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ABSTRACT: Pyrite is widely distributed in lacustrine shales and has
become a research focus in unconventional oil and gas exploration. Pyrite
morphology is useful for identifying different types of organic matter and
assessing shale oil enrichment in organic-rich shale. Abundant pyrite is
developed in the source rocks from the Chang 7 Member of the Yanchang
Formation in the Ordos Basin, NW China. However, the relationship
between different pyrite types and the differential enrichment of shale oil still
needs to be clarified. The organic geochemistry, petrology, and isotopic
composition of the Chang 7 Member samples were analyzed. The
significance of pyrite types and sulfur isotopic compositions as indicators
of depositional environments and shale oil enrichment was emphasized. The
Chang 7 shales contain three pyrite morphologies, framboidal pyrite (type
A), spherulitic pyrite (type B), and euhedral and anhedral pyrite (type C),
and their aggregates. The sulfur isotopic compositions of pyrite (534SPY) in Chang 7 shales with different pyrite types exhibited
regular patterns. The 5**S values of types A, B, and C pyrites were sequentially positive overall (average values are —2.739, 2.201, and
7.487%o in sequence), indicating that type A pyrite was formed during the syn-sedimentary to early diagenetic stage and types B and
C pyrites were formed during the early to middle diagenetic stage. Types A, B, and C pyrites showed sequentially increasing kerogen
type index values and kerogen carbon isotope values (mean values of —31.59, —28.70, and —26.45%o, successively), indicating that
the horizons where types A, B, and C pyrites developed correspond to types I, II, and III organic matter, respectively. Strong
correlations between the pyrite content and oil components reveal that pyrite indicates shale oil enrichment. Moreover, variations in
pyrite type significantly influenced the enrichment behavior of shale oil. Types A and B pyrites contributing to reservoir space
showed shale oil enrichment. They promoted saturated hydrocarbon enrichment at >15% pyrite content, whereas type C pyrite did
not indicate shale oil enrichment. These findings provide new insights into the differential enrichment of organic matter and shale oil
and valuable guidance for the large-scale exploration and development of shale oil resources.

)

Pyrite types Effects on organic types Effects on shale oil enrichment

1. INTRODUCTION organic carbon (TOC) content, and pyrolyzed free hydro-
carbon (S;) content indicate a close relationship between
pyrite formation and organic matter content.” However,
previous studies focused on framboidal pyrite. Whether other
pyrite types, such as spherulitic, euhedral, and anhedral pyrite,
indicate organic matter enrichment remains uncertain.

Iron ions play a vital role in organic matter deposition, with
higher iron ions associated with organic matter enrichment and
preservation.'”"" Studies of the size of framboidal pyrite and
TOC indicated that framboidal pyrite plays a significant role in

The continuous advancement of theories and technologies in
oil and gas exploration and development, the growing global
demand for oil and gas, and shale oil have drawn attention
worldwide.'™® The abundance, type, maturity, and preserva-
tion conditions of organic matter influence the hydrocarbon
generation potential of the source rocks. Shale is a common
source rock, primarily composed of quartz and clay minerals
with additional feldspar, calcite, and pyrite. Variations in the
mineral composition play a crucial role in hydrocarbon
generation, expulsion capacity, reservoir physical properties,
shale brittleness, and shale oil and gas accumulation. Received: January 8, 2024
Specifically, pyrite, a prevalent authigenic mineral in shale, Revised:  March 7, 2024
exhibits distinct distribution patterns that indicate the Accepted:  March 11, 2024
enrichment and preservation of organic matter and its catalytic Published: March 26, 2024
effect on hydrocarbon generation. Furthermore, the favorable

positive correlations between framboidal pyrite content, total
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Figure 1. (A) Tectonic division of the Ordos Basin and well location [adapted with permission from ref 62 Copyright (2022) (Science China
Press)]. (B) Sequence stratigraphic framework of the Upper Triassic Yanchang Formation.

promoting organic matter enrichment.'””'* Based on the
formation period and the developmental mechanism, sedi-
mentary pyrite in shale are categorized into three types: syn-
sedimentary, diagenetic, and postfilling pyrite.””~"" Pyrite in
different morphologies is found in lacustrine shales, including
framboidal, spherulitic, layered, nodular, euhedral, and
anhedral pyrites. Understanding the formation stages of these
different pyrite forms is crucial to investigate whether they can
serve as indicators of organic matter enrichment. Currently,
sulfur isotope analysis of pyrite is considered the most effective
method for elucidating the genetic processes of pyrites and
inferring environmental changes during pyrite formation.*’~>°
During the syn-depositional stage, the §°*S values of pyrite
show a significant loss formed due to the action of bacterial
sulfate reduction. The 5**S values of pyrite formed during early
diagenesis are similar to those of SO,* -reduced sulfides. Due
to the Rayleigh fractionation effect, the §**S values of pyrite
formed in the late diagenesis stage will gradually increase.”” '
Therefore, the pyrite formation period was determined

16520

according to the difference in sulfur isotopes in different
pyrite forms. Framboidal pyrite is generally considered to have
formed during syn-sedimentary and early diagenetic stages,
with a small grain size and negative sulfur isotopes. In contrast,
spherulitic, euhedral, and anhedral pyrites may have formed
during diagenesis when framboidal pyrite microcrystals
increase in size or directly crystallize in sulfur-bearing waters
when the concentration of reactive iron is low, with a large
grain size and negative sulfur isotopes.lz’g’z_‘?’7 In addition,
Taotao et al. (2018) used scanning electron microscopy
(SEM) to determine that type I and type II organic matter
constituted an organic/pyrite complex with framboidal pyrite,
forming a group around pyrite in the core as a whole, which
was conducive to liquid hydrocarbon enrichment. In contrast,
type III organic matter mostly appeared as contours and
framboidal pyrite was rare.” Jizhen et al. (2014) found that the
pyrite content in type III organic matter of Longtan Formation
shale in southern Sichuan was significantly lower than that of
marine type I Barnett shale and Woodford shale.”® Lin et al.
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(2017) reported that the pyrite content in sapropelic organic
source rocks was very high and that the organic matter type
will affect the pyrite content.”’ Bian (2024) investigated the
continental shales of the Chang 7 Member and concluded that
the formation and transformation of organic matter are
prerequisites for the formation of pyrites.”® Thus, a high
framboidal pyrite content corresponds to a high organic matter
content and sapropelic organic matter, which in turn
correspond to a high hydrocarbon potential. However, this
was based on the relationship between framboidal pyrite and
organic matter types in marine shales, observed by using SEM.
The relationship between different pyrite types and organic
matter in lacustrine shales has not yet been investigated.
Moreover, the role of varying pyrite types and their contents in
shale oil enrichment in lacustrine shales is uncertain.

In recent years, the distribution of pyrite in marine organic-
rich shale has become an indicator for shale oil and gas
enrichment areas, with good results in the Barnet Shale of Fort
Worth Basin, North America, and the Longmaxi Formation in
the Jiaoshiba, Weiyuan, Wulong, and Pengshui areas of the
Sichuan Basin, China.'”' "% Jingwei et al. (2013) observed
the presence of asphaltene molecules on the surface of pyrite
using atomic force microscopy. Fluorescence microscopy
showed that pyrite fluoresced in the intercrystalline pores of
framboidal pyrite, while pyrite did not show fluorescence after
cementation.”’ Framboidal pyrite surfaces and intercrystalline
pores were essential for liquid hydrocarbon accumulation.”
Yuhong et al. (2016) also found that abundant liquid
hydrocarbons existed in framboidal pyrite, and the energy-
dispersive spectrometry (EDS) determined the carbon content
to be 44.35%, indicating that framboidal pyrite had a high
enrichment effect on liquid hydrocarbons.”' Taotao et al.
(2018) used SEM to analyze framboidal pyrite in low- to high-
maturity shale and found the surface and pores of framboidal
pyrite filled with liquid hydrocarbons.” These liquid hydro-
carbons indicate that framboidal pyrite plays a positive role in
promoting shale oil enrichment. The effects of pyrite on the
generation of hydrocarbon from organic matter have been
studied widely. Numerous catalytic hydrocarbon generation
experiments of pyrite on kerogen or shale have confirmed that
both the pyrite generated in shale and the pyrite added to shale
can accelerate the pyrolysis reaction rate by reducing the
apparent activation energy of the pyrolysis reaction or increase
the pyrolysis reaction, which can promote the early
decomposition of organic matter and significantly increase
the generation of liquid hydrocarbons at 50 °C in advance.”>**

Accordingly, widespread pyrite in shales indicates the
enrichment and preservation of organic matter and shale oil’s
formation and enrichment process. It is an ideal carrier for
revealing the enrichment mechanism of organic matter and the
distribution of shale oil. However, studies on the significance of
different types of pyrite in lacustrine shales as indicative of
organic matter abundance, type, and differential enrichment of
shale oils are relatively scarce and lack systematic evidence.
Therefore, to elucidate the types of pyrite in lacustrine shales,
the formation environment, and the significance of varying
types of pyrite on shale oil enrichment, a systematic study is
required on the influence of different pyrite types on the
organic matter richness, type, and shale oil enrichment for
exploration and development.

This study sampled and observed the organic-rich shale
section of the Chang 7 Member from the Triassic Yanchang
Formation in the Ordos Basin to determine the organic

geochemistry, pyrite morphology and content, and the
relationship between shale oil and pyrite was analyzed using
Rock-Eval pyrolysis, chloroform extract, TOC content, total
sulfur (TS) content, kerogen maceral, kerogen carbon isotopes
(8" Crerogen), X-ray diffraction (XRD), field-emission scanning
electron microscopy (FE-SEM), and sulfur isotopic composi-
tion of pyrite (534Spy) analysis. The formation stages and
characteristics of different pyrite types were clarified, and the
influence of different pyrite types on organic matter enrich-
ment was discussed. Based on this, combined with the
distribution characteristics of shale oil, the relationship
between different pyrite types and shale oil distribution and
the influence of pyrite on shale oil enrichment are discussed.

2. GEOLOGICAL BACKGROUND

The Ordos Basin is a large superimposed basin located in
central China with an area of 370,000 km? (Figure 1). The
accumulated proven geological reserves of shale oil submitted
in the basin are 11.53 X 10° t.** According to the structural
characteristics of the basin, the basin is divided into six
secondary tectonic units: Weibei uplift, Yishan slope, Tianhuan
depression, Yimeng uplift, western margin thrust belt, and Jinxi
fold belt. In the Paleozoic, the basin was a marine and marine-
terrigenous craton basin, and it evolved into a terrestrial lake
basin in the Mesozoic. The sedimentary characteristics of the
Triassic Yanchang Formation record the evolution of the
subsidence of the Ordos Basin. Approximately 1000—1300 m
of continental clastic sediments were deposited during the
Upper Triassic Yanchang Formation sedimentary period.
According to the lithology and marker layer difference, the
Yanchang Formation consists of 10 members (from bottom
Chang 10 to top Chang 1) (Figure 1). Among them, the
sedimentary period of the Chang 7 Member is the heyday of
the development of the inland depression lake basin with an
area of 65,000 km®. It deposited a set of organic-rich shale and
dark mudstone with thin layers of powder-fine sandstone. The
shale layer system is mainly composed of organic-rich shale
and dark mudstone with a thickness of nearly 110 m.*’

The Chang 7 Member of the Triassic Yanchang Formation
in the Ordos Basin is the main shale oil-producing reservoir of
the Changqing oilfield. The minerals of fine-grained
sedimentary rocks mainly include quartz, potassium felds;par,
plagioclase, calcite, dolomite, pyrite, and clay minerals.***” B
comparison of the statistics of pyrite content in different strata
of different basins, it is found that the pyrite content of fine-
grained sedimentary rocks in the Chang 7 Member of the
Triassic Yanchang Formation in the Ordos Basin is generally
high.

According to the statistical results of samples from the
Ordos Basin, except for the pyrite content of fine-grained
sedimentary rocks in the Chang 7 Member of the northwest
lake basin that is less than 5%, the pyrite content in other areas
of the lake basin is more than 20%, with a high pyrite content
and various types.”” The pyrite development section is often a
shale oil enrichment section, an ideal object for studying the
differential enrichment of shale oil by pyrite of different origins.

3. SAMPLES AND ANALYTICAL METHODS

Due to the widespread distribution and relatively high pyrite
content of the organic-rich black shales in the depositional
center of the Ordos basin, a total of 38 black shale samples
were collected from cores of four wells in the Chang 7 Member
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Figure 2. FE-SEM observation of pyrites in the Chang 7 Shale. (A) Framboidal pyrite, intercrystalline pores develop, Sample 6, 2060.26 m; (B)
spherulitic pyrite, dissolution pores develop, Sample 22, 2067.61 m; (C) framboidal pyrite, organic matter filled in the intercrystalline pores, Sample
7, 2071.82 m; (D) euhedral pyrite aggregates, Sample 33, 1968.72 m; I euhedral pyrite, Sample 36, 1989.38 m; (F) anhedral pyrite, Sample 38,
2001.09 m. Abbreviations: Pf = framboidal pyrite; Ps = spherulitic pyrite; Pea = euhedral pyrite aggregates; Pe = euhedral pyrite; Pa = anhedral

pyrite.

of the Yanchang Formation in the central Ordos Basin (Figure
1), which are the main shale oil production zones. The core
samples were air-dried after removing surface stains, after
which they were divided into seven separate sections for
analyses of XRD, TOC, TS, FE-SEM, 534SPy, kerogen maceral,
kerogen carbon isotopes (513Ckemgen), Rock-Eval pyrolysis, and
chloroform bitumen “A” and oil components.

Samples were ground to 200 mesh for XRD, TOC, TS, and
Rock-Eval measurements. One part of powdered samples was
flattened in a sample tank, after which the tank was placed in
an X-ray diffractometer for mineral composition analysis. The
XRD analysis was performed on a Japan Rigaku Ultima IV
diffractometer with a Ni filter and Cu Ka radiation, with the X-
ray tube operated at 40 kV and 50 mA. Each scan was taken
from 2 to 60°, with a step interval of 0.02° at a rate of 2.0°/
min. The specific experimental methods were described by
Zhou et al., 2022.** The second part of powdered samples (10
mg) was placed in a porcelain crucible, and hydrochloric acid
was added to remove carbonate, after which the crucible was
heated on a hot plate at 60 °C for more than 2 h. The crucible
was washed with distilled water to neutrality, cooled, and dried,
and then placed in a LECO CS-344 carbon—sulfur analyzer for
TOC and TS analysis. The experimental methods were
described by Chen et al, 2020."” The third part of the

powdered samples (30—50 mg) was placed in a crucible and
pyrolyzed in a Vinci Rock-Eval 6 Turbo device to obtain free
hydrocarbon (S,), pyrolyzed hydrocarbon (S,), Ty TOC,
etc. Detailed description of Rock-Eval pyrolysis can be found
in Behar et al, 2001.%

A portion of the fresh sample was cut into blocks and later
polished by Ar ion milling for FE-SEM and EDS analyses. The
images were obtained on a Quanta FEG-450 FE-SEM
instrument equipped with an EDS microprobe (Bruker
Quantax 200 X Flash 6/30 detector). Pyrite crystals were
identified by their bright color in the backscattered electron
mode and their EDS characteristics. The operation method
and steps are described by Zhou et al., 2022."

Kerogen isolation was performed using the traditional acid
treatment method according to Liu et al, 2022.°" Samples
crushed to the size of a pea were first placed in a plastic beaker,
and HCI was added to remove carbonates. The solution was
washed to neutrality with distilled water, and then HF was
added to remove silicates, after which the solution was washed
to neutrality with distilled water. The acid-treated samples
were sieved through a 10 ym nylon mesh to remove small
debris and then transferred to test tubes for centrifugation.
Finally, the obtained kerogen was prepared as a thin section to
observe and count the relative content of each maceral under a

https://doi.org/10.1021/acsomega.4c00259
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Table 1. Mineral Composition of Shale Samples from the Chang 7 Member

sample depth/m mineral composition (%)
quartz plagioclase potash feldspar calcite dolomite ankerite siderite pyrite total clay
S1 2035.42 52.29 10.16 9.36 0.91 1.08 2.46 0.1 10.6 13.04
S2 1910.23 50.06 2.90 1.58 0.64 6.25 0 0.52 6.22 31.83
S3 2044.06 35.56 18.88 4.45 0 0 1.16 0.79 4.43 34.73
S4 2048.12 36.59 10.31 2.58 0 11.15 0 1.16 6.69 31.52
SS 2058.31 31.93 16.69 4.39 0 0 1.08 143 25.56 18.92
S6 2060.26 42.16 13.55 3.06 0 0 0 1.08 12 28.18
S7 2071.82 14.97 9.47 3.83 0 0 1.0 1.07 49.33 20.28
S8 2079.38 25.58 18.78 2.79 0 2.08 0 0.69 20.56 29.52
S9 2080.26 25.55 25.73 17.29 8.52 1.22 0 3.07 3.32 15.3
S10 1984.13 48.80 12.70 1.54 0 0 0 0.85 3.85 32.26
S11 1967.29 43.56 15.88 7.55 19.14 0.39 0.72 0 4.83 7.93
S12 1969.52 45.45 24.32 11.19 0.68 0.35 0.78 0 5.62 11.61
S13 2005.16 26.31 13.50 3.57 0.75 0.91 1.23 0.71 26.61 26.41
S14 2006.08 50.78 8.74 2.05 0 0 0.43 0.85 2491 12.24
S1§ 2007.22 70.64 8.18 6.62 0 0.63 0.81 0.25 7.35 5.52
S16 2034.48 23.17 5.69 2.05 1.84 0.87 0 1.06 46.33 18.99
S17 2041.22 32.85 3.71 3.29 0 0.56 0.51 0 27.68 314
S18 1986.15 50.53 7.20 1.61 0.95 1.56 0.87 0.62 3.83 32.83
S19 1972.39 47.58 3.05 1.33 8.68 4.59 1.02 0.85 §.31 27.59
S20 2507.37 50.27 2.80 1.45 7.65 6.49 0.89 0.51 0.73 29.21
S21 1965.66 38.75 6.96 1.76 0 16.14 0 2.18 4.35 29.86
S22 2067.61 16.45 12.33 6.02 0 0 0.97 0.8 45.32 18.11
S23 1977.48 47.07 2.30 2.02 0.5 0.99 0 0.79 4.56 41.77
S24 1980.96 44.99 3.11 1.54 0 1.96 1.83 0.54 9.04 36.99
S25 1981.22 62.55 16.38 7.18 0.66 0 0.63 0 3.15 9.45
S26 2511.34 45.62 4.44 0.86 0 19.08 1.34 0.47 1.63 26.56
S27 1975.82 61.51 13.21 10.15 0.98 0 0.69 0 4.82 8.64
S28 2031.06 28.48 1291 4.56 0.79 14.76 0 0.93 3.86 33.71
S29 2038.04 33.85 31.89 3.14 0.45 5.36 0 1.13 2.12 22.06
S30 2054.36 42.32 9.40 2.60 1.55 4.95 0 1.76 2.15 35.27
S31 1903.22 49.18 3.60 1.09 0.47 16.17 1.39 0 2.34 25.76
$32 1968.72 39.38 10.85 10.20 1.1 5.68 0 1.82 0.24 30.73
S33 1971.89 46.85 6.31 1.58 0.79 18.8 0 1.42 0.38 23.87
S34 1976.72 43.35 11.02 3.08 0.74 10.94 0 1.33 0.36 29.18
S35 1981.49 45.29 5.17 1.52 1.32 18 0 2.58 2.35 23.77
S36 1989.38 43.77 9.49 2.50 0 8.15 0 2.49 0.29 33.31
S37 1997.39 41.86 13.08 2.84 0.92 10.14 0 0.78 0.49 29.89
S38 2001.09 35.50 14.00 3.07 0 7.54 0 0.51 0.51 38.87

Zeiss Axioskop 40 fluorescence microscope to calculate the
type index (TI) value. The TI value was calculated with
reference to Ma et al,, 2022.°% 10 mg of isolated kerogen was
combusted in a sampling device to obtain CO,, and then the
purified CO, was introduced into a MAT 253 gas stable
isotope mass spectrometer for kerogen carbon isotope analysis
(513Ckemgen) , and the 513Ckmgen results were analyzed using the
PDB standard.

The pyrite sulfur from samples was extracted following the
method of “chromium reduction” by Canfield et al, 1986.%°
Approximately 5 g of sample was extracted with dichloro-
methane for 24 h to remove organic matter and elemental
sulfur, and then the sample was dried, and 6 mol/L HCI was
added to remove carbonates and acid-volatile monosulfides.
Subsequently, a mixture of 15 mL of 12 mol/L HCl and 15 mL
of 1 M CrCl; was added to the sample for 2 h under N, flow to
produce H,S, while a silver nitrate (AgNO;) trap was attached
to react H,S with AgNOj; to obtain precipitate silver sulfide.
Finally, the solution was filtered through a 25 mm filter, and
the precipitate was dried in a drying oven. The results of pyrite

16523

sulfur isotopes (534SPY) were tested by a Delta V Advantage
isotope ratio mass spectrometer according to the Canyon
Diablo Troilite (V-CDT) standard, and sulfur isotope
reference materials IAEA-S-1 (—0.3%0) were measured.

4. RESULTS

4.1. Morphology and Characteristics of Pyrite. Pyrite
is abundant throughout the black shales of the Chang 7
Member of the Ordos Basin. Microscopically, the pyrite types
mainly included framboidal, spherulitic, euhedral, and anhedral
pyrite and their aggregates (Figure 2). Many intercrystalline
and dissolution pores were developed in framboidal and
spherulitic pyrites and their mineral aggregates.

4.1.1. Framboidal Pyrite (Type A). Framboidal pyrite is an
aggregate composed of pyrite microcrystals that are generally
polygonal or octahedral with a uniform particle size and filled
with organic matter (Figure 2A). Framboidal pyrite formed by
a series of chemical reactions and polymerization under
magnetic force when the concentration of in situ active iron in
sulfur-containing water was high."> The shape and crystal size
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were used to determine the formation environment and stage
of the framboidal pyrite.”* During the syn-depositional period,
pyrite was precipitated from sulfur-containing anoxic water
bodies and rapidly settled on the surface of sediments due to
gravity.”> As a result, pyrite growth was affected by the growth
time and available space, and the particle size was mostly
limited to less than 5 um.*”” The early diagenetic stage
pyrites mainly crystallized in the sediment pores below the
redox interface. The particle size was mainly between 5 and 10
pum, with some exceeding 10 um."® The size of the framboidal
pyrite aggregates in the Chang 7 Member exceeded 10 ym
(Figure 2A,C), which showed that the framboidal pyrite
formed during the syn-sedimentary to early diagenetic stage.
Moreover, many intercrystalline pores developed in the
framboidal pyrite aggregates and were surrounded and filled
with liquid hydrocarbons (Figure 2C).

4.1.2. Spherulitic Pyrite (Type B). Spherulitic pyrites are
mostly irregular shapes, usually formed by the early formation
of framboidal pyrites recrystallized by later diagenesis and
combined under the close aggregation of grains. These
framboidal pyrite aggregates were pressurized during the rock
layer compaction. The mutual extrusion of pyrite crystals
changed the shape of the internal pyrite crystals, creating a
spherulitic or an ellipsoidal shape.'® The outline of the early
framboidal pyrite aggregates remained at the edge of the
spherulitic pyrite in the study samples, and the particle size was
similar to that of framboidal pyrite (Figure 2B). The
continuous growth of spherulitic pyrite during diagenesis led
to extrusion deformation of the clay-organic matter layer on
the upper and lower sides of the crystal, and cracks developed
inside.

In contrast, diagenesis did not significantly affect the crystal
form of the upper euhedral pyrite. These phenomena show
that the formation time of spherulitic pyrite was later than that
of framboidal pyrite and earlier than that of euhedral pyrite. In
addition, there were distinct dissolution pores in the spherulitic
crystals, and the liquid hydrocarbon ring was observed under
an environmental scanning electron microscope, showing shale
oil residues (Figure 2B).

4.1.3. Euhedral and Anhedral Pyrites (Type C). Euhedral
pyrite forms include octahedra and cubes and appeared as
isolated crystals and their aggregates, often euhedral or
semieuhedral crystals. Euhedral pyrite with large particle size
variations typically coexists with clay particles or lamellae. The
pyrite particles between the clay lamellae are typically
surrounded by organic matter. Euhedral pyrite aggregates
were often present near organic matter or marginal cracks
(Figure 2D,E). This type of pyrite usually formed during the
diagnostic stage when the rock pores were relatively closed.
Sulfur-containing water was retained, and the material supply
for pyrite formation was insufficient. This was mainly based on
the growth of pyrite crystallites, which finally formed euhedral
pyrite crystals. During crystal growth, the degree of saturation
of the solution determined the crystal morphology of pyrite.
The appearance of euhedral crystals indicated a long period of
low saturation sulfur concentrations in the sedimentary
environment.'® SEM showed that the euhedral pyrite was
mostly in mosaic in contact with organic matter and clay
minerals and developed intercrystalline pores, which were
conducive to the retention of liquid hydrocarbons generated by
organic matter in the later period (Figure 2D).

Compared to framboidal pyrite, anhedral pyrite crystals and
their aggregates were usually irregular monomer particles or

irregular aggregate masses and often coexisted with clay
minerals. The SEM showed that the allomorph pyrite mostly
filled in shale cracks and clay minerals (Figure 2F), supporting
diagenesis and preserving certain reservoir spaces. This
phenomenon was conducive to the filling and maintaining of
oil and gas generated by organic matter in the later stage.
4.2. Mineral Composition. The results of XRD analysis of
the original shale samples are listed in Table 1 and are shown
in Figure 3. The mineral compositions of different samples
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3.54% 9.99%

Figure 3. (A) Mineral composition of Chang 7 shale; (B) type A
pyrite; (C) type B pyrite; (D) type C pyrite.

showed strong heterogeneity, with quartz and clay being the
dominant minerals (Figure 3A). The quartz content was
between 14.97 and 70.64%, with an average of 41.35%, and the
clay mineral content was between 5.52 and 41.77%, with an
average of 25.19%. The feldspars in the samples were mainly
plagioclase and potash, with average contents of 11.02 and
4.14%, respectively. The distribution of carbonate minerals
(predominantly calcite and dolomite) was highly uneven, with
carbonate contents ranging from 0.85 to 21.90%, with an
average of 8.21%. Pyrite was the main authigenic metal sulfide
in the study area. The pyrite contents were between 0.24 and
49.33%, with an average of 10.10%. However, the pyrite
contents in types A, B, and C showed distinct differences, with
average contents of 12.75, 11.90, and 0.66%, respectively
(Figure 2B—D).
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Table 2. TOC, TS, 534SW 513Ckemge,,, and Kerogen type Shale Samples from the Chang 7 Member
samples depth/m TOC/%  TS/% kerogen macerals/% 513Ckemgen/ Yoo 534SPY/ %o
sapropelic exinite vitrinite inertinite TI kerogen types

S1 2035.42 10.27 3.92 90.4 0.1 8.9 0.6 83.18 I —-30.22 —4.206
S2 1910.23 7.15 2.48 87.7 2.8 9.2 0.4 81.78 I —-32.35 —3.815
S3 2044.06 7.44 2.62 93.3 0 4.2 2.5 87.65 I —-31.57 —4.337
S4 2048.12 9.59 3.61 97.5 0 1.6 0.9 95.40 I -32.9 —-2.159
Ss 2058.31 11.31 4.41 94.0 0 S.0 1.0 89.2§ I —-32.33 —3.168
S6 2060.26 8.29 3.01 96.0 0 3.6 0.4 92.90 1 —30.63 —0.987
S7 2071.82 19.7§ 8.32 98.1 0 1.9 0 96.67 I —34.43 —-1.265
S8 2079.38 10.72 4.14 96.7 0 33 0 94.23 I —32.98 —2.158
S9 2080.26 7.36 2.59 93.9 0 S.1 1.0 89.08 I -30.9 —1.034
S10 1984.13 4.71 1.36 89.5 4.7 5.7 0 87.59 I —-29.7 —0.766
S11 1967.29 5.43 1.69 93.8 0.7 S.5 0 89.99 1 —30.66 —2.114
S12 1969.52 5.21 1.58 88.4 2.2 9.3 0 82.55 I —-30.42 —-2.857
S13 2005.16 10.82 4.18 86.6 0.2 12.4 0.8 76.60 1I, —-30.42 0.203
S14 2006.08 9.47 3.56 82.4 0.1 16.7 0.8 69.13 11, —28.78 0.487
S15 2007.22 7.46 2.63 85 0.2 14.2 0.6 73.85 1I, —28.88 1.269
S16 2034.48 17.07 7.07 84.4 0.1 14.5 1.0 72.58 11, —29.27 2.113
S17 2041.22 12.01 4.73 84.2 0.2 14.6 1.0 72.35 1I, —28.42 2.967
S18 1986.15 6.74 229 78.6 4.5 16.9 0.1 68.05 1I, —27.16 0.982
S19 1972.39 6.58 2.26 70.7 2.6 26.5 0.2 51.96 11, —28.68 3.163
S20 2507.37 321 0.68 74.7 1.2 24.0 0.1 57.19 11, —28.32 2.697
S21 1965.66 3.26 0.74 86.1 0.3 13.5 0.1 76.03 II, —29.76 2.367
S22 2067.61 13.59 5.52 81.6 0 18.4 0 67.80 II, —28.36 3.052
S23 1977.48 5.82 1.92 75.6 1.3 222 0.9 58.76 1I, —-29.29 3.144
S24 1980.96 7.8 2.81 87.1 1.4 11.6 0 79.04 11, —29.06 1.633
S25 1981.22 4.16 1.13 87.7 0.9 11.4 0 79.61 11, —29.56 1.534
S26 2511.34 2.66 0.42 85.1 0.4 14.5 0 74.41 II, —28.83 1.489
S27 1975.82 5.07 1.53 78.8 4.2 16.9 0 68.24 1I, —28.62 2.016
S28 2031.06 3.08 0.61 579 0 37.7 4.4 2523 1L, —27.35 4.596
S29 2038.04 2.57 0.38 54.7 0 45.3 0 20.73 1L, -27.7 5.012
S30 2054.36 1.14 0.12 46.0 0 51.0 3.0 4.75 1L, —27.24 S5.113
S31 1903.22 3.37 0.66 S1.3 5.4 43.0 0.34 21.39 1L, —29.58 3.986
§32 1968.72 2.05 0.21 1.0 1.0 96.0 2.0 —72.50 1II —26.33 8.984
S33 1971.89 0.84 0.16 1.9 LS 95.2 1.4 =70.15 III —26.25 6.772
S34 1976.72 1.48 0.23 15.5 0.1 82.7 1.7 —48.17 III —28.38 S5.772
S35 1981.49 1.15 0.11 7.5 0.1 86.2 6.3 —63.31 III —-27.39 9.136
S36 1989.38 0.61 0.23 14.9 6.0 76.0 3.1 —42.20 111 —258.33 6.135
§37 1997.39 0.64 0.19 0 6.2 93.6 0.2 —67.30 1II —25.06 8.383
S38 2001.09 0.77 0.25 0 16.7 82.3 1.0 —54.38 jits —26.42 7.229
4.3. Geochemical Characteristics. 4.3.1. TOC and TS 0 m TypcA

Concentrations. The geochemical characteristics (TOC, TS, 100 o TypeB

534Spy, 513Ckemgen, and kerogen types) of 38 samples are listed *

in Table 2. The TOC content was between 0.61 and 19.75 wt

%, with an average of 6.33 wt %, and the TS content was

between 0.11 and 8.32 wt %, with an average of 2.22 wt %. The

TOC and TS contents of the samples with type A pyrite were

the highest, ranging from 4.71 to 19.75 wt % (with an average

of 8.94 wt %) and 1.36 to 8.32 wt % (with an average of 3.31

wt %), respectively. The TOC and TS contents of the samples

with type B pyrite ranged from 1.14 to 17.07 wt % (with an

average of 6.63 wt %) and from 0.12 to 7.07 wt % (with an

average of 2.28 wt %), respectively. The TOC and TS contents

of the samples with type C pyrite ranged from 0.61 to 2.0S wt K o7 i 7 0 0

% (with an average of 1.08 wt %) and from 0.11 to 0.25 wt %
(with an average of 0.20 wt %), respectively.

4.3.2. Types and Carbon Isotope Characteristics of
Kerogen. Based on the kerogen macerals and TI (Table 2),
the kerogen types in the source rocks of the Chang 7 Member
of the Central Ordos Basin display heterogeneity (Figure 4).

16525

Inertinite (%)

Figure 4. Kerogen types with different pyrites in the Chang 7 shale of
the Central Ordos Basin.
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Type I kerogen (TI > 80) accounted for 31.56% of all samples.
In contrast, type II; kerogen (TI = 40—80) accounted for
39.47% of the total sample. Type II, kerogen (TI = 0—40)
accounted for 10.53% of all samples. Type I1I kerogen (TI < 0)
accounted for 18.42% of all samples. The statistical results
from the FE-SEM and kerogen TI analyses indicated that the
main pyrite types associated with type I, II, and III kerogens
were classified as type A, type B, and type C, respectively.
Significant differences were observed according to the
distribution of kerogen carbon isotopes (6"Cyeogen) in
different pyrite samples (Figure S and Table 2). Specifically,
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Figure S. Kerogen carbon isotope value divides the organic matter
type with different pyrites.

the 513Ckemgen values in the samples with type A pyrite are the
lightest, ranging from —34.43 to —29.70%o (with an average of
—31.59%o). For samples with type B and type C pyrite, the
513Ckemgen values gradually become heavier, with distributions
of —30.42 to —27.16%o (with an average of —28.70%0) and
—28.38 to —25.06%0 (with an average of —26.45%o),
respectively.

4.3.3. Sulfur Isotopic Compositions of Pyrites (57S,,,). The
distribution of sulfur isotopes in the Chang 7 Member shale
samples in the Ordos Basin showed strong heterogeneity, with

values ranging from —5.265 to 9.136%¢ (with an average of
1.615%o¢). However, the 534SPY values in shale samples with
different pyrite types showed a reasonable regularity (Figure
6). The 534SPy values in shale with type A pyrite were the
lightest, ranging from —5.265 to —0.766%o (with an average of
—2.739%o0). The 534SP), values in shale with type B and type C
pyrite ranged from 0.113 to 5.113%c (with an average of
2.201%0) and from 5.772 to 9.136%c (with an average of
7.487%0), respectively. The results showed a gradual increase
in sulfur isotope ratios in type A, B, and C pyrites.

4.4. Distribution Characteristics of Shale Oil.
4.4.1. Rock-Eval Pyrolysis. The Rock-Eval pyrolysis results
for the original shale samples are presented in Table 3 and
Figure 6. The Ty, of shale samples ranged from 440 to 463 °C
(with a mean value of 451 °C), indicating the shale samples
were in the low maturity to maturity stages.”® In shales with
types A, B, and C pyrites, the T, ranged 440—461 °C
(average, 449 °C), 441—463 °C (average, 449 °C), and 454—
460 °C (average, 447 °C), respectively, with no significant
difference overall. S; is an index of the free oil content of
residual oil in the shale. The S, values for shale samples ranged
from 0.09 to 4.87 mg/g (with a mean value of 1.80 mg/g), and
the S, values in the shales with pyrite types A, B, and C were
1.32—-3.87 mg/g (average, 2.38 mg/g), 0.12—4.87 mg/g
(average, 1.90 mg/g), and 0.09-2.02 mg/g (average, 0.55
mg/g), respectively. S, is an index of the adsorbed residual oil
content in the shale. The S, of shale samples ranged from 0.53
to 57.28 mg/g (with a mean value of 18.06 mg/g), and the S,
values in shales with types A, B, and C pyrites were 6.22—57.28
mg/g (average, 23.26 mg/g), 0.53—55.66 mg/g (average,
20.73 mg/g), and 0.54—6.55 mg/g (average, 1.92 mg/g),
respectively. The TOC and pyrolysis data showed that the
samples of the Chang 7 Member contained a complex
petroleum potential but showed distinct regularity with the
type of pyrite (Figure 7A). In addition, most samples with type
A pyrite contained good to excellent petroleum potential, but
the petroleum potential of shale with type B pyrite was
medium to poor. The petroleum potential of shale with type C
pyrite was poor and the lowest among all of the shales. The
organic matter maturity was characterized based on the PI
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Rock-Eval pyrolysis, and chloroform bitumen “A” of the Chang 7 Shale. The red dashed lines represent the
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Table 3. Rock-Eval Pyrolysis and Chloroform Bitumen “A” Content of the Chang 7 Member Shale Samples

samples depth (m) Rock-Eval pyrolysis chloroform bitumen “A”/%
S1/% S,/% Tnax/ °C content saturate aromatic resin asphaltene

S1 2035.42 3.74 29.54 451 0.5553 49.69 19.02 2331 7.98

S2 1910.23 141 27.99 440 0.3676 34.65 21.08 23.24 21.06
S3 2044.06 1.89 7.97 460 0.3970 20.33 20.33 21.31 38.03
S4 2048.12 1.61 6.22 454 0.1708 42.76 22.49 20.93 13.82
SS 2058.31 3.2 24.38 446 0.6593 54.26 17.05 13.93 14.76
S6 2060.26 2.41 21.41 443 0.4697 47.37 22.10 22.11 8.42

S7 2071.82 3.87 57.28 456 0.7275 67.30 16.34 12.27 4.09

S8 2079.38 2.87 23.74 455 0.5635 52.57 19.24 16.56 11.63
S9 2080.26 1.32 7.61 461 0.4345 41.36 24.82 17.28 16.54
S10 1984.13 1.66 2143 442 0.4950 24.92 8.72 37.69 28.67
S11 1967.29 2.71 30.33 442 0.5862 41.72 16.00 25.71 16.57
S12 1969.52 1.81 21.25 440 0.5611 45.94 17.30 24.87 11.89
S13 2005.16 2.47 32.90 449 0.4323 45.16 18.82 19.89 16.13
S14 2006.08 2.11 23.29 445 0.4490 51.34 21.39 26.20 1.07

S15 2007.22 2.07 16.62 449 0.4373 50.28 24.31 19.33 6.08

S16 2034.48 4.87 55.66 452 0.5987 56.89 13.77 22.75 6.59

S17 2041.22 2.15 13.71 453 0.5353 56.19 17.78 16.51 9.52

S18 1986.15 2.78 20.69 444 0.6331 11.68 20.80 15.69 51.83
S19 1972.39 2.19 29.26 441 0.3254 16.02 26.93 14.42 42.63
S20 2507.37 1.28 9.02 451 0.0621 11.24 20.85 10.54 57.37
S21 1965.66 0.12 0.53 460 0.1830 34.24 18.50 28.76 18.50
S22 2067.61 3.03 36.42 450 0.6963 52.36 15.86 24.13 7.65

S23 1977.48 2.05 24.8 443 0.4914 31.22 23.70 24.85 20.23
S24 1980.96 3.11 42.18 445 0.6992 45.81 2193 19.36 12.90
S25 1981.22 2.25 29.04 444 0.2934 18.06 27.76 15.37 38.81
S26 2511.34 1.29 10.32 449 0.1832 19.51 14.64 18.90 46.95
S27 1975.82 1.86 25.33 443 0.3732 24.72 2247 39.33 13.48
S28 2031.06 0.87 6.69 455 0.1922 19.30 16.72 16.40 47.58
§29 2038.04 0.44 4.61 449 0.2100 19.93 19.20 17.39 43.48
S30 2054.36 0.53 1.49 463 0.2164 21.62 20.72 20.72 36.94
S31 1903.22 0.65 11.28 441 0.0839 16.62 24.30 13.55 45.53
S32 1968.72 2.02 6.55 454 0.0262 11.19 22.03 16.43 50.35
S33 1971.89 0.2 1.07 456 0.1443 16.90 28.26 17.45 37.39
S34 1976.72 0.67 2.03 458 0.0478 13.24 13.91 25.16 47.69
S3S 1981.49 0.65 1.78 457 0.0998 17.65 23.23 15.88 43.24
S36 1989.38 0.09 0.61 457 0.0384 13.17 17.87 12.54 56.42
S37 1997.39 0.09 0.54 460 0.0380 18.28 21.14 24.57 36.01
S38 2001.09 0.1 0.86 457 0.0546 18.22 22.85 17.86 41.07

versus T, value plot (Figure 7B), as given by Peters and
Cassa (1994),°>°7 which shows that the Chang 7 Member
shale samples were within the oil window zone.

4.4.2. Characteristics of Chloroform Bitumen “A”. The
chloroform bitumen “A” results for the original shale samples
are listed in Table 3 and Figure 6. The chloroform bitumen “A”
of shale samples ranged from 0.0262 to 0.7275% (mean value,
0.3561%), showing that the shale samples had good oiliness.
The shale with type A pyrite had the best oil-bearing property,
with the chloroform bitumen “A” content distributed in the
range of 0.1708—0.7275% (average, 0.4990%). In contrast, the
chloroform bitumen “A” in type B and type C pyrite was in the
range 0.0621—0.6992% (average, 0.3734%) and 0.0262—
0.1443% (average, 0.0642%), respectively. Generally, the
chloroform bitumen “A” oil components extracted from shale
samples or crude oils mainly include saturate, aromatic, resin,
and asphaltene (SARA), and different proportions reflect the
physical properties of organic hydrocarbons. The content of
saturated hydrocarbon components in the chloroform bitumen
“A” composition in Chang 7 shale was high, ranging from

11.19 to 67.30% (average, 32.47%), followed by asphaltene
content ranging from 1.07 to 57.37% (average, 27.08%). The
aromatic and resin contents were low, with averages of 20.11
and 20.35%, respectively, but the saturate/aromatic values
were high, ranging from 0.51 to 4.13 (average of 1.73). Table 3
shows the differences in group components in shale with
different pyrite types and that samples with type A pyrite had
the highest saturation content (average of 43.57%), the lowest
asphaltene content (average of 16.12%), and the best fluidity.

5. DISCUSSION

5.1. Relationship between Pyrite Types and Organic
Matter Enrichment. The sulfur isotope (5**S) values of
different types of pyrite are significantly different.”® The 5**S of
syn-sedimentary pyrite generally shows negative values, while
that of overgrown framboidal pyrite shows positive values and
the positive anomalies of 6**S of euhedral pyrite are more
prominent. The mean sulfur isotope values of types A, B, and
C pyrite show a tendency to increase sequentially (the mean
values are —2.739, 0.113, and S5.113%o, respectively),
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indicating that type A pyrite was formed during the syn- active iron, and the sulfate content of seawater was also
sedimentary to early diagenetic stage. In contrast, types B and enough.®’ However, owing to water oxidation and the poor
C pyrite were formed during the early and middle diagenetic preservation conditions of organic matter, the input of organic
stages. matter determines the pyrite content.”” Therefore, there is a
The formation of pyrite is controlled by the supply of sulfate high correlation between organic carbon and pyrite content.®®
in water, the organic matter input, and the active iron Analysis of the TOC, TS, and XRD data of the Chang 7 black
content.””®" Berner (1970) believed that in a typical shallow shales showed that there was a significant positive correlation
sea environment, the terrestrial supply provided sufficient between the pyrite content and the TOC content (Figure 8A),
16528 https://doi.org/10.1021/acsomega.4c00259
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as well as between TS and pyrite content (Figure 8B),
indicating a coupled relationship between pyrite and organic
matter.

The pyrite type in studied samples is mainly framboidal
pyrite (type A) formed in the syn-sedimentary stage and
spherulitic pyrite (type B) formed in the early diagenetic stage.
Type A and type B pyrite contents significantly correlated with
the TOC content (Figure 8A), indicating that framboidal
pyrite and spherulitic pyrite are strongly associated with
organic matter enrichment. However, there was no correlation
between the type C pyrite content formed in the middle
diagenetic stage and the TOC and TS. The SEM analysis
indicated abundant organic matter in the periphery and
intercrystalline pores of type A and type B pyrite, whereas clay
minerals dominated type C pyrite. This phenomenon showed
that only type A and B pyrites are strongly associated with
organic matter enrichment, which was related to the positive
charge of iron (pyrite colloids) in water and the negatively
charged organic matter aggregate. Charge neutralization and
flocculation often occurred between the two, forming organic
metal complexes that coprecipitated. The initial formation of
ferrous sulfide microcrystals often occurs on the surface of
organic matter. Therefore, the initial growth basis of pyrite was
located on the surface of organic matter and gradually
transformed into type A pyrite in a suitable sedimentary
environment in a later stage. This result was also confirmed by
the intercrystalline pores of framboidal pyrite containing
abundant organic matter (Figure 2A,C).

Figure 9A reveals a negative correlation between the TOC
and sulfur isotopes of pyrite; however, there was no correlation
between the TOC and sulfur isotope values of different pyrite
types. The weak correlations between the isotopic composition
of the sulfur in pyrite and TOC indicated that TOC was not
the main factor controlling the differences in pyrite types in the
Chang 7 Member of the Ordos Basin. However, there was a
positive correlation between kerogen carbon isotopes and
pyrite sulfur isotopes (Figure 9B), without a correlation
between kerogen carbon isotopes and different pyrite types,
which also confirms that TOC is not a significant factor
controlling the differences in pyrite types and the organic
matter type is an important influencing factor. Since organic
matter type is correlated with the sulfur content, this also
indicated that the sufficient sulfate supply required for pyrite
formation during the depositional period of the Chang 7
Member was the main reason for the abnormal development of
pyrite. The lake basin likely had a higher sulfate content than
the standard freshwater lake basin during the deposition period
of the Chang 7 Member. The sulfate source may be related to
transgression, lake hydrothermal fluid, volcanic eruption, and
other possible sources.”’

5.2. Indicative Significance of Pyrite Type to Organic
Matter Type. Previous research has confirmed that
framboidal pyrite is mainly developed in organic-rich shale
with better organic matter types, but the potential
correspondence between other pyrite and organic matter
types is unknown.”’” The results of kerogen TI and the
observation of pyrite morphology under SEM showed that the
type I kerogen development layer was mainly enriched in
framboidal pyrite (type A); the type II kerogen development
layer was mainly enriched in spherulitic pyrite (type B); and
the type III kerogen development layer was mainly enriched in
euhedral and anhedral pyrites (type C). These results
preliminarily confirmed the correspondence between the

types of organic matter and pyrite. The correlation analysis
displayed a negative correlation between 534SPy and TI (Figure
10). With the 534SPY values ranging from negative to positive,
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Figure 10. Relationship between sulfur isotopic compositions of
pyrites (534spy) and the kerogen TT of different pyrite types. The red
dashed lines represent the boundaries of sulfur isotope differences
between different types of pyrite.

the kerogen type gradually changed from type I to type III and
had distinct zoning, which indicated that different pyrite types
could identify the type of organic matter. Sapropelic organic
matter is mainly derived from plankton, benthos, and aquatic
plants in water.”” The formation and stagnant basin conditions
usually reduced the environment. In this stage, pyrite
preferentially crystallized into framboidal pyrite after precip-
itation from sulfur-containing water and anoxic water. It
displayed the characteristics of bedding distribution with
organic matter.”>'® As the diagenetic process progresses, these
framboidal pyrite aggregates are compressed during the
compaction of the rock layer (Figure 2B). The mutual
extrusion of pyrite crystals caused the shape of the internal
pyrite crystals to change, showing spherical or oval shapes.
Humic organic matter mainly originates from higher plants and
is primarily formed in weak oxidation—oxidation environ-
ments. During this stage, organic matter functioned as a
reducing agent to form FeS and then formed pyrite in different
ways, which consumed organic matter. These results
accounted for the low TOC content in type C pyrite. In
addition, the diagenetic environment was not conducive to
excessive pyrite formation, which was directly precipitated only
in the sulfur-containing water of the shale pores. This result
also accounted for the low pyrite content in type III organic
matter shales. There was no correlation between the type C
pyrite content and the TOC (Figure 8A). Thus, the
development of type A and B pyrites indicates type I-II
organic matter, whereas the development of type C pyrite
indicates type III organic matter.

5.3. Indicative Significance of Pyrite Type to the
Differential Enrichment of Shale Oil. 5.3.1. Pyrite vs Rock-
Eval Pyrolysis. Figure 11 shows the relationship between the
pyrite type, free hydrocarbons (S;), and pyrolyzed hydro-
carbons (S,) in the organic-rich shale. Figure 11A shows a
significant positive correlation between the pyrite content and
S, and there is a distinct two-stage feature at 15% pyrite
content. When the pyrite content exceeded 15%, the pyrite
types in the shale were mainly type A and type B, with a
positive correlation between these two pyrite types and S;.
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When the pyrite content was less than 15%, the positive
correlation between pyrolysis S; and type A and B pyrite was
substantial; however, there was no correlation with type C
pyrite. This phenomenon indicated that type A pyrite mainly
formed in the syn-sedimentary period and type B pyrite
formed in the early diagenetic period were directly involved in
the pyrolysis of organic matter and the hydrocarbon generation
process. Type C pyrite formed during the middle diagenetic
period may have played a relatively limited role in pyrolysis
and hydrocarbon generation processes for organic matter. The
pyrite formed in the syngenetic period accumulates and
nucleates in a dispersed form under magnetic force, gradually
forming a complete type A pyrite. The large number of
intergranular and intergranular pores developed in these
pyrites can provide a place to enrich liquid hydrocarbons.
Through SEM statistics, Guangrong et al. (2020) believed that
the reservoir space supplied by type A pyrite can increase the
porosity by about 2%.'° On the one hand, the intergranular
and intercrystalline pores of the early formed framboidal pyrite
are destroyed due to the dissolution of organic acid, which
inhibits the development of pores. On the other hand,
developing dissolution pores in type B pyrite can also provide
some reservoir space for liquid hydrocarbons. Type C pyrites
are primarily formed in the late stage of early diagenesis to the
early stage of middle diagenesis, and the pyrite particles have
no noticeable pores under the microscope. However, pyrite is a
vital skeleton mineral in shale, and its compressive solid
strength can protect the original pores from being destroyed
during compaction. Therefore, whatever type of pyrite is
conducive to enriching liquid hydrocarbons.

Figure 11B shows that the pyrolyzed hydrocarbons (S,) of
the black shale in the Chang 7 Member of the Ordos Basin
were between 0.53 and 57.28 mg/g, which were significantly
higher than the content of free hydrocarbons (S;). This
phenomenon was due to the low maturity of the Chang 7 black
shale (with R, values between 0.7 and 1.1%) and the large
amount of organic matter that had not yet been converted to
oil and gas."*** Similar to S,, the pyrite content and S, also
showed distinct two-stage characteristics (Figure 11B). When
the pyrite content exceeded 15%, with an increase in the
pyrolysis temperature, the liquid hydrocarbons generated
during pyrolysis from type I and type II organic matter, as
indicated by type A and type B pyrites, were significantly
higher than those generated from type III organic matter, as
indicated by type C pyrite. This phenomenon may involve the
difference in the organic matter type or be affected by the
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difference in the surface properties of different pyrite types.
Therefore, further analysis of the content and composition of
liquid hydrocarbons remaining in the shale reservoir space is
necessary to determine the influence of the pyrite content and
type on the shale oil enrichment process.

As a result, types A, B, and C pyrites are developed at pyrite
contents below 15%, while types A and B pyrites are
predominantly developed at pyrite contents above 15%, and
higher types A and B pyrite contents are indicative of more
excellent free and pyrolyzed hydrocarbon production. This
phenomenon was related to the formation time of different
pyrite types and the difference in the types of organic matter.
Types A and B pyrites were formed earlier, with smaller grain
sizes and the development of intercrystalline pores between the
pyrite microcrystals (Figure 2C) and dissolution pores (Figure
2B), which provide reservoir space for hydrocarbons, such as
the filling of organic matter around or inside the framboidal
pyrite (Figure 2A,C), indicating that the pyrite formation time
was earlier than the significant oil generation period of
kerogen. In contrast, type C pyrite was formed later, with a
larger grain size and less pore development, which provides a
limited reservoir space for hydrocarbons (Figure 2E,F).
Meanwhile, types A and B pyrites are the main pyrite types
developed at a higher pyrite content (>15%), and their
abundant presence can reduce the activation energy of organic
matter cracking and thus advance hydrocarbon production.*>**
In addition, as previously mentioned, types A and B pyrites
indicate types I and II organic matter with a high hydrocarbon
generation potential, and the liquid hydrocarbon content
generated during the thermal evolution process was signifi-
cantly higher than that of type III organic matter. Therefore,
the higher the content of types A and B pyrites, the higher the
S; and S, contents.

5.3.2. Pyrite vs Chloroform Bitumen “A”. Pyrite in shale
increases the rate of organic matter cracking into oil and gas,
which has been confirmed in experiments.*”** Pyrite is a
favorable hydrocarbon expulsion channel for shale oil and gas
and a reservoir space for shale 0il.*> The correlation analysis
between the pyrite content and chloroform bitumen “A”
(Figure 12) showed that pyrite in shale promoted shale oil
enrichment, and there was a distinct boundary when the pyrite
content is 15%. When the pyrite content exceeded 15%, there
was a significant positive correlation between the pyrite
content dominated by types A and B pyrite and chloroform
bitumen “A”. When the pyrite content was less than 15%, there
was also a significant positive correlation between the pyrite
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Figure 12. Relationship between the pyrite content and chloroform
bitumen “A” of different pyrite types. The red dashed lines represent
the boundaries at 15% pyrite content.

content and chloroform bitumen “A” as a whole, but there was
no significant correlation between type C pyrite and chloro-
form bitumen “A”. This phenomenon was related to the
numerous nanoscale pores that developed between micro-
crystals in type A pyrite aggregates and numerous dissolution
pores set in type B pyrite, which were conducive to the
accumulation of liquid hydrocarbons. The abundant nanoscale
pores provided a reservoir space for the enrichment of residual
oil in shale, which was conducive to shale oil enrichment.
There were distinct oil film phenomena in the intercrystalline
and dissolution pores of types A and B pyrite particles under
SEM, which also confirmed that these two pyrite types

promoted shale oil enrichment (Figure 2A—C). Thus, the
higher content of types A and B pyrites is indicative of the
greater soluble organic matter content in the Chang 7 Member
shales.

However, type C pyrite lacks distinct crystal structures or
dissolution pores. Consequently, type C pyrite did not directly
contribute to the reservoir space for shale oil. Therefore, no
significant correlation was observed between type C pyrite and
chloroform bitumen “A”. According to Guangrong et al.
(2020), the source of type C pyrite was the sulfur-containing
water from early liquid hydrocarbon generation in relatively
closed clay mineral interlayers or fractures."® The formation
time may occur later than the oil and gas filling times, which
was also one of the reasons for the poor correlation between
type C pyrite and residual oil in shale. However, a small
amount of liquid hydrocarbon residue was also found in the
euhedral pyrite aggregates of Chang 7 shale of the Ordos Basin
(Figure 2D). Therefore, the formation time of type C pyrite
may have been earlier than that of oil and gas filling; this pyrite
was limited and did not play a leading role in shale oil
enrichment and cannot be used as an indicator of shale oil
enrichment.

5.3.3. Pyrite vs Oil Components. The relationships between
pyrite type, contents, and components of extracts were
analyzed to explore the role of pyrite in shale oil enrichment.
Figure 13 shows that the pyrite content had a significant
positive correlation with saturated hydrocarbons, no significant
correlation with aromatics and resin, and a significant negative
correlation with asphaltenes. Overall, this indicated that the
abundance of pyrite was conducive to enriching light
components and inhibiting the distribution of heavy
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Figure 13. Relationship between pyrite content and oil components: (A) saturate; (B) aromatic; (C) resin; (D) asphaltene of different pyrite types.

The red dashed lines represent the boundaries at 15% pyrite content.
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components. This result was due to sulfur and Fe*" that
promoted pyrite formation during organic matter hydrocarbon
generation, which reduced the activation energy required for
organic matter cracking, promoted the hydrocarbon generation
of organic matter, and discharged saturated hydrocarbons.”
Specific analysis of this relationship revealed that different
pyrite types and oil components exhibited distinct dual-stage
distribution characteristics at 15% pyrite content.

When the pyrite content exceeded 15%, type A and type B
pyrites showed a significant positive correlation with saturates
(Figure 13A) and negative correlations with aromatics (Figure
13B), resin (Figure 13C), and asphaltene (Figure 13D),
indicating that these two pyrite types promote the formation
and enrichment of saturates and inhibit the enrichment of
other components. This phenomenon was related to the
efficiency of these two pyrite types in promoting the
hydrocarbon generation of organic matter. Pyrite types are
mainly types A and B at >15% pyrite content, as their high
content catalyzes the hydrocarbon generation from organic
matter cracking, resulting in the cracking of large molecular
heavy hydrocarbons to generate light hydrocarbons. Moreover,
pyrite can reduce the amount of aromatic polycyclic molecules
by inhibiting aromatization, thus promoting the cracking of
long-chain aliphatic hydrocarbons in kerogen to form relatively
short-chain aliphatic hydrocarbons.®* In addition, types I and
II organic matter indicated by types A and B pyrites were
conducive to the selective adsorption of heavy components.
Due to the selective adsorption of heavy components, the
saturates migrated to the intercrystalline in type A pyrite and
the dissolution pores in type B pyrite because of their small
molecular weight. Consequently, types A and B pyrites are
positively correlated with saturates and negatively correlated
with aromatics, resin, and asphaltene at >15% pyrite content.

When the pyrite content was less than 15%, types A and B
pyrites showed a positive correlation with saturates and
aromatics but a gradual negative correlation with resin and
asphaltenes. This result indicated that types A and B pyrites
were conducive to the enrichment of light components but
inhibited the enrichment of heavy components. The under-
lying reasons for this included the early formation of types A
and B pyrites and subsequent involvement in the catalytic
pyrolysis and hydrocarbon generation. Inhibition of aromatiza-
tion is reduced at <15% pyrite content, insufficient to cause a
significant reduction in aromatic hydrocarbons. Thus, types A
and B pyrites and aromatic hydrocarbons are positively
correlated.

Furthermore, types A and B pyrites are mainly composed of
intercrystalline and dissolved pores as the leading shale oil
reservoir space, and the light components in the early
generated liquid hydrocarbons easily migrate to these pores
with relatively small molecular weights. In addition, types A
and B pyrites indicated high-quality organic matter, which
exhibited stronger selective adsorption to light components in
shale oil during hydrocarbon generation than type C pyrite.
Consequently, types A and B pyrites are positively correlated
with saturates and aromatics and negatively correlated with
other fractions at <15% pyrite content.

There was no correlation between type C pyrite and shale oil
group components, which was related to the late formation
time of type C pyrite and the limited liquid hydrocarbon
reservoir space provided by type C pyrite. In addition, the
organic matter type indicated by type C pyrite was mainly gas-
prone type III, which was not conducive to forming liquid
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hydrocarbons. Thus, the development of types A and B pyrites
is indicative of the enrichment of saturated and aromatic
hydrocarbons at <15% pyrite content, whereas the develop-
ment of types A and B pyrites is indicative of the enrichment of
saturated hydrocarbons at >15% pyrite content. The develop-
ment of types C pyrite is not indicative of shale oil enrichment.

6. CONCLUSIONS

Through systematic petrological and organic geochemical
analyses, this study characterized pyrites in lacustrine shale and
their implications for the differential enrichment of organic
matter and shale oil. The results are as follows:

As the dominant authigenic metal sulfide in the Chang 7
shale, the pyrite content ranged from 0.24 to 49.33% (average
of 10.10%). Three morphological pyrite types were observed:
framboidal (type A), spherulitic (type B), and euhedral and
anhedral (type C). The §°*S values of type A pyrite are the
lowest, ranging from —5.265 to —0.766%o (average
—2.739%o0), indicating that type A pyrite likely formed during
the syn-sedimentary to early diagenesis stage. The §**S values
of type B and type C pyrites are relatively heavier, ranging from
0.113 to 5.113%0 (2.201%¢) and from S5.772 to 9.136%o
(7.487%0), respectively, suggesting their formation during the
early and middle diagenesis stages.

The intervals in which different pyrite types were enriched in
the samples from the Chang 7 Member were closely related to
the abundance and type of organic matter. The intervals where
type A and type B pyrites developed had high TOC and TS
contents. In addition, the leading organic matter types
corresponding to the intervals with types A, B, and C pyrites
were types I, II, and III, respectively.

The Chang 7 shale in the Ordos Basin was rich in residual
oil, of which S, (free hydrocarbons) values ranged from 0.09 to
4.87 mg/g (average, 1.80 mg/g), and S, (pyrolyzed hydro-
carbons) values ranged from 0.53 to 57.28 mg/g (average,
18.06 mg/g). The organic geochemistry results show that types
A and B pyrites indicate shale oil enrichment and promote
shale oil enrichment at >15% pyrite content. In contrast, the
late-formed type C pyrite did not show shale oil enrichment.
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