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ABSTRACT

To reconstruct changes in tropical Pacific surface hydrography, we
used samples from Site 1241 (5°50'N, 86°26'W; 2027-m water depth) to
establish high-resolution records of Mg/Ca and §'80 for the mixed-layer
dwelling planktonic foraminifer Globigerinoides sacculifer for the
Pliocene time interval from 4.8 to 2.4 Ma. An increase in average sea-
surface temperatures (SSTs) (24.5°-25.5°C) between 4.8 and 3.7 Ma can
probably be explained by a southward shift of the Intertropical Conver-
gence Zone, thereby increasing the influence of the warmer North
Equatorial Countercurrent.

The general global cooling trend, a response to intensification of
Northern Hemisphere glaciation (NHG), started at ~3.2 Ma (shown by
the 8'80y.mic Tecord) and is paralleled by tropical east Pacific cooling
(indicated by SSTyg,c,). Tropical east Pacific cooling, however, had al-
ready commenced by ~3.7 Ma, suggesting that global cooling, probably
related to decreasing atmospheric CO, concentrations, might have
started well before intensification of NHG.

Relative changes in local sea-surface salinity (indicated by 8'8Og,nity)
show a decoupling from global high-latitude processes (shown by the
8"80peninic Tecord). Long-term regional freshening started with decreas-
ing SSTygca at ~3.7 Ma, suggesting that changes in the tropical wind
field combined with latitudinal shifts of the tropical rainbelt were re-
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lated to general decreases in tropical east Pacific SST-controlled
818()salinity'

The similarity of Pliocene SSTyg/c, for G. sacculifer with modern SSTs
in the east Pacific, in combination with the early development of a
shallow thermocline at Site 1241, gives no direct support to the idea
that a permanent El Niflo-like Pliocene climate might have existed dur-
ing the early Pliocene.

INTRODUCTION

We present combined high-resolution planktonic Mg/Ca and &0
records from tropical east Pacific Site 1241 that span the interval from
4.8 to 2.4 Ma. Site 1241 (5°50’N, 86°26'W) is situated at a water depth of
2027 m on the northern side of Cocos Ridge in the Guatemala Basin
(Fig. F1). We combined the Mg/Ca and §'80 records to determine
880, ater- By subtracting an estimate of the Pliocene ice volume signal
from the 8'80,, record, we reconstructed a 8'80g,ny, record, which is
assumed to represent relative changes in local sea-surface salinity (SSS).
These results provide important information on Pliocene climate vari-
ability and shed light on the hypothesis of a permanent El Nifio-like
Pliocene climate and intensification of Northern Hemisphere glaciation
(NHG).

The Pliocene was affected by two major global events: intensification
of NHG and closure of the Panamanian Gateway. Both processes led to
marked changes in global oceanography and climate (Maier-Reimer et
al., 1990; Tiedemann and Franz, 1997; Billups et al., 1999; Haug et al.,
2001). The Pliocene time interval prior to NHG is often used as a possi-
ble near-future analog because at that time, average temperatures were
significantly warmer than today with atmospheric CO, concentrations
probably slightly higher than modern ones (Dowsett et al., 1996; Crow-
ley, 1996; Raymo et al., 1996). If Pliocene atmospheric CO, concentra-
tions were higher than today, one could also expect higher tropical sea-
surface temperatures (SSTs). More recently, modeling studies suggest the
warm Pliocene represents a permanent El Nifio-like state with a sup-
pressed temperature difference between the western Pacific warm pool
(WPWP) and the eastern Pacific cold tongue (Molnar and Cane, 2002,
Fedorov et al., 2006), which is supported by Pliocene 880 syccuier gradi-
ents between the east and west Pacific (Cannariato and Ravelo, 1997;
Chaisson and Ravelo, 2000; Ravelo et al., 2006).

TROPICAL PACIFIC OCEANOGRAPHY

The present-day location of Site 1241 (5°50’N, 86°26’W) is within the
eastward-flowing North Equatorial Countercurrent (NECC). A tectonic
backtrack of the Cocos plate, on which Site 1241 is positioned, locates
Site 1241 at a more southwesterly position around 3°N, 87.7°W be-
tween 4 and 5 Ma (Mix, Tiedemann, Blum, et al., 2003; Pisias et al.,
1995) (Fig. F1). The closer proximity to the equatorial divergence and
the South Equatorial Current (SEC) suggests that expected SST and SSS
at Site 1241 for the early Pliocene were ~0.5°-1°C cooler and 0.35 units
less saline than present, if other physical properties remained un-
changed (Mix, Tiedemann, Blum, et al., 2003). Surface hydrography in
the tropical Pacific is strongly controlled by seasonal variations in wind

F1. Present-day SST and SSS distri-
bution, p. 20.
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strength, causing seasonal changes in thermocline depth. In general,
the NECC is closely linked to the Intertropical Convergence Zone
(ITCZz), the zone of maximum heating and convergence of the north-
east and southeast trade winds (Donguy and Meyers, 1996; Huber,
2002). North of the ITCZ, the northeast trade winds drive the North
Equatorial Current toward the west and the southeast trade winds drive
the SEC also to the west, but south of the ITCZ. Below the SEC and the
equator, the Equatorial Undercurrent (EUC) flows toward the east from
a depth of ~300 m in the WPWP to a depth of ~30 m in the east Pacific,
parallel to the shallowing thermocline. The EUC is driven by the west-
east pressure gradient and confined by the Coriolis force to the equator
between 2°N and 2°S (Fig. F1). From August to December, the ITCZ is in
its northernmost position and the southeast trade winds are at maxi-
mum strength, resulting in a strong SEC and NECC. The SEC carries
cool waters from the southeastern upwelling areas to the west, and the
NECC carries warm, low-salinity waters to the east out of the WPWD,
depressing the thermocline (Donguy and Meyers, 1996). During this in-
terval, the EUC is very weak. From March to May the ITCZ is at its
southernmost position and the southeast trade winds are weak. As a re-
sult, the SEC and NECC are also weak. The EUC, in contrast, strength-
ens and causes the thermocline to shoal (Halpern and Weisberg, 1989;
Ravelo and Shackleton, 1995). During El Nifio events, easterly winds in
the tropical Pacific become very weak, warm waters from the WPWP
flow to the east, the thermocline deepens, the EUC is very weak, and
SST increases, resulting in a decreased west-east SST gradient (Wallace et
al., 1998).

Between the Atlantic/Caribbean and the east Pacific, a salinity gradi-
ent of 1-1.5 units exists, which is mainly determined by the net trans-
port of water vapor from the Caribbean Sea over Central America into
the east Pacific by the trade winds (Weyl, 1968; Zaucker et al., 1994).
During the early Pliocene, free exchange of surface watermasses be-
tween the east Pacific and the Caribbean was still possible because of
the open Panamanian Gateway. A salinity gradient did not develop be-
cause the inflow of lower salinity waters from the Pacific into the Carib-
bean prevented a significant salinity increase in the Caribbean. Haug et
al. (2001) and Keigwin (1982) showed that 8'80 cuinr T€COTdSs Of the
east Pacific and the Caribbean started to diverge between 4.7 and 4.2
Ma. This was interpreted as an indication that the Isthmus of Panama
had shoaled to a depth of <100 m, thereby restricting the inflow of low-
salinity Pacific surface water masses into the Caribbean.

Notably, the present-day east Pacific is characterized by relatively low
temperatures. The southeast trade winds cause strong upwelling along
the Peruvian coast and along the equator, thus forming the Pacific cold
tongue, which extends toward the west along the equatorial divergence
(Mitchell and Wallace, 1992). Accordingly, the thermocline in these ar-
eas is very shallow (<50 m). In contrast, the Caribbean/western Atlantic
warm pool is marked by a distinctly deeper thermocline (100-150 m).
At a water depth of 50 m, the temperature contrast between the Carib-
bean and the east Pacific is 5°-6°C, whereas at the surface, SST is ~27°C,
both at Site 1241 and in the Caribbean (Levitus and Boyer, 1994). North
of the equator, however, SSTs rise and form the eastern Pacific warm
pool (EPWP), which is characterized by seasonally maximum SSTs over
28.5°C and extends between 7°N and 27°N and as far west as 110°W
(Wang and Enfield, 2001; Xie et al., 2005). An important feature of the
EPWP is upwelling in the Costa Rica Dome (centered at 9°N, 90°W), a
permanent cyclonic eddy possibly caused by strong “gap winds” blow-
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ing through the Papagayo gap in the Central American cordillera (Uma-
tani and Yamagata, 1991; Xie et al., 2005).

Molnar and Cane (2002) described the early Pliocene as a period of
permanent El Nifio-like conditions. During a present-day El Nifio, the
collapse of the easterlies leads to an equatorial Kelvin wave, which is
characterized by the eastward flow of warm waters from the WPWP to-
ward the east Pacific. This causes the cessation of upwelling, a decreas-
ing temperature gradient between the WPWP and the east Pacific, and
deepening of the thermocline in the east Pacific (Wallace et al., 1998). A
permanent El Nifio-like climate state during the Pliocene should thus
be characterized by significantly higher SSTy,g/c, in the mixed layer than
is found in present-day SSTs in the east Pacific, or by lower SSTs in the
WPWP. The presence of a deeper thermocline can be confirmed by us-
ing the 8’80 and Mg/Ca records of planktonic foraminifers living at dif-
ferent water depths and calculating their gradients (Steph et al., this
volume).

MG/CA PALEOTHERMOMETRY

Mg/Ca is an independent paleotemperature proxy that is measured
on the same biotic carrier as 6'®0, which allows reconstruction of
8'80,yater and salinity variations without the problems introduced by
other temperature proxies like different seasonal signals or different
habitat depths of the biotic carriers (Niirnberg, 2000; Lea et al., 2002;
Schmidt et al., 2004). Although Mg/Ca paleothermometry is well estab-
lished for the last glacial-interglacial cycles, few SSTygc, high-resolu-
tion records yet exist for older time periods (Tripati et al., 2003;
Shevenell et al., 2004; Ravelo et al., 2006). Here, we present a high-reso-
lution (<5 k.y./sample) Mg/Ca record for the early Pliocene, covering
2.4 m.y.

The application of Mg/Ca paleothermometry to Pliocene sample ma-
terial demands consideration of possible changes in Mg/Casawater
Brown (1996) showed in a cultivating experiment that a linear depen-
dence between Mg/Caguion and Mg/Cay,.m exists (0.1 mol/mol change
in Mg/Cawater leads to 0.059 mmol/mol change in Mg/Casm). Re-
cently, Ries (2004) showed that several carbonate-building organisms
display an exponential relationship between Mg/Cagonism and Mg/Ca,,.
wtion- 1he residence time of Mg in seawater is ~13 m.y. (Broecker and
Peng, 1982), which suggests that paleo-SST reconstructions on shorter
timescales would not be affected by a change in Mg/Caayater- HOWever,
concentrations of Mg and Ca in seawater may be affected by several fac-
tors, including varying continental weathering rates (Berner et al.,
1983; Wilkinson and Algeo, 1989), hydrothermal alteration of basalt at
mid-ocean ridges (Mottl and Wheat, 1994; Elderfield and Schultz,
1996), carbonate deposition (Wilkinson and Algeo, 1989), and ion ex-
change reactions of Mg with clays (Gieskes and Lawrence, 1981). Sev-
eral models that have attempted to reconstruct the Mg/Ca ratio of
Cenozoic seawater suggest lower Mg/Cagwaer Values than today
(Wilkinson and Algeo, 1989; Stanley and Hardie, 1998).

Based on the models of Wilkinson and Algeo (1989) and Stanley and
Hardie (1998), we assume a maximum lowering of 0.4 mol/mol in Mg/
Cageanater fO1 the Pliocene time interval from 4.8 to 2.4 Ma. Applying the
relationship of Brown (1996) between Mg/Ca;eawater aNd Mg/Cayyram, this
implies a maximum underestimation of our SSTs by 0.7°-1.0°C. Because
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this constant offset is within the error estimation for the SST recon-
struction, we consider the Pliocene reduction in Mg/Cay.,awer to be of
minor importance.

METHODS

The Mg/Ca analyses for Site 1241 (5°50’N, 86°26"W) were performed
on the planktonic foraminifer Globigerinoides sacculifer. G. sacculifer has
a supposed habitat depth within the mixed layer of 30-50 m (Fairbanks
et al., 1982; Curry et al., 1983). For each sample, 20-25 specimens from
the 355- to 400-um fraction were picked. Specimens with a saclike final
chamber or visibly contaminated specimens were not selected for anal-
ysis. In case of insufficient numbers of specimens, the 250- to 355-pm
fraction was used to provide additional material, from which as many
as 35 specimens were picked. The bias introduced by extending the size
fraction amounts to <0.5°C (Elderfield et al., 2002). The shallow water
depth (2028 m) of the core in comparison with the depth of the east Pa-
cific lysocline (3600 m) (Lyle et al., 1995) indicates that no significant
dissolution has occurred. Fe/Ca and Mn/Ca analyses were performed to
monitor contamination by clays or Mn carbonates and showed that the
samples were not contaminated.

After gentle crushing, the samples were cleaned according to the
cleaning protocol of Barker et al. (2003). To remove clays, the samples
were rinsed 4-6 times with distilled deionized water and twice with
methanol (suprapur) with an ultrasonic cleaning step (2-3 min) after
each rinse. Samples from several intervals were subject to severe frag-
mentation during ultrasonic treatment. Therefore, the duration of ul-
trasonic treatment was reduced to a maximum of 1 min per treatment
for these samples. Subsequently, samples were treated with a hot (97°C)
oxidizing 1% NaOH/H,0, solution (10 mL 0.1-N NaOH [analytical
grade] + 100 pL 30% H,0, [suprapur]) for 10 min to remove organic
matter. Every 2.5 min the vials were rapped on the bench-top to release
any gaseous build-up. After 5 min, the samples were placed in an ultra-
sonic bath for a few seconds in order to maintain contact between re-
agent and sample. This treatment was repeated after refreshing the
oxidizing solution. Any remaining oxidizing solution was removed by
three rinsing steps with distilled deionized water. After transferring the
samples into clean vials, a weak acid leach with 250 pL of 0.001-M
HNO; (subboiled distilled) was applied with 30-s ultrasonic treatment
and two subsequent rinses with distilled deionized water. After clean-
ing, the samples were dissolved in 0.075-M nitric acid (HNOj;) (sub-
boiled distilled) and diluted several times so that all samples were
expected to have Ca concentrations in the range 30-70 ppm, the ideal
range for analysis (Garbe-Schonberg et al., unpubl. data).

Analyses were performed on a simultaneous, radially viewing induc-
tively coupled plasma-optical emission spectrometer (Ciros CCD SOP,
Spectro A.L, Germany) at the Institute of Geosciences (Kiel University,
Kiel, Germany). A cooled cyclonic spray chamber in combination with
a microconcentric nebulizer (200 pL/min sample uptake) was optimized
for best analytical precision and minimized uptake of sample solution.
Automated sample introduction was via an autosampler (Spectro A.L).
For Ca, we used the spectral line with the highest stability (183.801
nm), providing a truly simultaneous analysis with Mg and St within the
same detector read-out phase. For Mg and Sr, we used the emission lines
with the highest signal-to-noise ratios (279.553 nm for Mg and 407.771
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nm for Sr). For Fe and Mn, we used the emission lines with the highest
sensitivity (259.940 nm for Fe and 257.610 nm for Mn). Matrix effects
caused by varying concentrations of Ca were cautiously checked and
were found not to be significant (Garbe-Schonberg et al., unpubl. data).

Analytical sessions with batches of 200-300 samples usually took be-
tween 20 and 30 hr, during which the drift of the instrument could be
neglected, being <0.2% as determined by analyzing an internal consis-
tency standard after every five samples. The analytical error for analysis
of Mg/Ca ratios was 0.1% for a total of 600 samples. Replicate analyses
on the same samples, which were cleaned and analyzed during different
sessions, showed a standard deviation of 0.09 mmol/mol, introducing a
temperature error of ~0.5°C. The conversion of foraminiferal Mg/Ca ra-
tios into SSTs was carried out by applying the equation of Niirnberg et
al. (2000):

SST =[log (Mg/Ca) - log 0.491]/0.033.

For stable isotope analysis, 10 specimens of G. sacculifer (without sac-
like final chamber) were picked from the 355- to 400-um fraction. All
isotope analyses were run at IFM-GEOMAR (Kiel, Germany) on a Finni-
gan Delta-Plus Advantage mass spectrometer coupled to a Finnigan/Gas
Bench II. Analytical external precision was better than 0.07%o for 880
(x10). The values are reported relative to Peedee belemnite, based on
calibrations directly to National Bureau of Standards 19.

The age model for Site 1241 was constructed by matching cyclic vari-
ation patterns in climate proxy records of 8"80Opentnic; 0'>Chenthic, and per-
cent sand with patterns of changes in solar radiation that are controlled
by cyclic variations in Earth’s orbital parameters. This astronomically
derived age model is in agreement with the most recent astronomical
polarity timescale and with other orbitally tuned age models. The estab-
lishment of the age model is described in detail in Tiedemann et al.
(this volume).

RESULTS

Mg/Ca ratios of G. sacculifer vary between 2.50 and 3.88 mmol/mol
for the studied time interval (4.8-2.4 Ma) (Fig. F2A), providing SSTyg/c,
of 21.4°-27.2°C (Fig. F2B). Short-term SS8Ty/c, fluctuations are on the
order of 2°-2.5°C. A best fit to reveal long-term trends was calculated to
show only variations on timescales longer than 185 Kk.y. (Fig. F2). The
general trend in SSTygc, shows warming (24.5°-25.5°C) between 4.8
and 3.7 Ma (Fig. F2B). After 3.7 Ma and more pronounced after 3.2 Ma,
a cooling trend is apparent, paralleled by a continuous increase in
8'80pentnic (Tiedemann et al., this volume). This cooling after 3.2 Ma re-
flects irreversible intensification of NHG (Fig. F2D). Lowest SSTy,q/c, are
recorded during marine isotope Stages (MIS) 96 and 100 (~2.5 Ma),
when SS8Tyyc, dropped to values below 22°C. Highest SSTyqc, are re-
corded in samples older than 4.0 Ma, when maxima approached 27°C
(Fig. F2B).

Applying spectral analysis to the Mg/Ca record reveals that the ap-
parent 400-k.y. cycle in the older part of the record, which is suggested
by the best fit, shows no relationship to the eccentricity cycle of 400
k.y. (Fig. F3A). Hence, we filtered the data sets to remove variations on
timescales longer than 185 k.y, like intensification of NHG. In order to

F2. Results for Site 1241 for the
time interval 4.8-2.4 Ma, p. 21.

A

F3. Comparison of Mg/Ca and
880 succulieer With orbital parame-

ters, p. 22.

A
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do so, we subtracted a best fit with a Gaussian window of 185 k.y. and a
time step of 3 k.y. from the different records. Therefore, further results
from spectral analyses are based on the detrended data sets.

The Mg/Ca record is dominated by a 41-k.y. cycle between 3.7 and
2.4 Ma (Fig. F4B), as expected, because of its increasing similarity to the
8"80pentnic Tecord (Figs. F2, F3B). The older part of the record (4.8 to 3.7
Ma) shows strong power at 100- and 23-k.y. periodicities and signifi-
cantly reduced variance at 41-k.y. periodicity (Fig. F5B; Table T1). This
suggests that regional low-latitude processes significantly contributed
to the oceanography at Site 1241 during this period, as the presence of
the 41-k.y. cycle, a typical high-latitude signal, is strongly reduced.

The 880 values of G. sacculifer vary between —-0.8%o0 and -2.18%0
with short-term fluctuations of ~0.5%o (Fig. F2C). 880 qcuirer Values de-
crease from —1.5%o to -1.85%o from 4.8 to 3.5 Ma. A rapid increase to-
ward MIS M2 at 3.3 Ma with a maximum of -0.8%o and a subsequent
decrease to -1.8%o terminate the relatively warm interval of the
Pliocene record. After 3.2 Ma, isotopic values increase, according to the
global trend of intensification of NHG, and culminate at MIS 96, 98,
and 100 (greater than —1.0%o) (Fig. F2C).

Spectral analysis of the 880 (4 i record between 3.7 and 2.4 Ma re-
veals dominant variability at the obliquity-related 41-k.y. cycle with sig-
nificant power also in the 100-k.y. eccentricity band and little
variability at precession-related cycles (Figs. F4C, FSC). Spectral variabil-
ity in the older interval (4.8-3.7 Ma) is characterized by increased vari-
ance at precession-related cyclicities, similar to the Mg/Ca spectrum
(Fig. FSC; Table T1).

We combined the §'80 and Mg/Ca records of G. sacculifer to calculate
variations in §'80,,. (Shackleton, 1974). In the next step, we sub-
tracted the Pliocene ice volume signal from the §'80,,,, record to assess
relative variations in local SSS. Benway and Mix (2004) showed that the
modern relationship between 6'80,,,., and salinity in the Panama Bight
is primarily controlled by variations in precipitation and its isotopic
composition. An important source for the freshwater supply into the
Panama Bight is the Caribbean, from where relatively '80-depleted rain-
fall is transported over the Isthmus of Panama. As the Pliocene configu-
ration of the area was significantly different than today with the
Panamanian Gateway still open, the relationship between §'80,,,, and
salinity is not known, and, accordingly, we did not calculate absolute
salinities. We used the 8'80y,. i record of Site 1241 (Tiedemann et al.,
this volume) to approximate Pliocene ice volume. The 880y differ-
ence between the Last Glacial Maximum (LGM) and the Holocene for
the east Pacific is 1.6%o (Shackleton et al., 1983), whereas the difference
in global ice volume between the LGM and the Holocene is 1.0%o0—
1.2%o (Fairbanks, 1989; Schrag et al., 1996), ~75% of the 8'80penic Sig-
nal for the east Pacific. We assumed that the relative contributions of
ice volume, salinity, and temperature are also valid for the Pliocene.
This would mean that the 1.1%o0 amplitude for MIS 100 (Fig. F2D) re-
flects an ice volume signal of ~0.8%o, two-thirds of the LGM-Holocene
ice volume difference (Raymo et al., 1989). When we take into account
that it is likely that the isotopic composition of continental ice sheets
has changed significantly since the Pliocene, a sea level change of 40-
80 m can be expected for MIS 100 (Miller et al., 1987; Pekar et al.,
2002). For our calculations, we used the maximum sea level change of
80 m (10 m sea level = 0.1%o0 §'80). The 1.1%o0 amplitude in the

F4. Spectral analysis for the time
interval 3.7-2.4 Ma, p. 24.

A B,

F5. Spectral analysis for the time
interval 4.8-3.7 Ma, p. 25.

A

T1. Cross spectral analysis for Site
1241, p. 27.
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8"80pentnic Tecord for MIS 100 (Fig. F2D) was then normalized to an am-
plitude of 0.8%o0 and accordingly extended to the entire §'8Oyc mic
record. This normalized record was then subtracted from the 880,
record, leaving a 8'80Oq,,, record, which provides a first approximation
of relative changes in local SSS (Fig. F2E). We are aware of the fact that
this approach to assess SSS might be an oversimplification, but never-
theless it gives a reliable first approximation.

Prior to 3.7 Ma, the 8'80O,y, record remains relatively constant
around an average value of 0.55%o, with the exception of a decrease to
0.4%o0 between 4.4 and 4.2 Ma (Fig. F2E). Between 3.7 and 3.6 Ma, aver-
age values decrease from 0.6%o to 0.35%o0. Between 3.6 and 2.7 Ma aver-
age values further decrease to 0.2%o, followed by a more pronounced
decrease to -0.25%o until 2.4 Ma. Spectral analysis of the 6'8Ogny
record indicates no power in the 41-k.y. frequency band, suggesting a
decoupling from the global signal of the intensification of the NHG and
high-latitude climate forcing (Fig. F4D). A weak precession signal for
the entire time period indicates that local SSS is mainly controlled by
low-latitude variations in the precipitation-evaporation budget instead
of global, high-latitude forcing (Figs. F4D, F5D). This is corroborated by
Benway and Mix (2004), who showed that surface water salinities in the
Panama Bight are primarily determined by variations in rainfall, both
originating from local sources as from the Caribbean.

MIXED-LAYER HYDROGRAPHY
DURING THE EARLY PLIOCENE

The interval between 4.8 and 3.7 Ma reveals an increase in average
SSTwg/ca Of 1°-1.5°C (Fig. F2B). Comparison with the 880y record
(Fig. F2D), which indicates no significant trend during this period,
shows that this increase in SS8Ty,gc, cannot be correlated to a global
warming trend. Therefore, the increase in SSTy,y,c, between 4.8 and 3.7
Ma represents regional warming. This suggests increased influence of
the warm NECC and the ITCZ, as is also indicated by the 6'8Os,iny,
record. This might have been achieved either by the plate tectonic
movement of Site 1241 toward a more northerly position (Mix, Tiede-
mann, Blum, et al., 2003) or to southward movement of the ITCZ/
NECC.

A southward shift of the ITCZ during this period is supported by sev-
eral other studies (Billups et al., 1999; Cannariato and Ravelo, 1997).
On the other hand, it has also been suggested that the ITCZ remained
at its position or even moved northward because of increasing heat pi-
racy to the North Atlantic due to the progressive closure of the Panama-
nian Gateway (Tiedemann et al., 1989; Maier-Reimer et al., 1990; Haug
and Tiedemann, 1998). This, then, would have strengthened the EUC,
leading to a shallowing of the thermocline, as is also shown by Steph et
al. (this volume). A shallowing of the thermocline might have led to a
shallowing of the habitat depth of G. sacculifer, because G. sacculifer
mainly lives in the mixed layer. A possible imprint on the SST recon-
struction would have been a cooling trend because the whole upper wa-
ter column is affected when the thermocline significantly shallows.
However, our results do not show such a trend in the S8Tyq,c, record of
G. sacculifer during this period. Therefore, we conclude that the shal-
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lowing of the thermocline between 5.4 and 4.0 Ma had no or only mi-
nor effect on average SST in the mixed layer at the location of Site 1241.

The time interval between 4.8 and 3.7 Ma is further characterized by
two significant cooling events at ~4.4-4.2 and 4.0 Ma (Fig. F2B). The
event at 4.0 Ma can be clearly correlated with the §'80y,¢,y,c record and
can be identified as MIS Gi24, representing a global cooling event. The
event between 4.4 and 4.2 Ma, however, is not present in the §"80ypnic
record and, therefore, possibly either signifies a regional cooling event
or just an oscillation on the long-term trend. Possible explanations for
this “event” include increasing southeast trade winds and a resulting
northward movement of the ITCZ/NECC or increasing influence of
cooler thermocline waters, as suggested by the shallowing thermocline
and the progressive closure of the Panamanian Gateway.

Because the 880, record reveals no significant trend for the time
period from 4.8 to 3.6 Ma (Fig. F2D), variations in the 8'80 syccuier and
8'80g,inty TECOIds reflect a large portion of variance that has to be as-
cribed to changes in regional oceanography (Fig. F2C, F2E). The de-
crease in 880 syccuiiter from —1.5%o0 to —1.8%o0 (Fig. F2C) is explained by
an increase in temperature, as is recorded by the Mg/Ca record (Fig.
F2B). The 6'80g,ny, fluctuations (Fig. F2E) remain relatively constant
during this period, except for the interval from 4.4 to 4.2 Ma, when av-
erage 8'80g,y, Values decrease to 0.4%o. This suggests that between 4.4
and 4.2 Ma Site 1241 bathed in a less saline water mass. This time inter-
val corresponds with the main phase in the shallowing of the ther-
mocline and is paralleled by a decrease in SSTygc, suggesting increased
influence of cooler thermocline waters or an increase in southeast trade
winds and an intensified EUC. On the other hand, this would not result
in decreasing SSS and SSTyy,c, does not show any changes that can be
correlated with the general shoaling of the thermocline. Less saline wa-
ters are associated with the tropical rainbelt (ITCZ). Increasing south-
east trade winds would move the ITCZ toward the north. Therefore, it
seems that this temporarily freshening is due to a a decrease in temper-
atures during this interval, changing the precipitation/evaporation ra-
tio, causing less evaporation and lower saline waters. The synchronicity
of this event with the critical threshold in the progressive closure of the
Panamanian Gateway during this time might suggest a coupling be-
tween these events (Haug et al., 2001).

PERMANENT EL NINO?

The presence of a permanent El Nifio-like Pliocene climate has been
suggested by several authors (Molnar and Cane, 2002; Ravelo et al.,
2004). During a present-day El Nifio, the collapse of the easterlies leads
to an equatorial Kelvin wave, which is characterized by the eastward
flow of warm waters from the WPWPD, leading to increasing SSTs in the
east Pacific. In consequence, the temperature gradient between the
WPWP and the east Pacific diminishes and the east Pacific thermocline
deepens (Wallace et al., 1998, and references therein). Upwelling inten-
sity, however, is not changing, but the upwelled water now comes from
the warmer waters above the thermocline instead of below the ther-
mocline (Barber and Chavez, 1983; McPhaden and Picaut, 1990). These
changes significantly influence extratropical climates, for example,
they cause warmer and wetter conditions in North America, drier con-
ditions in southeast Asia and Australia, and drier conditions over north-
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eastern South America (Molnar and Cane, 2002, and references
therein). Several Pliocene reconstructions show extratropical conditions
similar to those of the present-day El Nifio (Zarate and Fasana, 1989;
Dowsett and Poore, 1991; Wolfe, 1994; Archer et al., 1995). Evidence
from the Pliocene tropical Pacific mainly comes from thermocline and
SST gradient development. §'80 records of G. sacculifer and foraminif-
eral faunal assemblages for the east and west Pacific show that the
present-day SST gradient and the slope of the thermocline depth be-
tween the east and the west Pacific did not fully develop until 1.5 Ma
(Chaisson, 1995; Cannariato and Ravelo, 1997; Chaisson and Ravelo,
2000; Ravelo et al., 2006), although a first and significant step toward a
shallow thermocline occurred between 5.3 and 4.0 Ma (Ravelo et al.,
2006; Steph et al., this volume).

The areas which experience the largest SST anomalies in the east Pa-
cific during El Niflo events are the major upwellings areas along the
coast of South America and along the equatorial divergence. Although
the position of Site 1241 is, therefore, not the ideal place to record El
Nifio-related changes, SST anomalies associated with El Nifo still show
a warming of as much as 3°C during El Niflo events
(www.cdc.noaa.gov). Including the backtrack location of Site 1241
closer to the equatorial divergence, our data provide indications on the
existence of a permanent El Nifio-like climate during the Pliocene. The
SSTwgica Tecord of G. sacculifer, however, does not show significantly
higher temperatures for the early Pliocene in comparison with today, as
would be expected. This result is also shown by Dowsett et al. (1996),
who used foraminifer, diatom, and ostracode assemblages for a middle
Pliocene time interval to reconstruct SSTs. However, they also show sig-
nificant warming in mid and high latitudes, indicating that a globally
warmer climate is not necessarily reflected by higher tropical Pacific
SSTs, especially if the Pliocene atmospheric CO, concentrations were
not significantly higher than modern ones (Van der Burgh et al., 1993).
Present-day mixed-layer SSTs in the tropical east Pacific vary between
24° and 27°C for the upper 40 m (Levitus and Boyer, 1994), below
which the thermocline starts. Taking into account the paleolocation of
Site 1241 (Pisias et al., 1995; Mix, Tiedemann, Blum et al., 2003), SSTs
would be expected to be lower by ~1°C for the early Pliocene. SSTygc,
for the early Pliocene indicates variations between 24° and 26.5°C for
the habitat depth of G. sacculifer. A study by Lea et al. (2000) from the
equatorial east Pacific (Core TR163-19, with a comparable position to
the paleoposition of Site 1241), showed similar SSTyq,c, fluctuations be-
tween 23° and 28°C for the surface-dwelling Globigerinoides ruber for the
last 350 k.y. Since present-day SSTs are indicative of interglacial, maxi-
mum temperatures, we conclude that the tropical thermal maxima dur-
ing the early Pliocene were not significantly different than modern
interglacial SSTs. Therefore, our east Pacific SSTygc, results do not di-
rectly support the idea of an early Pliocene permanent El Nifio-like cli-
mate. An additional argument against a permanent El Nifio-like climate
is provided by the significant shallowing of the thermocline between
5.3 and 4.0 Ma (Steph et al., this volume; Cannariato and Ravelo, 1997;
Chaisson and Ravelo, 2000; Ravelo et al., 2006). On the other hand, a
typical El Nifio-like scenario with a decreased or even reversed east-west
Pacific SST gradient might also have been caused by lower SSTs in the
west Pacific, as was suggested by Cannariato and Ravelo (1997). Their
estimation of SST, however, was based on 880 analyses, assuming no
influence of salinity on 8'80. Andersson (1997) and Wang (1994) used
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transfer functions on total planktonic foraminiferal assemblages to re-
construct Pliocene SSTs for the west Pacific. Their SST reconstructions,
using three different transfer functions, showed SSTs similar to present
SSTs in the west Pacific. Andersson (1997) actually investigated the dif-
ference between two transfer functions for cold and warm seasons for
Ontong Java Plateau Ocean Drilling Program Site 806. All estimates
were close to present SSTs and significantly higher than our average
SSTs for the east Pacific (Fig. F6). Andersson’s (1997) lowest estimate
(Modern Analog technique) for the cold season was 27.0°C and the
warmest estimate for the warm season (Imbrie-Kipp Transfer Function
method) was 29.6°C, whereas our average SSTy,q,c, for the east Pacific is
24.7°C (Fig. F6). Although the age model of Andersson (1997) is not
tuned to our age model, the general trends reveal a strong similarity be-
tween the two records between 4.0 and 3.2 Ma with the west Pacific
constantly being warmer than the east Pacific by ~3°C. Further compar-
ison between both SST records suggests a strengthening of the tropical
west-east Pacific SST gradient along with major intensification of NHG
after 3.2 Ma.

Therefore, we conclude that a “normal” SST gradient rather than a
very weak, El Nifio-like SST gradient between the west and the east Pa-
cific seems more likely to have existed in the early Pliocene. Neverthe-
less, the closure of the Indonesian Gateway between 4.0 and 3.0 Ma
(Cane and Molnar, 2001) and the decrease in east Pacific SST since 3.7
Ma might have played a role in further increasing the SST gradient to-
ward present proportions.

INTENSIFICATION OF NHG

Between 4.8 and 3.4 Ma, the §'80yq,yc Tecord reveals no significant
long-term trend, pointing to warm early Pliocene climate conditions
without prominent changes in ice volume (Tiedemann et al., 1994). Af-
ter 3.2 Ma, 0'80 i increases from 2.5%o to values of more than 3.5%o
for MIS 96, 98, and 100 at ~2.5 Ma. This increase, which can be globally
observed, marks intensification of NHG (Ruddiman and Raymo, 1988;
Raymo et al., 1989; Kwiek and Ravelo, 1999). The preceeding cooling
trend (MIS M2; 3.4 to 3.3 Ma), as shown by the 6'8Oyenpic and SSTyg/c,
records and which was abruptly terminated by the so-called mid-
Pliocene warmth period (Crowley, 1996), may indicate a failed attempt
of the climate system to start NHG (Haug and Tiedemann, 1998).

The decrease of SSTy,g,c, since 3.7 Ma starts several hundred thousand
years earlier than the start of intensification of NHG at ~3.2 Ma as gen-
erally shown by global 880, tecords, which represent global ice vol-
ume (Lisiecki and Raymo, 2005). Average SSTy,qc, decreases by ~2°C
between 3.7 and 2.4 Ma. 880 syccuirer inCreases by 0.8%o, which agrees
with the change expected from the SSTy,,c, decrease (2°C = ~0.5%o0) and
the ice volume effect of 0.4%0, which would give a total of 0.9%o.

Spectral analyses on the SSTygc, record also indicate a change in
spectral character at ~3.7 Ma. The interval from 4.8 to 3.7 Ma is charac-
terized by a concentration of variance at eccentricity- and precession-
related frequencies (Fig. F5B) with limited power at the 41-k.y. cycle.
The interval from 3.7 to 2.4 Ma, comprising the tropical cooling trend
in SSTyg/c, in contrast, provides a strong 41-k.y. cycle and negligible
variability at the precession band. The pronounced dominance of the
41-k.y. cycle after 3.7 Ma indicates that high-latitude climate forcing

11

F6. Comparison between tropical
east and west Pacific SSTs, p. 26.

o

R
f

|

[t

"‘ )
I “W W"“ H\“(‘ﬁ}

l

i

Sp—




J. GROENEVELD ET AL.
PLIOCENE MIXED-LAYER OCEANOGRAPHY

has played an important role in driving SSTs in the tropical east Pacific
because the presence of a strong obliquity related cycle typically reflects
a high-latitude origin.

The similarity of the Mg/Ca and §'80 records of G. sacculifer with the
8'80peninic T€COrd for the time period younger than 3.7 Ma is expressed
by cross-spectral analysis between the proxies and the obliquity signal
(Laskar, 1990) (Table T1). Coherency of all three proxies with obliquity
exceeds 0.90 and coherency between SSTygc, and 8'8O0penpic is 0.91,
whereas none of the proxies significantly lags or leads obliquity. This
suggests that the 41-k.y. rhythm in tropical east Pacific 8'80ninic,
SSTwg/car aNd 880 sqccuiirer Was mainly driven by variations of global im-
portance, triggered by high-latitude processes that caused intensifica-
tion of NHG (Figs. F3, F4).

Although the tropical cooling trend since 3.7 Ma is not reflected by
an increase in ice volume before 3.4 Ma, evidence for early Pliocene
high-latitude cooling is provided by sediment records from the
Irminger and Norwegian Seas (Kleiven et al., 2002; St. John and Krissek,
2002). These records show significant pulses of ice-rafted debris back to
3.5 Ma, indicating the existence and development of glaciers large
enough to produce icebergs well before intensification of NHG.

The warm Pliocene before intensification of NHG (Ravelo and An-
dreasen, 2000) is probably associated with atmospheric CO, concentra-
tions that were higher than preindustrial concentrations by ~100 ppmv
(Van der Burgh et al., 1993; Raymo et al., 1996). Although the mid-
Pliocene warm period is generally assumed to have continued until 3.2
Ma, the initiation of an earlier decrease in atmospheric CO, cannot be
excluded. Therefore, the lead of cooling tropical SSTs over the increase
of global ice volume could indicate that a decrease in atmospheric CO,
concentrations might have played an important role in intensification
of NHG (Li et al., 1998). Decreasing atmospheric CO, concentrations
would lead to global cooling, but global ice volume will not start to in-
crease before a certain threshold is reached, thereby resulting in a lag of
global ice volume to global temperatures (Raymo, 1998; DeConto and
Pollard, 2003).

The expression of intensification of NHG is contradicted by Ravelo et
al. (2004). The authors argued that the main phase of intensification of
NHG is not linked to changes in the tropics, but rather to changes in
the subtropics. The main changes in the tropics occurred between 4.5
and 4.0 Ma, simultaneously with the critical threshold in the shoaling
of the Isthmus of Panama (Haug et al., 2001; Billups et al., 1999), and
after 2.0 Ma, when the present-day SST gradient between the east and
west Pacific became established (Cannariato and Ravelo, 1997; Chais-
son and Ravelo, 2000). These changes also suggest that the main influ-
ence of the subtropics on the tropics, namely providing the source for
cooler upwelling waters, did not develop until 2.0 Ma. If deepwater
temperatures at high latitudes started to decrease during the middle
Pliocene and then propagated toward the tropics, the thermocline
would have to shallow in order to influence SSTs. However, the main
phase of shallowing of the thermocline at Site 1241 ended around 4.0
Ma (Steph et al., this volume), showing no significant changes around
the period when SSTyq,c, started to decrease at ~3.7 Ma (Fig. F2). From
our data, we therefore conclude that intensification of NHG is paral-
leled by cooling in the tropical east Pacific, which even preceeded in-
tensification of NHG by ~500 k.y.
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The 6'80,n1y record does not seem to show intensification of NHG.
Instead of the expected trend toward higher salinity because of increas-
ing global ice volume since 3.2 Ma, a freshening trend is present for this
time period (Fig. F2E), which had already started at ~3.6 Ma when
SSTwg/ca also started to decrease. Also, the global obliquity signal of 41
k.y., which dominates the 8'8Op.nic; 080 saccuiiterr aNd Mg/Ca records, is
not significant in the 8'8O,,, record (Fig. F4D). This suggests that the
variations in local SSS in the Pliocene east Pacific are mainly controlled
by low-latitude processes and can be explained by changes in evapora-
tion/precipitation that are most likely related to latitudinal variations
in the tropical rainbelt (ITCZ) and the establishment of modern condi-
tions (Benway and Mix, 2004) as a consequence of ongoing shoaling of
the Isthmus of Panama. The average values of §'80g,y, for the time pe-
riod 3.6 to 2.4 Ma are on average 0.4%o lower than for the time period
between 4.8 and 3.6 Ma, indicating generally fresher water masses at
Site 1241. The present-day distribution of mixed-layer salinity in the
east Pacific shows that lower saline water masses are related to the posi-
tion of the ITCZ/NECC and the depth of the thermocline. Therefore, we
conclude that between 3.6 and 2.4 Ma, mixed-layer water mass proper-
ties at Site 1241 became not only cooler but also less saline. This indi-
cates that with intensification of NHG, the ITCZ possibly moved into a
more southerly position with weaker southeast trade winds, a relatively
weaker SEC and NECC, a strengthened EUC, and a shallower ther-
mocline in comparison with the period from 4.8 to 3.6 Ma.

CONCLUSIONS

High-resolution analyses of the mixed-layer dwelling planktonic for-
aminifer G. sacculifer for Mg/Ca and 680 for Site 1241 reveal the devel-
opment of east Pacific surface hydrography for the time interval from
4.8 to 2.4 Ma.

An increase in average SSTygc, (24.5°-25.5°C) between 4.8 and 3.7
Ma interrupted by short-term cooler periods, can be explained by a gen-
eral southward shift of the ITCZ, increasing the influence of the warmer
NECC.

The general global cooling trend, a response to intensification of
NHG started at ~3.2 Ma, shown by the 80y, Tecord, is paralleled by
tropical east Pacific cooling, indicated by SSTyq,c,. Tropical east Pacific
cooling, however, had already commenced around 3.7 Ma, suggesting
that global cooling, probably related to decreasing atmospheric CO,
concentrations, might have started well before intensification of NHG.

Relative variations in local SSS indicated by 6'8O,n, sShow a decou-
pling from the global, high-latitude processes shown by the §'8Ocpic
record. Long-term regional freshening started with decreasing SSTyg/c,
at ~3.7 Ma, suggesting that changes in the tropical wind field in combi-
nation with latitudinal shifts of the tropical rainbelt related with gen-
eral decrease in tropical east Pacific SST-controlled 81805a|inity~

Pliocene SSTyg/c, for G. sacculifer for Site 1241 close to modern SSTs
in the tropical east Pacific, in combination with the early Pliocene de-
velopment of a shallow thermocline, give no direct support to the idea
that a permanent El Nifio-like Pliocene climate might have existed dur-
ing the early Pliocene.
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Figure F1. Present-day (A) SST and (B) SSS distribution for the tropical eastern Pacific with the major cur-
rents and their flow directions as well as the location of Site 1241 (5°50’N, 86°26’W). Paleolocation (open
circle) of Site 1241 is backtracked to 3°N, 87.7°W (Mix, Tiedemann, Blum, et al., 2003). Arrows indicate the
flow direction of the following currents: NEC = North Equatorial Current, NECC = North Equatorial Coun-
tercurrent, SEC = South Equatorial Current, EUC = Equatorial Undercurrent, PCC = Peru-Chile Current.
SSTs and SSSs are according to Levitus and Boyer (1994) at a water depth of 30 m. Dotted lines indicate the
average annual position of the Intertropical Convergence Zone (ITCZ).
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Figure F2. Results for Site 1241 for the time interval 4.8-2.4 Ma. A. Mg/Ca ratios, measured in foraminiferal
tests of the planktonic foraminifer Globigerinoides sacculifer. B. Sea-surface temperatures (SSTs), calculated
from the Mg/Cag s,cuirer Tatios using the equation of Niirnberg et al. (2000). C. §'80, measured in foraminif-
eral tests of the planktonic foraminifer G. sacculifer. D. 880, measured on benthic foraminifers (Tiede-
mann et al., this volume). E. 8'8Og,1,, calculated by subtracting the normalized §'8Oypenc record from the
8'80,4ter record. Arrows indicate trends associated with intensification of Northern Hemisphere glaciation
(NHG) and the tropical cooling and freshening in the east Pacific. Thick curved lines represent best fits on
the data, showing variations on timescales >185 k.y. Numbers 96, 98, 100, M2, and Gi24 indicate marine
isotope stages, according to the isotope nomenclature of Shackleton et al. (1995). * = modern property val-
ues at the paleolocation of Site 1241 (Levitus and Boyer, 1994).
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Figure F3. Comparison of Mg/Ca and 6'8O¢ ;,iter With orbital parameters (Laskar, 1990). A. Comparison of
Mg/Ca with eccentricity for the time interval 4.8-3.5 Ma. (Continued on next page.)

A <0
3
€
=
o]
€
£ 351
©
$)
~
(@]
=
/ =y
3.0
- 0.05
- 0.04
>
—003 G
<
[0}
4002 8
L
— 0.01
1 1 1 1 1 1 1 000
3600 3800 4000 4200 4400 4600 4800

Age (ka)



J. GROENEVELD ET AL.

23

PLIOCENE MIXED-LAYER OCEANOGRAPHY

Aunbiiao

Aunbiiao

2.4 Ma. Mg/Ca and 8'80¢ ,cuirer are shown as detrended (variations >185 k.y. are filtered) and normalized
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Figure F4. Spectral analysis for the time interval 3.7-2.4 Ma. Time series analyses were performed with
AnalySeries 1.2 (Paillard et al., 1996). A. 8'80, measured on benthic foraminifers (Tiedemann et al., this
volume). B. Mg/Ca ratios, measured in foraminiferal tests of the planktonic foraminifer Globigerinoides sac-
culifer. C. 680, measured in foraminiferal tests of the planktonic foraminifer G. sacculifer. D. 8'8Ojiny, cal-
culated by subtracting the normalized §'80,¢,y,c record from the 8'80,,,, record.
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Figure F5. Spectral analysis for the time interval 4.8-3.7 Ma. Time series analyses were performed with
AnalySeries 1.2 (Paillard et al., 1996). A. §'80, measured on benthic foraminifers (Tiedemann et al., this
volume). B. Mg/Ca ratios, measured in foraminiferal tests of the planktonic foraminifer Globigerinoides sac-
culifer. C. 680, measured in foraminiferal tests of the planktonic foraminifer G. sacculifer. D. 6'8Ogjiny,, cal-
culated by subtracting the normalized §'80¢,y,c record from the 8'80,,,, record.
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Figure F6. Comparison between tropical east and west Pacific sea-surface temperatures (SSTs) for the time
interval 4.2-2.4 Ma. East Pacific SSTs are Mg/Ca SSTs from Site 1241. West Pacific SSTs are results from
planktonic foraminiferal transfer functions, Modern Analog Technique (MAT), from Andersson (1997) for
Ontong Java Plateau Site 806 (0°19'N, 159°21’E). * = modern SST values at the paleolocation of Site 1241.
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Table T1. Cross spectral analysis for Mg/Ca and 880 syccuiirer, Site 1241.

Time

interval Cyclicity Lag

Target Reference (Ma) Frequency (k.y.) Coherency Phase (k.y.)
Mg/Ca Insolation 65°N" 3.7-2.4 0.024 41 0.90 -0.03 -0.2
8806 sacculifer Insolation 65°N" 3.7-2.4 0.025 41 0.96 -0.20 -1.3
8"80penthic” Insolation 65°N" 3.7-2.4 0.024 4 0.95 0.13 0.8
Mg/Ca 8'80penthic X —11 3.7-2.4 0.024 41 0.91 -0.19  -13
Mg/Ca 8'80¢ sqccutifer X —1 3.7-2.4 0.024 41 0.92 0.09 0.6
Mg/Ca Insolation 65°N" 4.8-3.7 0.052 19 0.87 0.88 27
Mg/Ca Insolation 65°N" 4.8-3.7 0.044 23 0.88 0.46 1.7
8806 sacculifer Insolation 65°N" 4.8-3.7 0.024 41 0.81 1.20 7.8
Mg/Ca 8'80¢ sqccutifer X —1 4.8-3.7 0.053 19 0.80 0.23 0.7
Mg/Ca 880 saccutifer X =1 4.8-3.7 0.042 23 0.87 -0.08 -0.3

Notes: * = Laskar (1990). 1 = Tiedemann et al., this volume.



	13. Pliocene Mixed-Layer Oceanography for Site 1241, Using Combined Mg/Ca and delta18O Analyses of Globigerinoides sacculifer
	Jeroen Groeneveld, Silke Steph, Ralf Tiedemann, Dieter Garbe-Schönberg, Dirk Nürnberg, and Arne Sturm
	ABSTRACT
	INTRODUCTION
	TROPICAL PACIFIC OCEANOGRAPHY
	MG/CA PALEOTHERMOMETRY
	METHODS
	RESULTS
	MIXED-LAYER HYDROGRAPHY DURING THE EARLY PLIOCENE
	PERMANENT EL NIÑO?
	INTENSIFICATION OF NHG
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES
	FIGURES: Thumbnail
	F1. Present-day SST and SSS distribution, p. 20.
	F2. Results for Site 1241 for the time interval 4.8-2.4 Ma, p. 21.
	F3. Comparison of Mg/Ca and delta18OG.sacculifer with orbital parameters, p. 22.
	F4. Spectral analysis for the time interval 3.7-2.4 Ma, p. 24.
	F5. Spectral analysis for the time interval 4.8-3.7 Ma, p. 25.
	F6. Comparison between tropical east and west Pacific SSTs, p. 26.

	FIGURES: Full page
	Figure F1. Present-day (A) SST and (B) SSS distribution for the tropical eastern Pacific with the major currents and their flow ...
	Figure F2. Results for Site 1241 for the time interval 4.8-2.4 Ma. A. Mg/Ca ratios, measured in foraminiferal tests of the plank...
	Figure F3. Comparison of Mg/Ca and delta18OG.sacculifer with orbital parameters (Laskar, 1990). A. Comparison of Mg/Ca with eccentricity for the time interval 4.8-3.5 Ma. (Continued on next page.)
	Figure F3 (continued). B. Comparison of Mg/Ca and delta18OG.sacculifer with obliquity for the time interval 3.7-2.4 Ma. Mg/Ca and delta18OG.sacculifer are shown as detrended (variations >185 k.y. are filtered) and normalized curves.

	Figure F4. Spectral analysis for the time interval 3.7-2.4 Ma. Time series analyses were performed with AnalySeries 1.2 (Paillar...
	Figure F5. Spectral analysis for the time interval 4.8-3.7 Ma. Time series analyses were performed with AnalySeries 1.2 (Paillar...
	Figure F6. Comparison between tropical east and west Pacific sea-surface temperatures (SSTs) for the time interval 4.2-2.4 Ma. E...

	TABLE: Thumbnail
	T1. Cross spectral analysis for Site 1241, p. 27.

	TABLE: Full page
	Table T1. Cross spectral analysis for Mg/Ca and delta18OG.sacculifer, Site 1241.




