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ARTICLE INFO ABSTRACT

Editor: M Elliot The Eocene-Oligocene transition (EOT, 33.9 Ma) marks a major global climate shift from greenhouse to icehouse
conditions. However, the spatial heterogeneity of terrestrial responses to climate transitions and tectonic
mechanisms driving this global cooling remain poorly understood. This study presents terrestrial records from
the Pearl River Mouth Basin (PRMB) in the South China Sea (SCS) that span the Late Eocene to Early Oligocene.
Using data on total organic carbon (TOC) content, elemental geochemistry, and carbonate carbon (813Ccarb) and
oxygen (6'®0¢a) isotopes, we identified the 33.9 Ma EOT at the boundary between the Enping and Zhuhai
formations in the PRMB. The results revealed a significant reduction in weathering, temperature, and precipi-
tation in the SCS during the EOT, synchronous with global cooling. Notably, the mudstone strata and increased
Mn/(Fe + Ti) ratio at the base of Zhuhai Formation indicate a sudden lake-level rise at 33.9 Ma, in contrast to the
global sea-level decline. The tectonic evolution of the SCS has driven regional cooling and hydrological changes.
We found that the TOC peak, along with positive 613CC3rb and 5lgocarb excursions, corresponds with the opening
of the SCS, leading to decreased pCO> levels. This tectonically driven carbon feedback mechanism, along with the
reorganization of ocean currents, enhanced productivity, sequestered atmospheric CO2, and drove global cool-
ing. The observed lake-level rise in the PRMB has also been attributed to Pacific seawater transgression after the
opening of the SCS. This study provides insights into the relationship between regional and global climate dy-
namics, which will guide future climate change research.
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1. Introduction

The Eocene-Oligocene Transition (EOT, ~34 Ma) marks a critical
shift from a greenhouse to an icehouse (Miller et al., 1987; Zachos et al.,
2001, 2008; Liu et al., 2009), leading to notable global climate changes.
This transition is characterized by a marked drop in global temperatures
(Pagani et al., 2005; Pearson et al., 2009), a reduction in atmospheric
pCO; levels (Coxall et al., 2005), and expansion of the Antarctic ice sheet
(Zachos et al., 2001; Miller et al., 2020). Marine records, such as changes
in 8!C and 8'80 values, indicate widespread cooling, along with a sea
level decline of 55-70 m. Ocean circulation also underwent reorgani-
zation (Zachos and Kump, 2005; Liu et al., 2018), with increased

primary productivity and the turnover of benthic foraminifera (e.g.,
Egan et al., 2013; Houben et al., 2013; Villa et al., 2014; Lopez-Quir6s
et al., 2021). The likely causes of this transition include tectonic reor-
ganization (Kennett et al., 1974; Shackleton and Kennett, 1975; Raymo
and Ruddiman, 1992), reduction in atmospheric pCO levels (DeConto
and Pollard, 2003; Colwyn and Hren, 2019), the global carbon cycle
(Zachos and Kump, 2005; Tigchelaar et al., 2011; Zhang et al., 2011;
Herman et al., 2013), orbital forcing (Zachos et al., 2001; Ao et al.,
2020), meteorite impacts (Vonhof et al., 2000), and volcanic eruptions
(Jicha et al., 2009).

Research on the EOT has largely focused on marine records, with
studies spanning the equatorial Pacific (Coxall et al., 2005; Coxall et al.,
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Fig. 1. (a) Paleogeographic evolution of Paleogene of 35.6 Ma, global Plate distribution and the location of PRMB (Modified from Scotese, 2014; Ma et al., 2020); (b)
The location and tectonic division of the PRMB and location of sampling well (Modified from Peng et al., 2023); (c) Stratigraphic characteristics of Kaiping Sag,
PRMB. Stratigraphy, seismic interface, age, lithology, tectonic evolution, sedimentary facies, and climatic evolution of the Kaiping Sag since the Eocene are described

(Modified from Zhang et al., 2020).

2011), southern Indian Ocean (Zachos et al., 1992), and South Atlantic
(Lear et al., 2008; Pearson et al., 2008; Katz et al., 2008; Miller et al.,
2008). These studies highlight a drop in global temperatures, expansion
of the Antarctic ice sheet, and a drastic decrease in atmospheric pCO5
levels. Conversely, terrestrial records show substantial regional vari-
abilities (Pound and Salzmann, 2017). For example, while East Asian
experienced an increased seasonal precipitation (Sun and Windley,
2015), the Central Asian interior showed intensified aridification
(Bosboom et al., 2014). The Tibetan Plateau recorded a reduction in
continental weathering (Sun et al., 2022; Tang et al., 2024), whereas the
Mongolian Gobi deserts exhibited enhanced weathering (Wang et al.,
2023a). The heterogeneity of climate responses in terrestrial basins re-
mains a key challenge, particularly as the mechanisms behind these
diverse climate responses remain largely unclear.

In this study, we address the gap in understanding the impact of the
EOT on the western Pacific, specifically the South China Sea (SCS). We
focused on the Pearl River Mouth Basin (PRMB), which underwent
notable tectonic rifting and environmental transitions (Wu et al., 2016;
2018) coinciding with global climate cooling during the EOT. Total
organic carbon (TOC), elemental, and isotope geochemical analyses
were conducted to reconstruct the paleoclimate and water environment
of the PRMB. Our findings link the opening of the SCS to a reduction in
atmospheric pCO» levels, providing insights into the role of tectonic
movements in regional climate change. This study offers a key
perspective on the spatial heterogeneity of EOT climate responses and
enhances our understanding of tectonic-climate coupling in the western

Pacific.
2. Geological setting

Pearl River Mouth Basin in the SCS is situated at the tectonic inter-
section of the Eurasian, Pacific, and Indo-Australian plates (Peng et al.,
2023; Gao et al., 2024; Fig. 1a). Throughout the Cenozoic, the basin has
undergone multiple tectonic events, with previous studies identifying
regional unconformities resulting from tectonic movements, including
the Zhu-Qiong, SCS, and Baiyun movements (Fig. 1c, Ru, 1988; Li, 1993;
Mi et al., 2008). The SCS movement marks the transition of the basin
from a rifting to a depression and sedimentation stages, resulting in the
formation of the T70 unconformity surface (Zhang et al., 2018). Below
the T70 unconformity, Eocene terrestrial deposits, such as the Wen-
chang and Enping formations, were laid down, whereas marine strata,
including the Zhuhai formation and overlying strata, were deposited
above it (Fig. 1c, Mi et al., 2008; Gao et al., 2023).

The Enping Formation is characterized by river delta and swamp
depositional environments, with interbedded sandstone and mudstone
containing abundant carbonized plant debris and coal seams (Pang
et al.,, 2018; Zhang et al., 2020). Conversely, the Zhuhai Formation
represents a transition from terrestrial to marine environments,
comprising interbedded sandstone and mudstone, with thin limestone
layers. Based on deep magnetic data (Li et al., 2014), microfossils study
(Li et al., 2016), U—Pb zircon dating (Shao et al., 2017), and palyno-
logical assemblages data (Zhang et al., 2020), the boundary between the
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Fig. 2. Sampling depth, TOC content, 5'3Cearb, and 8'8Ceapp, from Hole S1 in the PRMB.

Enping and Zhuhai formations in the PRMB was dated to 33.9 Ma
(Fig. 1c). This boundary aligns with the global transition from a
greenhouse to an icehouse climate (Zhang et al., 2020).

3. Materials and methods
3.1. Samples and experiments

In this study, samples were collected from Hole S1 of the Shunde Sag
and Hole K7 of the Kaiping Sag in the PRMB, SCS (Fig. 1b), from
archived cores. A total of 22 mudstone samples from Hole S1 were
analyzed for TOC, while 13 samples were analyzed for carbonate carbon
(6'3Cearp) and oxygen (880carb) isotopes (Fig. 2, 5e). In addition, 47
mudstone samples from Hole K7 were analyzed for elemental

geochemistry (Fig. 3, 5d). Some samples from Hole K7 were subjected to
vitrinite reflectance (R,) measurements. These selected samples span the
Eocene-Oligocene boundary, making them ideal for recording the EOT
events.

3.1.1. TOC analysis

The TOC content was determined using a LECO CS-230 carbon-sulfur
analyzer. The samples were first ground to a particle size of less than 200
mesh. Inorganic carbon was removed by treatment with hydrochloric
acid, followed by rinsing with distilled water for neutralization. The
organic carbon in the samples was then combusted to CO3 in a high-
temperature furnace with a catalyst at 900-950 °C. The CO2 content
was measured using nondispersive infrared absorption. The TOC value
was calculated based on the established relationship between CO2 and
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Fig. 3. Distribution patterns of the analyzed samples for major oxides (PAAS-normalized).

TOC contents (Farhaduzzaman et al., 2012).

3.1.2. 5"C.q and 5"0carp analysis

For the analysis of 613Cmrb and 6180carb, powdered 200 mesh samples
were placed in a reaction vessel and treated with 100 % anhydrous
phosphoric acid. The vessel was evacuated and heated for 30 min to
remove moisture from the samples. The carbonate reacted with phos-
phoric acid at 70 °C, releasing CO,, which then passed through a gas
chromatography column to separate it from other impurity gases. The
collected CO, gas was analyzed for carbon and oxygen isotopes using a
Delta V Advantage isotope-ratio mass spectrometer with a dual-inlet
system. The 5'3Ccarb and 5'®0carp, values were calculated relative to
the Peedee Belemnite (PDB) standard (National Energy Administration,
China, 2019).

3.1.3. Elemental geochemical analysis

An inductively coupled plasma-mass spectrometry (ICP-MS) was
used to determine the major elemental content, using SY/T 6404-2018
elemental analysis execution standards (National Energy Administra-
tion, China, 2018). The sample was crushed to a particle size of less than
74 pm. The sample was placed in a vessel, 5-10 mL of a mixture of
hydrofluoric acid, nitric acid, and perchloric acid was added, and pre-
treated according to a programmed temperature profile. After cooling,
the excess acid was evaporated and diluted. The sample was introduced
into the ICP-MS, the element concentrations were calculated based on
the calibration curve, and mass bias correction was performed. The re-
sults of the measurements included the contents of Al,O3, CaO, Fe;Os,
Kzo, MgO, MnO, NagO, P205, TiOQ, and Si02.

3.1.4. Vitrinite reflectance (R,) analysis

The samples were sliced and polished into thin sections and placed in
a drying chamber for 12 h. After drying, a drop of immersion oil was
applied to the prepared sample and observed under a Leica polarizing
microscope. Reflectance measurements were conducted using a light
source with a wavelength of 546 + 5 nm. The reflectance of the samples
was determined by comparing their reflectance intensities with those of
a standard reference slide with known reflectivity (National Energy
Administration, China, 2012). Multiple measurements of the reflectance
intensity were taken at the same measurement point, and the average
reflectance value was calculated as the final result.

3.2. Methods for reconstructing paleoenvironments

3.2.1. The calculation of chemical weathering proxies

Fine-grained sedimentary rocks can record the weathering of the
source area. The ratios of active and inert elements, including the
chemical index of alteration (CIA, Nesbitt and Young, 1982, 1984),
plagioclase index of alteration (PIA, Fedo et al.,, 1995; Nesbitt and
Young, 1982), and chemical index of weathering (CIW, Harnois, 1988),
are widely used for the quantitative evaluation of chemical weathering
intensity. CIA, PIA, and CIW were calculated using the following for-
mula based on the main elemental contents:

CIA = Al,03/(Al,05 + K,0 + Na,O + Ca0O”) x 100 (€))
PIA = [Al,03 — K,0)/(Al;05 + Nay0 4 CaO" — K,0)] x 100 (2
CIW = Aleg/(Aleg + NazO + CaO*) x 100 (3)

CaO* represents CaO in silicate minerals. Due to the lack of data on
carbon dioxide, it was not possible to correct for the carbonate fractions
(Fedo et al., 1995). Therefore, we adopted the following assumption:
when CaO < Nay0O, CaO* = CaO; when CaO > Nay0O, CaO* = Nay0 is
used to correct for the calcium oxide content (Nesbitt and Young, 1982).
In the process of chemical weathering, the loss of unstable cations (such
as Ca2+, Na™, and K™) and the retention of stable cations (such as AR*
and Ti*") can easily form a warm and humid climate. In contrast, lower
weather proxies indicate a lack of or negligible chemical weathering,
reshaping the cold and arid climate. Specifically, CIA values of 50-60,
60-80, and 80-100 represent weak weathering, moderate weathering,
and intense weathering under cold and dry to warm and humid condi-
tions, respectively (Fedo et al., 1995).

3.2.2. The calculation of paleoprecipitation and paleotemperature proxies

Sheldon et al. (2002) determined the estimation formulas for pale-
oprecipitation and paleotemperature based on changes in major ele-
ments and climate data from North American soil (Sheldon et al., 2002;
Retallack, 2001, Retallack, 2000; Maynard, 1992). Paleoprecipitation
proxies are applicable to the precipitation range of 200-1600 mm/year,
whereas paleotemperature proxies are suitable for predicting high
temperatures of 8-22 °C (Sheldon et al., 2002). The estimation formulas
are as follows:

MAPa = 221 e®0197eW (@)
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Fig. 4. Reconstructions of the (a) weathering, (b) Mean Annual Precipitation (MAP), (c) Mean Annual Temperature (MAT), (d) Paleo lake-level, and (e) Paleosalinity
of the PRMB from Eocene to Oligocene. At 33.9 Ma, the boundary between the Enping and Zhuhai formations, there was a sudden decrease in weathering, MAP, and
MAT, indicating that the SCS also experienced cooling during the EOT. A rise in lake level and increase in salinity indicate the SCS experienced Hydrological changes

during the EOT.

MAPb = 14.26 CIW — 37.632 (5)
MAPc = —130.93 In (CaO/Al,05) + 467.4 (6)
MATa = — 18.516([Na,0 + K,0]/AL,05 ) +17.298 )

Applying these formulas to the Eocene and Oligocene paleosol se-
quences in central Oregon, refined paleoprecipitation and paleo-
temperature estimates consistent with other pedogenic and
paleobotanical transfer functions were obtained (Sheldon et al., 2002).
Precipitation and temperature proxies are sufficiently robust to be
applied to most paleosoils; however, their applicability to soils in
swamps, deserts, or deeply weathered tropical regions is not unlimited
(Sheldon et al., 2002). The temperature sensitivity recorded by the CIA
in Southeast Asia (approximately 0.8 CIA units/°C) is consistent with
observations of modern surface soils and river sediments (Li et al.,
2022). In contrast, weathering intensity in East Asia is more sensitive to
temperature changes. Based on this, a fitting formula for the CIA and
MAT of river sediments in East Asia was established:

MATb = (CIA — 55.8)/1.2 (8)

This method has been widely applied to paleoclimate reconstruction
of terrestrial sediments (Li et al., 2024b; Wu et al., 2025).

3.2.3. The calculation of paleolake level and paleosalinity proxies

To reconstruct changes in paleolake levels, this study comprehen-
sively utilized gamma ray (GR) curves, stratigraphic lithology analysis,
and geochemical proxies. The GR curve reflects the content of radioac-
tive elements such as uranium (U), thorium (Th), and potassium (K)
within the formation (Ruffell and Worden, 2000). Typically, shale and
mudstone exhibit higher GR values, whereas sandstone and carbonate
rocks have lower GR values. In lake sedimentary environments, areas
with high GR values often indicate deeper lake basins, as these areas
have weaker hydrodynamic conditions, making it easier for fine-grained
materials to settle (Miall, 1996).

Additionally, the lithology of the strata is an important indicator of
paleolake levels. Mudstone and shale are typically deposited in deeper
lake environments, whereas sandstone and carbonate rocks are more
commonly found at shallower lake edges or in deltaic settings (Miall,

1996).

In both marine and terrestrial sedimentary systems, the differential
geochemical behavior of iron (Fe) and titanium (Ti) compared to man-
ganese (Mn) creates distinct spatial distribution patterns. Fe and Ti are
more mobile during early diagenesis, leading to their enrichment in
proximal settings, whereas Mn is relatively stable and tends to accu-
mulate in distal basin environments (Rieu et al., 2007; Naeher et al.,
2013). The establishment of stable water column stratification com-
bined with basin circulation dynamics induces predictable variations in
the Mn/(Fe + Ti) ratios, rendering this geochemical proxy particularly
effective for water level reconstruction. Elevated Mn/(Fe + Ti) values
correspond to deeper water levels, as documented in both marine and
terrestrial systems (Tribovillard et al., 2006; Wu et al., 2024).

The Sr/Ba ratio serves as a sensitive proxy for salinity fluctuations in
aqueous environments and shows a positive correlation with paleo-
salinity estimates derived from sedimentary records (Wei and Algeo,
2020).

4. Results
4.1. TOC, 613Cmrb, élscmrb and elemental characteristics

TOC content serves as a parameter for assessing the paleo-
productivity of terrestrial systems. The TOC content of 22 mudstone
samples from Hole S1 ranged from 0.21 to 1.39 wt% (avg. 0.63 wt%),
with a peak of 1.39 wt% recorded at the boundary between the Enping
and Zhuhai Formations (Fig. 2), indicative of enhanced primary pro-
ductivity during this depositional interval.

513Ccarb and 618ocarb provide crucial constraints on paleoclimatic
and paleoenvironmental conditions (Lettéron et al., 2017). The results
show 5'3Cearp, values ranging from —15.73 %o to —0.50 %o (avg. —8.65
%o) and 6180carb values from —11.63 %o to —1.50 %o (avg. —7.90 %o).
Notably, both isotopic proxies exhibited marked positive excursions at
the boundary between the Enping and Zhuhai Formations (Fig. 2),
recording significant climatic perturbations in the SCS during this
stratigraphic interval.

Elemental analysis of 47 mudstone samples from Hole K7 revealed
distinct geochemical variations in the elemental oxide composition
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(Fig. 3). These samples were mainly composed of SiO and AlyO3, with
average concentrations of 62.99 wt% and 15.89 wt%, respectively.
Moderate concentrations were observed for Fe,Os3, KyO, MgO, and
NayO, with average values of 4.22 wt%, 4.31 wt%, 1.40 wt%, and 1.21
wt%, respectively. The least abundant elements were CaO, TiO3, P2Os,
and MnO, with average values of 0.68 wt%, 0.61 wt%, 0.08 wt%, and
0.05 wt%, respectively. The enrichment index (sample/PAAS) for the
major elements was calculated based on the average values of the major
elements in the post-Archean Australian Shale (PAAS; Mclennan, 1989)
(Fig. 3). The samples were generally depleted in Fe;O3, MgO, MnO,
P,0s, and TiO,, whereas their Al,03, K20, SiO5, and Na,O contents were
comparable to those of PAAS. All data are provided in Supplementary
Materials.

4.2. Paleoclimate reconstruction

4.2.1. Paleoweathering

The Enping Formation showed silicate weathering (Fig. 4a), which
was characterized by CIA ranging from 63 to 77, with an average of 71;
PIA ranging from 75 to 89, with an average of 84; and CIW ranging from
82 to 92, with an average of 88. Conversely, the Zhuhai Formation
recorded attenuated silicate weathering, which was characterized by a
CIA ranging from 57 to 71, with an average of 62; PIA ranging from 63 to
83, with an average of 72; and CIW ranging from 75 to 87, with an
average of 80. Pearson correlation coefficients (r > 0.99; p < 0.01)

demonstrated exceptional covariance among the CIA, PIA, and CIW
values, confirming their mutual reliability as quantitative weathering
proxies.

4.2.2. Paleoprecipitation and paleotemperature

The reconstructed paleoprecipitation proxies showed similar trends
across the profiles (Fig. 4b). For the Enping Formation, MAPa ranged
from 1114 to 1342 mm, with an average of 1241 mm; MAPb ranged
from 1133 to 1268 mm, with an average of 1211 mm; and MAPc ranged
from 807 to 1061 mm, with an average of 963 mm, indicating a humid
climate. For the Zhuhai Formation, MAPa ranged from 959 to 1216 mm,
with an average of 1068 mm; MAPb ranged from 1025 to 1197 mm, with
an average of 1101 mm; and MAPc ranged from 673 to 833 mm, with an
average of 732 mm, indicating reduced precipitation.

The results of paleotemperature reconstruction of the Enping For-
mation show that MATa ranged from 8.5 to 12.7 °C, with an average of
11.2°C. The range of MATb was 6.4-17.6 °C, with an average of 13.0 °C,
indicating that the climate is relatively warm (Fig. 4c). Conversely, the
Zhuhai Formation had MATa ranging from 6.9 to 11.1 °C, with an
average of 8.6 °C. MATDb ranged from 0.93 to 12.5 °C, with an average
value of 5.3 °C, indicating that the temperature had decreased (Fig. 4c).

4.3. Paleolake level and paleosalinity

The Mn/(Fe + Ti) x 100 of the Enping Formation ranges from 0.44 to
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Fig. 6. Eliminating the interference of non-environment factors from environmental proxies. (a) The evolution of sample R, with depth in Hole K7. (b) The plot of
8'3Cearp and 8'80ay, eliminates the interference of non-environment factors (evaporation) from environmental proxies (the template is adapted from Talbot and
Kelts, 1990). (c) The diagram of A-CN-K (Al,03-CaO* + Nap0-K»0) and the related changes in the corrected CIA for Enping and Zhuhai Formation samples (the
template is adapted from Nesbitt and Young, 1982) are used to eliminate the interference of potassium metamorphism on paleoweathering proxies. (d) The plot of
Al,03-SiO; highlights the grain-size effect, with mud-rich samples containing more aluminum and sand-rich samples containing more silicon. (e) The plot of NayO +
K20 + MgO + CaO-SiO; eliminates the influence of mineral grain size and quartz enrichment, determining whether the samples are products of primary weathering.
(f) The plot of NayO + K20 + MgO + Ca0-Al,O3 similarly eliminates the influence of mineral grain size and quartz enrichment, determining whether the samples are
products of primary weathering. (g) The plot of Sr/Ba-Ca is used to eliminate the influence of calcium enrichment on paleosalinity proxies.

1.79, with an average of 0.95. The Mn/(Fe + Ti) x 100 of the Zhuhai
Formation ranges from 0.66 to 3.11, with an average of 1.68. The
elemental ratios indicate that the lake level during the Zhuhai Formation
period was higher than that of the Enping Formation (Fig. 4d). The GR
curve and lithology also reveal the changes in lake level. The high GR
curves at the bottom of the Zhuhai Formation in Hole K7 and Hole S1
were interpreted as the deposition of fine-grained rock (Fig. 1c, 5d, e),
indicating high lake levels.

Over 78 % of the Enping Formation samples had Sr/Ba ratios that did
not exceed 0.02, suggesting that the Enping Formation was deposited in
a freshwater environment (Fig. 4e). The Sr/Ba ratios of the Zhuhai
Formation ranged from 0.02 to 0.05, with an average of 0.03, indicating
a significantly higher paleosalinity than that of the Enping Formation.
Additionally, a peak in the Sr/Ba content appeared after 33.9 Ma,

marking a shift in paleosalinity (Fig. 4e).
5. Discussion

5.1. Age limitation of the boundary between the enping formation and
Zhuhai formation

The T70 interface is an unconformity surface generated by SCS
movements and is considered one of the criteria for dividing the Enping
and Zhuhai Formations in the PRMB (Fig. 1c). The lithology of the
Enping Formation in both Holes K7 and S1 is primarily composed of
interbedded sandstones and mudstones, with coal seams, whereas the
Zhuhai Formation consists of interbedded sandstones and mudstones
with thin limestone (Fig. 5d, e), which is similar to the lithology
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combinations observed in the PRMB (Fig. 1c, 5b). Compared with the
Zhuhai Formation, the GR log values for the Enping Formation in Holes
K7 and S1 were higher and exhibit fluctuations, which was similar to the
GR log characteristics recorded in Hole E17 of the PRMB (Fig. 5¢; Zhang
et al., 2020). Based on the T70 interface, and the sudden changes in the
GR and lithology, we determined the stratigraphic boundaries between
the Enping and Zhuhai Formations in the Holes K7 and S1 to be at depths
of 2879 m and 2030 m, respectively (Fig. 5d, e).

An accurate age model is the foundation for studying deep-time
climatic events. The boundary between the Enping and Zhuhai Forma-
tions was defined as the boundary between the Eocene and Oligocene as
early as 1984 (Qin, 1996). The age of 33.9 Ma is widely accepted, as it is
derived from multiple sources, including magnetostratigraphy from
Equatorial Pacific sediments (ODP Sites 1218 and 1219), which Lanci
et al. (2005) determined to be the EOT age of 33.7 Ma. Previous studies
have associated the onset of the opening of the SCS with approximately
33-34 Ma, which corresponds to the boundary age between the Enping
and Zhuhai Formations (Li et al., 2014; Wang et al., 2019). Additionally,
Li et al. (2016), based the base of the Oligocene in the SCS on the
occurrence of Cassidulinella chipolensis and T. ampliapertura from IODP
Hole U1435A, dating it to 33.89 Ma (Fig. 5b). The U—Pb chronology of
detrital zircon also showed that the Eocene age of the SCS to be less than
34 Ma, close to the 33.9 Ma measured by planktonic foraminifera (Shao
et al.,, 2017). Zhang et al. (2020) synthesized previous age models,
global tectonic and climate evolution, and palynological assemblages
from the PRMB, limiting the age of the top boundary of the Enping
Formation to 33.9 Ma (Zhang et al., 2020). Given the consistent age
across different studies (Wang et al., 2019; Zhang et al., 2020; Peng
et al., 2023; Gao et al., 2023, 2024), an age of 33.9 Ma is widely
accepted.

The age of 33.9 Ma corresponds to Eocene-Oligocene transition as
defined in the GTS2020 (Fig. 5a), validating its use as the boundary age
for the Enping and Zhuhai Formations in the PRMB. This age is

determined based on multi-proxy evidence, including biostratigraphy,
radioisotope dating, magnetostratigraphy, astronomical dating, che-
mostratigraphy, and climatic evolution (Speijer et al., 2020). The key
marker of the EOT is the extinction of the hantkeninid planktonic fora-
minifera at the top of Zone E16, which lies within nannofossil Zone
NP21 (Coccioni et al., 1988). K—Ar and Ar—Ar dating of biotite grains
from 4.3 m below the base of the EOT give an age of 34.66 + 0.3 Ma,
suggesting a numerical age of about 34 Ma for the EOT itself (Premoli
Silva and Jenkins, 1993). The age of EOT was calibrated to 33.9 Ma by
using the magnetic stratigraphic age of C13n (33.73 Ma; Fig. 5a) as the
basis for constructing astronomical calibration (Westerhold et al., 2014).
The EOT event is associated with a positive 580 excursion and marked a
transition from warm to cold (Zachos et al., 2001), which was syn-
chronized with the cooling of the South China Sea revealed in this study.
And the 33.9 Ma as the age of EOT has been widely applied in terrestrial
basins, including the Bohai Bay Basin (33.9 Ma; Wu et al., 2025), Bei-
buwan Basin (33.9 Ma; Liu et al., 2024), Termit Basin (33.9 Ma; Liu
et al., 2022), and Jianghan Basin (33.97 Ma; Huang and Hinnov, 2019).
Furthermore, Burton et al. (2024) provided evidence for a prominent
Eocene-Oligocene unconformity in sedimentary basins along the mar-
gins of every continent. The globally widespread Eocene-Oligocene
unconformities suggest global controls, of which the extreme climatic
and oceanographic changes of the greenhouse to icehouse transition
seem particularly compelling.

5.2. Eliminating the interference of non-environment factors from
environmental proxies

The 613ccarb and 6180C3rb values reflect dissolved pCO; levels in
water and temperature (De Boever et al., 2017; Hillaire-Marcel et al.,
2021). These isotopic values can be influenced by climate, environment,
diagenesis, and thermal evolution (O’Neil et al., 1969; McCormack
et al., 2019; Li et al., 2020). Different environments exhibit distinct
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carbon and oxygen cycling processes, leading to variations in the iso-
topic composition of the sediments (Lettéron et al., 2017). In an enclosed
water environment (such as inland lakes), evaporation can lead to ox-
ygen isotope enrichment, which affects the §'0 values in sediments
(Talbot and Kelts, 1990). However, during both pre-EOT and post-EOT,
the PRMB remained an open system (Fig. 6b), minimizing the impact of
evaporation on 5'80carp values. High thermal evolution conditions can
alter isotopic values, potentially masking the original climate signals
(Liu et al., 2017). Vitrinite reflectance (R,) is used to classify the thermal
maturity of rock, with the following stages: R, < 0.5 % indicating
immature, 0.5 % < R, < 0.7 % indicating low maturity, 0.7 % < R, <
1.2 % indicating mature, 1.2 % < R, < 2.0 % indicating high maturity,
and R, > 2.0 % indicating overmature (Bostick and Foster, 1975). In this
study, we established an equation for R, varying with the depth of Hole
K7 (Fig. 6a), and predicted that the range of R,, of the Zhuhai and Enping
Formations is approximately 0.37-0.72 %, corresponding to the
immature-low maturity stage. This suggests that the isotopic values are
not significantly affected by diagenesis, and are suitable for paleo-
climate reconstruction.

Warm and humid climates intensify the chemical weathering of
rocks, thereby altering the elemental geochemical content of sediments
(McLennan, 1989; Nesbitt and Young, 1982). Before interpreting
weathering proxies as climate proxies, the potential impacts of diagen-
esis, and grain size variations on sediment elemental composition must
be assessed (Li et al., 2020; Tang et al., 2024). The discussions of the
thermal evolution above have confirmed that the Enping and Zhuhai
Formations are nearly unaffected by diagenesis (Fig. 6a).

Sedimentary recycling refers to the weathering, erosion, trans-
portation, and deposition of sediments after initial deposition or

diagenesis. The diagram of Al,03-(CaO* + Nas0)-K20 (A-CN-K) reflects
the initial weathering rate of sediments (Fedo et al., 1995; Nesbitt and
Young, 1982) and determines whether sediments have undergone
multiple weathering and deposition (Garzanti et al., 2013; Garzanti and
Resentini, 2016). In the A-CN-K ternary diagram, the samples are
distributed parallel to the A-CN or A-K axis (Fig. 6¢c), suggesting that
most sediments follow the ideal trend line of chemical weathering with
no potassium enrichment (Garzanti et al., 2013; Tang et al., 2024). The
Al;03-Si03 plot highlights the grain-size effect, with the samples of the
Eocene Enping Formation and Oligocene Zhuhai Formation following
the grain size trend (Fig. 6d). Furthermore, the Na;O + K0 + MgO +
Ca0-Siz0 and Naz0 + K0 + MgO + Ca0-Al,03 plots show that the data
are parallel to the empirical lines of grain size and close to the weath-
ering line (Fig. 6e, f). These results suggest that the chemical weathering
proxies in the PRMB reflect primary weathering associated with changes
in the original paleoenvironment. Thus, it is convincing to quantitatively
reconstruct the paleoclimate by using the major elements of the Eocene
Enping Formation and Oligocene Zhuhai Formation in the PRMB.

The Sr in lake sediments has two main sources: detrital parent rock
fragments and carbonate compounds (Zeng et al., 2011). Therefore,
before using Sr/Ba as a proxy to evaluate paleosalinity, the influence of
carbonate minerals (Ca content) on the Sr content must be excluded
(Wei and Algeo, 2020; Li et al., 2020). The Sr/Ba content of the samples
from the SCS did not show enrichment with increasing Ca content
(Fig. 6g), indicating that the Sr/Ba ratio is not influenced by carbonate
rocks and can be reliably used for paleosalinity reconstruction.
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5.3. EOT records of the SCS

5.3.1. The global significance of the EOT record in the SCS

Our paleoclimatic reconstruction of the SCS, spanning the Late
Eocene to Early Oligocene, revealed critical environmental transitions.
At 33.9 Ma, the SCS experienced a marked shift from intense to mod-
erate chemical weathering, as evidenced by 15, 21, and 13 reductions in
CIA, PIA, and CIW values, respectively (Fig. 4a). These trends are
corroborated by CIA.,, records (Fig. 6¢) and are consistent with
diminished chemical weathering signals from coeval terrestrial basins
(Liihe Basin and Tajik Basin, Tibetan Plateau), as documented through
major element ratios (Sun et al., 2022; Tang et al., 2024).

The coal-bearing strata of the Enping Formation attest to sustained
high precipitation during the Late Eocene (Stach et al., 1982; Korasidis
et al.,, 2019), which is consistent with our reconstructed high MAP.
However, MAPa, MAPb, and MAPc declines of 283 mm, 187 mm, and
281 mm occurred at 33.9 Ma (Fig. 4b), synchronizing with the aridifi-
cation in southeastern Australia from palynological evidence (Sluiter
et al.,, 2022) and precipitation reduction in North America from
geochemical indicators (Sheldon et al., 2002). This synchronicity dem-
onstrates a global continental climate transition from humid to arid
conditions during the EOT.

Significant cooling was also recorded in the terrestrial sediments of
the SCS, as evidenced by a decrease of 4.4 °C and 9.4 °C in MATa and
MATD (Fig. 4c), respectively, and an approximately 1.0 %o positive
5180 arb excursion (Fig. 9a). This paleotemperature trend is consistent
with the climate changes recorded by major element proxies and paly-
nological assemblages in the marine sediments of the SCS (Wu et al.,
2003). Furthermore, the cooling of the SCS is synchronous with records
from global marine and terrestrial basins (Zachos et al., 2001; Cramer
et al., 2009; Kent-Corson et al., 2009; Li et al., 2016; Sun et al., 2020;
Sluiter et al., 2022; Sun et al., 2022; Akabane et al., 2024; Tang et al.,
2024; Xia et al., 2024), suggesting that the climate transition during the
EOT was global in nature (Sahy et al., 2015).
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5.3.2. The uniqueness of the EOT records in the SCS

The EOT paleoclimate record from the SCS shows temporal consis-
tency with the global marine and terrestrial records (Fig. 7a, 7b).
However, lake level changes exhibit spatial heterogeneity. The GR log-
ging curves in Holes K7 and S1 show a significant increase at the bottom
of the Zhuhai Formation, which is interpreted as the deposition of
mudstone, indicating weak hydrodynamic conditions and high lake
levels. Elemental geochemical proxies also confirm that around 33.9 Ma,
the PRMB experienced its highest lake level since the Cenozoic (Fig. 7d),
which contrasts with the significant global sea level decline during the
EOT (Fig. 7c). Following this maximum, lake levels in the SCS responded
in line with global sea level changes (Fig. 7d).

5.4. Opening of SCS forcing the cooling at EOT

The EOT event was initially characterized by cooling in the Southern
Hemisphere and the formation of the Antarctic ice sheet (Coxall et al.,
2005; Liu et al., 2009; Pagani et al., 2011). The opening of the Tasman
Gateway and Drake Passage is considered to have accelerated the
development of the Antarctic Circumpolar Current, contributing to
global climate cooling and ice sheet growth (Kennett et al., 1974; Ken-
nett, 1977; Zachos et al., 2001; Lagabrielle et al., 2009; Cristini et al.,
2012; Scher et al., 2015). During this period, analogous tectonic re-
organizations involving marine gateway development occurred glob-
ally, including in the SCS (e.g., Gruetzner et al., 2022; Piller et al., 2024).
Prior to the EOT, the PRMB was in a rifting evolutionary stage (Briais
et al., 1993). At 33.9 Ma, the lithospheric breakup of the South China
Block (Fig. 8d) initiated the opening of the SCS (Barckhausen et al.,
2014; Wu et al., 2016; Wu and Suppe, 2018). Multiple lines of evidence,
including paleomagnetic records (Li et al.,, 2014, 2016), seawater
osmium isotope records (Marquez et al., 2017), petrological analyses
(Wang et al., 2023b; Fournier et al., 2024), and palynological data
(Cheng et al., 2023), collectively corroborate the timing of this marine
opening event. Following its detachment from the South China Block,
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the Nansha Block migrated southward and was ultimately subducted
beneath Kalimantan Island at 15.97 Ma (Holloway, 1982; Taylor and
Hayes, 1983; Hall and Breitfeld, 2017; Li et al., 2024a), establishing the
present geomorphological configuration (Fig. 10). Notably, this tectonic
interval (33.9-15.97 Ma) corresponds temporally with the Oligoce-
ne-Middle Miocene glaciation stage (Fig. 8). This temporal correlation
suggests a potential link between the tectonic evolution of the PRMB and
regional climatic cooling through tectonic forcing mechanisms.
Marquez et al., 2017 identified osmium isotope anomalies in SCS
sediments, providing evidence of increased oceanic connectivity be-
tween the SCS and global circulation during the EOT (Fig. 9d). This
enhanced connectivity likely played an important role in facilitating the
influx of cool water masses into the SCS (Fournier et al., 2024). The
resulting thermohaline forcing amplified coastal upwelling, which was
preserved in the Early Oligocene biogenic-rich carbonate strata within
the SCS, coinciding with the opening of the SCS (Fournier et al., 2024).
This upwelling was similar to the modern oceanic circulation in
Southeast Asia (Fig. 10). This upwelling led to an increase in nutrient
fluxes, promoting a productivity bloom, as evidenced by biogenic-rich
strata in the NW Palawan Block and elevated TOC content in the Hole
records at 33.9 Ma (Fig. 9c; Diester-Haass and Zahn, 2001, 1996;
Fournier et al., 2024). A parallel mechanism was observed in the
Atlantic, where the closure of the Tethyan Seaways triggered the influx
of cool deep waters, driving benthic foraminiferal turnover (Coccioni
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and Galeotti, 2003; Allen and Armstrong, 2008). Globally, marine car-
bonate §!3C (Fig. 9e) and terrestrial 513C (Korasidis et al., 2019;
Chaanda et al., 2023; Rull, 2023) positive excursions further support the
idea of enhanced organic carbon sequestration by marine and terrestrial
systems during the EOT (Fig. 9b; Sun et al., 2014). This organic carbon
burial effectively sequesters CO, from the atmosphere, thereby reducing
the greenhouse effect and supporting the cooling trend (Anderson and
Delaney, 2005). As atmospheric pCO; levels decreased, this feedback
loop further amplified global climate cooling, as evidenced by
geochemical data (Fig. 9f). Therefore, the cooling during the EOT in the
SCS resulted from a dual mechanism: (1) tectonically driven oceanic
reorganization that altered heat transport, and (2) a decline in pCO;
levels linked to enhanced organic productivity and subsequent carbon
sequestration.

5.5. Opening of SCS forcing the lake level rise at EOT

The global sea level decline during the EOT has been attributed to
global climatic cooling and the onset of Antarctic glaciation (Miller
et al., 2020). Our study reveals a notable anomaly in the SCS during this
interval, where an initial lake-level rise of the PRMB preceded a sub-
sequent decline, contrasting with global trends. This divergence from
global eustatic patterns necessitates a re-examination of the underlying
mechanisms. The sudden increase in paleosalinity provides evidence for
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the rise in lake levels in the PRMB. Liang et al. (2024) identified four
salinization mechanisms: evaporative concentration under aridity, deep
hydrothermal influx, marine transgression, and their combinations. The
paleo-SCS, situated below approximately 23°N (Zhang et al., 2018),
maintained humid conditions with a MAP exceeding 600 mm despite
EOT aridification (Fig. 4b). This precludes evaporative salinization
under moisture-deficit conditions (Eugster and Hardie, 1978; Gasse
et al., 2008; Chen, 2020). During the EOT, lake sediments in the PRMB
did not record evidence of hydrothermal fluids, effectively eliminating
hydrothermal contributions to increased paleosalinity (Fig. 7e).

Tectonic movements play a key role in sea transgression and
regression events, as they determine the beginning and end of such
events by opening and closing gateways for seawater movement at the
basin edge (Schulz et al., 2005; Sun et al., 2016). The sudden increase in
paleosalinity at 33.9 Ma is consistent with lithospheric fractures caused
by SCS movement and explains the sudden increase in lake levels
(Fig. 4d). This tectonic reorganization facilitated marine transgression,
as evidenced by marine planktonic foraminiferal blooms in the Zhuhai
Formation strata (Li et al., 2016; Zhang et al., 2020) and a progressive
facies transition from continental to marine environments with thin
marine limestone deposition (Li et al., 2017; Fig. 1¢, 5¢, d). The observed
spatial heterogeneity in the PRMB paleolake level relative to global sea-
level trends reflects tectonic forcing. Post-tectonic stabilization trends of
lake levels presented global synchronicity. Therefore, the opening of the
SCS served two roles: 1) as a tectonic driver amplifying EOT cooling
through altered ocean-atmosphere circulation, and 2) as the primary
control on hydrological decoupling between the SCS and global records
during this climate transition.

6. Conclusions

1. The PRMB preserves crucial terrestrial records of environmental
changes during the EOT. At 33.9 Ma, the SCS experienced rapid re-
ductions in weathering, temperature, and precipitation, along with a
lake level rise. While paleoclimatic changes are consistent with
global cooling trends, its lake levels exhibit spatial heterogeneity
from contemporaneous global sea-level decline.

2. We established a novel causal link between the opening of the SCS
and cooling at 33.9 Ma. This tectonic event facilitated the reorga-
nization of ocean circulation, promoting upwelling and reducing
atmospheric CO5 through increased biological productivity and ul-
timately driving climatic cooling.

3. The opening of the SCS serves as a distinct tectonic mechanism for
regional hydrological changes during the EOT, which differs from
global patterns. The rise in lake levels was driven by transgression, a
consequence of tectonic reorganization.
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