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Keypoints:

1. Variations in the surface hydrogrip y «1d upper ocean thermal structure were

reconstructed in the South China Z<a over 13.6-7.3 Ma;

2. The local 5" 0gy of Site ' 11501 suggested an increase in the rainfall intensity of the

East Asian summer m.u.>soun (EASM) during 10.2-7.3 Ma;

3. Variations in the EASM rainfall are most likely linked to the initial formation of the

western Pacific warm pool (WPWP) and uplift of Tibetan Plateau during 10.2-7.3 Ma.

ABSTRACT
The evolution of the East Asian monsoon (EAM) in the geologic time is of great

importance to our understanding of the global climate system. However, variations in



the monsoon rainfall and the upper ocean thermal gradient are not well understood in
the South China Sea (SCS) during the middle to late Miocene. Here, we present §'20
and Mg/Ca-derived temperature records of the surface and subsurface waters from
International Ocean Discovery Program (IODP) Site U1501, and use them to
reconstruct the upper ocean thermal structure, which reflects changes in the East
Asian summer monsoon (EASM) in the SCS over 13.6-7.3 Ma. The differences
between the surface and thermocline records (.5 “Osurface-thermoctine  @nd
AT surface-thermoctine) INdicate a shallower thermocline ¢nd ncreased thermal gradient
between the surface and subsurface waters, imrlyn. that upper water mixing was
weaker during 9.4-7.3 Ma, which may relatr. v an increased EASM rainfall. Changes
in the local seawater 8*3Oceawater (81833\ ) ¥ U1501 also suggest a decrease in the
intensity of the EASM rainfall during 13.6-10.2 Ma and an increase during 10.2-7.3
Ma. From the perspectives of n:oisture supply and general circulation, the initial
formation of the western 1 ~cific warm pool (WPWP) and uplift of Tibetan Plateau
essentially influencec = variations in the EASM during the middle to late Miocene.
Keywords: stable isot pes, Mg/Ca-derived water temperature, local §**0sw, upper

ocean thermal structure, East Asian Monsoon, South China Sea, IODP Site U1501



1. Introduction

The middle to the late Miocene (13.8-5.3 Ma) represents a critical period from a
unipolar warmhouse to a bipolar icehouse with prominent tectonic and climate
changes in several aspects, such as the East Antarctic Ice-sheet Expansion (EAIE), the
initial formation of the western Pacific warm pool (WPWP), and the uplift of the
Tibetan Plateau, as well as the development of the Indian/South Asian and East Asian
monsoon (An et al., 2001; Zachos et al., 2001; Jian et ai. 20J6). These climate or
tectonic events prominently influenced the Asian mo.1s001, a primary component of
the earth’s climate system, and thus the vuper ocean thermal structure and
hydrological changes in the SCS during tre nid-to-late Miocene. As a part of the
Asian monsoon system, seasonal charge. in ctmospheric circulation over the SCS not
only control the precipitation anc river run-off, but also lead to strong seasonality in
the strength and direction of oc2a1 currents, sea surface temperature (SST), and
salinity in the SCS (Wang .t al., 2009). Therefore, to understand the Asian monsoon
system, it is of great ..:n0. @nce to reconstruct the upper ocean thermal structure and
hydrological changes 'n the SCS during this time interval.

Investigating the monsoon variability and dynamics in the geological time is a
crucial and challenging subject in paleoclimatology. Previous studies successfully
used isotope records of surface and thermocline dwelling planktic foraminiferal
species to reconstruct the upper ocean thermal structure, which reflects variations in
the east Asian monsoon (EAM) during the Pleistocene (Jian et al., 2001; Tian et al.,

2005; Jin and Jian, 2007; Steinke et al., 2010a). However, it is still not fully



understood how the upper ocean thermal structure in the SCS varies with changes in
the EAM over million-year timescales. Indeed, the monsoon precipitation-related
evidence of the EAM for the Miocene has been derived from the records of
mineralogy, sedimentology, and vegetation in the SCS during ODP Leg 184 (Jia et al.,
2003; Wei et al., 2006; Wan et al., 2008; Clift et al., 2014;). Nonetheless, it is
controversial whether these weathering proxy records can be viewed as precipitation
signals in the SCS during the late Cenozoic due to provera.~e shifts and productivity
changes (Ren et al., 2020). The local seawater 5'°C' (5 *Osw) reflects sea surface
salinity, and thus is a widely used proxy for mousoc1 rainfall during the Pleistocene
(Ntrnberg., 2000; Steinke et al., 2010a). Gy in a few cases this proxy has been
applied to the pre-Pleistocene, main'y 11 u.2 northern SCS (Holbourn et al., 2010;
Steinke et al., 2010D).

Here, we use surface 5'®Qq re-ord to reconstruct the hydrography of the surface
waters in the northern SCC and reconstruct variations in the rainfall of the EAM
region and the upper ~.ai, thermal gradient of the northern SCS from 13.6 to 7.3 Ma
using stable oxygen 1. otope and Mg/Ca-based water temperatures of the mixed layer
and thermocline dwelling planktic foraminifera at International Ocean Discovery

Program (IODP) Site U1501 in the SCS (Fig. 1).

2. Material and Methods
2.1 Material and age model

IODP Site U1501 (18°53.09'N, 115°45.94'E; water depth 2846 m) was drilled by



JOIDES Resolution in 2018 at a broad regional basement high in the northern SCS
(Fig.1) and is well above the modern carbonate compensation depth (CCD) of the
SCS (3500~4000 m) (Wang et al., 1995). A total of 102 samples were taken from Site
U1501 every ~20 cm between 100.02-142.06 m core depth below seafloor (CSF-A).
According to the shipboard preliminary age model, this is equivalent to a time
resolution of ~20 kyr over the middle to late Miocene (Sun et al., 2018). Bulk
sediment samples were dried in the oven at 60 °C ove. 24 0, weighed, and then
washed through a 63 um sieve. Foraminiferal spec. mer s of monospecific species
were picked from the coarse fraction and ana!/zel tor carbon and oxygen stable
isotopes and Mg/Ca ratio, which were pe’ro.med in the State Key Laboratory of
Marine Geology of Tongji Universitv. 1. e «je model of IODP U1501 at the interval
of 100-142.06 m CSF-A was e.*ablished based on the linear sedimentation of 3

magnetic polarity datum and 1 &< r/"°Sr data point (Sun et al., 2018; Jian et al., 2019)

(Fig. 2).

2.2 Stable oxygen isotopes

Well-preserved (clean and intact) planktic foraminiferal shells of mixed-layer
dwelling species Globigerinoides sacculifer (without sac-like final chamber) and the
thermocline species Neogloboquadrina acostaensis, Neogloboguadrina humerosa,
and Paragloborotalia siakensis (Pearson and Wade, 2009; Aze et al. 2011) were
picked from the 250-355 um size fraction of the washed samples with a temporal

resolution of ~40 kyr for the oxygen and carbon stable isotope analysis. 7-8



specimens were cleaned in ethanol (99.7%) in an ultrasonic bath, dried in an oven at
60 °C, and finally reacted with orthophosphoric acid in an automated carbonate device
(Kiel V) at 70 °C to generate CO,. The gaseous samples were transferred to a
Finnigan MAT 252 mass spectrometer for measuring the stable isotopes of carbon and
oxygen (Cheng et al., 2005). The isotopic results were calibrated into Pee Dee
Belemnite (PDB) scale by the China National standard NBS 19 with a standard

deviation of 0.07%o for 8*20.

2.3 Mg/Ca paleothermometry

The measurements of Mg/Ca ratio were pe formed at the temporal resolutions of
~20-30 and ~40-60 kyr for the rax.d .ayer species and thermocline species,
respectively. Approximately 30-4C foraminiferal tests of G. sacculifer, N. acostaensis,
N. humerosa, and P. siakensis \/e'e cleaned following the cleaning procedure of
Barker et al. (2003) and Mc.tin and Lea (2002). Foraminiferal tests were cleaned with
ultra-sonication and ri..2es 0 remove clays, followed by oxidation cleaning to remove
organic matter, reduc.ive cleaning step to remove Mn-Fe-oxide coatings, and a final
acid leach to remove any adsorbed contaminants. Thereafter, samples were dissolved,
and then centrifuged for 10 minutes at 13000 rpm to remove any insoluble impurities.

Analytical reproducibility for G. sacculifer (n = 23) and P. siakensis (n = 5) were
2.09£0.07% and 2.06+£0.07% with one standard deviation, respectively. Measured
Al/Ca ratios of G. sacculifer and P. siakensis were below 0.026 mmol/mol, which

were not correlated with Mg/Ca ratios (r* < 0.02), suggesting that the silicate minerals



did not affect Mg/Ca values. Mn/Ca ratios of G. sacculifer, N. acostaensis, N.
humerosa and P. siakensis did not show significant correlations with Mg/Ca ratios of
these four species (r* = 0.20, r* = 0.15, r* = 0.39, and r> = 0.001, respectively, Fig. S1),
indicating that the Mg/Ca values were not influenced by post-depositional Mn-rich
oxide coatings.

To derive seawater temperature from foraminiferal Mg/Ca records, firstly, we
correct Mg/Ca values using seawater Mg/Ca ratios of the st and present following
equation (Evans and Miller, 2012):

_ Mg/cal”

Mg/Caest = Mg/Ca =00 @

where Mg/Caist and Mg/Cag,, represent v.g/Ca ratios of foraminiferal test and
seawater, respectively. t = 0 is the przset «d t =t is some time in the past. H is a
constant to be calibrated for a spe-ific species. Seawater Mg/Ca ratios in the past are
derived from Evans and Muller (zN72). H for G. sacculifer is derived from the culture
experiments in Delaney et .! (1985), and for simplicity, H for thermocline species are
assumed to be the sar.. 2s wie mixed layer species.

Thereafter, we caiulate seawater temperature using the corrected Mg/Ca data
following the Mg/Ca-temperature calibrations for each species. Based on sediment
trap samples in the northern SCS, the relationship between Mg/Ca of G. sacculifer
and SST can be described as follows (Anand et al., 2003; Huang et al., 2008):

Mg/Catest=(0.38(£0.02)-0.02*water depth(km)) exp(0.090(£0.003)*SST (°C)) (2)

Similarly, thermocline water temperature (TWT) is derived from Mg/Ca of

thermocline species using the equation below (Anand et al., 2003; Huang, 2008):



Mg/Cayest = 0.32 (£0.007) exp (0.090 (£0.003) * TWT (°C)) 3)
The resulting errors are on average 1.14 and 0.86 °C per unit change in SST and

TWT, respectively.

2.4 Local seawater $'°0

The local 20 of seawater (5**0sw) is widely used to indicate relative changes in
local surface water salinity (Nirnberg., 2000; Holbourn <. al., 2010; Steinke et al.,
2010b). The §%0gy at IODP site U1501 is deriv>d 1-om the temperature-3*30
equation of Bemis et al. (1998) for planktic frran nifera: §®*0sw (VSMOWY%0) =
(T(°C) - 16.5 + 4.8 * §'®0¢a1cite VPDB%0))/4.5 - 0.27. In this equation, temperature (T)
is derived from foraminiferal Mg/Ca va.ues as described above, and 58 0¢arcite is the
80 of planktic foraminifera. The local §®Osw derived from this equation is
corrected for the influence of i~e volume variations by subtracting 70% of the
variations in the smoothe¥ benthic foraminiferal §'°0 record at Ocean Drilling
Program (ODP) Site 2216 (19°27.40'N, 116°16.37'E; water depth 2092 m; Holbourn
etal., 2005, 2013, 20. 8; Shevenell et al. 2008). The errors in §*®0gyy are estimated by
propagating the errors introduced by the planktic foraminiferal §'®0 and Mg/Ca
measurements, the Mg/Ca-temperature calibration, and the 6180—temperature

relationship. The resulting errors are on average 0.26%o for 52Ogw.

2.5 Statistical Transition Point Estimation

In order to evaluate the timing of transitions in monsoon proxy records for loess



magnetic susceptibility, local §'®Osw, A8"®0s.t and ATs.t, we search turning points
based on minimizing the difference (residual error) between linear model and the raw

data (see details in the supplementary material).

3. Results
3.1 Stable oxygen isotope and $"*Oq.t

In this study, we present 520 records of the mixed laye. .necies G. sacculifer (Fig.
3a) and thermocline dwellers N. acostaensis, N. hume-osa and P. siakensis at U1501
during 13.7-7.3 Ma (Pearson and Wade, 2009; /ze ot al. 2011) (Fig. 3b). The §'%0
records of the planktic mixed layer and therrac line species vary between -2.89~-1.04%o
and -1.92~-0.84%., respectively.

The difference in 820 betwc~n the surface- and subsurface-dwelling planktic
foraminifera (A5'®0s.1) has been ('sed as a proxy for thermocline depth, with high/low
values indicating a thin/thick mixed layer and shallower/deeper thermocline (Ravelo
and Fairbanks, 1992, kuvelo and Shackleton, 1995; Jian et al., 2001). The
A8 Osyrtace-Thermoctine + A820s.7) results at U1501 suggest a fluctuating thermocline
during 13.6-9.4 Ma and a gradually shallowing thermocline from 9.4 to 7.3 Ma (Fig.

4). Asingle breakpoint was identified at 10.2 Ma of I0DP U1501 A§'®0s. 1 (Fig. S2d)

3.2 Upper ocean temperature and ATs.t
Based on Mg/Ca ratios of the mixed layer species G. sacculifer (Fig. 3c) and

thermocline species N. acostaensis, N. humerosa and P. siakensis (Fig. 3d), surface



and subsurface seawater temperatures were reconstructed for 13.6-7.3 Ma at U1501 in
the SCS. The Mg/Ca ratios of G. sacculifer fluctuate between 2.69 and 4.17
mmol/mol, equivalent to the Mg/Ca-SST from 24.3 °C to 30.8 °C with an average
value of 28.3 °C (Fig. 3c). The rapid decreasing trend of SST from ~30.8 °C to
~27.6°C during the 13.6-12.5 Ma supports the previous study on the East Antarctic
ice sheet expansion (EAIE) by global benthic §'20 isotopes (Zachos et al., 2001). A
previous study suggested that chemical weathering proxies «-e primarily controlled by
temperature at million-year timescale in the EAM .egicn (Ren et al., 2020). The
decreasing SST record of U1501 during 13 6G-7.0 Ma corroborates the gradual
weakening trend of chemical weathering a. ODP Site 1148 during mid-to-late
Miocene (Wei et al., 2006). The overa’s u.3creasing trend in SST during 13.6-7.3 Ma at
U1501 is in good agreement wit.. the gradual cooling from the mid-to-late Miocene
(Zachos et al., 2001).

The Mg/Ca ratios of the 'mocline species vary between 1.50 and 2.65 mmol/mol,
corresponding to the Vi Ca-TWT from 17.8 °C to 25.6 °C with an average value of
23.3 °C (Fig. 3e). The Mg/Ca-derived TWT at U1501 displayed a relatively stable and
a decreasing tendency from 13.6 to 10.3 Ma and from 10.3 to 7.3 Ma, respectively.

Previous seawater temperature reconstructions of the surface and subsurface
records indicate that TWT records display a larger amplitude than the SST records on
orbital time scales, implying a crucial effect of the tropical thermocline (Jian et al.,
2020). The relative changes in TWT and SST in the late Pleistocene display a similar

pattern, which was attributed to a greenhouse gas forcing and a potential link to the



tropical Pacific and the Southern Ocean (Gu and Philander, 1997; Luo et al., 2017;
Jian et al., 2020). Therefore, it is reasonable to speculate that the variations in the
thermocline temperature in the SCS on million-year time scales might be linked to the
tropical Pacific and the Southern Ocean during the Miocene. Notably, the TWT
signals at Site U1501 markedly decreased from 10.3 Ma to 7.3 Ma. According to the
ventilated thermocline theory of the modern oceanic general circulation, we suggest
that the long-term decreasing trend in TWT at U1501 ’s mMout likely linked to the
middle and high latitude cooling during 10.3-7.3 Ma (. uytn et al., 1983; Huang et al.,
2012; Herbert et al. 2016). The ATs.t fluctuater. arcund 3 °C with relatively strong
vertical mixing during 13.6-9.3 Ma and were.1ing water mixing from 9.4 to 7.3 Ma.

A single breakpoint was identified at €.4 Ma >f IODP U1501 ATs.t (Fig. S2 e).

4.Discussion
4.1 Response of U150. records to EAM during the mid-to-late
Miocene

AS"™0s.r and ATs- have been successfully used to reconstruct the upper ocean
vertical structure in the SCS during the mid-to-late Pleistocene (Jian et al., 2001; Tian
et al., 2005; Jin and Jian, 2007). Likewise, assuming the A8'®0s.r and ATs.t proxies
are applicable to the Miocene, these records suggest a deepened thermocline and
decreased thermal gradient between the surface and subsurface waters in the northern
SCS duringl13.6-12 Ma, respectively (Fig. 4e, d). This implies a stronger vertical

mixing during this time interval compared to the late Miocene. Different from the



long-term oscillation in the A8*®Os.t and ATs.t records during 13.6-9.3 Ma, the local
8*80sw shows a gradual decreasing tendency, most likely reflecting the decrease of
monsoonal rainfall from 13.6 to 10.2 Ma (Fig. 4c). Former studies inferred that global
cooling may have decreased the amount of moisture in the atmosphere and further
weakening of the monsoonal rainfall (Jiang and Ding, 2008; Lu and Guo 2013).
Hence, it is inferred that the decreased monsoonal rainfall at SCS may be controlled
by the global cooling during 13.6-10.2 Ma.

In contract to the mid-Miocene, the A§'®0s and ATe t records suggest that the
thermocline was shallower and the thermal jrauient between the surface and
subsurface waters increased from 9.4 to 7.3 4. Statistical analysis of breakpoints in
the local 0sy data indicates a brer<poinu at 9.6 Ma at ODP 1146 and 10.2 Ma at
IODP U1501, forming a distincu step change (Fig. S2b, c, respectively). Our local
580w estimates imply a pronour ced shift towards lower salinity of the surface water
from 10.2 to 7.3 Ma, which is most likely ascribed to the strengthened monsoonal
rainfall. A similar sici.c! 1. observed in §*®0gy changes of ODP 1146 during 9.6-7.3
Ma (Fig. S2), which 1 ave been interpreted as variations in river run-off from the Pearl
River (Fig. 4b) (Steinke et al., 2010b). Changes in 5'®0gw at Sites U1501 and 1146
reveal that surface water mass in the northern SCS might have been prominently
fresher around 9.5 Ma (Steinke et al., 2010b). Lighter values of G. sacculifer %0 of
U1501 may be due to fresh water supply by EASM rainfall (precipitation and runoff),
which would increase the A8'®Osr and lead to a weaker mixing (Fig. 4d).

Furthermore, the black carbon AXC ratios at ODP 1148, which is adjacent to Site



U1501, also suggest a slight humid tendency from 10 to 8 Ma (Jia et al., 2003).
Moreover, this strengthened EASM rainfall signal is recorded not only in marine
sediment in the SCS, but also in the loess magnetic susceptibility records retrieved at
Jianzha Basin (Fig. 4a), which is under the influence of EASM and record a
breakpoint at 9.2 Ma (Fu et al., 2017) (Fig. S2a). It implies that these maritime and
terrestrial sites have captured the same signal of EASM during this period. However,
the chemical weathering record at ODP 1148 is incoraictene with our results of
monsoon signal during 13.6-7.3 Ma (Clift et al., 2008, in “act, the reliability of using
chemical weathering index as a proxy for precinitati n intensity is still controversial
due to the complexity of weathering proce.ses (Ren et al., 2020). Accordingly, the
local §'®0sw reconstructions for 10D~ «'1521 might provide more reliable evidence

for the EASM rainfall variations u''ring the mid-to-late Miocene.

4.2 Comparison of EASM and SAM during 13.6-7.3 Ma

As discussed abov., the results of loess magnetic susceptibility at Jianzha Bansin,
local 5'°0sw of ODF 1146, local 3'°Osw of 10DP1501, A5"°Os.t of IODP1501 and
ATs.t of IODP1501 showed breakpoints at 9.2 Ma, 9.6 Ma, 10.2 Ma, 9.4 Ma, and 9.4
Ma, respectively. Although the starting time of increased monsoon rainfall signal in
these proxies are slightly different, various maritime and terrestrial records have been
retrieved from the east Asia that are characterized by increased EASM rainfall from
~9.5 Mato 7.3 Ma. (Jia et al., 2003; Steinke et al., 2010b; Fu et al., 2017). Therefore,

it is suggested that the increased East Asian monsoon precipitation signal is credible



during this period.

As for South Asian monsoon (SAM) records, the monsoon wind proxy, i.e., the
abundance of planktic foraminifera Globigerina bulloides, from the western Arabian
Sea exhibits a major excursion at ~8.5 Ma, which indicates the establishment of
monsoon-related upwelling (Kroon et al., 1991) (Fig. 5b). However, subsequent
research on precipitation-related proxy, such as 20 changes of equid tooth records
from Siwaliks, suggests a significant decrease in annua’ \cinsall during 10-6.3 Ma
(Nelson, 2005). Furthermore, hydrogen isotopic ratic: of leaf wax at ODP Site 722
and pollen and leaf from Himalaya also indicate tha. the source regions for the plant
waxes became drier and precipitation gradr.ar y decreased from 10 Ma to 7 Ma, 11
Ma to 6 Ma, respectively (Quade et al , 1195, Huang et al., 2007) (Fig. 5b).

The above-mentioned proxies ctggest increased monsoon precipitation in EASM
and decreased monsoon precinitzticn in SAM during ~10-7 Ma. To investigate the
opposite variations in mo, <oon rainfall between the EASM and SAM during the
mid-to-late Miocene, “vawcr vapor supply and circulation changes have to be
considered.

From a perspective of moisture supply today, the WPWP, which is described as a
key role in heat and moisture transfer in global climate, prominently influences the
surface circulation and the EASM variations in the SCS (Nitta, 1987; Huang and Sun,
1998; Webster, 1994; Trenberth et al., 1998). Therefore, we hypothesize that the
variations in the EASM rainfall may be under the influence of the initial formation of

the WPWP during the mid-to-late Miocene. Previous studies implied that the initial



WPWP formed around 11-10 Ma (Jian et al., 2006; Li et al., 2006; Nathan et al.,
2009). The decreased EASM rainfall in the SCS during 13.6-10 Ma was likely due to
a lack of vapor supply before the initial formation of WPWP. In contrast, along with
the initial formation of the WPWP, more vapor was transported from the WPWP to
the SCS, causing an enhanced moisture supply and thus increased monsoon rainfall in
the SCS from 10 to 7.3 Ma.

From the perspective of atmospheric circulation, chanfe. in the elevation and the
spatial range of the northern Tibetan Plateau influenced &tmospheric circulation and
moisture transport in the surrounding area promn 2ntly, and thus affected EAM
intensity. (An et al., 2001; Guo et al., 2002; '~1.0h, 2004; Molnar, 2005; Liu and Dong,
2013). A recent study of the general i\ ulaiion model suggests that EAM is mainly
controlled by changes in paleoge~araphy (Farnsworth et al., 2019). This is because
changing paleogeography has exertrd a significant effect on hydrologic evolution by
disturbing atmospheric an. oceanic circulations and thus energy fluxes during the
geological period (Bz .1 et al., 1990; Valdes et al., 1996). Specifically, modeling
results of the full T stan Plateau experiment indicate that the uplift of the Tibetan
Plateau influenced atmospheric circulation and caused much more precipitation over
the East Asian region and less precipitation over the northern India (Chen et al.,
2014).

Previously published thermochronological data from the northern Qilian, Altun,
Helan, Liupan, Jishi, and northern Qinling Mountains proved that a significant uplift

of the northern Tibetan Plateau occurred approximately 10-7 Ma (Jolivet et al., 2001;



Zheng et al., 2010; Lease et al., 2011; Liu et al., 2013). This simulation result and
thermochronological data is in good agreement with the decreased precipitation and
the shift in vegetation from wet to dry in the Indian subcontinent during the late

Miocene (Quade et al., 1995; Nelson, 2005; Huang et al., 2007; Molnar et al., 2012).

5. Conclusions

We constructed the oxygen isotope and Mg/Ca-derivzu suiface and thermocline
water temperatures at IODP U1501 to evaluate the . urfe e hydrological and upper
water structure changes in the northern SCS during' the mid-to-late Miocene. The
overall decreasing trend in the sea surfrce temperature (SST) and thermocline
temperature (TWT) during 13.6-7.3 w. a U1501 is in good agreement with the
gradual cooling trend from the mid-to-late Miocene suggested by other studies
(Zachos et al., 2001). Variations i.' t'ie local **0gy of U1501 imply an increase in the
intensity of the EASM ra.nfah during 10.2 to 7.3 Ma. Our results of the EASM
rainfall variation are «.~0 supported by other maritime and terrestrial records from
~9.5 to 7.3 Ma (Jia ¢ al., 2003; Steinke et al., 2010b; Fu et al., 2017). For the first
time, we reconstruct the upper water structure in the SCS during the mid-to-late
Miocene through A8**0s.t and ATs.t records, which suggest a shallower thermocline
and increased thermal gradient between the surface and subsurface waters during
9.4-7.3 Ma due to fresh water supply by EASM rainfall and ensuing weaker mixing.
Given the influence of the Western Pacific Warm Pool (WPWP) on surface circulation

and the EASM variation in the SCS at present, the East Asian summer monsoon



(EASM) rainfall during the mid-to-late Miocene may have been influenced by the
initial formation of the WPWP via its impact on the moisture supply. Likewise, the
variations in the South Asian monsoon (SAM) rainfall during the late Miocene may
be linked to surface cooling of the Indian Ocean and the uplift of the Tibetan Plateau.
Our results and other studies suggest that the Asian monsoon rainfall is largely
controlled by changes in paleogeography during the mid-to-late Miocene.
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Figure captions

Fig. 1. The locations of IODP U1501 (white star), ODP1146 (orange solid circle), ODP 1148 (blue
solid circle), ODP 722 (purple solid circle), and Jianzha Basin (yellow solid circle). (a) Satellite image
and bathymetry from Stockli et al. (2015); (b) Paleogeographic reconstruction at 10 Ma (Simplified by
Hall, 1998).

Fig. 2. Age model of U1501. Biostratigraphic, magnetostratigraphic (Sun et al., 2018), and strontium
isotope stratigraphic (Jian et al., 2019) correlations at Site U1501.

Fig. 3. Oxygen isotope and Mg/Ca-derived seawater temperature records at U1501

Fig.4 Combined continental and marine proxy records of the East A.‘an monsoon. (a) Magnetic
susceptibility of Jianzha Basin (Fu et al., 2017); (b) 5'®0sy of OD 2 11- 5(Steinke et al., 2010b); (c)
Local 8*®0sw of 10DP U1501; (d) A5'®0g.rof IODP U1501; (e) 21 s.. of IODP U1501

Fig.5 Combined continental and marine proxy records of ““e .\sian monsoon. (a)5**Ogy of I0DP
U1501; (b) hydrogen isotope ratios of leaf wax Cz; n-alkane =xtracted from ODP Site 722 (Huang et al.,
2007);

Fig. S1. Mn/Ca versus Mg/Ca ratios

Fig. S2. Change point analysis of monsoon prox, records
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The method of searching turning point employed in this study is based on minimizing the
difference (residual error) between linear model and the raw data. For a dataset with potential
turning points (could be more than one), the residual error could be calculated by the following
equation:

M+1 N j
. abs(y(x=xi) - y(x:xi))
Residual error = Z{ Z }
- L N; = Nj_4
Jj=1 i=Nj_4

where M represents the number of turning points in the time series (in this study M=1), N



represents the number of data. Abs(x) is the absolute value of x. y;jis the linear fitting results of the
data between Nj; and N;. The linear fitting process was performed by optimistic function
‘optimset” with type of ‘Isqlin’ and the minimization of residual error was achieved by optimistic
function ‘fmincon’ provided in Matlab. For each optimistic process, a guessed initial point should
be given arbitrarily. However, for scatted paleoclimatology datasets, the turning points could be
sensitive to the initial turning point because the minimum of residual error was trapped in a local
minimum. To avoid the initial value bias, the initial values were set as randomly distributed
between 12-8 Ma and the turning points were calculated by a Monte Carlo process for 100 times
(Figure S2).



