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A B S T R A C T   

The Paleocene–Eocene Thermal Maximum (PETM; ~56 Ma) represents a rapid and sustained climatic pertur
bation that lasted for ~170 kyr and coincided with the emplacement of the North Atlantic Igneous Province 
(NAIP). Global average temperature increased by 5 to 9 ◦C, which was likely triggered by a rapid emission of 13C- 
depleted CO2. Numerous sites from the deep oceans have been studied for the PETM, but subtropical shallow- 
water eastern Tethys remains poorly understood despite its importance in regulating heat and moisture trans
port. Prior studies on calcareous nannofossil biostratigraphy and stable isotopes of marine carbonates confirmed 
the occurrence of the PETM in the Tarim Basin of the eastern Tethys in northwestern China. Here we present 
new, high–resolution major, trace and rare earth element geochemical data, and clay mineral records at the 
Kuzigongsu section in the Tarim Basin to assess the biogeochemical responses of the eastern Tethys to climatic 
forcings across the PETM. Chemical weathering proxies (chemical index of alteration [CIA], chemical index of 
weathering [CIW], plagioclase index of alteration [PIA], and Rb/Sr) support an enhanced terrestrial input shortly 
after the PETM onset, possibly due to intensified chemical weathering. Furthermore, clay mineral assemblage is 
dominated by illite and illite/smectite during the PETM, implying increased physical weathering. The PETM is 
also characterized by an increase in nutrient-sensitive elements such as P, Ni, and Cu and higher abundance of 
nutrient–sensitive calcareous nannofossils, suggesting an intensification of marine primary productivity. 
Meanwhile, the Tarim Basin may have encountered episodic bottom water deoxygenation supported by an in
crease in the enrichment factor of redox–sensitive elements such as U and V. The integrated geochemical proxy 
records suggest that the eastern Tethys has encountered profound ecosystem stress imposed by elevated nutrient 
fluxes and ocean deoxygenation, which may have been amplified by simultaneously intensified chemical and 
physical weathering during the PETM.   

1. Introduction 

The Paleocene–Eocene Thermal Maximum (PETM; ~56 Ma) repre
sents one of the most pronounced carbon cycle perturbation events in 
the Cenozoic (Gutjahr et al., 2017; Zeebe et al., 2016), characterized by 
the release of vast amount of carbon dioxide (CO2) and global warming 
of 5–9 ◦C (Dunkley Jones et al., 2013; Frieling et al., 2017; Jones et al., 
2013; Tierney et al., 2022; Zhu et al., 2019). The large CO2 emission is 
supported by a global negative carbon isotope excursion (CIE) in both 
terrestrial and marine sedimentary records, with a magnitude of 
approximately 3 to 6‰ (Jones et al., 2019; McInerney and Wing, 2011). 
However, the duration, source, rate, and amount of the emitted CO2 

remain controversial (Cui et al., 2011; Gutjahr et al., 2017; Kirtland 
Turner et al., 2017; Zeebe et al., 2016). Generally, the CIE is associated 
with an onset of <10 kyr (Zachos et al., 2005), a plateau lasting ~110 
kyr (Murphy et al., 2010), and a recovery phase spanning from ~40 kyr 
(Aziz et al., 2008) to ~80 kyr (Murphy et al., 2010). Various potential 
sources of emitted CO2 have been proposed, including destabilization of 
methane hydrates (Dickens et al., 1995; Katz et al., 2001; Matsumoto, 
1995), oxidation of organic matter triggered by the dessication of 
epicontinental seaway (Higgins and Schrag, 2006), decomposition of 
organic matter from permafrost (DeConto et al., 2012), wildfires on 
peatlands (Kurtz et al., 2003), and volcanic CO2 and thermogenic 
methane associated with the emplacement of the North Atlantic Igneous 
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Province (NAIP) (Frieling et al., 2016; Storey et al., 2007; Svensen et al., 
2010). Chemical weathering of silicate rocks (Colbourn et al., 2015; 
Pogge von Strandmann et al., 2021) and organic carbon burial (Bowen, 
2013; Bowen and Zachos, 2010) are thought to be the mechanisms that 
drove the PETM recovery. As a result of intensified terrestrial input 
triggered by enhanced chemical weathering, deoxygenation is widely 
observed based on sulfur isotopes (Yao et al., 2018), iodine concentra
tions (Zhou et al., 2014), and trace element geochemistry (Dickson et al., 
2014). Regional occurrences of anoxia to euxinia have been found in 
semi–enclosed shelf regions, such as the Peri–Tethys (Dickson et al., 
2014), the North Sea (Schoon et al., 2015), and the Arctic Ocean (Sluijs 
et al., 2006). 

Despite decades of research from multiple locations to understand 
the causes and consequences of the climatic changes that occurred 
during the PETM, the eastern Tethys region remains understudied. 
Recent work on calcareous nannofossil biostratigraphy and stable iso
topes support a well-preserved PETM interval at the Kuzigongsu (KZGS) 
section, Tarim Basin, northwestern China (Wang et al., 2022). To 
elucidate the environmental changes occurred in the eastern Tethys 
during the PETM, we collect major, trace, and rare earth element data, 
as well as clay mineralogy from the study site. These integrated datasets 
reveal changes in chemical weathering, redox conditions, and marine 
productivity across the PETM interval. A better understanding of the 

climatic and environmental responses to rapid CO2 forcing in the eastern 
Tethys, an important yet inadequately studied location concerning heat 
and moisture transport, as well as organic carbon burial, holds crucial 
implications for anthropogenic climate changes. 

2. Geological background 

2.1. Regional geology 

The Tarim sedimentary basin is located in the west of Xinjiang Uygur 
Autonomous Region in northwestern China (Fig. 1a), with an elevation 
of 1.2 km, a length of ~1500 km, and a width of ~700 km. The Tarim 
Basin is regarded as a repository of the geological history of the Asian 
continent due to sedimentation since the Paleozoic (Bosboom et al., 
2014). During the Paleozoic Era, the Tarim Basin was occupied by ma
rine calcareous and terrigenous deposits until the Carboniferous (Wang 
et al., 2012), followed by a transition to continental deposition during 
the Permian Period, extending into most of the Mesozoic sedimentary 
rocks (Wang et al., 2012). The deformation of coarse–grained clastics 
during the Mesozoic was triggered by the continuous terrane accretion 
and ended by the India-Asia collision (Xiao et al., 2004; Yin and Harri
son, 2000). From the late Cretaceous to the Eocene, the western Tarim 
Basin witnessed five marine transgressions and regressions of the 

a

b

Fig. 1. (a) Location of the Kuzigongsu section (KZGS) in the Tarim Basin, SW China (modified from Cao et al., 2018); (b) Paleobathymetric map of the study site 
during the early Eocene; (c) Outcrop of the Paleocene–Eocene sequence and the CIE interval is highlighted. 
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epicontinental sea (Xi et al., 2016; Zhang et al., 2018). By the late 
Paleocene, the region transformed into a warm semi–restricted seaway 
that connected the eastern Tethys Ocean and the western Mediterranean 
Tethys, covering an area of 56,000 km2 (Cao et al., 2018). The north
ward movement of the Indian subcontinent into Eurasia from the 
Cenozoic to the present subjected the Tarim Basin to overthrusting along 
the margins by the Kunlun Mountains to the south, the Tianshan 
Mountains to the north (Fig. 1b), and the Pamir Mountains to the west 
(Yin and Harrison, 2000). Accordingly, the Paleogene marine sequence, 
known as the Kashi Group (Aertashi, Qimugen, Kalatar, Wulagen, and 
Bashibulake Formations) is composed of gypsum, limestone, sandstone, 
and mudstone due to marine incursions, and was terminated by conti
nental sedimentation (Wuqia Group) throughout the basin by the end of 
the Eocene (Bosboom et al., 2014; Bosboom et al., 2011; Zhang et al., 
2018). 

Our study site, the Kuzigongsu (KZGS) section (39◦45′10” N, 
75◦17′29″ E) is situated 5 km northwest of Wuqia county. It comprises 
approximately 48 m-thick fine-grained sediments of the Qimugen For
mation with a change in lithology during the recovery phase of the 
PETM observed at the outcrop, which may indicate a truncation (Wang 
et al., 2022). Within the lower part of the Qimugen Formation at the 
KZGS section, the predominant lithologies are characterized by gray 
limestones (0–4.1 m and 47.1–47.7 m), gray–greenish calcareous mud
stones (4.1–5.8 m, 9.1–29.8 m, 31.2–36.8 m, and 41.2–44.6 m), gray 
marlstones (5.8–9.1 m, 36.8–41.2 m, and 44.6–47.1 m), with an inter
calated layer of bivalve–rich bioclastic limestone (29.8–31.2 m) 
(Fig. 1c). Previous studies have documented the presence of bivalves 
(oysters) and large foraminifera within the study section, and calcareous 

nannofossil biostratigraphy suggests the occurrence of biozones ranging 
from NP6 to NP10 (Wang et al., 2022; Jiang et al., 2023). 

2.2. Nannofossil biostratigraphy 

Detailed calcareous nannofossil biostratigraphy was conducted by 
using a total of 123 specimens with an average of ~0.4 m sampling space 
(Wang et al., 2022), which recognized nannofossil Zone NP6 through 
Zone NP10 based on the successive occurrence of five nannofossil da
tums, thereby affirming the completeness of the PETM in the study 
section (Wang et al., 2022). Specifically, the base of NP6, the NP7–NP8 
boundary, the Zone NP9, the NP9b–NP9a boundary, and the base of 
NP10 were precisely determined based on the first occurrences of Heli
olithus kleinpellii, Heliolithus riedelii, Discoaster multiradiatus, Discoaster 
araneus, and Rhomboaster bramlettei, respectively. 

2.3. Stable carbon isotope stratigraphy 

Negative carbon isotope excursion in marine carbonates supports the 
occurrence of PETM in the study section (Wang et al., 2022). The carbon 
isotopes of bulk carbonates (δ13Ccarb) range from − 5.2‰ to 4.7‰ 
through the entire study section (Fig. 2). The magnitude of δ13Ccarb 
excursion is 6.3‰ (from a pre-PETM average of 1.1‰ to a minimum of 
− 5.2‰) during the PETM, which is followed by a rapid recovery at 
~30.5 m. Based on the negative excursion of δ13Ccarb, we divide the 
stratigraphic record into pre-PETM (0–19.9 m), PETM (19.9–30.5 m), 
and post-PETM (30.5–47.6 m) intervals to facilitate the discussion of our 
geochemical records following Wang et al. (2022). The targeted PETM 

Fig. 2. The stratigraphy and lithology profiles of the Kuzigongsu section. Distributions of carbon (δ13Ccarb), oxygen (δ18Ocarb) isotopes (Wang et al., 2022), and 
chemical weathering proxies CIA, CIX, CIW, PIA, and Rb/Sr along with the profile. PETM interval is highlighted in gray shading. 
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interval (19.9–30.5 m) is further dissected into the CIE onset (19.9–20.6 
m), CIE body (20.6–29.8 m), and CIE recovery (29.8–30.5 m) phases, 
according to published age model (Röhl et al., 2007). 

2.4. Occurrence of the PETM 

Multiple lines of evidence support the occurrence of the PETM at the 
study site, including 1) a 6.3‰ negative excursion in stable carbon 
isotopes of marine carbonates (Wang et al., 2022) (Fig. 2); 2) moderately 
high sedimentation rates (6.5 cm kyr− 1) (Wang et al., 2022); and 3) 
calcareous nannofossil biostratigraphy (Zone NP9 and NP10) with 
abundant excursion taxa (e.g., Coccolithus bownii, Discoaster araneus, 
D. acutus, and Rhomboaster bramlettei) (Wang et al., 2022). The temporal 
resolution of our PETM records is higher than many deep–sea sites and a 
recent study in the Tarim Basin (Cao et al., 2018). Specifically, the study 
site represents a shallow marine environment supported by the occur
rence of two characteristic nannofossil species, Micrantholithus astrum 
and M. flos, which are indicative of a shallow epicontinental sea (Wang 
et al., 2022). This is further corroborated by a recent study that identi
fied the Tethys seaway in the southwestern Tarim Basin as a carbonate 
platform based on the abundant foraminifera and bivalve bioclasts (Wei 
et al., 2021; Jiang et al., 2023). Spectral analysis using magnetic sus
ceptibility suggests an increase in sedimentation rates associated with 
sea level rise in the PETM interval (Fig. 3c) (Jiang et al., 2023), which is 
likely the result of higher terrestrial surface runoff associated with a 

more rigorous hydrological cycle. 

3. Materials and methods 

3.1. Major and trace elements analyses 

A total of 480 rock samples with an average interval of 10 cm were 
collected from the study site and ground into powder using the 8000D 
Mixer/Mill® for geochemical analysis. Major, trace and rare earth ele
ments (REEs = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) 
were analyzed using the iCAP Q Inductively Coupled Plasma – Mass 
Spectrometry (ICP–MS) located at the Department of Earth and Envi
ronmental Studies in Montclair State University. After each sample was 
ground and homogenized, around 0.1 g (±0.0005 g) of powder was 
mixed with 0.4 g (±0.002 g) of lithium metaborate from Spex® Certi
Prep and fused at 1050 ◦C for 40 min in the Thermo Scientific™ Lind
berg/Blue M™ Moldatherm™ Box Furnace. Subsequently, melted 
samples were dissolved in 50 mL of 7% HNO3 (dilution factor of 500×), 
and then processed to the second dilution using 0.5 mL “mother” solu
tion and 9.5 mL of 2% HNO3 (dilution factor of ~10,000× in total) 
before ICP–MS analysis. The reported results are calibrated with eight 
standards from the U.S. Geological Survey (AGV–2, BCR–2, BHVO–2, 
BIR–1, DNC–1, G–2, GSP–2, and W–2), and are averaged with three 
analytical runs for each sample. The analytical precision (1σ) for all 
elements is better than 10%. Instrument drift (less than ±2% over the 2- 

Fig. 3. (a) Normalized abundance (wt%) among clay minerals; (b) Ternary diagram of A–CN–K of the Kuzigongsu section. A = Al2O3, CN = CaO* + Na2O, K = K2O, 
Kao = kaolinite, Gi = gibbsite, Chl = chlorite, Pl = plagioclase, Kfs = K–feldspar, UCC = Upper Continental Crust; (c) Sedimentation rate, relative abundance of clay 
mineral in the bulk rock (%), kaolinite-smectite ratio (computed as kaolinite/(kaolinite+smectite)), and kaolinite-chlorite ratio (computed as kaolinite/(kaolini
te+chlorite)) at the KZGS section. 
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to 3-h run) was corrected by analyzing a matrix–matched drift monitor 
that was regularly spaced throughout each analytical run. 

Using the major element concentration data obtained from the 
ICP–MS analysis, chemical weathering indices, including Chemical 
Index of Alteration (CIA), modified Chemical Index of Alteration (CIX), 
Chemical Index of Weathering (CIW), and Plagioclase Index of Alter
ation (PIA) are calculated. The CIA ([Al2O3 / (Al2O3 + CaO* + Na2O +
K2O) × 100]) is used to quantify the degree of feldspar transformed into 
clay minerals during chemical weathering processes (Nesbitt and Young, 
1982), where CaO* refers to the CaO fraction in the silicates rather than 
that in carbonates or phosphates (Fedo et al., 1995) and is calculated as 
the minimum value of (CaO – P2O5 × 10/3) and Na2O (McLennan, 1994; 
Panahi et al., 2000). The difference between CIX ([Al2O3 / (Al2O3 +

Na2O + K2O) × 100]) and CIA is the omission of CaO* (Garzanti et al., 
2014), which allows for assessing the weathering condition of sedi
mentary rocks that contain detrital or authigenic carbonates (e.g., bio
clasts). The CIW ([Al2O3 / (Al2O3 + CaO* + Na2O) × 100]) was 
proposed to exclude the potassium reintroduction during post- 
diagenesis process (Harnois, 1988), while PIA ([(Al2O3 – K2O) / 
(Al2O3 + CaO* + Na2O – K2O)] × 100) tracks the degree of plagioclase 
weathering (Fedo et al., 1995). Because these weathering proxies are 
most useful for siliciclastic sediments (Fu et al., 2023; Zhao and Zheng, 
2015), we only discuss data from marlstone and calcareous mudstone for 
chemical weathering analysis to better interpret depositional processes. 

Enrichment factors (EF) relative to average shales of provenance-, 
paleoproductivity-, and redox-sensitive elements are calculated to track 
changes in provenance (TiEF, ZrEF, and CrEF), paleoproductivity (PEF, 
BaEF, NiEF, and CuEF), and redox conditions (UEF and VEF) (Chaillou 
et al., 2002; McManus et al., 2005; Takahashi et al., 2014; Tribovillard 
et al., 2006). We normalize the concentration of trace elements to 
aluminum (Al) content, which represents detrital fraction in alumino
silicate phases that are relatively stable during diagenesis (Calvert and 
Pedersen, 1993; Tribovillard et al., 2006). Therefore, EF of selected el
ements (Ti, Zr, Cr, P, Ba, Ni, Cu, U, and V) were calculated as XEF =

[(X/Al)sample / (X/Al)average shale] (Wedepohl, 1971, 1991) to describe 
the enrichment degree of the environmentally sensitive elements rela
tive to average shales (Wedepohl, 1971, 1991). Additionally, all 
measured concentrations of REEs were normalized to the Post–Archean 
Australian Shale (PAAS) (Pourmand et al., 2012). Cerium (Ce) anoma
lies were calculated as Ce/Ce* = (2 × CeSN) / (LaSN+ PrSN), where SN 
stands for PAAS normalized value (Ce–88.25, La–44.56, and Pr–10.15) 
(Bau et al., 1996). 

3.2. Clay minerals 

48 bulk rock samples with ~1 m interval and > 10 g weight were 
analyzed by X–ray diffraction (XRD) at the State Key Laboratory of 
Geological Processes and Mineral Resources, China University of Geo
sciences (Wuhan), following the procedures presented by Shen et al. 
(2022). Powdered and homogenized samples were decarbonated with 
0.2 M HCl to remove carbonates before concentrating the clay–sized 
particles using the deflocculation method (Shen et al., 2022). Subse
quently, unoriented bulk rock samples and oriented clay aggregates (<2 
μm) were analyzed using a PANalytical X’Pert Pro X–ray Diffractometer 
with CuKα radiations under a 40 kV voltage and a 25 mA intensity. The 
bulk rock samples and clay aggregates were air–dried and analyzed for 
clay mineral X–ray diffraction peaks. Two additional runs for clay ag
gregates in 2 h–heating at 490 ◦C were performed subsequently after 
ethylene–glycol saturation (Moore and Reynolds Jr, 1989). The identi
fication and quantification of bulk minerals generally relied on the ex
amination of specific diffraction peaks: quartz (4.26 Å), K–feldspar 
(3.24–3.25 Å), plagioclase (3.18–3.20 Å), hematite (2.69 Å) and calcite 
(3.02 Å). Clay minerals were identified through distinctive peak series 
and shifts observed among the three measurements for each sample 
described above. For example, illite was diagnosed by the (10 Å, 5 Å, 
3.33 Å) peak series continuously after each of the three steps mentioned 

above; chlorite was characterized by the peak series (14.2 Å, 7.1 Å, 4.7 
Å, 3.54 Å) and nearly vanished after the 2 h–heating treatment; illi
te–smectite mixed layer (I/S) was recognized by 11–14 Å peak after 
air–drying, moved towards smaller peak after ethylene–glycol immer
sion, and dropped to 10 Å after heating; and kaolinite was represented 
by both the 7.18 Å and 3.58 Å peaks (Shen et al., 2022). 

4. Results 

4.1. Major elements 

The Qimugen Formation at the study section is composed of SiO2 
(12.2–74.6%), Al2O3 (5.4–30.6%), Fe2O3 (0.9–22.1%), CaO 
(0.2–87.5%), MgO (0.2–7.8%), K2O (0.2–10.8%), Na2O (0.02–7.1%), 
and a small amount of TiO2 (<3.5%), P2O5 (<2.4%), and MnO (<0.5%) 
(Supplementary Data). At the CIE onset, the content of most oxides re
mains relatively stable, with the exception that K2O content decreases 
from 6.5% to 1.5% in the middle of the CIE body (~24 m). The content 
of SiO2 and CaO decreases abruptly (58% to 32% for SiO2, and 52% to 
22% for CaO) during the CIE recovery phase. Weathering proxies (CIW 
& PIA) show a noticeable increase at the beginning of PETM (80% to 
90% for CIW, and 72% to 86% for PIA), whereas the Rb/Sr ratio starts to 
increase from 0.2 to 1.4 at ~8 m and reaches its maximum value of 2.4 
during the PETM (Fig. 2). Remarkably, all major elements–related 
indices (CIA, CIX, CIW, and PIA) display moderate increases in the later 
part of the PETM interval (at ~27 m) and the beginning of the post- 
PETM interval (at ~29.8 m). 

4.2. Clay mineralogy 

The dominant clay minerals at the study site are illite (0%–82%, 
average 36%) and mixed illite/smectite (I/S; 10%–83%, average 44%) 
with subordinate smectite (0%–25%, average 10%) (Fig. 3a). The clay 
mineral assemblage also features a small percentage of kaolinite (0%– 
10%, average 4%) and chlorite (0%–9%, average 2%) throughout the 
section, and two small increases in kaolinite abundance in the post- 
PETM interval (at ~31 m and ~42 m). The abundance of illite/smec
tite mixed layers increases from 27% to 61% at the CIE onset (Fig. 3a; 
Table 1). Illite becomes more abundant (from 25% to 80%) in the CIE 
body (at ~28 m). Additionally, kaolinite exhibits a modest increase from 
1% to 10% in the post-PETM interval (at ~42 m). Overall, the content of 
bulk clay minerals increases from 27% at ~36 m to 39% at ~46 m 
following the PETM, which coincides with the higher ratios of kaolinite/ 
(kaolinite+smectite) and kaolinite/(kaolinite+chlorite) (Fig. 3c). 

4.3. Enrichment factors of trace elements and REEs 

4.3.1. Provenance proxies 
Provenance proxies exhibit consistently low values throughout the 

entire section (average values of TiEF, ZrEF, and CrEF are 1.0, 1.3, and 1.3, 
respectively), with a ZrEF peak and a decrease in CrEF from 1.76 to 0.85 
in the post-PETM interval (Fig. 4). Furthermore, ErSN/TmSN ratios 
remain relatively stable (~ 1) in the PETM interval, with a small in
crease to near 1.2 at 41.6 m in the post-PETM interval. The PETM 

Table 1 
Average percentage of each clay mineral and mixed layer within pre-PETM, 
PETM, and post-PETM intervals.  

Interval Smectite Illite Chlorite Kaolinite Illite/ 
Smectite 

Chlorite/ 
Smectite 

pre- 
PETM 

10% 37% 3% 4% 43% 3% 

PETM 2% 39% 0% 2% 46% 11% 
post- 
PETM 

13% 35% 2% 5% 44% 0%  
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average and the post-PETM average ErSN/TmSN values are statistically 
different at 95% significance level based on Welch’s t–test (“t.test” 
function in R statistical software) (Fig. 4). The pattern of 
PAAS–normalized REEs serves as another proxy for sediment prove
nance (Fig. 5a) (McLennan et al., 1993). The REEs is dominated by Tb in 
the pre-PETM interval, which is then switched to Eu in the PETM in
terval. Additionally, the abundance of REEs of each sample is more 
variable during the PETM compared to that in the pre- and post-PETM 
intervals (Fig. 5a). 

4.3.2. Marine paleoproductivity and redox proxies 
Notably, paleoproductivity proxies (BaEF, NiEF, and CuEF) and redox 

proxies (UEF and VEF) display an overall increasing trend with pro
nounced and concurrent oscillations within the PETM interval. As a 
paleoproductivity proxy, CuEF, exhibits a large increase from approxi
mately 0.5 to 2 during the PETM, suggesting significant inputs of Cu into 
the depositional site. In contrast, PEF displays an average value of 2.0 in 
the lower part of the study section, fluctuates around 0.9 during the 
PETM, and reaches 2.1 at 41.6 m in the post-PETM interval (Fig. 6). NiEF 
is averaged at 0.6, and exhibits an increase to 1.6 at approximately 27 m 
in the post-PETM interval. Redox proxies UEF and VEF both show 
increasing trend during the PETM, reaching their maximum value of 
8.25 at 27.1 m and 2.94 at 21.9 m, respectively. The Ce anomaly 

fluctuates around 1.0, with a minimum of 0.8 observed at 9 m in the pre- 
PETM interval, and remains relatively stable in both PETM and post- 
PETM intervals. 

5. Discussion 

5.1. Changes in weathering and sediment provenance across the PETM 

Weathering intensity is expected to increase as a result of elevated 
CO2 levels, rising temperatures, and enhanced hydrological cycles dur
ing the PETM (Gislason et al., 2009; Li et al., 2016; Tanaka et al., 2022; 
West et al., 2005). Several lines of evidence support increased silicate 
weathering during the PETM, including increased silica–rich sedimen
tary deposits in North Atlantic (Penman, 2016), higher chemical index 
of weathering in central China (Chen et al., 2016), elevated clay abun
dance (primarily kaolinite) in Svalbard (Dypvik et al., 2011), increased 
flux of radiogenic Os in the Arctic Ocean and Peri–Tethys (Dickson et al., 
2015), and negative shifts in lithium isotopes of marine carbonates and 
shales in Pacific and North Atlantic (Pogge von Strandmann et al., 
2021). Here we aim to reconstruct changes in weathering across the 
PETM using a number of weathering proxies, including CIA, CIX, CIW, 
PIA, and Rb/Sr ratios (see Materials and Methods for how to calculate 
these proxies), and assess whether changes in sediment provenance 

Fig. 4. Stratigraphic distribution of provenance proxies Al2O3/TiO2, ErSN/TmSN, TiEF, ZrEF, and CrEF.  
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impact the proxy–based interpretation of weathering at the study site. 
Enhanced weathering in the eastern Tethys is supported by a significant 
increase in Rb/Sr ratios, major element–based weathering proxies, and 
illite abundance (Fig. 2 and Fig. 3a). 

5.1.1. Chemical weathering indices 
Major element–based geochemical weathering indices (CIA, CIX, 

CIW, and PIA) have been widely used as indicators of chemical weath
ering in siliciclastic sediments due to preferential leaching of soluble 
elements such as Ca, Na, Mg, and K from feldspars, leaving refractory 
elements like Al, Fe, and Ti retained in weathering products (Fedo et al., 
1995; Nesbitt and Young, 1982). Increased global temperature and more 
rigorous hydrological cycle can lead to intensified reaction between 
carbonic acid and silicates, which releases more dissolved cations (such 
as K+, Ca2+, and Mg2+) and alkalinity (e.g., bicarbonate and carbonate 
ions) into the ocean, leading to depletion of mobile elements (K, Ca, Mg 

and Na) relative to immobile elements (e.g., Al) and increased values of 
chemical weathering indices (McLennan, 1993). Higher values of 
chemical weathering indices (e.g., CIA) have been observed in North Sea 
(Stokke et al., 2020), Svalbard (Wieczorek et al., 2013), central China 
(Chen et al., 2016), and northern Peri–Tethys (Dickson et al., 2014) 
during the PETM. At our study site, enhanced chemical weathering is 
supported by increased values of CIA, CIW, and PIA during the onset and 
body of the PETM. These observations are consistent with war
ming–induced increase in chemical weathering during the PETM. 

The inferred enhanced chemical weathering is further corroborated 
by a significant increase in Rb/Sr ratios in the PETM interval at the study 
site. Rb/Sr ratio is another useful proxy for clay mineral weathering 
because of different geochemical behaviors of Rb and Sr during chemical 
weathering (Chen et al., 1999; Dasch, 1969). For example, the Ca–Sr 
pair in Ca–bearing minerals (e.g., hornblende, plagioclase, and picrite) 
can be leached out much easier compared to the K–Rb pair in the K–rich 

Fig. 5. (a) REEs patterns of ~2 m–spaced samples divided into pre–PETM, PETM, and post–PETM intervals; (b) Cross-plots of CIA and Al2O3/TiO2, Na2O, and K2O, 
respectively. 
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minerals (e.g., K–feldspar, biotite), such that the residue is depleted in 
Ca–Sr but enriched in K–Rb, leading to an increase in Rb/Sr ratio 
during intense chemical weathering (McLennan et al., 1993; Perri, 2018; 
Xu et al., 2010). The increase in Rb/Sr ratios at our study site is sup
portive of enhanced chemical weathering. Additionally, increased Rb/Sr 
ratios have been observed in India and Svalbard across the Paleo
cene–Eocene transition (Rahi et al., 2022; Schlegel et al., 2013), indi
cating global extent of enhanced chemical weathering. 

5.1.2. A–CN–K diagram 
In addition to the depth profiles of chemical weathering indices, the 

Al2O3–(CaO* + Na2O)–K2O (A–CN–K) ternary diagram is a valuable tool 
to assess the original composition of the source rocks and to evaluate the 
extent to which samples are impacted by K–metasomatism (Fedo et al., 
1995; Nesbitt et al., 1992; Panahi et al., 2000). Previous studies reveal a 
leaching sequence dominated by plagioclase and K–feldspar during the 
weathering of the upper continental crust (UCC), which is characterized 
by an initial depletion of Na2O, CaO, and K2O in the early stage of 
weathering, followed by the loss of K2O and formation of kaolinite or 
gibbsite in more advanced stages of weathering (Panahi et al., 2000). As 
a result, an ideal weathering trend is subparallel to the A–CN axis to
wards the A apex as weathering progresses for samples with the same 
source materials (Fedo et al., 1995). The data from the PETM and pre- 
and post-PETM intervals at our study site exhibit similar pattern on an 
A–CN–K diagram, which supports stable source materials (Fig. 3b). 
Moreover, K–metasomatism, a post–burial alteration process that usu
ally occurs during illitization or authigenic formation of K–feldspars 
(Panahi et al., 2000), may induce deviations from the ideal weathering 
trend towards the K apex. Since we did not observe any obvious shift in 
trend towards K–apex in our A–CN–K diagram at our study site, we 
suggest that K–metasomatism did not play a significant role. However, 

we cannot completely exclude the K–addition in the PETM interval, 
because an increased illite content may be the result of conversion of 
smectite to illite during enhanced chemical and physical weathering 
processes due to increased pCO2 and temperature during the PETM 
(Meunier et al., 2004; Pogge von Strandmann et al., 2021) (Fig. 3a, b). 

5.1.3. Hydrological cycle 
In addition to rising pCO2 and temperature, intensified hydrological 

cycle would have further enhanced physical and chemical weathering 
during the PETM (Camuffo, 1995; Kump et al., 2000; Pagani et al., 2006; 
Sluijs et al., 2011). Increased precipitation and surface run–off in the 
eastern Tethys is supported by a significant increase in the abundance of 
bulk clay mineral and two notable peaks in kaolinite abundance in the 
post-PETM interval, corroborating a more dynamic global hydrological 
cycle at this time (Carmichael et al., 2017; Carmichael et al., 2016; John 
et al., 2012; Tateo, 2020). This may also indicate increased physical 
erosion (Chamley, 2013; Colin et al., 1999; Deconinck et al., 2019), in 
addition to enhanced chemical weathering, as a result of intensified 
seasonal precipitation and surface runoff at middle to high latitudes 
(Foreman et al., 2012; Jiang et al., 2021; Schmitz and Pujalte, 2007). In 
addition, climate model simulations suggest that the tropical and sub
tropical regions may have experienced episodic but intense precipitation 
on land (Carmichael et al., 2018; Kiehl and Shields, 2013; Shields et al., 
2021), which is consistent with the intensification of physical erosion in 
mid– to low–latitudes, demonstrated by increased mass accumulation 
rates of petrogenic organic carbon (OCpetro) (Lyons et al., 2019). The 
overall low kaolinite content in the PETM interval at our study site in the 
subtropics (Fig. 3a) differs from the increased kaolinite contents at other 
mid– and high–latitudinal sites (Dypvik et al., 2011; Gibson et al., 2000; 
Robert and Kennett, 1994; Stokke et al., 2020), which may be the result 
of strong physical erosion associated with episodic and intense 

Fig. 6. Stratigraphic distribution of paleoproductivity proxies PEF, BaEF, NiEF, and CuEF, along with redox conditions proxies UEF, VEF, and Ce/Ce*.  
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precipitation. The interpreted increase in precipitation in the eastern 
Tethys, however, is in contrast to the results of paleoclimate data 
assimilation (DA) and Deep–Time Model Intercomparison Project 
(DeepMIP) that show a decrease in P E (Precipitation minus Evapora
tion) associated with enhanced evaporation near the study site (Cram
winckel et al., 2023; Tierney et al., 2022), suggesting that there is a clear 
need to obtain more detailed hydrological records and refine Earth 
system model to match the interpreted hydrological changes in this 
important region that regulates heat and moisture transport during a 
major global climate change. 

5.1.4. Impact of potential changes in sediment provenance on proxy–based 
interpretation of weathering 

Provenance indicators suggest that the sediment provenance remains 
relatively stable across the PETM interval with minor changes. The small 
variation of Al2O3/TiO2 ratios (varying between 18.5 and 27.6) suggests 
a relatively stable sediment source during the PETM (Fig. 4), as they are 
immobile during weathering and reflective of source rock components 
(Hayashi et al., 1997; Nesbitt and Young, 1982; Panahi et al., 2000). 
This is further supported by stable ZrEF values around 1.0 in the PETM 
interval (Fig. 4), because Zr is an immobile element primarily associated 
with heavy minerals and mainly affected by the behaviors of source 
rocks rather than climatic changes (Scheffler et al., 2006; Zhou et al., 
2015). Similarly, Ti and Cr are also immobile and occur in heavy min
erals during chemical weathering (Hayashi et al., 1997), which remain 
relatively invariant, supporting no significant change in source materials 
during the PETM. We note that CIA is weakly correlated with the the 
provenance indicators (Al2O3/TiO2) (R2 = 0.263; p–value <0.0001; 
Fig. 5b) and K2O (R2 = 0.341; p–value <0.0001; Fig. 5b), but nearly non- 
correlated with Na2O (R2 = 0.030; p–value <0.0001; Fig. 5b), suggesting 
the chemical indices of weathering may have been slightly influenced by 
provenance changes during the PETM. Additionally, a recent study by 
Fu et al. (2023) suggests that the interpretation of the weathering 
proxies (e.g., CIA and CIW) can be biased by other factors such as hy
drodynamic sorting during transport and deposition, sediment recy
cling, and diagenesis during post–burial processes (Fu et al., 2023; 
Garzanti and Resentini, 2016; Guo et al., 2018). Despite these factors 
that may complicate the major-element based weathering proxies, the 
higher Rb/Sr ratio provides another independent line of evidence for 
increased chemical weathering during the PETM. 

The distribution patterns of REEs support minor changes in sediment 
provenance across the PETM (Fig. 5a). Because the bulk rocks are not 
strongly influenced by diagenetic, metamorphic and other alteration 
processes, the REEs should have preserved the source rocks’ character
istics (Mclennan, 2018; Zimmermann and Bahlburg, 2003). The transi
tion of the dominant element from Tb to Eu starting within the pre- 
PETM interval may be attributed to changes in the source rock. As the 
most inert elements among the REEs, ErSN/TmSN ratios remain invari
able over the pre-PETM and PETM intervals (McLennan, 1994). While 
most PAAS–normalized REEs values are <1.0 at the study site, values 
higher than 1.0 occur exclusively within the PETM interval, suggesting 
an additional source into the sediment provenance. Accordingly, we 
consider the effects of provenance change on Al2O3/TiO2, TiEF, ZrEF, and 
CrEF to be small, and variation in REEs may have been attributed to 
slight source changes across the PETM. 

5.2. Changes in marine productivity across the PETM 

It is widely recognized that intensified marine primary productivity 
may have been triggered by increased inputs of bio-essential elements, 
such as P, Fe, Cu, and Ni, as a consequence of enhanced weathering and 
potential volcanic activities (Schoepfer et al., 2015; Shen et al., 2015). It 
has been observed that BaEF and PEF are positively correlated with ma
rine primary productivity, but their abundance is likely influenced by 
changes in the accumulation rates of organic-matter-rich sediment or 
bottom water redox conditions (Schoepfer et al., 2015; Tribovillard 

et al., 2006). Additionally, NiEF, and CuEF are useful proxies for paleo
productivity because Ni and Cu serve as important micronutrients in 
organometallic complex (Horner et al., 2021; Tribovillard et al., 2006). 
The observed increase in both PEF and NiEF at ~17 m and an abrupt rise 
in CuEF at ~18 m at the study site support enhanced nutrient inputs and 
elevated primary productivity preceding the PETM (Fig. 6). In addition, 
the widespread occurrence of the calcareous nannoplankton species 
Neochiastozygus junctus during the PETM is indicative of mesotrophic to 
eutrophic conditions, further supporting an increase in nutrient and 
primary productivity in the eastern Tethys (Wang et al., 2022). Enhaced 
primary or export productivity is also observed in the open ocean 
(Bridgestock et al., 2019; Ma et al., 2014), the continental margin (John 
et al., 2008; Papadomanolaki et al., 2022), and restricted basin (Sluijs 
et al., 2008), supporting globally extent of increased productivity during 
the PETM. 

5.3. Changes in marine redox conditions across the PETM 

The occurrence of ocean anoxic events (OAE) or expansion of oxygen 
minimum zones (OMZ) can be attributed to the increased biological 
productivity and subsequent remineralization of organic matter, which 
consumes oxygen (Dumitrescu and Brassell, 2005; Reolid et al., 2012; 
Xiong et al., 2012). The enrichment of redox–sensitive trace elements (e. 
g., U and V) in marine sediments can be used as a proxy for marine redox 
conditions as their valences and solubilities vary with redox potential 
(Chaillou et al., 2002; Takahashi et al., 2014; Tribovillard et al., 2006). 
For example, in reduced environments, soluble U6+ tends to form the 
insoluble U4+ complexes with hydroxides, hydrated fluorides, and 
phosphates, which can be preserved in the sediments (Andersen et al., 
2017; Ivanovich and Harmon, 1992; Morford et al., 2005; Stirling et al., 
2007). Unlike the element U, the reduction behavior of V differs under 
anoxic (non-sulfidic) vs. euxinic conditions, as the presence of H2S can 
accelerate the precipitation of trivalent V in the forms of V2O3 or V(OH)3 
(Algeo and Maynard, 2004). Therefore, episodic increases in UEF and VEF 
during the PETM at the study site supports a reduced environment and 
shallow-ocean deoxygenation (Fig. 6). 

Additionally, Ce anomaly (Ce/Ce*) is a well–established proxy for 
reconstructing the redox state of the seawater (Bau and Koschinsky, 
2009; Lawrence et al., 2006). The soluble Ce3+ is preferentially oxidized 
to insoluble Ce4+ through scavenging by manganese oxyhydroxide 
under oxic conditions, resulting in a depletion of Ce relative to other 
neighboring trivalent REEs in the water column, and therefore dis
playing negative Ce anomalies (Byrne and Sholkovitz, 1996). Hence, the 
lack of negative Ce/Ce* values in pore waters indicates more reduced 
conditions of the bottom water (Haley et al., 2004; Zhou et al., 2016). 
However, dissolution of Mn oxyhydroxide particles under hypo
xic–suboxic water conditions may also increase the dissolved Ce content 
(De Carlo et al., 1997). Therefore, the observed small increase in Ce/Ce* 
pattern during the PETM may be associated with hypoxic–suboxic water 
conditions. It is important to note that the anoxia of shallow marine is 
likely a local phenomenon during the PETM (Gupta and Kumar, 2019; 
Shukla and Sharma, 2018; Yao et al., 2018), in line with the suggestion 
that seafloor anoxia expanded <2% during the PETM based on uranium 
isotope records (Clarkson et al., 2021). Furthermore, intensified ocean 
stratification is supported by the reduced surface–deep ocean δ13C 
gradient (Kwon et al., 2022), i.e., greater CIE magnitudes in shallow 
marine carbonates compared to those observed in the deep sea (Li et al., 
2017; McInerney and Wing, 2011; Self-Trail et al., 2017). 

5.4. Relationship between the NAIP activity, silicate weathering, marine 
productivity, and ocean hypoxia in the eastern Tethys 

The emplacement of the North Atlantic Igneous Province (NAIP) is 
widely considered as the trigger of the PETM (Berndt et al., 2023; Fri
eling et al., 2016; Gutjahr et al., 2017; Jones et al., 2023; Jones et al., 
2019; Svensen et al., 2004). Large emissions of CO2 from both intrusive 
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and extrusive NAIP activities and associated warming may have led to 
the release of 2000 to 14,900 Pg C during the PETM at a rate of 0.3 to 1.1 
Pg C yr− 1 (Cui et al., 2011; Gutjahr et al., 2017; Haynes and Hönisch, 
2020; Zeebe et al., 2016; Zeebe et al., 2009). Atmospheric CO2 emission 
during the PETM is followed by carbon sequestration through silicate 
weathering (Penman, 2016) and organic carbon burial (Bowen and 
Zachos, 2010; Komar and Zeebe, 2017; Papadomanolaki et al., 2022), 
leading to a rapid CO2 drawdown. Increased carbon sequestration 
following the PETM is supported by Os isotopes (Dickson et al., 2015), Li 
isotopes (Pogge von Strandmann et al., 2021), accumulation of biogenic 
silica and carbonate in the deep oceans (Penman, 2016), and organic 
carbon deposition in both terrestrial and marine sediments (Bowen, 
2013; John et al., 2008). 

During enhanced weathering, increased terrestrial runoff may have 
prompted an increase in nutrient input, stimulating greater marine 
productivity and leading to higher export of organic carbon to the sea
floor, as evidenced by the increase in PEF, NiEF, and CuEF at the study 
site. The higher total organic carbon content (TOC wt%) and changes in 
the enrichment of redox-sensitive elements (e.g., UEF, VEF and Ce 
anomaly) support deoxygenation in the eastern Tethys. This is consistent 
with a recent suggestion that the Eurasian epicontinental sea played an 
important role as a carbon sink (720 to 1300 Pg C organic carbon burial; 
see Kaya et al., 2022) by depositing extensive sapropel during the PETM, 
which acted as a negative feedback mechanism to draw down atmo
spheric pCO2 (Kaya et al., 2022; Papadomanolaki et al., 2022; Yao et al., 
2018). 

6. Conclusions 

Based on the new high–resolution geochemical and clay mineral 
records from the shallow marine Kuzigongsu section, we reconstructed 
continental weathering, sedimentary provenance, marine productivity, 
and ocean deoxygenation of the eastern Tethys during the PETM. 
Moderate increase in CIW, PIA, and Rb/Sr suggests increased terrestrial 
input shortly after the PETM onset, possibly due to intensified chemical 
weathering. Furthermore, illite became more abundant than smectite 
during the PETM, supporting aggravated physical erosion along with 
enhanced chemical weathering in altering the composition of major 
elements. The relatively stable heavy–mineral–associated elements (Ti, 
Zr, and Er/Tm) and small change in the distribution patterns of REEs 
imply a minor alteration in sediment provenance, which may be due to 
volcanic activities. Enhanced nutrient inputs and elevated primary 
productivity are supported by increases in PEF, NiEF, and CuEF. Episodic 
deoxygenation of seawater is supported by the enrichments of 
redox–sensitive trace elements (U & V) associated with elevated primary 
productivity during the PETM. The sub–tropical eastern Tethys site may 
have provided several key feedbacks to the carbon cycle perturbation, 
including increased organic carbon burial from higher nutrient inputs 
and more reduced conditions, and enhanced atmospheric and oceanic 
circulations to transport warm and moist air and warm water into the 
northern high latitudes. 
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