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Lower Silurian shale, with a variable gas enrichment, in the Upper Yangtze Block is used to evaluate the response
of shale fracturing and gas loss to differential tectonic reworking. The Meso-Cenozoic uplift process was
reconstructed by apatite fission track, zircon fission track, apatite (U-Th)/He and zircon (U-Th)/He dating.
During the Mesozoic, due to Pacific-Eurasian convergence the Upper Yangtze Block underwent northwestward
progressive deformation, with a periodic uplift process characterized by rapid uplift during the Early-Late
Cretaceous, followed by subsequent slow uplift. The Cenozoic uplift process was characterized by rapid uplift
in the Sichuan Basin as a result of Indian-Asian collision and inherited slow uplift in the Hubei-Hunan-Guizhou
fold belt in response to Pacific-Eurasia convergence. The pressure evolution of the Lower Silurian shale was
reconstructed using fluid inclusions and variation in shale gas content was quantified. By comparing the dif-
ferences in pressure reduction, fracturing, and shale gas loss we explore the effect of tectonic reworking on shale
fracturing and gas preservation in relation to deformation, uplift and the maximum burial depth. Deformation
increases fracture development and reduces the sealing capacity of the shale. Uplift amplitude is a major con-
trolling factor. Large amounts of uplift resulted in clear fracturing and massive gas loss. Triaxial fracture tests
show that the maximum burial depth is associated with shear fractures in the shale and thereby affects shale gas
preservation during uplift. The differences of slip deformation, tectonic uplift amplitude and the maximum burial
depth of shale resulted in the differential enrichment of the Lower Silurian shale gas.

1. Introduction

As an unconventional natural gas stored in shale, shale gas has
recently become a key exploration target in many countries, including
the United States, Canada, and China. It occupies a key position in the
world energy industry (Assad et al., 2018; Yang et al., 2021). With the
development of shale gas exploration and development, shale fracturing
and gas preservation conditions have become the core issues of
increasing concern. Shale reservoirs are complicated dual-porosity
media systems composed of abundant pores and microfractures, which

act as the storage spaces and main transport pathways of the shale gas.
The degree of shale fracturing is a controlling factor of gas producibility,
and tectonic events are one of the main mechanisms causing fracture
growth and play an important role in shale gas preservation (Slatt and
O’Brien, 2011; Zeng et al., 2013; Ougier-Simonin et al., 2016). Triaxial
fracturing tests have revealed that uplift changes shale from plastic to
brittle, resulting in shear fracturing (Nygard et al., 2006; Chen et al.,
2016; Ju et al., 2018; Tan et al., 2020). The regional fractures in the
Upper Triassic shale in central China, the Lower Silurian shale in
southern China, as well as the Antrim Shale, Albany Shale, and Lewis

Abbreviations: UYB, Upper Yangtze Block; R, vitrinite reflectance; Requ, €quivalent vitrinite reflectance; TOC, total organic carbon; AFT, apatite fission track; ZFT,

zircon fission track; AHe, apatite (U-Th)/He; ZHe, zircon (U-Th)/He.
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Fig. 1. (a) The tectonic location of the Upper Yangtze Block (modified after Jiang et al. (2019)), XFS—Xuefengshan; (b) geologic map of the Upper Yangtze Block.
HYF-Huayingshan Fault, QYF-Qiyueshan Fault, LQF-Longquanshan Fault, QYF-Qiyueshan, HHGFB-Hubei-Hunan-Guizhou Fold Belt, ESB—eastern Sichuan Basin,
CSB-central Sichuan Basin, WSB-western Sichuan Basin. (c) Structural section of cross-section A-A’, the plane location is shown in (b); (d) stratigraphic column and
tectonic movements in the Upper Yangtze Block (modified after Liu et al. (2016); Wang et al. (2021)).

Shale in North America are all considered to be related to uplift (Curtis,
2002; Julia et al., 2014; Ding et al., 2016; Li et al., 2020; Ge et al., 2021).
With proven gas reserves of more than 1 trillion m3, the Upper Yangtze
Block (UYB) is the primary shale gas-producing region in China. As of
December of 2021, the total production exceeded 500 x 108 m® (20 °C,
101 KPa) (He et al., 2020; Ma et al., 2021). Exploration practices have
revealed that there are significant variations in the gas content of the
Lower Silurian shale in the UYB and the gas preservation conditions are
the key factor controlling the differential enrichment of shale gas (Guo
and Zeng, 2015; Guo et al., 2017; Ma et al., 2018; Li et al., 2020; Shu
et al., 2020). Moreover, the UYB experienced multiple stages of tectonic
movement, resulting in significant differential uplift of the Lower Silu-
rian shale (Yan et al., 2003; Richardson et al., 2008; Shen et al., 2009;
Deng et al., 2013; Wu et al., 2020; Liu et al., 2021a). It is generally
believed that the strength and duration of tectonic reworking is the
major factor controlling shale gas preservation conditions and de-
termines the gas contents of shale reservoirs (Hu et al., 2014; Guo et al.,
2017; He et al., 2020; Li et al., 2020). In addition, the shale gas loss due
to the uplift during the Variscan Orogeny possesses a major geological
challenge in the exploration and development of the Mississippi Alum
shale occurs in northern Europe (Assad et al., 2018). The folded and
faulted, with gentle to steep layer dips and structural complexity,
constrain U.S. shale gas production, including the Miocene Monterey,
Middle Devonian Marcellus, and the Eagle Ford shales (Evans et al.,
2014; Ferrill et al., 2014; Wilkins et al., 2014). Therefore, the effect of
tectonic reworking on shale fracturing and gas preservation is a core
scientific issue in the shale gas industry.

Previous studies have intensively analyzed the effect of tectonic
reworking on shale fracturing and gas preservation from the perspec-
tives of the faulting intensity, structural style, fracture growth, and in-
tensity and duration of the late tectonic uplift (Zeng et al., 2013; Evans
et al., 2014; Ferrill et al., 2014; Guo et al., 2017; Wei et al., 2017; He
etal., 2019, 2020). A broad and gentle structure with a continuous seal,

moderate fracture growth, appropriate distance to the fault zone, and
late uplift is conducive to shale gas preservation and exploitation (Smart
etal., 2014; Guo et al., 2017; Ma et al., 2018; He et al., 2019). However,
these studies were mostly based on qualitative analysis of static pa-
rameters, such as faulting intensity, structural style, intensity and
duration of the late tectonic uplift, etc. The response of shale fracturing
and gas loss to different tectonic reworking events is still not clear. Shale
gas loss during uplift lacks quantitative characterization. It is necessary
to further study the dynamic loss of shale gas during tectonic evolution.
By studying the tectono-thermal evolution, the uplift processes can be
reconstructed. The burial history, hydrocarbon generation history, and
temperature and pressure evolution of the shale can be further recon-
structed, providing a framework for the dynamic evaluation of shale gas
preservation.

In this study, the effect of tectonic reworking on shale fracturing and
gas preservation was investigated through a case study of the Lower
Silurian shale with variable gas enrichment in the UYB, southwestern
China. First, the Meso-Cenozoic uplift process was reconstructed based
on vitrinite reflectance (R,) and low-temperature thermochronology
data, including apatite fission track (AFT), zircon fission track (ZFT),
apatite (U-Th)/He (AHe), and zircon (U-Th)/He (ZHe) data. Then, we
estimated the pressure evolution of the Lower Silurian shale through
fluid inclusion analysis and basin modeling. Based on the temperature
and pressure evolution, the variation in the shale gas content was
quantitatively characterized. Finally, combined with the results of
triaxial fracturing tests conducted on the Lower Silurian shale and the
differences in pressure decrease process, the fracturing, shale gas lose,
and the effect of the tectonic reworking on shale gas preservation were
investigated from the perspectives of slip deformation, uplift, and
maximum burial depth. In addition to quantitatively assessing the ef-
fects of the tectonic reworking on the shale fracturing and gas preser-
vation, this study provides a scientific basis for analyzing the differential
enrichment mechanism of shale gas. The results of this study also have
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Fig. 2. (a) Pressure distribution characteristics of the Lower Silurian strata in the Upper Yangtze Block; DY2/1.55: the pressure coefficient of the Lower Silurian
strata in Well DY2 is 1.55. (b) The fold and fault distribution characteristics of the Lower Silurian strata in the Upper Yangtze Block.

important implications for shale gas exploration and development
around the world.

2. Geological setting

The UYB is located in the western part of the South China Block and
comprised the Sichuan Basin and the Hubei-Hunan-Guizhou fold belt.
Tectonically, it is bounded by the Qinling Orogen to the north, the Ti-
betan Plateau to the west, and the Xuefengshan thrust belt to the east
(Fig. 1a). Within the UYB, a large-scale intracontinental thrust system is
separated from the central Sichuan Basin by the Huayingshan Fault
(Fig. 1b). The fold-and-thrust belt with multiple detachments is well
developed and exhibits different structural styles. Separated by the
Qiyueshan Fault, it varies from the eastern Sichuan Basin, which is
represented by subparallel chevron anticlines, in the west to the
Hubei-Hunan-Guizhou fold belt, which is dominated by chevron syn-
clines, in the east (Fig. 1c). There is a thrust nappe structure in the
Qiyueshan area near the eastern boundary of the Sichuan Basin (Fig. 1b
and c). Owing to their abundant gas reserves, the western slope of the
central Sichuan Basin, the eastern Sichuan Basin, and the synclines in
the Hubei-Hunan-Guizhou fold belt are the key areas of shale gas
exploration in China. Significant gas fields have been discovered in the
Lower Silurian shale including the Fuling, Weiyuan, Dingshan, Yong-
chuan, and Chingning shale gas fields.

The Paleozoic to Cenozoic stratigraphic succession can be divided
into two main depositional intervals: the marine sequence from the
Paleozoic to the Middle Triassic and the terrestrial sequence from the
Late Triassic to the Eocene (Fig. 1d). The sedimentary cover has a total
thickness of 5-10 km (Ma, 2007; Liu et al., 2021a). As the main shale gas
rich reservoir, the Lower Silurian is mainly composed of black
organic-rich shale containing abundant graptolites with a thickness of
30-120 m. The overlying caprock composed of the Middle Silurian green
silty mudstone and the underlying floor of the Middle Ordovician dark
gray limestone have good sealing abilities. With a distribution area of
>10 x 10* m3, the shale has burial depths of 1300-4500 m (Zou et al.,
2015). The total organic carbon (TOC) content ranges from 0.4% to
18.4%, with an average of 2.5%; and the high TOC sections (TOC >2%)
are mainly developed in the lower part of the Lower Silurian. The shale
is highly mature, with R, values ranging from 2.4% to 3.63% (Wang
et al., 2019). The pressure coefficient of the Lower Silurian ranges from
1.0 to 2.5. The pressure coefficient in the Hubei-Hunan-Guizhou fold
belt is generally less than 1.0, while the Lower Silurian in the Sichuan
Basin is characterized by overpressure (Fig. 2a). Exploration has shown
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Fig. 3. Correlation between the gas content and the pressure coefficient for the
Lower Silurian strata in typical wells.

that the pressure is a comprehensive indicator of the preservation con-
ditions and has an obvious positive correlation with the shale gas con-
tent (Fig. 3). Therefore, the increase in the pressure coefficient from the
Hubei-Hunan-Guizhou fold belt to the Sichuan Basin suggests that the
UYB is characterized by differential shale gas enrichment.

Located in the transition zone between the Tethys-Himalayan tec-
tonic domain and the Circum-Pacific tectonic domain, the UYB experi-
enced multiple tectonic stages from the Paleozoic to the Cenozoic,
including the Caledonian, Hercynian, Indosinian, Yanshanian, and Hi-
malayan movements. These tectonic movements resulted in a complex
fault and fold system (Fig. 2b), the absence of most of the upper Silurian,
Devonian, and Carboniferous strata across the South China Craton; the
E-W-trending Leshan-Longnvshi paleo-uplift in the central Sichuan
Basin, and several regional unconformities (Fig. 1d). The fold and fault
distribution characteristics indicate that the structural form of the UYB
was mainly controlled by SE-NW compression during the Yanshanian
movement (Early Cretaceous-Eocene) and the approximately E-W
compression during the Himalayan movement (Eocene-present time)
(Deng et al., 2013; Wang et al., 2014; Yong et al., 2018; Liu et al.,
2021a). The Jurassic and Triassic strata are mainly exposed in the
Sichuan Basin, while the strata exposed in the Hubei-Hunan-Guizhou
fold belt are mainly Cambrian to Ordovician in the anticlines and Silu-
rian to Permian in the synclines. Thermochronology and laboratory
simulation experiments have shown that the UYB experienced
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Table 1
Details of the thermochronology samples and the measured ZFT and AFT ages.
Fission-track Sample Stratigraphic Lithology Elevation Grains P (x2) Central Age (Ma) (+10) MTL + SD (pm) (N) Dpar (pm)
/Depth(m)
AFT XD J> (174-163 Ma) Sandstone outcrop 389 40 0.57 52.6 £ 11.5 12.12 + 2.62 (66) 1.68
YY1 J2 (174-163 Ma) Sandstone cuttings —-316 38 0.82 56.0 £12.5 11.14 + 2.19 (33) 1.63
CSZH1 T3 (235-201 Ma) Sandstone outcrop 374 12 0.17 48.6 + 14.7 11.25 + 2.45 (14) 1.51
JY8 S; (438-433 Ma) Sandstone cuttings —2254 26 1.00 18.7 +£5.3 12.20 + 2.14 (26) 1.63
WL Jo (174-163 Ma) Sandstone outcrop 678 34 0.63 90.9 +11.7 12.54 +1.71 (52) 1.9
QJ J> (174-163 Ma) Sandstone outcrop 490 27 0.43 98.0 +12.7 13.12 + 2.02 (77) 1.78
LingY1 T3 (235-201 Ma) Sandstone cuttings -318 15 0.68 62.4 + 13.5 12.55 + 1.79 (9) 1.85
Tt Jo (174-163 Ma) Sandstone outcrop 1077 27 0.45 66.6 + 4.7 12.0 + 2.02 (41) 2.12
FT J, (174-163 Ma) Sandstone outcrop 835 24 0.93 69.3 + 5.2 12.0 +1.71 (41) 2.04
YF1-2 Ts (235-201 Ma) Sandstone cuttings —436 40 0.82 48.2 + 3.4 12.08 +1.79 (21) 1.63
ZFT JS1 €, (514-509 Ma) Sandstone cuttings —3925 35 0 242.2 +10.8
YF1 €; (514-509 Ma) Sandstone cuttings —4413 34 0 205.3 + 8.8

P(x2) is chi-square probability (Galbraith, 1981). MTL is Mean track length. SD is the standard deviation of measured confined track lengths. N is the number of track
lengths. Dpar is long axis of track etch pit, which is usually used as a proxy for the influence of chemical composition on track annealing (Donelick et al., 2005). ZFT

data are obtained from Feng et al. (2021).

progressive  northwestward tectonic deformation from the
Hubei-Hunan-Guizhou fold belt to the Sichuan Basin from ~170 Ma to
~90 Ma (Richardson et al., 2008; Shen et al., 2009; Shi et al., 2016; Liu
et al., 2018; Wu et al., 2020). The uplift of the Qiyueshan area occurred
at ~120 Ma, while the central uplift occurred at about 90-100 Ma. The
thermal histories reconstructed using low-temperature thermochronol-
ogy data demonstrate that the UYB experienced periodic uplift charac-
terized by rapid uplift from the Late Jurassic/Early Cretaceous to the
Late Cretaceous, slow uplift during the Late Cretaceous-Oligocene, and
rapid uplift since the Oligocene. The fold and fault distribution and
stratigraphic exposure characteristics indicate that obvious differential
tectonic reworking and denudation have occurred in the UYB since the
Mesozoic. The UYB is an excellent area for analyzing the effects of tec-
tonic reworking on shale gas preservation due to the coupling of the
differential tectonic reworking and the differential enrichment of shale
gas. Twelve wells with different gas contents in the Lower Silurian shale
were selected for the analysis, including wells WY23-1 and YF1 in the
central Sichuan Basin; wells JY1, JY8, NY1, YY1, YY7, LingY1, DY4, and
DY1 in the eastern Sichuan Basin; and wells LY1 and PY1 in the
Hubei-Hunan-Guizhou fold belt (Fig. 1b).

3. Samples, methods and results
3.1. Low-temperature thermochronology

In this study, cutting and core samples from 12 shale gas wells were
selected for AFT, ZFT, AHe, and ZHe analyses to reconstruct the Meso-
Cenozoic uplift process. The detailed sample locations and lithology
data are presented in Table 1 and Fig. 1b. Fission track thermochro-
nology is based on the retention of radiation damage due to the spon-
taneous fission of %%V in uranium-bearing minerals (commonly apatite
or zircon) (Donelick et al., 2005). ZFT can be used to reconstruct the
thermal history of a rock sample through the partial annealing zone of
~170-350 °C (Bernet, 2009), while AFT is characterized by a partial
annealing zone in the range of ~60-125 °C (Gleadow et al., 1986; Green
et al,, 1986; Ketcham et al., 2007; Fitzgerald and Malusa, 2018).
(U-Th)/He thermochronology is a method based on the He produced
from the nuclear decay of the U and Th in accessory minerals. Systematic
diffusion studies have shown that the ZHe partial annealing zone is
~140-200 °C (Reiners, 2005) and the AHe partial annealing zone is
~40-75 °C (Wolf, 1998). Based on the different thermochronology data,
the thermal history of the samples from different regions and layers was
determined.

The fission-track thermochronology analyses were conducted at the
Thermochronology Laboratory of the China University of Petroleum,
Beijing. AFT analysis was conducted on samples XD, YYI, CSZH, JY8,
WL, QJ, LingY1, Tt, FT, and YF1-1, and we determined the ZFT ages of

samples YF1-2 and JS1. The AFT ages of samples Tt and FT were
determined using the external detector method and ¢(zeta) calibration
(Hurford and Green, 1983). The Trackkey software (Dunkl, 2002) was
used to calculate the fission track ages based on a zeta-value of 268.6 +
13.4 a/cm?. The testing procedure was the same as that described by
Chang et al. (2019b). The AFT ages of the other eight samples were
obtained using laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) by technique described by Cogné et al. (2020).
The fission tracks were counted using a Zeiss Axio-Imager M2m micro-
scope and the TrackWorks software (Dunkl, 2002). For each sample, the
grains with polished surfaces parallel to the c-crystallographic axis were
selected for analysis. The horizontal confined track lengths and three
Dpar were measured for each counted grain as a proxy for the compo-
sitional influence on the annealing of each counted grain. The uranium
content of each analyzed grain was also measured following the pro-
cedure described by Cogné et al. (2020). Additional compositional data
for a subset of elements (e.g., 43ca, 238y, 2321, 3¢, ¥c1, 294pb, and
207pb) were also obtained. The “*Ca content was used as the internal
standard element, and the AFT age was calculated based on the Durango
apatite age standard. The detailed information of the ZFT analysis is
described in our previous study (Feng et al., 2021). The RadialPlotter
and DensityPlotter programs (Vermeesch, 2009, 2012) were used to
create the probability density plot and the kernel density estimators. The
RadialPlotter software identifies and extracts the component ages from
mixed age populations. 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 following the method of Galibraith and Green
(1990).

The AHe age analysis was performed on the Mesozoic samples (XD,
YY1, CSZH1, JY8, WL, QJ, LingY1, Tt, FT and YF1-2) at the University of
Florida following the procedures described by Chang et al. (2019a). The
ZHe analysis of the zircon grains from samples YF1, JS1, FT, WL, and QJ
was conducted at the School of Earth Science, University of Melbourne,
following the procedures described by Gleadow et al. (2015). For each
sample, five apatite and zircon grains were analyzed.

3.2. Vitrinite reflectance data

The maturity of the organic matter is controlled by the maximum
paleotemperature, and the vitrinite reflectance (R,) is the most
commonly used indicator (Taylor et al., 1998; Suarez-Ruiz et al., 2012;
Hackley and Cardott, 2016). Because vitrinite is absent in the Lower
Paleozoic stratum, the equivalent R, (Requ) data have been used based
on the vitrinite-like maceral reflectance (Ry), graphite reflectance (Ry),
or bitumen reflectance (Rp). Here, the formulas calculating Req, are
obtained from Ry, (Feng and Chen, 1988; Wei et al., 2016; Schmidt et al.,
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Fig. 4. (a) The loading and unloading of the confining pressure; (b) stress—strain curves of the shale samples during the unloading process. The points represent the

rock rupture points.

2019) and Rg (Petersen et al., 2013; Wang et al., 2019; Luo et al., 2020).
The Reqy data for the dark shale cuttings from 9 wells (YY1, YY7, LingY1,
PY1, LY1, NY1, JY8, JY1, and WY23-1) were measured at the Wuxi
Research Institute of Petroleum Geology following the method described
by Littke et al. (2012). The Reqy data for six wells (DS1, DY2, DY5, JS1,
WY35-1, and YF1) were compiled from Feng et al. (2021), Qiu et al.
(2021) and Wang et al. (2021).

3.3. In-situ Raman shifts of inclusions

The pressure evolution of the Lower Silurian strata is constrained by
the capture pressure of the fluid inclusions obtained from their in-situ
Raman shifts. The Raman shifts of certain substances have a good
relationship with temperature and pressure, and thus, the function of the
correlation between the Raman shifts and temperature—pressure can be
established by measuring the difference in the Raman shifts at different
temperatures in a closed system (Thomas et al., 1990; Lu et al., 2007;
Wang et al., 2011). In this study, the inclusion data for wells YY1, YY7,
PY1,NY1,JY1, and DY4 were obtained from the Wuxi Research Institute
of Petroleum Geology, Sinopec Petroleum Exploration & Production
Research Institute. Fractures are filled with blocky calcite and/or blocky
quartz in the Lower Silurian stratigraphic intervals. Quartz cement were
observed either as the only cement present, or as a cement phase post-
dating earlier calcite cement (Fig. 1 in the Supplemental Material S1).
Single-phase methane inclusions were observed in all the samples,
whereas aqueous two-phase inclusions were consistently observed
alongside methane inclusions in several crystals of each sample. The
inclusion photographs and Raman spectroscopy are shown in the Sup-
plemental Material S1. The internal pressure and density at 20 °C were
calculated based on the corrected Raman shifts of the CHy4 inclusions in
the quartz and calcite veins in the Lower Silurian shale. The coexistence
of the methane and aqueous inclusions within the same fluid inclusion
assemblage indicates that fluid inclusions were trapped in the two-phase
immiscible field. The minimum value of homogenization temperature of
coexisting gas-liquid inclusion represents the trapping temperature of
the methane inclusion. We followed the technique of Lu et al. (2007) to
determine the density within individual methane inclusion using Raman
spectroscopic analyses. The trapping pressure was calculated on the
basis of the density of methane inclusions, trapping temperature, and
the equation of state for supercritical methane by Duan et al. (1992).
Furthermore, the burial depth and trapping time were obtained from the
burial history of the Lower Silurian shale using the trapping
temperatures.

3.4. Triaxial fracturing test

Triaxial fracturing tests were used to identify the strain character-
istics of the Lower Silurian shale at different maximum burial depths
(3000 m, 4000 m, and 5000 m) during the unloading process. In this
study, different confining pressures were set to simulate the maximum
burial depths and different unloading rates were set to simulate the
uplift durations. As the effective overlying formation pressure, the
confining pressure (P., MPa) was calculated using the following
equation:

Pe=Dyax X (P —p,,), (@)
where Dpgy is the maximum burial depth (m); py is the skeleton density
of the overlying strata (2.8 x 10° kg/m®); and p,, is the density of the
formation water (1 x 10° kg/m3). The confining pressures for maximum
burial depths of 3000 m, 4000 m, and 5000 m were 54 MPa, 72 MPa, and
90 MPa, respectively. The samples were obtained from a large irregular
shale outcrop in the eastern Sichuan Basin (106°55'57.74" E,
28°53'08.83" N), thereby guaranteeing that all of the samples had the
similar mechanical properties. The experiments were conducted in the
Institute of Acoustics, Chinese Academy of Sciences. The weathered
surfaces of the outcrop were removed, and each final testing block was a
50 mm high cylinder with a diameter of 25 mm. In all of the experi-
ments, the axial loading rate was 0.18%/min, while the confining
pressures were initially loaded at a rate of 18 MPa/min and then were
unloaded at the rate of 4.5 MPa/min and 1.5 MPa/min (Fig. 4a).

4. Results
4.1. Tectono-thermal evolution

4.1.1. Thermochronological ages

The fission-track data are presented in Table 1 and the detrital
apatite and zircon fission track results are shown in Fig. 5. The AFT
central ages of the samples, ranging from 21.0 + 3.1 Ma to 100.4 + 7.2
Ma, are significantly younger than their stratigraphic ages, which in-
dicates that these samples likely remained in the AFT partial annealing
zone during the Meso-Cenozoic. The P (y2) values are all greater than
5% and the percentage dispersion is small, with a value of 0-25%,
indicating the provenance of the similar grains. The distributions of the
fission track grain ages were all decomposed into one age peak. There-
fore, by determining the confined track length distribution of the sam-
ple, we can define whether the sample is composed of grains that have
all rapidly cooled and thus whether the age peak represents a simple
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Fig. 5. Detrital apatite and zircon fission track results. Radial plots of the single grain age data, probability density plots (PDPs) (red line), and kernel density
estimate (KDE) (blue line) of the fission track grain age distributions using the Radial Plotter and Density Plotter programs (Vermeesch, 2009, 2012). C. Age-Central
age; Disp.-Dispersion. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

rapid cooling/exhumation event. The mean track lengths of the samples
range from 11.14 + 2.19 pm to 13.12 + 2.02 pm, and the Depar ranges
from 1.51 to 2.12 pm, indicating slow cooling through the AFT partial
annealing zone. The single-grain ages and Dpar values do not exhibit a
positive correlation, which indicates that the ages do not reflect kinetic

variations. The age variation more likely represents the distribution of
the bedrock AFT ages within the catchments. Therefore, we conclude
that the AFT central ages reflect a rapid cooling event in the UYB. The
thermal information for the ZFT ages of samples YF1-2 and JS1 was
described in our previous study (Feng et al., 2021).
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Table 2
The measured AHe ages.

Marine and Petroleum Geology 148 (2023) 106069

Sample Radius (pm) “He (nmolug 1) Mass (pg) FT U (ppm) Th (ppm) eU (ppm) Corrected age (+16) (Ma)
XD-1 34.9 4.2 1.1 0.6 29.6 48.2 41.0 321+1.8
XD-2 32.1 5.0 0.9 0.6 36.3 349 44.5 36.6 + 2.0
XD-3 37.7 10.3 1.3 0.6 38.1 5.3 39.4 76.5 + 4.3
XD-4 39.2 1.9 1.1 0.6 8.4 9.9 10.7 32.7 £2.0
XD-5 36.6 3.2 0.9 0.6 25.5 25.3 31.4 188+ 1.1
XD-6 44.3 0.5 1.4 0.7 5.2 1.9 5.7 16.0 + 1.3
YY1-1 33.9 2.5 0.8 0.6 23.2 5.0 24.4 18.5 + 1.0
YY1-2 35.6 2.0 1.0 0.6 17.3 30.0 24.3 15.1 + 0.9
YY1-3 44.0 0.8 1.6 0.7 4.4 29.2 11.3 13.2 + 0.7
YY1-4 37.8 6.9 1.1 0.6 58.8 50.1 70.6 18.1 + 1.0
YY1-5 42.6 3.3 1.8 0.7 13.8 16.1 17.6 33.6+1.8
WL-1 39.1 2.4 1.4 0.6 4.2 63.6 19.2 37.5 + 2.0
WL-2 44.0 2.9 1.9 0.7 4.2 54.6 17.0 47.0 £2.5
WL-3 38.8 9.0 1.1 0.6 42.1 103.0 66.3 399+ 21
WL-4 38.4 1.7 1.3 0.6 3.9 28.3 10.5 48.5 + 2.6
WL-5 36.7 0.6 0.9 0.6 2.8 34.8 11.0 17.4 + 1.0
QJ-1 51.5 2.1 1.9 0.7 10.8 10.5 13.2 40.8 £2.2
QJ-2 47.7 3.9 1.9 0.7 8.9 229 14.3 72.1 £ 3.8
QJ-3 43.4 6.2 1.4 0.7 20.9 57.0 34.3 50.6 + 2.6
QJ-4 51.3 18.1 3.3 0.7 45.7 40.1 55.1 84.3 + 4.4
QJ-5 48.8 2.1 2.4 0.7 10.7 4.5 11.7 45.8 £ 2.9
LingY1-1 68.7 0.4 6.0 0.8 0.8 11.5 3.5 18.6 + 1.0
LingY1-2 39.4 4.4 1.3 0.6 21.6 7.4 23.3 345+ 1.9
LingY1-3 52.5 3.1 2.2 0.7 11.3 50.6 23.2 24.6 £1.3
LingY1-4 58.5 2.1 2.9 0.7 8.0 20.3 12.8 29.0 £ 1.6
LingY1-5 59.3 0.9 4.9 0.7 0.1 0.0 0.1 14.8 +12.9
Tt-1 72.3 7.1 6.3 0.8 42.5 85.7 62.7 26.3+1.4
Tt-2 60.9 1.5 5.9 0.8 11.5 15.6 15.1 243 +1.3
Tt-3 71.8 6.0 8.9 0.8 27.5 96.0 50.0 279 +1.5
Tt-4 74.6 3.4 10.9 0.8 16.0 28.0 22.6 347 £1.8
Tt-5 69.8 1.1 8.2 0.8 5.3 17.4 9.4 275+1.5
FT-1 56.4 34.8 4.1 0.8 22.9 50.6 34.8 41.6 £ 2.2
FT-2 55.3 15.7 4.4 0.7 8.3 31.6 15.7 223 +1.2
FT-3 72.6 17.0 8.8 0.8 14.3 11.3 17.0 23.4+13
FT-4 61.4 5.2 6.2 0.8 0.0 22.0 5.2 12.1 £ 0.7
FT-5 56.8 3.9 4.3 0.7 0.8 13.3 3.9 283 +1.6
YF1-2-1 75.9 1.5 11.0 0.8 15.9 43.1 26.0 13.3+0.7
YF1-2-2 58.1 0.7 4.4 0.8 4.4 59.0 18.2 9.1 £0.5
YF1-2-3 50.7 0.5 2.9 0.7 5.4 28.6 12.1 11.5 + 0.6
YF1-2-4 45.9 7.1 1.9 0.6 109.0 200.3 156.0 12.1 + 0.6
YF1-2-5 51.0 0.7 2.6 0.7 13.9 13.7 17.2 11.0 £ 0.6
YF1-2-6 56.1 0.2 4.4 0.7 1.6 18.5 6.0 9.5+ 0.5
YF1-2-7 40.0 0.3 1.6 0.7 5.2 28.7 11.9 7.8 +0.6
YF1-2-8 33.6 0.6 1.1 0.6 10.4 44.9 20.9 9.5+ 0.5
YF1-2-9 40.1 0.7 1.6 0.7 6.3 48.8 17.8 10.4 + 0.6

Ft: alpha correction factor (Farley et al., 1996); eU: effect uranium concentration, calculated from the contents of U and Th, eU = U+0.235Th (Flowers et al., 2007).

The AHe and ZHe data are presented in Tables 2 and 3. The single
grain AHe/ZHe ages are always characterized by obvious dispersion,
which could be caused by various factors, including U- and/or Th-rich
microinclusions (Vermeesch et al., 2007), grain size (Reiners and Far-
ley, 2001), radiation damage (Green et al., 2006; Shuster et al., 2006)
and helium implantation from an external source (Spiegel et al., 2009).
The effective uranium (eU) can be used as a proxy of the degree of ra-
diation damage (Flowers et al., 2007). There is no clear relationship
between the ZHe and AHe single-grain ages and the grain size (Fig. 6b,
d). The positive correlation between the AHe ages and the eU (Fig. 6a)
and the negative correlation between the ZHe ages and the eU (Fig. 6¢)
suggest that radiation damage caused the dispersion of the ZHe and AHe
single-grain ages. Grains YF1-2-4, WL-3, CSZH-1, and QJ-2 have high eU
values and old ages. This may be caused by U and/or Th-rich micro--
inclusions, rather than radiation damage. In addition to eU, excess He is
another key factor causing ZHe age variation. The “He value is extremely
high and the eU is relatively low in grains XD-3 and FT-1, suggesting
significant parentless “He. The measured AHe single grain ages range
from 7.8 + 0.6 to 50.6 + 2.6 Ma, reflecting the response to the Hima-
layan movement. The ZHe grain ages of samples YF1 and JS1 are
significantly younger than their depositional ages, which indicates that
the ZHe ages have been completely reset. The maximum paleotemper-
atures of samples YF1 and JS1 exceed the closure temperature of ZHe

(~200 °C). With high “He value of 20.1-47.0 nmolag ™, the ZHe grain
ages of sample FT are generally younger than depositional ages, whereas
the grain FT-d possesses older ZHe age, which represents the thermal
information of provenance area. Therefore, we infer that the ZHe grain
ages have mostly been reset, and the maximum paleotemperature of
sample FT is lower than the closure temperature of ZHe. The ZHe grain
ages of samples WL and QJ are generally older than their depositional
ages, except for grains WL-d, QJ-b, and QJ-c. All of the grains have
extremely high “He contents, with values of 13.4-95.6 nmolag~'. Thus,
the ZHe ages of the Jurassic samples were only partially reset, and most
of the thermal information about the provenance area has been retained.
The maximum paleotemperatures of samples WL and QJ are close to the
ZHe partial annealing zone.

4.1.2. Thermal histories modeling

The thermal histories were inverted using the HeFTy software
(Ketcham, 2005) and the Monte Carlo approach. Here, the parallel
curvilinear model and the multi-kinetic annealing model proposed by
Yamada et al. (2007) and Ketcham et al. (2007) were selected for the
ZFT and AFT, respectively. The radiation damage accumulation and
annealing models developed by Flowers et al. (2009) and Guenthner
et al. (2013) were selected for the AHe and ZHe, respectively. In our
model, 150-1000 thermal paths were developed and the best-fit
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Table 3

The measured ZHe ages.

Marine and Petroleum Geology 148 (2023) 106069

Sample Radius (pm) “He (nmolug ") Mass (1g) FT U (ppm) Th (ppm) eU (ppm) Corrected age (+10) (Ma)
WL-a 56.8 65.5 3.7 0.8 430.9 228.6 484.6 289.6 + 18.0
WL-b 52.5 36.9 3.1 0.7 269.0 242.5 325.9 288.6 £ 17.9
WL-d 51.5 75.9 4.9 0.8 774.5 382.3 864.3 144.7 £ 9.0
WL-e 53.7 95.6 17.6 0.9 196.3 120.4 224.6 195.4 + 12.1
QJ-a 87.7 42.6 15.6 0.8 100.2 50.1 112.0 197.2 £ 12.2
QJ-b 91.2 20.7 13.7 0.8 69.3 47.3 80.5 152.2 + 9.4
QJ-c 86.5 42.8 12.6 0.8 173.1 61.3 187.5 147.4 £ 9.1
QJ-d 89.9 13.4 16.4 0.9 28.3 18.9 32.8 202.3 £12.5
QJ-e 47.3 31.0 1.8 0.7 542.3 320.0 617.5 224.2 +£13.9
JS1-a 56.8 21.0 7.1 0.8 358.6 181.0 401.2 60.1 + 3.7
JS1-b 52.5 9.5 5.0 0.8 374.6 162.9 4129 37.4+23
JS1-c 50.3 14.1 3.6 0.7 757.8 322.8 833.7 38.6 +2.4
JS1-d 51.5 15.1 4.4 0.7 892.2 444.8 996.7 28.1 +1.7
JS1-e 53.7 13.1 3.7 0.8 989.0 257.9 1049.6 279+ 1.7
FT-a 61.3 47.0 9.9 0.8 202.7 125.0 232.0 165.2 + 10.2
FT-b 66.1 22.9 10.1 0.8 108.4 90.0 129.5 141.8 + 8.8
FT-c 54.9 20.1 6.1 0.8 116.2 68.9 132.4 200.0 + 12.4
FT-d 52.2 55.3 4.3 0.7 346.3 145.0 380.4 273.1 £ 16.9
FT-a 74.7 84.1 13.5 0.8 253.1 135.6 285.0 177.6 + 11.0
YF1-a 59.2 1.7 5.5 0.8 92.3 205.4 140.6 179+1.1
YF1-b 59.4 18.0 5.6 0.8 227.6 50.2 239.4 109.1 + 6.8
YF1-c 46.2 29.8 3.6 0.7 448.2 180.3 490.5 135.5 + 8.2
YF1-d 49.8 8.9 4.0 0.7 614.3 254.8 674.2 27.3+ 1.7
YF1l-e 61.1 13.3 6.2 0.8 223.8 14.1 227.1 76.5 + 4.7
YF1-f 42.0 1.3 2.8 0.7 97.8 85.4 117.9 324 +20
YFl-g 39.7 1.1 2.8 0.7 202.6 119.3 230.6 14.6 £ 0.9
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Fig. 6. (a) Correlation of AHe single grain age with eU. (b) Correlation of AHe single grain age with radius. (c) Correlation of ZHe single grain age with eU. (d)

Correlation of ZHe single grain age with radius.

time-temperature (t-T) paths represent the thermal histories of the
samples. It should be noted that the maximum paleotemperatures of
samples JY8 and YF1-2 exceeded the AFT partial annealing zone. Owing
to the fact that wells JY8 and JS1 are both located in the Jiaoshiba
anticline, which is controlled by the Qiyueshan Fault, and their exposed
horizon and drilled strata are similar, the thermal history of sample JY8
was constrained by that of sample JS1. In addition, the thermal history

of sample YF1-2 was constrained by that of sample YF1 because these
two samples are both from well YF1.

The inversion modeling results are shown in Fig. 7 and Table 4.
Samples QJ and WL from the Hubei-Hunan-Guizhou fold belt cooled
rapidly during the Early-Late Cretaceous, with cooling rates of 2.80 °C/
Ma and 2.25 °C/Ma, respectively. Since these Late Cretaceous, the
samples have cooled slowly with cooling rates of 0.69 °C/Ma and
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Table 4
The cooling and uplift process of samples based on HeFTy modeling results.
Sample  Duration Temperature Cooling Geothermal Denudation,
time, Ma Decrease, °C rate, gradient, m
°C/Ma °C/km
QJ 140-115 170-100 2.80 31 2260
115-0 100-20 0.69 2580
WL 130-90 170-80 2.25 31 2900
90-0 80-20 0.67 1940
JS1 110-70 280-180 2.50 31 3230
70-40 180-175 0.17 160
40-0 175-105 1.75 2260
JY8 110-80 230-135 3.17 32 2970
80-40 135-125 0.25 310
40-0 125-60 1.63 2030
FT 100-90 160-80 8.00 31 2580
90-35 80-70 0.18 320
35-0 70-20 1.43 1610
Tt 105-75 120-90 1.00 29 1030
75-40 90-80 0.28 340
40-0 80-20 1.50 2070
LinY1 110-75 145-95 1.43 31 1610
75-40 95-90 0.14 160
40-0 90-30 1.50 1940
YY1 90-65 110-85 1.00 34 740
65-35 85-75 0.33 290
35-0 75-30 1.28 1320
CSZH 93-65 140-80 2.14 34 1760
65-35 80-75 0.17 150
35-0 75-20 1.57 1620
XD 90-60 110-82 0.93 34 820
60-35 82-77 0.20 150
35-0 77-20 1.34 1680
YF1-2 95-70 200-90 4.40 33 3330
70-35 90-85 0.14 150
35-0 85-35 1.43 1520
YF1 92-67 275-185 3.80 33 2730
67-40 185-170 0.56 450
40-0 170-115 1.37 1670

0.67 °C/Ma, respectively. The cooling histories of the samples from the
Sichuan Basin exhibit a periodic pattern of rapid-slow-rapid. During the
Early-Late Cretaceous, these samples experienced the first phase of rapid
cooling at rates of ~0.93-4.40 °C/Ma. Then, they underwent slow
cooling from the Late Cretaceous to the Late Eocene at rates of
0.14-0.56 °C/Ma, followed by a final accelerated cooling stage at rates
of 1.28-1.75 °C/Ma. The rapid cooling phase during the Cretaceous
represents significant progressive northwestward deformation. Samples
QJ and WL reached their maximum paleo-temperatures at 140 Ma and
130 Ma, respectively, while the samples from the Qiyueshan area (JS1,
JY8, FT, Tt, and LinY1) reached their maximum paleo-temperatures at
105-110 Ma, and the samples from the Sichuan Basin (YY1, CSZH, YF1,
YF1-2, and XD) reached their maximum paleo-temperatures at 90-95
Ma.

4.1.3. Meso-Cenozoic uplift process

The exhumation (h, m) can be restored based on the paleo-
geothermal gradients (G, oC/km) and the best-fit time-temperature
paths using following the equation:

AT
h= G (2)
where AT is the temperature difference caused by uplift (oC). In this
study, the maximum paleo-geothermal gradients of typical wells are
restored based on the maximum temperatures of a series of samples (Ro)
at different depths. The Requ data are shown in Fig. 8a and b and the
maximum paleotemperature profiles (Fig. 8c and d) were reconstructed
using the Reqy data and the EASY%R, model (Sweeney and Burnham,
1990). The results reveal that the maximum paleo-geothermal gradient
in wells JS1, JY8, and JY1 was 30 °C/km; in wells DY2 and DY5, it was
29 °C/km; in wells DY1, LY1, and NY1, it was 31 °C/km; in the well YF1,
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it was 33 °C/km; and in wells YY1, YY7, WY23-1, and WY35-1, it was
34 °C/km. Here, the geothermal gradients of the outcrop samples are
constrained by the nearby wells. We calculated the denudation of
samples QJ and WL using Gys;, that of sample FT using Gpy1, that of Tt
using Gpys, that of sample CSZH using Gyy7, and that of sample XD using
Gwyzs-1- The results are presented in Table 4. By comparing the uplift
processes of the samples, the differences in the Meso-Cenozoic uplift in
the Hubei-Hunan-Guizhou fold belt and the Sichuan Basin were
determined. The Hubei-Hunan-Guizhou fold belt underwent a
two-stage uplift process characterized by rapid uplift during the
Early-Late Cretaceous and then slow uplift. The Meso-Cenozoic uplift in
the Sichuan Basin was rapid during the Early-Late Cretaceous, slow from
the Late Cretaceous to the Late Eocene, and rapid uplift until the present.

4.2. Pressure evolution

Confined by the trapping pressures of fluid inclusions and present
DFIT measured pressures, the entire pressure evolution of the Lower
Silurian could be simulated. The trapping pressure of CH4 inclusions in
the Silurian shale are presented in Table 5. In this study, the burial
history of the Lower Silurian strata was simulated using BasinMod 1D.
The thickness, top depth, and average lithologies of the strata in the
wells were provided by the Sinopec Exploration Company. The heat flow
and thermal conductivity data were obtained from previous studies (Xu
et al., 2011, 2018; Liu et al., 2018; Feng et al., 2021; Qiu et al., 2021).
The erosion data during the Caledonian and Indosinian movements were
obtained from Xu et al. (2018) and Qiu et al. (2021). The uplift processes
during the Yanshanian and Himalayan movements are represented by
our new results (Fig. 7, Table 4). It should be noted that the strata in well
YY7 were significantly affected by the Mesozoic slip deformation.
Therefore, we reconstructed the burial history of the Lower Silurian
strata in this well using the thickness and top depth of the strata in
adjacent well YY1, which were constrained by the uplift processes of
sample CSZH. Then, the temperature and pressure evolutions were
analyzed based on the fluid inclusion data and Req, data. Here, the
process of reconstructing the pressure evolution of the Lower Silurian
strata is summarized by taking typical well YY1 as an example. Well YY1
is located in the Yongchuan area, southeastern Sichuan Basin. The Lower
Silurian shale underwent three main periods of uplift, at the end of the
Early Paleozoic, in the Middle-Late Triassic, and during the Cretaceous
to present. Based on the Reqy data (Fig. 8) and the Meso-Cenozoic uplift
processes, the burial and temperature evolutions were reconstructed
(Fig. 9a). The R, from Triassic and Permian and Reqy form Silurain are in
good agreement with the simulation results (Fig. 9b). Constrained by the
inclusions’ pressures and the present pressure, the pressure evolution of
the Lower Silurian strata was simulated (Fig. 9c). The overpressure
began in the Early Triassic and increased rapidly during the Middle
Jurassic. The pressure reached the maximum at 90 Ma (~116.0 MPa),
followed by a rapid decrease. Currently, some of the overpressure is still
retained, with pressure coefficients of 1.85.

The CH4 inclusions data are obtained from the Sinopec Wuxi
Research Institute of Petroleum Geology. *0.24-0.27 represents the
range of density. 0.25 represents the average of density. **79.2-101.9
represents the range of trapping pressure. 89.0 represents the average of
trapping pressure, calculated by the average of density. The trapping
time and paleo-depth are calculated by the average of trapping pressure.

The pressure evolutions of the Lower Silurian strata in 12 wells were
reconstructed, including wells PY1, LY1, JY1, JY8, NY1, DY1, DY4,
LinY1, YY1, YY7, WY23-1, and YF1 (Fig. 10). The measured drilling
pressure data (drilling stem test- DFIT) were provided by the Sinopec
Exploration Company. The trapping pressure and time data of the in-
clusions in the samples from well DY1 were obtained from Qiu et al.
(2020). The modeled pressure evolution for well YY7 is inconsistent
with the trapping pressure of the inclusions, with a difference of >32
MPa in 77 Ma. This suggests that in addition to uplift, more than 32 MPa
of depressurization occurred due to other mechanisms during the Early
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Fig. 8. (a) R, data of 15 wells in the Upper Yangtze Block; (b) Maximum paleotemperature profiles reconstructed for 13 wells in the Upper Yangtze Block.

Table 5
The trapping pressure of CHy inclusions in the Silurian shale.

Sample  Depth, Occurrence  Raman shift, Number of CH4 Density, g/cm® Trapping Trapping pressure, Trapping Time,  Paleo-
m cm™! inclusion temperature, °C MPa Ma depth, m

YY1 3830.3 quartz 2911.65~ 11 0.24-0.27 170.1 79.2-101.9 (89.0) 27 4940
2912.18 (0.25) * ok

YY7 3135.1 calcite 2912.80~ 10 0.20-0.23 183.5 60.2-78.3 (66.3) 77 5597
2913.50 (0.21)

PY1 2134.65 calcite 2914.25~ 4 0.15-0.18 128.5 32.7-43.2 (36.8) 93 4360
2914.79 (0.16)

NY1 4408.28 calcite 2911.74~ 4 0.27-0.29 177.8 114.7-123.7 84 7022
2912.20 (0.28) (118.1)

quartz 2911.52~ 11 0.28-0.30 214.4 125.3-152.9 99 7963

2912.29 (0.29) (141.8)

JY1l 2405 quartz 291,178~ 12 0.27-0.28 215.8 122.7-132.2 101 6897
2912.14 (0.28) 126.9

DY4 3815.5 quartz 2911.10~ 6 0.24-0.27 150.0 73.9-98.4 (84.9) 30 5086
2912.65 (0.25)

Cretaceous. This phenomenon will be discussed in Section 5.2.1. Except
for well YY7, we also determined the excess pressure evolutions of the
Lower Silurian strata in the other 11 wells (Fig. 11). The evolution re-
sults show that during the Early Triassic, rapid hydrocarbon generation
occurred in the shale and overpressure began to form. The excess pres-
sure significantly increased because the strata rapidly subsided, and the
major shale gas was generated from the Middle Jurassic to the Early
Cretaceous. At the end of the Early Cretaceous, the overpressure reached
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the maximum, ranging from 106.0 MPa to 145.0 MPa. The excess
pressure in wells PY1, YY1, LingY1, DY1, and DY5 is relatively low
(38.5-49.0 MPa), while the excess pressure in other wells ranges from
60.0 to 69.5 MPa. Then, the Meso-Cenozoic differential uplift process
resulted in obvious differences in the pressure decrease. The pressure in
well PY1 decreased normally in the Late Cretaceous (66 Ma), while that
in well DY1 decreased normally in the Oligocene (~30 Ma). There was
less pressure reduction in wells WY23-1 and YY1 and ultrahigh pressures
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Fig. 9. (a) Burial and thermal histories for the Lower Silurian strata in well
YY1. The red dashed lines represent the temperature; (b) Ro profile of well YY1.
The circles in the right represent the measured Ro data; and the black line in the
right represents the simulation values (Sweeney and Burnham, 1990). (¢) The
pressure evolution of the Lower Silurian strata. The star represents the pressure
and time data for the CHy4 inclusions. The filled triangles are the measured
drilling data (drilling stem test- DFIT). The black line represents the formation
pressure, and the blue dashed line represents the hydrostatic pressure. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

are still retained, with excess pressures of >20 MPa. The other wells
retained little overpressure, ranging from 5 MPa to 15 MPa.

4.3. Burial-hydrocarbon generation-uplift-gas loss evolution of shale
The temperature and pressure evolutions allow us to estimate the
shale gas content during the uplift process following the method pro-

posed by Yu et al. (2016):

(1) the adsorbed gas content was calculated:

Vo =0.37250(TOC) + 1.7375, 3)
Py = —0.3273w(TOC) + 3.0022, 4
Py : Langmuir pressure (MPa) in 30 °C;
T —T
Vi, = —0.506 2) 4+0.9952, )
Vo 0
T: temperature (°C); V;: Langmuir volume (m3/t) inT;
T — T
Pijp = —0.506 %) +0.9952, (6)
T: temperature (°C); P;: Langmuir pressure in T;
Ag=Vy2, ()

Vo: Langmuir volume (m3/t) in 30 °C (303 K); TOC: total organic
carbon content (%); A,: adsorbed gas content (m3/0);

(2) free gas volume was calculated:

1
V=X ViSy = Vo, ®
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Vs: free gas volume; Vi: porosity, %; S,: gas saturation, %; Vg:
adsorbed gas volume; p,: adsorbed gas density, 0.421 g/cm?; p.: matrix
density, g/cm®

(3) free gas density was calculated using the Peng-Robinson (PR)
equation (Peng and Robinson, 1976):

RT a(T)
P _ 10
pr—b  p+2bp, — b’ a0

0.45724R>T? T\1

a(T)y=——=—-C {1 +f(w) x (1 - —)} , 11

Pc Tc

, _ O-0778RTc 7 a2
Pc

F(w) =0.37464 + 154226w — 0.26992w?, 13)

w: acentric factor, 0.0113; Tc: critical temperature of CH4, 191 K; Pc:
critical pressure of CHy, 4.6 MPa; R: 8.314472 m° Pa/ (K:mol); T: tem-
perature (K); P: pressure (MPa); s free gas density (m3/mol).

(4) free gas content was calculated:

Ar=p; XV, as

Ay : free gas content (m’ /t)

The TOC, Vi, S, and p, data were obtained from the Sinopec
Exploration Company. The shale gas contents during the different uplift
stages are shown in Fig. 12, and the results are consistent with the actual
exploration data. Because the modeled pressure evolution in well YY7 is
inconsistent with the trapping pressure of the inclusions, we only
calculated the shale gas content in the Early Cretaceous (~93 Ma) at
present. Based on the burial history, maturity, temperature, pressure,
and gas content, the burial-hydrocarbon generation-erosion evolution of
the Lower Silurian shale was reconstructed (Fig. 12). The shale experi-
enced rapid subsidence during the Middle-Late Silurian and continuous
uplift from the Devonian to Carboniferous. During this period, the shale
had shallow burial depths, and it was always in the low maturity stage.
After the Early Permian, the shale matured rapidly due to rapid subsi-
dence, and the maturity, the shale gas content, and the pressure reached
the maximum in the Early Cretaceous. Owing to the differential uplift
since the Early Cretaceous, there were obvious differences in the pres-
sure decrease process and shale gas loss. Generally, the amount of shale
gas loss decreases from the Hubei-Hunan-Guizhou fold belt to the
Sichuan Basin. In addition, the northwestward decrease in the coupling
of the shale gas loss and the uplift amplitude indicates that the tectonic
uplift controlled the shale gas preservation.

4.4. Triaxial fracturing results

Fig. 4b shows the tress-strain curves of the shale samples during the
unloading process. The stress-strain curves of the shale samples during
the rapid unloading process show the time it took for the shale to frac-
ture at maximum burial depths of 5000 m, 4000 m, and 3000 m was
11.45 min, 8.40 min, and 8.36 min, respectively. Triaxial fracture tests
of the shale samples during the slow unloading process show the time it
took for the shale to fracture at maximum burial depths of 5000 m, 4000
m, and 3000 m was 32.47 min, 25.85 min, and 23.17 min, respectively.
The results indicate that a high confining pressure increased the radial
and axial plastic stages before the sample broke, making it more difficult
to fracture the shale, while the unloading process for a long time has a
low deviatoric stress to rock rupture and shale breaks more easily.
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5. Discussion
5.1. Dynamic mechanism of cenozoic uplift

The Pacific-Eurasian extrusion is believed to have caused the
Mesozoic regional northwestward progressive uplift in the UYB (Yan
et al., 2003; Liu et al., 2005; Dong et al., 2015; Li et al., 2015). The
extensional event in the South China Block, which is associated with a
combination of the slab window opening during ridge subduction and
rollback of the subducted Pacific slab, is connected to the decrease in the
Mesozoic uplift rate (Li et al., 2014, 2017). The extensional structures in
the Hubei-Hunan-Guizhou fold belt are also associated with this
extensional event (Yuan et al., 2010; Sternai et al., 2014; Wang et al.,
2014). The dynamic mechanism of the Cenozoic uplift is not clear. Most
scholars believe that the rapid uplift since the Eocene occurred in
response to the remote effect of the India-Asia collision (Richardson
et al., 2008; Deng et al., 2013; Li and Shan, 2011; Tian et al., 2018; Liu
et al., 2021a). However, thermochronology analysis indicates that the
Wauling and Xuefeng mountains in the southern part of the UYB under-
went rapid denudation after 84 Ma (Tang et al., 2014; Wang et al.,
2014). As the front belt of the subduction of the Pacific Plate, the Xue-
feng Mountains consistently retained the compressional background
during the Late Cretaceous. Moreover, Northrup et al. (1995) and Li
et al. (2014) have suggested that the rate of the Pacific-Eurasia
convergence decreased from ~120 to 140 mm/yr in the Late Creta-
ceous to ~30-40 mm/yr in the Eocene and then increased to ~70-110
mm/yr from the Oligocene to the Early Miocene. The trend and time of
these convergence rate changes are consistent with the thermal histories
reconstructed using the thermochronology data for the
Hubei-Hunan-Guizhou fold belt and eastern Sichuan Basin (Richardson
et al., 2008; Mei et al., 2010; Shi et al., 2016; Wu et al., 2020; Liu et al.,
2021a). Therefore, several studies have proposed that the
Meso-Cenozoic rapid-slow-rapid uplift pattern in the eastern Sichuan
fold belt was associated with the changes in the rate and direction of the
Pacific-Eurasia convergence (Li et al., 2014; Wu, 2019). The Cenozoic
Eurasia-Indian plate subduction and collision resulted in the uplift of
the Qinghai Tibetan Plateau and lateral shearing along the Xianshuihe
fault in the UYB. The Longmen Shan fault belt in the western Sichuan
Basin underwent rapid uplift when it was dragged by this lateral
movement (Sternai et al., 2014; Wang et al., 2014; Tian et al., 2018;
Tong et al., 2019; Liu et al., 2021a). Whether or not the Eurasia-Indian
collision affected the tectonic evolution of the Hubei-Hunan-Guizhou
fold belt is still controversial.

Based on several low-temperature thermochronology datasets, we
reconstructed the thermal histories of 12 samples, including samples
WY23-1, YF1 in the central Sichuan Basin, CSZH, YY1, JS1, JY8, FT, Tt,

14

Marine and Petroleum Geology 148 (2023) 106069

and LingY1 from the eastern Sichuan Basin and samples WL and QJ from
the Hubei-Hunan-Guizhou fold belt. Our results show that the Cenozoic
uplift was characterized by inherited slow uplift in the
Hubei-Hunan-Guizhou fold belt, while the Sichuan Basin has experi-
enced rapid uplift since the Late Eocene. This difference in the uplift
process indicates that the tectonic evolution of the
Hubei-Hunan-Guizhou fold belt may not have been affected by the
Eurasia-Indian plate subduction during the Himalayan period. The slow
uplift since the Late Cretaceous was most likely associated with the
Pacific-Eurasia convergence. Conversely, the rapid uplift of the Sichuan
Basin since the Late Eocene was caused by the Eurasia-Indian plate
subduction and collision. Moreover, the samples from the Qiyueshan
area on the eastern boundary of the eastern Sichuan Basin (JS1, JY8, FT,
Tt, and LingY1) indicate >2000 m of denudation since the Late Eocene,
while the samples from the SCB and eastern Sichuan Basin (WY23-1, YF1
CSZH, YY1) indicate denudation of 1300 m-1600 m. The high denu-
dation in the Qiyueshan area may be the combined result of the Eura-
sia-Indian collision and the Pacific-Eurasian extrusion.

5.2. Effect of tectonic reworking on shale fracturing and gas preservation

The ultralow porosity (2-8%) and low permeability (10-100 nD)
characteristics determine the gas adsorption and storage mechanism
inside the shale (Ougier-Simonin et al., 2016; Li et al., 2018). The
occurrence states of the shale gas mainly includes free gas and adsorbed
gas (Curtis, 2002; Zhu et al., 2020). As typical in-situ reservoirs, the gas
content is the result of the dynamic balance between the shale gas
generation, retention, and loss during the burial-uplift process. Good
preservation conditions are key geological factors for shale gas accu-
mulation (Guo et al., 2017). In this study, based on the results of the
triaxial fracturing tests conducted on the Lower Silurian shale and the
differences in the processes of uplift, pressure decrease, fracturing, and
shale gas lose, the effect of the tectonic reworking on the shale gas
preservation was determined from the perspectives of the slip defor-
mation, uplift, and maximum burial depth.

5.2.1. Slipping deformation

The effect of the tectonic activity intensity on shale gas preservation
has been analyzed based on the strength of the fault, fracture develop-
ment, and structural style (Evans et al., 2014; Ferrill et al., 2014; Hu
et al., 2014; Guo et al., 2017; He et al., 2019). Faults with small scales,
fractures with weak intensity, and wide and gentle structural styles are
conducive to shale gas preservation. It should be noted that there is a
400 km wide Mesozoic intracontinental fold-and-thrust belt in the
Yangtze Block. As one of the detachments within the allochthonous
succession, the Lower Silurian strata experienced obvious slip defor-
mation in the eastern Sichuan Basin (Yan et al., 2003; Dong et al., 2015).
The effect of the slip deformation on shale fracturing and gas preser-
vation is not clear. Here, we explore it through a case study in the
Yongchuan area (Fig. 1 and 13). The Yongchuan area is one of the
important shale gas areas discovered in the Lower Silurian strata in the
eastern Sichuan Basin. As a thrust nappe structure, the Yongchuan area
is characterized by significant slip deformation (Fig. 13c). Well YY7 is
located in the anticlinal core where there is obvious slip deformation of
the Lower Silurian shale, while well YY1 is located in the western syn-
cline where weak deformation of the gentle shale layer has occurred
(Fig. 13a). The uplift process and pressure evolution of the Silurian
strata suggest that during the Late Cretaceous (77 Ma), the uplift
amplitude of the shale differed by < 1000 m, but the difference in the
pressure decreases in wells YY7 and YY1 was less than 32 MPa (Fig. 10,
Table 4). The actual decrease in pressure far exceeded that caused by the
uplift, indicating the obvious destructive effect of the slip deformation
on the pressure and gas preservation. Furthermore, the seismic coher-
ence attribute analysis revealed that there are few fractures in the Lower
Silurian shale in well YY1, while well YY7 contains significant fractures
(Fig. 13b). These facts all suggest that the slip deformation played an
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Fig. 13. (a) Geological map of the lower Silurian in the Yongchuan area; (b) The characteristics of fracture growth in the Lower Silurian shale; (c) Seismic section in

Yongchuan area.

important role in the shale fracturing and gas preservation. Intensive slip
deformation increased the fracture growth in the shale, resulting in a
massive pressure decrease (>32 MPa) in well YY7. During the Ear-
ly-Late Cretaceous, the shale in well YY1 suffered weak slip deformation
and a few fractures were generated, accompanied by 15 MPa of
depressurization and 0.07 m3/t of gas diffusion.

5.2.2. Uplift process

Uplift is believed to increase the gas diffusion coefficient and result
in depressurization (Schloemer and Krooss, 2004). During the uplift
process, shale will transform into a brittle over-consolidated material,
resulting in microfractures, porosity and permeability increases, and
destruction of the shale’s seal (Nygard et al., 2006; Guo et al., 2017; He
et al., 2020; Liu et al., 2020). This study focused on the Lower Silurian
shale in the Dingshan area, which has the same hydrocarbon generation
characteristics and can be used to identify the effect of uplift on shale
fracturing and gas preservation. The Dingshan area is located in the
southeast margin of the Sichuan Basin (Fig. 1). As a thrust nappe
structure controlled by the Qiyueshan Fault, the Dingshan area is
characterized by significant differences in the depth of the Lower Silu-
rian shale, exhibiting differential northwest-southeast vertical uplift
(Fig. 14a, e). Furthermore, the horizontal pressure zoning in the Lower
Silurian shale indicates obvious differential enrichment of shale gas due
to the positive correlation between the pressure and gas content
(Fig. 14b). Therefore, the Dingshan area provides an excellent oppor-
tunity to gain a better understanding of the relationship between the
differential uplift and shale gas preservation. The thermal history of
sample FT suggest that well DY1 began to uplift at ~100 Ma resulting in
~4500 m of denudation; while based on the thermal history of sample
Tt, well DY4 was uplifted at ~110 Ma resulting in ~3450 m of denu-
dation (Fig. 7, Table 4). During the Meso-Cenozoic, the shale gas content
of well DY1 decreased from 5.50 m/t to 3.15 m®/t, while the shale gas
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loss of well DY4 was 1.05 m>/t (Fig. 15). The fracture growth charac-
teristics predicted by the seismic curvature attributes show that there is
a large amount of fractures in the Lower Silurian shale and roof in well
DY1, while well DY4 possesses few fractures (Fig. 14c and d). The
coupling due to the differential uplift, differential depressurization, and
shale gas loss demonstrate that the preservation of the shale gas was
controlled by the differential uplift. Under moderate uplift, there few
fractures formed in the shale and roof and a small amount of shale gas
diffusion occurred, while enormous uplift resulted in obvious fractures
and massive shale gas dissipation. The uplift, pressure decrease, and
shale gas loss processes of the Lower Silurian shale in wells JY1, JY8, and
NY1 in the eastern Sichuan Basin and wells YF1 and WY23-1 in the
central Sichuan Basin also indicate that the larger uplift amplitude
resulted in more depressurization and shale gas loss (Fig. 15). Further-
more, the positive correlations between the uplift amplitude and the
shale gas content and depressurization show that the uplift amplitude
was the major factor controlling the shale gas preservation (Fig. 16a and
b). The larger the uplift amplitude, the worse the preservation condi-
tions of shale gas.

Because uplift causes hydrocarbon generation stagnation and in-
creases the gas diffusion coefficient (Schloemer and Krooss, 2004; Liu
et al., 2020), the uplift duration should play an important role in shale
gas preservation, and late uplifting is favorable for shale gas preserva-
tion (Guo et al., 2017; He et al., 2020). Triaxial fracture tests (Fig. 4b)
support that if the uplift process lasts for a long time, the shale breaks
under a low deviatoric stress, suggesting that a long uplift duration
makes shale fracturing more easily. However, the uplift duration,
depressurization amplitude, and shale gas loss are not correlated, and
the shale possesses similar uplift amplitudes (Fig. 16c and d), indicating
that the uplift duration may not have a significant impact on the shale
gas preservation and is not the is not the main controlling factor of
differential shale gas preservation in the UYB. By comparing the uplift
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Fig. 14. (a) Geological map of the lower Silurian in the Dingshan area; (b) Pressure distribution characteristics of the Lower Silurian in the Dingshan area; (c) The
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the reader is referred to the Web version of this article.)

duration and shale gas loss processes of the Lower Silurian shale in wells
DY1, LY1, and PY1, which have similar uplift amplitudes (~4720-5000
m), it was found that the uplift duration of well DY1 (~100 Ma) was
shorter than that of wells LY1 and PY1 (130-140 Ma), but well DY1
experienced more shale gas loss with a value of ~2.2 m®/t (Fig. 15). This
is associated with the strain characteristics of the shale during the
unloading process. The gas diffusion coefficient is low before the shale
fracturing and the microfractures in the shale affect its mechanical and
transport properties; however, for this to happen, they must be at least
partially open. During the early uplift stage, the small amount of uplift
resulted in small increases in the shale porosity and permeability, and
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thereby, the shale gas rarely diffused. For example, only 0.13 m®/t of
shale gas diffusion loss occurred in well WY23-1 from 90 Ma to 35 Ma
(Fig. 15). Until the shale reached the brittle zone, brittle shear occurred,
resulting in percolating microfractures, rapid increases in porosity and
permeability, and a large amount of shale gas diffusion. Differential
uplift and depressurization mainly occurred in the Late Mesozoic, and
the Cenozoic was the main period of differential shale gas loss (Fig. 15).
Therefore, the uplift duration after shale rupturing controls the shale gas
loss. Even if the shale uplift later but reaches the rock rupture point
earlier, the shale gas loss will be larger.
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5.2.3. Maximum buried depth of shale

The maximum burial depth controls the maximum paleotemperature
and pressure and plays an important role in the maturity and mechanical
properties of shale. Previous studies have demonstrated that a high
confining pressure increases the toughness, strength limit, and Young’s
modulus of shale (Masri et al., 2014; Tian et al., 2014; Chen et al., 2016;
Tan et al., 2020). Triaxial fracturing tests under different confining
pressures and temperatures have revealed that under a low confining
pressure and temperature, elastic deformation mainly occurs before the
shale brakes, while under a high confining pressure and temperature,
the nonlinear deformation characteristics become obvious (Zeng et al.,
2016; Tan et al., 2020). The stress-strain curves of shale during
unloading (Fig. 4b) also show that a high confining pressure lengthens
the radial and axial plastic stages, making the formation of shale frac-
tures more difficult. For deeper buried shale, even though the shale has a
larger uplift amplitude, there is less gas loss. Therefore, the correlation
between the uplift amplitude and the shale gas loss (R? = 0.89) is better
than that between the uplift amplitude and depressurization (R% = 0.61)
(Fig. 16a and b). Moreover, the maximum burial depth plays an
important role in the brittle deformation zone and has an indirect impact
on the shale gas preservation during the uplift process. For example, the
shale in wells JY1 and JY8, which have maximum burial depths of
>7500 m, experienced 4800 m of uplift and shale gas loss of 1.3-1.9
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m>/t, while the maximum burial depth of the shale in well DY1 is
~6700 m and the uplift amplitude was ~4700 m, resulting in ~2.2 m3/t
of shale gas loss. The triaxial fracturing tests conducted on the Lower
Silurian shale core samples from well JY2 revealed that microfractures
were generated until the shale reached depths of 1000-1500 m and the
confining pressure decreased from 50 MPa to 16.2 MPa. Yuan et al.
(2017) proposed that the bottom boundaries of the brittle zones of the
Lower Silurian shale in wells JY1 and DY1 are 2195 m and 1940 m,
respectively, and the brittle-ductile transition zones are located are
depths of 2195-4464 m and 1940-4492 m, respectively. The shale in
wells JY1 and JY8, which have present burial depths of >2164 m, are
mostly distributed in the brittle-ductile transition zone and have good
sealing properties. The present burial depth of the Lower Silurian shale
in well DY1 is 1894-2050 m, and the shale is mainly distributed in the
brittle zone and has poor sealing properties.

6. Conclusions

The tectonic-thermal evolutions constrained by the AFT, ZFT, AHe,
and ZHe analyses indicate that the UYB underwent progressive north-
westward deformation with different periodic uplift during the Meso-
Cenozoic. The Hubei-Hunan-Guizhou fold belt underwent a two-stage
uplift process characterized by rapid uplift during the Early-Late
Cretaceous and then slow uplift, while the Meso-Cenozoic uplift pro-
cess in the Sichuan Basin was rapid during the Early-Late Cretaceous and
slow from the Late Cretaceous to the Late Eocene, followed by rapid
uplift since then. The differences in the Cenozoic uplift processes suggest
that the slow uplift of the Hubei-Hunan-Guizhou fold belt since the Late
Cretaceous was most likely associated with the Pacific-Eurasia conver-
gence, while the rapid uplift of the Sichuan Basin since the Late Eocene
was caused by the Eurasia-Indian plate subduction and collision. The
large amount of denudation in the Qiyueshan area near the basin’s
eastern margin may have been due to the combined effects of the Eur-
asia-Indian collision and the Pacific-Eurasian extrusion.

Owing to the differential Meso-Cenozoic uplift, there were obvious
differences in the pressure decrease and shale gas loss processes. The
differential uplift and depressurization mostly occurred in the Late
Mesozoic, while the Cenozoic was the main period of differential shale
gas loss. Based on the results of the triaxial fracturing tests and the
differences in the uplift, pressure decrease, fracturing, and shale gas loss
of the Lower Silurian shale, the effect of the tectonic reworking on the
shale gas preservation was investigated from the perspective of the slip
deformation, uplift, and maximum burial depth. The differences of slip
deformation, tectonic uplift amplitude and the maximum burial depth of
shale resulted in the differential enrichment of the Lower Silurian shale
gas. It allowed to reach the following conclusions: (1) The intensive slip
deformation increased the fracture growth in the shale, resulting in a
massive pressure decrease and deterioration of the shale gas preserva-
tion. (2) The uplift amplitude was the major factor controlling the shale
gas preservation. Under moderate uplift, there were few fractures in the
shale and roof and a small amount of shale gas diffusion occurred, while
enormous uplift resulted in obvious fractures and massive shale gas
dissipation. (3) Long uplift duration makes the formation of shale frac-
tures easier. However, the uplift duration was not correlated with the
depressurization amplitude and the shale gas loss, suggesting that the
uplift duration has little effect on the differential enrichment of shale
gas. (4) The maximum burial depth controlled the maximum paleo-
pressure and thereby played an important role in the shear fracturing
of the shale and the shale gas preservation during the uplift process. The
deeper buried shale developed a higher confining pressure, lengthening
the radial and axial plastic deformation stages and making shale frac-
turing and gas loss more difficult.
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