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ABSTRACT

Previous work by many authors has implied that the
Antarctic ice sheet underwent a major expansion in the
latest Miocene. It was intended in the present study to
use the oxygen isotope event, which could be expected to
accompany this glacial expansion, as a stratigraphic marker
to aid in the correlation of several DSDP Sites. Samples
were taken at approximately 100,000 year intervals through-
out the latest Miocene and early Pliocene sections at Sites
237 and 249 in the western Indian Ocean, Site 360 in the
South Atlantic and Site 231 in the Gulf of Aden. Oxygen
isotope analyses were done on bulk samples of juvenile
planktonic foraminifera and calcium carbonate analyses, size
separations, and dissolution/fragmentation studies were done
by conventional techniques.

A cool period is recognized between about 5.7 m.y. and
4.9 m.y. at all four sites, but it is not consistently ob-
served in the oxygen isotope records from these sites. This
implies that the latest Miocene expansion of the Antarctic
ice sheet did not produce an oxygen isotopic anomaly of
sufficient magnitude to be a reliable world-wide strati-
graphic marker. Attempts to correlate sedimentologic events
between sites have revealed that the biostratigraphy current-
ly available in the Initial Reports of the Deep Sea Drilling
Project for the late Miocene and early Pliocene is not
precise to more than about 300,000 yeax:sD.epar;rmenjr o1 — w.ogical Sciences
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"He had long ago decided, since he was a serious
scholar, that the caves of ocean bear no gems, but only

soggy glub and great gobs of mucky gump."

James Thurber



ACKNOWLEDGMENTS

Many people at Lamont-Doherty Geological Observatory
gave freely of their time, equipment and expertise. Out-
standing among these is P. Gibson, who ran the mass spec-
trometer for most of the oxygen isotope analyses, gener-
ously contributing many hours of her own time. 0. Anderson,
J. Durazzi, J. Lawrence, A. Sotiropoulos, P. Thompson and
J. Wollin (all at Lamont-Doherty Geological Observatory)
and D. Kelly (at State University of New York at Albany)
are thanked for their help.

W.S.F. Kidd (S.U.N.Y.A.), P.J. Fox (S.U.N.Y.A.), and
W.B.F. Ryan (L.D.G.0.) read various drafts of this thesis
and made valuable suggestions. I am particularly indebted
to W.B.F. Ryan and P.J. Fox for their advice, guidance and
encouragement through all stages of this thesis.

Samples were obtained through the courtesy of the Deep
Sea Drilling Project and the National Science Foundation.
Partial support for this work was provided by N.S.F. Grant
No. OCE 76-21964. The remainder of the support for this
work was largely of the moral variety, and was amply sup-
plied by the residents of the Green Barm, my parents and

E.J. Rosencrantz.

iii



TABLE OF CONTENTS

ACKNOWLEDGMENTS
LIST OF TABLES
LIST OF FIGURES
INTRODUCTION

THE CORES

EXPERIMENTAL TECHNIQUES

Calcium Carbonate Analyses
Size Separations
Fragmentation of Forams
Mineralogy . .

Oxygen Isotope Analyses

BIOSTRATIGRAPHIC CORRELATIONS

PRESENTATION OF DATA .

Introduction .
Site 231

Site 237

Site 249

Site 360
Discussion

FACTORS AFFECTING DATA .

Oxygen Isotope Analyses
Per Cent Fragments .
Calcium Carbonate Analyses
Per Cent Coarse Fraction

INTERPRETATION OF DATA

iv

Page

iii

vi

.ovii



Page

CONCLUSIONS . . . . « « « o v v o v v e e e e 52
APPENDIX A: CHECKS ON SIZE SEPARATION

TECHNIQUES C e e e e 54

APPENDIX B: DATA TABLES . . . . . . . . . . . . 60



LIST OF TABLES

Table Page

I. Locations, Positions, Water Depths,
and Sedimentation Rates for DSDP Sites
231, 237, 249 and 360 . . . . . . . . . 7

Appendix A
I1. Per cent Change in Weight of >74u

Fraction (Site 231) After Second
Sieving . . . . . . . . . . . . . . . . 55

III. Weights of One Sample After Air Drying,

After Dessication and After Baking . . . 58
Appendix B
IV. Site 231 Data . . . . . « . « « « . . . . 6L
V. Site 237 Data . . . . . .« .« o« . o . . . B2
VI. Site 249 Data . . . . . . . . . . . . . . .63
VII. Site 360 Data . . . . . . . . . . . . . . b4

vi



Figure

1. Location map

2.

sample
3. Site 231
4. Site 237
5. Site 249
6. Site 360
7.
8.
9.

LIST OF FIGURES

Biostratigraphy, lithology and

interval

data .

data .

data .

data .

Oxygen isotope data vs 7% fragments
Oxygen isotope data

Per cent fragments data .

10. Per cent calcium carbonate data .

11. Per cent >74u data .

Appendix A

12. Per cent

only and wet sieved plus dry sieved .

>74yu, Site 231: Vet sieved

vii

Page

back cover

17
20
24
27
30
34
36
38
40

56



INTRODUCTION

Oxygen isotope work done by Shackleton and Kennett
(1975a and 1975b) and Kennett, et al. (1979) on forams
from Sites 281 and 284 of the Deep Sea Drilling Project

180

(DSDP) in the Tasman Sea revealed a positive pulse in
content in the latest Miocene and earliest Pliocene. The
signal was interpreted as an increase by 50 per cent of

the Antarctic ice sheet (relative to present Antarctic ice
volume). Such an increase in ice volume implies a sea

level drop of roughly 40 to 70 meters (Adams, et al., 1977
and Shackleton and Kennett, 1975b). Obviously a climatic
event of this magnitude should be observable in deep sea
sediments from all of the world's oceans and could be
valuable as an isochronous stratigraphic marker.

An expansion of the Antarctic ice sheet during the
latest Miocene is supported by observations made during
DSDP Leg 28, in the Ross Sea (Hayes, Frakes, et al., 1975).
The extent of ice rafted debris north of Antarctica and
possible erosional evidence for bottom currents and grounded
sea ice during the latest Miocene imply an expansion of
Antarctic glaciation.

A late Miocene cooling event is compatible with obser-
vations in several disciplines. Polar microfaunal assem-
blages are observed in lower -than-normal latitudes (Ingle,
1978; Harper and Barron, 1978; Haves and Frakes, et al.,

1975; Shackleton and Kennett, 1975a and 1975b) during the



late Miocene and Southern Ocean planktonic foram assemblages
show low diversity (Kennett, 1978). Changes are observed

in the diversity of large land fauna approximately 5 to 6
m.y. ago (Van Couvering, 1978). Adams, et al. (1977) give
several examples of late Miocene marine regressive sequences
from various parts of the world.

Probably the most significant and interesting event
that corresponds in time with the proposed late Miocene
climatic deterioration is the deposition of a large volume
of salt in the Mediterranean. The causes and mechanics of
the Mediterranean "'salinity crisis'" are subjects of debate
(Drooger, 1973 and Hsi, et al., 1977), but it is generally

agreed that world-wide climatic fluctuations and Messinianl

lThe term Messinian was first used in a stratigraphic sense
by Charles Mayer (1867), but his usage was unclear and the
term did not come into common usage until it was chosen by
the Vienna Congress of the Committee on Mediterranean
Neogene Stratigraphy as the final stage of the Miocene in
the Mediterranean. After the Vienna Congress, Selli (1960)
designated a composite type section for the Messinian
Stage of the Miocene at Capodarso and Pasquasia in Sicily
(there were no appropriate sections near Messina) that in-
cluded the whole of the section with abnormal salinities
(fresh to hypersaline) between the normal marine sediments
of the Miocene and Pliocene.

Correlation of Messinian age events in the Mediterranean
to events outside of the Mediterranean is fraught with :
difficulty (see, e.g., Berggren, 1973 and Rio, et al., 1977).
It is generally agreed, however, that the base of the
Messinian stage lies within Blow's (1969) foram zone N17
and within the calcareous nannoplankton zone NN11, while
the end of the Messinian stage corresponds to the end of
Blow's (1969) zone N17 and is within NN12. Ryan, et al.
(1974) assign tentative ages of 6.6 m.y. and 5.2 m.y. to
the lower and upper boundaries, respectively, of the
Messinian stage on the basis of biostratigraphic and paleo-
magnetic correlatioms.



events in the Mediterranean are related. Ryan (1973) has
suggested that a lowering of sea level related to an
expansion of the Antarctic ice sheet could serve to isolate
the Mediterranean from the World Ocean system, allowing it
to dessicate. Alternatively, he suggests that the removal
of a large amount of salt from the World Ocean (he estimates
that 6 per cent of the salts dissolved in the Miocene World
Ocean were deposited in the Mediterranean during the
Messinian) could raise the freezing temperature sufficiently
to significantly increase the areal extent of sea ice,
which would increase the earth's albedo and perhaps begin
a snowballing effecﬁ, resulting in a major glacial period.
The relative timing of late Miocene events within and
outside the Mediterranean, then, is very important for
complete understanding of the "salinity crisis.”

The purpose of the present study is to identify the

180 analyses of forams

late Miocene isotopic event by doing
from several DSDP Sites. Using this event as a strati-
graphic marker, it would be possible to correlate data
from other paleoenvironmental indicators (%CaCO3, grain
size, dissolution and detrital mineralogy) and perhaps

determine the sequence of climatic events in the latest

Miocene relative to the Mediterranean 'salinity crisis.”



THE CORES

Cores from DSDP Sites 249 and 237 in the western
Indian Ocean, Site 360 in the South Atlantic, and Site
231 in the Gulf of Aden (see Figure 1 and Table I for
exact locations) were chosen for this study for several
reasons. Most importantly, all have long, uninterrupted
late Miocene to early Pliocene sections that were contin-
uously cored with good recovery. Sedimentation rates
during the late Miocene at these sites vary from 11 m/m.y.
at Site 237 up to about 60 m/m.y. at Sites 249 and 360
(see Table I). The mean sedimentation rate at Site 360
is approximately 20 m/m.y., but it jumps to about 60 m/m.y.
for a short time during the late Miocene (Bolli, Ryan,
et al., 1978). |

Other considerations in choosing the sites for this
study were that the sediments should be primarily foram
nanno ooze (see Figure 2) to ensure the availability of
material for oxygen isotope analyses and that the water
depth should be relatively shallow to minimize the effects
of dissolution (see Table I).

In addition, there are no constraining sills or
straits between the sites, making biostratigraphic cor-
relations relatively straight-forward. The four sites are
distributed through 45° of latitude which might allow the
detection of a gradation of effects with latitude or of

a time lag related to latitude.

4



Figure 1: Location map for DSDP Sites 231, 237, 249
and 360.
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Site 360 (on the upper continental rise off South
Africa) and Site 231 (in the Gulf of Aden) are sufficiently
close to continental areas that they might be expected to
show changes in terrigenous sediment input related to sea
level changes. This is particularly true of the Gulf of
Aden site since it is nearly surrounded by land masses.

The locations of the individual samples within the
cores are shown in Figure 2, along with the lithology,
biostratigraphy and ages of the latest Miocene to earliest
Pliocene sections of the four sites in this study. The
sample spacing averages about 1 sample/100,000 years.

This sampling is two to ten times more dense than the
sampling done for previous oxygen isotope work on late
Miocene sediments (e.g., Douglas and Savin, 1973 and 1975;
Shackleton and Kennett, 1975a and 1975b; Grazzini, 1977 ;

and Kennett, et al., 1979).



EXPERIMENTAL TECHNIQUES

Calcium Carbonate Analyses

Determinations of the per cent CaCO; in bulk sediment
samples from all four sites were made using an apparatus
similar to that described by Hulsemann (1966). Samples
were air dried, pulverized and oven dried, then placed in
a dessicator to cool. A weighed amount of each cooled
sample was completely reacted with 2 Normal hydrochloric
acid. Sample size for Sites 237, 249 and 360 averaged
0.1 grams, while for Site 231 (which has a lower %CaCO3)
between 0.15 and 0.20 grams of sample were wused. The
carbon dioxide released by the reaction

2HC1 + CaCO3 : CaC12 + HZO + C02+

was measured by the displacement of a column of mercury.
The per cent of carbonate was then calculated using the

following formula:

7caco. = SBPRES - M) (VCOp) (0.1603)
° 3 ° (RTEM ¥ 273.16) (SAMWI)

where BPRES is barometric pressure (millimeters of mercury),
M is the water vapor pressure (millimeters of mercury),

VCO, is the volume of CO, produced by the reaction and
measured by the displacement of the mercury column (milli-
liters), RTEM is the room temperature (OC), and SAMWT is

the weight of the sample (grams). The addition of 273.16

to RTEM converts the O¢c to absolute temperature and 0.1603

is a constant.
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Standard samples consisting of 0.1 + 0.0005 grams of
analytical grade 100 per cent CaCO3 were run before begin-
ning analysis of the unknown samples and then after each
five analyses. All standards yielded values of 100 = 1.6%
except those standards run with the samples from Site 360.
These latter standards ranged between 95.74 per cent and
97.71 per cent. This was evidently due to a small amount

of leakage in the apparatus.

Size Separations

Each sample (approximately 10 c.c) was divided into
three size fractions by sieving. After drying at room
temperature and weighing each sample, standard wet sieving
techniques (Folk, 1974) were used to separate the sand-
sized grains from the silt- and clay-sized grains. The
finer grained fractions were discarded and the coarser
fractions were dried at room temperature and weighed. The
coarser fractions were further divided by dry sieving with
a 180y sieve (or, in the case of Site 360 samples, 177u).
The wet sieving of the samples from Sites 231, 237 and 249
was done with a 74u sieve, while for Site 360, a 62usieve was
used.

To check the efficiency of the wet sieving technique,
all samples from Site 231 were resieved (this time, dry)
with the 74y sieve. The weights of the >74u size fractions
were slightly lower after the second sieving, but the

character of the %>74u vs depth plot is unchanged (see
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Appendix A).

Another check on the size separation technique was
done to determine whether drying at room temperature
allowed a significant amount of water to remain in the
samples, thus changing the sample weights. Baking was
found to reduce the weight of one sample by less than 2
per cent (see Appendix A). This is taken to be representa-

tive of all samples.

Fragmentation of Forams

The per cent of fragments of forams relative to the
per cent of whole forams in the >74u (or 62u) <180u (or 17%)
size fractions was determined for all samples from Sites
237, 249 and 360. This was accomplished by counting
several hundred individual forams or fragments of forams
in each sample along fixed lines in a micropaleontology
tray under a reflected light microscope.

To check the reproducibility of the results, all
samples from Site 249 were counted a second time. Of the
fifteen samples eleven increased by between 1 and 6 per-
centage points, three decreased by between 1 and 3 percent-
age points, and one increased by 10 percentage points. The
averége of the first counts was 22.8% fragments while the
second counts averaged 26.2% fragments. The general in-
crease in the number of fragments counted is attributed to
fracturing of forams during the additional handling. The

per cent of fragments values reported here for Site 249
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are the percentages determined after adding fragments from

both counts.

Mineralogy

Percentages of various minerals in the samples were
estimated visually by examining the >74u (or 62u)<180u

(or 177u) size fractions under a reflecting light microscope.

Oxygen Isotope Analyses

The oxygen isotope analyses were done on bulk samples
from the size fractions between 74u (or 62u) and 180u (or 177u).
About 95 per cent to 100 per cent of the whole forams in
this size fraction are juvenile planktonic forams. Emiliani
(1971) has shown that juveniles of all planktonic foram
species inhabit the same shallow depth range. This means
that virtually all of the young forams in each 74u (or 62u)
to 180u (or 177u) size fraction sample deposited their tests
under the same conditions. These whole juvenile planktonic
forams are mixed with varying percentages of fragments of
larger forams (generally of the same species as the whole
forams) and very minor amounts of benthic forams and mineral
grains.

The 3180 versus depth curves obtained by Emiliani (1977)
for samples of a similar size fraction of Quaternary Carib-
bean sediment show the same trends as the 5!80 versus depth
curves he obtained using samples of the planktonic foram

Globigerinoides sacculifera from the same cores (Emiliani,

1966). The plots of the analyses done on the bulk samples
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contain more ''moise' than do the plots of the species-
specific analyses, but events as small as 0.5 per mil are
readily correlatable between the two sets of data. Oxygen
isotope analyses done in this manner cannot be used quanti-
tatively (e.g. for paleotemperature determinations), but
they can provide valuable qualitative data for the correla-
tions of isotopic events at least as small as 0.5 per mil.

Preparation of these samples for isotopic analysis
consisted of three steps. First, the samples were roasted
in vacuo at 375°C for one hour, to remove any organic con-
taminants. Second, 5 to 10 mg of each (cooled) sample was
weighed out and placed in a reaction tube. Third, the
samples were gently crushed with a glass rod to insure
complete reaction with the phosphoric acid. Inspection under
a microscope established that this size fraction was nearly
devoid of impurities, and it was therefore deemed unneces-
sary to clean the sample ultrasonically prior to analysis.

All of the oxygen isotope analyses except those done
on samples 11-1A, 11-1B, 11-2, 11-3A, 11-3B and 11-4 from
Site 237 were done on the Lamont Nuclide 6 inch dual col-
lecting gas mass spectrometer. The CO, gas was evolved on
line by reacting the samples with 100% orthophosphoric acid
in a hot box at 50°C. A secondary standard, Solenhofen
limestone (NBS-20) was analysed with each sample, the data
being later converted to per mil deviation from PDB for
this report. A 5180 value of -4.14 per mil and a 3!3C

value of -1.06 per mil for NBS-20 relative to PDB were
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assumed (Craig, 1957). Overall reproducibility of results
is estimated to be about $0.15 per mil on the basis of
replicate analysis of Solenhofen limestone.

Samples 11-1A, 11-1B, 11-2, 11-3A, 11-3B and 11-4 from
Site 237 were prepared for oxygen isotope analyses in the
same manner as all of the other samples. The oxygen isotope
analyses were done on the Lamont Micromass #903 triple
collecting mass spectrometer. The CO, gas was evolved on
a separate vacuum apparatus by reaction with 100% ortho-
phosphoric acid and equilibrated to 25°C in a water bath.
To make the data comparable to the data obtained from the
samples run at SOOC, 1.07 was subtracted from the values vs
PDB. A secondary standard of Bahama oolite powder was run
with each sample, -the data being later converted to per mil
deviation from PDB for this report. A 3180 value of -0.64
per mil and a 3!3C value of +4.52 per mil for the Bahama
oolite powder standard relative to PDB were assumed. Over-
all reproducibility of results is estimated to be about
+0.10 per mil on the basis of replicate analyses of Solen-

hofen limestone.




BIOSTRATIGRAPHIC CORRELATIONS

In Figure 2, first and last appearance datums as
determined by various authors are plotted along with the
ages assigned to them. Because of inconsistancies between
different authors in the defining and assigning of faunal
zones, first appearance and last appearance datums are
used for correlation between sites here.

Four datums were used to correlate the cores from the

four sites. The first appearance of Ceratolithus rugosus

is found at all four sites and is assigned an age of 4.5

m.y. by Ryan, et al. (1974). The Ceratolithus acutus first

appearance datum is not present at Site 237, but is apparent
at the other three sites. It has an age of 4.9 m.y. (Ryan,

et al., 1974). The last appearance of Discoaster quinque-

ramus has an age of 5.6 m.y. (Ryan, et al., 1974) and is
present at all four sites.

In addition to these three datums a‘fourth time-line
is drawn at 6.6 m.y. on Figure 2. At Site 360 this datum

is defined by the first appearance of Amaurolithus primus

at 6.6 m.y. (Bukry, 1973 and 1975). At the other three
sites it has been inferred, assuming constant sedimentation
rates between the closest known datums and is consistent
with known biostratigraphy and sedimentation rates. The
base of the Messinian stage is at approximately 6.6 m.y.

(Ryan, et al., 1974).

15



PRESENTATION OF DATA

Introduction

Biostratigraphy, lithology, sample spacing and ages
for all four sites are shown in Figure 2. All other data
referred to below are shown in Figures 3, 4, 5 and 6 for
Sites 231, 237, 249, and 360 respectively. Running
averages (over three adjacent points) have been computed
for all data plotted in Figures 3, 4, 5 and 6 (except %
Quartz and %Pyrite in Figure 3) and are superimposed on the
raw data.

All data are plotted versus a linear time scale, which
has been defined by the four faunal datums discussed above.
Spacing between data points has been expanded or contracted
as needed to make the data fit the linear time scale. The

core numbers are shown in each figure for convenience.

Site 231
No oxygen isotope analyses were done on samples from

Site 231 because the forams are poorly preserved.

Calcium Carbonate Analyses: The 7% CaCO5 in samples
from Site 231 oscillates between highs reaching 607% CaCO3
and lows of 40% CaCO5. The two low intervals were at
about 6.6 m.y. to 6.0 m.y. (earliest Messinian) and about
4.5 to 4.2 m.y. (Early Pliocene). There is a steady
decline in the %CaCO3 from the peak at about 5.5 m.y.,

across the Miocene-Pliocene boundary, and into the Early

16




Figure 3: Per cent CaCO3, grain size data, and quartz
and pyrite content of samples from Site 231 in the Gulf
of Aden. Vertical scale has been adjusted to the linear
age scale discussed in the text. Datums are the same as
those in Figure 2. Light lines represent the raw data,
while the heavy lines represent three point running
averages. Core numbers are given at the left for

reference,

17
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Pliocene to about 4.5 m.y.

Size Fractions: The weight per cent >180u plot runs
parallel to the weight per cent >74u plot, but changes are
less pronounced in the >180u plot than in the >74u plot.

The per cent >74u is low (<10%) for all samples.

There is a rough correlation between the two periods of
low per cent CaC03 and periods with low per cent >74u. Since
most of the sand sized particles are forams, low per cent
CaC04 in conjunction with low per cent >74p are thought to

indicate periods of low foram productivity.

Quartz and Pyrite: The periods of low foram productivity
mentioned above correspond roughly to periods of high detrital
quartz input and high pyrite formation in the >74u <180u size
fraction. These can be interpreted as periods of low sea
‘level (increased detrital ‘quartz input) and stagnation (drop
in foram productivity and increase in pyrite formation).

In addition to quartz and pyrite the sediments at
Site 231 contain minor amounts (generally <17 of feldspar,
mica, volcanic glass and heavy minerals. Minor amounts of
authigenic dolomite and zeolite are also present throughout

the sampled sections.

Site 237

Oxygen Isotope Analyses: The running average of the

oxygen isotope data varies between -0.25 per mil and -0.75



Figure 4: Oxygen isotope analyses, per cent fragments,
per cent CaCOj and grain size data for Site 237 on the
Mascarene Plateau in the western Indian Ocean. Symbols

and scales are the same as in Figure 3.
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per mil. There is a short fluctuation toward more positive
values at about 6.2 m.y. to 6.5 m.y., followed by an abrupt
decline. Then, from 6.0 m.y. to 5.2 m.y. the 380 values
increase steadily from -0.75 per mil to -0.25 per mil.

From 5.2 m.y. onward into the early Pliocene, the 3180

values decrease gradually.

Per cent Fragments: MNo significant events are
discernable in the percentage of fragments in the >74u <180u
size fractions from Site 237. The 3!80 values were plotted
against the percentages of fragments for the same samples.
The result is shown in Figure 7A. There is no correlation

(coefficient of determination = 0.07).

Calcium Carbonate Analyses: The per cent calcium
carbonate is consistently between 94% and 97%. Before
~5.7 m.y. all values are <95%, while after that time all

values are >95%.

Size Fractions: The weight per cent of material >180u
at Site 237 changes in parallel with the weight per cent
>74y. From approximately 6.3 m.y. to approximately 5.9
m.y. there is a slight decrease in the amount of sand sized
material, then an increase in the sand fraction begins and
continues until approximately the Miocene-Pliocene boundary
(5.2 m.y.). The large size fractions continue at a fairly
constant percentage during the early Pliocene.

Since nearlv all of the particles >74y are planktonic
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forams these changes in the percentage of coarse fractions
can be interpreted in terms of productivity. Foram produc-
tivity was at a low at about 5.9 m.y., then, from 5.9 m.y.
to 5.2 m.y. productivity increased. This increase in
forams corresponds in time to the increase in %CaCO4, as
might be expected.

It should be noted that the per cent >74yp at Site 237
is up to 10 times greater than the per cent >74u at Site

231 in the Gulf of Aden.

Minerals: Microscopic examination of smear slides and
size fraction separates revealed that <17% of the sediment at
Site 237 is mineral grains. Trace amounts of quartz,

pyrite and mica were observed.

-

Site 249

Oxygen Isotope Analyses: There is a pronounced decrease
of nearly 0.75 per mil in the oxygen isotope values during
the interval between 5.6 m.y. and 5.2 m.y. (end of the

Messinian stage) at Site 249.

Per cent Fragments: The decrease in 3!80 values
corresponds to a decrease in the percentage of fragments
in the samples analysed for !80 content. 3!%0 (running
average) is plotted versus the percentage of fragments
(running average) in Figure 7B. The data show a good fit
(coefficient of determination = 0.73) to the linear re-

gression superimposed on the graph. This implies that the




Figure 5: Oxygen isotope analyses, per cent fragments,
per cent CaCOgq and grain size data for Site 249 on the
Mozambique Ridge in the western Indian Ocean. Symbols

and scales are the same as in Figure 3.
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9180 values have been strongly biased by'the fragments
contained in the samples and, while the drop in 5!80 may

be real, itmay be smaller than indicated in Figure 5.

Calcium Carbonate Analyses: The percentage of calcium
carbonate in the sediment at Site 249 stays consistently
between 86% and 91%, with the higher values between 5.6 m.y.

and 5.2 m.y.

Size Fractions: When plotted against depth in core,
the percentage of material >180u runs parallel to the per-
centage of material >74u. Beginning at about 5.6 m.y.
there is a general increase in large grains through the
Messinian and across the Miocene-Pliocene boundary (5.2
m.y.). Since the >74u size fractions at this site are
nearly 100% forams, this general increase in large grains
indicates an increase in forams. This may be attributed to
increasingly better preservation of the large forams as
dissolution decreased (see Per cent Fragments above) during

this time period.

Minerals: Microscopic studies of smear slides and
coarse size fractions showed <1% mineral grains throughout
the sampled cores. Trace amounts of quartz, pyrite and

mica were observed.

Site 360

Oxygen Isotope Analyses: Oxygen isotope values for



Figure 6: Oxygen isotope analyses, per cent fragments,
per cent CaCO4 and grain size data for Site 360 on the
upper continental rise off South Africa. Symbols and

scales are the same as in Figure 3.
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the latest Miocene at Site 360 fluctuate between 0.25 per
mil and 0.75 per mil with lows at about 5.7 m.y. and 5.4
m.y. Oxygen isotope values decrease between 5.6 m.y. and
5.3 m.y., then begin an increase which continues until
about 4.8 m.y. The 3180 values in the early Pliocene stay

between about 0.75 per mil and 1.00 per mil.

Per cent Fragments: At Site 360 there is a general
decrease in the amount of fragmentation of the >74u <180y
size fraction between 5.5 m.y. and 5.0 m.y. There is no
apparent relationship between the percentage of fragments
in the samples and the 3180 values obtained for those
samples (see Figure 7C). The coefficient of determination
for the closest-fitting linear regression for these two

data sets is 0.24,

Calcium Carbonate Analyses: The running average for
the ‘Z,CaCO3 data remains consistently between 70% and 75%

until about 5.2 m.y. when it increases to 75% to 80%.

Size Fractions: Sand sized particles (i.e. forams)
are not abundant at Site 360, the per cent of material >62u
being generally less than 10%. There is a slight increase
in the coarse fraction beginning at about 5.6 m.y. and

continuing to about 4.8 m.y.

Minerals: FExamination of smear slides and coarse size
fractions revealed that the sediments at Site 360 are com-
posed of less than 1% mineral grains. Trace amounts of

quartz, pyrite and mica were identified.
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Figure 7: Running averages of the oxygen isotope data
from each site plotted against the percentage of fragments
(running averages) in the samples analysed. The coef-
ficients of determination indicate the quality of the fit
to the linear regression shown in each figure. Values
close to 1.00 indicate a better fit than values close to
0.00.

A: Site 237 - no correlation

B: Site 249 - moderate to strong correlation

C: Site 360 - little or no correlation
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Discussion

Figures 8, 9, 10 and 11 show the oxygen isotope,
per cent fragments, per cent calcium carbonate and per
cent >74u data, respectively, for all sites. In each case
the running average of the data set is plotted against the
linear time scale previously discussed.

Of the three oxygen isotope plots only one (Site 237)
shows an increase in 30!8 values during the latest Miocene
followed by a decrease which continues into the early
Pliocene (see Figure 8). The other two sites (249 and 360)
display low 5018 values in approximately the same time
interval during which Site 237 shows higher values. Site
360 has the highest isotopic values of the three sites,
followed by Site 249, and Site 237 has generally the lowest.
This is consistent with the relative latitudes of the
three sites (Figure 1). The colder high latitudes have
high values while the warmer low latitudes have low values.

The percentage of fragments in the >74uy <18Cu size
fractions from the three sites varies genearally indepen-
dently at each site, although Sites 249 and 360 both show
decreasing fragmentation (i.e., dissolution) between 5.6
m.y. and 4.9 m.y.

The percént calcium carbonate in the bulk samples
also varies independently at each site. Site 231 in the
Gulf of Aden has the lowest per cent calcium carbonate.

The three sites in the open ocean are ranked according to

latitude: the highest latitude site (360) has the lowest




Figure 8: Oxygen isotope data plotted versus age for

DSDP Sites 237,

Figure 3.

249 and 360.

Scales are the same as in

34




35

8
4" 0vs PDB

1.0

0.5

0.0

| 6.6—

-0.5

-1.0

_ _ _
< < T} “ m
JUR STV | m
o« e g .. | :
T N oo O
o0 4 M < W
\\. \ ; N oM
o 4 wl
....... -~ —
W
\\\.v& T e——
——
) 4 =
\ /...\.\.\.\ vﬁ llllll
v
® o \\ .c/. .’./.
. /// \\\. /I"K’/ \'\ /
.\.\ /.\ //.\\ /.-Il..ll./. '\.
~—g—

AGE (m.y.)
4.5~
65—



36

Figure 9: Percentage of fragments in the >74u <180u size
fractions from DSDP Sites 237, 249 and 360 plotted versus

age. Scales are the same as in Figure 3.
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Figure 10: Per cent CaCO3 in bulk samples from DSDP

Sites 231, 237, 249 and 360 plotted versus age.

are the same as in Figure 3.

Scales
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Figure 11:

Per cent >74y plotted versus age for DSDP

Sites 231, 237, 249 and 360. Scales are the same as in

Figure 3.
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calcium carbonate content, while the lowest latitude site
(237) has the highest calcium carbonate content (see Figure
10). Site 231 in the Gulf of Aden has the lowest calcium
carbonate content because of its terrigeneous component.
The weight per cent >74uy plots for Sites 249 and 360
both show lows near 5.6 m.y. (Figure 11). Sites 237 and
231 also have low intervals, but they are about 0.4 m.y.

earlier (at approximately 6.0 m.y.)




FACTORS AFFECTING DATA

The various types of data presented here can reflect
one or more of many processes or conditions existing in
the oceans either at the time of deposition or after.
These processes and conditions are discussed below in the

context of analyses done on sediments from DSDP Sites 231,

237, 249 and 360.

Oxygen isotoge Analyses

The 180/160 ratio in a foraminiferal test is controlled
by two factors: 1) the isotopic composition of the water
from which the calcium carbonate was precipitated and,

2) the temperature at which precipitation took place (Urey,
1947 and Urey, et al., 1951). Surface waters, where the
forams analysed here deposited their tests, change tempera-
ture with the seasons and with climatic fluctuations, such
as glaciations. Bottom waters can be assumed to have main-
tained a constant temperature since the establishment of
the Antarctic ice sheet in the mid-Miocene (Shackleton and
Kennett, 1975b).

The isotopic composition of the world ocean fluctuates
with the expansion and contraction of glacial ice (Emiliani,
1955). This is because the vapor pressure of H2015 is
slightly greater than that of H,0!%, causing water con-
taining the lighter isotope to be preferentially evaporated,
precipitated and hence incorporated into the ice sheets.

A large volume of ice increases the 3180 of the world ocean

43
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and therefore also of the foram tests deposited in it.

Cold temperatures increase the rate at which 180 is in-
corporated into precipitating calcium carbonate. The two
effects of temperature and isotopic composition of the ocean,
then, add constructively, since cold temperatures and large
ice volumes tend to occur together.

There are several factors in addition to glacial ice
volume that can change the isotopic composition of ocean
water, particularly of the surface water, locally, Proxi-
mity to a large source of fresh (isotopically light) water,
restricted circulation and unbalanced evaporation/precipita-
tion budget can all affect the !80/1%0 ratio of ocean water
locally. None of these factors are considered to be rele-

vant to DSDP Sites 237, 249 or 360.

Per cent Fragments

The percentage of fragments of foraminifera relative
to whole foraminifera in a sample is directly related to
the intensity of post-depositional solution which was at
work. The amount of dissolution, in turn, is related to
many factors. The temperature of the water is inversely
proportional to the amount of dissolution, but, since the
bottom waters during the Late Miocene and early Pliocene
caﬁ be assumed to have had a constant temperature (Shackle-
ton and Kennett, 1975b) this is not a concern here. The
amount of dissolved salts in the water also controls how

much CaCO3 can be dissolved. Since the Mediterranean
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"salinity crisis' removed approximately 6 per cent of the
salt from the World Ocean (Ryan, 1974) during the latest
Miocene, dissolution of carbonate may increase throughout
the oceans at this time. Periods of high dissolution
(i.e., high percentage of fragments) have been correlated
with interglacial periods (Hays, et al., 1969 and Thompson,
1976). It is thought that these periods of high dissolu-
tion may reflect the deposition of large volumes of calcium
carbonate (i.e., the extraction of large amounts of CaCO3
from the ocean water) in other parts of the ocean (Luz and
Shackleton, 1975). An alternative explanation is that the
destruction of terrestrial vegetation which would occur
with the onset of a glacial period increases the amount of
dissolved COZ in the ocean, causing an increase in CaCO3
dissolution (Shackleton, 1976). This 1is consistent with
the observation that episodes of intense dissolution reach
their peaks about 5,000 years after the oxygen isotopically
defined interglacial stages with which they are correlated

reach their peaks (Shackleton and Opdyke, 1973).

Calcium Carbonate Analyses

The percentage of calcium carbonate in a bulk sediment
sample is the result of the following three factors:
1) the rate of carbonate deposition, 2) the rate of
deposition of non-carbonate components (e.g., terrigenous
clastics and siliceous ooze) and 3) the amount of sub-

sequent dissolution of the carbonates. The calcium
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carbonate deposition rate is directly related to the
productivity of calcareous fauna, mainly foraminifera.

The factors controlling productivity are not well under-
stood, but temperature and nutrient supply are probably

the primary influences (Bé, et al., 1973). The rate of
deposition of non-carbonate components is related to the
productivity of siliceous fauna and is also affected by
changes in the drainage patterns and humidity in nearby
continental areas, as well as wind directions and sea level.
None of the sites in this study contain a significant amount
of siliceous ooze, and only Site 231 in the Gulf of Aden
has a significant clastic component. The third factor,
dissolution, is thought to have a greater affect than
faunal productivity (Berger, 1973). Dissolution is dis-
cussed above under the heading "Per cent Fragments."

It is impossible, in the present study, to separate
the effects of faunal productivities, rates of deposition
of various components, and changes in intensity of dissolu-
tion. It has been shown, however, in Pleistocene deep sea
sediments that relative carbonate-rich and carbonate-poor
intervals correspond to glacial and interglacial periods
respectively (Arrhenius, 1952; Thompson and Saito, 1974 and
Thompson, 1976). The calcium carbonate analyses presented
here are interpreted in light of this well-established,

general correlation.
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Per cent Coarse Fraction

There are four major factors that can determine the
percentage of coarse (>74u) material in sediment. They are:

1) Currents can sort grains and concentrate a
particular size in one place. This is not considered to be
a factor at DSDP Sites 231, 237, 249 or 360 since none
showed signs of currents, erosion or reworking.

2) Changes in the quantity of terrigenous sediment
input (as a result of changes in humidity, atmospheric
circulation, drainage patterns or sea level) can affect the
size distribution. The samples from DSDP Sites 237, 249
and 360 examined in this study have negligible terrigenous
components. DSDP Site 231 (in the Gulf of Aden), however,
contains significant quantities of terrigenous material
and may reflect changes in climate in nearby Somalia.

3) The relative productivity of large foraminifera
versus small forams and nannofossils directly affects the

percentage of coarse grains in a sample. Be, et al. (1973)

has shown that the average size of G. orbulina changes with
latitude and is probably related to nutrient supplies.
Faunal productivity and size in the deep sea is not yet
well understood.

4) Dissolution breaks down large tests (which make up
nearly 100 per cent of the coarse fractions studied here)
and creates smaller-sized fragments, thus reducing the
percentage of coarse material. Alternatively, small,

delicate forams may be preferentially dissolved, effectively




increasing the large-sized fractions. The varying
percentages of fragments found in samples from DSDP Sites
237, 249 and 360 indicate that dissolution has had an

effect on the coarse size fractions.
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INTERPRETATION OF DATA

Thompson (1976), in a study of Pleistocene sediments
from the Pacific Ocean, showed that periods of high dis-

solution (i.e., high percentage of fragmented forams), low

percentage of calcium carbonate and low percentage of
coarse grains correspond to periods of low 3180 (i.e.,
interglacial periods) while periods of low dissolution,
high percentage of calcium carbonate and high percentage
of coarse grains correspond to periods of high 3180

(i.e., glacial periods). The data from DSDP Sites 231,

237, 249 and 360 are interpreted on this basis.

At Site 231, alternating episodes of high and low
dissolution are observed (see Figure 3). The low dissolu-
tion intervals are characterized by high percentage of
calcium carbonate, high percentage >74u, and low relative
abundance of quartz. These episodes of low dissolution
peak at approximately 7.3 m.y., 5.3 m.y. and 3.6 m.y. and
are interpreted as episodes of cooler (giacial?) climate.

At Site 237 an increase in 3180 begins at about 5.7
m.y. (see Figure 4) and reaches a peak at about 5.3 m.y.
This is interpreted as a cooling event and should be ac-
companied by a low in dissolution. The pércentagevof
fragments does not indicate a low in dissolution, but the
coarse fraction does increase sharply and the percentage
of calcium carbonate does exhibit slightly (1% to 2%)

higher values during the period from 5.7 m.y. to 4.9 m.y.

49
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A cool period with a peak at about 5.3 m.y. at this site
is thought to correspond to a period of low dissolution
(peak at about 5.3 m.y.) at Site 231.

The data from Site 249 is not easily interpreted.
After 5.6 m.y. there is a steady decrease in the percentage
of fragments, a steady increase in the percentage >74y, and
an increase in the percentage of calcium carbonate (see
Figure 5), all of which indicate decreasing dissolution
which is usually associated with cooling climate. The
oxygen isotope values, however, drop after 5.6 m.y.,
suggesting a warming trend. The percentage of fragments
data and the oxygen isotope data show a high degree of
correlation (see Figure 7B), suggesting that the isotope
analyses have been biased by the foram fragments in the
samples. The oxygen isotope data from this site should
be used with caution, the other types of data being given
greater weight. On the basis of the percentage of frag-
ments, a cool period is tentatively suggested to have its
peak at about 5.0 m.y. (see Figure 5).

At Site 360, the percentage of fragments, the per-
centage of calcium carbonate, and the percentage of
material >62u (see Figure 6) all indicate a period of low
dissolution with a peak at about 5.0 m.y. Although this
would imply a cool climate, no corresponding event is seen
in the oxygen isotope data. There is no apparent explan-
ation for this lack of an.isotopic event.

Cores from each site contain some evidence for a
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cool episode near the Miocene/Pliocene boundary (approxi-
mately 5.2 m.y. (Ryam, et al., 1974). The peak of this
cool period is at about 5.0 m.y. at Sites 249 and 360 and
at about 5.3 m.y. at Sites 231 and 237, according to the

linear time scale set up on the basis of faunal datums.




CONCLUSIONS

1. A period of cool climate (expansion of Antarctic
glaciation) is proposed for the period between about 5.7
m.y. and 4.9 m.y. with the culmination at about 5.0 m.y.
to 5.3 m.y. This event may correspond to the late Miocene
glacial expansion reported by Shackleton and Kennett (1973a
and 1975b).

2. The cool period is not obvious in the oxygen
isotope data from Sites 249 and 360, implying that there
are too many factors influencing the oxygen isotope compo-
sition of bulk planktonic foram samples for them to be
universally useful for the detection of an isotopic event
as small as the late Miocene event. This also casts doubt
on the usefulness of the late Miocene event as a world-
wide stratigraphic marker.

3. Some of the data is not consistent with predicted
trends. Local and regional conditions, such as temperature,
nutrient supply and foram productivity are therefore sug-
gested to be of greater importance than world-wide events
in the sedimentation history of these sites.

4. The biostratigraphy currently available in the
Initial Reports of the Deep Sea Drilling Project for the
late Miocene and early Pliocene is not sufficiently precise
to correlate an event more closely than about 0.3 m.y.

5. Because of the limitations of the biostratigraphy,

and because a convincing correlation of oxygen isotopic

52



events could not be made, no significant conclusions can
be drawn regarding the relative timing of events within
and outside of the Mediterranean during the Messinian

"salinity crisis."
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APPENDIX A
Checks on size separation techniques.

As a check on the efficiency of the wet sieving
technique, all of the samples from Site 231 were dry sieved
using both a 180y and a 74u sieve after they had been wet
sieved with the 74u sieve. The small amount of material
that passed through the 74u siéve was collected and weighed.
This weight was then subtracted from the weight of each >74u
sample as determined by wet sieving. Each >74y sample
weight was lowered by less than 1%, which is é per cent
change of between 6.38% and 13.137% (average = 9.42%). See
Table II.

The per cent change, being nearly constant for all
samples, does not change the relative %>74u weights sig-
nificantly, but merely shifts the entire %>74u vs. depth
curve slightly to the left (Figure 12).

All of the whole samples were air dried at room
temperature and weighed before the 74u wet sieving was
performed. To check whether or not the air-drying technique
was sufficiently efficient, one sample was weighed after
air-drying, weighed again after 20 hours in a dessication
jar, and weighed a third time after baking for 20 hours
then cooling for 4 hours in a dessication jar. The results
are shown in Table III. The weight after baking was less
than 2% less than the air dried weight.

The sample chosen for this test had a lower 7%CaCO4
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TABLE II

Site 231 %>74u

difference (wet sieve
minus wet sieve and

sample dry sieve) % change
25-1 0.641 7.26
25-3 0.319 8.55
25-6 0.967 10.45
26-3 0.628 9.77
26-5 0.288 8.51
27-2 0.262 10.15
27-5 0.263 10.07
28-1 0.198 11.59
28-4 0.484 6.77
29-1 0.267 6.38
29-3 0.576 ' 7.29
29-6 0.958 9.81
30-3 0.723 11.11
30-5 0.372 7.83
31-2 0.415 11.54
31-5 0.550 13.13
32-1 0.298 11.60
32-4 0.337 8.31
33-1 0.652 12.06
33-3 0.315 9.38
34-1 0.329 7.99
34-4 0.504 8.07
34-6A 0.589 9.16



Figure 12: Weight per cent >74u at Site 231. Dark line
with solid circles represents weight per cent >74y after
wet sieving. Light line with open circles represents

weight per cent >74y after additional dry sieving.
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1.
2.

TABLE III

air dried .
after 20 hours in dessicator .

after 20 hours in oven and
4 in dessicator .

The per cent change from 1 to 3

10.00350 grams
9.90960 grams

9.80385 grams

1.9958%.
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and a higher clay content than any of the other samples.
Because of this, it can be assumed that the other samples
would not have shown a greater weight loss had they been

baked.



APPENDIX B

Data Tables
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g TABLE IV
= 0
2 89 -
Y — 0 Site 231
Q <))
Y £ 44
» o~
b  Beb
H .o~ % Quartz % Pyrite 7% CaCOy %>180w %>74u
O = :
25-1 | 45 A C 60.28 1.816 8.830
25-3 | 142 T A 56.09 0.759 3.732
25-6 |102 T C 61.24 1.619 9.253
26-3 54 T C 60.83 1.786 6.430
26-5 |137 T A 52.70 0.676 3.384
27-2 [100 T \Y 41.30 0.700 2.582
27-5 52 c v 39.26 0.678 2.612
28-1 |137 A \Y 44 . 64 0.344 1.708
28-4 102 A T 54.36 1.840 7.147
29-1 | 46 T A 50.26 1.051 4.183
29-3 (134 T T 2 2.462 7.900
29-6 95 T C 56.67 2.819 9.764
30-3 52 T C 57.05 1.695 6.507
30-5 |143 T A 65.57 1.439 4.754
31-2 {100 C A 55.10 0.607 3.598
31-5 | 43 T \ 45.28 0.947 4.189
32-1 (143 C \Y 42.57 0.704 2.570
32-4 (101 T A 43.39 1.643 4.056
33-1 |148 T C 51.69 1.242 5.408
33-3 |[143 T v 56.51 0.729 3.357
34-1 |101 T C 67.19 0.984 4.116
34-4 | 50 T A 60.62 1.461 6.242
34-6A1105 T A 56.82 1.615 6.429
34-6B|140 --- - 33.25 | -----  -===-"
35-3 | 99 T A 51.92 1.025 4.129




Core -section

8-5
8-6

9-1B
9-2

9-3A
9-3B
9-4

9-54
9-5B

10-1A
10-1B
10-2
10-3A
10-3B
10-4
10-5A
10-5B
10-6
11-1A
11-1B
11-2
11-3A
11-3B
11-4

Depth below top
of section (cm)

140
95
53

140

101
51

140

101
52

140

104
52

140

101
51

140

100
53

140

104
45

140

100
51

140

100

3180

-0.83
-0.70
-0.41
-0.77
-0.42
-0.72
-0.41
-0.49
-0.42

0.21

-0.45
-0.23

TABLE V

Site 237

% Fractured
>74u <180u
fraction
32
50
40
37
42
37
39
39
33
45
35
32
39
35
25
29
42
28
42
26
45
51
L4
36
35
46

% CaC0y

95.83
96.54
95.15
95.92
95.43
96.43
96.77
95.88
96.9%
95.92
96.43
97.67
96.34
96.30
95.26
95.78
96.34
95.36
96.33
94.55
94.00
94.64
94.20
94.92
94.33
9%.74

% >180u / % >74u

28.
30.
25.
28.
32.
34.
27.
32.
27.
28.
34.
29.
29.
26.
22.
17.
29.
17.
23.
17.
27.
20.
26.
23.
28.
25.

140
372
637
937
170
991
788
112
350
357
890
269
525
995
786
213
943
014
829
748
218
562
355
100
093
262

51.26
52.24
47.02
47.40
58.26
57.88
51.97
53.32
48.89
51.65
56.82
48.74
46.00
45.01
37.69
28.03
44.90
32.87
37.57
29.88
43.82
38.51
46.83
43.74
46.92
42.13
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of section (cm)

Core-section
Depth below top

(S SR ]
[N
-~

B
O
~J

TABLE VI

Site 249

% Fractured

>74 <180u
3180 fraction 7CaC04 % >180u % >74u
-0.16 21.2 86.92 10.069 22.48
-0.71 20.2 87.18 11.942 25.60
-0.42 18.2 85.77 9.021 19.97
-0.57 21.7 86.86 9.996 19.75
-0.39" 15.9 87.72 5.671 16.36
-0.63 19.7 90.88 4,013 11.30
-0.57 24.0 88.97 4.944 13.29
~0.74 25.3 88.39 7.296 15.15
-0.33 27.1 90.63 4.376 12.05
0.08 32.8 89.55 4.117 9.68
0.02 34.2 88.89 3.023 7.45
-0.12 32.1 86.64 3.586 10.50
-0.22 27.5 87.34 4.551 11.35
-0.40 25.4 87.70 4,921 11.98
-0.32 24.0 86.13 5.881 14.12




Core-section

Depth below top
of section (cm)

97
125

25
54
75
125
144
74
100
125
142
75
102

125
0-140

TABLE VII

Site 360

% Fractured
(62-180u
fraction)

35.2
33.2
49.8

914
.707
.710
.208
.384

DWW

% >17Tu [/ % >62u

5.43
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Figure 2: Biostratigraphy, lithology and sample locations
for DSDP Sites 231, 237, 249 and 360. Foram zones, as
given in the Initial Reports of the Deep Sea Drilling
Project are shown to the left of each lithologic column.
Numbers within the lithologic columns refer to coreknumbers

and numbers in parentheses are ages of datums in millions

of years.
References for Figure 2
L Roth (1974)
2 Burkry (1974)
3 Muller (1974)
% Jenkins (1978)
> Decima, et al. (1974)
® Vincent, et al. (1974)
7 Zobel (1574)
8 Fisher, Bunce, et _al. (1974)
9

Simpson, Schlich, et al. (1974)

lOBolli, Ryan, et al. (1978)

llAges in millions of years B.P., from Ryan, et al. (1974).

12Interpolated age in millions of years, assuming constant

sedimentation rates

Dpukry (1973)

logukry (1875)
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