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The Qinshui Basin is in the Central Orogenic Belt of the North China Craton (NCC), and the
production of coalbed methane accounts for 70% of China’s total coalbed methane
output. Aiming at the unclear dynamic causes of large-scale coalbed methane
accumulation in the basin and the unclear response relationship with the destruction of
the NCC, we present joint illite crystallinity and vitrinite reflectance study across the Zijin
Mountain and Qincan 1 wells of the Qinshui Basin, respectively. Inverse modeling
suggested that tectono-thermal events occurred during the Early Cretaceous,
associated with the maximum burial depth and heat flow. The maximum paleo-
geothermal temperature and gradient reconstruction results recorded at the
Carboniferous strata are 180–190°C and 6.5°C/100 m. The denudation thicknesses
recorded by illite crystallinity of Zijinshan and the vitrinite reflectance of the Qincan 1
Well are 3,180.63 m and 3,269.32 m, respectively. We propose that the Qinshui Basin was
affected by the extensional environment of the NCC, which caused deep lithospheric
thinning and magma upwelling, and a tectono-thermal event occurred during the Early
Cretaceous in Qinshui Basin. In addition, the accumulation of coalbed methane, triggered
by a tectono-thermal event during the Early Cretaceous, is consistent with the early
Cretaceous accumulation and mineralization events in the NCC. Overall, our results reflect
the subduction event influence of the western Pacific plate into the East Asian continental
plate on the tectono-thermal history of the Central Orogenic Belt of the NCC, which is
theoretically significant for clarifying the thermal lithospheric thickness and rheological
structure of the basin, as well as the evolutionary history of coalbedmethane, and the basin
response relationship to the destruction of the NCC.
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INTRODUCTION

Structurally, the Qinshui Basin belongs to the Shanxi block in the center of the North China Craton
(NCC) (He, 2015; Zhu et al., 2015). It is one of the areas with the most abundant coal resources
within the NCC, and the production of coalbed methane ranks first in China. At present, there are
about 11,000 coalbed methane wells in the basin, accounting for more than 70% of the total number
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of coalbed methane drilling wells in China, making it one of
China’s most important energy sources (Zhao et al., 2016; Li Z.
et al., 2018, Li et al., 2018 R.).

During the late Mesozoic, the NCC has experienced intense
transformation and destruction, and the early Cretaceous was a
critical period of lithospheric thinning and destruction for the
eastern NCC (Li et al., 2012b). Numerous studies, therefore,
focused on the spatial distribution of the transformation and
of the destruction of the NCC (Zhang et al., 2006; Zhang, 2012;
Zhu et al., 2015; Meng et al., 2019; Liu, 2020). Up to now, the
timing, the spatial range, the specific process, and the dynamic
mechanism of lithospheric thinning and destruction have been
investigated (Ying et al., 2011; Zhu et al., 2012, 2014, 2017; Zhu
and Xu, 2019; Zhai et al., 2020, 2021a, 2021b). The range of
destruction of the NCC is thought to be limited to only the eastern
region. However, additional evidence shows that the lithospheric
thickness in the central and western parts of the NCC varies
greatly (Chen, 2009; Chang et al., 2011; Ling et al., 2017),
indicating that the thinning and reformation of the
lithospheric mantle also occurred in the central and western
NCC, but the influence of destruction event on the Qinshui Basin
remains unclear.

Due to the limited spatial distribution of mantle xenoliths and
magmatic rocks, the research on lithospheric thinning and the
evolution history of the Ordos Basin in the western part of the
NCC is limited, and the research on whole strata of the Qinshui
Basin in the central part is even weaker. It is still under debate
whether there is excessive thinning of lithosphere and cratonic
destruction in the central (Qinshui Basin) and western (Ordos
Basin) parts of the NCC (SongLin et al., 2011; Zhu et al., 2012;
Ling et al., 2017; Xinhui et al., 2017; Liu, 2020). In addition to
abnormal changes in the geothermal field, which can to a certain
extent reveal the process of deep lithospheric activity, the tectono-
thermal history during the Mesozoic and Cenozoic in the basin
and the restoration of the paleotemperature field are the keys to
recovering the thermal structure of the lithosphere in different
periods. In other words, the tectono-thermal history of different
parts of the Qinshui Basin needs to be accurately described and
compared to improve the understanding of its tectono-thermal
history, which is directly related to the generation, migration, and
accumulation processes of coal/gas and the evaluation of the
mature evolution of the organic matter.

To date, many petroleum geologists have focused on the
tectonic uplift history, thermal evolution history, and coalbed
methane of the Qinshui basin, suggesting that the Qinshui Basin
was affected by the destruction of the NCC, which caused a
tectonic thermal event in the basin during the Early Cretaceous,
prompting the rapid over-maturation of source rocks and the
production of coalbed methane (Ren et al., 2005; Sun et al., 2005;
Ren et al., 2006; Sun et al., 2006; Wei et al., 2007; Meng et al.,
2015a, 2015b; Sun et al., 2018; Meng et al., 2019; Yu et al., 2020a;
Ren et al., 2020). It has been demonstrated by hydrocarbon
explorations that a large amount of coalbed methane was
preserved in the north and south parts of the basin. All of
these past works provide a very important foundation for our
research. In addition, the study of both the geothermal field and
the thermal structure of the lithosphere is an effective way to

examine the deep geodynamics and the evolution of the craton.
Strengthening the study of geothermal events in The Qinshui
Basin in the Early Cretaceous is not only of great theoretical
significance to improve the understanding of the dynamic
evolution mechanism of the lithosphere in NCC, but it is also
of great practical significance to mineralization research,
reservoir-forming, and the exploration of coal, coalbed
methane and other mineral resources in the Qinshui Basin of
the central NCC. Recently, geologists and industry paid close
attention to the dynamic evolution of the lithosphere and its
relationship with mineral accumulation (mineralization) in the
central and western parts of the NCC.

The purpose of this study is to reveal the tectonic thermal
evolution history and its deep mechanism of different strata, and
to discuss the response relationship with basin hydrocarbon
source generation and the NCC craton destruction, using the
paleotemperature scale and a standard basin modeling procedure.
Therefore, in this work, an integrated method combining the illite
crystallinity, vitrinite reflectivity, and Basin Mod 1D is proposed
to improve the understanding of the thermal history of the
formation in the central Qinshui basin. For such a purpose,
we systematically collected, tested, and analyzed samples from
different layers in the central basin, combined with vitrinite
reflectance (Ro) data from different layers in Well Qincan 1.
Based on our data, we obtained a comprehensive reconstruction
of the thermal history of different stratum in the central basin,
which is of theoretical significance for clarifying the thermal
lithospheric thickness and rheological structure of the basin, as
well as the evolution history of coalbed methane, and the basin
response relationship to the destruction of the NCC.

GEOLOGICAL SETTING

The intracratonic NCC is located between the Central Asian
Orogen Belt (CAOB) and the Central China Orogenic Belt
(CCOB), and by convention, the NCC has been subdivided
into the West Block, Eastern Block, and the Trans-North China
Orogen (Zhao et al., 2009, 2001) (Figure 1). Variably exposed
Archean to Paleoproterozoic rocks compose the basement of the
NCC, it is unconformably overlaid on the Mesoproterozoic
unmodified volcano-sedimentary sequence and Phanerozoic
caprock (Shanxi, 1989). Archean stratigraphy is represented
by strata of the Wutai Group and Huping Group, dominated
by Tiebao movement and forms a lithology represented by
schist, gneiss, marble, and migmatite, whereas Proterozoic
stratigraphy consists of schist, gneiss, sandstone, powder
sandstone, and mud shale, from bottom to top. The early
Paleozoic strata in the Qinshui Basin are mainly represented
by the Cambrian-Middle Ordovician thick carbonate rocks,
including argillaceous limestone, oolitic limestone, dolomite,
and other huge thick deposits, and a large-scale unconformity
denudation event was experienced between the Middle
Ordovician and the Early Carboniferous, leading to the
absence of the Silurian, Devonian, and part of the Early
Carboniferous strata. Late Carboniferous to Early Permian
alternate marine and terrestrial sequences, and is
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characterized by coal-bearing strata, overlaid by the Late
Permian to Triassic red beds and conglomerates (Shanxi,
1989; Zhu et al., 2014).

The Qinshui Basin is located in the south-central part of the
Trans-North China Orogen, surrounded by the Taihang
Mountains in the east, the Huo Mountains in the west, the
Zhongtiao Mountains in the south, and the Wutai Mountains
in the north (Cai et al., 2011) (Figure 2). The crust of the study
area is relatively thin, and the strata of Paleozoic are
widely exposed around the basin while the Mesozoic strata
are exposed in the center part of the basin. Besides, the
provenance of the strata is extensive, the tectono-thermal
history of the Qinshui Basin is complex, and the
stratigraphic denudation discontinuity is obvious and its
development experienced multi-cyclic tectonic-sedimentary
evolution (Cai et al., 2011; Li et al., 2012a; Zhu et al., 2014;
Chen et al., 2018). It is an ideal place to study the tectono-
thermal history of the south-central NCC during the Paleozoic
and Mesozoic (Figure 1; Figure 2).

SAMPLING AND METHODOLOGY

Sample Collection and Preparation
To investigate the tectono-thermal history and denudation
thickness of the Qinshui Basin, we collected the vitrinite
reflectance data of the Qincan 1 well from PetroChina Huabei
Oilfield Company, the vitrinite reflectance was tested with the

same methods as described in Yu et al. (2020a) (Table 3); note
that the abnormal high reflectance of vitrinite near the
unconformity of the Carboniferous and Ordovician strata has
been eliminated.

We also collected mudstones and shale stones from the
western edge of the basin to the center of the basin to purify
illite (Figures 2, 3). We sampled unaltered outcrops of fresh rocks
in the elevated area to maximize the relief wherever lithology and
access were permitted. All samples collected in this work are
Permian–Jurassic mudstones at an elevation ranging from 956 to
1,680 m (Supplementary Table S1; Figure 2). All the samples
were analyzed for XRF to calculate the illite crystallinity and
relative content of clay minerals and analyzed at the Exploration
and Development Research Institute of Daqing Oilfield (China
National Petroleum Corporation), China.

Scanning Electron Microscopy Analysis
Polished thin sections were made from representative samples for
microscopic observation. To further identify the clay minerals
and composition of the illite structure, scanning electron
microscopy (SEM) observations and energy dispersive
spectrometry (EDS) analyses were carried out with an
acceleration voltage of 15 kV and a working distance of 10 cm
at the Electron Microprobe Analysis and Scanning Electron
Microscope Laboratory of the Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGGCAS). To
obtain high-quality images, the polished samples were coated
with 8 nm carbon before analysis.

FIGURE 1 | Geological Setting of Qinshui Basin (A) Tectonic and basin map of China. Structures are modified from (Yang et al., 2018, 2021a) (B) Regional
topographic and neotectonic map of North China. Structures are modified from Ye et al. (1987); Deng et al. (1987); Qi and Yang, (2010), Zhang et al. (2019), and Su et al.
(2021). Red boxes show the location of the study areas. (B) Distribution map of North China Craton and Qinshui Basin.
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XRD Analysis
To achieve illite XRD analysis tests, the mudstone, siltstone, and
calcareous mudstone samples needed to be ∼150 g with more than
40% clay content. We chose clay-rich samples (argillaceous
siltstone, silty mudstone, mudstone, etc.,.) and crushed them to
the diameter of 0.5–1 cm with a hammer; we subsequently used a
DF-4 hammer crusher to crush the samples for less than 30 s. We
used the Stockmethod to collect 40mg of particles having diameter
<2 μm and removed the liquid in suspension using an LXJ-64-1
centrifuge (Kisch, 1987; H.J.; Kisch, 1990).

We prepared the Oriented Clay Tablets by Precipitation Method
with density >3mg/cm2 and dried the tablets naturally at room
temperature (Kisch, 1987; H.J.; Kisch, 1990). We carried out the
ethylene glycol expansion experiment at 50°C, then according to
the clay minerals contained in the sample, we heated the sample at
500°C, the precision on the temperature of the muffle furnace used for
heating is ±2°C. The experimental instrument is the Rigaku D/max-
2200X diffractometer, with the following measurement parameters:
40 kV voltage, 40mA current, Cu target, 1/2° emitting slit, 5.5mm
receiving slit, 0.04° Soller slit, scanning step length of 0.017°Δ2θ, and
scan time of the 20 s by X’ Celerator detector. The scanning range for
mineral phase and polytype identification is 4–60°Δ2θ. The test range
of crystallinity of illite and chlorite for oriented flake is 2.6–15°Δ2θ.

RESULTS

Clay Mineral Assemblage
Through the X-ray diffraction analysis of the sample, we can
determine the dominant authigenic clay mineral assemblages in
each stratigraphic unit (Supplementary Table S2). The clay
minerals in the Triassic, Jurassic, Permian, and Cambrian strata in
the central area of the Qinshui Basin are dominated by illite, and the
combination of clay minerals is I + C + K. The interlayer ratio of I/S
disorder is high, and illite accounts for 70–90%. The clay mineral
assemblage in the Carboniferous strata is dominated by kaolinite, and
the clay mineral assemblage is I + C + Kwith the high interlayer ratio
of I/S disorder, and illite accounts for 80–90% (Figure 4; Figure 5A).

According to Figure 5, there is a high illite content in each layer,
most samples account for 50–80% of the total content of clay
minerals (Figure 5A), and the illite proportion in the shallow
layer is higher than that the deep layer (Figure 5B), which may
be caused by the sample difference. Kaolinite and the I/S mixed layer
account for less than 30% of clay minerals. As the burial depth
increases, kaolinite will turn into chlorite when the medium changes
from acidic to alkaline (Gao et al., 2020; Zhu et al., 2021). The I/S
trend of different layers stays stable, but the proportion of illite is
high, indicating the high TTI (Time-Temperature Indicator) of the

FIGURE 2 | (A) Sample location in Qinshui Basin, includes crack, well location, and city location. Structures modified fromMeng et al. (2015), Zhu et al. (2014). (B)
Regional stratigraphy column of the Cambrian-Cenozoic strata in the Qinshui Basin (Shanxi, 1989; Zhu, 2013; Zhu et al., 2014; Li Z. et al., 2018; Liu, 2020).
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study area (Figure 5B) (Ramseyer and Boles, 1986). The distribution
of clay mineral content shows that the basin has experienced a high
paleogeothermal evolution process.

Through SEM observation (Figure 6 and Supplementary
Material), except for the upper Paleozoic Carboniferous
Hutian section, the interlayer illite of mudstone and sandy
mudstone in other layers is the main clay mineral of most
samples. Illite associated with illite/smectite (I/S) and illite
without I/S can be observed in different horizons, we can
identify illite in four forms according to microstructure: ①.
Strip illite associated with I/S (Figure 6A). ②. Feather and
filamentous illite associated with I/S (Figure 6D). ③. Feather
and Bridge illite (Figure 6E). ④. Rosette illite (Figure 6I).

The illite energy spectrum is characterized by Al/Si ratio is close to
0.8 and high K content, and the main elements are O, Al, Si, and K,
and the K/Al ratio is close to 0.4 (Uysal, 2000; Uysal et al., 2000, 2001,
2006; Zhu et al., 2021). I/S (R � 3) mainly appears in the form of
cotton floc (Figures 6A,G), and its energy spectrum is characterized
by K/Ca content close to 0.5 and Al/Si ratio close to 0.5 (More details

in the Supplementarymaterial). Chlorite mainly occurs in the Shihezi
Formation of Upper Paleozoic and Heshanggou formation of Lower
Triassic of Mesozoic. Leaf-like (Figure 6C) and needle/layered liked
chlorite can be observed, and its energy spectrum is characterized by
high Fe content, and the Fe/Si ratio is greater than 0.5 (Figure 6F).
Kaolinite is mainly observed in the maroon iron clay rock of
the upper series of the Hutian section of the Carboniferous in the
upper Paleozoic, and it is hard to find kaolinite in the other horizons,
which is in the form of vermicular porous (Figure 6B), and its energy
spectrum characteristics show that the elements only contain O, Al,
and Si, with Si/O ∼1, the Si/Al ∼0.8 (More details in the
Supplementary material). It can be observed that kaolinite rarely
contains other clay mineral components (Uysal, 2000; Uysal et al.,
2000, 2001, 2006; Zhu et al., 2021).

In the SEM experimental observation, it is obvious that illite is the
main component of sandstone interlayer clay minerals, and the
other clay mineral components are relatively rare, indicating that the
higher paleogeothermal temperature is conducive to the formation
of illite in the process of basin evolution. Illite associated with I/S

FIGURE 3 | Geological profile of the Qinshui Basin. (A) Dark purple red shale of Guanjiashan, Guanjialiang village, Huozhou (B) Cambrian Mantou formation shale in East
Qiliyu village, Huozhou (C)Maroon ferruginous claystone of theCarboniferousHutian section, Huozhou (D)Gray blackmud shale of the Shihezi Formation inDonggou,Qinyuan (E)
Purple-redmudstone in the Triassic Heshanggou formation, Qinyuan (F) Sandymudstone in the Triassic Liujiagou formation, Qinyuan (G) Fuchsiamudstone of the Jurassic Ruqu
formation, Zijinshan (H) Hujiacun Stage of Yanchang Formation, Zijinshan (I) Gray-black silty mudstone of the Permian Shihezi 1-2 Formation, Qinyuan.
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may be authigenic illite, but it may be affected by grinding flakes
resulting in the formation of imperfect plates. However, it can be
seen that many illite crystals growing alone have good crystal forms,
showing rose and feather crystal forms (Figure 6I). Generally, illite

with good crystal form represents the authigenic illite, but the
crystalline morphology of terrigenous clastic illite is generally
poor and is easy to be damaged in the process of long-distance
transportation.

FIGURE 5 |Distribution of crystallinity and claymineralsmap (A) Illite content and stratum change diagram in I/S layer (B)Claymineral and stratum distribution diagram.

FIGURE 4 | X-ray diffraction of illite in central Qinshui Basin. (A) Carboniferous carbonaceous mudstone. (B) Ruqu formation of Jurassic sample. (C) Shihezi
formation of Permian sample. (D) Triassic formation sample.
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Paleotemperature Restoration
Paleotemperature Restored by Vitrinite Reflectance
The vitrinite reflectance of the Qincan 1 well is between 1.0 and
2.5% at the range of 500–1,000 m depth (Supplementary Table S3).
The evolution degree of organic matter belongs to high maturity or
over-maturity, combined with low current geothermal gradient,
indicating that the basin has experienced high paleotemperature.

Based on the strong correlation between vitrinite
reflectance and maximum paleotemperature, the maximum
paleotemperature that the stratum experienced can be calculated
(Barker et al., 2016; Yang et al., 2017a, 2020). According to the
relationship between the maximum paleotemperature and the
burial depth, we can determine the paleo-gradient, the
relationship between ln (Ro) and Tmax/°C is calculated as follows:

ln(Ro) � 0.0096Tmax − 1.4

According to this formula, the relationship between the
maximum paleotemperature and depth of the Qincan 1 well

in the central part of the Qinshui Basin can be obtained
(Supplementary Table S3; Figure 7).

According to Vitrinite reflectance data from the Qincan 1 well,
we calculated the maximum paleotemperature gradient to be 6.5°C/
100m, however, the current geothermal gradient of the Qincan 1
well is 2.4°C/100m, which means the paleotemperature gradient is
significantly higher than the current geothermal gradient (Figure 7).

Paleotemperature Restored by Illite Crystallinity
We tested the illite crystallinity of mudstone samples from
Permian to Triassic, which we also calibrated with international
standard samples.

According to Supplementary Table S1, we observed a
correlation between the age of the stratum and the altitude;
when altitude decreases and formation ages get older, the illite
crystallinity of outcropping samples in the field gradually
decreases, implying that the paleotemperature gradually
increases. Therefore, there is a strong correlation between the

FIGURE 6 | The “(A)” represents BSE section photomicrographs and “(A-1)” represents SE section photomicrographs, which are the same structure, and so are
other pictures. (A) and (A-1) illustrating textural features of cotton wadded I-S (R � 3) and strip illite in Cambrian mudstone (HZS-3). (B) and (B-1) illustrating textural
features of vermicular porous kaolinite in maroon iron clay rock of the Carboniferous Hutian section (QY-8). (C) and (C-1) illustrating textural features of blade chlorite in
Grayish black mud shale of the upper Paleozoic Shihezi Formation (QY-11). (D) and (-1) illustrating textural features of feathery and filamentous illite in Grayish black
silty mudstone of the upper Paleozoic Shihezi Formation (QY-12). (E) and (-1) illustrating textural features of feathery and bridged illite in the purple-red mudstone of
Lower Triassic Heshanggou Formation of Mesozoic (QY-15). (F) and (-1) illustrating textural features of needle-shaped and laminated chlorite in the purple-red mudstone
of Lower Triassic Heshanggou Formation of Mesozoic (QY-15). (G) and (-1) illustrating textural features of cotton wadded I/S (R � 3) in mudstone of the Lower Triassic
Heshanggou Formation of Mesozoic (YS-4). (H) and (-1) illustrating textural features of ribbon-packed, strip-shaped illite in mudstone of the Lower Triassic Heshanggou
Formation of Mesozoic (YS-4). (I) and (-1) illustrating textural features of roseate illite in purple mudstone of theMiddle Triassic Ermaying Formation of Mesozoic (YS-7). (J)
and (-1) illustrating textural features of filamentous and feathery illite in purple mudstone of the Upper Triassic Yanchang Formation of Mesozoic (TG-15).
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sampling altitude and the maximum paleotemperature calculated
by illite crystallinity (Figure 8).

The characteristics of illite crystallinity of mudstone in the
central Qinshui Basin decrease from top to bottom,
indicating that the basin and surrounding orogenic belt were
continuously uplifted and denuded to deeper and higher
metamorphic degrees after the Late Triassic. For some of the
samples, illite crystallinity is between 0.25 and 0.42°, it belongs to
low-grade metamorphism, reflecting the characteristics of illite
of denuded Precambrian metamorphic around the basin.
Combined with the high content of illite in the I/S mixed
layer (Figure 5A) and moderate contents of kaolinite in the
clay minerals (Figure 5B), this indicated that the clay minerals
in the mudstone were affected by a high-temperature
geothermal field.

Illite/smectite (I/S) mixed-layer minerals are the most widely
distributed mixed-layer clay minerals in sedimentary rocks. It is
produced due to the mixing of the two terminal elements of illite
and smectite in different proportions. Experimental studies have
confirmed that when the temperature or depth increases, the
proportion of the illite layer in the I/S layer gradually increases
(Ramseyer and Boles, 1986). This is associated with the gradual
transformation of the mixed layer from a disordered to an
ordered structure. The degree of order of various types of I/S
layer mineral structure and its existence temperature ranges are
respectively (Harvey and Browne, 1991; M, 1993):

R � 0 type, R0 I/S, illite content <60%, stable temperature
<140°C; R � 1 type, R1 I/S, illite content 60–85%, stable
temperature 100–180°C; R � 3 type, R3 I/S, illite content
>85%, stable temperature >190°C; The relationship between

FIGURE 7 | Vitrinite reflectance (Ro) and depth map. (A)The relationship between ln (Ro) and depth of Qincan 1. (B) The relationship between Ro and depth of
Qincan 1. (C) Maximum palegeotemperature of Qincan 1 well in central basin reverted by Ro.

FIGURE 8 | Illite crystallinity, Illite crystallinity inversion of maximum paleotemperature and elevation map (A) Illite crystallinity and elevation map in central Qinshui
Basin. (B) Maximum paleotemperature inverted by Illite crystallinity in central Qinshui Basin.

Frontiers in Earth Science | www.frontiersin.org October 2021 | Volume 9 | Article 7654978

Liu et al. Tectono-Thermal History of Qingshui Basin, NCC

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


the crystallinity of illite and its formation temperature has already
been established in previous studies from Ji (2000). Our work
relies on these results to calculate the formation temperature of
authigenic illite. The relationship between the crystallinity of
authigenic illite (IC/°) and its formation temperature (T/°C) is as
follows:

T � 384.98e − 0.6219 × IC

To use crystallinity of illite minerals (including I/S minerals),
recovery paleotemperatures, and stratum denudation depths, we
considered the distribution of outcrop strata and studied two
sections, the paleo-geothermal temperature of illite crystallinity
recovery is between 200 and 220 °C (Supplementary Table S1);
overall, the temperature increases with the age of the stratum, and
decreases with the sample elevation.

Erosion Thickness Restoration
Erosion Thickness Restored by Vitrinite Reflectance
With the increase of burial temperature, the degree of the thermal
evolution of organic matter gradually increases, and the value of
vitrinite reflectance (Ro) increases. However, the thermal
evolution process of vitrinite reflectance is irreversible; in
other words, when a formation is uplifted and cooled, the
Vitrinite reflectance value will not decrease as the temperature
decreases. Therefore, through a certain conversion relationship
(Barker and Pawlewicz, 1986), it is possible to restore the highest
ancient geothermal temperature reached in the geological period
recorded by vitrinite reflectance. Based on the vitrinite reflectance
distributed in the upper and lower structural layers of the
unconformity, Dow (1977) used a different method to
estimate the denudation thickness of a certain period for a
formation. The application of the vitrinite reflectance
difference method in the research fields of basin subsidence
history, tectonic evolution history, or tectono-thermal
evolution history, has shortcomings, as explained by several
authors (Chen et al., 1999; Hu et al., 1999; Tong et al., 2005;
Tong and Zhu, 2006), who made reasonable improvements,
which we as describe below.

Hu et al. (1999) pointed out that the method proposed by
Dow (1977) to directly estimate the uplift scale and denudation
amount of strata by using the Vitrinite reflectance data
above and below the unconformity surface lacks theoretical
basis, and the results obtained by this method does not
correspond to the represented denudation thickness but is
equivalent to the loss amount of strata caused by normal
fault dislocation. Chen et al. (1999) considered that the effect
of reburial on the vitrinite reflectance distributed above and
below the unconformity surface is different, and considered that
in the early stage of reburial, the vitrinite reflectance in the upper
part of the unconformity surface changes greatly, while that in
the lower part of the unconformity surface it changes less. When
the reburial process reaches a certain extent, the difference
between the vitrinite reflectance above and below the
unconformity surface will become smaller and smaller, even
unable to be distinguished, which brings some difficulties to
estimating the denudation thickness by using the alternate
method by Dow (1977). Therefore, Chen et al. (1999)

proposed a vitrinite reflectance method based on the Dow
(1977) method to restore the denudation thickness. Based on
the theory of Dow (1977), Chen et al. (1999), Tong et al. (2005),
and Tong and Zhu. (2006) further developed the maximum
paleotemperature method which links the denudation thickness
and Vitrinite reflectance value. First, this new method has the
advantage of being similar in the determination of the highest
paleotemperature, and second, it has a simple calculation
process. We reconstructed the denudation thickness by using
the vitrinite reflectance distributed in the underlying stratum of
the unconformity. Based on vitrinite reflectance, we also
established a linear regression relationship between Vitrinite
reflectance and the depth, and by extrapolating it to ln (0.2) �
1.61, we obtained the approximate paleo-surface elevation.
The elevation difference between the paleo-surface and
unconformity is the denudation thickness of the formation.
Through this method, we estimated the denudation thickness
of Jurassic formation in the Qincan 1 well to be ∼3,269 m
(Figure 9).

Erosion Thickness Restored by Illite Crystallinity
The principle of using paleogeotemperature and
paleotemperature gradient to estimate the denudation
thickness of the formation is similar to the calculation of the
denudation thickness by vitrinite reflectance, both being
based on the difference between paleo-surface and current
surface. Additionally, we can use the diversity of the
paleotemperature and the current temperature for a similar
depth to reconstruct the denudation thickness (Figure 9).
Firstly, we should calculate the paleo-gradient using both
paleotemperature and depth data (Supplementary Table S1;
Figure 9). Concerning heat balance basin (the paleo-gradient
is similar to the current gradient), we use the difference
between paleogeotemperature and the current temperature at
denudation surface or stratum interface to calculate the
denudation thickness by the relationship between
geotemperature and depth (Dow, 1977). For our purposes,
we should first apply heat balance correction for the heat
imbalance basin, in other words, we should subtract the
temperature drop caused by the nature of the basin, cooling
from paleogeotemperature to the current geotemperature, and
then calculate the ablation thickness based on geotemperature
difference between paleogeotemperature and current
geotemperature at the denudation surface (Dow, 1977). Here,
the ablation thickness represents the height difference between
ancient and present surfaces (Figure 9).

Such corrections, as described above, must be applied in the
case of the Qinshui Basin, an imbalance basin, since the
paleotemperature gradient is much higher than the present
gradient. Therefore, we use the paleotemperature data
(Supplementary Table S1) which was calculated by illite
crystallinity from mudstone in the Zijinshan mountain section,
and by extrapolation on the graph of temperature vs depth, we
obtain the trend line of paleotemperature gradient (Figure 8). By
comparing the current geotemperature gradient with heat
balance correction, we calculate an erosion thickness of
∼3181 m (Figure 9).
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Burial History and Tectono-Thermal History
Restoration
Based on the reconstruction of the maximum paleotemperature
of the basin, the tectono-thermal history of well Qincan 1 was
simulated by the software Basin Mod 1D (Figure 10). The
software includes several models, such as burial history,
tectono-thermal history, hydrocarbon generation history,
migration, and accumulation history. In this study, we mainly
use the Basin Mod 1D module to simulate the burial history and
tectono-thermal history of the Qinshui basin.

Firstly, the relationship between vitrinite reflectance and depth
is used to calculate the denudation thickness since the Early
Cretaceous thermal event (Figure 9), estimated at 3,269.32 m.
Secondly, combined with geological parameters such as stratum
stratification data of the Qincan 1 well and the geological
background in the middle of Qinshui Basin, the burial history
curve of the Qincan 1 well is established. According to the apatite
fission-track (AFT) study results (Zhu et al., 2014), the AFT data
(Zhu, 2013) reflect the uplift process since the Early Cretaceous.
Finally, by adjusting the amount of strata denudation and
geothermal gradient, the simulated Vitrinite reflectance should
be consistent with the measured Vitrinite reflectance, and the
accurate tectono-thermal history evolution path can be obtained.

From Figure 10, it appears clear that the change of geothermal
flow can be divided into two stages. The first stage is characterized
by a large geothermal flow of ∼68 Mw/m2, in the Early
Carboniferous, and slowly decreasing to 60 mW/m2 in the
Late Triassic; the second stage corresponds to a geothermal

flow gradually rising, reaching a peak value of 84.8 mW/m2 in
the Early Cretaceous, and then decreasing to 61.69 mW/m2 at the
present-day.

According to simulations, the evolution of the
paleogeotemperature gradient is also divided into two stages.
The first stage, from the Early Carboniferous to the Late
Triassic, is relatively stable at 2.9°C/100m, and a second stage,
taking place after the Late Triassic, where the paleogeotemperature
gradient increased to a maximum value of 6.51°C/100m during the
Early Cretaceous (Figure 10). According to the burial history
(Figure 10), the basin reached its maximum depth at the Early-
Middle Cretaceous, and gradually uplifted from the Middle-Late
Cretaceous. The relationship between the simulated vitrinite
reflectance curve and the measured vitrinite reflectance curve fit
well, indicating that the tectono-thermal history recovery is reliable.

DISCUSSION

Separation of Illite
If the separation of illite is not so pure, the determined value of the
crystallinity of illite may include some bias due to the presence
of detrital illite. Detrital illite refers here to terrigenous illite
detritus deposited concomitantly with sediments, mainly from
metamorphic illite originating from the study area.
Consequently, the paleo-geotemperature reflected by the
crystallinity of illite may not reflect the paleo-geotemperature of
the source strata, but the provenance. Therefore, the separation and

FIGURE 9 | Denudation thickness of central Qinshui Basin (A) Denudation thickness restored by illite crystallinity. (B) Denudation thickness of Qincan 1 well
restored by ln (Ro).
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purification of authigenic illite is an important step to avoid the
presence of detrital illite. To determine the crystallinity of
authigenic illite, we must separate the authigenic illite from
sandstone, mudstone, fault gouge, and other types of rock
samples first, then remove the non-authigenic illite components
from the rock samples and finally extract the authigenic illite.

As explained, the separation of authigenic illite will have a
direct influence on the quality of the testing results; separation
and purification of illite are essential to maximize the complete
removal of detrital K-bearing minerals such as detrital K-feldspar
and detrital illite. Moreover, the authigenic illite should also be
enriched to the greatest extent, whereas the content of kaolinite,
chlorite, smectite, and other non-authigenic illite components
should be reduced to the greatest extent. Judging from the current
situation, the only effective way to achieve this goal is to extract
more fine-grained clay components.

The separation of illite is quite challenging for two reasons.
Firstly, the separation of authigenic illite requires a fine particle
size. Conventional clay separation generally requires the extraction
of <2 μm components, while the separation of authigenic illite
requires at least particle size of<0.3 μm; Secondly, the separation of
authigenic illite requires successive separation steps to extract
different continuous fractions simultaneously, e.g., 1–0.5 μm,
0.5–0.3 μm, 0.3–0.15 μm, and <0.15 μm. The separation and
purification of illite are generally limited by instruments and
equipment, and the separation was carried out to fraction sizes
of 0.5 μm. Therefore, the clay minerals finally separated and

purified may contain some detrital illite, chlorite, kaolinite, and
other clay minerals, which might affect the test results. According
to the XRD patterns (Figure 6 and Figure 4), we can observe
diffraction patterns characteristics of chlorite and kaolinite, which
therefore indicate that the separation of early authigenic illite is not
completely pure. Consequently, the calculated illite crystallinity
might include detrital illite crystallinity, which might have an
impact on the paleotemperature inversion calculation. But
through the SEM (Supplementary Material, Figure 6), Most of
the clay minerals in the sandstone interlayer are illite with a good
crystal shape (Figure 6), and some illites are associated with I/S
(Figure 6A), indicating that there are many authigenic illites to
some extent.

Tectono-Thermal Event Time and Coalbed
Methane Accumulation Period
According to the calculation results of the illite crystallinity and
the vitrinite reflectance of well Qincan 1, a strong tectono-thermal
event occurred in the basin. As a result, the maximum ancient
geothermal gradient is 6.5°C/100 m, which is larger than the
current geothermal gradient of 2.4°C/100 m, and the
maximum paleo-geotemperature was around 180–190°C as
recorded at the Carboniferous strata.

Previous studies have attempted to determine the occurrence
time of tectono-thermal events in Qinshui Basin; the fission-track
age of apatite, for example, is estimated at ∼20–40 Ma, and the

FIGURE 10 | Recovery of burial history and tectono-thermal history of Qincan 1 well in central Qinshui Basin. (A) Burial history and tectono-thermal history of
Qincan 1 well. (B) Fitting relationship between measured Ro and simulated Ro. (C) Geothermal flow evolution in different periods of Qincan 1 well.

Frontiers in Earth Science | www.frontiersin.org October 2021 | Volume 9 | Article 76549711

Liu et al. Tectono-Thermal History of Qingshui Basin, NCC

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


zircon fission-track age is ∼100–150 Ma (Ren et al., 2005; Zhu
et al., 2014). If the fission-track age of zircon happened to be
smaller than the age of the formation, it would indicate that the
formation temperature was once greater than 250 °C and that the
zircon has undergone annealing (Hurford, 1986; Fitzgerald and
Gleadow, 1988; Yan et al., 2010; Malusà and Fitzgerald, 2019).
Secondly, the isotope age determination results of the igneous
rocks around the Qinshui Basin indicate that the time of magma
intrusion and eruption is between the Late Jurassic and Early
Cretaceous. For example, the Taershan-Erfengshan alkaline
complex, which is in the southwest of the Qinshui Basin, has
an Ar-Ar age of about 124 ± 0.3 Ma. In addition, the U-Pb age of
the Wanrong-Gufeng Mountain in the southern Qinshui Basin
ranges between 127 ± 1 Ma∼140.5 ± 5.3 Ma (Yan et al., 1988;
Shanxi, 1989; Wu et al., 1996, 2008; Ying et al., 2011; Si, 2015;
Huo, 2016; Yang, 2016; Chang et al., 2017; Yang et al., 2017). It
shows that the tectono-thermal events mainly occurred in the
Late Jurassic to the Early Cretaceous period (More details in
Supplementary Table S4 and Supplementary Figure S1).

Among the geological factors, thermal field, tectonic stress
field, hydrodynamic field, and formation conditions have an
important influence on the formation of coalbed methane
(Wu et al., 2014). The coal deposits in the Qinshui Basin
began to form in the Late Carboniferous and gradually ceased
when the delta deposits were formed in the early Permian (Sun
et al., 2005; Ma et al., 2016; Chen et al., 2019; Yu et al., 2020a). The
subsidence of the basin lasted until the Late Triassic when the
temperature of the coal seam reached 135°C (the burial depth was
up to 4 km). Influenced by the increase of temperature, the first
stage of methane generation began, and the vitrinite reflectance
maturity of the coal seam reached a medium level (Ro ≈ 1.2%)
(Zeng et al., 1999; Cai et al., 2011). Then, the subsequent
Indosinian orogenic movement caused the uplift and

inversion of the basin during the Early Jurassic, and it
remained in a state of slow deposition until the Late Jurassic
(Zeng et al., 1999; Ma et al., 2016). At the same time, the exposed
rocks around the Qinshui Basin, which include Taershan,
Huyanshan, Zijinshan, Erfengshan, Gufengshan, etc, started to
form (Yan et al., 1988; Shanxi, 1989; Wu et al., 1996, 2008; Ying
et al., 2011; Si, 2015; Huo, 2016; Yang, 2016; Chang et al., 2017;
Yang et al., 2017). It can be seen that there was a tectono-thermal
event represented by intense magmatic activity in the Late
Jurassic to Early Cretaceous, which is generally considered to
be closely related to the secondary gas peak of coal seams in the
basin at the same time (Figure 11) (Zeng et al., 1999; Xu et al.,
2004; Jiang et al., 2005; Ren et al., 2005; Sun et al., 2005; Duan
et al., 2011; Chen et al., 2019, 2019; Yu et al., 2020a; Gao et al.,
2021).

From Late Jurassic to Early Cretaceous, magmatic thermal
events caused rapid temperature increase of coal measures. A
large amount of hydrocarbon was generated by coal measures,
with coal rock as the main source of hydrocarbon generation. The
rapid increase of gas led to hydrocarbon generation
pressurization in the coal body (Ju et al., 2018); furthermore,
the increase of temperature led to the expansion of gas to form
abnormal high pressure (Figure 11).

Response of Thermal Events in Qinshui
Basin to Destruction of NCC
The tectono-thermal event in Qinshui Basin between the Late
Jurassic to Early Cretaceous was associated with the large-scale
magmatic eruption and the formation of the Ultra-High-
Pressure metamorphic belt (Yan et al., 1988; Shanxi, 1989;
Wu et al., 1996; Zhang, 1997, 2002; Wu et al., 2008; Ying
et al., 2011; Chen and Ding, 2012; Si, 2015; Huo, 2016; Yang,

FIGURE 11 | Evolution of hydrocarbon generation potential and rate of source rocks in Qinshui Basin, modified from Hou, (2020).
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2016; Chang et al., 2017; Yang et al., 2017; Yu et al., 2020a).
Combined with the estimation of the maximum
paleotemperature and paleotemperature gradient of illite
crystallinity and vitrinite reflectance, the deep mantle of
the basin was active during the Late Jurassic—Early
Cretaceous with the lithosphere thinned and led to the
formation of a high geothermal background value of
mantle upwelling, which was the main reason for the
tectono-thermal event and uplift denudation event of the
basin in this period.

Previous studies have shown that the thickness of the thermal
lithosphere of the present orogenic belt in the central part of the
NCC is about 76–90 km (He et al., 2001; Wang et al., 2001; Zhang
et al., 2006; Zhang, 2012). Based on their data, these authors
estimated that the thickness of the thermal lithosphere of the
Qinshui Basin in the Early Cretaceous was about 50–60 km,
indicating that the lithosphere of the basin was thinned during
the Early Cretaceous. At the same time, previous studies suggest
that the NCC experienced strong lithospheric thinning and
lithospheric mantle property transformation during the
Mesozoic (Menzies et al., 1993; Griffin et al., 1998; Xu, 2001;
Wu et al., 2008), accompanied by strongmagmatism (F.Wu et al.,
2005a; F.-Y. Wu et al., 2005b; Yang et al., 2008). Combined with
the magmatism around the Qinshui Basin, we suggest that the
lithospheric thinning in the Qinshui Basin is controlled by the
thinning and destruction of the NCC.

Previous investigations have been conducted on the
destruction of the NCC (Zhu et al., 2012, 2017; Yang et al.,
2021b). According to Zhu et al. (2017), at 165 Ma, from the
beginning of the Middle Jurassic Yanshanian movement
episode A, the West Pacific plate subducted to the East
Asian continental margin with a high speed and low angle,
the tectonic environment in Qinshui Basin, therefore,
corresponds to a compression environment, and angular
unconformity events were generally developed. Starting from
the Late Jurassic at 155 Ma, the western Pacific plate subducted
from a low angle to a high angle subduction toward the edge of
the East Asian continent (Zheng et al., 2018). With the rotation
and retreat of the subducted plate, the corresponding tectonic
environment of the Qinshui Basin became extensional, and
magmatic activity began to appear; during this period, the
Taihang Mountains began to uplift, and the eastern part of
the Qinshui Basin as the western wing of the Taihang
Mountains began to fold and uplift (Zhu, 2013).
Accompanied by strong magmatism, the Late Paleozoic coal-
measure strata experienced a high-temperature heating
process. The regional tectonic stress field of the basin during
the Middle-Late Jurassic is consistent with that of the whole of
eastern China. The NNE trending folds are the most developed
in the basin, covering the whole area on a large scale, reflecting
the horizontal compressive stress field in the direction of
NWW-SEE in the Yanshanian period. Under the action of
this stress field, a wide and gently deformed syncline, Qinshui
Basin, is formed (Zhu et al., 2015). At 140 Ma, the Yanshanian
movement episode B began in the early Cretaceous, and the
subduction angle of the Western Pacific plate to the East Asian
continental margin began to decrease again. The tectonic

environment corresponding to the Qinshui Basin was
compressional, and crustal shortening, folding and
stratigraphic angular unconformity events were widely
developed (Zheng et al., 2018). From 125 Ma in the Early
Cretaceous, the subduction angle of the Western Pacific
plate to the East Asian continental margin changed to a
high angle again, and the rate of subduction, rotation, and
retreat reached the maximum, and finally left a retentive body
in the mantle transition zone (Zhu et al., 2015). The
corresponding area of Qinshui Basin, which was subjected to
compression, thrust, and folds uplifting, began to develop
structural inversion and normal faults. Since the late
Cretaceous, the young and buoyant paleo Western Pacific
plate gradually entered the subduction zone, and magmatic
activity in the corresponding area of the Qinshui Basin
gradually ceased, and the extensional tectonic activity was
much weaker than that of the early Cretaceous (Shanxi,
1989). Throughout the Cretaceous period, there was a major
structural system transition in eastern China, that is, the early
continental collision and compression thrust structures were
transformed into extensional structures, and the eastern NCC
and Ordos basin became active with the lithosphere thinned
(Ren et al., 2002; Chen and Ding, 2012; Yu et al., 2020b).

The Qinshui Basin is a transitional zone between rift basins in
the east of the NCC and the Ordos Basin in theWest, the thinning
of the lithosphere and crustal extension also affected this area,
forming a small amount of magmatic activity. The basin was
subjected to weak NW-SE extensional tectonism and formed a
series of small to normal faults based on the Yanshanian
conjugate joints. Previous studies have shown that the deep
cause of the early Cretaceous tectono-thermal events and the
uplift and denudation events in the Qinshui Basin is mainly due
to the subduction of the western Pacific plate into the deep part of
the NCC, and the current low geothermal gradient in the Qinshui
Basin is also affected by the withdrawal of the West Pacific Plate.
Combined with the results of previous studies (Ren et al., 2020),
our work suggests that the Qinshui Basin experienced a tectono-
thermal event during the Late Jurassic to Early Cretaceous which
is in response to deep lithospheric thinning of the NCC.

CONCLUSION

Paleotemperature and denudation restoration by vitrinite
reflectance and illite crystallinity shed new light on the
tectono-thermal history and mechanisms for the evolution of
the Qinshui Basin of the NCC, which also expounded the
generation mechanism of coalbed methane and its response to
the destruction of the NCC from the tectono-thermal history
perspective. The Qinshui basin experienced a tectono-thermal
event during the Late Jurassic-Early Cretaceous. The deep reason
for this thermal event may be that relate to the subduction of the
Western Pacific Plate to the East Asian Continent resulting in the
upwelling of deep asthenosphere material and the thinning of
lithosphere thickness in the Qingshui area. During the Late
Jurassic-Early Cretaceous, the maximum pale-geotemoerature
and the highest pale-geotemperature gradient are 200°C, and
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6.5°C/100 m, respectively, which is the main control on the scale
of hydrocarbon generation.
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