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ABSTRACT 

CENOZOIC CORNUTELLID BIOSTRATIGRAPHY 
AND PALEOCEANOGRAPHY FROM DEEP SEA 
DRILLING PROJECT CORE 77B OF LEG 9 

(EASTERN EQUATORIAL PACIFIC) 

RICHARD ALAN REYNOLDS 

Samples from Deep Sea Drilling Project core 77B of 

Leg 9 taken in the eastern equatorial Pacific were used 

to develop a biostratigraphic zonation based on the ranges 

of cornutellid morphotypes and to observe any paleocean- 

ographic and geologic changes in the study region. Before 

the biostratigraphic zonation could be developed, defini¬ 

tion of cornutellid morphotypes was required due to the 

poor state of the taxonomy of such forms. Two separate 

sets of cornutellid morphotypes were defined in the 

study: one set based on a subjective classification 

method (yielded 11 morphotypes), and one set based on an 

objective classification method (yielded 17 morphotypes). 

Using the ranges of the morphotypes defined by the 

classification methods two zonations were developed. The 

morphotypes defined by the objective classification 

method yielded four zones, and five zones were developed 

using the morphotypes defined by the other classification 

method. Casey (1971) has shown that recent cornutellids 



have a cosmopolitan oceanographic extent. If the ones 

used in this study had a similar distribution, then the 

zonations developed in this study might be cosmopolitan 

zonations. 

Paleoceanographic and geologic events were recog¬ 

nized by examining changes in the following parameters: 

(1) paleo-productivity, (2) relative radiolarian diversity 

and abundance, (3) relative cornutellid morphotype 

"diversity" and abundance, (4) nannophytoplankton abun¬ 

dance (from Hays et al, 1972), and (5) vertical thermal 

gradient (from Savin et al, 1975). All of the parameters 

are positively correlated except for the nannophyto- 

plankton abundance. The paleoceanographic and geologic 

events recognized using these parameters are as follows: 

(1) separation of Australia from Antarctica (approximately 

35 million years ago) and the associated changes in the 

circulation patterns in the Southern hemisphere, (2) 

initiation of Antarctic Miocene glaciation and the forma¬ 

tion of the first Neogene water masses (about 20-22 mil¬ 

lion years ago), (3) intense glacial surge on the 

Antarctic continent in the late Miocene (approximately 

5-6 million years ago), and (4) drop in intensity of 

Antarctic glaciation (about 3-4 million years ago). 
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INTRODUCTION 

The genus Cornutel1 a may be one of the most important 

radiolarian genera. This importance was first recognized 

by Casey (1971) when he noted that cornutellids are 

endemic to waters that form and dive at the subtropical 

and polar convergences. If the distribution of fossil 

cornutellids is similar to living forms, then a biostrati- 

graphic zonation based on morphotypes of the genus may 

represent a cosmopolitan zonation (Casey and McMillen, 

1977). The topics covered in this thesis may be divided 

into three principal sections: (1) classification, 

(2) biostratigraphy, and (3) paleoceanography of cornu- 

tellids. 

The only core containing a sufficient number of 

cornutellids to allow the development of a classification, 

biostratigraphic zonation and paleoceanographic inferences 

was Deep Sea Drilling Project core 77B of Leg 9. There¬ 

fore, the conclusions reached in this investigation are 

tentative because studies of other cores containing corn- 

utellids can yield different results, 

Ehrenberg (1875, 1872, 1860, 1858, 1855, 1845a 

1847a and b, 1844 and 1838), Haeckel (1882, 1881, 1876 and 



Figure 1 - Location map of Core 77B of Leg 9 

(Hays et al, 1972). 



2 

CQ 

•E 

O 



3 

1875), Bailey (1855), Campbell and Clark (1944) and Clark 

and Campbell (1945) were the first investigators to define 

species of the genus Cornutella. The original descrip¬ 

tions offered in Ehrenberg's works are quite vague and 

allow many different cornutellids to be grouped into the 

same species. Haeckel (1881 and 1875 to 1876) divided 

members of this genus into several different species and 

genera (i.e., Sethoconus). The work done by Haeckel was 

not accepted by many radiolarian workers as they did not 

use his classification. The genus was tailored down to a 

few species when Nigrini (1967) classified most of 

Ehrenberg's and Haeckel's cornutellid and sethoconid 

species into the species profunda of the genus Cornutella. 

This is the classification scheme used by most radiolarian 

workers. 

SAMPLING 

Samples obtained from Deep Sea Drilling Project hole 

77B of Leg 9 were used for this study. This core was 

taken to obtain as complete a sediment section for paleon¬ 

tological and stratigraphic studies as possible (Hays et 

al, 1972). No other cores were available to compare to 

the one used here to obtain a measure of sampling error 

at the drill site. Fifty ten cubic centimeter plugs were 

sampled from the first section of each core barrel. A 
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list of the samples may be found in Table 1. Two slides 

prepared from each ten cubic centimeter plug differed only 

in the number and not in the type of cornutellids present. 

For the analysis the two slides were considered as one 

sample to increase the number of cornutellids per sample. 

DEFINITION OF CORNUTELLID MORPHOTYPES 
(CLASSIFICATION) 

INTRODUCTION 

The initial portion of this study involved the 

definition of morphotypes. Two different classification 

schemes, one subjective and the other objective, were 

used in this investigation. In the development of a 

classification, character selection and weighing of these 

characters are important in determining the structure of 

the classification (Sneath and Sokal, 1973; Crovello, 

1969; Rowell, 1967 and Sokal and Sneath, 1963). 

CHARACTER SELECTION 

Crovello (1969) has shown how different classifica¬ 

tions for the same Operational Taxonomic Units (OTU's as 

defined in Sokal and Sneath, 1963) could be obtained using 

different sets of characters. In both the subjective and 

objective classifications developed in this study, careful 



Table 1 Samples used in study from DSDP Core 77B 

of Leg 9. 
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character selection was made. Selection of characters 

for each classification was different because the two 

methods were different as discussed below. 

The characters used in the subjective classification 

(listed in Table 2) were chosen by observing the most 

obvious character differences among the cornutellids 

studied. Different weights were applied to these char¬ 

acters for ease in separating the samples (individual 

cornutellids) into the "appropriate" morphotype group. 

The relative importance given to each character used may 

also be found in Table 2. Characters that appeared to be 

invariant were not considered in this classification as 

they would not add any information when developing the 

classification (Sneath and Sokal, 1973, and Sokal and 

Sneath, 1963). 

As an initial attempt to define the characters to be 

used for the objective classification, all of the char¬ 

acters possessed by cornutellids were listed. This list 

was tailored (see Table 3) by eliminating any characters 

(variables) that were invariant (or had very low variance) 

or were illegal variables as defined by Sneath and Sokal 

(1973) and Sokal and Sneath (1963). Unlike the subjective 

method, all of the characters were weighted equally in 

the objective classification because no a priori assump¬ 

tions were made. 



Table 2 « List of characters used in the subjective 

classification. The relative importance 

given to each character is indicated by 

assigning the character a number between 

1 and 5. The characters given a 1 are 

the most Important and the ones given a 

5 are the least important. 
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Cephalis size (large or small) 1 

Spine with a mace-like termination 1 

Spine present or not 1 

Bars wide or narrow 2 

Cephalis round or elongate in outline 2 

Test curved or straight 3 

Test campanulate or not 3 

Test closes, straight, or flairs hasally 3 

Cephalis wall robust or thin 4 

Pore shape 5 

Collar sticture distinct or not 5 



Table 3 - Characters used in objective classification 

and codes used to represent the different 

states of the characters. 
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CHARACTER STATES CODE 

Pore shape Circular 1 

Elliptical 2 

Hexagonal 3 

Irregular ^ 

Cephalis shape Cylindrical 1 

Round 2 

Elliptical 3 

Tear-drop 4 

Cephalis wall Thin 0 

Robust 1 

Collar stricture Not distinct 0 

Distinct 1 

Spine Not present 0 

Present & short 1 

Present & long 2 

Pore depressions Not present 0 

Present 1 

Test spinose No 0 

Yes 1 

Pore meshwork Not present 0 

Present 1 

Flairs 1 

Straight 2 

Closes 3 

Test termination 
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CHARACTER STATE CODE 

Lateral spine(s) Not present 0 

Present 1 

Cephalis size Large 0 

Small 1 

Bar width Narrow 0 

Wide 1 

Test curved No 0 

Yes 1 
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After character selections the two classifications 

were formed using the procedures described in the next 

section. Descriptions and illustrations of the characters 

used in this study are given in Appendix B. 

PROCEDURES USED TO DEVELOP CLASSIFICATIONS 

Subjective classification methods are used by most 

paleontologists. Members of the genus were broken down 

into groups that are morphologically similar using the 

range of morphologic variation among the cornutel1 ids, 

These groups were developed by starting from the bottom 

of the core and defining new morphotypes as they were 

encountered up the core. 

The objective classification is more complicated and 

is used by numerical taxonomists. This method uses the 

phenetic similarity based on numerous equally weighted 

characters among the samples (individual cornutel1 ids) as 

the basis for forming the classification. Then cluster 

analysis is applied to the similarity matrix developed by 

computing the similarity of each sample to every other 

sample in the study to develop the classification. The 

clustering technique used here is the unweighted, pair- 

group, average centroid linkage method. This method was 

chosen because it develops a classification with a high 

cophenetic correlation coefficient (Sneath and Sokal, 
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1973) and a hierarchical classification (Clifford and 

Stephenson, 1975; Sneath and Sokal, 1973 and Sokal and 

Sneath, 1963). Because the clustering program available 

only allowed 256 samples to be processed at one time, 

samples (individuals) were clustered twice. The first 

dendrogram produced (Figure 2) was used as the key for 

the interpretation of the second dendrogram in the manner 

suggested by Ross (1969), Minimum spanning tree dendro¬ 

grams (Kruskal, 1956) were used throughout this work. 

The clustering level was selected by choosing 

clusters possessing the most individuals, but at the same 

time being relatively distinct from the other clusters. 

Another restriction put on the selection was that no 

cluster would be considered below the 33 percent level. 

This is the level below which a random set of binary data 

would be classified. 

Of greater importance than the selection of the 

clustering technique is the selection of the proper 

similarity coefficient used to measure relationships of 

individuals to each other. These relationships are sum¬ 

marized in a similarity matrix. The similarity coefficient 

used in this study is the simple match coefficient of 

Sokal and Michener (1958), The properties and distribu¬ 

tion of this coefficient have been reviewed by Sneath and 

Sokal (1973), Cheetham and Hazel (1969), Goodall (1967), 



Figure 2 - Dendrogram produced by the objective 

classification method. 
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Sokal and Sneath (1963) and Sokal and Michener (1958). 

Therefore, a discussion of the coefficient will not be 

given here, but a discussion of the problems encountered 

in developing the objective classification using this 

coefficient is reviewed in the discussion section. 

The individuals used in this study were observed and 

their character states were coded on forms similar to 

Figure 3. The data cards were punched in a format similar 

to that shown in Figure 3, 

RESULTS 

Eleven distinct morphotypes are established using 

the subjective method of classification. Descriptions of 

these morphotypes are given in Appendix C, and a dichoto¬ 

mous key for them is given in Figure 4. 

Seventeen morphotypes were obtained using the objec¬ 

tive classification method (see Figure 2). These morpho¬ 

types are not morphologically distinct as those defined 

by the subjective method. The minimum level of clusters 

used in defining the morphotypes is approximately 42 per¬ 

cent. There are no descriptions given for these morpho¬ 

types as they would be too general and useless in identi¬ 

fication of an individual. This is due to the very small 

morphologic variation between the morphotypes. 



Figure 3 *• Sample Coding Form--This is an example 

of the type of coding form used 1n the 

objective classification. 



CARD ID 

SLIDE 
NUMBER 

ENGLAND 
FINDER 
COORD. 

PORES 

CEPHALIS 

CEPHALIS WALL 

COLLAR 
STRICTURE 

SPINE 

PORE 
DEPRESSIONS 

TEST SPINOSE 

PORE 
MESHWORK 

TEST TERMINA- 
TION 

LATERAL 
SPINE(S) 

CEPHALIS 
SIZE 

BAR 
WIDTH 

TEST CURVED 



Figure 4 - Dichotomus key for the morphotypes of 

the subjective classification. 
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1. Cephalis small 3 

Cephalis large 2 

2. Spine with mace-like termination Ml 

Spine without mace-like termination M6 

3. Test extremely campanulate Mil 

Test not extremely campanulate 4 

4. Bars wide 5 

Bars narrow 8 

5. Test termination closes 6 

Test termination not closing 7 

6. Cephalis wall robust M5 

Cephalis wall thin M4 

7. Spine long and with mace-like termination Ml 

Spine without mace-like termination M8 

8. Test closes on termination M9 

Test flairs or straight on termination 9 

9. Long spine with mace-like termination Ml 

Spine without mace-like termination 10 

10. Cephalis wall robust 11 

Cephalis wall thin M3 

11. Spine only a thickening above cephalis M7 

Possesses a true spine 12 

12. Cephalis round in outline... M2 

Cephalis not round in outline M10 
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A simple dichotomous key was not constructed for 

these morphotypes. A new type of key, what might be 

called a probablistic key, was developed for the morpho¬ 

types (see Figure 5). This is the only type of key that 

may be used to classify an individual into its "appro¬ 

priate" morphotypic group. Appendix A describes how to 

use and construct a key of this type. 

None of the morphotype groups developed in either 

classification are recognizable in the other classifica¬ 

tion. 

DISCUSSION 

The morphotype groups developed by the subjective 

classification method are quite distinct, especially when 

compared to the morphotype groups defined by the objec¬ 

tive classification. The problem with the objective 

classification method is not with the method itself but 

in the format of the data. 

Four of the characters used in this study are multi¬ 

state with the rest of the characters being binary (see 

Table 3). The multistate data is what presents the 

problem in this classification method. Each state of a 

character could be treated as a separate variable. For 

example, if a cornutellid possesses irregular pores, then 

the irregular pores character would be scored a one and 



Figure 5 - Probabilistic key constructed for 

morphotypes of the objective classi¬ 

fication. 
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the other pore characters would be scored a zero. A zero 

score for a character indicates that the character is 

absent. When the calculation of similarity between the 

individual cornutellids is calculated the problem of com¬ 

paring variables of unequal importance (state verses 

character) is introduced (see Proctor and Kendrick, 1963). 

Characters composed of several states could have been 

treated as separate variables and then weighted to allow 

for the problem of mixed data. This was not done in this 

study because there are no methods for assigning the 

proper weight to a character a priori. 

Another alternative to this problem is to code the 

data as shown in Figure 3. Coding the data with this 

format presents a problem when the individuals are 

clustered because the values are averaged in the cluster¬ 

ing technique used. When two individuals are morpho¬ 

logically the same except for one of the multistate char¬ 

acters, they will have a high coefficient of similarity 

between them. If these two are clustered together, the 

average of the character values will be computed. For 

example, if Individual I has character 1 equal to 3 and 

Individual II has character 1 equal to 1, then the average 

for character 1 for the cluster formed by Individuals I 

and II will be 2. This is another state of character 1 

that is quite different from either state 1 or 3. One 
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may be able to see how after the first few iterations in 

the clustering process, forms that are different could be 

grouped together. This is probably the reason for the 

presence of may clusters with low percentage values in the 

dendrogram (Figure 2). This is also the reason a complex 

key must be developed to recognize the different morpho¬ 

types . 

Other alternatives to this problem are to eliminate 

multistate characters from the study, change the cluster¬ 

ing method, or change the similarity coefficient. Elimi¬ 

nating multistate characters from the study would have 

reduced the number of variables to nine which is a very 

small number of characters to be used in a numerical 

taxonomic study which would also eliminate important 

information. Even thirteen characters (the number used in 

this study) is a very small number of characters to use. 

Any of the other possible clustering methods would be 

influenced by data of this type and could not evaluate it 

any better than the one used to obtain a hierarchical, 

objective classification. Therefore, the only other 

recourse is to find another similarity coefficient. Of 

all the possible coefficients, Goodall's (1966) probability 

Index might be the one to use. Each state of a variable 

could be assigned its proper probability. This method was 

not used because of the lack of sufficient data to 

reliably determine probabilities of each of the characters. 
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BIOSTRATIGRAPHY 

INTRODUCTION AND PROCEDURES 

After the development of the objective and subjective 

classifications for cornutel1 ids, the range for each of 

the morphotypes was recorded. It must be remembered that 

this investigation is orly concerned with DSDP core 77B 

and, hence, the ranges of each of the norphotypes may not 

correspond to those found in other cores. 

To enable a comparison of the ranges of the cornu- 

tellid morphotypes to those of other radiolarian groups, 

the core samples were dated using Riedel and Sanfilippo’s 

Radiolarian Zonation (in press). Datum planes were defined 

that appeared to be well represented by morphotypes defined 

above. Zonations were established for each of the classi¬ 

fications developed in this study. The zones are Oppelean 

zones (Hedberg, 1976). The zonal boundaries were selected 

at breaks easily recognized in the stratigraphic ranges 

of the morphotypes (biohorizons). If there appeared to be 

no obvious breaks in the ranges, then the first or last 

occurrence of a relatively abundant form was chosen as a 

zonal boundary. 
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RESULTS 

The samples fit into Riedel and Sanfilippo's Zonation 

(in press) as shown in Figure 6. Care was taken to 

position the samples in approximately the correct location 

of the particular zone it represented using subsidiary 

datums of their zonation. 

The stratigraphic ranges of each of the morphotypes 

is shown in Figure 7. The samples used in determining 

these ranges were always taken from the first section of 

the core barrel. This only allowed for an approximate 

range determination for each of the morphotypes, but the 

ranges shown (Figure 7) were sufficient because the over¬ 

all ranges of the morphotypes were relatively long. 

To isolate those morphotypes that could be used as 

the best stratigraphic indicators, plots as shown in 

Figures 8-1 to 8-17 and 9-1 to 9-11 were made. At this 

point a discussion of the biostratigraphy of each classi¬ 

fication is necessary. 

DISCUSSION 

Objective Classification 

Some of the morphotypes defined by the objective 

classification method are not important stratigraphically 

for various reasons. Morphotypes C and Q may readily be 

eliminated from the study because their ranges extend 



Figure 6 - Location of samples used in this 

study in Riedel and Sanfilippo's 

Radiolarian Zonation (in press). 
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Figure 7 - Ranges of cornutellid morphotypes 

established in this study. The absolute 

times are those used by Van Andel et al 

(1975). 
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Figures 8-1 to 8-17 - Graphs showing the frequency 

of occurrence of the rnorphotypes estab¬ 

lished by the objective classification 

method per sample. The vertical axis 

indicates the number of occurrences and 

the horizontal axis indicates the 

sample number. 
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Figures 9-1 to 9-11 - Graphs showing the frequency 

of occurrence of the morphotypes defined 

by the subjective classification method 

per sample. The vertical axis represents 

the number of occurrences and the hori- 

sontal axis represents the sample number. 
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completely through the time interval studied (see Figures 

8-3 and 8-17). Morphotypes B, D, H, M and N are eliminated 

because they are rare (see Figures 8-2, 8-4, 8-8, 8-13 

and 8-14), and their ranges are too broad to consider them 

in a biostratigraphic study. Morphotypes J, K and 0 are 

also rare, but their ranges appear to be restricted and, 

therefore, are used in the biostratigraphic analysis 

(see Figures 8-10, 8-11 and 8-15). 

Figure 10 shows the ranges of the morphotypes 

established by the objective classification method. Four 

zones established from these ranges (see Figure 10) are 

correlated with Riedel and Sanfilippo's Radiolarian Zona¬ 

tion (in press). The defined zones are based on the 

following criteria: 

Top of Zone 1 - undefined. 

Bottom of Zone 1 and top of Zone 2 - last occurrence 

of morphotypes I, K, 0 and P and the co¬ 

occurrence of morphotypes A, E, F, G, J and L. 

Bottom of Zone 2 and top of Zone 3 - first occurrence 

of morphotypes F, J, 0 and P and the co¬ 

occurrence of morphotypes G, I, A, E and L. 

Bottom of Zone 3 and top of Zone 4 - first occurrence 

of morphotypes G and I and the co-occurrence of 

morphotypes A, E and L. 



Figure 10 - Ranges of biostratigraphtcally Important 

morphotypes of the objective classifi¬ 

cation and the associated zonation 

developed for these morphotypes. 
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Bottom of Zone 4 - undefined 

Other important datum planes are located in the zones 

shown in Figure 10, 

Oppel's zonation scheme was chosen because it yields 

a more stable zonation than one based on taxon-range zones. 

For example, if the range of J is found in future studies 

to be stratigraphically lower (i.e., occurs in samples 

equivalent in age to sample 28), the zonation defined 

above would not be altered as the top of Zone 3 would 

still be defined by the first occurrence of F, 0 and P. 

Subjective Classification 

As with the morphotypes of the objective classifica¬ 

tion, some of the morphotypes of the subjective classifi¬ 

cation are not biostratigraphically important. The rarity 

and scattered occurrence of morphotypes 4 and 11 makes 

them strati graphically insignificant (see Figures 9-4 and 

9-11). Morphotype 7 is also rare, but its occurrence is 

restricted (see Figure 9-7). The subjective classifica¬ 

tion scheme did not yield any morphotypes that ranged 

throughout the entire time interval studied. It is 

apparent that the structure of the morphotype ranges is 

quite different for each of the classification methods 

(see Figures 10 and 11). The objective classification 

method yielded morphotypes that, for the most part, have 



Figure 11 - Ranges of the biostratigraphically 

important morphotypes of the subjective 

classification and the zonation developed 

using these morphotypes. 
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sychronous first and last occurrences; whereas, the sub¬ 

jective classification method yielded morphotypes that have 

independent first and last occurrences. The difference 
( 

between the two structures may be due to the differences 

in the classification methods. The objective classifica¬ 

tion method considered all of the individual cornutellids 

at one time. The subjective classification was developed 

by starting from the bottom of the core and defining 

morphotypes as encountered up the core. Another reason 

for the difference may be that the objective classifica¬ 

tion method found boundaries of "pronounced" morphologic 

changes. This does not appear to be the case. Plots 

showing the frequency of occurrence of a character(s) 

verses time (or sample) do not show any major changes 

(Figures 12-1 to 12-12), The characters grouped together 

are the ones that are closely correlated. This was 

determined by R-mode analysis of the data used in the 

objective classification (Figure 13). 

The zones defined by the morphotypes of the sub¬ 

jective classification are based on Oppel's concept of 

zonation. Because of the difference in structure between 

the ranges of the morphotypes of the two classifications, 

the morphotypes of the subjective classification yield 

more datums. The zonal boundaries are based on the fol¬ 

lowing criteria; 



Figures 12-1 to 12-12 - Graphs of the frequency 

of the occurrence of the characters used 

in this study per samples and of the 

frequency of occurrence of the sum of 

two or more selected characters per 

sample. 
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Figure 13 R-mode dendrogram produced by the 

objective classification method. 
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Top of Zone 1 - undefined 

Bottom of Zone 1 and top of Zone 2 - last occurrence 

of morphotypes 5, 9 and 10 and the co-occurrence 

of morphotypes 6 and 8. 

Bottom of Zone 2 and top of Zone 3 - last occurrence 

of morphotype 7 and first occurrence of 10 and 

the co-occurrence of morphotypes 1, 2, 3, 4, 5, 

6, 8 and 9. 

Bottom of Zone 3 and top of Zone 4 - first occurrence 

of morphotype 8 and the co-occurrence of morpho¬ 

types 1 , 2, 3, 4, 5 and 7. 

Bottom of Zone 4 and top of Zone 5 - first occurrence 

of morphotype 5 and the co-occurrence of morpho¬ 

types 1,2 and 3. 

Bottom of Zone 5 - undefined. 

The zonal boundaries are chosen at events that 

ostensibly represent recognizable changes in cornutellid 

morphotypes in a sample. Because the ranges of the sub¬ 

jective morphotypes have many independent first and last 

occurrences, there are, therefore, many more datums. Even 

though these datums are not as well supported as those 

developed from objective morphotypes, they divide the time 

interval studied into shorter time spans. Therefore, this 

might make the subjective cornutellid classification more 

useful in stratigraphic studies. 
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PALE0CEAN06RAPHY 

INTRODUCTION AND PROCEDURES 

Factors measured for paleoceanography for this Inves¬ 

tigation include the following: 

1. relati ve paleo-producti vity 

2. relati ve radiolarian di vers i ty 

3, relati ve radiolarian ab undance 

4. relati ve cornutel1 id mo rphotype 

5. relati ve cornu tellio ab undance 

Relative paleo-productivity measurements were approx¬ 

imated by counting the number of large, solitary, centric 

diatoms per 100 radiolarians. These were counted for 

they are considered to be abundant during times of high 

productivity and less abundant during times of low pro¬ 

ductivity in an open-ocean upwelling environment (Mel'nikov, 

1975). This measurement was made four times for each 

sample, and the average of the four trials was used as the 

value for productivity for that particular sample. The 

values for paleo-productivity were divided by the maximum 

observed to yield relative values. These values were 

corrected using the rate of sediment accumulation given by 

Van Andel et al (1975) and as may be seen in Figure 15 

reveal a larger variance over discrete time intervals. 



Figure 14 - Graphs of the radiolarian and cornu- 

tellid morphotypes diversity and 

abundance observed in the study samples. 
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Figure 15 - Graphs showing the paleo-productivity, 

nannophytoplankton abundance, vertical 

thermal gradient (after Savin et al, 

1975) and paleo-latitude (after Van 

Andel et al, 1975) for the core and/or 

time interval studied. 
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Relative radiolarian diversity (see Figure 14) was 

measured for each sample using the method described by 

Casey (in press). Relative raaiolarian abundance (see 

Figure 14) was qualitatively determined for each sample 

by visually comparing the number of individuals on a 

particular slide with the number on other slides of the 

study. Of the above measurements, this would contain the 

most error. To reduce the e^ror, approximately equal 

quantities (volumes) of the original sample material were 

used in the preparation of each slide. 

The cornutellid morphotype "diversity" (see Figure 14) 

mentioned above was measured by counting the number of 

morphotypes per sample, and the abundance of cornutellids 

(see Figure 14) was determined by counting the number of 

cornutellids per sample. Both of these measurements were 

divided by the maximum value observed for each to obtain 

relative values. The abundance of cornutellids was used 

as a check on paleo-productivity. They appear to be 

endemic to central and intermediate water masses (Casey 

and McMillen, 1977; McMillen, 1976; and Casey 1971 and 

1966); hence, their abundance should be directly propor¬ 

tional to paleo-productivity measurements because they 

must be suspension feeders. 
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RESULTS 

The curves for radiolarian and cornutellid diversity 

may be seen in Figure 14. Their trends are similar to the 

major trends of plankton diversity noted by Tappan (1971 

and 1963), Tappan and Loeblich (1970) and Lipps(1970a and 

b). The only difference is the low diversity of cornu- 

tellids in the upper Eocene anc' lower-most Oligocène. 

The general trends of the paleo-productivity curve 

of Figure 15 are similar to what Tappan (1971 and 1967) 

and Tappan and Loeblich (1970) proposed in their studies 

of phytoplankton. In general, there is higher productivity 

in the later Eocene and middle to late Miocene and lower 

productivity in Oligocène and Pliocene. The following 

general trends found in the study are listed below. 

1. Over short time intervals (approximately five 

million years) the abundance of radiolarians is 

relatively constant compared to the relative 

abundance of cornutellid morphotypes. 

2. In general, there appears to be a positive 

relationship between all of the factors measured 

(when there is a decrease in one factor there is 

an associated decrease in the others). 

3. All of the factors measured have low or decreas¬ 

ing values for Oligocène and early Miocene. 



54 

4. All of the factors measured have high or increas¬ 

ing values for middle and late Miocene. 

5. All of the factors measured show a decline after 

late Miocene. 

DISCUSSION 

Because there does not appear to be a single 

generalization that explains diversity changes for all 

ecosystems, changes in diversity for different ecosystems 

must be considered individually. Using the paleo- 

physical oceanographic information for the Equatorial 

Pacific (Van Andel et al, 1975), the paleo-vertical 

thermal gradient proposed by Savin et al (1975) for the 

Tertiary and the paleo-productivity measurements of this 

study suggest some reasons for changes in radiolarian 

diversity. 

Cifelli (1969) noted that diversity of planktonic 

foraminiferans is inversely proportional to the abundance 

of nutrients. Tappan (1971) extended this theory to 

hypothesize that productivity is inversely proportional 

to diversity, Tappan (1971) refers to the ecosystem 

present in the equatorial divergence region as a mature 

ecosystem. The major difference between the paleo- 

ecosystem observed 1n core 77B and Tappan's mature one is 

its relatively high productivity and nutrient content. 



55 

Comparison of paleo-productivity and diversity curves 

(Figures 14 and 15) indicates this core is quite different 

from what Cifelli or Tappan predict for a mature ( or even 

an immature) ecosystem. 

Factors responsible for the direct relationship 

between productivity and diversity are: 

1. The core site was always located within the 

equatorial region (high productivity) (Van Andel 

et al, 1975). 

2. Long food chains with nannophytoplankton as the 

most abundant food base for herbivores (most of 

them micro-herbivores) are normally endemic to 

this region (Mel’nikov, 1975 and Ryther, 1969). 

3. Changes in the vertical thermal gradient and water 

mass structure for the time interval and region 

studied have occurred (Kennett et al, 1975, Savin 

et al, 1975 and Van Andel et al, 1975). 

This region is nutrient rich relative to other open ocean 

areas (small residence time for nutrients due to strong 

upwelling). This means that the productivity within this 

region should be high except when the oceanic circulation 

is poor (long residence time for nutrients due to weak 

upwel1ing), 



56 

Ltpps (1970b) believes that changes in the vertical 

and horizontal structure of oceans' thermal gradients 

and thus changes in the number of habitai unit spaces 

(i.e., water masses are the boundaries of these spaces) 

are responsible for diversity changes (see Figure 16), 

Lipps suggests that diversity is highest during times of 

strong thermal gradients (many species and well defined 

water mass boundaries) and lowest during times of weak 

thermal gradients (few species and water mass boundaries 

are not distinct). Although this model has been criticized 

it appears to be especially appropriate for deep living 

forms such as cornutel1 ids. 

Figure 16 shows that there should be more boundaries 

or habitai unit spaces during times of strong thermal 

gradients. This concept can be expanded to indicate that 

during times of strong thermal gradients discrete water 

masses may be identified and that during times of a weaker 

thermal gradient water masses are difficult to separate 

because they would be characteristically similar. 

Using Lipps' concepts it may be seen how paleo-diver- 

sity and paleo-productivity can be positively correlated. 

For times of pronounced oceanic circulation (strong thermal 

gradients, small nutrient residence times, greater amount 

of open-ocean upwelling such as middle Miocene) the pro¬ 

ductivity and diversity will be higher than times of weak 



Figure 16 Differences in the vertical and hori¬ 

zontal structure of the ocean during 

times of strong thermal gradients and 

weak ones (after Lipps, 1970b). 
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oceanic circulation (weak thermal gradient, long nutrient 

residence time, very little open-ocean upwelling such as 

early and late Oligocène). 

Abundance curves (Figure 14) support these conclusions. 

Times of high productivity would have a higher biomass to 

water volume ratio (greater abundance of radiolarians and 

cornutellids) than time of lower productivity because food 

and nutrient availability are greater. This is especially 

true of cornutellids because they are suspension feeders 

and must rely on the amount of organic material coming 

from above them in the water column for food. 

Hays' (1972) nannofossil data (Figure 15) supports 

the results given above. The Carbonate Compensation Depth 

was always deeper than the depth of the ocean floor where 

the samples for this study were taken (Van Andel et al, 

1975). This allowed for the use of the nannophytoplankton 

data available from Hays et al (1972). The abundance of 

nannophytoplankton has been found to be indirectly related 

to the abundance of solitary, centric diatoms (Mel'nikov, 

1975 and Ryther, 1969). Examining curves of abundance of 

these two phytoplankton groups (Figure 15) shows that this 

is the case in the fossil record of core 77B also. Nanno- 

phytoplankton are abundant during times of little upwelling 

(weak vertical thermal gradient) and less abundant during 

times of greater upwelling (strong vertical thermal gradient). 
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Several geologic and oceanographic events correspond 

to the inflections of the curves (Figures 14 and 15). The 

validity of these geologic and oceanographic events seems 

to be quite good because they are relatively well displayed 

by all of the curves. These events are discussed below. 

Prior to 35 million years ago Australia and Antarctica 

were still attached (Kennett et al, 1975). The current 

systems of that time might have been quite similar to what 

is shown in Figures 17a, 17b and 17c. The "cold" surface 

waters diverted around Australia might have pushed the 

"polar convergence" much farther north than it is presently 

found and yielding a "polar convergence" as shown in 

Figures 17a, 17b and 17c. High paleo-productivity values 

are measured for this period relative to the succeeding 

period (35-22 m.y.) and three hypotheses are proposed 

below. One basic assumption for all of the hypotheses is 

that the principal and possibly primary source of 

nutrients along the equator is from upwelled waters along 

the western boundary of South America (see Figure 18). 

The first hypothesis assumes that the Panamanian 

block was uplifted(to about 200 meters) in late Eocene 

time (Bandy, 1970). High nutrient values would then be 

expected in the study region during late Eocene, relative 

to the Oligocène, because the nutrient rich waters of the 

Peru Current (caused by eastern boundary current upwelling) 



Figures 17a - Diagram of the paleo-circulation of 

the South Pacific that corresponds to 

Hypothesis #1, 

17b - Diagram of the paleo-circulation of 

the South Pacific that corresponds to 

Hypothesis #2. 

17c - Diagram of the paleo-circulation of 

the South Pacific that corresponds to 

Hypothesis #3. 
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Figure 18 Geographic distribution of primary 

productivity in the worlds oceans in 

units of mg of C/m^/d (after Koblentz- 

Mishke, O.J., Volkvinsky, V.V,, and 

Kabanova, J,G., 1970). 

(1) less than 100 

(2) 100-150 

(3) 150-250 

(4) 250-500 

(5) greater than 500 

(a) data from direct^C measurements. 

(b) data from phytoplankton biomass, 

hydrogen or oxygen saturation. 
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would not be "diluted" by less nutrient rich waters of the 

Circum-Equatorial Current (present in early Oligocène); 

and the late Eocene block may also result in "obstruction- 

type upwelling" as the South Equatorial current "pulls" 

water away from the coast (see Figure 17a). 

The second hypothesis relies on the velocities of 

the central gyres prior and after 35 million years ago. 

If northward flowing polar waters displaced the "polar 

convergence" north (see Figure 17b), then the central gyre 

might have been reduced in size and experienced an increase 

in velocity (illustrated by larger arrows on Figure 17b). 

This would have increased the amount of upwelling along 

the western boundary of South America (eastern boundary 

current upwelling), and, hence, increased the productivity 

in the equatorial Pacific. The central gyre increased in 

size as the polar convergence moved south,and upwelling 

and productivity decreased after Australia and Antarctica 

separated and the Circum-Polar Current formed. 

The last hypothesis assumes that Drake Passage opened 

in the Oligocène (Craddock and Hollister, 1976). If Drake 

Passage was closed during the late Eocene, then the north¬ 

ward flowing polar waters would be directed along the 

South American coast. This would amplify the productivity 

in this and the study region because such waters would be 

an excellent source of nutrients and cause strong eastern 
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boundary-type upwelling. When Drake Passage opened it 

allowed the eastward flowing polar water to pass, hence, 

the formation of the Circum-Polar Current (Figure 17c). 

This would decrease the amount of nutrient rich water 

along the western side of the South American continent 

and decrease the amount of eastern boundary-type upwelling. 

A combination of all three hypotheses is allowable 

because they would augment one another. More cores are 

needed in the South Pacific in order to allow the hypoth¬ 

eses to be tested. 

With the introduction of the Circum-Polar Current 

(probably in the early Oligocène) the amount of water 

that dives at the polar convergence in the Pacific could 

have decreased. The drop in radiolarian diversity in 

early and middle Oligocène (see Figure 14) indicates a 

decrease in the number of habitai spaces using Lipps' 

concept (1970b). This could be sited as evidence for the 

decrease in the amount of water diving at the polar con¬ 

vergence . 

At about 20 to 22 million years ago (early Miocene to 

late Oligocène), the first major Antarctic glacial surge 

is recognized. This would be the time of formation of the 

Neogene central and intermediate water masses (Casey, 1973) 

of which cornutellids appear to be endemic. Increases in 

the relative cornutellid morphotype diversity curve reflect 
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a change in the water mass structure as does Savin’s et 

al (1975) vertical thermal gradient curve. The correspond¬ 

ing increase in radiolarian diversity and abundance, paleo- 

productivity, and relative cornutellid abundance along 

with the decrease in nannophytoplankton abundance indicate 

a change in the oceanic.water masses. Van Andel's et al 

(1975) results also reflect this change by a shoaling of 

the Carbonate Compensation Depth, increasing number of 

hiatuses, and decreasing width of the equatorial carbonate 

rich zone. Associated with this initial glacial surge 

would be an intensification of surface currents due to the 

increasing circulation of the westerlies (Lamb, 1961), 

Such an intensification would increase the nutrient content 

of the waters in the study area, because upwelling along 

South America would increase as would the outward flow of 

such waters out farther east along the equator. Support 

for this hypothesis is the definite increase in the paleo- 

productivity curve. 

Approximately 5 to 6 million years ago (late Miocene 

to early Pliocene) a strong Antarctic glacial surge began. 

Associated with this would be the high inflow of Antartic 

Bottom Water into the study region. This influx of colder 

waters would create a strong vertical thermal gradient 
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explaining the increase in diversity and abundance of 

perhaps both shallow water radiolarians and especially 

deep water cornutellid morphotypes. Van Andel's et al 

(1975) conclusions show the following for this time period: 

a shallow Carbonate Compensation Depth, many hiatuses, 

and a narrow equatorial carbonate rich zone. All of these 

conclusions are indicative of (or compatible with) the 

influx of Antarctic Bottom Water into the study region 

during this time interval. This intense glacial period 

would drive upwelling along the western part of South 

America to a maximum as a result of the intensification 

of the westerlies. The sharp increase in paleo-productivity 

measurements made for this study indicate that the up- 

welling was increased supporting the hypothesis of a strong 

glacial surge in the southern latitudes during this time. 

A decrease in paleo-productivity after about 4 million 

years ago indicates a decrease in the nutrient content of 

waters above the study area. This trend correlates with 

the decrease in glaciation of the Antarctic continent and 

an associated drop in the intensification of the westerlies. 

The drop in all of the parameters measured support the 

decrease in glaciation in the Southern hemisphere. 

One problem as yet discussed is why the diversity and 

abundance of cornutellids is relatively low for late 

Eocene and early Oligocène when compared with radiolarian 
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diversity of that time interval. One possible reason 

could be that they may only be relatively diverse when 

there are a number of water masses available for them to 

become endemic to via allopatric spéciation. Casey (1973) 

suggested that many modern radiolarians evolved in the 

early and middle Miocene when the Neogene water mass 

regimes were established at that time. Another reason, 

influencing all of the results, may be that the cornu- 

tellids, as well as other radiolarians, were not preserved 

or were dissolved before they reached the ocean floor. 

Preservation would have to be ruled out because a number 

of radiolarians present in the samples are rather delicate 

and should have dissolved prior to the dissolution of the 

cornutel1 ids. Because the delicate radiolarians are 

shallow water forms (Casey, 1971) that could have reached 

the bottom via fecal pellets, dissolution of the cornu- 

tellids prior to reaching the ocean floor (via individual 

test settling) is a plausible hypothesis. Another reason 

might be that evolutionary rates may be slow for cornutellids 

and that they did not recover as rapidly as other radio¬ 

larians after Danian mass extinctions. This may be plausible, 

but the increase in diversity for cornutellid morphotypes 

in the middle Miocene (see Figure 14) indicates that they 

can diversify quite rapidly when the conditions for spécia¬ 

tion, perhaps allopatric spéciation (the presence of many 
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habitable water masses), are present. 

If the first hypothesis is true, then the abundance 

and diversity of cornutellids may be an indication of 

paleo-water mass initiation and distribution. 
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APPENDIX A 

HOW TO DEVELOP AND USE A 

PROBABILISTIC KEY 
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The development of a probabilistic key is quite 

simple as is the use of such a key. For each of the 

characters (or states) possessed by a morphotype group 

the percent occurrence of that character (or state) is 

computed by simply dividing the number of occurrences of 

the character (or state) by the total number of individ¬ 

uals of the particular morphotype. This is done for all 

of the characters (and/or states) of all of the morpho¬ 

types. Using these values a key as shown in Figure 5 is 

constructed. An important value to also include in a key 

of this sort is the number of individuals classified in 

the morphotype groups in the original study. 

The use of the key is simple for keying out some 

individuals and difficult for keying out others. The 

example below outlines how one is to use a probablistic 

key. 

EXAMPLE: 

The individual possesses the following characteristics: 

hexagonal pores, elliptical-shaped cephalis, robust cephalis 

wall, no distinct collar stricture, short spine, narrow bars, 

small cephlis, pore depressions, test smooth, pore meshwork, 



lateral spines, test has a straight basal termination, 

and the test is not curved. 
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The first step is to eliminate all of the morphotypes 

that do not possess characters that are present in the 

one being identified. For example, morphotypes B, F, H, 

K, L, 0 and Q are eliminated from consideration as they 

never have hexagonal pores. The next step is to eliminate 

all of the morphotypes that contain characters that the 

one being identified does not contain. For example, 

rnorphotype C and K must be rejected as possible choices as 

they must always have wide bars. After eliminating all of 

the morphotypes that do not possess the characters that 

the one being identified possesses, the individual may 

only be classified as one of the possible morphotypes. 

In this case, the only morphotype that fits the description 

is morphotype J. If this procedure given above yields 

more than one possible morphotype group into which the 

individual being identified may be classified, then the 

following procedures must be followed. 

1. Sum up all of the percent values (probabilities) 

for the characters or states possessed by the 

unknown for each of the possible morphotypes. 

Remember that if a zero value is present for an 

unknown, then the associated percent (or proba¬ 

bility) value will be 1-x (where x is the value 
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given in the key). The morphotype with the highest 

total value is the one the unknown belongs to. 

If more than one morphotype group must still be 

considered due to the closeness of the sum, then 

one must go on to step 2. 

2. If there are more characters with probabilities 

below 50 percent for one or more of the morpho¬ 

types under consideration, then it is best to 

exclude the morphotype(s) from consideration. If 

this still does not yield one morphotype group to 

which the unknown belongs, then one must go to 

step 3. 

3. Place the unknown in the morphotype group with 

the highest percent occurrence for the possible 

morphotype groups to which the morphotype may 

belong. 
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APPENDIX B 

IDENTIFICATION OF CHARACTERS 

Character recognition is of greatest importance when 

trying to determine what morphotype an individual is a 

member. In order to be able to use the keys and descrip¬ 

tions given in this thesis, one must be able to properly 

determine what characters the particular individual 

possesses which he is trying to classify. This is the 

reason why the effort was taken to carefully describe and 

give accurate illustrations of the characters used in 

the classifications developed in this study, (see Figures 

B1 and Cl through C16). 

PORES CIRCULAR 

All of the pores of the cornutellids are circular in 

outline except for one or two in the basal portion of the 

test. 

PORES ELLIPTICAL 

All of the pores of the test are elliptical in outline 

with the length of the major axis of the ellipse at least 

1.25 times the length of the minor axis. 

PORES HEXAGONAL 

Except for a few pores in the initial portion of the 

test, the pores are hexagonal in outline. 
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PORES IRREGULAR 

Pores are irregular in outline or they are not as 

described in any of the above pore shape descriptions 

(usually a combination of the above shapes), 

CEPHALIS CYLINDRICAL 

Except for the terminal end, the cephalis is 

cylindrical in outline with parallel sides--not bulging 

in the median portion of the cephalis, 

CEPHALIS ROUND 

Cephalis is round in outline but may be slightly 

elliptical. It will never contain a pointed portion as 

in the tear-drop cephalis. 

CEPHALIS ELLIPTICAL 

Cephalis is elliptical in outline without a pointed 

portion (as in the tear-drop‘cephalis). The major axis 

must be at least 1.25 times the minor axis to be con¬ 

sidered elliptical. 

CEPHALIS TEAR-DROP 

Cephalis has a pointed termination below the spine, 

CEPHALIS WALL ROBUST 

The wall surrounding the cephalis must be thickened 

at least in the collar stricture area and is usually 

thickened around the whole cephalis. 
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COLLAR STRICTURE DISTINCT 

Under any magnification, if a distinct line of 

closure of the cephalis is recognized in the collar 

stricture area, it possesses a distinct collar stricture, 

SPINE PRESENT 

The spine may be broken off--but if the apical por¬ 

tion of the test contains more than just a thickened area 

around the cephalis as in Figure C15, then it possesses a 

spine. If it appears to be broken off, then it will prob¬ 

ably look like the ones in Figures C4 and C9. 

SPINE LONG 

If the spine is broken off it is difficult to 

determine if the spine was long. In this investigation 

Figures C4, C5a, C12 and C13 were considered to have long 

spines. 

PORE DEPRESSIONS 

If the pores of a cornutellid have a depressed area 

surrounded by a higher area which in some cases appears to 

be a siliceous overgrowth, then it has depressed pores. 

TEST SPINOSE 

The test possesses small spines over its surface 

(usually most in the area closest to the cephalis). 

PORE MESHWORK 

Within some (usually not all) of the pores a fine 

siliceous meshwork is developed. 
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BASAL TERMINATIONS 

CLOSES - (Figure C6) 

STRAIGHT - (Figure Cl) 

FLAIRING - (Figure C2) 

LATERAL SPINES 

In the area close to the cephalis but below it, a 

spine or several spines may be seen. They are usually 

triangular in shape. 

CEPHALIS LARGE OR SMALL 

The cephalis is large if it is larger than the area 

directly below the area of the cephalis. If the contour 

of the test does not change dramatically between the two 

areas, it is considered small, 

BARS WIDE 

If the bars between the pores are of the same 

dimension or larger than the dimension of the pores 

(measured perpendicular to the main axis of the test), 

then the bars are considered to be wide. 

TEST CURVED 

The overall outline of the test is curved. This 

excludes individuals that just have a curved cephalis. 

TEST CAMPANULATE 

The outline of the test is shown in Figure Bl. It 

has a bell-shaped outline. 



Figure B-l « Line drawings of some of the characters 

used in the subjective and objective 

classifications. 
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83 

M-10 

Test straight or slightly flairing; pores irregular, 

circular or hexagonal in shape; cephalis wall robust; 

cephalis tear-drop, elliptical, or cylindrical in outline, 

never round, always very elongated; spine short or long 

(may be broken off); may possess pore meshwork, pore 

depressions, lateral spines and may be spinose; collar 

stricture very rare; cephalis small in size; bars are 

always narrow. (Figures C8 and C9). 

M-2 

Same as M-10 except the cephalis is rounder in out¬ 

line. (Figure C2). 

M-7 

Test straight or slightly flairing; pores as in M-10; 

cephalis wall very robust; spine is very short or absent; 

may possess ornamentation as in M-10, (Figures C15 and C16). 

M-3 

Same as M-10 except the cephalis wall is thin, and the 

cephalis may be round in outline. Some of the individuals 

of this morphotype do not possess spines. 
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M-9 

Same as M-10 except the test termination is always 

closing, the cephalis wall may be thin, the spine may not 

always be present and the cephalis may be round in outline. 

(Figure CIO). 

M-l 

. Same as M-10 except the cephalis may be large and 

round in outline, the spine is always long, the spine 

possesses a plume or mace-like structure at its termina¬ 

tion. This morphotype is usually much larger than most 

cornutellids and may be curved in outline. They usually 

have a flairing basal termination and may have elliptical 

pores. (Figures C4, C12 and C13). 

M-l 1 

Test extremely campanulate in outline; pores are 

irregular; cephalis may be of any type and with a thin or 

thick wall surrounding it; the spine is usually very short; 

lateral spines are quite common; rarely spinose; few con¬ 

tain pore meshwork or pore depressions; cephalis is always 

smal1. 

M-6 

Cephalis is always large; pores may be of any form as 

may be the cephalis shape; test termination is most com¬ 

monly straight or closing; cephalis wall is usually thin 
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but may be thick; spine is usually short rarely contains 

pore meshwork, lateral spines, pore depressions; rarely 

spinose; bars may be wide or narrow; collar stricture may 

be distinct, (Figures C7 and Cll) 

M-4 

Bars very wide; pores usually elliptical; cephalis 

usually round or tear-drop shape surrounded by a thin wall 

spine is usually very short if present; test termination 

always closing; may be spinose and contain pore meshwork 

and/or depressions; lateral spines are rare; cephalis is 

always small; collar stricture may be present. (Figures 

C6 and C14). 

M-5 

Same as M-4 except the cephalis wall is always robust 

and the spine may be long, (Figures C5a and C3). 

M-8 

Bars are relatively wide; pores may be of any form 

but rarely hexagonal; collar stricture may be present; 

cephalis wall is most commonly robust but may be thin; 

spine, if present, may be long; cephalis may be of any 

shape but is usually round in outline; test may possess 

any type of ornamentation but always has a straight or 

flairing termination. (Figure Cl), 



Figures Cl to C-16 - Illustrations showing some of 

the characters used in the study. 
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