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ARTICLE INFO ABSTRACT

Editor: Howard Falcon-Lang A rapid warming event known as the pre-onset excursion (POE) occurred prior to the Paleocene-Eocene Thermal
Maximum (PETM). It is less well studied compared to the PETM due to the limited number of well-resolved
records globally despite its importance in shaping the subsequent PETM. Shallow marine environments,
particularly in low latitudes, are insufficiently documented despite their significant influence on heat and
moisture distribution. Here we report high temporal resolution geochemical and magnetic susceptibility records
from a well-preserved shallow marine Kuzigongsu section in the Tarim Basin in China to reconstruct the pale-
oenvironment of the eastern Tethys during the POE. Changes in chemical weathering proxies (e.g., chemical
index of alteration [CIA] and Rb/Sr) suggest chemical weathering intensification occurred after the POE. Higher
enrichment factors of P, Ba, Ni, and Cu support increased primary productivity due to enhanced river runoff and
nutrient input, which aligns with the observed rise in magnetic susceptibility. Concurrently, the eastern Tethys
experienced bottom water deoxygenation, which is supported by redox-sensitive proxies (e.g, elevated enrich-
ment factors of U and V, and low Mn* values). Increased 615NOrg values provide additional evidence of enhanced
reduction processes due to increased productivity, attributed to enhanced denitrification and °N enrichment in
seawater’s NO3 reservoir. The carbon isotope excursion during the POE recovers significantly faster than that
during the PETM yet coincides with lingering environmental impacts that are also globally reported for the
PETM. These paleoenvironmental proxies reflect notable changes in chemical weathering, ocean productivity,
and redox conditions of the eastern Tethys region, potentially setting the stage for the anomalously impactful
PETM.
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(NAIP) (Jones et al., 2019) and methane release (Babila et al., 2022;
Bowen et al., 2015). Compared to the ~5 to 10 °C global warming

1. Introduction

The Paleocene-Eocene Thermal Maximum (PETM; ~56 Ma) was
preceded by a rapid precursory sub-Milankovitch global warming event
recognized as the pre-onset excursion (POE) (Babila et al., 2022). The
POE is characterized by a small yet significant carbon isotope excursion
(CIE) of ~2 to 3%o (Babila et al., 2022; Bowen et al., 2015; Doubrawa
et al., 2022; Sluijs et al., 2007), which is smaller than that of the PETM
(~ 3 to 6%o; Mclnerney and Wing, 2011). The driver of the POE remains
debated, but possible 13C-depleted carbon sources include volcanic CO,
emissions from the emplacement of the North Atlantic Igneous Province
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during the PETM (Frieling et al., 2017; Stokke et al., 2020), the
increased temperature during the POE was relatively smaller, ranging
from ~2 to 5 °C (Babila et al., 2022; Doubrawa et al., 2022). Addi-
tionally, the duration of the POE may have spanned a few hundred years
to millennia (Babila et al., 2022; Bowen et al., 2015; Doubrawa et al.,
2022), shorter than the PETM, which lasted approximately 150 to 220
kyr (Aziz et al., 2008; Westerhold et al., 2018; Zachos et al., 2005).
Extreme global warming during the PETM resulted in significant envi-
ronmental changes, including intensified tropical cyclones (Kiehl et al.,
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2021; Rush et al., 2021), enhanced hydrological cycles and weathering
(Carmichael et al., 2018; Chen et al., 2023), sea level rise (Jiang et al.,
2023; Sluijs et al., 2014), ocean acidification (Babila et al., 2016;
Penman et al., 2014), ocean deoxygenation (Clarkson et al., 2021;
Stramma et al., 2008), and changes in ocean circulation (Nunes and
Norris, 2006). However, the understanding of the environmental
response to the POE remains limited due to the lack of well-preserved
POE records in the deep sea. Existing studies suggest that the POE was
associated with ocean acidification, reflected by a negative shift in 5!'B
values of benthic foraminifera (Babila et al., 2022). The POE may be a
useful analogue for the ongoing anthropogenic carbon emissions due to
its relatively small carbon release within a shorter amount of time
(Babila et al., 2022).

Calcareous mudstones of the latest Paleocene in the western Tarim
Basin of the eastern Tethys provide an archive of the global impact of the
POE (Fig. 1; Wang et al., 2022; Wu et al., 2024). Here we present a
comprehensive record of major and trace elements, nitrogen isotopes of
bulk organic matter (SlsNorg), and magnetic susceptibility (y) from the
latest Paleocene strata of the Kuzigongsu section in the Tarim Basin,
northwestern China. Our dataset facilitates the reconstruction of envi-
ronmental dynamics of the eastern Tethys during the POE, including
assessments of sediment provenance, chemical weathering, marine pri-
mary productivity, and redox conditions.

2. Geological settings
2.1. Regional geological background

Located within the Xinjiang Uygur Autonomous Region in north-
western China, the Tarim Basin represents the country’s largest inland
basin spanning 563,000 km?. The Tarim Basin is enclosed by the Kunlun
and Altun Mountains to the south, the Tian Shan Mountains to the north,
and the Taklamakan Desert in the middle. Since the late Early Creta-
ceous (i.e., the Cenomanian), seawater from the eastern Tethys Ocean
infiltrated eastward through narrow passageways between the Tianshan
and Kunlun Ranges, resulting in the formation of the Tarim Sea (Fig. 1B)
(Bosboom et al., 2011; Xi et al., 2016; Zhang et al., 2018). Notably, the
Tarim Sea underwent five significant transgressions up to the end of the
Paleogene, in which the sedimentary deposits extending from the Late
Paleocene to Early Eocene signify the third transgressive phase (Jiang
et al., 2023; Kaya et al., 2019).

The Kuzigongsu section (39°45'10” N, 75°17'29" E) of this study is
located in the Wugqia County within the southwestern region of the
Tarim Basin. During the Late Paleocene to Early Eocene period, this area
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was a semi-restricted epicontinental seaway connected to the Tethys
Ocean (Cao et al., 2018; Zhang et al., 2018) (Fig. 1B). The sedimentary
environment during this period manifested as a marine carbonate ramp
characterized by shallow water depths (Jiang et al., 2023; Kaya et al.,
2019). The strata of the Kuzigongsu section consists of the Altash For-
mation and the Lower Qimugen Formation. The Altash Formation pre-
dominantly consists of thick layers of gypsum interspersed with
dolomitic limestone beds, indicative of a sabkha sedimentary environ-
ment. The overlying Lower Qimugen Formation in conformable contact
with the Altash Formation extends from the latest Paleocene to the early
Eocene (Fig. 2). It comprises gray wackestone (0-9.1 m, 36.8-41.2 m,
and 44.6-47.1 m), bivalve-rich bioclastic limestone (29.8-31.2 m) and
gray-greenish calcareous mudstone (9.1-29.8 m, 31.2-36.8 m, and
41.2-44.6 m) (Jiang et al., 2023; Li et al., 2021; Zhang et al., 2018). The
basal part of the Lower Qimugen Formation (0-19.9 m) was deposited in
tidal to lagoonal environments influenced by terrigenous supply. During
the PETM onset, the sedimentary environment transitioned to middle
ramp settings due to rapid transgression, then progressed into outer
ramp environments during the main PETM phase (Jiang et al., 2023).
Since the sedimentary records of the PETM (19.9-30.5 m) have been
reported elsewhere (Wang et al., 2022; Wu et al., 2024), we focus on the
stratigraphic record below the PETM strata that preserves the POE,
which is mainly composed of gray wackestone (0-9.1 m) and gray-
greenish calcareous mudstone (9.1-19.9 m) in the Kuzigongsu section
(Fig. 2).

2.2. Stable carbon isotope stratigraphy

The occurrence of the POE in the study section is grounded by the
concurrent negative excursions in 613C0rg and 613Ccarb (Wang et al.,
2022; Wu et al., 2024). The shallow marine Kuzigongsu section docu-
ments a continuous sedimentary record with moderately high sedi-
mentation rates (~ 6.5 cm kyr’l; Wu et al., 2024) (Fig. 2). The
depositional age of the studied interval is considered to be within the
NP9a nannofossil zone of the Late Paleocene Thanetian period, evi-
denced by the detailed calcareous nannofossil biostratigraphy (Wang
et al., 2022). In the study interval, the 8'3Cearp and 613C0rg values range
from —1.6 to 3.1%o and from —27.1 to —24.1%., respectively (Table S1).
The magnitudes of concurrent negative excursions of 8'3Cearp, and
613C0rg are ~ 2.0%o and 2.6%o, respectively, followed by a rapid recov-
ery, which allows for the identification of the POE. The stratigraphic
record can be divided into pre-POE (0-10.4 m), POE (10.4-11.4 m) and
post-POE (11.4-19.9 m) intervals based on the negative excursion of
carbon isotopes (Fig. 2). Furthermore, the observed negative excursion

Late Paleocene

Fig. 1. A) Global paleogeography and the study location in the Late Paleocene (after Scotese, 2014); Solid white circles represent other shallow water POE records in
the Maryland and New Jersey Coastal Plains regions in the United States (Babila et al., 2022; Doubrawa et al., 2022; Sluijs et al., 2007), the North Sea Basin (Kender
et al., 2012), the Pyrenean foreland basins (Tremblin et al., 2022), the Tasman Sea (Elling et al., 2019), and the Bighorn Basin in Wyoming, United States (Bowen
et al., 2015). B) Paleogeographic setting of the Tarim Basin and the study location shown by the large red star (after Wu et al., 2024). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Geochemical records of the study site across the POE based on prior studies and new data. The gray shaded area shows the POE interval (10.4-11.4 m).
8'3Cearp and 880y, records are from Wang et al. (2022). The 515NOrg and magnetic susceptibility (y) data are from this study.

in 8'%0cab (~ —2.3%0) indicate surface ocean temperature rise, sup-
ported by the elevated Mg/Ca ratios of foraminifera observed in the
Atlantic coastal plains (Babila et al., 2022).

3. Methods
3.1. Major and trace element geochemistry

A total of 96 calcareous mudstone samples were collected at an
average interval of 10 cm from 9.1 to 19.8 m within the Lower Qimugen
Formation in the Kuzigongsu section (Table S1). Major, trace and rare
earth element data and related analytical procedures have been reported
in Wu et al. (2024), which focused on the interpretation of paleoenvir-
onmental changes during the PETM. Here, we aim to provide a detailed
paleoenvironmental reconstruction of the POE using the elemental
dataset from Wu et al. (2024) that includes chemical weathering, sedi-
ment provenance, and nutrient and redox conditions of the eastern
Tethys.

Various chemical weathering proxies were calculated via molar
proportions of major oxides to reconstruct the chemical weathering in-
tensity. The most extensively used chemical weathering proxy, the
Chemical Index of Alteration (CIA), was calculated from the equation
CIA = [Al;03/(Al;03 + CaO* + Nay0 + K30)] x 100, which quantifies
the degree of feldspar transformation to clay minerals during chemical
weathering (Nesbitt and Young, 1982). It is important to note that the
CaO* reflects only Ca in the silicate fraction, not the carbonate or apatite
fraction of the rock, and is calculated as CaO* = Minimum(CaO — P05
x 10/3, NagO) (McLennan, 1993; Panahi et al., 2000). To assess the
degree of plagioclase weathering, the Plagioclase Index of Alteration
was calculated with the equation PIA = [(Al;O3 - K20)/(Al,03 + CaO*
+ Nay0 - K20)] x 100) (Fedo et al., 1995). Other chemical weathering
proxies include the Chemical Index of Weathering (CIW = [Al;03/
(Al,03 + CaO* + Nas0)] x 100; Harnois, 1988), modified Chemical
Index of Alteration (CIX = [Al;03/(Al,03 + NayO + Ky0)] x 100;
Garzanti et al., 2014), and Weathering Index of Parker (WIP = [2Nay0/
0.35 + Mg0/0.9 + 2K50/0.25 + Ca0*/0.7] x 100; Parker, 1970).
Enrichment factors (EF) were calculated for trace elements with the
equation Xgp = [(X/Al) sample /(X/Alayerage shate] (Tribovillard et al.,
2006), where X represents the measured concentration of the element in
this study and the reported concentration of the element in the average
shale from Wedepohl (1991). The concentrations of rare earth elements
(REEs) were normalized to the Post-Archean Australian Shale (PAAS;
Pourmand et al., 2012) to eliminate the odd-even effect. Because these
proxies are most useful for mudstone, our interpretation is focused on
the interval of calcareous mudstones (9.1-19.9 m) with low carbonate
content (< 25 wt.%).

3.2. Magnetic susceptibility

Rock chips were analyzed for bulk mass-normalized magnetic sus-
ceptibility (y) using an MFK2-FA Kappabridge at Montclair State Uni-
versity. Chips were selected with a minimum mass requirement of 1 g.
Measurements were made at room temperature with an applied field
amplitude of 200 A/m and frequency of 976 Hz. Each measurement is
corrected for the contribution of the plastic sample holder. Each sample
was measured three times, with the average value normalized by mass to
obtain y in units of m> kg™!. Relative standard deviations between the
three replicates were generally <0.5%.

3.3. Nitrogen isotopes

44 homogenized bulk sediments were analyzed for nitrogen isotopes
at Montclair State University using a Thermo Scientific™ EA IsoLink™
coupled to a Delta Advantage Isotope Ratio Mass Spectrometer (IRMS).
~20 mg pre-weighed samples were wrapped in tin boats and loaded
into the sample carousel for isotope analysis. Samples were combusted
with excess oxygen at 1008 °C in the oxidation reactor, which was filled
with chromium (III) oxide and silver-plated cobalt oxide to ensure
complete oxidation. The produced N5 gas was subsequently introduced
into the mass spectrometer and analyzed for its °N/*N ratio. Reference
gases were calibrated relative to standards IAEA-N1, -N2, and -N3 and
in-house standards (B2151-high organic content sediment, B2153-low
organic content soil, B2155-protein, B2157-wheat flour, and B2159-
sorghum flour). Data were calibrated with USGS65 (Glycine) and
USGS61 (Caffeine) and reported using delta notation relative to atmo-
spheric N3 in per mil (615N0rg; %o) with a standard precision of +0.2%o.

4. Results
4.1. Geochemical proxies based on major and trace element geochemistry

Calcareous mudstones samples are mainly composed of SiO,
(55.7%-68.7%), Al,03 (14.9%-17.5%), CaO (1.1%-12.5%), MgO
(2.3%-5.7%), K20 (3.6%-8.7%), Nas0 (0.7%-2.0%), and Fe,03 (4.8%—
6.5%), with low content of P;05 (<1.9%), TiO; (<0.9%), and MnO
(<0.07%). Specifically, the wt% of most oxides fluctuate within narrow
ranges between 9.1 and 14 m and 17.4 and 19.9 m (Table S1). The wt%
of NayO, FeoO3, MnO, and TiO, increase abruptly and then remains
stable between 14 and 17.4 m (Table S1), which may be the result of
increased sediment grain size (Jiang et al., 2023). The weathering
proxies CIA, CIW, CIX and PIA exhibit similar trends, with a small
decreasing trend between 9.1 and 12.2 m, a slight increasing trend be-
tween 12.2 and 14 m and relatively low yet stable values between 14
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and 17.4 m (Fig. 6).

The utilization of trace element enrichment factors (Xgg) allows for
the discernment of changes in terrigenous sediment provenance (e.g,
Tigp, Zrgr, Scgp), primary productivity (e.g., Pgr, Bagr, Nigp, Cugr) and
redox conditions (e.g., Ugp, Vgp) (Tribovillard et al., 2006). The Tigg,
Zrgr, and Scgr values are relatively stable (Fig. 4), with an average of 1.1,
1.2 and 1.0 respectively. Both Tigr and Zrgp values display a small in-
crease between 14 and 17.4 m, averaging 1.2 and 1.4 respectively. All
mudstone samples uniformly exhibit a notably flat PAAS normalized
REE distribution pattern (Fig. 4). The productivity-sensitive proxies
(Pgr, Bagr, Nigr and Cugg) show two peaks within the 10.4-11.6 m and
12-13.2 m intervals, maintain relatively low values between 9.1 and
10.4 m, and exhibit small fluctuations within 13.2-19.9 m (Fig. 7). The
trends of redox-sensitive proxies Ugr and Vg closely follow those
observed for the productivity-sensitive proxies (Fig. 7).

4.2. Magnetic susceptibility

Magnetic susceptibility (y) values are generally low, ranging from
7.8 10 13.07 x 108 m3 kg™! (average = 9.95 x 1078 m® kg™1) (Fig. 2).
The lower half of the section between 9.1 and 13.4 m is weakly magnetic
(average = 9.64 x 1078 m® kg™1) and the upper half of the section be-
tween 13.4 and 19.75 m is more strongly magnetic (average = 10.12 x
10~® m®kg1). Magnetic susceptibility is positively correlated with total
wt% Fe0O3 (R = 0.58) and inversely correlated with wt% CaCOs (R =
0.41) and Al;,03/TiO3 (R = 0.38) (Table S1). Weak positive correlations
are also observed between y and vanadium (V) (R = 0.38) and y and
barium (Ba) (R = 0.38) (Table S1). A small increase in y values occurs
over the interval 10.2-11.6 m, coincident with the negative carbon
isotope excursion.

4.3. Nitrogen isotopes

The 615Norg values of mudstones range from 4.1 to 6.2%0 with an
average of 5.3%o (Fig. 2). Notably, the SlsNorg values increase at 10.4 m
and persists at relatively elevated levels until 13.6 m and fluctuates
between 5.2 and 6.2%o (average 5.6%o). In contrast, the 615Norg displays
relatively low values spanning from 4.8 to 5.9%o. (average 5.3%o) within
9.1-10.4 m, and exhibit fluctuations between 4.1 and 5.8%. (average
5.0%0) at 13.6-19.9 m (Fig. 2).

La Zr/10
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5. Discussion

5.1. Changes in sediment provenance and chemical weathering across the
POE

Multiple geochemical proxies suggest that the sediment provenance
within the study area remained largely unchanged across the POE. All
mudstone samples plot into the continental island arc field of tectonic
discrimination diagrams (Fig. 3), implying that the sediments were
likely derived from an active tectonic setting (Bhatia and Crook, 1986).
This is consistent with the active tectonic background characterized by
initial uplift, northward indentation and north-verging thrusting of the
Pamir during the Paleocene influenced by the India-Asia continental
collision (Chen et al., 2018; Zhang et al., 2019). Key provenance proxies
(Al,03/TiOo, TigF, Zrgr, Scgr, and TREE) display small variability, sug-
gesting relatively constant source materials preceding the PETM. The
Al,03/TiO, ratio serves as a proxy for sediment provenance owing to the
immobility of Al and Ti during sediment transport and weathering
processes (Panahi et al., 2000; Young and Nesbitt, 1998). Moreover, Ti,
Zr and Sc, all highly inert elements and often associated with heavy
minerals, can offer valuable insights into shifts in sediment provenance,
although their wt% can be affected by grain size variations (Scheffler
et al., 2006; Yang et al., 2022; Zhou et al., 2015). For example, larger
grain sizes are often associated with more abundant heavy minerals
(McLennan et al., 1993). Additionally, the behavior of rare earth ele-
ments (REEs) in detrital sediment is primarily controlled by source rock
attributes with minimal impact from sediment transport, weathering
and diagenetic processes, making them sensitive indicators of sediment
provenance (McLennan, 2018; Murray et al., 1990). Samples from pre-
POE, POE, and post-POE intervals exhibit similar REE distribution pat-
terns and XREE content, reinforcing the suggested stable sediment
sources preceding the PETM (Fig. 4).

Most mudstone samples follow the ideal weathering path as shown in
the A-CN-K diagram and CIX-WIP plot (Fig. 5), indicating negligible
effects from potassium alteration and sediment reworking. This suggests
that the chemical weathering signals of their source rocks are well
preserved (Dinis et al., 2017; Fedo et al., 1995; Garzanti et al., 2013;
Nesbitt and Young, 1984). Similar to provenance proxies, a coarsening
in grain size would decrease weathering proxy values (e.g, CIA, CIX,
CIW, and PIA) due to the higher Na and Ca content and lower Al content
of coarse-grained sediments relative to finer grained sediments (Fu et al.,
2023; Lupker et al.,, 2013; Yang et al., 2020; Zhang et al., 2021).
Consequently, chemical weathering proxies of the fine-grained samples
are used to discuss the weathering trend, excluding those samples

Sc Th

Th Sc

Th

O pre-POE
POE
post-POE

Co Zr/10

Fig. 3. Tectonic setting discrimination diagrams of mudstones, including La-Th-Sc, Th-Sc-Zr/10, Th-Co-Zr/10 ternary diagram (Bhatia and Crook, 1986); OIA:
oceanic island arc; CIA: continental island arc; ACM: active continental margin; PM: passive margin.
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associated with coarser grain size from 14 to 17.4 m. The increased
values of several weathering proxies (CIA, CIX, CIW, and PIA) and a
decrease in WIP indicate enhanced chemical weathering due to the loss
of soluble elements like Ca, Na, and K from feldspars relative to re-
fractory elements such as Al and Ti (Fedo et al., 1995; Nesbitt and
Young, 1982). Additionally, the increase in the Rb/Sr ratio, a widely
adopted weathering indicator, signifies intensified chemical weathering
owing to the greater susceptibility to weathering of Sr-rich calcium-
bearing minerals (e.g., plagioclase, carbonate, and amphibole)
compared to the relatively more resilient Rb-rich potassium-bearing
minerals (e.g., K-feldspar, biotite, and muscovite) (Chang et al., 2013;
Jin et al., 2006; McLennan et al., 1993). All weathering proxies suggest
stable chemical weathering conditions during the POE but increased
chemical weathering following the POE (Fig. 6). This post-POE increase
in chemical weathering is likely due to a delayed response to the higher
atmospheric pCO, and temperature during the POE, because the
response time of chemical weathering (i.e., hundreds of thousands of
years) is commonly longer than the suggested duration of the POE (i.e.,
millennia to sub-millennia timescales) (Babila et al., 2022; Bowen et al.,
2015; Colbourn et al., 2015; Walker and Kasting, 1992).

5.2. Marine nutrient and redox changes across the POE

Higher marine primary productivity in the shallow water of the
eastern Tethys seaway during the POE and post-POE intervals is sup-
ported by the elevated values of productivity-sensitive proxies,
including Pgp, Bagg, Cugr, and Nigg (Fig. 7). A comprehensive assessment
of paleo-productivity based on multiple proxies is considered more
reliable, given that no single indicator can accurately delineate changes
in productivity due to influences from various factors such as redox
conditions, sedimentation rates, mineral effects, or fluctuations in
organic matter content (Averyt and Paytan, 2004; Schoepfer et al., 2015;
Tribovillard, 2021). Phosphorus (P) is a critical nutrient for marine or-
ganisms, primarily entering shallow seas through continental weath-
ering and riverine influx, exerting significant impact on marine primary
productivity (Howarth, 1988; Paytan and McLaughlin, 2007; Tyrrell,
1999). Within the euphotic zone, biologically available P can be actively
assimilated by phytoplankton, subsequently released in dissolved inor-
ganic and organic forms, and ultimately accumulate in bottom sedi-
ments as settling particles (Paytan and McLaughlin, 2007). The shallow
marine environment of the study area would have facilitated P miner-
alization within the water column and its subsequent preservation in the
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sediments (Algeo and Ingall, 2007; Ozaki et al., 2011; Watson, 2016).
Similar to P, the primary source of Ba in seawater is from river input,
while the Ba in marine sediments originates primarily from the burial of
barite (BaSOg4) (Schoepfer et al., 2015). The formation of a substantial
portion of barite correlates with organic matter decomposition (Horner
et al., 2021; Paytan and Griffith, 2007; Schoepfer et al., 2015), and
biofilms may facilitate the precipitation of BaSO4 nanoparticles from
seawater (Deng et al., 2019; Martinez-Ruiz et al., 2019). Therefore, in-
creases in Pgr and Bagp likely indicate higher primary productivity in the
eastern Tethys seaway. Additionally, Ni and Cu are also bioessential
elements crucial for organisms and may concentrate within sediments
via complexation with organic ligands in relatively oxygenated marine
settings, thereby serving as indicators of primary productivity (Horner
et al., 2021; Tribovillard et al., 2006). Therefore, synchronous increases
in Nigr and Cug further supports the inferred increase in primary pro-
ductivity. During the POE, a rise in temperature may have resulted in
increased precipitation and intensified river runoff, leading to an
elevated nutrient influx into the ocean and consequently enhancing

primary productivity (Peterson et al., 2000; Salles et al., 2023; Schoepfer
et al., 2015). During the post-POE phase, terrestrial detritus and nutri-
ents may have been transported into the ocean through enhanced con-
tinental weathering and river runoff, leading to higher primary
productivity (Algeo and Scheckler, 1998; Dong et al., 2022; Shen et al.,
2015; Wu et al., 2024).

The magnetic susceptibility (y) in marine sediments can also track
changes in terrigenous vs. biogenic sedimentation (Liu et al., 2013;
Verosub and Roberts, 1995). The study area may have received sedi-
ments from rivers that eroded continental bedrocks, sediments, and soils
due to its geographical location in the shallow eastern Tethys seaway
that extended inland (Bosboom et al., 2011; Xi et al., 2016; Zhang et al.,
2018). The magnetic properties of marine sediments are controlled by
the iron oxide mineralogy, concentration of ferrimagnetic minerals
relative to paramagnetic and diamagnetic minerals, and magnetic
domain state of the ferrimagnetic minerals, which is in turn a function of
grain volume (Liu et al., 2013; Verosub and Roberts, 1995). The low-
field magnetic susceptibility of marine sediments is primarily
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controlled by the concentrations of magnetite (Fe3O4). As carbonate
productivity increased, y values decreased due to dilution of terrigenous
sediment with carbonate. A slight increase in y values occurred
concomitant with the POE, likely due to increased river runoff and
transfer of terrigenous Fe-Ti oxides into the Tethys seaway. This may be
attributed to the intensification of precipitation and river runoff
resulting from elevated temperatures during the POE. A second increase
in y is observed at 13.4 m, coinciding with a decrease in CaCO3 pro-
ductivity in the post-POE interval.

Elevated productivity may have led to a subsequent moderate
decline in dissolved oxygen in the shallow marine environment, which is
evidenced by increased Vg and Ugr values and a decrease in Mn* values
(Fig. 7). Under reducing conditions, soluble hexavalent uranium (U) can
transform into insoluble tetravalent U and accumulate within sediments
(Algeo and Maynard, 2004; Tribovillard et al., 2006). V exhibits a shift
from soluble pentavalent V to insoluble tetravalent V under mild
reducing conditions (e.g., suboxic), while more extreme reducing con-
ditions (e.g., euxinia) can further facilitate its conversion into insoluble
trivalent V (Tribovillard et al., 2006; Wanty and Goldhaber, 1992).
Thus, the slight increase in Ugr and Vg after the onset of POE at the
study site suggests a moderate deoxygenation within the shallow ocean.
Additionally, the slight decrease noted in the Mn* value also implies a
moderate increase in the reduction state of the bottom water. This is
because the prevalence of iron precipitation as sulfides occurs promi-
nently under severe reducing conditions, whereas Mn tends to accu-
mulate under more oxygenated conditions and forms soluble cations
under relatively less reducing states (Cullers, 2002; Takahashi et al.,
2014). Therefore, the slightly elevated Vgr and Ugr values along with the
decreased Mn* values suggest a mild bottom-water deoxygenation
during the POE.

The 615N0rg of marine sediments can be used as an indicator of
ancient ocean productivity and redox conditions (Algeo et al., 2014;
Casciotti, 2016; Galbraith et al., 2004; Stiieken et al., 2016). Preceding
the POE, 615Norg values are relatively high (averaging 5.4%o), but lower
than the 5'°N measured from foraminifera shell-bound organic matter
(~8-10 %o v) observed in global oceans (including the North Pacific,
North Atlantic, and South Atlantic) during the Late Paleocene, sug-
gesting increased denitrification rates in the water column (Junium
et al., 2018; Kast et al., 2019). During the POE and its immediate
aftermath, 615NDrg values increased, indicating a slight expansion of
Oxygen Minimum Zones (OMZs) in the open sea that led to enhanced
denitrification under more suboxic or anoxic conditions (Algeo et al.,
2014; Kast et al., 2019; Liu et al., 2008). Denitrification in the water
column, a process involving the biological reduction of nitrate (NO3) to
N3 in oxygen-depleted environments, contributes to °N enrichment
within the remaining NO3 reservoir in seawater, which is utilized by
marine organisms and subsequently preserved in sediments (Capone
et al., 2008). The expansion of OMZs within the open sea is associated
with elevated atmospheric CO, levels during the POE, driving nutrient-
rich riverine inputs into the marine ecosystem, thereby promoting pri-
mary productivity and exacerbating deoxygenation. A slight decrease in
615NOrg following the POE may be attributed to the contraction of the
OMZs resulting from reduced primary productivity. Alternatively,
continual denitrification processes may have contributed to the sus-
tained depletion of the NO3 reservoir, which in turn prompted more
15N-depleted nitrogen uptake from the atmosphere through biological
Ny fixation (Bauersachs et al., 2009; Capone et al., 2008; Liu et al.,
2020).

5.3. Implications of global POE records

The POE is a global warming event that occurred prior to the PETM,
but with a smaller temperature rise than the PETM (Babila et al., 2022;
Doubrawa et al., 2022). Compared to the PETM, which has been docu-
mented in marine and terrestrial sediments worldwide (Cui et al., 2021;
Koch et al., 1992; McInerney and Wing, 2011; Nunes and Norris, 2006;
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Vimpere et al., 2023; Westerhold et al., 2018), the POE has only been
reported in shallow marine and terrestrial settings, but not in deep-sea
sedimentary records. This likely results from the short duration of the
event, relatively small amount of carbon emissions, and potential pro-
cesses such as sediment mixing, carbonate dissolution, and bioturbation
in the deep-sea environment (Babila et al., 2022; Bard, 2001). The POE
has been identified in shallow marine settings, such as the Maryland and
New Jersey Coastal Plains in the United States (Babila et al., 2022;
Doubrawa et al., 2022; Sluijs et al., 2007), the North Sea Basin (Kender
et al., 2012), the Pyrenean foreland basins (Tremblin et al., 2022), and
the Tasman Sea (Elling et al., 2019), as well as the terrestrial Bighorn
Basin in Wyoming, western United States (Bowen et al., 2015) (Fig. 1A).
The similar trends of 5'3C records across diverse marine and continental
settings underscore the global significance of the POE event (Babila
et al., 2022). Although the temperature increase was small (~ 2 to 5 °C)
during the POE, nutrient input may have been enhanced via intensified
precipitation and river runoff, promoting marine primary productivity
and consequent deoxygenation in the shallow seaways of the eastern
Tethys. Similarly, the enrichment of large amount of authigenic glau-
conites in sediments depoited in shelf settings of the southern Tethys
was also attributed to intensified continental weathering, riverine runoff
and oxygen-depleted conditions (Banerjee et al., 2020; Choudhury et al.,
2021). Although the POE was not well expressed in the deep sea, there
may still be corresponding environmental effects attributable to the
carbon emissions during the POE. For example, in the Northwest
Atlantic, deep-sea deoxygenation intensified several hundred thousand
years before the PETM, peaking approximately 50 kyr before the PETM,
potentially associated with the POE despite the lack of direct docu-
mentation (Xue et al., 2023). Therefore, while the POE has thus far only
been reported from high-resolution shallow marine and terrestrial re-
cords, its associated environmental responses—including amplified
continental weathering, ocean deoxygenation, and ocean acid-
ification—may hold broader implications that warrant further
investigation.

6. Conclusions

We conducted a comprehensive paleoenvironmental reconstruction
of the eastern Tethys during the POE using high-resolution geochemical
and magnetic susceptibility records from the shallow marine Kuzi-
gongsu section in the Tarim Basin, China. The POE can provide an
ancient analogue for rapid climatic and environmental changes caused
by anthropogenic CO; emissions.

Small fluctuations in heavy mineral-associated inert elements (Ti, Zr,
and Sc) and highly similar REE distribution patterns before, during, and
after the POE suggest stable sediment provenance. This aligns with an
increase in y values across the POE, with y values primarily controlled by
terrigenous sediment supply and variable dilution with CaCOs.
Enhanced chemical weathering during the post-POE phase is inferred
from chemical weathering proxies (e.g., CIA, CIW, CIX, and PIA) and Rb/
Sr ratio.

Increased marine primary productivity driven by elevated pCO, and
temperature led to mild oceanic deoxygenation during the POE, which is
corroborated by productivity-sensitive proxies (Pgr, Bagr, Nigp, and
Cugr) and redox-sensitive proxies (Ugr and Vgg). The increased 615N0rg
values suggest enhanced denitrification during the POE, further con-
firming intensified reducing conditions of the eastern Tethys.
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