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The Early Eocene Climate Optimum (EECO) represents the peak of the early Paleogene greenhouse
climate. However, a comprehensive understanding of the terrestrial paleoenvironmental response to the
EECO and its implications for organic matter (OM) enrichment remains lacking. We integrated sedi-
mentological, astrochronological, and geochemical data from South China Sea sediments to reconstruct
the paleoenvironment and establish the OM enrichment model during the EECO. Astronomical time
scales (ATS) for the Lower Wenchang Formation (Lower WC Fm.) in the Kaiping Sag, South China Sea,
were established, spanning 55.4 to 43.9 Ma. During 51.5-48.7 Ma, records of astronomical signal (with
overlapping cycles of 2.4 Ma, 1.2 Ma, and 405 kyr), stratigraphy (organic-rich mudstone), and paleo-
climatic reconstructions (warm and humid climate) provided convincing evidence for the EECO in
Kaiping Sag. This study presented the first detailed record of the terrestrial paleoenvironment response
to the EECO in the South China Sea, characterized by high terrestrial input, anoxia water conditions, and
elevated paleo productivity. A transient pre-warming event before the EECO exhibited a similar pale-
oenvironmental response, highlighting the sensitivity of terrestrial records. Post-EECO conditions
showed a reversal of paleoenvironmental trends observed during the EECO. Pearson correlation analysis
reveals that the EECO influenced OM enrichment by regulating paleo productivity and preservation
conditions of lake. Elevated atmospheric pCO, levels and increased terrestrial input promoted algal
blooms, thereby enhancing lake productivity. OM preservation was controlled by water column strat-
ification and bottom water anoxia, driven by increased terrestrial input and rising lake levels. Our
findings enhance the understanding of feedback mechanisms in terrestrial environments during global
warming and provide insights into future climate change predictions.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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1. Introduction extreme warmth of the Cenozoic era (Zachos et al., 2001, 2008;

Westerhold et al., 2018), featuring superimposed transient

The Eocene epoch marks a critical transition from the Paleo-
cene greenhouse to the Oligocene icehouse climate (Pound et al.,
2017; Lauretano et al., 2021; Piedrahita et al., 2024). Within this
interval, the Early Eocene (56-48 Ma) experienced the most
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hyperthermal events such as the Paleocene-Eocene Thermal
Maximum (PETM), Eocene Thermal Maximum (ETM), and Early
Eocene Climatic Optimum (EECO) (Lourens et al., 2005; Zachos
et al., 2008; Bornemann et al., 2014; Varkouhi et al., 2024; Wu
et al.,, 2025b). The EECO represents a global long-term tempera-
ture maximum in the Eocene (Bornemann et al.,, 2016), with
reconstructed global mean temperatures exceeding modern
values by > 10 °C and tropical sea surface temperatures reaching
>35 °C (Hollis et al., 2012; Lunt et al., 2012; Cramwinckel et al.,
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2018). This prolonged warming has been mechanistically linked to
elevated atmospheric pCO; levels exceeding 1000 ppmv (Zachos
et al., 2001, 2008; Anagnostou et al., 2016). The CO, vented dur-
ing early Eocene volcanism in the Western Pacific, the North
Atlantic Igneous Province, and the Siletzia terrane, as well as slab
rollback and detachment beneath Central and East Asia, may be
the responsible for EECO (Reagan et al., 2013; Cui and Schubert,
2018; Li et al., 2022a). Furthermore, methane release from the
seafloor (Thomas et al, 2002; Dickens, 2011), OM oxidation
(DeConto et al., 2012; Cui and Schubert, 2018) are considered to be
the major contributors (Turner et al., 2014; Lauretano et al., 2015).

Currently, interpretations of temperature trends during Eocene
thermal events rely on multi-site composite benthic foraminiferal
isotope records compiled from multiple drill sites in various ma-
rine basins (Zachos et al., 1994, 2001, 2008; Cramer et al., 2003).
These records are complemented by multi-proxy reconstructions
combining sedimentology, paleontology, stable isotope geochem-
istry, and molecular biomarkers (Bornemann et al., 2016; Li et al.,
2022a; Schaefer et al., 2022; Wang et al., 2022; Srivastava et al.,
2023), providing constraints on paleoenvironmental responses
during climatic extremes like the EECO. Global increased tem-
perature will rise sea levels (Rahmstorf, 2007; Horton et al., 2008)
and affect atmosphere-ocean exchange and ocean circulation
(Vermeer et al., 2009; Garcia-Soto et al., 2021) during thermal
events. A rise in SSTs can trigger changes in the marine ecosystem
including acidification and biogeochemical perturbations (Doney
et al., 2009; Gobler, 2020; Garcia-Soto et al., 2021). Moreover,
the organic-rich shale exhibits a negative 513C0rg isotope excursion
ascribed to recycling of 3C-depleted organic matter (OM) via
upwelling attributed to a transient thermal event (Schaefer et al.,
2022).

Terrestrial systems exhibited pronounced feedbacks to Eocene
thermals through coupled hydrological and biogeochemical re-
sponses. Near-equatorial regions likely maintained tropical rain-
forest resilience via enhanced water-use efficiency under elevated
precipitation regimes (Srivastava et al., 2023), while Central Asian
arid zones experienced proto-monsoonal greening that facilitated
mammalian dispersal corridors (Wing et al., 1991; Meijer et al,,
2024). Mid-latitude Basins such as Bohai Bay Basin recorded
elevated lake levels during the MECO (Shi et al., 2020; Wu et al,,
2025a), evidenced by sedimentological proxies indicating humid
conditions, freshwater influx, and stratified water columns. Addi-
tionally, the environmental response to these thermal events was
reflected in enhanced silicate weathering and increased terrestrial
debris input (Hyland and Sheldon, 2013; Dzombak and Sheldon,
2022). The prolonged greenhouse climate could have contributed
to carbon cycle feedbacks by promoting organic carbon burial in
terrestrial basins (Shi et al., 2019; Fan et al., 2024; Liu et al., 2024a;
Wu et al.,, 2024; Yin et al., 2024). The OM accumulation in the
Green River Formation was associated with low-oxygen, nutrient-
rich, alkaline saline environments during the EECO (Hyland et al.,
2013; Pommer et al., 2023). Comprehensive analyses suggests that
paleoclimate-driven environmental changes were the primary
factors influencing variations in organic-rich fine-grained sedi-
ments in the Fushun Basin (Li et al., 2021, 2022a). Wu et al. (2025a)
proposed that the MECO drove paleoenvironmental fluctuations,
including a warm and humid climate, increased water depth,
reduced salinity, anoxic conditions, and elevated atmospheric
pCO; levels, which led to OM enrichment in the Shahejie Forma-
tion of the Bohai Bay Basin, China. Furthermore, the role of as-
tronomical forcing in Eocene thermal events and the formation of
organic-rich sediments in mid to high-latitude regions has been
extensively validated (Shi et al., 2021; Li et al., 2022a; Wei et al.,
2023; Liu et al.,, 2024). However, the lack of terrestrial records
from low-latitude regions regarding the EECO event and its
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influence on OM enrichment currently limits our understanding of
the global thermal climate and carbon cycle during the Eocene.

The organic-rich mudstones of the lower member of the
Wenchang Formation (lower Mbr. WC Fm., 56.5-43.9 Ma) in the
Kaiping Sag of the Pearl River Mouth Basin were continuously
deposited during the Early Eocene, providing an ideal stratigraphic
record of the EECO (Peng et al., 2023; Xu et al., 2024). This study
aims to address the existing knowledge gap by presenting multiple
lines of evidence to offer a comprehensive understanding of the
paleoenvironmental conditions during the EECO. Astrochrono-
logical analysis was employed to establish the high-resolution age
of the lower Mbr. WC Fm. Based on elemental geochemical char-
acteristics and global comparisons with marine foraminiferal
isotopic data, Paleoclimate reconstructions were used to identify
the geological record of the EECO in Kaiping Sag. Total organic
carbon (TOC) and rock pyrolysis indicators were utilized to assess
the degree and type of OM enrichment. Furthermore, Pearson
correlation coefficient analysis was applied to determine the key
controlling factors of OM enrichment during the EECO, and its
geological model was established. Understanding the terrestrial
paleoenvironmental response and OM enrichment during the
EECO is crucial for reconstructing past climate conditions and
informing strategies to address future climate change.

2. Geological setting

The Pearl River Mouth Basin is a low-to mid-latitude,
petroleum-bearing basin located at the junction of the Eurasian,
Pacific, and India-Australia plates (Fig. 1(a), Ye, 2019). It features a
structural configuration of three uplift zones and two depression
zones arranged in a north-south orientation (Fig. 1(b), Ma, 2020).
The Kaiping Oilfield, situated within the basin, is China's first
deep-water oilfield, with proven geological reserves of 102 million
tonnes of oil equivalent, setting a national record for deep-water
petroleum testing production (Yin, 2024). The Kaiping Sag con-
sists of five sub-Sags, covering an area of 6000 km?, with a water
depth of approximately 300 m (Fig. 1(b), Cai et al., 2023). Cenozoic
stratigraphy reflects the influence of tectonic movements and
displays a “land-to-sea” transition (Peng et al., 2023). The Eocene
Wenchang (WC Fm.) and Enping formation (EP Fm.) consist of
continental deposits resting on a Paleogene volcanic basement,
overlain by the marine Zhuhai Formation from the Oligocene
(Fig. 1(c), Gao et al., 2024a). The WC Fm. is subdivided into upper
(Mbr. 1, Mbr. 2, and Mbr. 3) and lower (Mbr. 4, Mbr. 5, and Mbr. 6)
members (Peng et al.,, 2023; Xu et al., 2024). The boundary be-
tween the lower Mbr. WC Fm. and the upper Mbr. WC Fm. in
Kaiping Sag is dated at 43.9 Ma (Peng et al., 2023; Xu et al., 2024).
The organic-rich and thick mudstones of lower Mbr. WC Fm. serve
as the primary source rocks, providing substantial petroleum re-
serves for the Kaiping Sag (Cai et al., 2023; Peng et al., 2023).

3. Methodology
3.1. Sampling and experiments

The organic-rich mudstone of the Wenchang Formation (WC
Fm.) was the ideal formation for studying Eocene thermal events
and the carbon cycle during these events. To minimize potential
diagenetic influence on the elemental geochemical records, we
chose and conducted experiments on mudstones from well W3,
located in the uplift of Kaiping Sag. The lower member of the
Wenchang Formation (lower Mbr. WC Fm.) in Well W3 is located
beneath the seafloor, between 3368 m and 4115 m, and consists of
shale, mudstone, and sandstone with varying grain sizes. Com-
bined with the age anchor of 43.9 Ma (boundary age between the
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Fig. 1. (a) Paleogeographic evolution of Paleogene of 52.2 Ma and the location of Pearl River Mouth Basin (Modified from Scotese, 2014; Ma et al., 2020). (b) The location and
tectonic division of the Kaiping Sag and location of sampling well (Modified from Peng et al., 2023). (c) Stratigraphic characteristics of well W3, Kaiping Sag. Stratigraphy, age,
thickness, GR data, and lithology of the Eocene strata are described (Provided by Shenzhen Branch, CNOOC). (d) The 110 sampling points of well W3.

upper and lower WC Fm.), the lower Mbr. WC Fm. GR curve of Well
W3 was conducted astrochronological analysis, aiming to establish
astronomical time scales (ATS). Based on the ATS of lower Mbr. WC
Fm. and the ages of thermal events, we selected 110 mudstone
samples from Well W3 (as shown in Fig. 1(d)), which span the early
Eocene interval, including the ETM and EECO climate. Specially,
the high-precision sampling was conducted between 3680 and
3870 m of sediment deposited during the EECO period, with an
average sampling interval of approximately 3 m. These 110 sam-
ples were conducted X-ray fluorescence (XRF) elemental analysis,
TOC content determination, and Rock-Eval analysis to investigate
responses to climate events in terrestrial basins. All of experiments
were conducted from the Shenzhen Branch, CNOOC.

XRF is one of the most commonly used techniques for chemical
elemental analysis (Hu, 2013). This method determines the
elemental composition of minerals by analyzing the secondary X-
rays emitted when rocks are irradiated with high-energy electrons
or charged ions (Liang, 2007; Hu, 2013). XRF analysis allows for the
determination of concentrations of various elements, including
Mg, Al, Si, S, P, K, Ca, Ba, Ti, Mn, Fe, and Sr. XRF measurements can
achieve precision up to five decimal places. This method is
distinguished by its rapid analysis time, minimal sample size re-
quirements, low particle size specifications for rock samples, high
analytical precision, and straightforward experimental proced-
ures. Prior to analysis, 110 samples from Well W3 were crushed,
with approximately 10 g selected from each sample. We measured
the instrument error of the XRF analyzer by performing 20
consecutive measurements on the same sample from the same
region. The calculated measurement error for the elements was
+0.03%. While this result shows some discrepancy compared to
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traditional experimental measurements, it is still within an
acceptable range.

The LECO CS-230 carbon-sulfur analyzer is used to determine
TOC content. Following the GB/T 19145-2022 standard procedure
(Standardization Administration, 2022), samples are ground to a
200-mesh size, treated with hydrochloric acid to remove inorganic
carbon, and then rinsed with distilled water for neutralization. The
pretreated samples are then tested using the instrument. The
Rock-Eval II instrument is employed for pyrolysis experiments on
rock samples. When samples are heated to 300 °C in the pyrolysis
instrument, the spectral peak area corresponds to the volatile
hydrocarbons (S1) content. The spectral peak area from heating the
sample from 300 °C to 600 °C reflects the content of pyrolytic
hydrocarbons (S;). The peak of S, is associated with the maximum
pyrolysis peak temperature (Tmax). The hydrogen index is calcu-
lated as the ratio of S, to TOC content.

3.2. Astrochronological analysis

Gamma ray (GR) records provide high-resolution sedimentary
cyclicity for continuous stratigraphy. The GR series curves from the
lower Mbr. WC Fm. in the Well W3, ranging from 3368 to 4115 m,
were used for astrochronological analysis. Prior to analysis, raw GR
data from 3368 to 4115m were standardized for a unified series,
which was detrended by subtracting a 35% weighted average to
remove the long-term trend (GRgetrened) (Cleveland, 1979;
Torrence and Compo, 1998). Linear interpolation was applied to
the GR data to achieve an average sampling interval of 0.1 m. The
data were then re-evaluated using a Locally Weighted Scatterplot
Smoothing (LOESS). The 2z multi-taper method (MTM) was used
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for power spectral analysis (Thomson, 1982), estimating the robust
red noise spectrum and identity significant frequencies that
exceed the 95% confidence level (Mann and Lees, 1996; Meyers,
2015) to detect potential orbital cycles. According to the astro-
nomical solutions from La2010 and La2004, the main cycles
identified in the Paleogene include 405, 125, 95, 54, 39.3, 23.1, 21.9,
and 18.8 kyr (Laskar et al., 2004, 2011). Frequency ratio method
was applied to the data set to test for the presence of astronomical
frequencies (Boulila, 2019; Wang et al., 2020). And we utilized
evolutionary Fast Fourier transform (FFT) spectrograms to inspect
the evolution of frequencies through the succession (Kodama and
Hinnov, 2014). The Correlation Coefficient (COCO) was used to
estimate the optimal sedimentation rate (Li et al., 2018a; Wang
et al.,, 2020; Huang et al., 2023a), assessing sedimentation rates
ranging from 0.1 to 20 cm/kyr with a step size of 0.1 cm/kyr
through 5000 Monte Carlo simulations.

The 405 kyr eccentricity cycle, recognized as the most stable
astronomical period of the Phanerozoic, can be used to establish
stratigraphic timescales (Laskar et al., 2004, 2011; Huang et al.,
2023a). Gaussian bandpass filtering (Kodama and Hinnov, 2014)
was applied to isolate eccentricity, obliquity, and precession cycles
in the GR data. Based on the calculation of optimal sedimentation
rate and using the 405 kyr long eccentricity as a calibration stan-
dard, we conducted an astronomically tuned analysis and depth-
time conversion to determine the floating astronomical time
scales for the lower Mbr. WC Fm. The age of lower Mbr. WC Fm.
will be calculated by combining the age anchor with the floating
astronomical time scales. The above numerical analyses were
performed using Acycle 2.8 software.

3.3. Paleoclimate reconstruction

Elemental geochemical indicators are commonly used to
reconstruct paleoclimate. The Rb/Sr ratio is an effective indicator
of paleoclimate, with an increase in the Rb/Sr ratio representing
greater humidity and enhanced weathering (Roy and Roser, 2013).
The Mg/Ca ratio is positively correlated with temperature: high
Mg/Ca values correspond to a hot and dry climate and low values
correspond to a humid/warm climate (Morford and Emerson,
1999). The C value (C value=(Fe + Mn + Cr + V + Ni + Co)/
(Ca + Mg + Sr + Ba + K + Na)) of fine-grained mudstones is also an
effective indicator of paleoclimate (Guo et al., 2020). In humid
climates, sedimentary rocks tend to have higher contents of ele-
ments such as Fe, Mn, Cr, V, Ni, and Co. Conversely, during dry
climates, evaporation causes the precipitation of Ca, Mg, K, Na, Sr,
and Ba on the bottom of the water (Hu et al., 2017). A high C value
suggests a warm and humid climate (Moradi et al., 2016). Lake
level changes reflect the response of lakes to paleoclimate varia-
tions (Woolway et al., 2020). Clay minerals are relatively rich in
elements such as Fe, while Ti is predominantly found in sandstone
(Zhang et al., 2011; Hu, 2013). The Fe/Ti ratio indicates changes in
the grain size of lacustrine sediments, thereby reflecting fluctua-
tions in lake levels (Marshall et al., 2011; Cui et al., 2019).

3.4. Paleoenvironment reconstruction

Ti and Al are representative elements that indicate detrital
input in sedimentary rocks (Calvert and Pedersen, 2007; Wang
et al., 2014; Murphy et al., 2000). The Sr/Ba ratio reflects changes
in water column salinity, with values below 0.6 indicating fresh-
water conditions (Wei and Algeo, 2019). The trace elements V and
Cr are sensitive indicators of paleo redox conditions. Low V/Cr
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ratios represent an anoxia environment (Jones and Manning, 1994;
Algeo and Lyons, 2006). Enhanced organic C (OC) preservation at
lower redox conditions and enhanced sedimentary retention of
remineralized organic P (OP) at higher redox conditions results in a
strong relationship between benthic redox conditions and sedi-
mentary Corg/P (Corg/P=(TOC/12)/(P/30.95)) (Algeo and Ingall,
2007). Corg/P values delineate three redox conditions: values
below 50 represent oxic conditions, values between 50 and 100
represent hypoxic conditions, and values above 100 represent
anoxia conditions (Algeo and Li, 2020). Phytoplankton contribute
OC and OP to sediments, enabling the elemental P content to serve
as a qualitative indicator of paleo productivity (Guo et al., 2020).
The P/Al ratio is utilized to assess levels of paleo productivity while
accounting for the effect of terrestrial input (Algeo and Scheckler,
1998). Moreover, Fe is an essential nutrient for algal growth
(Redfield, 1960; Schenau et al., 2005; Dong et al., 2023) and is used
as a key indicator of lake productivity.

3.5. Pearson correlation analysis

Prior to analysis, data were screened for accuracy. Extreme
outliers were identified using Z-scores (Eq. (1): X = measured

values, X = average value, ¢ = standard deviation), with values
greater than +3 considered outliers and subsequently removed
from the dataset (Potter et al., 2019). We assessed the assumptions
necessary for Pearson correlation analysis. The normality of the
distributions for both variables was examined using Shapiro-Wilk
tests (Mishra et al., 2019). The presence of linear relationships
(Weisburd et al., 2020) was visually inspected via scatterplots, and
no significant deviations were observed.

X-X

(o}

V4

(1)

The pearson correlation coefficient was employed to quantify
the linear relationship strength between the organic enrichment
degree (TOC) and the paleoenvironment (including paleo climate,
paleo water depth, redox conditions and paleo productivity). This
coefficient (r) was calculated using Eq. (2) (Weisburd et al., 2020).
The X and Y are the measured values, and X and Y are the
respective means of the samples.

. SX-X(Y-Y)
VX - X2 (Y - V)2

The significance of the correlation coefficient was tested using a
two-tailed t-test (Weisburd et al., 2020). The null hypothesis Hy
assumed no correlation between the variables (p = 0), while the
alternative hypothesis H, suggested a non-zero correlation. The
test statistic was calculated as Eq. (3). Where r is the sample cor-
relation coefficient, n is the sample size (110 samples), and the
degrees of freedom were (n — 2). The correlation was considered
statistically significant if the resulting p-value (2.648) was less
than the predetermined significance level of « = 0.01. All statis-
tical analyses were conducted using MATLAB software.

rvn-—2
V1-12

r

(2)

t= (3)
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4. Results
4.1. Astronomical time scales (ATS)

Spectral analysis of the Well W3 GRgetrended revealed the
presence of various statistically significant peaks, all of which
exceed the 95% confidence level (Fig. 2(a)). The ratio of peaks at
wavelengths of 271, 8.8, 6.2, 3.4, 24, 1.5, 14, and 1.2 m was
22:7:5:3:2:1.2:1.1:1, consistent with the ratio of the target astro-
nomical cycle (22:7:5:3:2:1.2:1.1:1). The results of COCO analysis
showed that the significance level of the null hypothesis was <0.01
(Fig. 2(b); Ho: no astronomical forcing). The strongest correlation
occurs at a sedimentation rate of 6.4 cm/kyr, which is within the
range of sedimentation rates (6-18 cm/kyr) for the Wenchang
Formation in the Pearl River Mouth Basin (Wei et al., 2020, 2023),
as determined by previous astronomical tuning studies, and is also
close to the optimal sedimentation rate for source rocks in
terrestrial basins (Zhao et al., 2022). The correlation was strongest
at a sedimentation rate of 6.4 cm/kyr. Therefore, we identified
6.4 cm/kyr as the optimal sedimentation rate for Lower Mbr. WC
Fm. (Fig. 2(b)). Based on the interpretation of the average sedi-
mentation rate, the frequency component centered on 1/27.1 m
was extracted using a Gaussian bandpass filter. This signal is
calibrated to the 405 kyr long eccentricity. The calibrated GR po-
wer spectral cycles were 405 kyr (405 long eccentricity), 131 kyr
(125 short eccentricity), 93 kyr (95 short eccentricity), 51 kyr (54
Obliquity), 36.6 kyr (39.3 Obliquity), 22.9 kyr (23.1 precession),
20.6 kyr (21.9 precession), and 18.2kyr (18.8 precession), similar to
the target astronomical cycle (Laskar et al., 2011; Fig. 2(a)). Two
other robust spectral peaks occur before the frequency of 0.1 cycle/
m, attributed to the 1.2 Myr (Laskar et al., 2004; Boulila et al., 2011;
Fig. 2(c)) and 173 kyr long modulating obliquity cycles (Boulila
et al,, 2018; Zhang et al., 2022a). A robust spectral peak occurs at
the frequency of 0.0062 cycle/m, attributing to the long modu-
lating eccentricity cycles (~2.4 Myr) (Boulila et al., 2011; Olsen
et al, 2011; Fig. 2(c)). According to the 405kyr calibration, a
floating ATS of the formation was calculated. Age (43.9 Ma) of the
upper Mbr. WC Fm. and lower Mbr. WC Fm. boundary in the
Kaiping Sag (Fig. 1(c)) is used as an anchor for our floating astro-
nomical time scale. The ATS of the lower Mbr. WC Fm. was
55.4-43.9 Ma (Fig. 2(d): Tuned GR). The established ATS falls in the
range of 56.5 to 43.9 Ma calculated by previous studies (Gao et al.,
2024a, 2024b; Xu et al., 2024), confirming the validity of the as-
tronomical analysis in this study. This interval spans the 109th to
135th 405 kyr eccentricity cycles (E109-E135) of the La2010 as-
tronomical solution (Laskar et al., 2011; Fig. 2(d)).

4.2. Elemental geochemical characteristics

The elemental contents obtained by XRF analysis are shown in
the Supplementary Material. They are normalized according to
PAAS (Post-Archean Australian Shale), as shown in Fig. 3.
Elemental contents are influenced by the mineral composition of
the rocks. The major elemental contents of 110 samples are
dominated by Si and Al The Si content ranges from 20.98% to
35.04%, with an average of 29.30%. The Al content varies between
6.80% and 14.52%, with an average of 10.56%. The Fe content ranges
from 1.71% to 9.47%, with an average of 5.47%. The Ca content
varies between 0.10% and 6.02%, with an average of 0.91%.
Compared to marine sediments, terrestrial rocks exhibit a rela-
tively low Mg content (Hu, 2013). Specifically, the Mg content in
the lower Mbr. WC Fm. ranges from 0.06% to 0.81%, with an
average of 0.32%. The Na and P content of the Lower Mbr. WC Fm.
mudstones varied widely, ranging from 0.02% to 2.68% and
0.001%-0.11%. The contents of K and Ti range from 1.13% to 3.46%
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and from 0.15% to 0.80%, respectively, while the Mn content ranges
from 0.024% to 0.135%. The contents of Si, Al, Fe, K, Ti, and Mn in the
WC Fm. are similar to the contents of PAAS, while there is a sig-
nificant depletion of Mg (Fig. 3(a)).

In the PAAS-normalized spider diagram, the distribution of Ca,
Na, and P differs between samples (Fig. 3(a)). The distribution of
most trace elements in Lower Mbr. WC Fm. mudstones in the
Kaiping Sag were similar to that in the PAAS (Fig. 3(b)). The con-
tents of V (avg. 0.008%), Ni (avg. 0.003%), Cu (avg. 0.006%), Zn (avg.
0.015%), Sr (avg. 0.011%), Ba (avg. 0.073%), Th (avg. 0.003%), U (avg.
0.001%), Zr (avg. 0.029%), and Rb (avg. 0.021%) are all below 1.0%.
The Ba content ranges from 0.055% to 0.176%, making it a signifi-
cant component of the trace elements. The Ni and Sr in the sam-
ples are widely distributed, while Cu and Th exhibit a more
concentrated distribution (Fig. 3(b)).

4.3. Paleoclimate indicators

Based on paleoclimate characteristics of Kaiping Sag, we
divided the sedimentation periods into 3 stages (Fig. 6). Stage |
(55.0-51.5 Ma) is characterized by a Rb/Sr range of 0.64-4.04, with
an average of 1.14; Mg/Ca values between 0.05 and 0.76, averaging
0.32; and C values ranging from 0.59 to 1.82, with an average of
1.18. Notably, significant peaks in Rb/Sr, Mg/Ca, C value, and Fe/Ti
appear at approximately 53.2 Ma, 53.8 Ma, 54.5 Ma, and
52.5-52 Ma, indicating abrupt fluctuations in climate (Fig. 6). In
stage Il (~51.5-48.7 Ma), the Rb/Sr ratio ranges from 0.47 to 8.24,
with an average of 3.45; Mg/Ca values vary between 0.20 and 1.63,
averaging 0.83; and C values range from 0.47 to 3.33, with an
average of 2.07. Paleoclimate indicators are significantly higher
than in other stages, suggesting a prolonged warm and humid
climate during this period (Fig. 6). In stage IlI (48.5-47.5 Ma), the
paleoclimate experienced a sudden cooling, with an average Rb/Sr
ratio of 3.15, an average Mg/Ca ratio of 0.44, and an average C value
of 0.40.

4.4. Paleoenvironmental indicators

Table 1 presents the range and average values of three stages of
paleoenvironmental indicators recorded in the lower Mbr. WC Fm.
source rocks, encompassing paleo water depth, terrestrial inputs,
paleo salinity, redox condition, and paleo productivity (Table 1). In
Stage I, the paleoenvironment exhibited fluctuating changes,
characterized by a significant fluctuation in Fe/Ti ratios, Ti con-
tents, Al contents, Sr/Ba ratios, V/Cr ratios, Cog/P, Fe contents, and
P/Al ratios (Table 1). In stage II, the Fe/Ti values range from 9.10 to
20.08, averaging 14.99, indicating that paleo water depth was
markedly higher than in other stages. The characteristics of the
stage II are the Ti contents, Al contents, Sr/Ba ratios, V/Cr ratios,
Corg/P, Fe contents, and P/Al ratios reaching stability, with average
values of 0.43, 12.26, 0.13, 2.10, 1765.32, 6.43, and 0.0008, respec-
tively (Table 1). Stage Il is also characterized by a decline in lake
levels, terrestrial inputs, paleo salinity, redox conditions, and paleo
productivity as indicated by an average Fe/Ti ratio of 9.48, Ti
contents of 0.20, Al contents of 8.14, Sr/Ba ratios of 0.16, V/Cr ratios
of 2.39, Cog/P ratios of 580.27, Fe contents of 1.87, and P/Al ratios of
0.0003 (Table 1). Detailed data are available in the supplementary
materials.

4.5. Source rock evaluation

The OM abundance, type, and maturity are commonly used to
assess the quality of source rocks (Tissot and Welte, 1984). The TOC
content of 110 samples ranges from 0.50% to 12.48%, with an
average of 3.55%. The S1+ S; values range from 0.62 to 51.88 mg/g,
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Fig. 2. Interpretation cyclic stratigraphy of Well W3 gamma ray series from the Kaiping Sag. (a) 2r MTM power spectra of selected GR series is shown with background AR (1)
model, 90%, 95%, and 99% confidence levels. Robust AR (1) model and different confidence levels show significant peaks (red words), which are marked with the inverse of
frequency, E: Long eccentricity (red), e: short eccentricity (yellow), O: Obliquity (green), P: Precession (blue). The yellow and green words represent the wavelength of the long
eccentricity modulation cycle and obliquity modulation cycles recorded in the GR series, while the gray words represent the wavelength of other cycles. (b) COCO analysis: (1)
correlation coefficient, (2) null hypothesis and Hy significance level (Hp: no astronomical forcing), and (3) number of contributing astronomical parameters. The sedimentation
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depth, (1) formation, (2) GR detrended data, (3) tuned GR detrended curves, (5) filtered output, and (4) absolute time scale. The absolute time scale is anchored at 43.9 Ma (blue
line) at the top of the Lower Member of the Wenchang Formation. The 405 kyr long eccentricity filters are presented in a red (this study) and (6) green curve (La2010 model).
Earth’ s orbital parameters from 55.4 to 43.9 Ma presented in ETP format according to the La2010 model (Laskar et al., 2011).
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Table 1
Paleoenvironmental indictors of the lower Mbr. WC Fm.

Stage Environment Paleo water depth Terrestrial inputs Paleo salinity Redox condition Paleo productivity
Indictor Fe/Ti Ti Al Sr/Ba V/Cr Corg/P Fe P/Al

I Range 7.11-16.80 0.29-0.80 7.00-12.93 0.02-0.34 0.74-7.32 31.83-2137.62 3.82-9.47 0.0004-0.0130
Avg. 12.98 0.53 9.20 0.14 2.89 481.12 6.27 0.0026

11 Range 9.10-20.08 0.23-0.57 8.01-14.52 0.04-0.53 0.73-4.55 287.49-6968.85 2.06-8.41 0.0002-0.0035
Avg. 14.99 0.43 12.26 0.13 2.10 1765.32 6.43 0.0008

11 Range 8.32-10.81 0.16-0.23 7.09-9.14 0.06-0.26 1.96-2.78 435.83-691.17 1.71-2.08 0.0002-0.0004
Avg. 9.48 0.20 8.14 0.16 2.39 580.27 1.87 0.0003

with an average of 13.27 mg/g. In Stage I, the values of S;+ S, and
TOC exhibit frequent fluctuations, suggesting significant hetero-
geneity in OM abundance of source rocks (Fig. 4(a) and (b)). The
S1+Sz and TOC in Stage Il show consistently high values, whereas
in Stage III, S1+ S, and TOC are significantly lower (Fig. 4(a) and
(b)). More than 72% of the samples fall within the great-excellent
category (Fig. 4(b)). It is noteworthy that Ty« exhibits a peak near
a depth of 3850 m (Fig. 4(a)). Except for four abnormally high
values (distributed around “R, ~ 1.2%" in Fig. 4(c)), the range of
Tmax is 422-456 °C, with an average value of 446 °C. The HI values
range from 92 to 414 mg/g, with an average of 304 mg/g. The
vertical trend of the HI values is similar to S;+S, and TOC (Fig. 4
(a)). The Van diagram is a commonly used tool for distinguishing
kerogen types (Tissot and Welte, 1984; Van Krevelen, 1993). The
kerogen types of the lower Mbr. WC Fm. source rocks are classified
as Type I and Type II (Fig. 4(c)). Most samples fall within Type I,
indicating that the OM sources of the lower Mbr. WC Fm.
mudstone are primarily derived from phytoplankton and algae. All
samples exhibit a vitrinite reflectance (R,) greater than 0.5%,
indicating that they have entered the oil window (Fig. 4(c)).

5. Discussion
5.1. Age model

The selection of age anchor and the establishment of ATS are
critical for identifying thermal events and documenting associated
environmental responses. As early as the 1990s, previous studies
established a biostratigraphic framework for the Pearl River Mouth
Basin, assigning the Wenchang Formation to the Early Eocene (Hao
et al., 1996; Huang and Zhong, 1998; Huang, 1999; Agnini et al.,
2014; Qin, 2000). Subsequent research by Shao et al. (2017)
compared detrital zircon U-Pb geochronology records from ocean
drilling sites in the South China Sea with boreholes data from the
Pearl River Mouth Basin, constraining the age of the Wenchang
Formation to 65-38 Ma (Shao et al., 2017). Zhang et al. (2020)
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further refined this age to approximately 39-55 Ma by integrating
micropaleontological evidence, detrital zircon dating, and paly-
nological climate data from the Pearl River Mouth Basin, correlated
with global tectonic and climatic events (Zhang et al., 2020).
Seismic data indicate that the T83 seismic interface marks the
sequence boundary between the upper and lower Mbr. WC Fm (Shi
et al., 2020; Gao et al., 2023; Yang et al., 2023). The lower Mbr. WC
Fm. in the Kaiping Sag is predominantly composed of lacustrine
mudstone interbedded with thin sandstone and siltstone layers. In
contrast, the upper Mbr. WC Fm. exhibits coarser-grained lithol-
ogies (Xiong, 2021). By combining seismic interface of T83 with
abrupt changes in GR curves and lithological variations, the
stratigraphic boundary between the upper and lower Mbr. WC Fm.
was identified at a depth of 3368 m in well W3 (Fig. 5(a) and (b)).
This stratigraphic division is consistent with stratigraphic results
from other wells in the Pearl River Mouth Basin (Xiong et al., 2021;
Huang et al., 2023b).

The thermal history of source rocks and fission track age in-
dicates a significant increase in temperature and geothermal flow
values around 44 Ma, which corresponds closely with the
magmatic peak interval identified by Shi et al. (2020) between 43.3
and 41.1 Ma (Guo et al., 2007; Li et al., 2018b; Shi et al., 2020).
Considering the spatial heterogeneity of the sags, Shi et al. (2020)
estimated the boundary age between the upper and lower Mbr.
WC Fm. to be approximately 43 Ma, based on the sedimentation
rates (Shi et al., 2017, 2020). Previous studies have linked this
boundary age (the T83 interface at 43 Ma) to the Huizhou tectonic
Movement, based on tectonic changes in increased fault activity,
and magmatic activity (Zhang et al., 2022c; Huang et al., 2023b).
Nie et al. (2021) recalculated the main parameters of the struc-
tural subsidence in the Kaiping Sag, adjusting the previously
proposed 43 Ma for the T83 interface to 43.9 Ma. The boundary age
of 43.9 Ma is now widely accepted and applied in various studies
(Pengetal., 2023; Gao et al., 20244, 2024b; Xu et al., 2024a, 2024Db).
Furthermore, the age 0f 43.9 Ma is close to the C20n magnetochron
in GTS2020 (43.45 Ma, Dinare’s-Turell et al., 2018; Speijer et al.,
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2020). Therefore, 43.9 Ma was selected as the age anchor for as-
tronomical tuning in this study. The results show that the sedi-
mentary strata between 3368 and 4115 m span 27 long eccentricity
cycles, with the ATS ranging from 43.9 to 55.4 Ma (Fig. 2(d)). The
established ATS falls within the previously calculated range of 56.5
to 43.9 Ma (Gao et al.,, 20244, 2024b; Xu et al., 2024a), confirming
the validity of the astronomical analysis in this study.

5.2. Records of Early Eocene Climate Optimum (EECO)

5.2.1. Regional availability of indicators

In lacustrine sediments, Rb and Sr originate from two sources:
one is the rock fragments (parent rock) transported and deposited
through physical weathering, while the other is dissolved mate-
rials brought in through chemical weathering, which often pre-
cipitates in carbonate forms (Zeng et al., 2011). To accurately
interpret the Rb and Sr content, it is crucial to exclude the influ-
ence of carbonate minerals, as they can distort the elemental data
(Wei and Algeo, 2019; Li et al., 2020). This study establishes a
relationship between the Rb/Sr ratio and Ca content to assess the
validity of using the Rb/Sr ratio as a paleoclimate indicator (Fig. 6
(a)). The analysis shows that when the Ca content is below 0.5%,
there is no correlation between the Rb/Sr ratio and Ca content.
However, when the Ca content exceeds 0.5%, the linear relation-
ship between Rb/Sr and Ca becomes weak, with an R? value of 0.05
(Fig. 6(a)). This indicates that in the Kaiping Sag, the Rb/Sr ratio is
not influenced by carbonate rocks, making it a reliable indicator for
paleoclimate reconstruction. Similarly, the Sr/Ba ratio is important
to account for the influence of carbonates (Ca, %) on Sr contents.
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The correlation between Sr/Ba and Ca content (R?> = 0.03 when Ca>
0.5%) indicates that the Sr/Ba remains a valid indicator for paleo
salinity (Fig. 6(b)). Thus, both the Rb/Sr and Sr/Ba ratios can be
used effectively to reconstruct past climatic and environmental
conditions in the Kaiping Sag.

5.2.2. Identification of EECO

Global Eocene strata (52-48 Ma) document significant climatic
events, including the PETM (~56 Ma) (Mclnerney and Wing, 2011),
ETM 2 (~54.5 Ma) and ETM3 (~53.2 Ma) (Li et al., 2022a), and the
EECO (52-49 Ma) (Srivastava et al., 2020). The ATS (55.4-43.9Ma)
of lower Mbr. WC Fm. in the Kaiping Sag spans the early Eocene,
including the ETM and EECO. The ETM is characterized by rapid
atmospheric temperature increases of approximately 3-5 °C and
carbon isotopic excursions ranging from approximately 1%o—6%o,
reflecting substantial perturbations to the global carbon cycle
(Zachos et al., 2001, 2008). In contrast, the EECO represents a
prolonged interval of peak global warmth, marked by sustained
high temperatures and negative oxygen isotopic excursions
occurring at 52-49 Ma (Zachos et al., 2001, 2008; Crouch et al.,
2020; Srivastava et al., 2020). After the EECO, the Earth experi-
enced a gradual transition into a prolonged cooling trend, which
persisted through the mid-late Eocene (Zachos et al., 2001, 2008;
Katz et al., 2008; Bijl et al., 2010). The continuous sedimentary
record preserved in the Kaiping Sag offers a valuable opportunity
to investigate terrestrial responses to these global climatic events
during the Early Eocene.

Marine oxygen and carbon isotope variations have long been
utilized as a global reference framework for identifying climate
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events preserved in sedimentary records. In this study, we use the
oxygen and carbon isotope dataset from deep-sea benthic fora-
minifera spanning the past 66 Ma, compiled by Westerhold et al.
(2020), to correlate global climate fluctuations with terrestrial
records from the Kaiping Sag. Previous studies have shown that
the deposition of organic-rich rocks often temporally coincides
with thermal events (e. g. Schaefer et al., 2022), suggesting a
strong link between climate perturbations and terrestrial sedi-
mentation processes.
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In Stage I, the Kaiping Sag experienced three distinct transient
warming episodes at ~54.5 Ma, ~53.8 Ma, and ~53.2 Ma. These
intervals are marked by peaks in climate-sensitive geochemical
proxies, including Rb/Sr, Mg/Ca, and C values, along with the
deposition of organic-rich sediments. These warming intervals
correspond to globally recognized events: ETM2, ], and ETM3
events, respectively, and are further supported by coeval carbon
and oxygen isotopes excursions in marine strata (Sluijs et al., 2009;
Stap et al.,, 2010; Li et al., 2022b). Between 52.5 and 52 Ma, short-
term isotope excursions (~0.5 Myr) in the lower Mbr WC Fm.
coincide with TOC enrichment, suggesting another warming in-
terval. From ~51.5 to 48.7 Ma, benthic foraminiferal oxygen iso-
topic excursions of approximately 1% (Fig. 7) indicate a
temperature increase of about 4 °C, during which approximately
200 m of continuous organic-rich mudstone and shale (TOC> 2.5%)
accumulated in the Kaiping Sag. This period shows significant
negative oxygen isotope excursions and positive carbon isotope
excursions (Fig. 7(a)-(c)), indicating sustained warm conditions.
This warming interval in Stage II corresponds to the EECO event.
However, the terrestrial record from the Kaiping Sag shows an
earlier onset and longer duration of warming (~52.5-48.7 Ma) than
that inferred from marine records (~52-49 Ma) (Zachos et al.,
2008; Srivastava et al., 2020). This earlier and more prolonged
warming in terrestrial strata suggests a heightened sensitivity of
continental environments to global climate forcing (Li et al., 2022a,
2022b; Wu et al., 2025a). The period from 52.5 to 52 Ma is defined
in this study as the Sub-EECO, a prelude to the EECO warming. The
geochemical evidence for warming (Rb/Sr, Mg/Ca, C values),
elevated TOC content, and Fe/Ti ratios also indicate increased
precipitation and lake-level rise (Fig. 7(e)), consistent with sea-
level trends observed during the EECO and with records from
other basins such as the Bohai Bay Basin during the MECO (Shi
et al,, 2019; Wu et al., 2025a).

Furthermore, astronomical modulation appears to play a
crucial role in driving these climate perturbations (Huang et al.,
2014; Wang et al.,, 2020). In the GR log of Well W3, spanning
43.9-55.4 Ma, we identify a long eccentricity modulation cycle of
2.4 Ma and a long obliquity modulation cycle of 1.2 Ma (Fig. 2(c)).
The minima of these two modulation cycles coincide temporally
with the minimum of the 405 kyr eccentricity (Fig. 7(d)), forming a
convergence of orbital minima known to be associated with major
climate disruptions, such as the Cretaceous Oceanic Anoxic Events
(OAEs) and the middle Miocene global cooling (Abels et al., 2005;
Mitchell et al., 2008).

Although the warming onset indicated by geochemical proxies
slightly lags behind the astronomically defined start of the EECO,
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Fig. 6. Identification of the effectiveness of Sr elements for paleo climate and paleo salinity reconstruction. (a) The Rb/Sr vs. Ca plot showed that the paleoclimate of 110 samples is
not affected by carbonate rocks. (b) The Sr/Ba vs. Ca plot showed that the paleo salinity of 110 samples is not affected by carbonate rocks.
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the synchronicity of organic-rich sediment deposition, isotopic
signals, and evidence of terrestrial environmental response justify
defining the EECO interval in the Kaiping Sag as 51.5-48.7 Ma.
Additionally, the alignment of ETM event ages with sedimentary
and isotopic markers further supports the robustness of the
terrestrial geological record as a high-resolution archive of global
climatic events.

Although the warming onset indicated by geochemical proxies
slightly lags behind the start of the EECO we have defined, the
synchronicity of organic-rich rock deposition, isotopic signals, the
evidence of terrestrial environmental response, and astronomical
signals justify defining the EECO interval as 51.5 to 48.7 Ma in the
kaiping Sag. In addition, the alignment of ETM events ages with
sedimentary and isotopic signals further confirm the reliability of
the geological record associated with the EECO.

5.3. Paleoenvironmental response of EECO

The thermal events during the Early Eocene, particularly the
EECO, led to significant changes in the sedimentary and biogeo-
chemical characteristics of the Kaiping Sag, providing insights into
the paleoclimate, lake conditions, and biological activity during
this period (Liu et al., 2017). By comparing the paleoenvironmental
response before, during, and after the EECO, several key aspects of
climate and ecosystem changes can be observed (Figs. 6 and 7).

Before the EECO event (Sub-EECO: ~52.5-52 Ma), the climate
exhibited a pre-warming stage (Figs. 7 and 11(a)), with transient
increases in Rb/Sr, Mg/Ca, and C values (Fig. 7(e)). This period also

witnessed positive feedbacks in the Mn/Ti ratios, which indicate
rising lake levels (Fig. 7(f)). This short-term climate warming
resulted in enhanced weathering and increased terrestrial input
(Fig. 8(c)), contributing nutrients and influencing the Ilake's
ecological dynamics. Paleo salinity, paleo-redox conditions, and
paleo productivity exhibited positive feedback (Fig. 8(d)-(f)),
characterized by increases in Sr/Ba, Corg/P, Fe, and P/Al along with
a decrease in V/Cr. This stage was characterized by high OM
abundance (TOC: average 4.43%), primarily from algae and
phytoplankton (HI: average 345 mg/g) (Fig. 8(a) and (b)), sug-
gesting that the increased biological activity was linked to the
higher nutrient availability from terrestrial inputs.

During the EECO, the Kaiping Sag experienced a warm and
humid climate, with high lake levels (Fig. 7), as indicated by the
consistent patterns of increased Rb/Sr, Mg/Ca, C values, and Mn/Ti
ratios. The warming is further supported by a low-latitude
mechanism involving obliquity-driven changes in the cross-
equatorial insolation meridional temperature gradient (Bosmans
et al., 2015). These changes would have influenced rainfall, conti-
nental weathering rates, and surface runoff, which contributed to
the enrichment of nutrients in the lake (Li et al., 2016; Srivastava
et al, 2023; Liu et al, 2024b). The lake during this period
remained freshwater, with Sr/Ba values consistently below 0.6
(Fig. 8(d)). As the climate warmed and precipitation increased, the
lake's salinity remained stable (Sr/Ba around 0.09), likely facili-
tating OM accumulation in a more tranquil environment. During
the EECO, the long-term decrease in V/Cr and the sustained in-
crease in Corg/P indicate that the Kaiping Sag experienced anoxia
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Fig. 8. Paleoenvironmental evolution profile recorded in the lower Mbr. WC Fm., Kaiping Sag, before, during, and after the EECO. (a) OM abundance in mudstone (TOC). (b) OM
types in mudstone, including HI content and results from Van's classification. (c) Early Eocene terrestrial input reconstructed from Ti and Al contents. (d) Early Eocene paleo
salinity reconstructed from Sr/Ba ratios. (e) Early Eocene redox conditions reconstructed from V/Cr and Co/P ratios. (f) Early Eocene paleo productivity reconstructed from Fe and
P/Al ratios. Arrows at the bottom of the evolution profile indicate the paleoenvironmental significance of each indicator. Shadings of yellow, red, and green represent the
environmental evolution before (Sub-EECO), during (EECO), and after the EECO (Post-EECO), respectively.

water condition (Fig. 8(e)). This, in turn, fostered the growth of
aquatic organisms, including algae and phytoplankton, as reflected
by the elevated HI and consistent presence of Type I kerogen (Fig. 8
(b)). Elevated paleo productivity (Fig. 8(f)) further supporting the
idea that phytoplankton and algae blooms were linked to
increased terrestrial nutrient input.

After the EECO (Post-EECO: ~48.7-47.5 Ma), the climate un-
derwent a rapid cooling and a declined lake level, marked by a
decline in Rb/Sr, Mg/Ca, C value, and Fe/Ti (Figs. (7) and 11(b)). The
cooling trend is corresponding to positive oxygen isotopic excur-
sions of benthic foraminifera (Fig. 7(e)). The reduction in Ti and Al
contents indicates a decrease in terrestrial input (Fig. 8(c)),
possibly as a result of diminished precipitation and runoff. The
redox conditions during the post-EECO became more oxidized, as
indicated by the increase in V/Cr and Cog/P ratios, suggesting less
anoxic conditions compared to the EECO (Fig. 8(e)). The decrease
in productivity is further supported by lower Fe content, P/Al ratio,
TOC, and HI (Fig. 8), indicating that the lake nutrient pool was
depleted, resulting in reduced organic matter accumulation. This
indicates that the paleoenvironment in the Kaiping Sag had shifted
toward a more nutrient-poor state following the EECO, marking
the onset of cooler and less biologically productive conditions.

5.4. OM enrichment mechanism during the EECO

5.4.1. Assess the key factors controlling OM enrichment
Previous studies have demonstrated that the degree of OM
enrichment is primarily controlled by the redox conditions and
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paleo productivity (Demaison and Moore, 1980; Parrish, 1995;
Ingall and Jahnke, 1997; Algeo and Tribovillard, 2009). To iden-
tify the key factors controlling OM enrichment in the Kaiping Sag
during the EECO, we conducted a correlation analysis of 110
samples, focusing on paleoclimate, paleo water depth, terrestrial
input, OM sources, redox conditions, paleo productivity, and TOC
content. Our results show that the average TOC content during the
EECO was 4.68%, significantly higher than the overall average of
3.55% across 110 samples (Fig. 9). This period coincided with the
warmest climate conditions (Fig. 7). As the C value increased, TOC
content showed a logarithmic growth trend (Fig. 9(a)). The rela-
tionship between TOC and paleo water depth, as well as redox
conditions, exhibited exponential growth (Fig. 9), suggesting that
elevated lake levels and anoxia environments facilitated OM
preservation, with enrichment reaching its peak during the EECO.
Previous studies indicate that increased terrestrial input can
enhance water flow rates, promoting rapid OM deposition. How-
ever, when sedimentation rates exceed a certain threshold,
excessive terrestrial inputs may dilute the OM concentration. Our
findings show that TOC content increase with rising terrestrial
input, a peak, and then declines, a trend also observed in other
terrestrial basins, such as the Bohai Bay Basin (Hu et al., 2021; Wu
et al., 2024). The point at which TOC content begins to decline
represents the threshold of maximum OM enrichment, which is
influenced by lacustrine conditions. In the Kaiping Sag, TOC con-
tents rise and fall with increasing terrestrial input, reaching a peak
at an Al content of 4.45% (Fig. 9(c)). A positive correlation between
TOC and HI (Fig. 9(d)) indicates that OM type is a key indicator of
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Fig. 9. Controlling factors analysis of OM enrichment. (a)paleo climate vs. TOC. (b) paleo water depth vs. TOC. (c) terrestrial input vs. TOC. (d) kerogen types vs. TOC. (e) redox
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ancient environments, respectively.

OM enrichment. During the EECO, increased paleo productivity,
reflected by elevated Fe contents, accelerated OM accumulation of
the lake (Fig. 9(f)).

To quantitatively assess the key factors controlling OM
enrichment, we removed extreme outliers from the original 110
datasets using Z-scores, resulting in a refined dataset of 97 sam-
ples for Pearson correlation analysis (Fig. 10). Given the nonlinear
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Fig. 10. The Pearson correlation coefficient analysis illustrates the correlations among
TOC, HI, paleoclimate, paleo water depth, terrestrial input, paleo salinity, redox con-
ditions, and productivity in the Kaiping Sag, with the numerical values representing
the correlation coefficients (r). Pink cycles indicate positive correlations, while green
cycles indicate negative correlations. The size and brightness of the circles reflect the
strength of the correlations: larger and more vibrant circles indicate stronger re-
lationships among the variables. No Pearson correlation analysis was performed be-
tween TOC and terrestrial input.

relationship between TOC and terrestrial input (Fig. 9(c)), terres-
trial input was excluded as a factor influencing TOC content in the
correlation analysis. The Pearson correlation results show that TOC
content is strongly correlated with OM source and paleo produc-
tivity, each with a correlation coefficient of 0.60 (Fig. 10). Notably,
the correlation between terrestrial input and paleo productivity is
0.79, confirming that terrestrial input is a key nutrients sources in
the lake (Fig. 10). The correlation between terrestrial input and
redox conditions is weak (r = —0.02), suggesting that the impact of
terrestrial input on OM enrichment outweighs any dilution effects.
The Pearson correlation coefficients for TOC with redox conditions,
paleoclimate, and paleo water depth are 0.59, 0.58, and 0.58,
respectively (Fig. 10). This indicates that OM enrichment and
preservation occur under warm, humid climates, anoxia water
conditions, and high productivity lakes environments (Fig. 7(e), 8
(e) and 8(f)). The lower Mbr. WC Fm., deposited in freshwater
environments, shows minimal impact from paleo salinity fluctu-
ations on TOC content (r=0.04). Additionally, the correlation co-
efficients for OM types with paleo water depth (0.65), paleo
productivity with paleoclimate (0.66), and paleo productivity with
paleo water depth (0.61) all exceed 0.6, indicating that changes in
paleoclimate and paleo water depth during the EECO had a posi-
tive feedback mechanism on OM sources and paleo productivity.

5.4.2. EECO drove the OM enrichment

The EECO represents the peak of the early Paleogene green-
house climate (Bornemann et al., 2016). Paleotemperature during
this period was approximately 2.6-8.9 °C higher than present (Li
et al.,, 2022) and elevated sea surface temperature around 37 °C
across the entire succession (Schaefer et al., 2022). The duration
and intensity of environmental response during the EECO were the
most extreme since the Eocene, leading to the continuous depo-
sition of 200-m-thick organic-rich mudstone, with TOC exceeding
4.0% and type I kerogen (Fig. 9). Notable examples include the oil
shale of the Green River Formation in the Green River Basin
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(Bradley et al., 1969; Hyland et al., 2013), the black carbonaceous
mudstones of the Guchengzi Fm. in the Fushun Basin (Li et al,,
2022a, 2022b), the organic-rich mudstones of the Liushagang
Fm. in the Beibuwan Basin (Wei et al., 2023), and the shales of the
Shahejie Fm in the Bohai Bay Basin (Wu et al., 2023), all of which
were deposited during the EECO.

Before the EECO event, the Kaiping Sag underwent a pre-
warming stage marked by climate changes similar to those of
the EECO, though with weaker environmental response and
shorter duration. As a result, the mudstones deposited during this

Petroleum Science 22 (2025) 4394-4411

period were thinner and less organic-rich than those deposited
during the EECO.

The environmental response during the EECO is thought to
have primarily controlled OM enrichment by influencing paleo
productivity and preservation conditions in the lakes. Temperature
rises during the EECO are believed to be closely linked to rapid
increases in atmospheric CO; levels (Royer et al., 2001; Hyland and
Sheldon, 2013; Cui and Schubert, 2016; Hyland et al., 2018). The
rapid eruption of the Linzizong volcanic rocks across the Tibetan
Plateau and potentially extending into Southeast Asia released
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Fig. 11. OM enrichment models during the EECO. (a) Before the EECO, the Early Eocene Wenchang Formation recorded a pre-warming event characterized by climate changes
similar to the EECO, but with a lower degree of environmental response and shorter duration. (b) During the EECO, the lake environment experienced a warm and humid climate,
high lake level, high terrestrial input, anoxia conditions, and elevated productivity, ultimately reflected in increased OM burial and high TOC. (c) The climate changes and
environmental responses after the EECO were opposite to those during the EECO, ultimately resulting in nutrient depletion in the lakes.
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amounts of CO,, which may have driven the EECO (Zhang et al.,
2022b, 2023). Although the role of CO, may vary across oceanic,
mid-to high-latitude, and low latitude regions, the overall rise in
global atmospheric pCO-, levels during the EECO is clear. We focus
here on the commonalities associated with this increase. Pedias-
trum, a type of planktonic algae, is the primary OM source for the
organic-rich mudstones in the Kaiping Sag (Xiong et al., 2021; He
et al,, 2024) and its highly sensitive to atmospheric CO; levels. As
pCO, increased, the rate of algal photosynthesis was enhanced,
leading to elevated organic productivity within the lake systems
during the EECO (Fig. 11(b), Falkowski, 2012). This increase in
productivity is synchronous with the most significant biological
changes observed in the southwestern Pacific, including increased
diversity of calcareous nannofossils, the highest abundance of
warm-water taxa and planktic foraminifera, and a long-term shift
toward more abundant and diverse angiosperm vegetation
(Crouch et al., 2020). Furthermore, Tanaka et al. (2022) reported
early Eocene marine Os isotope records of thermal events at Ocean
Drilling Program Site 752 in the southern Indian Ocean, showing
that continental silicate weathering intensified during this period
(Yarincik et al., 2000; Tanaka et al., 2022). The intensified weath-
ering contributed to higher terrestrial input into lakes (Fig. 11(b)).
On one hand, weathering of nutrients-rich proximal source areas
promoted lake productivity. On the other hand, increased conti-
nental runoff and terrestrial inputs led to stratified water columns
and bottom-water anoxia (Li et al., 2016; Liu et al., 2024b),
providing favorable conditions for OM preservation (Fig. 11(b)).
Moreover, elevated lake levels resulted in the stagnation of bottom
waters, creating abundant habitats for algae and facilitating the
formation and preservation of OM (e.g., Sames et al., 2020; Liu
et al.,, 2024b). Hence, the warm climate and elevated pCO, were
key factors contributing to the high quality of lacustrine source
rocks in the Kaiping Sag during the EECO.

The post-EECO cooling is often attributed to a decline in at-
mospheric pCO; levels (Fig. 11(c), Pearson and Palmer, 2000;
Demicco et al.,, 2003; Pagani et al.,, 2005; Zachos et al., 2008;
Bornemann et al., 2016). During this period, the environmental
response in the Kaiping Sag was the opposite of that during the
EECO, leading to nutrient depletion in the lake and almost no
deposition of organic-rich rocks.

6. Conclusions

At approximately 52.5-52 Ma (Sub-EECO) and 51.5-48.7 Ma
(EECO), the lower Mbr. WC Fm. recorded two intervals of sustained
warming, marked by fluctuations in climate indicators and the
deposition of organic-rich mudstone. This evidence suggests that
the Wenchang formation experienced warming before the EECO,
underscoring the sensitivity of terrestrial records.

During the EECO, the Kaiping Sag experienced a warm and
humid climate, high lake levels, increased terrestrial input, anoxia
conditions, and elevated productivity. While the environmental
responses during the sub-EECO were similar to those of the EECO,
there were of lower intensity and shorter duration. In contrast, the
post-EECO period exhibited climatic and environmental responses
opposite to those of the EECO.

The EECO event drove OM enrichment by influencing the lake
paleo-productivity and preservation conditions. The global in-
crease in productivity was synchronized, driven by rising atmo-
spheric pCO, levels that enhanced algal photosynthesis. Increased
terrestrial inputs and elevated lake levels caused the stagnation of
bottom waters, creating favorable conditions for OM formation
and preservation.
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