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A B S T R A C T   

The Paleocene-Eocene Thermal Maximum (PETM) offers an excellent opportunity to study the ecological and 
environmental responses to global warming. Discussing the so far poorly constrained amplitude and mechanisms 
of sea-level changes during the PETM is the principal goal of the present study from the epicontinental Tarim 
seaway. A negative carbon isotope excursion precisely constrains the stratigraphic position of the PETM event 
within the Qimugen Formation. Microfacies data show that tidal and lagoonal carbonates or sandstone char
acterizing the Tarim seaway in the pre-PETM stage were gradually replaced by open-marine to middle-ramp 
marlstones at PETM onset, by outer-ramp mudrocks in the syn-PETM stage, and eventually by middle-ramp 
carbonates in the post-PETM stage. A deepening paleo-water depth trend documents a transgressive sequence 
leading to maximum flooding during PETM peak. The content of planktonic foraminifera in Qimugen Formation 
sediments deposited below storm wave base indicates a minimum paleo-water depth of 20–50 m. Regional and 
global comparisons of sea-level curves suggest that this sea level rise documented in the Tarim epicontinental 
seaway during the PETM is a largely eustatic consequence of global warming, inducing extensive melting of high- 
mountain glaciers and thermal expansion of sea water.   

1. Introduction 

The Paleocene-Eocene Thermal Maximum (PETM) was a short-lived 
climatic event, occurred around 56 Ma and lasted ~170 to 200 kyr, 
when the temperature of surface ocean waters rose by 5–8 ◦C (Kennett 
and Stott, 1991; Zachos et al., 2001; McInerney and Wing, 2011; Hu 
et al., 2020; Westerhold et al., 2020; Tierney et al., 2022). The PETM 
onset was marked by a large (~ 3–6‰) negative carbon-isotope excur
sion (CIE), caused by the injection of 2000 to >13,000 billion tonnes of 
13C-depleted carbon into the ocean-atmosphere system (Dupuis et al., 
2003; Panchuk et al., 2008; Cui et al., 2011; McInerney and Wing, 2011; 
Gutjahr et al., 2017). The sources of such light‑carbon emission and the 
triggering mechanisms of the PETM event are hotly debated. Leading 
hypotheses involve the release of methane hydrates (Dickens et al., 
1997; Minshull et al., 2016), volcanic-gas emissions during emplace
ment of the North Atlantic igneous province (Svensen et al., 2004; Jones 

et al., 2019; Berndt et al., 2023), or astronomical forcing (Zeebe and 
Lourens, 2019; Li et al., 2022). The PETM exerted a profound influence 
on ecological and sedimentary systems, and caused severe environ
mental changes including acidification of ocean waters (Zachos et al., 
2005), anoxia (Yao et al., 2018), and faunal extinctions and migrations 
in terrestrial and marine ecosystems (Wing et al., 2005; Speijer et al., 
2012; Vitek et al., 2021). 

As the most dramatic climatic event of the Cenozoic, the PETM is 
widely considered to provide the best analogue for studying the 
ecological and environmental responses to present-day global warming 
associated with eustatic rise. Sea-level change during the PETM has been 
documented in many regions worldwide by paleontological assemblages 
(e.g., foraminifera, pollen, ostracods), geochemical proxies (e.g., 
terrigenous organic carbon, Y/Ho ratio), grain-size trends, and microf
acies analysis, all consistently pointing to widespread transgression (see 
Sluijs et al., 2008 for a review). Schmitz and Pujalte (2003) suggested 
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that enhanced hinterland erosion during the PETM in the Pyrenees was 
related to increased fluvial incision as a consequence of sea-level fall, 
although an enhanced hydrological cycle offers a plausible alternative 
(Li et al., 2021a; Pujalte et al., 2022). Overall, the view that sea levels 
was rising during the PETM is widely accepted, but only a limited 
number of studies have discussed the potential controlling mechanisms, 
including thermal expansion of seawater, melting from small-scale 
Antarctic glaciers, and decrease in the volume of oceanic basins (Sluijs 
et al., 2008; Harris et al., 2010). The aquifer eustasy hypothesis, which 
has garnered considerable attention recently (Sames et al., 2020; Li 
et al., 2023), has not been thoroughly examined in the PETM case. 

Detailed stratigraphic and sedimentological studies are needed to 
better constrain the amplitude of eustatic change during the PETM, 
which remains poorly understood. Shallow seas, and particularly 
epicontinental seas, are highly sensitive to fluctuations in sea level and 
exhibit high sedimentation rates, thus possessing the requisites for an 
accurate assessment of sea-level change. The early Paleogene epiconti
nental Tarim seaway, connected with the Tethyan Ocean in a relative 
tranquil tectonic setting (Tang et al., 1992; Bosboom et al., 2014; Zhang 
et al., 2018; Li et al., 2021b), is excellently suited at this regard. 

2. Geological setting 

2.1. Regional geology 

The Tarim Basin is the largest inland basin of China, covering an area 
of 530,000 km2 bounded by the Tianshan Range on the north, the West 
Kunlun Range on the south, the Pamir Plateau on the west-southwest, 

and the vast Taklimakan Desert on the east (Fig. 1A). The Tarim 
seaway formed during the early Late Cretaceous (Cenomanian), when 
Tethyan sea waters first encroached eastward through the narrow 
depression between the Tianshan and Kunlun Ranges. The Tarim Sea 
experienced five major transgressions until the end of the Paleogene 
(Tang et al., 1992; Bosboom et al., 2011, 2014; Sun and Jiang, 2013; Sun 
et al., 2016; Zhang et al., 2018; Kaya et al., 2019). Transgressive- 
regressive cycles induced by climatic or tectonic events played a 
major role in the paleogeography and paleoclimate history of central 
Asia (Hao and Zeng, 1984; Zhang et al., 2018; Kaya et al., 2019). 
Paleocene-Eocene strata were deposited during the third transgression 
of the Tarim Sea and are widely exposed in the southwestern Tarim 
Basin (Zhang et al., 2018; Xi et al., 2020; Li et al., 2021b). This excel
lently preserved sedimentary record provides a complete archive of 
eastern Tethyan paleoceanic and paleoclimatic events. 

2.2. Lithostratigraphy and biostratigraphy 

Two stratigraphic sections with continuous exposure of Cretaceous 
to Neogene strata were measured at Kuzigongsu (39◦44′19″N, 
75◦18′20″E) and Bashibulake (39◦51′18″N, 74◦32′44″E; Fig. 1B-C) in the 
Wuqia County (Xinjiang Uygur Autonomous Region, NW China). The 
upper Paleocene/lower Eocene Qimugen Formation conformably over
lies the Aertashi Formation (Fig. 2D), consisting of thick gypsum and 
anhydrite with intercalated dolomitic limestone. The lower member of 
the Qimugen Formation is mostly made of grey-green limestone and 
marlstone, whereas the upper member chiefly consists of purple-red 
gypsiferous argillite. The overlying Kalataer Formation is 

Fig. 1. Topographic and geological maps. (A) Topographic map of the study area and adjacent region with major tectonic units; (B–C) Geological map of Kuzi
gongsu and Bashibulake study areas, modified from Zhang et al. (2018). 
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characterized by the abundance of oyster beds (Tang et al., 1989; Zhang 
et al., 2018). Based on previous work (Cao et al., 2018; Jiang et al., 
2018; Wang et al., 2022a, 2022b, 2023), the present study focuses on the 
lower member of the Qimugen Formation that contains the PETM event. 

Abundant calcareous nannofossils, planktonic foraminifera and di
noflagellates indicate a late Paleocene to early Eocene age for the lower 
member of the Qimugen Formation (Cao et al., 2018; Jiang et al., 2018). 
The detailed sedimentological study of the Qimugen section by Li et al., 
(2021b) documented transgression and storm intensification through the 
PETM and ETM2 hyperthermal events. Based on high-resolution calcar
eous-nannofossil biostratigraphy of the Kuzigongsu section, Wang et al., 
(2022a) inferred a productivity increase during the PETM compensated by 
a decreased preservation of fossil tests due to acidification. The calcareous- 
nannofossil study of both Kuzigongsu and Bashibulake sections allowed 
Wang et al. (2023) to evaluate sea-level changes during the PETM. 

3. Methods 

Stratigraphic logs of ~47 m and > 80 m were measured in the 

Kuzigongsu (Fig. 2B) and Bashibulake (Fig. 2C) sections, respectively. 
Overall, 80 and 76 marlstone and limestone samples were collected for 
microfacies and carbon-isotope analysis, with a frequency of ~0.5 m 
(Kuzigongsu) and ~ 1 m (Bashibulake). 

3.1. Microfacies analysis 

Microfacies analysis was based on sedimentary structures observed 
in the field and on fossil assemblages, grain composition, and textures 
identified in thin section. Limestones (siliciclastic detritus <10%) and 
mixed carbonate-siliciclastic rocks (siliciclastic detritus >10%) were 
described following Dunham (1962); (integrated by Embry and Klovan, 
1971) and Mount (1985), respectively. Environmental interpretation 
was based on the standard microfacies and depositional model of Flügel 
(2010). Relative abundances of different allochems (e.g., planktonic 
foraminifera) were estimated optically under the microscope consid
ering at least 5 fields of view. 

Fig. 2. (A) Regional stratigraphy and Late Cretaceous to Paleogene sea-level curve for the Tarim Basin (Bosboom et al., 2014). Field photos of Kuzigongsu (B) and 
Bashibulake (C) sections. (D) Boundary between Aertashi and Qimugen formations. (E) Stratigraphic range of CIE core showing sample positions (white line rep
resents erosive surface at base of storm deposit). (F) Interference ripple marks (white arrows) in lower member of Qimugen Formation. (G) Sandy tidal channel 
deposits and modified “mud-covered sand” structure (rectangle above the notebook). (H) Onset-PETM strata in Bashibulake section. Arrows point up-section. 
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3.2. Stable carbon and oxygen isotopes 

Powdered samples were obtained by micro-drilling, taking care to 
avoid veins, pores, and macrofossils. Isotope ratios were measured at the 
State Key Laboratory for Mineral Deposits Research, Nanjing University, 
using a Finnigan MAT Delta Plus XP mass spectrometer coupled with an 
in-line GasBench II autosampler. Samples were reacted with purified 
orthophosphoric acid at 70 ◦C. Isotopic measurements were calibrated 
to the Chinese national standard calcium carbonate sample GBW04405 
(δ13CVPDB = 0.57 ± 0.03‰; δ18OVPDB = 8.49 ± 0.14‰). Data are 
expressed in standard delta notation (δ), as permil deviations from the 
Vienna Pee Dee Belemnite (VPDB) standard. Duplicate measurements of 
standards yielded an average analytical precision (1σ) of 0.03‰ for δ13C 
and of 0.04‰ for δ18O. The complete dataset is provided in Table S2–3. 

4. Microfacies analysis and sedimentary evolution 

Eleven microfacies (MF) are identified in the lower member and base 

of the upper member of the Qimugen Formation; representative 
microfacies are shown in Fig. 3 and simplified microfacies descriptions 
are given in Table 1. 

4.1. Outer ramp environments 

4.1.1. MF1 Wackestone 
MF1 consists of greyish-green marlstone in the middle and upper 

parts of the lower member of the Qimugen Formation. Carbonate grains 
(15–25%) are mainly planktonic foraminifera and filaments. Small 
benthic foraminifera, calcospherites, serpulids, and crinoids also occur. 
Matrix is mainly micrite with 0–15% terrigenous clay (Fig. 3A). 

MF1 corresponds to standard microfacies 3 of Flügel (2010). The 
faunal assemblage and micrite indicate a low-energy outer-ramp envi
ronment below storm wave base (Fig. 6). 

4.1.2. MF2 Bioclastic wackestone/packstone 
MF2 consists of greyish-green, thick-bedded bioclastic limestone 

Fig. 3. Thin-section photographs of representative microfacies from Kuzigongsu and Bashibulake sections: (A) MF1 wackestone; (B–C) MF2 bioclastic wackestone/ 
packstone; (D) MF3 (sandy) bioclastic wackestone; (E) MF4 sandy mudstone/wackestone; (F) MF5 mudstone; (G) MF6 sandy mudstone; (H) MF7 (sandy) bioclastic 
wackestone; (I) MF8 sandy mudstone; (J) MF9 (sandy) wackestone/floatstone; (K) MF10 (micritic) sandstone; (L) MF11 dolomitic mudstone. 
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commonly intercalated with MF1 in the middle or upper parts of the 
lower member of the Qimugen Formation. Carbonate grains (45–55%) 
are dominated by oysters (Turkostres) commonly larger than 2 mm, 
associated with planktonic foraminifera, filaments, serpulids, crinoids, 
bryozoans, ostracods, and small benthic foraminifera. Matrix is micrite 
with minor terrigenous silt (Fig. 3B-C). 

MF2 corresponds to standard microfacies 12-S of Flügel (2010). 
Although oysters, which are widespread throughout the western Tarim 
Basin (Zhang et al., 2018), generally thrive in warm shallow seas (Lan 
and Wei, 1995), the abundance of background micrite, planktonic 
foraminifera and filaments point to a deeper-water depositional envi
ronment (Van der Zwaan et al., 1990). The sharp basal contacts of MF2 
with MF1 observed in outcrop indicate storm events on an outer-ramp 
(Fig. 2E, 6). These storm-induced shell layers were quite commonly 
deposited in the Tarim Sea during this period, suggesting storm inten
sification (Fig. S2). 

4.2. Middle ramp environments 

4.2.1. MF3 (Sandy) bioclastic wackestone 
MF3 consists of greyish-green marlstone and thick-bedded bioclastic 

limestone in the upper part of the lower member of the Qimugen For
mation. Carbonate grains (15–35%) are mainly filaments, echinoderms, 
and serpulids. Bivalves, ostracods, bryozoans, benthic and planktonic 
foraminifera also occur. Matrix is mainly micrite (Fig. 3D). 

The high faunal diversity indicates an open environment. Serpulids 
mainly live today in restricted coastal environments at water depths 
<30 m (Fornos et al., 1997), but in older times they also lived in deeper 
waters. MF3 serpulids are relatively complete and set in background 
micrite together with complete echinoderm tests, filaments and plank
tonic foraminifera, thus pointing to in situ deposition on a middle to 
outer-ramp, at water depth ≥ 20 m (Scholle and Ulmer-Scholle, 2003; 
Flügel, 2010; Fig. 6). 

4.2.2. MF4 Sandy mudstone/wackestone 
MF4 consists of greyish-green marlstone in the middle to upper parts 

of the lower member of the Qimugen Formation. Grains are mainly 
quartz (10–20%) and bioclasts (5–10%), including bivalves, planktonic 
foraminifera, ostracods, echinoderms, serpulids, and a few small benthic 
foraminifera. Matrix consists of micrite and quartzose silt (Fig. 3E). 

High biodiversity indicates an open environment where angular to 
subangular terrigenous quartz and broken bioclasts were transported by 
waves. Micrite and planktonic foraminifera indicate deposition on a 
middle to outer-ramp (Fig. 6). 

4.2.3. MF5 Mudstone 
MF5 occurs in the middle part of the lower member of the Qimugen 

Formation. Sporadic grains include planktonic foraminifera and bi
valves set in micrite with quartzose silt locally (Fig. 3F). 

MF5 mudstones indicate a low-energy environment below the 
euphotic zone, possibly a middle-ramp below fair-weather wave base 
(Fig. 6). 

4.3. Open marine environments 

4.3.1. MF6 (Sandy) mudstone 
MF6 consists of purple-red limestone at the base of the upper 

member of the Qimugen Formation. Sparse grains 0.1–1 mm in size are 
bivalves (2–5%), crinoids (2–5%), and terrigenous quartz (5–17%) set in 
micritic matrix containing quartzose silt (Fig. 3G). 

Dominant mud and lack of pelagic fauna suggests a low-energy, 
open-marine, inner ramp environment below fair-weather wave base 
(Fig. 6). 

4.3.2. MF7 (Sandy) bioclastic wackestone 
MF7 consists of greyish-green limestone in the middle part of the Ta
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lower member of the Qimugen Formation. Grains include terrigenous 
quartz (5–20%) and diverse bioclasts (20–40%) including bivalves 
(5–15%), bryozoans (5–10%), crinoids (5–8%), a few serpulids, and 
minor planktonic and benthic foraminifera, filaments, and coralline 
algae set in micritic matrix (Fig. 3H). 

High biodiversity of commonly broken shallow-marine bioclasts 
points to deposition on a relatively high-energy, open marine, inner- 
ramp above fair-weather wave base (Fig. 6). 

4.3.3. MF8 Sandy mudstone/micritic sandstone 
MF8 consists of greyish-green to greyish marlstone or calcareous 

sandstone in the middle part of the lower member of the Qimugen 
Formation. Detrital quartz in variable amounts (10–70%) is associated 
with a few serpulids, bivalves, ostracods, and glaucony. Clasts range 
between 0.02 and 0.15 mm in size. Matrix is mixed micrite and terrig
enous clay (Fig. 3I). 

Abundant detrital quartz and shallow-marine faunas were trans
ported to a relatively open depositional environment from a nearby land 
or tidal flat (Fig. 6). Glaucony grains suggests reduced sediment supply 
at the beginning of a transgression (Garzanti, 1991; Bansal et al., 2017). 

Fig. 4. Stratigraphic log of Qimugen Formation in Kuzigongsu Section, showing microfacies, relative sea level, inferred depositional environment, whole-rock 
carbonate δ13C and δ18O curve, coarse detritus, and calcareous nannofossil zones (NP) after Wang et al. (2022a). VPDB: Vienna Pee Dee Belemnite. 
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4.4. Lagoonal to tidal flat environments 

4.4.1. MF9 (Sandy) wackestone/floatstone 
MF9 consists of greyish-green marlstone in the lower part of the 

lower member of the Qimugen Formation. Detrital quartz with frag
ments of mudrock and chert (0–15%) occur with common bioclasts 
(10–35%) including bivalves, crinoids, and a few bryozoans, coralline 
algae, and small benthic foraminifera. Clasts mainly range between 0.2 

Fig. 5. Stratigraphic log of Qimugen Formation in Bashibulake Section, showing microfacies, relative sea level, inferred depositional environment, whole-rock 
carbonate δ13C and δ18O curve, and coarse detritus. Legend as in Fig. 4. 
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and 1.5 mm but are locally >2 mm. Matrix is mixed micrite and 
terrigenous clay. Bioturbation is common (Fig. 3J). 

The fossil assemblage and common bioturbation point to a relatively 
enclosed inner neritic subtidal environment adjacent to a lagoon 
(Fig. 6). 

4.4.2. MF10 (Micritic) sandstone/sandy mudstone 
MF10 mainly consists of purple-red or greenish sandstone or 

calcareous mudstone in the lower part of the lower member of the 
Qimugen Formation. Sand lenses locally showing erosive base wavy 
bedding, and interference ripples are embedded in silt or mud (Fig. 2F- 
G). Detrital quartz (85–100%) is locally associated with bivalves and 
small benthic foraminifera. Matrix is mixed micrite and quartzose silt. 
Fine lamination is common (Fig. 3K). 

MF10 contains less fossils than the interbedded MF9 and more 
detrital quartz reworked by tidal currents; erosive structures indicate a 
tidal channel (Fig. 6). 

4.4.3. MF11 (Dolomitic) mudstone 
Grey, thin-bedded dolomitic limestone at the base of the Qimugen 

Formation overlies gypsum of the Aertashi Formation. Micrite or 
microcrystalline dolomite with bird’s eyes include a few miliolids, gas
tropods, and ostracods (Fig. 3L). 

MF11, corresponding to SMF23 of Flügel (2010), points to a supra
tidal environment in arid to semi-arid climate (Scholle et al., 1983). 

5. Isotope stratigraphy 

The whole-rock inorganic‑carbon isotopic curve for the lower 
member of the Qimugen Formation shows well-defined similar trends in 
both Kuzigongsu and Bashibulake sections. A clear negative carbon- 
isotope excursion (CIE) is documented in the middle part of the lower 
member of the Qimugen Formation, with some differences in the 
amplitude and fine structure of δ13C values (Figs. 4 and 5). Our results 
are consistent with the ultrahigh-resolution (10–20 cm) carbon-isotope 
stratigraphy and calcareous-nannofossil biostratigraphy of Wang et al. 
(2022a) (Fig. 7 and S1). 

In the lower part of the Kuzigongsu section, δ13C values range from 
− 0.5‰ to 4.5‰; the CIE begins at 19.9 m above the base of the Qimugen 
Formation and terminates at 30.5 m, with a most negative δ13C value of 
− 5.4‰ and a negative-excursion amplitude of 6.7‰. Above the CIE, 
δ13C values recover to between 0.0 and − 1.9‰. Carbonate rocks are 
lacking at the base of the Bashibulake section, and δ13C values range 
from 0.5 to 1.7‰ between 1 and 12 m from the base of the Qimugen 
Formation. The CIE occurs between 12 and 28 m, with a negative- 
excursion amplitude of 7.0‰. Above the CIE, δ13C ranges between 0.1 
and 2.0‰. 

The δ18O values are between − 6.4‰ to − 0.2‰ in the Kuzigongsu 

section, showing a negative excursion with an amplitude of 6.3‰ in the 
CIE interval. Throughout the Bashibulake section, δ18O ranges between 
− 8.1‰ and − 1.1‰, showing a negative excursion with an amplitude of 
6.2‰ in the CIE interval. 

6. Discussion 

6.1. The PETM record in the Tarim Basin 

The inconspicuous correlation between δ13C and δ18O (Fig. 7) in
dicates that stable isotopes in the Qimugen Formation preserve the 
original oceanic signal (Banner and Hanson, 1990; Knauth and Kennedy, 
2009), with negligible effect of terrigenous supply or diagenesis (in line 
with Wang et al., 2022a). 

The PETM event is defined by the negative carbon-isotope excursion 
documented in the sedimentary record, the onset of which was 
conventionally assumed as the Paleocene/Eocene boundary by the In
ternational Commission on Stratigraphy (Aubry et al., 2007). In the 
Kuzigongsu section, the CIE is testified by a 10.6-m-thick interval and 
includes small-scale excursions, possibly explained by multiple releases 
of light carbon (Barnet et al., 2019; D’Onofrio et al., 2020). In the 
Bashibulake section, the CIE is testified by the 16-m-thick interval where 
δ13C and δ18O reach the most negative values of respectively − 4.9‰ 
and − 8.1‰ at ~23 m from the base of the Qimugen Formation. The two 
sections are robustly correlated by a shell layer (MF2 of this study; sandy 
limestone layer of Cao et al., 2018 and Jiang et al., 2018) identified 
throughout the Tarim Basin. The CIE record of the Qimugen Formation 
(Figs. 4 and 5), similar as that of the Tethys Himalayan carbonate 
platform (Li et al., 2017, 2020, 2021a) and New Jersey shelfal strata 
(Self-Trail et al., 2012), shows a more rapid recovery than the typical 
PETM carbon-isotope structure (McInerney and Wing, 2011). This may 
be explained by several processes, including fast carbon sequestration 
driven by increased C-storage in the terrestrial biosphere (Bowen and 
Zachos, 2010), increased marine export (Torfstein et al., 2010), 
enhanced silicate weathering (Kelly et al., 2010), decreased sedimen
tation rate during transgression (Figs. 4 and 5), or erosion because of 
enhanced storm activity in the recovery stage (Fig. 2E). 

6.2. Sedimentary evolution across the PETM 

Microfacies analysis indicates that the lower member of the Qimugen 
Formation documented a complete transgressive-regressive cycle in 
both Kuzigongsu (Fig. 4) and Bashibulake (Fig. 5) sections (Zhang et al., 
2018; Li et al., 2021b). Gypsum layers deposited in sabkha environments 
at the top of the Aertashi Formation are overlain by supratidal dolomitic 
mudstones (MF11) at the base of Qimugen Formation. Above, sandstone 
and floatstone (MF10) exposed in the Bashibulake section were depos
ited in intertidal to subtidal environments, whereas wackestone and 

Fig. 6. Depositional model for western Tarim Basin margin in the late Paleocene to early Eocene, with inferred paleo-water depth and position of each identified 
microfacies. 
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mudstone with fine lamination (MF9–10) exposed in the Kuzigongsu 
section accumulated in subtidal to lagoonal environments. Trans
gression began after this period of relatively constant water depth and 
depositional conditions. In the Bashibulake section, bioclastic wacke
stone with abundant shallow marine fossils (MF7–8) indicate transition 
to an open-marine inner ramp, followed by mudstone with planktonic 
foraminifera (MF5) deposited on a middle ramp. In the Kuzigongsu 
section, instead, transgression led directly to deposition of MF5 on a 
middle ramp, followed by wackestone with planktonic foraminifera and 
filaments (MF1) interbedded with frequent storm layers with mixed 
shallow-water and deep-water fossils deposited on an outer ramp (MF2). 
This interval is inferred to represent a high-stand systems tract docu
mented throughout the basin, followed by a relative stable stage 

characterized by increasing terrigenous supply and deposition of sandy 
bioclastic wackestone (MF3) and sandy mudstone/wackestone with 
planktonic foraminifera and filaments on a middle to outer ramp (MF4). 
Eventually, sandy mudstone with bivalves and echinoderms (MF6) at 
the base of the upper member of the Qimugen Formation indicate 
deposition on an inner to middle ramp during regression. 

Microfacies analysis combined with carbon-isotope stratigraphy al
lows us to accurately reconstruct the sedimentary evolution during the 
PETM event. Tidal to lagoonal environments influenced by terrigenous 
supply before the PETM passed upward to open marine to middle-ramp 
settings at the beginning of the CIE, and later on to outer-ramp settings 
during the main body of the CIE, returning to middle/outer ramp during 
the recovery stage until inner/middle ramp deposition influenced by 

Fig. 7. Cross-plot of whole-rock carbonate carbon isotope versus oxygen isotope values for Qimugen Formation exposed in Kuzigongsu and Bashibulake sections. 
Grey filled circles represent data of Wang et al. (2022a). 

Fig. 8. (A) Graph indicating expected percentage of planktonic foraminifera to total foraminifera with increasing water depth. B) Timing and amplitude of geological 
controls of eustatic change (mod. From Miller et al., 2005a; Sames et al., 2016). 
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terrigenous material was eventually re-established after the PETM. 

6.3. Sea-level change in the Tarim Basin during the PETM 

High-resolution microfacies analysis of the Kuzigongsu and Bashi
bulake sections consistently indicate that the PETM event corresponded 
to a transgression of the Tarim Sea, reaching maximum flooding at the 
peak of the PETM (Figs. 4 and 5). Such a deepening event represents the 
third transgression of the Tarim Sea since the mid-Cretaceous (Tang 
et al., 1992; Bosboom et al., 2014; Zhang et al., 2018). The reconstructed 
relative-sea-level curve shows that paleo-water depths fluctuated be
tween mean high tide and mean low tide (i.e., around 0 m) before the 
PETM and dropped below storm wave base during the PETM. Storm 
wave base (i.e., the maximum sea-floor depth affected by storms) ranges 
widely from an average depth of 20–30 m in epicontinental seas to 
>100 m for open shelves, depending on shelf configuration, shelf-edge 
topography, climatic zone, and storm intensity (Flügel, 2010; Peters 
and Loss, 2012). The Tarim Sea was an epicontinental sea, which allows 
us to grossly infer that storm wave base lay around 20–30 m during the 
early Paleogene (Tang et al., 1992; Bosboom et al., 2011; Zhang et al., 
2018; Li et al., 2021b). The studied strata during the PETM were thus 
deposited at water depths ≥20–30 m. 

Fossil assemblages and the life mode and morphology of organisms 
provide useful elements to constrain paleo-water depth estimates (Gold, 
2021). The percentage of planktonic foraminifera to total rock and the 
ratio of planktonic to total foraminifera [%P = P/(P + B), where P and B 
are frequencies of planktonic and benthic foraminifera] are most sen
sitive to changes in sea level, especially in mixed siliciclastic‑carbonate 
environments as those of the Tarim Basin (Leckie and Olson, 2003; Tapia 
et al., 2022). Excepting MF2 storm layers, the percentage of planktonic 
and benthic foraminifera in the Qimugen Formation were 4–10% and 
2–6% (Table 1), and therefore the %P lies in the 40–80% range, pointing 
to a maximum paleo-water depth either between 50 m and ≥ 200 m 
(Leckie and Olson, 2003; Gold, 2021) or between 32 m and 108 m (if 
calculated by the regression formula, Depth = 2(3.365+(0.0407*%P)) of 
Tapia et al., 2022). These estimates are obviously tentative and rough, 
because planktonic foraminifera do feed in the photic zone with highest 
concentrations between water depths of 10 and 50 m but, after death, 
their tests may settle through the water column to greater depths or even 
be entrained by currents towards shallower depths (Bé, 1977; Flügel, 
2010; Gold, 2021). Notwithstanding these limitations and the overall 
low content of foraminifera in the Qimugen Formation, a maximum 
paleo-water depth constrained by foraminifera indicators during the 
PETM can be plausibly considered as no <30 m and up to ≥50 (Fig. 8A). 
This is consistent with MF1-MF4 fossil assemblages characterized by 
filaments and serpulids (Scholle and Ulmer-Scholle, 2003; Flügel, 2010) 
and with the abundance of the calcareous nannofossil Micrantholithus 
during the PETM, a taxon that mainly lived in middle to outer neritic 
environments (Wang et al., 2022a; Wang et al., 2023). 

Microfacies analysis and foraminiferal indicators help us to conser
vatively constrain the relative sea-level change documented by the 
Qimugen Formation during the PETM to between a minimum of 20 m 
and a maximum ≥50 m. This estimate is compatible with sedimento
logical evidence from other parts of the Tarim Basin, including the 
Qimugen (Fig. 9C; Li et al., 2021b) and Mine sections (Fig. 9D; Kaya 
et al., 2019, 2022). The Tarim seaway thus recorded the same evolution 
of relative sea level during the PETM, with transgression at, or slight 
earlier than PETM onset followed by high-stand conditions during the 
main part of the PETM. Microfacies and biostratigraphy of the Bora 
Tokay section also testify to a transgression near the Paleocene-Eocene 
boundary (Fig. 9F; Zhang et al., 2018). The Guru-Fatima section in the 
western Tarim Basin documents a minor regression before the PETM, 
possibly related to regional factors (Fig. 9E; Gavrilov et al., 2003), fol
lowed by transgression and high-stand conditions during the PETM. The 
relative sea-level changes observed throughout the Tarim Basin had an 
impact on ecological and depositional systems, including increased Fi
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Fig. 10. Compilation of representative Paleocene-Eocene logs worldwide, showing lithology, carbon-isotope stratigraphy, sea-level change, and systems tracts (SB: sequence boundary). Light green and orange bands 
indicate transgression initiation and maximum-flooding surface. (A) Shenkezha section (Li et al., 2020); (B) Kuzigongsu section (this study); (C) Gebel Duwi section (Speijer and Morsi, 2002); (D) SDB Core (Self-Trail 
et al., 2012); (E) Doel section (Sluijs et al., 2008); (F) Hole M0004 (Sluijs et al., 2006); (G) Tawanui section (Sluijs et al., 2008); (H) Early Eocene paleogeographic map showing key locations discussed in text (mod. From 
Scotese, 2021). Colored dots represent different sea-level indicators (see Table S1 for further information). (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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deep-water species (Micrantholithus) and, enhanced terrigenous input 
and weathering intensity (Wang et al., 2022a). The size of terrigenous 
quartz grains tends to decrease during the PETM interval in both 
Bashibulake and Kuzigongsu sections (Fig. 4-5), which may be also an 
effect of relative sea-level rise. 

The observed sea level rise during the PETM is associated with the 
third transgression of the Tarim Sea and represent the maximum 
flooding of this period (Tang et al., 1992; Bosboom et al., 2014; Zhang 
et al., 2018). However, on a long-term perspective, the transgression 
started at the end of the sedimentation of the Aertashi Formation and 
continued for >5 million years (Hao and Zeng, 1984; Tang et al., 1989; 
Zhang et al., 2018; Kaya et al., 2019; Xi et al., 2020). This transgression 
has been ascribed to either eustasy or far-field effects of the Indo-Asian 
collision (Zhang et al., 2018; Kaya et al., 2019). The former hypothesis is 
here preferred and discussed below. Actually, the rapid sea level rise 
recorded during the PETM was superimposed onto this long-term 
transgression, which may account for why the third transgression rep
resented the largest sea level change in the region (Bosboom et al., 2011; 
Zhang et al., 2018). 

6.4. Eustatic change during the PETM 

Relative sea-level changes across the PETM have been described 
from North Africa (Fig. 10C; Speijer and Morsi, 2002; Speijer and 
Wagner, 2002), southwestern Pacific Ocean (Fig. 10G; Sluijs et al., 
2008), North America (Fig. 10D; John et al., 2008; Harris et al., 2010; 
Self-Trail et al., 2012; Sluijs et al., 2014), North Sea (Fig. 10E; Sluijs 
et al., 2008), Arctic Ocean (Fig. 10F; Sluijs et al., 2006; Harding et al., 
2011), Tethys Himalaya (Fig. 10A; Li et al., 2017, 2020; Sreenivasan 
et al., 2022), Biscay Bay (Schmitz and Pujalte, 2003; Pujalte et al., 
2016), and Para-Tethys (Fig. 9; Gavrilov et al., 2003; Li et al., 2021b; 
Kaya et al., 2022). Sea-level rise was constrained to between 20 and 30 
m based on ostracod assemblages from the North African margin 
(Speijer and Morsi, 2002) and to between 50 and 100 m based on 
benthic foraminifera from the North American margin (Harris et al., 
2010). Sea-level changes, however, were not recorded everywhere at the 
same time, also depending on the distance from the coast (Sluijs et al., 
2008). In most cases, relative sea-level started to rise before the CIE (e. 
g., southwestern Pacific: Sluijs et al., 2008; North America: Harris et al., 
2010; Arctic Ocean: Sluijs et al., 2006). In other cases, sea-level started 
to rise at CIE onset and transgressive deposits directly overlie a sequence 
boundary (North Africa: Speijer and Morsi, 2002; North Sea: Sluijs et al., 
2008). In nearly all cases, high-stand conditions where reached during 
the peak of the PETM, although aggrading siliciclastic sediments were 
deposited at this stage in the Basque basin of northern Spain (Schmitz 
and Pujalte, 2003; Pujalte et al., 2016; Li et al., 2021a) or in the Xigaze 
forearc basin of southern Tibet (Jiang et al., 2021). These units are 
inferred to document increased terrigenous supply as a response to the 
enhanced hydrological cycle (Pujalte et al., 2016; Chen et al., 2018; 
Jiang et al., 2021). During the recovery stage of the PETM and after it, 
relative sea-level trends varied slightly in different regions. Some areas 
remained in high-stand conditions (e.g., Tarim Sea, North African and 
Southwest Pacific margins; Fig. 10) while others documented a mild 
regression (e.g., North America margin, North Sea and Arctic), which 
may be related to the recovery of the Earth system (Gaia hypothesis; 
Lovelock, 1979), and further suggesting that climate effects during the 
PETM might be the primary factor influencing the sea level change. In all 
cases, however, sea level remained higher than before the PETM, with 
the only exception of the Tethys Himalaya where relative sea level 
dropped rapidly after the recovery stage, plausibly because of incom
plete sedimentary record or flexural tectonic uplift during ongoing 
India-Asia collision (Li et al., 2017, 2020). Besides these local in
consistencies, which are expected considering regional differences in 
climatic and tectonic regimes and the complexities of feedback systems, 
worldwide evidence of relative sea-level rise across the PETM can be 
safely considered to largely reflect global eustasy. 

6.5. Mechanisms of eustatic change during the PETM 

The causes of global sea-level variations belong to two categories: 
change in total seawater and change in ocean-basin volume (Miller 
et al., 2005a; Li et al., 2023). The former category, including glacier 
melting, thermal expansion, or groundwater and lake changes, controls 
short-period (< 1 Ma) eustatic change. The latter category, including 
accelerated sea-floor spreading, continental collision, or increased 
sedimentation rate, controls slower longer-period eustatic change 
(Fig. 8B). Sea-level rise during the PETM was rapid, and thus chiefly 
influenced by changes in the total amount of seawater. Different po
tential mechanisms are examined below. 

6.5.1. Thermal expansion 
The Earth’s oceans play a crucial role in regulating the surface 

climate system by absorbing and transporting heat. Seawater volume 
expands or contracts in response to temperature change, leading to 
eustatic change (Church et al., 2010). Our understanding of this effect is 
primarily based on modern observations and simulations, which reveal 
that the process is nonlinear and influenced by initial temperature, 
salinity, and pressure of seawater (Wigley and Raper, 1987; Widlansky 
et al., 2020). Current data indicate that thermal expansion of ocean 
water causes a eustatic rise of ~1.3 mm/year, accounting for about one- 
third of the overall increase in sea level (National Oceanic and Atmo
spheric Administration NOAA, 2023). If we assume such a rate of 
eustatic change combined with a PETM onset stage of ~6000 years (Li 
et al., 2023), then thermal expansion would have caused a eustatic rise 
of ~7.8 m during the PETM. If 1 ◦C of seawater warming corresponded 
to a eustatic rise of ~0.7 m (Conrad, 2013; Sames et al., 2016) and global 
temperature rose by 5–8 ◦C (Tripati and Elderfield, 2005; Zachos et al., 
2006; Tierney et al., 2022), then thermal expansion may have caused a 
eustatic rise between 3.5 and 5.6 m during the PETM. We conclude that 
thermal expansion of seawater did contribute significantly but could 
account for only a subordinate part of eustatic rise during the PETM, 
estimated in this study to have been of 20 m at least. 

6.5.2. Groundwater and lake changes 
Continents act as the primary reservoir for removing water from the 

oceans, with the potential to affect global sea level at the short time- 
scale (Hay and Leslie, 1990). This mechanism, called aquifer eustasy 
(or sponge-continent hypothesis), operates on the principle that atmo
spheric precipitation regulates the transport of water from the ocean to 
the land and is often used to explain sea-level changes during green
house periods (Davies et al., 2020; Sames et al., 2016; Li et al., 2018, 
2023). Because the change of groundwater and lake level has generally 
an inverse phase relationship with sea level (Sames et al., 2020; Wang 
et al., 2020), information on lake-level changes during the PETM is 
relevant to our goal. The not many reported cases of the PETM in 
lacustrine environments include the Nanyang (Chen et al., 2014, 2016), 
Jianghan (Teng et al., 2021; Xie et al., 2022), and Sichuan (Yang et al., 
2018) basins in central and western China and the Paris Basin in France 
(Smith et al., 2011). The lake level of all these basins rose during the 
PETM. For instance, the Jianghan Basin passed from pelite with thin 
gypsum layers to clay and silt deposited in a deeper environment (Teng 
et al., 2021; Xie et al., 2022) and the Paris Basin from marginal- 
lacustrine calcareous sandstone to open-lacustrine mudstone and clay 
(Smith et al., 2011). Conversely, lowering of the groundwater table in 
the Willwood Formation of Wyoming (USA) has been inferred based on 
the reduced abundance of crayfish burrows and molluscan body fossils 
(Smith et al., 2009), although this trend may be explained by increasing 
aridity in the region during the PETM. The rise in lake levels during the 
PETM would testify to an intensified hydrological cycle (Carmichael 
et al., 2017), resulting in a greater influx of water in groundwater res
ervoirs (Jackson et al., 2001). Such a transfer of water from the oceans to 
the continents would have caused a decrease, rather than an increase, of 
eustatic level during the PETM. 
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6.5.3. Ice melting 
Because thermal expansion can only explain a fraction of eustatic 

change during the PETM and aquifer eustasy is ruled out, only ice 
melting is left as a potential control. But did glaciers of sufficient size 
exist during the PETM? 

Direct evidence of ice melting (e.g., ice raft deposition) is lacking, 
and only speculations based on indirect indicators or models can be 
made. Previous studies have suggested that, although greenhouse con
ditions persisted through the early Paleogene, global temperatures and 
CO2 concentration in the atmosphere were decreasing since the end of 
the Cretaceous and small mountain glaciers could exist in Antarctica 
(DeConto and Pollard, 2003; Miller et al., 2005b; Li et al., 2022b). 
Eustatic rise driven by ice melting during the PETM is consistent with a 
decrease in δ18O caused by an influx of water enriched in 16O (Rovere 
et al., 2016; Gold, 2021), as observed in Qimugen carbonates (Figs. 4 
and 5). High temperature also leads to a decrease of 18O in precipitation 
process of calcite by reducing the degree of oxygen-isotope fractionation 
(Urey, 1947). These considerations lend support to the possibility that 
glacial melting during the PETM (Sluijs et al., 2008; Harris et al., 2010) 
was responsible to the main part of eustatic rise (i.e., ≥ 12 m, if thermal 
expansion contributed with another 8 m to reach the inferred total of 
≥20 m). This would correspond to melting of a glacier volume one-fifth 
of the modern Antarctic ice-cap (DeConto and Pollard, 2016). 

6.5.4. Other mechanisms and feedbacks 
Volcanic eruptions and enhanced sea-floor spreading in the North 

Atlantic region may have contributed to eustatic rise during the PETM, 
although a magmatic lull indicated to have occurred between two peaks 
of activity at 62–58 Ma and 55–51 Ma (Saunders et al., 1997; Storey 
et al., 2007) reduces this possibility. Moreover, simulation studies have 
failed to suggest significant changes in sea-floor expansion across the 
PETM (Müller et al., 2016). 

The long-term increase of sedimentation rate in the ocean basin will 
lead to a decrease in ocean volume and hence eustatic rise, but this 
speculation is difficult to quantitatively constrain during the PETM. 
Ocean acidification at the onset of the PETM will even reduce the 
sedimentation rate, thus ruling out the contribution of this mechanism 
to sea level change in the PETM. As for the continental margin, an 
intensified hydrological cycle may have resulted in higher sedimenta
tion rates of terrigenous sediments, but this would generally lead to a 
retreating of shoreline (Carmichael et al., 2018). 

In conclusion, we envisage melting of mountain glaciers in 
Antarctica and thermal expansion of seawater as the most plausible 
causes of eustatic rise during the PETM. It is crucial, however, to 
consider also the effect of positive feedbacks on climate, further 
impacting on ecological and sedimentary systems. For instance, 
increased seawater temperature and sea-level rise impacted severely on 
shallow-water ecosystems, which were commonly replaced or destroyed 
(Sluijs et al., 2014; Sreenivasan et al., 2022). The hydrological cycle was 
enhanced, resulting in extreme and more frequent storm events (Jiang 
et al., 2022). Conversely, eustatic rise and flooding of coastal areas 
(Schulte et al., 2011) may have led to organic‑carbon burial, thus pro
moting recovery and the end of the PETM stage. 

7. Conclusions 

High-resolution microfacies analysis and carbon-isotope stratig
raphy shed light on the latest Paleocene to earliest Eocene sedimentary 
evolution of the Tarim Basin (Xinjiang Uygur Autonomous Region, NW 
China). Based on new evidence, we discuss and tentatively constrain the 
amount and controls of sea-level change recorded during the PETM 
event. 

Microfacies analysis shows that the depositional environment 
evolved from tidal-flat and lagoon (pre-PETM), to open-marine and 
middle-ramp (PETM onset), to outer-ramp (syn-PETM), and eventually 
middle- and inner-ramp settings (post-PETM), indicating a gradual 

transgression that began at PETM onset and led to maximum flooding 
during PETM peak and recovery. Paleontological (e.g., abundance of 
planktonic foraminifera) and sedimentological evidence combined in
dicates that the amplitude of relative sea-level change as recorded by the 
Qimugen Formation during the PETM was at least 20 m and possibly as 
much as 50 m. 

The correlation of regional and global stratigraphic profiles during 
the PETM interval suggests that the relative sea-level change recorded 
by sedimentary strata of the Tarim Basin chiefly represents a global 
signal. The most plausible drivers of short-term eustatic rise are inferred 
to have been thermal expansion coupled with melting of significant 
volume of mountain glaciers in Antarctica (ca. one fifth of the modern 
ice cap), whereas aquifer eustasy or other mechanisms including 
enhanced volcanic eruptions and sea-floor spreading in the North 
Atlantic hardly represent relevant factors. A proper understanding of the 
PETM event and associated eustatic rise needs to fully consider the 
complexities associated with feedbacks between climatic, ecological, 
and sedimentary systems. 
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