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Abstract Pyrite is one of the important components of
shale and plays a crucial role in shale gas enrichment.
However, currently there are just a few studies on this
subject matter. Therefore, the characteristics of pyrite in
organic-rich shale section of the Longmaxi Formation and
its impact on shale gas enrichment was studied in this
paper by using outcrops, drilling cores, thin sections and
test data. Result shows that pyrite occurred in different
forms (macro-micro scale) in the Longmaxi Formation in
the southeast Sichuan Basin. The formation and content of
pyrite has a close relation with TOC content. Pyrite may
catalyze the hydrocarbon generation of organic matter.
Interparticle pores within the pyrite framboids and organic
matter pores in the pyrite-organic matter complex are well-
developed in the Longmaxi Shale, which serves as a major
reservoir space for shale gas. Pyrite can promote shale gas
enrichment by absorbing shale gas on its surface and
preserving free gas in the interparticle pores and organic
matter pores. In addition, as a kind of brittle mineral, pyrite
can improve the brittleness of shale reservoir and increase
the micro-nano pore system in shale reservoir, thereby
improving the transmission performance of shale reservoir
and boosting shale gas recovery.

Keywords shale reservoir, pyrite, Longmaxi Formation,
southeast Sichuan Basin

1 Introduction

In recent years, the shale gas exploration and development
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have been quite successful in North America and areas in
and around China’s Sichuan Basin, and these achieve-
ments have attracted worldwide attention (Hao et al., 2013;
Zou et al., 2016; Ma et al., 2018). Numerous geologists
have conducted researches on shale gas formation
conditions, enrichment mechanism, reservoir characteris-
tics and gas-bearing property, demonstrating that the main
controlling factors for shale gas enrichment include
organic matter type, maturity, TOC content, shale
lithofacies, sedimentary environment and preservation
conditions (Curtis, 2002; Zou et al., 2010; Hao et al.,
2013; Cao et al., 2015; Chen et al., 2015; Xiong et al.,
2017; He et al., 2018; Chen et al., 2019; Shu et al., 2020).
Pyrite is a common authigenic mineral and one of the
typical minerals in shale, usually occurring in the form of
irregular aggregates, idiomorphic crystals and framboid
(Grimes et al., 2002). Scholars found that pyrite usually
develop in marine shale reservoirs (Loucks and Ruppel,
2007; Loucks et al., 2009; Wang et al., 2014a; Wu et al.,
2018; Tang et al., 2019). However, due to the low content
of pyrite, its impact on shale gas enrichment was ignored
and so far only a few studies have been dedicated to this
subject matter.

The current researches on pyrite in shale mainly focus on
the following aspects. First is the correlation between
pyrite and shale sedimentary environment. As the form and
size of crystalline and pyrite framboid vary in different
sedimentary environment, understanding the sedimentary
environment according to the grain size of the pyrite
framboid in shale (Wilkin et al., 1996) could have great
application significance. Secondly, some scholars have
started to study the relationship between pyrite and shale
gas (Berner et al., 1985; Love and Amstutz, 1966; Cui
et al., 2013; Xu et al., 2015; Liu et al., 2016). They found
that pyrite may have huge impact on shale gas enrichment.
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It has been shown that pyrite significantly influences
hydrocarbon generation and expulsion of organic matters
(Hunt et al., 1991; Mango, 1992; Cui et al., 2013; Wang
et al., 2014b; Sun et al., 2019), quality of shale reservoirs,
as well as organic matter enrichment and gas content
(Berner et al., 1985; Love and Amstutz, 1966; Xu et al.,
2015; Liu et al., 2016; Zhang et al., 2016; You et al., 2017,
Cao et al.,, 2018; Li et al., 2018). Although some scholars
have realized that pyrite has an obvious impact on shale
reservoirs, current researches on pyrite characteristics and
their impacts on shale gas are limited, and more studies are
needed to form a more systematic and clear knowledge
structure.

To figure out the characteristics of pyrite, especially
pyrite framboid and its geological significance in relation
to shale gas, we studied the characteristics of pyrite in the
Longmaxi Formation marine shale and its impact on shale
gas enrichment in the southeast Sichuan Basin.

2 Geologic setting

Under the convergence of the Cathaysia Block and
Yangtze Block during the late Upper Ordovician to early
Lower Silurian, the Sichuan Basin was formed with a basin
pattern restricted by a series of uplifts (Wang et al., 2015;
Nie et al., 2017; Zheng et al., 2019). Affected by the paleo-

uplift, southeastern Sichuan developed into a semi-
occluded stagnant basin, with a shallow-deep shelf
environment that dominated the whole area, leading to
the deposition of a set of thick organic-rich marine shale in
the area (Zou et al., 2014). High-quality organic-rich shale
developed in the Upper Ordovician Wufeng Formation to
the First Member of the Longmaxi Formation in the
southeast Sichuan Basin. In the southeast Sichuan Basin,
organic-rich shale is widely distributed with burial depth
mainly ranging from 1500 to 3500 m, thickness of 20—40
m, high TOC (generally, TOC>3%) and high maturity
(usually, R, > 2%) (Zou et al., 2014; Guo, 2015).

The southeast Sichuan Basin is geographical located in
the central-southern part of the Yangtze Block, and
structurally speaking, it is mostly located in the high-
steep structure belts of eastern Sichuan. The study area is
situated in the east of the Huayingshan Fault Zone and the
west of the Qiyaoshan Fault Zone, and it is a narrow and
long area running in a NE direction (Fig. 1). Under the
crushing stress of snow peak structure to the southeast in
the span from the late Yanshan to Himalayan Period, the
structure lifted, strata suffered from denudation and formed
a NE-SW “baffle type” construction with residual anticline
and residual snycline distributed in alternation. Local
adjustment and deformation during the Himalayan Period
generated the present structural configuration (Huang
et al., 1997; Yu et al., 2013).
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(a) Location of the study area and (b) stratigraphic column of the Longmaxi Formation, and the gamma-ray log of the X1 Well
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3 Samples and methods

To study the characteristics of pyrite in the Longmaxi
Formation shale in the southeast Sichuan Basin and its
impact on shale gas enrichment, core samples were
obtained from Well X1, Well X2, and Well X3, and
outcrop samples were obtained from Qiliao section in the
southeast Sichuan Basin (Fig. 1). A series of analysis and
tests including FIB-SEM (Focus Ion Beam-Scanning
Electron Microscopes analysis), XRD (X-ray diffraction)
test, TOC (Total organic carbon) content test, rock
pyrolysis analysis, and total gas content test have been
carried out.

3.1 FIB-SEM (Focus lon Beam-Scanning Electron Micro-
scopes analysis)

First, the core samples were grounded into standard 1 cm
x 1 cm samples. Second of all, we used IB-09010CP ion
section polishing instrument for argon ion polishing to
process the surface of samples. Thirdly, we used FEI
Quanta 650 FEG field emission scanning electron micro-
scope for image collection at 10 KV acceleration voltage
and 10 pA beam current.

3.2 XRD (X-ray diffraction) test

The shale rock samples were first dried, then crushed into
powder with grain size less than 40 pm, and prepared for
subsequent testing. As each type of mineral crystal has its
own specific X-ray diffraction spectrum, we were able to
acquire qualitative and quantitative results because the
characteristic peak strength in spectrum is related to the
mineral content of sample. The XRD test was conducted
using a Panalytical X'Pert PRO MPD X-ray diffractometer.

3.3 Total organic carbon (TOC) test

The shale sample was crushed into powder with grain size
of roughly 150 um, and about 0.5 g samples were prepared
for testing. Before heating and combustion, the inorganic
carbon, in the form of carbonate, in the samples were
removed with acid. After washing and drying, the powder
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samples were fully burned. The amount of CO, produced
was measured by infrared detector, and the total organic
carbon content of each sample was calculated. In this
study, the TOC content was measured by using a LECO
CS400 carbon sulfur analyzer.

3.4 Rock pyrolysis analysis

To begin, surface pollutants of shale sample were removed
with purified water, then absorb the water with filter paper,
samples were crushed to about 150 pm. Next, accurately
weigh 1 to 2 g of samples for testing and then put the
sample into a clean porcelain bottle and seal it with purified
water. Heat the shale samples to 560°C in pyrolysis furnace
with programmed temperature increase, so that hydro-
carbons in the rocks evaporate into gases, and organic
matters (i.e., kerogen, asphaltene) show thermal cracking
reaction and produce volatile hydrocarbon products. With
carrier gas carrying gaseous hydrocarbon, it is directly
detected by hydrogen flame detector (FID), so as to
analyze the hydrocarbon content in rock samples. In this
study, YQ-VII oil and gas display evaluation instrument
was used to obtain S1 and S2 data under the temperature of
25°C to 28°C, and humidity of 55%—65% RH.

3.5 Isothermal adsorption experiment

First, the shale samples were crushed to 150 pm, and then
the is0-200 isothermal adsorption instrument was used to
measure the volume of methane adsorbed when the
samples reached the adsorption dynamic equilibrium at
the same temperature (30°C), humidity about 1% and
different pressure conditions. Then, according to Langmuir
monolayer adsorption theory, VL (methane adsorption gas
volume) was calculated.

Analysis of the test data shows that: Pyrite content in the
study area is between 1.3% and 7.5% (3.21%), and the
TOC content ranges from 0.83% to 6.67% (2.60%). The
content of S1is 0.66 to 3.0 x 102 mg/g, with an average of
1.45 x 10* mg/g; the content of S2 is 2.63 to 7.59 x 10
mg/g, with an average 0of4.21 x 10> mg/g; and the content
of methane adsorption gas ranges from 1 to 3.35 m*/t, with
an average value of 1.97 m*/t (Table 1).

Table 1 The number of samples and data of the test results
Rock pyrolysis parameters
Well Pyrite content (mean)/% TOC content (mean)/% Adsorbed gas3c<ir11tent itd : YIS p :
(mean)/(m”-t7) SI (mean)/(0.01 mg-g')  S2 (mean)/(0.01 mg-g™")
X1 1.3-6.6 (3.33) 0.83-5.62 (2.60) 1.0-3.01 (1.84) 0.66-2.3 (1.32) 2.63-7.59 (4.21)
X2 1.4-7.5 (2.81) 0.75-4.97 (2.46) 1.42-3.35 (2.21) 1.0-3.0 (1.89) /
X3 2.0-7.0 (4.06) 0.86-6.67 (3.17) / / /
Total 1.3-7.5(3.21) 0.83-6.67 (2.60) 1-3.35(1.97) 0.66—3.0 (1.45) 2.63-7.59(4.21)
n=177 n=177 n=21 n=93 n =62
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4 Discussions

4.1 Morphological characteristics of pyrite in the Longmaxi
Formation shale

According to observations of the drilling cores, outcrop
section and thin section, pyrite is well-developed in the
Longmaxi Formation shale, and mainly exists in the form
of pyrite strips (Fig. 2(a)), with thickness ranging generally
between 0.2 cm and 3 cm. Pyrite strips in some regions
have aggregated into nodules (Fig. 2(b)). Pyrite nodules
are lenticular in shape and randomly distributed in the
shale, with size ranging from 0.5 cm x 2 cm to 1 cm X
3 cm (Fig. 2(c)). In addition, dispersed granular pyrite (Fig.
2(d)) and pyrites in bedding fractures have also been
observed in the shale.

Micro morphology of pyrite in the Longmaxi Formation
shale includes the following specific types: 1) normal
spherical pyrite framboids (Fig. 3(a)), which have near-
spherical or ellipsoidal shape with an average diameter
between 2 um and 10 pm and a maximum of 14-18 pum,
and are composed of massive 0.1-1 pm pyrite micro-
crystalline grains with well-developed intercrystalline
nanopores; 2) elliptical or nearly spherical pyrite framboid
shadows without intergranular nanopores (Fig. 3(b)); 3)
pyrite framboid aggregations (Fig. 3(c)), formed when

<€ Pyrite laminations

Pyrite nodules

pyrite framboids aggregated into pyrite framboid aggrega-
tion, with the size of single pyrite framboid grain ranging
from 3 to 5 pm; 4) irregular allotriomorphic-subhedral
pyrite clumps (Fig. 3(d)); 5) allotriomorphic-subhedral
pyrite grains (Fig. 3(e)); 6) subhedral-euhedral pyrite
particles (Fig. 3(f)), with euhedral pyrite grains generally
rectangular, triangular, quadrilateral or hexagonal in shape.

Pyrite shows a variable microcosmic occurrence in the
Longmaxi Formation shale in the southeast Sichuan Basin,
mainly in the form of normal spherical pyrite framboid
(Figs. 3(a) and 3(d)), followed by partially recrystallized
pyrite framboid and Allotriomorphic-subhedral pyrite. The
ratio of pyrite aggregation is relatively low.

4.2 Correlation between pyrite and TOC content

According to the study, there is an obvious and positive
correlation between pyrite content and TOC content in the
Longmaxi Formation shale in the southeast Sichuan Basin
(Fig. 4). The correlation coefficient is about 0.51, which
means the higher the pyrite content, the higher the TOC
content. Previous studies have shown that pyrite and
organic matter are relatively developed in the lower part of
Longmaxi Formation (Tan et al., 2015; Chen et al., 2016a;
Li et al., 2018). As an essential nutrient, iron may promote
biological growth (He et al., 2020). The lower part of
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Fig. 2 Photos of drilling cores showing macroscopic characteristics of pyrite in the Longmaxi shale in the southeast Sichuan Basin.
(a) Pyrite laminations, X2 well, 2412.5 m; (b) pyrite nodules developed within the pyrite laminations, X2 well, 2396.85 m; (c) pyrite
nodules, X2 well, 2358.62 m; (d) dispersed granular pyrites with particle size less than 0.5 mm, X2 well, 2370.46 m.
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Fig. 3 Microscopic photos showing pyrite characteristics in the Longmaxi Formation shale in the southeast Sichuan Basin. (a) Normal
spherical pyrite framboid; (b) pyrite framboids shadows without intragranular nanopore; (c) pyrite framboid aggregation; (d) irregular
allotriomorphic-subhedral pyrite clump; (e) allotriomorphic-subhedral pyrite grains; (f) subhedral-euhedral pyrite particles.
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Fig. 4 Relationship between pyrite content and TOC content of
the Longmaxi Formation shale in the southeast Sichuan Basin.

Longmaxi Formation has many ancient organisms and
high paleoproductivity, and therefore, organic matters are
developed rather well (Li et al., 2018; He et al., 2019). In
addition, Love and Amstutz (1966), Kaplan et al. (2012),
Nie and Zhang (2012) pointed out that iron plays an
important role in organic matter deposition. High content
of iron is conducive to the enrichment of organic matter.
Pyrite is a stable polymorph of FeS,, which is why iron in
pyrite may promote the enrichment of organic matters.
This positive correlation is commonly found in black
shale, which is conducive to the development and

preservation of organic matters and pyrite (Cui et al.,
2012; Wu et al., 2014; Tan et al., 2015; Xu et al., 2015;
Chen et al., 2016a, 2016b; Liu et al., 2016; Sun and Guo,
2017), but not all shale has such a close correlation. For the
Permian coastal swamps-shallow shelf shale in the Lower
Yangtze area in China, the redox environmental condition
in water body is worse than deep-water shelf, which is not
conducive to the development and preservation of pyrite
and organic matters. In addition, the content of pyrite is
low, so there is no correlation between pyrite content and
TOC content (Cao et al., 2018). Therefore, when the
depositional environment is in reduction conditions, pyrite
content has a positive correlation with TOC content. The
Longmaxi Formation shale is mainly deposited in the shelf
under anoxic conditions in the southeast Sichuan Basin,
which results in clearly positive correlation between pyrite
content and TOC content in this area.

4.3 Impact of pyrite to hydrocarbon generation of organic
matters

The content of pyrite is weakly positively correlated to S1
(content of residual hydrocarbon in rock) in the Longmaxi
Formation shale in the southeast Sichuan Basin. The best
guess is that pyrite might had catalyzed and promoted the
decomposition of organic matters in shale. Thus, the higher
the content of pyrite, the higher the content of residual
hydrocarbon (Fig. 5). Previous study shows that inorganic
mineral in matrix (e.g., clay and carbonate) can also
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Fig. 5 Relationship between pyrite content and S1 content in the
Longmaxi Formation shale in the southeast Sichuan Basin.

catalyze and promote the decomposition of the kerogen in
shale (Tannenbaum and Kaplan, 1985). Therefore, the
correlation between the contents of S1 and pyrite cannot
fully reflect the catalytic action of pyrite in the generation
of organic hydrocarbon.

Tmax of the Longmaxi Formation shale is mostly
between 375°C and 400°C in the southeast Sichuan
Basin. In general, pyrite usually enters the fast decom-
position stage at about 485°C (Zhao et al., 2015). In
experiment data processing, samples with T}, higher than
500°C are expected to ensure the relatively accurate
correlation between S2 (content of pyrolysed hydrocarbon)
and pyrite content. Results show that pyrite content is
weakly negatively correlated with S2, as in an increase of
pyrite content accompanied by decrease in S2 content,
indicating that pyrite might have a catalytic effect on the
formation of hydrocarbons under certain conditions, which
may increase the content of gaseous hydrocarbon (Fig. 6).

Previous studies show that transition metal and sulfide
are ideal catalysts for organic matter evolution in the
process of thermal evolution of organic matters (Hunt
et al., 1991; Mango, 1992; Cui et al., 2013; Wang et al.,
2014b; Sun et al., 2019). Content of pyritic sulfur is
negatively related to the reaction activation energy. The
increase of sulfur content can reduce the content of
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Fig. 6 Relationship between pyrite content and S2 content in the
Longmaxi Formation shale in the southeast Sichuan Basin.
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activation energy and promote reaction rate. Iron content in
transition metal element can significantly affect electron
cloud distribution of cracked organic matter, and promote
hydrocarbon generation in organic matters. Large content
of pyrite (large S content and sufficient transition element
like Fe*" ) can reduce activation energy and lower C-S
bond energy. At low temperatures, C-S bond would break
and generate hydrocarbon in advance. Therefore, pyrite is
a good catalyst for organic matter evolution.

4.4 Influence of pyrite on shale gas enrichment

Pyrite can promote the accumulation of shale gas. The
surface of pyrite and pores within the pyrite serve as
important spaces for shale gas accumulation (Cui et al.,
2013; Cao et al., 2018; Li et al., 2018). EDS energy
spectrum test of 24 pyrite samples from the Longmaxi
Formation shale shows that the weight percentage of
carbon element in samples ranges from 17.77% to 28.47%,
with an average of 21.56%, and the percentage of carbon
atom is 44.02% to 54.97%, with an average of 48.34%.
Wherein, the weight percentage of carbon element and
percentage of carbon atom of pyrite framboids are higher
than other forms of pyrite (Fig. 7(c)), which means that
pyrite is rich in hydrocarbon (Fig. 7).

The content of pyrite has a clearly positive correlation
with the content of methane adsorption gas in the
Longmaxi Formation shale in the southeast Sichuan
Basin, which means that the higher the pyrite content,
the more the methane adsorption gas content (Fig. 8). Nie
and Zhang (2012), Chen et al. (2016b), Zhang et al. (2020)
also discovered this positive correlation in the Longmaxi
Formation shale. This phenomenon is also found in the
shales of the Upper Permian Dalong Formation and the
Lower Permian Gufeng Formation in the Lower Yangtze
area in China, as well as shale in the Sinian Doushantuo
Formation in the Upper Yangtze area in China, which
means that pyrite is obviously capable of absorbing shale
gas and promotes shale gas enrichment.

The pores associated with pyrite mainly include
1) massive organic pores in pyrite-organic matter complex,
which are the most common type of pores closely related to
pyrite in the Longmaxi Formation shale (Figs. 9(c) and
9(d)); and 2) a small number of irregular intercrystalline
pores within the pyrite framboids (Figs. 9(a) and 9(b)). The
intercrystalline pores within pyrite framboids together with
organic pores in the pyrite-organic matter complex not
only increase shale reservoir space and shale specific
surface area, but also provide space for free gas (Fig. 9).
Ardakani et al. (2017) already have shown framboidal
pyrite’s capacity for storing hydrocarbon.

4.5 Influence of pyrite on brittleness and permeability of
shale reservoir

Shale reservoir characterized by self-generation and self-
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Fig. 7 Energy dispersive spectrum (EDS) analysis of pyrite in the Longmaxi Formation shale in the southeast Sichuan Basin.
(a) Energy dispersive spectrum for pyrite framboid, X1 Well. 1998.21 m; (b) Energy dispersive spectrum for euhedral pyrite, X1 Well,
1997.34 m; (c) Energy dispersive spectrum for pyrite framboids, X1 Well, 2044.17 m; (d) Energy dispersive spectrum for irregular pyrite,
X1 Well, 2049.11 m.

storage, ultra-low porosity and ultra-low permeability may increase the brittleness index of reservoir to some extent,
have tremendous economic and industrial benefits through  providing favorable conditions for subsequent hydraulic
artificial fracturing in later stage. As a kind of brittle fracturing (You et al., 2017; Li et al., 2018).

mineral, pyrite can improve reservoir permeability and Pyrite is a brittle mineral, and its influence on the
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Fig. 8 Relationship between pyrite content and adsorption gas
content in the Longmaxi Formation shale in the southeast Sichuan
Basin.

brittleness index of shale reservoir can be explained from
the following aspects. First, the physical property of pyrite
determines the high brittleness index of shale reservoir.
Young modulus of pyrite is about 300 GPa, much greater
than quartz, while the Poisson’s ratio of pyrite is about
0.15, close to quartz. Mechanical brittleness index of pyrite
is apparently higher than organic matters and clay mineral
components. Second of all, pyrite can catalyze hydro-
carbon generation, thereby promoting the development of
pore system in shale reservoirs after hydrocarbon genera-
tion and expulsion of organic matters in shale, which
would further increase the ease of fracturing shale. The
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Longmaxi Formation shale reservoirs in the southeast
Sichuan Basin have pyrite content in the range of 1.7% to
6.3%, which can improve the brittleness index of shale
reservoir by 2% to 6%. Therefore, pyrite can improve the
brittleness of shale reservoir, decreases difficulty in
subsequent hydraulic fracturing, and ultimately achieve
the purposes of transforming the shale fracturing process
and boosting shale gas production.

During acid-fracturing, pyrite and carbonate minerals
in shale reservoirs can be quickly decomposed by solution-
oxidation. A large number of micro-nano pores-fractures
can be produced, which would improve porosity and
permeability of shale reservoirs, and in turn enhance
shale gas recovery (Harrison et al., 2017; You et al., 2016,
2017; Tan et al., 2018). You et al. (2016) invented a
method to increase the fracture network density of shale
gas well fracturing. Outcome from a shale fracturing test
with hydrogen peroxide fracturing fluids indicates that
most organic matters and pyrite can be oxidized and
dissolved to burst rock formation. Fe’' concentration
increases while sulfur content decreases by up to about
98%, and the porosity of the treated core can be raised by
about 10%. Therefore, pyrite can increase the micro-nano
pore system in shale reservoir, improve the flow within
shale reservoir, stimulate the decomposition of adsorbed
gas, mitigate reservoir damage and boost shale gas
recovery, because when pyrite is dissolved and oxidized
under the action of acid-oxygen compound fracturing fluid
in later period, it releases heat to produce pores and micro-
fractures.

NONE COMPO 100KV X15000 [ pm WD 8.1mm

COMPO 10.0kV X12000 | ym  WD80mm

Fig. 9 Common pore types associated with pyrite in the Longmaxi Formation shale in the southeast Sichuan Basin. (a) Intergranular
pore of pyrite, X2 well, 2330.46 m; (b) Intergranular pore of pyrite, X2 well, 2346.50 m; (c) Organic pore in pyrite framboid, X2 well,

2366.74 m; (d) Organic pore in pyrite, X2 well, 2402.65 m.



340 Front. Earth Sci. 2021, 15(2): 332-342

5 Conclusions

Pyrite is well-developed and varies in occurrence in the
Longmaxi Formation shale in the southeast Sichuan Basin.
On a macro scale, pyrites mainly exist as strips and pyrite
nodules, while on the micro scale, pyrites mostly occur as
allotriomorphic-euhedral granular pyrite and single sphe-
rical pyrite framboid.

As a good catalyst for organic matter evolution, pyrite
can promote hydrocarbon generation of organic matter.
Inter-particle pores within the pyrite framboids and organic
pores in the pyrite-organic matter complex are developed
in the Longmaxi Formation shale. These pores not only
increase shale reservoir space and shale specific surface
area, but can also provide reservoir space for free gas. In
addition, pyrite can promote shale gas enrichment by
absorbing shale gas.

As a kind of brittle mineral, pyrite in shale reservoir can
improve the brittleness of shale reservoir, which is
favorable to later hydraulic fracturing. Furthermore, pyrite
can increase the pore system in reservoir, improve the flow
within shale reservoir, stimulate the decomposition of
adsorbed gas and boost shale gas recovery, because when
pyrite is dissolved and oxidized under the action of acid-
oxygen compound fracturing fluid in later period, it
releases heat to produce pores and micro-fractures.
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