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INTRODUCTION

Oxygen and carbon isotope analyses of Cenozoic and
Cretaceous foraminifera from two Leg 17 sites, 167 and
171, were performed. Analyses were made of mixed species
of planktonic foraminifera, mixed species of benthonic
foraminifera, a small number of individual species of
planktonic foraminifera, and some limestone samples from
Site 167.

The two sites were selected for study because the cores
provide good stratigraphic coverage, the ocean bottom at
each coring site is at a depth considerably shallower than
the calcium carbonate compensation depth, resulting in
abundant and generally well-preserved foraminifera, and the
two sites provide a latitudinal spread of 12°. Sample
locations are shown in Figure 1.

Site 167 (7°04.l'N, 167°49.5'W) is located near the
crest of the Magellan Rise in 3,176 meters of water. The
sedimentary section is 1,172 meters thick and consists of
five stratigraphic units: (1) Quaternary to lower Miocene
ooze (220 m); (2) Oligocene to late Eocene ooze and chalk
(380 m); (3) Middle Eocene to lower Paleocene cherty
chalk (147 m); (4) Maestrichtian to Campanian cherty
chalk (147 m); and (5) Coniacian to Tithonian cherty lime-
stone (345 m). Details of the lithology and stratigraphy are
discussed in Chapter 5.

Site 171 (19°07.8'N, 169°27.6'W) is located in a saddle
on Horizon Guyot in 2,283 meters of water. The site is 56
km south and west of Site 44 of Leg 6, from which
foraminifera have previously been isotopically analyzed
(Douglas and Savin, 1971). The section consists of 143
meters of Quaternary to middle Eocene ooze, resting with
erosional unconformity on 351 meters of Maastrichtian to
Cenomanian cherty chalk, volcanic sediment, and detrital
limestone which contains shallow-water fossils. Details of
the lithology and stratigraphy are discussed in Chapter 9.

Samples for isotopic analysis were chosen from levels
where the micro fauna is well preserved, the foraminifera are
sufficiently abundant for analysis, and the zonal stratig-
raphy is well-defined. Wherever possible, samples from the
same foraminiferal zone or adjacent zones from both sites
were analyzed to permit direct comparison. This was
possible for the early Pleistocene, early Miocene, Oligocene,
middle and late Eocene, and Maastrichtian. Sample intervals
and paleontological zones are shown in Table 1. Samples
from Site 171 were also chosen from the same levels as
foraminifera previously studied at nearby Site 44 in order
to check our methods and results and to test for post-

contribution No. 99 of the Department of Geology, Case
Western Reserve Univversity.

depositional isotopic exchange. Correlation of the zones
and their approximate geochronology is based on the work
of Berggren (1969, 1972).

In all, 83 foraminiferal samples and 8 bulk limestone
samples were analyzed. These range in age from Pleistocene
to Berriasian-Tithonian. A preliminary discussion of our
results is given here, and a more complete discussion will
appear elsewhere. Isotopic paleotemperatures have been
used to test models of Pacific plate motion and to
reconstruct paleotemperature curves for near-surface and
bottom water in the Pacific Ocean from the late Cretaceous
to the Pleistocene.

SAMPLE PREPARATION

The methods of preparation and analysis of the forami-
nifera are identical to those described by Douglas and Savin
(1971). Assemblages of mixed species of benthonic foram-
inifera were hand-picked from the coarser-than-150µ frac-
tion of the samples. Because benthonic foraminifera
normally comprise less than 0.5 percent of the forami-
niferal assemblage in deep-sea sediments, it was necessary in
some cases to combine several samples in order to obtain
enough specimens for analysis. Only calcareous species with
secreted (not agglutinated) shells were analyzed. Whole-
rock analyses of limestones were made on deeper cores
from Site 167, using crushed pieces of limestone which
were first cleaned in an ultrasonic bath.

The microfossils were analyzed isotopically, using stand-
ard techniques (Epstein et al., 1959), after crushing,
washing, and treating with sodium hypochlorite (Clorox).
All results are reported in δ notation as per mil deviations
from the PDB-1 standard. Precision of the analyses is
generally better than 0.1 per mil. Temperatures were
calculated using the equation of Craig (1965) and the
assumption that the isotopic composition of sea water in
which the planktonic foraminiferal shells grew was 0.00 per
mil relative to Standard Mean Ocean Water (SMOW) and
the shells of the benthonic species grew in water with an
018/016 m t io of-0.60 per mil relative to SMOW. Because of
the uncertainties in the isotopic composition of seawater,
the calculated temperatures at one or both sites may be
systematically a few degrees higher or lower than actual
growth temperatures for part or all of the time period
studied.

RESULTS

The results for Sites 167 and 171, plotted against depth,
are shown in Figures 2 and 3, respectively. The oxygen and
carbon isotope ratios of samples of mixed species of
planktonic and benthonic foraminifera are shown in Figures
4 and 5. Several aspects of the data are discussed below.
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Depth Stratification in Miocene Species

Different species of planktonic foraminifera tend to live
at different depths in the water column. The average depths
at which various planktonic species live range from near the
surface to several hundred meters. Oxygen isotope ratios of
the calcite tests of different species from the same sediment
assemblage yield isotopic temperatures which are assumed
to reflect ambient temperatures at the average depths at
which those species secreted their tests. Thus, in construct-
ing paleoclimatic models from the isotopic data, it is
necessary to know whether fossil species of planktonic
foraminifera were depth stratified, and if so, what the
depth habitats of different species were. It is this informa-
tion that must be used in estimating surface water
temperatures from the isotopic data. The same information
is also of use in understanding the paleoecology and
paleobiogeography of planktonic foraminifera.

As part of a larger study of depth stratification of
planktonic foraminifera (Douglas and Savin, 1973),
nine middle Miocene species from Core 5 of Site 167
were isotopically analyzed. The results indicate that
Miocene species were temperature-stratified in a manner
similar to Recent and Pleistocene species (Table 2). Species
of Globigerinoides give the warmest temperatures; Orbulina
universa, Sphaeroidinellopsis seminulina, and species of

Globigerina and Globoguadrina give intermediate tempera-
tures; and Globorotalia fohsi gives the coldest temperature.
Although most of these species are no longer extant, the
ranking of the Miocene genera with respect to isotopic
temperature is identical to temperature and depth rankings
obtained both from plankton tow data (Berger, 1969) and
from the 018/016 ratios of Recent sediment samples (Savin
and Douglas, 1973). It seems evident then that Miocene
planktonic foraminifera were stratified in the water
column and that the depth rankings of genera have remained
unchanged for the last 14 million years. In addition,
Miocene species which are morphologically similar to
present-day species have isotopic temperatures and, there-
fore, have depth rankings which are similar to those of their
present-day counterparts (Table 2).

Depth stratification data can provide information about
the thermal structure of the water column. The maximum
temperature difference between growth habitats of the
shallowest-dwelling and the deepest-dwelling planktonic
species at a single location at the present time is around 10°
to 14°C and is found in low latitudes (Table 2). A
difference of 7°C or 8°C is commonly found between the
isotopic temperatures of G. ruber and Globorotalia tumida
from Recent sediments. Our Miocene data indicate a
temperature difference of only about 2.5°C between the
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TABLE 1
Sample Data, Paleontological Age, and Isotopic Results of Samples Analyzed

Sample
Designation Age Zone Taxa Analyzeda

δO
18

Average
Deviation δC

13

Site 167

1,CC

3, CC

4,CC

5, CC

Pleistocene

L. Pliocene

L. Miocene

M. Miocene

6,CC

7,CC

8, CC

9,CC

10, CC

12, CC

13, CC

18, CC

20, CC

21, CC

22, CC

27, CC

33, CC

39-1,70-72
70-72cm, CC

41, CC

44, CC

51, CC

56, CC

62-2,
134-136cm

M. Miocene

E. Miocene

E. E. Miocene

E. E. Miocene

L. Oligocene

L. Oligocene

L. Oligocene

E. Oligocene

E. Oligocene

E. Oligocene

E. Oligocene

L. Eocene

M. Eocene

E. Paleocene

M. Maastrichtian

E. Maastrichtian

L. Campanian

E. Campanian

L. Albian

72-1,78-80cm Hauterivian

84, CC E. Valanginian-L. Berriasian

G. truncatulinoides (N.22)

G. tosaensis(N.2\)

G. acostaensis (N.I6)
G. merotumida

G. fohsi (NA2)

O. saturalis (N.9)

G. sicanus (N.8)
G. insueta

G. quadrilobatus (primordius)
G. kugleri (N.4)

G. quadrilobatus primordius
(N.4)

P.A.
P.A.
Favocassidulina favus

P.A.<125µ
P. A. >150µ
B.A.

P.A. <125µ
P. A. >150µ
B.A.

P.A. <125µ
P. A. >150µ
G. fohsi fohsi
G. dehiscens dehiscens
G. venezuelana
S. seminulina seminulina
G. altispira altispira
Orbulina universa
G. sacculifer
G. quadrilobatus
B.A.

P.A.
G. peripheroronda

P.A.

P.A.

-0.25
+3.92
+4.23

-0.85
-0.50
+3.58

-0.62
-0.67
+3.36

-0.60
-0.60
-0.39
-0.52
-0.60
-0.61
-0.68
-0.82
-0.99
-1.05
+2.74

-1.14

-0.87

-0.32

0.04
0.04
0.06

0.06
0.04
0.06

0.02
0.04
0.03

0.05
0.00
0.04
0.01
0.02
0.04
0.01
0.09
0.08
0.05
0.03

0.05

0.05

0.10

+1.11
+0.14
-1.00

+0.45
+1.63
+0.12

+1.30
+2.30
+0.66

+0.85
+2.05
+1.92
+1.49
+2.58
+2.09
+2.50
+2.44
+2.64
+2.67
+0.58

+2.13

+2.28

+1.65

P.A.

G. kugleri
G. angustisuturalis (P.22)

G. angustisuturalis (P.22)

G. angustisuturalis (P.21)
G. opima opima

G. ampliapertura (P.I9/20)
P. barbadoensis

P. barbadoensis (P.19/20)

P. barbadoensis (P.19/'20)

G. tapuriensis (P.I8)

G. gortanii (P.I7)
G. (T.) centralis

G. howei-T. rohri (P. 14)

G. uncinata (P.2)
G. spiralis

G. gansseri

R. subcircumnodifer

G. calcarata

G. stuartiformis

B.A.
P.A.

P.A.
P.A.

P.A.
P.A.

P.A.

P.A.

P.A.
B.A.

P.A.

P.A.
B.A.

P.A.

P.A.
B.A.

Bulk

Bulk
B.A.

Bulk

Bulk

Bulk

Bulk

Bulk

-0.49

-0.32

-0.25

0.09 +1.97

+2.20

-0.46

+0.48
+0.01

-0.15
+2.63

0.01

0.07

0.03
0.01

0.02
0.10

+0.23

+2.09

+0.92
+0.72

+0.96
-0.08

0.00 +1.16

0.05 +1.16

-0.02
+1.95

-0.37

-0.39
+1.95

-1.47

-1.59
+0.37

-1.05

-1.35
+0.47

-L23

-1.65

-1.94

-1.17

-2.22

0.04
0.01

0.03

0.00
0.03

0.04

0.01
0.01

0.01

0.01
0.07

0.07

0.01

0.04

0.01

0.01

+1.18
-0.03

+1.13

+1.34
+0.59

+1.79

+1.84
+0.54

+1.09

+2.99
+0.93

+3.16

+2.89

+3.09

+2.22

+1.95
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TABLE 1 - Continued

Sample
Designation Age Zone Taxa Analyzed' δO 18 Average

δC 13

Site 167 - Continued

E. Valanginian-L. Berriasian

E. Valanginian-L. Berriasian

88, CC

93-1,
148-150 cm

94-3, 16-20 cm Berriasian-L. Tithonian

Site 171

1,CC
1-2, 70-72 cm

2, CC

3, CC
3-6, 70-72 cm
+ CC

4, CC
4-6, 70-72 cm
+ CC

5, CC

5-6,
145-149 cm

6, CC

8, CC

9, CC

10-1, 0-2 cm

13, CC

14, CC

15, CC

16, CC

18, CC

20, CC

22, CC

23, CC

24, CC

26, CC

Quaternary

E. Miocene

E. Miocene
E. Miocene

L. Oligocene
L. Oligocene

L. Oligocene

L. Oligocene

E. Oligocene

M. Eocene

L. Maastrichtian

M. Maastrichtian

M. Maestrichtian

M. Maastrichtian

E. Maastrichtian

E. Maastrichtian

E. Maastrichtian

L. Campanian

Coniacian

L. Turonian

E. Turonian

G. sicanus (N.8)
G. insueta

G. dehiscens praedehiscen
G. dehiscens

G. angustisuturalis (P.22)

G. angustisuturalis (P.21)
G. opima opima

G. tapuriensis (P.I 8)

O. beckmanni (?.13-¥.12)
G. lehneri

A. mayaroensis

G. gansseri

G. gansseri

G. gansseri

R. subcircumnodifer

R. subcircumnodifer

M. renzi

M. helvetica

M. hagni

Bulk

Bulk

Bulk

P. A.
B. A.

P. A. 125µ
P. A, >150µ

P. A.
B. A.

P. A.

B. A.

P. A.

B. A.

P. A.

B. A.
P. A.
B. A.

P. A.

P. A.

P. A.

P. A.

B. A.
B. A. Gavelinella

Gyroidinoides
P. A.

P. A.

P. A.

P. A.

P. A.

P. A.

-2.33

-2.88

-2.77

-0.35
+3.25

-0.33

+0.21
+2.21

+0.56
+2.26

-0.58

+2.40

+0.43
+1.88

-0.88
+0.71

-0.33

-2.02

-1.60

-1.95

+0.14

+0.65

-1.60

-1.90

-1.32

-3.90

-2.54

-4.03

-3.40

-

0.08

0.05

0.09
0.03

—

0.05
0.05

0.03
0.05

0.10

0.00

0.04
0.22

-

0.07

0.00

0.01

0.06

0.21

0.01

0.10

0.12

0.11

0.03

0.00

-

0.05

+1.68
+1.72

+1.63

+1.76
-0.63

+2.59

+1.69
+0.14

+1.00
+0.01

+1.28

+0.15

+1.59
+0.24

+2.38
+0.57

+2.54

+1.77

+1.44

-1.20

-0.53

+0.39

+2.02

+1.93

+2.15

+2.13

+1.66

+0.97

+1.37

P. A.= planktonic assemblage; B. A. = benthonic assemblage.
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Figure 2. Isotopic results for Site 167 plotted against depth in hole.
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Figure 5. Comparison of isotopic results from Sites 44, 47, 48, 167, and 171.
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TABLE 2
Isotopic Paleotemperature Ranking of Selected Miocene Planktonic Foraminiferal Species, Compared to Recent Species

Planktonic Dataa

Shallow (0-50 m)

Globigerinoides rubβr
G. sacculifer
G. conglobatus
Globigerinita glutinata

Intermediate (50-150 m)

Orbulina universa
Globoquadrina dutertrei
Globigerinella siphonifera
Pulleniatina obliquiloculata
Globoquadrina hexagona
Globigerina calida
Globorotalia inflata
G. cultrata

Deep (150 m)

G. hirsuta
Globigerina bulloides
G. conglomerata
Candeina nitida
Globigerinella adamsi
Sphaeroidinella dehiscens
Hastigerina pelagica
Globorotalia tumida
G. truncatulinoides

Recent

G. ruber
G. sacculifer
O. universa
H. pelagica
G. siphonifera
G. trilobus
S. dehiscens
G. dutertrei
P. obliquiloculata
G. conglobatus
G. cultrata
G. tumida
G. inflata
G. crassaformis
G. truncatulinoides

Species

Isotopic Data

Isotopic Temp.

Av.

25.8
25.2
24.8
25.0
23.5
23.4
21.4
20.9
20.7
20.6
19.0
17.1
13.5
13.4
10.8

(°C)

Range

18.2-29.1
19.7-28.9
19.8-29.5

_
_

19.1-27.4
18.1-23.6
16.4-25.2
17.0-24.5
15.0-27.5
15.1-24.5
15.1-21.8
13.0-14.5
11.9-18.1

3.5-16.1

Equivalent Depth

Av.

22
66
92
88
45
47
89
84
82

113
120
158
178
218
430

(m)

Range

0-85
0-173
0-230

_
—

0-90
60-132
35-121
60-122
15-248
5-370
0-284
0-425

100-410
100-1780

Miocene Species

Isotopic Data

Globigerinoides quadrilobatus
G. sacculifer
Orbulina universa
Globoquadrina altispira altispira
Sphaeroidinellopsis seminulina
Globigerina venezuelana
Globoquadrina dehiscens
dehiscens
Globorotalia fohsi fohsi

Isotopic
Temp.

(°C)

20.2
20.0
19.4
18.7
18.5
18.4
18.2

17.7

Berger, 1970. Depth-rankings based on plankton tows. Species are approximately ordered within each category.

^Data from Lidz et al., 1968; Hecht, 1971; Emiliani, 1971; Savin and Douglas, 1973 in press; unpublished.

isotopic temperatures of Globigerinoides quadrilobatus
(morphologically similar to G. ruber) and Globorotalia
fohsi (morphologically similar to G. tumida). We believe
that the greater difference between the isotopic tempera-
tures of these shallow and deep-dwelling species in the
Recent is indicative of a change in the thermal structure of
the water column since the Miocene. Bottom temperatures
in the middle Miocene were around 6°C. The data suggest a
vertical thermal gradient of 18° to 20°C from surface to
bottom in equatorial regions and a gradient of 5° or 6°C in
the upper few hundred meters of the ocean during the
middle Miocene. The temperature gradient of the upper few
hundred meters of the oceans in low latitudes thus appears
to have become steeper by a factor of 2 or 3 in the last 14
million years.

Paleotemperatures

Paleotemperatures calculated from the C)l8/0l6 ratios of
mixed species assemblages of planktonic foraminifera can
be used to estimate surface temperatures. However, such
paleotemperatures are always lower than actual surface
temperatures because of the distribution of growth habitats
with depth in the upper few hundred meters of the water

column and because of epigenetic and diagenetic selective
dissolution which removes shallow-dwelling species more
rapidly than deeper-dwelling species (Berger, 1971;
Savin and Douglas, 1973). The isotopic temperature of a
sample composed of many individuals of many species is a
weighted average of the temperatures at which all the
constituents of the assemblage secreted their tests. An
estimate of the difference between actual surface tempera-
ture and the isotopic temperature derived from a mixed
assemblage of planktonic foraminifera of late Neogene age
can be estimated using data from a study of Recent
sediment assemblages from the South Pacific (Savin and
Douglas, 1973). Shallow-dwelling species {Globigerinoides
ruber) from Recent sediments yield isotopic temper-
atures which are lower than actual surface temperature by
an average of 4°C, while deep-dwelling species {Globo-
rotalia crassaformis, G. truncatulinoides) and mixed species
assemblages yield isotopic temperatures which are on the
average lower than surface temperatures by 8°C and 6°C,
respectively. For pre-Recent samples, it is not possible to
estimate directly the difference between isotopic and
surface temperatures. However, the lower value of the
surface-to-bottom temperature gradient in the Paleogene
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and Cretaceous (Figure 5) suggests much smaller differences
between surface temperatures and the isotopic tempera-
tures of mixed planktonic assemblages at that time. The
difference between the isotopic temperatures of shallow
and deep-dwelling planktonic species from tropical regions
averages 10°C for Recent sediment samples, but less than
5°C for the Miocene, 3°C for the middle Eocene, and 2°C
for the Maastrichtian. Thus, the isotopic temperatures of
assemblages of mixed species of planktonic foraminifera are
probably within a few degrees of actual surface values in
the pre-Neogene and within 6°C for the late Neogene.
These estimates do not include correction for any variation
in the isotopic composition of seawater, which may vary
locally as current patterns and climate change, and on a
worldwide scale since the late Miocene as a function of the
growth and retreat of the polar ice caps.

There is growing evidence that benthonic foraminifera
do not deposit their tests in isotopic equilibrium with the
water in which they grow (Duplessy et al., 1970). Compari-
son of our own and published oxygen isotope analyses of
Recent benthonic foraminifera with measured water tem-
peratures at the locations in which they grew suggests that
isotopic temperatures of mixed species assemblages of
Recent benthonic foraminifera approximate growth
temperatures. In interpreting our data from Sites 167 and
171, we tentatively conclude that throughout the Tertiary,
isotopic temperatures of mixed species assemblages of
benthonic foraminifera also approximate growth
temperatures.

Calcareous microfossils from the late Cretaceous at Site
167 above Core 56 exhibit some calcite overgrowth and
cementation (see Schlanger, et al., this volume), but both
the variation with time and values of the 0 1 8 /0 1 6 ratios of
samples from Cores 41, 44, and 51 are consistent with data
from samples of the same age from other sites in the Pacific
and Atlantic (Douglas and Savin, 1973; Saito and
Van Donk, 1971). Therefore, the 018/016 ratios of the
microfossils from these cores have not been extensively
altered by the amount of calcite overgrowth which has
occurred. In addition to the analyses of planktonic
foraminifera from the Campanian and Maastrichtian of Site
167, analyses were made of bulk limestone from the earlier
Cretaceous material of this hole. The isotope ratios of these
limestones have probably been altered by the diagenesis
that has occurred below Core 56 and thus may not reflect
the original oxygen isotope ratios of the samples.

The isotopic temperatures of planktonic foraminifera
from Sites 167 and 171 describe two curves which are
essentially parallel through the Tertiary (Figure 4). Samples
from Site 167 give higher temperatures in the Tertiary, but
in the Upper Cretaceous the difference between the two
sets of data is much smaller and samples from Site 171 give
higher temperatures (Figure 5). While the isotope data of
the planktonic samples define a separate curve for each site,
the isotope data of the benthonic assemblages from both
sites lie along a single curve. This indicates that bottom
water has had essentially the same temperature at both
locations throughout the Tertiary and has presumably
originated by the sinking of cold surface water in near-polar
regions as it does at the present time. The basic features of

the isotope data (and the temperatures inferred from them)
are discussed below.

A temperature minimum in the Campanian was followed
by an upturn in temperature values during the Maastrich-
tian (Figure 5). Between the latest Campanian and middle
Maastrichtian the isotopic temperature increased by about
3°C at Site 171 and about 1.5°C at Site 167. A middle
Maastrichtian maximum can be identified in samples from
Sites 47 and 48 from the Shatsky Rise (Douglas and Savin,
1973). These data indicate that there was a short-lived
warming in the North Pacific in the latest Cretaceous
Assemblages of benthonic foraminifera of early Maestrich-
tian age are enriched in 01 8 by 1.8 per mil relative to
planktonic samples from Site 171. This corresponds to a
temperature difference of about 8°C and suggests that the
top-to-bottom temperature gradient in the Maastrichtian in
low latitudes was about one-third of its present value. Data
from the Shatsky Rise (Site 47) indicate a similar vertical
temperature gradient at that time. The small difference in
the Maastrichtian of 1.5°C between the isotopic tempera-
tures of planktonic samples of Sites 167 and 47 (Figure 5),
which are separated by 25° of latitude, suggests that there
was a small latitudinal temperature gradient compatible
with the small vertical temperature gradient.

At the end of the Cretaceous both surface and bottom
temperatures dropped, reaching a minimum near the
Tertiary-Cretaceous boundary.

During the Tertiary, temperature maxima occurred in
the early Paleogene and middle Miocene, and minima
occurred in the late Eocene to Oligocene and late Neogene.
Paleogene samples studied were limited to the early
Paleocene and middle and late Eocene from Site 167 and to
the middle and late Eocene from Site 171. Thus we cannot
determine from these data exactly when in the Paleogene
the highest temperatures were reached. However, the
temperature trends inferred from the Leg 17 data are
compatible with the Eocene and Paleocene temperatures of
samples from the Shatsky Rise (Leg 6) (Douglas and Savin,
1971). These data indicate that there was a warm interval
between the late Paleocene and the early Eocene (Figure 5).
A steep temperature decline is evident during the middle
and late Eocene. This was followed by a more gradual
decline to a temperature minimum during the late Oligo-
cene. The temperature drop from the late Eocene to the
late Oligocene, as indicated by the 018/016 ratios of the
planktonic foraminifera, was 5.4°C at Site 167, and
isotopic temperatures reached a minimum of 16.6°C at this
site. At Site 171 the isotopic temperature drop was5.7°C,
and temperatures reached a minimum of 13.6°C. The
declines in surface temperature were paralleled by a drop in
the bottom temperature from 13.2°C in the middle Eocene
to around 7°C in the late Oligocene.

Temperatures increased in the early Miocene and the
warmest temperatures measured for the Neogene at Sites
167 and 171 were obtained from samples of earliest middle
Miocene age. However, in the western Pacific, in the
Caroline Basin at Site 55, the highest temperatures were
obtained from samples about 3 m.y. younger. Further work
is necessary to determine whether this apparent discrepancy
regarding the time of the Miocene temperature maximum is
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simply an artifact of the manner in which the samples were
chosen or whether it is evidence of changing locations of
ocean currents (or motion of the Pacific plate).

Following a period of fairly constant temperatures in the
late Miocene, isotopic temperatures of planktonic forami-
nifera declined through the Pliocene and Pleistocene.
However, bottom temperatures fall abruptly after the early
middle Miocene temperature maximum. Our sample cover-
age of this interval is sparse and is insufficient to indicate
any details of the complex climatic history of the interval.
However, it is evident from our data that during the late
Neogene there was a decrease in bottom temperatures and
an increase in the vertical thermal gradient. In the early
Miocene, the difference between surface and bottom water
temperatures in the equatorial region was about 16°C
(based on an estimated surface temperature of 24°C), but
this difference rapidly increased to greater than 25°C by
the Pleistocene.

Paleotemperature Test of Motion of the Pacific Plate

A combination of paleomagnetic data, biogenous sedi-
ment distribution patterns, and paleontologic data suggests
that the Pacific plate is moving both westward and
northward with respect to the earth's spin axis.

Paleolatitudes derived from paleomagnetic studies of
mid-Cretaceous volcanoes (Francheteau et al., 1970) and
Cenomanian or Turonian sediment cores (Sclater and
Jarrard, 1971) show a northward shift of the Pacific plate
about 30° latitude in the last 100 m.y. Facies patterns and
the thick bulge of biogenous sediment resulting from high
productivity in the equatorial belt can be traced in seismic
reflection surveys (Ewing et al., 1968) and drilling results
(Winterer et al., 1971; Tracey et al., 1971; Hays et al.,
1970; van Andel et al., 1971). These data show a northward
shift of about 7°C in the past 30 m.y.

By assuming a northwestward motion of the Pacific
plate with respect to the earth's spin axis (Claque and
Jarrard, in press), we have calculated the latitudinal
positions of Sites 167 and 171 at several times during the
last 80 m.y. and plotted these paleolatitudes against the
isotopic paleotemperatures recorded by the planktonic
assemblages deposited at those times (Figure 6). According
to the assumed model of plate motion, the two sites have
moved from latitudes of about 20°S and 32°S, respectively,
80 million years ago to their present locations at 7°N and
19°N, respectively. If this model were correct, as the sites
moved northward, the temperature history of each would
have changed in a systematic fashion, warming as the site
approached the equatorial zone and subsequently cooling as
it crossed the thermal equator and moved northward away
from it.

This test of plate motion is based on the assumption that
the warmest surface temperatures are found at the geo-
graphic equator and that temperatures decrease symmetri-
cally away from the equator. At the present time the
thermal equator in the central Pacific Ocean is displaced
about 4° north of the geographic equator, and this may also
have been so in the past. However, within the sensitivity of
our method, such a displacement would not be evident.
More important to the test is the consistency with which

the isotopic temperatures obtained from mixed species
assemblages of planktonic foraminifera of the same age but
from different locations deviate from actual surface temper-
atures. We believe that at least prior to the sharp increase in
vertical temperature gradients in the late Miocene, no
circumstances existed which might have caused major
inconsistencies in the differences between surface tempera-
tures and isotopic temperatures as a function of latitude.

As can be seen in Figure 7, the isotopic data are in
reasonable agreement with the results predicted from the
plate motion model. According to this model, in the latest
Cretaceous, Site 171 would have occupied a near-equatorial
position and, as predicted, isotopic temperatures of samples
from that site are higher than the isotopic temperatures of
samples from Site 167. While the temperature difference
between the two sites was negligible 74 million years ago,
our other Maastrichtian data indicate that waters were
warmer at Site 171 than at Site 167. All of our comparisons
of Tertiary isotopic temperatures at the two sites indicate
warmer waters at Site 167 than at Site 171. For the
Oligocene and Neogene, the temperature differences are
consistent with the plate motion model in which Site 167
has been nearer to the equator than Site 171. During this
time interval, Site 171 moved from about 10°N to its
present-day latitude of 19°N.

Our data for the middle Eocene are not in as good
agreement with the predictions of the simple two-phase
plate motion model. The two sites are projected to have
been located within 4° to 6° on either side of the equator
at that time and therefore would be expected to indicate
similar temperatures. However, the planktonic assemblage
from Site 167 recorded an isotopic temperature of 22°C
while that of Site 171 recorded a temperature of 19.5°C.
This difference of 2.5°C is probably larger than the
uncertainty introduced into the comparison by selective
solution and analytical error. The results may therefore
indicate that plate motion had a higher rate of northward
shift prior to 30 million years ago than has been estimated
in the model we have used. In that case, Site 167 may have
been north of the equator during middle Eocene time.
Overall, however, the climatic histories at Sites 167 and
171, as recorded in the 0 i 8 / 0 l 6 ratios of mixed species of
planktonic foraminifera from latest Cretaceous and late
Tertiary, are in good agreement with a model of Pacific
plate motion, which indicates a northward shift on the
order of 30° latitude over the last 100 m.y.

Carbon Isotope Ratios

Carbon isotope ratios of assemblages of planktonic and
benthonic foraminifera from Sites 167 and 171 are shown
plotted as a function of age in Figure 8. Also shown are
carbon isotopic data from Leg 6 samples (Douglas and
Savin, 1971). The total range of variation of C1 3 /C1 2 ratios
of all these samples is from -0.5 per mil to +3.9 per mil
relative to the PDB standard.

Although there are some exceptions, Cl 3 /C 1 2 ratios of
planktonic assemblages of the same age from different cores
tend to be similar. Curves drawn connecting the data from
either Site 167 or 171 bear some resemblance to the
oxygen isotope curves shown in Figure 5. C13/C12 ratios

601



R. G. DOUGLAS, S. M. SAVIN

20°S

B - LATITUDE

EQ 10c 20°N

25

20-

~ a-I
15-

68

74

68

16

• = DSDP 167

• = DSDP 171

70 = AGE IN MILLIONS OF YEARS

1.5

28 24

10 J

Figure 6. Isotopic paleotemperatures of planktonic assemblages at various paleolatitudinal positions of Sites 167 and 171 for
the last 80 m.y. (Paleolatitudes were determined using the plate motion of Claque and Jarrard [in press]. Numbers next to
data points indicate age in millions of years. For example, 64 m.y. ago Site 167 was about 11°S, and planktonic
foraminifera indicate a water temperature of about 23.6° C.j

declined in the late Cretaceous and then rose near the
boundary between the Cretaceous and the Tertiary.
Another drop in C13/C12 ratios occurred during the
Eocene and Oligocene and was followed by a rise during the
early Miocene. C1 3 /C1 2 ratios remained rather steady
through the remainder of the Miocene and dropped again
during the Pliocene and Pleistocene.

The C13/C12 ratios of benthonic assemblages are lower
than those of planktonic assemblages of the same age. The
difference between the C13/C12 ratios of benthonic and
planktonic assemblages from the same sample is usually
about one per mil. The variation of carbon isotope ratios of
benthonic assemblages as a function of time is similar to the
variations observed for planktonic assemblages.

The carbon isotope ratios of the tests of foraminifera
vary not only in response to growth temperature but also as
the result of variations in the C1 3 /C1 2 ratios of dissolved
and perhaps particulate carbon. In addition, C13/C12 ratios
may reflect biological (nonequilibrium) isotopic fractiona-
tion during secretion of the tests. The equilibrium isotopic
fractionation between calcium carbonate and dissolved
bicarbonate ion has a temperature coefficient of only 0.035
per mil per °C (Emrich et al., 1970) which by itself is too
small to account for most of the observed range of carbon
isotope ratios. Thus, most of the observed isotopic variation
must reflect variations through time of the C13/C12 ratio of

oceanic carbon and of the magnitude of the biological
isotopic fractionations. When the relative magnitudes of
these two effects have been determined, the C13/C12 ratios
of foraminifera from deep-sea cores may provide informa-
tion on the temporal and spatial variations of C13/C12
ratios of dissolved carbon in the oceans.
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