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a b s t r a c t

Reconstructing the thermal evolution of the eastern Qaidam Basin is important for gaining a deeper
understanding of its lithospheric geodynamics and for more accurate hydrocarbon evaluation and pre-
diction. This article presents a set of new apatite and zircon (UeTh)/He thermochronological ages.
Combined with 336 vitrinite reflectance (Ro) data, the thermal history of the Ouanan Sag in the eastern
Qaidam Basin has been reconstructed using inversion models. Three detrital samples from the Ounan Sag
shows that the apatite (UeTh)/He ages are primarily concentrated in the range of 17.0 Ma to 76.5 Ma and
that the zircon (UeTh)/He ages range from 200 Ma to 289.3 Ma. The time-temperature models
demonstrate that the Ounan Sag experienced rapid subsidence and heating from the Carboniferous to
late Permian, and exhumation/cooling events from the end of Permian to the Triassic. This thermal
evolution was influenced by the widespread intrusion of plutons, and the collision and orogenesis caused
by asthenosphere upwelling below the Qaidam arc, and slab rollback of the Southern Kunlun oceanic
lithosphere, respectively. Additionally, our models depict the main exhumation/cooling stages since the
Paleogene and a reheating event in the Miocene as a result of the intensifying growth of the Qinghai
eTibet Plateau and local sedimentary loading, followed by the initial IndiaeEurasia collision. Further-
more, the eastern Qaidam Basin experienced consistent heating during the late Paleozoic, reaching the
maximum paleotemperature and geothermal gradient in the late Permian, with values of ~230 �C and
~43e44 �C/km, respectively. This study suggests that the source rocks in the most upper member of
upper Carboniferous Keluke (C2k) Formations in the Ounan Sag reached the gas generation stage in the
late Permian.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The study of thermal evolution of sedimentary basins provides
important parameters for understanding geodynamics and tectonic
evolution and insight into hydrocarbon generation and
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accumulation (Quinlan et al., 1993; Qiu et al., 2011; Chang et al.,
2018; Zhu et al., 2018; Yang et al., 2022, 2023). It can be recon-
structed by the thermal indicator, such as vitrinite reflectance (Ro),
fission track, and (UeTh)/He dating (Qiu et al., 2022). The Qaidam
Basin is a significant tectonic unit in the northern QinghaieTibet
Plateau and was involved in the Cenozoic growth of this plateau,
which was related to the indentation of India into Asia starting at
approximately 65e50 Ma (Meyer et al., 1998; Tapponnier et al.,
2001; Yin et al., 2002; Zuza et al., 2017). The basin is situated at
the junction of the Bayanhar Terrane and the North China Craton,
and is surrounded by the Tarim Craton to the west (Song et al.,
2017; Zuza and Yin, 2017; Dong et al., 2021; Sun et al., 2022)
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Fig. 1. Schematic tectonic map of (a) mainland China and (b) the Qilian-Qaidam-East Kunlun collage show main blocks, terranes and orogens (Zhao and Cawood, 2012; Sun et al.,
2022).
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(Fig. 1). In addition, the basin has occupied a pivotal position in the
Tethyan tectonic domain since the late Paleozoic and has unique
characteristics of lithospheric geodynamics and tectono-thermal
evolution (Li, 2006; Metcalfe, 2013; Wu et al., 2016; Zuza et al.,
2017). It is suggested that the Kunlun-Qaidam arc was structur-
ally juxtaposed with the Bayanhar Terrane during the final closure
of the Tethyan oceanic realm (Sun et al., 2022). In response to this
collisional orogenesis, a few researchers believed that the rapid
exhumation/cooling event took place in the basin-surrounding
orogenic systems, which was indicated by the 40Ar/39Ar thermo-
chronological data (Peng, 2015). Furthermore, the early Cenozoic
exhumation events in the eastern Qaidam Basin are also consistent
with the initial growth of the QinghaieTibet Plateau (Clark et al.,
2010). However, there are only a few quantitative studies on the
timing and magnitude of the exhumation/cooling events that
occurred in the shallow crust of the eastern Qaidam Basin with
insufficient thermal indicators in the western Ounan Sag (Liu et al.,
2020b), which is unfavorable for further understanding the deep
lithospheric process of the Kunlun-Qaidam arc and QinghaieTibet
Plateau.

Recently, advances in drillings within the lower Paleozoic in the
Ounan Sag, eastern Qaidam Basin, have led to discoveries of hy-
drocarbon resources, indicating a promising outlook for further
petroliferous exploration (Ma et al., 2012; Liu et al., 2012, 2020a; Li
et al., 2019; Peng et al., 2021; Shi et al., 2022, 2023a, 2023b). The
upper Carboniferous Keluke (C2k) Formations with thick dark shale
have been recognized as potential hydrocarbon source rocks and a
promising reservoir. Hydrocarbons are predominantly high-quality
light oil and wet gas (Shi et al., 2023a, 2023b). The vitrinite
reflectance of the C2k source rocks in the eastern Ounan Sag ranges
between ~1.5% and 1.6%, indicating that the organic matter has
generally evolved into a high maturity stage (Shi et al., 2022, 2023a,
2023b). However, the evolution of hydrocarbon maturation for the
Carboniferous strata has been poorly constrained. This is attributed
to the conflicting study of the timing constraints on paleotemper-
ature evolution for the Carboniferous strata in the eastern Qaidam
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Basin. On the one hand, a few researchers believe that the
Carboniferous strata reached their maximum paleotemperature in
the Cenozoic time, which was indicated by the mega-burial of ca.
4000 m (Ma et al., 2012; Li et al., 2017). On the other hand, some
studies have reported higher paleotemperature than that in the late
Mesozoic to Cenozoic. The C2k Formations in the Ounan Sag,
eastern Qaidam Basin exceeded the paleotemperature of 180 �C in
the mid-late Permian (e.g., Liu et al., 2012, 2020a; Guo et al., 2022).
This has been attributed to the consistent thermal fluctuations from
ca. 290e210 Ma (Wu et al., 2016; Cheng et al., 2017; Sun et al.,
2022). These fluctuations are also indicated by detrital zircon
ages, pointing to the formation and flare-up of plutons (e.g., Gehrels
et al., 2003; Guo et al., 2009; Chen et al., 2015; Cheng et al., 2017;
Sun et al., 2022) compared with magmatic stasis since the Late
Jurassic (e.g., Cheng et al., 2019). Therefore, it is crucial to quanti-
tatively reconstruct the thermal history since the late Paleozoic
time for more accurate hydrocarbon evaluation and prediction in
the eastern Qaidam Basin.

In this study, the initial temperature models generated from Ro
data are constructed. We present a set of new thermochronological
ages and conduct time‒temperature modeling constrained by the
apatite and zircon (UeTh)/He ages. In addition, we reconstruct the
burial-thermal models of an outcrop section and three wells. These
models are used to reconstruct the thermal evolution in the Ounan
Sag and to discuss the tectonic factors controlling the exhumation/
cooling history and the potential genesis of the heating process
since the late Paleozoic in the eastern Qaidam Basin. Finally, we
analyze the implications for hydrocarbon generation.

2. Geological settings

2.1. Tectonic evolution

The Qaidam Basin is surrounded by the Qilian accretionary
zones to the north, the East Kunlun orogenic systems, Bayanhar
Terrane to the south, and the Tarim Craton to the west. It is a
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component of the Central China orogenic system (Song et al., 2017;
Zuza and Yin, 2017; Sun et al., 2022) (Fig. 1(a), (b)). The tectonic
architecture of the Qaidam Basin is governed by a collage of crustal
fragments with rigid Precambrian crystalline basement, including
the Central Kunlun, Qaidam, Oulongbuluke, and Central Qilian
microblocks from south to north (Xiao et al., 2009; Song et al., 2017;
Dong et al., 2021). These tectonic units fused and experienced a
prolonged subduction history related to the South Kunlun Ocean, a
major branch of the Paleo-Tethys Ocean, whose closure led to the
formation of Pangea from the late Paleozoic to early Mesozoic
(Metcalfe, 2013; Zhao et al., 2018; Sun et al., 2022). After the violent
Devonian orogenesis, the deposits forming in the Qaidam Basin
transitioned into Carboniferous marine deposits during the
continuous transgression related to the expansion of the Zong-
wulong rift zone in the north (Pan et al., 2012; Sun et al., 2019, Sun
et al., 2022). At the end of the Carboniferous, sporadic volcanic
eruptions occurred (ca. 294 Ma) (Liu and Qian, 2023; Zhou et al.,
2023; Zhong et al., 2024b), and massive amounts of
intermediateesilicic to mafic magma and arc-related intrusions
formed in the ring-shaped Eastern Kunlun arc until the Late Triassic
(Chen et al., 2015; Cheng et al., 2017; Li et al., 2022). In response to
collisional orogenesis, intense forebulge flexural elevation and
orogen unroofing took place in the broad KunluneQaidam arc (Li
et al., 2017; Sun et al., 2022).

The Qaidam Basin is truncated by the left-lateral strike-slip
Altyn Tagh Fault to the west (Fig. 1(a)), which links eastward with
NEeSW-striking structures extending toward Mongolia (Darby
et al., 2005). The northern basin consists of several subparallel
NWeSE-to WNWeESE-trending ranges that have developed in
association with folds, thrusts, and/or strike-slip faults accommo-
dating the northward motion of the Tibetan Plateau since the late
Mesozoic (Meyer et al., 1998; Yin et al., 2002). The Qaidam Basin
and its surrounding orogenic systems have undergone multiple
phases of deformation since the Mesozoic and accommodated
considerable crustal thickening during the Cenozoic in response to
the IndiaeAsia collision and post-collisional convergence (Meyer
et al., 1998; Meng and Fang, 2008; Yin et al., 2008; Cheng et al.,
2019, 2021). Notably, a lack of magmatism and post-collisional
extensional/transtensional tectonic settings during the early to
mid-Jurassic has been recognized in the Qilian Shanenorthern
Qaidam Basin region and is inferred to be a result of far-field ef-
fects of subduction processes along the southern margins of the
continent (Yin and Harrison, 2000; Cheng et al., 2017; Cheng et al.,
2019).

3. Stratigraphy and sedimentology

The study area mainly comprises three depositional sags with
two uplifts, including the Ounan Sag/Uplift, Delingha Sag, Huo-
buxun Sag, and Emnic Uplift (Fig. 2), which are controlled by three
major faults. The eastern Qaidam Basin preserves the
carbonateeclastic mixed stratigraphic sequence of the Paleozoic
(e.g., Sun et al., 2016; Wei et al., 2021). The sedimentary strata
overlying the basement consist of the lower Carboniferous
Chengqianggou (C1ch) and Huaitoutala (C1h) Formations and the
upper Carboniferous Keluke (C2k) and Zhabusagaxiu (C2zh) For-
mations (QBMR, 1991). In the Ounan Sag, early Carboniferous
sedimentation was dominated by (bioclastic) micrite mudstone
deposition, while the late Carboniferous was characterized by
frequent deposition of interbedded limestone, sandstone, and coal
(Sun et al., 2016; Wei et al., 2018, 2021). At the end of the
Carboniferous, the basin transitioned due to transgression, leading
to the formation of an epicontinental clasticecarbonate sequence
and combinations of sluice reservoirs and cover rocks (Ma et al.,
2020; Shi et al., 2022, 2023a, 2023b). The East Kunlun and Qilian
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Orogenic Systems are dominated by marine limestone with clastic
intervals. Among these units, the Zongwulong Group comprises a
set of slightly metamorphosed black shales that are intercalated
with limestones, intermediate volcanic interlayers, cherts, and
pillow lavas (QBGMR, 1991), and the Permian Nuoyinhe Group is
dominated by thick, massive, fossiliferous limestone with thin
clastic and acidic volcanic intervals mostly at the base (QBGMR,
1991). The middle Permian to Triassic rocks in the Eastern Kunlun
are dominated by continental arc granite (ca. 270e240 Ma) with
interbedded siltstone and intermediateefelsic volcanics (e.g., Li
et al., 2022).

Starting in the Late Triassic, deposition in the eastern Qaidam
Basin has been dominated by continental fill (Peng, 2015; Liu et al.,
2020b). The basin preserves scattered lacustrineefluvial facies de-
posits, dominated by suites of conglomerate, interbedded sandy
mudstone to sandstone, interbedded coal, and even anemoarenite
from the Jurassic to Cretaceous (Fig. 3) (Cheng et al., 2019; Hu et al.,
2020a; Xiong et al., 2024). Additionally, Cenozoic strata are widely
distributed throughout the basin, with their main deposition center
systematically located at the geometric center of the basin (Meng
and Fang, 2008; Pang et al., 2019; Cheng et al., 2021).

In the Ounan Sag, the Carboniferous strata exhibit the devel-
opment of diverse hydrocarbon source rocks, comprising three
distinct lithological types: dark mud/shale, coal, and mudstone
(Duan et al., 2006; Cao et al., 2009; Liu et al., 2020a,2020b; Shi et al.,
2023a, 2023b). Organic geochemical analyses reveal a prevailing
humic nature (Type III) in the organic matter of the Carboniferous
source rocks, indicating an overall maturity spectrum that spans
from mature to highly mature stages (Shi et al., 2022, 2023a,
2023b). The primary hydrocarbon source rocks within the
Carboniferous strata are located in the Upper Carboniferous C2k
Formations. Characterized by an overall burial depth of less than
4500 m, the C2k Formations consist of dark mud/shale with a
thickness ranging from approximately 20 me200 m. The total
organic carbon content (TOC) displays variability within the range
of 0.28%e21.16% (average 2.3%). Hydrocarbon generation potential
(S1þS2) ranges from 0.01 mg/g to 2.44 mg/g (mean 0.35 mg/g), and
the chloroform extractable bitumen "A" value is distributed be-
tween 0.0017% and 0.0866% (mean 0.0075%) (Duan et al., 2006; Cao
et al., 2009; Liu et al., 2020a; Shi et al., 2022, 2023a, 2023b). So far,
owing to its conducive conditions for hydrocarbon generation, the
C2k Formations have been recognized as potential hydrocarbon
source rocks and a promising reservoir for shale gas (Liu et al.,
2020a; Shi et al., 2022, 2023a, 2023b).

4. Methods and data

4.1. Vitrinite reflectance (Ro) analyses

Vitrinite reflectance (Ro) is a prevalent technique for recovering
the thermal history of sedimentary basins, and it has been effec-
tively used to calculate the maximum paleotemperature and
simulate the geothermal gradient history and thermal evolution of
source rocks (Barker and Goldstein, 1990; Tang et al., 2014; Li et al.,
2017; Chang et al., 2018; Hackley, 2020; Kuang et al., 2022).

We collected a total of 336 Ro datasets in the Qaidam Basin
(Fig. 4); 194 data points were obtained from source rocks in the
Jurassic strata, while 142 data points originated from the Carbon-
iferous strata. One of these datasets has not been published (QDC1,
C1h), whereas the remaining data were cited from previous studies
(Yu et al., 2000; Duan et al., 2006; Liu et al., 2007; Liu et al., 2020b;
Xu et al., 2008; Cao et al., 2009; Chen and Zhang, 2011; Fang et al.,
2012; Fu et al., 2014; Li et al., 2017; Dang, 2019; Shi et al., 2022). All
Ro datasets were subjected to conversion with empirical Eq. (1)
(Barker and Pawlewicz, 1986):



Fig. 2. Simplified geological map of the eastern Qaidam Basin and its surrounding orogenic systems (modified from Sun et al., 2022). The tectonic divisions, distribution of main
outcrops, boreholes/wells, and samples were compiled for discussion in the main text. The position of the study area is labeled in Fig. 1(b).

Fig. 3. Generalized stratigraphic column of the eastern Qaidam Basin and its surrounding orogenic systems (modified from Li et al., 2017; Wei et al., 2021; Li et al., 2022).
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Fig. 4. Ro datasets in the Qaidam Basin: Single Ro value versus burial depth (a) and Tmax (b) for the Carboniferous source rocks; Single Ro value versus burial depth (c) and Tmax (d)
for the Jurassic source rocks.
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lnðRoÞ¼ 0:0078Tmax � 1:2; (1)

where Ro refers to vitrinite reflectance, %, and Tmax refers to the
maximum paleotemperature, �C.
4.2. Low-temperature detrital apatite and zircon (UeTh)/He
thermochronological (AHe and ZHe) analyses

Low-temperature thermochronology has been extensively used
to reconstruct the thermal histories of sedimentary basins (e.g., Qiu
et al., 2014; Chang et al., 2017, 2021, 2022; Jiang et al., 2021;
Gusmeo et al., 2022; Xu et al., 2023). In recent years, (UeTh)/He
thermochronology has become a novel approach for better un-
derstanding geological timing (e.g., Reiners et al., 2003; Rohrmann
et al., 2012), landscape evolution (e.g., Emmel et al., 2014;
Mackintosh et al., 2017; Eizenh€ofer et al., 2021, 2023), sedimentary
provenance and tectono-thermal evolution (e.g., Gong et al., 2007;
Tang et al., 2014, 2019, 2023; Chang et al., 2018, 2019; Pang et al.,
2019; Ye et al., 2022). In this study, we synthesized the closure
temperature ranges of multiple thermochronological methods;
closure temperature ranges represent the temperature-sensitive
ranges within which most annealing or He diffusion occurs. Spe-
cifically, we employed the AHe and ZHe techniques, with partial
retention zones of 30e90 �C and 130e210 �C, respectively (Flowers
et al., 2009; Guenthner et al., 2013).

We analyzed three detrital samples from outcrops in the Ounan
Sag, eastern Qaidam Basin (Fig. 2 and Table 1). All samples were
collected from outcrops in the eastern Ounan Sag and analyzed
using both apatite and zircon (UeTh)/He thermochronology.
Sample BSG04 and GHNS were collected from the C1h Formation,
and BSG06 was taken from the bottom of the C2k Formation; these
samples were all pebbly sandstones. Additionally, we collected 5
data points from the published literature (Liu et al., 2020b); 3 data
points (SHG01, SHG02, SHG03) were obtained from a well (CY2) in
the western Ounan Sag, and other 2 data points (DL01, DL02) were
from outcrops in the eastern area of the eastern Qaidam Basin,
relatively close to the eastern Ounan Sag (Fig. 2, Table 1). All data
were sourced from the C2k Formation (sandstones) and analyzed
using zircon (UeTh)/He thermochronology.
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Apatite and zircon grains from each sample were selected and
separated using conventional heavy liquid andmagnetic separation
techniques at Hebei Langfang Chengxin Rock Detection Co. Ltd.
Subsequently, AHe and ZHe measurements were conducted in the
(UeTh)/He Laboratory of the Department of Earth and Environ-
mental Sciences, Dalhousie University, Canada. Three to five
acceptable single apatite/zircon grains were obtained from each
sample (Table 2 and Table 3). The detailed analytical processes and
instrumental conditions of the laboratory have been described in
Landry et al. (2016).
4.3. Thermal history modeling

To investigate the thermal history of the eastern Qaidam Basin,
we modeled the AHe and ZHe thermochronological data using
HeFTy software (Ketcham et al., 2007). The HeFTy approach uses
constrained Monte Carlo simulations and accounts for the effects of
grain size, radiation damage, and cooling rate on the thermal his-
tory (Ketcham, 2005; Flowers et al., 2009). The diffusion model
proposed by Flowers et al. (2009) was applied to apatite (UeTh)/He
dates, while that of Guenthner et al. (2013) was applied to zircon
(UeTh)/He dates. We modeled the thermal history for all three
samples and incorporated the AHe and ZHe data of the same
sample derived from the eastern Ounan Sag (BSG04, BSG06, GHNS).
Notably, in addition to considering the temperature data generated
from vitrinite reflectance, we integrated both AHe and ZHe data
from each sample into one inversion model. Compared with
inverting single-type thermochronological data, this combination
approach provides more accurate limits on the model due to the
combination of two different partial retention systems, resulting in
a longer, comparable, and complex thermal history. Regarding the
addition of a single grain for thermal modeling, ages that fall
outside the expected date range, whether older or younger, would
not be suitable for the thermal model inversion. To alleviate the
impact of 4He loss, we chose the single grain with the maximum
grain width or moderately older age from each sample for the
thermal modeling.

The modeling parameters included uranium, thorium, and
samarium for each sample. The initial modeling time was set to be
the time when each sample was deposited in the Ounan Sag



Table 1
The information of (UeTh)/He thermochronological samples collected from the eastern Qaidam Basin.

Sample Latitude N Longitude E Stratigraphic Lithology Weighted mean age, Ma

AHe ZHe

BSG04a 36�5303900 97�3902700 C1h Pebbly sandstone 51.87 ± 0.18 252.16 ± 1.11 Ma
BSG06a 36�5301300 97�3902700 C2k Pebbly sandstone 41.5 ± 0.16 279.67 ± 1.18 Ma
GHNSa 36�5701600 97�2805500 C1h Pebbly sandstone 38.8 ± 0.16 251.07 ± 1.17 Ma
SHG01b 37�2500600 96�0402500 C2k sandstone e 275.2 ± 35.8 Ma
SHG02b 37�2500600 96�0402500 C2k sandstone e 264.8 ± 35.8 Ma
SHG03b 37�2500600 96�0402500 C2k sandstone e 275.2 ± 35.8 Ma
DL01b 36�2109300 97�5404000 C2k sandstone e 258.9 ± 38.4 Ma
DL02b 36�2109300 97�5404000 C2k sandstone e 225.4 ± 33.4 Ma

a Samples for thermal modeling.
b Previously reported samples cited from Liu et al., 2020b.

Table 2
Measured apatite (UeTh)/He data of the Ounan Sag.

Sample Grain Corr age, Ma err., Ma U, ppm Th, ppm 147Sm, ppm e [U]a Th/U He, nmol/g Mass, mg Ftb ESRc Raw age, Ma err., Ma

BSG04 1 73.7 0.26 20.0 76.3 161.6 38.3 3.82 10.9 3.11 0.70 51.66 51.24 0.26
2 46.1 0.16 21.1 75.4 86.1 38.9 3.57 6.8 2.90 0.69 50.38 31.76 0.16
3 35.8 0.13 23.5 56.2 87.3 36.8 2.40 4.8 2.35 0.67 46.26 23.89 0.13
4 17.0 0.07 6.4 143.5 211.2 40.4 22.58 2.4 1.74 0.62 41.52 10.58 0.07

BSG06 1 28.2 0.12 32.0 33.8 98.3 40.3 1.06 4.6 4.91 0.74 59.70 20.94 0.12
2 51.5 0.19 14.1 40.1 163.4 24.2 2.85 5.3 6.40 0.76 66.24 39.13 0.19
3 44.8 0.16 10.9 47.2 105.2 22.3 4.31 4.0 3.76 0.71 55.54 32.00 0.16

GHNS 1 20.9 0.08 23.0 27.0 34.3 29.4 1.18 2.1 1.38 0.62 38.97 12.96 0.08
2 19.0 0.07 13.6 44.4 245.6 25.0 3.27 1.8 2.54 0.66 46.11 12.64 0.07
3 76.5 0.32 52.0 51.7 195.2 64.9 0.99 17.2 1.49 0.63 39.99 48.27 0.32

an Effective uranium concentration (Uþ0.235 Th ppm).
b Ft is the a-ejection correction after Farley. (2002).
c ESR is Grain width, mm.

Table 3
Measured zircon (UeTh)/He data of the Ounan Sag.

Sample Grain Corr age, Ma err., Ma U, ppm Th, ppm 147Sm, ppm e [U]a Th/U He, nmol/g Mass, ug Ftb ESRc Raw age, Ma err., Ma

BSG04 1 209.7 0.88 180.5 167.9 19.9 219.2 0.93 187.9 4.35 0.74 46.46 156.16 0.88
2 289.3 1.29 172.6 92.4 4.0 193.9 0.54 241.4 7.09 0.78 53.88 225.80 1.29
3 257.5 1.16 132.6 60.8 4.8 146.6 0.46 163.9 9.00 0.79 55.96 203.14 1.16

BSG06 1 282.8 1.21 273.1 207.0 3.1 320.8 0.76 387.3 5.82 0.77 52.73 218.92 1.21
2 274.1 1.21 214.7 124.9 8.2 243.4 0.58 274.6 4.33 0.75 46.39 204.90 1.21
3 200.0 0.85 50.1 42.9 5.4 60.0 0.86 50.4 5.24 0.77 50.88 153.17 0.85
4 282.1 1.12 52.5 68.5 22.9 68.4 1.31 83.8 7.49 0.79 56.89 221.85 1.12

GHNS 1 197.0 0.89 292.0 130.6 10.7 322.2 0.45 267.4 5.85 0.77 50.85 151.59 0.89
2 226.7 1.07 212.8 49.8 3.4 224.3 0.23 224.5 10.16 0.80 59.92 182.37 1.07
3 257.4 1.18 281.2 106.9 9.6 305.9 0.38 337.5 6.38 0.78 53.18 200.65 1.18
4 269.1 1.26 305.6 89.7 3.6 326.2 0.29 383.2 7.55 0.79 56.60 213.41 1.26
5 205.7 0.89 72.0 53.5 0.6 84.4 0.74 75.3 7.52 0.79 57.19 162.62 0.89

a Effective uranium concentration (Uþ0.235 Th ppm).
b Ft is the a-ejection correction after Farley. (2002).
c ESR is Grain width, mm.
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(~350e320 Ma), and the initial surface temperature was 25 �C (Li
et al., 2017; Zhang, 2017; Liu et al., 2020b). In addition, before
modeling, the programs required four constrained time‒tempera-
ture intervals. Based on ZHe weighted mean ages (Table 1), and
unconformities underlying the lower Jurassic Formations (Liu et al.,
2020b; Wang et al., 2022), an initial constraint for all samples was
chosen around the late Permian to the early Triassic, with the
temperature of 130e210 �C. The Cenozoic constraint wasmainly set
to the early Paleocene to the late Eocene, as the most AHeweighted
mean ages shown around 38e52 Ma, with a temperature of
30e90 �C. In addition, another two constraints were set based on
the onset time of sedimentation (around the late Triassic to the
early Jurassic) and the stratigraphic unconformity (around themid-
late Cretaceous) (QBGMR, 1978) in the eastern Qaidam Basin
(Cheng et al., 2019; Hu et al., 2020a; Wang et al., 2020). The
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temperature of sedimentation was set to 20e80 �C, representing
the environmental transition from the intermontane to lacustrine
conditions (Cheng et al., 2019). The temperature for cooling events
was constrained to 60e120 �C, as the AFT thermal modeling shown
in the previous literature (Wang et al., 2022). In addition, we set the
thermal modeling to run until 100 good fits were reached for all
samples.

4.4. Basin modeling

Currently, in the upstream sector, basin modeling aids in the
prediction of hydrocarbon occurrence, migration, accumulation,
etc., and it incorporates a broad spectrum of geological information
(e.g., Hsu and Robinson, 2017; Ashrafi et al., 2020). In this study,
one-dimensional (1-D) basin modeling was used to reconstruct the
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thermaleburial histories of an outcrop section and three wells
(QDD1, QDC1, and CY2) using BasinMod 1D (version 5.4) based on
the Easy %Ro model (Sweeney and Burnham, 1990). We first rebuilt
the sedimentary-burial history of the outcrop section (GHNS) and
wells based on the strata thickness and drilling data, and then the
erosion thicknesses, measured Ro data, and present-day heat flow
values were input as the constraints. The erosion thicknesses in
multiple stages were derived from previous studies by QBGMR
(1987), Li et al. (2019), Liu et al. (2020b) andWang et al. (2022). The
present heat flow was set to 53.1 mW/m2 (Zhang, 2017), and the
paleo-surface temperature was calculated based on the latitude of
the eastern Qaidam Basin using the SWIT model (Wygrala, 1989).
Secondly, the paleo-geothermal gradient evolution paths were
repeatedly modified as forward modeling for comparing the
modeled Ro paths with themeasured Ro data.When themodeled Ro
paths are consistent with the measured Ro data (Fig. 5), the
geothermal gradient path at this time is considered to be the real
paleo-geothermal gradient evolution path. Finally, we recon-
structed the late Paleozoic-Cenozoic geothermal gradient history of
the Ounan Sag, eastern Qaidam Basin (Fig. 9(b)).
5. Results and interpretations

5.1. Ro data

Fig. 4 presents 336 Ro values and paleotemperatures obtained
fromwells/boreholes and outcrops in the Qaidam Basin. The figure
shows that the Ro values of Carboniferous source rocks range from
0.86 % to 2.8 % and that those of Jurassic source rocks range from 0.3
% to 1.13 %. Notably, the average Ro value of the Carboniferous
source rocks in a given area is higher than that of the Jurassic source
rocks. Additionally, the maximum paleotemperatures of the
Carboniferous source rocks range from 134.51 �C to 285.85 �C,
while those of the Jurassic source rocks range from 51.47 �C to
169.52 �C. Specifically, the maximum paleotemperatures calculated
from the Carboniferous source rocks in the eastern Qaidam Basin
Fig. 5. Best-fit results of maturity value of simulation and measurement for the Carbonifero
“Maturity VR LLNL” maturity conversion equation provided by the software was used for
calculated by the Easy% Ro model, a simplified version of the VITRIMAT program of the Law

2990
are as follows: 172.87 �Ce218.05 �C (well CY2), 181.43 �Ce240.12 �C
(section BSG), and 210 �Ce239 �C (section GHNS).

Based on the two distinct ranges of maximum paleotemper-
atures, we propose that the heating processes of the Jurassic and
Carboniferous source rocks can be categorized into two thermal
systems. The Carboniferous source rocks attained their maximum
paleotemperatures before the sedimentation of Jurassic rocks and
did not undergo further increases thereafter. It is also inferred that
a certain portion of the Carboniferous strata may have recorded at
least one thermal event before the Jurassic.

5.2. Apatite (UeTh)/He data

For the eastern Ounan Sag, 20 single-grain AHe ages were ob-
tained using samples from four outcrops (Table 2). The single-grain
AHe ages range between 17.0 ± 0.07 Ma and 76.5 ± 0.32 Ma, which
are considerably younger than their stratigraphic ages (350 ± 5 Ma
to 310 ± 5 Ma).

The two factors that might be responsible for over-dispersion in
AHe ages are (a) variations in crystal sizes that may have caused
individual crystals to have different closure temperatures and yield
different apparent ages; and (b) crystal-to-crystal variations in He
diffusive behavior related to variations in radiation damage
(Guenthner et al., 2013). For the sample GHNS, a considerably weak
positive correlation is observed between AHe ages and eU, while no
correlation exists with grain size (Fig. 6(a) and (b)). For the
remaining samples, no correlation between the AHe ages and eU is
observed (Fig. 6(a)), and there is also no correlation between age
and grain size (Fig. 6(b)). These observations indicate that the
samples have experienced a complex and protracted thermal his-
tory since the late Paleogene.

5.3. Zircon (UeTh)/He data

Among the grains collected from all four samples, 19 yield
reproducible ZHe ages of 289.3 ± 1.29 Ma ~200 ± 0.85 Ma (Table 3).
us rocks of an outcrop section and three wells in the eastern Qaidam Basin. Here, the
maturity (%Ro) calculation for the source rock interval. Maturity VR LLNL ¼ maturity
rence Livermore National Laboratory (LLNL).



Fig. 6. Single AHe age versus eU content (a) and grain size (b); single ZHe age versus eU content (c) and grain size (d).
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All the single-grain ZHe ages are younger than their stratigraphic
ages, indicating heating to temperatures within the partial reten-
tion zone (130e210 �C).

The spherical radius of grains and radiation damage may pri-
marily contribute to some age dispersion (Guenthner et al., 2017).
On the one hand, after discarding the younger-age grain with a
relatively high eU content, the sample GHNS exhibits a negative
correlation with eU (Fig. 6(c)) and no correlation with the grain
radius (Fig. 6(d)). On the other hand, no correlation between the
ZHe ages and eU is observed in the remaining samples (Fig. 6(c)),
and there is also no correlation between age and grain size
(Fig. 6(d)). Negative age-eU correlations may indicate that some
grains have experienced high damage amounts beyond the
threshold, resulting in increased diffusivity (or decreasing closure
temperatures) with increasing radiation damage (Guenthner et al.,
2017). Overall, these results indicate that the ZHe samples in the
eastern Qaidam Basin experienced a protracted thermal history
from the late Paleozoic to the Mesozoic. In addition, all samples
have experienced 4He diffusion in the early Triassic, and the early
thermal information has been reset.
5.4. Thermal history modeling

All thermal history modeling results produce goodness of fit
(GOF) values > 0.9 (Fig. 7). The overall trend of the joint simulations
(AHe and ZHe) from three samples obtained from the eastern
Ounan Sag, eastern Qaidam Basin, is relatively similar. Three
2991
models reveal a heating stage during the late Carboniferous to mid-
late Permian (~320e255 Ma), indicating these samples were
continually deposited and heated above the temperature of ~200 �C
(Fig. 7). Then, a significant cooling event began at ~252e245 Ma,
with an initial temperature of ~190e150 �C, followed by cooling to
~80 �C at ~200 Ma with a cooling rate of ~2.5 �C/Ma (Fig. 9(a)).
Three models also exhibited a reheating trend since the early
Jurassic (~195 Ma) to the late Cretaceous (~80 Ma) reaching tem-
peratures ranging from ~80 to 110 �C, within the temperature of
AFT partial annealing zone (Gleadow et al., 2002). The BSG04,
BSG06, and GHNS samples exhibited the onset time of the second
cooling stage at ~93e80 Ma, followed by a further decrease to
~50 �C at ~55e38Ma (Fig. 9(a)), maintaining a steady cooling status
since then.
5.5. Basin modeling

As Fig. 8 shows, the reconstructed burial and thermal histories
indicate that the Carboniferous strata in this study area underwent
rapid burial and intense uplift from the late Paleozoic to Mesozoic.
For the outcrop section model (GHNS), the burial and temperature
trends show that the C1h Formations have been heated to the
maximum temperature of ~200 �C at the end of the Permianwith a
maximum burial depth of ~4000 m (Fig. 8(a)). For the three wells
models, the value of maximum temperature and burial depth were
moderately higher. From the early Carboniferous, the QDC1 model
illustrates continuous subsidence, followed by reaching a



Fig. 7. Thermal history modeling of AHe and ZHe ages for the samples in the eastern Ounan Sag. These three models were originated from this study. The purple lines represent a
good fit; the green lines represent an acceptable fit. The left figures show the attempted temperature paths. The thick blue line represents the weighted mean path and the thick
black line represents the best fit. The right cure graph indicates a progression of the He concentrations from the core to the rim in a single grain (Ketcham, 2016). GOF represents the
goodness of fit.
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maximum burial depth in the middle Permian for the C1h Forma-
tions. Notably, the C1h Formations experienced a protracted heat-
ing episode, reaching a maximum temperature of 240 ± 10 �C at
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~260 Ma (Fig. 8(b)). The QDD1model suggests a slower subsidence,
with an increasing burial depth that led to amaximum temperature
of ~245 �C at the end of the Permian (~250 Ma) for the C1h



Fig. 8. Modeled burial history and corresponding thermal histories of the Carboniferous source rocks from an outcrop section and three different wells.

Fig. 9. (a) Weighted mean thermal path of our samples integrated from AHe and ZHe data (BSG04, BSG06, GHNS); (b) geothermal gradient evolution extracted from three-well
modeling and the best fitting; (c) the source rock maturation histories of three wells.
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Formations (Fig. 8(c)). Analysis of the burialethermal model of the
CY2 well indicates that the burial depth increased at a rate of 52 m/
Ma, with the increasing temperature at the bottom of the C1h
Formations at ~350e250Ma (Fig. 8(d)). Themaximum temperature
was ~230 �C for the C1h Formations, which is similar to those of the
QDC1 and QDD1models. All four models show that an exhumation/
cooling event occurred from the end of the Paleozoic to Mesozoic
time (Fig. 8(b), (c), and (d)).

The C1h Formations cooled to 130 ± 10 �C, and the burial depth
decreased to ~3600 m at ~195 Ma, followed by a moderate
reheating period below 180 �C from ~200 to 90 Ma. Notably, all
three well models indicate that the Carboniferous strata experi-
enced reburial events during the late Mesozoic to late Cenozoic.
This resulted in at least two major reheating events concentrated
since the early Jurassic (~198 Ma), with maximum burial depths of
~4800 m and maximum temperatures of ~140 �C. However, the
outcrop section model has not recorded any reburial and/or
reheating processes in the Cenozoic time. This model shows a
similar trend to that of outcrop sample thermal modeling (Fig. 7),
displaying continuous cooling since the late Cretaceous (~93 Ma).

The paleo-geothermal gradient increased from the early
Carboniferous (~350 Ma) and reached a peak of ~43e44 �C/km in
the late Permian in the Ounan Sag, eastern Qaidam Basin. The
paleo-geothermal gradient began to decrease to ~36 �C/km at
~200 Ma. Then it gradually remained at ~35 �C/km until
~100e90 Ma. During the late Cretaceous to the late Paleocene, the
paleo-geothermal gradient rapidly decreased and reached its
minimum value of ~29.5 �C/km at ~50 Ma. During the Cenozoic era,
the paleo-geothermal gradient gradually increased to ~31 �C/km at
~20e16Ma. Then it decreased to its present-day value of ~28 �C/km
(Li et al., 2017) (Fig. 9(b)).

6. Discussions

6.1. Exhumation/cooling events and their controlling factors in the
eastern Qaidam Basin

6.1.1. Early Mesozoic (possibly end-Paleozoic to Mesozoic) time
Based on thermal history inversion results using AHe and ZHe

data, we found evidence for an exhumation/cooling event in the
Ounan Sag, eastern Qaidam Basin from the late Permian to themid-
Triassic (Fig. 9(a)). This cooling process was also recorded by the
ZFT and ZHe ages in the SHG area (~275e254Ma) (Li et al., 2015; Liu
et al., 2020b). However, the results in the Ounan Sag differ from
those in the Dulan area reported by Liu et al. (2020b) (~238 Ma). In
the surrounding orogenic systems, the Triassic tectonic deforma-
tion event could be indicated by the sericite 40Ar/39Ar ages
(~245e236 Ma) in the Zongwulong tectonic belt (Peng, 2015), and
mica 40Ar/39Ar ages of ~224e212 Ma in the East Kunlun Orogenic
systems (Liu et al., 2005;Wang et al., 2016). This event could also be
confirmed by the regional unconformities and the NNW-trending
paleocurrents shown in the lower Triassic boulder beds (e.g., Liu
et al., 2020b). We speculate that the main factor causing this
event was the closure of the Paleo-Tethys Ocean and the resulting
collision between the Kunlun-Qaidam arc and Bayanhar Terrane
occurred in the Triassic (Zhao et al., 2018; Sun et al., 2022). In
response to this collisional orogenesis, intense orogenic unroofing
took place in the broad KunluneQaidam arc (Dong et al., 2018; Li
et al., 2022), where the lower crust thickened significantly (Xia
et al., 2014) (Fig. 10(a)). Therefore, the Dulan area recorded the
exhumation/cooling event at the time when the magmatic flare-up
took place in the surrounding orogenic systems contemporane-
ously. For the exhumation/cooling in the Ounan Sag, we proposed
an intense forebulge flexural elevation that took place earlier than
the unroofing events in the orogenic systems. This could also be
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proved by the thick erosion of the Permian strata in the eastern
Qaidam Basin and the gradual expansion of the Zongwulong con-
tinental rift (Sun et al., 2022; Zhong et al., 2024a). During the
Permian, the Carboniferous strata in the Ounan Sag were contin-
uously buried in the greater Qaidam epicontinental sea (Sun et al.,
2022) (Fig. 10(a)).

6.1.2. Late Mesozoic to Cenozoic time
Our new AHe ages and joint thermal inversion models present

the main exhumation/cooling stage during the late Cretaceous to
Eocene (~85-35Ma) (Fig. 9(a)). This finding is consistent with the
previous AFT thermal modeling (Wang et al., 2022). This exhuma-
tion/cooling event may be related to the collision of the Gangdise-
Nyainqentanglha Terrane and the Eurasian Plate (Pan et al., 2012;
Wang et al., 2022). We speculate that this tectonic process formed
the prototype of the present-day Olongbuluke uplift. Given that the
study area is confined by the Cenozoic reactivated reverse faults
(i.e., Ounan Fault, Liu et al., 2020b), these models may also align
with the initial rapid cooling events from the apatite helium age/
depth transects in the hanging wall of the West Qinling thrust
(~45e50 Ma) and the North Qaidam thrust (~35 Ma) (Clark et al.,
2010). This accelerated exhumation likely signalled the first major
thrust activity in northeastern Tibet following the IndiaeEurasia
collision, which has been described by considering the role of
strength heterogeneities in the continental lithosphere or basal
tractions induced by mantle flow (Meng and Fang, 2008; Clark
et al., 2010) (Fig. 10(b)). We speculate that this also could be the
primary factor contributing to the differential thermal evolution in
the eastern area of eastern Qaidam Basin. As the Ounan thrust fault
became active from the end of Cretaceous to the Paleogene, the
studied area experienced a cooling process in response to this. The
paleo-topography of GHNS area may be relatively high after this
exhumation, and thereby samples located at the hanging wall have
not been reburied in later stages. In contrast to the residual thick-
ness of the Carboniferous strata, we found that the residue in the
outcrop is relatively thinner than those in the adjacent wells, i.e.,
C1h Formations of 744.9 m and C2k Formations of 389.9 m for the
GHNS section (QBGMR, 1978); C2k Formations of 682m for the
QDC1 well. Combined with the modeling results, these indicate
that the GHNS area experienced a weak amplitude of denudation
since the earlyMiocene, as also featured by the AFT thermal models
from Li et al. (2015, 2017). In addition, this cooling process was also
supported by the field deformation and seismic reflection data: the
northern Qaidam thrust belts mainly reactivated at ca. 16 Ma,
forming the Oulongbuluke and Aimunike uplifts and that this
thrust belt development lasted until the late Quaternary (e.g., Bush
et al., 2016;Mao et al., 2020;Wang et al., 2024). In contrast, as QDC1
and QDD1 wells located at the footwall of the thrust fault systems,
the thermal modeling results exhibited reburial processes since the
Eocene (sec tion 5.2.2).

6.2. Heating process and its potential genesis in the eastern Qaidam
Basin

6.2.1. Late Paleozoic time
Based on the initial temperature model derived from vitrinite

reflectance data, we conducted joint inversions of the AHe and ZHe
ages and obtained the thermal history of the eastern Ounan Sag of
the eastern Qaidam Basin. Notably, the time-temperature varia-
tions in the heating process of the Carboniferous strata are roughly
the same for individual samples. Our modeling results show that
since the early Carboniferous (~350 Ma), almost all thermal inver-
sion models record a basin-wide heating event, which lasted from
the Carboniferous (~350 Ma) to the late Permian (~252e245 Ma)
and reached a maximum temperature of ~180 ± 20 �C. Notably, the



Fig. 10. (a) Theoretical block models show the tectono-thermal evolution of the eastern Qaidam basin and its surrounding orogenic systems, and indicate multiple stages of
evolution in paleogeography from the Carboniferous to the Triassic (modified from Sun et al., 2022); (b) two-dimensional model depicts the formation of the eastern Qaidam Basin
during the Eocene to the late Oligocene (modified from Meng et al., 2008). See the main text for details.
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individual thermal model reaching its maximum temperature was
later than the Carboniferous strata reaching their peak paleo-
geothermal gradient: the maximum paleogeothermal gradient
fitted by forwardmodeling reached ~43e44 �C/km at ~265± 10Ma.

As shown in the basin modeling results (Fig. 8), the heating
process during this period can be explained by the continuously
increasing burial depth of the Carboniferous strata (Zhong et al.,
2024a). However, we can now propose another genesis. It is
widely acknowledged that the thermal signatures in the eastern
Qaidam Basin are mainly controlled by the amalgamation of three
microblocks and a magmatic flare-up (Li et al., 2017; Sun et al.,
2022). The arc magmatism in the Kunlun-Qaidam arc terrane
since the early Carboniferous (~350 Ma) has been attributed to the
continuous northward subduction of the South Kunlun Ocean (Pan
et al., 2012; Yan et al., 2014; Jiao et al., 2020). At this time, the
Zongwulong Rift formed within the retroarc zone (Chen et al.,
2016). The latest detrital zircon spectrum age of ~330 Ma in-
dicates that the Carboniferous subsidence was affected by near-arc
magmatic activity in the eastern Qaidam Basin, but there was
probably weak intrusion of magmatic rocks in the arc-shaped
terrane due to continuous subduction (Sun et al., 2022). Addition-
ally, considering the previous low-frequency occurrence of
magmatic records during ~360e300 Ma and that volcanic erup-
tions were distributed sporadically across the northern basin
(Zhong et al., 2024b), thermal events during the Carboniferous
were relatively infrequent. In this case, we speculate that the
Carboniferous strata did not reach their maximum paleotemper-
ature at this time due to the paucity of magmatism. Subsequently,
in the mid-late Permian, igneous rocks, especially granitic intrusive
rocks, formed abundantly in the peripheral orogenic systems. The
~270e260 Ma feldspar granites in the Wulan area (QBGMR, 1991;
Guo et al., 2009; Chen et al., 2015;Wu et al., 2016) may be related to
the occurrence of thermal events in the eastern Ounan Sag and
directly resulted in a heating event in the Carboniferous strata. The
~290e270 Ma granodiorites revealed by deep drilling in Luliang-
shan and other surrounding orogenic systems (Menold, 2006;
Cheng et al., 2017) suggest that thermal events also occurred in the
early tomiddle Permian in thewestern Ounan Sag. For the southern
margin of the basin, the duration of the intrusion of igneous rocks
lasted much longer (~269e240 Ma) (QBGMR, 1991; Gehrels et al.,
2003; Chen et al., 2015); coincidently, this can also explain the
longer heating time of the Carboniferous strata in the Dulan area.
Sun et al. (2022) concluded that the large-scale intrusion of
Permian magmas was related to slab breakoff, tearing or rollback of
the Southern Kunlun oceanic lithosphere, which would have led to
the upwelling of the asthenosphere below the Qaidam Terrane
(Fig. 10(a)). Therefore, it is possible that the highest geothermal
gradient reflected in the basin was related to the contemporaneous
intrusion of plutons below or within the crust. Collectively, the
mid-late Permian thermal event in the eastern Qaidam Basin could
be attributed to plate dynamics, asthenospheric upwelling, and
widespread intrusion of magmatic rocks or plutons (Fig. 10(a)).

6.2.2. Mesozoic-Cenozoic time
All inversion models in this study depict a main reheating trend

during the Mesozoic (~190e90 Ma). These models depict a stage of
quasi-isothermal quiescence during this period, characterized by a
decreasing paleo-geothermal gradient evolution (Fig. 9). This may
be related to the tectonic quiescence during this period instead of
intense orogenesis or plate subduction (Cheng et al., 2019; Hu et al.,
2020a). We speculate that the moderate reheating process could be
attributed to the intermountain and shallow lake sedimentation,
and the Carboniferous strata reburied to ~3000m above ~140 �C
(Fig. 8(a)). The well models show that there was a period of reburial
and reheating processes for the Carboniferous strata during the
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middle and late Cenozoic (Fig. 9). This result can be attributed to the
extensive sedimentation (>1.5 km) of the Shangganchaigou For-
mations and the relatively slower tectonic uplift in the eastern
Qaidam Basin, as evidenced by growth strata and seismic data (Yin
et al., 2008; Yu et al., 2017). This may have been influenced by the
southward shift of the sedimentary center in the eastern Qaidam
Basin before the deposition of the Shangyoushashan Formation,
resulting in the accelerated reburial of Paleozoic strata in the
Huobuxun Sag (~1.2 km) (Fang et al., 2007; Meng and Fang, 2008;
Du et al., 2016; Cheng et al., 2021). In addition, some researchers
believe that the growth of the Qaidam Basin may be explained by a
foreland basin evolutionmodel: either extension along the Ela Shan
Fault shear zone or the exhumation of the Zongwulong Range,
which formed a topographic load and caused local flexural subsi-
dence (Wang et al., 2021, 2024). Therefore, the slight increase in the
paleogeothermal gradient to ~32 �C/km from the Eocene to the end
of the Oligocene (Fig. 9(b)) may be attributed to the extensive
sedimentary load during this period (Fig. 10(b)).
6.3. Implication for the hydrocarbon generation

Hydrocarbon generation and expulsion from source rocks are
integral components of the hydrocarbon accumulation process, and
tectono-thermal evolution plays a critical role in these processes
(e.g., Zheng et al., 2019; Hu et al., 2020b; Xu et al., 2021; Gao et al.,
2022; Zhou et al., 2023). The study of the maturation evolution of
source rocks is the basis for evaluating hydrocarbon generation and
accumulation (Chang et al., 2018; Wang and Guo, 2021; Pang et al.,
2024). Based on the new paleo-geothermal gradient history and
uplift stages and amplitudes, wemodeled thematuration evolution
histories of the Carboniferous (Keluke Formations) source rocks,
which are mainly distributed in the study area (Shi et al., 2022,
2023a, 2023b). The maturation modeling results from the well CY2
indicated that the maturation of the C2k Formation source rock in
the western Ounan Sag increased quickly from the Carboniferous to
late Permian and reached a maximum of 1.08e2.27 % at the end of
Permian (~252 Ma) (Fig. 9(c)). The most C2k Formations in this area
has been reached the gas generation stage during this period, while
the upper part of C2k Formation remained in the late mature stage.
For the eastern Ounan Sag, the wells QDC1 and QDD1 indicate that
the upper member of C2k Formations reached the main gas gen-
eration stage earlier than that of the well CY2 in the late Permian,
revealed by the 1.77e3.18 % of Ro.

There are many structural evolution models indicating that
during the Cenozoic time, multi-stage tectonism occurred in the
studied area, and the fault activity was obviously enhanced (e.g., Li
et al., 2015; Cheng et al., 2016). However, they have a rather limited
impact on the Carboniferous residue (Cheng et al., 2016; Guo et al.,
2022; Zhong et al., 2024a). Moreover, basin modeling results indi-
cate that the late burial depth did not exceed the early episode that
terminated the hydrocarbon generation. Thereby, secondary hy-
drocarbon generation did not occur. It is noteworthy that the pri-
mary hydrocarbon reservoirs in the early stage may have been
adjusted and reconstructed by the later tectonism. However, the
residual primary reservoirs, traps developed at the later stage, may
accumulate the redistributed oil and gas (Guo et al., 2022). The
widely distributed Carboniferous source rocks, especially the upper
members of C2k Formations, maintain significant residual thick-
ness in the Ounan (Delingha) Sag (Cheng et al., 2016; Liu et al., 2012,
2020a), where tectonic activities were weak at the later stages,
which may have good resources potential in the deep. Therefore,
there is good potential for further petroleum exploration of the
upper members of C2k Formations in the eastern Qaidam Basin.
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7. Conclusions

In this study, we present new AHe and ZHe thermochronological
data for the Ounan Sag, eastern Qaidam Basin. Based on the Ro
initial thermal model and thermochronological ages, we employ
thermal inversion and basinmodeling of the study area to provide a
detailed understanding of the thermal evolution that has occurred
since the late Paleozoic. Here are the main conclusions.

(1) The AHe data from three outcrop samples range from 17 Ma
to 76.5 Ma, and the ZHe data range from 200Ma to 289.3 Ma.
The thermal modeling results revealed two main cooling
events that occurred from the end of Permian to Triassic, and
the late Cretaceous to Eocene. The first cooling event might
be resulted from intense forebulge flexural elevation and
orogen unroofing, which was likely related to the collision
and orogenesis that occurred between the Kunlun-Qaidam
arc and Bayanhar Terrane. The second stage was caused by
the thrust fault activity, which may be related to the conti-
nental lithosphere or basal tractions induced by mantle flow,
following the IndiaeEurasia collision.

(2) We identified consistent heating during the late Paleozoic,
reaching the maximum paleotemperature (~230 �C) and
geothermal gradient peak (~43e44 �C/km) in the late
Permian, which may be attributed to the rapid subsidence of
the overlying strata, and the widespread intrusion of plutons
caused by asthenosphere upwelling below the Qaidam
Terrane. We also observed a reheating event in the Eocene
with paleotemperatures less than 180 �C and paleo-
geothermal gradient of ~31 �C/km, which were probably
related to local flexural subsidence. Our observations suggest
that the source rocks in the most upper member of C2k
Formations in the Ounan Sag reached the gas generation
stage peak maturation stage during the late Permian.
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