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ABSTRACT  

The distribution of coccoliths in surface sediments of 
the Pacific is greatly influenced by dissolution processes. 
Etching, fragmentation, and differential removal are ob-
vious from about 3 km depth downward, and increase 
rapidly below about 4 km depth. Overgrowth is ob-
served on some placoliths in samples at intermediate 
stages of dissolution. Cluster analysis defines groups 
of varying preservation aspects in tropical waters, in the 
central gyre, and at high latitudes. Dissolution rankings 

for tropical and extratropical regions are established 
using pairing analysis. The coccolith lysocline is dif-
ficult to define, but can be recognized near 4,000 m 
depth as a considerable drop in diversity of assemblages 
with respect to the solution resistance of their members. 
A comparison of dissolution aspects of coccoliths and 
forams shows that coccolith dissolution indices are sensi-
tive above the lysocline and foram dissolution indices 
are sensitive below the lysocline. 

INTRODUCTION 

Recent calcareous oozes contain up to 30 percent 
coccoliths, fossil deep-sea carbonates up to 60 percent 
(Bramlette, 1958). The dissolution characteristics of 
planktonic foraminifera, which make up the coarse 
fraction of calcareous oozes, have been studied for 
some time and in some detail (reviewed by Berger, 
1971 ) . Recently, the differential dissolution of cocco-
liths also has received increasing attention (Bramlette 
and Sullivan, 1961; Hay, 1970;HsliandAndrews, 1970; 
Cita, 1971; McIntyre and McIntyre, 1971; Bukry, 1971, 
1973; Roth and Thierstein, 1972; Schneidermann, 1972, 
1973; Berger, 1973). 

Here we report on the differential dissolution of 
coccoliths in surface sediments of the South and Cen-
tral Pacific, roughly following the general format of a 
similar study on planktonic foraminifera in the same 
area, by Parker and Berger (1971). In this manner 
we hope to lay the groundwork for a comparative in-
vestigation of the dissolution behavior of the two major 

carbonate components in the deep sea. Such study of 
similarities and differences in preservation patterns 
should materially improve understanding of both cocco-
lith and foram distributions. 

Samples are the same as those studied by Parker and 
Berger (1971); they are from near tops of cores. Treat-
ment of samples was kept to a minimum to avoid dam-
age of coccoliths. Slides were prepared of all samples 
for study in the light microscope (LM). The follow-
ing species or groups of species were counted in the 
light microscope: 

Gephyrocapsa sp. 
Coccolithus pelagicus 
Cyclococcolithina leptopora 
Umbilicosphaera sibogae 
Cyclolithella annula 
H elicopontosphaera kamptneri 
Umbellosphaera sp. 
Discosphaera tubifera 
Rhabdosphaera clavigera 
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Syracosphaera pulchra  
Syracosphaera histrica  
Syracosphaera sp.  
Pontosphaera discopora  
Pontosphaera scutellum  
Scapholithus  
Scyphosphaera sp.  
Ceratolithus cristatus  
Thoracosphaera sp.  

At least 400 specimens were counted in each sample 
containing a sufficient number of coccoliths. Because 
many of the smaller forms cannot be identified with 
certainty in the light microscope, all samples were also 
studied in the scanning electron microscope (SEM). 
An untreated suspension of the sample in distilled 
water was spread on a piece of cover glass which was 
attached to a SEM specimen stub. The suspension was 
dried and coated with gold-palladium. The following 
specimens were counted in the SEM: 

Emiliania huxleyi  
Gephyrocapsa oceanica  
G.  caribbeanica 
G. ericsonii  
Cyclococcolithina fragilis  
Umbilicosphaera hulburtiana  
Umbellosphaera tenuis  
U. irregularis  
Syracosphaera sp.  

The ratios of these species to the total number of 
Gephyrocapsa were determined, which allowed calcula-

tion of the percentages of these species with respect 
to the light microscope counts. Solution and over-
growth effects on the ultrastructure were noted and 
some typical specimens were photographed (see pIs. 
1-3). The following species are easily recognized even 
after partial destruction: 

Emiliania huxleyi  
Cyclococcolithina leptopora  
Coccolith us pelagic us  
Helicopontosphaera kamptneri  
Umbellosphaera tenuis  
Rhabdosphaera clavigera  
Ceratolithus cristatus  
Scapholithus  

The fact that some species are readily recognized after 
partial destruction, while others become unidentifiable 
can introduce bias into counts. Unrecognizable frag-
ments were not counted. 

Data will be published in full upon completion of a 
study of coccolith distributions in the entire Pacific. 

IDENTIFICATION OF COCCOLITHS 

Emiliania huxleyi: Can only be identified in the 
SEM with certainty. Strongly dissolved rims are dif-
ficult to distinguish from rims of Gephyrocapsa. There 
are two ecophenotypic variants, a cold-water form 
with fused elements in the proximal shield and a warm 
water form with T -shaped elements in both shields. 
These two forms were not separated in the present 
study. 

PLATE 1  
Length of bar is 1 ,urn in all figures.  

Central process of Discosphaera tubifera, one of the least-
resistant coccoliths. The basal plate which would be 
attached to the narrow end of the central process is miss-
ing. Core RIS 87, SI6°30', WI45°7', water depth 1,443 m. 

2  Characteristic mid-latitude assemblage with small Cyclo-
coccolithina leptopora (cold-water form) and Gephyro-
capsa caribbeanica (lower right). The high percentage of 
resistant forms makes this sample look more dissolved. 
Core DWD 36HG, S45°30', W119°50', water depth 
3,770 m. 

3  Pontosphaera discopora, a delicate species composed of 
thin laths. This species is rare and usually found only in 
samples from above the lysocline. Core MP 33L, NlrSl', 
WI74°17', water depth 1,750 m. 

4  Assemblage with Syracospflaera pulclzra (upper left) with 
slightly damaged central grill, Helicopontosphaera kamp-

tneri with a partially dissolved center, two well-preserved 
specimens of Gephyrocapsa oceanica (to the right of H. 
kamptneri) and strongly corroded specimens of Emiliania 
hux:leyi (lower left). Core LSDH-79, S3°23', EI7002', 
water depth 3,600 m. 

5  Well preserved assemblage with Umbellosphaera tenuis 
(center), Emiliania hux:leyi with T-shaped elements in 
both shields (lower right), Gephyrocapsa caribbeanica 
(lower left), and G. oceanica (upper left). Core CAP 
24BG, S19°29', W137°44' water depth 2,780 m. 

6  Slightly corroded specimen of Cyclolithella annula with 
some slits between the elements due to dissolution. 
Gep/zyrocapsa oceanica (lower right) shows hardly any 
corrosion. Core CAP 4BG, S4°8', El71 °46', water depth 
3,670 m. 
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Gephyrocapsa oceanica: The bridge forms a low 
angle of 20° or less with the short axis of the ellipse. 
Forms described as Gephyrocapsa omega Bukry, 1973 

G. parallela Hay and Beaudry, 1973, p. 672, pI. 1, 
figs. 10-12) are considered variants of Gephyrocapsa 
oceanica. 

Gephyrocapsa caribbeanica: This species is char-
acterized by a relatively small central area with a bridge 
forming an angle of about 40°-50 0 with the small 
axis of the ellipse. Gephyrocaspsa lumina Bukry, 1973 
is included in this species. 

Gephyrocapsa ericsonii: A highly arched bridge 
forms an angle of about 60° with the short axis of the 
ellipse. This species is also the smallest of the three 
species of Gephyrocapsa. 

Cyclococcolithina leptopora: The two shields often 
separate in highly dissolved samples. Only proximal 
shields (bright under crossed nicols) and whole speci-
mens were counted. Varieties used by McIntyre and 
Be (1967) were not distinguished because intergrada-
tions occur commonly. However, a trend of decreas-
ing size with increasing latitude was also observed in 
the samples studied. 

Cyclococcolithina fragilis: Only symmetrical forms 
as illustrated by Deflandre and Fert (1954) and Okada 
and Honjo (1973) were found in the Pacific. Asym-
metrical forms Discolithus antillarum Cohen = 
Oolithotus antillarum Cohen) were not encountered in 
any sample from the Pacific. 

Umbilicosphaera sibogae ( Umbilicosphaera mirab-
ilis): Two forms were observed. The warm-water 

form has a large central hole and a distal shield smaller 
than the proximal shield. The cold-water form is more 
robust, shows a well-developed inner cycle (called 
overgrowth by Mclntyre and Be, 1967) and a crater-
like depression in the center. In the LM these speci-
mens are often difficult to distinguish from small and 
poorly preserved specimens of Cyclococcolithina lepto-
pora. 

Cyclolithella annula: The species concept of Mc-
Intyre and Be (1967) is followed. Slightly etched 
specimens develop slits between the elements (pI. 1, 
fig. 6). The more robust cold-water form was not dis-
tinguished from the more delicate warm-water forms. 

Umbellosphaera irregularis and U. tenuis: Only 
the distal side of U. tenuis shows ridges and is readily 
distinguishable from U. irregularis. The proximal sides 
of the two species are almost identical. 

Rhabdosphaera clavigera: This species is considered 
to include forms assigned to Rhabdosphaera stylifera 
by some authors. 

Syracosphaera sp.: In the LM it is possible to dis-
tinguish S. hystrica from S. pulchra by the hourglass-
shaped extinction figures under crossed nicols of the 
formal species. In dissolved samples, usually only the 
rim remains. These rims, together with other rare 
specimens of other species of Syracosphaera, were 
listed as Syracosphaera sp. 

Syracosphaera ribosa (Kamptner) n. comb. ( Dis-
colithus ribosus Kamptner, 1967, p. 136, pI. 5, 
30-31) occurs in some samples, but is always rare. 

Pontosphaera: Besides Pontosphaera discopora (with 

PLATE 2 
Length of bar is .urn 

Rlwbdosphaera dOl'iltera (upper half). Cyclococcolithina 4 
leptopora (lower half) and Umbilicosphaera sibogae (two 
well-preserved specimens upper right, above Rlwb-
dosplwera, a strongly etched specimen to the right of the 
lower C. leptopora), Core RIS 76G, SI3°54', WI25°21', 
water depth 3,800 m. 

2  Assemblage dominated by dissolution resistant In 
the center the horseshoe-shaped Cera/olithus cristatus, to 

5the right of it Gephyrocapsa sp. with jagged outlines, in  
the upper right two isolated distal shields of Cyclococco-  
lithina leptopora. Core CAO 12HG, S20025', E178° 14',  
water depth 3,600 m.  

3  Beginning fragmentation of coccoliths. Heiicopolltosphaera 
kamptllcri with corroded center and Gephyrocapsa 6 
oceanica (upper left) with part of the shield broken  
out. Many coccolith fragments. Core MP-IO-I, N40035',  
WI39°58', water depth 4,451 m.  

in  all figures 

Etching and first signs of fragmentation of more delicate  
coccoliths. Well-preserved ScapllOlithus (upper right),  
UlIlbilicosplwera sibogac (specimen with secondary cycle  
and small central depression below scapholith, two speci- 
mens without inner cycle in center and lower right) and  
Emilial1ia huxleyi with some missing elements. Many  
fragments of coccoliths. Core RIS84, SI5°15', W142°27',  
water depth 3,675 m.  
Assemblage consisting almost completely of fragments and  
isolated shields. Isolated distal shields of Cyclococco-  
lithina leptopora (lower left and above center). Fairly well- 
preserved Gep/zyrocapsa caribbcanica (the upper left)  
and many coccolith fragments. Core MNS-135, S4°26',  
W 149°24', water depth 4,600 m.  
Almost completely dissolved assemblage with Gephyro-  
capsa sp. and some fragments, but dominated by clay  
minerals. Core LSDH-61, SI3°7', EI52°24', water depth  
4,610 m.  
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many relatively large pores visible in the LM) and 
P. scutellum (no pores visible), some other rare species 
occur likc P. syracusana ( P. alboraenis Bartolini, 
1970, p. 148-150, pI. 6, figs. 6-7) with a high wall 
and numcrous small pores, and P. messinae with small 
pores only in thc central part. 

Scyphosphaera: All specimens observed belong to 
Scyphosphaera apsteinii. 

Thoracosphaera: Most specimens observed can be 
assigned to Thoracosphaera heimi or T. saxea, but no 
attempt was made to list them as species because they 
are only a minor component of thc coccolith fraction 
in most samplcs. 

ScapllOlithus: The genera Anoplosolenia and Cal-
ciosolenia are based on the morphology of the living 
cell. Therefore, the organ genus Scapholithus was used 
for thcse scapholiths. 

OBSERVA TIm,,cs ON ETCHING,  
FRAGMENTATION, AND OVERGROWTH  

Partial dissolution in its early stages leads to etching 
of coccoliths producing rounded corners of crystallites 
(pI. 3, fig. 2) and serrate margins (pI. 2, fig. 4; pI. I , 
fig. 6). Generally, the smaller the crystallites a cocco-
lith is composed of, the more easily it is destroyed 
(Roth and Adelseck, unpublished observations). As 
dissolution advances more delicate parts of the cocco-
liths, like central grills and loosely attached plates, are 
destroyed (pI. I, fig. 4). Finally breakup begins (pI. 
2, fig. 3) and results in an ever-increasing amount of 
coccolith fragments (pI. 2, figs. 4-6). Similar observa-
tions have been made by earlier workers. 

Bukry (1971) discussed the dissolution resistance of 
various fossil nannoplankton genera and indicated some 
of the factors responsible for the relatively high resis-
tance of nannofossils, such as incorporation of cel1uose-
like material within the skeletal calcite, organic coatings 

on the surface of coccoliths and relative position of the 
optic axis in the elements of the coccoliths. McIntyre 
and McIntyre (1971) and Scheidermann (1972, 1973) 
discusscd the selective removal of coccoliths from sedi-
ment assemblages and the destruction of ultrastructural 
clements of various species as dissolution proceeds. 

Overgrowth, that is the deposition of secondary cal-
cite on fossil coccoliths, gives important clues for pre-
cipitation-dissolution reactions of carbonate in inter-
stitial waters. Overgrowth on Cenozoic and Cretaceous 
nannofossils has becn amply demonstrated (Bukry and 
others 1971; Roth, 1973; Schlanger and others, 1973). 
Experimental evidence provided by Adelseck and others 
(1973) shows that discoasters and large coccoliths 
grow at the expense of small coccoliths under simulated 
diagenetic conditions. Burns (1972) described over-
grown discoasters from recent sediment. They are 
obviously reworked from older sediments and most 
probably had acquired secondary overgrowth before 
they were redeposited in recent biogenous oozes. Thus, 
the question whether overgrowth can occur near the sea 
floor remained open. 

Secondary caleite deposits were observed in a large 
number of our samples, although Cyclococcolithina 
leptopora (pI. 3, fig. 3) and Umbilicosphaera sibogae 
(pI. 3, fig. 4) are the only two species that show second-
ary overgrowth, usually restricted to the distal shield. 
Significantly, overgrowth is most prevalent in samples 
ranging in depth from about 3,500 m to 4,800 m and 
which show considerable dissolution effects with in-
creased numbers of solution-resistant species and frag-
ments of coccoliths. Reworked Tertiary nannofossils 
were not observed in the samples showing secondary 
overgrowth. This is a clear indication that dissolution 
and reprecipitation of calcite on nannofossils can occur 
within centimeters of the sediment-water interface and 
does not require much overburden nor geologically 
long time. 

PLATE 3  
Length of bar is I'm in all figures  

Cold-water assemblage with pe/agicus and Cvc/ococco/ifhilla leptopora resulting in ridges along the 
small Cyc/oCoCco/ifirina leptopora. Core DWD-35-HG, edges of the elements. Coccoliths are of latest Pleisto-
S44"21'. WI27"14', water depth 4,675 m. cene to Holocene age. Core CAO 14 HG, S14°43', 

2  Wall of Thoracospilaerll sp. composed of calcite rhombs. W 12 PI', water depth 3,660 m. 
Slight dissolution resulted in rounded corners and edges 4 Secondary overgrowth on the distal shield of Umbili-
of the rhombs. The damaged speeimen of Umbe/losp/wcra cosphaera sibogae. The ridges of secondary calcite along 
fCllllis also shows dissolution effects. Core MP33L, the edges of the elements seem to be restricted to the 
NI7"51', W174 c 17', water depth 1,750 m. outer cycle of the shield. Core CAP 46 HG, S12 c 3', 

3  Secondary calcite overgrowth on the distal shields of W 113°24', water depth 3,276 m. 
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TEXT FIGURE I 

Ba thymetry of the SOllth Pacific (after Menard, J 964; fro m Parker and Berger, 197 1) . 

GEOGRAPHY AND OCEANOGRAPHY 

The main features of the geography and ocean-
ography of the area under study are evident in text 
figures I to 3. The South Pacific floor is di vided into 
several major basins by the north-south-trending 
East P acific Rise, the east-west-trending Pacific-Antarc-
tic Ridge, and the Sala y Gomez-Chile Rise complex . 
Calcareous sediments rich in coccoliths are generally 
restricted to depths shallower than 4.5 km (see calcium 
compensation depth map in the introduction to this 
volume) . 

Surface temperature distributions result from the 
upper water circulation pattern and from warming in 
low latitudes. In general, the isotherms trend east-west 

parallel to the prevailing currents, and fluctuate north 
and south according to season. A major deflection of 
isotherms is evident in the eas tern south P acific where 
the north-flowing Peru-Chile Current carries cold waters 
toward the tropics. Equatorial upwelling also results 
in a distinct temperature anomaly , with isotherms in-
dicating a ribbon of relatively cooler water within several 
degrees of the equator. Phosph ate distributions re-
flect the general circulation patterns and show that there 
are essentially two high fertility provinces from which 
considerable coccolith production may be expected, that 
is, the equatorial tropics and the west-wind drift region . 
The tropical and the ex tropical su ppJy centers are 
separa ted by the subtropical gyre center which forms 
a low fertility boundary zone. 
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TEXT FIGURE 2 

Temperature of the sea surface (after Reid, 1969; from Parker and Berger, 1971). Solid line, southern summer; dashed line, south-
ern winter. 

GEOGRAPHIC SPECIES DISTRIBUTIONS 

Longitude-latitude and latitude-depth plots for each 
important coccolith species (text figs. 4, 5, 6, 7) pro-
vide a ready reference to their geographic distributions. 
These reflect (1) the overall relative abundance of a 
species, (2) its preference as to tropical, extratropical, 
or cosmopolitan habitat, and (3) its resistance to 
dissolution. 

The various distributions may be briefly characterized 
as follows: 

Emiliania huxleyi is present in almost all samples,  
except for very deep ones. It is most abundant (40-
60 percent) in areas shallower than 3,000 m, but  
occurs from 500-4,600 m. Samples in the equatorial  
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region (Jat lOON. to 100S.) generally contain fewer 
specimens of E. huxleyi than the area between 10 0 S. 
and 300 S. and 40 0 S. and 50 0 S. There seems to be 
no trend with respect to phosphate distributions. 

The highest percentages of Gephyrocapsa oceanica 
are found in the tropics, in the deeper parts of the 
ocean (4,000-4,900 m). There is no evidence of 
any fertility control on the distributions of either 
Gephyrocapsa oceanica or G. caribbeanica. The 
cold-water species, G. caribbeanica, also increases 
proportionally at greater depth, although this trend 
is less pronounced in this species than in G. oceanica. 
Highest concentrations occur between 3,700 m and 
4,900 m, south of lat 25°S. and in the area of the cold 
Humboldt Current. 



TEXT FIGURE 3  

Distributi on of Po ,-p at the in J.Lg-OI. / J (after Reid, 1962; from Parke r and Berger , (971). /:lbnk ,uea : PO ,-P les, than  
0.25 .,,£- <1 1. / 1. Widely hachurecl: PO ,-P =0.25 to JJ.Lg-at. / 1. Narrowly hae hurecl: PO ,- P more than l ,ug-at./ 1. 

Cycloccolithina leptopora is most abundant in the 
high-fertility areas between the equator and lat 20 o S. 
and between lat 35°S.-60 oS., but it is never abundant 
in the central gyre. In low latitudes, a pronounced 
increase of this solution-resistant species with depth 
results in high percentages between 3,500 m and 
5,000 m . 

U mbilicosphaera sibogae occurs in great num-
bers, between lat 8 0 S. and 20o S. along the East 
Pacific Rise and the Nazca Rise, arou nd the Society 
Islands, and less commonly on the tropical West 
Pacific Plateaus. This species is generally more 
abundant in the eastern part of the South Pacific. 
Fairly high values are also observed on the East 
Pacific Rise between lat 40 o S. and 50 o S. Umbili-

cosphaera sibogae is never very ab undant in the cen-
tral gyre and seems to be best developed in medium-
to high-fertility regions. It is medium resistant and is 
most abundant between 3,000 111 and 4,300 m. 

Cyclolithella annuia, a tropical species 2.voiding 
the equator proper, is rather delicate and is never 
very abundant. Its highest proportions (2-5 per-
cent) occur between 2 ,500 m and 3,800 m , and be-
tween lat 10DS. and 20o S. As U. sibogae it is most 
abundant in areas with medium PO.j-P values in 
the water. 

Helicopontosphaera kamptneri usualJy is a minor 
constituent of the coccolith assemblages. It was ob-
served in greatest relative abundance (5-20 percent) 
between Jat 8 0 S. and 20 o S. and between 45 °S. and 
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TABLE 1  
Distribution of important coccolith species with respect to depth, latitude, temperature, and phosphate in surface waters.  

Highest  
Percentage  

Species of Total Depth  

E. huxleyi 60% 

G. oceanica > 80% 

G. caribbeanica > 80% 

C. leptopora > 80% 

U. sibogae 600/0 

C. annula 5% 

H. kamptneri 20% 

U. irregularis 40% 

U. tenuis 10% 

R. clavigera 20% 

S. pulchra 10% 

C. cristatus 20% 

shallow  
< 3000 m  

deep  
(4000-5000 m)  

deep  
(3700-4900 m)  

deep  
(3000-5000 m)  

in te rmed ia te  
(3000-4000 m)  

shallow  
(2500-3500 m)  

intermediate  
(2500-3500 m)  

shallow to  
intermediate  

(2000-4000 m)  
shallow to  

intermediate  
(2000-3800 m)  

shallow to  
intermediate  

(2000-4600 m)  
shallow to  

intermediate  
(2000-3800 m)  

deep  
(4000-5000 m)  

Latitude 

10°S-20oS 
400S-500S 
100N-15°S 

25°S-65°S 

o°S-20 oS 
40°S-50oS 

00S-200S 

lO°S-20oS 

8°S-22°S 
45°S-65°S 

8°S-200S 

100S-200S 

9°S-300S 

10°S-200S 

0°S-15°S 

Temperature 

24°_28° 
8°_16° 

26°_28° 

P04-P 

medium-low 

high to low 

20°_4° high to low 

24°_28° 
8°_16" 

24°_28° 

high 

medium-high 

26°_28° medium 

26°_28° 
4°_12° 

26°_28° 

high 

high 

24°_28° medium-low 

24°_28° low 

24°_28° medium-low 

26°_28° high 

65°S., at depths ranging from 2,500 m and 3,600 
m. At the equator and in the central gyre, abun-
dances are distinctly lower, indicating a preference 
for gyre margin waters of medium to high fertility. 

Umbellosphaera irregularis, a delicate species, 
never comprises more than 20 percent of the cocco-
lith assemblages. It is most abundant in samples 
from between lat 5 0 S. and 25°S., at 2,000 m to 
4,000 m depth, mostly along the East Pacific Rise 
and near large island chams. It tends to prefer fertile 
waters. Umbellosphaera tenuis is generally even less 
abundant and never exceeds 10 percent of sediment 
assemblages. It seems most common in samples 
from 2,500 m to 3,000 m in a band between lat 
15°S. and 300 S. and is thus relatively abundant in 
low-fertility waters of the central gyre. 

Rhabdosphaera clavigera usually is a minor con-
stituent of sediment assemblages. It is most abundant 
in samples from 2,000 m-3,700 m, somewhat less 

abundant between 4,000 m and 4,600 m. It reaches 
the highest values below the low-fertility waters of 
the central gyre Oat 15°S.-300S.). It is mostly 
absent from the equator. 

Syracosphaera pulchra is most common in samples 
from 2,000 m-3,000 m and between lat 100 S. and 
20 0 S. It occurs at the equator and is also quite 
common below the less fertile waters of the central 
gyre. 

Ceratolithus cristatus is always rare. It has its 
highest concentrations in sediments from close to the 
CCD (4,000 m-5,000 m) near the equator (lat 0°_ 
15°S.). It seems to be more abundant in fertile 
waters, but it is also present in the central gyre. 

A summary of this distributional information is 
given in table 1. Agreement with previously published 
information on temperature and fertility habitat is very 
good (McIntyre and others, 1970, and other authors; 
see Berger, in press, table 6). 

(102) 
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TABLE 2  
A verage composition of clusters.  

Clusters 

Species 2 3 4 5 6 7 8 9 

L E. Iwx/eyi 41.7 27.7 9.5 9.3 14.7 20.9 15.9 3.1 0 
2. G. oceanica 30.0 27.0 58.6 13.5 17.0 9.5 4.1 0.3 0 
3. G. caribbeanica 1.5 0.9 1.6 1.2 1.1 48.4 20.8 8.6 0 
4. G. ericsonii 0.4 0 0.2 0 0.3 0.8 0.6 0.2 0 
5. C. pelagicus 0 0 0 0 0 0.1 L1 0.7 0 
6. C. leptopora 4.9 12.4 16.3 19.1 12.6 5.2 47.1 79.3 1.8 
7. C. fragilis 0.7 0.1 0.3 2.8 0.7 0.9 0.8 0.4 0 
8. U. sibogae 5.5 9.4 4.9 21.1 37.9 3.0 5.4 2.4 0 
9. C. allnula 0.5 1.5 0.2 0.1 1.5 0.3 0 0 0 

10. H. kamptneri 4.0 2.5 1.3 7.1 1.9 0.9 1.9 1.1 0 
11. U. irregularis 2.1 2.9 0.9 12.8 1.4 0.5 0.2 0.1 0 
12. U. fenuis 1.4 0.9 0.2 0.1 0.7 1.2 0.3 0 0 
13. D. lubitera 0.2 0.2 0 0 0 0 0 0 0 
14. R. c!avigera 1.7 4.3 0.9 2.9 1.9 5.2 0.6 0.2 0 
15. S. pulchra 1.1 1.7 0.2 0.8 3.4 0.9 0.5 0.1 0 
16. S. histrica 0.6 3.7 0.1 0.5 0.4 0.1 0 0 0 
17. Syracosphael'a sp. 0.8 1.3 0.8 4.9 1.0 0.5 0.3 0 0 
18. P. discopora 0.1 0.1 0 0.1 0 0.1 0 0.3 0 
19. P. scutellum 0.2 0.1 0 0 0 0 0 0 0 
20. Scapholillws 0.6 0.8 0 0.5 0.3 0.2 0 0 0 
21. Scyphosphaera 0.1 0.1 0 0 0 0 0 0 0 
22. C. crista/us 0.6 1.1 2.8 3.0 1.2 0.9 0.3 0.5 17.9 
23. Thoracosphaera 0.4 0.6 0.1 0.2 0.2 0.2 0 0 0 
24. Others Quaternary 0.7 0.5 0.3 0.1 1.7 0.2 0 0 0 
25. Others Pre·Quaternary 0.3 0.2 0.9 0 0.2 0.1 0.3 2.6 80.4 

Number of Samples 
in Clusters 21 1 1 78 17 17 10 15 25 4 

show various degrees of interrelationship (text fig. 
11). Clusters 1, 2, 3, 4. and 5 are similar and differ 
mainly in the relative proportions of the various 
species. Clusters 7 and 8 are also mueh alike, 
whereas cluster 6 does not pair with any individual 
cluster. Cluster 9 is different from all the others be-
cause it is dominated by reworked forms. 

The chief characteristics and the distributions of the 
clusters may be summarized as follows (see text figs. 
12-15): Cluster 1 (west tropical, shallow) is domi-
nated by Emiliania huxleyi and Gephyrocapsa oceanica. 
Is is virtually restricted to the shallow plateaus of the 
Western Pacific west of long 155°W., between lat 
10o S. and 30c S. and shallower than 3,000 m, with some 
occurrences as deep as 4,000 m. The Po4-p content 
of the water in areas where Cluster 1 dominates is 
medium to low. Cluster 2 (central tropical, shallow) 
in which E. huxleyi and G. oceanica are almost equally 
abundant and C. leptopora is common, is found in a 
belt between lat lOoS. and 30 0 S and long 1WoW. and 

180 0 W. at a depth of 2,000-3,500 m on plateaus or 
near island chains. The fertility, as measured by the 
P04-P content is usually medium to high. Cluster 3 
(tropical deep) contains large numbers of G. oceanica 
and fairly high numbers of C. leptopora, but E. huxleyi 
is considerably less abundant. This cluster covers the 
equatorial belt between lat lO"N. and 15°S., mostly be-
tween long 150c E. and 1 WoW., at depths ranging from 
3,000 m to 5,000 m, with a high number of samples be-
tween 4,000 and 5,000 m. PO,!-P values are high in the 
area covered by Cluster 3. This cluster seems to be a 
more dissolved equivalent of Clusters 1 and 2. Cluster 
4 (east-central tropical, shallow) with U. sibogae, C. 
leptopora, G. oceanica, and U. irregularis as the most 
abundant species, covers the area between long 155°W. 
and 8OC1W., lat 5 0 S. and 20 0 S. and has a depth range 
from 2,500-3,500 m. Most members of this cluster occur 
on the East Pacific Rise, the Nazca Rise, or near the 
Society Islands. Fertility (P04-P) of the water is gen-
erally medium to high. Cluster 5 is dominated by U. 
sibogae, G. oceanica, E. huxleyi and C. leptopora. It is 
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TEXT FIGURE 12 

Geographic distribution of clusters. Zero denotes coccolith-
free samples, 

very similar to Cluster 4 and occurs almost in the same 
region, i.e" between long 100 'W. and 155 c W and lat 
0°-20o S. but tends toward somewhat greater depths 
(3,000 m-4,000 m). Cluster 6 (subtropic-temperate) 
with a high percentage of G. caribbeanica and C. 
leptopora is mostly restricted to the low-fertility re-
gion of the central bryre between long 90 o W. and 
155°W., lat 20° and 30 G S. over a wide depth range 
(3,000-4,500 m). Cluster 7 (cold, shallow) contains 
high percentages of C. leptopora, C. caribbeanica and 
E. huxleyi. It is found at the southern margin of the 
central gyre and in the area of the Humboldt Cur-
rent between long 1600E. and 75°W., lat 35 c S. and 
65°S. and mostly between 3,000 m and 4,000 m but 
as deep as 4,800 m. Cluster 8 (cold, deep) with mostly 
G. caribbeanica and E. huxleyi covers a similar area 
as the previous cluster but is concentrated at some-
what greater depths. PO"-P values are medium to high 
in the region where Clusters 7 and 8 are found. Cluster 
9 (reworked) is dominated by C. cristatus and reworked 
pre-Quaternary. It is usually found in regions below 
4,000 m between lat lor' and 30 c S, all across the Cen-
tral Pacific. Cluster 0 consists of all samples barren 
of coccoliths. 
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TEXT FIGURE 13 

Depth-latitude distribution of clusters for area west of long 
155 0 W. 

TEMPERATURE-SOLUTION ANALYSIS 

From the foregoing descriptions of species and cluster 
distributions it is clear that several factors may be in-
voked as controlling processes, of these, temperature of 
surface waters is a convenient parameter because of 
its correlation with other hydrographic factors such as 
vertical mixing and nutrient supply, its correlation 
with irradiation, and its own direct effects on growth 
of algal species. Modification of assemblagcs at depth 
by differential dissolution is the other important 
parameter. 

To assess the "aspect" of a sample with respect to 
temperature we use an indexing system modified from 
Berger (1968). Each species is given a "grade" on a 
scale from 1 to 10, with respect to the parameter in 
question. For temperature, the values are as follows: 
E. huxleyi 5.5 (1/9), G. oceanica 8.3 (l /2), G. carib-
beanica 5.0 (1/4), G. ericsonii 7.3 (1), C. pelagicu.s 
1.0 (1), C. leptopora 5.5 (l/8), C. jragilis 8.3 (1), 
U. sibogae 8,3 (1/2), C. annula 9.0 (I), H. kamptneri 
8.3 (1), U. irregularis 9.5 (1), U. tenuis 8.3 (1), 
D. tubifera 9.0 (J), R. ciavigera 8.3 (1/2), S. pulchra 
8.3 (1), S. histrica 8.0 (1), Syracosphaera 9.5 (1), 
P. discopora 9.0 (1), P. scutellum 9.0 (1), Scapho-
fithus 9.0 (1), Scyphosphaera 9.5 (1), C. cristatus 
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TEXT FIGURE 14 

Depth-latitude distribution of clusters between long 155" W. 
and 1100 W. 

9.0 (1), Thoracosphaera 9.0 (1). The numbers in 
parentheses are a measure of the reliability of the 
"grade." The grades and the reliability are based on 
modal temperature and temperature range, respeetively. 
The temperature aspect of a sample is calculated as the 
weighted mean of all grades (adjusted for reliability), 
as follows: 

The temperature indices (T,J thus derived correspond 
in a general way to the temperatures in the euphotic 
zone overlying the samples (text fig. 16). The corres-
pondence between indices and actual temperatures could 
be improved by foree-fitting the index, but this has 
certain undesirable features and is not necessary for 
the present analysis. 

To determine the solution (or preservation) aspect 
of a sample a similar grading (or ranking) of the 
species with respect to resistance to dissolution is re-
quired. Derivation of a rank list rests on the proposi-
tion that, given two samples, the deeper one is de-
pleted in delicate species and enriched in resistant 
ones, all other things being equal. To keep "all other 
things equal," and to maximize the depth effect, each 
sample was paired with other ones if and only if 
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TEXT FIGURE 15  

Depth-latitude distribution of clusters east of 110" W.  

the other ones were within 5° latitude, no further away 
than 10 degrees and had a minimum depth difference 
of 500 meters. In all pairs thus formed it was noted 
which species increased, which decreased, and which 
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Plot of coccolith temperature indices versus average sea sur-
face temperatures. Triangles indicate 1 sample, open circles 
2-3 samples, and dots more than 3 samples occupying the 
same position. 
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TABLE 3 
Ranking of coccolith species in the order of increasing resistance 
to dissolution, for various geographic regions. The rank corre-
lations of these lists with the genentlized lists in Table 4 is given 
in the upper right corner. 
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stayed the same when going from the shallower to the 
deeper sample. Adding the scores based on these 
changes, a ranking is readily obtained. As some species 
showed considerable variation in their position within 
such a rank list, depending on whether tropical 
or extratropical samples were considered, we applied 
the scoring procedure to 9 different regions of the 
study area (table 3). 

The results show a reasonable degree of coherence 
between the rank lists, but also emphasize the variability 
of certain species with respect to dissolution resistance, 
and the dependence of the rank list obtained on the 
sampling space employed. Since the ran kings for areas 

A, B, C, D, and E are very similar an overall tropical 
ranking was calculated by averaging the normalized 
ranks. The same was done for areas F, G, and H 
to obtain an overall extratropical ranking (table 4). 
In both overall rankings, the average rank of Umbel-
losphaera irregularis and Umbellosphaera tenuis are 
used and listed as Umbellosphaera sp. because the posi-
tion of these species in the regional rankings is quite 
variable. The two overall rankings are similar, with 
a rank correlation coefficient r(] = 0.66. Noteworthy 
is the relatively low rank of Rhabdosphaera clavigera 
in the tropical ranking and the relatively low rank of 
Emiliania huxleyi in the extratropical ranking. 

The ranking obtained for the Pacific agrees reason-
ably well with the ranking for the Atlantic as calcu-
lated by Berger (1973). The rank correlation coeffi-
cients between the Atlantic ranking and each of the 
Pacific rankings are both rd = 0.8. 

In all subsequent analysis either the tropical or the 
extra tropical rankings were used, as appropriate for 
each sample. Ranks were converted to "grades" by 
normalizing to a scale from 1 to 100. Reliability factors 
were not used in this case, although such factors could 
be extracted from comparing the rank lists in table 3. 

Thc solution aspect for each sample can now be cal-
culated as the weighted mean of all species "grades" 
in a sample: 

Temperature-solution plots for the various clusters were 
generated using the T and S indices, in order to explore 
further the relationships between the clusters. 

CLUSTER RELATIONSHIPS 

On plots of dissolution index versus temperature in-
dex (text figs. 17, 18, and 19) the low-latitude clusters 
( 1, 2, 3, 4, 5) show little spread of temperature indices 
but considerable spread of solution indices. Clusters 
4 and 5 have the lowest solution indices. Clusters 1 
and 2 are intermediate, and cluster 3, which is most 
likely a more dissolved equivalent of clusters 1 and 
2, has the highest dissolution indices. Cluster 6 has 
intermediate temperature indices and a considerable 
scatter of the dissolution index values. Cluster 7 has 
lower solution index values than cluster 8, but similar 
temperature indices. 

If we compare these nannoplankton temperature in-
dex vs. dissolution index plots with a similar plot for 
planktonic foraminifera (Parker and Berger, 1971, fig. 
10), we can see that there are considerable differences. 
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TEXT FIGURE 17 

Nannoplankton dissolution indices versus 
for clusters 1, 2 and 3. 

Cluster 1: open squares  
Cluster 2: filled triangles  
Cluster 3: dots  

temperature indices 

For planktonic foraminifera, the spread of the tempera-
ture indices increases as dissolution progresses, whereas 
for coccoliths the spread of the temperature indices 
is about the same for low and high dissolution indices. 
The reason that dissolution of coccolith assemblages 
changes the temperature index very little is that the 
solution-resistant forms, which are also good tempera-
ture indicators (G. oceanica, G. caribbeanica) are 
dominant even in well-preserved sediment assemblages. 
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TEXT FIGURE 18 

Nannoplankton dissolution indices \'ersus temperature indices 
for clusters 4 and 5. 

Cluster 4: circles 
Cluster 5: filled squares 

Other good temperature indicators (see table 1) are 
usually such minor constituents that their presence or 
absence has little influence on the temperature aspect 
of a sample. 

SEARCH FOR A COCCOLITH LYSOCLINE 

The difference in the dominance patterns between 
for am and coccolith assemblages which is evident in the 
temperature-solution plots also affects the recognition 

TABLE 4  
Overall tropical and extratropical dissolution ranking.  

Tropical area (A.B,C,D,E,) Extratropical area (F,G,H) 

1. Scyp/wsphaera sp. 
2. Discosphaera tubi/era 
3. Scapholithus sp. 
4. Cyclococcolithina fragilis 
5. Rhabdosplwera clavigera 
6. Pontosphaera scutellum 
7. Cyclolithella annula 
8. Ponfosphaera discopora 
9. Syracosplwera sp. 

10. Syracosplwera pulchra 
11. Helicopontospilaera kamptneri 
12. Umbellosphaera sp. 
13. Syracosplwera histrica 
14. Umbi/icosphaera sibogae 
15. TllOracosphaera sp. 
16. Gep/zyprocapsa ericsonii 
17. Emiliania huxleyi 
18. CeratolitllUs cristatus 
19. Cyclococcolithina leptopora 
20. Coccolithus pelagicus 
21. Gep/zyrocapsa carribeanica 
22. Gepliyrocapsa oceanica 

i. Emi/iania huxleyi 
2. Cyclolithella annula* 
3. Syracosphaera pulchra 
4. Cyclococcolithilla fragilis 
5. Helicopontosphaera kampflleri 
6. Syracosp/wera sp. 
7. Umbi/icosplwera sibogae 
8. Umbellosphaera sp. 
9. Rhabdosphaera clavigera 

10. Gephyrocapsa ericsollii 
11. Gephyrocapsa caribbeallica 
12. Coccolitlius pelagiclis 
13. Gephyrocapsa oceanica 
14. Cyclococcolithina leptopora 
15. Ceratolithus cristatus* 

* Only in Area F. 
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TEXT FIGURE 19 

Nannoplankton dissolution index versus temperature index 
plot for clusters 6, 7 and 8. 

Cluster 6: open squares  
Cluster 7: filled triangles  
Cluster 8: circles.  

of a coccolith lysocline. In foraminifera, the change-
over from well-preserved to poorly preserved assem-
blages-which marks the lysocline-is well defined, 
because the more delicate forms are dominant to begin 
with and the resistant forms become dominant as a 
result of partial dissolution. Thus, a typical foram as-
semblage completely changes its character due to dif-
ferential dissolution. In eontrast, no such pronounced 
change in character occurs in coccolith assemblages, 
because the highly resistant forms are dominant at the 
outset. Selection for hardy forms by the various pro-
cesses involved in transferring the particles to the sea 
floor may play a role in providing this particular 
dominance structure. Such transfer processes are ex-
pected to be completely different for coccoliths and 
for foraminifera. 

Plots of nannoplankton dissolution indices (NDX) 
versus depth clearly demonstrate this lack of drastic 
change through partial dissolution (text figs. 20 and 
21) . Nevertheless, as in foraminifera, the rate of 
change in the assemblages is seen to reach a maxi-
mum at depths near 4 km, close to the lysocline identi-
fied by Parker and Berger (1971). However, this 
change is somewhat more difficult to measure than in 
the foraminifera, and we have to take recourse to the in-
ternal dispersion of the solution indices. This dispersion 
is calculated as the standard deviation of the solution in-
dex (which in turn is a weighted average). It is a measure 
of the diversity of an assemblage with respect to the 
dissolution resistancc of its members. Such deviation 
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NANNOPLANKTON DISSOLUTION INDEX 
TEXT FIGURE 20 

Nannoplankton dissolution indices versus depth for the tropical 
region (areas A to E). The numbers 0 to 10 indicate the 
normalized standard deviation of each nannoplankton dissolu-
tion index. Note the considerable drop in the standard devia-
tions at 4,000 m. 

indices had been calculated routinely for foraminifera 
also (Berger, unpublished) but since the changes in 
the foram solution indices were so obvious, the applica-
tion of internal index deviations seemed unnecessary. 
It will be noted that there is a maximum change in 
the solution deviation indices with depth near the 
lysocline zone (text figs. 20 and 21). The reason is 
that the more solution susceptible species are removed 
mainly at this depth. This does not preclude, of course, 
removal at shallower depths than the lysocline, for 
which evidence was presented earlier (text fig. 10). 
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NANNOPLANKTON DISSOLUTION INDEX 
TEXT FIGURE 21 

Nannoplankton dissolution indices versus depth for the extra-
tropical region (areas F to H). The numbers 0 to 10 indicate 
the normalized standard deviation of each coccolith dissolution 
index. Note maximum change in the standard deviations oc-
curs around 4,000 m. 

In foraminifera also, removal of the most fragile form 
(Hastigerina pelagica) starts some thousand meters 
above the lysocline, as pointed out previously (Berger, 
1971). 

The relationship between the nannoplankton dissolu-
tion index and its internal standard deviation is further 
explored in text figures 22 and 23. In the region of 
little or moderate dissolution, say NDX < 80, the two 
variables appear quite independent, but when the more 
susceptible species begin to be markedly removed, a 
definite correlation develops exactly as expected for 
the decrease in diversity that dissolution provides. 
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NANNO DISSOLUTION INDEX (NDX) 
TEXT FIGURE 22 

Plot of nannoplankton dissolution indices (NDX) versus 
standard deviations of the NDX for the tropical region. Dots 
indicate samples from areas A, B, D, E; triangles indicate 
samples from area C. 

40 

35X 
0 
Z 
lJ...30 
0 
Z 
025 
i= « 
0 
0 
Cl:: 15 «
0 z « 10 r 
U) 

5 

0 

• 
• 

" ... 
• 
• .. 

• 
00 0 

• 
• 0 

• 

\.l, I I 
50 60 70 80 90 100 

NANNO DISSOLUTION INDEX (NDX) 
TEXT FiGURE 23 

Plot of nannoplankton dissolution indices (NDX) versus 
standard deviations of the NDX for extratropical regions. 
Dots indicate samples from areas G & H; triangles indicate 
samples from area F. 

FURTHER COMPARISON OF COCCOLITH AND 

FORAM DISSOLUTION 

The differences in dissolution aspects of coccolith 
and foram assemblages, which are a liability when at-
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Nanno Dissolution Index 
TEXT FIGURE 24 

Plot of foraminiferal dissolution indices I'('rsus nannoplankton 
dissolution indices. Empty triangles indicate samples from 
area C, filled triangles show samples from the same general 
region on the East Pacific Rise which are in area B. These 
samples are remarkable for their high initial proportions of 
of G. dUler/rei, a resistant foram species. 

tempting to define a coccolith lysocline, also are an 
asset in that thc information obtained is complementary 
rather than redundant. 

In tropical regions (area A to E; text fig. 24), we 
observe a fairly large spread of the nannoplankton dis-
solution index values at foraminiferal dissolution index 
values below 60. This means that the nannoplankton 
dissolution index is a much more sensitive measure of 
the degree of dissolution in shallower regions (above 
the foraminiferal lysocline). On the other hand, at 
high values of the nannoplankton dissolution index 
there is quite a range of values for the foraminiferal 
dissolution index, which indicates that the planktonic 
foraminiferal dissolution index allows us to determine 
the state of dissolution more accurately than the nanno-

plankton dissolution index below the planktonic fora-
miniferal lysocline. The points indicated by triangles 
on text figure 24 are from a shallow area on the East 
Pacific Rise at about lat 80 0 S. and long 1l0cW. They 
have an unusually high foraminiferal dissolution index, 
which is due to a great abundance of Globoquadrina 
dutertrei (a resistant species) in these samples. Thus, 
the coccolith preservation in these samples indicates 
that the percentage of resistant forams is anomalously 
high initially, and prevents us from falsely ascribing 
these high proportions to differential dissolution. At 
high latitudes the plot of nannoplankton dissolution in-
dex versus foraminiferal dissolution index shows almost 
random distribution, and has been omitted, therefore . 

SUMMARY AND CONCLUSIONS 

An average coccolith assemblage from the sediment 
differs from the nannoplankton in the water column by 
an almost complete lack of holococcoliths, which com-
prise 2-5 percent of the living coccolithophorids. Deep-
living forms like Florisphaera profunda and Thorospha-
era flabellata (see Okada and Honjo, 1973) and some 
delicate caneoliths are either missing or very rare in 
sediment assemblages. However, the majority of cocco-
liths in both the plankton and in well-preserved sediment 
are solution resistant. This is in contrast to planktonic 
foraminifera, where well-preserved assemblages contain 
a high percentage of delicate forms. Consequently, dis-
solution patterns of the two groups arc quite dissimilar. 
The foraminifera dissolution index has a greater range 
than the nannoplankton dissolution index. Coccolith 
assemblages start showing signs of dissolution above 
3,000 m, and there are a series of changes in the com-
position of the assemblages between 3,000 m and 5,000 
m, leading to less and less diverse nannofloras and 
finally to the disappearance of coccoliths at 5,300 m. 
Any indication of a coccolith lysocline in the South 
Pacific rests on a change in the depth gradient of preser-
vational diversity, somewhere within a dissolution zone 
of about 2,000 m thickness above the CCO. Plank-
tonic foraminifera, on the other hand, show few changes 
in the composition of the assemblages above the fora-
miniferal lysocline, but are very sensitive indicators of 
the state of dissolution below that level. On the whole, 
they are as solution resistant as coccoliths in Recent 
sediments. 

These contrasting dissolution characteristics of cocco-
lith and planktonic foraminifera assemblages allow us 
to evaluate the influence of other factors than dissolu-
tion on the composition of calcareous assemblages and 
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to determine the degree of dissolution well above the 
foraminiferal lysocline. 

The use of coccoliths as temperature indicators is 
less promising than that of forams because most cocco-
lith species are tropical or cosmopolitan, and only one 
form is a cold-water indicator. 
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