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19. PLIOCENE-PLEISTOCENE CARBON ISOTOPE RECORD, SITE 586, ONTONG JAVA PLATEAU!

Jill M. Whitman?3 and Wolf H. Berger?

ABSTRACT

Oceanographic changes in the western equatorial Pacific during the past 6 m.y. are inferred from carbon isotopic analyses of
planktonic and benthic foraminifers from Ontong Java Plateau (DSDP Site 586). Sample spacing is 1.5 m (ca. 35,000-75,000 yr).
An overall trend of 8'C toward lighter values is evident for the last 5 m.y. in all four foraminiferal taxa analyzed (G, sacculifer,
Pulleniatina, P. wuellerstorfi, and O. umbonatus). This trend is interpreted as an enrichment of the global ocean with 12, because
of the addition of carbon from organic carbon reservoirs (or lack of removal of carbon to such reservoirs), as a consequence of
an overall drop in sea level. Differences between shallow- and deep-water 8'3C decrease slightly during this time interval,
suggesting a moderate drop in productivity. This drop is not sufficient to explain the drop in sedimentation rate, however, much

of which apparently must be ascribed to winnowing effects.

A marked convergence in the 8'?C values of planktonic taxa exists within the last 2 m.y. We propose that this convergence
indicates nutrient depletion in thermocline waters, caused by the vigorous removal of phosphate in marginal upwelling regions,
or by the stripping of intermediate waters in their source regions. No large shifts are seen in the carbon isotope record of the last
6 m.y., in contrast to the oxygen isotope record. Some indication of cyclicity is present, with a period between 0.5 and 1.0 m.y.

(especially in the earlier portion of the record).

INTRODUCTION

The last 6 m.y. of ocean history are characterized by marked
changes in both deep- and shallow-water circulation, in response to
climatic and geochemical changes resulting from mountain building
and regression, from the closing of the Middle American Seaway, and
from ice buildup in the southern and northern polar regions. The
response of the carbon cycle of the ocean to these global changes is
of considerable interest. This cycle is an integral part of climatic
change, and much of the record in the deep sea is directly tied to the
carbon cycle.

One place that is ideally suited for studying the record of the
ocean’s carbon cycle is the Ontong Java Plateau in the western
equatorial Pacific. In this region, far from the influence of continental
margins and other special conditions, the signals recorded in biogenic
sediments have a strong global component. Fluctuations in equatorial
upwelling, a phenomenon of global significance, are represented
within the sediments on the northernmost portion of the plateau, from
which our samples originate.

We focus on the stable isotope record of planktonic and benthic
foraminifers from this region, using cores recovered at Site 586 of
Deep Sea Drilling Project (DSDP) Leg 89 (Shipboard Scientific Party,
1986). Site 586 neighbors Site 289, which was drilled during DSDP
Leg 30 (Andrews, Packham, et al., 1975). It is but a short distance
from Site 806, drilled during Ocean Drilling Program (ODP) Leg 130
(Kroenke, Berger, Janecek, et al., 1991), so that results can be readily
compared among these sites.

The results of the oxygen isotope analyses have been published
(Whitman and Berger, 1992). Here we present the carbon isotope data
and discuss their implications. The taxa we have analyzed are Glo-
bigerinoides sacculifer, Pulleniatina spp., Planulina wuellerstorfi,
and Oridorsalis umbonatus. G. sacculifer is a shallow-water species
monitoring the mixed layer, Pulleniatina lives in the uppermost
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thermocline, P. wuellerstorfi and O. umbonatus live on the seafloor
and record changes in the chemistry of the water there.

SETTING AND STRATIGRAPHY

The Ontong Java Plateau is a Texas-sized, elevated region east of
New Guinea, bearing a layer-cake cover of calcareous sediments
more than | km thick in the shallower portions (Berger and Johnson,
1976). The plateau has long been a favored region for paleoceano-
graphic investigation, yielding important information on Pleistocene
oxygen isotope cycles (Shackleton and Opdyke, 1973, 1976). It has
been studied for processes of carbonate sedimentation (Johnson et al.,
1977; Berger and Killingley, 1982) and for late Pleistocene pale-
oceanography (Berger et al., 1987; Hebbeln et al., 1990; Wu et al.,
1990; Herguera and Berger, 1991). Also, this area has attracted four
different drilling expeditions (DSDP Leg 7, Winterer, Riedel, et al.,
1971; DSDP Leg 30, Andrews, Packham, et al., 1975; DSDP Leg 89,
Shipboard Scientific Party, 1986; and ODP Leg 130, Kroenke, Berger,
Janecek, et al., 1991).

Site 586 is close to the equator, at a depth of 2218 m (Fig. 1). It
is located on the northeastern upper slope of Ontong Java Plateau
(00°29.84'S, 158°29.89°E), about 1 nmi northwest of DSDP
Site 289. Our samples derive from the upper 195 m of sediments,
recovered by hydraulic piston coring in Holes 586 and 586A. They
constitute a continuous and undisturbed record of the last 6 m.y.,
from the latest Miocene to the present. Sedimentation rates are quite
high, ranging from about 40 m/m.y. in the lower portion of the
section studied to 20 m/m.y. in the upper part. At the depth (2200 m)
and location (equator) of Site 586, the Ontong Java Plateau is bathed
in General Pacific Deep Water, about 500-700 m below the Inter-
mediate Waters of the Pacific (Reid, 1965; Dietrich et al., 1980). The
site is located well above the present depth of the foraminifer
lysocline in this region (3300-3400 m; Berger et al., 1982; Wu and
Berger, 1989). Thus, the isotopic record should be largely unaffected
by differential dissolution, and should contain an excellent pale-
oceanographic record for the late Neogene.

The sequence studied here is part of a single lithologic unit
(Shipboard Scientific Party, 1986), described as pale green to white
foraminifer-nannofossil ooze and foraminifer-bearing nannofossil
ooze (Fig. 2). The sediments of the Pleistocene (0-38 m) contain a
larger percentage of foraminifers (up to 60%) compared with those
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Figure 1. Location of DSDP Site 586 in relation to ODP Leg 130 sites. Bathymetry after Mammerickx and Smith (1985).

of the Pliocene (<20%). The remainder consists mainly of nannofos-
sils, Biogenic siliceous components (radiolarians and diatoms) are
present in minor amounts (<5%). Also, a small contribution of non-
biogenic material (volcanic glass, zeolites, pyrite) was observed
throughout the section.

The age assignments (Fig. 2) are based on magneto- and biostra-
tigraphy, as described in Whitman and Berger (1992). The base of the
Brunhes Chron is taken to be 15.4 meters below seafloor (mbsf) in
Hole 586. The age of the event is taken as 0.73 Ma, which is the
conventional assignment (Shackleton and Opdyke, 1973). The age is
probably greater (Shackleton et al., 1990; Berger et al., this volume;
Yasuda et al., this volume); however, the data presented here have no
bearing on the question and the conclusions are little affected by this
uncertainty. Biostratigraphic control is based both on shipboard
analyses of core-catcher samples (Shipboard Scientific Party, 1986)
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and on biostratigraphic refinements from ranges of certain foramini-
fers, using additional samples for greater resolution (Whitman, 1989).
Ages of first and last appearances were taken from Berggren et al.
(1985). The age control points for this study are listed in Table 1. The
resulting sedimentation rates (Fig. 2) indicate that the sampling
interval of 1.5 m corresponds to 70 k.y. in the late Pliocene and
Pleistocene; to 43 k.y. in the latest early Pliocene; and to 35 k.y. in the
early Pliocene and latest late Miocene.

MATERIALS AND METHODS
Sample Preparation and Isotopic Analyses

Bulk sediment samples (10 ¢cm?), obtained from the hydraulic
piston cores of Site 586 at 1.5-m intervals between 0 and 195 m, were
dried and weighed. They were soaked overnight in a buffered Calgon
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Figure 2. Stratigraphy of Site 586 and age model adopted here (from Whitman
and Berger, 1992).
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solution to facilitate disaggregation. The sediment was then washed in
deionized water, oxidized in 3.5% H,0,, ultrasonified to complete the
disaggregation, and wet sieved at 63, 149, and 250 pm (for grain-size
analysis). The grain-size data are presented in Appendix A. The total
benthic foraminiferal population from each sample in the size fraction
>250 um was picked, and the total as well as the percentage of certain
species and genera within the total benthic population were counted:
P wuellerstorfi, O. umbonatus, and all the specimens in the genus
Uvigerina. These data are listed in Appendix B.

Stable isotopes were measured on four taxa of foraminifers, as
mentioned in the “Introduction” section (this chapter). The planktonic
specimens were picked from the size fraction 355-425 pum and the
benthic species from the fraction >250 pm. The narrow size fraction
for the planktonic foraminifers was used to minimize interference
from changing depth ranges and changing vital effects during the life
cycle of the species (Berger et al., 1978). For benthic foraminifers,
we did not feel it was necessary to take this precaution, as no evidence
exists that size influences composition (Dunbar and Wefer, 1984). The
sample size for isotopic measurement was 2501000 pg, depending
upon the availability of specimens; planktonic samples usually con-
tained 15-25 individuals, and benthic samples 5-10 individuals. In
some samples, insufficient numbers of one or both of the benthic

*Dates based on Berggren et al. (1985).
**Indicates age control points identified in Site 586 sediments. FAD = first appearance datum, LAD
= last appearance datum, and 5/D = sinistral/dextral coiling shift.

species were present for analysis. In a few instances, duplicate
measurements were made on one of the planktonic taxa. A VG
Micromass 602C mass spectrometer was used to make the measure-
ments in the conventional fashion (for details, see Whitman and
Berger, 1992). The isotopic data are presented in Appendix C.

Interpretation of Carbon Isotopes

We take the 8'3C values measured as reflecting the isotopic
composition of seawater, in the main. This interpretation rests on
previous work on surface sediments of Ontong Java Plateau (Berger
et al., 1978; Vincent et al., 1981). It appears, from these studies, that
moderately large G. sacculifer and Pulleniatina will yield 8"C
values that reflect the composition of the surrounding seawater (not-
withstanding the vital effects that undoubtedly play a role in G.
sacculifer; see Spero and Williams, 1988). Regarding 8'°C in benthic
foraminifers, P. wuellerstorfi is thought to be an especially good
recorder of carbon isotopes in deep water (Woodruff et al., 1980;
Graham et al., 1981; Vincent et al., 1981; Woodruff and Savin, 1985;
summary in Wefer and Berger, 1991). This species has an epibenthic
habitat, which avoids interference from interstitial waters (Grossman,
1987; Lutze and Thiel, 1989; McCorkle et al., 1990).

Changes in the §'*C values of planktonic and benthic foraminifers
largely reflect the shifting of organic matter from one reservoir to
another. Organic carbon is depleted in '*C; building up a reservoir,
therefore, enriches the ocean in the heavy isotope, and vice versa
(Tappan, 1968; Fischer and Arthur, 1977; Shackleton, 1977; Vincent
and Berger, 1985; Woodruff et al., 1985; Raymo et al., 1989). The
glacial-to-interglacial contrast for the last cycle, for example, is
between 0.4%0 and 0.5%c (Berger and Keir, 1984; Herguera et al.,
1992), which corresponds to a transfer of carbon of approximately
one atmospheric carbon mass (ACM) in and out of organic pools.

The surface waters are enriched in '*C, as '°C is removed prefer-
entially by the sinking of organic matter out of the photic zone. The
contrast between shallow and deep waters is typically between 1%o
and 2%o (Fig. 3A). The difference in 8'*C between planktonic and
benthic foraminifers is a measure of the efficiency of this biological
pump (Broecker, 1973, 1982): a greater difference in 8"*C points to a
greater nutrient concentration, and hence implies greater productivity,
other factors being equal (Shackleton et al., 1983a; Boyle, 1988a,
1988b). The distribution of oxygen utilization and of nutrients in the
oceans (phosphate and nitrate in particular) parallels the trends of
2C/C in the oceans, as oxygen, phosphate, and nitrate all are
involved in the internal carbon cycle (Kroopnick, 1985). Conversion
coefficients between the different parameters, based on the Redfield
ratios or on regressions, are given by Kroopnick (1985) and in Berger
and Spitzy (1988).

As deep waters move away from their sites of formation (and
source of oxygen), the oxygen concentration continues to decrease
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Figure 3. Internal fractionation of carbon isotopes in the ocean. A. Evidence for preferential removal of '>C from
surface waters by biological pumping (from Kroopnick, 1985). B. Basic pattern of water exchange between the
Pacific and Atlantic oceans, and resulting 8'°C distribution in deep waters (from Berger and Vincent, 1986).

because of the continued combustion of organic matter. Thus, the
older bottom waters of the Pacific have high values of apparent
oxygen utilization (AOU: i.e., the difference between observed oxy-
gen content and saturation values), and low values of §*C of the
dissolved CO,. The overall difference in the §'*C values of deep
Pacific and deep Atlantic waters reflects the present asymmetry in
bottom-water production, and this asymmetry chan ges through time
(Vincent et al., 1980; Shackleton et al., 1983b; Miller and Fairbanks,
1985; Keir, 1988; Raymo et al., 1990). The resulting fractionation of
the isotopes of carbon between the ocean basins is an example of
interbasin biological fractionation, well-known for phosphate, nitrate,
and silica (Sverdrup et al., 1942; Redfield et al., 1963) (Fig. 3B). The
present contrast of deep-water values between Atlantic and Pacific is
typically near 1% (Fig. 3B).

From this brief outline of controls on 8'°C patterns in the ocean,
it is apparent that a number of different factors must be considered
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simultaneously when interpreting carbon isotope values in foramini-
fers. As a rule of thumb, when the benthic and planktonic taxa covary,
it reflects a global change in the composition of the oceanic carbon
reservoir (from external exchange); however, when the two signals
record opposite trends, it is likely a record of changing nutrient
content in deep waters (driving internal fractionation activity).

RESULTS
Overview: Stable Isotopes vs. Depth-in-Hole

The stable isotope data for Site 586 are plotted against depth in
Figure 4. Oxygen isotope data are from Whitman and Berger (1992);
carbon isotopes are listed in Appendix C. The oxygen isotopes
(Fig. 4A) show clearly different values for the four taxa; averages are
—1.31%0,—0.99%o , 2.73%0 , and 3.38%0 for G. sacculifer, Pulleniatina,
P. wuellerstorfi, and O. umbonatus, respectively. A difference of 4%o
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Figure 4. Stable isotope stratigraphy for Site 586, plotted within ODP depth
frame. A. Oxygen isotopes. B. Carbon isotopes. Lines labeled A, B, and C are
events scen in the oxygen isotope record (see text). SAC = G. sacculifer, PUL
= Pulleniatina, WUEL = P. wuellerstorfi, and UMBO = (. umbonatus. The
average value for each species is marked by a horizontal line labeled with the
value at right.

between G. sacculifer and P. wuellerstorfi corresponds to a tempera-
ture difference of roughly 20°C. The exact value depends on evapo-
ration-precipitation effects and is not readily determined. Clearly, the
difference is increased within the Quaternary (4.3%c ; Whitman and
Berger, 1992). This is not enough, however, to account for the present
temperature difference of 27°C, for which about 5.4%. are expected.
The difference of 5.05%c between G. sacculifer and O. umbonatus
comes close to this expected value (a change of 1°C corresponding
to change in §'%0 of ca. 0.2% in the present ocean). Thus, O. um-
bonatus is closer to equilibrium with seawater than is P. wuellerstorfi,
as concerns the oxygen isotope ratio.

Substantial shifts are seen in the isotopic records; these are labeled
as Events “A,” “B,” and “C.” Event A (at 63.5 mbsf) marks a rapid
and drastic change in benthic oxygen isotope values, signaling ice
buildup or cooling at depth or both. It is the dominant feature in our
record. The age of this event is 2.87 Ma in our age model, which agrees
well with the age of a major cooling trend recorded at other sites in
the global ocean (Keigwin, 1986; Loubere and Moss, 1986; Sarnthein
and Fenner, 1988; Sarnthein and Tiedemann, 1988; Curry and Miller,
1990; Tiedemann, 1991; Whitman and Berger, 1992). The change is
less pronounced in the planktonic record than in the benthic one,
though it is still present. Thus, a combination of ice buildup and
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deep-water cooling is indicated. (Jansen et al. [1990] show the onset
of ice-rafting at 2.6 Ma in the Norwegian Sea.) Cooling is on the order
of 2°-3°C, judging from the trends seen in these data.

Event B (at 81 mbsf) marks a change in planktonic 8'*0 values,
without a corresponding change in the benthic values. The age of this
event is 3.36 Ma in our age model. Substantial changes in surface tem-
perature in this region of very high temperatures presumably are pre-
cluded by strong negative feedback stemming from cloud shading
(Ramanathan et al., 1989). Thus, a substantial portion of the change
should be caused by ice growth. If so, the failure of the benthic foramin-
ifers to record such a change is puzzling. Either not much ice growth
has taken place (weakening the argument about strong negative cloud
feedback) or the ice growth was accompanied by a warming of bottom
waters at this depth (2200 m) during this transition period (perhaps
from an expansion of deep intermediate waters). Event C, denoting a
distinct change of planktonic 8'%0 toward lighter values, likewise is
not recorded in the benthic foraminifers. Again, a change in ice mass,
combined with a compensating change in deep-water temperature, may
be involved. The event is at 111 mbsf (4.19 Ma in our age model).

The time between Events C and B (4.2-3.4 Ma) denotes a climatic
optimum (a Pliocene altithermal) in the interval studied. Events B and
A are steps leading into a colder climate with increased amounts of ice.
After Event A the scatter in the data increases greatly, reflecting the
increasing amplitude of glacial-interglacial sea-level variation that
results from a buildup of climate-sensitive ice caps (most likely in the
Northern Hemisphere, as seen in glacial-derived sediments; Berggren,
1972; Backman, 1979; Shackleton et al., 1984).

The carbon isotope values of the four taxa (from top to bottom
in Fig. 4B: G. sacculifer, Pulleniatina, P. wuellerstorfi, and O. um-
bonatus) are distinct, with G. sacculifer having the highest values,
as expected for this shallow-dwelling species. F. wuellerstorfi shows
values close to equilibrium, whereas O. umbonatus is notably de-
pleted in *C. None of the taxa show striking events or strong trends.
Both G. sacculifer and P. wuellerstorfi show a tendency from more
positive to more negative values over the interval studied, presum-
ably indicating the input of organic carbon to the dissolved inorganic
carbon (DIC) pool of the ocean. The mid-Pliocene altithermal has
relatively low 8'°C values in G. sacculifer, suggesting lowered
nutrient concentrations in the deep waters. At the same time, the
O. umbonatus values are relatively high, supporting a hypothesis of
lowered productivity. (The assumption is that increased productivity,
by supplying organic matter to the seafloor, would tend to lower the
§'3C values in this species.) Some indication of cyclicity is present
in the record of Pulleniatina.

Carbon Isotope Patterns: Differences Between Taxa

The age-plot of stable isotopes (Fig. 5) clearly shows the contrast
in sampling density between the upper and lower portions of the
section that is a result of the changing sedimentation rate (Fig. 2).
Thus, documentation is better for pre-Event A time than for post-
Event A time. In addition, the scatter is distinctly less in pre-Event A
time, which means that each point here is more representative for a
broader interval. The oxygen isotopes (Fig. 5A) are given for orien-
tation; they are discussed in Whitman and Berger (1992).

The difference between the values of G. sacculifer and P. wuel-
lerstorfi in the youngest portion of the section agrees well with that
seen in the modern oceanographic data, that is, the present composi-
tion of dissolved inorganic carbon (Fig. 3). At nearby GEOSECS
Station 246 (0°00’S, 178°59'E), the value for 8'°C of XCO, at the
surface is near +1.5%e and that at 2200 m is between —0.1%o to—0.2%e
(Kroopnick, 1985), for a difference of 1.6%0 to 1.7%o . Allowing for
the anthropogenic effect of lowered §'°C in present surface waters,
the expected difference is near 2%e. The relevant values in the
foraminifers (Appendix C) closely reflect this difference. The agree-
ment supports our assumption of near-equilibrium precipitation for
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Table 2. Carbon difference data.

Mean sD N 90%
For entire core:
G. sacculifer—C. wuellerstorfi 1.88 0.20 98  +0.03
C. wuellerstorfi-0. umbonatus 1.10 0.22 66  +0.05
G. sacculifer-Pulleniatina 1.06 026 115 0.04
For subdivided intervals:
C. wuellerstorfi-0. umbonatus
<48 m (<2.2 Ma) 1.03 0.23 27 +0.08
48-122 m (2.2-4.4 Ma) 1.10 0.17 30 +0.05
>122 m (>4.4 Ma) 1.34 017 9 +0.11
G. sacculifer-Pulleniatina
<38 m (<1.8 Ma) 0.75 0.23 25 +0.08
=38 m (>1.8 Ma) 1L15  0.19 90  +0.03
38-85m (1.8-3.4 Ma) 1.14 0.15 29  +0.05
85-122 m (3.4-4.4 Ma) 1.06 0.17 23 +0.06
122-160 m (4.4-5.3 Ma) 1.31 0.17 24 +0.06
>160 m (>5.3 Ma) 1.03 0.16 14 +0.08
G. sacculifer-C. wuellerstorfi
<62 m (<2.8 Ma) 1.88 0.22 35 +0.06
62-142 m (2.8-4.9 Ma) 1.80 0.16 40 .04
=142 m (4.9 Ma) 2.03 0.14 23 +0.05

[ late Pliocene | early Pliocene | late Miocene

| Quaternary

-5"0 (%o, PDB)

Notes: All values are given in per mil (%o ). SD = standard deviation and
N = number of samples.

both G. sacculifer and P. wuellerstorfi for these data. Thus, these two
species can be used to obtain the difference in 8"°C between the
surface and the bottom at this site, as a function of time.

The carbon isotope values of P. wuellerstorfi are heavier than those
of O. umbonatus. The average difference between the species is
1.10%e , with a standard deviation of 0.22%e (Table 2) and a total range
of variation of 0.5%o on either side of the mean difference. A similar
difference between the two species (1.0%0 ) was found by Woodruff
et al. (1980) and in subsequent studies (Shackleton and Hall, 1984;
Pisias et al., 1985). Vincent et al. (1981) reported values between
0.9%0 and 1.1%e for box cores on Ontong Java Plateau (with the
higher values for glacial sediments), and a difference of 1.36%c for
the eastern equatorial Pacific. The glacial-postglacial contrast in the
difference, and in the east-west gradient, suggest that productivity
may play a role in setting the difference in 8'°C between these two
benthic species. Both species are considered epifaunal, that is, living
in the top | cm of the sediment (Corliss, 1985). However, the differences
in the values of §'*C for the two species point to differences in habitat,
with P. wuellerstorfi being truly epifaunal (Altenbach and Sarn-
thein, 1989) and hence recording the chemistry of the bottom water,
and O. umbonatus more infaunal, sensing the oxidation of organic
carbon and the release of '*C to interstitial waters within the sediment
(cf. Belanger et al., 1981).

The difference in 8'°C values of G. sacculifer and Pulleniatina
reflects the well-known difference in habitat of these two planktonic
taxa, which is also seen in the 8'*0 values. G. sacculifer, as men-
tioned, lives in surface waters; Pulleniatina lives in the uppermost
thermocline and records the lower 8'*C values at the top of the oxygen
minimum. The average difference between the two taxa is 1.06%o,
with a standard deviation of 0.26%e (Table 2), similar to that found
by Williams et al. (1977) and Shackleton and Vincent (1978) for
samples in the Indian Ocean. Berger et al. (1978) report differences
near 1%c for Box Core ERDC 92, taken nearby, with the value for
glacial time being somewhat smaller.

Scatter plots of 8'°C values between the various taxa reveal that
differences have rather large ranges and do not stay constant, on
average (Fig. 6). If one considers separately the plots corresponding
to post-Event A and pre-Event C time, and the extended altithermal
(A to C), little apparent correlation exists between the 8'°C values
(Fig. 6, different symbols). The correlation, such as it is, emerges
mainly as a result of the overall trend from high to low §'°C in all
taxa. (Note that the solid line in each of the plots is not the regression,
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Figure 5. Stable isotope stratigraphy for Site 586; age model as in Figure 2. A.
Oxygen isotopes. B, Carbon isotopes. Lines labeled A, B, and C are events
seen in the oxygen isotope record (see text). SAC = G. sacculifer, PUL =
Pulleniatina, WUEL = P. wuellerstorfi, and UMBO = O. umbonatus. Average
values shown at right are marked by horizontal lines.

but shows the relationship expected for constant offset.) For G. sac-
culifer vs. P. wuellerstorfi, the points for Event A to Event C lie
distinctly off the main trend: P. wuellerstorfi lags much behind
G. sacculifer in changing to lower 8'°C values. A single factor (such
as the addition of organic matter to the DIC pool) cannot produce such
an effect; two or more factors are necessary.

Comparing the range of variability in 8'°C of G. sacculifer and
P. wuellerstorfi (Fig. 6A), one notes that G. sacculifer values typically
have a range near 1%, whereas the range of P. wuellerstorfi is about
one half that. This difference in range indicates that the conditions
experienced by G. sacculifer in the surface waters are more variable
than those seen by P. wuellerstorfi at the bottom. A varying global
8'3C (from external exchange with terrestrial organic carbon, for
example) will show in both species, but a varying supply of nutrients
(producing changes in vertical fractionation) will in essence only
affect G. sacculifer. The small reservoir of surface waters readily
reflects a change in partitioning between surface waters and deep
waters, whereas the deep waters are much less responsive.

Comparing the carbon isotope values for the two benthic species
(Fig. 6B), we note that the scatter is rather large. Knowing the value
of one of these species provides a poor basis for guessing the value
of the other. Thus, the commonly used assumption of constant offset
is highly questionable in this instance. A comparison of the two
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planktonic species (Fig. 6C) shows that correlations change signifi-
cantly through time: whereas correspondence is good in pre-Event C
time, it is very poor in post-Event A time. Again, G. sacculifer shows
a large range, the comparison species a smaller one.

Carbon Isotope Patterns: Difference Trends

Differences in stable isotope records are further explored in Fig-
ure 7, where we compare 8'*0 and 8"*C contrasts between taxa in the
time domain. Post-Event A time is characterized by increasing and
greater-than-average differences in 8'®0 values between G. saccu-
lifer and P. wuellerstorfi, and an overall decrease in §'*C difference
(Fig. 7A). Atendency for negative correlation between the differences
persists throughout the section, indicating that whenever the thermal
gradient increases (increased difference in §'*0), there is an increased
likelihood for a lowered nutrient content in deep waters (decreased
contrast in 8'*C). This same relationship is reflected in the difference
stratigraphy of G. sacculifer and Pulleniatina (Fig. 7B): increased
temperature contrast (i.e., shallowing of the thermocline) parallels
decreased 8'3C contrast (i.e., nutrient content of the thermocline). The
trend in the Quaternary is especially remarkable in this respect; §'°0
differences increase greatly over the general average of 0.31%e,
whereas 8'°C differences drop way below their average of 1.06%o.
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On the whole, the patterns suggest that as the deep ocean becomes
colder and the thermocline rises, vertical fractionation becomes less
effective, that is, nutrient concentrations decrease.

Carbon Isotope Patterns: Variability Through Time

The variability of stable isotopes changes through time and
reaches a maximum in post-Event A time in almost all categories
(excepting 8'°C of P. wuellerstorfi) (Fig. 8). Variability is taken as the
standard deviation about the mean of five consecutive values down
the hole, that is, an interval of 8 m (ca. 200400 k.y., depending on
the sedimentation rate). Among the 8'®0 records (Fig. 8A), the one
of G. sacculifer is the least variable, supporting the notion that surface
temperatures tend to stay constant in this region because of the strong
negative cloud feedback. (Seasonal changes are on the order of 1°C.)
Also, a general cooling (which would be reflected in ice buildup and
a lowering of deep-water temperatures) could conceivably increase
the delivery of warm surface waters to the western equatorial Pacific
by strengthened trade winds. Thus, the effects of ice buildup would
be compensated in part. Variability in the 8'*0 record of Pulleniatina
is somewhat greater, especially in the Quaternary, and the same is true
for the benthic species. The range of these fluctuations is readily
accommodated by an ice effect on the order of 1%0. The lesser
variability in pre-Event A time, presumably, indicates that the effect
from the waxing and waning of continental ice on 8'%0 values of the
ocean was less important before 3 Ma than afterward. Variations in
depth-to-thermocline, and in proportion of North Atlantic Deep Water
(NADW) component in the waters bathing the site of deposition, also
have to be considered when discussing these records.

The corresponding 8'"°C records show much less change in vari-
ability through time, compared with the 8'*0 records (Fig. 8B). In the
carbon isotope record G. sacculifer is the most variable, and P. wuel-
lerstorfi the least, as mentioned, reflecting the inertia of deep-water
carbon isotopic composition. There is some indication that variability
is at a minimum in the extended Pliocene altithermal (Events A to C)
in all taxa. If so, variability in the carbon isotope record is a function
of the extent of cooling, that is, ice mass extant. However, no strong
increase is present in overall variability (or in the variation of vari-
ability) toward the late Quaternary, as seen in the oxygen isotopes.

Productivity-related Indices

The 8"*C records of the different taxa are closely tied to produc-
tivity changes in the ocean. To avoid circular reasoning, it is impor-
tant to attempt to reconstruct such changes in ways other than
through the carbon isotope record itself. One well-established proxy
for productivity is the abundance of benthic foraminifers in the
sediment, which records the supply of organic matter to the seafloor
(Altenbach and Sarnthein, 1989; Herguera and Berger, 1991). Over-
all trends in this index show a general increase of both abundance
and variability in abundance through the period studied (Fig. 9A).
Numbers of benthic foraminifers >250 pm per gram typically show
values between 10 and 15 in the early Pliocene, increasing to
between 15 and 30 in the Quaternary. This trend actually represents
a decrease (or at best no change) in the accumulation rate of benthic
foraminifers, as the sedimentation rate differs by a factor of 2 for
these time periods. Thus, a slight reduction in overall productivity
seems indicated. There is some hint of cyclicity on a 1-m.y. scale
(Fig. 9A, running average).

Somewhat surprisingly, the relative abundance of Uvigerina, on
the whole, increases over the period studied, except for some unusu-
ally high values in the latest Miocene (Fig. 9B). A high abundance
of Uvigerina has been associated with low oxygen content of bottom
waters and with a high supply of organic matter (Streeter and
Shackleton, 1979; Douglas and Woodruff, 1981; Corliss, 1982;
Corliss et al., 1986; Lutze et al., 1986; Zahn et al., 1986). In the case
at hand, lowered oxygen content would seem to be the preferred

Quaterary | late Pliocene | early Pliocene | tate Miocene
L o !
1.6 |—l
2y e SAC
1
1'4' 'zbm B;::rl -. =) Iz;‘ -'-'52_ LTl M
1.2+ - Tt |
— H
CIRERE ;{: e & PUL
o £ F ity M*!*
e 0.8t =]
06] % o @R 1 WUEL
-0 . 3 I =] C!
D:! [i1i] uE]j:U W}aﬂm it
L —
0.24 ] -
i Wr,l s
G * T T T T T T
0 1 2 3 4 5 6 7
Age (Ma)
B 18 Quata"r-hary late Pliocene | early Pliocene | late Miocene —|
1.6 Enm T‘ m
f | &
14 & e, B g é nﬁ% SAC
5 T TRmm O o
E 1.2
£ e T v :M_m PUL
-+
= + 4 oy Y |
o |4!- ++u++ M"‘""-‘,,"# #M*
w 08
0.6, & WUEL
‘ “m%%@@wkh gw‘“ o
D‘4i — 1
+ -
0.2+, wHnpr o W ™ s UMBo
il s ﬁ*—ﬂ”}-"’* o
0+ ; - - ; : i
0 1 2 3 4 5 6 T
Age (Ma)

Figure 8. Variability of stable isotopes as a function of age. Variability is given
as the standard deviation from the mean of 5 consecutive values downhole (ca.
8-m interval). A. Oxygen isotopes. B. Carbon isotopes. SAC = G. sacculifer,
PUL = Pulleniatina, WUEL = P. wuellerstorfi, and UMBO = O. umbonatus.
In each panel, the horizontal line is zero (offset in steps of 0.4%c added to raw
standard deviation [SD| values, for separation).

explanation, considering the lack of evidence for increased produc-
tivity. However, temporarily increased output from pulsed productiv-
ity, even if occurring on the background of reduced production, may
have to be considered in the context as an important factor in the
Uvigerina pattern.

A general decrease in oxygen in the latest Neogene at this site—or
pulsed reduction of oxygen—is not supported by the carbon isotope
data, which do not show increased differences between G. sacculifer
and P. wuellerstorfi parallel to the increase in relative abundance of
Uvigerina (cf. Figs. 7A and 9B). However, a decrease of oxygen in
Pacific deep waters is expected from the turning up of deep-water
production in the North Atlantic in the late Pliocene, a point taken up
in the discussion section.

It seems unlikely that upwelling, on the whole, should have
decreased in the late Pliocene and since. The increase in the depth
gradient in shallow-water temperature (as seen in the oxygen isotope
data of the two planktonic species; Fig. 7B) suggests that the thermo-
cline rose (rather than being depressed by warm-water pileup). Also,
general considerations involving the strength of trade winds (Ar-
rhenius, 1952; Leinen and Heath, 1981) would seem to favor in-
creased rather than decreased upwelling, A trend of decreasing
productivity combined with a trend of increased upwelling would
imply the depletion of nutrients from thermocline waters (Berger and
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Figure 9. Productivity-related sediment properties, Site 586. A. Benthic fora-
minifers per gram of sediment in the fraction >250 pm. B. Log of percent
abundance of Uvigerina spp. C. Sand content. The solid lines through the data
points are 5-point sliding averages. Events labeled A, B, and C as in Figure 5.

Wefer, 1991; Berger and Herguera, 1992). It remains to be demon-
strated, however, that physical upwelling, in fact, proceeded while
nutrients declined. The problem is that the reconstruction of up-
welling almost invariably involves productivity-related proxies.
Sand content reflects, in essence, the ratio between foraminifers
and coccoliths, which may be taken as an index of productivity when
winnowing and dissolution are unimportant (Berger, 1976). The sand
fraction shows an overall increase after 3 Ma in the section studied
(Fig. 9C). The scatter also greatly increases after 3 Ma. However, the
accumulation of sand does not increase, as the change in sedimenta-
tion rate more than compensates for the change in sand content.
Overall, then, no increase occurs in the supply of foraminifers. It is
likely that the variations in sand content are largely produced by
winnowing, as has been proposed for the late Quaternary in this region
(Wu and Berger, 1991). A more detailed age model than the one here
used will be necessary to show this for fluctuations on the scale of
1 m.y. and less. An overall increase in winnowing could be the result,

PLIOCENE-PLEISTOCENE CARBON ISOTOPE RECORD

for example, of increased tidal action at depth, as shelves are no longer
available for tidal energy destruction after large-scale regression.
Other possibilities also must be considered (e.g., trends in (sunami
activity and frequency of benthic storms).

DISCUSSION AND SUMMARY
Major Trends

The main feature of our oxygen isotope record is Event A, the
central cooling step that occurs between 2.8 and 2.9 m.y. ago in our
age model. Event A is close enough to the timing of the establishment
of the Panama Isthmus (Keigwin, 1978, 1982) to suggest some sort
of causal connection by means of changes in the energy budget
(Maier-Reimer et al., 1990). What is surprising is that the carbon
isotope record does not clearly reflect this change, although much
evidence exists that a profound change takes place in the way the
climatic system works at that time (expressed as achange in cyclicities
and covariance patterns of 3'®0; see Tiedemann, 1991; Prell, 1984).

Compared with the oxygen isotope record, the carbon isotope
record is both more complicated and less eventful (Fig. 10). No major
steps occur that would point to drastic changes in the carbon compo-
sition of the global ocean, either permanently or temporarily. Instead,
we see quasi-cyclic variations, presumably reflecting the up and down
of sea level, and the accompanying exchange of the ocean’s carbon
reservoir with shallow marine and terrestrial reservoirs. However,
distinct trends are present that reflect the overall climatic change from
a world with only a southern ice cap to one with permanent ice masses
at both poles and with greatly fluctuating volumes in the north. These
trends include an overall decrease in oceanic §'°C, an apparent
decrease in productivity, and an apparent change in deep-water prop-
erties, toward greater asymmetry between the Atlantic and Pacific
oceans. In the following material, we discuss these trends and offer
additional evidence bearing on their existence and magnitude.

The trend of a gradual decrease in 8'°C values since the early
Pliocene, in both benthic and planktonic records, indicates a change
in the composition of the global carbon reservoir. We suggest that
global regression is responsible, increasing the delivery of light
carbon from shallow marine or terrestrial organic matter to the oceans.
The general trend of a falling sea level over this time period supports
this hypothesis. The curve presented by Haq et al. (1987) shows a
drastic and permanent fall of average sea level shortly after 3 Ma.
Increased erosion of soil carbon is compatible with the change in the
ratio of ¥Sr/*®Sr in seawater, as preserved in carbonate sediments
(Koepnick et al., 1988). Since the early Pliocene, the heavier isotope
has increased, in response to increased delivery from terrestrial
sources because the exposure of a greater area of continental rocks to
weathering results in an increased flux of radiogenic *’Sr to the oceans
(Palmer and Elderfield, 1985; Capo and DePaolo, 1990).

One could argue, from the decreasing difference in 8'°C values of
G. sacculifer and P. wuellerstorfi within the last 3 m.y. (Fig. 7A) that
an overall decrease in productivity in this time interval occurred at
this site. A lowering of accumulation rates is in accord with this
observation (Fig. 2). However, a substantial portion of the reduction
in the sedimentation rate through the period considered presumably
is caused by increased winnowing rather than by a drop in productiv-
ity. The sand fraction changes from a background value near 20% to
about 35% in the latest Quaternary (Fig. 9C). If this difference were
entirely a result of winnowing, the loss of sediment (made up of silt
and clay) is given by

L=1-S5,/S, (1)

where S, is the initial sand content, and S the final one after winnowing.
Thus, about 43% of the sediment is missing under this assumption, for
a reduction of the sedimentation rate to 57% of the original value.
The actual reduction of the sedimentation rate is close to a factor of
2, that is, 50% of the original material is lost by winnowing, under the
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Figure 10. Long-term trends in stable isotope compositions of four foraminif-
eral taxa: G. sacculifer (SAC), Pulleniatina (PUL), P. wuellerstorfi (WUEL),
and 0. umbonatus (UMBO). A. Oxygen isotopes. B, Carbon isotopes. Data
smoothed using 5-point sliding averages.

assumption that winnowing produces the changes in rate. If we use the
sand fraction >147 um in the data of Gardner et al. (1986) to make the
same loss calculation again, we do obtain an apparent reduction
approaching 50%. Thus, a substantial portion of the decrease in accu-
mulation rate in the late Neogene, at this site, could easily be a result
of the downslope removal of fine material, including a portion of the
fine sand. If this process of downslope removal was widespread during
the Pleistocene, it would have constantly delivered carbonate to the
deepest waters, increasing the alkalinity there, and lowering the car-
bonate compensation depth (CCD). The effect would be a reduction in
pCO; in the atmosphere. A drop of the CCD on the order of 500 m
(Peterson and Backman, 1990) would have produced a reduction in
pCO, of about 30 ppm, other factors being equal (Berger and Spitzy,
1988). The grain-size patterns, then, caution us not to interpret the
changes in accumulation rate as being mainly caused by changes in
productivity, and the hypothesis of alkalinity increase from winnowing
gives us a mechanism to decrease atmospheric CO, independently of
the efficacy of the biological pump.

Thermocline Depletion

Thermocline depletion is indicated especially for the Pleistocene
by the convergence in the carbon values of the two planktonic species
(Fig. 10B). The trend implies that the increased supply of upwelling
cold water (as indicated by divergence in 8'%0 values; Fig. 10A) does
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not bring an increased supply of nutrients to fuel the productivity of
surface waters. Conceivably, increased productivity in the source
areas of the thermocline water (subantarctic, subarctic, or both)
removes nutrients there, resulting in decreased supply to intermediate
waters, and hence to tropical upwelling regions. This mechanism may
be important on a glacial-interglacial scale as well (Keir, 1988).
Alternatively, or in addition, nutrients are extracted in the margins as
the planet cools, leaving less for the open ocean. Such an explanation
would be in accord with decreased silica accumulation during glacial
periods, in this region (Lange and Berger, this volume).

One possible explanation for nutrient depletion of thermocline
waters in their areas of origin is an increase in the supply of iron during
the last 6 m.y. (Berger and Wefer, 1991). Iron may be limiting to
productivity in high latitudes, and increased glacial productivity there
in consequence of a greater dust supply has been postulated (Martin,
1990). Boyle and Keigwin (1987) assumed decreased intermediate-
water nutrient content in the North Atlantic during the last glacial and
explained the effect with reduced NADW production and increased
North Atlantic intermediate water production. A more general model,
postulating transfer of nutrients to deep waters, is given by Boyle
(1988a, 1988b). The glacial depletion of nutrients apparently oc-
curred in North Pacific intermediate waters down to a depth of
2000 m, judging from radiocarbon evidence and stable isotope data
(Berger, 1987; Duplessy et al., 1988; Herguera et al., 1991, 1992).
Similar data are reported from the Indian Ocean (Kallel et al., 1988).
Thus, thermocline depletion during glacial phases is a global phe-
nomenon. We assume that the Pleistocene as a whole represents
glacial conditions, compared with the Pliocene.

Comparison with Atlantic Record

The crude analogy setting the Pleistocene equal to glacial condi-
tions and the Pliocene equal to interglacial ones is useful, but it has to
be applied with discretion. For example, it is now generally accepted
that the production of NADW was reduced during glacials, compared
with interglacials, so that the asymmetry in 8'*C values between the
Atlantic and Pacific oceans was reduced during cold periods (e.g.,
Shackleton et al., 1983b). Yet, when comparing the deep-ocean record
from Site 586 with that from Site 552 in the North Atlantic (Fig. 11),
we note that the asymmetry in the §'°C is strong throughout the period.
If anything, it has increased slightly during the last 3 m.y.

In this case, then, the apparent change in the effects of NADW pro-
duction is not exactly analogous to the NADW fluctuations within the
Pleistocene, when NADW is turned down during the glacials (Duplessy
et al., 1980; Boyle and Keigwin, 1982; Curry et al., 1988). This situ-
ation indicates that contrasts within the Pleistocene cannot be readily
extrapolated to warm/cold contrasts comprising larger time scales.
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Figure 11. Comparison of North Atlantic isotope record (Site 552) with the
Ontong Java record (Site 586). Data for Hole 552A from Shackleton and Hall
(1984), Shackleton et al. (1984), Keigwin (1984), and Keigwin et al. (1987).
The sampling interval at Hole 552A was 10 cm in the upper and lower sections
of the hole; between 3.5 and 5.0 Ma, the sampling interval was generally 1.5
m, although sometimes it was larger. Data given in Shackleton and Hall (1984)
for various benthic species were converted to P, wuellerstorfi equivalents using
average offset values. Correlation of the records is based on the time scale of
Berggren et al. (1985) and on available paleomagnetic data (Shackleton and
Hall, 1984; Keigwin et al., 1987). Constant sedimentation rates were assumed
between age control points, and data were smoothed by calculating sliding
averages. Note increased asymmetry after the major cooling event (Event A).
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Grain-size Data, Sand Fractions

APPENDIX A

Core, section,  Depth Age Weight Weight percent Core, section,  Depth Age Weight Weight percent
interval (cm) (m) (m.y.) (g) =63pum  >149pm  >250 pm interval (cm) (m) (m.y.) (g) =>63um  >149um  >250 pm
89-586- 7-1, 50-52 9741 383 62921 23.7 139 8.8
1-1, 49-52 050 002 4.9582 327 232 19.0 7-2, 48-50 08.89 3.86 7.5131 30.5 204 14.5
2-1, 50-52 1.81 0.09 5.3462 354 257 19.2 7-3, 50-52 100.41 3.90 6.2216 21.6 14.0 10.2
2-2, 55-57 3.36 0.16 24318 33.6 24.0 17.2 7-4, 50-52 101.91 393 7.0766 21.6 14.1 104
2-3, 55-57 4.86 0.23 4.4559 215 21.4 17.4 7-5, 50-52 103.41 397 6.1806 22.5 14.0 10.1
2-4, 55-57 6.36 0.30 5.5078 343 252 20.1 7-6, 48-50 104.89 4.00 6.4870 14.7 8.7 56
2-5,55-57 7.86 0.37 3.9996 21.8 16.0 129 8-1, 50-52 107.01 4.05 8.5136 25.2 16.8 12.1
2-6, 55-57 9.36 0.44 3.7027 40.8 29.1 21.9 8-2, 48-50 108.49 4.09 9.0032 235 14.1 9.8
3-1, 50-52 11.32 0.54 6.1348 274 18.8 14.5 8-3, 50-52 110.01 4.12 5.4969 16.9 10.5 6.5
3-2, 49-50 12.81 0.61 5.9064 219 14.6 10.8 8-4, 50-52 111.51 4.16 8.0001 13.1 83 55
3-3, 50-52 14.31 0.68 5.6263 29.0 17.1 12.0 8-5, 50-52 113.01 4.19 9.2394 214 129 8.4
3-4, 50-52 15.81 0.75 4.0681 8.5 6.3 3l
3-5,50-52 17.31 0.81 5.6486 41.6 315 25.1 B9-586-
3-6.51-53 18.82 0.88 42319 31.1 23.0 18.1 8-6, 48-50 114.49 4.23 6.9550 28.7 19.7 133
4-1, 50-52 20.81 0.97 6.9007 312 225 17.0 9-1, 50-52 116.61 428 49866 13.8 8.2 49
4-2,51-53 22.32 1.03 7.2806 31.5 236 17.8 9-2, 48-50 118.09 4.31 4.9608 18.0 11.6 6.8
4-3, 50-52 23.81 1.10 6.4016 279 214 16.3 9-3, 50-52 119.61 4.35 4.8377 23.2 145 8.3
4-4, 50-52 2531 L17 6.3281 292 22.6 16.7 9-4, 50-52 121.11 4.38 39128 19.6 120 715
4-5, 50-52 26.81 1.23 7.1005 243 17.4 12.4 9-5, 50-52 122.61 4.42 5.2363 18.6 1.8 7.3
4-6, 51-53 28.32 1.30 6.8403 247 16.3 10.6 9-6, 48-50 124.09 445 38104 179 1.4 77
5-1, 60-62 30.41 1.39 7.7426 21.8 159 12.1 10-1, 50-52 126.21 4.50 6.1091 19.8 13.1 9.5
5-2, 60-62 3191 1.46 7.3019 236 15.5 10.8 10-2, 48-50 127.69 4.54 6.7212 22.7 12.8 7.7
5-3, 58-60 33.39 1.52 6.9758 27.6 19.2 123 10-3, 50-52 129.21 4.57 5.2492 238 13.8 8.5
5-4, 60-62 3491 1.59 6.4803 29.6 226 17.4 10-4, 50-52 130.71 4.61 6.4590 16.1 9.3 57
5-5, 60-62 36.41 1.65 6.5577 39.0 299 233 10-5, 50-52 132.21 464 ° 69867 213 16.3 10.0
5-6, 60-62 3791 1.72 6.3180 223 16.4 12.3 10-6, 48-50 133.69 4.68 6.2724 21 16.7 11.0
11-1, 50-52 135.81 4.73 5.6202 s A 154 9.6
89-586A- 11-2, 48-50 137.29 4.76 5.5076 38.7 26.5 19.8
1-1, 50-52 39.81 1.80 6.3186 16.3 114 8.1 11-3, 50-52 138.81 4.80 5.7270 27.6 14.7 8.4
1-2, 48-50 4129  1.87 52806 29.1 235 18.6 11-4,50-52  140.31  4.83  4.8332 279 16.7 11.2
1-3, 50-52 42,81 1.93 5.0281 134 94 6.4 11-5, 50-52 141.81 4.87 7.5542 21.0 1.7 7.4
1-4, 50-52 44.31 2.00 4.6882 233 17.2 12.5 11-6, 48-50 143,31 4.90 6.5045 219 10.8 6.7
1-5, 50-52 45.81 207 6.2007 18.7 12.8 9.5 12-1, 50-52 145.41 495 5.0023 20.2 12.2 8.7
1-6, 48-50 47.29 213 5.4905 18.9 12.8 9.5 12-2, 48-50 146.89 4.99 5.8149 14.7 B3 5.2
2-1,50-52 4941 222 5.6157 36.6 26.1 19.5 12-3, 50-52 148.41 5.02 4.5786 14.9 9.1 6.0
2-2, 48-50 50.89 229 4.2093 273 18.8 12.5 12-4, 50-52 149.91 5.06 4.1751 10.7 58 36
2-3,50-52 5241 236 4.7954 6.3 38 24 12-5, 50-52 151.41 5.09 3.6159 159 8.1 4.6
2-4, 50-52 5391 242 4.4544 18.8 123 8.7 12-6, 48-50 152.89 513 4.0398 19.2 8.7 44
2-5, 50-52 55.41 249 5.7305 12.0 74 5.1 13-1, 50-52 155.01 5.18 6.6383 21.7 13.3 7.9
2-6, 48-50 56.89 2.55 7.1420 153 99 6.9 13-2, 48-50 156.49 5.21 4.8821 20.0 11.1 6.1
3-1, 50-52 59.01 2.65 4.9387 21.2 13.0 85 13-3, 50-52 158.01 5.25 54100 16.0 94 6.0
3-2, 48-50 60.49 2.71 5.7080 13.1 7.6 5.2 13-4, 50-52 159.51 5.28 3.1605 11.5 7.1 4.7
3-3,50-52 62.01 2.78 5.3798 1.1 7.0 5.1 13-5, 50-52 161.01 532 66119 17.1 11.0 7.6
3-4, 50-52 63.51 2.84 3.7578 224 154 10,9 14-1, 50-52 16280  5.36 6.4087 17.4 1.6 83
3-5, 50-52 65.01 291 3.4350 14.8 10.2 7.9 14-2, 48-50 163.79 538 6.7274 17.7 10.0 6.7
3-6, 48-50 66.49 2.95 5.6336 243 16.9 12.6 14-3, 50-52 165.31 542 6.2947 18.8 9.9 6.5
4-1, 50-52 68.61 BRI 4.2946 21.5 14.0 10.2 15-1, 50-52 167.21 5.46 5.7303 16.4 7.5 4.8
4-2, 48-50 70.09 3.05 6.4669 222 15.2 11.2 15-2, 48-50 168.69 5.50 62132 18.3 104 6.8
4-3, 50-52 71.61 309 5.7123 26.7 18.3 13.3 15-3, 50-52 170.21 553 5.5913 25.0 16.0 10.9
4-4, 50-52 73.11 3.14 7.1425 28.1 19.8 15.0 15-4, 50-52 171.71 5.57 5.6239 18.8 9.6 5.8
4-5, 50-52 T4.64 3.18 4.9827 229 15.5 115 15-5, 50-52 173.21 5.61 5.6734 18.3 11.0 7.0
4-6, 48-50 76.09 3.22 7.5269 202 129 92 15-6, 50-52 174.71 5.64 6.1248 22.1 13.4 9.1
5-1, 50-52 78.21 328 6.1301 234 15.8 12.2 16-1, 50-52 175.70 5.66 2.9380 21.5 13.8 9.0
5-2, 48-50 79.69 333 5.8656 215 13.6 10.0 16-2, 50-52 177.71 5.71 4.6305 233 15.3 10.4
5-3, 50-52 81.21 3.37 5.0095 238 15.6 113 16-3, 50-52 179.21 5.75 4.0192 255 18.1 129
5-4, 50-52 82.71 3.41 5.2923 12.6 7.0 5.0 16-4, 50-52 180,71 5.78 3.3011 20.6 13.9 9.8
5-5, 50-52 84.21 3.45 6.1639 28.0 18.3 12.7 16-5, 50-52 182.21 582 3.3938 18.0 10.5 6.3
5-6, 48-50 85.69 3.50 5.0276 26.1 16.9 12.9 16-6, 50-52 183.71 5.85 3.6890 20.5 13.7 8.7
6-1, 50-52 87.81 3.56 5.1638 28.7 19.2 14.3 17-1, 50-52 185.81 5.90 5.3367 216 14.5 9.1
6-2, 48-50 89.29 3.60 571717 33.0 223 16.8 17-2, 50-52 187.31 5.94 4,1288 18.4 13.9 73
6-3, 50-52 90.81 364 4.9969 18.3 11.8 8.9 17-3, 50-52 188.81 5.97 6.3419 255 17.0 1.3
6-4, 50-52 92.31 3.69 4.5510 273 18.0 13.5 17-4, 50-52 190.31 6.01 3.8403 23.7 16.6 11.6
6-5, 50-52 93.81 3.73 3.0755 26.1 17.1 13.4 17-5, 50~-52 191.81 6.04 3.9266 244 16.3 11.0
6-6, 50-52 95.31 k fr 5.4780 17.0 10.7 T7 17-6, 50-52 193.31 6.08 5.4382 152 10.3 7.2
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APPENDIX B
Benthic Foraminifer Counts
Benthic foraminifers (V) Benthic foraminifers (V)
Core, section,  Depth Age Weight Core, section,  Depth Age Weight
interval (cm) (m) (m.y.) (g) Total Pw Ou Uy interval (cm) (m) (m.y.) (g) Total Pw Ou Uv
89-586- 6-4, 50-52 92.31 3.69 4.5510 62 8 4 0
1-1, 49-52 0.50 0.02 4.9582 94 10 9 9 6-3, 50-52 93.81 373 3.0755 64 12 6 1
2-1, 50-52 1.81 0.09 5.3462 70 11 8 3 6-6, 50-52 95.31 3.77 5.4780 120 8 13 12
2-2,55-57 336 016 24318 26 7 3 0 7-1,50-52 97.41 3.83 6.2921 78 2 7 2
2-3,55-57 48 023 4.4559 94 13 2 36 7-2, 48-50 98.89  3.86 7.5131 100 10 8 2
2-4,55-57 6.36 0.30 5.5078 105 20 8 17 7-3, 50-52 100.41 3.90 6.2216 61 4 i 2
2-5,55-57 7.86 0.37 3.9996 66 13 T T 7-4, 50-52 101.91 3.93 7.0766 143 T 18 8
2-6, 55-57 936 044 3.7027 66 10 8 7 7-5, 50-52 103.41 3.97 6.1806 96 7 9 2
3-1, 50-52 11.32 054 6.1348 88 14 5 12 7-6, 48-50 104.89 400  6.4870 76 3 5 i
3-2,49-50 1281 0.61 5.9064 140 18 8 33 8-1,50-52 107.01 4.05 8.5136 63 11 9 1
3.3, 50-52 1431 0.68 5.6263 101 17 3 16 8-2, 48-50 108.49  4.09 9.0032 146 17 12 2
3-4, 50-52 15.81 0.75 4.0681 174 13 8 61 8-3, 50-52 110,01 4.12 5.4969 78 1 10 4
3.5, 50-52 17.31 0.81 5.6486 132 24 8 18 8-4, 50-52 111.51 4.16 8.0001 95 7 13 3
3-6,51-53 18.82 0.88 4.2319 99 21 8 2
4-1, 50-52 20.81 0.97 6.9007 136 16 15 12 89-586A-
4-2,51-53 22.32 1.03 7.2806 193 17 19 46 8-5, 50-52 113.01 4.19 9.2394 105 12 10 3
4-3, 50-52 2381 1.10 6.4016 249 26 14 51 8-6, 48-50 114.49 423 6.9550 74 4 8 2
4-4, 50-52 2531 1.17 6.3281 117 8 12 3 9-1, 50-52 116.61 428 4.9866 68 5 3 8
4-5, 50-52 26.81 1.23 7.1005 215 29 27 39 9-2, 48-50 118.09 431 4.9608 60 8 2 3
4-6,51-53 28.32 1.30 6.8403 120 17 11 9 9.3, 50-52 119.61 4.35 4.8377 T2 4 2 5
5-1, 60-62 3041 1.39 7.7426 230 25 18 19 9-4, 50-52 12111 438 39128 54 9 5 £
5-2, 60-62 31.91 1.46 7.3019 92 14 8 6 9-5, 50-52 122.61 442 5.2363 65 5 8 0
5-3, 58-60 3339 1.52 6.9758 138 17 16 2 9-6, 48-50 12409 445 3.8104 46 3 5 0
5-4, 60-62 349 1.59 6.4803 87 14 9 6 10-1, 50-52 126.21 4.50 6.1091 64 4 5 1
5-5, 60-62 36.41 1.65 6.5577 109 5 11 10 10-2, 48-50 12769 454 6.7212 67 3 5 0
5-6, 60-62 37.91 1.72 6.3180 122 12 8 15 10-3, 50-52 12921  4.57 5.2492 47 5 6 0
10-4, 50-52 130.71 4.61 6.4590 89 13 3 3
89-586A- 10-5, 50-52 13221 464 6.9867 69 4 8 0
1-1, 50-52 39.81 1.80 6.3186 122 T 15 21 10-6, 48-50 133.69 4.68 6.2724 53 3 5 1
1-2, 48-50 41.29 1.87 5.2806 107 8 3 0 11-1, 50-52 135.81 4,73 5.6202 39 4 0 0
1-3, 50-52 42,81 1.93 5.0281 174 5 11 39 11-2, 48-50 137.29 4.76 5.5076 64 5 2 1
1-4, 50-52 4431 2.00 4.6882 97 8 5 2 11-3, 50-52 138.81 4.80 5.7270 60 13 5 0
1-5, 50-52 45.81 207 6.2007 135 18 20 6 11-4, 50-52 140.31 4.83 4.8332 49 9 3 2
1-6, 48-50 4729 213 5.4905 104 7 10 2 11-5, 50-52 141.81 4.87 7.5542 k! 15 9 3
2-1, 50-52 49.41 222 5.6157 172 9 16 12 11-6, 48-50 143.31 4.90 6.5045 78 20 =] 4
2-2,48-50 5089 229 4.2093 65 2 7 9 12-1, 50-52 14541 4,95 5.0023 73 16 10 3
2-3,50-52 5241 2.36 4.7954 122 8 10 51 12-2, 48-50 14689 499 5.8149 101 16 5 6
2-4, 50-52 5391 242 44544 66 2 8 6 12-3, 50-52 148.41 5.02 4.5786 63 8 4 13
2-5, 50-52 55.41 249 5.7305 105 10 14 17 12-4, 50-52 149.91 5.06 4.1751 45 6 4 2
2-6, 48-50 56.89 255 7.1420 142 7 13 16 12-5, 50-52 15141 5.09 3.6159 45 8 3 1
3-1, 50-52 59.01 2.65 4.9387 85 4 9 12 12-6, 48-50 152.89 5.13 4.0398 43 8 2 4]
3-2,48-50 6049 271 5.7080 103 5 10 7 13-1, 50-52 155.01 5.18 6.6383 84 23 3 0
3-3, 50-52 62.01 278 5.3798 101 6 12 13 13-2, 48-50 156.49  5.21 4.8821 57 11 4 0
3-4, 50-52 63.51 284 3.7578 76 2 2 6 13-3, 50-52 158.01 5.25 5.4100 59 12 3 2
3-5, 50-52 65.01 291 3.4350 81 3 6 14 13-4, 50-52 159.51 528 3.1605 69 10 5 24
3-6, 48-50 6649 295 5.6336 108 8 8 14 13-5, 50-52 161.01 532 6.6119 11 12 7 23
4-1, 50-52 68.61 30 4.2946 86 5 4 6 14-1, 50-52 162.80 5.36 6.4087 188 18 15 48
4-2, 48-50 70.09 3.05 6.4669 185 3 17 27 14-2, 48-50 163.79 5.38 6.7274 85 7 1 8
4-3, 50-52 71.61 3.09 57123 105 8 6 12 14-3, 50-52 165.31 5.42 6.2947 71 0 5 5
4-4, 50-52 73.11 314 7.1425 114 6 17 1 15-1, 50-52 167.21 5.46 5.7303 58 3 2 15
4-5, 50-52 74.64 318 4.9827 108 11 4 13 15-2, 48-50 168.69 5.50 6.2132 89 5 0 24
4-6, 48-50 76.09 322 7.5269 101 7 10 4 15-3, 50-52 170.21 5.53 5.5913 54 6 i 6
5-1, 50-52 78.21 3.28 6.1301 71 5 8 1 15-4, 50-52 17171 557 5.6239 27 3 0 1
5-2, 48-50 79.69 3.33 5.8656 76 2 5 2 15-5, 50-52 173.21 5.61 5.6734 49 4 9 1
5-3,50-52 81.21 337 5.0005 54 7 2 | 15-6, 50-52 174.71 5.64 6.1248 109 27 8 12
5-4, 50-52 82.71 341 5.2923 99 11 2 | 16-1, 50-52 175.70 5.66 2.9380 42 5 0 2
5-5, 50-52 84.21 345 6.1639 97 9 i 7 16-2, 50-52 177.71 51 4.6305 44 1 2 12
5-6, 48-50 8569  3.50 5.0276 77 7 4 10 16-3, 50-52 179.21 5.75 4.0192 97 3 7 18
6-1, 50-52 87.81 3.56 5.1638 51 2 3 11 16-4, 50-52 180.71 5.78 3.3011 39 8 3 1
6-2, 48-50 8929  3.60 5.7177 106 3 2 12 16-5, 50-52 182.21 5.82 3.3938 38 3 1 0
6-3, 50-52 90.81 3.64 4.9969 151 31 3 22 16-6, 50-52 183.71 585 3.6890 56 2 5 2

Notes: Pw = Planulina wuellerstorfi, Ou = Oridorsalis umbonatus, and Uv = Uvigerina spp. N = number of samples.

347



I.M. WHITMAN, W H. BERGER

APPENDIX C

Isotope Data (%¢ ), Four Foraminifer Taxa

G. sacculifer Pulleniatina spp. P ifi O, umb G. sacculifer Pulleniatina spp. B i 0.
Depth  Age Depth  Age
m (my) 8% s%c  &"o §%c &% % & s m (my) &% s "o % "o 8% "o s
0.50 0.02 -1.48 2.00 -0.77 1.24 2.90 0.08 i ~-1.15 90.81 364 -1.73 1.78 -1.46 0.76 2.55 -0.06 308 -0.79
1.81 0.09 -0.83 1.59 -0.13 10 3.61 -0.49 4.54 -1.34 9231 3.69 -1.80 1.61 -1.41 0.62 262 -0.15 3.03 -1.10
336 0.16 -1.49 1.68 -0.75 0.97 EXi -0.15 93.81 in -1.73 1.85 -1.23 0.81 246 -0.06 3.07 ~-1.10
4.86 0.23 —0.83 182 -0.24 1.35 369 -0.34 93.81 i3 =1.15 0.60
6.36 0.30 -1.07 170 -0.68 1.09 3.30 -0.03 393 -1.58 95.31 377 -1.65 1.50 -135 0.55 2.60 0.18 33 -1.13
7.86 0.37 -1.23 .72 -0.90 0.88 3.29 -0.15 392 -1.15 95.31 an -1.35 0.53
936 044  —1.05 136 073 062 320 017 38 -155 9741 38 -142 203 -120 0.60 302 -1.09
11.32 0.54 -1.29 1.80 -0.84 0.98 3.08 -0.21 393 -1.41 97.41 383 -1.55 207
1132 054 ~0.80 1.01 9889 38 -165 171 -1.29 064 237 002 312 -0.76
1281 061 144 129 -0.96 077 329 032 38 -LI13 10041 390 -167 143 143 051 228 020 292 -3l
12.81 0.61 -1.10 0.61 101.91 393 -1.50 1.50 -1.33 085 263 -0.13 3.17 -1.24
1431 068  -113 078 064 064 354 04l 10341 397  -1L70 154 143 058 232 015 283 -126
1431 068 0,58 0.52 10489 400 -162 193 -140 074 244 001 293 -101
1581 075  -091 153 0.8 129 369 021 409 -1.58 10700 405 -130 166 099 104 254 023 306 081
1581 075 -0.28 115 107.01 405 -155 207
1731 081 136 168 -087 059 28 009 369 122 10849 409 -139 201 -1.04 093 244 017 29 -1.04
17.31 0.81 091 1.00 110.01 412 -1.65 1.94  -1.00 0.83 3.15 -0.77
18.82 0.88 ~1.16 1.61 -0.79 0.67 310 -0.14 3.67 -1.18 111.51 4.16 —-1.49 179 095 0.86 239 0.06 321 -0.98
20.81 0.97 -1.75 1.50 -0.80 0.61 2.66 0,18 32 -1.58 113.01 4.19 -1.54 1.73 ~1.10 0.86 236 0.04 308 -1.16
20.81 0.97 -0.88 0.56 114.49 4.23 -1.28 202 -1.00 0.85 244 =002 3.10 ~1.15
2232 103 -106 190 -1.02 113 285 008 367 -1.20 11661 428 -118 1.8l 085 0.88 271 0.00
2381 1.10 -1.28 .64 -0.81 0.54 an —0.34 4.13 -1.02 118.09 431 -1.24 220 094 104 241 0.30
2531 1.17 -1.28 1.61 -1.16 099 294 0.07 346 -0.73 119.61 435 -1.29 1.95 -0.87 0.69 238 029
2531 11T -164 16l 12111 438 -L31 205 -099 071 242 000 309 -0.82
26.81 1.23 -1.23 1.61 -0.47 1.05 337 -0.13 389 -1.22 122.61 4.42 =117 1.83 -0.93 0.53 258 =008 327 ~1.42
28.32 1.30 -1.33 1.79 -1.03 0.83 2.98 -0.10 3.65 -1.14 124.09 445 =111 1.75 -0.91 0.62 3.05 ~1.40
3041 139 136 188 043 0.8 339 004 412 -132 12621 450 -1.17 184 -1.09 0.64
3191 146 -LIS 178  -088 083 301 017 378 -1.26 12769 454 -122 215 -0.99 0.62 292 122
3339 152 -L17 154  -0.68 048 292  -036 367 -LIS 12921 457  -124 191 101 069 247 002 298 -1.30
3491 159 130 173 -090 089 292 016 373 -1.07 13071 461  -124 158 118 038 240 022
3641 1.65 -0.92 1.62 -0.64 076 3.18 -0.35 393 -1.08 132.21 4.64 -1.08 217 -1.09 0.81 2.27 0.19 280 -1.04
3791 172 -127 148 098 077 324 031 377 098 13369 468 -L1I0 190 -LII 0.71 305 -1.22
3981 1.80  -0.83 167  -0.87 080 306 014 358 -1.22 13581 473 -124 212 100 094 253 0.34
3981 1.80 -1.24 1.56 137.29 4.76 —-1.34 225 -0.95 1.14 257 0.37
41.29 1.87 -1.31 1.94 -1.18 0.84 2.75 -0.13 347 -0.90 138.81 4.80 -1.31 209 -1.10 098 241 031
4281 1.93 -1.00 1.61 —.85 0.39 4.10 -1.50 140.31 483 -1.34 2.10 -0.94 0.96 230 0.40
44.31 2.00 ~1.16 1.76 ~1.04 0.51 288 -0.26 344 -1.25 141.81 4.87 -1.22 2.18 -0.95 095 245 034 281 -1.26
45.81 207 113 217 -L05 .64 309 -0.27 3.96 -1.19 143.31 4.90 -1.38 222 -1.14 097 237 0.12
4719 2.13 -1.37 1.96 -1.23 0.87 298 0.14 3.60 -0.87 145.41 495 -1.19 251 -0.96 1.28 243 040 278 ~0.98
49.41 2.22 -1.10 1.53 -1.03 0.43 kR[] -0.31 369 -1.69 146.89 499 -1.33 237 -1.21 074 246 0.24
50.89 2.29 -1.20 204 =110 0.78 343 -1.17 148.41 5.02 -1.17 216 -091 039 281 -0.10
50.89 229 -1.54 1.67 149.91 5.06 -1.24 209 090 066  2.80 -0.02
5241 236 -1.00 1.90 -0.89 0.70 315 -0.16 390 -1.35 151.41 5.00 -1.26 229 -1.00 0.86 255 0.10
5391 242 =116 I.71 —0.97 0.82 340 -1.30 152.89 513 -1.14 231 -0.95 0.93 240 0.19
5541 249 -101 176 -0.98 074 321 019 368 -1.62 15501 518 -097 180 -0.79 055 280 -0.15
5689 255 133 182 -1.06 0.60 363 -L19 15649 521 -120 206 -1.01 051 260 0.03
5689 255 126 138 15801 525 106 207 095 078 238 0.10
59.01 265 -1.27 202 -1.08 0.85 289 0.07 a2 -1.25 159.51 528 -1.40 201 -1.26 0.61 2.50 -0.13 .27 -1.59
60.49 2.7 -1.26 2.08 -L12 091 310 =019 371 -1.22 161.01 532 -1.17 2.11 -0.71 087 241 0.01 295 -1.27
62.01 278 -1.49 1.94 ~1.24 0.66 2.80 -0.18 347 -1.29 162.80 5.36 -1.44 1.54 092 0.88 248 -0.31 299 -1.77
6351 284 143 208 LIS 0.84 16379 538 -1.21 192 -0.84 107 242 0.10
63.51 2.84 -1.67 1.97 165.31 542 -1.20 206 -1.07 1.03 3.04 -1.27
65.01 2.9] -1.53 1.72 -1.26 0.54 kRt -1.27 167.21 5.46 -1.20 2.35 -0.88 1.25
66.49 295 -1.53 179 -1.21 0.63 244 -0.04 317 -1.03 168.69 5.50 -1.18 223 -083 1.25 278 0.20
68.61 3.01 -1.32 212 -1.27 0.75 235 017 170.21 5.53 -1.19 195 087 1.10 2.69 028
T0.09 3.05 -144 205 -1.20 0.72 310 -1.14 171.71 557 -1.21 209 -074 0.96
7161 3.0 -1.35 1.77 -1.22 0.65 2.65 0.05 3.39 -1.06 173.21 5.61 -1.20 243 -0.75 1.29
30 314 -1.46 1.88 -1.28 0.67 240 -0.01 3.3 -1.19 174.71 5.64 116 1.81 -0.60 0.74 261 -0.05
74.64 3.8 -1.41 1.84 -1.25 0.81 223 -0.03 3.06 -1.39 175.70 5.66 -1.22 225 -0.86 1.08 281 0.22
76.09 i -1.47 1.67 -1.30 0.42 2.55 -0.13 3.05 =111 177.71 571 -1.32 247 ~0.67 1.23
78.21 328 -1.36 1.84 -1.24 0.74 262 0.13 3.21 -1.03 179.21 575 -1.23 205 -0.80 1.08
78.21 328 -1.34 1.88 180.71 578 -1.24 210 -0.80 117 2.65 0.24
79.69 3.33 -1.29 1.66 -1.26 0.75 324 -1.07 182.21 5.82 -1.24 197
81.21 337 -1.58 1.83 -1.29 0.86 2.74 0.33 183.71 585 -1.20 2.30
82.71 341 -1.77 1.96 -1.25 0.87 2.68 -0.04 330 =1.00 185.81 590 -1.19 1.75
8421 345 148 196 —143 073 240 0.15 308 -087 18731 594  -LI8 201 244 013
85.69 350 147 188 -1.40 063 219 001 28 -LI7 18881 597 -LI0 200 232 003 310 -0
8569 350 -1.76 157 19031 601 -LI13 199 249 002
87.81 3.56 -1.73 1.7 —1.48 0.73 191.81 6.04 -1.05 1.74 2.99 -1.33
87.81 is56 -1.51 1.74 193.31 6.08 -1.06 197 2.14 -0.15
89.20 360 —1.89 163 -1.51 045 242
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