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Abstract Kinematic restoration of the eastern Sichuan fold-and-thrust belt (ESFTB) in South China

is calibrated with a new thermo-kinematic model combining analog models, discrete element method, and
thermochronology data. Thermo-kinematic analysis provides constraints on the onset, rate, and lateral
variation of deformation and exhumation. Results show that the ESFTB experienced a northwestward thrusting
and periodic exhumation. Its evolution was characterized by five major stages based on the deformation
characteristics; (a) Shortening above a basal decollement and formation of large imbricates separated by narrow
synclines during 170-130 Ma; (b) Transition stage during 130-100 Ma; (c) Stepping up of deformation to
shallow decollement levels and shaping of the thick-skinned domain during 100-70 Ma; (d) Shaping of the
thin-skinned domain during 70-20 Ma; and (e) Continuous exhumation and structural modification from

20 Ma to present. The changes in the exhumation rate have been tectonic responses to the subduction retreat

of the Paleo-Pacific Plate and the eastward growth of the Tibetan Plateau. The westward subduction of the
Paleo-Pacific Plate resulted in northwestward shortening across South China, progressive deformation of the
ESFTB, and rapid exhumation from the Late Jurassic to the Late Cretaceous. The crustal extension associated
with the rollback of the Paleo-Pacific slab accounted for the Mesozoic exhumation rate decrease until the
Miocene. The accelerated cooling of the thin-skinned domain of the ESFTB since the Miocene was a response
to the eastward growth of the Tibetan Plateau, while the continuous slow exhumation in the thick-skinned
domain was related to the continuous crustal extension in South China.

1. Introduction

The eastern Sichuan fold-and-thrust belt (ESFTB) is located between the Sichuan Basin and the Jiang-
nan-Xuefengshan orogen in South China, and it is a large-scale intracontinental Jura-type fold-and-thrust belt
with multiple décollements in the Yangtze Block (Chu, Faure, 2012; Chu, Lin, et al., 2012; Gu et al., 2021; C.
X. Liet al., 2021; Shu et al., 2008; Y. J. Wang et al., 2013; Yan et al., 2003). The northeast-trending Qiyueshan
fault (QYF) subdivides the ESFTB into three structural domains. The NW thin-skinned domain is character-
ized by narrow anticlines and broad synclines, while the SE thick-skinned domain is characterized by broad
anticlines and narrow synclines and the middle transition domain is a large thrust nappe (Figure 1). Numerous
studies have been conducted to reconstruct the tectonic evolution of the ESFTB through field investigations (Yan
et al., 2009), seismic interpretation (Gu et al., 2015; C. X. Li et al., 2021; X. S. Zhu et al., 2020), analog models
(W. G. He et al., 2018; Wu et al., 2020; Xie et al., 2013; Zhou and Zhou, 2022), numerical modeling (B. L.
Zhang et al., 2009; X. Q. Zhang et al., 2013, 2015), balanced restoration (Gu et al., 2021; W. S. Hu et al., 2011;
C. X. Li et al., 2021; Mei et al., 2010), and thermochronological analysis (X. M. Li & Shan, 2011; C. X. Li
et al., 2021; Mei et al., 2010; Richardson et al., 2008; C. B. Shen et al., 2009; H. C. Shi et al., 2016). Different
genetic models have been proposed to explain the structural features of the belt, including a box fold model (S. Z.
Liu, 1995), a structural inversion model (Z. Q. Li et al., 2002), a fault-bend fold model (C. M. Feng et al., 2008;
Yan et al., 2003; X. Q. Zhang et al., 2015), and a fault-propagation and buckle fold model (Ding et al., 2007).
There is a general agreement that formation of the ESFTB involved multiple décollements during the Middle
Mesozoic (Late Jurassic-Early Cretaceous). However, the deformation mechanisms related to the shortening
involving multiple décollements and the conversion from the thick-skinned domain in the SE to the thin-skinned
domain in the NW remain unclear.

Different exhumation histories have been proposed for ESFTB. Due to the limited kinematic constraints
during modeling of the thermal history, the thermal paths constrained by the thermochronology data (Figure 2)

FENG ET AL.

1 of 33


https://orcid.org/0000-0002-9071-5397
https://orcid.org/0000-0001-8092-0410
https://orcid.org/0000-0002-1872-052X
https://doi.org/10.1029/2022TC007630
https://doi.org/10.1029/2022TC007630
https://doi.org/10.1029/2022TC007630
https://doi.org/10.1029/2022TC007630
https://doi.org/10.1029/2022TC007630
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022TC007630&domain=pdf&date_stamp=2023-09-19

Ay
AUV
ADVANCING EARTH
AND SPACE SCIENCES

Tectonics

10.1029/2022TC007630

707 E

80TE

907 E 100E TIOTTE

0 500 1000 km

Eurasian Plate

120°

50°N

300
00"

Sichuan Basin A Hy-

Central

Guanganjll >

Cretaceous
Strata

Cambrian-Ordovician
Strata

Jurassic
Strata
Sinian
Strata

Permian-Triassic
Strata

110°[00"

Silurian-Carboniferous Izl Sample
Strata

Proterozoic -
Archaeozoic Strata

|/(/(|Fault | u |City | (o)

Reference
data

A Central

Sichuan

Eastern Sichuan fold-and-thrust belt

Thick-skinned domain

Jiangnan- A’
Xuefengshan

Basin

Thin-skinned domain Transition zone |
Huayingshan Datianchi Dachigan | Qiyueshan I.—”ﬂv"'Shi‘
anticline anticline anticline anticline anticlinorium
Pubaoshan Jinghuashan Fangdoushan Lichuan
anticline anticline anticline synclinoriums

DZ-1 RXZ-2

DZ-2  JX166 LP-1
Q O

JX168

Yichang-Hefeng

anticlinorium

Sangzhi-Shimen
synclinoriums

Huaguoping
synclinoriums

Orogen

Figure 1.

FENG ET AL.

2 0f 33

a6 ‘€20C ‘vBT6VY6T

'sdny woly

'sgndr

85U80| 7 SUOWILIOD BA181D) 3|qedldde ay) Aq peusenob ae sajofe O ‘8N Jo SajNn 1oy AXeiq1T 8UljUO A8|IA U (SUOPUOD-pUE-SWBIWI0D" A3 | 1M AReIq1[Bu [UO//:SchL) SUORIPUOD puUe swiie 1 8L 89S *[£202/60/T2] Uo Akeiqiauljuo A8|1Mm ‘Wnejolied JO 18eysieAlun eulyd A 0£92000 12202/620T OT/I0pAL00 A8 | Aiq 1pul



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2022TC007630

suggest different scenarios for the Mesozoic-Cenozoic exhumation, including three stages of exhumation
(rapid-slow-rapid) (Deng et al., 2013; X. M. Li & Shan, 2011; C. X. Li et al., 2021; Mei et al., 2010; Qiu
et al., 2020; C. B. Shen et al., 2009; H. C. Shi et al., 2016), two stages of exhumation (slow-rapid) (S. J. Li
etal., 2011; Richardson et al., 2008), and one stage exhumation (Tian et al., 2011; P. Wang et al., 2012). The ther-
mal histories obtained from samples from different parts of the Qiyueshan area (a thrust sheet in the ESFTB) also
indicate different onset times for the exhumation. Thermochronology analyses have shown that the onset of cool-
ing ranged from 110 to 80 Ma (X. M. Li & Shan, 2011; Mei et al., 2010; Qiu et al., 2020; C. B. Shen et al., 2009;
H. C. Shi et al., 2016). Located in the transitional zone between the Tethys-Himalayan and the Circum Pacific
tectonic domain, the evolution of the ESFTB was controlled by prolonged subduction of the Paleo-Pacific Plate.
Numerous studies on the thermochronological, structural, petrological, geochemical, and stratigraphic aspects
have improved our understanding of the tectonic responses of South China to the subduction and rollback of the
Paleo-Pacific Plate (Chu et al., 2019; Dong et al., 2020; Ji et al., 2018; J. H. Li et al., 2014, 2018, 2020; Z. Li
et al., 2014; S. Z. Li et al., 2019; Suo et al., 2020; Sun et al., 2022). The eastward growth of the Tibetan Plateau
due to the north-south India-Eurasia collision since the Early Cenozoic has been widely accepted (H. L. Li
et al., 2020; Roger et al., 2010; X. M. Shen et al., 2019; Tian et al., 2013, 2016, 2018; Tong et al., 2019; E. Wang
et al., 2003, 2012, 2014; Y. Wang et al., 2018; Yang et al., 2017). However, the tectonic response of the ESFTB
to the subduction and rollback of the Paleo-Pacific Plate and the eastward growth of the Tibetan Plateau are
poorly understood. The dynamic of multiphase cooling and exhumation in the ESFTB revealed by the thermo-
chronological data remain ambiguous. The distinctive differential cooling of the Sichuan Basin in the Cenozoic
is generally interpreted as a response to the far-field effects of the eastward growth of the Tibetan Plateau (Deng
et al., 2013; X. M. Shen et al., 2019; H. C. Shi et al., 2016; Tian et al., 2012a, 2012b, 2013, 2018). However,
the onset of the accelerated cooling in the Cenozoic is not well understood, and several hypotheses have been
proposed. For example, Richardson et al. (2008) suggested an episode of accelerated cooling after 40 Ma in the
thin-skinned domain. On the other hand, based on apatite fission track (AFT) data, Deng et al. (2013) suggested
that the final accelerated cooling occurred at approximately 20—10 Ma along the Huayingshan, which is a thrust
nappe in the thin-skinned domain. Furthermore, based on low-temperature thermochronology (AFT and apatite
(U-Th)/He, AHe) data, Tian et al. (2018) determined that distinctive accelerated cooling occurred at ~35-28 Ma
in the eastern Sichuan Basin. Thermal histories constrained by H. C. Shi et al. (2016) indicate that the onset of
the final-stage cooling to surface temperatures occurred at 20—15 Ma. In summary, due to a lack of AHe data,
whether or not the thick-skinned domain experienced differential cooling during the Cenozoic is still unclear.
Thus, conducting an AHe study of the thick-skinned domain is a key element in determining the Cenozoic exhu-
mation history of the ESFTB.

To address these questions, we have constructed a NW-SE striking balanced geological cross-section and
collected new apatite fission-track, apatite (U-Th)/He, and zircon (U-Th)/He (ZHe) data from the major thrust
sheets in the area. We also developed a forward two-dimensional (2D) analog model with 4 décollement layers
and compared it with the results of a corresponding numerical model using the discrete element method (DEM).
Based on analog models, we obtained several kinematic constraints for the thermal modeling and determined
the timing and magnitude of the shortening of the thrust sheets. The structural and thermochronology data
were combined in a thermo-kinematic model to calibrate the sequential restoration of the balanced geologi-
cal cross-section, and then, we reconstructed the tectonic evolution of the ESFTB using the 2Dmove software.
By comparing the differences in exhumation in the major thrust sheets, we further investigated the tectonic
response to the subduction and rollback of the Paleo-Pacific Plate and the eastward growth of the Tibetan Plateau
during the Mesozoic-Cenozoic. The thermo-kinematic modeling conducted in this study provides comprehensive
constraints on the timing and magnitude of the shortening, as well as the structural evolution and deformation
of the ESFTB.

Figure 1. (a) Simplified tectonic map of part of southeast Asia showing the location of the study area (modified after Jiang et al., 2019); (b) Geological map of the
eastern Sichuan fold-and-thrust belt, modified after Z. Q. Hu et al. (2009), Xie et al. (2013), and Yan et al. (2003). The red and black circles indicate location of the test
and reference samples, respectively. HYF: Huayingshan fault, QYF: Qiyueshan fault, ZHF: Zhangjiajie-Huayuan fault; (c) Geological cross-section A-A', interpreted
based on the seismic profiles from Dong et al. (2015), C. X. Li et al. (2015, 2021). Trace of the section and the positions of the low-temperature thermochronology
samples are shown in (b). The yellow and dotted bold black lines indicate the surface and the décollement layer, respectively. The eroded part is filled with light color
according to the published data from X. Q. Zhang et al. (2015). The sample positions (empty circles and abbreviations above them) were projected onto the section

along strike.
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Figure 2. (a) Regional distribution of previous thermochronological ages (Ma =+ 1o errors) in the Eastern Sichuan fold-and-thrust belt (ESFTB). White point-Mei

et al. (2010), pink point-X. M. Li and Shan (2011), yellow point-C. X. Li et al. (2021), white diamond-H. C. Shi et al. (2011), pink diamond-Richardson et al. (2008),
yellow diamond-C. B. Shen et al. (2009), white square-H. C. Shi et al. (2016), pink square-Qiu et al. (2020), yellow square-Jia (2016), white triangle-P. Wang

et al. (2012), pink triangle-Deng et al. (2013), yellow triangle-S. J. Li et al. (2011), white pentagon-C. Q. Zhu et al. (2017), yellow pentagon-S. J. Li et al. (2011).

(b) Statistics of thermal histories in the ESFTB. Structural map of the study area (Figure 1) showing the location of section A-A' and of samples taken for
thermochronologic analysis. Thermal history plots are shown for the different locations shown in the cross section. HC-38 and RX-29 based on S. J. Li et al. (2008);

WE-8, WD-44, JL-1, and X5 based on Mei et al. (2010); Y42 based on H. C. Shi et al. (2016). SH098 based on Deng et al. (2013).
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2. Geologic Setting
2.1. Structural Framework and Stratigraphy

The ESFTB is located in the Yangtze Block and is bounded by the Qinling-Dabieshan orogen to the north, the
Jiangnan-Xuefengshan orogen to the east, and the Tibetan Plateau to the west (Figure 1a). The structural framework
of the ESFTB has been described by many authors as multilayer décollement propagation, thin-skinned tectonics,
and fault-related folding (C. X. Li et al., 2021; Yan et al., 2009). This Mesozoic fold-and-thrust belt has a total
width of 400 km and is composed of a number of NE-NNE-striking subparallel folds, including the Huayingshan,
Pubaoshan, Datianchi, Jinghuashan, Dachigan, Fangdoushan, and Qiyueshan anticlines; the Lichuan, Huaguop-
ing, and Sangzhi-Shimen synclinoriums; and the Jianshi and Yichang-Hefeng anticlinoriums (Figures 1b and 1c).
Geological cross section A-A' (interpreted from a seismic reflection profile and the surface geology) crosses the
central part of the ESFTB and shows that the belt is affected by three major regional faults: the Huayingshan fault
(HYF), the QYF, and the Zhangjiajie-Huayuan fault (ZHF) (Figure 1). These faults separate the ESFTB into three
regions: a thin-skinned domain, a transition zone, and a thick-skinned domain (Figure 1c). The thin-skinned domain
is composed of a series of high-amplitude, tight, and approximately upright anticlines (C. X. Li et al., 2021). The
crests of the anticlines reach elevations of 500-800 m (C. X. Li et al., 2015), and each individual fold axis extends for
50-200 km (Yan et al., 2009). The transition zone consists of the Qiyueshan anticline and Lichuan synclinorium. In
contrast, the thick-skinned domain contains several box anticlines separated by tight, chevron synclines (Figure 1c).

The Precambrian basement is covered by 5,000—-10,000 m of sediments in the ESFTB (S. G. Liu et al., 2021).
These sediments include a Paleozoic to Middle Triassic marine sequence and an Upper Triassic to Eocene terres-
trial sequence (Figure 3). In the thin-skinned domain, the outcropping lithologies are mainly composed of Jurassic
and Cretaceous sandstones and mudstones, while the Triassic strata are exposed in the eroded anticlinal cores. In
the thick-skinned domain, there is a significant change in the outcropping strata. The anticlines have Cambrian to
Ordovician strata in their cores and the synclines have Silurian to Permian strata in their troughs (Yan et al., 2009).

2.2. Pre-Existing Faults and Multilayer Décollements

HYF and QYF are two major pre-existing faults in the ESFTB. As the demarcation fault (boundary fault) between
the central Sichuan Basin and the ESFTB, the HYF has a total length of 400 km and has been active since the
Caledonian (Mei et al., 2010). Interpreted seismic data shows that the QYF is a reverse basement fault with a
dip angle of 30°-40° (Dong et al., 2015; J. P. Hu et al., 2005; X. S. Zhu et al., 2020). X. Q. Zhang et al. (2015)
speculated that the QYF was reactivated frequently and the shallow segment of the fault has rotated clockwise
and became gentler since the Late Jurassic.

Four major décollement levels are recognized regionally in the ESFTB: (a) basal décollement horizon, (b)
Middle-Lower Cambrian décollement, (c¢) Silurian décollement, and (d) Middle-Lower Triassic décollement
(Figure 3). It is suggested that the basal décollement horizon is located in the Archean strata of the middle crust
(Dong et al., 2015). The overall geometry of the middle crust on the seismic-reflection profile indicates the exist-
ence of crustal-scale imbrications, with thrust sheets stacked above a major décollement originating at a depth of
>21 km (Dong et al., 2015). Other 3 décollement levels are located at different depths (Figure 1). The Middle-Lower
Cambrian décollement layer, which is approximately 500—1,000 m thick, is mainly composed of the shale of Qiong-
zhusi Formation and gypsum and halite of the Gaotai-Longwangmiao Formation. The Silurian décollement layer
includes the shale of the Hanjiadian and Longmaxi formations and has an average thickness of 1,500 m. However, the
sand content of the Silurian strata is significantly higher in the thick-skinned domain (S. G. Liu et al., 2011), and the
Xiaoheba Formation sandstone was deposited in this region. Furthermore, field outcrops, exploration wells, and seis-
mic profiles show that the Silurian strata are generally involved in the thrusting (C. X. Li et al., 2021). These observa-
tions indicate that the décollement efficiency of the Silurian in the thick-skinned domain is weak, which is consistent
with the results of a finite element numerical simulation (Xie et al., 2013). The Middle-Lower Triassic décollement
layer has an average thickness of approximately 1,050 m, and is composed of gypsum-bearing dolomite and oolitic
limestone interbedded with marl and mudstone (Jialingjiang and Leikoupou formations) (C. X. Li et al., 2015).

2.3. Tectonic Evolution

Because of its location in the transition zone between the Tethys-Himalayan and the Circum Pacific tectonic
domains, the Yangtze Block experienced multiple major tectonic episodes from the Paleozoic to the Cenozoic,
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Figure 4. Schematic profile showing the initial model setup of the analog models. The dotted red lines (F1 and F2) represent
pre-existing faults. Four viscous layers (dark gray layers), from bottom to top, namely Vb, V1, V2, and V3, respectively,
represent four weak horizons. The light gray layers (Lb, L1, L2, L3, and L4) represent brittle layers.

including the Caledonian, Hercynian, Indosinian, Yanshanian, and Himalayan orogens (Figure 3). Deformation
since the Early Cretaceous created the present structural features (Yan et al., 2003; Yong et al., 2018). Based
on distribution of folds and faults, several studies suggested that the ESFTB was mainly controlled by SE-NW
compression during the Yanshanian tectonic period (Early Cretaceous-Eocene) and approximately E-W compres-
sion during the Himalayan tectonic period (Eocene-present) (Deng et al., 2013; S. G. Liu et al., 2021; Tian
et al., 2018; Tong et al., 2019; E. Wang et al., 2014). However, using low-temperature thermochronology data,
several researchers suggested that the ESFTB has experienced three major tectonic phases since the Mesozoic:
(a) northwestward thrusting caused by the northwestward subduction of the Paleo-Pacific Plate underneath the
Eurasian Plate during the Late Jurassic-Late Cretaceous; (b) a slow denudation phase in response to the back-arc
extension within South China due to the rollback of the Paleo-Pacific slab during the Late Cretaceous-Miocene;
and (c) a rapid denudation phase caused by propagation of the far-field stress during the southeastward growth of
the Tibetan Plateau from the Miocene to present (S. J. Li et al., 2008; Mei et al., 2010; Richardson et al., 2008;
H. C. Shi et al., 2016; Tian et al., 2012a, 2012b, 2018; Wu et al., 2020).

3. Methods

In this study, balanced-section restoration of profile A-A'is calibrated with the thermo-kinematic model using
combined results of analog models, DEM, and thermochronology data. By compiling surface structural geol-
ogy and age data set of Late Mesozoic magmatic rocks in South China, a single distinctive tectonic switch at
~170 Ma was defined and it is generally believed that significant crustal shortening occurred during the period of
170-135 Ma, followed by crustal extension during the period of 135-80 Ma (Chu et al., 2019; J. H. Li et al., 2020;
Y. Q. Zhang et al., 2021). It is generally believed that the Mesozoic crustal shortening and extension resulted
in the establishment of the ESFTB (Chu et al., 2019; C. X. Li et al., 2021; Yan et al., 2003, 2009; Zhou and
Zhou, 2022). Furthermore, based on the thermochronological analysis previous studies suggested that the ESFTB
experienced progressive deformation during a three-phases of cooling (Figure 2b): (a) rapid cooling during
~170-70 Ma, (b) slow cooling during ~70-30[?] Ma, and (c) accelerated cooling from ~30[?] Ma to present (S.
J. Liet al., 2008; Mei et al., 2010; Richardson et al., 2008; H. C. Shi et al., 2016; Tian et al., 2012a, 2012b, 2018;
Wau et al., 2020). It is generally believed that the rapid cooling during ~170-70 Ma is associated with thrusting.
According to the tectonic evolution, it can be determined that thrusting occurred in the area of profile A-A' during
170-70 Ma. Therefore, we set the time period ~170-70 Ma as constraints for the analog modeling, particle flow
code (PFC2D) modeling and thermo-kinematic modeling.

3.1. Analog Models

In this study, one set of analog models was conducted to reconstruct deformation along profile A—A'. The analog
models were conducted in a 120 cm X 20 cm plexiglas box filled with layers of loose glass micro-beads and
silicone, which simulated the brittle and viscous rheologies, respectively (Figure 4). Glass micro-beads, which
is a Coulomb material, is commonly used to simulated non-evaporitic sediments. Mechanically, they are weaker
than dry quartz sand and have almost no cohesion (Bonnet et al., 2007; Konstantinovskaya et al., 2009; Massoli
et al., 2006; Teixell & Koyi, 2003). We used glass micro-beads to simulate the frictional behavior of the brittle
overburden. The silicone putty (produced by Beijing Dingye Chemical Ltd of China) which is a Newtonian fluid,
simulated the ductile behavior of the weak décollements. The silicone polymer had a density of ~0.94 g/cm 3 and
a viscosity (measured using a numerical Brookfield Type viscometer at room temperatures) of 1.0 X 10 Pa s.
The sieved glass micro-beads had a bulk density of ~1.48 g/cm3 and a grain size of 180-250 pm. The internal
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Table 1 friction coefficient and internal friction angle of the micro-beads were 0.70°

Scaling Parameters Between the Sandbox Analog Models and Nature

Parameter Model Nature Model/nature ratio (*)
Py (g/cm?) 1.48 2.6 p; =057

py (glem?) 0.94 22 p; =043

u 0.7 0.6-0.85 p*=0.55-1.17

c (Pa) 99 4 x 107 c* =248 x107°

g (m/s?) 9.81 9.81 gt =

n (Pas) 1 x 10* 5% 102 n*=2x10""

[ (m) 0.01 5,000 *=2x10"%

o (Pa) 578.1 5.24 x 108 o*=1.1%x107°

€ (/s) 83x 107 142 x 1078 e* = o*fp* = 5.5 x 1010
v (cm/hr) 2.4 2.1 X 1075(0.18 cm/yr) v* =I* x e* = 1.1 x 10°

Note. p,-density of the brittle overburden strata from the basement to the
Jurassic; p,-density of the ductile décollement; u-internal friction coefficient
of the brittle overburden; c-cohesion of the brittle overburden; g-gravity
acceleration; #n-viscosity of the ductile décollement; [-length; o-stress
(6 = pyghy, +pyghy;» by, and hy,-thickness of the brittle and ductile overburden
strata from the basement to the Jurassic, respectively.); 7-time; e-strain rate
(& = v/h,, hy,-thickness of the basal viscous layer).

and 25°, respectively. A 0.8-cm thick basal viscous layer (V,) was placed at
the bottom of the plexiglas box to simulate the basal décollement. This was
covered by a 4.2-cm thick layer of glass micro-beads (Lb-L4) interbedded
with viscous layers (V1-V3) to simulate the basement to the Jurassic over-
burden strata. Viscous layers V1-V3 represented the Cambrian, Silurian, and
Triassic décollement layers, respectively (Figure 4). We placed two pieces of
smooth cardboard with a thickness of 0.2 mm in the box during the formation
of the layers to simulate the pre-existing faults, that is, QYF (F1) and HYF
(F2). Fault F1 was located between ductile layers Vb and V1, and fault F2
was located between ductile layers V1 and V3 (Figure 4). Interpreted seismic
data shows that the HYF and QYF have dip angles of 30°—40°. Considering
the pre-existing faults may change dip with time, we set a dip angle of 45°.
Because the Silurian décollement (L2) did not have a significant impact on
deformation in the thick-skinned domain, we only set the Silurian décolle-
ment layer (V2) in the foreland of F1, that is, in the thin-skinned domain
(Figure 4). Erosion was not performed in the analog models.

The parameters used in the models and measured in nature are presented in
Table 1. Restoration of the balanced geological cross-section (A-A’) revealed
that the ESFTB experienced a total shortening of ~140 km (~24% shorten-
ing) (W. G. He et al., 2018) and the shortening rate was 0.1-0.2 cm/yr during
the Late Jurassic-Cretaceous (C. X. Li et al., 2015). In this study, assuming
some uncertainty in the restoration, we set the maximum shortening ratio

of cross-section A-A'to 30% (i.e., the initial length of this section was 600 km and shortened to 420 km). The
model was scaled to nature with a length ratio (1*) of 2 x 107 (i.e., 1 cm in the model represented 5 km in

nature). The density of the brittle overburden (p,) and the density of the weak décollement (p,) in nature are
2.60 and 2.20 g/cm?, respectively (Cotton & Koyi, 2000). The internal friction coefficient (4) and cohesion
of the brittle overburden (c) in nature are 0.60-0.85 and ~4 x 107 Pa, respectively (Bonini, 2003, 2007; Costa
and Vendeville, 2002; Zhou and Zhou, 2022). The viscosity of the weak décollement (#) in nature is assumed
to be ~10% Pa s (Bonini, 2007; Zhou and Zhou, 2022). The cohesion of the glass micro-beads (c) in the model
was ~99 Pa (Yan et al., 2016). Accordingly, the model-to-nature ratios of the cohesion c¢* and stress o* were
2.48 x 107 and 1.1 x 1078, respectively (Table 1), which are of the same order of magnitude, suggesting that
the analog model fulfills the dynamic similarity criterion (Bonini et al., 2012; Cotton & Koyi, 2000). According
to the model-to-nature ratios; strain rate €*, time #*, and shortening velocity v*, it is estimated that applying a

shorting velocity of 2.4 cm/hr for 15 hr in the experiments, corresponds to 100 Ma of shortening in nature at a

velocity of 0.18 cm/yr (Table 1).

3.2. Discrete Element Method

The DEM can be used to simulate the mechanical behavior of a system that consists of a collection of particles

with different sizes. The two-dimensional PFC2D has been demonstrated to be a suitable tool for the simulation

of a granular material (Cundall & Strack, 1979), and the Itasca Consulting Group developed the software pack-

age. The software allows for multiple interactions between rigid particles, such as contacts, bonds, overlapping,

and breaking. The physical parameters of the interacting particle can be defined, including the density, contact

stiffness, and friction. All of the contact forces, including the normal and shear forces, acting on a single particle

are calculated together following Newton's law to determine the particle displacements. PFC2D has been widely

used to simulate the mechanics and kinematics of geological structures, including gravitational volcanic defor-
mation (Morgan, 2005), slope failure (Cheng et al., 2009; Z. N. Liu & Koyi, 2013), accretionary wedges (Wenk
& Huhn, 2013), and fault-related folds (Hughes et al., 2014). It should be noted that this method can record the
kinematic paths of the discrete elements. We have used this software to build a numerical model to compare

with the analog model. The numerical model had the same initial geometry (Figure 4) and shortening rate as

the analog models. The numerical model consisted of 6,285 circular particles, which were randomly distributed

in a 120 cm X 5 cm rectangular region and had a bulk porosity of 20%. In the model, two discontinuities with

friction coefficients of zero were generated in the model to simulate the pre-existing faults (QYF and HYF). The
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Table 2
Experiment Parameters of the PFC Model
Layer no. Stratum code d (cm) p (kg/m?) kn (N/m) ks (N/m) bn/bs (N) i Mechanical property
Vb Basal décollement horizon 0.8 2,200 1.5 x 107 0.5 x 107 8 x 104 0.2 Ductile
Lb Basement-Z 2.2 2,600 3% 10° 1x10° 0.7 Brittle
Vi Middle-Lower Cambrian 0.2 2,200 1.5 x 107 0.5 x 107 8 x 10* 0.2 Ductile
L1 Upper Cambrian-Ordovician 0.4 2,600 3 x10° 1x 10° 0.7 Brittle
V2 Silurian 0.2 2,200 1.5 x 107 0.5 x 107 8 x 10* 0.2 Ductile
L2 Silurian 0.2 2,600 3 x 10° 1x 10° 0.7 Brittle
L3 Carboniferous-Permian 0.4 2,600 3% 10° 1x10° 0.7 Brittle
V3 Middle-Lower Triassic 0.2 2,200 1.5 x 107 0.5 x 107 8 x 104 0.2 Ductile
L4 Upper Triassic-Jurassic 0.6 2,600 3 x 10° 1x 10° 0.7 Brittle

Note. d-thickness, p-density, kn-particle normal stiffness, ks-particle shear stiffness, bn-normal contact bond strength, bs-shear contact bond strength, u-coefficient of

particle internal friction.

microscopic mechanical properties of the particles were divided into two categories: simulated glass-beads and
silicone polymer. The macro-behavior reflects the bulk mechanical behavior and is controlled by the microscopic
properties, including the particle size, particle stiffness, bond strengths, and particle friction coefficient (Table 2).
During the simulation, we extracted the displacement parameter of the particles to investigate the lateral and
vertical displacement characteristics of the model.

3.3. Low-Temperature Thermochronology

In this study, 11 outcrop samples were collected from the major thrust sheets for AFT, AHe, and ZHe analyses
to reconstruct the Meso-Cenozoic tectonic-thermal evolution of the ESFTB (Table 3, and Figures 1b and 1c).
AFTs are temperature sensitive between ~60 and ~125°C, which is referred to as the partial annealing zone
(PAZ), on geological time scales (Fitzgerald & Malusa, 2018; Gleadow et al., 1986; Green et al., 1986; Ketcham

Table 3

Information of the Samples

Sample Age Lithology Latitude (°N) Longitude (°E) Elevation (m) Structural location Reference

HY-1 J, (174-163 Ma)  Sandstone 30.3641 106.7806 389 Huayingshan anticline

DZ-1 T, (235201 Ma)  Sandstone 30.7755 107.1387 588 Huayingshan anticline

DZ-2 J, (174-163 Ma) Sandstone 30.7596 107.3200 466 Pubaoshan anticline

JX-166 J (201-145 Ma) Sandstone 30.2128 107.3334 388 Datianchi anticline S.J. Lietal. (2011)

LP-1 J;(163—145Ma)  Sandstone 30.6251 107.8850 395 Jinghuashan anticline

RX7-2 J, (174-163 Ma) Sandstone 30.4700 108.0421 407 Dachigan anticline

JX-168 J (201-145 Ma) Sandstone 30.3123 108.0333 251 Dachigan anticline S.J. Lietal. (2011)

Y42 J, (174-163 Ma) Sandstone 29.9830 108.1629 206 Qiyueshan anticline H. C. Shi

etal. (2011)

QY-1 J, (201-174 Ma) ~ Sandstone 29.9602 108.3180 1,323 Qiyueshan anticline

LC-2 J, (174-163 Ma) Sandstone 30.1353 108.7849 1,300 Lichuan synclinorium

WL-1 J, (174-163 Ma)  Sandstone 29.3606 107.7759 678 Jianshi anticlinorium

X5 J(201-145Ma)  Sandstone 30.2694 109.1451 1,310 Jianshi anticlinorium Mei et al. (2010)

XF-1 J, (201-174 Ma) ~ Sandstone 29.4172 108.7954 490 Huaguoping synclinorium

SZ-2 P, (272-259 Ma)  Sandstone 29.4489 110.1131 259 Sangzhi-Shimen synclinorium

SZ-1 T, (235201 Ma)  Sandstone 29.4398 110.1782 561 Sangzhi-Shimen synclinorium

HC-38 S (444-419 Ma) Sandstone 29.6444 111.0409 394 Xuefengshan thrust belt S.J. Lietal. (2008)
FENG ET AL. 9 0f 33
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et al., 2007). Within the temperature range of 30-90°C, which is referred to as the apatite partial retention zone
(PRZ), the “He is partially retained (Reiners & Brandon, 2006; Wolf et al., 1998). The ZHe system is character-
ized by a PRZ of ~140-200°C (Reiners, 2005). The combination of AFT, AHe, and ZHe thermochronology data
provides a powerful tool for constraining the thermal history of a sample between 30°C and 200°C.

The AFT analyses were performed at the China University of Petroleum, Beijing, following the procedures
described by Chang et al. (2019b). The AFT ages of samples HY-1, DZ-1, DZ-2, WL-1, XF-1, LP-1,RXZ-2, QY-1,
and SZ-1 were determined using the external detector method and {(zeta) calibration (Hurford & Green, 1983).
The Trackkey software (Dunkl, 2002) was used to calculate the fission track ages based on a zeta-value of
246.9 + 13.0 a/cm?. The AFT ages of samples WL-1 and XF-1 were determined via laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS), following the procedures described by Cogné et al. (2020).
For each sample, we analyzed the grains with polished surfaces parallel to the c-crystallographic axis. Horizontal
confined track lengths and three etch pit diameter (D,,,) were measured on each counted grain. D, value is a
proxy for resistance of apatite grains to annealing (Donelick et al., 2005). The RadialPlotter software identifies
and extracts the component ages from mixed age populations (Vermeesch, 2012, 2018). For each sample, the
grain age distributions were decomposed into discrete main age components using a mixture modeling algorithm
and were manually selected after the fission track data were log transformed (Galibraith & Green, 1990). Further-
more, in addition to the AFT data set analyses of the current study, an additional five published AFT data sets
were collected from the literature (S. J. Li et al., 2011; Mei et al., 2010; H. C. Shi et al., 2011).

The AHe ages of samples from Mesozoic sediments XF-1, WL-1, and HY-1 were determined at the University
of Florida, following the procedures described by Chang et al. (2019a). Five apatite grains from each sample
were tested. Published AHe data for samples from the same anticline and stratum as samples QY-1 (H. C. Shi
et al., 2016) and DZ-2 (C. X. Li et al., 2021) were collected. ZHe analysis of zircon grains from samples DZ-1,
DZ-2,LP-1, RXZ-2, QY-1, SZ-1, SZ-2, WL-1, and XF-1 was conducted at the University of Melbourne, follow-
ing the procedures described by Gleadow et al. (2015). Details of experimental methods are presented in Support-
ing Information S1. We also collected ZHe data for samples from the same anticline and stratum as samples
DZ-1,DZ-2, and HY-1 (C. X. Li et al., 2021).

3.4. Thermo-Kinematic Modeling

The analog models and thermochronology data were combined in a thermo-kinematic model by establishing a
quantitative coupling relationship between the forward kinematic modeling and thermal modeling. In the analog
models and DEM simulations, the geological time at a certain shortening magnitude (S, cm) was determined
using the following equation:

t=170—SxA3—0T,0§S530cm (1)

where AT = 100 Ma (from 170 to 70 Ma) of simulation with a shorting rate of 2.4 cm/hr. Based on the results of
the analog models, we can determine the onset of deformation of the belt and the onset of cooling of the corre-
sponding thermochronological samples. For example, the model-equivalent Jinghuashan anticline began to uplift
when shortening of the analog model reached 21 cm. The model-equivalent geological time is 100 Ma at 21 cm
shortening. We conclude that the onset time of model-equivalent Jinghuashan anticline is 100 Ma, and the onset
of cooling of the sample LP-1 in the Jinghuashan anticline is 100 Ma. Based on Equation 1, 3-cm shortening in the
analog models is equivalent to deformation taking place during 5 Ma in nature and 6 cm shortening in the model
is equivalent to deformation taking place during 10 Ma in nature. Taking into account the experimental error, we
set the error of +10 Ma for the cooling onset of samples. We also recorded the trajectories of the particle elements
during the deformation in the PFC2D modeling to constrain the kinematics of the thermochronological samples
collected at the same structural positions. Since the geothermal gradient of the ESFTB was 30-35°C/km from
the Jurassic to the Late Cretaceous (Q. Q. Feng et al., 2021; C. Q. Zhu et al., 2017), we converted the recorded
kinematic uplift trajectories of the samples into temperature paths to constrain the Mesozoic thermal evolution.

We conducted inverse thermal-history modeling using the HeFTy v1.9.3 software (Ketcham et al., 2015). The
multi-kinetic annealing model proposed by Ketcham et al. (2007) was selected for the AFT data, and the radi-
ation damage accumulation and diffusion models created by Flowers et al. (2009) and Guenthner et al. (2013)
were selected for the AHe and ZHe data, respectively. To avoid restricting the model in the identification of
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possible temperature-time (7-f) paths, we set three 7-¢ constraint windows for each model. The first constraint
ranges were the stratigraphic age of sample and the surface temperatures of 20 + 5°C. The second constraint
encompassed the onset of cooling for the exhumation of the Mesozoic samples (+10 Ma on either side). For this
constraint window, first, the temperature was set at 20-200°C to avoid restricting the model space and to capture
the ZHe, AFT, and AHe data-driven T-t-paths with acceptable and good fits. Then, the range of temperature
sensitivities was set as the new temperature window. The third constraint was set as 20 + 5°C at the present time.
We integrated the measured AFT data (track densities, Dpar,
or AHe data in our models. For each sample, the HeFTy software tested at least 10,000 random 7-¢ paths and

and length measurements) and single-grain ZHe and/

calculated the modeled ZHe, AHe, and AFT data for each path, which was compared with the measured input
data. We selected as many individual grains as possible, with the prerequisites that (a) more than one grain was
collected and (b) statistically acceptable 7-T pathways were acquired. An estimated goodness-of-fit (GOF) param-
eter was used to reflect how well the modeled data fit the measured values. In the program, the ¢-T paths were
defined as acceptable when the GOF was >0.05 and as good when the GOF was >0.5. The best-fit and weighted
mean paths are shown by the yellow and blue lines in Figures 2b and 9, respectively. Cooling histories of samples
were reconstructed by two different methods. In scenario A, the individual samples were separately simulated
using the AFT, AHe, and ZHe ages. In scenario B, the individual samples were simulated using only the AFT
and ZHe ages. Compared with the inversion modeling results in scenario A, the cooling histories for scenario B
provide a less reasonable cooling process during the Cenozoic and are not discussed here.

3.5. Cross-Section Restoration

To evaluate the data and quantitatively analyze the structural evolution, 2D sequential restoration was conducted
using algorithms to simulate the reversal of the geological processes. We constructed a geological cross-section
(A-A") traversing the Jiangnan-Xuefengshan orogen, the thick-skinned domain, the transition zone, the
thin-skinned domain, and the central Sichuan Basin from southeast to northwest (Figure 1¢). Based on the above
thermo-kinematic analysis, the cross-section restoration was conducted using a combination of two kinematic
methods implemented as algorithms in the Move 2D modeling software. The fault-parallel flow method (Egan
et al., 1999) has been used for modeling hanging-wall deformation which occurs between beds over the fault
plane. In fault-parallel flow method, horizon movement is “layer parallel” and particles within the hanging wall
translate parallel to the fault surface along flow paths (Herrero-Barbero et al., 2020). For restorations that require
adjusting the geometry of the hanging-wall sequence due to the presence of a previous fold, the trishear method
(Allmendinger, 1998) has been used locally. Exhumation histories reconstructed using the thermo-kinematic
models were used to calibrate decompaction calculations and back stripping. We used the restored cross sections
and the kinematic constraints on the timing of the activity to estimate the average shortening ratio of each thrust
sheet across the pro- and retro-wedges of the ESFTB. The minimum overall shortening ratio for a given period
was derived by summing the shortening ratios of all of the unlinked structures that were active during that period.
The cross-section restoration allowed us to assess the structural evolution of the ESFTB and to quantify the short-
ening and dip-slip motion during the Mesozoic-Cenozoic.

4. Results
4.1. Mesozoic Kinematic Restoration

Similar to the tectonic evolution of the ESFTB, during the modeled Mesozoic time-equivalent, the models
consisted of northwestward thrusts evolving from the Late Jurassic to Cretaceous (Figure 5). With progressive
shortening, at 15% bulk shortening, a series of decollement folds and fault-propagation folds formed progres-
sively in an in-sequence manner (Figures 5a—5c¢), forming prototype of the thick-skinned domain. Decollement
fault F1 initiated above the basal décollement and developed into a fault-bend fold with a fault ramp cutting
upward resulting in the formation of a decollement-buckle fold in the hanging wall. Flat-ramp type faults F4
and F5 were sequentially formed along the viscous layer V3 with two fault-propagation folds. Continued short-
ening resulted in formation of basal decollement faults F9 and F10 and another decollement-buckle fold. The
pre-existing fault (F6 in Figure 5) was resurrected after 10% of shortening and began to accommodate a large
amount of the shortening. As shortening proceeded, the formation of faults F22, F28-30 and fault-propagation
folds along the viscous décollement V2 produced forward-propagating imbricate thrusts (Figure Se). Simulta-
neously, the transition zone is transformed from decollement fold to fault-bend fold, which produced a passive
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Figure 5. (a—f) Sequential sidewall views of the analog model. White lines represent the initial locations of pre-existing faults equivalent to Huayingshan fault and
Qiyueshan fault. F is thrust faults which are numbered in the order of their formation. The tectonic pattern after 25% (g) and 30% (h) of shortening are interpreted based
on geological scale and the eroded part is displayed in light color. (i) Particle flow code (PFC2D) modeling result after 25% of shortening. Numbers 1-16 represent the
constraint points that match the samples shown in Figure 1c. (j) Lateral (j-1) and vertical (j-2) displacement fields of the transition zone in the PFC2D modeling result.
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Figure 6. Sample tracks after 25% of shortening shown with corresponding onset of uplift. The black lines show model
profile after 25% of shortening.

duplex with roof thrust along the viscous layer V1 and floor thrust along the basal décollement. After 25% of
shortening, a total of five fault-propagation folds formed between the pre-existing faults (Figures Se and 5g),
and they became steeper and tighter with shortening (Figures 5f and 5h). Simultaneously, the configuration of
the thick-skinned domain gradually transitioned to broader anticlinoriums and tighter synclinoriums. After 30%
shortening, the sidewall view (i.e., profile) of the model (Figure 5h) showed similar structural configuration as
that of the seismic profiles (Figure 1c), including the division of tectonic regions, the frequency of narrow anti-
clines and narrow synclines, and relative stratigraphic outcrops.

Based on the results of analog models, we conducted a corresponding numerical simulation using the PFC2D
software. After 25% shortening (Figures 5i and 5j), the results are generally consistent both with the interpreted
seismic profile (Figure 1c) and results of the analog model (Figures Se and 5g). Three box-folds were formed
in sequence to the southeast of the model QYF. Displacement fields of the model showed that differential uplift
occurred in the thrust domain. For example, lateral displacement decreased from southeast to northwest, while
vertical displacement increased in the transition zone (model equivalent of the Qiyueshan anticline) (Figure 5k).
These results indicate that the particles uplifted earlier with more lateral displacement to the northwest of the
transition zone, and particles uplifted later with less lateral displacement in the southeastern part of the area.
Finally, the onset of the uplift occurred progressively earlier from southeast to northwest in the transition zone.
Trajectories of particle elements in the model were recorded as the Mesozoic kinematic constraints for the ther-
mochronological samples collected at the corresponding structural positions (Figure 5i). We simultaneously
compared the vertical displacement of monitored particles to the results of the analog model (Figure 6). Under a
constant shortening rate, particle trajectories are complex. Each particle moves both laterally and vertically; that
is, as the particles are pushed forwards by the backstop, they also move upwards as the layers thicken tectoni-
cally by layer-parallel thickening or by duplication due to imbrication. Generally, the closer the particle is to the
model-equivalent Jiangnan-Xuefengshan orogen, the greater the lateral displacement. The particle (equivalent of
sample HC-38) shows as much as 90 km of lateral displacement.

Published thermochronological data (X. M. Li & Shan, 2011; Richardson et al., 2008; C. B. Shen et al., 2009)
indicate that the samples from Jurassic strata near to the core of the narrow anticlines experienced a rapid cool-
ing (30-50°C decrease) during the Early-Late Cretaceous. This cooling is approximately one-third to one-half
of total cooling since the Early Cretaceous (~100°C) (Figure 3). Simultaneously, results of the analog model
show that the uplift height of the narrow-anticline domain at 25% of shortening is also one-third to one-half
of that at 30% shortening. Therefore, we speculate that the model configuration after 25% (30 cm) of shorten-
ing (Figure 5g) represents the tectonic geometry of the ESFTB after the rapid cooling in the Mesozoic (from
~170 to ~70 Ma). Since we adopted a constant shortening rate, the initial uplift time of the samples could be
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= szl wngzegs 2 g easily calculated based on the entire duration of deformation (~170-70 Ma). Both the
§ QEad = & = = 4 =% o 28 thin-skinned and thick-skinned domains exhibited northwestward propagation of thrust
E i’ imbricates. Based on the analog modeling results, the onsets of the model-equivalent
— ; 8 thrusts of the cross-section (A-A") were determined. Formation of the Huayingshan,
S pag-|
‘éb 53 Pubaoshan, Datianchi, Jinghuashan, and Dachigan anticlines began at 93, 90, 90, 95,
=]
= Q; b= and 100 Ma, respectively. The Qiyueshan anticline, Jianshi anticlinorium, Huaguoping
] _—
gl . . .5 @& |=& S synclinorium, and Sangzhi-Shimen synclinorium began to develop at 130, 137, 145, and
2|l 0 = & © = OoleT3 .
Ele ez o 3 i g 150 Ma, respectively.
R R
;I l,tl :tl g étl ,il ;l :I ;l é E 4.2. Thermochronological Ages
Bl 2 2 v X &5 9 5§
=) — =
i masssssa g 8 The AFT ages of samples of the current study range from 70.6 + 6.3 to 98.0 + 12.7 Ma
g E S (Tables 4 and 5). The mean fission track lengths range from 11.12 to 13.99 pm, with
g é § standard deviations of +1.62-2.23 ym. The mean D, values for all the samples range
ﬁ 5 S5 between 1.78 and 2.30 pm (Tables 4 and 5). Nine samples pass the chi-square test, and
§ E their pooled ages are reported. For sample XF-1, the central age is reported (Table 5).
o =
3o o - o “ e £ = We plotted the single-grain AFT ages for each sample on a radial plot using the Radi-
o — -
s 3|6 8 d 3 a3 a8 @ § a alPlotter software (Vermeesch, 2018) (Figure 7). Details of single-grain AFT ages are
32| H H H H H H H 4| S . . . . .
SH|S 29 9 2w mn o |55 presented in Supporting Information S1. The single-grain AFT ages of all the samples
2@ 8 R X R % & S| ES significantl han their stratigraphi hich indicates that these samples
& g2 are significantly younger than their stratigraphic ages, which indicates that these samples
% é were completely reset. The AFT single crystal ages of nine samples pass the chi-square
= g o test, and they can be considered to belong to the same population. Sample XF-1 fails the
El2 e 3 <« 2f5 . : , ,
Sl e = wg = |52 chi-square test, and the radial plot suggests a single age population (107.7 + 6.9 Ma).
D 2 i’ The AFT data for some of the samples (HY-1 and XH-1) exhibit a large dispersion.
= g E = Additionally, we also observed a generally wide range of D, values. This indicates vari-
S <
= I 29989 4 =T ) ations in the annealing kinetics, which likely contributed to the high age dispersion. The
e dg 5 dy 3 22 g Dpar is an indicator of a grain's resistance to annealing during its residence in the PAZ,
<
= . ct.l s where values of >1.75 pm indicate more resistance than values of <1.75 pm (Carlson
Z‘mﬁ 3 et al., 1999). The overall low uranium concentration and the prolonged thermal history
o 0 e 2 0 0 o o >% 3 within the upper 5 km of the crust are the main reasons for the observed intra-sample
S| 0 © o © © © % % o o . i . . . .
‘E ;» ; f:r» ;» ;» ; ;» ;» % 2 E age dispersion (Fraser et al., 2021). This age dispersion can be exploited by thermal
g" < I 5 5333 2, g E modeling. Confined track lengths are not typically measured in detrital samples because
Sl ©w - A - o » I 906 P . . . . . , . .
SlE B m s e g s a2 individual detrital grains cannot be assumed to represent the sample's thermal history if
S|= = = = = === é on £ there are multiple single-grain age peaks. However, when there is only one age peak in
‘; 2 Qg a sample, it is possible to define the thermal history by determining the confined track
E S8 . ~.88g8¢8 - g E’ 8 length distribution of the sample, and whether the sample is composed of grains that
§ = £ E PERT I S g z § = have all rapidly cooled and/or the age peak represents a simple rapid cooling/exhu-
_— T o o~ — | T -
3 E) 2N QT g 8l o T:f mation event. The track lengths of all of the samples are used for the thermal history
1) @ d s = = d= . . L .
g S|vw 2 e FIIETEZ : g g modeling. The bimodal track length distribution of sample HY-1 suggests a two-stage
~ — — N N —
S < é % % cooling history (Gleadow et al., 2002). The track length distribution of sample LC-2,
S =
§ i % g exhibits an undisturbed basement type distribution (Gleadow et al., 2002), with longer
5 o e § é 5 mean length (13.99 + 1.14 um), indicating rapid cooling through the AFT PAZ. The
2 = § g § § % g a 5 § 53 track lengths for other samples exhibit skewed distributions (Gleadow et al., 2002), with
S E) E v:: = g -E g § g 2 5 Z relatively short mean lengths (11.12 + 2.02-12.67 + 1.81 um), suggesting a relatively
) e} @ B=|
Q‘§ Sl& F == g 23 “i 2 g slow cooling through the AFT PAZ.
g - 2873
§ = é “§ % A total of 20 apatite grains from five samples were analyzed and were found to have
t 2 T 8 % single-grain ages ranging from 17.1 + 0.9 to 84.3 + 4.4 Ma (Table 6). One datum was
B =
§ g S8 85 g e gy 3 ; 5 rejected because it had a significantly higher effective uranium (eU) content and younger
2 N o =
E 2’ Z; & E age (WL-1c). Four single ages (WL-1e, XF-1b, XF-1d, and HY-1b) were not included in
5= =]
§ 2 E e the inverse models because they were significantly older or younger than all of the other
< =
= A <L ages in the data set. Overall, the single-grain ages for each sample are widely dispersed
B S 5 N SiE = and the weighted mean ages range from 20.4 + 4.89 to 58.7 + 16.65 Ma, with a standard
2 g [V R — — hoo— . @ .o . . . . .
RS % N ﬁ]‘ A >N< 23 8 S -?é E deviation of >20%. The single grain AHe ages are characterized by obvious disper-
== “alm A A A MO ® A= dAs sion, which can be caused by various factors, including U- and Th-rich microinclusions,
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Table 5
Measured Apatite Fission Track Data by the LA-ICP-MS
Sample Gains p, (10%/cm?) (N,) U (ppm) icp (yr cm?) 26;cp P (y? AFT age + 26 (Ma) MTL +SD (pm) (N) D, (pm)
WL-1 34 12.170 (885) 28.15 0.531 0.058 0.63 909 +11.7 11.63 + 1.80 (102) 1.90
XF-1 32 10.720 (1,162) 24.85 0.528 0.060 0.00 98.0 + 12.7 11.12 +2.02 (77) 1.78

Note. {p is the zeta factor for the ICP-MS.

radiation damage, grain size, U-Th zoning, cooling rate, chemical influences, helium addition from an external
source, and grain breakage. In general, larger apatite grains and those with more radiation damage are more
resistant to helium loss through diffusion, and therefore, they have a higher closure temperature and older AHe
ages compared to the grains that are smaller and/or have less radiation damage (Farley, 2002; Flowers et al., 2009;
Willett et al., 2017). The AHe ages from sample XF-1 are weakly positively correlated with the eU content but
are not correlated with the crystal radius (Figures 8a and 8c). The other four samples don't exhibit positive corre-
lations between the AHe ages and the eU contents and crystal radius (Figures 8b and 8d).

We obtained 45 ZHe ages for 11 samples (Table 7). One datum was rejected because of a significant amount
of “He (HY-1c). Another datum was rejected because the age is significantly younger than the AFT age (DZ-2d).
The single ZHe ages of sample DZ-2 range from 184.6 + 2.2 to 306.6 + 4.0 Ma and are significantly older than
the depositional ages, suggesting that the sample was not reset. Six samples (WL-1, QY-1, DZ-1, RXZ-2, XF-1,
SZ-1, and HY-1) yield ZHe ages of some grains older than their depositional ages, indicating that these samples
were partially reset. The ZHe ages of three samples (LC-2, LP-1, and SZ-2) are all younger than their depositional
ages. The samples were separated into two groups according to their ZHe ages. In Group 1, which consists of
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Figure 7. Radial plots of single-grain apatite fission track ages for all samples using RadialPlotter (Vermeesch, 2018). C. Age-Central age; P. Age-Pool age;
Disp.-Dispersion; MTL-Mean track length; SD-the standard deviation of measured confined track lengths. Dashed black line represent the peak ages.
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Table 6
AHe Data
Sample Radius (pm)  Mass (ug) “He (nmolg™!) U (ppm) Th(ppm) Sm(ppm) eU (ppm) Raw age (Ma) Fr Corrected age (+10) (Ma)
WL-1a 39.1 1.4 2.4 42 63.6 69.3 19.2 229 0.610 37.5+£2.0
WL-1b 44 1.9 2.9 42 54.6 156.7 17 30.5 0.650 47.0£2.5
Wt=te 388 ++ 9 42+ 1036 2104 663 25.2 6-630 399 + 2+
WL-1d 38.4 1.3 1.7 3.9 28.3 144.5 10.5 29.6 0.610 48.5 £2.6
WL-1e? 36.7 0.9 0.6 2.8 34.8 93.1 11 10.3 0.590 174+ 1.0
Mean age + SD (SD%) 37.6 + 12.40 Ma (33.0)
XF-1a 51.5 1.9 2.1 10.8 10.5 79.7 13.2 29.2 0.716 408 £2.2
XF-1b* 47.7 1.9 3.9 8.9 229 168.3 14.3 49.6 0.688 72.1 £3.8
XF-1c 434 1.4 6.2 20.9 57.0 91.7 343 33.4 0.660 50.6 +2.6
XF-1d? 51.3 33 18.1 45.7 40.1 94.2 55.1 60.3 0.715 843 +44
XF-1le 48.8 2.4 2.1 10.7 4.5 43.8 11.7 32.3 0.705 458 £29
Mean age + SD (SD%) 58.7 + 16.65 Ma (28.4)
HY-1a 46.2 1.5 4.1 24.9 173.2 245.3 65.6 11.6 0.670 17.3 £0.9
HY-1b* 40.3 0.9 4.6 12.6 144.8 188.3 46.6 17.9 0.622 288+ 1.6
HY-1c 46.1 1.6 3.6 7.6 196.5 153.2 53.8 12.1 0.659 184+ 1.0
HY-1d 55.7 2.5 3.8 7.5 212.6 233.7 57.5 12.2 0.713 17.1 £0.9
Mean age + SD (SD%) 20.4 + 4.89 Ma (24.0)
QY-la 39.8 1.7 2 6.6 20.1 29.1 11.3 31.4 0.620 50.6 +£3.0
QY-1b 38.2 1.3 1.9 5.8 26.6 16.9 12.1 28.6 0.600 47.6 £2.9
QY-1c 423 1.7 1.5 12.2 9.3 28.7 144 18.7 0.650 28.8 + 1.7
Mean age + SD (SD%)  42.33 +9.65 Ma (22.8)
DZ-2a 29.2 _ 11 94.7 29.0 101.5 _ _ 370+ 1.0
DZ-2b 46.7 _ 7.9 22.3 83.0 _ 41.8 _ _ 50.4 £ 0.7
DZ-2¢ 36 53 47.7 243 53.4 29.5+0.7

Mean age + SD (SD%) 38.97 + 8.64 Ma (22.2)

Note. eU: Effective uranium concentration, calculated from the contents of U and Th, eU = U + 0.235Th (Flowers et al., 2007). The AHe data of sample QY-1 are
collected from the sample Y21 in H. C. Shi et al. (2016). The AHe data of sample DZ-2 are collected from the sample HY24 in C. X. Li et al. (2021). SD: standard

deviation.

Grains with significantly younger or older AHe ages have not been included in the inverse models. Strikethretigh, Underlined values are removed from the data set.

samples XF-1, QY-1, LP-1, RXZ-2, SZ-1, and LC-2, the single-grain ages for each sample are widely dispersed,
with mean ages ranging from 153.0 + 17.8 to 248.7 & 44.5 Ma and a low SD of <20%. Group 2, which consists
of the remaining five samples (WL-1, DZ-1, DZ-2, SZ-2, and HY), has more dispersed ZHe ages. These samples
yield ZHe ages of 220.6 + 45.5 to 250.1 & 57.9 Ma, with a high SD of >20%. In general, the thermochronological
ages of the partially reset detrital zircon grains exhibit several types of ZHe age-eU correlations due to the varia-
tions in the pre-depositional (inherited) ages, radiation-damage-induced He diffusion kinetics, and grain sizes, as
well as other factors. A larger grain size results in a higher closure temperature. Radiation damage can hinder the
diffusion of helium (Flowers et al., 2009) or accelerate the diffusion of helium (Guenthner et al., 2013). We plot-
ted the single-grain ages against the eU content and the spherical radius (Figures 8e—8j). Sample LP-1 exhibits a
positive correlation between the crystal radius and ZHe ages, while sample SZ-1 exhibits a negative correlation
between the crystal radius and ZHe ages (Figure 8e), but both samples lack any correlation between the eU
contents and ZHe ages (Figure 8h). The dispersion of the ZHe ages of samples LP-1 and SZ-1 results from the
grain-size variation. Samples RXZ-2 and LC-2 exhibit a general negative correlation between the eU content and
ZHe ages and a positive correlation the age dispersion of samples RXZ-2 and LC-2. For samples WL-1, DZ-1,
and SZ-2, a negative correlation between the eU content and ZHe ages is observed (Figure 8g), whereas there
is no correlation between the ZHe ages and crystal radius (Figure 8j). Samples XF-1, QY-1, DZ-2, and HY-1
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Figure 8. (a, b) Correlation of AHe single grain age with effective uranium (eU). (c, d) Correlation of AHe single grain age
with radius. (e—g) Correlation of ZHe single grain age with eU. (h—j) Correlation of ZHe single grain age with radius.

FENG ET AL.

17 of 33

85U80| 7 SUOWILIOD BAIR1D) 9|qedl|dde ay) Aq peusenob 82 sajofe O ‘SN Jo SajNn 1oy A%iq1T8UIIUO A8|IM U (SUOTHPUOD-PUE-SLUBY W00 A3 1M AReIq1[Bu [UO//:SchL) SUORIPUOD pue swiie | U 88s *[£202/60/T2] Uo Akeiqiauljuo A8|im ‘Wnejolisd JO 1BesieAlun eulyd Ag 0£92000 12202/620T OT/I0p/LI0o A8 | At.q putjuo'sgndnBey/sdny wouy pepeojumod ‘6 ‘€202 ‘v6T6rY6T



~I
éﬁ:{: Tectonics 10.1029/2022TC007630
AND SPACE SCIENCES
Table 7
ZHe Data
Sample Radius (pm) Mass (pg) “He (nmol g~!) U (ppm) Th (ppm) eU (ppm) Raw age (Ma) FT Corrected age (+10) (Ma)
WL-1a* 56.8 3.74 65.5 430.9 228.6 484.6 217.3 0.751 289.6 + 18.0
WL-1b* 52.5 3.14 36.9 269 242.5 325.9 214.0 0.741 288.6 +17.9
WL-1d 51.5 4.93 75.9 774.5 3823 864.3 111.0 0.767 1447 +£9.0
WL-1e? 53.7 17.59 95.6 196.3 120.4 224.6 169.2 0.866 195.4 +12.1
Mean age + SD (SD%) 229.6 + 62.2 Ma (27.1)
XF-1a* 87.7 15.58 42.6 100.2 50.1 112 167.3 0.848 1972 +12.0
XF-1b 91.2 13.70 20.7 69.3 473 80.5 129.3 0.849 1522 +94
XF-1c 86.5 12.55 42.8 173.1 61.3 187.5 124.6 0.845 147.4 £ 9.1
XF-1d* 89.9 16.36 13.4 28.3 18.9 32.8 173.5 0.858 2023 +12.5
XF-1e? 473 1.80 31 542.3 320 617.5 160.7 0.717 2242 +13.9
Mean age + SD (SD%) 184.7 +29.9 Ma (16.2)
QY-1a* 65.2 8.79 64.8 271.5 75.2 289.2 166.4 0.810 205.6 + 12.7
QY-1b 424 2.10 8.7 225.7 143.5 259.4 90.5 0.694 130.3 + 8.1
QY-1c 41.9 2.28 24.7 479.2 2422 536.1 110.8 0.677 163.7 + 10.1
Mean age + SD (SD%) 166.5 + 30.8 Ma (18.5)
DZ-1a 91.6 21.90 121.2 197.4 203.2 245.2 156.6 0.857 182.8 +11.3
DZ-1b? 62.9 11.63 27.5 454 43.7 55.7 266.0 0.785 3389 +21.0
DZ-1c? 96.6 22.87 229.5 220.6 148.9 255.6 269.1 0.858 313.7+ 194
DZ-1d 38.6 _ 274 264.4 283.1 330.9 _ _ 2202 +2.6
DZ-1e 42.8 _ 536.3 705.9 234.4 761 _ _ 179.4 £ 2.4
DZ-1f* 64.4 _ 129.8 94.3 40.6 103.8 _ _ 280.6 +3.6
DZ-1g 39.1 _ 282 264.8 215.2 315.4 _ _ 2354 +2.9
Mean age + SD (SD%) 250.1 + 57.9 Ma (23.2)
DZ-2a* 96.2 22.59 138 165 112.3 191.4 221.4 0.863 256.4 +15.9
DZ-2b* 66.2 13.35 131.4 376.4 178.9 418.5 153.8 0.809 190.1 + 11.8
DZ-2¢* 59.8 7.66 21.9 104.7 66.3 120.3 149.2 0.778 1919 £ 11.9
bZz-2d 4+t _ 245 76 1652 1723 _ _ 373+ 65
DZ-2¢* 43.8 _ 164.2 171 235.8 226.5 _ _ 184.6 +2.2
DZ-2f* 33 _ 232.7 271.5 305.3 3433 _ _ 194023
DZ-2g* 41.8 _ 234.1 172.9 90.3 194.1 _ _ 306.6 + 4.0
Mean age + SD (SD%) 220.6 + 45.5 Ma (20.6)
LP-1a® 76.4 10.18 230.2 986.4 342.1 1,066.8 142.1 0.828 171.7 £ 10.6
LP-1b 61.7 8.90 26.7 180 37 188.7 102.4 0.793 129.1 +£8.0
LP-1c 74.9 11.98 279.1 1,084.5 465.2 1,193.8 131.0 0.828 158.2 +9.8
Mean age + SD (SD%) 153.0 + 17.8 Ma (11.6)
RXZ-2a 59 6.93 81.2 677.1 66.6 692.7 107.7 0.784 137.4 £ 8.5
RXZ-2b* 74.9 14.20 58.3 171.4 70.8 188 146.6 0.829 176.7 + 11.0
RXZ-2c 64.3 8.12 81.5 462.2 190.6 507 128.4 0.800 160.5 +£9.9
Mean age + SD (SD%) 158.2 + 16.1 Ma (10.2)
SZ-1a* 452 3.06 39.2 287.6 175.4 328.8 222.6 0.714
SZ-1b 53.7 5.25 64.4 426.4 111.3 452.6 163.5 0.749
SZ-1c 64.9 6.74 42.1 188.3 191 233.2 170.7 0.789
Mean age + SD (SD%) 248.7 +44.5 Ma (17.9)
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Table 7
Continued
Sample Radius (pm) Mass (pug) “He (nmol g~!) U (ppm) Th (ppm) eU (ppm) Raw age (Ma) FT Corrected age (+10) (Ma)
SZ-2a 79.1 11.30 123.1 434.2 274.9 498.8 146.6 0.830 176.6 + 10.9
SZ-2b 56 8.00 67.8 304.1 87.1 324.6 165.0 0.780 211.6 + 13.1
SZ-2¢ 53.5 5.00 35.8 433 111.7 459.2 96.6 0.760 127.1 +7.9
Mean age + SD(SD%) 171.8 + 34.7 Ma (20.2)
LC-2a 77.8 15.26 85 2344 136.9 266.6 140.4 0.830 169.2 + 10.5
LC-2b 84.2 18.11 300.7 709 360 793.5 143.3 0.846 169.4 + 10.5
LC-2¢c 70.9 12.48 320.7 1,256 527.1 1,379.9 124.6 0.825 151.0 +94
Mean age + SD(SD%) 163.2 + 8.6 Ma (5.3)
HY-1a 36.1 _ 330 508.3 216.5 559.2 _ _ 161.1 +2.2
HY-1b 443 _ 585.6 736.5 500.3 854 _ _ 173.7+2.3
HY-te? 34t _ 892+ 4528 3865 15436 _ _ 3370 + 438
HY-1d* 52.2 _ 1,267 699 467.9 808.9 _ _ 368.8 +4.9
Mean age + SD(SD%) 234.5 + 95.1 Ma (40.6)

Note. The ZHe data of grains DZ-1d-e are collected from the sample HX06. Data of grains DZ-2d-g are collected from the sample HY24, and the data of sample HY-1
are collected from the sample HX02 (C. X. Li et al., 2021). SD: standard deviation.

aGrains with significantly younger or older ZHe ages have not been included in the inverse models. Strikethrotgh, Underlined values removed from the data set.

don't exhibit a correlation between the ZHe ages and the eU contents and the crystal radius (Figures 8f and 8i). A
combination of several factors, including the U-Th zonation, grain-size variation, invisible fluid inclusions, and/
or radiation damage results in the age dispersion of these samples.

4.3. Thermo-Kinematic Models

Thermal history modeling was conducted for all 11 samples, and five published thermal history models were
collected from previous studies by Mei et al. (2010), S. J. Li et al. (2011), and H. C. Shi et al. (2011) (Figure 9).
As the pre-Mesozoic thermal histories remain highly uncertain, they are not discussed and presented here. In our
interpretation of the thermal history modeling results, we considered the envelope of all of the good 7-¢ paths, the
best-fit path and the weighted mean path to fit the observed data. The inversion modeling results suggest that the
ESFTB experienced northwestward deformation during the Mesozoic-Cenozoic. Samples SZ-1 and SZ-2 from
the Sangzhi-Shimen synclinorium, sample XF-1 from the Huaguoping synclinorium, and samples WL-1 and
X5 from Jianshi anticlinorium show that exhumation started at 150, 148, and 135 Ma, respectively. The thermal
histories of samples LC-2, QY-1, and Y42 show that the QYF became active at 130 Ma, and fault-related folding
developed in the transition area in the period between 130 and 100 Ma. The thin-skinned domain formed later
during 100-70 Ma. The onset of the cooling of samples RXZ-2 and JX-168 in the Dachigan anticline, sample
LP-1 in the Jinghuashan anticline, and sample JX-166 in the Datianchi anticline occurred at 100, 100, and 90 Ma,
respectively. Exhumation in the Pubaoshan anticline (sample DZ-2) and Huayingshan anticline (samples DZ-1
and HY-1) started at 88 and 100 Ma, respectively.

We defined the cooling process as slow when the cooling rate was lower than 1.0°C/Ma; otherwise, it was defined
as rapid cooling. The thermal history of sample SZ-1 was characterized by a rapid cooling rate of 1.57°C/Ma
during 150-115 Ma, a slow cooling rate of 0.23°C/Ma until 20 Ma, and finally an accelerated cooling rate of
2.15°C/Ma. No reasonable cooling process was identified for sample SZ-2, but the thermal histories constrained
by the single-ZHe ages may record the onset of cooling at 150 Ma from a maximum temperature 175°C. Samples
XF-1 and WL-1 cooled rapidly during 135-110 and 148-100 Ma, with cooling rates of 2.80 and 1.77°C/Ma,
respectively. Since ca. 110 Ma, these two samples have cooled slowly, with cooling rates of 0.64 and 0.60°C/Ma,
respectively. Sample LC-2 was buried and heated to a maximum temperature of 125°C at 130 Ma, followed by
a rapid cooling stage at a rate of 1.20°C/Ma until 80 Ma, slow cooling at a rate of 0.17°C/Ma until 20 Ma, and
finally accelerated cooling at a rate of 1.75°C/Ma. Sample QY-1 was collected from the transition zone. It cooled
rapidly at a rate of 1.83°C/Ma during 130-100 Ma and then cooled slowly at a rate of 0.70°C/Ma from 100 Ma to
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Figure 9. Modeled thermal histories of samples based on apatite fission track, AHe, and ZHe data and the 7-f paths converted from the recorded kinematic uplift

40 0

trajectories of samples. The good-fit and acceptable solutions are within the purple and green envelops/paths, respectively. The positions of the samples and
corresponding particles are shown in Figures 1 and 5i, respectively. The solid red lines indicate the same temperature path as the sample tracks in Figure 6.
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Figure 10. Balanced geological cross-section reconstructions in the Eastern Sichuan fold-and-thrust belt (see A-A' on Figure lc for location). The white lines indicate
the initial locations of Huayingshan fault and Qiyueshan fault. The red arrow marks samples showing different strata from the actual, because only the projected
position of the sample is displayed on the balanced section. The yellow and dotted bold black lines indicate the surface and the décollement layer, respectively. The

eroded part is filled with light color.

the present. The thermal history of sample RXZ-2 was characterized by a rapid cooling rate of 2.67°C/Ma from
100 Ma to 70 Ma and then a slow cooling rate of 0.86°C/Ma from 70 Ma until the present. The cooling process
of sample LP-1 was characterized by a rapid cooling rate of 4.67°C/Ma during 100-85 Ma, a slow cooling rate of
0.33°C/Ma from 85 to 25 Ma, and a final rapid cooling rate of 1.60°C/Ma. Sample DZ-2 cooled from 113 to 86°C
at a rate of ~1.50°C/Ma during 88-70 Ma, experienced slow cooling at a rate of 0.62°C/Ma from 70 to 15 Ma,
and finally underwent accelerated cooling at a rate of 2.13°C/Ma. Sample DZ-1 underwent rapid cooling at a rate
of 6.88°C/Ma from 95 to 80 Ma, followed by slow cooling at a rate of 0.22°C/Ma during 80-35 Ma and an accel-
erated cooling at rate of 1.14°C/Ma after 35 Ma. Sample HY-1 cooled rapidly during 98—66 Ma. Its temperature
decreased from 135 to 95°C, with a cooling rate of 2.19°C/Ma. Then, it underwent slow cooling during 66—20 Ma
at a cooling rate of ~0.43°C/Ma, followed by final accelerated cooling at a rate of 2.75°C/Ma.

4.4. Kinematic Restoration of the ESFTB

Based on the thermo-kinematic analysis, and results of analog models and discrete element numerical mode-
ling, we restored geological cross-section A-A' using the 2DMOVE software. Ultimately, our results indicate
that 27.6% shortening occurred within the thick-skinned domain and 22.1% of shortening in the thin-skinned
domain. The results highlight the five major deformation stages of the ESFTB during the Mesozoic-Cenozoic.
(a) Shortening above the basal decollement and formation of large imbricates separated by narrow synclines
(during 170-130 Ma). During this stage, two large box anticlines formed between the QYF and the ZHY due to
northwestward compression. The upper crustal structures were controlled by the deep basal décollement horizon.
Then, the pre-existing QYF became active, inducing fault-propagation folding (Figure 10b). (b) The transition
stage (during 130-100 Ma), which is characterized by a change from fault-propagation folding to fault-bend
folding in the transition zone. QYF connects the deeper basal décollement horizon and the shallower décolle-
ment layers (Middle-Lower Cambrian, Silurian, and Middle-Lower Triassic), transferring deformation to the
shallow layers. The hanging wall is continuously uplifted forming a thrust nappe. Simultaneously, several small
decollement folds and fault-propagation folds developed in the shallow structural layer of the narrow synclines

FENG ET AL.

21 of 33

85U80| 7 SUOWILIOD BAIR1D) 9|qedl|dde ay) Aq peusenob 82 sajofe O ‘SN Jo SajNn 1oy A%iq1T8UIIUO A8|IM U (SUOTHPUOD-PUE-SLUBY W00 A3 1M AReIq1[Bu [UO//:SchL) SUORIPUOD pue swiie | U 88s *[£202/60/T2] Uo Akeiqiauljuo A8|im ‘Wnejolisd JO 1BesieAlun eulyd Ag 0£92000 12202/620T OT/I0p/LI0o A8 | At.q putjuo'sgndnBey/sdny wouy pepeojumod ‘6 ‘€202 ‘v6T6rY6T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2022TC007630

(Figure 10c). (c) Stepping up of deformation to shallow decollement levels and shaping of the thick-skinned
domain (during 100-70 Ma). At this stage, the shallow Silurian and Middle-Lower Triassic décollement layers
controlled the deformation in the shallow layers northwest of QYF. Several narrow anticlines formed in the north-
west. In addition, the narrow synclines were closed and complex anticlinoriums and synclinoriums were shaped
(Figure 10d). (d) Shaping of the thin-skinned domain (during 70-20 Ma). During this stage, tightening of the
anticlines and synclines was accompanied by enhanced displacement along the shallow thrusts and a Jura-type
fold-and-thrust belt formed (Figure 10e). (¢) The continuous exhumation and structural modification stage (from
20 Ma to present time). In the Late Eocene, the ESFTB experienced westward compression from the Tibetan
Plateau and northwestward compression from the Jiangnan-Xuefengshan orogen. The thin-skinned domain was
eroded rapidly, and the thick-skinned domain underwent continuous slow erosion (Figure 10f).

5. Discussion

5.1. Formation Mechanism of the ESFTB

Presence of multiple décollement layers and pre-existing faults have played a key role in the formation of the
ESFTB, similar to the Zagros fold-and-thrust belt in Iran, which contains two major basement faults (the Moun-
tain Front Fault and the Surmeh Fault) (Koyi and Cotton, 2004; Koyi & Mansurbeg, 2020; Yamato et al., 2011).
Intermediate incompetent layers (shale, gypsum, marl, and mudstone) can act as weak horizons and drastically
increase the growth rate of the folding instability, resulting in regularly spaced folds (Fernandez & Kaus, 2014;
Koyi & Sans, 2006; Koyi & Cotton, 2004; Yamato et al., 2011). Results of analog models presented here support
the hypothesis that the thick-skinned domain was mainly controlled by the basal décollement horizon, which
is consistent with the conclusions of previous studies (C. X. Li et al., 2021; Yan et al., 2009). The thickness of
the overlying strata or the depth of the décollement layer determines the wavelength of the décollement fold
(Koyi & Mansourbeg, 2020; Massoli et al., 2006; Mitra, 2003). Based on interpretation of seismic section, C.
X. Li et al. (2015) concluded that the wavelengths of the folds in the thin-skinned domain are approximately
10-20 km. Furthermore, the modeling results in the case where the Silurian strata is main controlling décol-
lement layer are consistent with the wavelengths of 10-20 km (X. Q. Zhang et al., 2015). As such, we suggest
that the thin-skinned domain is most likely detached above the shallower Silurian shale rather than the deeper
Middle-Lower Cambrian shale and gypsum proposed by C. X. Li et al. (2021). Our modeling results also indicate
that several fault-propagation folds along the Silurian décollement form an imbricate fan in the thin-skinned
domain, whereas little slip and folding occurred in the Upper Cambrian-Ordovician strata (Figures 5e-5j).

The pre-existing QYF played a key role in the development of the Jura-type folds in the northwestern ESFTB.
As shown in the models, this pre-existing fault had a significant effect on the evolution of the structures by
transferring deformation between the deep and shallow detachment layers, as it has also been shown by Koyi and
Mansourbeg (2020) in the Zagros FTB. Similar to the model results, it is assumed here that through fault-bend
folding, the pre-existing fault connected the deep basal décollement horizon and the shallow décollement layers
(Figure 5i). The hanging wall of the model QYF forms a broad anticline with flexural slip which eventually devel-
ops to a transition zone where displacement ramps up from deeper levels to shallower levels (Figures Se and 5i).
The pre-existing fault HYF also affected the evolution of the thin-skinned domain. Modeling results suggest that
the Huayingshan anticline (samples HY-1 and DZ-1) was uplifted earlier than the Pubaoshan anticline (sample
DZ-2) (Figures Ic, 6, and 9). Based on these results, we conclude that the ESFTB was formed by fault-related
folding of the sedimentary cover above a flat-ramp trajectory composed of a basal décollement horizon (Archean
strata of the middle crust), the deep, pre-existing fault QYF, the intermediate Silurian décollement horizon, and
the shallow pre-existing fault HYF during northwestward shortening. This is similar to the proposed fault-bend
fold model (C. M. Feng et al., 2008; Yan et al., 2003) and the fault-propagation and buckle fold model (Ding
et al., 2007) suggested for the formation of the belt by previous researchers.

Geological cross-section A-A' (Figure 1c) and the analog modeling results (Figure 5) reveal that the basal décol-
lement appears subhorizontal and the surface topography exhibits a gentle slope, suggesting that the ESFTB
is characterized by a low-angle taper. Such low-angle taper is also reproduced in the analog modeling results
(Figure 5). We propose that a high lateral/basal shear stress (7 /z,) ratio (r/ry = 5.5, in the analog models of this
study) due to the presence of a weak basal décollement is probably the key factor responsible for the gentle taper
of the ESFTB. Natural fold-and-thrust belts are generally characterized by a weak basal layer (Chapple, 1978).
Thickness, strength, and rheology (frictional or viscous) of the weak base influence the deformation style of the
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overlying layers (David & Engelder, 1985; Dahlen, 1988, 1990). Several studies using analog and numerical
models confirm that a decrease in basal strength decreases the critical taper (Burbidge & Braun, 2002; Cotton
& Koyi, 2000; Koyi & Vendeville, 2003; Mulugeta, 1988; Naylor et al., 2005; Nilforoushan et al., 2008; Teixell
& Koyi, 2003). Results of several of these modeling studies can be shown to fit the predictions of critical taper
theory (Davis et al., 1983; Dahlen, 1990). A weak basal decollement leads to a wedge built through frontal accre-
tion with a shallow taper angle and a more symmetric deformation style (Buiter, 2012; David & Engelder, 1985).
Analog modeling revealed that an increase in the value of z,/z, ratio in thrust wedges leads to a decrease in taper
angle (Zhou and Zhou, 2022).

5.2. Tectonic Implications of Cooling Histories

The thermal regime or thermal background is of significant importance in analyzing geodynamic processes in
the continental lithosphere (Furlong & Chapman, 1987; Lachenbruch & Sass, 1977; Pollack & Chapman, 1977;
Qiu et al., 2022; Reiners & Brandon, 2006). Cooling from peak levels is typically interpreted as the result of
uplift and regional exhumation in response to tectonic events or denudation (Chang et al., 2021). It is gener-
ally believed that recorded cooling events are the result of denudation (Deng et al., 2013; C. X. Li et al., 2021;
Richardson et al., 2008; H. C. Shi et al., 2016; Tian et al., 2018). All of the modeling results (Figure 9) reveal the
occurrence of periodic cooling after the maximum temperatures were reached. In general, the thermo-kinematic
models indicate that the samples experienced thermal histories comprised of two or three distinct stages. Samples
HY-1 and DZ-2 from the thin-skinned domain (Figure 1c) experienced rapid-slow-rapid cooling processes, while
sample QY-1 from the transition zone (Figure 1c) and samples WL-1 and XF-1 from the thick-skinned domain
(Figure 1c) underwent a rapid-slow two-stage cooling process. The thermal histories of these five samples are
characterized by a first phase of rapid cooling during 150 to 88 Ma, followed by a period of slow cooling with the
temperature decreased slowly from ~90 to ~50°C from the Late Cretaceous to the Miocene. The onset of final
accelerated cooling to surface temperatures occurred in the thin-skinned domain between 20 and 15 Ma.

During the Late Jurassic, South China evolved into an Andean-type active margin due to the approximately north-
westward subduction of the Paleo-Pacific Plate (C. H. Xu et al., 2017). The synchronous convergence generated
distant effects, including intracontinental deformation and associated magmatism, during the Yanshanian orog-
eny (Y. Q. Zhang et al., 2021). The continued northwestward subduction of the Paleo-Pacific Plate resulted in
northwestward shortening across South China in the Late Jurassic. It is generally believed that the progressive
deformation of the ESFTB was controlled by this northwestward convergence (C. X. Li et al., 2021; S. F. Liu
et al., 2005; Lu et al., 2020; W. Shi et al., 2015). Our thermochronological data constrain the timing of the rapid
exhumation in the ESFTB to 150-88 Ma, which also supports crustal shortening in South China to be associated
with the subduction of the Paleo-Pacific Plate.

Chu et al. (2019) and J. H. Li et al. (2020) proposed a model for the Late Jurassic-Cretaceous tectonic evolution
of South China, where they suggested an ongoing slab subduction and retreat to cause the slab to undergo eclogi-
tization and to ultimately break-off. Subsequent low-angle subduction, which may have been due to slab rebound,
resulted in crustal shortening and a magmatic lull in the late Early Cretaceous. Continuous slab subduction may
have again led to slab steepening, re-initiation of crustal extension, and magmatism during the Late Cretaceous.
Previous studies suggested that the rate of convergence of the Pacific and Eurasian plates decreased from ~120
to 140 mm/yr in the Late Cretaceous to ~30—-40 mm/yr in the Eocene, and then, it increased to ~70-110 mm/yr
from the Oligocene to the Early Miocene (J. H. Li et al., 2014; Northrup et al., 1995). These changes in the
convergence rate of the Pacific and Eurasia plates may have caused the rollback of the subducted Pacific slab
and the formation of a NW-SE-trending extensional stress field in South China (Ren et al., 2002). During the
Cretaceous, South China was characterized by widespread extensional tectonics and formation of basins (e.g., the
Yuanma Basin in the Jiangnan-Xuefengshan orogen and coastal volcanic basins) (J. H. Li et al., 2012, 2014) and
lava domes formed through rapid exhumation in the Late Cretaceous (e.g., the 136—80 Ma Hengshan, 132-95 Ma
Lianyunshan-Mufushan, 126 Ma Lushan, and 100-85 Ma Yuechengling domes in the Jiangnan-Xuefengshan
orogen) (Chu et al., 2019; Ji et al., 2018; J. H. Li et al., 2016; Lin et al., 2000). Across South China, the NW-SE
crustal extension generated numerous NE-striking normal faults (J. H. Li et al., 2014; Sternai et al., 2014; E.
Wang et al., 2014; Yuan et al., 2010). A field investigation of fault-slip data collected from different rock units and
the documented polyphase tectonic stress fields in the Yuanma Basin suggest that the extensional phase seems
to have lasted through the Early Paleogene and ended in the Late Paleogene when it changed to a compressional
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regime with NE-SW compression and NW-SE extension (J. H. Li et al., 2012). A key feature of all of the thermal
history models of South China is the requirement of rapid cooling in the Latest Cretaceous followed by a period
of relatively stable temperature, which is consistent with the cessation of significant exhumation. Examples of
the thermal history models of South China showing rapid cooling in the Latest Cretaceous followed by a period
of relatively stable temperature include the Jiangnan-Xuefengshan orogen (J. H. Li et al., 2016), the ESFTB
(Richardson et al., 2008; H. C. Shi et al., 2016; this study, Figure 9), and the Longmenshan Micangshan and the
Dabashan in the Sichuan Basin (Deng et al., 2013; Tian et al., 2012a, 2012b, 2013). The timing of the changes
in the extensional stress field are consistent with the changes in the exhumation rate in proposed thermal history
models. Thus, we infer that the decrease in the exhumation rate during the Late Cretaceous-Miocene was related
to the crustal extension in South China.

The thermal histories constrained by the AFT, AHe, and ZHe ages show that the thin-skinned domain experi-
enced a rapid cooling since the Miocene, while the transition zone and the thick-skinned domain underwent a
long, slow cooling since the Late Cretaceous. The different Cenozoic cooling processes in the different domains
may have different tectonic implications. The Cenozoic Indian plate subduction and later collision with Eurasian
plate resulted in the uplift of the Qinghai-Tibet Plateau and lateral shearing along the Xianshuihe fault in the
Yangtze Block (Sternai et al., 2014; Tong et al., 2019; E. Wang et al., 2014). There is growing thermochron-
ological evidence of the occurrence of rapid erosion across the Sichuan Basin during the Cenozoic (e.g., at
10-20 Ma in the Longmenshan fault belt, at 16 Ma in the Micangshan, at 30—40 Ma in the central paleo-uplift
in the Sichuan Basin, and at 1540 Ma in the eastern Sichuan Basin) (Deng et al., 2018; W. Liu et al., 2018;
Richardson et al., 2008; Tian et al., 2012a, 2018; Yang et al., 2017). Our new results indicate that the final stage of
accelerated exhumation in the thin-skinned domain began at 15-20 Ma. The onset of rapid cooling has a trend of
eastward and northeastward propagation in the Sichuan Basin (H. C. Shi et al., 2016). The Late Eocene-Miocene
phase of accelerated exhumation occurred synchronously with the early phase of eastward growth and extrusion
of the Tibetan Plateau (E. Wang et al., 2012). In addition, surface geological mapping and seismic surveys of the
northern part of the thin-skinned domain suggest that the fault is west dipping, indicating an eastward growth of
the Tibetan Plateau resulting in the shallow crustal shortening of the Sichuan basin (Tian et al., 2018). Seismic
reflection studies also indicate that the major tectonostratigraphic layers (Mesozoic-Paleozoic strata) are mostly
west dipping across the Sichuan Basin (Gao et al., 2016). The E-W shortening in the thin-skinned domain can
be explained by west dipping reverse faulting originating from a basin-scale detachment (Tian et al., 2018). The
Miocene shortening in the thin-skinned domain is consistent with the stepwise growth of the evolution of the
Tibetan Plateau (Hubbard & Shaw, 2009; Replumaz & Tapponnier, 2003; Tapponnier et al., 2001). Based on
the structural and thermochronological evidence, we conclude that the accelerated cooling in the thin-skinned
domain since the Miocene was a response to the far-field effects of the eastward growth of the Tibetan Plateau.

Whether or not the eastward growth of the Tibetan Plateau affected the tectonic evolution of the thick-skinned
domain and the eastern Yangtze Block remains controversial. Deformation in Qinling to the north and the Yang-
tze Block to the east is incompatible with shallow crustal shortening in the Sichuan Basin (Tian et al., 2018).
The Cenozoic deformation in Qinling was mainly transtensional (Z. N. Liu et al., 2013; E. Wang et al., 2003)
and that in the Yangtze Block (southeast of the QYF) was extensional (S. F. Liu et al., 2003; Yuan et al., 2010).
This suggests that the Cenozoic transtensional and extensional deformation in Qinling and the Yangtze Block
(southeast of the QYF) may not have resulted from the eastward growth of the Tibetan Plateau. Analog modeling
investigations of hanging wall accommodation above a flat-ramp-flat footwall have revealed that deformation
in the hanging wall was dominated by layer-parallel thickening and the generation of a series of back thrusts
(Bonini et al., 2000; Koyi & Sans, 2006; Rosas et al., 2017). We also conducted another analog model, and it
was observed that the shortening direction was consistent with the dip of the pre-existing fault. The experiment
parameters are same to these in the Table 1. The analog modeling results revealed that deformation all occurred
in front of the moving back wall and no structures formed in the hanging wall (Figure 11). The pre-existing
faults inhibited thrusts forward-propagating. The Cenozoic shallow crustal shortening resulting from the east-
ward growth of the Tibetan Plateau was consistent with the dip of the pre-existing QYF in the ESFTB. Modeling
results indicate that the pre-existing model equivalent of QYF may have inhibited eastward crustal shortening
from causing deformation in the model equivalent of thick-skinned domain. Therefore, we postulate that the
eastward growth of the Tibetan Plateau had little effect on the Cenozoic deformation in the thick-skinned domain.

Little AHe data have been reported in the thick-skinned domain. This study is the first AHe geochronological
evidence reported for dating the Cenozoic phase of shortening in the thick-skinned domain. The difference
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Figure 11. (a) Initial model setup of the analog model. F1 represents a pre-existing fault. (b—f) Sequential sidewall views of
model. F represent thrust faults which are numbered in the order of their formation.

in the Cenozoic cooling processes between the thick-skinned domain and the thin-skinned domain suggests
different tectonic responses. Inversion structures involving the Lower Tertiary strata have been observed on
seismic profiles in the Mesozoic-Cenozoic basins in the thick-skinned domain and Middle-Lower Yangtze
Block (southeast of the QYF) (S. F. Liu et al., 2003; Shinn et al., 2010). A systematic study, involving tecton-
ics, sedimentation, AFT, and dynamic topography, revealed that inversion of these basins is related to the
subduction retreat of the Paleo-Pacific Plate (Suo et al., 2020). The thermal structure of the East Asian conti-
nental lithosphere shows that the Cathaysia Block in the southeastern part of South China has a hot mantle
lithosphere and high temperature anomalies. High heat flow from the upper mantle is the main cause of the
high surface heat flow and the relatively thin lithosphere. The hot asthenosphere is attributed to the subduction
of the Pacific Plate. This suggests that the subduction of the Paleo-Pacific Plate still has a significant impact
on the East Asian continent at present (Sun et al., 2022). The seismic tomography shows that there are low
velocity anomalies in the upper mantle, which also suggests the effect of the subduction of the Paleo-Pacific
Plate on the East Asian continent (Guo et al., 2018; He, 2019; Zhao et al., 2017). The correlation between the
distribution of the volcanoes and the depth isolines of the Benioff zone of the Pacific Plate and the front of
the stagnant slab (X. Liu et al., 2017; Zhao, 2021) further indicate that the asthenospheric disturbance caused
by the subducted and stagnated Pacific Plate may have affected the Mongolian Plateau and Lake Baikal (W.
L. Xu et al., 2020). In summary, the subducted and stagnated Pacific Plate caused a wide range of tectonic
responses in East Asia, which inevitably has an impact on the geomorphic evolution of the ESFTB. Therefore,
we infer that the Cenozoic extension and continuous slow cooling in the thick-skinned domain was most likely
associated with the continuous crustal extension in South China, which resulted from the slab retreat of the
Paleo-Pacific Plate.

FENG ET AL.

25 of 33

85U80| 7 SUOWILIOD BAIR1D) 9|qedl|dde ay) Aq peusenob 82 sajofe O ‘SN Jo SajNn 1oy A%iq1T8UIIUO A8|IM U (SUOTHPUOD-PUE-SLUBY W00 A3 1M AReIq1[Bu [UO//:SchL) SUORIPUOD pue swiie | U 88s *[£202/60/T2] Uo Akeiqiauljuo A8|im ‘Wnejolisd JO 1BesieAlun eulyd Ag 0£92000 12202/620T OT/I0p/LI0o A8 | At.q putjuo'sgndnBey/sdny wouy pepeojumod ‘6 ‘€202 ‘v6T6rY6T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Tectonics 10.1029/2022TC007630

5.3. Prospects of Thermo-Kinematic Analysis

Kinematic restoration is applied to fold-and-thrust belts using field data and seismic-profiles, as well as through
dynamic characterization using analog modeling, balanced reconstruction, and thermochronology (Bonnet
et al., 2007; Boyer & Elliot, 1982; Dominguez et al., 2000; Dong et al., 2020; Horton, 2018; Kyle, 1996; Kohn
& Gleadow, 2018; Teixell & Koyi, 2003; Tian et al., 2016). The goal of kinematic restoration of balanced cross
sections is to obtain a reliable cross section of the changing geometry of structures over time. Modeling, involv-
ing analog models, finite element and DEMs, and forward simulation of fold-and-thrust belts, are convenient in
terms of portraying the geometric, kinematic and in many cases the dynamic evolution of fold-and-thrust belts.
However, when certain parameters from the natural prototype are missing, the simulations may become incom-
plete. For example, in areas where the strata have been eroded, kinematic restorations become complicated and
subjective due to imprecise assessment of timing, rate, and extent of deformation and erosion. Thermochronology
can be used to simulate the tectonic evolution by reconstructing the thermal histories of samples from the major
structures within a belt. Such an approach is better for quantitatively characterizing the magnitude and timing
of deformation. However, some time-temperature constraints are required to reconstruct the thermal histories.
Different hypotheses regarding the tectonic background and dynamic mechanism will inevitably lead to different
constraints and different thermal histories. In addition, the thermal history obtained using the HeFTy or QTQt
software, which revealed the cooling processes of the samples, did not consider the impact of flexural slip infor-
mation, which has a significant effect on the structural analysis of a region with a long lateral slip distance.

Several studies have focused on restoration of the kinematic evolution of intracontinental fold-and-thrust belts
using thermo-kinematic models (Almendral et al., 2015; Buford & McQuarrie, 2019; Chapman et al., 2017;
Mora et al., 2015). For example, lateral variations in the deformation and exhumation rates in the Central Andes
were quantified based on integration of the geology, ages, and locations of reset thermochronometer systems
and the synorogenic sediment distribution (Buford & McQuarrie, 2019). Thrusting and exhumation histories
of the Colombian Eastern Cordillera (Almendral et al., 2015; Mora et al., 2015) and Tajik fold-and-thrust belt
(Chapman et al., 2017) were constrained using the FetKin approach and coupling of the balanced reconstruction
and the finite element computation of the temperature and thermochronological data.

Through applying a thermo-kinematic approach, we have attempted to reconstruct the tectonic and thermal evolu-
tion of a complex orogen (i.e., ESFTB) and establish a visual link between the regional kinematic processes
and the thermochronology of the local structures. The kinematic simulation provided more reasonable and
comprehensive geological constraints for the thermochronologcal investigation. Based on this, we used an analog
model, a discrete element numerical simulation, AFT and ZHe ages, and a reconstructed balanced profile as
the thermo-kinematic constraints on the Mesozoic-Cenozoic tectonic uplift of the ESFTB. The technical break-
through of this study is to apply thermo-kinematic approach to establish an accurate geological model in an area
with multiple decollement horizons. It should be noted that the thermo-kinematic approach which we used in this
study also has some limitations. For example, the temperature path converted from the recorded kinematic path of
the particles may not match the thermal histories well. We have compared the thermal histories with the 7-7 path
converted from the recorded kinematic uplift trajectories of the samples. Except for samples HY-1, LC-2, JX166,
and Y42, the T-1 paths of other samples are not in good agreement with the particle trajectories (model equivalent
to samples DZ-1, DZ-2, LP-1, RXZ-2,JX168, QY-1, WL-1, XF-1, SZ-2, SZ-1, X5, and HC-38) (Figure 9). There
may be two reasons for this discrepancy. First, analog models and the DEM cannot be used to perfectly restore
the amplitude of the structural uplift. In contrast to the analog model, in the numerical model, a larger vertical
displacement occurred in the hanging wall of the model QYF, and a smaller vertical displacement developed in
the model-equivalent Jiangnan-Xuefengshan orogen and the thin-skinned domain. Only three fault-propagation
folds formed in the thin-skinned domain even when the model was run for a long time. In addition, the shallow
décollement layers deformed less than their equivalents in the hinterland. Second, the geothermal gradient plays
an important role in the transformation of the kinematic path into the temperature path. An inaccurate geothermal
gradient may result in a great difference between temperature path converted from the recorded kinematic path
of the particle and natural thermal history. It is necessary to reconstruct the paleo-geothermal gradient using a
series of vitrinite reflectance data and to further improve the accuracy and rationality of the thermo-kinematic
analysis. Analog models and the DEM can be used to accomplish the kinematic restoration of fold-and-thrust
belts and the onset of the deformation of the major thrust sheets can be determined relatively well. Combining
the approach used, that is, a combination of analog- and numerical modeling, geological section balancing, and
their integration with regional geology and thermochronology, provide a holistic approach which may become
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“standard” in future. It is worthwhile to underline that the thermo-kinematic approach can be further developed
to include and combine the kinematic forward (analog model), kinematic inversion (balanced cross-section), and
thermochronology forward and inversion methods.

6. Conclusions

In this study, a new thermo-kinematic approach that combines analog modeling, DEM simulation, balanced
reconstruction, and thermochronological data are used to constrain kinematic evolution of the ESFTB. A
thermo-kinematic workflow is presented for reconstructing the tectono-thermal evolution of the belt, and estab-
lish a geometric link between the regional kinematics and the thermochronology of the local structures. Restora-
tion shows that the ESFTB experienced northwestward thrusting during the Mesozoic-Cenozoic and its evolution
can be subdivided into five major stages: shortening above the basal decollement and formation of large imbri-
cates separated by narrow synclines (during 170-130 Ma), a transition stage (during 130-100 Ma), stepping up of
deformation to shallow decollement levels and shaping of the thick-skinned domain (during 100-70 Ma), shaping
of the thin-skinned domain (during 70-20 Ma), and a continuous exhumation and structural modification stage
(from 20 Ma to present).

Fault-related folding in the sedimentary cover above a flat-ramp staircase was dominating during northwestward
shortening of the ESFTB, which includes a basal décollement horizon (Archean strata of the middle crust), a
deep pre-existing fault (QYF), an intermediate Silurian décollement horizon, and a shallow pre-existing fault
(HYF). Shortening in the ESFTB with such combination of elements resulted in the formation of forward break-
ing thrusting. The pre-existing QYF connected the deeper basal décollement horizon with the shallower Silurian
décollement layer and had a significant effect on the evolution of ESFTB as it has been also reproduced in the
models presented in this study.

The ESFTB experienced periodic exhumation throughout the Mesozoic-Cenozoic. The thick-skinned domain
and transition zone experienced two stages of exhumation characterized by rapid exhumation during the Early-
Late Cretaceous followed by slow exhumation from the Late Cretaceous to the present. The thin-skinned domain
experienced an initial rapid exhumation during the Early-Late Cretaceous, followed by a slow exhumation until
the Miocene, which was in turn followed by accelerated exhumation since then. Changes in the exhumation rates
were in response to the Mesozoic subduction retreat of the Paleo-Pacific Plate and the Cenozoic eastward growth
of the Tibetan Plateau. The westward subduction of the Paleo-Pacific Plate resulted in rapid exhumation from the
Late Jurassic to the Late Cretaceous. The crustal extension associated with the rollback of the Paleo-Pacific slab
caused a decrease in the Mesozoic exhumation rate. An accelerated cooling in the thin-skinned domain in the
Miocene was a response to the far-field effects of the eastward growth of the Tibetan Plateau, while the Cenozoic
continuous slow exhumation in the thick-skinned domain was related to the continuous crustal extension in South
China.

Data Availability Statement

We confirm that the data supporting the findings of this study are available within Supporting Information S1.
The low-temperature thermochronology data will eventually be deposited in the Mendeley Data (https://data.
mendeley.com/datasets/4kzmg;j5jd2/1).
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