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ABSTRACT

A combination of stable isotope records and Mg/Ca temperature esti-
mates of four different planktonic foraminiferal species from Ocean
Drilling Program Site 1241 allows differentiation between temperature
and salinity changes in the tropical east Pacific (TEP) upper water col-
umn during the Pliocene (~5.7–2.1 Ma). The deviation of δ18O records
and Mg/Ca temperature estimates from thermocline-dwelling plank-
tonic foraminifers suggests that local changes in salinity exerted a
much stronger control on Pliocene TEP upper ocean water mass signa-
tures than previously assumed. The most pronounced Pliocene change
in TEP upper ocean stratification was the shoaling of the thermocline
from ~4.8 to 4.0 Ma that was possibly triggered by changes in the con-
figuration of low-latitude ocean gateways. During this time interval,
mixed-layer temperatures and salinities remained relatively constant in
contrast to a pronounced temperature (~6°C) and salinity decrease at
the bottom of the photic zone. This change led to a new state in the
thermal structure of the TEP, as the thermocline remained relatively
shallow until ~2.1 Ma.
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INTRODUCTION

The early to middle Pliocene includes the most recent period when
Earth’s climate was significantly warmer than present, as indicated by
ocean temperature estimates from marine microfauna and by palyno-
logical data (e.g., Dowsett et al., 1992, 1994, 1996). This warm period
was terminated by an irreversible global cooling trend after ~3.2 Ma
that was associated with the intensification of Northern Hemisphere
glaciation (NHG). 

Two recent hypotheses link the major onset of NHG to modifications
in ocean heat transport and thermohaline circulation that were attrib-
uted to the constriction of low-latitude ocean gateways. Several studies
suggested that the progressive closure of the Central American Seaway
(CAS) was the cause either for the onset (Berggren and Hollister, 1974)
or for the delay (Berger and Wefer, 1996) or for setting preconditions for
NHG (Haug and Tiedemann, 1998; Driscoll and Haug, 1998). Others
identified narrowing of the Indonesian Gateway (IG) and associated
changes in tropical Pacific oceanography as a mechanism that may
have contributed to Pliocene cooling (e.g., Cane and Molnar, 2001).
The ultimate causes for the late Pliocene–Pleistocene climate transition,
however, are still under debate (e.g., Ravelo et al., 2004).

The closure history of the CAS (14–1.9 Ma) has been intensely inves-
tigated and is stratigraphically well constrained (e.g., Keigwin, 1982;
Webb, 1985; Lundelius, 1987; Duque-Caro, 1990; Coates et al., 1992,
2004; Collins et al., 1996; Haug and Tiedemann, 1998). The Pliocene
time interval from 4.6 to 4.2 Ma has been shown to represent a critical
period in the closure history, when the restriction of Pacific–Atlantic
surface water exchange resulted in profound changes in ocean circula-
tion and chemistry. Closure-induced variations mainly affected the At-
lantic Ocean, as indicated by ocean model experiments (e.g., Maier-
Reimer et al., 1990; Mikolajewicz and Crowley, 1997; Nisancioglu et al.,
2003; Prange and Schulz, 2004) and paleoceanographic studies (e.g.,
Keigwin, 1982; Tiedemann and Franz, 1997; Haug and Tiedemann,
1998; Haug et al., 2001; Steph et al., in press). The main changes in-
clude strengthening of the Gulf Stream system, enhanced thermohaline
overturn in the North Atlantic, development of the Caribbean Warm
Pool, and an increase in Caribbean sea-surface salinity (SSS). The clo-
sure-induced impact on tropical Pacific oceanography yet remains am-
biguous because of possible interactions resulting from the constriction
of the IG.

The IG has narrowed gradually since ~20 Ma due to the northward
drift and collision of the Australia–New Guinea block with Indonesian
terranes (e.g., Hamilton, 1979). In contrast to the CAS, the Pliocene his-
tory of the IG is stratigraphically not well constrained and is not char-
acterized well enough to relate oceanographic changes in the tropical
Pacific and Indian Ocean directly to gateway-induced thresholds. By re-
evaluating plate tectonic models, Cane and Molnar (2001) proposed
that the Pliocene narrowing of the passage after 5.0–3.0 Ma may have
strengthened the West Pacific Warm Pool (WPWP) and enhanced the
tropical trans-Pacific sea-surface temperature (SST) gradient. These
changes are corroborated by ocean general circulation models that ex-
amined closure-related oceanographic changes in the Pacific and Indian
Oceans (e.g., Hirst and Godfrey, 1993; Godfrey, 1996). Development of
the trans-Pacific temperature gradient is expected to have modified the
thermal structure of the tropical Pacific from an El Niño–like state into
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more modern conditions of a La Niña–like state. This includes the
shoaling of the east Pacific thermocline. 

Indeed, low-latitude proxy records indicate that significant tropical
climate reorganization occurred twice: once between 4.5 and 4.0 Ma,
well before significant NHG, and once between 2.0 and 1.5 Ma, well af-
ter the onset of significant NHG (Ravelo et al., 2004). Evidence for early
Pliocene changes in east Pacific surface water and atmospheric circula-
tion toward more modern conditions comes from Farrell et al. (1995)
and Hovan (1995). According to Farrell et al. (1995), carbonate and opal
accumulation in the tropical east Pacific (TEP) decreased significantly
and the maximum of opal accumulation shifted toward the east at ~4.4
Ma. Based on eolian grain size and flux studies, Hovan (1995) postu-
lated a southward shift of the Intertropical Convergence Zone (ITCZ)
between 5.0 and 4.0 Ma consistent with observed changes in ther-
mocline depth. Faunal assemblages and planktonic δ18O records from
tropical Pacific Ocean Drilling Program (ODP) Sites 806 and 847 suggest
that the development of the modern trans-Pacific thermocline slope
crossed a critical threshold between 5.0 and 4.0 Ma (Chaisson and Rav-
elo, 2000). This change is characterized by shoaling of the thermocline
in the TEP, which was also recorded in multispecies planktonic stable
isotope records from TEP Site 851 as documented by Cannariato and
Ravelo (1997). Recently, the comparison of planktonic Mg/Ca SST
records from the tropical east and west Pacific indicated that SST in the
WPWP were similar or slightly higher than in the TEP during the
Pliocene (Wara et al., 2005). The development of a more modernlike
transequatorial SST gradient with higher temperatures in the WPWP
and lower temperatures in the east Pacific was not observed to start be-
fore 2.0–1.5 Ma (Cannariato and Ravelo, 1997; Ravelo et al., 2004; Wara
et al., 2005).

This study sheds new light on the thermal structure of the upper wa-
ter column in the TEP (Site 1241) by establishing and combining stable
isotope and Mg/Ca records of shallow- and deep-dwelling planktonic
foraminifers for the time interval from ~5.7 to 2.1 Ma. The comparison
with planktonic δ18O records from TEP Site 851 (Cannariato and Rav-
elo, 1997) allows further assessment of regional variability in TEP upper
ocean water mass signatures during the Pliocene. In addition, the posi-
tion of Site 1241 close to Panama is appropriate to verify the influence
of the Pliocene closure of the CAS on TEP surface hydrography.

Regional Oceanography and Paleodrift of Site 1241

TEP ODP Site 1241 had its origin near the equator at the Galapagos
hotspot (~0.96°S, 91.82°W) ~11–13 m.y. ago. During the past 11 m.y.,
tectonic movement of the Cocos plate shifted the site location ~950 km
to the northeast toward its modern position at ~5.84°N, 86.44°W (Mix,
Tiedemann, Blum, et al., 2003) (Fig. F1). Hence, three ocean currents
are considered to have influenced the upper 100 m of the water column
at Site 1241: the South Equatorial Current (SEC), the North Equatorial
Countercurrent (NECC) and the Equatorial Undercurrent (EUC) (Fig.
F1). Today, the westward-flowing SEC (south of 3°N) is driven by the
southeast trade winds and is fed by relatively cool and salt-rich water
masses from the South Pacific that are transported equatorward via the
Peru-Chile Current. These water masses form the equatorial cold
tongue, whereas low SST and a shallow thermocline are maintained by
permanent equatorial upwelling, as the southeast trades cross the equa-
tor all year (Wyrtki, 1966; Strub et al., 1998). The NECC is located
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within the ITCZ region (between 3° and 10°N) and carries the return
flow of relatively warm, low-salinity surface waters eastward out of the
WPWP region (Wyrtki, 1981; Delcroix et al., 1987; Donguy and Meyers,
1996). Between 2°N and 2°S, the EUC flows eastward along the equator
in 30–300 m depth (Wyrtki, 1966; Philander, 1973; McPhaden, 1986).
The EUC is a geostrophic current driven by the Coriolis force and by
west-east pressure gradients. It rises with the thermocline as it flows
across the Pacific, bringing relatively cool, high-salinity, and nutrient-
enriched water to the surface layer west of Galapagos Islands and ex-
tending into the Panama Bight (e.g., Wyrtki, 1981; Leetma, 1982; Bry-
den and Brady, 1985).

Considering the paleodrift of Site 1241 and assuming modern ocean-
ographic conditions for the past 11 m.y., Site 1241 should reflect
changes in upper ocean water mass signatures that are summarized in
Figure F2. Figure F2 shows modern annual-average properties of the up-
per water column at paleolocations of Site 1241 for the last 11 m.y.
(Conkright et al., 2002) based on plate tectonic backtracking (Mix,
Tiedemann, Blum, et al., 2003). During the last 11 m.y., SST should
have increased by ~5°C and SSS should have decreased by as much as
1.5 as Site 1241 moved northward out of the cool and relatively salt
rich SEC into warmer, low-salinity waters of the NECC (Fig. F2). Mixed-
layer temperatures (25-m water depth) reflect the same trend. The 22°C
isotherm (assumed to represent mean thermocline temperatures; see
Fig. F3) would have deepened from ~5 to ~45 m (Fig. F2) if equatorial
upwelling of cool subsurface waters, like today, connected the ther-
mocline to the surface during the early history of Site 1241. The major
step in thermocline deepening should have occurred between 11 and 7
Ma (~5–37 m), followed by a minor deepening from 37 to 45 m during
the past 7 m.y. Water temperature and salinity at 100-m water depth
(below the thermocline) would have remained relatively constant dur-
ing the last 11 m.y. Nutrient concentrations (represented by phosphate
concentrations in Fig. F2) at the sea surface would have decreased over
the past 11 m.y. in response to the northward drift of Site 1241 out of
the SEC/EUC region, where upwelling maintains relatively high nutri-
ent concentrations near the surface. The opposite trend is observed for
nutrient concentrations at 100-m water depth. At this depth level, wa-
ter masses adjacent to the EUC have higher nutrient concentrations.
Accordingly, the northward drift away from the EUC probably resulted
in increasing nutrient concentrations. In summary, these changes in
temperature, salinity, and nutrient contents may be regarded as the null
hypothesis for oceanographic changes associated with the plate tec-
tonic backtrack path of Site 1241. Significant deviations from the null
hypothesis are assumed to reflect temporal changes in regional ocean-
ography that are not related to plate tectonic drift.

In addition, the aging of the oceanic crust below Site 1241 certainly
moved the site location into greater water depths between 6 and 2 Ma,
the time interval examined in this study. Today, Site 1241 is located at a
water depth of 2027 m. Considering the subsidence curve for normal
oceanic crust (e.g., Parsons and Sclater, 1977), the water depth of Site
1241 was probably ~250 m shallower at 6 Ma with respect to 2 Ma.
However, subsidence rates for oceanic crust generated above a plume
mantle (e.g., Galapagos hotspot) are expected to be higher than that of
normal oceanic crust (e.g., Ito and Clift, 1998). Hence, the water depth
of Site 1241 may have deepened by as much as 400 m between 6 and 2
Ma. As a rough approximation, Site 1241 was located at a water depth
of ~1900 m at 2 Ma and at ~1650–1500 m at 6 Ma. Thus, Site 1241 may
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have experienced even better carbonate preservation during the late
Miocene.

Strategy

Past studies demonstrate that the isotopic offset between different
species of planktonic foraminifers reflects the temperature range within
the photic zone in the tropics (e.g., Ravelo and Fairbanks, 1992; Ravelo
and Shackleton, 1995; Cannariato and Ravelo, 1997; Ravelo and An-
dreasen, 1999; Chaisson and Ravelo, 2000; Faul et al., 2000). The tem-
perature range and thus the isotopic differences in δ18O between species
are assumed to be large when the thermocline is shallow and small
when the thermocline is deep. Because oxygen isotope values are biased
by both temperature changes and variations in δ18Oseawater, we estab-
lished Mg/Ca records in order to assess the temperature signal and to
isolate the δ18Oseawater signal from the planktonic δ18O records. We also
considered the LR04 benthic δ18O stack (Lisiecki and Raymo, 2005) to
distinguish local changes in δ18Oseawater from global variations that re-
sulted from changes in global ice volume. Furthermore, δ13C values of
planktonic foraminifers were included to evaluate changes in upper
ocean water mass signatures. Changes in vertical planktonic δ13C gradi-
ents are primarily indicative of variations in the nutrient distribution
within the upper water column but are, however, not necessarily linked
to changes in upper ocean stratification. 

In addition to this approach, we also considered variations in the pa-
leoposition of Site 1241, because plate tectonic movement of the Cocos
plate significantly displaced Site 1241 northward from its original posi-
tion at the Galapagos hotspot during the last 11–13 m.y. (Mix, Tiede-
mann, Blum, et al., 2003). 

Selection of Planktonic Foraminifers

In order to assess vertical gradients in upper ocean water mass signa-
tures, we measured the stable isotope composition and Mg/Ca ratios of
four planktonic foraminiferal taxa with different habitat depths: Globi-
gerinoides sacculifer (without saclike final chamber), Neogloboquadrina
dutertrei (dextral variety), Globorotalia limbata (dextral variety), and
Globorotalia tumida (Fig. F4).

The distribution and abundance of planktonic foraminiferal species
is strongly related to vertical variations in hydrographic parameters
such as temperature, food availability, chlorophyll concentration, and
light levels (e.g., Fairbanks et al., 1980, 1982; Fairbanks and Wiebe,
1980; Curry et al., 1983; Ganssen and Sarnthein, 1983; Sautter and
Thunell, 1991; Thunell and Sautter, 1992; Ortiz et al., 1995, 1996, 1997;
Watkins and Mix, 1998). These factors result in a predictable living-
depth range of different species that can be deciphered by the stable
isotope composition of test calcite (Fairbanks and Wiebe, 1980; Ravelo
et al., 1990; Ravelo and Fairbanks, 1992; Niebler et al., 1999) (Fig. F3).

G. sacculifer and G. tumida are foraminifers whose calcification depth
is considered to be nearly constant within the tropics (e.g., Ravelo and
Andreasen, 1999, and references therein). The spinose, symbiont-bear-
ing G. sacculifer has been found living and calcifying within the warm,
nutrient-depleted surface mixed layer and upper thermocline (e.g., Fair-
banks et al., 1982; Curry et al., 1983). Hence, it mainly records the iso-
topic composition of near-surface water. However, the adult tests of G.
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sacculifer include a substantial proportion of gametogenetic calcite that
is added slightly deeper in the thermocline and may alter δ18O values
(e.g., Duplessy et al., 1981; Lohmann, 1995). The isotopic composition
of G. tumida reflects hydrographic conditions at the bottom of the
photic zone (BOPZ) (Ravelo and Fairbanks, 1992; Ravelo and Shackle-
ton, 1995). This is a nearly constant depth level in tropical waters (~80–
100 m). The δ18O values and Mg/Ca ratios of G. tumida are thus prima-
rily considered to register changes in the thermocline depth, because
temperature at the BOPZ is partly regulated by the depth of the ther-
mocline. Other species are found at different depth levels within the
thermocline, associated with the maximum in chlorophyll concentra-
tion and primary productivity (e.g., Curry et al., 1983; Sautter and
Thunell, 1991; Ravelo and Fairbanks, 1992; Ravelo and Andreasen,
1999). Thus, their isotopic composition reflects the temperature and
chemical composition at the depth of the thermocline as temperature
transition layer in a whole. Because thermocline depth may vary
through time, the absolute calcification depth of those species cannot
be determined from their isotopic composition alone (e.g., Curry et al.,
1983; Sutter and Thunell, 1991; Ravelo and Fairbanks, 1992; Ravelo and
Andreasen, 1999). When hydrographic conditions change, ther-
mocline-dwelling species may migrate to shallower or deeper levels
(e.g., Ravelo and Fairbanks, 1992; Faul et al., 2000). As these species cal-
cify within a steep thermal gradient, only slight changes in the living
depth may have a significant influence on the isotopic composition of
their tests. We therefore compared stable isotope records of G. limbata
(dextral) and N. dutertrei (dextral), two nonspinose, thermocline-dwell-
ing species with presumably overlapping habitat depths, to assess indi-
cations of their vertical migration.

Neogloboquadrina dutertrei, the modern representative of the Neoglo-
boquadrinid lineage (N. acostaensis, N. humerosa, and N. dutertrei) (e.g.,
Parker, 1967; Blow, 1969; Srinivasan and Kennett, 1976) was selected
for the time interval from 5.25 to 2.1 Ma. N. dutertrei has the tendency
to calcify within a narrow temperature range in the tropics (Curry et al.,
1983; Ravelo and Fairbanks, 1992; Billups and Spero, 1996; Faul et al.,
2000). It inhabits the middle to deep thermocline today, and it is sup-
posed to be closely coupled to the chlorophyll maximum (Fairbanks et
al., 1982; Watkins et al., 1998; Spero et al., 2003). Figure F4F and F4G
shows the morphotype we commonly used for isotopic and Mg/Ca
measurements. 

G. limbata, a late Miocene to late Pliocene Globorotalia (Menardella)
species (e.g., Banner and Blow, 1960; Kennett and Srinivasan, 1983),
was chosen to resemble the middle Miocene to modern Globoratalia me-
nardii, because G. menardii did not occur in sufficient numbers in the
early to middle Pliocene section of Site 1241 (Mix, Tiedemann, Blum, et
al., 2003). In the eastern equatorial Pacific, G. menardii today lives
within the upper to middle thermocline (Spero et al., 2003). The isoto-
pic offset between G. limbata (dextral) and G. menardii (dextral) appears
to be small and relatively constant during the Pliocene, with ~0.11‰
higher δ13C values and ~0.15‰ higher δ18O values of G. limbata (Table
T1). This is <½ of the short-term variations in downcore records. Al-
though the exact ecological preference of G. limbata remains elusive for
the Pliocene, we suggest that G. limbata, like the modern G. menardii,
reflects thermocline conditions because the test morphology and isoto-
pic composition of both species is similar.

T1. Isotope values of G. limbata 
(dextral) and G. menardii (dextral), 
p. 47.
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Together, Mg/Ca ratios and the stable isotopic composition of the
four species used in this study are supposed to reflect the physical and
chemical structure of the entire photic zone in the TEP (Fig. F3).

MATERIAL AND METHODS

We used TEP Site 1241 (Cocos Ridge; 5°50.570′N, 86°26.676′W; 2027-
m water depth) for the present study. Because of its shallow water
depth, carbonate preservation of foraminiferal tests is good. This is also
suggested by comparisons between the sand percentages of the carbon-
ate fraction (indicative of changes in carbonate dissolution/or produc-
tivity) and the general pattern of deep Pacific carbonate dissolution (for
further discussion see Tiedemann et al., this volume).

The depth interval from 49 to 176 meters composite depth (mcd)
(5.7–2.1 Ma) was sampled at a mean distance of 10 cm above 161 mcd
and a mean distance of 15 cm below. The time resolution of this series
is generally better than 3 k.y. (Tiedemann et al., this volume). The
samples were freeze-dried and washed through a 63-µm mesh. From
each sample, 10 well-preserved tests of G. sacculifer (without saclike fi-
nal chamber) were picked from the 355- to 400-µm fraction for stable
isotope measurements. From the same size fraction, 10 specimens of G.
limbata (dextral) and G. tumida were picked from every second sample.
As N. dutertrei (dextral) is not present in sufficient numbers in the 355-
to 400-µm fraction, we picked 15–20 specimens from the 250- to 355-
µm fraction of every second sample. Measurements of G. limbata (dex-
tral) and G. menardii (dextral) were performed on 14 samples where the
two coexisted in order to assess the isotopic signature of G. limbata (Ta-
ble T1). For species determination, we followed the taxonomic concepts
of Kennett and Srinivasan (1983).

Isotope analyses were run at IFM-GEOMAR (Kiel, Germany) using a
Finnigan Delta-Plus-Advantage mass spectrometer coupled to a Finni-
gan/Gas Bench II. Precision of the carbonate standard (National Bureau
of Standards, NBS-19) over the period of analysis was better than
±0.07‰ for δ18O and ±0.05‰ for δ13C (±1σ, N = 637). The isotope val-
ues are reported relative to Peedee belemnite (PDB). 

Paleotemperatures were reconstructed from Mg/Ca ratios of G. saccu-
lifer, G. tumida, N. dutertrei (dextral), and G. limbata (dextral). Twenty to
twenty-five specimens (~0.5–1.2 mg of shell material) were picked from
the same size fraction as used for stable isotope measurements if
enough specimens were available. For temperature estimation, G. saccu-
lifer was picked from every second sample in the time intervals from 2.1
to 3.7 Ma and 4.8 to 5.5 Ma and from every sample between 3.7 and 4.8
Ma. For samples with low numbers of G. sacculifer, we picked as many as
35 specimens from the 250- to 355-µm fraction to obtain additional
material (see also Groeneveld et al., this volume). We considered one
sample per section for N. dutertrei and G. tumida, except for two inter-
vals at ~4.8 and 2.5 Ma, where G. tumida was collected at 10-cm inter-
vals. The average time resolution of these records is better than 45 k.y.
For the Mg/Ca record of G. limbata, we used one sample every second
section, corresponding to a time resolution better than 100 k.y. We
avoided specimens visibly contaminated by ferromanganese oxides for
Mg/Ca analysis. The specimens were gently crushed between glass
plates in order to open the chambers. The shell debris was subsequently
cleaned according to Barker et al. (2003). Sample treatment includes
several rinses with distilled deionized water and methanol (suprapur)
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with ultrasonic treatment between each rinse, two 10-min soaks of the
samples in a hot (97°C) oxidizing 1% NaOH/H2O2 solution (10 mL 0.1-
N NaOH [analytical grade] + 100 µL 30% H2O2 [suprapur]), a weak acid
leach (0.001-M subboiled distilled HNO3), and finally, dissolution in
subboiled distilled 0.075-M HNO3. Analyses were performed on the in-
ductively coupled plasma–optical emission spectrometer (ICP-OES)
(Ciros CCD SOP, Spectro A.I., Germany) at the Institute of Geosciences,
University of Kiel (Germany) (see also Groeneveld et al., this volume).

The conversion of Mg/Ca ratios into SSTs was carried out by applying
the paleotemperature equation of Anand et al. (2003):

T = [log (Mg/Ca) – log 0.38]/0.09. 

To simplify the visualization of long-term trends, proxy records were
smoothed. We used the locally weighted least-squared error method
(e.g., Cleveland, 1979) and applied a smoothing factor of 10%, which
controls the fraction of the data population considered during smooth-
ing. In comparison to other smoothing methods, this technique is less
sensitive to outliers.

The age model of Site 1241 is based on orbital tuning (Tiedemann et
al., this volume). The authors used a multiproxy approach, including
benthic δ18O, benthic δ13C, and percent sand of carbonate fraction
records for the correlation of high-frequency variations to the orbital
solution of Laskar et al. (1993). The astronomical timescale of Site 1241
is in agreement with that from Atlantic Sites 925 and 926 as indicated
by a comparison of benthic δ13C records.

RESULTS

Oxygen Isotope and Mg/Ca Temperature Records

Oxygen isotope and Mg/Ca ratios are shown in the “Appendix,”
p. 33. Figures F5 and F6 show the Pliocene planktonic δ18O and Mg/Ca
temperature records of G. sacculifer (Mg/Ca data are presented in
Groeneveld et al., this volume; Groeneveld, 2005), G. limbata (dextral),
N. dutertrei (dextral), and G. tumida from Site 1241. In general, the δ18O
and Mg/Ca temperature offsets between the planktonic foraminiferal
species indicate a clear depth ranking consistent with their assumed
ecology. The relatively low δ18O values and high Mg/Ca temperatures of
G. sacculifer reflect warmer surface water masses as it calcified predomi-
nantly within the surface mixed layer. Generally higher δ18O values and
lower Mg/Ca temperatures of G. tumida result from its deeper habitat at
the BOPZ within cooler subsurface waters below the thermocline. The
thermocline dwellers G. limbata and N. dutertrei display intermediate
values between those of G. sacculifer and G. tumida. Comparisons of
long-term trends between δ18O and Mg/Ca temperatures derived from
the same foraminiferal species suggest that the δ18O signal was signifi-
cantly overprinted by variations in δ18Oseawater (corresponding to
changes in global ice volume and local salinity).

The δ18O record of the mixed-layer dweller G. sacculifer (Figs. F5, F6)
is marked by a long-term decrease of ~0.8‰ from 5.7 to 3.15 Ma with
two transient maxima centered at 4.9 and 3.3 Ma (marine isotope stage
[MIS] Si6, MIS M2). Both maxima were probably linked to global cool-
ing as suggested by the benthic δ18O record of Site 1241 (Tiedemann et
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al., this volume) (Fig. F5). We consider the benthic δ18O record to reflect
mainly global climate changes, as it shows a dynamic that is compara-
ble to global ice volume changes and temperature variability in the
source regions of deepwater formation at high latitudes (e.g., Tiede-
mann et al., 1994; Shackleton et al., 1995; see “δ18Oseawater Trends,”
p. 10). After 3.15 Ma, δ18O values of G. sacculifer increased by ~0.5‰
along with the intensification of NHG. δ18O amplitudes increased when
first pronounced maxima in glaciation appeared between 2.7 and 2.45
Ma (Tiedemann et al., 1994) (MIS G6–96, see benthic record, Fig. F5).
The Mg/Ca temperature record of G. sacculifer (Fig. F6) suggests that
temperatures fluctuated between 20.9° and 26.3°C with an average of
23.8°C from 5.6 to 2.1 Ma. As such, surface mixed-layer temperatures at
Site 1241 were similar to those observed today in a water depth of ~35–
40 m (24.4–23.2°C) (Conkright et al., 2002). The long-term late Mio-
cene and Pliocene temperature variability is characterized by cooling
from 5.6 to 4.7 Ma, slight warming from 4.7 to 3.65 Ma, cooling from
3.65 to 2.45 Ma, followed by warming until 2.1 Ma (for further discus-
sion see Groeneveld et al., this volume). The cooling trend from 5.6 to
4.7 Ma is opposite to the trend observed in the δ18O record, as the ac-
companying decrease in δ18O suggests warming rather than cooling.
The warming trend from 4.7 to 3.65 Ma, however, is in accordance with
the continued decrease in δ18O values. The cooling trend after 3.65 Ma
appears to start at least ~200 k.y. earlier than suggested by the G. saccu-
lifer δ18O record (Figs. F5, F6) The time interval from 3.2 to 3.1 Ma, of-
ten referred to as the “mid-Pliocene warmth” (e.g., Crowley, 1996;
Raymo et al., 1996), is marked by a pronounced δ18O minimum but sur-
prisingly not by a Mg/Ca temperature maximum.

The δ18O records of the thermocline dwellers G. limbata (dextral) and
N. dutertrei (dextral) display similar long-term trends, which clearly de-
viate from the trends observed in the δ18O G. sacculifer record (Fig. F5).
In contrast to the δ18O G. sacculifer record, the δ18O values of G. limbata
and N. dutertrei increased between 5.5 and 3.3 Ma (MIS M2). The strong
decrease in δ18O of the thermocline dwellers after 3.3 Ma, however, is
also paralleled by decreasing δ18O values of G. sacculifer. The following
increase in δ18O of G. limbata and N. dutertrei (after ~3 Ma) is more pro-
nounced than in the δ18O record of G. sacculifer and started ~150 k.y.
later. The Mg/Ca temperature records of G. limbata and N. dutertrei differ
in absolute values and trends, although their δ18O records are similar
(Fig. F6). The Mg/Ca temperatures of G. limbata were slightly warmer
and varied between 18.8° and 23.2°C, whereas those of N. dutertrei
ranged from 17.3° to 20.5°C (except for a short-term temperature mini-
mum at 4.9 Ma) (Fig. F6). This compares to modern temperatures in a
water depth of 40–60 m and 50–70 m, respectively (Conkright et al.,
2002). The modern thermocline and chlorophyll maximum, being the
preferred habitat of N. dutertrei, are located at 30–50 m (Fig. F3). Because
temperatures within the modern thermocline are ~22°C and the
Pliocene mixed-layer temperature was close to the modern one, we as-
sume that the absolute paleotemperature estimates for N. dutertrei and
G. limbata are slightly too cool. The Mg/Ca-derived temperature vari-
ability of G. limbata resembles the long-term variability observed in the
δ18O record of this species (Figs. F5, F6). In contrast, the temperature
record of N. dutertrei provides no long-term trend and thus deviates
considerably from its recorded δ18O variability. Hence, δ18O changes dis-
play relatively strong variations in salinity because their general trend



S. STEPH ET AL.
TROPICAL EAST PACIFIC UPPER OCEAN STRATIFICATION 10
deviates from both the local temperature record and the evolution of
global climate as indicated by the benthic δ18O record (Figs. F5, F6). 

The δ18O record of the deep-dweller G. tumida resembles the long-
term increase from 5.6 to 3.3 Ma as observed in the δ18O records of the
thermocline dwellers (Fig. F5). After 3.3 Ma, δ18O values of G. tumida de-
creased into a short-term minimum that represents the time interval of
the mid-Pliocene warmth. Thereafter, δ18O values increased again, fol-
lowed by a decrease after 2.75 Ma. The succeeding δ18O minimum be-
tween 2.7 and 2.45 Ma marks an interval that is known to represent
first maxima in Pliocene NHG (MIS G6–96) (Fig. F5). Thus, this mini-
mum is very unusual, as benthic and planktonic foraminiferal δ18O
records generally display pronounced maxima during this period due to
global cooling and ice sheet growth. After 2.45 Ma, the δ18O values of G.
tumida increased until 2.1 Ma. The G. tumida Mg/Ca temperatures co-
vary roughly with the trends observed in its δ18O record (Fig. F6). At the
habitat depth of G. tumida, late Miocene and Pliocene temperatures
ranged from 13.4° to 21.5°C (Fig. F6). Temperatures decreased by ~6°C
from 5.4 to 4.0 Ma with major steps at 5.3 and 4.5 Ma. From 4.0 to 2.75
Ma, temperatures remained relatively stable and varied between 13.5°
and 17°C with an average temperature of 15.3°C. This is close to mod-
ern temperatures at depths of 80–90 m, the modern BOPZ at the posi-
tion of Site 1241 (16°C) (Fig. F3). The δ18O minimum during the mid-
Pliocene warmth from 3.2 to 3.1 Ma is not characterized by elevated
temperatures, and thus presumably reflects a decrease in δ18Oseawater. The
δ18O minimum between 2.7 and 2.45 Ma, however, can be ascribed to a
temperature maximum.

Comparison of long-term trends between δ18O and Mg/Ca tempera-
ture records from the same foraminiferal species clearly demonstrates
that the δ18O records are not sufficient to reconstruct the thermal struc-
ture of the upper water column, because the δ18O temperature signal
can be fully wiped out by variations in δ18Oseawater. Such overprints espe-
cially affected the δ18O records of G. sacculifer and N. dutertrei. As salin-
ity changes have exerted a more important control on Pliocene TEP
upper ocean hydrography than previously assumed (Cannariato and
Ravelo, 1997; Chaisson and Ravelo, 2000), we based our interpretations
on depth-stratified Mg/Ca temperature and δ18Oseawater records to assess
temporal changes in vertical temperature and salinity gradients.

δ18Oseawater Trends

We combined Mg/Ca temperatures and δ18O values of each plank-
tonic foraminiferal species in order to calculate the species-related
δ18Oseawater records according to Shackleton (1974):

δ18Oseawater = δ18Oforam – 21.9 + (310.6 + 10 × SSTMg/Ca)0.5.

Figure F7 shows the δ18Oseawater records for G. sacculifer, G. limbata
(dextral), N. dutertrei (dextral), and G. tumida. Changes in δ18Oseawater re-
sult from variations in global ice volume (sea level) and salinity. To as-
sess local changes in salinity, we considered the LR04 benthic oxygen
isotope record of Lisiecki and Raymo (2005) and simply assumed that
pronounced short- and long-term variations in δ18O reflect, to a certain
degree, changes in global ice volume. The LR04 benthic oxygen isotope
record represents a δ18O stack of 57 globally distributed sites, whereas

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

LR04 benthic δ18O stack

δ18Oseawater G. sacculifer

δ18Oseawater G. tumida

δ1
8 O

se
aw

at
er

Age (Ma)

δ18Oseawater N. dutertrei (dex.)

δ18Oseawater G. limbata (dex.)

96
98

100

G6 M2

MG5

Si6

0.0

0.5

1.0

1.5

-0.5

0.0

0.5

1.0

δ1
8 O

se
aw

at
er

2.5

3.0

3.5

4.0

4.5

-0.5

0.0

0.5

1.0

-0.5

0.0

0.5

1.0

B
en

th
ic

 δ
18

O
 (

‰
)

δ1
8 O

se
aw

at
er

δ1
8 O

se
aw

at
er

A

B

C

D

E

F7. δ18Oseawater records vs. LR04 
benthic δ18O stack, p. 40.



S. STEPH ET AL.
TROPICAL EAST PACIFIC UPPER OCEAN STRATIFICATION 11
12 records reach back to 4.9 Ma and 5 records cover the time interval
from 5 to 5.33 Ma. Although the δ18O stack contains changes in deep-
water temperature and salinity, their local effects are minimized by
stacking globally distributed benthic δ18O records. At present, however,
we cannot quantitatively isolate the contribution of changes in ice vol-
ume from the Pliocene δ18O amplitudes. For the past 20,000 years, esti-
mates suggest an average global benthic δ18O decrease of 1.8‰ (Lisiecki
and Raymo, 2005), whereas 1.0‰ ± 0.1‰ is attributable to a decrease
in global ice volume (Schrag et al., 1996; Shackleton, 2000). This leaves
~0.8‰ (45% of the total amplitude) for an increase in deep ocean tem-
perature (~4°C) that also reflects in some way the warming in high-lati-
tude regions of deepwater formation. During the Pliocene phase of
unipolar glaciation from 5.2 to 3.1 Ma, the benthic δ18O amplitudes are
generally lower than 0.5‰ and the δ18O stack displays no significant
long-term trend. We thus simply assume that this interval is character-
ized by relatively small changes in ice volume and deepwater tempera-
ture except for the pronounced benthic δ18O increase from 3.49 to 3.3
Ma (MIS MG5 to M2). This short interval may indicate a failed attempt
of the climate system to start NHG (Haug and Tiedemann, 1998) that
was followed by a climatic rebound representing the mid-Pliocene
warmth period (3.2–3.1 Ma) just before the intensification of NHG.
From 3.1–2.4 Ma, benthic δ18O values increased by ~0.7‰ along with
the intensification of NHG that was paralleled by a dramatic increase in
the supply of ice-rafted debris into the North Atlantic and North Pa-
cific, implying that the Eurasian Arctic and North America were signifi-
cantly glaciated from 2.75 Ma onward (e.g., Jansen and Sjøholm, 1991;
Kleiven et al., 2002). First glacial maxima with δ18O amplitudes of ~1‰
occurred in cold stages G6–96 (2.7–2.45 Ma). We assume that the vari-
ability of the smoothed benthic LR04 δ18O record represents the direc-
tion of ice volume changes (Fig. F7). Its comparison with species-related
planktonic δ18Oseawater records from Site 1241 is used to approximate lo-
cal long-term changes in salinity. In general, the planktonic δ18Oseawater

records reveal higher amplitudes and a long-term variability that differs
significantly from the benthic δ18O record. The smoothed δ18Oseawater

record for the mixed layer (G. sacculifer) shows a decrease from 5.6 to
3.15 Ma, (interrupted by a maximum between 4.1 and 3.7 Ma) (Figs. F6,
F7). With respect to the smoothed benthic δ18O stack, this trend sug-
gests a decrease in mixed-layer salinity. The increase in mixed-layer
δ18Oseawater after 3.15 Ma may partly result from an increase in global ice
volume associated with the intensification of NHG, rather than reflect-
ing local salinity changes. The δ18Oseawater record of the upper ther-
mocline (G. limbata) is relatively similar to that of the mixed layer but
lacks the increase in δ18Oseawater along with the intensification of NHG.
The most striking feature of the δ18Oseawater record of the lower ther-
mocline (N. dutertrei) is the pronounced maximum centered at ~3.7 Ma,
followed by a decrease of 0.9‰ until 2.8 Ma, and an increase of 0.9‰
thereafter. The δ18Oseawater minimum around 3 Ma suggests a pro-
nounced mid-Pliocene salinity minimum at the lower thermocline, as it
contrasts the progressive increase in global ice volume (Figs. F6, F7).
The G. tumida δ18Oseawater record is marked by an increase of ~0.5‰ be-
tween 5.6 and 5.4 Ma and a strong decrease of ~0.7‰ from 4.6 to 4.0
Ma, the latter suggesting a salinity decrease at the BOPZ. Relatively low
values persisted until 3.1 Ma and then δ18Oseawater increased along with
the intensification of NHG (Figs. F6, F7). 
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In summary, the planktonic δ18Oseawater records deviate significantly
from Pliocene changes in global ice volume and thus imply strong sa-
linity changes within the upper water column of the TEP. This finding
contradicts the general assumption that variations in δ18O salinity play
a minor role for interpreting TEP planktonic δ18O records (Cannariato
and Ravelo, 1997; Chaisson and Ravelo, 2000).

Vertical Temperature and δ18Oseawater Gradients

Pliocene changes in vertical temperature and δ18Oseawater gradients
within the photic zone at Site 1241 provide information about changes
in TEP upper ocean stratification, including the depth of the ther-
mocline and the structure of the pycnocline. A great advantage of tem-
perature and δ18Oseawater gradients between different planktonic
foraminiferal species is that they eliminate global temperature and
δ18Oseawater changes. 

The Mg/Ca temperature estimates for G. sacculifer (mixed layer), G.
limbata, N. dutertrei (thermocline), and G. tumida (BOPZ), as well as the
Mg/Ca temperature differences between G. sacculifer and deep-dwelling
foraminifers, are shown in Figure F8B and F8C, respectively. We regard
temperature differences between G. sacculifer and G. tumida (ΔTG.sacculifer–

G.tumida) as most suitable for monitoring changes in thermocline depth,
because the habitat of these two species is considered to be relatively
constant within the tropics (e.g., Ravelo and Andreasen, 1999) (see “Se-
lection of Planktonic Foraminifers,” p. 5). From 5.6 to 4.8 Ma,
ΔTG.sacculifer–G.tumida is lowest (3.5°–5.5°C), implying a relatively deep ther-
mocline. The temperature difference significantly increased from 4.8 to
4.0 Ma (to ~9°C) mainly due to the temperature decrease of ~6°C at the
BOPZ (Fig. F8B, F8C). This change in the thermal structure of the upper
water column points to an early Pliocene shoaling of the TEP ther-
mocline, as a shallower thermocline results in shoaling and compres-
sion of the isotherms in the upper water column. From 3.6 to 2.7 Ma,
ΔTG.sacculifer–G.tumida decreased again (Fig. F8C). This decrease was mainly
caused by mixed-layer cooling (see also Groeneveld et al., this vol-
ume), whereas temperatures at the BOPZ remained relatively stable (Fig.
F8B). The pronounced ΔTG.sacculifer–G.tumida minimum at ~2.5 Ma, however,
resulted from warming at the BOPZ. This points to a short-term deepen-
ing of the thermocline that parallels first pronounced maxima in NHG
as inferred from benthic δ18O records (Figs. F5, F7).

The temperature records of the thermocline-dwelling foraminifers G.
limbata and N. dutertrei can be biased by habitat changes, as these spe-
cies may migrate to shallower or deeper habitats when the thermocline
shallows or deepens, respectively. The temperature record of the upper
thermocline dweller G. limbata reflects the early Pliocene subsurface
cooling trend recorded by G. tumida (Fig. F8B), although less pro-
nounced (~2.5°C) and more gradual (5.3–3.3 Ma). This led to an in-
crease in the temperature gradient between mixed-layer and upper
thermocline (ΔTG.sacculifer–G.limbata) from ~2° to ~4.5°C (Fig. F8C). After 3.3
Ma, ΔTG.sacculifer–G.limbata decreased due to warming of the upper ther-
mocline (~3.3–3 Ma) and cooling of the mixed layer. At the lower ther-
mocline (N. dutertrei), however, temperatures were comparatively stable
during the Pliocene (5.3–2.1 Ma). Accordingly, the temperature gradi-
ent between mixed-layer and lower thermocline (ΔTG.sacculifer–N.dutertrei) was
relatively constant. Small changes in Pliocene ΔTG.sacculifer–N.dutertrei mainly
resulted from changing mixed-layer temperatures.
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The observed changes in thermal structure are partly reflected by
changes in vertical salinity gradients. Figure F9 shows the δ18Oseawater

records for each foraminiferal species, as well as the δ18Oseawater differ-
ences between deep-dwelling foraminifers and G. sacculifer. The pattern
of salinity change between G. sacculifer and G. tumida is similar to
changes in ΔTG.sacculifer–G.tumida. In general, increases in the temperature gra-
dient between the mixed layer and the BOPZ are associated with de-
creases in the salinity gradient (Δδ18Oseawater G.tumida–G.sacculifer), except for
two intervals at ~5.5 and 2.5 Ma. From 5.6 to 5.4 Ma, Δδ18Oseawater G.tumida–

G.sacculifer increased. Between 5.4 and 4.8 Ma, Δδ18Oseawater G.tumida–G.sacculifer was
highest (as high as 1‰), whereas salinity within the mixed layer was
lower than at the BOPZ. The maximum difference of 1‰ would corre-
spond to a salinity difference of 2 when applying the global δ18Oseawater

salinity relationship of Broecker (1989). This salinity difference is close
to the modern one (Fig. F3). Along with the early Pliocene shoaling of
the thermocline (4.8–4.0 Ma), δ18Oseawater at the BOPZ (G. tumida) de-
creased by ~0.8‰ (Fig. F9A). This resulted in a Δδ18Oseawater G.tumida–G.sacculifer

of only ~0.2‰ after 4.0 Ma (Fig. F9B), which differed significantly from
the modern one.

The δ18Oseawater records of G. sacculifer and G. limbata were relatively
similar throughout the Pliocene (Fig. F9A) and indicate similar salinities
in the mixed layer and upper thermocline (Fig. F9B). We neglect the
maximum in Δδ18Oseawater G.limbata–G.sacculifer between 5.0 and 4.5 Ma, as it is
only based on two data points. The comparison of δ18Oseawater records be-
tween G. sacculifer, N. dutertrei, and G. tumida provides an unusual result
(Fig. F9) as it suggests low salinities at the lower thermocline and higher
salinities above and below (except for the intervals from ~3.8–3.4 Ma
and ~2.5–2.1 Ma). Such a scenario is not very likely, because salinity at
the lower thermocline should be on a mixing line between lower salini-
ties within the mixed layer and higher salinities at the BOPZ (Fig. F9).
Hence, the δ18Oseawater gradients may be partly afflicted with uncertain-
ties that result from the application of the Mg/Ca temperature equation
(see “Discussion,” p. 15).

Carbon Isotope Trends

Pliocene variations in foraminiferal δ13C include global shifts related
to interactions between terrestrial and oceanic carbon reservoirs and lo-
cal shifts created by changes in nutrient supply, utilization, and remin-
eralization of organic matter. We use the benthic δ13C record of Site
1241 (Tiedemann et al., this volume; Fig. F10A) to approximate global
changes, as benthic δ13C records from the central east Pacific are a rea-
sonable indicator for shifts in the whole ocean carbon budget (Mix et
al., 1995). Figure F10A compares the planktonic δ13C records from Site
1241 with the benthic δ13C record. From 5.7 to 3.3 Ma, all planktonic
δ13C records were roughly parallel to each other and followed the gen-
eral trend of the benthic δ13C record. During this time interval, the
planktonic δ13C records largely reflect variations in the global carbon
reservoir on orbital and tectonic timescales. Between 3.3 and 2.1 Ma,
the δ13C record of G. sacculifer and the benthic δ13C record remained
parallel, indicating that surface mixed-layer water masses still reflected
global changes in δ13Cseawater. In contrast, the δ13C records of deeper-
dwelling foraminifers show a gradual increase of 0.5‰ after 3.3 Ma
(MIS M2) that deviates from the benthic δ13C trend (Fig. F10A). This
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shift to higher δ13C values within the thermocline and at the BOPZ
points to local changes in nutrient supply or utilization. 

Further information about local changes in vertical nutrient gradi-
ents within the upper water column is provided by δ13C gradients be-
tween shallow- and deep-dwelling planktonic foraminifers, as these
gradients eliminate the global δ13C variability. Because Site 1241 was lo-
cated outside the equatorial upwelling region during the Pliocene,
δ13CDIC (DIC = dissolved inorganic carbon) is expected to decrease with
increasing water depth. Phytoplankton elevates surface δ13CDIC as it dis-
criminates against 13CO2 during photosynthesis, and heterotrophic or-
ganisms reintroduce 13C-depleted CO2 back into the DIC pool via
respiration at depth (Kroopnick, 1974; Spero et al., 2003). It is thus
commonly assumed that the most positive δ13C values correspond to
the nutrient-depleted surface mixed layer and that the lowest δ13C val-
ues occur at greater depths, where the nutrient supply and recycling is
highest. The depth-related nutrient increase from the surface to the
BOPZ is illustrated in Figure F2.

In general, our results support this assumption, as carbon isotopic
values of the mixed-layer dweller G. sacculifer are higher than those of
N. dutertrei (dextral), G. limbata (dextral), and G. tumida. δ13C gradients
between G. sacculifer and the deep dwellers are as large as 2‰, and are
thus comparable to the modern vertical δ13CDIC gradient observed
within the Panama Basin (Fairbanks et al., 1982). However, it is difficult
to assess vertical Pliocene gradients in δ13C, as the species-specific off-
sets to δ13CDIC are not well constrained. Analyses of shells from plankton
tows and core tops suggest that δ13C values of medium-sized G. sacculi-
fer are close to δ13CDIC of ambient seawater, whereas larger specimens
(>500 µm) are enriched in 13C and thus display larger deviations (e.g.,
Mulitza et al., 1999). No information exists for the extinct species G.
limbata. We assume that the habitat of G. limbata is comparable to that
of G. menardii (which exists since the middle Miocene) as the δ13C val-
ues of G. limbata have a small and relatively constant offset of approxi-
mately +0.11‰. Unfortunately, core-top δ13C values of G. menardii have
no consistent Δδ13Cshell-DIC offset (Ravelo and Fairbanks, 1995; Mielke,
2001). For N. dutertrei, Mulitza et al. (1999) found a Δδ13Cshell-DIC offset of
+0.5‰ determined on South Atlantic specimens from plankton tows.
G. tumida δ13C values from three Atlantic core-top samples suggest an
offset of +1‰ with respect to δ13CDIC (Ravelo and Fairbanks, 1995). Ac-
cordingly, the δ13C record of G. tumida would exhibit the lowest δ13C
values (Fig. F10B) as expected due to its habitat at the BOPZ. The verti-
cal δ13C gradients between G. sacculifer, N. dutertrei, and G. tumida re-
mained relatively constant from 5.6 to 3.3 Ma and indicate no
significant change in nutrient supply, utilization, and remineralization.
However, the δ13C increase after 3.3 Ma (MIS M2) that was only re-
corded by the deep-dwelling planktonic foraminifers suggests a de-
crease in nutrients below the mixed layer.
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DISCUSSION

Pliocene Changes in the Thermal Structure of the TEP 
Upper Water Column and Possible Links to Tectonics 

and Climate

Mg/Ca temperature records of shallow- and deep-dwelling plank-
tonic foraminifers from Site 1241 provide new insights into Pliocene
changes in the thermal structure of the TEP upper water column. In
general, the Mg/Ca temperature estimates are in good agreement with
the assumed ecological preferences of each foraminiferal species, as Mg/
Ca temperatures decrease with increasing habitat depth (Figs. F6, F8B).

In order to assess whether the observed long-term temperature varia-
tions reflect the plate tectonic drift of Site 1241 or local dynamics of
ocean circulation, we considered the modern temperature distribution
along the site’s backtrack path (Figs. F1, F2). Under modern hydro-
graphic conditions, the northeastward drift of Site 1241 between 6 and
2 Ma would result in a temperature increase of ~1.5°C within the mixed
layer, no temperature change at the BOPZ, and a slight deepening of
the thermocline (~5 m). None of these trends is registered by our tem-
perature reconstructions for the upper 100 m of the water column. This
is not surprising, as the proposed drift-induced changes in the thermal
structure are very small. We thus mainly interpret the observed temper-
ature variability as a consequence of global climate change and/or local
changes in surface hydrography.

The most striking change in the thermal structure of the upper water
column was the early Pliocene shoaling of the thermocline. This is indi-
cated by an increase in the temperature gradient between the mixed
layer (G. sacculifer) and the BOPZ (G. tumida) from ~4° to ~9°C between
4.8 and 4.0 Ma (Fig. F8C). The subsurface cooling trend was also regis-
tered by the upper thermocline-dweller G. limbata, resulting in an in-
crease in the temperature gradient between mixed layer and upper
thermocline from ~2.0° to ~4.5°C between 5.3 and 3.3 Ma (Fig. F8C).
The Pliocene shoaling of the thermocline was also observed at TEP Site
851 by the study of Cannariato and Ravelo (1997), although they based
their interpretation on δ18O records from G. sacculifer and G. tumida.
Their suggestion that the planktonic δ18O records mainly reflect varia-
tions in temperature is not confirmed by our results for the lower ther-
mocline dwellers N. dutertrei and N. humerosa. At Site 1241, the Mg/Ca-
derived temperatures from N. dutertrei remained comparatively stable
from 5.3 to 2.1 Ma and suggest that relatively strong variations in δ18O
mainly reflect changes in salinity (see “δ18Oseawater Trends,” p. 10). It
was previously suggested that N. dutertrei generally calcifies close to the
same temperature, regardless of oceanographic changes (e.g., Curry et
al., 1983; Ravelo and Fairbanks, 1992; Billups and Spero, 1996). Our
record provides for the first time the opportunity to document such a
temperature adaptation for the Pliocene. Although the early Pliocene
thermocline shoaling should have caused a migration of N. dutertrei to a
shallower habitat, we surmise that temperatures within the lower ther-
mocline would not vary strongly if thermocline depth decreases, as
long as SST remains relatively stable. During the time interval prior to
4.8 Ma, temperatures at the lower thermocline level were similar to
those at the BOPZ (Fig. F8B). After 4.8 Ma, as a result of the thermocline
shoaling, higher temperatures within the lower thermocline than at the
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BOPZ indicate that a comparatively warm thermocline prevailed above
the BOPZ (Fig. F8B).

The early Pliocene thermocline shoaling was completed by ~4.0 Ma
and documents a new stage in the thermal structure of the TEP upper
water column that persisted until ~2.7 Ma. During this time interval,
slight thermal modifications mainly resulted from a gradual cooling of
the mixed layer by ~1°C between 3.65 and 2.7 Ma. Between 2.7 and 2.5
Ma, the temperature gradient between mixed layer and BOPZ decreased
significantly as a result of continued cooling of the mixed layer and
warming of ~3°C at the BOPZ (Fig. F8B, F8C). The subsurface warming
suggests a short-term deepening of the thermocline, probably in re-
sponse to the intensification of NHG and the development of signifi-
cant cyclic variations in global ice volume after 2.75 Ma, as inferred
from benthic δ18O records (Figs. F5, F7). This finding contradicts the
most recent assumption that tropical climate was relatively stable dur-
ing the mid-Pliocene intensification of global cooling (Ravelo et al.,
2004).

Considering our temperature estimates as reasonable, we suggest that
the thermal structure of the upper water column between 4.0 and 2.7
Ma was already close to the modern one (Fig. F3). In this context, of
course, the application of Mg/Ca temperature equations is a point of
discussion. In this study, the temperature estimates are based on the
multispecies approach of Anand et al. (2003). The application of other
Mg/Ca temperature equations, however, would modify our results sig-
nificantly, as summarized in Table T2. 

Applying the species-specific temperature equation of Nürnberg et al.
(2000) for G. sacculifer results in ~1°C warmer mixed-layer temperatures
(on average ~24.8°C) than using the multispecies equation of Anand et
al. (2003). This corresponds to modern temperatures at ~30- to 35-m
water depth. Although this warmer temperature estimate may be more
realistic, applying the Anand et al. (2003) equation for all species re-
duces problems arising from the extracted δ18Oseawater records (see “Sa-
linity Changes within the TEP Upper Water Column,” p. 19).

The application of species-related G. sacculifer and N. dutertrei tem-
perature equations from Dekens et al. (2002) for the Pacific results in
nearly identical temperatures for both species, with average tempera-
tures of ~26.8°C that are ~3°C higher than our estimates for G. sacculifer.
Assuming a relatively deep thermocline, and taking into account that
N. dutertrei may have lived within the mixed layer as G. sacculifer did,
the δ18O offset between both species (up to 1.5‰) would suggest ex-
treme salinity differences at approximately the same water depth,
which we regard as unrealistic (Fig. F5). The Atlantic equation from De-
kens et al. (2002) provides temperature estimates for G. sacculifer that
are similar to those derived from the Nürnberg et al. (2000) equation.
Their species-related Atlantic equation for N. dutertrei provides ~2.5°C
warmer temperatures than our estimates for N. dutertrei with an average
temperature of ~21.5°C that is close to the modern average thermocline
temperature (~22°C). As there is no species-specific equation for G. lim-
bata, however, the application of the Atlantic equation for N. dutertrei is
problematic. Using the Atlantic equation of Dekens et al. (2002) for N.
dutertrei and the multispecies equation of Anand et al. (2003) for G. lim-
bata provide ~0.5°–1°C higher temperatures for the lower thermocline
than for the upper thermocline, although the Mg/Ca values of N. duter-
trei are generally lower than those of G. limbata. Therefore, we refrain
from mixing formulas of different authors and use the Anand et al.
(2003) equation.

T2. Comparison of different Mg/
Ca paleotemperature equations, 
p. 48.
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The multispecies temperature equation of Elderfield and Ganssen
(2000) leads to generally lower temperatures for all habitats: 5.5°C
cooler for G. sacculifer, 5°C cooler for G. limbata, 5°C cooler for N. duter-
trei, and 5°C cooler for G. tumida. The temperature gradient within the
upper water column, however, is close to that derived from the Anand
et al. (2003) equation. We regard the temperature estimates derived
from the Elderfield and Ganssen (2000) equation as too cool, as it is not
likely that mixed-layer temperatures (~18.5°C) were significantly cooler
than modern ones (~24°C) during the Pliocene, a period when Earth’s
climate was generally warmer than today. These comparisons demon-
strate the recent uncertainty in estimating absolute temperatures from
planktonic Mg/Ca ratios (Table T2). Including the calculation of plank-
tonic δ18Oseawater into the process of interpretation (associated relative
changes in the salinity) suggests the Anand et al. (2003) equation as the
best approach when calculating temperatures for various planktonic
foraminiferal species (see “Salinity Changes within the TEP Upper
Water Column,” p. 19).

Possible forcing mechanisms that come into question concerning the
Pliocene development of the thermal structure of the TEP upper water
column are manifold. The long-term shoaling of the thermocline from
4.8 to 4.0 Ma and the gradual cooling of the mixed layer since 3.65 Ma
imply slow forcing mechanisms. This suggests tectonic processes like
the constriction of tropical gateways and mountain uplift as well as
high-latitude processes like development of the Northern Hemisphere
ice cap, possibly coupled to a reduction in atmospheric CO2, as major
candidates.

As the tropical Pacific is bordered by the IG to the west and by the
CAS to the east, it is likely that changes in the configuration of these
low-latitude gateways left a significant imprint on its surface hydrogra-
phy. Although the timing of the constriction of the IG remains specula-
tive, it was suggested that major changes in west Pacific surface
hydrography associated with the constriction of the IG occurred during
the middle to late Miocene and possibly close to the Pliocene/Pleis-
tocene boundary (e.g., Hamilton, 1979; Kennett et al., 1985; Chaisson,
1995). More recently, Cane and Molnar (2001) and Molnar and Cane
(2002) suggested that the constriction of the IG after 5.0–3.0 Ma may
have played a major role in climate change during the Pliocene by
strengthening Walker Circulation over the Pacific and the trans-Pacific
thermocline slope. These changes are consistent with shoaling of the
thermocline in the east Pacific and with gradual cooling in the mixed
layer.

The timing of the stepwise changes in the thermocline shoaling,
however, also suggests a close link to a critical threshold in the closure
history of the CAS. Between 4.6 and 4.2 Ma, surface water exchange be-
tween the Pacific and the Caribbean became significantly restricted
(Keigwin, 1982; Haug et al., 2001; Steph et al., in press). This is paral-
leled by a major step in subsurface cooling at Site 1241 after 4.5 Ma (Fig.
F8B). The relationship between the emergence of the CAS and hydro-
graphic changes in the TEP is still a matter of debate. In case of an open
isthmus, general circulation model results predict a 10 Sv (Sverdrup: 1
Sv = 106 m3/s) flow of low-saline NECC waters from the Pacific into the
Caribbean as a result of the higher Pacific sea level (Maier-Reimer et al.,
1990). This is opposed by only 1 Sv of wind-driven surface water flow
from the Caribbean into the Pacific. It was previously assumed that the
inflow of warm, saline Caribbean surface water masses possibly main-
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tained a deep thermocline in the east Pacific before the final closure of
the CAS (Farrell et al., 1995). Although the exact timing of the final clo-
sure is still arguable, it did not occur significantly earlier than 2.7 Ma
(e.g., Lundelius, 1987; Kameo and Sato, 2000). Accordingly, we do not
expect that the wind-driven inflow of Caribbean surface waters into the
Pacific ceased between 5 and 4 Ma, thereby causing significant ther-
mocline shoaling in the TEP.

More recently, however, numerical model results provided a global
mechanism that may link the early Pliocene thermocline shoaling in
the Pacific to changes in the configuration of the CAS. Oceanographers
suggested that changes in the rate of North Atlantic Deep Water
(NADW) production may trigger global adjustments of the thermocline
depth (e.g., Huang et al., 2000). The signal is carried from ocean to
ocean by Kelvin and Rossby waves, inducing an upward (downward)
movement of the main thermocline, when NADW formation is strong
(weak). For example, model results predicted a thermocline shoaling of
50 m in the Pacific for a 10-Sv increase in NADW formation. Indeed,
considerable evidence from proxy data and modeling studies address-
ing the consequences of the closure of the CAS points to an increase in
NADW production after 4.6 Ma (e.g., Maier-Reimer et al., 1990; Mikola-
jewicz and Crowley, 1997; Haug and Tiedemann, 1998; Haug et al.,
2001; Nisancioglu et al., 2003; Prange and Schulz, 2004). Strengthening
of NADW formation after the restriction of surface water exchange (4.6
Ma) may have facilitated the early Pliocene shoaling of the thermocline
in the TEP.

In addition, progressive shoaling of the CAS was suggested to trigger
changes in atmospheric circulation, such as a strengthening of Walker
Circulation over the Pacific and changes in the trade wind strength that
might have influenced Pacific surface current systems and the structure
of the upper water column, as suggested by Hovan (1995), Cannariato
and Ravelo (1997), Billups et al. (1999), and Chaisson and Ravelo
(2000). Closure-induced warming of the Caribbean basins after 4.6–4.4
Ma (Steph et al., in press) may have caused development of a pressure
contrast between the western tropical Atlantic and the eastern tropical
Pacific (Chaisson and Ravelo, 2000). This in turn was suggested to have
strengthened Walker Circulation over the tropical Pacific and increased
the west-east thermocline tilt (Chaisson and Ravelo, 2000). Model re-
sults indicate an increase in steric height within the WPWP region after
closure of the CAS (Maier-Reimer et al., 1990). A large hydraulic head in
the WPWP due to more effective piling up of warm surface waters may
have increased the volume and velocity of the eastward-flowing EUC
(Maier-Reimer et al., 1990) that today transports relatively cool, high-
salinity waters into the TEP at the thermocline level. This may have
contributed to shoaling of the thermocline as well.

Moreover, support for an early Pliocene southward shift of the ITCZ
comes from studies that investigated Atlantic and Pacific changes in
tropical wind field and surface hydrography (Hovan, 1995; Farrell et al.,
1995; Cannariato and Ravelo, 1997; Chaisson and Ravelo, 1997; Norris,
1998; Billups et al., 1998, 1999). Similar to the modern seasonal cycle, a
shift to a more southern position of the ITCZ in the TEP would have
weakened the southeast trades and thus significantly reduced the
strength of the NECC and the SEC. A decrease in the return flow of
warm water from the WPWP and a strengthened EUC thus may have al-
lowed the observed thermocline shoaling in the TEP and in turn trig-
gered development of stronger tropical Pacific east-west gradients
(Cannariato and Ravelo, 1997; Chaisson and Ravelo, 2000). In addition,
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this scenario is expected to cool the TEP mixed layer, which however, is
not observed before 3.65 Ma at Site 1241 (Figs. F6, F8B) (see Groen-
eveld et al., this volume). Reconstructions of Pliocene–Pleistocene
transequatorial mixed-layer temperatures suggest that the modern east-
west temperature gradient did not develop before 1.5 Ma (Wara et al.,
2005). Hence, it is not clear to what extent this mechanism may have
contributed to shoaling of the thermocline during the early Pliocene.

Salinity Changes within the TEP Upper Water Column

At Site 1241, the Pliocene variability of species-related planktonic
δ18Oseawater can be attributed to a large part to local salinity changes as
these records partly deviate significantly from the evolution of global
ice volume as deduced from comparisons with the benthic δ18O stack
(Lisiecki and Raymo, 2005) (Fig. F7). In addition, the variability of
δ18Oseawater gradients between different foraminiferal habitat depths, a
measure that eliminates the global δ18O ice volume signal, suggests con-
siderable regional salinity changes within the upper 100 m of the water
column (Fig. F7). Hence, Pliocene variations in TEP salinity appear to
have been significantly larger than previously assumed (Cannariato and
Ravelo, 1997; Chaisson and Ravelo, 2000; Wara et al., 2005). 

Determining if these variations reflect either the plate tectonic drift
of Site 1241 or local changes in δ18Oseawater of the upper ocean layer can
roughly be assessed by consideration of modern oceanographic condi-
tions and associated salinity changes along the site’s backtrack path
(Figs. F1, F2). Under modern conditions, the northeastward drift of Site
1241 (6–2 Ma) would have resulted in a salinity decrease of ~0.5 within
the mixed layer and relatively stable and higher salinities at the BOPZ.
Consequently, this would imply an increase in the salinity gradient be-
tween the mixed layer and the BOPZ from 6 to 2 Ma (Fig. F2). Indeed,
the early Pliocene decrease in δ18Oseawater of G. sacculifer points to a salin-
ity decrease within the mixed layer. In contrast, the expected increase
of the salinity gradient within the upper water column is not observed
(Fig. F9). We thus infer that salinity changes at Site 1241 reflect to a
large part local variances, possibly triggered by changes in the precipita-
tion/evaporation ratio, variations in thermocline depth, displacements
of subsurface currents at or below the thermocline level, or salinity
changes in the source regions of subsurface currents.

Considering an ice volume correction (assuming that the long-term
increase in the LR04 benthic δ18O stack [Lisiecki and Raymo, 2005]
mainly reflects the intensification of Northern Hemisphere ice sheet
growth), mixed-layer salinities decreased gradually from 5.6 to 2 Ma
(see Groeneveld et al., this volume). At first glance, this decrease would
be in conformance with the northeastward drift of Site 1241. Nearly
identical Pliocene mixed-layer δ18O values at TEP Sites 1241 and 851,
however, argue against plate tectonic drift as the major trigger for salin-
ity changes. If the northward paleodrift of Site 1241 led to decreasing
mixed-layer salinities, we would expect the development of a δ18O G.
sacculifer gradient between sites as drift-induced salinity changes were
presumably smaller at Site 851 that moved predominantly westward
along the NECC/SEC boundary (Fig. F1; see “Regional Variations in
TEP Upper Ocean Signatures,” p. 22). As both sites document similar
evolution, it is likely that regional changes in the precipitation/evapo-
ration ratio contributed to decreasing mixed-layer salinities in the TEP.
Such changes may have also resulted from an increase in the precipita-
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tion/evaporation ratio within the WPWP, as low-salinity waters are car-
ried into the east Pacific by the NECC. Another, and more simple,
explanation for the salinity decrease may relate to the Pliocene shoaling
and closure of the CAS. The relative freshening at Site 1241 may not
just be due to changes in atmospheric water vapor transport (Jou-
saumme et al., 1986) but to a decrease in the oceanic export of freshwa-
ter from the Pacific into the Atlantic.

During the early Pliocene, changes in vertical salinity gradients were
closely linked to thermocline shoaling. At ~5.5 Ma, when a deep ther-
mocline probably prevailed below the BOPZ as indicated by the temper-
ature records of G. tumida and N. dutertrei, the salinity gradient between
mixed layer (G. sacculifer) and BOPZ (G. tumida) was very small. This is
consistent with a thick mixed layer that extended to the habitat of G.
tumida. Subsequent shoaling of the mixed layer between 5.5 and 4.8 Ma
is inferred from the development of a pronounced δ18Oseawater gradient
between G. sacculifer and G. tumida. If the thermocline shallowed to a
depth level above the BOPZ and stratification in the upper water col-
umn enhanced, it is not very likely that low-salinity surface waters were
mixed down to the BOPZ. The major step in thermocline shoaling be-
tween 4.8 and 4.0 Ma, however, was not associated with a further in-
crease in the salinity gradient. Instead, Δδ18Oseawater (G. tumida–G.
sacculifer) decreased, mainly caused by a salinity decrease at the BOPZ,
whereas salinity at the thermocline level remained comparatively stable
(Fig. F9). This argues more for a salinity decrease in the source regions
of subsurface currents than for freshening from the sea surface. Along
with the thermocline shoaling, we expect a strengthened influence of
the EUC on subsurface water masses (e.g., Maier-Reimer et al., 1990;
Chaisson and Ravelo, 2000). As salinity of the EUC today is slightly
higher than that of the surrounding subsurface waters, strengthening of
the EUC should have resulted in a salinity increase of subsurface waters
rather than a salinity decrease (as observed) unless the source region of
the EUC was marked by low salinities during this time. The relatively
small δ18Oseawater gradient between the mixed layer and BOPZ (<0.5‰)
persisted until 2.1 Ma. 

In spite of a relatively stable salinity gradient between the mixed
layer and BOPZ, significant modifications in δ18Oseawater mark the lower
thermocline level after 4.0 Ma. Strong variations in the δ18Oseawater

record of N. dutertrei point to a salinity maximum centered at 3.7 Ma
and a pronounced salinity minimum at ~3 Ma that comprises the mid-
Pliocene warmth period (Fig. F7). In contrast, salinity within the upper
thermocline (G. limbata) remained comparatively stable (Fig. F7). The
salinity changes at the lower thermocline level after 4.0 Ma were nei-
ther observed in the mixed layer nor at the BOPZ, but the strong salin-
ity decrease between 3.7 and 3.0 Ma was associated with a δ13C shift
toward higher values (lower nutrient contents) in the deep-dwelling
foraminifers after 3.3 Ma (see “Carbon Isotope Trends,” p. 13). This in-
terrelation suggests changes in the source regions of thermocline water
masses as a possible steering mechanism for the salinity changes.

However, the interpretation of δ18Oseawater records from different fora-
miniferal species is biased by uncertainties resulting from Mg/Ca tem-
perature calculations (Table T2). We regard the species-specific long-
term evolution of δ18Oseawater as reliable, because the trends are indepen-
dent from the application of different Mg/Ca temperature equations. Of
course the use of different Mg/Ca temperature equations for one species
affects absolute δ18Oseawater estimates. Consequently, the calculation of
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habitat-related δ18Oseawater gradients is afflicted with even larger uncer-
tainties. The δ18Oseawater gradient between G. sacculifer and G. tumida is
considered as most credible, as differences between their habitat depths
are largest. None of the existing paleotemperature equations, including
different combinations of G. sacculifer-specific equations, led to re-
versed δ18OG. tumida–G. sacculifer gradients. In contrast, δ18Oseawater gradients be-
tween G. sacculifer and thermocline dwellers are more problematic, as
temperature differences between these species are much smaller. Appli-
cation of the Anand et al. (2003) multispecies equation for all foramin-
iferal species used in this study provides the physically most realistic
salinity distribution within the upper water column. We are, however,
still faced with a problem concerning the δ18Oseawater record of N. duter-
trei. Comparatively low δ18Oseawater values of N. dutertrei temporarily
point to salinities at the lower thermocline that are lower than those
within the mixed layer and the BOPZ (Fig. F9). Compared to the mod-
ern structure of the upper water column at Site 1241, this is not very
likely, as salinity should increase with increasing water depth (Fig. F3). 

Mixing temperature equations from different authors could easily re-
sult in reversals of δ18Oseawater gradients between adjacent habitats. The
combined application of available Mg/Ca paleotemperature equations
in combination with δ18O on core-top samples and comparisons with
the modern salinity and temperature pattern may help to identify the
most realistic combination of habitat-related temperature equations. 

δ13C-Shift in Tropical Pacific Subsurface Waters 
after 3.3 Ma

The most striking feature of the planktonic δ13C records at Site 1241
is the gradual increase of 0.5‰ recorded by all deep dwellers after 3.3–
3.2 Ma (MIS M2) (Fig. F10). This increase is neither reflected in the glo-
bal signal of the benthic δ13C record nor in the δ13C of the mixed-layer
dweller G. sacculifer at Site 1241. The plate tectonic drift of Site 1241
provides no clue to explain the observed pattern. Under modern condi-
tions, the northeastward drift of Site 1241 (6–2 Ma) would suggest in-
creasing nutrient concentrations at the BOPZ and no significant change
in the mixed layer. In contrast, the Pliocene δ13C increase below the
mixed layer that was also observed at TEP Site 851 (Cannariato and Rav-
elo, 1997) suggests relatively stable nutrient concentrations at the BOPZ
prior to 3.3 Ma and a decrease in nutrient concentrations at the BOPZ
after 3.3 Ma. 

The timing of this shift is closely linked to the first cooling steps of
the intensification of NHG. As similar changes were also observed in a
deep-dweller record from the western tropical Pacific (Whitman and
Berger, 1993), it is likely that the δ13C increase is a regional phenome-
non affecting the entire tropical Pacific thermocline, rather than result-
ing from local changes in upper ocean nutrient cycling.

Accordingly, Cannariato and Ravelo (1997) interpreted the increase
in tropical Pacific thermocline ventilation to indicate nutrient deple-
tion in the high-latitude source region of the upwelled intermediate wa-
ter. The Southern Ocean is thought to be an important source for
tropical thermocline ventilation, as intermediate water masses formed
in high latitudes become entrained into the thermocline on their way
north and feed the EUC near the equator (Toggweiler et al., 1991). Pale-
oceanographic studies demonstrated that the tropical thermocline δ13C
signal partly originates in high latitudes and is transferred to the low-
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latitude thermocline as a preformed signal (Oppo and Fairbanks, 1989;
McKenna et al., 1995; Ninnemann and Charles, 1997; Spero and Lea,
2002; Spero et al., 2003). Antarctic Intermediate Water (AAIW) and Sub-
antarctic Mode Water (SAMW) provide the necessary conduit by which
these two areas are linked, as first suggested by Oppo and Fairbanks
(1989). The intermediate water is injected into the thermocline at the
northern edge of the Antarctic Circumpolar Current and moves north-
ward, becoming entrained in and transported to the east by the EUC. In
a general sense, the tropical thermocline dweller N. dutertrei may there-
fore record changes in the Pliocene nutrient and carbon isotopic chem-
istry of waters at the Polar Front and/or Subantarctic Front, as the
source of the EUC is derived from SAMW/AAIW (Toggweiler et al.,
1991; Loubere, 2000, 2001). Spero and Lea (2002) and Spero et al.
(2003), for instance, interpreted Pleistocene δ13C records of N. dutertrei
near the Galapagos Islands to reflect high-latitude δ13C changes.

Recently, Carter et al. (2004) suggested more, shallower, and faster in-
termediate water flow at the Canterbury Drift in the southwest Pacific
after 3.25 Ma. They attributed these changes to development of the
Subantarctic Front and/or to an enhanced formation of SAMW. To de-
tect possible links between Pliocene changes in δ13C signatures of
southeast Pacific AAIW and the δ13C increase within the tropical Pacific
thermocline at ~3.3 Ma, we compared the δ13C record of the ther-
mocline dwelling foraminifer N. dutertrei from Site 1241 to the benthic
δ13C record of Site 1236 (Tiedemann et al., this volume) (Fig. F11). To-
day, Site 1236 is located on the Nazca Ridge in a water depth of 1323 m.
During the early Pliocene, it may have been a few hundred meters shal-
lower as a result of its subsidence history (Mix, Tiedemann, Blum, et al.,
2003). The relatively shallow depth of the site makes it suitable for
monitoring intermediate water chemistry in the open ocean. From 5.3
to 2.3 Ma, high benthic δ13C values (0‰–0.8‰) at Site 1236 indicate
the presence of AAIW. However, the δ13C signature of AAIW indicates
no major change after 3.3 Ma. It is thus unlikely that the Pliocene δ13C
shift within the tropical Pacific thermocline monitored by N. dutertrei at
Site 1241 was transferred to the tropics by AAIW formed in the south-
east Pacific sector of the Southern Ocean. If Pliocene changes in South-
ern Ocean intermediate water composition can account for the
observed changes in ventilation of the tropical Pacific thermocline,
their source either derived from the shallower SAMW component of in-
termediate waters or the source region was located in the high-latitude
southwest Pacific and was marked by different preformed δ13C values.
As the factors that control the δ13C signal of planktonic foraminifers are
manifold (see “Carbon Isotope Trends,” p. 13), additional productivity
proxies would have to be taken into account for a more detailed inter-
pretation of changes in upper ocean nutrient contents.

Regional Variations in TEP Upper Ocean Signatures

The modern TEP is marked by pronounced climatic and oceano-
graphic gradients over only a few degrees of latitude (Fig. F1). To exam-
ine regional variations in Pliocene TEP upper ocean signatures, we
compared planktonic stable isotope records from Site 1241 with those
from Site 851 (Cannariato and Ravelo, 1997). Today, Site 851 is located
~3° south of Site 1241 and ~26° farther west. Site 1241 lies within the
relatively warm, low-salinity waters of the NECC, whereas Site 851 is
positioned at the NECC/SEC boundary with the EUC in its subsurface.
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About 6 m.y. ago, the position of Site 1241 was ~2.5° farther south and
Site 851 was located ~0.5° farther south, as suggested by their tectonic
backtrack paths (Duncan and Clague, 1985; Pisias et al., 1995; Mix,
Tiedemann, Blum, et al., 2003) (Fig. F1). Over the past 6 m.y., Site 1241
moved farther away from the equatorial upwelling region into the cen-
ter of the NECC, whereas Site 851 remained close to the SEC/NECC
boundary (Fig. F1). Therefore, latitudinal differences in upper ocean hy-
drography between both sites may have left an imprint in more recent
times. On the other hand, differences in planktonic δ18O and δ13C be-
tween Sites 1241 and 851 may indicate longitudinal changes in upper
ocean water mass signatures, possibly in response to the progressive clo-
sure of the CAS.

Figures F5, F12, and F13 compare the planktonic stable isotope
records of Sites 1241 (5.7–2.1 Ma) and 851 (5.0–2.0 Ma). The use of sim-
ilar size fractions of G. sacculifer and G. tumida for stable isotope
analyses at Sites 1241 and 851 (Cannariato and Ravelo, 1997) allows for
direct comparisons of absolute δ18O and δ13C values. We did not directly
compare the N. dutertrei record of Site 1241 with the N. dutertrei/N. hu-
merosa record of Site 851 because of uncertainties concerning species-
specific and size-related isotopic offsets between the two sites.

Comparisons of G. sacculifer δ18O and δ13C records indicate that sur-
face mixed-layer conditions were almost identical at both sites between
5.0 and 2.1 Ma with respect to the error range of the analyses and strati-
graphic uncertainties (Figs. F12A, F13A). Assuming that temperature
differences between the two sites did not play a significant role, this im-
plies that both sites were located within similar mixed-layer water
masses. Accordingly, warm, low-salinity waters of the NECC probably
reached slightly farther south during the early Pliocene. If the SEC ex-
erted a major control on both sites during the late Miocene and early
Pliocene, the northward drift of Site 1241 should have resulted in the
development of a δ18O gradient between sites, which is not observed. In
addition, the absence of this gradient does not endorse an influence
from high salinity Caribbean surface waters entering the Pacific
through the CAS. The early Pliocene shoaling of the gateway and its
closure during the late Pliocene should have produced a gradient, if a
significant inflow of Caribbean surface waters existed. Vice versa, the
Pliocene shoaling of the CAS may have resulted in a reduced export of
relatively low salinity Pacific water masses into the Atlantic, which led
to a relative freshening in the tropical eastern Pacific. This could ex-
plain the observed Pliocene δ18OG.sacculifer decrease at both sites (also sug-
gested by the δ18Oseawater trend at Site 1241). Whether an increase in the
precipitation/evaporation ratio contributed to the tropical freshening
remains elusive.

Small regional δ18O and δ13C differences between Sites 851 and 1241
occurred at the BOPZ (Figs. F12B, F13B). Although both G. tumida
records reflect the early Pliocene δ18O increase due to the shoaling of
the thermocline, the δ18O values of G. tumida were generally lower at
the more western Site 851 before 4.2 Ma (Fig. F12B). This suggests ei-
ther higher temperatures or lower salinities at the BOPZ at Site 851, pos-
sibly associated with a slightly deeper thermocline due to longitudinal
variations in upper ocean hydrography. This is consistent with the
modern thermocline tilt. After 4.2 Ma, the δ18O records of G. tumida dis-
play no significant differences between both sites.

The δ13C values of G. tumida were enriched by as much as 0.5‰ at
Site 851 with respect to Site 1241 during the interval between 4.5 and
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2.1 Ma (Fig. F13B). This may be related to the northward drift of Site
1241 out of the influence of the EUC. The EUC is marked by lower nu-
trient contents in comparison to more northern water masses at similar
water depths (Fig. F2).

SUMMARY AND CONCLUSIONS

In comparison to other planktonic stable isotope studies that exam-
ined the Pliocene TEP (Cannariato and Ravelo, 1997), this study pro-
vides both Mg/Ca temperature estimates and stable isotope records
from shallow- and deep-dwelling planktonic foraminifers that span the
time interval from ~5.7 to 2.1 Ma. This allows differentiation between
temperature and salinity changes in the upper water column and sheds
new light on variations in the thermal structure of the TEP upper water
column. The main conclusions include the following:

1. In general, Pliocene δ18O and Mg/Ca temperature offsets be-
tween planktonic foraminiferal species (G. sacculifer, G. limbata
[dextral], N. dutertrei [dextral], and G. tumida) indicate a clear
depth ranking consistent with their assumed ecology. δ18Oseawater

estimates for the upper water column suggest a stronger variabil-
ity in local salinity than previously assumed. However, it has to
be mentioned that species-specific temperature estimates vary
significantly when applying different Mg/Ca temperature equa-
tions. Consequently, the calculation of habitat-related tempera-
ture and δ18Oseawater gradients is afflicted with even larger
uncertainties. We consider gradients between G. sacculifer and G.
tumida as most reliable because differences between their habitat
depths are largest.

2. The earliest Pliocene (5.6–4.8 Ma) was marked by a deep ther-
mocline, as temperatures at the BOPZ were similar to those at the
lower thermocline. This relatively stable configuration was,
however, accompanied by the development of an increasing sa-
linity gradient between the mixed layer and the BOPZ, inferred
from the δ18Oseawater gradient between G. sacculifer and G. tumida.

3. The most pronounced Pliocene change in TEP upper ocean strat-
ification was the shoaling of the thermocline from 4.8 to 4.0 Ma,
when mixed-layer temperatures and salinities remained
relatively constant in contrast to a pronounced temperature
(~6°C) and salinity decrease at the BOPZ. This change led to a
new state in the thermal structure of the TEP, as the thermocline
remained relatively shallow until 2.1 Ma. The early Pliocene
shoaling of the thermocline was probably associated with a reor-
ganization of TEP surface water circulation in response to tropi-
cal gateway dynamics (IG and CAS). The timing of the shoaling,
however, suggests a link to the critical threshold in the closure
history of the CAS that significantly restricted Caribbean–Pacific
surface water exchange between 4.6 and 4.2 Ma.

4. Temperatures within the lower thermocline remained relatively
stable (18°–19°C) throughout the Pliocene as indicated by the
Mg/Ca temperature record of N. dutertrei. The upper thermocline
dweller G. limbata, however, suggests larger temperature vari-
ability than N. dutertrei. We thus assume that the habitat of N.
dutertrei is more strictly coupled to the thermocline depth than
that of G. limbata.
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5. Regional variations in Pliocene TEP upper ocean hydrography
were weak, as indicated by the comparison of planktonic stable
isotope records from Sites 1241 and 851. The similarity of their
G. sacculifer δ18O and δ13C records implies that both sites were af-
fected by the same surface water masses from 5 to 2.1 Ma. This
was most likely the NECC, as no latitudinal gradients developed
between the two sites when Site 1241 moved out of the SEC/
NECC boundary and the equatorial upwelling region. 

6. The δ13C increase in deep-dweller records of Sites 1241 and 851
(Cannariato and Ravelo, 1997) after 3.3–3.2 Ma was previously
interpreted to reflect changes in the source region of high-lati-
tude intermediate waters that feed the EUC and the tropical Pa-
cific thermocline (Cannariato and Ravelo, 1997). The timing of
this shift parallels an increase and a shoaling of intermediate wa-
ter flow close to New Zealand after 3.25 Ma (Carter et al., 2004).
However, these changes in δ13C were not registered in the
benthic δ13C record from intermediate water Site 1236, reflecting
AAIW signatures from the southeast Pacific sector of the South-
ern Ocean.
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APPENDIX

Oxygen and carbon isotopes of planktonic foraminifers from Site
1241 are shown in Table AT1.

Mg/Ca ratios of deep-dwelling planktonic foraminifers from Site
1241 are shown in Table AT2.

AT1. Oxygen and carbon isotopes 
of planktonic foraminifers, p. 49.

AT2. Mg/Ca ratios of deep-dwell-
ing planktonic foraminifers, p. 50.
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Figure F1. Map of the TEP showing major surface currents. The locations of ODP Sites 851 and 1241 and
their plate tectonic backtracks (in 1-m.y. steps) are indicated. Solid dots = modern position, open dots =
paleopositions of these sites at 6 Ma. NEC = North Equatorial Current, NECC = North Equatorial Counter
Current, EUC = Equatorial Under Current, SEC = South Equatorial Current, PCC = Peru–Chile Current.
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Figure F2. Modern annual-average properties of the upper ocean at paleolocations of Site 1241 for the last

11 m.y., based on plate tectonic backtracking (Mix, Tiedemann, Blum, et al., 2003) and the assumption of
no temporal changes in regional oceanographic properties. Atlas data on physical and chemical properties
are from WOA01 (Conkright et al., 2002). Symbols are average values extracted from the nearest 1° latitude/
longitude box in the atlas. If the paleolocation occurred at the boundary between neighboring boxes, we
calculated the mean values from both boxes. Lines indicate smoothed trends of each property along the
backtrack path. Shaded area marks the time interval relevant for this study.
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Figure F3. Modern annual-average properties of the upper water column for the TEP and assumed habitat
depths for the planktonic foraminiferal species used in this study. Atlas data on physical and chemical
properties are from WOA01 (Conkright et al., 2002), squares 7008 and 7009 (10°N/100°W–0°N, 80°W).
Data from the Caribbean were excluded. Thick lines indicate mean values. Shaded areas show the range of
standard deviation. Red = temperature, blue = salinity, green = chlorophyll a concentration. Black line =
percentage of irradiance, data taken from Enfield and Lee (2005); the 0.1% irradiance level is defined as the
base of the euphotic zone. The gray area indicates the thermocline as zone with the highest vertical tem-
perature gradient. Bars to the right show the range of preferred habitat depths for Globigerinoides sacculifer,
Globorotalia menardii (Globorotalia limbata?), Neogloboquadrina dutertrei, and Globorotalia tumida.
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Figure F4. SEM pictures of the planktonic foraminiferal taxa used in this study. A. Globigerinoides sacculifer
(without saclike final chamber) from Sample 202-1241A-9H-6, 0 cm. B. Globorotalia menardii from Sample
202-1241B-12H-6, 60 cm. C. Globorotalia menardii from Sample 202-1241C-8H-5, 130 cm. D. Globorotalia
limbata (dextral) from Sample 202-1241C-8H-5, 130 cm. E. Globorotalia limbata (dextral) from Sample 202-
1241C-8H-5, 130 cm. F. Neogloboquadrina dutertrei (dextral) from Sample 202-1241C-8H-5, 130 cm. G. Neo-
globoquadrina dutertrei (dextral) from Sample 202-1241A-9H-6, 0 cm. H. Globorotalia tumida from Sample
202-1241A-14H-6, 10 cm. H. Globorotalia tumida from Sample 202-1241C-8H-5, 130 cm.
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Figure F5. Multispecies (A) planktonic δ18O records compared to the (B) benthic δ18O record of Site 1241
(Tiedemann et al., this volume). Thin lines show measured isotope data, thick lines show smoothed iso-
tope records. A. Gray line = Globigerinoides sacculifer, blue line = Globorotalia limbata (dextral), red line = Neo-
globoquadrina dutertrei (dextral), black line = Globorotalia tumida. B. Marine isotope stages (MIS) Si6 (~4.9
Ma), M2 (~3.3 Ma), G6 (~2.7 Ma), and 96, 98, 100 (~2.5 Ma) are indicated. NHG = Northern Hemisphere
glaciation.
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Figure F6. δ18O values (gray), δ18Oseawater (black), and Mg/Ca temperatures (red) for (A) Globigerinoides saccu-
lifer (Mg/Ca data are presented in Groeneveld et al., this volume), (B) Globorotalia limbata, (C) Neoglobo-
quadrina dutertrei, and (D) Globorotalia tumida at ODP Site 1241. Mg/Ca temperatures were calculated using
the paleotemperature equation of Anand et al. (2003). δ18Oseawater was calculated for each species by com-
bining Mg/Ca temperatures and δ18O values according to Shackleton (1974).
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Figure F7. δ18Oseawater records for (A) Globigerinoides sacculifer, (B) Globorotalia limbata (dextral), (C) Neoglo-
boquadrina dutertrei (dextral), and (D) Globorotalia tumida compared to the LR04 benthic δ18O stack (E)
(Lisiecki and Raymo, 2005; measure for changes in global ice volume). Marine isotope stages Si6, MG5, M2,
G6, and 96, 98, 100 are indicated.
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Figure F8. A. Mg/Ca ratios of planktonic foraminifers with different habitat depths, Site 1241. gray line =
Globigerinoides sacculifer, mixed layer (see Groeneveld et al., this volume); blue line = Globorotalia limbata
(dextral), upper thermocline; red line = Neogloboquadrina dutertrei (dextral), lower thermocline; black line =
Globorotalia tumida, bottom of the photic zone. B. Mg/Ca derived water temperatures at the habitat depth
of planktonic foraminifers from Site 1241, calculated via the Mg/Ca temperature equation of Anand et al.
(2003). C. Temperature gradients between different planktonic foraminifers. blue line = ΔT G. sacculifer–G.
limbata (dextral), red line = ΔT G. sacculifer–N. dutertrei (dextral), black line = ΔT G. sacculifer–G. tumida.
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Figure F9. A. δ18Oseawater at the habitat depth of different planktonic foraminifers, Site 1241. Gray line = Glo-
bigerinoides sacculifer, mixed layer; blue line = Globorotalia limbata (dextral), upper thermocline; red line =
Neogloboquadrina dutertrei (dextral), lower thermocline; black line = Globorotalia tumida, bottom of the
photic zone. B. δ18Oseawater gradients between different planktonic foraminifers. Blue line = Δδ18Oseawater G.
sacculifer–G. limbata (dextral), red line = Δδ18Oseawater G. sacculifer–N. dutertrei (dextral), black line =
Δδ18Oseawater G. sacculifer–G. tumida.
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Figure F10. A. δ13C records of planktonic foraminifers from different habitat depths, Site 1241, compared
to the benthic δ13C record from Site 1241 (blue dashed line; Tiedemann et al., this volume). Gray line =
Globigerinoides sacculifer, mixed layer; blue line = Globorotalia limbata (dextral), upper thermocline; red line
= Neogloboquadrina dutertrei (dextral), lower thermocline; black line = Globorotalia tumida, bottom of the
photic zone. B. Correction for species-specific offsets from δ13CDIC.
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Figure F11. δ13C record of the thermocline dweller Neogloboquadrina dutertrei (red line) from Site 1241 com-
pared to the benthic δ13C record (black line) from Site 1236 (Nazca Ridge, 1323-m water depth, Tiedemann
et al., this volume). The relatively shallow water depth of Site 1236 makes it suitable for monitoring
changes in intermediate water composition.
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Figure F12. Comparison between planktonic δ18O records from Sites 1241 (this study) and Site 851 (Can-
nariato and Ravelo, 1997). A. Globigerinoides sacculifer records. Black line = Site 1241, red line = Site 851.
B. Globorotalia tumida records. Black line = Site 1241, red line = Site 851.
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Figure F13. Comparison between planktonic δ13C records from Sites 1241 (this study) and Site 851 (Can-
nariato and Ravelo, 1997). A. Globigerinoides sacculifer records. Black line = Site 1241, red line = Site 851.
B. Globorotalia tumida records. Black line = Site 1241, red line = Site 851.
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Table T1. Isotope values of Globorotalia limbata (dextral) and Globoratalia menardii
(dextral) from 14 selected samples and δ18O and δ13C offsets between the species. 

Hole, core, section, 
interval (cm)

Age 
(Ma)

δ18O 
G. limbata 
(dextral) 

(‰)

δ18O 
G. menardii 

(dextral) 
(‰)

δ18O difference 
(‰)

δ13C 
G. limbata 
(dextral) 

(‰)

δ13C 
G. menardii 

(dextral) 
(‰)

δ13C difference 
(‰)

202-
1241C-3H-4, 0–2 2.443 –0.447 –0.599 +0.152 1.775 1.507 +0.268
1241A-7H-4, 10–12 2.616 –0.750 –0.866 +0.116 1.895 1.713 +0.182
1241C-4H-4, 50–52 2.866 –0.837 –0.932 +0.095 1.805 1.830 –0.025
1241B-8H-5, 60–62 3.118 –1.051 –1.259 +0.208 1.530 1.569 –0.039
1241C-5H-6, 60–62 3.264 –0.147 –0.212 +0.065 1.266 1.106 +0.160
1241A-9H-4, 130–132 3.366 0.011 –0.291 +0.280 1.020 0.981 +0.039
1241A-10H-3, 80–82 3.617 –0.168 –0.314 +0.146 1.398 1.235 +0.163
1241A-11H-5, 30–32 4.011 –1.065 –1.274 +0.209 1.763 1.595 +0.168
1241C-8H-3, 100–102 4.110 –0.545 –0.658 +0.113 1.367 1.269 +0.098
1241B-12H-3, 120–122 4.367 –0.670 –0.712 +0.042 1.474 1.272 +0.202
1241C-9H-3, 120–122 4.617 –0.947 –1.068 +0.121 1.494 1.385 +0.109
1241A-14H-5, 90–92 4.866 –0.852 –1.127 +0.275 1.533 1.451 +0.082
1241A-15H-3, 10–12 5.017 –0.989 –1.267 +0.278 1.659 1.562 +0.097
1241A-16H-5, 120–122 5.366 –0.867 –0.901 +0.034 1.546 1.473 +0.073

+0.152 ± 0.085 +0.112 ± 0.086
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Notes: δ es and measured δ18O values according to Shackleton (1974): δ18Oseawater = δ18Oforam – 21.9 + (310.6 + 10 × SSTMg/Ca)0.5.
Mg/ 2.1 Ma. * = from Anand et al. (2003).

Plank

Temperature range/ 
average temperature 

(°C)

Average 
temperature 

deviation* (°C)

δ18Oseawater range/ 
average δ18Oseawater 

(‰)

Average 
δ18Oseawater 

deviation* (‰)

Globige 20.95–26.28/23.76 –0.449–1.127/0.234
21.43–27.75/24.77 +1.01 –0.273–1.385/0.448 +0.214
23.97–29.30/26.79 +3.03 0.194–1.757/0.871 +0.637
21.97–27.30/24.79 +1.03 –0.229–1.343/0.452 +0.218

) 15.71–20.51/18.25 –5.51 –1.647–0.095/–0.974 –1.208
Neoglo 15.12–20.55/19.08 –0.557–1.159/0.103

22.38–28.48/26.83 +7.75 1.100–2.829/1.772 +1.669
16.97–23.08/21.43 +2.35 –0.062–1.681/0.622 +0.519

) 10.47–15.36/14.04 –5.04 –1.703–0.001/–1.052 –1.155
Globoro 13.42–21.52/17.65 –0.328–1.309/0.741

) 8.95–16.23/12.75 –4.90 –1.451–0.144/–0.393 –1.134
Globoro 18.84–22.42/20.80 –0.337–0.981/0.408

) 13.82–17.04/15.59 –5.91 –1.509–0.192/–0.767 –1.175
T2. Comparison of different Mg/Ca paleotempera

18Oseawater was calculated by combining Mg/Ca-derived temperatur
Ca range, temperature range, and δ18Oseawater range are from 5.7–

tonic foraminifer

Mg/Ca range/ 
average Mg/Ca 

(mmol/mol) Mg/Ca temperature equation

rinoides sacculifer 2.503–4.045/3.233 Anand et al. (2003)
Nürnberg et al. (2000)
Dekens et al. (2002); Pacific
Dekens et al. (2002); Atlantic
Elderfield and Ganssen (2000

boquadrina dutertrei 1.419–2.415/2.113 Anand et al. (2003)
Dekens et al. (2002); Pacific
Dekens et al. (2002); Atlantic
Elderfield and Ganssen (2000

talia tumida 1.272–2.636/1.890 Anand et al. (2003)
Elderfield and Ganssen (2000

talia limbata 2.071–2.859/2.480 Anand et al. (2003)
Elderfield and Ganssen (2000
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Table AT1. Oxygen and carbon isotopes of planktonic foraminifers, Site 1241.

Note. Only a portion of this table appears here. The complete table is available in ASCII. 

Core, section, 
interval (cm)

Depth 
(mcd)

Age
(ka)

G. sacculifer (‰)
N. dutertrei 

(dextral) (‰) G. tumida (‰)
G. limbata 

(dextral) (‰)

δ13C δ18O δ13C δ18O δ13C δ18O δ13C δ18O

202-1241A-
6H-1, 110–112 49.17 2116 2.29 –1.34 0.87 0.08 1.05 0.95
6H-1, 122–124 49.29 2121 2.23 –1.57
6H-1, 130–132 49.37 2125 2.01 –1.35 0.83 –0.31 1.16 1.05
6H-1, 140–142 49.47 2130 1.98 –1.61
6H-2, 0–2 49.58 2135 2.28 –1.48 1.01 –0.25 1.40 0.94
6H-2, 10–12 49.68 2139 2.06 –1.44
6H-2, 20–22 49.78 2142 2.20 –1.50 0.62 –0.23 0.99 1.07
6H-2, 30–32 49.88 2146 1.71 –0.87
6H-2, 38–40 49.96 2148 1.61 –0.91 0.62 –0.13 1.06 0.97
6H-2, 50–52 50.08 2152 1.89 –0.86
6H-2, 60–62 50.18 2155 1.95 –1.06 0.77 0.11 1.31 1.05 1.89 –0.12
6H-2, 70–72 50.28 2159 1.97 –1.04
6H-2, 82–84 50.40 2162 2.27 –1.26 1.03 –0.09 1.38 0.93 1.70 –0.41
6H-2, 90–92 50.48 2165 1.99 –1.06
6H-2, 100–102 50.58 2168 2.25 –1.33 1.13 –0.14 1.40 0.97
6H-2, 110–112 50.68 2172 2.53 –1.35
6H-2, 122–124 50.80 2175 2.66 –1.54 1.28 –0.32 1.34 0.88 1.98 –0.80
6H-2, 130–132 50.88 2178 2.65 –1.62
6H-2, 140–142 50.98 2181 2.37 –1.52 1.15 –0.05 1.38 0.91 1.80 –0.64
6H-3, 0–2 51.08 2185 2.32 –1.28
6H-3, 10–12 51.18 2188 2.25 –1.47 0.84 –0.11 1.26 1.10 1.68 –0.57
6H-3, 20–22 51.28 2191 1.90 –1.36
6H-3, 30–32 51.38 2194 1.54 –1.22 0.98 –0.17 1.25 1.12 1.58 –0.22
6H-3, 42–44 51.50 2198 2.17 –1.44
6H-3, 50–52 51.58 2201 2.13 –1.59 1.15 –0.45 1.29 1.05 1.79 –0.37
6H-3, 60–62 51.68 2204 2.26 –1.72
6H-3, 70–72 51.78 2207 2.25 –1.51 1.03 –0.26 1.24 1.11 1.72 –0.42
6H-3, 82–84 51.90 2211 1.92 –1.83
6H-3, 90–92 51.98 2214 2.01 –1.45 0.95 –0.39 1.27 1.10 1.77 –0.55
6H-3, 100–102 52.08 2217 2.34 –1.68
6H-3, 110–112 52.18 2221 2.27 –1.68 0.85 –0.16 1.18 0.92 1.79 –0.64
6H-3, 122–124 52.30 2225 2.31 –2.00
6H-3, 130–132 52.38 2228 2.11 –1.52 1.01 –0.47 1.24 0.80
6H-3, 140–142 52.48 2231 2.17 –1.23
6H-4, 0–2 52.58 2235 2.20 –1.47 0.85 –0.51 1.08 1.02
6H-4, 10–12 52.68 2239 1.74 –1.17
6H-4, 20–22 52.78 2242 1.94 –1.43 0.75 –0.22 0.78 1.07
6H-4, 30–32 52.88 2246 1.77 –1.27
6H-4, 42–44 53.00 2250 2.15 –1.26 1.07 –0.06 1.40 0.75
6H-4, 50–52 53.08 2253 2.47 –1.23
6H-4, 60–62 53.18 2256 2.33 –1.43 1.14 –0.18 1.41 0.62
6H-4, 70–72 53.28 2260 2.16 –1.72
6H-4, 82–84 53.40 2264 2.10 –1.77 0.93 –0.25 1.37 0.57
6H-4, 90–92 53.48 2267 2.07 –1.45
6H-4, 100–102 53.58 2270 2.01 –1.33 0.68 –0.27 1.11 0.91
6H-4, 110–112 53.68 2274 1.93 –1.22
6H-4, 122–124 53.80 2278 1.91 –0.70 0.72 –0.23 1.28 0.16
6H-4, 130–132 53.88 2281 1.81 –0.74
6H-4, 140–142 53.98 2284 2.03 –1.21 0.80 –0.02 1.19 1.04
6H-5, 2–4 54.10 2288 2.13 –1.38
6H-5, 10–12 54.18 2291 2.32 –1.31 1.07 –0.36 1.29 0.69
6H-5, 20–22 54.28 2295 2.29 –1.45
6H-5, 30–32 54.38 2298 1.87 –1.58 1.03 –0.35 1.49 0.39 1.76 –0.53
6H-5, 42–44 54.50 2302 2.26 –1.51
6H-5, 50–52 54.58 2305 2.24 –1.47 0.89 –0.43 1.31 0.48 1.55 –0.72
6H-5, 60–62 54.68 2309 2.21 –1.31
6H-5, 70–72 54.78 2312 2.33 –1.36 0.90 –0.26 1.32 0.59 1.19 –0.66
6H-5, 82–84 54.90 2316 2.24 –1.30
6H-5, 90–92 54.98 2319 1.85 –1.40 0.91 –0.20 1.24 0.41 1.36 –0.44
6H-5, 100–102 55.08 2322 1.86 –1.27
6H-5, 110–112 55.18 2326 1.97 –1.37 0.93 –0.36 1.29 0.62
6H-5, 122–124 55.30 2330 2.07 –1.22
6H-5, 130–132 55.38 2333 2.24 –1.53 1.05 –0.31 1.23 0.69 1.79 –0.75
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Table AT2. Mg/Ca ratios of deep-dwelling planktonic foraminifers, Site 1241. (Continued on next page.) 

Core, section, 
interval (cm)

Depth 
(mcd)

Age 
(ka)

Mg/Ca (mmol/mol)

N. 
dutertrei 
(dextral)

G. 
tumida

G. 
limbata 
(dextral)

202-1241A-
6H-1, 110–112 49.17 2116 2.08 1.46
6H-2, 100–102 50.58 2168 2.13 1.47
6H-3, 110–112 52.18 2221 1.88 1.53
6H-4, 100–102 53.58 2270 2.16 1.70
6H-5, 110–112 55.18 2326 2.00 1.60
7H-3, 10–12 61.55 2556 1.87
7H-3, 20–22 61.65 2560 1.85
7H-3, 30–32 61.75 2564 1.93
7H-3, 40–42 61.85 2568 1.78
7H-3, 50–52 61.95 2573 1.59
7H-3, 60–62 62.05 2577 1.94 1.44
7H-4, 30–32 63.24 2623 1.99 1.75 2.39
7H-4, 40–42 63.34 2627 1.94 2.25
7H-5, 40–42 64.85 2685 2.22 1.62
7H-5, 50–52 64.95 2689 1.76
7H-5, 120–122 65.65 2714 2.00 2.32
7H-6, 10–12 66.06 2728 2.10 1.49 2.34
9H-3, 100–102 84.05 3318 2.04 1.46
9H-4, 110–112 85.65 3361 2.21 1.52 2.10
9H-5, 90–92 86.95 3396 2.18 1.50
9H-6, 80–82 88.36 3434 1.81 1.74
10H-2, 60–62 92.72 3565 2.13 1.42
10H-3, 50–52 94.12 3608 2.23 1.64 2.28
10H-4, 80–82 95.92 3663 2.17 1.41
10H-5, 70–72 97.32 3704 2.09 1.56 2.40
10H-6, 20–22 98.32 3733 1.50
10H-6, 60–62 98.72 3744 2.10 1.44 2.37
11H-4, 40–42 106.13 3961 2.20 1.59
11H-5, 10–12 107.34 4004 1.96 1.29
11H-5, 110–112 108.34 4036 1.96 1.41 2.25
12H-3, 20–22 115.32 4225 2.35 1.70 2.47
12H-4, 10–12 116.73 4260 2.01 1.88
12H-5, 20–22 118.34 4303 2.17 1.66 2.40
13H-3, 60–62 125.61 4510 2.35 2.24 2.59
13H-4, 10–12 126.62 4539 2.10 1.99
13H-5, 20–22 128.22 4585 2.22 2.11 2.60
14H-1, 50–52 132.57 4703 2.07 2.10 2.69
14H-2, 10–12 133.68 4728 2.12
14H-2, 20–22 133.78 4730 2.08
14H-3, 20–22 135.29 4765 2.20 2.25 2.44
14H-4, 0–2 136.60 4799 2.35
14H-4, 10–12 136.70 4802 2.24 2.25
14H-4, 20–22 136.80 4805 2.20
14H-4, 30–32 136.90 4808 2.29
14H-4, 40–42 137.00 4810 2.08
14H-4, 50–52 137.10 4813 2.25
14H-4, 60–62 137.20 4816 2.35
14H-4, 70–72 137.30 4819 2.33
14H-4, 80–82 137.40 4822 2.39
14H-4, 90–92 137.50 4824 2.58
14H-4, 100–102 137.60 4827 2.26
14H-4, 110–112 137.70 4830 2.38
14H-4, 120–122 137.80 4833 2.14 2.17
14H-4, 130–132 137.90 4835 2.19 2.37
14H-4, 140–142 138.00 4838 2.14
14H-5, 0–2 138.11 4841 2.10
14H-5, 10–12 138.21 4844 2.38
14H-5, 20–22 138.31 4847 2.21 2.14 2.67
14H-5, 30–32 138.41 4850 2.32
14H-5, 40–42 138.51 4852 2.12 2.31
14H-5, 50–52 138.61 4855 2.32
14H-5, 60–62 138.71 4858 2.23
14H-5, 70–72 138.81 4861 2.13
14H-5, 80–82 138.91 4863 2.26
14H-5, 90–92 139.01 4866 2.12
14H-5, 100–102 139.11 4869 1.94

14H-5, 110–112 139.21 4872 2.26
14H-5, 120–122 139.31 4875 2.14 2.08
14H-5, 130–132 139.41 4877 2.15
14H-5, 140–142 139.51 4880 1.48 2.09
14H-6, 0–2 139.62 4883 2.27
14H-6, 10–12 139.72 4885 2.11
14H-6, 20–22 139.82 4888 2.48
14H-6, 30–32 139.92 4890 2.20
14H-6, 40–42 140.02 4893 2.12
15H-3, 10–12 145.24 5017 2.18 2.16
15H-4, 20–22 146.85 5055 2.22 1.95 2.83
15H-5, 10–12 148.26 5084 2.23 1.87
15H-6, 20–22 149.87 5116 2.25 2.05 2.66
16H-5, 120–122 160.40 5366 2.64 2.86
17H-4, 90–92 168.66 5566 2.45
17H-6, 30–32 171.07 5620 2.38

202-1241B-
8H-3, 20–22 73.87 3009 2.11 1.60 2.57
8H-4, 10–12 75.27 3055 2.00 1.27
8H-5, 20–22 76.87 3107 2.34 1.54 2.62
12H-3, 20–22 119.71 4340 1.73
12H-3, 30–32 119.81 4342 2.16
12H-4, 10–12 121.12 4378 2.17 1.90 2.25
12H-5, 20–22 122.73 4422 2.42 1.63 2.34
12H-6, 10–12 124.13 4465 2.25 2.01
14H-2, 110–112 140.38 4902 2.24
14H-3, 20–22 140.99 4917 2.22 2.08 2.74
14H-3, 120–122 141.99 4941 2.26
14H-4, 10–12 142.40 4952 2.11 1.99
14H-5, 20–22 144.01 4989 2.13 2.00 2.63
16H-2, 60–62 161.96 5408 2.48
16H-3, 60–62 163.47 5449 2.35 2.68
16H-4, 60–62 164.98 5484 2.41
16H-6, 0–2 167.37 5538 2.49

202-1241C-
3H-2, 90–92 56.10 2358 2.25 1.42
3H-3, 30–32 57.00 2389 2.35
3H-3, 82–84 57.52 2407 1.70
3H-4, 0–2 58.21 2443 1.71
3H-4, 10–12 58.31 2446 1.53 2.10
3H-4, 20–22 58.41 2448 1.90 1.67 2.07
3H-4, 30–32 58.51 2451 1.37
3H-4, 40–42 58.61 2454 1.54
3H-4, 50–52 58.71 2456 1.49
3H-4, 60–62 58.81 2459 1.50
3H-4, 70–72 58.91 2462 1.68
3H-4, 80–82 59.01 2465 1.76
3H-4, 90–92 59.11 2467 1.97
3H-4, 100–102 59.21 2470 1.93
3H-4, 110–112 59.31 2473 2.20
3H-4, 120–122 59.41 2475 2.05
3H-4, 130–132 59.51 2478 1.98
3H-4, 140–142 59.61 2481 1.88
3H-5, 0–2 59.72 2484 1.87
3H-5, 10–12 59.82 2486 1.59
3H-5, 20–22 59.92 2489 1.87
3H-5, 30–32 60.02 2493 2.20 1.97
3H-5, 40–42 60.12 2497 1.75
3H-5, 50–52 60.22 2501 2.08
3H-5, 60–62 60.32 2506 1.69
3H-5, 70–72 60.42 2510 1.82
3H-5, 80–82 60.52 2514 1.82
3H-5, 90–92 60.62 2518 1.89
3H-5, 100–102 60.72 2522 1.73
3H-5, 110–112 60.82 2526 1.98
3H-5, 120–122 60.92 2530 1.96

Core, section, 
interval (cm)

Depth 
(mcd)

Age 
(ka)

Mg/Ca (mmol/mol)

N. 
dutertrei 
(dextral)

G. 
tumida

G. 
limbata 
(dextral)
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Table AT2 (continued). 
3H-5, 130–132 61.02 2534 1.86 1.61
3H-5, 140–142 61.12 2538 1.89
3H-6, 0–2 61.23 2543 1.83
3H-6, 10–12 61.33 2547 1.67 2.36
3H-6, 20–22 61.43 2551 2.18
3H-6, 30–32 61.53 2555 1.95
4H-2, 40–42 66.56 2746 2.06 2.44
4H-2, 140–142 67.56 2786 2.04 1.53
4H-3, 110–112 68.77 2832 1.92 1.51 2.34
4H-4, 40–42 69.59 2863 2.09 1.48
4H-5, 70–72 71.40 2929 1.96 1.55 2.53
4H-6, 80–82 73.01 2981 2.18
5H-3, 10–12 78.16 3142 2.08 1.47
5H-4, 40–42 79.96 3192 2.14 1.63 2.48
5H-5, 50–52 81.56 3246 2.20 1.38
5H-6, 20–22 82.77 3284 1.92 1.67 2.43
6H-3, 60–62 89.63 3466 2.04 1.51
6H-4, 50–52 91.03 3511 1.98 1.44 2.25
7H-3, 10–12 99.42 3764 2.06 1.54
7H-4, 20–22 101.02 3808 2.09 1.37 2.51
7H-5, 10–12 102.42 3848 2.10 1.57 2.16
7H-5, 70–72 103.02 3864 2.00 2.58
7H-5, 110–112 103.42 3876 2.08 2.51
7H-5, 130–132 103.62 3881 2.16 2.64
7H-6, 20–22 104.02 3892 2.14 1.49
7H-7, 10–12 105.42 3937 2.15 1.57 2.54
8H-2, 40–42 108.76 4048 2.12 1.54
8H-3, 30–32 110.16 4089 2.06 1.61 2.37
8H-4, 40–42 111.76 4136 2.29 1.50
8H-5, 30–32 113.16 4171 2.19 1.57 2.55
8H-6, 40–42 114.76 4211 2.27 1.64
9H-3, 110–112 129.34 4615 1.91 2.06
9H-4, 20–22 129.94 4629 2.25 2.01 2.61
9H-5, 10–12 131.35 4669 2.16 2.23
11H-2, 90–92 150.97 5139 2.23 1.99
11H-3, 10–12 151.67 5153 2.28 2.12 2.83
11H-4, 20–22 153.27 5189 2.34 2.14
11H-5, 10–12 154.67 5227 2.05 2.24 2.71
11H-6, 40–42 156.48 5275 2.52 2.83
11H-7, 10–12 157.68 5307 2.44

Core, section, 
interval (cm)

Depth 
(mcd)

Age 
(ka)

Mg/Ca (mmol/mol)

N. 
dutertrei 
(dextral)

G. 
tumida

G. 
limbata 
(dextral)
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