and others , 
1974) and therefore require lower critical velocities 
for transport once settled. The distribution of factor 
2 is similar to the distribution of weight percent opal 
(carbonate-free ) (text fig. 6). This distribution is 
most likely the result of winnowing (Moore and others, 
1973) since biogenic opal is by weight more than 90 
percent diatoms or fine grained « 62 0 ). The domi-
nance of fragm ents may be explained by increased 
solution. The deeper parts of the basin contain more 
carbonate than they should if recent calculations on 
the rate of solution increase with depth are correct 
(Heath and Culberson, 1970; Morse and Berner, 1972). 
According to Moore and others (1973) a large part 
of this "extra" carbonate is fine grained « 620) and 
very likely to have been winnowed from the ridges. 

TEXT FIGURE 6 
Weight percent opal (carbonate-free) in sUIiace sediment (after 
Moore and others, 1973). 

The distribution of factor 2 is also similar to the distri-
bution of fine carbonate (text fig. 7). For these reasons 
factor 2 has been designated the "chaff" or redeposi-
tion factor. 

FINE 
CoC03 

TEXT FIG URE 7 

Weight percent (of total sediment) fine-grained « 62 iL) 
calcium carbonate in surface sediment (after Moore and olhers, 
1973). 
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FAC TOR 3 

T EXT FIGURE 8 

Di stribution of Factor 3 dominance. ''In transit." Higher values 
indicate greater relati ve domina nce of factor'. 

Factor 3 (text fig. 8) was the most difficult assem-
blage to analyze. It is dominated by larger (> 177 p.) 
globigerinid fragments, with somewhat lesser influence 
from globorotaliid frClgments of both > 177 I.e and 62-
177 /J. fractions. The silt mode dispersal pattcrns deter-
mined by van Andel (1973) indicate sediment move-
ment through the areas where factor 3 is dominant. 
The amphibole distribution determined by Heath and 
others (1974) which is most likely controlled by bottom 
curren ts shows higll values and gradients nem long 
85 °W. where factor 3 is dominant. The dot of factor 
3 dominance at lat l OS. is produced by the dune sample 
described previousl y. Here the pavement is nearly 
scoured deCln of sediments and there are ripples in the 
facies of the dunes (Lonsdale and Malfait, in press). 
Because of the associations with current action and 
moving sed iment, factor 3 was called the "in transit" 
factor. 

Factor analysis suggests that grain-size analysis might 
be a better way of determining redeposition of a sam-
ple. There appears to be enough variation in settling 
velocities of different sizes of the same species (Berger 
and Piper, 1972) to make an assemblage a function of 
size only: different species with the same equivalent 
volume may be transported together and become part 
of the same sample. Curray (1960) first proposed 
grain-size analysis of "mixed sediment" to trace com-

ponents. An "original" sediment assemblage would 
have grain-size modes corresponding to the modes of 
its components. As the sediment is subjected to current 
action finer modes are winnowed out. 

If the rate controlling step in the dissolution of 
calcium carbonate is related to surface kinetics and not 
diffusion, (R. A. Berner, oral commun ., .Tan. 19-21 , 
1974 ; Weyl, 1967) then solution effects in pelagic sedi-
ment assemblages should be a function of depth (pres-
sure) and individual species, rath er than increased 
diffusion due to bottom currents. Thus bottom currents 
and transport should aid in fragmentation much more 
than dissolution, and a sample whose grain-size distri-
bution is dominated by finer modes is more likely to 
contain redeposited material. 

CONCLUSIONS 

In the interpretation of sed iment assemblages of fora-
minifera sample indexing after the method of Berger 
(1968) has been shown to be a good indicator of 
sample preservation. The analysis of whole foraminifera 
does not provide a method of distinguish ing samples 
which contain redeposited material from those that do 
not, except by default: a sa mple with a high transport 
index is probably an undis turbed sample. However, 
indices are dependent on assumptions about the species 
input which require verification by plankton sampling. 
It would be interesting to compare indices of the plank-
ton assemblages for an area with those of the sed iments. 
Factor analysis shows that different sizes of fragments 
and therefore grain-size modes are a better indicator of 
sediment transport than indexing based on species set-
tling velocities. Using both faunal and grain-size anal-
ysis one should be able to determine more accurately 
the depositional history of a sa mple. 
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APPENDIX 1 

SURFACE SAMPLES 

Accession no. 
PO: OSU 

Core 
Water Depth 

(corr. meters) Sampler 
Sample Top 

(cm) 
Sample Bottom 

(cm) 
Lat. 

(deg. min.) 
Long. 

(deg. min.) 
PS: SIO 

PL: LDGO 

V15-29 1889 PC 11 14 06.21 085.17 PLOOO13 
V15-31 1417 PC 20 23 - 01.30 082.19 PLOOO17 
V17-42 1814 PC 13 16 03.32 081.11 PLOO023 
V17-43 3147 PC 14 17 01.52 082.37 PLOO025 
V18-350 1838 PC 8 10 05.42 085.16 PLOO029 
V18-351 3007 PC 5 8 05.18 084.45 PLOO031 
V19-27 1373 PC 10 13 - 00.28 082.04 PLOO049 
V21-25 1359 PC 15 18 05.43 081.03 PLOO055 
V21-26 3081 PC 19 22 04.36 082.44 PLOO057 
V21-28 2714 PC 11 14 01.05 087.17 PLOO060 
V21-29 712 PC 12 14 - 00.57 089.21 PLOO062 
V21-30 617 PC 10 13 - 01.13 089.41 PLOO064 
V21-211 1443 PC 7 10 03.00 088.23 PLOO066 
V21-212 3338 PC 9 12 02.50 085.08 PLOO068 
V21-213 1966 PC 11 14 03.11 082.25 PLOO070 
V24-36 1878 PC 0 3 06.30 085.13 PLOO086 
RC8-102 2180 PC 7 10 - 01.25 086.51 PLOO088 
RClO-250 1734 PC 0 3 06.17 084.19 PLOOI07 
RIS-32P 2770 PC 11 13 - 00.09 085.59 PSOO124 
Y69-73P 2707 PC 26 32 01.27 087.56 POOO159 
Y69-75M2 2198 MC 16 19 03.29 089.42 POOO164 
Y69-102P 2220 PC 10 17 - 01.04 085.51 POOO176 
Y69-103P 1808 PC 10 16 - 00.05 082.26 POOO179 
Y69-108P 3390 PC 10 16 04.09 085.02 POOO188 
SOTW-5-2G 2700 GC 0 2 - 00.42 085.26 PS07959 
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APPENDIX 2 

Counts of items used in this study. 300 or more grains counted except for badly dissolved samples. Two lines 
per sample: first line> 177 fL fraction, second line 62-177 fL fraction. 

G, 
saculifer G, Benthic 

G.  G, G. iota G. foraminif- globig- Juvenile globoro- Total 
Accession  conglo- G. G. eonglom- sipho- T. O. G, hexa- era and erinid plank- taliid Grains 
Number batus ruber tenellus erata nifera humilis universa glutinata gona fragments fragments tonics fragments Counted 

13 2 24 8 30 3 9 273 4 113 579 
13 11 2 220 20 45 325 
17 2 84 52 131 6 2 251 392 7 1241 
17 2 11 4 489 195 4 728 
23 2 4 551 4 61 665 
23 9 390 5 35 439 
25 40 31 43 402 38 18 836 
25 290 55 350 
29 3 239 5 111 394 
29 2 6 338 6 126 506 
31 37 34 1 3 5 5 37 306 33 59 788 
31 2 9 3 16 248 26 155 475 
49 4 3 2 1 11 301 5 54 496 
49 4 350 2 17 374 
55 7 2 5 3 10 375 53 15 501 
55 1 17 480 5 24 529 
57 2 57 28 2 121 260 73 33 977 
57 287 2 290 
60 2 29 17 8 2 2 280 27 18 589 
60 3 9 6 407 54 51 543 
62 52 3 9 12 2 26 34 25 147 105 17 679 
62 7 2 3 10 40 57 44 213 159 12 718 
64 2 66 8 51 15 3 17 146 258 14 753 
64 1 1 8 8 8 137 240 522 
66 4 237 7 3 148 4 142 5 10 314 258 77 1525 
66 6 2 32 39 3 15 423 545 44 1322 
68 2 18 23 3 26 124 15 21 428 
68 340 350 
70 2 18 25 4 31 558 21 64 1162 
70 330 10 350 
86 8 255 3 53 324 
86 7 300 3 175 499 
88 17 55 15 2 9 32 20 307 77 43 908 
88 3 6 20 47 10 603 34 18 795 

107 29 3 12 4 4 25 379 8 65 696 
107 0 2 1 2 2 222 22 68 356 
124 13 1 4 5 4 1 10 100 19 14 375 
124 5 2 27 30 17 470 71 24 650 
159 4 8 9 9 18 1 9 288 5 65 567 
159 6 2 1 435 32 82 597 
164 6 20 7 12 3 1 4 173 2 38 363 
164 2 7 426 21 33 519 
176 8 3 3 5 6 1 1 101 20 13 386 
176 1 2 16 6 6 319 36 14 525 
179 7 12 6 36 667 37 72 1345 
179 9 478 14 51 566 
188 14 7 5 4 3 23 147 6 28 325 
188 1 1 2 2 15 14 11 555 30 294 942 

7959 2 3 2 220 0 39 403 
7959 5 330 14 32 418 
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