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Abstract

The onset of Northern Hemisphere Glaciation (NHG) ∼2.7 Ma ago coincided with prominent climate changes in the tropical
regions such as the African and the Asian monsoons. However, the relationship between tropical and sub-tropical monsoonal
variations and high northern latitude ice sheet expansion as well as processes such as late Pliocene tropical sea surface temperature
(SST) change is not clear. Our late Pliocene (2.5–3.3 Ma) monsoon proxy records and Mg/Ca derived SST records at Ocean
Drilling Program (ODP) Site 1143 from the southern South China Sea (SCS) reveal that while tropical SST shows a stepwise
decrease of 2–3 °C during this period, the East Asian monsoon gradually strengthens in response to the onset of the NHG. At the
41-kyr and 23-kyr bands, ice volume change lags tropical SST by ∼4 kyr, but leads the East Asian monsoon by ∼12–17 kyr. Our
finding highlights the significant role of the tropical Pacific region in driving global climate change in the late Pliocene, which has
invariable leading phase relative to the ice volume change as in the late Pleistocene. However, the East Asian monsoon shows a
linear response to the onset of the NHG in the late Pliocene, with much bigger phase lagged at the 41-kyr and 23-kyr bands than in
the Pleistocene, which suggests that at the obliquity and precession bands the phases of the Plio-Pleistocene East Asian monsoon
variations relative to the global ice volume changes are not constant, but variable. Therefore, the East Asian monsoons are not only
simply driven by northern summer insolation at the precession period but also modulated by global ice volume change in high
latitudes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The first major step of global climate reorganization
since the Pliocene was the onset of significant NHG
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∼2.75 Ma ago [1–3]. In the tropical and sub-tropical
regions, this major step is reflected by periodically
cooler and drier conditions in Africa after 2.8 Ma [4] and
enhanced East Asian monsoonal activity between 3.6
and 2.5 Ma [5]. The geological evidence indicates some
inherent relationship between the sub-tropical Asian
monsoons and high northern latitude climate, as well as
with tropical processes such as SST around this time
[6–8]. For example, both the formation of the stony
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Fig. 1. Location of ODP Site 1143 in the southern South China Sea.
The colors on map denote the intensity of the annual mean
precipitation derived from the PR (precipitation radar) observational
data [23,24]. Blue arrows denote the East Asian summer monsoon and
the yellow arrow denotes the winter monsoon. (For interpretation of
the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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deserts in central Australia [9] and the heightened aridity
of central China correlative with Pliocene loess
formation [5], show nearly synchronous bipolar sub-
tropical responses to the onset of the NHG. The final
closures of the Panama and Indonesian seaways, which
are located in the east and west tropical Pacific,
respectively, are considered to have happened 3–4 Ma
ago, much earlier than significant NHG [1]. The
development of the notable SST (sea surface tempera-
ture) gradient across the equatorial Pacific, which
maintains the Walker circulation, occurred ∼1.5–2.0
Ma ago, much later than significant NHG [3,10]. Even
small changes in the tropical regions can profoundly
affect the extratropical conditions, as witnessed in the
interannual El Niño–Southern Oscillation phenomenon
[11,12]. The records from ODP Site 806 in the western
equatorial Pacific reveal that tropical SST changes lead
global ice volume changes by ∼3 kyr around the mid-
(∼0.9 Ma ago) [13] and late Pleistocene [14]. During
the last two glacial–interglacial transitions, a 2–3 kyr
lead of SST relative to global ice volume change is also
observed in the core MD9821-62 located in the
Makassar Strait in the heart of the Indo-Pacific warm
pool [15]. These findings suggest that the tropical
Pacific region plays an important role in driving glacial/
interglacial cycles in the Pleistocene, possibly through a
system similar to the El Niño–Southern Oscillation
regulation of the poleward flux of heat and water vapour
[15]. In contrast to tropical SST records, sub-tropical
monsoonal records show a constant lag relationship of
Asian monsoons with global ice volume change in the
Pleistocene [6,16].

The onset of significant NHG occurred primarily
between 2.5 and 3.3 Ma [17–19], although some
researchers believe that the major transition happened
at about 2.7 Ma based on the large-scale occurrence of
ice rafted debris in the Atlantic [20]. The rapid Northern
Hemisphere ice sheet expansion 2.5–3.3 Ma ago marks
a transition of the Earth's climate from the permanent El
Niño-like conditions during the Pliocene warm period to
the amplified glacial/interglacial cycles of the ice age
during the late Pliocene and Pleistocene. Unveiling the
relationship of climate changes in the sub-tropical and
tropical regions with the onset of the NHG will be of
great help in revealing the forcing mechanism of global
climate change.

2. Modern hydrology in the SCS

The modern annual mean SSS (Sea Surface Salinity)
in the SCS is much lower than that in the open western
Pacific by ∼1.5 due to the monsoon-induced precipi-
tation and fluvial runoff from the Eastern Asian
continent and the circumjacent marginal islands [21].
The modern seasonal SSS in the southern SCS varies
from 31 to 34, and the minimum SSS usually occurs
during winter when the SCS is dominated by winter
monsoon precipitation [22]. The precipitation radar
observational data shows that the distribution of annual
mean precipitation in the SCS is spatially asymmetric,
with much more precipitation focused on the southern
part relative to the northern (Fig. 1) [23,24]. The
precipitation radar data also shows that the seasonal
difference is also remarkable in the SCS, especially in
the north where the summer monsoon-induced precip-
itation during summer dominates most of the annual
precipitation [24]. However, the seasonal contrast of
precipitation in the southern SCS is not as remarkable as
in the north. The precipitation in the southern SCS
during winter (November to January) is greater than the
precipitation during summer (June to August) [24].

3. Materials and methods

We chose ODP Site 1143 in the southern SCS
(9°21.72′N, 113°17.11′E, water depth 2772 m, Fig. 1), a
region greatly influenced by the East Asian summer and
winter monsoons, to carry out our study [25].
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Site 1143 was sampled at 10 cm frequency. The
preparation of samples and stable isotope analyses were
performed in the State Key Laboratory of Marine
Geology, Tongji University, Shanghai. Samples were
soaked in tap water for 1–2 days after oven-drying at
60 °C, washed through a 63 μm sieve, oven-dried at
60 °C, then sieved to select foraminifers coarser than
150 μm for stable isotope and Mg/Ca analysis. Samples
for total carbon analysis were from the same horizontal
layer of the core as the stable isotope andMg/Ca analysis.

Well preserved specimens (clean, intact, with no signs
of dissolution) of the benthic foraminifers Cibicidoides
wuellerstorfi or Uvigerina peregrina (when the former
was not available) were selected and washed with ethanol
(≥99.7%) in an ultrasonic bath at 40 kHz frequency three
times for 5 to 10 seconds duration. Specimens were dried
at 60 °C in an oven for 5 h, transferred to sample vials in a
Finnigan automatic carbonate device (Kiel III), reacted
with ortho-phosphoric acid at 70 °C to generate CO2, then
transferred to and measured in a Finnigan MAT252 mass
spectrometer. Precision was regularly checked with a
Chinese national carbonate standard (GBW04405) and
international standard NBS19; the standard deviation was
0.07‰ for δ18O during year 2000. Conversion to the
international Pee Dee Belemnite (PDB) scale was
performed using NBS19 and NBS18 standards. Follow-
ing the standard of Shackleton and Hall [26], the δ18O
values of U. peregrina were subtracted by 0.64‰, to
make them comparable to the values of C. wuellerstorfi.

The Mg/Ca measurements were made in the Depart-
ment of Geological Sciences, University of California,
Santa Barbara. Approximately 50 G. ruber were picked
from the N150 μm fraction, gently cracked open between
glass plates and divided into two equal aliquots if num-
bers were sufficient for replicate analyses. The fragments
were transferred to microcentrifuge tubes and cleaned
following a rigorous trace element cleaning process,
comprised of ultrasonication and rinses for removal of
clays, oxidation and reduction steps, and a final acid
leach and multiple rinses in n-pure water [14,27]. Sam-
ples were analyzed on a Therm Finnigan MAT Element2
inductively coupled plasma mass spectrometer (ICP-
MS) using isotope dilution [28]. Replicate analyses were
performed on approximately 75% of the samples. Analy-
tical reproducibility is estimated at 1% (1σ). Measured
Mg/Ca values were converted to SST using the depth
corrected Pacific G. ruber equation [29]. This equation
considers calibrations for different species of foraminif-
era and quantifies the influence of dissolution by using
the core depth as a correction. Tests on core top samples
in different oceans suggest that G. ruber is the most
accurate recorder of surface temperature. The bottom
water of the SCS originates from the median water of the
western Pacific, which insures the feasibility of this
equation being used for the SST reconstruction in the
SCS.

Total carbon was measured from dried and ground
bulk sediment samples, and the organic carbon of carbo-
nate free samples was measured on split samples treated
with 10%HCl, washed and dried. Samples were analyzed
in the State Key Laboratory of Marine Geology, Tongji
University, on a Carlo Erba CHN Analyzer EA1110, of
which the accuracy was 0.02% in 2005. The age model
was based on tuning the benthic foraminiferal δ18O to
obliquity and precession [8,19], and has a good correla-
tion to those of ODP Sites 846 and 659 [17,18]. The
sedimentation rate was based on five-point Gaussian
smoothing [19]. Based on the dry bulk densities [25], the
sedimentation rate and the organic carbon content (wt.%),
the mass accumulation rate of the TOC were calculated
following Stax and Stein [30].

4. Results

4.1. Ice sheet growth in high northern latitudes

Benthic foraminiferal δ18O primarily represents
global ice volume change, with less than one-third of
its variation connected with fluctuations of bottom water
temperature and salinity, both of which have been rela-
tively stable for the past 4 Ma [31]. The benthic
foraminiferal δ18O of Site 1143 over the past 5 Ma can
be divided into three periods (Fig. 2a): From 5 to 3.3 Ma
the late Pliocene warm period is characterized by rela-
tively light values and stable glacial/interglacial (GI)
fluctuations with small amplitudes. In the second period,
the onset of significant NHG from 3.3 to 2.5 Ma is
indicated by a prominent increase in δ18O (Fig. 2a, c).
Within this period, glacial benthic foraminiferal δ18O
increased from ∼2.55‰ to ∼3.75‰, a positive shift of
∼1.2‰ within 800 kyr, whereas interglacial benthic
foraminiferal δ18O during interglacials only increased
by ∼0.6‰. The third period from 2.5 Ma to present is
depicted by episodically amplified GI cycles, which
were pacedmainly by 41-kyr obliquity cycles prior to the
Mid-Pleistocene transition (∼0.9 Ma) and by 100-kyr
eccentricity cycles after this transition [13]. The
planktonic foraminiferal δ18O of Site 1143 apparently
shows a similar GI pattern before 3.3 Ma and after
2.5 Ma, with greater millennial scale variations super-
imposed on lower-frequency orbital scale variations
(Fig. 2b). However, benthic and the planktonic forami-
niferal δ18O differ markedly in the second period. While
the benthic foraminiferal δ18O gradually increased from



Fig. 2. Paleoceanographic time series from ODP Site 1143 marking the paleo-climate changes during the onset of the significant Northern
Hemisphere Glaciation. (a), Cibicidoides δ18O for the past 5 Ma (b),G. ruber δ18O for the past 5 Ma. The yellow pane on (a) and (b) denotes the onset
of the significant Northern Hemisphere Glaciation from 3.3 to 2.5 Ma. (c), Cibicidoides δ18O in the period of 2.5–3.3 Ma. The letters and numbers
beside the curve denote the Marine Isotope Stages (MISs). (d), G. ruberMg/Ca ratio and Mg/Ca derived sea surface temperature from 3.3 to 2.5 Ma.
The SSTscale for Mg/Ca is exponential and is based on conversion of Mg/Ca data using the relationship: SST=ln((Mg/Ca) /0.38) /0.09+0.61⁎2.7+
1.6 [29]. (e), sea water δ18O calculated by using the paleotemperature equation [14]. (f), G. ruber δ18O in the period of 2.5–3.3 Ma. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3 to 2.5 Ma (Fig. 2c), the planktonic foraminiferal
δ18O stayed relatively constant (Fig. 2f). In addition,
while the planktonic foraminiferal δ18O shows relatively
invariable amplitudes of GI cycles, the benthic forami-
niferal δ18O shows gradually increased amplitudes of GI
cycles (Fig. 2c, f).
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Global ice volume, regional SST and SSS (sea surface
salinity) jointly affect planktonic foraminiferal δ18O [32].
Global ice volume expansion, sea surface cooling, or
increase of SSS, will each result in increased planktonic
foraminiferal δ18O. The relatively invariable planktonic
foraminiferal δ18O, together with the gradually increased
benthic foraminiferal δ18O of Site 1143 2.5–3.3 Ma ago,
indicates prominent local hydrological changes in the
southern SCS. To initiate and sustain the significant NHG,
adequate heat and moisture must be introduced from the
tropics to high northern latitudes to promote accumulation
of glacial ice [33]. The different behavior of the benthic
and planktonic foraminiferal δ18O of Site 1143 2.5–3.3
Ma ago indicates SSS changes in the western tropical
Pacific coincident with ice sheet expansion.

4.2. SST changes

The G. ruber Mg/Ca ratio of Site 1143 varies bet-
ween 3.0 and 4.6 mmol/mol, displaying clear glacial/
interglacial cycles from 3.3 to 2.5 Ma (Fig. 2d).

Instrumental data from the Yongshu Reef Observa-
tory show that the modern annual mean SSTat Site 1143
is 28.6 °C, and the seasonal difference of the mean SST
between summer and winter is ∼2.5 °C, and the
precipitation in winter is greater than in summer [34].
The reconstructed SST of ODP Site 1143 varies within a
range between 31 °C and 26.4 °C from 3.3 to 2.5 Ma on
millennial scale, with more than half of the record cooler
than 28.4 °C (Figs. 2d, 3b). In general, our Mg/Ca
derived SSTs at ODP Site 1143 show a pattern of
stepwise decrease, similar to that of ODP Site 806 in the
open western Pacific [10], derived from G. sacculifer
Mg/Ca. However, the higher-resolution record from the
SCS (2–3 kyr at Site 1143, compared with 10 kyr from
Site 806 B) reveals the detailed structure of the
temperature decrease. Corresponding to the significant
NHG, the SST of ODP Site 1143 gradually decreased,
punctuated by two phases of rebounding warming. As
with the benthic foraminiferal δ18O, the SST variations
of ODP Site 1143 can be divided into three periods.
Period 1 is from Marine Isotope Stage (MIS) M2 to G18
(∼3.3–2.97 Ma). Within this period, the SSTs show
several large amplitude “spikes”, oscillating around
28 °C. However, the maximum value of the “spikes”
gradually decreased within this period, from ∼31 °C at
M2 to ∼27 °C at G18, dropping nearly 4 °C while the
minimum value of the “spikes” remained relatively
stable. These changes resulted in decreasing amplitude
of the millennial scale variability, showing a cooling
trend. Period 2 of the SST variations of ODP Site 1143
is from MIS G18 to G6, marked by a rebounding
warming of ∼2 °C up to MIS G13 and then a following
cooling of 4 °C up to MIS G6. The warming and cooling
phases of period 2 are also perturbed by episodes of
sharp cooling and warming respectively, such as the
rapid cooling at MIS G16 during the warming phase and
the gradual warming at MIS G11 during the cooling
phase. Most of the SST within period 2 is below the
modern SST (Fig. 2d). Period 3 is marked by a gradual
warming of ∼1.5–2 °C from MIS G16 to 99, gradually
approaching and even exceeding modern SST. In
general, the SST at ODP Site 1143 had decreased for
∼5 °C from 3.3 to∼2.7 Ma, and then had rebounded by
a rise of ∼1.5 °C until MIS 100. In addition, the
amplitude of the millennial or orbital scale variability of
the SST had decreased from 3.3 to 2.5 Ma.

The benthic foraminiferal δ18O and SST of Site 1143
display the same periods of variations between 3.3 and
2.5 Ma (Fig. 2c), as well as similar trends of variations
and timing between periods. However, differences also
exist between the two records. For example, the
amplitude of glacial SST cycles gradually decreased
from 3.3 to 2.5 Ma, whereas that of the benthic
foraminiferal δ18O gradually increased, showing an
opposite pattern. After MIS G6, both the glacial and
interglacial SST gradually increased with relatively low
amplitudes, indicating a rebounding warming in the
southern SCS after the significant NHG at ∼2.7 Ma.
However, at the same time, the amplitude of both glacial
and interglacial benthic foraminiferal δ18O increased, in
response to the gradually amplified northern hemisphere
ice sheet.

The relatively low-resolution Mg/Ca records of ODP
Site 806 show that SST in the open western equatorial
Pacific remained relatively stable from 2.7 to 2.0 Ma and
then began to increase until MIS 11, decoupling with the
gradually amplified global ice volume [10]. On the other
hand, low-resolution Mg/Ca records from ODP Site 847
show that SST in the open eastern equatorial Pacific
gradually decreased after 2.7Ma, coupled with gradually
increasing benthic foraminiferal δ18O. The different
patterns of SST variations between the eastern and
western equatorial Pacific since 2.7 Ma directly result in
the increase of the SST gradient across the equatorial
Pacific, firstly a weak gradient and then a prominent
gradient shaping at∼2.0 Ma. This seems to indicate that
while global climate descended into glacial conditions
after the onset of the significant NHG 2.7 Ma ago, the El
Niño-like conditions of the Pliocene Warm period
weakened and gradually developed into modern condi-
tions [3,10]. Our high-resolution SST data from the SCS
generally supports the low-resolution data from the open
western Pacific on secular changes, and highlights the



Fig. 3. Paleoceanographic time series from ODP Site 1143 in the
period of 2.5–3.3 Ma. (a), Cibicidoides δ18O in the period of 2.5–3.3
Ma. The letters and numbers beside the curve denote the Marine
Isotope Stages (MISs). (b), Mg/Ca derived sea surface temperature
from 3.3 to 2.5 Ma. (c), Δδ18O, the δ18O difference between sea water
δ18O and Cibicidoides δ18O, indicating the sea surface salinity
changes. (d) Total organic carbon mass accumulation rate.
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millennial scale variability of the SSTs. However, the
amplitudes of the SST oscillations of Site 1143 after
2.7 Ma are much smaller than that of Site 806B.

5. Discussion

5.1. Monsoon-induced SSS changes

The surface water δ18Osw of ODP Site 1143 is
calculated from the paired-planktonic foraminiferal
δ18O and Mg-based SST using the Orbulina low-light
paleotemperature equation [35]. The calculated δ18Osw

show a pattern of steady glacial/interglacial cycles from
3.3 to 2.5 Ma, without any ascending or descending
trend on average. Thus, it does not represent the global
ice volume change, indicating a change in regional
salinity (Fig. 2e).

Ocean water δ18O is associated with global ice
volume changes and regional water mass salinity, the
latter depending on surface water evaporation and
precipitation patterns [14,31,32]. Because the increased
global ice volume and its gradually expanded glacial
cycles from 3.3 to 2.5 Ma, as reflected by the benthic
foraminiferal δ18O of Site 1143, would lead to higher
δ18Osw, the regional SSS should have decreased to
compensate, resulting in relatively stable δ18Osw.
Therefore, after removing the global ice volume effects
from the δ18Osw, the residuals, the Δδ18Osw-b should
represent the regional SSS variations. The temperature
and salinity of the bottom water of the oceans is usually
relatively invariable. For example, the bottom water
temperature of the southern ocean has decreased only
4 °C during the past 5 Ma, with only ∼1 °C decrease
during the period of 2.5–3.3 Ma. Similarly, the bottom
water temperature of the open western Pacific has
decreased only 0.6 °C from 3.3 to 2.5 Ma [31].
Therefore, we obtained the Δδ18Osw-b of Site 1143 by
simply subtracting the benthic foraminiferal δ18O from
the calculated δ18Osw. As predicted, the calculated
Δδ18Osw-b shows a stepwise decrease during the period
of the significant NHG 3.3–2.5 Ma ago (Fig. 3c). The
major three periods of theΔδ18Osw-b are synchronous to
those of the SST, with MIS G18 and G6 being the
transitional time between periods (Fig. 3b, c). Even for
each period, the variations of the Δδ18Osw-b are quite
similar to those of the SST. Period 1 from MIS M2 to
G18 shows a gradual decrease, and period 2 shows a
rebounding increase and then a further decrease, and
period 3 shows a stepwise increase and then a following
decrease (Fig. 3c).

TheΔδ18Osw-b reflects the SSS variations at ODP Site
1143, which are associated with regional changes of
precipitation and fluvial runoff. The ice sheet growth in
high northern latitudes during the NHG caused an overall
sea level lowering of ∼43 m [36], which led to an
expansion of islands such as Borneo and an extension of
the southern and eastern Asian continental shelf. The
extended continental shelf and islands pushed the river
mouth further into the deep sea and shortened the distance
between Site 1143 and the continent, leading to a decrease
of SSS in the center of the basin. Analogous to modern
conditions, strengthened East Asian monsoons during the
NHG increased the annual mean precipitation in the
southern SCS which in turn resulted in a decrease of SSS
at Site 1143. Strengthened monsoons also enhanced the
fluvial runoff and then further decreased SSS at Site 1143.
Thus, the three periods of the Δδ18Osw-b variations from
2.5 to 3.3 Ma ago reflect a stepwise development of the
East Asian monsoons during the NHG.

Modern sediment trap observations in the middle
SCS lasting from 1992 to 1999 reveal that high particle
fluxes usually occur during monsoon seasons, and some
productivity proxies such as TOC (total organic carbon)
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flux and opal flux usually reach peak values during
winter [22]. In the upwelling areas of the SCS, high sea
surface productivity usually occurs during monsoon
seasons. However, core top studies in the SCS reveal
that siliceous productivity such as opal flux is not
associated with monsoon-driven upwelling, but displays
a close relationship with carbonate dissolution and
terrigenous dilution effects, whereas the TOC flux to a
great extent shows close association with the monsoon-
driven upwelling, and thus can reflect monsoon strength
[24]. The down-core measurements of TOC flux at Site
1143 show clear glacial/interglacial cycles from 3.3 to
2.5 Ma, with high values during glacial periods and low
values during interglacial periods. Just after 2.82 Ma
(MIS G10), the amplitude of the TOC flux fluctuations
within a glacial/interglacial cycle rapidly increases,
reaching a level nearly 3 to 4 times the amplitude
observed prior to MIS G10. We should note that the
significantly larger amplitudes after 2.82 Ma are caused
by greatly increased TOC flux during glacial periods
and invariable TOC flux during interglacial periods.
Both GCM simulations and loess/paleosol sequences
reveal strong summer monsoon during interglacial
periods and strong winter monsoon during glacial
periods in the late Pleistocene [5,16]. Analogous to the
conditions in modern and late Pleistocene periods, the
variations of TOC flux of Site 1143 indicate a rapid
strengthening of the East Asian winter monsoon after
2.82 Ma. Both TOC flux andΔδ18Osw-b reveal a general
enhancement of the East Asian monsoons, especially the
winter monsoon during the period of the late Pliocene
NHG, though the two proxies differ in the timing of
Fig. 4. Comparison among spectral analyses of Cibicidoides −δ18O and Mg/C
1143 in the period of 2.5–3.3 Ma. (a), spectrum of −δ18O (solid line) and SS
line). (c), spectrum of −δ18O (solid line) andΔδ18O (dashed line). Numbers in
and 23-kyr bands. Negative phases denote SST leads −δ18O, and positive p
some larger events due to the complexity of the factors
controlling proxy variations.

5.2. Orbital phase relations

It has long been speculated that insolation changes in
high northern latitudes controlled by the Earth's orbital
geometry dominated global climate change since at least
the late Cenozoic [37,38]. This theory implies that high
northern latitudes are an engine to trigger climate change,
which then propagates to the mid and low latitudes
through oceanic or atmospheric circulation. Therefore,
climatic processes in tropical areas should lag those trig-
gered in high northern latitude at the primary orbital
periods of the eccentricity, obliquity and precession
cycles. However, advances in paleoceanography in recent
decades prove that tropical regions as well as atmospheric
carbon dioxide play an important role in regulating global
climate changes [39–41]. At least in the late Pleistocene,
tropical SST change precedes the global ice volume
change at both the obliquity and precession bands by
∼3–4 kyr [13,14]. The glacial–interglacial transitions of
tropical SST are also earlier than those of global ice
volume in high northern latitudes by ∼2–3 kyr, but
synchronous with global increase of carbon dioxide and
Antarctic warming [15]. Even in the late Pleistocene,
tropical SST in the western Pacific demonstrates distinct
100-kyr, 41-kyr and 23-kyr cycles and precedes the global
ice volume at these primary orbital cycles [42]. However,
our late Pliocene SST records in the southern SCS are
spectrally distinct from the benthic foraminiferal δ18O
and from the Pleistocene tropical SST records. Compared
a derived SST records, TOC records andΔδ18O records from ODP Site
T (dashed line). (b), spectrum of −δ18O (solid line) and TOC (dashed
the brackets of (a), (b) and (c) denote the phases at the 100-kyr, 41-kyr

hases denote TOC or Δδ18O lags −δ18O.
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to the benthic foraminiferal δ18O, our SST records show
weak variations at the primary orbital periodicities of 100-
kyr, 41-kyr and 23-kyr, but relatively strong variations at
the non-orbital periodicities of 58-kyr and 31-kyr
(Fig. 4a). Coherencies at the orbital periodicities are all
above the 80% alarm test level, indicating a coherent
relationship between the benthic foraminiferal δ18O and
the SST records. Phase relations reveal a lead of the SST
changes relative to the global ice volume changes at each
cycle (Fig. 4a), namely a lead of 35° at the 100-kyr band,
equivalent to 9.72 kyr, a lead of 36° at the 41-kyr band,
equivalent to 4.1 kyr, and a lead of 65° at the 23-kyr band,
equivalent to 4.1 kyr. From 3.3 to 2.5Ma, the 3–4 kyr lead
of SST change at ODP Site 1143 relative to global ice
volume change at both the obliquity and precession bands
is similar to that in the early Pleistocene, indicating a
stationary phase relationship since the Pliocene. The
consistent lead of tropical SST relative to global ice
volume further indicates that the tropical Pacific region
plays a momentous role in regulating global climate
change at least since the late Pliocene. The highlighted 31-
kyr cycle in the SST spectrum is a characterized cycle of
the Pleistocene Indo-Pacific equatorial primary produc-
tion and CO2, a signature of ENSO-like control of
biological production in the equatorial Indo-Pacific,
indicating a significant role of the low-latitude biological
pump in controlling atmospheric CO2 concentrations
[43]. The prominent 31-kyr cycle in the late Pliocene SST
records at ODP Site 1143 probably suggests a CO2

forcing of the tropical climate change. Further tests await
the reconstruction of the atmospheric CO2 in the Pliocene.

The TOC and Δδ18Osw-b are spectrally similar to the
benthic foraminiferal δ18O, performing strong 100-kyr,
41-kyr and 23-kyr cycles (Fig. 4b). In addition, both the
TOC and the Δδ18Osw-b records show a periodicity of
26 kyr which is within the range of the precession in the
Pliocene [44]. The benthic foraminiferal δ18O records
also show a weak 26-kyr periodicity. Coherencies above
the 80% alarm test level indicate coherent relationship
between the benthic foraminiferal δ18O and these two
monsoon-related proxy records at the primary orbital
periodicities. However, phase relations reveal that these
two records lag the global ice volume change at the
100-kyr, 41-kyr and 23-kyr bands. The phases between
the TOC and the benthic foraminiferal δ18O are 145° at
the 100-kyr band equating with a lag of 40.2 kyr, and
107° at the 41-kyr band equating with a lag of 12.2 kyr,
and 145° at the 23-kyr band equating with a lag of 9.2 kyr
(Fig. 4b). The phases between the Δδ18Osw-b and the
benthic foraminiferal δ18O are 160° at the 100-kyr band
equating with a lag of 44.4 kyr, and 165° at the 41-kyr
band equating with a lag of 18.8 kyr, and 138° at the 23-
kyr band equating with a lag of 8.8 kyr (Fig. 4c). The
cross-spectral analyses thus show that the global ice
volume change is a factor internal to the climate system
with great influence on the variability of the East Asian
monsoons at least since the Pliocene. In the Pleistocene,
monsoon proxy records in the SCS indicate that the
monsoon maximum usually lags the minimum of the
global ice volume by 2–4 kyr at both the obliquity and
precession bands [6,7], much smaller than the lag of 8–
18 kyr calculated in this work. The differences reveal a
non-stationary phase of the East Asian monsoon relative
to the global ice volume in the Plio-Pleistocene. The
numerical climate-model experiment reveals that the
evolution of the Asian monsoons is linked to phases of
Himalaya–Tibetan plateau uplift and to the NHG. Thus,
the decreased phase lag at the obliquity and precession
bands is possibly linked to the amplified Northern
Hemisphere ice sheets and the increased contrast bet-
ween glacial and interglacial periods.

Previous studies based on low-resolution climate
model hypothesize that monsoons are driven by northern
summer insolation at the precession period [45]. The
high-resolution dating of the late Pleistocene speleothem
calcite even provides unambiguous support for this hypo-
thesis [46,47]. The geological data from the Arabian Sea
suggests that the variability in global ice volume is not a
primary factor in determining the strength and timing of
the monsoon winds [6]. Our geological data from the
southern SCS reveals a different mechanism of the East
Asian monsoon variability in the late Pliocene which
shows important linkage of the East Asian monsoon with
both the tropical and high latitude regions.

6. Conclusions

Our records geochemical of ODP Site 1143 from the
southern SCS reveal that the East Asian monsoons
gradually strengthened in response to the phased expan-
sion of the ice sheet in the high northern latitudes during
the late Pliocene, with increased phases at the obliquity
and precession bands relative to the late Pleistocene. This
finding suggests that the East Asian monsoons are not
only simply driven by northern summer insolation at the
precession period but also modulated by global ice vo-
lume change in high latitudes. The secular changes of SST
in the tropical SCS show nearly synchronous stages to the
significant NHG3.3–2.5Ma ago, but themillennial or the
orbital scale variability of SST displays a totally different
pattern and even leads the global ice volume change at the
obliquity and precession bands. Our finding highlights the
significant role of the tropical Pacific region in driving
global climate change in the late Pliocene. The key factor
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which affects the tele-connection of climate between low
and high northern latitudes is probably the change of the
concentration of CO2 [13,48]. To prove this, the new
reconstruction of CO2 concentration in the late Pliocene
will be needed.
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