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Pyrite is a mineral that is commonly found in shale gas reservoirs. Its genetic mechanism
and impact on pore and organic matter in shale gas reservoirs are critical for shale gas
exploration. This study selects the Longmaxi shale (Lower Silurian) in the Changning area
of the southern Sichuan Basin by comprehensively using a scanning electron microscope
(SEM), X-ray diffraction (XRD), total organic carbon (TOC), and image processing
technology. The type and characteristics of pyrite in shale reservoirs are studied, the
sedimentary environment and genetic mechanism of pyrite are analyzed, and the influence
of pyrite formation on organic matter enrichment and reservoir formation is evaluated. The
results showed that pyrite in shale primarily forms framboidal pyrite, euhedral pyrite, and
subhedral pyrite, with particle sizes ranging from 1 to 15 pm. The maximum framboid
diameter (MFD) is less than 20 um, with the average particle size distribution of 3-5 um.
These parameters indicate the vulcanization and blocking environment. The reducing
environment promotes organic matter enrichment and preservation. Framboidal pyrite has
two genetic sequences: rich organic matter and poor organic matter. The development of
organic matter will limit the continuous radial growth of pyrite and is conducive to the
protection of pores, and the formation of pyrite can reduce the activation energy of kerogen
reaction and catalyze the hydrocarbon generation of organic matter, resulting in higher gas
content. The framboidal pyrite content can be used to predict high-quality shale gas
reservoirs.
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1 INTRODUCTION

In recent years, there has been a growing interest in the
mechanism of shale gas accumulation, migration, and storage,
as well as the pore structure and sedimentary environment of the
reservoir (Zou et al., 2011). As a characteristic mineral in an
organic-rich shale formation, pyrite plays a positive role in shale
gas development due to its structural characteristics,
environmental significance, and impact on shale reservoirs and
shale gas development (Han and Li, 2019).

Authigenic pyrite is the main product of sulfate reduction in
an anoxic marine environment and widely occurs in marine
sediments on the continental margin. The main factors
controlling the formation of pyrite are the degradation of
organic matter and the anaerobic oxidation of methane. Pyrite
has mostly bedding distribution, lenticular structures, and some
linear structures, but under the microscope, it has framboidal,
massive, euhedral, nodular, and fissure filling shapes (Wilkin
et al.,, 1996; Wei et al.,, 2016). Different forms indicate different
formation processes, each representing a distinct formation
environment, particularly framboidal pyrite, which can be
classified as quasi syngenetic or diagenetic. The former occurs
in sulfide water bodies, while the latter occurs in anoxic void
water in sediments beneath oxidized or oxygen-depleted water
bodies. They differ in shape, particle size, and sulfur isotope (Wei
et al.,, 2016).

The surrounding environment limits the microcrystal of
framboidal pyrite aggregate during its growth and its particle
size change, which correlates well with the degree of hypoxia in
the water body. It is a reliable index to distinguish the redox
conditions of paleo-sedimentary water bodies (Wilkin et al., 1996;
Wilkin and Barnes, 1997; Chang et al., 2009,2011; Wei et al,
2016), which has great significance in judging the sedimentary
environment of shale reservoir. Chang and Chu (2011) and Zhou
and Jiang (2009) refined the sedimentary environment into three
oxidation levels, weak oxidation and sulfidic, using framboidal
pyrite. Cui et al. (2013) proposed that pyrite has a positive impact
on oil and gas reservoirs, hydrocarbon generation, and expulsion.
Nie and Zhang (2012) concluded that pyrite plays a vital role in
shale gas accumulation by studying the controlling factors of
shale gas accumulation conditions. Cao et al. (2018) concluded
that pyrite contributes to organic matter hydrocarbon generation
and shale gas development by examining pyrite in different
horizons in the Yangtze region and combined it with previous
research results. Zhu et al. (2018) believed that pyrite can affect oil
and gas accumulation in the reservoir and promote oil and gas
accumulation and hydrocarbon generation and expulsion of
organic matter.

The contribution of pyrite developed in shale to the pore
system is now widely accepted (Li et al., 2019; Li et al., 2020; Liu
et al., 2022), but there are still some disputes about its porosity
development degree and the importance of pores related to pyrite.
The contribution of pore development characteristics related to
the pyrite of a shale reservoir cannot be quantified (Fan et al,
2020). From the perspective of diagenesis, pyrite cementation will
occupy a portion of the primary pore space, but its particles have
rigid characteristics that can effectively inhibit the influence of the
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compaction of particles and adjacent areas (Wang et al., 2017).
Simultaneously, large-scale pyrite will induce the formation of
microcracks and maintain a moderate opening, while irregular
granular pyrite is more cemented between clay mineral flakes.
Effective support is formed to prevent intergranular pores from
becoming completely compacted, allowing for the filling and
storage of liquid hydrocarbons (Li, 2022). Furthermore, the
organic pores formed by liquid hydrocarbon cracking can be
effectively preserved due to pyrite’s “pillared” protection. In
general, the earlier the pyrite cementation is formed, the
higher the degree of development and the more conducive to
mechanical compaction, formation, and preservation of organic
pores in the later stage (Wang et al., 2019; Lu et al., 2022).

There have been few successes in analyzing the sedimentary
environment of pyrite in the Longmaxi Formation shale in the
upper Yangtze region. Although many researchers have made
clear the impact relations between the two in terms of the
indicative significance of pyrite on shale gas energy storage,
there is no significant amount of theoretical data support. The
present research defines the origin of pyrite, restores the shale
sedimentary environment, and analyzes the impact of pyrite
formation on the evolution of organic matter and the
transformation of reservoir properties, providing a reference
for the prediction of organic shale reservoirs through a
comprehensive analysis of the structure, content, and particle
size of pyrite in the shale of the Longmaxi Formation.

2 GEOLOGICAL SETTING

The Sichuan Basin is an essential part of the upper Yangtze plate
and the most promising area for oil and gas exploration in
southern China. The Changning main anticline structure is
situated at the intersection of the Sichuan Basin and the
Yunnan Guizhou Plateau, between the low and steep
structural area of the ancient depression middle uplift in the
South Sichuan and the Loushan fold belt (Figure 1A) (Chen et al.,
2014; Huang et al,, 2018).

The Longmaxi Formation of Silurian is the main target
interval for shale gas exploration in the study area. The black
shale of the Longmaxi Formation is in integrated contact with the
black siliceous and calcareous shale of the Upper Ordovician
Wufeng Formation, containing the Hirnantia-Dalmanitina
fauna. The Longmaxi Formation has a thickness of 0 m 373 m,
and it can be further subdivided into two lithologic sections: the
first member of the Longmaxi Formation (S;L;) and the second
member of the Longmaxi Formation (S;L,) (Zhu et al., 2018).

The rhythmic boundary is found between the gray-black shale
at the bottom of the second member of the S;L, formation and the
black shale gray silty shale in the overlying S;L; member.
According to the secondary cycles and lithologic
characteristics, it can be divided into two subsegments from
the bottom (S,L,! and S,L,%). The lithologic interface is the
dark gray shale at the bottom of the S,L,> member and the
gray-black shale of the underlying S,L," member.

The S;L," sub-member is a set of black carbonaceous shale rich
in organic matter. Many graptolite groups with different shapes

Frontiers in Earth Science | www.frontiersin.org

June 2022 | Volume 10 | Article 919923


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

He et al.

Genetic Mechanism of Pyrite

0 80km
[ ]

£
%‘ Formation Lithology
[a]

Shiniulan
Fm,

H

=

Study area

—]

Basin border line

| OYa'an ‘ % N2

Resident site Well location

N
o Nodular
2100 I ; limestone
e I
Q% & y . / Pe) 2120 g I T I Bioclastic
\)e @@ S . E Dazhou 2130 l; = ‘ l;n\eslzo?e‘
/‘.&\o N 1@ 2140-] g o —
o 'Y'Q NSF 2150 £ = Sy
oS RS - i limestone
Chengdu 3 S 2160 z = Ht‘
s Huayingey X . 2170 3 -
& S8 > ] L] Calcarcous
RN o, % °g . X 2180 & — shale
;& Central district 3 e 2190-] = =
s \)0 / .\s @‘b% 2200 I : T .
/ P r§0 2210 T Shale
ovy A .~ T 1 .S 2220
Ya'an e - Yonghuan,§ R . -
/ * N ;| OChongqing 2230 _ Siliceous
. \ 7/ : 22408 shale
N % - 5
OQ s K — 2260 -] Carb
. OYibin 7/ =2 shale
c = v +  OLuzhou 2570 ”
2 outhwest district, 7 o 280 [5]2
“Q/ % ! r}\ -
% N 2290 2
®©

Member 1 of Longmaxi Fm

& =z
E £
< g
S H
2 ]
5 H

Beijing*

Argillaccous|
sandstone

Chian

Chengdy

Muddy
siltstone

Sichuan Basin

Siltstone

Jordoviciu

FIGURE 1 | (A) Location of the study area in the Sichuan Basin (Modified from Chen et al. (2014)); (B) stratigrapy of the Longmaxi Formation in well N3.

are developed, belonging to the calcareous outer shelf facies. It
can also be subdivided into four sub-layers (S; L', S; L,' %, S;
L,'73, and S, L,'™) (Figure 1B).

3 METHODS

The data of Longmaxi Formation conventional logging, elemental
capture spectroscopy (ECS), XRD (whole rock analysis), and
porosity of seven wells were collected systematically. Mineral
and pore structure characteristics, XRD (whole rock minerals),
and total organic carbon (TOC) tests were carried out on 80 core
samples from 7 wells.

Quanta 450 ESEM was used to examine the minerals and pore
characteristics of shale samples. The pores in the SEM images
were extracted and measured using PerGeos software from
the FEIL

XRD analysis was performed using the PANalytical X’ Pert
PRO. The particle sizes of the shale powder were measured at less
than 200 mesh.

The TOC content was measured using a LECO CS230 carbon/
sulfur analyzer according to the national standard GB/T
19145-2003 after the samples were crushed into small
particles of less than 0.2 mm in size and were treated with
hydrochloric acid to remove the carbonates at 60-80°C.

The pyrite particle size and pore diameter of the shale sample
were measured using Corephic v2.1 measurement software. More
than 100 pyrite particle size data were collected for each shale
sample. The sedimentary environment characteristics of pyrite
formation were studied using the maximum particle size method
(MFD) (Wignall et al.,, 2005), box-and-whisker plot (Wignall
et al,, 2005), and binary graphic method after data collection
(Wilkin et al., 1996). The box-and-whisker plot can intuitively
reflect the variation of lithology along with the depth, maximum
and minimum particle sizes of framboidal pyrite, the middle
particle size, and the distribution characteristics of particle
concentration or dispersion (Wilkin et al, 1996; Wei et al,
2016; Wignall et al, 2016). The binary diagram of average
particle size, standard deviation, and skewness also serves as
potential methods for analyzing the redox conditions of
sedimentary water (Wilkin et al., 1996; Chang et al., 2009).

4 RESULTS

4.1 Morphology and Particle Size
Characteristics of Pyrite

SEM image shows that pyrite in the Longmaxi Formation of the
study area is well developed and distributed in shale in
different forms.
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FIGURE 2 | Photomicographs of authigenic pyrite morphologies. (A) SEM image of typical framboidal pyrite of the Longmaxi Formation, (B) SEM image of euhedral
pyrite of the Longmaxi Formation (C). SEM image of banded shape and non-euhedral pyrite of the Longmaxi Formation.
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FIGURE 3| Measurement of framboidal pyrite diameters via Corephic v2.1 software. Pyrite from samples of the Longmaxi Formation. OM = organic matter; FmPy =

Aggregating multiple granular microcrystals form framboidal
pyrite in the form of spheres and sub spheres (Figure 2A). The
diameter of a single crystal is generally 0.1-1 pm; most of the pyrite
structures are well preserved, with a small number of pyrite
microcrystals having secondary growth. The morphology of
microcrystals changes from spherical to euhedral irregular shapes.
A few framboidal pyrites recrystallize and lose their framboid
structure. This is the most common type of pyrite in the study area.

The crystal structure of euhedral pyrite is octahedral, cubic,
and spherical. It typically manifests as isolated crystals and
aggregates (Figure 2B). It is frequently euhedral or semi-
euhedral crystals with significant variation in the particle size.
In general, euhedral pyrite aggregates form near organic matter
and framboidal pyrite aggregates or marginal gaps.

Banded pyrite, which belongs to non-euhedral pyrite, is
slender banded with an obvious directional arrangement and

is mainly distributed at the junction of organic matter, mineral
particles, and intergranular pores (Figure 2C).

Pyrite is primarily found in areas where organic matter is
abundant. It is distributed in a long strip along the direction of
organic matter development or concentrated in areas where
organic matter and clay minerals coexist. Pyrite will form in
small amounts near inorganic minerals or between mineral
particles and in mineral particles.

The test characteristics of particle size of pyrite in shale show
that the particle size distribution of framboidal pyrite in S,L,”
members is 2.077-6.045um, with an average of 4.34um,
1.027-10.277 ym in S$;L,' member, with an average of
4.31 um. The particle size of $;L," > and S,L,'" in the lower
part is larger than that of pyrite in the shale at the top and bottom
layers. In the deep Wufeng Formation, the particle size
distribution of pyrite is 1.424-12.97 um, with an average value
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of 4.4 um (Figure 3). In general, the particle size of framboidal
pyrite is a single peak distributed from 1 to 13 um, with a peak
value of 3-5 um (Figure 4). The particle size of pyrite increases
first and then decreases from bottom to top, with the peak value of
particle size distribution in the S,L,'™? (Table.1).

4.2 Vertical Distribution Characteristics of
Pyrite and TOC

Considering N1 wells as an example, the vertical distribution
characteristics and depth changes of pyrite, S element, and TOC
are drawn (Figure 5).

The vertical variation of the pyrite content is more evident
than that of the particle size. The pyrite content is distributed
from 0.3 to 7.9%, with an average of 2.31%. Among them, the
average content of Wufeng formation is 0.6%, the content of S, L,
is 0.8-7.9%, with an average of 1.8%; and the content of S,L;'is
1-5.9%, with an average of 3.0% The content of S,L,'? and
SiL;' 7 layer sections is the highest, with average values of 2.6 and
3.9%, respectively; the content of pyrite increased first and then
decreased.

The TOC of shale in the Longmaxi Formation is 0.23-4.93%,
with an average of 1.78%. ECS logging data show that the content
of the S element in the Longmaxi Formation is 0.001 kg/kg to
0.03 kg/kg, with an average of 0.01 kg/kg. Overall, TOC and S
values show a positive correlation trend. After a sharp increase
from the Wufeng formation to the bottom of the Longmaxi
Formation, these two parameters maintain high values in S,L,%
According to the fitting between the logging curve and the test
TOC results, the predicted TOC value ranges from 2.8 to 6.7%,
with an average value of 3.75%. Notably, higher TOC corresponds
to higher porosity. In this interval, the average porosity of shale is
greater than 4.8% and can reach up to 6.28%, indicating good
reservoir capacity.

The vertical characteristics of TOC and S values indicate that
the bottom of the Longmaxi Formation lies in an occluded
reduction environment, whereas the top lies in an oxygen-
deficient/reduction environment. The TOC content has strong
compliance with the S element. The changing trend is basically

Genetic Mechanism of Pyrite

TABLE 1 | Pyrite framboid size distributions via SEM images and Corephic v2.1
software measurement. SD = standard deviation; MFD = maximum framboid
diameter; SK = skewness.

Samples SD (um) Min (um) Mean (um) MFD (um) SK

Silq? 2.246 2.077 4.34 6.045 2.322
Sk, 1.374 1.027 2.51 4.043 0.696
S P 1.226 1.403 3.43 5.495 0.133
S8 1.824 1.235 4.31 9.738 1.094
AP 1.463 1.514 414 8.974 0.971
Sl 2 1.553 2.027 4.79 9.745 0.635
Sl 2 2,513 2.514 5.15 10.277 1.275
S 1.196 1.852 3.66 5.879 0.205
Wufeng Formation ~ 3.890 1.424 4.69 12.97 2.000
Wufeng Formation 1.406 2.493 4.35 9.924 1.904

the same, reflecting the dependence of organic matter enrichment
in shale on sulfide sedimentary environment, which is closely
related to the S element. The more reductive the sedimentary
environment is, the more conducive it is to enriching organic
matter (Wu C. et al., 2014; Han and Li, 2019).

5 DISCUSSION

5.1 Formation Environment of Pyrite
Framboidal pyrite can retain its original shape and size after
burial; thus, it is frequently used to indicate the redox conditions
of the water environment in modern marine sediments (Wilkin
et al., 1996). Pyrite is the most commonly found near the
chemical alteration layer. When the bottom water body is
euxinic, pyrite is rapidly deposited on the sediment surface
after formation, with large quantities and a small variation
range of particle sizes. Under reduction conditions, pyrite with
small particle sizes and a large amount will form near the interface
between the sediment and water body in an environment with a
lack of H,S and oxygen, dominated by framboidal pyrite (Wignall
and Newton, 1998; Bond and Wignall, 2010; Zhou et al., 2017).
Pyrite grows in the pore water between oxygen-poor sediment
particles below the sedimentary interface in the oxygen and
oxygen-poor environment. The oxidant in the sediment is
gradually consumed due to bacterial sulfate reduction. Once
the sulfide environment is formed, framboidal pyrite is
formed; Fe**, H,S, and elemental sulfur are continuously and
slowly supplied, resulting in a long growth time and a slow growth
rate of pyrite; framboidal and euhedral pyrite will then appear
with large and different sizes (Wilkin et al., 1996,1997). With
increasing oxidation degree, larger particle size euhedral pyrite
can form at the interface between the sediment and water,
whereas oxidation produces only a small amount of euhedral
pyrite (Wignall and Newton, 1998; Bond and Wignall, 2010).
The final formation of pyrite is controlled by the local
microenvironment (Chang et al., 2020), and the process results
from the combined influence of several factors (Berner, 1984). 1)
Sulfate reduction and pyrite burial rates are significantly
positively correlated with organic carbon burial rates (Lin
et al, 2000). Therefore, the content and activity of organic
matter become the primary factors limiting the formation of
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FIGURE 5 | Comprehensive comparison of geochemistry, reservoir physical properties and pyrite distribution characteristics of shale in the Longmaxi Formation.

authigenic pyrite. Terrestrial organic matter is relatively difficult
to decompose and is not conducive to sulfate reduction reaction.
2) The diagenetic system gradually transits from open to closed
with an increased water depth. The sulfate content in pore water
is gradually consumed and limited, controlling the formation and
burial of authigenic pyrite (Gomes and Hurtgen, 2013).
According to the vertical variation of the sulfate content,
soluble sulfur, and pyrite sulfur isotope signal in pore water,
the formation of pyrite can be divided into four stages: 1) rapid
reduction of sulfate, acid-soluble volatile sulfur yield is higher
than that of pyrite; 2) the sulfate reduction rate and the yield of
acid-soluble volatile sulfur began to decrease, and pyrite formed
slowly; 3) sulfate content began to decrease, indicating the
formation of the closed environment; 4) if organic carbon
remains after sulfate is exhausted, authigenic pyrite enriched
with **S will continue to be generated with SO,* in the
adjacent horizon (Chang et al., 2020). The closed diagenetic
environment is conducive to the formation of pyrite; 3) in the
redox sequence, organic carbon is buried and utilized by
methanogens to generate CH,, which diffuses upward in the
sulfate methane transition zone, causing intense microbial sulfate
reduction activity, leading to the enrichment of pyrite and the

decomposition of natural gas hydrate (Zhang and Wu, 2019); 4)
the deposition rate affects the formation of pyrite by changing
other limiting factors. A high deposition rate is accompanied by
the high organic matter content. However, when the deposition
rate is too high, it will dilute the organic matter in the sediment
(Tyson, 2001), reduce the residence time of sulfide at the redox
interface, and lead to the incomplete conversion of acid-soluble
volatile sulfur to pyrite (Chang et al., 2020).

Wilkin et al. (1996) proposed restoring the sedimentary
environment using the box-and-whisker diagram of
framboidal pyrite. The diagram in Figure 3 shows the median,
average, distribution range, and quartile of the particle size, which
can intuitively reflect the distribution characteristics of maximum
and minimum particle sizes, intermediate particle size, and
particle concentration or dispersion of framboidal pyrite with
depth (Wei et al., 2016; Wignall et al., 2016). The binary diagram
of average particle size, standard deviation, and skewness can also
be used to assess deposition redox conditions (Wilkin et al., 1996;
Chang et al.,, 2009).

The oxygen and hydrogen sulfide concentrations in modern
marine water can be divided into four categories: oxic, suboxic,
anoxic, and euxinic (Tribovillard et al., 2006). The parameter
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TABLE 2 | Characteristics of framboids used to define oxygen-related depositional conditions and facies (Bond and Wignall, 2010).

Conditions

Euxinic (persistently sulfidic lower water column)

Anoxic (no oxygen in bottom waters for long periods)
Lower dysoxic (weakly oxygenated bottom waters)
Upper dysoxic (partial oxygen restriction in bottom waters)
Oxic (no oxygen restriction)

Framboid parameters

Small (mean 3-5 pm), abundant, with narrow size range. Framboids dominate pyrite fraction

Small (mean 4-6 um), abundant, with a few, larger framboids. Framboids dominate pyrite fraction

Mean 6-10 pm, moderately common, with a few, larger framboids and some crystalline pyrite

Moderately common to rare, broad range of sizes, only a small proportion <5 pm. Majority of pyrite as crystals
No framboids, rare pyrite crystals
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characteristics of framboidal pyrite under different redox
conditions are proposed (Table.2), which can be widely
applied to the restoration of paleoenvironmental conditions in
the sediments of various strata. The particle size distribution
range of framboidal pyrite is narrow in the closed water
environment (euxinic), but it tends to widen as the oxygen
content increases.

The average particle size and skewness of framboidal pyrite
can also identify the redox conditions for sediment formation
(Figure 6) (Wilkin et al., 1996; Wei et al., 2016). Skewness is a
good indicator of the heterogeneity of particle size distribution.
When the variation range of framboidal pyrite particle size is
small, it indicates a closed or semi-closed environment (Figure 6)
(Wilkin et al., 1996).

The average particle size and standard deviation of the samples
in this study are compared with the previous data. The
sedimentary environment of Longmaxi formation samples in
the study area is a euxinic environment (Table.1). Combined
with the data in Figure 6, it can be inferred that the shale
sedimentary environment of the Longmaxi Formation is the
euxinic environment, which has strong reducibility, poor water
fluidity, and a closed state. Pyrite cannot grow fully due to rapid
settlement and burial after crystallization, resulting in generally
small particle size characteristics due to an insufficient supply of
materials, reducing agents, and energy required during the grain
growth period of pyrite under poor hydrodynamic conditions.
However, this closed euxinic environment with low long-term

hydrodynamic force boosts organic matter deposition,
accumulation, and preservation in Longmaxi Formation shale
(Han and Li, 2019).

In sedimentation, shale is comprehensively controlled by the
basin structure, water environment, sediment supply, and other
factors, forming lithofacies that can reflect different environmental
characteristics. According to the mineral composition, the shale in
the study area can be divided into three lithofacies types: siliceous
shale, calcareous shale, and mixed shale facies (Wang et al., 2016).
The content and type of pyrite in different lithofacies are
significantly different. The bottom of the Longmaxi Formation
is dominated by siliceous shale, and mixed shale is occasionally
seen. The development of banded pyrite and intermittent sandy
lamina in the shale indicates a relatively quiet deep-water reduction
environment in the sedimentary period, with the most pyrite
content (Sun et al, 2019). The lithofacies in the middle and
lower part of Longmaxi changed from siliceous shale to mixed
shale, with scattered pyrite and relatively developed silty laminae,
reflecting that the sedimentary environment changed from an early
strong reduction environment to a weak reduction environment
and decreased the pyrite content. Siliceous shale and mixed shale
are more conducive to pyrite formation than calcareous shale (Lu
et al., 2021).

5.2 Genetic Mechanism of Pyrite
Sedimentary pyrite is formed by reducing Fe** ions in sediments
to Fe®" ions in a strong reduction environment. Fe** ions react
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with a large amount of H,S produced by bacteria that decompose
organic matter or sulfate-reducing bacteria. Reducing sulfate in
sediments to form hydrometeorite pyrite (FeS-nH,O) or
monosulfide iron, hydrometeorite pyrite reacts with elemental
sulfur to form colloidal pyrite (FeS,:nH,O), colloidal pyrite
crystallizes and dehydrates to form pyrite (FeS,) (Zhu and
Geng, 2002).

Pyrite can be formed in two cases. The first is that it can be
formed and precipitated directly from the solution under low in-
situ active iron concentration. The second is to form
mackinawite, greigite, framboidal pyrite, and euhedral pyrite
under the high solubility of in-situ active iron. The formation
stage of pyrite can be divided into the sedimentary and diagenetic
types (Liu et al., 2016).

Sedimentary pyrite was formed in the synsedimentary period
and early diagenetic stage. Sulfate-reducing bacteria reduce
sulfate ions in the reducing water environment to produce
H,S or HS". Sulfide reacts with active iron Fe?' to form
tetragonal pyrite FeoSg. (Bontognali et al., 2008; Heywood et
al.,1990) Tetragonal pyrite is further transformed into pyrite
Fe;S,. Pyrite particles are then aggregated under the influence
of magnetic force to form framboidal pyrite (Wilkin et al., 1996).

2(CH,0) + SO} — 2HCO®™ + HS~
CH, +SO;” — HS™ + HCO*™ + H,0

S*” + Fe** — FeS,

Diagenetic pyrite is formed in the stage of deep burial. In
closed water with insufficient material supply (Wang, 2013), the
concentration of active iron is low. Affected by the difference in
pH value, pyrite can be formed either by crystallization directly
from the water body or by forming FES first and then by some
series of reactions (Cao and Wei, 2015). If the material supply and
growth space are sufficient, framboidal pyrite with a large particle
size will be formed. In contrast, self-shaped pyrite with small
particles will be formed (Liu et al., 2016).

SO +1.33(CH,) + 2H" — H,S + 1.33CO, + 1.33H,0

§?* + Fe** — FeS,

There is a small amount of lamellar and nodular pyrite in the
Longmaxi Formation. At the formation stage, sediments are
relatively loose, the supply of sulfur and iron is sufficient, and
the pyrite microcrystals formed in the pores will gradually grow
and increase until they fill the pore space. Following diagnoses
such as compaction, pressure dissolution, and cementation,
pyrite microcrystals in the space continue to grow and
aggregate in the pores to form lumpy pyrite, which eventually
forms euhedral, laminar, and nodular pyrites. This pyrite
indicates the acidic sulfide reduction environment, which is
conducive to the preservation and enrichment of organic matter.

The framboidal pyrite with the highest content in the
Longmaxi formation is considered to have formed during a
quasi syngenetic stage or early diagenesis in sedimentation
(Marynowski and Zaton, 2008). Barnes and Wilkin (1997).
Framboidal pyrite is thought to have evolved through four
continuous processes: 1) the formation of microcrystalline

Genetic Mechanism of Pyrite

nuclei of ferrous sulfide, 2) the nucleation of colloidal pyrite
(Fe,S), 3) the gathering of colloidal pyrite crystallites to form a
spherical strawberry body, and 4) the transformation of colloidal
pyrite into framboidal pyrite (Cao and Wei, 2015; Zhou et al.,
2017).

There has always been controversy about the organic or
inorganic origin of pyrite. The view of biogenesis was put
forward as early as 1923. Zhou and Jiang (2009) showed that
framboidal pyrite is the illusion that cell aggregates or spherical
organisms could be replaced by pyrite. Schouten (1946) once
proposed that the framboidal structure has an inorganic origin.
Yang and Gong (2011) opposed this inorganic origin of the
biogenic view as framboidal pyrite was found in ores unrelated
to the biological action (Lowenstam, 1981). In recent years,
researchers have successfully synthesized strawberry pyrite in a
vacuum anhydrous and aqueous solution. Sweeney believed that
amorphous iron sulfide is formed in the initial stage of the
reaction and then further reacts into equiaxed pyrite (Sweeney
and Kaplan, 1973). Thus, the spherical structure is inherited when
iron monosulfide is transformed into framboidal pyrite.

The authigenic pyrite in this sample has the general shape of a
raspberry ball, and some balls develop octahedral microcrystals
with very automorphic shapes. This is due to pyrite pellet
nucleation, which crystallizes many microcrystals and
transforms the pellets into raspberry balls. As a result, the
formation of pyrite in the study area is more of inorganic
nature. However, the genetic sequences, both organic-rich and
organic-poor pyrites, could be established based on the degree of
organic matter enrichment.

SEM images (Figure 7) depict the relationship between pyrite
and organic matter, consistent with previous research: 1) organic
matter is filled around or inside framboidal pyrite, indicating that
its formation time is earlier than the kerogen massive oil
generation period (Lu et al., 2021). 2) The aggregation of
some framboidal pyrite microcrystals occurs in the space
limited by the structure of organic matter. When pyrite grows
to a certain extent, it is limited by organic matter and cannot
continue to increase (MacLean et al., 2008). 3) Euhedral pyrite
aggregates often exist near the edge gaps of organic matter and
framboidal pyrite aggregates.

The genetic sequence of organic-rich framboidal pyrite in
the study area is established: 1) pyrite microcrystals nucleate
and begin to aggregate and grow in the space limited by the
structure of organic matter during the sulfate reduction stage
of organic matter decomposition; 2) growing pyrites and
microcrystals congregate to fill the remaining space in the
cubic crystal form or the ubiquitous pentagonal dodecahedron.
At the same time, it will cause many microspheres to form.
These tiny pellets eventually evolved into euhedral pyrite
crystals; 3) it extends and grows into framboidal pyrite
through automorphic growth; 4) when there is little or no
organic matter between the microcrystals in framboidal pyrite,
the microcrystal particles fuse with each other under the
condition of close aggregation so that the inclusions in the
microcrystals and the organic matter mixed between the
microcrystals disappear or are pushed out to form
subhedral and subhedral shape pyrite crystals (Figure 7).
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FIGURE 7 | Genetic model of framboidal pyrite in organic-rich shale. OM = organic matter; FmPy= framboidal pyrite; OgPy= pyrite overgrowth; ShPy = subhedral
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FIGURE 8 | Genetic model of framboidal pyrite in organic-poor shale. OM = organic matter; FmPy= framboidal pyrite; OgPy= pyrite overgrowth; EnPy= euhedral

More experiments have confirmed the inorganic genesis of
framboidal pyrite compared to the complex genesis affected by
organic matter (Zuo et al., 2021). According to the microscopic
characteristics, the inorganic genetic sequence is established:
1) the pyrite microcrystals continue to grow after nucleation,
and the microcrystals increase and form cubic crystals or
pentagonal dodecahedrons to gather and fill in the pore
space; 2) after the microcrystal particles grow in their
shape, they grow radially around the pyrite nodules to form
raspberry pyrite; 3) due to the lack of organic matter and other
substances, framboidal pyrite continues to grow and
recrystallize, and finally fill the gap between single crystals
to form self-shaped pyrite (Figure 8).

Notably, the saturation degree of the solution determines the
crystal morphology of pyrite during the process of crystal growth.
The appearance of self-shaped crystals indicates that the sulfur

concentration in the sedimentary environment presents a long-
term low saturation, and the sedimentary environment is
conducive to the enrichment of organic matter.

5.3 Effect of Pyrite on Organic Matter

TOC (total organic carbon) is the total organic carbon in
sediments (Canfield, 1994; Schoepfer et al, 2015). High
marine primary productivity and reduced water environment
are conducive to high TOC values in sediments. Pyrite generally
exists in the shallow surface sediments of the continental margin
sea. As the degradation product of organic matter and stable solid
reduced sulfur, pyrite is preserved in the anoxic environment. The
burial and decomposition conditions of organic matter in various
sedimentary environments lead to significant differences in the
contents of total organic carbon and pyrite sulfur (Wu L. et al,
2014).
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Cao et al. (2018) proposed that the sedimentary environment
restricts the type of organic matter and pyrite, and they are closely
related. Organic matter provides a reductant and energy source
during the formation of pyrite (Li et al., 2018). The organic parent
material biofilm provides a necessary chemical environment for
the structure and growth of pyrite. After sulfate-reducing bacteria
degrade the initial organic matter, the generated H,S reacts with
iron to form pyrite (Wacey et al., 2015). Sulfur-rich kerogen takes
a relatively lower time to generate hydrocarbon, and its C-S bond
energy is lower, making it easier to decompose and generate
hydrocarbon. In marine shale, sulfur mainly exists in the form of
pyrite (Huang et al., 2017), and the formation of pyrite can reduce
the activation energy of kerogen reaction and catalyze the
hydrocarbon generation of organic matter (Zhang and Zhang,
1996). During diagenesis and diagenetic evolution, pyrite can
weaken the compaction effect on organic matter and protect and
support organic matter pores (Sun and Guo, 2017).

The sulfide reduction environment for the enrichment of
framboidal pyrite is conducive to the enrichment and
preservation of organic matter. The higher the iron content in
water, the more conducive to the generation and enrichment of
organic matter (Zhang et al., 2020). In the same sedimentary
stage, the concentration of active iron and sulfur ions in the
sedimentary environment controls the formation of pyrite.
Framboidal pyrite positively correlates with the shale organic
matter content and adsorbed gas content (Shu, 2015). Therefore,
pyrite can indicate the enrichment of organic matter in shale. In
the burial diagenetic stage, framboidal pyrite is formed in the
sulfide reduction environment. The higher the pyrite content, the
stronger the seawater reduction environment, and the shallower
the redox interface. This is more conducive to organic matter
enrichment, consistent with the positive correlation between
synsedimentary pyrite and TOC (Li et al, 2018). The
enrichment of pyrite also reflects the excellent water reduction

environment in the sedimentary period, conducive to the
enrichment and preservation of organic matter.

Generally, the content of organic matter is high, and the
mineralization degree of pyrite is also high. If the organic
matter is insufficient, the formed FeS remains at a particular
stage of monosulfide. In order to convert FeS to FeS,, there must
be an oxidant. Experimental research shows that elemental sulfur
is the only possible oxidant causing this transformation.

3FeS +S — Fe;S,
FC3S4 +2S — 3FCSZ

Quartz in shale can also form a siliceous support framework,
providing a good space for kerogen preservation. Inorganic minerals
such as clay minerals also have a specific catalytic effect on kerogen
(Figures 9A-C). Under the reduction condition of pyrite
development, shale has a high TOC value, leading to a high
degree of pore development and the total gas content of shale
(Figure 9F). In the study area, the Longmaxi Formation is in a
reducing sedimentary environment with rapid material exchange;
thus, there is an apparent positive correlation between organic
carbon in shale and sulfur content in pyrite that is significantly
stronger than that of quartz, clay, and feldspar (Figure 9). However,
the TOC content is not the highest in some samples, but there is an
abnormally high pyrite content. The unusually high abundance of
pyrite is difficult to explain by the causes of organic matter, so the
correlation between the two is not absolute.

5.4 Effect of Pyrite on the Porosity of Shale
Reservoir

The reservoir space types of organic-rich shale mainly include
fractures, inorganic pores, and organic pores, among which the
pores related to pyrite include organic pores and inorganic pores.
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The inorganic pores are mainly the pores between the
microcrystals of framboidal pyrite aggregate poor in organic
matter and the mold pores formed by crystals falling off on
the surface of the aggregate. In the former, the pores are often
small, mostly isolated, and the pore diameter ranges from 0.02 to
0.04 um due to the lack of restrictions on the radial growth of
pyrite (Figure 10). The shape of the latter depends on the shape of
the falling-off crystal, which is mostly honeycomb. The mold hole
has good connectivity with the hole of organic matter in the
crystal, and the pore diameter is large, which is the prominent
enrichment place of free gas (Han and Li, 2019).

According to the relationship between pyrite and organic
matter, organic pores can be divided into organic matter pores
filling the interior of pyrite particles and organic matter pores
between framboidal pyrite particles. The organic matter that fills
the spaces between the grains of framboidal pyrite has mostly
irregular pore morphology (Cao et al., 2018). Pyrite intergranular
pores and organic matter pores are developed due to the
limitation of organic matter. Intergranular pyrite pores will
not expand after growing to a certain extent, and these pores
are mainly organic matter pores, with the pore sizes ranging from
0.02 to 0.08 um. The growth of pyrite affects the organic matter

between pyrite particles, and the pore size of organic matter
preserved under reduction conditions is generally 0.02-0.04 um

There are numerous intergranular pores in framboidal pyrite
and pores formed by pyrite intergranular filling organic matter,
which provide storage space for gas accumulation. However, the
influence of pyrite on the two types of pores differs. During the
reservoir diagenesis process, the skeleton structure formed by
stacking raspberry pyrite microcrystals can protect the
development of nanopores between microcrystals by forming a
“triangular stress protection structure” for the inorganic pores
between pyrite grains (Zhao et al., 2018). The pores developed
inside the organic matter contained in pyrite microcrystals. Pyrite
aggregation protects the development of organic matter (Liu
et al, 2017) and promotes the hydrocarbon generation and
gas generation of organic matter by catalysis (Zhang and
Zhang, 1996). Compared to shale without pyrite, the number
of pores in pyrite is greater than that of the surrounding organic
matter, and the number and size of organic pores in pyrite-
enriched shale are larger.

The area ratio of framboidal pyrite aggregate is between 1.5
and 3.2%, and the average value is 1.8%. The face rate of
framboidal pyrite aggregate is 3.5 ~ 9.5%, with an average
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value of 5.8%, which is higher than the average face rate of the
shale matrix. Therefore, pyrite pores have a positive contribution
to the reservoir pore system. The pore contribution parameters of
framboidal pyrite are obtained using the pyrite area ratio, the
average face rate of pyrite, and the average face rate of the matrix,
with the parameters ranging from 0.5 to 8%. Framboidal pyrite
aggregate positively contributes to the reservoir pore system, and
the pore diameter is small, primarily adsorption pores. Organic
matter pores with diameters ranging from 10 to 50 nm in the
framboidal pyrite aggregate are the most developed, accounting
for more than 90% of the pores.

6 CONCLUSION

Framboidal pyrite, euhedral pyrite, and banded shape pyrite are
all formed in the Longmaxi Formation shale, with framboidal
pyrite being the most developed. The average particle size
distribution of framboidal pyrite in the S,L,! member of the
main reservoir is 3-5 pm, with the characteristics of a sulfidic
environment. The average particle size of pyrite in a few shales is
4-6 um, and it is oxygen-deficient in an anaerobic environment.
The particle size of the sample in the lower part of the Longmaxi
formation is between 1 and 15 pm, and the maximum particle size
(MFD) is less than 20 pum, according to the box-and-whistler
method. It is associated with an occluded reduction environment.

Two genetic sequences of framboidal pyrite are established based
on the enrichment degree of shale organic matter and its associated
relationship with pyrite. The formation of organic matter between
pyrite microcrystalline particles will limit the continuous growth of
pyrite, resulting in semi-euhedral and euhedral pyrite.

The sedimentary environment restricts the type of organic
matter and pyrite. The reductive sedimentary environment of the
Longmaxi Formation is conducive to the enrichment of organic
matter, where the TOC value ranges from 0.23 to 4.93%, with an
average value of 1.78%. There is a strong positive correlation
between the pyrite content and TOC value. The TOC value of
S,L,"? and S,L, ' members with the strongest reducibility is the
highest, with the degree of pore development and total gas
content are the strongest.

The pores related to pyrite in shale are mainly inorganic pores
between microcrystals of framboidal pyrite aggregate, mold pores
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