Pisias, N.G.. Mayer, L.A., Janecek, T.R., Palmer-Julson, A., and var. Andel, T.H. (Eds.), 1995
Proceedings of the Ocean Drilling Program, Scientific Results, Vol. 138

22. EVIDENCE FOR SURFACE-WATER CIRCULATION CHANGES AT SITE 851
IN THE EASTERN TROPICAL PACIFIC OCEAN!

A.C. Ravelo? and N.J. Shackleton?

ABSTRACT

This study investigates changes in the upper water column hydrography at Site 851 of the eastern tropical Pacific Ocean since
the late Pliocene, using the oxygen and carbon isotopic composition of three species of planktonic foraminifers, each calcifying
at different depths in the photic zone. The upper ocean seasonal hydrography in this region responds to the seasonally changing
trade winds and thus is expected to respond to past changes in trade winds. One major change occurs at about 1.5 Ma, when the
thermocline adjusts from a deep position to a shallower position. The thermocline remains in a relatively shallow position
throughout the record up to recent time, with slight variations occurring synchronously with glacial/interglacial stages. In glacials,
SSTs are probably a few degrees cooler and the thermocline is slightly deeper. From our knowledge of seasonal and interannual
adjustments of the thermocline in this location, a deeper thermocline might be interpreted as either a decrease in the strength of
the Equatorial Undercurrent (EUC) that results from lower mean wind strength or an increase in the Equatorial Countercurrent
(ECC), which results from an increase in the strength of the southeasterly trade winds. A major shift from higher to lower carbon
isotope values occurred at about 1.9 Ma, marking a transition to reduced planktonic-benthic 81°C differences after 1.9 Ma. The
carbon isotopic data indicate that changes in the carbon isotopic composition of intermediate upwelling water occurs at higher

frequencies than the glacial/interglacial changes in ice volume.

INTRODUCTION

Surface-water circulation in the tropical Pacific Ocean primarily is
driven by the trade wind system, which is centered about the Intertropi-
cal Convergence Zone (ITCZ) located north of the equator. Extratropi-
cal conditions, such as the distribution and orography of ice sheets, the
land-sea distribution, and the equator to pole temperature gradient,
may affect the tropical atmospheric circulation pattern. A small, but
significant effect on the trade winds from changing extratropical
boundary conditions has been generated by general circulation models
(GCMs) (Williams et al., 1974; Gates, 1976; Manabe and Hahn, 1977;
Manabe and Broccoli, 1983; Kutzbach and Guetter, 1986; and Rind,
1987). In addition, changes in the seasonality of solar insolation from
the precession of the equinox may also influence the seasonality, and
possibly mean strength, of the trade winds. The influence of the sea-
sonal insolation on tropical circulation has also been modeled with
GCMs (Kutzbach, 1981; Kutzbach and Otto-Bleisner, 1982; Kutzbach
and Street-Perrott, 1985; and Kutzbach and Guetter, 1986); however,
the largest influence of changes on seasonal insolation is in the Atlantic
and Indian Ocean tropics, rather than in the Pacific.

Eolian and geochemical studies in the tropical Pacific suggest that
stronger trade winds occurred during past glacial periods (e.g., Boyle,
1983; Janecek and Rea, 1985; Chuey et al., 1987), while the study of
Pisias and Rea (1988) suggested that maxima in the strength of trade
winds and equatorial divergence do not simply occur during glacials.
Many studies have used sedimentological, chemical, and faunal indi-
cators of increased productivity, which may be tied to increased
wind-forced upwelling (Berger, 1973; Johnson and Knoll, 1974; An-
delseck and Anderson, 1978; Moore et al., 1980; Berger et al., 1983;
Pedersen, 1983; Pisias and Rea, 1988; and Sarnthein et al., 1988).
Some studies argued that sedimentological indicators of productivity
may have been the result of changes in preservation, or to changes in
factors other than upwelled nutrient availability (Farrell and Prell,
1989; Lyle, 1988; and Lyle, 1992). In fact, photic zone productivity
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and nutrient measurements from the equatorial Pacific indicate that
south of the equatorial divergence area there is a decrease in produc-
tivity and an increase in nutrient levels (Chavez, et al., 1990). Some
recent research (Lyle et al., 1991; Mix et al., 1991; and Pisias et al.,
1991) suggested that a link exists between increased productivity and
increased upwelling during glacials. However, the link between deep-
sea sediment indicators of surface paleoceanography and wind forc-
ing still is not well understood.

The purpose of this study is to reconstruct past changes in the ther-
mocline structure over the last 2.0 Ma to predict past changes in the
wind field. This study is designed to look at how the thermocline is
recorded by the oxygen and carbon stable isotopes in depth-stratified
planktonic foraminifers. Reconstructing the past physical conditions
of the thermocline is a way of looking at wind-driven oceanic changes
independent from changes in productivity. It is a way of avoiding the
ambiguities for interpreting wind-field changes from sedimentologi-
cal indicators of productivity.

CIRCULATION AND HYDROGRAPHY

Tropical Pacific Ocean surface and subsurface water circula-
tion has been described in many observational (e.g., Wyrtki, 1966;
Meyers, 1979; and Halpern and Weisberg, 1991) and modeling (e.g.,
Philander and Pacanowski, 1980; Philander and Chao, 1991) studies.
Tropical circulation is primarily driven by the seasonally varying
trade winds, which generally drive surface water from east to west,
allowing for cool intermediate waters to upwell in the east and
warmer waters to “pile up” in the west. This circulation also drives
divergent upwelling along the equator. In the southeastern tropics, at
the location of Site 851, winds are strongest during the Northern
Hemisphere summer when the [TCZ is in its northernmost position,
and weakest during the winter when the ITCZ is in its southernmost
position (just north of the equator). East of about 90°W, the trades
have a strong south-north component that drives Peruvian coastal
upwelling south of the equator. Nearing the equator, the trade winds,
which have a stronger east-west component, drive the advection of
the cool coastal upwelling waters (the Peru Current) from off the coast
of Peru into the equatorial current system within the South Equatorial
Current (SEC). The origin of the high nutrient cold tongue along the
eastern equatorial region is from intermediate water that upwelled off
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the Peruvian margin (Toggweiler et al., 1991). The seasonal thermo-
cline is within the photic zone most of the year in the eastern tropics
owing 1o the intensity of upwelling and advection of cool nutrient-
rich intermediate waters into the photic zone.

Site 851 is on the northern edge of the SEC and is slightly influ-
enced by the return flow of warm water from the west to the east within
the Equatorial Countercurrent (ECC), which depresses the thermocline
along its path. In the subsurface, seasonal variation in the depth of the
thermocline is influenced both by divergent upwelling, but mostly by
the strength of the Equatorial Undercurrent (EUC), which advects west-
ern tropical water to the east at a depth that shoals to about 100 m at the
longitude of Site 851. The EUC., driven by the pressure gradient set up
by the east to west advection of surface water, is one of the most
important currents influencing the thermocline depth across the entire
equatorial zone and is strongest in April, after the maximum in the
northeast trade winds. Thus, around April, the thermocline is at its
shallowest position at the location of Site 851. The trade winds, by
setting up the pressure gradient that drives the EUC, and by driving
upwelling and the equatorial currents, are responsible for the compli-
cated three-dimensional structure of the thermocline.

The temperature profiles in Figure 1 give an idea of the sea-
sonal movements of the thermocline at the location of Site 851. The
modern temperature profiles at the 2.5-Ma backtracked location of
Site 851 (Duncan and Clague, 1985) also is shown to demonstrate that
hydrography is not significantly different and, therefore, hydro-
graphic changes recorded in the sediments cannot simply be related
to the paleolocation of the site. In sum, as illustrated in Figure 1, the
thermocline is deepest during the season of the maximum in the
southeast trade winds when the SEC and the ECC are the strongest
and when the ITCZ is located in its northernmost position. The
thermocline shoals when the ITCZ moves to its southernmost posi-
tion in February through April (winds at this location are at a mini-
mum) and remains shallow through the period of the maximum in the
strength of the EUC until almost June. As the ITCZ moves back north
again and the winds at Site 851 increase, the thermocline deepens.

METHODS

Samples, taken at 10-cm intervals, were chosen from Holes 851B,
851C, and 851E to produce a continuous record over the last 2.4 Ma
for G. sacculifer and 1.85 Ma for G. rumida and N. dutertrei. This
sampling interval represents a temporal resolution of about 4-5 k.y.
Gaps in the record are due to a particular species being absent from a
sample. Sampling strategy was designed by correlating among holes
using GRAPE measurements, such that Hole 851E was used as the
backbone of the record, and Holes 851B and 851C were used to patch
between the Hole 851E core breaks. Foraminifers were selected from
the 335 to 425-pum fraction, and selected specimens of G. sacculifer
were analyzed in the isotope laboratory at the University of Cam-
bridge, following the methods described in Shackleton et al. (this
volume). Analytical reproducibility is typically about + 0.06%¢ (16)
for §'%0 and somewhat better for 8'*C. Selected specimens from the
335- 10 425-mm fraction of G. tumida and N. duterirei were analyzed
in the isotope laboratory at the University of Bergen, where samples
first were ultrasonically cleaned in methanol and then roasted in
vacuum for 40 min at 380°C. Isotope measurements at the University
of Bergen were performed using a Finnigan MAT 251 mass spec-
trometer fitted on line to a reaction line, following the description of
Shackleton et al. (1983). Analytical reproducibility is typically about
+0.07%o for 830 and +0.06%o for §"°C, reported at 15. All values
(Table 1) have been reported relative to PDB, based on calibrations in
each laboratory to NBS-19.

The age model used is a combination of that developed by GRAPE
tuning (Shackleton et al., this volume) and more detailed correlation
of the G. sacculifer oxygen isotopic curve to the oxygen isotopic
stratigraphy reported in Shackleton et al. (1990). In sections where
the G. sacculifer record has gaps caused by decreases in abundances
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of this species, G. rumida was used. Essentially, the age model of
Shackleton (this volume) was altered by optimizing the visual corre-
lation of the oxygen isotopic curve to Site 677 (Shackleton et al.,
1990). Oxygen isotope data from Site 851 was not tuned; rather it was
correlated to the Site 677 record, which was tuned primarily using the
precessional frequencies. The oxygen isotopic record of G. sacculifer
with the age model of Shackleton (this volume) was compared to the
age model developed here based primarily on oxygen isotopic stratig-
raphy. The age model primarily based on GRAPE tuning to insolation
(Shackleton, this volume) is nearly identical to the age model based
on the oxygen isotopic stratigraphy. This is not surprising since the
GRAPE tuned age model was itself augmented with oxygen isotopic
correlation. In any case, the fine-scale changes made here were in-
tended to optimize the accuracy of the dating of fine-scale features of
the isotopic curves of this study without changing the first-order dat-
ing provided by the GRAPE-tuning.

VERTICAL STRATIFICATION OF
PLANKTONIC FORAMINIFERS

Vertical depth habitats of tropical planktonic foraminifers have been
the subject of many plankton tow and sediment trap studies (Fairbanks
etal., 1982; Curry et al., 1983; Ganssen and Sarnthein, 1983; Thunell
et al., 1983; Thunell and Reynolds, 1984; Bé et al., 1985). A long his-
tory of reproducing vertical stratification using foraminifer from sedi-
ments exists (e.g., Emiliani, 1954, 1971; Lidz et al., 1968; Shackleton,
1968; Shackleton and Vincent, 1978; Durazzi, 1981; Vincent and
Berger, 1981; Ganssen and Sarnthein, 1983; Ravelo and Fairbanks,
1992). While it is fairly straightforward to reconstruct the vertical
position of species relative to each other from sediment samples using
8'%0, it is a far larger problem to determine the actual depth of the
thermocline. This is simply because 8'*0 basically provides informa-
tion regarding temperature of calcification, not depth of calcification.
Thus, to reconstruct thermocline depth, foraminifer habitats must be
well understood, and species analyzed for isotopes must be chosen
based on their usefulness as indicators of absolute depth. A few studies
have demonstrated that abundances (Thunell et al., 1983: Raveloetal.,
1990) and isotopes (Ravelo and Fairbanks, 1992) can be used to predict
thermocline depth in the tropics. Our selection of three species to
analyze for this study was based on the results of these previous studies.

The three species analyzed were Globigerinoides sacculifer, Neo-
globoquadrina dutertrei, and Globorotalia tumida. The closest plank-
ton tow (Fairbanks et al., 1982) and sediment trap (Curry et al., 1983)
studies are from the Panama Basin. These studies demonstrate that G.
sacculifer calcifies in the nutrient-depleted mixed layer, thus its iso-
topic signature represents surface water, and that N. dutertrei calcifies
in the thermocline in association with the maximum in chlorophyll
concentrations, thus its isotopic signature represents the temperature
and chemical composition at the depth of the thermocline. The depth
of the thermocline, which is approximately coincident with the depth
of the chlorophyll maximum, varies seasonally and probably varied
in the past as a response to changes in the wind field. Therefore, the
absolute calcification depth of N. dutertrei cannot be inferred from
isotopic measurements of its shell. The calcification habitat of G.
tumida is near the bottom of the photic zone, regardless of the depth
of the thermocline (Ravelo and Fairbanks, 1992). In fact, G. fumida
calcifies in different temperatures, depending on the depth of the
thermocline and mixed layer and thus is a good indicator of hydro-
graphic conditions at the bottom of the photic zone.

To illustrate how the oxygen isotopic gradients between these
species can be used to reconstruct thermocline and mixed layer depth,
we have plotted core top data from two locations in the Atlantic Ocean
(from Ravelo and Fairbanks, 1992) and from two locations in the
tropical Pacific (Fig. 2). Core top locations and isotopic data are given
in Table 2. In the eastern tropical Pacific and Atlantic Oceans, where
the depths of the thermocline and mixed layer are small, the range
between G. tumida and G. sacculifer is large relative to the western
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Figure 1.Temperature profiles (Levitus, 1982) from the location of Site 851 (A) and from the location of backiracked

Site 851 (B) at 2.5 Ma.

Pacific and Atlantic, where the depths of the thermocline and mixed
layer are greater. When the depth of the mixed layer is small, the
thermocline is completely within the photic zone, and G. tumida is
recording the cool temperatures below the thermocline at the base of
the photic zone. When the depth of the mixed layer is large, the
thermocline is either at the bottom or below the photic zone, and G.
tumida is recording the slightly warmer temperatures of the upper
thermocline. Thus, the difference in 8'80 between G. tumida and G.
sacculifer is related inversely to the depth of the mixed layer. N.
dutertrei, on the other hand, calcifies in the thermocline, which is
nearly the same temperature, regardless of the mixed layer depth. This
can be seen in the data presented in Table 2 and Figure 2, and also in
sediment trap data (Curry et al., 1983), which indicate that3'0 of N.
dutertrei remains fairly constant throughout the year, despite fairly
large changes in the depth of the thermocline. The difference in §'*0
between N. dutertrei and G. sacculifer does not change much from
locations with thin mixed layers, to locations with thick mixed layers,
but the difference in 8'*0 between G. tumida and N. dutertrei is
related inversely to the depth of the mixed layer. The measurements
from core tops presented here are few, but they support our under-
standing of the depth of foraminifer depth habitats and form the basis
of our interpretations of isotopic records of these three species.

GENERAL TRENDS
Oxygen Isotopes

All three species have slightly increasing 8'®0 values going from
past to present (Fig. 3). This trend toward heavier values can be seen
in benthic isotopic records from all over the world (e.g., Shackleton
and Hall, 1984: Jansen et al., 1988; Shackleton and Hall, 1989: Raymo
et al., 1990) and probably represents a global increase in the 8'%0 of
seawater owing to an increase in the size of ice sheets during glacial
periods. For all three species, glacial stages 6, 8, and 10 are relatively
light compared to benthic records (e.g., Raymo et al., 1990). Normal-
izing (by subtracting the average) and comparing the G. sacculifer
record with the benthic record from Site 677 (Fig. 4) illustrates that the
amplitude of the 8'*0 variation is similar between these two records,
with the exception of stages 6, 8, and 10. Because Site 851 is located
in a region having relatively large seasonal variations in surface-water
conditions because of its sensitivity to wind field strength, it is most
likely that the Site 677-851 difference at stages 6, 8, and 10 result from
temperature differences, with the Site 851 record being a less reliable
indicator of ice volume. Stages 6, 8, and 10 may have been relatively
warm glacial stages at the location of 851 compared with the previous
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Figure 2. Ground-truth data for interpreting changes in the tropical thermo-
cline. Regions having a deep thermocline will have smaller G. mumida-G.
sacculifer and G, tumida-N. dutertrei differences.

and subsequent glacial periods. In Figures 5 and 6, the G. tumida and
the N. dutertrei records have been compared to that of Site 677 show-
ing that these two subsurface dwelling species are not high-quality
recorders of glacial to interglacial changes in the global "0 of sea-
water (8,). G. fumida is not expected to provide a good record of global
&, because its vertical depth habitat is at the bottom of the photic zone,
where large temperature variations occur in the eastern tropics. Inaddi-
tion, Figure 2 clearly shows that G. fumida grows al temperatures
having a range of about 6°C between the eastern and western tropics;
its oxygen isotopic value is a reflection of the subsurface hydrography.
Although G. tumida is sensitive to local changes in hydrography, its
record does resemble the Site 677 benthic record (which is probably
primarily a 3, signal) in some of the more recent isotopic stages (Fig.
5). N. dutertrei, on the other hand should theoretically be a good
recorder of 8,, because it appears to calcify at nearly the same tempera-
ture regardless of hydrography. N. dutertrei calcifies within a rela-
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Table 1. Isotope data for Site 851.

Hole, core,  Depth Age G. sacculifer G. wumida N. dutertrei Hole, core,  Depth Age G. sacculifer G. tumida N. dutertrei
section  (mbsh)  (Ma) 80 &% 8% sl 8o s'c section_(mbsh)  (Ma) _ §'%0 8% 8%  8"c 8% s%c
851B-1-1 013 00000 091 220 0.53 1.80 072 131 B51C-1-4 706 05894 070 205 0.40 1.87 004 1.96
851B-1-1 0.22 0.0067 .1 2,13 0.74 1.86 035 1.37 B51C-1-4 7.16 0.5925 -0.75 2.00 L15 1.51 0.11 1.80
851B-1-1 031 00098 054 198 1.13 1.79 082 106 851C-1-4 726 05955 063 197 1.05 1.58 0,11 1.85
£51B8-1-1 041 00129 030 192 1.50 1.82 124 141 851C-1-4 736 035986 062 191 0.83 1.74 009 166
851B-1-1 051 00160 005 195 1.03 1.95 126 132 851C-1-4 746 06017 075 186 0.69 1.99 021 176
851B-1-1 060 00192 =009 200 1.23 1.98 103 1.57 851C-1-4 7.56 06048 089 194 115 1.76 047 2.3
851B-1-1 081 00276 051 198 1.24 1.92 084 164 B51C-1-4 7.66 06078 113 224 1.04 1.66 054 2,00
851B-1-1 0.88 00304 042 200 1.31 1.98 083 168 851C-14 776 06109 0.63 1.80 002 165
851B-1-1 099 00348 047 198 093 1.96 069 142 B51C-1-4 7.86 06140  -191 143 0.74 1.49 018 155
851B-1-1 109 00388  -036 201 0.69 2,00 059 168 BS1C-1-4 796 06150 -1.09 195 0.69 1.74 010 1.81
851B-1-1 117 00425 D51 191 0.57 1.90 017 161 851E-1-7 9.56  0.5656 -0.62 199 0.60 1.81 034 2,10
851B-1-1 1.28 00469 073 1.86 0.94 1.74 0.52 1.33 851E-2-1 9.56 0.6695 =0.71 1.70 0.99 1.49 0.05 113
851B-1-1 147 00541 073 184 0.65 1.66 076 144 851C-1-4 806 06160 119 212 0.74 1.65 017 1.59
851B-1-2 162 00605 042 193 0.76 1.88 096 14l 851C-14 816 06170 147 200 0.83 1.74 003 175
851B-1-2 173 00677 062 220 091 2.01 053 171 851C-1-4 826 06183 102 204 0.45 1.77 024 164
851B-1-2 187 00779 09 2.3 0.46 213 003 201 BSIC-1-4 836 06197 090 184 0.60 1.57 -0.24 1.45
851B-1-2 203 00894 095 215 0.75 1.99 025 199 R51C-1-4 846 06210 090 182 0.86 144 029 117
851B-1-2 212 00959 -L14 215 0.55 1.95 024 1.83 B51C-1-5 856 06223 040 139 1.27 131 0.50 104
851B-1-2 227 01068 094 222 0.72 1.60 008 184 851C-1-5 866 06237 016 146 1.49 1.41 073 150
851B-1-2 237 00140 093 185 0.39 1.62 044 129 851C-1-5 876 06250 023 1.58 1.14 1.43 095 120
851B-1-2 247 04220 -121 184 0.76 1.49 026 099 851C-1-5 886 06309 008 1.57 1.24 1.46 0.61 1.32
851B-1-2 261 01320 047 165 0.90 1.67 050 155 851C-1-5 896 06368 016 1.60 113 1.61 044 137
851B-1-2 273 01382 052 167 0.98 1.72 0.55 1.60 851C-1-5 906 06427 =012 161 1.06 1.57 013 156
#51B-1-2 284 01430 038 161 0.96 173 019 157 BS1C-1-5 916 06486 034 156 112 1.46 003 134
851B-1-2 296 01480 -0.55 166 0.85 1.60 048 14l 851C-1-5 926 06545 027 162 1.01 133 024 133
851E-1-3 307 01550 073 176 1.03 1.73 086 1355 851C-1-5 936 06605 018 149 0.95 1.28 070 128
BS1E-1-3 316 01649 077 174 0.62 1.66 -0.38 1.31 851C-1-3 946 06664 055 146 0.56 1.36 024 125
851E-1-3 327 01748 -082 178 0.82 1.34 045 177 B51C-1-5 956 06723 049 173 0.77 1.59 020 152
851E-1-3 337 01847 08T 173 1.23 1.49 -0.21 170 8S1E-2-1 066 06752 069 191 0.62 1.54 028 157
851E-1-3 346 00946 097 192 1.20 1,60 017 148 B51E-1-7 966 05712 1.12 1.84 066 194
851E-1-3 357 02045 150 226 0.77 1.65 048 179 851C-1-5 966 06782 032 200 0.42 1.70 014 157
8S1E-1-3 366 02112 -119 218 -0.06 190 -0.51 1.77 BS1E-2-1 977 06809 095 178 0.40 1.64 038 173
851E-1-3 377 02179 -073 208 0.29 1.87 033 170 8S1E-1-7 977 05768 041 1.88 057 164
8S1E-1-3 387 02246 067 189 0.69 1.65 092 184 851C-1-5 976 06841 096 174 048 1.67 024 141
851E-1-3 396 02307 084 191 0.46 1.66 036 154 851C-1-5 986 06900 -1.17 191 0.77 1.70 009 140
851E-1-3 407 02368 112 1M 1.29 115 034 141 851E-2-1 986 06867 084 209 052 1.66 046 176
851E-1-3 4.16 02447 058 1,84 0.80 1.55 -0.03 130 B51C-1-5 996 06940 103 201 0.52 1.59 =009 137
851E-1-3 426 02494 053 171 0.55 1.48 -0.50 158 851E-2-1 997 06024 080 183 0.85 1.56 004 157
851E-1-3 436 02540 050 .63 0.98 1.54 012 149 851E-2-1 1006 06981 095 172 109 1.43 006 179
851E-1-3 447 02587 063 166 1.14 1.4 R51E-2-1 1016 07038 096  1.82 1.26 1.57 002 1.62
B51E-1-4 457 02633 056 160 1.24 139 034 129 851E-2-1 1027 07096 061 175 138 1.61 002 1.8
851E-1-4 466 02680 046 171 0.76 1.51 005 133 851E-2-1 1036 07153 072 181 0.78 118 034 199
851E-1-4 476 02764 076 196 1.48 1.60 013 149 851E-2-1 1047 07210 =091  1.83 095 1.56
851E-1-4 486 02849 078 231 1.06 1.68 063 150 851E-2-1 1056 07267 077 208 0.79 1.57 054 176
851E-1-4 497 02933 L4 201 0.72 1.68 028 158 851E-2-1 1066 07325 062 174 0.67 1.45 023 1.69
851E-1-4 507 03017 -1.02 204 0.93 1.83 029 170 851E-2-1 1077 07382 -049 151 0.74 1.30 .41 1.57
851E-1-4 s06 031001 121 202 0.35 1.87 049 207 R51E-2-1 1086 07439 068 179 0.85 1.64 017 177
851E-1-4 526 03186 —125 2.4 0.81 1.76 -0.51 1.62 851E-22 1106 0755 067 175 0.88 1.72 -0.19  1.63
851E-1-4 536 03270 128 199 0.83 1.74 032 143 851E-22 1116 07611 068 192 0.51 1.72 033 1.68
851E-1-4 547 03317 109 184 0.46 1.61 049 147 851E-22 1127 07668  -079  L.78 0.33 1.78 018 168
851E-1-4 557 03363 049 149 027 1.59 006 115 851E-22 1136 07725  -1.04 176 0.74 148 -0.61 1.47
851E-1-4 566 03410 024 168 0.49 135 -0.01 1.05 851E-2-2 1147 07783  -059 144 0.94 1.50 093 179
BS1E-1-4 576 03478 -0.41 1.86 132 137 062 091 B51E-2-2 1156 07840 116 171 0.68 1.45
B51E-1-4 586 03546 055 .88 1.42 1.52 087 086 851E-2-2 1166 07873 097 186 0.49 141
851E-1-4 597 03614 056 .69 1.4 1.54 046 116 851E-22 1177 07907 053 149 0.58 118
851E-1-5 607 03682 072 218 127 1.65 041 1.29 851E-2-2 1186 07940 037 144 1.14 1.33 023 126
851E-1-5 616 03750 -0.87 213 1.58 1.51 058 133 851E-2-2 1197 08007 038 163 1.08 1.32 015 152
851E-1-5 626 03818 0.95 1.88 003 198 851E-22 1206 08074 066 175 1.04 1.63 -037  1.80
851E-1-5 636 03886  -1.08 218 1.01 1.76 0.11 1.82 851E-2-2 1206 08141 078 182 0.87 L7 032 152
851E-1-5 647 03954 099 223 0.85 1.95 001 170 851E-22 1227 08209 099 186 0.86 1.74 028 158
8S1E-1-5 657 04022 0.30 177 032 158 R51E-2-2 1236 08276 095 198 0.91 1.60 052 166
B51E-1-5 666 04090 132 194 0.63 1.72 022 139 RSIE-2-2 1247 08343 -1.03 164 1.05 1.53 013 144
851E-1-5 676 04117 102 187 0.46 1.33 034 185 851E-2-3 1256 08410  -1.61 214 1.00 1.39 009 140
851E-1-5 686 04145 079 175 074 1.60 013 187 851E-23 1266 08477 -129 222 0.72 141 021 127
851E-1-5 697 04173 008 1,83 075 1.57 014 132 851E-2-3 1277 08518 162 171 .80 1.25 008 134
851E-1-5 707 04200 023 1.85 1.57 1.47 049 1.8 8SIE-2-3 1286 08558  -L.19 149 0.16 1.40 -0.11 1.34
851E-1-5 716 04255 012 186 1.59 1.60 07 137 851E-2-3 1297 08599 104 157 0.89 1.47 035 112
851E-1-5 726 04309 004 195 177 1.59 122 146 BS1E-2-3 1306 08639  -1.27 1350 1.03 117 035 112
B51E-1-5 736 04364 025  1.82 1.77 1.70 085  1.61 8SIE-2-3 1316 08720 -0.16 144 1.29 118 101 091
851E-1-5 747 04418 037 203 111 1.63 075 157 RS1E-2-3 1327 08771 021 151 1.16 1.39 002 117
851E-1-6 7.57 04473 032 189 1.67 1.72 009 175 851E-2-3 1336 08821 026 154 143 1.21 034 117
851E-1-6 766 04527 062 200 0.89 1.86 044 166 851E-2-3 1347 08872 019 134 1.35 1.30 038 127
851E-1-6 776 04582 071 200 1.33 1.94 014 170 851E-2-3 1356 08923  -046 119 1.43 1.43 058 117
851E-1-6 786 04636  -031 198 0.83 1.80 004 184 851E-2-3 1366 08973 052 163 1.27 1.52 002 113
851E-1-6 797 04691 093 204 1.06 1.80 020 177 851E-23 1377 09024 057 170 1.18 1.26 005 124
851E-1-6 BO6 04745 130 229 1.08 1.82 017 197 851E-2-3 1386 09075 037 161 0.99 1.46 030 132
BS1E-1-6 816 04800 140 201 0.76 1.80 065 204 851E-2-3 1397 09125 054 148 1.01 1.14 ~0.11 1.29
851E-1-6 8.27 0.4892 -0.99 1.57 032 2.12 -0.30 243 851E-24 14.06 0.9176 -0.50 1.25 1.14 0.89 0.05 1.23
851E-1-6 836 04984 132 257 0.67 2.1 036 153 851E-24 1416 09227 055 153 1.21 1.26 030 124
851E-1-6 847 05033 =103 226 047 2.08 0.11 1.76 BSIE-24 1427 09277 038 146 1.04 1.33 017 113
851E-1-6 856 05081 L1l 237 073 2,00 020 181 851E-24 1436 09328  -056 144 0.82 1.53 016 147
BS1E-1-6 866 05130 -0.69 204 0.66 2,00 016 168 8S1E-24 1447 09379 053 150 0.75 1.30 012 L
851E-1-6 877 05193 082 203 0.76 1.73 016 193 BSIE-24 1456 09429  -081 152 0.74 1.13 013 128
851E-1-6 886 05257 083 217 0.56 175 005  1.63 RSIE-2-4 1466 09480 162 150 0.98 1.49 010 117
851C-1-3 556 05320 048 193 0.96 1.62 017 1.62 8S1E-2-4 1477 09513 0.56 1.42 012 1.23
851C-1-3 566 05383 052 182 0.86 172 003 189 851E-24 1486 09545 0.77 1.38 042 138
851E-1-6 897 05320 053 208 0.85 1.68 029 185 851E-24 1497 09578 -1.24 208 1.15 1.37 006 112
851C-1-3 576 05447 058 187 1.20 1.73 012 162 851E-24 1506 09610 080  1.69 0.25 131 019 129
851E-1-7 906 05376 061 203 0.93 1.61 014 167 851E-24 1516 09690 089 223 0.80 1.84 002 146
851C-1-3 586 05510 049 201 117 1.86 006 177 851E-24 1527 09770 0.62 1.58 033 192
851E-1-7 9.16 05432 053 189 0.99 1.74 026 160 851E-24 1536 09850  -1.15 227 043 1.79 0.01 1.73
851E-1-7 927 05488 053 L77 1.00 1.83 0.46 1.57 851E-24 1547 09930  -1.09 220 1.04 177 =027 197
851E-1-7 936 05544 071 206 0.88 172 014 147 851E-2-5 1556 10010  -123 179 0.85 1.68 062 192
851C-1-3 596 05543 075 190 1,00 1.79 -035 195 851E-2-5 1566 10090  -0.69  2.03 0.71 1.76 024 174
851E-1-7 947 05600 076 215 0.77 1.81 022 164 851E-25 1577 L0210 -136 218 0.55 1.63 000 183
851C-1-3 606 05576 101 203 0.77 1.89 -007 200 851E-2-5 1586  1.0260  -l.14 200 0.70 1.61 033 114
851C-1-3 616 05609 -L16 216 0.44 2,05 029 231 851E-2-5 1597 10300 -0.89  2.09 0.57 1.69 049 188
851C-1-3 626 0564 031 2.12 034 190 851E-2-5 1607  1.0340 079 195 0.55 1.62 029 144
851C-1-3 636 0.5674 035 1.95 006 183 8S1E-2-5 1617 10380 065 175 0.64 1.48 0ol 131
851C-1-3 646 05707 -126 244 078 1.87 -0.01 1.90 851E-2-5 1.04 30 089 176 0.36 1.64 014 141
851C-1-3 656 05740 -135 225 0.67 175 007  1.86 851E-2-5 1636 L0470 092 181 0.28 1.28 003 146
851C-1-3 666 05771 -L10 239 0.71 1.79 016 197 851E-2-5 1647 10510  -L14 181 0.52 1.57 048 199
851C-1-3 676 05802 091 215 0,68 1.90 017 201 851E-2-5 1657 L0550 076 181 1.20 1.44 033 142
851C-1-3 686 05832 088 211 0.50 1.67 020 186 851E-25 1667  1.0590  -1.02 231 0.82 1.78 026 145
851C-1-3 696 05863 087 207 0.68 L1 016 148 851E-2-5 1676 10640 123 199 0.88 1.65 -0.70 169
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Table 1 (continued).

G. sacculifer N. dutertrei

section  (mbsf)  (Ma)  §%0 sV %0 s 5% 8%

Hole, core,  Depth Age G. sacculifer

section  (mbsf)  (Ma) % 8% 5o sc %0 8%

851E-2-5 16.86 1.0680 -1.59 2.15 037 1.62 -1.23 142
851E-2-5 16.97 1.0740 -1.29 205 049 1.41 -0.21 1.41

851E-2-6 17.07 1.0790 ~1.04 1.90 0.64 1.42 ~0.15 1.26
851E-2-6 17.17 1.0850 -0.87 1.85 0.58 1.50 0.30 144
851E-2-6 17.26 1.0910 ~1.04 1.86 0.83 1.51 0.03 1.31

851E-2-6 17.36 1.0960 -0.85 177 1.06 1.63 -0.46 171

851E-2-6 17.47 1.1020 ~0.84 209 0.60 1.55 -0.07 1.63

851E-2-6 17.57 1.1080 -1.22 1.96 0.19 1.64 .86 1.56

851E-2-6 17.67 1.1130 -1.23 1.87 0.31 1.55 -0.17 1.46

851E-2-6 17.75 1.1170 -0.88 172 0.29 1.42 041 1.50

851E-2-6 17.86 1.1220 -0.87 1.71 0.87 1.15 -0.13 1.50
851E-2-6 17.97 1.1260 ~0.67 1.63 0.96 140 ~0.44 1.32

851E-2-6 18,07 11310 ~0.74 1.61 0.99 1.52 -0.14 1.36

B51E-2-6 18.17 1.1350 -0.87 1.69 0.88 149 -0.25 1.69

851E-2-6 18.26 1.1400 -1.00 179 091 1.58 -0.32 L46
851C-2-5 18.01 1.1450 -1.18 2.00 0.94 1.70 -0.25 1.85

851E-2-6 18.36 1.1450 -0.97 229 051 1.50 -0.48 1.18

851C-2-5 18.11 1.1510 -1.20 241 0.94 1,75 -0.49 1.58

851C-2-5 18.21 1.1580 -1.60 236 0.80 1.73 0,70 1.94

851C-2-5 1831 1.1640 -1.20 212 069 1.47 -0.54 1.88
851E-2-7 18.57 1.1540 -1.11 234 0.85 1.55 -0.63 1.79
851C-2-5 18.41 11710 -0.68 1.93 0.74 1.42 -0.55 1.74
851E-2-7 18.67 1.1580 -1.55 251 0.69 1.75 -0.14 2.07

851C-2-5 18.51 1.1780 -1.02 2 0.88 132 -035 151

851C-2-5 18.61 1.1840 -0.95 2,00 0.60 1.46 -0.21 1.44
851E-2-7 18.76 1.1630 -1.41 249 0.70 1.69 -0.81 1.95
851C-2-5 18.71 1.1900 ~0.66 1.88 1.09 113 -0.52 1.44
851E-2-7 18.86 1.1680 1.01 1.44 -0.50 1.46
851C-2-5 18.81 1.1970 ~0.48 1.84 0.71 1.35 0.03 1.55

8S1E-2-7 18.97 1.1720 0.57 1.48 0.08 1.46

B51C-2-5 18.91 1.2040 ~0.61 1.69 1.27 1.39 ~0.06 0.97

851C-2-5 19.01 1.2100 -0.38 1.62 043 1.66 -0.07 1.31

851E-3-1 19.06 1.2200 -1.06 1.97 0.81 1.57 -042 1.58

851E-2-7 19.07 1.1770 0.16 1.18 -0.66 1.56
851C-2-5 19.11 1.2170 -0.70 1.72 112 1.45 -0.16 1.71

851E-3-1 19.16 1.2260 0.72 1.47 -0.54 1.79

851C-2-5 19.21 1.2240 -0.99 1.89 0.80 1.45 023 145

851E-3-1 19.26 12330 -133 1.79 0.46 1.45 -0.64 1.61

851C-2-5 1931 1.2320 -1.20 204 0.86 1.40 -0.45 1.75

851E-3-1 19.36 1.2390 -1.23 1.75 0.10 1.34 ~0.36 136
851C-2-5 19.41 12390 -1.30 2,00 0.95 1.61 -0.57 1.71

851E-3-1 19.46 1.2430 -1.06 1.67 0.60 1.02 ~0.47 143

851E-3-1 19.56 1.2470 -0.80 1.58 0.84 0.94 -0.31 0.93
851E-3-1 19.66 1.2510 -0.38 1.45 146 1.35 ~0.13 1.35
851E-3-1 19.76 1.2550 -0.68 1.63 1.12 1.25 -0.58 1.81

851E-3-1 19.86 1.2590 0.96 1.56 -D.42 1.92
851E-3-1 19.96 1.2630 -1.10 193 0.83 173 -0.49 1.87

851E-3-1 20.06 1.2670 -1.12 217 0.77 1.68 -0.37 1.97
851E-3-1 20,16 1.2710 -1.14 215 0.97 1.53 -1.16 221

851E-3-1 2026 1.2750 -1.06 1.90 0.50 1.43 -0.48 1.69
851E-3-1 20.36 1.2790 ~0.79 1.48 0.24 1.47 -0.53 1.21

851E-3-1 20.46 1.2840 -0.56 1.63 0.89 141 -0.25 1.41

B51E-3-2 20.56 1.2890 ~0.85 1.64 1.10 1.39 -0.22 1.79
851E-3-2 20.66 1.2940 -0.64 1.81 0.95 1.68 -0.23 1.78

B51E-3-2 20.76 1.2990 -0.98 1.93 0.82 1.76 -0.49 177

851E-3-2 20.86 1.3040 -1.02 205 0.75 1.64 -0.70 207

851E-3-2 20.96 1.3080 ~1.04 238 0.76 1.74 -0.55 1.67

851E-3-2 21.06 1.3140 -1.23 2.08 0.53 1.49 -043 1.73

851E-3-2 21.16 13190 =110 1.99 0.60 1.38 -0.08 139
B51E-3-2 21.26 1.3240 ~0.95 1.80 0.79 1.31 -0.32 1.36-
851E-3-2 2136 1.3280 -1.09 1.65 1.04 1.36 -0.34 1.59
851E-3-2 21.46 1.3330 ~0.80 177 0.55 1.46 -0.50 1.93-
851E-3-2 21.56 1.3380 -1.02 1.76 1.18 1.65 -0.43 1.74

851E-3-2 21.66 1.3420 0.71 1.52 ~0.47 1.72
8S1E-3-2 21.76 1.3470 052 1.62 -0.41 1.62
851E-3-2 21.86 1.3520 0.34 1.62 ~0.46 1.96
851E-3-2 21.96 1.3580 0.50 147 -0.52 1.83
851E-3-3 22.06 1.3630 0.54 1.09 -0.23 1.48
851E-3-3 22.16 1.3690 -1.05 201 0.84 1.42 -0.63 1.87
851E-3-3 22.26 1.3750 1.25 1.57 ~0.28 2.0

851E-3-3 2236 1.3810 0.84 1.72 -0.34 1.84
851E-3-3 22.46 1.3870 0.07 1.69 -0.70 2.16
851E-3-3 2256 1.3920 -1.05 209 -0.06 1.69 -1.27 274

851E-3-3 22.66 1.3980 -0.51 131

851E-3-3 2276 1.4030 0.15 1.56

851E-3-3 22.86 1.4080 1.08 1.32 ~0.45 1.64
851E-3-3 2296 1.4130 -0.28 1.75 -1.07 1.89
851E-3-3 23.06 1.4180 0.42 1.62 -0.46 1.62

851E-3-3 23.16 1.4220 0.61 1.59 -0.79 2.36
851E-3-3 23.26 1.4270 ~1.57 241 043 133 -1.08 1.71

851E-3-3 2336 1.4310 0.40 1.30 -0.90 1.64
851E-3-3 23.46 1.4360 -1.61 1.97 072 119 -0.90 1.20
851E-3-4 23.56 14400 0.81 1.15 -0.78 0.92
851E-3-4 23.66 1.4450 0.25 1.35

851E-3-4 23.76 1.4490 039 1.69

BSIE-3-4 23.86 1.4540 0.71 1.79

851E-3-4 23.96 1. 4580 041 2,05

B51E-3-4 24.06 1.4630 0.53 1.62 -0.72 1.86
BS1E-34 24.16 1.4670 0.66 131 -0.58 1.31

tively small temperature range of between the eastern and western
tropics (Fig. 2) and between seasons (Curry et al., 1983). However,
the Site 851 N. dutertrei record varies considerably from the Site 677
benthic record, indicating that the N. dutertrei record is, to a large
extent, a reflection of local temperature and possibly 8, conditions.
This observation was not predicted from our model of vertical habi-
tat based on the modern 8'%0 of N. dutertrei (Fig. 2). Although N.

851E-34 2426 1.4720 0.46 1.37

BS1E-3-4 2436 1.4760 —0.08 1.72 -0.35 1.88
851E-34 24.46 L4810 ~0.40 217 -0.19 2.15
B51E-3-4 24.56 1.4880 =117 243 0.04 1.74 ~0.45 2.12
B51E-3-4 24.66 14960 0.30 1.65 -0.33 1.54
B51E-3-4 24.76 1.5030 081 1.32 ~0.18 1.49
BSIE-3-4 24.86 1.5080 -1.13 2,10 0.09 1.49 -0.33 1.07
B51E-3-4 24.96 1.5130 -0.85 1.98 0.46 1.59 -0.73 1.69
B51E-3-5 25.06 1.5180 030 1.73 -0.33 177
BS1E-3-5 25.16 1.5220 ~0.98 1.98 -0.39 1.99 -0.63 1.61
851E-3-5 25,26 1.5270 0.27 1.86 -0.39 1.71
851E-3-5 25.36 1.5320 039 1.67 —-0.58 202
B51E-3-5 2546 1.5370 0.58 1.97 -0.54 176
BS1E-3-3 25,56 1.5410 -1.22 2,54 0.17 1.62 -0.71 1.60
851E-3-3 25.66 1.5450 0.09 1.68 ~0.60 1.63
8S1E-3-5 25.76 1.5490 -1.03 202 0.35 1.74 -0.30 1.68
851E-3-5 25.86 1.5530 -1.17 233 0.72 1.45 -0.82 1.35
851E-3-5 25.96 1.5570 -1.24 245 0.33 1.31 —0.42 1.59
851E-3-5 26.06 1.5610 0.51 1,60 -0.26 1.47
851E-3-5 26.16 1.5660 0.40 1.87 —0.69 1.93
851E-3-5 26.26 1.5710 —0.38 1.99 -0.33 1.96—
851E-3-5 26.36 1.5750 0.73 1.49

851E-3-5 26.46 1.5800 1.01 1.65 -0.45 1.95
8S1E-3-6 26,56 1.5880 -0.19 1.92 -0.67 132
B51E-3-6 26.66 1.5950 -0.30 1.47

851E-3-6 26,76 1.6030 083 1.49 -0.22 1.67
851E-3-6 26.86 1.6100 0.07 1.62 0.02 1.30
851E-3-6 2696 1.6170 034 1.42 -0.29 1.46
851E-3-6 27.06 1.6250 ~0.80 1.76 0.72 1.39 0.56 0.98
B51E-3-6 27.16 1.6320 0.04 1.30 0.48 0.91
851E-3-6 27.26 1.6400 -0.69 1.33

851E-3-6 27.36 1.6470 022 1.56 0.00 1.42
851E-3-6 27.46 1.6530 0.58 1.41 0.11 1.03
851E-3-6 27.56 1.6600 ~1.18 2,05 0.01 1.37 0.26 0.98
851E-3-6 27.66 1.6670 -1.29 2.09 0.14 1.35 0.14 1.24
851E-3-6 27.76 1.6730 -1.09 1.88 -0.26 1.51 0.17 1.15
851E-3-6 27.86 1.6800 -1.07 1.63 -0.18 1.50 0.08 097
851E-3-6 27.96 1.6870 —0.92 1.78 -0.13 1.41 027 1.06
851E-3-7 28.06 1.6930 =111 1.83 -0.87 0.54 -0.05 071
851E-3-7 28.16 1.7000 —0.94 179 0.51 1.40 0.04 1.06
8S1E-3-7 28.26 1.7060 0.35 1.24 0.09 1.07
851E-3-7 28.36 1.7120 0.79 1.66 0.16 1.13
851E-3-7 28.46 1.71170 0.10 118 0.04 1.36
B51E-4-1 28.56 1.8900

851E-3-7 28.56 1.7230 0.66 1.11 0.00 0.96
851E-3-7 28.66 1.7290 -0.20 0.97 0.07 0.91
851E-4-1 28.66 1.8950

851E-3-7 28.76 1.7350 0.02 1.71 0.34 133
851E-4-1 28.76 1.9000 -1.36 1.68

851C-3-4 26.91 1.7260 0.49 1.29 0.35 0.94
851C-34 27.01 1.7350 ~1.08 2.06 049 L9 0.43 0.78
851C-34 27.11 1.7440 -1.21 1.94 0.60 1.47 0.60 1.05
851C-3-4 27.21 1.7540 -1.23 215 0.32 1.36 0.70 0.93
851C-3-4 27.31 1.7630 -1 2.06 0.89 1.22 0.45 1.01
851C-3-4 27.41 1.7720 -0.97 1.94 0.03 1.51 010 1.21
851C-3-5 27.51 1.7790 -1.04 1.80 0.44 148 0.08 1.08
851C-3-5 2761 1.7860 0.58 1.60 -0.27 1.60
851C-3-5 2771 1.7930 044 1.77 -0.20 1,31
851C-3-5 27.81 1.8010 0.54 1.66 0,04 1.30
851C-3-5 27.91 1,8080 0.20 1.67 0.08 1.31
851C-3-5 28.01 1.8150 0.70 1.08

851C-3-5 28.11 1.8220 0.44 1.30 1.08 0.99
851C-3-5 28.21 1.8290 047 1.56 030 0.91
851C-3-5 28.31 1.8360 0.33 1.78 0.51 1.04
B51C-3-5 28.41 1.8430 0.29 179 -0.16 1.52
851C-3-5 28.51 1.8500 0.62 1.77

851C-3-5 28.61 1.8580 0.18 1.56

851C-3-5 2871 1.8650 0.25 1.75 -0.20 133
851C-3-5 28.81 1.8720 0.33 1.73

851C-3-5 28.91 1.8790 0.41 1,62 -0.63 126

851E-4-1 28.86 1.9050 -0.40 1.46
851E-4-1 28.96 1.9100 0,90 1.91
B51E-4-1 29.06 1.9150 -0.98 1.73
851E-4-1 29.16 1.9200 -1.08 197
851E-4-1 29.26 1.9250 -0.69 1.81
851E-4-1 2936 1.9300 -1.60 205
851E-4-1 29.46 1,9350

B51E-4-1 29.56 1.9400

851E-4-1 29.66 1.9450

851E-4-1 29.76 1.9490 -0.97 239
B51E-4-1 29.86 1.9540

851E-4-1 2996 1.9590 -1.36 2.28
851E-4-2 30.06 1.9640 -1.69 210
851E-4-2 30.16 1.9690 -0.98 2.32
851E-4-2 .26 1.9740 -1.33 257
851E-4-2 30.36 1,9790 -1.59 2.25
851E-4-2 30.46 1.9840 -1.20 226
851E-4-2 30.56 1.9890 -1.04 245
B51E-4-2 30.66 1.9940 -0.88 213

dutertrei probably is a reliable indicator of thermocline-depth condi-
tions, the fact that it calcifies within the steep subsurface seasonal
thermal gradient means that only slight changes in the depth of calci-
fication from one Enriod to the next will have a significantly large
influence on the 8'%0 of its shell.

Using Site 677, a record that is probably influenced less by tem-
perature than most planktonic records, as the baseline for comparison
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Table 2. Comparison of core-top 3'%0 values from tropical sites.

Water
depth
Site Latitude Longitude (m) G. sacculifer N. dutertrei G. tumida

Eastern tropical sites:
ODP 851 3°N 11°w 3 091 053 0.72
V29-144 0° 6°E 2685 ~1.40 -0.20 0.80
V21-30 0 90°W 617 -1.34 ~0.48 0.60
Western tropical sites:
V22-38 10°8 34°W 3797 ~1.30 0.10 -0.05
V28-203 I°N 180°E 3243 -1.70 -0.60 -0.90
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Figure 3 3, 8'%0 records of G. sacculifer (upper curve), N. dutertrei (solid

circles), and G. tumida (lower curve).
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Figure 4. Normalized 8'%0 records of Site 677 benthic foraminifers of Site 851
G. sacculifer.

with the Site 851 records, the G. sacculifer record (Fig. 4) has ap-
proximately the same amplitude and general trend, the G. rumida
record (Fig. 5) has approximately the same amplitude and lighter
values between 1.4 and 1.7 Ma, and the N. dutertrei record (Fig. 6)
has approximately the same amplitude with lighter values between
1.2 and 1.6 Ma and heavier values between 1.6 and 1.9 Ma. The times
when the N. dutertrei and G. tumida values deviate from the Site 677
values result from changes in subsurface hydrography: a shoaling or
deepening of the thermocline. Essentially, the largest change in sub-
surface hydrography (depth of the thermocline) occurs when N.
dutertrei and G. tumida change from having similar values (deeper
thermocline) at 1.6 to 1.8 Ma, to having values approximately 1.0%c
apart during 1.5 Ma up to recent time (shallower thermocline).
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Figure 5. Normalized 8'0 records of Site 677 benthic foraminifers of Site 851
G. tumida.

The degree to which the 8'%0 records at Sites 851 and 677 co-vary
can be determined by cross-spectral analysis (Figs. 7A and 7B).
Between 0.0 and (.78 Ma, a significant portion of the variance for
both records occurs at 100, 41, 23, and 19 k.y. The two records are
coherent and in phase at 100, 41, and 23 k.y. The same is true for 0.78
to 1.36 Ma; however, in Site 677 a larger portion of the total variance
occurs at 41 k.y. relative to the Site 851 record. In addition, while the
Site 677 record has more variance at 41 relative to 100 k.y., as
expected for records of variations in ice volume from this time period
(Ruddiman and Raymo, 1988), that at Site 851 does not. Variance at
the precessional frequencies is always relatively low as expected from
a 8'%0 record that primarily reflects global ice volume,

Carbon Isotopes

Carbon isotopic values of G. sacculifer are generally higher than
the carbon isotopic values of N. dutertrei and G. tumida. The G.
sacculifer and G. tumida 8"°C curves are roughly parallel to each
other (Fig. 8) and to the benthic 8'C record from Site 677 (Figs. 9 and
10), for the period from 1.9 Ma to the present, suggesting that they
represent global or Pacific-wide fluctuations in8'*C of seawater. The
N. durertrei data appear to be more variable (Fig. 11) than the G.
sacculifer and G. tumida data, although several of the general fea-
tures, such as the low at 0.9 Ma (Fig. 8), have been reproduced by N.
dutertrei. G. tumida and N. dutertrei calcify within the subsurface
temperature and nutrient gradients, where small changes in the depth
of calcification can influence their 8'*C signature. In particular, N.
dutertrei calcifies in the steepest part of the thermocline, which is
coincident with steep nutrient and 8'*C of seawater gradients. Thus,



® 851 (N. duterire)

(%) Oy

® 851 (N. dutertrei) 110

4 18
Age (Ma)

Figure 6. Normalized §'0 records of Site 677 benthic foraminifers of Site 851
N. dutertrei.

A Moky 4lky By 19ky. 100 k. Alky. Dy 9k
e Crl M i o St
1T I T | N S
o i ™ #51 G. saceulifer | 4 5 i
3 &77 benthic
2
€ 1 "
£ |
T 1m
%
I D-n73Ma
010 - % + u t -+
om QM 0 MO 0M 006 006 007
Frequency Frequency
1 ¢ 4 N ' 100 4 et ' ; 4
Zromo L 4 080 /_./-\‘/\ ) b ) =
E il /J\ AN 7 E‘u.wl: =
T o4 - \ || < o4 .
g 2 | S 00
R ——F—— + Yoml & +
I 001 ME 0 0M 006 D0R DO 0m a0 0GR D oM 005 006 00
Frequency Frequency
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Figure 8. 8'°C records of G. sacculifer (upper curve), N. dutertrei (solid
circles), and G. tumida (lower curve).

it is not surprising that their records, particularly that of N. dutertrei
would be different in detail from the Site 677 §'*C signal or from the
“nutrient-depleted” signal of G. sacculifer.

The absolute values of the three species are within about 0.5%¢ of
each other, with G. 1umida and N. dutertrei having nearly the same
values even though N. dutertrei clearly grows at slightly warmer
temperatures, and presumably in waters with higher 8'°C values, than

SURFACE-WATER CIRCULATION CHANGES
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Figure 9. Normalized §'*C records of Site 677 benthic foraminifers of Site 851
G. sacculifer.
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Figure 10. Normalized 8'*C records of Site 677 benthic foraminifers of Site
851 G. tumida.

G. tumida. This can be explained by the vital effects of each species
at this size range; G. tumida generally calcifies with 8'°C 1.0%0
heavier than seawater values, and N. dutertrei generally calcifies with
8'3C 0.5%¢ heavier than seawater values (Ravelo, 1991). As with the
880 records, there may be a notable shift at about 1.5 Ma. The §'*C
data, however, appears to be too noisy to assess whether the 1.5 Ma
shift represents a change in the depth of the thermocline. The ex-
pected magnitude of 8'°C variations caused by the movement of the
thermocline and nutricline is relatively small, compared with the
mean global variations in 8"*C. Therefore, §'®0 is a more reliable
indicator of changes in thermocline depth.

In the oldest part of the record (only G. sacculifer) normalized
8'3C values of Sites 851 and 677 deviate from each other, with the
planktonic values being high relative to the benthic values (Fig. 9).
This is more clearly shown in a scatter plot (Fig. 12), where the carbon
isotope data from G. sacculifer and from benthic foraminifers from
Site 677 has been plotted to compare the benthic-planktonic differ-
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Figure 11. Normalized 8'°C records of Site 677 benthic foraminifers of Site
851 N. dutertrei.
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Figure 12. Comparison of Site 677 benthic foraminifer (clusters of lower 8*C
values) and Site 851 . sacculifer (clusters of higher 8'C values) data for two
time slices: 0 to 0.5 Ma (solid symbols) and 1.9 to 2.4 Ma (crosses). Note that
planktonic-benthic differences are larger, primarily because of the lighter §'*C
values of Site 677 benthic foraminifers, for the older time slice.

ence for two time slices. The carbon isotope data has been plotted vs.
oxygen isotopes of Site 677 to see how the benthic-planktonic differ-
ence varies as ice volume changes within each of the two time slices.
For the time period between 0 and 0.5 Ma, the benthic-planktonic
difference in AG"*C is about 2.0% across a range of oxygen isotope
values (ice volumes). For the period between 1.9 and 2.4 Ma, the
benthic-planktonic A8"*C difference is larger. The shift in AS'*C
between these two time slices is caused primarily by changes in the
benthic record from lower values in the late Pliocene to higher values
after about 1.9 Ma.

GLACIAL/INTERGLACIAL VARIATIONS
Oxygen Isotopes

A closer look (Fig. 13) at the most recent glacial stages indicates
that glacials are possibly periods that had a deeper thermocline (G.
tumida-G. sacculifer difference is less than the mean). According to
our model (described earlier), when the G. rumida—G. sacculifer
difference was small during the glacials, the thermocline was deep,
such that the two species calcified at nearly the same temperatures
relative to interglacial periods. However, our model also predicts that
the difference between G. tumida and N. dutertrei should also be
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Figure 13. Interglacial/glacial variations in ice volume (8'%0 of G. sacculifer)
compared with variations in the A3'%0 between G. sacculifer and G. tumida.
Shaded areas are periods of greater than mean 8'30 values of G. sacculifer.
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Figure 14. Scatter plots comparing species 8'%0 differences from Site 851
during the last 0.78 Ma.

smaller as the thermocline deepens. In Figure 14, it is clear that while
the G. tumida-G. sacculifer difference is weakly correlated to ice
volume (8'%0 of G. sacculifer) the G. tumida—N. dutertrei difference
is not related so directly. Thus, the general correlation between the G.
tumida—N. dutertrei difference and ice volume probably results from
both changes in the thermocline depth and changes in the calcification
temperature of G. sacculifer (SSTs were cooler during glacial stages,
creating a smaller G. rumida—G. sacculifer difference). While there
may be changes in thermocline depth on a glacial-to-interglacial time
scale, they are apparently masked in part by changes in SSTs that have
been recorded by G. sacculifer. Changes in SST also should affect the
N. dutertrei-G. sacculifer difference; a lower N. dutertrei-G. saccu-
lifer difference is expected for periods of cooler SST, as was observed
(Fig. 14) for glacial periods. Another way of analyzing whether the
relative differences in 8'0 data between the three species results
from changes in thermocline depth or SST is to perform cross-spec-
tral analysis on the G. tumida-N. dutertrei difference and the G.
tumida—G. sacculifer difference. We expect that these two A§'*0
records would co-vary if they were driven by changes in the thermo-
cline depth. For example, a deeper thermocline would result in
smaller values for both A3'*O records. A change in SST would affect
the G. tumida—G. sacculifer A8'*O difference, but not the G. tumida—
N. dutertrei A8'*0 difference. In Figure 135, it is clear that these two
AS8'30 records co-vary at the 19-k.y. period only. Thus, both the cross-
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Figure 15. Cross-spectral analysis of §'30 differences between G. rumida and
G. sacculifer and between G. tumida and N. dutertrei. Notice significant
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spectral analysis and the simple relationships shown in the scatter plot
suggest that SST variations, not just changes in thermocline depth,
must have an influence on the G. tumida-G. sacculifer A§'0 differ-
ence on glacial/interglacial time scales.

Carbon Isotopes

The 8"3C values of all three species analyzed over the last 700,000
yr are generally low during the glacials and higher during interglacials
(Fig. 16). The shaded regions are periods when the 8'*0 of G. saccu-
lifer is higher than the mean, and on first-order, these are times when
the §"°C values are low for all three species. However, clearly, signifi-
cant differences exist between the three species. According to our
model of the vertical stratification of species, N. dutertrei is the best
indicator of thermocline conditions, and the N. dutertrei-G. saccu-
lifer difference should represent how the thermocline 8'*C properties
changed relative to the surface water where G. sacculifer calcified.
Figure 17 shows that the N. dutertrei-G. sacculifer 8°C difference
does not appear to vary at the same low frequency (100 k.y.) period as
30 and 8"C. In fact, while the 8'°C of N. dutertrei (and the other
species measured) varies predominantly at a period of 100 k.y., the
variance of the N. dutertrei-G. sacculifer 8'"°C difference is high and
coherent with changes in ice volume at a period of 40 k.y. (Fig. 17).
The most likely explanation is that the carbon isotopic composition of
the source of upwelling thermocline water at this location has changed
through time. Because the benthic 8'*C record from Site 677 is not
coherent with the N, dutertrei-G. sacculifer 8 C difference from Site
851 at most frequencies, it is most likely that the source of thermocline
waters at Site 851 is intermediate water. This would have to be verified
by a comparison of a Pacific Intermediate Water record with the N.
dutertrei-G. sacculifer 8"°C difference record generated in this study.

DISCUSSION

Deeper Thermocline during the Late
Pliocene and Early Pleistocene

In the modern ocean at the location of Site 851, variations in
thermocline depth seasonally correspond to seasonal changes in wind
field and interannually correspond to changes in the annual mean
wind field. Seasonal and interannual variations in modern tropical
circulation may provide some insight into the mechanism for the
observed thermocline changes that occurred from the late Pliocene
through the Pleistocene. The largest observed change in the depth of
the thermocline was the transition from a deeper thermocline during
the period 1.5 to 1.8 Ma to a shallower thermocline from 1.5 Ma to
today (Fig. 3).

SURFACE-WATER CIRCULATION CHANGES
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Figure 16. Interglacial/glacial variations in ice volume (8'%0 of G. sacculifer)
and in “‘global” carbon isotopic composition (8'*C of G. sacculifer, G. umida
and N. dutertrei) compared with variations in subsurface chemistry (8'°C of
N. dutertrei) relative to surface chemistry (8'°C of G. sacculifer). Shaded time
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Bandwidth for 65 lags
femmd N. dutertrei-G. sacculifer

| ,’\ as'%c A

1.00

/

Nonzero coherency (80% level) \ f

AL Y-
0.60
0.40
0.20 Coherency
0,:)‘ 0,62 0.63 0.04 0.05 0.06 0.07
Frequency

Figure 17. Cross-spectral analysis of A3'°C between N. dutertrei and G.
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At the location of Site 851 today, ~50-m seasonal fluctuations
occur in the depth of the thermocline from changes in the seasonally
varying wind-driven surface ocean circulation (Fig. 1). In August
through December, the southeast trade winds, the SEC, and the ECC
are very strong. While the SEC advects cool water from the southeast
into the region, the ECC carries warm water from the west, depressing
the thermocline along its path. The EUC is relatively weak during this
period (Halpern and Weisberg, 1989), with the trans-Pacific east-to-
west dipping slope of the thermocline at a maximum (Meyers, 1979).
From February through April, the southeasterly trade winds are
weaker and the ITCZ is in its southernmost position, so that the winds
over Site 851 and the equator are at a minimum. From March through
May, the EUC is strongest (Halpern and Weisberg, 1989), the east-to-
west slope of the thermocline is minimized, and the thermocline is
relatively shallow (Meyers, 1979). Using the seasonal response of the
thermocline to the wind field as an analogy for what changes may
have occurred, it is possible that the deeper mean position of the
thermocline during 1.5 to 1.8 Ma may result from a number of
different factors. Because the depth of the thermocline at Site 851
is deepest during the season of strongest winds and influence from
the ECC, the 1.5- to 1.8-Ma trade winds may have been generally
stronger with the influence of the ECC being stronger. Alternatively,
the entire mean position of the ITCZ may have been shifted to the
south, so that the ECC more directly influenced the hydrography at
Site 851 (presently Site 851 is at the far southern edge of the ECC).
Today. the season of minimum thermocline depth is coincident with
the season of maximum EUC. Therefore, a third alternative may be
that the mean winds were weaker, creating a reduced trans-Pacific
pressure gradient and therefore a reduced EUC.

Interannual variations (El Nifios) in tropical Pacific Ocean circu-
lation, the strength of the EUC, and the depth of the thermocline have
been extensively studied in the present and in the historical past (e.g.,
Halpern, 1987; Enficld, 1989; and Philander, 1990). During El Nifios,
the eastern tropical Pacific has anomalously weak easterly winds
(sometimes westerly winds develop), a deep thermocline, and warm
SSTs. In simple terms, El Nifios represent times during which air-sea
interactions perpetuate a situation of reduced east-to-west flow and
reduced EUC flow, inducing a dramatic change in the surface and
subsurface conditions across the entire basin. El Nifios have been
linked to a reversal or weakening of the normal high (e.g.. in the
southeast Pacific) to low (e.g., at Indonesia) pressure flow that drives
Walker circulation, whose lower limbs are the trade winds. A rela-
tively deep thermocline at 1.5 to 1.8 Ma may represent a situation
where El Nifio-type circulation occurred more frequently because of
a less stable “normal” climate pattern. The mechanism for more
frequent El Nifios might be changes in the strength of the low and
high pressure zones caused by changes in continental conditions or
changes in the extratropical conditions. At present we do not know if
more severe or frequent El Nifios would be likely should the mean
normal circulation consist of stronger or weaker trade winds. On one
hand, generally weaker trade winds might generate permanent condi-
tions more like El Nifios. On the other hand, it is possible that stronger
trade winds would pre-condition the tropics for stronger or more
frequent El Nifios.

In sum, the deeper thermocline of 1.5 to 1.8 Ma may have resulted
from a number of different factors, including stronger winds, weaker
winds, or shifts in the position of the ITCZ. This unsatisfactory
finding suggests that more research will have to be done to see what
the thermocline depth is at other locations during this time period. A
more complete map pattern of thermocline depth in this region would
certainly constrain interpretations.

General Carbon Isotope Trends

As described earlier, all three species measured from Site 851
display the same general §"°C maxima and minima as the Site 677
benthic record down to the level of about 1.5 Ma when, according to
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8'%0 records, the most drastic subsurface hydrographic changes occur.
From 1.5 to 1.8 Ma, the deviations of the Site 851 G. rumida (Fig. 10)
and N. dutertrei (Fig. 11) records from the Site 677 benthic record are
not accompanied by deviation of the Site 851 G. sacculifer (Fig. 9)
record from the Site 677 benthic record. This supports the hypothesis
that subsurface (local) hydrographic changes influence the §°C rec-
ords of these two subsurface planktonic species. Younger than 1.5 Ma,
the parallel trends of the three planktonic records from Site 851 and the
benthic record from Site 677 suggest that the §'*C variations are global.
Because variations occur on a time scale having less than the residence
time of carbon (~150,000 yr), these probably represent changes in the
partitioning of carbon between temporary reservoirs (e.g., terrestrial
biomass and ocean). Visually, the most drastic transitions and excur-
sions in 8"*C, such as the ones from low to high values at around 0.85
and 0.60 Ma, do not seem to have occurred at a regular frequency.

The most pronounced deviation of the G. sacculifer record from
the normalized Site 677 record occurred in the interval between about
1.9 and 2.4 Ma. During this interval, the 8"°C of G. sacculifer has
been enriched relative to the benthic 8'*C values. In Figure 10, clearly,
the mean value of the deep waters during the older time slice has been
depleted, while the surface waters have been slightly enriched, rela-
tive to the younger time slice. This is consistent with earlier findings
(Curry and Miller, 1989; Raymo et al., 1990; Raymo et al., 1992) that
the deep-water chemistry in the Pacific Ocean has lower 8"°C values
that represent higher nutrient and carbon contents of the Pacific
during the late Pliocene. The planktonic record does not follow the
deep Pacific trend, as it does throughout the Pleistocene, suggesting
that there may be local hydrographic changes within the eastern
tropical Pacific, such that surface waters are more nutrient-depleted
relative to deep waters and relative to younger time periods. Future
measurements of G. tumida and N. dutertrei will help to constrain the
regional hydrographic changes responsible for this decoupling be-
tween the surface and deep waters. In today’s ocean, the surface
waters of the eastern tropical Pacific are linked to deeper waters via
coastal and divergent upwelling, although Toggweiler et al. (1991)
showed that these upwelled waters are primarily intermediate in
origin, During the late Pliocene, the relatively high §'*C surface-
water values may have resulted from higher nutrient utilization by
plankton or less upwelling of intermediate and deep Pacific waters.
Alternatively, the source of upwelled waters may have been different.
In any case, it will be important in the future to look at clues for
regional hydrographic changes during this time.

Glacial/Interglacial Trends

As discussed above, the observed correlation between ice volume
(represented by G. sacculifer 8'°0) and AS'*O (Fig. 13) to a large
extent reflects decreases in SST during glacial periods. A8'®O can be
used as an estimate of interspecies temperature differences because the
global ice volume effect on 8'%0 is canceled out when the difference is
taken. This method also assumes that local §'®0 of seawater changes
(from local variations in the hydrologic cycle) are canceled out as well.
The range in A8'°0 (G. tumida-G. sacculifer; Fig. 14) is roughly
1.9%0 to 2.4%e during interglacial periods and around 1.0%e to 1.5%e
during glacial periods whereas the range in A8'*0 (N. dutertrei-G.
sacculifer; Fig. 14) is about 1.0%e to 1.5% during interglacial periods
and ~0.25%¢ and 1.0%e during glacial periods. Using the paleotem-
perature equation of Epstein et al. (1953), this amounts to a tempera-
ture difference between G. fumida and G. sacculifer of about 9° and
5°C during interglacial and glacial periods, respectively, and a tem-
perature difference between N. dutertrei and G. sacculifer of about 52
and 3°C during interglacial and glacial periods, respectively. Since the
A8'0 of N. dutertrei-G. sacculifer over the last 0.78 Ma result from,
in large part, SST changes rather then thermocline changes, this rough
calculation implies that SSTs were approximately 2°C cooler during
glacial periods at Site 851. The A8"0 of G. umida—G. sacculifer
decreases by 4°C during glacials, 2°C of this is the result of cooler



SSTs, and 27is the result of warmer G. tumida calcification, implying
that the thermocline is slightly decgcr during glacial periods. Cross-
spectral analysis (Fig. 15) of the A3'*0 of G, tumida—G. sacculifer and
of A8'"®0 of G. tumida—N. dutertrei indicates that these two difference
records are coherent only at 19 k.y., not at any of the other periods at
which they vary. Because the A8'*0 of G. mumida—N. dutertrei is not
affected by SST changes, it can be used as an indicator of thermocline
depth, which varies at 31, ~ 55 and 19 k.y. (Fig. 15). The 31 k.y. period,
found in records of divergence, has been explained as a nonlinear
response to orbital forcing, with possibly some acting resonance phe-
nomenon (Pisias and Rea, 1988). The A8'*0 of G. rumida-G sacculifer
is a combination of SST and thermocline changes and varies at 100,41,
23, and 19 k.y. The difference in the spectra of these two different
AS'®0 records indicates SST variations are somewhat decoupled from
thermocline variations.

Because the amplitude of the surface water §'°C isotope changes
are close to what the ‘global’ changes are (using Site 677 as a “global”
record), the cool local SSTs during glacial periods do not appear 1o
have been accompanied by any significant local §"C changes. Thus,
there may simply be changes in radiative heating or evaporative cool-
ing of the surface at this location because changes in the horizontal or
vertical advection of cool, nutrient-rich waters are unlikely without a
significant change in the §"*C. In addition, the deeper thermocline
during glacial periods implies less advection of cool waters. This inter-
pretation is in contrast to the idea that glacial events were periods of
more intense upwelling; however, Site 851 can be used only to monitor
the hydrographic changes near the SEC/ECC boundary, not the equa-
torial upwelling system in general. If the cooler SSTs are the result of
more intense upwelling of cool waters to the surface, then the absence
of a corresponding 8'*C signal may be explained by the insensitivity
of 8"°C to changes in upwelling and productivity strength because of
the stronger. higher-amplitude effect of global carbon isotopic changes
that mask simultaneous changes in local surface nutrient levels. How-
ever, when the A8'*C is calculated between N. dutertrei and G. saccu-
lifer as a way of investigating local changes in the subsurface nutrient
content relative to the surface, variations generally are not synchronous
with glacial/interglacial events (Fig. 16). The absence of a local change
in '"°C that corresponds to local temperature decreases, and the fact
that the thermocline may be slightly deeper, strongly suggests that
stronger upwelling and productivity did not occur at Site 851 during
glacial events. As with the interpretation of the longer changes in time
scale (e.g., the deep thermocline period at 1.5-1.8 Ma), the deepening
of the thermocline at Site 851 during glacial events can be explained
by a wide range of scenarios involving wind field changes. A future
challenge will be to do the same type of multispecies analyses at other
locations in the eastern tropical Pacific to map out the regional changes
in the depth of the thermocline and SSTs to resolve changes in the
glacial wind field.

SUMMARY

Core-top data suggest that G. sacculifer, G. tumida, and N. duter-
trei can be used to monitor thermocline depth changes in the tropics
with the difference between G. mumida and G. sacculifer and that
between G. tumida and N. dutertrei, which decrease when the ther-
mocline deepens. The general trends of the oxygen isotopic values
measured using these three species suggest a change from a deeper
thermocline before 1.5 Ma to a shallower one after 1.5 Ma. A deeper
thermocline might have resulted from an increase in the ECC or a
decrease in the EUC. It is not clear whether these thermocline depth
changes have been forced by stronger or weaker trade winds, or by a
shift southward in the ITCZ. Carbon isotopic values generally follow
the benthic Pacific carbon isotopic values, suggesting that the main
cause of carbon isotopic variations are global. Only in the interval of
1.9 to 2.4 Ma do the carbon isotope curves deviate significantly from
each other as the planktonic values are higher, and benthic values are
lower, then the period younger than 1.9 Ma.

SURFACE-WATER CIRCULATION CHANGES

In the most recent period, (.78 Ma, the thermocline was deeper,
and SST was reduced during past glacial events. Again, the mecha-
nism for these changes is not understood because of the complicated
nature of the wind-forced circulation at this location. Variance in the
carbon isotopic composition, and possibly nutrient levels of upwell-
ing water, have been concentrated at higher frequencies than fluctua-
tions in ice volume.

A greater spatial resolution will be needed to reconstruct the
three-dimensional shape of the thermocline. Combined with results
of wind field changes from eolian studies and modeling, thermocline
changes might be more accurately interpreted.
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