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a b s t r a c t

This study provides new insight for kinematic restoration in the thrust nappe and the effect of tectonic
evolution on shale gas preservation was demonstrated in a case study from the Dingshan area in the
southeastern Sichuan Basin, southwest China. The uplift process was reconstructed by sandbox experi-
ment, discrete element method, vitrinite reflectance and thermochronology data, including apatite
fission track, apatite (UeTh)/He and zircon (UeTh)/He. Thermo-kinematic analysis indicated that from
southeast to northwest, the initial uplift time was getting earlier and the erosion increased, while the
horizontal displacement decreased during the Alpine stage (Early Cretaceous-Eocene). During the Hi-
malayan stage (Eocene-present time), it was characterized with rapid uplift as a whole. To study dynamic
evaluation of shale gas preservation during tectonic evolution, the temperature and pressure evolution
were revealed combining fluid inclusion analysis and basin modeling and variation in shale gas content
was quantified. Differential uplift caused obvious differences in the process of cooling, pressure
decreasing, fracturing and shale gas losing. With moderate uplift (~3350e3550 m), a few fractures
generated in the shale and roof and few gas (~0.95e1.72 m3/t) diffused laterally. Enormous uplift
(~5350 m) resulted in obvious fractures and massive gas loss (~3.22 m3/t) by lateral diffusion and vertical
dissipation.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Shale gas is a kind of unconventional natural gas stored in shale
formation. Compared with traditional fossil fuels, shale gas is more
efficient and environmentally friendly [1]. It is an effective way to
reduces a country's overdependence on high-pollution energy and
help it to become carbon neutral [2]. With the severe energy
shortage and high energy prices, shale gas has recently been a key
onshore exploration target in many countries (Canada, Australia,
Europe, China and other countries) [3]. The alleged revolutionary
impact of shale gas on the long-run gas price levels is recom-
mended by Caporin & Fontini [4] and Nick & Thoenes [5]. The U.S.
Energy Information Administration (EIA) estimates that in 2019,
U.S. shale gas production accounted for about 75% of total U.S.
etroleum Resources and Pro-
jing, 102249, China.
natural gas production [6]. China is also known as one of countries
that is relatively rich in shale gas resources and the Sichuan basin
dominates the market [7]. By the end of 2020, more than 1 trillion
cubic meters of shale gas reserves had been cumulatively proven in
the Silurian Longmaxi Formation in the Sichuan Basin and the total
production was more than 260 � 108 m3 (20 �C, 101 KPa) [8].

Shale reservoirs are complicated dual-porosity media system
composed of a large number of pores and microfractures. These
pore-fracture systems can further act as the storage spaces and
main transport pathways of shale gas, and form hydrocarbon res-
ervoirs [9,10]. The degree of natural fracture development in the
shale reservoir with low-porosity and low-permeability is a con-
trolling factor in gas producibility [11e13] and tectonic event is one
of the main mechanisms causing fracture growth. In addition, the
occurrence state of shale gas mainly includes the free state and the
adsorption state depending on the formation pressure and tem-
perature [14], which are also under the control of tectonic evolu-
tion. Therefore, the effect of tectonism on shale reservoirs is a core
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Nomenclature

DSA the Dingshan area
DEM the discrete element method
Ro Vitrinite reflectance
AFT apatite fission track
AHe apatite (UeTh)/He
ZHe Zircon (UeTh)/He
QYF the Qiyueshan Fault
O Ordovician
S Silurian
D Devonian
C Carboniferous
P Permian
T Triassic
J Jurassic
K Cretaceous
E-Q Paleogene and Neogene
rs, ri, rd the density of spontaneous, induce and dosimeter

tracks, respectively, cm-2

Ns, Ni and Nd the number of spontaneous, induce and
dosimeter tracks, respectively

P(c2) the chi-square probability
SD the standard deviation of measured confined track

lengths, mm
N the number of track lengths
Dpar the long axis of track etch pit, mm
t (UeTh)/He ages, Ma
4He, 238U and 232Th the concentrations of 4He, 238U and 232Th in

the apatite or zircon grains, respectively
l238, l235 and l232 the decay constants

U the concentrations of 238U in the apatite or zircon
grains, ppm

Th the concentrations of 232Th in the apatite or zircon
grains, ppm

Ft alpha correction factor
eU effect uranium concentration, ppm
Vb, V1-3 the detachment layers
Lb, L1-3 the rigid layers
d thickness, cm
r density, kg/m3

Kn particle normal stiffness, N/m
ks particle shear stiffness, N/m
bn normal contact bond strength, N
bs shear contact bond strength, N
m coefficient of particle internal friction
h viscosity, Pa�s
GOF goodness of fit
ACC acceptable
MTL mean track length, mm
S the shortening rate
Tp, T0 the paleotemperature and paleo-surface

temperature, �C
G the paleo-geothermal gradient, �C/km
Dh the exhumation, m
Z0 the present burial depth, m
P the trapping pressure, MPa
T the trapping temperature, �C
Th the homogenization temperature, �C
a1, a2, a3, a4 the fit parameters of NaC1eH20, KC1eH20, CaC12

eH20 and H20 fluids, respectively;
m the molality, %
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scientific issue within the petroleum industry and academia. The
marine shale in the south China, is characterized by multi-stages of
tectonic movement, and significant diversity in gas content and the
preservation condition of shale gas in different evolution stages is
one of the key projects to reveal the differential enrichment
mechanisms of shale gas [15e19]. The preservation condition is
controlled by several factors, such as the roof/floor conditions, the
sealing properties of shale, faults, denudation and structural style,
etc. Previous studies considered the sealing capacity of shale and
roof/floor conditions are the basic factors determining whether the
early formed hydrocarbons were preserved, while the intensity of
tectonism, controlled the effusion, degree and abundance of shale
gas, is the major controlling factor for shale gas preservation
[16,18,20,21]. Uplift and denudation in the late tectonic stage could
cause the pressure decreased and the diffusion coefficient of shale
gas would increase [20,22,23]. The original balance would also be
broken by the reduction of overburden pressure and the closed
fracture would open again [13,20,24,25]. This is destructive to the
preservation of shale gas. Actually, the major geological risk for the
Mississippian Alum shale gas exploration activities in central
Europe might be the loss of gas due to the major uplift of the area
during Variscan Orogeny and the missing late gas generation [26].
Intensely folded and faulted, with gentle to steep layer dips and
structural complexity is a major challenge to U.S. shale gas pro-
duction, for example the Miocene Monterey shale [11], Middle
Devonian Marcellus Shale [27,28] and the Eagle Ford shale [29].

The effect of tectonism on shale gas preservation has been
analyzed qualitatively from the strength of fault, structural style,
fractures and reformation time of uplift. A broad and gentle
structure with continuous seal, moderate buried depth and
2

appropriate distance to fault zone is more favorable for the
enrichment of shale gas [17,18,30,31]. It is highly probable that
areas experiencing the greatest stress variation gradient would be
most favorable to microfracture development. Triaxial tests on
shales from North Sea reservoirs performed that uplift turned
mudrocks into brittle overconsolidated materials [32]. Brittle shear
resulted in percolating microfractures, which has a significant in-
fluence on the gas accumulation and enrichment of shale reservoirs
[33,34]. The regional fractures of the Upper Triassic shale in the
central China, the Lower Silurian shale in the South China, the
Antrim Shale, Albany Shale and Lewis Shale in the North American
continent are all considered to be related to uplift [12,13,18,35,36].
Exploration practices suggested that the late uplifting, small
breaking distance and length of fault and weak fracture develop-
ment are conducive to shale gas preservation [16,20,21,30,37,38]. In
contrast, strongly deformed areas, where faults and high-angle
large fractures were developed, are not conducive to the preser-
vation of shale gas. Moreover, a preservation evaluation system
combined with sealing conditions, the sealing properties of shale
and tectonic effects (including the intensity and duration of late
tectonic movements and the strength of fault) was also set up [21].
However, most of these studies are based on the qualitative analysis
of static parameters. It is necessary to further study dynamic
preservation and loss of shale gas during tectonic evolution.
Furthermore, due to the fact that, at a regional scale, a few fractures
would relax most of the tectonic loading and screen the develop-
ment of pervasive microfracturing in the entire volume, direct ev-
idence of the large-scale effect of tectonic forces on the
development of microfractures at a regional scale remains to be
found [39].
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This study focused on the lower Paleozoic marine shale in the
southeastern Sichuan basin to reconstruct the tectono-thermal
evolution and explore the effect of tectonism on shale gas preser-
vation. The Dingshan area (DSA) is one of the important shale gas
area found in marine Silurian strata in the southeastern Sichuan
Basin. As a thrust nappe structure controlled by Qiyueshan fault,
DSA is characterized by significant differential northwest-southeast
vertical uplift, horizontal zoning of pressure and gas content in the
lower Silurian shale (Fig. 1). This area is favorable for a better un-
derstanding to the relationship between differential tectono-
thermal evolution and shale gas preservation. A variety of
methods were integrated to reconstruct the Mesozoic-Cenozoic
uplift history and characterize the change of shale gas content
quantitatively during uplift processes in this study. First, the dif-
ferential uplift process was constrained by new thermo-kinematic
method composed of sandbox experiment, discrete element
method (DEM), vitrinite reflectance (Ro) and low-temperature
thermochronology data, including apatite fission track (AFT),
apatite (UeTh)/He (AHe) and Zircon (UeTh)/He (ZHe). Then, the
fluid inclusion analysis, basin modeling with Ro data were used to
estimate the evolution of temperature and pressure. In addition, to
study dynamic evaluation of shale gas preservation, we first
reconstructed the ‘burial-hydrocarbon generation-uplift-gas loss'
evolution of shale, including the burial history, thermal history,
hydrocarbon generation history, pressure evolution and shale gas
content evolution. Finally, the influence of differential tectono-
thermal evolution on shale gas preservation is discussed. In this
paper, new thermo-kinematic method combining sandbox exper-
iment, discrete element method, vitrinite reflectance and low-
temperature thermochronology data was demonstrated for kine-
matic restoration in the thrust nappe with differential horizontal
displacement. More importantly, our study provides new evidence
for the large-scale effect of tectonic evolution on the development
of fractures at a regional scale and dynamic analysis of shale gas
preservation and loss during uplift process. The research result
provides a scientific basis for the mechanism analysis of differential
enrichment of shale gas and has an important significance for
guiding the exploration of shale gas.

2. Geological setting

The Sichuan basin lies in the northwest of the Upper Yangtze
Craton, southwest of China (Fig. 1a). The southeastern unit located
between the Huayingshan Fault (HYF) and the Qiyueshan Fault
(QYF) is a fold zone. It is tectonically bounded by the
HubeieHunaneGuizhou Fold Belt in the southeast and the central
uplift in the west, the eastern Sichuan Fold Belt in the north
(Fig. 1b). The thin-skinned belt is well-developed with different
structural styles. Separated by the QYF, it is varying from chevron
anticlines and box synclines in the northwest to chevron synclines
in the southeast (Fig. 1c). Both anticlines and synclines follow the
thrust-fault distribution with stronger structural deformation.
Located in the transitional zone of the Tethys-Himalayan tectonic
domain and the Circum-Pacific tectonic domain, the southeastern
Sichuan Basin has experienced multiple tectonic stages from
Paleozoic to Cenozoic, including the Caledonian, Hercynian, Indo-
sinian, Yanshanian (Alpine) and Himalayan movements (Fig. 1g).
The structural deformation since the Early Cretaceous has estab-
lished the present structural feature [40,41]. According to the
characteristics of joints and faults, the structural form is mainly
controlled by SE-NW compression in the Alpine stage (Early
Cretaceous-Eocene) and approximately E-W compression in the
Himalayan (Eocene-present time) [42e45]. The low-temperature
thermochronology data indicated the southeastern Sichuan Basin
experienced three tectonic evolution stags since Mesozoic [46e50],
3

including: (1) progressive tectonic deformation caused by north-
westward convergence and collision between the Pacific plate and
Eurasian plate during ~120-70 Ma; (2) slow uplift due to the tec-
tonic inversion from the eastern China during ~70-40 Ma; (3) rapid
uplift and denudation in response to the India-Asia collision after
40 Ma.

The southeastern Sichuan Basin fills with 8000e12000 m sed-
iments deposited on the Precambrian basement (Fig. 1g), which
consists of the marine sequence from the Paleozoic to Middle
Triassic and the terrestrial sequence from the Late Triassic to
Eocene [51,52]. Several giant shale gas fields were recently
discovered in the lower Silurian Longmaxi Formation, such as
Fuling, Weiyuan, Changning and Dingshan shale gas fields. By the
end of 2019, the proven reserves of shale gas were 1790 � 108 m3

(20 �C, 101 KPa) [20]. According to the discovered shale gas fields,
shale gas enrichment is closely related to tectonic evolution.

DSA is located Qiyueshan Fault zone near the eastern boundary
of Sichuan basin with outcropped Triassic and Ordovician (Fig. 1f).
As a thrust nappe structure controlled by QYF, the plane of DSA is
shown as a northwest trending nose-shaped anticline. Five shale
gas wells have been drilled in the area. The test production of well
DY1, DY2 and DY5 are 3.4 � 104 m3/d, 10.5 � 104 m3/d and
16.3 � 104 m3/d (20 �C, 101 KPa), respectively. Shale gas resources
are abundant. There are significant differences with more than
2600 m in the depth of the lower Silurian Longmaxi Formation
shale between the eastern and western (Fig. 1d), which indicated
differential tectonic evolution in DSA. The high-quality shale with
total organic carbon content (TOC) content ranging from 2.02% to
6.67% and Ro ranging from 2.03% to 2.28% is mainly developed at
the bottom of the lower Silurian Longmaxi Formation [55]. The
overlying caprock composed of the middle Silurian green silty
mudstone and the upper section of the lower Silurian Longmaxi
Formation and the underlying floor with the middle Ordovician
dark gray limestone have good sealing. There are obvious differ-
ences in the gas content and pressure coefficient of the lower
Silurian Longmaxi Formation shale, increased gradually from
southeast to northwest (Fig. 1e). The mechanism of shale gas dif-
ferential enrichment and preservation is still unclear.

The thermal paths constrained by the AFT indicate the
Mesozoic-Cenozoic uplift process of DSA can be divided into three
stages: (1) rapid uplift stage (~82-70Ma), (2) slow uplift stage (~70-
30 Ma) and (3) rapid uplift stage (~30 Ma-present time) [56]. It is
necessary to further study the differential tectonic evolution.
However, AFT can only reconstruct the thermal history of a rock
sample through the partial annealing zone (PAZ) of ~60e125 �C
[57e60], which is unable to accurately reveal the difference of uplift
process. Therefore, thermo-chronometers with higher closure
temperature are needed to study the differential uplift process.

3. Methods

3.1. Low-temperature thermochronology

The apatite He system is characterized by a PRZ in the range of
~40e75 �C [61] and the closure temperature of apatite crystals may
vary based on differences in chemistry, parent nuclide zonation,
size, and cooling rates [62,63]. Systematic diffusion studies indi-
cated the zircon He PRZ of ~140e200 �C [64] and it has been
demonstrated that high UeTh concentrations in zircon may impact
helium diffusivity and attendant closure temperatures of individual
grains, which may result in lower closure temperatures [65]. We
can reconstruct the thermal history in the range of ~40e200 �C
integrated AFT, AHe and ZHe. Three sandstone samples were
collected from the central, northwestern and southeastern DSA.
The detailed sample locations and lithology data are available in



Fig. 1. (a) the tectonic location of the southeastern Sichuan Basin (modified after [53]); (b) Geological map of the southeastern Sichuan Basin. HYF-Huayingshan fault, QYF-
Qiyueshan fault, HHGFB-the Hubei-Hunan-Guizhou Fold Belt, ESFB-the eastern Sichuan Fold Belt. (c) structural section of cross-section A-A0 , the plane location is shown in
Fig. 1b; (d) Geological map of the lower Silurian in the Dingshan area (DSA); The blue points are the outcrop samples for low-temperature thermochronology analysis. (e) Pressure
distribution map of the lower Silurian in DSA; DY2/1.55: the pressure coefficient of the lower Silurian Longmaxi Formation in the Well DY2 is 1.55. (f)Schematic diagram of cross-
section CeC'. (g) Stratigraphic column and tectonic movements of the southeastern Sichuan Basin (modified after [54]). The Yanshanian movement is corresponding to the Alpine
movement. The thin-skinned belt is well-developed with different structural styles in the Upper Yangtze. Separated by the QYF, it is varying from chevron anticlines and box
synclines in the northwest to chevron synclines in the southeast. Five chevron anticlines and two box synclines developed in the cross-section BeB0 , which is the modeling profile of
the sandbox experiment and discrete element numerical simulation. The pressure coefficient of shale is increased from southeast to northwest, while the pressure coefficient of
shale in the basin is more than 2 and that outside the basin is generally less than 1. The characteristics of faults development indicates the intensity of late tectonic in the HHGFB is
much stronger than that of the southeast Sichuan basin. The DSA is characterized by significant differential northwest-southeast vertical uplift, horizontal zoning of pressure in the
lower Silurian shale. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 1, Fig. 1d and g.
AFT ages were determined using the external detector method

at the Thermochronology Laboratory in China University of Petro-
leum, Beijing following the same procedures described by Chang
et al. (2019) [66]. The AFT data is given in Table 2. The AFT central
ages of samples, ranging from 61.1 ± 4.5 Ma to 71.3 ± 5.2 Ma, are
significantly younger than their stratigraphic ages, which indicated
these samples are likely to have remained in the AFT PRZ during the
Late Cretaceous (Fig. 2a). The values of P(c2) are all greater than 5%,
which shows that the age error is the statistical error. All grains
come from the same source area and there are no foreign sub-
stances. The nonprojected mean track lengths of these samples
ranged from 2.0 ± 1.71 mm to 12.72 ± 1.78 mmwith the Dpar values
between 2.04 mm and 2.56 mm.

The ZHe analyses were conducted at the School of Earth Science,
University of Melbourne and AHe analyses were conducted at the
Institute of Geology and Geophysics, Chinese Academy of Sciences.
The (UeTh)/He thermochronology is a method in view of the He
production via the nuclear decay of the U and Th in radioactive
minerals. Based on the concentrations of 238U, 235U, 232Th and 4He
in the apatite or zircon grains, we can obtain the (UeTh)/He ages (t)
using the following equation:
Table 1
Details of the thermochronology samples in DSA.

Sample Lithology Stratigraphic Age (Ma)

FT Triassic sandstone 237e201
HJP Jurassic sandstone 174e163
SF Jurassic sandstone 174e163

Table 2
The measured AFT ages of the samples from the studied area.

Sample Grain no. rs(105/cm2)
(Ns)

ri(105/cm2)
(Ni)

rd(105/cm2)
(Nd)

FT 42 4.500 (504) 12.821 (1436) 16.460 (15118)
HJP 47 4.065 (449) 14.530 (1605) 16.337 (15118)
SF 58 3.123 (626) 9.419 (1888) 16.584 (15118)

rs, ri and rd are density of spontaneous, induce and dosimeter tracks, respectively. Ns, Ni
is chi-square probability [67]. Central AFT ages were calculated with Trackkey [68]. Ages
standard deviation of measured confined track lengths. N is the number of track lengths. D
chemical composition on track annealing [69].

Fig. 2. (a)Relationship between the measured AFT, AHe and ZHe ages and the correspondin
Alpine exhumation event that occurred in DSA. The shadow area② represents the exhumatio
(c) Correlation of single grain AHe age with eU. The relationship between radius and single
size. The positive correlation between single-grain ages and eU indicates that the dispersio
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4He ¼ 8 �238U
�
el238t � 1

�þ 7 �
238U

137:88
�
el235t � 1

�

þ 6�232Th
�
el232t � 1

�
(1)

where 4He, 238U and 232Th is the concentrations of 4He, 238U, 235U
and 232Th in the apatite or zircon grains, respectively. l238, l235 and
l232 with values of 1.551 � 10�10, 9.849 � 10�10 and 4.948 � 10�11,
are the decay constants [70]. For each sample, five apatite and
zircon grains were tested and the AHe and ZHe data are given in
Table 3 and Table 4.

Previous studies have suggested that the single grain AHe/ZHe
ages are always characterized by obvious dispersion [62,72], which
could be caused by various factors, including radiation damage
[73,74], UeTh zoning [75], grain size [76], U- and/or Th-rich
microinclusions [77], cooling rate [78], helium implantation from
an external source [79], chemical influence [65], and grain breakage
[80]. Shuster et al. (2006) suggested that the eU could be consid-
ered to be a proxy for the degree of radiation damage that resulted
in the formation of traps that impede He diffusion [73]. The
measured single grain AHe ages range from 12.11 ± 0.67 Ma to
49.51 ± 2.64 Ma. These ages are significantly younger than their
Elevation (m) Location

835 28�32056.700N; 106�38020.5500E
657 28�41022.0300N; 106�39011.3300E
837 28�42023.6200N; 106�35048.2600E

P(c2)
(%)

Central age
±1s(Ma)

Mean track length ± SD(mm) (N) Dpar(mm)

93.23 69.3 ± 5.2 12.0 ± 1.71 (41) 2.04
88.19 61.1 ± 4.5 12.72 ± 1.78 (58) 2.12
68.6 71.3 ± 5.2 12.27 ± 2.25 (53) 2.56

and Nd are number of spontaneous, induce and dosimeter tracks, respectively. P(c2)
were calculated using a z ¼ 268.6 ± 13.41 for a standard IRMM540R glass. SD is the
par is long axis of track etch pit, which is usually used as a proxy for the influence of

g strata. The dashed line is the stratigraphic ages. The shadow area ① represents the
n event that occurred in Himalayan. (b) Correlation of single grain AHe age with radius.
-grain AHe ages showed that there is no clear relationship between AHe age and grain
n of single-grain AHe ages is probably due to radiation damage.



Table 3
The measured AHe ages of the samples from the studied area.

Sample Grain radius (mm) 4He (nmol▪g�1) Mass (mg) FT U (ppm) Th (ppm) eU (ppm) Corrected age(Ma) ±1 s (Ma)

Ft-A1 56.4 34.8 4.07 0.75 22.9 50.6 34.8 41.61 2.18
Ft-A2 55.3 15.7 4.37 0.74 8.3 31.6 15.7 22.34 1.18
Ft-A3 72.6 17.0 8.79 0.81 14.3 11.3 17.0 23.37 1.25
Ft-A4 61.4 5.2 6.18 0.75 0.0 22.0 5.2 12.11 0.67
Ft-A5 56.8 3.9 4.31 0.73 0.8 13.3 3.9 28.26 1.56
SF-A2 86.9 0.56 18.57 0.84 2.5 5.4 3.7 33.35 1.76
SF-A4 93.6 0.66 18.66 0.84 2.3 6.0 3.7 38.78 2.07
SF-A5 64.2 0.54 6.53 0.78 3.0 5.3 4.3 29.82 1.65
HJP-A1 61.7 14.53 5.90 0.78 73.0 50.1 84.7 41.07 2.19
HJP-A2 69.4 1.73 5.87 0.79 8.1 17.8 12.3 33.08 1.76
HJP-A3 83.4 0.24 13.64 0.81 0.5 7.1 2.1 25.74 1.39
HJP-A4 51.7 9.63 3.31 0.73 43.7 53.2 56.2 43.37 2.29
HJP-A5 60.1 3.26 5.35 0.76 9.9 26.0 16.0 49.51 2.64

Ft: alpha correction factor [71]. U: the concentrations of 238U. Th: the concentrations of 232Th. eU: effect uranium concentration, calculated from the contents of U and Th,
eU ¼ Uþ0.235Th [62].

Table 4
The measured ZHe ages of the samples from the studied area.

Sample Grain radius (mm) 4He (nmol▪g�1) Mass (mg) FT U (ppm) Th (ppm) eU (ppm) Corrected age(Ma) ±1 s (Ma)

Ft-Z1 61.3 47.02 9.94 0.79 202.7 125.0 232.0 165.2 10.2
Ft-Z2 66.1 22.89 10.13 0.81 108.4 90.0 129.5 141.8 8.8
Ft-Z3 54.9 20.10 6.13 0.77 116.2 68.9 132.4 200.0 12.4
Ft-Z4 52.2 55.28 4.27 0.74 346.3 145.0 380.4 273.1 16.9
Ft-Z5 74.7 84.13 13.46 0.83 253.1 135.6 285.0 177.6 11.0
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depositional ages and represent apatite that has been completely
reset. The relationship between radius and single-grain AHe ages
showed that there is no clear relationship between AHe age and
grain size (Fig. 2b). The positive correlation between single-grain
ages and eU indicates that the dispersion of single-grain AHe ages
is probably due to radiation damage (Fig. 2c). These samples gave
uniform AHe ages, suggesting that they simultaneously experi-
enced the AHe PRZ and recorded the rapid uplift during the
Cenozoic (Fig. 2a). The single grain AHe ages from Triassic sample
FT from the eastern DSA range from 12.11 to 41.61 Ma, which are
younger than Jurassic samples HJP and SF, indicating that the
eastern DSA experienced more recent exhumation. Sample FT gave
five ZHe ages range from 141.77 ± 8.79 Ma to 273.12 ± 16.93 Ma,
with four single-grain ZHe ages slightly younger than the strati-
graphic ages and another was slightly older (Fig. 2a). The ZHe ages
suggest the Triassic sample were only partially reset prior to cool-
ing and retained thermal information from before the maximum
depth was reached, which indicated the maximum paleotemper-
ature of the Triassic strata just entered the PRZ of zircon and cannot
represent the last uplift time.

3.2. Sandbox experiment

In this study, one set of sandbox experiments was carried out in
China University of Petroleum, Beijing to reproduce the deforma-
tion and shortening process of BeB0 profile since the Alpine stage.
The data based on balanced restoration indicated that the total
shortening of the eastern Sichuan fold belt is ~140 km (~24%
shortening) [50,81] and a shortening rate of 1e2 mm/yr [54,81].
Therefore, we set the shortening ratio of the BeB0 profile as 25% and
the original length was approximately ~480 km before shortening.
According to thermochronology data (Fig. 3), the D-D0 profile has
experienced a significant progressive deformation with a ‘rapid-
slow-rapid’ cooling process: (1) rapid uplift stage (~180-70 Ma), (2)
slow uplift stage (~70-40 Ma) and (3) rapid uplift stage (~40 Ma-
present time). Furthermore, Northrup et al. (1995) and Li et al.
(2014) suggested the rate of Pacific-Eurasia convergence declined
6

from ~120 to 140mm/yr in the Late Cretaceous to ~30e40mm/yr in
the Eocene [44,82]. Thenwe can define the tectonic evolution of the
BeB0 profile can be divided into three major stages: (1) rapid uplift
stage (~140-70 Ma), (2) slow uplift stage (~70-40 Ma) and (3) rapid
uplift stage (~40 Ma-present time). Noted that the effect extent of
compression stress in the southeast direction during the Himalayan
are still controversial. Therefore, we only simulate the tectonic
evolution under SE-NW compression from the Late Cretaceous to
the Oligocene (~140-40 Ma). The sandbox experiments were car-
ried out in a 120 cm � 20 cm Plexiglas box filling with brittle and
ductile materials (Fig. 4). The length ratio of model/nature is
2.5 � 10�6. The gravity (g), density (r) and viscosity (h) ratio of
model/nature are 1, 1 and 2 � 10�17e1 � 10�16, respectively. The
time ratio is about 8� 10�12e4� 10�11, i.e., 1 h in model represents
the geological time of 2.8e14.2 Ma, which means that an extrusion
rate of 0.84e4.26 cm/h would be appropriate when the stratum is
shortened by 120 km within 100 Ma. In this study, the sandbox
experiment with variable rate was carried out: 1.8 cm/h from the
Early Cretaceous to the Late Cretaceous (~140-70 Ma) and 0.9 cm/h
from the Late Cretaceous to the Oligocene (~70-40 Ma).

Multilayer detachment folding is the dominant way of defor-
mation in the southeastern Sichuan Basin [40,50,54]. There are four
main regional detachment layers developed in the southeastern
Sichuan basin: (1) the basement decollement horizon with the
depth of 14e16 km and the thickness of deformed basement is
3e4 km [83,84]; (2) the Middle-Lower Cambrian shale and gypsum
with a thickness of 500e1000 m, (3) the Silurian shale with the
average thickness of 1500 m and (4) the Triassic gypsum and salt
with a thickness of 1000 m [50]. The seismic profile shows that the
QYF is a reverse fault cutting deeply into the basement with dip
angles of 30e40� [85]. Zhang et al. (2015) speculated that the QYF
experienced inheriting activity and its shallow part pushed
northwestward and then become gently inclined since the Late
Jurassic [86]. For better reproducing the uplift process, we forced to
set the pre-existing fault QYF and four detachment layers before
modeling. However, the sand content of the Silurian strata in the
wide spaced anticlines increases significantly [87], which leads to a



Fig. 3. (a) Geological map of the eastern Sichuan fold belt (modified after [40,50]). (b) Schematic diagram of cross-section D-D' (modified after [50,85]) and statistics of thermal
history in the eastern Sichuan fold belt. RXZ-2, LC-2, SZ-1: [50]; HC-38 [91]:；WE-8, JL-1, X5: [47]; Y42: [92]. According to thermochronology data, the D-D0 profile has experienced
a significant progressive deformation with a ‘rapid-slow-rapid’ cooling process: (1) rapid uplift stage (~180-70 Ma), (2) slow uplift stage (~70-40 Ma) and (3) rapid uplift stage
(~40 Ma-present time). BeB0 is the modeling profile, shown as Fig. 1b.
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Fig. 4. The model setup of sandbox and numerical experiment. The detachment layers were named as Vb and V1-3 and the rigid layers were named as Lb and L1-3. F1 represents
QYF with dip angles of 40� .
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weakness of detachment effect and most of them are involved in
deformation. Therefore, the detachment of Silurian was only set up
for wide spaced synclines. For the model, the silicone polymers
with a viscosity of 9� 103 Pa�s and a density of 0.95 g/cm3was used
to simulate the detachment layers. The silicone polymer shows
Newtonian behavior at a low strain rate [88]. We used glass micro-
beads with a density of 2600 kg/m3 and a grain size of 180e250 mm
to simulate the rigid layers. Glass micro-beads have almost no
cohesion and an internal friction angle of about 25�, and their
mechanical properties lie between dry quartz sand and silicone
resin and therefore are suitable for simulating folding [89,90]. All
model parameters are shown in Table 5.

3.3. Discrete element method (DEM)

The discrete element method (DEM) can simulate granular
material by using distinct rigid particles. In this study, the two-
dimensional Particle Flow Code (PFC2D), developed by the Itasca
Consulting Group was applied to carry out discrete element nu-
merical experiments. PFC2D simulates themechanical behavior of a
system which consists of a collection of particles with different
sizes. The physical parameters of particles should be defined, such
as density, contact stiffness, friction, viscosity, etc. The mechanical
behavior is described by the movement of each particle and the
force and moment acting at each contact. All contact forces,
including normal and shear force acting on a single particle are
calculated together following the Newton's law to determine the
particle displacements. It is worth noting that this method can
record the kinematic paths of discrete elements. The numerical
experiments with the same geometry (Fig. 4) and extrusion rate as
the sandbox model were carried out to characterize the deforma-
tion process of BeB0 profile since the Alpine stage. The microscopic
mechanical properties of the particles are shown in Table 5. In the
model, circular particles distributed evenly were used to simulate
the interlayer detachment layers (V1-3) and the rigid layers and
basement detachment layer (Vb) were composed of circular par-
ticles distributed randomly. The pre-existing QYF was simulated by
generating the wall with a friction coefficient of 0. The model was
composed of 6285 circular particles with a porosity of 20%. During
Table 5
Experiment parameters of sandbox and numerical experiment.

Layer Stratum d(cm) r (kg/m3) kn(N/m

L1 T2-K 0.7 2600 3 � 109

V1 T1 0.2 1000 1.5 � 1
L2 S2eP 0.4 2600 3 � 109

V2 S1 0.3 1000 1.5 � 1
L3 Є2-3-O 0.4 2600 3 � 109

V3 Є1 0.2 1000 1.5 � 1
Lb Base-Z 2.0 2600 3 � 109

Vb Base 0.8 1000 1.5 � 1

d-thickness, r-density, kn-particle normal stiffness, ks-particle shear stiffness, bn-norm
internal friction, h-viscosity.
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the simulation process, we extracted the displacement parameter
of the particles with a view to clear the horizontal and vertical
displacement characteristics of the model system. Furthermore, we
selected 20 particles throughout the Qiyueshan area after the PFC
simulation and extracted their displacement parameters, which
was used to discuss the structural deformation process of the study
area.

4. Results

4.1. Thermal modeling

HeFTy software with the Monte Carlo approach was used to
invert the thermal histories. Different models were selected for
each indicator, specifically, the multikinetic annealing model [59]
proposed by Ketcham et al. (2007) for AFT, the zircon and apatite
radiation damage accumulation and annealing models [65,74]
developed by Guenthner et al. (2013) and Flowers et al. (2009) for
ZHe and AHe. In our modeling, some geological constraints,
including the time range, temperature range, and present-day
surface temperature, were added to obtain a more reliable ther-
mal history path in the simulation. Previous studies stated that the
Qiyueshan area began to undergo exhumation of the Alpine stage at
125-82 Ma, while the rapid uplift of the Himalayan occurred at 40-
20 Ma [46,47,50,56,93] based on AFT ages. Therefore, the con-
strained time ranges were set to 125-80 Ma and 40-20 Ma. In
addition, the prior temperature range was set to 20e200 �C to
capture the range of temperature sensitivities expected for ZHe,
AFT and AHe. The present-day surface temperature was set to
15 ± 15 �C. In our modeling, 30000e50000 thermal paths were
developed and we set the range of temperature and time sensi-
tivities as new constraints, which were shown in Fig. 5. Then new
thermal history was modeled and the best-fit time-temperature
path indicated the thermal history of the sample. The sample FT
was modeled by integrating the ZHe, AHe and AFT data (Fig. 5a).
The thermal modeling results showed that the first cooling
occurred during the early Late Cretaceous (105e80 Ma) and caused
the sample to cool from ~165 �C to ~70 �C at a cooling rate of
~3.8 �C/Ma. The thermal histories of samples HJP and SF were
) ks (N/m) bn bs(N) m h(Pa�s)
1 � 109 0.7

07 0.5 � 107 8 � 104 0.2 1 � 104

1 � 109 0.7
07 0.5 � 107 8 � 104 0.2 1 � 104

1 � 109 0.7
07 0.5 � 107 8 � 104 0.2 1 � 104

1 � 109 0.7
07 0.5 � 107 8 � 104 0.2 1 � 104

al contact bond strength, bs-shear contact bond strength, m-coefficient of particle



Fig. 5. Thermal inversion results reconstructed by AFT, AHe and ZHe. Green lines ¼ acceptable fit paths (GOF >0.05), Magenta lines ¼ good fit paths (GOF >0.5), Black lines represent
the best time-temperature paths. GOF ¼ goodness of fit. ACC ¼ acceptable. MTL ¼ mean track length. The blue box①represents constraints for the Alpine exhumation event. The
blue box②represents constraints for the exhumation event that occurred in Himalayan. The sample FT experienced the first cooling stage at 105 Ma, while the Sample HJP and SF
began to cool rapidly at ~95 Ma. The initial time of the Alpine rapid uplift was getting later from southeast to northwest in DSA. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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obtained by their AHe and AFT data (Fig. 5b and c). The modeling
results showed the samples began to cool rapidly at ~95 Ma. Note
that the thermal histories of three samples indicated that the initial
time of rapid uplift during the early Late Cretaceous was getting
later from southeast to northwest.
4.2. Sandbox experiment

The sandbox experiment results were shown as Fig. 6, Supple-
mental Material S1a. Under compressional stress from the left, the
deformation first occurred in the left part of the sandbox (Fig. 6).
9

The basal detachment involved deformation, thus resulted in two
box anticlines in sequence (Fig. 6a and b). When the shortening
ratio was 9%, the pre-existing QYF became active (F10 shown in
Fig. 6c). The continuous compression led to overthrust of the
basement onto a higher level and formed a thrust nappe due to QYF
(Fig. 6d). Meanwhile, obvious differential horizontal displacement
occurred to the upper layers. The area where deformation first
occurred has more horizontal displacement, which indicated that
the deformation first occurred in the northwest part away from the
extrusion end in the Qiyueshan area. The QYF connected the deep
basement decollement horizon and the shallow detachment layers,



Fig. 6. (a)e(f) sandbox experiment results. (g) the interpreted of the tectonic pattern after 25% of shortening (f) based on geological scale and the eroded part was displayed in light
color. F1-19: thrust faults numbered in the order of their formation. S: the shortening ratio of the model. The blue box represents the Qiyueshan anticline. Five chevron anticlines
occurred to the northwest, the Qiyueshan anticline in the middle and two box anticlines to the southeast at 25% of shortening. The Qiyueshan anticline began to form when the
shortening ratio was 9%, and the initial time of the Alpine uplift event was getting later from northwest to southeast. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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including Silurian shale and the Triassic gypsum. Further shorting
caused the shallow detachment layers involved deformation. Some
chevron anticlines formed in the northwest with simultaneous
development of shallower detachment faults, whereas the Middle-
Lower Cambrian shale and gypsum rock was developed forward
and another anticline occurred to the southeast (Fig. 6e). Finally,
five chevron anticlines occurred to the northwest, the Qiyueshan
anticline in the middle and two box anticlines to the southeast
(Fig. 6e and f). The model morphology at 25% of shortening (Fig. 6f)
is very similar to structural style of section BeB' (Fig. 1b and c),
including tectonic zoning, the number of chevron anticlines and
box anticlines and even stratigraphic outcrops. Therefore, we
believe that this result of the model can be regarded as the defor-
mation of section BeB0 caused by SE-NW compression in the Alpine
stage (~140-40 Ma) and the Qiyueshan anticline can be regarded as
DSA. We can determine the geological time at a certain shortening
rate (S, %) using the following equation:

t ¼

8>>><
>>>:

140� S� T1
S1

; 0 � S � 20:6%

70�
�
S� 0:206

�
� T2

S2
; 20:6% � S � 25%

(2)

where T1 ¼70Ma, the time region (~140-70Ma) of simulationwith
an extrusion rate of 1.8 cm/h; S1, the shortening rate with an
extrusion rate of 1.8 cm/h, S1 ¼ 25%� 14

17z20:6%; T2 ¼ 30 Ma, the
time region (~70-40 Ma) of simulation with an extrusion rate of
0.9 cm/h; S2, the shortening rate with an extrusion rate of 0.9 cm/h,
S2 ¼ 25%� 3

17z4:4%. According to the modeling results, the
Qiyueshan anticline began to form when the shortening ratio was
9%, which indicated DSA began to uplift at ~110 Ma and the initial
10
time of the Alpine uplift event was getting later from northwest to
southeast.
4.3. Discrete element numerical modeling

The discrete element numerical modeling results, shown as
Fig. 7, Supplemental Material S1b-c, are generally consistent with
sandbox experiment results (Fig. 6). There are two box anticlines
formed in sequence at the southeast of the QYF (Fig. 7b). When the
shortening ratio was 9%, the pre-existing QYF became active
(Fig. 7c). After 20% of shortening, chevron anticlines began to
generate at the northwest of the QYF (Fig. 7e and f). The displace-
ment results of particles shown that differential uplift occurred to
the Qiyueshan area (Fig. 7h). The horizontal displacement
decreased from southeast to northwest (Figs. 7he1, Supplemental
Material S1b), while the vertical displacement increased
(Figs. 7he2, Supplemental Material S1c). These indicated the par-
ticles first uplifted with more horizontal displacement moved to
the northwest of the Qiyueshan anticline and the particles uplifted
later with less horizontal displacement remained in the southeast.
Finally, the initial time was getting later from northwest to south-
east. The geological time at a certain shortening rate (S, %) was also
calculated using equation (1). We noted that only three chevron
anticlines formed with the weak deformational extent when
modeling ran for a long time and the Qiyueshan anticline has
higher amplitude. This is mainly because the larger particles in
PFC2D were more difficult to horizontal move and shallow
detachment layers involved deformation weakly.



Fig. 7. (a)e(f) Discrete element numerical results. S: the shortening ratio of the model. (g) the interpreted of the tectonic pattern after 25% of shortening. The white circles
numbered 1e3 in h are constraint particles that match sample Ft, HJP and SF, respectively. (h-1) Horizontal displacement fields of the Qiyueshan anticline. (h-2) Vertical
displacement fields of the Qiyueshan anticline. (h-3) Sample tracks after 25% of shortening. The black lines show the model configuration. When the shortening ratio was 9%, the
pre-existing QYF became active. In the Qiyueshan area, the horizontal displacement decreased from southeast to northwest, while the vertical displacement increased. These
indicated the particles first uplifted with more horizontal displacement moved to the northwest of the Qiyueshan anticline and the particles uplifted later with less horizontal
displacement remained in the southeast. The initial time of the Alpine uplift event was getting later from northwest to southeast.
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5. Thermo-kinematic analysis

The kinematic molding results of the Alpine uplift event in DSA
(Figs. 6 and 7) are contrary to the thermal histories (Fig. 5). The
thermal histories showed the samples began to cool rapidly at
~95 Ma and the initial time of rapid uplift of the Alpine uplift event
was getting later from southeast to northwest. The kinematic
molding results showed that the Qiyueshan anticline began to form
when the shortening ratio was 9%, which indicated DSA began to
uplift at ~110 Ma and the initial time of the Alpine uplift event was
getting later from northwest to southeast. In order to get more
accurate uplift process and exhumation, some kinematic con-
straints based on sandbox experiments and numerical simulations
were given in the thermal modeling. We set the constrained time
ranges of Alpine exhumation as 105 ± 5 Ma for sample FT,
110 ± 5 Ma for sample HJP and 110 ± 5 Ma for sample FT. The
constrained time ranges of the Himalayan exhumation were set as
40 ± 5 Ma for three samples. The present-day surface temperature
11
was set as 15 ± 15 �C and the prior temperature range was set as
20e200 �C to capture the range of temperature sensitivities. Three
particles were also collected at the corresponding structural posi-
tion and the recorded paths were constrained by retaining the
movement tendency (Figs. 7he3) and revising the amount of uplift
based on sandbox experiment (Fig. 6g). Then we converted recor-
ded kinematic paths of samples into the temperature paths to
constrain thermal histories.

Fig. 8 shows the thermo-kinematic results. The best-fit time-
temperature paths represent the thermal history of samples. The
sample SF, from the northwestern of DSA, cooled rapidly during
110e60 Ma and the temperature decreased from ~120 �C to ~85 �C
at a cooling rate of ~0.70 �C/Ma. Then, it underwent slow cooling
during 60e38 Ma at a rate of ~0.45 �C/Ma, followed by a final
accelerated cooling at rate of ~1.45 �C/Ma since 38 Ma. The thermal
histories of sample HJP from the center of DSA showed that the first
cooling occurred during 108e55 Ma and caused the sample to cool
from 125 �C to ~75 �C at a rate of ~0.94 �C/Ma. It cooled slowly at



Fig. 8. Thermo-kinematic results reconstructed by AFT, AHe, ZHe and kinematic constrains. Green lines ¼ acceptable fit paths (GOF>0.05), Magenta lines ¼ good fit paths (GOF>0.5),
Black lines represent the best time-temperature paths. GOF ¼ goodness of fit. ACC ¼ acceptable. MTL ¼ mean track length. The blue boxes, imposed by the range of temperature
sensitivities and kinematic simulation results, represent constraints for the Alpine and Himalayan exhumation event. The blue dash lines represent the temperature-time paths of
samples. Thermo-kinematic results suggest the sample FT experienced the first cooling stage at ~100 Ma, while the Sample HJP and SF began to cool rapidly at ~108 Ma and 110 Ma.
The initial time of rapid uplift during the Alpine stage was getting later from northwest to southeast, which is consistent with the kinematic evolution of sandbox experiment and
DEM simulation. Thermo-kinematic results provide more convergent thermal histories (Fig. 8) and more reasonable tectono-thermal evolution results. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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rate of ~0.45 �C/Ma during 55e43 Ma and experienced accelerated
cooling at rate of ~1.16 �C/Ma after 43 Ma. The thermal histories of
sample FT from the southeastern of DSA showed that the first
cooling began at ~100Ma and continued to 80Ma. The temperature
decreased from ~175 �C to ~70 �C at a cooling rate of ~5.25 �C/Ma.
During 80-40 Ma, the sample began to cool rapidly at rate of
~0.25 �C/Ma. After 40 Ma, sample FT experienced the second rapid
cooling at a rate of ~1.00 �C/Ma. The thermal histories of three
12
samples suggested that the initial time of rapid uplift during the
early Late Cretaceous was getting later from northwest to south-
east, which is consistent with the kinematic evolution of sandbox
experiment and DEM simulation.

Ro data and the EASY Ro% model [94] were applied to recon-
structed the denudation process in our study. Ro is the most
commonly used indicator for organic matter maturity and can
reveal the maximum paleotemperature. The EASY Ro% model is
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currently the most widely applied method for inverting the
maximum paleotemperatures using Ro data. The model proposes
that a series of successive sedimentary strata reach their maximum
temperatures simultaneously and a paleo-geothermal gradient
upon reaching the maximum paleotemperature can be obtained,
based on the maximum temperatures of a series of samples (Ro) at
different depths. Ro data of DS1, DY5 and DY2 was measured from
dark shale cuttings at Wuxi Research Institute of Petroleum Geol-
ogy (Fig. 9a). The maximum gradients (G) shown as dashed and
dotted lines in Fig. 9b are calculated using the maximum paleo-
temperatures reconstructed by Ro data. The maximum paleo-
temperature profiles of three wells revealed the maximum
paleogeothermal gradient of DSA before denudation was approxi-
mately 30 �C/km.

The Mesozoic-Cenozoic exhumation history can be restored
combining with the paleo-geothermal gradient and the best-fit
time-temperature paths. Based on the modeled paleotemperature
(Tp, �C) and paleo-geothermal gradient (G, �C/km), the exhumation
(Dh, m) was calculated using the following equation:

Dh¼ �
Tp�T0

��
G� Z0 (3)

where Z0 is the present burial depth in m, T0 is the paleo-surface
temperature with 20 �C. The deformation is characterized by a
‘rapid-slow-rapid’ uplift process, including (1) the first period rapid
uplift during the Early CretaceouseLate Cretaceous, which is
consistent with the fast Pacific-Eurasia convergence [82]; (2) a
period of slow uplift during the Late Cretaceous-Eocene due to the
change in the rate of Pacific-Eurasia convergence [82] and the SEE-
ward retreat of the subducted Pacific slab [44]; (3) the second
period rapid uplift after the Eocene because of the India-Asia
collision. During the Alpine stage, the uplift time of Well DY2 is
~110 Ma and the denudation is 1550 m, while the Well DY5 began
to uplift at 108 Ma with denudation of 1750 m and the Well DY1
began to uplift at 100 Ma with denudation of 3550 m. During the
Fig. 9. (a) Ro data of DSA. (b) Maximum paleotemperature profiles reconstructed for three w
km. O: Ordovician. S1l: the lower Silurian Longmaxi Formation. S1-2: the middle-lower Silu
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Himalayan, the denudation of three wells were all ~1800 m. This
result indicated that differential uplift of Alpine is the main cause of
significant differential erosion in DSA.
6. Dynamic evaluation of shale gas preservation and loss

To study dynamic evaluation of shale gas preservation and loss,
we first reconstructed the ‘burial-hydrocarbon generation-uplift-
gas loss' evolution of shale, including the burial history, thermal
history, hydrocarbon generation history, pressure evolution and
shale gas content evolution. It can dynamically reflect the charac-
teristics of temperature and pressure evolution and quantitatively
characterize the changes of shale gas content during differential
uplift process. The specific process includes: (1) restored the ther-
mal history and paleo-geothermal gradient history of shale and get
accurate denudation; (2) reconstructed the burial history and hy-
drocarbon generation history based on the tectonic evolution
process, thermal history and denudation; (3) restored the pressure
evolution; (4) reconstructed the burial-hydrocarbon generation-
erosion evolution of shale combining the burial history, thermal
history, hydrocarbon generation history and pressure evolution.
6.1. Pressure evolution

The basin simulation method was required to restore the pres-
sure evolution and the pore pressures reconstructed by inclusions
simulation. Based on the Ro, erosion and the thermal histories
reconstructed, the burial and thermal history of DY1 were recon-
structed by the BasinMod 1D (Fig. 10a). According to the method
proposed by Zhang and Frantz (1987) [95], the trapping pressures
of inclusions were calculated (Table 6):

P¼A1 þ A2T (4)
ells in DSA. The maximum paleogeothermal gradient of DSAwas approximately 30 �C/
rian. P: Permian. T: Triassic. J1: the lower Jurassic. J2：the middle Jurassic.



Fig. 10. (a) Burial and thermal history for the lower Silurian Longmaxi Formation of Well DY1. Previous works on the paleo-heat flow in the southeastern Sichuan Basin [97e99]
were considered as determinate restraints; The red dashed lines in the left represent the temperature; The circles in the right represent the measured Ro data; The black line in the
right represents the simulation values. O: Ordovician. S: Silurian. D: Devonian. C: Carboniferous. P: Permian. T: Triassic. J: Jurassic. K: Cretaceous. EeQ: Paleogene and Neogene. (b)
The pressure evolution in the lower Silurian Longmaxi Formation of Well DY1. The stars represent the pressure and time results of NaCleH2O inclusions; The filled dots are the
drilling measured data (drilling stem test-DST); The black dashed black line represents the hydrostatic pressure. (c) The evolution of excess pressure of the lower Silurian Longmaxi
Formation in three wells of DSA. Since the Early Cretaceous, the lower Silurian Longmaxi Formation experienced a ‘rapid-slow-rapid’ pressure decreasing process. The differential
pressure distribution in plane mainly occurred in the Alpine stage. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

Table 6
The inclusions data in quartz and the results of trapping pressure of S1l.

Sample Inclusion system Homogenization temperature (�C) wt%NaCl Freezing temperature (�C) Gas/Liquid (%)

DY1 NaCleH2O 165.1e210.2
185.6 (7) *

3.2 �22.5~-4.8
�14.0 (7)

6.0

Sample Trapping time (Ma) Trapping temperature (�C) Trapping pressure (MPa) Paleo-depth (m) Pressure Coefficient

DY1 158 185.6 71.3 4950 1.47

*165.1e210.2 represents the range of homogenization temperate, 185.6 represents the average of homogenization temperature, (7) represents the number of samples. The
inclusions data were provided by the SINOPEC Exploration Company.
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A1 ¼6:100�10�3 þ
�
2:358� 10�1 � a1

�
Th

�
�
2:855�10�3 þ a2

�
Th

2 �
�
a3Th � a4Th

2
�
m

(5)
14
A2 ¼ a1 þ a2Th þ9:888�10�6Th
2 þ ða3 þ a4ThÞm (6)

where P is the trapping pressure, MPa; T is the trapping tempera-
ture, �C, which equal to the homogenization temperature (Th, �C) in
the brine inclusions [96]; a1, a2, a3 and a4 with values of
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28.73, �6.477 � 10�3, �2.009 � 10�1 and 3.186 � 10�3, are fit pa-
rameters of NaC1eH20, KC1eH20, CaC12eH20 and H20 fluids,
respectively; m is the molality, %. At 1956 m, one set of NaCleH2O
inclusions were measured with the homogeneous temperatures of
185.6 �C. The minimum capture pressure calculated by inclusion
simulation was 71.3 MPa. Based on the temperature, the burial
depth and geological age could be read from the burial history,
which was ~158 Ma at 4950 m. Therefore, the pressure coefficient
was 1.47 during the Middle-Late Jurassic, the very period with
accumulating overpressure. Corrected by the constrains of in-
clusions pressures and present pressures, the pressure evolution of
the lower Silurian Longmaxi Formation (Fig. 10b) could be simu-
lated under the Bmod Fluid Flowmodel. The result showed that (1)
the overpressure began at the Early Triassic (~250 Ma), which was
relatively stable during the Early Jurassic period; (2) at the end of
the Jurassic (175 Ma), the overpressure increased rapidly, reaching
the maximum at 100 Ma (~110.0 MPa); (3) with the rapid uplift
from the Late Cretaceous, the pressure decreased rapidly, even to
the normal at the Oligocene (~30 Ma).

Based on the simulation parameters of well DY1, the excess
pressure evolutions of other wells were reconstructed (Fig. 10c).
The results showed that the overpressure reached the maximum at
the Late Cretaceous, while the maximum decreased from north-
west to southeast. Affected by the uplift since the Early Cretaceous,
the lower Silurian Longmaxi Formation experienced a ‘rapid-slow-
rapid’ pressure decreasing process and the reduction was different
in different periods. The pressure of well DY1 decreased faster than
other wells during the Alpine stage, while it was opposite during
the Himalayan. However, there were less pressure reduction in the
well DY2 and DY5 and some overpressures are still retained, with
pressure coefficients of 1.55 and 1.30, respectively. This indicated
the differential pressure distribution of the lower Silurian Long-
maxi Formation in plane mainly occurred in the Alpine stage.

6.2. Dynamic analysis of shale gas preservation

The evolution of temperature and pressure allow us to estimate
the shale gas content during the uplift process according to the
quantitative calculation method for shale gas occurrence proposed
by Yu et al. (2016) [100]. Firstly, the adsorbed gas content was
calculated based on the TOC content, temperature and pressure
under burial conditions. In addition, free gas storage space was
derived by deducting the volume of pore water and adsorbed gas
from total space. Then, the density of free gas was calculated using
the Peng-Robinson (PR) equation [101]. Finally, the free gas content
was calculated (see Supplemental Material S2). Note that the cur-
rent shale gas content calculated is consistent with actual explo-
ration. Therefore, we believe that this result can be regarded as
shale gas content evolution of DSA.

Confined by Ro, denudation, temperature, pressure and gas
content, we attempt to reconstruct the burial-hydrocarbon gener-
ation-erosion evolution of the lower Silurian Longmaxi Formation
shale (Fig. 11). The shale experienced the rapid subsidence during
the Middle-Late Silurian and continuous uplift from Devonian to
Carboniferous. During this period, the shale buried shallow and it
was always in the low mature stage. The bottom of the lower
Silurian Longmaxi Formation shale entered the hydrocarbon gen-
eration threshold (Ro ¼ 0.5%) in the Early Devonian. With the rapid
buried, the maturity of shale increased rapidly after the Early
Permian. The shale reached the main gas stage (1.3% < Ro < 2.0%) in
the Early Triassic and rapidly entered the dry-gas stage (Ro > 2.0%)
in the Late Jurassic. The maturity reached the maximum in the Late
Cretaceous and the shale gas content, temperature and pressure
also reached the maximum. Affected by the differential uplift since
the Early Cretaceous, there are obvious differences in the process of
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temperature and pressure decreased. The shale gas was also char-
acterized by differential loss. The well DY1 is located in the
northwestern DSA. During the Early Cretaceous-Eocene (100-
40 Ma), the temperature, pressure and shale gas content of the
lower Silurian Longmaxi Formation shale decreased from 230 �C,
118MPa and 6.37 m3/t to 103 �C, 42MPa and 4.27 m3/t as a result of
the huge Alpine uplift (~3550 m). The Himalayan uplift since the
Eocene caused the temperature, pressure and shale gas content
decreasing to 60 �C, 15 MPa and 3.15 m3/t. The well DY5 lies in the
center of DSA. From the Early Cretaceous (108 Ma) to the Eocene
(43 Ma), the moderate Alpine uplift (~1750 m) resulted in the
temperature and pressure decreasing with values of 68 �C and
37 MPa and the shale gas loss was 0.42 m3/t. Since then, the tem-
perature, pressure and shale gas content decreased to the present
values of 111 �C, 48 MPa and 6.22 m3/t due to the Himalayan uplift.
The well DY2 is located in the southeastern DSA. There was 61 �C,
32 MPa and 0.22 m3/t in the decreasing of the temperature, pres-
sure and shale gas content in response to the moderate Alpine
uplift (~1550 m) during the Early Cretaceous-Eocene (110-38 Ma).
From the Eocene to the present time, the temperature, pressure and
shale gas content decreased to 113 �C, 67 MPa and 7.45 m3/t
because of the Himalayan uplift. With a trend of decreasing from
southeast to northwest, the shale gas loss of the lower Silurian
Longmaxi Formation mainly occurred in the Alpine stage. This
suggested that the differential uplift of Alpine resulted in differ-
ential distribution of gas content in plane.

7. Discussion

7.1. Thermo-kinematic constraints on the tectono-thermal
evolution of fold-and-thrust belts

Kinematic analysis is one of the main fields of structural geology
research in fold-and-thrust belts and the methods include sandbox
experiment, numerical simulation and thermo-chronology, etc.
Sandbox experiments forward simulates the formation process
with visual phenomena and is convenient to analyze the structural
deformation characteristics and dynamic mechanism. But it cannot
reveal the microscopic information during experimental process,
such as displacement, temperature, etc. Numerical simulation
mainly includes finite element and discrete element method. It is
convenient for quantitative research on displacement and stress
field, while suitable geological model and mechanical parameters
should be set. Thermo-chronology inverse simulates the tectonic
evolution by restoring the thermal histories of samples and quan-
titatively characterize the multi-stage uplift process. Some certain
geological constraints, including time and temperature ranges, are
required for thermal history reconstructed by thermochronology
[102,103]. The temperature range is given based on the temperature
sensitivities expected for thermo-chronometers and the time range
is estimated by regional tectonic evolution. Different views on the
uplift process and dynamics mechanism will inevitably lead to
different constraints and different thermal histories. In the south-
eastern Sichuan Basin, for example, the Mesozoic-Cenozoic uplift
process has been intensively investigated by thermochronology.
Nevertheless, the thermal paths constrained by the apatite fission
track indicate the uplift process remains controversial, while it can
be divided into three stages (rapid-slow-rapid) [50,56,93,104], two
stages (slow-rapid) [48] or one stage [49,105e107]. Moreover, the
thermochronology data indicate the initial uplifting time in the
Qiyueshan anticline was quite different, which is about 100 Ma
[46,47,105] or 80 Ma [48,56]. In addition, the denudation in the
same area was also controversial. For example, the denudation
since the Late Cretaceous in the southeastern Sichuan Basin
restored by Deng et al. (2013) was about 2500 m [42], which is s far



Fig. 11. The ‘burial-hydrocarbon generation-uplift-gas loss' evolution of the lower Silurian Longmaxi Formation shale. O: Ordovician. S: Silurian. D: Devonian. C: Carboniferous. P:
Permian. T: Triassic. J: Jurassic. K: Cretaceous. EeQ: Paleogene and Neogene. 230 �C, 118.0 MPa represents the temperature and pressure of the bottom of the lower Silurian
Longmaxi Formation shale; 6.37 m3/t represents the shale gas content of the bottom of the lower Silurian Longmaxi Formation. Since the Early Cretaceous, there are obvious
differences in the process of temperature and pressure decreasing and shale gas losing. The shale gas loss of the lower Silurian Longmaxi Formation mainly occurred in the Alpine
stage.
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less than the results recovered by other scholars [48,105].
Essentially, thermal histories are often used to reflect the cool-

ing processes of samples during the formation of a fold-and-thrust
belt. However, there are obvious differential horizontal displace-
ment (Figs. 6 and 7). The information of the horizontal motion
contained in the thermal histories is always overlooked, which has
a significant effect on the kinematic analysis for the area with long
horizontal displacement. In recent years, some scholars have pro-
posed the thermo-kinematic method to study tectonic evolution of
fold-and-thrust belts [108e110]. Almendral et al. (2015) has pro-
posed the FetKin, a Cþþ program for forward thermo-kinematic
modeling, by coupling the balanced reconstruction (2DMove),
finite element computation of temperatures and thermochrono-
logical ages [108]. This method has achieved satisfactory applica-
tion results in the study of the structural evolution of the
Colombian Eastern Cordillera [68] and the Tajik fold-and-thrust
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belt [110]. However, they also overlooked the obvious differential
horizontal displacement and the thermal histories may not reveal
the thrusting process accurately.

In this study, we demonstrated new insight for kinematic res-
torations in the thrust nappe with differential horizontal
displacement. The deformation process was first identified by
sandbox experiments and DEM, Then, some kinematic constraints
were given to the thermal modeling. In this process, we have
considered the horizontal displacement information. Finally, the
uplift process was reconstructed by the best timeetemperature
path and Ro data. Compared with the thermal histories recon-
structed by low-temperature thermochronology data (Fig. 5),
thermo-kinematic analysis can provide a more convergent thermal
histories (Fig. 8) and more reasonable tectono-thermal evolution
results. This method also has limitations: the temperature paths
converted by recorded kinematic paths of particles may not match



Fig. 12. Influence of differential tectono-thermal evolution on shale gas preservation in DSA. (a) The characteristics of fracture growth in roof predicted by the curvature attribute.
The roof includes the middle Silurian green silty mudstone and the upper section of the lower Silurian Longmaxi Formation. (b) The characteristics of fracture growth in the lower
Silurian Longmaxi Formation shale. (c) the model of shale gas loss in DSA. The ‘X' represents the fracture growth and few ‘X' indicates few fractures. The yellow circles represent the
shale gas content and more circles suggest more gas content. From northwest to southeast, the uplift extent, fracture and shale gas loss gradually increased, the reformation time
became later, and the loss mode of shale gas gradually changed from lateral diffusion to the coexistence of lateral diffusion and vertical dissipation. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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the thermal histories well. We suggest there are two reasons. (1)
Sandbox experiments and DEM can reveal the deformation
sequence of fold-and-thrust belts, which indicates we can get ac-
curate initial uplift time of some structures. But they cannot restore
the structural uplift amplitude perfectly. Higher amplitude will be
generally occurred in DEM; (2) The geothermal gradient plays an
important role in the transformation of kinematic path into tem-
perature path. For example, the geothermal gradient in Sichuan
Basin has gradually decreased since the Cretaceous [111]. If only the
present (or the Cretaceous) geothermal gradient is used to convert
kinematic path to temperature path, same uplift amplitude will
result in more (or less) temperature reduction. Therefore, the
temperature path converted by kinematic path is for thermal
evolution reference only and we cannot give accurate constraints in
temperature ranges to the thermal modeling. In this study, we only
gave the time range based on sandbox experiments and numerical
simulations, while the temperature range was also constrained by
the sensitivities of ZHe, AFT and AHe ages.
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7.2. Influence of differential tectono-thermal evolution on shale gas
preservation

Multi-stage tectonic evolution played an important role in the
shale gas preservation. For one thing, the thermal evolution of shale
is complex due to multi-stage uplift, resulting in multi-stage hy-
drocarbon generation and expulsion. For another, the energy field
(pressure, temperature, stress, fluid chemical, etc.) and the me-
chanical properties of shale will be changed during uplift process.
Compared with carbonate rock and sandstone, shale usually has
stronger plasticity and certain survivability for its low porosity and
low permeability. However, when late tectonic movement results
in intensive uplifting, denudation, folding and faulting, the pressure
system is destructed and the caprock losses plasticity, which may
cause the sealing and preservation conditions of shale is getting
worse. During the uplift process, pre-existing micro fractures in the
shale will be re-opened due to pressure relief. In DSA, for example,
after reaching the maximum burial depth, the microfractures
generated by gas expansion resulted from shale uplift and
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unloading effectively improved the connectivity of various pores
[20,23,24]. In the later uplift process, the horizontal fractures were
fused to increase the horizontal permeability, which resulted in
lateral diffusion of shale gas. With further uplift, a large number of
vertical fractures would form to destroyed the continuity of shale
gas interval, overlying caprock, allowed the shale gas to dissipate
vertically. Herewe build amodel of shale gas loss in DSA (Fig.12). In
Well DY-2 and Well DY-5, there are a few fractures in the shale and
roof and shale gas mainly diffuses laterally. In Well DY-1, the
enormous uplift occurred since the Early Cretaceous resulted in
obvious fractures in the shale and roof. It caused vertical dissipation
and lateral diffusion of shale gas.

Previous studies show that the preservation of shale gas is
controlled by the intensity and duration of late tectonic movements
[16,18,20,21,37]. The exploration practice has showed that pressure
is a comprehensive indicator for sealing condition and the pressure
coefficient has a positive correlation with shale gas content
[15,21,51]. The pressure coefficient of shale is increased from
southeast to northwest, while the pressure coefficient of shale in
the basin is more than 2 and the pressure coefficient of shale
outside the basin is generally less than 1 (Fig. 1), which indicates
the preservation condition of shale gas is getting worse from
southeast to northwest. Meanwhile, this area experienced pro-
gressive tectonic deformation from southeast to northwest in the
period from ~180 Ma to ~80 Ma [40,46e48,50,93,104]. This con-
sistency indicated the reformation time of Alpine-Himalayan tec-
tonic movements has a great impact on the preservation of shale
gas. However, our results suggested the reformation time became
later from northwest to southeast, while the shale gas diffusion loss
decreased from southeast to northwest. This shows that the pres-
ervation of shale gas is controlled by the intensity of late tectonic,
rather than reformation time. Strong uplift in a short time is
destructive to the preservation of shale gas, while moderate uplift
in a long time is constructively. The gradual deterioration of shale
gas preservation conditions from southeast to northwest in the
southeast Sichuan basin and its peripheral regions is mainly caused
by different intensity of late tectonic. The characteristics of faults
development (Fig.1) which indicates the intensity of late tectonic in
the Hubei-Hunan-Guizhou Fold Belt is much stronger than that of
the southeast Sichuan basin.

8. Conclusions

With the high natural gas price and enormous energy demands,
shale gas has recently been the focus of energy exploration and has
a profound impact on the energy markets. Tectonism significantly
affects the shale gas preservation. The influence of tectono-thermal
evolution on shale gas preservation was analyzed quantitatively in
a case study from DSA, South China. As a thrust nappe structure,
DSA is characterized by significant differential vertical uplift, hori-
zontal zoning of gas content in the lower Silurian Longmaxi For-
mation shale. Here, the Mesozoic-Cenozoic uplift history was
constrained by new thermo-kinematic method combining sandbox
experiment, DEM, thermochronology and Ro data. The results
indicate that there are differential uplift processes during Alpine-
Himalayan. Differential uplift of Alpine resulted in significant dif-
ferential uplift. The Alpine uplift process shows periodic uplift
characterized by early rapid uplift and late slow uplift accompanied
with differential horizontal displacement. From southeast to
northwest, the uplift time changed from 100 Ma to 110 Ma, while
the erosion decreased from 3550 m to 1550 m. During the Hima-
layan, the uplift process was characterized with a rapid uplift as a
whole with a deduction of 1800 m. The Alpine stage is the main
stage causing significant differential uplift. We demonstrated that
compared with the thermal histories reconstructed by low-
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temperature thermochronology data, thermo-kinematic analysis
could provide a more convergent thermal histories and more
reasonable tectono-thermal evolution results.

The 'burial-hydrocarbon generation-uplift-gas loss' evolution of
the lower Silurian Longmaxi Formation shale was reconstructed
based on the burial history, thermal history, hydrocarbon genera-
tion history, pressure evolution and shale gas content evolution. It
can dynamically reveal the characteristics of temperature and
pressure evolution and quantitatively characterize the changes of
shale gas content during differential uplift process. The results
show that the buried depth, maturity, temperature, pressure and
shale gas content of the shale reached the maximum in the Late
Cretaceous. Affected by the differential uplift since the Early
Cretaceous, the lower Silurian Longmaxi Formation shale experi-
enced a ‘rapid-slow-rapid’ differential cooling and pressure
decreasing process and there were obvious differences in the shale
gas diffusion losing, which mainly occurred in the Alpine stage. The
shale gas loss mode suggests the preservation of shale gas is
controlled by differential uplift and erosion. With moderate uplift,
there are few fractures in the shale and roof and shale gas mainly
diffuses laterally, while enormous uplift resulted in obvious frac-
tures and lateral diffusion and vertical dissipation.
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