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ABSTRACT

Oxygen and carbon isotopes were determined for nannofossils and
foraminifera of Tertiary and Cretaceous age recovered at sites drilled
on Shatsky and Hess rises during Leg 32. Additional samples of
microfossils from other DSDP sites on Shatsky Rise and on
Magellan Rise were also analyzed for comparative purposes.

Progressive lithification in pelagic carbonate sediments results in
the partial isotopic adjustment of microfossil calcite as dissolved
CaCO; is deposited as overgrowth cement, In this process nan-
nofossils, particularly discoasters, are preferentially overgrown and
show the largest isotopic adjustment. Nannofossils from mid-
Tertiary sediments yield 60" values that differ from associated
planktonic foraminifera by more than 1.0 per mil, although the
original isotopic composition of the two groups was similar. Only
nannofossils from depths of burial of less than about 200 meters,
where little cement overgrowth has occurred, retain their original
isotopic composition. Foraminifera, which tend to act as donors in
the CaCO: transfer, are less affected isotopically by diagenesis.
Planktonic foraminifera retain their isotopic composition from
sediments as old as Late Cretaceous at Site 305 and benthonic species
from Early Cretaceous sediments at Site 306. Because of their dif-
ferent preservation characteristics, foraminifera are more reliable
isotopic paleotemperature indicators than are nannofossils.

Microfossils from Shatsky Rise yield oxygen-isotope paleotem-
peratures that suggest a warming trend in the Early Cretaceous, a
thermal maximum in the Albian, and a cooling trend in the Late
Cretaceous. Bottom-water temperatures were warm, and the
difference between surface waters and bottom waters in tropical
regions was less than one-half of the present-day value. There is a
small drop in temperature across the Cretaceous-Tertiary boundary
which begins in the latest Campanian and ends in the Paleocene. The
change in the central Pacific corresponds to approximately 2.5°C in

surface waters and 3°C in bottom waters.

INTRODUCTION

Oxygen- and carbon-isotope ratios were determined
for foraminifera and nannoplankton from Cenozoic and
Cretaceous cores at Sites 305, 306, and 310. Analyses
were made of mixed species assemblages of nanno-
fossils, planktonic foraminifera, and benthonic foram-
inifera and a few individual species of planktonic foram-
inifera. For comparative purposes, nannofossils were
also analyzed from Tertiary core samples from Sites 47
and 167,

Sites 305 and 306 are located towards the south-
western end of Shatsky Rise (32°N, 157°E) in 2903 and
3399 meters of water, respectively (Figure 1). Site 305 is
located near Sites 47 and 48, and Site 306 is located near
Sites 49 and 50 of Leg 6. At Site 305, 640 meters of
calcareous ooze, chalk, limestone, and chert were drill-
ed, ranging in age from Quaternary to Hauterivian or
Valanginian. Core recovery was poor below the Cam-
panian and basement was not reached, Site 306 was
drilled in order to penetrate the entire Mesozoic section
on Shatsky Rise and to reach basement. At this site 380

meters of chert were cored and the hole bottomed in
Valanginian to Berriasian sediments perhaps about 80
meters above basement. Together, the two cored sec-
tions make up a complete stratigraphic sequence from
the Berriasian to the Quaternary, with minor hiatuses
between early Miocene and late Oligocene and between
early Eocene and Paleocene (Figure 2). Site 305 provides
the most complete and continuously cored lower Paleo-
gene section available in the Pacific Ocean and, in com-
bination with Site 306, one of the most complete Creta-
ceous sections of nonlimestone carbonate drilled in the
oceans. Oxygen- and carbon-isotope analyses were un-
dertaken to examine the effects of carbonate diagenesis
and lithification on isotopic paleotemperature and to ex-
tend the oxygen-isotope paleotemperature curves deriv-
ed from previously analyzed Pacific sites (Douglas and
Savin, 1971, 1973; Savin et al., in press).

SAMPLE PREPARATION

The method of preparation and analysis of
foraminifera was identical to that described by Douglas
and Savin (1971, 1973). Mixed species of nannofossils
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Figure 1. Location of principal drill sites from which microfossils were isotopically analyzed. Sites 47 and 50 were drilled
during Leg 6 (see Douglas and Savin, 1971 ) and Sites 305 and 306 during Leg 32.

were prepared in the following manner. Samples were
wet sieved and the less than 38 micrometer fraction was
retained and passed through a settling tube or cen-
trifuged in order to concentrate the greater than 10
micrometer fraction. The concentrate was repeatedly
centrifuged until the residue was greater than about 90%
nannofossils. After concentration, the residues were pre-
pared and analyzed in the same manner as foram-
inifera.

The microfossils were analyzed for isotopes using
standard techniques (Epstein et al., 1951), after
crushing, ultrasonic cleaning, and treating with 10%
sodium hypochlorite (Clorox), and washing. The re-
sults are reported in notation as per mil deviations from
the PDB (standard by means of the secondary standard
NBS-20 (Solenhofen limestone) which is assumed to
have a 608 value of -4.14 per mil and a 6C*® value of -
1.06 per mil relative to PDB (Craig, 1957). Precision of
the isotopic analyses is generally better than 0.1 per mil.
[sotopic temperatures were calculated using the equa-
tion of Craig (1965) and the assumption that the iso-
topic composition of seawater in which the plankton
tests grew was 0.00 per mil relative to Standard Mean
Ocean Water (SMOW) and that the shells of benthonic
foraminifera grew in water with an isotopic ratio of 0.60
per mil relative to SMOW. The calculated temperatures
may be systematically a few degrees higher or lower than
actual growth temperatures because of uncertainties in
the isotopic composition of seawater in the Tertiary and
Cretaceous and because the shells of some foraminifera
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may not have grown in isotopic equilibrium. A general
discussion of the paleoecological influences which affect
isotopic paleotemperature is given in Savin et al, in
press.

RESULTS

The sample interval, age, and isotopic results ob-
tained for the analyzed samples from Sites 305, 306, and
310 and the comparative samples from Sites 47 and 167
are given in Table 1. The downhole distribution of §0'®
and 6C'" values at Sites 305 and 306 are shown in
Figures 3 and 4.

Figure 5 shows the oxygen ratios of nannofossils and
planktonic foraminifera from the Quaternary at Site 305
together with data from Sites 47 and 167. Planktonic
foraminifera were previously analyzed at the two latter
sites, and the basic data for these determinations are
contained in Douglas and Savin (1971, 1973). The nan-
nofossils from the same samples at these two sites were
analyzed as well as those from the same stratigraphic in-
terval at Site 305. At the time of this writing, the
planktonic foraminifera from the Tertiary of Site 305
have not been completed and are not included in Table
I, These analyses were originally intended to determine
the amount of isotopic variation to be expected between
samples of mixed species assemblages of the same age
from different locations and to obtain independent es-
timates of sea-surface paleotemperatures from two un-
related fossil groups. However, it soon became apparent
that the isotopic composition of nannofossils, especially
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Figure 2. Generalized stratigraphic column of the section
drilled at Sites 305 and 306. The Cretaceous lithology at
Site 306 is interpreted almost entirely from core-catcher
samples.

discoasters, is affected by the overgrowth of calcite dur-
ing lithification of the sediments. Consequently, it seems
more indicative of the diagenetic condition of the sedi-
ments than of the original isotopic composition of the
seawater in which the tests were grown. As shown in
Figure 5, samples of the same age from Sites 47 and 305,
which have a similar diagenetic history, yield similar
60'® results. However, Site 167, which has a much
thicker Tertiary section (130 m versus 670 m) and has
undergone a greater degree of lithification in the mid-
Tertiary portion of the section, yielded different isotopic
results for samples of the same age. The isotopic
analyses, when combined with the downhole trends in
strontium and magnesium and petrographic examina-
tion of the sediments, provide a fairly lucid picture of
the diagenetic changes which occur in pelagic deep-sea
carbonate sediments (see Matter et al., this volume). The
selective influence of diagenesis on the isotopic composi-
tion of nannofossils, planktonic foraminifera, and ben-
thonic foraminifera and therefore the paleotemperature
interpretation is very apparent. In the following
paragraphs we examine briefly this problem and the
paleotemperature implications of the Cretaceous iso-
topic results.

Diagenetic Effects on the Isotopic Composition of
Nannofossils and Foraminifera

The skeletal elements of nannoplankton and the shells
of planktonic foraminifera are grown in the surface

layers of the ocean. The oxygen-isotope composition of
these microfossils provide estimates of sea-surface tem-
peratures. Benthonic foraminifera, which secrete their
tests on the bottom, provide estimates of the oxygen-
isotope composition of bottom-water temperatures. The
accuracy with which the oxygen-isotope ratios reflect
original temperatures during growth and provide a basis
for reconstructing climatic curves is dependent upon a
number of factors, One of the most important factors, a
major assumption in the oxygen-isotope
paleotemperature method, is that the isotopic composi-
tion of the biogenic carbonate remains stable and
diagenetically unaltered after burial.

In all of the pelagic carbonate sections drilled by
Glomar Challenger, there is a change in lithology from
ooze to chalk to limestone with increasing depth of
burial. These lithologic changes are the result of
progressive dissolution of the more soluble planktonic
foraminifera, the delicate coccoliths, and the micritic
carbonate grains formed by the breakdown of the tests
and the reprecipitation of the dissolved CaCO; as
overgrowth and cement on the more robust nan-
noplankton and foraminifera (Matter, 1974; Schlanger
and Douglas, 1974). This transfer of CaCQOs by the
processes of dissolution and reprecipitation has been
documented in cores from Sites 305 and 306 by Matter
et al. (this volume), who examined trends with depth of
trace element concentrations, microfossil preservation,
and lithology. The processes tend to selectively alter the
original isotopic composition of the microfossils in two
ways. First, dissolution selectively removes those species
of planktonic foraminifera which lived at shallowest
depth and had the warmest growth temperatures
(Douglas and Savin, 1973; Savin and Douglas, 1973).
Therefore, isotopic analyses of mixed species assem-
blages of planktonic foraminifera yield progressively
cooler temperatures with increasing dissolution. The ex-
tent to which the original isotopic composition of the
nannoplankton assemblages is affected by dissolution is
unknown, but we would expect an effect similar to that
of the foraminifera.

Second, the diagenetically precipitated CaCOs has an
0'%/0'¢ ratio reflecting its formation at the cold tem-
peratures at or near the sediment-water interface. The
CaCOs that is analyzed is a mixture of carbonate bio-
genically precipitated in near-surface waters and car-
bonate formed diagenetically at near-bottom condi-
tions. Thus, its O'8/O'¢ ratio will be greater than that of
the unaltered planktonic CaCOs, and the oxygen-iso-
tope paleotemperature will be correspondingly colder.
The diagenetically precipitated CaCOs is preferentially
deposited on nannofossils during the early stages of dia-
genesis.

The friable ooze-chalk becomes a more compact
chalk as lithification proceeds until, finally, a limestone
forms. As cementation proceeds, the more stable fora-
miniferal species become overgrown. Observations on
the downhole preservation of foraminifera from Sites
305 and 306 are in agreement with these findings (see
Matter et al., this volume). Thus, in the lithification
process, the isotopic composition of nannofossils may
be partially altered by the addition of new calcite with a
different oxygen-isotope ratio while associated foram-
inifera may be unaffected.
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TABLE 1
Sample Data, Paleontological Age, Preservation of Planktonic Foraminifera, Type of Sample, and Isotope Results of Samples Analyzed
Planktonic
Sample Foraminifera
(Interval in cm) Age Zone Abundance  Pres. P/B Type of Sample 5018 a.d. scl3
Site 305
1, CC Quat. N22/23 A MP 20:1 N +0.94 0.08 +1.12
2, CC L. Plio. N. 21 A MP 25:1 N +1.18 0.07 +1.02
3,CC L. Plio. N. 21 G MP N +1.13 0.05 +0.53
4, CC E. Plio. N. 18/19 G MP 12:1 N +0.23 0.32 +0.25
5, CC E. Mio. N. 16/17 G MP 20:1 N +0.96 0.07 +0.84
6, CC L. Olig. P. 22 F MP 30:1 N +1.26 0.10 +1.98
1, €CC L. Olig. P. 21 F MP 50:1 N +0.69 0.01 +2.14
8, CC E. Olig. P. 18 F MP 15:1 N +0.78 0.03 +2.36
9, CC L. Eoc. P. 15 F P 5:1 N +0.43 0.01 +2.55
10, CC M. Eoc. P. 12/13 & MP 50:1 N +0.28 0.02 +2.28
11, CC E. Eoc. P. 10 A M 200:1 N -0.49 0.02 +1.45
12, CC Eoc. P. 7 e MP 200:1 N -0.31 0.07 +1.62
13, CC L. Paleoc. P. 4 C MP 200:1 N -1.15 0.01 +3.78
14, CC E. Paleoc. P-3 F M 100:1 N -0.60 0.03 +2.72
15, CC L. Maest. - P - N -0.60 0.04 +3.09
- - - B +0.73 0.15 +1.28
16, CC L. Maest. G. mayaroensis C G 200:1 N -0.48 0.01 +3.17
B -0.34 — +0.38
17, CC L. Maest. G. mayaroensis C P 10:1 N
B +0.35 = +0.92
18, CC M. Maest.  G. gansseri & MP 25:1 N -0.58 0.05 +2.82
B +0.55 - +0.38
19, CC E. Maest. G. subcircumnodifer C M 50:1 W -0.66 0.01 +2.97
B +0.09 - +0.31
20, CC E. Maest. G. subcircumnodifer C M 200:1 N -1.10 0.03 +2.97
2); GG L. Camp. G. calcarata C M 200:1 N -1.14 0.02 +2.88
B -0.37 - +0.34
23,CC L. Camp. G. calcarata C M 200:1 N -0.97 0.04 +3.11
25, CC E. Camp. G. stuartiformis C M 200:1 N -1.18 0.00 +2.65
27,00 E. Camp. G. stuartiformis C M 200:1 N -1.20 0.03 +2.86
282, 110-116 E. Camp. G. stuartiformis C M 100:1 N -1.53 0.03 +2.72
31, CC L. Sant. M. concavata C M 200:1 N -1.67 0.04 +2.51
MP 350-600 -0.78 0.07 +3.23
MP 350-600 -1.46 0.19 +3.81
M. renzi (6-800u) -1.91 0.06 +2.11
M. fornicata (4-600p) -1.57 0.00 +2.88
M. concavata (4-800u) -1.18 0.75 +2.70
42,CC L. Alb. R. appenninica C MP 15:1 N -2.56 0.01 +1.93
R. gandolfi (3-500u) -2.09 0.79
R. gandolfi (5-700u) -2.92 0.06 +1.40
H. delrioensis (3-400u) -3.16 0.07 +1.89
B -0.80 0.02 +0.65
43, CC L. Alb. R. appenninica N -1.92 0.03 +1.72
52,CC Alb./Apt.  T. primula C MP 50:1 N -1.67 0.01 +2.42
B -0.65 0.04 +1.42
Site 306
41,112-115 Alb, T. primula C P N -2.39 0.05 +2.73
20-1, 115-119 Barr-Haut. D, zedlarae F MP H. delrioensis -2.85 0.02 +2.36
21-1, 7478 Barr.-Haut, D. zedlarae F MP N -2.14 0.02 +2.03
24, CC Valang. D. hauteriviana MP N -2.10 0.02 +1.70
B -0.64 0.04 -0.77
36, CC Val.-Berr - MP N -3.14 0.07 +1.25
39, CC N -1.49 0.07 +1.91
Hole 49-1
2-2 Barr.-Haut. - N -1.07 0.01 +2.68
Hole 50.0
2-3,05 Barr.-Haut. F M - N -1.07 0.02 +1.70
2-6, 0-5 Barr.-Haut. F M - N -1.09 0.01 +1.93
2;.€¢ Barr.-Haut. F M - B -0.50 0.03 -0.34
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TABLE 1 — Continued

Planktonic

Sample Foraminifera
(Interval in cm) Age Zone Abundance  Pres. P/B Type of Sample 5018 a.d. scl3
Hole 47.2
7-1, 1-3 L. Mio N. 17/18 C MP N +0.90 0.04 +0.78
7-1, 22-24 L. Mio N. 17/18 C MP N -0.66 0.02 +3.56
7-2, 20-22 E. Eoc P.9 C MP N -0.31 0.05 +2.05
81, 70-77 E. Eoc P.7 C MP N -0.32 0.04 +1.44
82, 104-106 E. Eoc P T A MP N -0.26 0.04 +1.38
9-5, 108-110 L. Paleoc P. 4 A MP N -0.99 0.08 +0.89
10-2, 6-8 L. Paleoc B3 A MP N -0.84 0.00 +2.53
10-5, 100-102 L. Paleoc P. 2 [ MP N ~0.58 0.04 +2.41
11-1, 145-150 E. Paleoc P.1 c M N ~0.65 0.02 +3.11
11-3, 145-150 E. Paleoc. ) AN | A G N -0.50 0.04 +2.44
11-5, 145-150 E. Paleoc. P.1 A G N -0.64 - +3.01
12-1, 0-5 L. Maest. A. mayaroensis F P N -0.44 0.03 +3.10
12-3, 0-5 L. Maest. A. mayaroensis C MP N -0.45 0.07 +3.06
12-4, 0-5 L. Maest. A. mayaroensis G M N -0.48 - -
13-3, 6-8 L. Maest. A. mayaroensis C M N -0.65 0.02 +3.11
Site 167
5,06 M. Mio. N. 12/14 A M 138:1 N +0.47 0.03 +0.68
6, CC M. Mio N.9 A M 99:1 N +0.70 0.08 +2.36
7, CC E. Mio. N. B A G 250:1 N +0.59 0.01 +2.10
8, CC E. Mio. N. 4 A M 124:1 N +0.59 0.02 +1.58
10, CC L. Olig. P, 22 e G 17:1 N +0.15 0.01 +1.11
12, CC L. Olig. P. 22 C M 46:1 N +0.27 0.04 +1.46
13, CC L. Olig. P. 21 e M 162:1 N +0.63 0.03 +1.92
18, CC E. Olig. P. 19/20 Cc M 152:1 N +0.08 0.02 +1.42
20, CC E. Olig. P. 19/20 G2 M 50:1 N ~-0.09 0.03 +1.11
27, CC L. Eoc. P. 17 C M 11:1 N -1.01 0.05 +1.57
33, CC M. Eoc. P. 14 F M 5:1 N -0.99 0.02 +2.02
39, CC E. Paleoc P. 2 R M 3:1 N ~1.65 0.03 +2.00
41, CC L. Maest F M 3:1 N ~0.96 0.01 +1.81
51, CC L. Camp. G. calcarata F M 23:1 N -1.56 0.02 +3.09
Site 310
1A, CC Maest, N ~-0.76 0.09 +2.90
16A, CC M. Turon N -2.46 0.00 +2.28

Note: N = mixed species of nannofossils; B = mixed species of benthonic foraminifera; MP = mixed species of planktonic foraminifera; P/B = ratio
of planktonic to benthonic foraminifera, based on a random count of 500 individuals.

Oxygen-isotope ratios of mixed species assemblages
of nannofossils from Recent sediments (Douglas and
Savin, unpublished data), yield lighter §0O'¢ values than
planktonic foraminifera from the same samples. Nan-
noplankton apparently secrete most of their skeletal car-
bonate in the photic zone, nearer to the sea surface (i.e.,
in slightly warmer water) than, on the average, do
species of planktonic foraminifera. Plio-Pleistocene
samples from the soft oozes at Sites 47, 305, and 167
show this expected relationship. These samples come
from shallow burial depths, generally less than 50 meters
below the sea floor, and, while a considerable amount of
dissolution has occurred, there is little or no evidence of
calcitic overgrowth. Based on the planktonic to ben-
thonic foraminifera ratios obtained from core-catcher
samples in this interval, about 90% of the planktonic
foraminifera have been destroyed by dissolution at Site
305, and about 80% at Site 167 (Douglas, 1973).
However, the oxygen-isotope ratios of the biogenic car-
bonate appear to be unaffected. Individual species of
planktonic foraminifera yield isotopic temperatures

whose ranking agrees with the known rankings of their
depth habitats. Thus, except for the selective removal of
certain species by dissolution, diagenesis has little or no
effect on the isotopic composition of the biogenic con-
stituents of soft oozes in the top few tens of meters of
sediment.

Below about 50 meters the sediment at Site 305
changes from soft ooze to stiff ooze composed of nearly
pure carbonate (Matter et al., this volume). A similar
change in lithology at about the same depth occurs at
Site 167 (Schlanger et al., 1973). In this interval and
farther downhole, as the ooze becomes chalk, a large
amount of dissolved calcite is reprecipitated as thick
overgrowths on discoasters and coccoliths. As the
chalks become more lithified, overgrowths and chamber
infillings accrete on the more robust coccoliths and
planktonic and benthonic foraminifera (Douglas, 1973).
These textural changes are accompanied by large
decreases in strontium and magnesium of the bulk sedi-
ment (Matter et al., this volume). Nannofossil assem-
blages from these sediments yield 60'® values which are
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Figure 3. Downhole variation in §018 at Site 305. The
spare analyses below Core 32 is due to poor core recovery
and lack of suitable material for determination.

normally heavier than those of planktonic foram-
inifera. While the two microfossil groups give a similar
trend in the isotopic values downhole, they differ by
about 1.0 per mil in the Miocene, 0.5 per mil in the
Oligocene and Eocene, and about 0.25 per mil in the
Paleocene and Late Cretaceous chalks at Sites 47 and
305 (Figure 5).

The complex relationship between the §0O'® values of
nannofossils and foraminifera described above and the
variation of this relationship with age and depth of
burial are the result of a combination of factors. The
consistently colder isotopic temperatures of benthonic
foraminifera than of planktonic may be taken as evi-
dence that biogenic carbonate which has not dissolved
does not re-equilibrate with pore water. Even stronger
evidence for this is the consistent preservation of iso-
topic temperature rankings of planktonic foraminiferal
species from a sample, which are concordant with
rankings of depth of growth habitat predicted from test
morphology. Re-equilibration of biogenic calcite would
destroy these consistent rankings. Alteration of isotopic
compositions in pelagic carbonates during the early
stages of diagenesis involves, primarily, the formation of

514

§0" (rDB)
-3 -2 -1 0 +1 +2 +3

P

[l fel o] M [ T [ [~ 2

100 —

—_—
p—

—a
rma

200 H

DEPTH IN METERS
=

JBE

300

Rs[z]RERREE

1
na
(==

I

lar]
el

[

(73]
(=]

|

O Nannofossils
& Planktonic foraminifera
+ Benthonic foraminifera

(]
Mo

I

L
Ll

L
=

400

L | L]
el L=ad (Ea]

o]

L
w

Figure 4. Downhole variation in 5018 at Site 306.

overgrowth cement on nannofossils. Foraminifera act as
donors in the CaCOs transfer and they do not become
overgrown until the sediment becomes a well-lithified
chalk (Schlanger et al,, 1973; Schlanger and Douglas,
1974). However, even in the foraminiferal specimen
from compact chalk, the isotopic composition is
probably little affected by overgrowth cement because
much of it is removed during sample disaggregation and
ultrasonic cleaning of the foraminiferal residues. Thus,
there is no evidence to suggest that the isotopic composi-
tion of the Tertiary and Late Cretaceous foraminifera
analyzed from Sites 167 and 305 has been significantly
altered.

The oxygen-isotope ratios of the nannofossils at all
but the shallowest layers of the sediments must represent
mixtures of calcite precipitated in surface waters and
calcite formed diagenetically as overgrowths. Visual es-
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Note that the two groups yield similar §018 values in Pleistocene-Pliocene and Paleocene sediments but differ markedly in

The Miocene and Oligocene.

timates of the relative amount of accreted calcite on an
individual nannofossil vary from 50% to about 200% of
the mass of the initial microfossil, based on the photo-
micrographs of overgrown coccoliths and discoasters
from Site 305 (Matter et al., this volume) and other
DSDP sites (e.g., Bukry, 1973; Roth, 1973). If we as-
sume that the original oxygen-isotopic composition of
the nannofossil was the same as that of the planktonic
foraminifera and the amount of calcite cement added is
100% of the original calcite then our simple calculations
show that the isotopic composition of the overgrowth is
similar in most cases to that of benthonic foraminifera
in the same sample. For this reason, we believe that the
overgrowth of the nannofossils probably occurred no
deeper than a few hundred meters below the sea floor,
within the shallow-burial realm of Schlanger and Doug-
las (1974) where the temperature was close to bottom-
water temperature. The trend of cooling isotopic tem-
peratures of nannofossils from the Paleocene to the late
Oligocene reflects, in part, cooling bottom-water
temperature during that time. Miocene nannofossils
became overgrown under conditions of cold bottom
waters (probably sometime in the late Miocene or
Pliocene), and yield isotopic temperatures which are
significantly colder than planktonic foraminifera from
the same sample. On the other hand, Paleocene nan-

nofossils re-equilibrated under conditions of warm bot-
tom waters and shallow surface-to-bottom temperature
gradients (Savin et al., in press) and the nannofossils of
that age give isotopic temperatures only slightly colder
than the foraminifera. The large difference (0.8 per mil)
between the 40'® values of nannofossils and planktonic
foraminifera from the early Eocene at Site 47 suggests
that the overgrowth of the nannofossils did not occur in
the early or middle Eocene when bottom waters were
warm but sometime after the rapid cooling of bottom
waters, which occurred at the end of the Eocene
(Douglas and Savin, 1973; Savin et al., in press).

Cretaceous Paleotemperatures

In an attempt to extend the marine paleotemperature
record back into the Cretaceous, the oxygen-isotope
ratios of microfossils from Sites 49, 50, 305, 306, and 310
were analyzed. Paleolatitudes of these sites were in the
tropics for most of the Cretaceous (Lancelot and Lar-
son, this volume). Isotopic analyses have previously
been made on Cretaceous deep-sea carbonates collected
on Leg 15 (Anderson and Schneidermann, 1973) and
Leg 17 (Coplen and Schlanger, 1974; Douglas and
Savin, 1973). However, the analyses were of bulk sedi-
ments, and the results were not primarily intended for
paleotemperatures.
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The original, and most comprehensive, isotopic
paleotemperature study of the Cretaceous was by
Lowenstam and Epstein (1954) who examined belem-
nites and other invertebrates from the chalks of north-
west Europe. Recently, Spaeth et al. (1971) have ana-
lyzed additional belemnites from the same region and
conclude that few specimens retained their original iso-
tope values. Nevertheless, their isotopic results closely
match the trends obtained by Lowenstam and Epstein.

The results of the determinations are presented in
Table 1 and graphically in Figures 6 and 7. It can be seen
on Figure 6 that our samples are concentrated in the
Late Cretaceous (late Santonian to Maestrichtian), and
that the rest of the period is covered by about 12 sam-
ples. Despite the paucity of samples, there is at least one
determination per stage, except for the Coniacian. Com-
bined with data from Leg 17 (Douglas and Savin, 1973),
the data are adequate to indicate the broad isotopic
trends for the period.

The preservation of the Late Cretaceous foraminifera
in Site 305 samples (down to Core 31) is good except for
some signs of dissolution, and we detected no evidence
of overgrowth cement. Thus, we believe these micro-
fossils have unaltered isotope values. Foraminifera from
Sites 49, 50, and 306 showed signs of both dissolution
and minor amounts of calcite overgrowths. An attempt
was made to analyze specimens which exhibited little or
no overgrowth cement, so that any isotopic contamina-
tion by diagenetic calcite cement was minimized.
Because it was not possible to completely eliminate
overgrowths, §0'® values of these samples may reflect
minor diagenetic alteration.

The nannofossils from the Cretaceous sample all ex-
hibit secondary additions of calcite, and the amount of
overgrowth is large in samples from Site 306 (see Matter
et al., this volume; Bukry, this volume). As discussed
above, in spite of the formation of overgrowths, the
gross features of temperature fluctuation with time tend
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to be preserved in such samples although the actual
growth temperatures are not.

The Cretaceous isotopic ratios from the Shatsky Rise
contain three separate paleotemperature signals: (1)
Foraminifera, especially the benthonic species, from
Sites 47, 50, and 365 appear to be isotopically unaltered.
Therefore they give reasonable estimates of surface and
bottom-water isotopic paleotemperatures; (2) Foram-
inifera from Sites 306 and 310 have been contaminated
by small amounts of diagenetically formed cement
overgrowth. They can be used to show the relative
temperature trends although they yield temperatures
colder than those occurring during growth; (3) Nan-
nofossils from Sites 49, 50, 305, 306, and 310 have been
contaminated by diagenetic overgrowths and are in-
dicative of relative temperature trends but not absolute
paleotemperatures,

Bearing these constraints in mind, the isotopic record
seen in Figure 6 can be interpreted as reflecting a simple
climatic history with warming temperatures in the Early
Cretaceous which reached a maximum in the Albian.
Cooling occurred during the Late Cretaceous and a
minimum was reached at the end of the Maestrichtian.
Bottom-water temperatures in the Early Cretaceous
differ from surface temperatures by as much as about
6°C. In the latest Cretaceous the difference increases to
about 8°C. Based on these estimates, the tropical ver-
tical thermal gradient in the Cretaceous was less than
one-third the present-day value.

A comparison of isotope data from the Pacific with
the paleotemperature data derived in northwest Europe
reveals several similarities. Lowenstam and Epstein
(1954) and Spaeth et al. (1971) found the warmest Cre-
taceous temperatures in the Albian and cooling tem-
peratures in the Late Cretaceous. The Albian maximum
was preceded by a warming trend in Europe and the
Pacific that began in the Barremian or Hauterivian
(Coplen and Schlanger, 1973; Spaeth et al., 1971).

Our data are widely spaced in the early Late Cre-
taceous, and we lack details of the temperature change
between the Albian and latest Santonian. However, as
can be seen in Figure 6, the trend indicated by these data
is one of decreasing temperatures during the Late
Cretaceous. Any reversal in this trend would have to be
a short-term event. Lowenstam and Epstein (1954)
found a temperature minimum in the Cenomanian
followed by a second thermal maximum in the Santo-
nian. Coplen and Schlanger (1973) also obtained very
warm paleotemperatures for Coniacian-Santonian sedi-
ments in the Central Pacific. They believe the Coni-
acian-Santonian warming represents a worldwide
climatic event. We were unable to test this idea on Shat-
sky or Hess rises because of poor sediment recovery.

The similarities between the isotope data from the
Pacific, Atlantic, and Europe strongly suggest that the
trends reflect worldwide climatic variations. It is dif-
ficult to ascribe the isotope trends to diagenetic changes
because the chalks of Europe (Scholle, 1974; Hakaans-
son et al; 1974) have a different diagenetic-lithification
history than the pelagic sediments of Magellan Rise
(Schlanger et al; 1973).

The temperature history surrounding the Cretaceous-
Tertiary boundary has long been of great interest. The
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mass extinctions associated with this boundary have
commonly been explained in terms of a major cooling or
temperature change. Saito and Van Donk (1974) ex-
amined the isotopic composition of foraminifera from
Campanian to Danian sediments in the South Atlantic
and determined that isotopic paleotemperatures de-
creased about 3.5°C for surface waters and about 5°C
for bottom waters.

Planktonic and benthonic foraminifera from the
Shatsky Rise, which was located near the equator in
latest Cretaceous-early Tertiary time (Lancelot and Lar-
son, this volume), yield §O'* values that increase from
the Campanian to Maestrichtian and decrease from the
late Maestrichtian to early Paleocene. This change cor-
responds to approximately a 2.5°C drop for surface
waters and a 4°C drop for bottom waters. Most of the
temperature change appears to have occurred in the
Campanian-early Maestrichtian and the early Paleo-
cene, the middle to late Maestrichtian being a time of
relative stability. Whereas the isotopic trends for the
Pacific are the same as for the Atlantic, the magnitude of
the temperature decline at the end of the Cretaceous and
the recovery in the early Tertiary appears to be lower in
the Pacific. This seems reasonable considering the more
tropical location of Shatsky Rise at the time. In any re-
spect, the temperature history of the Central Pacific
does not suggest a climatic change of major magnitude
in either surface or bottom-water conditions accom-
panying the onset of the Cenozoic.
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