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ARTICLE INFO ABSTRACT

Keywords: Abundant pyrobitumen related to an abnormal thermal event has been observed in the Ediacaran-lower
Optical texture Cambrian reservoirs of the central Sichuan Basin. Using reflected light microscopy, this study classified reser-
Pyrobitumen

voir pyrobitumen in the Ediacaran-lower Cambrian into three groups: isotropic, mosaic, and fibrous; the mosaic
pyrobitumen was further subdivided into fine-grained, medium-grained, and coarse-grained. Based on organic
elemental analysis, carbon isotopic composition, nuclear magnetic resonance, X-ray diffraction,
thermogravimetric-mass spectrometry, and fluid inclusion geochemistry, the relationship between the optical
texture of pyrobitumen and hydrothermal temperature was determined and the influence of hydrothermal ac-
tivity on crude oil cracking is discussed. With the exception of the mosaic pyrobitumen (quinoline insoluble
matter-enriched tar pad precursor) found in the most porous reservoir zone, the optical texture in the Ediacaran-
lower Cambrian reservoirs can be used to trace the hydrothermal activity, which occurred at the end of the
Permian and may be related to the Emeishan mantle plume. The hydrothermal fluid may have invaded the strata
of the second and fourth members of the Dengying Formation and the Longwangmiao Formation, along deep
faults in the Gaoshiti area and migrated laterally to the northeast. The intrusion of the hydrothermal fluid
directly promoted the cracking of crude oil in the reservoirs, and this behavior advances the previously accepted
cracking time by approximately 60 Ma. The study found that hydrothermal activity promoted the cracking of
crude oil in the Ediacaran-lower Cambrian reservoirs, which is a significant recognition for understanding the
history of hydrocarbon accumulation in the Sichuan Basin.

Hydrothermal activity
Crude oil cracking
Central Sichuan Basin

1. Introduction divided into five categories: fine-grain mosaic (FM), medium-grain

mosaic (MM), coarse-grain mosaic (CM), domain, and fibrous pyrobi-

Solid bitumen is usually generated from the thermal cracking, gas
deasphalting, and biodegradation of crude oil in source rocks or reser-
voirs (Tissot and Welte, 1984; Hunt, 1996; Waples, 2000). Commonly,
solid bitumen with high reflectivity and maturity (bitumen reflectance >
0.7%) is called pyrobitumen; it evolves from solid bitumen with low
maturity, and is characterized by a minor extractable fraction (Goodarzi
and Stasiuk, 1991; Landis and Castano, 1995).

Low-maturity solid bitumen is isotropic; in contrast, high-maturity
pyrobitumen can exhibit both optical isotropy and anisotropy. Accord-
ing to the size of the anisotropic regions, anisotropic pyrobitumen can be

tumens (Patrick et al., 1973; Sanada, 1978; Grint et al., 1979; White and
Price, 1974). The optical textures of pyrobitumens were first recognized
in coking coal and then artificially generated from the pyrolysis of oil
and solid bitumen (Taylor, 1961; Brooks and Taylor, 1965; White, 1976;
Marsh, 1973; Hatshorme, 1974). The molecular orientation and chem-
ical composition of pyrobitumen are the primary factors controlling
optical anisotropy, and both of them are altered through the pyrolysis
process (the increase in maturity) (White, 1976; Mochida et al., 1980;
Forrest and Marsh, 1981). In addition, the softening point, C/H atomic
ratio, polycyclic aromatic hydrocarbon content, and graphitization
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degree are all positively correlated with the maturity of solid bitumen
(Jacob, 1989; Landis and Castano, 1995; Tian et al., 2013).

Research on coking coal helps explain the generation of anisotropic
pyrobitumen. At a specific pressure, as the heating treatment proceeds,
the small aromatic molecules in the isotropic bitumen are condensed
into large plane lamella molecules and layered into spherical interme-
diate building units. Then, the intermediate building units are directly
stacked into mesophase spheres. Finally, the mesophase spheres fuse to
form anisotropic pyrobitumen (Brooks and Taylor, 1965; Heidenreich
et al., 1968; Ban and Hess, 1971, 1976; Yamada et al., 1974; Li and
Wang, 2005; Li et al., 2005). Petroleum coke studies have shown that the
optical texture of pyrobitumen depends on the properties of the pre-
cursor and the heating conditions (Marsh and Cornford, 1976; White,
1976). Temperature is an essential factor affecting the optical texture of
pyrobitumen (Marsh and Cornford, 1976; White, 1976; Yokono et al.,
1986; Fathollahi et al., 2005; Eksilioglu et al., 2006). Owing to the
thermal stability of aromatic hydrocarbons, the temperature of the
thermal polycondensation reaction ranges from 350 to 500 °C (Yokono
et al., 1986; Fathollahi et al., 2005; Eksilioglu et al., 2006). The meso-
phase spheres cannot be generated when the temperature is lower than
300 °C, resulting in isotropic pyrobitumen (Yokono et al., 1986; Shen,
2003; Fathollahi et al., 2005; Eksilioglu et al., 2006; Sun et al., 2020).
When the temperature exceeds 300 °C, the mesophase spheres can
gradually grow and fuse to form anisotropic pyrobitumen (Brooks and
Taylor, 1965; Heidenreich et al.,, 1968; Ban and Hess, 1971, 1976;
Yamada et al., 1974; Li and Wang, 2005; Li et al., 2005). Under normal
circumstances, with an increase in temperature, the optical texture of
pyrobitumen shows a regular transition from isotropic - FM - MM —
CM - fibrous (Stasiuk, 1997; White and Price, 1974). However, NSO
compounds and quinoline insoluble matter (QI) in the pyrobitumen
precursor can significantly affect the optical texture. An enrichment of
NSO compounds and QI will significantly inhibit the fusion of the
mesophase spheres and lead to only one kind of product— mosaic
pyrobitumen. Furthermore, when the O concentration exceeds 7%,
mesophase spheres cannot be formed (Taylor, 1961; Taylor et al., 1993;
Figueiras et al., 1998; Gong et al., 2001; Liu et al., 2003a,b; Xu et al.,
2002). In addition, factors such as pressure and reaction circumstance
will also affect the optical texture of pyrobitumen (Goodarzi, 1985;
Fathollahi et al., 2005; Wang et al., 2008; Cheng and Wang, 2009).
However, temperature and chemical composition remain the controlling
factors for the optical properties of pyrobitumen.

As the degree of thermal maturity increases, the optical texture of
pyrobitumen shows similar changes under experimental and natural
conditions. In recent years, abundant reservoir pyrobitumens have been
discovered in deep gas fields (e.g., Anyue gas field) in the central
Sichuan Basin and are widely distributed in the Ediacaran-Lower
Cambrian reservoirs (burial depth > 4500 m) (Wang et al., 2013; Wu
et al., 2013; Yang et al., 2018; Gao et al., 2017; Song et al., 2021). These
pyrobitumens show differential optical textures-optical isotropy and
anisotropy, with mosaic and fibrous textures occuring in the anisotropic
pyrobitumen. In most studies, the co-existence of isotropic and aniso-
tropic pyrobitumen in the reservoir suggests an unusual thermal history,
such as a magmatic or hydrothermal intrusion (Goodarzi, 1993; Wilson,
2000; Rimmer et al., 2015). Previous studies on vitrinite reflectance and
maturity parameters in these reservoirs in the central Sichuan Basin
suggest that the generation of the anisotropic pyrobitumen is associated
with hydrothermal activity (Wang et al., 2013; Wu et al., 2013; Yang
et al., 2016; Gao et al., 2017). As an important thermal event in the
Sichuan Basin, the Emeishan mantle plume, which generated hydro-
thermal activity in the region, is thought to be related to the formation of
these anisotropic pyrobitumen (Boven et al., 2002; Yuan et al., 2014;
Zhang et al., 2008; Zhang et al., 2013; Yang et al., 2018; Gao et al.,
2017).

The natural gas and pyrobitumen in the Ediacaran-Lower Cambrian
are derived from the crude oil cracking in the paleo-oil reservoirs (Zhu
etal.,, 2015; Gao et al., 2017; Shi et al., 2017; Zhang, 2019). As products
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of crude oil cracking, the origins of the pyrobitumen and natural gas in
the Ediacaran-Lower Cambrian reservoirs were closely related (Zheng
etal., 2014; Wei et al., 2015a; Luo et al., 2015a, 2015b, 2015c¢). Because
the pyrobitumen is of hydrothermal origin, the generation of the natural
gas in these reservoirs may be related to hydrothermal activity. How-
ever, to date, few scholars have linked the generation of natural gas to
hydrothermal activity. Most studies suggest that natural gas in the
Ediacaran-Lower Cambrian reservoirs in the central Sichuan Basin was
derived from the normal cracking of crude oil. The influence of hydro-
thermal activity on the formation of ultra-deep gas reservoirs in the
central Sichuan Basin is still unknown.

Reservoir pyrobitumen carries geochemical information, which can
be used for research on hydrocarbon accumulation mechanisms in ultra-
deep strata. Crude oil cracking is usually completed before 200 °C (Pang,
2010; Sun et al., 2013). The highest temperature in the Ediacaran-Lower
Cambrian reservoirs was near 200 °C and the crude oil was thought to be
cracked into highly matured pyrobitumen and natural gas at this tem-
perature (Xu et al., 2014; Wei et al., 2015a; Zhu et al., 2015; Zhu et al.,
2022). Natural gas is primarily a dry gas composed of CHy, carrying little
valuable geochemical information, which severely restricts the in-depth
study of ultra-deep natural gas accumulation and evolution (Connan
et al., 1995; Manzano et al., 1997; Mankiewicz et al., 2009; Cai et al.,
2013). In addition, pyrobitumen in the Ediacaran-Lower Cambrian
reservoirs is another end product of crude oil cracking (Zou et al., 2014;
Luo et al., 2015a, 2015b, 2015¢; Xie et al., 2021). Its occurrence state,
optical properties, organic elemental composition, carbon isotopic
composition, and internal structure record various geological and
geochemical processes that occurred after crude oil was generated; thus,
the geological information contained in the pyrobitumen plays an
extremely important role in the study of ultra-deep gas reservoirs (Tian
et al., 2013; Holman et al., 2014; Gao et al., 2018; Shi et al., 2017).

The optical anisotropy of pyrobitumen is closely related to thermal
anomalies (Khavari-Khorosani and Murchison, 1978; Goodarzi and
Stasiuk, 1991; Goodarzi, 1993; Gize, 1986). To the authors' knowledge,
no study has established the relationship between the optical texture of
natural pyrobitumen and hydrothermal temperature. Based on organic
elements, carbon isotopes, nuclear magnetic resonance (NMR), X-ray
diffraction (XRD), thermogravimetric (TG)-mass spectrometry and fluid
inclusion geochemistry, this study established this relationship. Then,
the hydrothermal fluid migration was traced based on the spatial dis-
tribution of the pyrobitumen. Finally, by integrating the analysis of the
period and behavior of hydrothermal activity and gas inclusions
captured by hydrothermal minerals, the hydrothermal influence to the
gas accumulation and evolution processes of the Ediacaran-Lower
Cambrian gas reservoirs in the central Sichuan Basin was examined.
This study provided a novel method for reconstructing the evolution
process of these reservoirs.

2. Geological setting

The Ediacaran-Lower Cambrian reservoirs are the frontiers for ultra-
deep natural gas exploration in the Sichuan Basin. In recent years, the
Anyue Ediacaran-Lower Cambrian giant gas field had been discovered in
the central Sichuan Basin; its main natural gas producing strata are the
Dengying (DY) and the Longwangmiao (LWM) formations (Du et al.,
2014; Xu et al., 2014; Wei et al., 2015a; Zhu et al., 2015). The DY
Formation consists of carbonate deposited in a marginal platform facies,
dominated by algal dolomite; it can be divided into four members from
bottom to top, namely the D-1, D-2, D-3, and D-4 members, respectively
(Yang et al., 2018; Zhou et al., 2017; Feng et al., 2021). Being affected by
the Tongwan tectonic movement, the D-2 and D-4 are characterized by
well-developed dissolution space, making them the main gas-producing
units in the DY Formation (Luo et al., 2015a, 2015b, 2015c¢; Shan et al.,
2016; Jin et al., 2016; Hu et al., 2020) (Fig. 1). The LWM Formation is a
carbonate stratum deposited in gentle sloping platform facies. The pore
space occurs primarily in granular dolomite, with well-developed
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Fig. 1. Geological setting of the central Sichuan Basin. (a), (b) The location of the study area and the solid bitumen sampling wells (Modified based on He, 2016 and

Lin et al., 2020); (c) The lithologic column in the central Sichuan Basin.

intergranular pores and dolomite intercrystalline pores (Zhou et al.,
2015; Du et al., 2016; Hu et al., 2020; Tian et al., 2021). Studies have
shown that large-scale paleo-oil reservoirs were developed in the DY and
LWM formations in the central Sichuan Basin. Large amounts of pyro-
bitumen and natural gas are retained in the D-2 and D-4 members and
the LWM Formation after crude oil cracking. (Zhu et al., 2015; Gao et al.,
2017; Shi et al., 2017; Zhang, 2019).

The Emeishan Great Igneous Rock Province is located on the western
edge of the Yangtze Craton. The Emeishan basalt is widely distributed in
Yunnan, Guizhou, and Sichuan Provinces, with an exposed area of more
than 50 x 10% km2 The western region of the Emeishan basalts is
bounded by the Ailaoshan-Honghe Fault, and the northwestern region
by the Longmenshan Fault (He et al., 2003; He, 2016) (Fig. 1a). Studies
have shown that the Emeishan basalt eruption began in the Late Permian
and ended at 259.1 £ 0.5 Ma (lasting for 1 Ma) (Huang and Opdyke,
1998; Zhong et al., 2014). The activity of the Emeishan mantle plume
was an extremely important thermal event in the Upper Yangtze area
and led to a large area of hydrothermal activity on the southwestern
edge of the Yangtze Plate, forming a large number of hydrothermal
metal deposits (Boven et al., 2002; Zhang et al., 2013; Yuan et al., 2014).
The axis of the Emeishan mantle plume is located in Miyi, Sichuan.
Based on the different influences of the mantle plume on the strata, the

Emeishan Great Igneous Rock Province can be divided into three zones
from west to east: inner (deep denudation zone), intermediate (partial
denudation zone), and outer (paleo-weathered crust) (He et al., 2003)
(Fig. 1a). The study area is located in the outer zone. The mantle plume
led to hydrothermal activity within the study area, leaving evidence of
hydrothermal activity in the Permian, DY Formation, and other strata
(Chen et al., 2012; Jiang et al., 2016a, 2016b; Feng et al., 2017; Jiang
et al., 2018a, 2018b; Zhang, 2019).

3. Samples and methods
3.1. Rock thin sections preparation

Based on the core descriptions of 37 wells in the study area (Fig. 1a),
more than 400 dolomite samples containing pyrobitumen in the D-2, D-
4, and LWM reservoirs were selected. The rock samples were cut into
smaller pieces with a cross-section of no more than 60 x 60 mm using a
STX-1202A diamond wire cutting machine, and then cut into 20 x 20
mm pieces using a SYJ-200 cutting machine. The samples were sub-
jected to coarse grinding using a UNIPOL-802 grinding and polishing
machine, followed by fine grinding using alumina grit on a UNIPOL-802
grinding and polishing machine. Next, the samples were polished, using
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1.0 and 0.3 um alumina suspensions, respectively, with a flannel pol-
ishing fabric. Subsequently, the samples were glued to glass slides using
epoxy. After drying, the samples were ground to approximately 0.3 mm
on a UNIPOL-1502 grinding and polishing machine, and the polishing
process was repeated. Finally, the rock sections were prepared to
investigate emplaced mineral characteristics, pyrobitumen optical tex-
tures, and the homogenization temperature of fluid inclusions. The
preparation of rock thin sections follows the Chinese standard “Tech-
nical Specifications for Rock and Mineral Identification Part II: Sample
Preparation of Rock Thin Sections” (DZ/T 0275.2-2015).

3.2. Pyrobitumen samples preparation

Based on the observation of a large number of rock thin sections,
drilling cores containing the pyrobitumen with a single optical texture
were selected for pyrobitumen preparation. The samples were collected
near the location of the related thin sections to ensure that the optical
texture of the obtained pyrobitumen was consistent with that of the thin
section. To obtain pure solid bitumen samples, the solid bitumen-
containing dolomite was broken into small pieces of 3-5 mm. Then,
the solid bitumen particles (1-4 mm) were separated from the dolomite
with wooden tweezers. A wooden tool was used to remove the dolomite,
quartz, and other attached mineral fragments on the surface of the solid
bitumen at 10x magnification under a microscope. The solid bitumen
pieces were placed in a small beaker containing deionized water, and
cleaned in 50 Hz ultrasonic waves for 1 h and dried in a drying oven at
80 °C for 5 h. Finally, an agate mortar was used to grind the solid
bitumen pieces to 200 mesh for geochemical analysis.

3.3. Experimental method

3.3.1. Petrographic analysis

The pyrobitumen-enriched core samples and prepared thin sections
were subjected to petrographic analysis. Macroscopic emplacement
characteristics of hydrothermal minerals and pyrobitumen were
observed from core samples. Microscopic emplacement characteristics
of hydrothermal minerals and pyrobitumen and optical texture obser-
vation were conducted at the State Key Laboratory of Petroleum Re-
sources and Prospecting at the China University of Petroleum (Beijing),
using a Leica DM 4500P microscope equipped with a DFC 450C camera.
The emplacement characteristics of hydrothermal minerals and pyro-
bitumen were observed in transmitted light. The optical structure of
pyrobitumen was observed under reflected light.

3.3.2. Fluid inclusions

Fluid inclusion analysis was conducted at the Beijing Institute of
Geology of Nuclear Industry, China. A LINKAM THMS600 heating-
freezing stage was used to perform homogenization temperature anal-
ysis of the fluid inclusions. Temperature ranged from —195 to 600 °C,
with a heating rate of 10 °C/min and cooling rate of 0.2 °C/min. Room
temperature was set at 25 °C and the humidity at 50%. The fluid in-
clusion composition was analyzed by a Labram HR 800 research-grade
micro-laser Raman spectrometer, and the laser was a Yag crystal
frequency-doubled solid-state laser with a wavelength of 532 nm.

3.3.3. Organic element analysis

Organic elements in the solid bitumen (C, H, O, S, and N) were
analyzed at the Shanxi Institute of Coal Chemistry, Chinese Academy of
Sciences using an elemental analyzer (model Vario EL cube), with a
room temperature of 26 °C and a humidity of 30% (following the Chi-
nese standard GB/T19143-2017). The steps were as follows: In the
CHNS mode of the elemental analyzer, 2-3 mg dried solid bitumen
powder was burned in a pure oxygen atmosphere in a combustion tube.
The produced gases were reduced to Ng, CO2, H20, SO, and other gases,
which were detected by the thermal conductivity detector in turn.
Finally, the percentages of C, H, N, and S in the samples were calculated.
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In the O mode, the samples were put into a silver container and sent to a
pyrolysis tube. The molecular bonds of oxides were broken under high
temperature and oxygen-free conditions, and reacted with carbon
powder to generate gases, such as CO, Ny, Hy, and CHy4. The CO was then
adsorbed by the adsorption-desorption column and desorbed for
detection after the impurity gases passed through the detector. Finally,
the percentage of O in the sample was calculated.

3.3.4. Stable carbon isotope

Stable carbon isotope analysis was conducted at the Beijing Institute
of Geology of Nuclear Industry, China, utilizing a Finnigan MAT 253
isotope mass spectrometer, and the analysis error was less than 0.1%o.
The analysis results of stable carbon isotope were uniformly standard-
ized using PDB (Peedee Belemnite) (%o).

3.3.5. Nuclear magnetic resonance (NMR)

The NMR analysis was conducted at the Shanxi Institute of Coal
Chemistry, Chinese Academy of Sciences. NMR spectroscopy refers to
the physical process of splitting the spin energy levels of atomic nuclei
under an external magnetic field and resonantly absorbing a specific
frequency of radiofrequency radiation. NMR is a powerful tool for
identifying the structure and composition of compounds, which can
quantify the types of carbon and hydrogen atoms in the bitumen mol-
ecules. The carbon NMR spectrum (*3C NMR) in this study was assessed
by the 600 MHz superconducting solid-state NMR spectrometer, with an
operating frequency of 151 MHz and a rotation speed of 10 k.

3.3.6. X-ray diffraction (XRD)

XRD was conducted at the Microstructure Laboratory for Energy
Materials of China University of Petroleum (Beijing). XRD is one of the
essential technical means for characterizing the microstructure of
certain amorphous and crystalline materials and is widely used to
analyze the crystal and molecular lamellar structures of carbonized and
graphitized carbon materials. XRD analysis was performed using a
Bruker D8 Focus X-ray diffractometer. The X-ray light source was a Cu
target, ceramic light tube, with a power of 2.2 kV. A 6/20 goniometer
was applied, and a semiconductor array detector with 192 device
channels was used. The scans ranged from 5° to 90°, and the scanning
rate was 5°/min.

3.3.7. Thermogravimetry (TG)-mass spectrum

TG analysis provides information on the composition and thermal
stability of solid compounds based on the relationship between sample
weight and temperature under heating (Tao and Xu, 1987). In this study,
it was used to assess the evolution of the internal structure of the
pyrobitumen with different optical textures. The thermal stability of the
pyrobitumen and the evolution of the gas generated from the system
during heating were analyzed. The TG mass spectrum analysis was
conducted at the Shanxi Institute of Coal Chemistry, Chinese Academy
of Sciences. An Evolution 16/18 TG analyzer and OMNI star mass
spectrometer were used for TG and gas composition analysis. TG anal-
ysis was performed in a nitrogen atmosphere (the N5 flow rate was 100
mL/min), the heating rate was set to 10 °C/min, the final temperature
was set to 1100 °C, and the TG resolution was 0.03 pg. The mass spec-
trometer was connected to the TG analyzer with a stainless steel capil-
lary tube. A QMA 200 M analyzer and C-SEM Faraday detector were
adopted, and the mass detection range was 1-300.

4. Results
4.1. Pyrobitumen characteristics
4.1.1. Emplacement characteristics
A large amount of pyrobitumen was developed in the DY reservoir,

emplaced in the remaining algae framework pores, dissolved pores, and
cracks (Fig. 2a-d). Observations of the pyrobitumen in the drilling cores



L. Zhu et al.

Bl -

MRS

2~ ST 61 W,

International Journal of Coal Geology 259 (2022) 104030

Geoscience

Fig. 2. Emplacement characteristics of pyrobitumen in the pore space of the DY and LWM reservoirs, the central Sichuan Basin.

HR = host rock; SP = solid pyrobitumen; Dol = dolomite; Sph = sphalerite; Gal = galena; Py = pyrite; Q = quartz. (a) MX145, 5741.21 m, D-4, the crack is emplaced with
massive pyrobitumen. (b) MX145, 5741.21 m, D-4, with developed high-angle crack, and the crack is emplaced with pyrobitumen. (c) ZJ2, 6554.86 m, D-2, with developed
algae framework pores (macro photo of algal framework pores in d), and the pore space is entirely emplaced with massive-structured pyrobitumen. (d) ZJ2, 6554.86 m, D-2,
with developed algal framework pores, and the pore space is emplaced with fine-medium crystalline dolomite and pyrobitumen. (e) GS7, 5329.95 m, D-2, medium crystal
dolomite and spherical-structured pyrobitumen are emplaced in the dissolved pores. (f) ZJ2, 6550.65 m, D-2, reflected and polarized light, pores are developed within
pyrobitumen, and pore diameter < 50 ym. (g) PT1, 5748.28 m, D-2, reflected and polarized light, mesocrystalline dolomite is developed at the edge of the dissolved pore, and
flaky-structured pyrobitumen is developed along the edge of the dolomites like a film. (h) GS7, 5293.44 m, D-4, a combination of sphalerite, galena, and solid bitumen is
developed in the dissolved pores. (i) GS7, 5293.44 m, D-4, reflected and polarized light, a combination of sphalerite, galena and solid bitumen is developed in the dissolved
pores. Galena is observed emplaced in the cracks of the pyrobitumen. (j) ZJ2, 6558.32 m, D-2, reflected and polarized light, massive pyrite is developed in the pyrobitumen. (k)
PT1, 5789.72 m, D-2, transmitted and cross-polarized light, saddle-shaped dolomite and quartz are emplaced in the dissolved pores while pyrobitumen is emplaced in the
intercrystalline pores. (D) PT1, 5727.67 m, D-2, transmitted and polarized light, massive quartz is emplaced in the pore space, and some pyrobitumen is trapped in the quartz.

and thin sections revealed that the pyrobitumen in the DY reservoir
often exhibited massive (Fig. 2a-d), spherical (Fig. 2e) and thin lamellar
structures (Fig. 2g). A small amount of massive-structured pyrobitumen
had well-developed inner pores (diameter < 50 pm) (Fig. 2f). The
massive-structured pyrobitumen was emplaced in the entire pore space
(Fig. 2d), while the thin-skinned pyrobitumen developed along the pore
edge in coating-form (Fig. 2g). These solid pyrobitumens often co-
existed with hydrothermal minerals, such as pyrite, sphalerite, galena,

saddle dolomite, and quartz (Fig. 2h-1). The emplaced mineral sequence
showed that the pyrobitumen was located in the intercrystalline pores of
saddle dolomite (Fig. 2k) and within the galena and quartz (Fig. 2i, 1),
indicating that the pyrobitumen formed later than the saddle dolomite
but earlier than the galena and quartz.

4.1.2. Optical texture
In this study, based on the optical texture under the reflected-light
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microscope, the pyrobitumen of the DY-Lower Cambrian reservoirs was
categorized into three categories: isotropic, mosaic and fibrous (Patrick
et al., 1973; Sanada, 1978; Grint et al., 1979; White and Price, 1974)
(Fig. 3). Isotropic pyrobitumen contains no particles (Fig. 3a-c).
Anisotropic particles were found in mosaic pyrobitumen (Fig. 3d-i),
while fibrous bitumen exhibited alternating dark and bright bands
(Fig. 3j-1), which may result from the collapse of bubbles formed from
volatile components (White, 1976; Stasiuk, 1997; Rimmer et al., 2015).
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Fibrous

Fig. 3. Optical textures of the pyrobitumen in the DY and LWM reservoirs.
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Because, in highly-mature stage, the volatile component would form
bubbles in the pyrobitumen (White, 1976). The nucleation, growth, and
percolation of bubbles would produce the plastic deformation of the soft
pyrobitumen (White, 1976; Stasiuk, 1997). After the bubbles collapsed,
the layered bubble walls would display a fibrous optical texture (White,
1976; Stasiuk, 1997; Yang et al., 2018). According to the size of the
anisotropic particles, mosaic pyrobitumen can be further divided into
FM, MM and CM. The anisotropic particles in the FM pyrobitumen are

Photos were taken under reflected light. (a) MX13, 4581.3 m, LWM, polarized light, isotropic pyrobitumen; (b) MX11, 4877.4 m, LWM, polarized light, isotropic pyrobitumen;
(c) MX11, 4877.4 m, LWM, cross-polarized light, isotropic pyrobitumen; (d) MX145, 5822.15 m, D-4, cross-polarized light, fine-grained mosaic (FM) pyrobitumen; (e) PT1,
5729.44 m, D-2, polarized light, fine-grained pyrobitumen near the fibrous pyrobitumen (FM-F) in h; (f) MX23, 5210.72 m, D-4, cross-polarized light, medium-grained mosaic
(MM) pyrobitumen; () PT1, 5733.89 m, D-2, polarized light, fine-grained and medium-grained mosaic pyrobitumen near the fibrous pyrobitumen (FM-MM-F) in h; (h) GS20,
5183.47 m, D-4, cross-polarized light, coarse-grained mosaic (CM) pyrobitumen with some fibrous pyrobitumen; (i) GS124, 5547.57 m, D-4, cross-polarized light, medium-
coarse-grained mosaic pyrobitumen near the fibrous pyrobitumen (MM-CM-F) in I; (j) MX145, 5575.00 m, D-4, cross-polarized light, fibrous pyrobitumen and unfused
mesophase spheres (MP); (k) PT1, 5745.89 m, D-2, cross-polarized light, fibrous pyrobitumen; (1) GS7, 5274.11 m, D-4, cross-polarized light, fibrous pyrobitumen.



L. Zhu et al.

smaller than 1 pm, exhibiting slightly anisotropic texture under the
microscope (Fig. 2d). The MM pyrobitumen contains anisotropic parti-
cles with diameters ranging from 1 to 5 pm (Fig. 2f), while the CM
pyrobitumen has anisotropic particles larger than 5 pm (Fig. 2h). In
exploration wells where fibrous pyrobitumen is developed, such as PT1
and GS124, FM, MM, and CM pyrobitumen are alternately developed
with fibrous pyrobitumen. These mosaic pyrobitumens alternately
developed with fibrous pyrobitumen were denoted as FM-F, MM-F, and
CM-F, respectively (Fig. 3e, g, i; Fig. 12).

4.2. Fluid inclusions

Many aqueous and hydrocarbon inclusions were found in the saddle
dolomite and quartz (Fig. 4). The hydrocarbon inclusions consists of
dark grey natural gas inclusions, distributed in a belt-like shape with the
symbiotic aqueous inclusions along the mineral growth direction
(Fig. 4c, f). Raman analysis shows that the main component of the
natural gas inclusions is CHy4 (Fig. 5). The gas-liquid ratio of the aqueous
inclusions in the saddle dolomite is approximately 10%; the salinity
exceeds 16 wt% NaCl eqv (Fig. 6). The aqueous inclusions captured in
the quartz have a gas-liquid ratio of 10% and a salinity of 18-20 wt%
NaCl eqv (Fig. 6). The aqueous inclusions captured in the barite had a
gas-liquid ratio of 10% and a salinity of 18-20 wt% NaCl eqv (Zhang,
2019). The gas-liquid ratios and salinities of the aqueous inclusions
captured in the three hydrothermal minerals were similar, with a ho-
mogenization temperature ranging from 220 to 340 °C (Fig. 6). The fluid
inclusions captured by the three hydrothermal minerals displayed high
temperature and salinity characteristics.

4.3. Organic elements

The organic elements in the pyrobitumen are primarily C, H, O, N,
and S. The C concentration in all pyrobitumen samples exceeds 80%,
with a mean value of 83.14% (ranging from 80.69% to 85.64%). The O
concentration varies from 3.11% to 5.21%, with a mean value of 4.22%.
The H concentration ranges from 2.22% to 2.85%, with a mean value of
2.45%. The N concentration is approximately 0.65% (ranging from

.
aqueous ncluslﬂm
L
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0.54% to 0.78%), while the S concentration is approximately 7.88%
(ranging from 6.64% to 8.95%) (Table 1). The H/C ratio ranges from
0.31 to 0.41, and the O/C ratio varies from 0.03 to 0.05 (mean value:
0.04). This demonstrates that the pyrobitumens have undergone high
degree of dehydration and thermal stress and are in the overmature
stage.

There are specific differences in the H/C ratios of the pyrobitumens
with different optical textures. Isotropic pyrobitumen has the highest H/
C ratio (approximately 0.41). As the optical texture of pyrobitumen
changes from: isotropic - FM — MM — CM - fibrous, the H/C ratio
gradually decreases to 0.34. In addition, the mosaic pyrobitumen
alternating with the fibrous bitumen has the lowest H/C ratio (approx-
imately 0.32).

4.4. Stable carbon isotopes

There are three types of pyrobitumen (FM, FM-MM and fibrous
pyrobitumens) developed in the D-2 member of the well PT1. The FM
and FM-MM pyrobitumens are alternately developed with the fibrous
pyrobitumen (indicated as FM-F and FM-MM-F, respectively).

The carbon isotope value of the fibrous pyrobitumen ranges from
—36.5%0 to —38.3%o, with a mean value of —37.4%., that of the FM-MM-
F pyrobitumen has a mean value of —36.9%o (ranging from —36.7%o to -
37.1%o), and that of the FM-F pyrobitumen has a mean value of —34.7%o
(ranging from —33.7%o to —35.4%) (Table 2). The carbon isotopes of the
FM-MM pyrobitumen are lighter than those of the FM-F pyrobitumen
(0.5%o lighter), while the carbon isotopes of the fibrous pyrobitumen are
lighter than those of the FM-F and FM-MM-F pyrobitumens (2.7%o and
2.2%o lighter, respectively).

4.5. Carbon NMR

Carbon NMR spectroscopy (13C NMR) was used to study the carbon
skeleton structure of pyrobitumen. The different chemical shift intervals
in the map can be attributed to six different structural, functional
groups: non-polar aliphatic carbon (62-0 ppm), oxygen-attached fatty
carbon (92-62 ppm), aromatic carbon (150-92 ppm), oxygen-attached

aqueous mclusmm >

% 19
-
m C '\gas lnclusmn& 40 pmy

» J

Fig. 4. Fluid inclusions captured by the hydrothermal minerals in the DY and LWM Formation reservoirs.

Photos were taken in transmitted light. (a—c) PT1, 5789.72 m, D-2, a was from cross-polarized light, b and c were from polarized light, dark grey gaseous hydrocarbon-
inclusions and aqueous inclusions are captured in the saddle dolomite, and fluid inclusions are distributed along the mineral growth direction in a belt-shape; (d—f) PT1,
5727.67 m, D-2, polarized light, dark grey gaseous hydrocarbon-inclusions and aqueous inclusions are captured in the large blocks of quartz, and the fluid inclusions are

distributed along the mineral growth direction.
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Table 1
Elemental analysis of pyrobitumen in the DY and LWM reservoirs (dry basis, H/C, S/C, and O/C refer to the atomic ratios).
Samples Depth/m Optical texture N C H S o H/C S/C o/C
%
MX13-1 4581.30 Isotropic 0.70 82.81 2.85 8.13 \ 0.41 0.04 \
MX13-2 4581.40 0.67 82.88 2.77 8.66 \ 0.40 0.04 \
MX108-1 5330.30 M 0.68 80.72 2.60 8.95 5.21 0.39 0.04 0.05
MX108-2 5330.50 0.71 80.69 2.56 8.76 5.06 0.38 0.04 0.05
PT1-8 5733.89 FM-MMLF 0.64 84.32 2.24 8.43 3.21 0.32 0.04 0.03
PT1-8-2 5734.10 0.62 84.37 2.25 8.55 3.11 0.32 0.04 0.03
LT1-1 5471.80 MM 0.78 82.83 2.54 7.78 4.05 0.37 0.04 0.04
LT1-2 5471.90 0.76 82.80 2.54 7.96 4.05 0.37 0.04 0.04
MX125-1 5334.70 MM-CM 0.61 83.56 2.47 8.14 \ 0.36 0.04 \
MX125-2 5334.80 0.60 83.51 2.49 7.91 \ 0.36 0.04 \
GS124-1 5547.60 MM-CM-F 0.67 85.64 2.25 7.02 \ 0.32 0.03 \
GS124-2 5547.70 0.65 85.15 2.22 7.10 \ 0.31 0.03 \
GS6-1 5367.20 0.62 84.33 2.44 6.75 4.73 0.35 0.03 0.04
GS6-2 5367.30 0.62 84.58 2.42 6.64 4.64 0.34 0.03 0.04
GS20-1 5195.20 Fibrous 0.58 83.26 2.46 7.29 4.88 0.36 0.03 0.04
GS20-2 5195.30 0.54 83.31 2.42 7.40 4.83 0.35 0.03 0.04
PT1-12 5727.67 0.64 80.89 2.27 8.17 3.38 0.34 0.04 0.03
PT1-12-2 5727.80 0.64 80.88 2.25 8.17 3.44 0.33 0.04 0.03

aromatic carbon (165-150 ppm), hydroxyl carbon (190-165 ppm) and
carboxyl carbon (220-165 ppm) (Wang et al., 1995; Werner-Zwanziger
et al., 2005; Mao et al., 2010).

Carbon NMR analysis of pyrobitumens with different optical textures

show that the absorption peak in the '*C NMR spectrum of the pyrobi-
tumen concentrates in the aromatic carbon region (fa, 92-150 ppm)
(Fig. 7), indicating that the carbon skeleton of the pyrobitumen pri-
marily has aromatic carbon structure. The anisotropy of the aromatic
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Table 2
8!3C (stable carbon isotope) of the pyrobitumen in the D-2 member from well
PT1.

Samples Depth/m Optical texture 13C/PDB/%o
PT1-12 —5727.67 Fibrous -37.7
PT1-11 —5729.44 FM -33.7
PT1-10 —5730.03 FM —35.4
PT1-9 —5733.28 FM-MM -35.0
PT1-8 —5733.89 FM-MM -36.9
PT1-7 —5741.06 FM-MM -37.1
PT1-6 —5744.95 FM-MM -36.7
PT1-5 —5746.51 Fibrous -36.7
PT1-4 —5778.20 Fibrous -37.7
PT1-3 —5779.53 Fibrous -36.5
PT1-2 —5780.74 Fibrous -37.3
PT1-1 —5790.26 Fibrous -38.3

— GS20-1
= LT1-1

£=98.5%

GS20-1, fibrous *

200 150 100 50 0
Chemical Shift/ppm

Fig. 7. '3C NMR spectrogram of the pyrobitumen in the DY Formation.

The aromatic carbon concentration (fa) of the MM pyrobitumen is about 93%, while
the saturated carbon concentration (fal) is about 7.0%. The aromatic carbon con-
centration (fa) of the fibrous pyrobitumen is about 98.5%, while the saturated
carbon concentration (fal) is about 1.5%.

carbon chemical shift results in obvious rotating sidebands near 60 and
200 ppm (Yang, 2011). The concentrations of aromatic carbon in the
two tested pyrobitumen samples were very high (Fig. 7). The pyrobi-
tumen was formed by aromatic compounds with aromatic carbon as the
skeleton, and there are only limited alkyl substituents in the pyrobitu-
men, which is consistent with the low H/C ratio. In addition, there were
specific differences in the skeleton structures of pyrobitumens with
different optical textures. NMR analysis reveals that fibrous pyrobitu-
men has a higher aromatic carbon concentration than the MM pyrobi-
tumen (Fig. 7), showing a higher degree of condensation
polymerization, which is consistent with its lower H/C ratio (Table 1).

4.6. X-ray diffraction (XRD)

According to the diffraction angle at C (002), the crystal interlayer
spacing dgo2 is calculated as follows (Bouhadda et al., 2007):
dooz = A/2sin0 (€8]

where 0 is the diffraction angle (Bragg angle 20 ~ 42.48°), and A is
the X-ray light wavelength (A = 1.5406);
The graphitization degree was calculated according to the empirical
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formula (Li et al., 2005):
G = (0.3440 — do)/(0.3440-0.3354) )

where dgog is the interlayer spacing at C (002); the interlayer spacing
at C (002) of the fully ungraphitized carbon crystal is 0.3440 nm; the
interlayer spacing at C (002) of the natural graphite is 0.3354 nm.

The molecular distribution in the mesophase can affect the orienta-
tion and arrangement of the aromatic layer in the mesophase. The peak
positions and morphologies for pyrobitumens with different optical
textures were very similar, showing characteristic peaks of 002 and 100
crystal planes in the graphite near 26 values of 26° and 43°. This in-
dicates that all pyrobitumen samples contained microcrystals with
similar graphite structures (Fig. 8). The peaks of the 002 crystal planes in
each reservoir were relatively sharp, indicating that the lattice
arrangement of the pyrobitumen was regular and orderly, the parallel
arrangement of the aromatic layers was highly ordered, and the crys-
tallinity was good.

The microcrystalline parameters of pyrobitumen exhibited certain
differences with different optical textures. The fibrous pyrobitumen had
the smallest carbon interlayer spacing (dgo2) (mean value: 0.3398 nm,
ranging from 0.3397 to 0.3400 nm) and the highest degree of graphi-
tization (mean value: 48%, ranging from 47% to 50%). In contrast, the
isotropic pyrobitumen had the largest spacing (approximately 0.3415
nm), and its degree of graphitization was the lowest (approximately
29%) (Table 3). The carbon interlayer spacing of mosaic pyrobitumen
was intermediate to the former two. For the mosaic pyrobitumen, the
carbon interlayer spacing of the MM-CM pyrobitumen was the smallest
(approximately 0.3404 nm), and their degree of graphitization was
approximately 42%. The carbon interlayer spacings of the MM and FM
pyrobitumens were similar (approximately 0.3407 nm), larger than that
of the MM-CM pyrobitumen, and their degree of graphitization was
39%. The carbon interlayer spacing of mosaic pyrobitumen alternately
developed with the fibrous pyrobitumen was the largest (approximately
0.3410 nm), and its graphitization degree was 36%. Overall, the pyro-
bitumens with various optical textures have a high degree of order in the
aromatic layer and regular crystal lattice arrangement, preferred
orientation, and high crystallinity. They have evolved into semi-
graphitized pyrobitumen.

4.7. Thermogravimetric (TG)-mass spectrum

In heating to 1100 °C, the TG curve of all pyrobitumen samples were
similar. As the temperature increased, the weight of the pyrobitumen
samples gradually decreased, and the final carbon residue rate of all
samples was above 89% (Fig. 9a).

Studies have shown that the thermal weight loss process of solid
bitumen can be summarized by three stages of heating (Song, 1996;
Alvaraz et al., 2008; Fanjul et al., 2003): (1) The volatilization process of
small molecular components (such as CH4, H20) from the solid bitumen
in the system with the continuous increase of temperature; (2) the
liquid-phase carbonization of solid bitumen. In this process, the side
chain of the alkyl group in the pitch will be broken, decomposed, and
reacted with free radicals and thermal polycondensation. As a result, by-
products with minor molecules (such as CH4 and CyHg) are generated,
and they escape, which is the main factor of weight loss; and (3) the
solid-phase carbonization stage. Severe weight loss no longer occurs at
this stage, only part of the alkyl side chain will be broken, and little gas is
generated. Our weight loss results are consistent with those of previous
studies (Fanjul et al., 2003; Alvaraz et al., 2008; Tian et al., 2013). In the
pyrobitumen samples in this study, weight loss primarily occurred in
two intervals of temperature: 0-300 °C and 600-900 °C. After exceeding
900 °C, the severe weight loss ended (Fig. 9).

To clarify whether the reasons for weight loss in the natural pyro-
bitumen samples in the studied reservoir are consistent with those re-
ported in previous studies, mass spectrometric analysis of the gas
produced by the pyrobitumen during the heating process was also
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Fig. 8. XRD pattern of the pyrobitumens in the DY and LWM Formation.
bl have experienced high temperatures exceeding 200 °C throughout their
Table 3 . . . geological history (Xu, 2017; Su et al., 2020); therefore, H,O, CH4, and
XRD parameters of the pyrobitumens in the DY and LWM Formations. . .
Hz were not produced during cracking but released from the adsorbed
Samples Depth/ Optical 20/° dooz/ Graphitization/ water and gas.
0,
m fexture om " After the heating temperature exceeded 600 °C, minor molecular
MX13-1 4581.30  Isotropic 26.06  0.3415 29 gases such as CH4 and H, appeared in the system, which was an
MX108-1  5330.34 ~ FM 26.13 - 0.3407 39 important cause of weight loss in the pyrobitumen at this stage (Fig. 10).
PT1-8 5733.89 FM-MM-F 26.09 0.3412 33 . . o s .
LT1-1 5471.82 MM 26,13 0.3407 39 The Hy and CH4 escaping at this temperature (>600 °C) is considered to
MX125-1 533470 MM-CM 26.15  0.3404 42 be generated from pyrolysis and polycondensation of solid bitumen
GS124-1  5547.60  MM-CM-F 26.13  0.3407 39 (Lewis, 1987; Song, 1996; Fanjul et al., 2003; Wu, 2006; Alvaraz et al.,
GS6-1 5367.16 26.19 03398 48 2008). In the range of 300-600 °C, the weight loss rate of pyrobitumen
6520-1 519515 Fibrous 2618 0.3400 47 was low, and there were no cracking products, like CH4, Hy and other
PTI1-12 5727.67 262 03397 50 ’ &P ’ 4 12

conducted. The results showed that the weight loss of pyrobitumen
during heating was caused by the loss of light components such as CHy,
Ho, and H50. Fig. 10 shows that for the temperatures less than 300 °C,
the gases that escaped from the pyrobitumen were primarily CH4, Ho,
and H,0O (Fig. 10). When the system temperature reached 100 °C, gases
such as CH4 and H; were expelled (Fig. 10). The pyrobitumen samples
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small molecules, indicating that the internal structure was relatively
stable (Fig. 10).
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Fig. 9. TG and DTG curves of the reservoir pyrobitumen samples.
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Fig. 10. Composition of the gases released from the pyrobitumen at different
temperatures.

From 0 to 300 °C, the escaped gas was mainly CH4, H2, and H20; 300-600 °C, the
pyrobitumen was relatively stable, and almost no gas escaped; 600-900 °C, the
escaped gas was primarily CH4 and H2; exceeding 900 °C, only a small amount of
H2 escaped.

5. Discussion
5.1. Evidence of hydrothermal activity

5.1.1. Evidence from the fluid inclusions

Hydrothermal activities result in the generation of hydrothermal
minerals such as sphalerite, galena, pyrite, and barite, which usually
appear together (Inoue, 1995; Jiang et al., 2019). In the DY reservoir,
large amounts of sphalerite, galena, pyrite, barite, and other hydro-
thermal minerals are emplaced in the pore space (Fig. 2), co-existing with
pyrobitumen, suggesting that the DY reservoir may have experienced
hydrothermal activity. Burial history shows that DY Formation did not
experience a maximum paleotemperature over 220 °C (Gao et al., 2018;
Xu, 2017; Su et al., 2020). However, the homogenization temperature of
the fluid inclusions shows that when saddle dolomite, quartz, barite and
other minerals crystallized, the strata temperature of the DY Formation
exceeded 220 °C, and even reached 340 °C (Fig. 6). This is the strongest
evidence indicating that the DY Formation was affected by hydrother-
mal activity whose temperature was not lower than 340 °C. Saddle
dolomite and quartz were formed at different stages of the hydrothermal
activity, while the formation of pyrobitumen occurred between the two
(Fig. 2i, k, 1); thus, the pyrobitumen was formed during hydrothermal
activity.

5.1.2. Evidence from the optical textures of pyrobitumen
Temperature and pressure are the most important parameters
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affecting the formation of mesophase pitch (Goodarzi, 1985; Yokono
et al., 1986; Fathollahi et al., 2005; Eksilioglu et al., 2006; Sun et al.,
2020). In this study, numerous optically anisotropic pyrobitumens with
mosaic and fibrous structures co-existed with isotropic pyrobitumen.
The anisotropic pyrobitumen has experienced the highest
paleo-temperature, over 300 °C. This is also strong evidence that the DY
Formation reservoir has experienced hydrothermal activity, which is
consistent with the temperature analysis of the fluid inclusions.

5.2. Controlling factors of the optical texture of pyrobitumen

Research on petroleum coke indicates that the optical anisotropy or
textures of the pyrobitumen depend on the properties of the precursor
and the physical conditions of coking. In the process of “coking” under
natural conditions, the development of the optical texture is controlled
by the properties of the precursor and the system temperature and
pressure (Marsh and Cornford, 1976; White, 1976; Goodarzi, 1985;
Stasiuk, 1997; Rimmer et al., 2015). Based on the analysis of previous
study results about burial depth and formation pressure of the DY For-
mation, it is found that the formation pressure of the DY Formation in
the study area during the oil cracking period was similar across the area
(Wei et al., 2015b; Liu, 2018). Therefore, pressure was not the main
factor controlling the optical structure of the pyrobitumen, and the
properties of the precursor and the system temperature were the focus of
this study.

5.2.1. Heteroatoms and optical texture of pyrobitumen

Heteroatoms (O, S, N, etc.), with the exception of C and H in the
precursor, will affect the formation and development of mesophase
pyrobitumen. When the oxygen concentration exceeds 7%, mesophase
spheres cannot be formed (Mochida et al., 1980; Liu et al., 2003a,
2003b). Excessive S concentration is also not conducive to the fusion of
mesophase spheres. Mochida et al. (1980) carbonized two types of raw
materials containing a small number of S compounds (thioxanthene and
thianthene) and found that only mosaic pyrobitumen could be formed.
The effect of the N-containing compounds on mesophase generation
during carbonization is similar to that of S.

The O concentration of all pyrobitumens in the study area was less
than 7%, which meets the conditions required for mesophase genera-
tion. The concentrations of S, O, N, and other elements in the fibrous
pyrobitumen are not significantly different from those in the FM and
MM pyrobitumen (Fig. 11), demonstrating that the heteroatom con-
centrations in central Sichuan did not affect the optical texture.

5.2.2. The components and optical texture of pyrobitumen

Observation of the drilling core of well PT1 in the DY Formation
shows that the pyrobitumen is primarily fibrous. However, FM-F and
FM-MM-F pyrobitumens also developed in some sections, alternating
with fibrous pyrobitumen (Fig. 12). The emplaced locations of these
three pyrobitumens are similar (Fig. 12), and their geological temper-
atures were similar, indicating that the difference in optical texture was
not caused by temperature. FM-F and FM-MM-F pyrobitumens devel-
oped at the bottom of the high-porosity section of the D-2 reservoir, with
heavier carbon isotopes than those in the fibrous pyrobitumen (Fig. 12).
Similarly, Stasiuk (1997) found this phenomenon in the Devonian Leduc
Formation reservoir in central Alberta. He explained that it was due to
the tar mat developed in the reservoir. Asphaltenes and other high
molecular weight hydrocarbons can concentrate in the high-porosity
sections of reservoirs as tar mats due to processes related to oil mixing
(multiple charging) and gravity segregation during filling of reservoirs
or from oil deasphalting promoted by a reduction in asphaltene solu-
bility from gas charging (Wilhelms and Larter, 1995; Rimmer et al.,
2015). There were specific differences in the isotopes of saturated hy-
drocarbons, aromatic hydrocarbons, and asphaltene in crude oil: 13CAS_
phaltene > 13Cpromatic > °Csaturated. The enrichment of asphaltenes in the
tar mat led to heavier carbon isotopes. The mosaic pyrobitumens,



L. Zhu et al.

International Journal of Coal Geology 259 (2022) 104030

10.0 6.0
(a) (b)
5.0
.
9.0 ks *%s
v " .
8.0 | AA Ko, S
F #Fibrous + 3 .‘
9 BFM-MM-F ., 3.0
7.0 | AMM-CM %
y $ 2.0
MM . ¢Fibrous
6.0 xIsotropic EFM-MM-F
®MM-CM-F 1.0
MM
+FM
+FM
5.0 - - - - 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

N/%

N/%

Fig. 11. The concentration characteristics of S, N and O of the pyrobitumen in the DY and LWM formations.
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The reservoir was primarily emplaced with fibrous pyrobitumen, and FM-MM
pyrobitumen was observed at the bottom of the high porosity section. The '°C
value of the fibrous pyrobitumen is relatively lower than that of the FM-MM

pyrobitumen.

alternately developed with fibrous pyrobitumens, had heavier carbon
isotopes and developed in the high-porosity section of the reservoir,
which is similar to the tar pad characteristics reported by Stasiuk (1997)
(Fig. 12). The precursors of the mosaic pyrobitumen alternately devel-
oped with fibrous pyrobitumen were the tar mats formed by the
enrichment of asphaltenes and other hydrocarbons with high molecular
weight.

Based on the analysis of the elemental composition and XRD results
of the mosaic pyrobitumens, the mosaic structure is thought to be caused
by the enrichment of primary QI. The primary QI in the solid bitumen is
a polymer particle composed of a fused-ring polymer compound with
considerable molecular weight and a small amount of ash, with high
carbon and low hydrogen characteristics (Sun et al., 2020). QI has a high
molecular weight and is easily to concentrate with asphaltenes in high-
porosity section of the reservoirs as tar mats. The QI can reduce the pre-
exponential factor and transformation activation energy of the meso-
phase, which is conducive to its nucleation. However, as the number of
small mesophase spheres increases, they will gather on the surface of the
spheres, preventing them from approaching and fusing, finally resulting
in the formation of only mosaic pyrobitumen (Qian et al., 1984; Li and
Li, 1996; Zhang, 2007). The enrichment of QI reduces the H/C ratio of
the pyrobitumen and inhibits the fusion of mesophase spheres. As a
result, the QI enriched pyrobitumen with a tar mat precursor, which is
emplaced in the high-porosity section, exhibits a mosaic structure with a
low H/C ratio. In addition, the carbon interlayer spacings of the FM-F
and FM-MM-F pyrobitumens are significantly larger than that of the
adjacent fibrous pyrobitumen, while their degrees of graphitization is
lower. It demonstrates that these mosaic pyrobitumens contain more
amorphous carbon related to other high molecular weight hydrocarbons
in the tar mat and have a lower degree of order in their arrangement of
aromatic layers. Overall, the precursor of the FM-F and FM-MM-F
pyrobitumens from the PT1 well may be a tar mat enriched with QI
and other high molecular weight hydrocarbons. QI inhibits the evolution
of mosaic pyrobitumen to fibrous pyrobitumen.

5.2.3. Hydrothermal temperature and optical texture of pyrobitumen

The results of NMR and XRD show that the reservoir pyrobitumen
has undergone substantial thermal evolution during its geological his-
tory. Based on thermal cracking and condensation reactions, fused-ring
aromatic hydrocarbon molecules have formed inside the pyrobitumen,
which has a relatively high thermal stability. It is an important reason
why the asphaltic sample did not crack from 300 to 600 °C (Fig. 9). CHy
was an important by-product resulting from pyrobitumen pyrolysis and
polycondensation (Fig. 10); thus, the appearance of CHy represents the
beginning of the internal pyrolysis and polycondensation reactions in
pyrobitumen. There are apparent differences in the cracking and poly-
condensation temperatures among the pyrobitumen samples with
various optical textures, representing the difference in the thermal sta-
bilities of pyrobitumens with various optical textures. The pyrolysis
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temperature of isotropic pyrobitumen was the lowest, while the pyrol-
ysis temperature of fibrous pyrobitumen was the highest (Fig. 13). The
pyrolysis temperature of FM-F pyrobitumen was the same as the alter-
nating fibrous pyrobitumen (Fig. 13). The pyrolysis temperature of
mosaic pyrobitumen ranged between those of fibrous and isotropic
pyrobitumen (Fig. 13). For the mosaic pyrobitumen, FM and MM
pyrobitumens had similar pyrolysis temperatures, while the pyrolysis
temperature of MM-CM pyrobitumen was higher (Fig. 13).

Studies have shown that the temperature at which the pyrolysis and
polycondensation reactions occur are related to the heating temperature
experienced by the pyrobitumen (Yu et al., 2016; Chen, 2018; Fan,
2019). The higher the heating temperature the pyrobitumen is subjected
to, the stronger is its thermal stability, and the higher the temperature at
which the pyrolysis and polycondensation reaction occurs (Chen, 2018).
Although the beginning temperature of the internal pyrolysis and
polycondensation reaction of the pyrobitumen cannot represent the
exact heating temperature, it can reflect the heating temperature (Chen,
2018). The existence of isotropic pyrobitumen represents the lowest
hydrothermal temperature, while that of the fibrous pyrobitumen rep-
resents the highest, and that of the mosaic pyrobitumen is intermediate
between the two. The FM-F pyrobitumen has undergone the same
geological process as the alternated fibrous pyrobitumen and exhibits
the same hydrothermal temperature (Fig. 13), confirming the validity of
the experimental data. Overall, except for the QI-enriched pyrobitumen
emplaced in the high-porosity section, when the optical texture of the
pyrobitumen changes from isotropic—» FM — MM — CM — fibrous, the
hydrothermal temperature gradually increases.

The QI-enriched pyrobitumen was primarily derived owing to the tar
mat from the precipitation of heavy components in the crude oil.
Although it had the same thermal history as the fibrous pyrobitumen,

*
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Temperature /°C
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MX125-1 PTI1-12 PT1-8
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Fig. 13. Pyrolysis temperatures of the pyrobitumen with different optical tex-
tures during heating.
The pyrolysis temperatures of the isotropic, FM, MM, MM-CM, and fibrous pyrobi-
tumens are 663, 670, 670, 680, and 700-716 °C, respectively. The FM-F pyrobi-
tumen shows the same pyrolysis temperature as the alternately developed fibrous
pyrobitumen (700 °C).
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the high concentration of QI inhibited the fusion of mesophase spheres,
forming only mosaic pyrobitumen (Figs. 12, 14). Except for the QI-
enriched mosaic pyrobitumen, the isotropic, FM, MM, CM, and fibrous
pyrobitumens have a good correlation between their H/C ratios and
carbon interlayer spacings (Fig. 14). Specifically, the isotropic pyrobi-
tumen has the highest H/C ratio and largest carbon interlayer spacing.
As the optical textures of the pyrobitumen change from FM — MM —
CM - fibrous, the H/C ratio and carbon interlayer spacing gradually
decrease. This demonstrates that as the degree of polycondensation of
the pyrobitumen increases, the degree of crystallinity and graphitization
also gradually increase (Fig. 14). Furthermore, with the occurrence of
reactions like dehydrogenation, bond breaking, polymerization and the
escape of light components, the carbon concentration gradually in-
creases, the hydrogen concentration gradually decreases, and H/C ratio
gradually decreases. For the microcrystals in the pyrobitumen, the car-
bon interlayer spacing gradually decreases (White and Price, 1974;
Stasiuk, 1997; Li et al., 2005). The optical textures of these reservoir
pyrobitumen represent the internal molecular structure, resulting from
the “heating treatment” of hydrothermal fluids. The different optical
textures represent the differences in hydrothermal temperature. With
the optical texture changes from isotropic - FM — MM — CM — fibrous,
the hydrothermal fluid temperature gradually increases (Fig. 14).

Pyrobitumen with a tar mat precursor is enriched in QI and other
high molecular weight hydrocarbons, forming only the mosaic structure.
This type of pyrobitumen is concentrated in the high-porosity section of
the reservoir (Fig. 12), not distributed on a large scale, and easy to
identify. In addition, the optical texture of the reservoir pyrobitumen is
closely related to the temperature of the hydrothermal fluid invading the
reservoir, which can be used to characterize the hydrothermal temper-
ature experienced by the reservoir.

5.3. Hydrothermal activity

Pyrobitumens in the D-2 and D-4 members and LWM Formation are
primarily anisotropic pyrobitumen with minor amounts of isotropic
pyrobitumen. The isotropic pyrobitumen with a formation temperature
of lower than 300 °C was not affected by the hydrothermal fluid. In
addition, optically anisotropic pyrobitumen is widely developed in the
DY and LWM Formation reservoirs, indicating that most of the DY and
LWM Formation reservoirs had been transformed by hydrothermal
activity.

For D-2, the fibrous pyrobitumen is widely observed in the Moxi and
Gaoshiti areas, indicating high hydrothermal temperature. In addition,
the pyrobitumen in the eastern area of Moxi gradually transforms into
CM and MM pyrobitumens, indicating a weaker hydrothermal temper-
ature (Fig. 15¢). The hydrothermal temperature in D-4 was weaker than
D-2, as the fibrous pyrobitumen in D-4 only develops in the southern
region of Gaoshiti. The CM pyrobitumen are observed along the edge of
the Deyang-Anyue Rift Trough and gradually transform into MM and FM
pyrobitumens toward the northeast, indicating reduced hydrothermal
temperature (Fig. 15b). The hydrothermal temperature in the LWM
Formation is the weakest, as the fibrous pyrobitumen is only observed
near well GS10 in the Gaoshiti area and gradually transforms into the
CM and MM pyrobitumen to the northeast, indicating weaker hydro-
thermal temperature (Fig. 15d). Although there are significant differ-
ences in hydrothermal temperature in the three layers, the hydrothermal
temperature change is the same, characterized by the strongest hydro-
thermal temperature in the Gaoshiti area and gradually weakening to
the northeast.

Overall, the hydrothermal fluid may invade from great depths in the
Gaoshiti area. As the hydrothermal fluid migrated vertically to the D-2
Member— D-4 Member— LMW Formation, the hydrothermal tempera-
ture gradually decreased, resulting in decreasing temperature charac-
teristics in each layer from bottom to top (Fig. 15a). After the
hydrothermal fluid invaded the DY and LWM Formation reservoirs from
the Gaositi area, it migrated laterally toward the Moxi structure and
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further east. During the lateral migration, the hydrothermal temperature
gradually decreased (Fig. 15a).

5.4. Geological significance

The Emeishan mantle plume was active at the end of the Permian
(262-251 Ma) (He, 2016). The results of in-situ U—Pb dating of saddle-
shaped dolomite show that the invasion of hydrothermal fluid in the DY
and LWM formations occured around 259.4 Ma (Su et al., 2020; Shen
et al., 2019), which coincided with the time of the Emeishan mantle
plume activity. Hydrothermal fluids invading the reservoirs had high
temperature (>340 °C) and high salinity, suggesting that the hydro-
thermal fluid invading in the DY and LWM Formation reservoirs was
related to the Emeishan mantle plume.

Studies on the hydrocarbon accumulation history in the central
Sichuan Basin show that the charging time of the large-scale paleo-
reservoir in the DY and LWM formations ranged from the end of the
Permian to the Early Triassic, and crude oil cracking turned the paleo-oil
reservoirs into gas reservoirs following the early Jurassic (Zheng et al.,
2014; Wei et al., 2015a; Luo et al., 2015a, 2015b, 2015c; Shen et al.,
2019; Su et al., 2020; Shen et al., 2021). When the hydrothermal fluid
invaded the reservoirs, the paleo-temperature in the DY Formation
established by burial history was only approximately120 °C, which was
far from the temperature (>160 °C) for the large-scale cracking of crude
oil. Nevertheless, a large number of pyrobitumens in the reservoirs
formed during hydrothermal activity and had polycondensed into high-
mature anisotropic pyrobitumen. Many natural gas inclusions composed
of CHy4 are found in saddle dolomite, quartz, and other hydrothermal
minerals, indicating that the crude oil in the paleo-oil reservoir had
begun to crack when the high-temperature hydrothermal fluid invaded.
This study found that, under this heating, the crude oil in the paleo-oil
reservoirs had already cracked by the end of the Permian, advancing
the predicted cracking time by approximately 60 Ma.

The spatial difference in hydrothermal temperature inevitably
resulted in that of the crude oil cracking in the paleo-oil reservoir. The
oil cracking caused by hydrothermal activity was strongest in the
Gaoshiti area and gradually weakened laterally toward the northeast.
Vertically, the oil cracking caused by the hydrothermal activity of D-2
was the strongest and gradually weakened in the D-4 Member and LWM
Formation. The study on hydrothermal influence on the natural gas

accumulation in the DY and LWM formations is of great significance for
determining the natural gas accumulation and evolution process in the
central Sichuan Basin. Our results provide a novel method for recon-
structing the evolution process of ultra-deep gas reservoirs.

6. Conclusions

Using reflected-light microscopy, this study classified reservoir
pyrobitumen in the Ediacaran-Low Cambrian strata. By integrating
organic elements, carbon isotopes, NMR, XRD, TG-mass spectrometry,
and fluid inclusion geochemistry, this study established the relationship
between the pyrobitumen optical texture and the hydrothermal tem-
perature, and discussed the influence of hydrothermal activity to crude
oil cracking. The following conclusions can be drawn:

(1) There is a relationship between the optical structure of the
pyrobitumen and hydrothermal temperature. With the exception
of the QI-enriched pyrobitumen with a potential tar pad precur-
sor, the optical texture of pyrobitumen changes from isotropic —
FM - MM — CM - fibrous with increased hydrothermal
temperature.

Hydrothermal activity may be related to a mantle plume. The
hydrothermal fluid may have invaded the strata of the D-2 and D-
4 members and the LWM Formation along deep faults in the
Gaoshiti area and migrated laterally to the northeast. The hy-
drothermal activity promoted the cracking of crude oil in the
Ediacaran-Lower Cambrian reservoirs, which advanced the pre-
viously established cracking time of crude oil by approximately
60 Ma.

Reservoir pyrobitumen can be used as a good indicator for hy-
drothermal activity in petroliferous basins. At the same time, in
the exploration of deep natural gas reservoirs, attention should be
paid to the influence of hydrothermal activity on natural gas
accumulation history.
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