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ABSTRACT

The causes of the global mass extinction that occurred around the Permian-Triassic boundary have been
widely studied through the geological record and in various locations. The results show that volcanic
activity was a key factor in initiating the crisis during the Late Permian. Compared to other thermal
events triggered by volcanic activity, pyrolysis of petroleum in Pre-Permian reservoirs has rarely been
suggested as a significant source of the greenhouse gases that caused the mass extinction. In this study,
geochemical analysis is carried out of a huge paleo-oil reservoir in the Yangtze Block (YB), South China.
The detection of mineral inclusions and pyrobitumens is evidence of rapid pyrolysis of accumulated oil in
the Ediacaran reservoir. New evidence from hydrothermal minerals and the presence of domain meso-
phase in the pyrobitumen suggest that the pyrolysis process occurred abruptly and that greenhouse gases
were rapidly released through venting pipes. The dating of such a complex geological event in this old
and deeply buried reservoir is inevitably difficult and potentially unreliable. However, cross-validation
of the multiple evidence sources, including hydrothermal minerals and domain mesophase, indicates that
the rapid oil pyrolysis must have been driven by a major thermal event. Reconstruction of burial and
thermal histories suggests that the thermal event was most likely to have been triggered by the
Emeishan Large Igneous Province (ELIP), which was in a period of significant volcanic activity during
the Late Permian. Massive volumes of gases, including methane, carbon dioxide, and possibly hydrogen
sulfide, were released, causing a significant increase in greenhouse gases that may have contributed to

global warming and the resulting mass extinction during the Late Permian Crisis (LPC).
© 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

Highly mature solid bitumen is usually called pyrobitumen and
is characterized by its low solubility and the occurrence of meso-

Thermal alteration of petroleum is a disproportionate reaction
involving a range of reactions among different types of organic
matter (Horsfield et al., 1992; Geng and Liao, 2002; Ding et al.,
2013; Lorant et al., 2000), and producing gas and solid bitumen
in deeply buried hydrocarbon reservoirs (Milner et al., 1977;
Yang et al., 2018a). Solid bitumen can be created by many pro-
cesses, including thermal alteration of overmature source rock,
which is common in reservoirs and late oil windows (Jacob,
1989; Rippen et al., 2013; Mastalerz et al., 2018; Sanei, 2020).
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phase, which denotes graphitization of petroleum in reservoirs
and source rocks (Mastalerz et al.,, 2018; Yang et al, 2018a). The
ceiling temperature for petroleum pyrolysis under geological con-
ditions is 200 °C (Waples, 2000; Spigolon et al., 2015). Further
heating might cause polycondensation reactions, generating poly-
cyclic aromatic hydrocarbons (PAHs) as precursors of mesophase
(Lewis and Kovac, 1978, 1980, 1987; Forrest and Marsh, 1983;
Goodarzi, 1984; Mochida, et al., 1984). Crystallization and graphi-
tization under higher temperatures would finally transform the
mesophase into graphite (White and Price, 1974; Goodarzi and
Norford, 1985; Jacob, 1989). A temperature of over 350 °C is
needed to maintain a pyrolysis-polycondensation reaction under
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experimental conditions because, under high temperatures, PAHs
remain liquid, which allows the upgrading of mesophase (White
and Price, 1974; Lewis and Kovac, 1978; Tian, 2013). The genera-
tion of mesophase pitch in geological conditions indicates inten-
sive pyrolysis and devolatilization of oil under high temperature,
which could generate huge upward pressure against overlying
strata (Barker, 1990; Svensen et al.,, 2009; Yang et al., 2018b).
The accumulated pressure could be greater than 200 MPa, probably
enough to cause fracturing (Yang et al., 2018b). Gas venting pipes
created by the fracturing could release large volumes of natural
gases into the air, which may have contributed to global warming
and mass extinctions in geological history (Svensen et al., 2009).

The Late Permian Crisis (LPC) is the most severe mass extinction
in Earth’s history. Two independent extinction events occurred
within a relatively short period (less than 10 Myr); the
Guadalupian-Lopingian Extinction (GLE) (Stanley and Yang, 1994;
Jin et al., 1998; Kirschvink et al., 2015) and the Permian-Triassic
Extinction (PTE) (Knoll et al.,, 2007; Penn et al., 2018; Grasby
et al., 2020). Previous studies have suggested that these extinctions
could have been triggered by volcanic activity (for instance in the
Siberian Traps) (Wignall, 2001; Black et al., 2012; Burgess et al.,
2017), oceanic anoxia (Clapham and Payne, 2011; Zhang et al.,
2018), strongly fluctuating ocean redox conditions (Elrick et al.,
2017), wildfires (Hudspith et al., 2014; Vajda et al., 2020), organic
matter combustion (Grasby et al., 2011; Elkins-Tanton et al., 2020),
and possibly extraterrestrial impacts (Becker et al., 2001; Tetsuji
et al., 2019). Any of these events could have resulted in abrupt cli-
mate change, such as massive global warming, which could have
rapidly exterminated Earth’s existing biomass and led to a compar-
atively lifeless period (Roscher et al., 2011; Cui and Kump, 2014).
Gas hydrates, ocean sediments, and volcanism are all considered
to be potential sources of greenhouse gases (Ganino and Arndt,
2009; Clarkson et al., 2015; Jerram et al., 2015). Natural gases from
the thermal decomposition of dolomite, evaporite, coal, or organic-
rich shale may have also contributed to the LPC (Stanley and Yang,
1994; Ganino and Arndt, 2009; Svensen et al., 2009; Grasby et al.,
2011; Elkins-Tanton et al., 2020; Grasby et al., 2020).

Pyrolysis of paleo-oil reservoirs is common in the southern YB
and other locations around the world (Shi et al., 2015). However,
few studies have looked at the influence of pyrolysis on the
paleo-environment. Many large paleo-oil reservoirs are currently
covered by thick overlying strata, so it is difficult to reconstruct
the process of pyrolysis in detail. The relationship between thermal
events and paleo-oil pyrolysis is also difficult to establish from the
organic matter and authigenic minerals in reservoirs because these
materials will have been transformed by long-term burial, which is
likely to have overprinted information from previous thermal
events.

After many years of research on petroleum systems in the
Chuanzhong Uplift, numerous studies on pyrobitumen (Yang
et al., 2018a), methane inclusions in dolostone gas reservoirs
(Yang et al., 2018b), burial and heat histories (Zhu et al., 2016;
Liu et al., 2018), and seismic data (Yang et al., 2017) have all
implied that an enormous paleo-oil reservoir of Ediacaran dolo-
stone in the YB (a historical oil reservoir which transformed to a
gas reservoir) was rapidly pyrolyzed by a hydrothermal fluid inva-
sion under high temperature conditions (over 300 °C) (Yang et al.,
2018a,b). In this study, new data from hydrothermal minerals and
highly graphitized pyrobitumen suggest a model of oil pyrolysis
and gas release in the Ediacaran reservoir that might be directly
related to the Late Permian Crisis, although it is impossible to accu-
rately determine the timing of the pyrolysis. For the first time, the
results of this research reveal a model for pyrolysis and gas release
in a paleo-oil reservoir. This new topic may shed light on the evo-
lution of the thermal-related paleo-oil reservoirs that are currently
being discovered. It may be that underground petroleum made a
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significant contribution to climate change and mass extinctions
in geological history in addition to the more obvious contributions
of surface organic matter.

2. Geological settings

The Anyue giant gas fields was discovered in 2011 in the
Chuanzhong Uplift in the western part of the Yangtze Block
(Fig. 1a). Natural gas had accumulated in Ediacaran carbonate sed-
iments, which lie on a pre-Ediacaran crystalline basement (Jiang
et al,, 2014). The confirmed source rocks are black shales of the
Lower Cambrian Qiongzhusi Formation (€;q) (Zou et al., 2014)
(Fig. 1b). The most productive Ediacaran reservoirs include the
Dengying-2 and Dengying-4 formations (Z,dn2 & Z,dn4), which
are separated by the thin shale of the Dengying-3 Formation
(Z,dn3) (Fig. 1b). Thick dolostone formations in the Cambrian
include the Gaotai and Longwangmiao formation (€,g & €;1) which
overlie the €,q source rocks. The Z,dn2 & Z,dn4 formations are
mostly composed of algal reef, while €,g & €, consist of grain
dolostone and mud dolostone (Zhu et al.,, 2015). The gas fields
are thought to have been generated by in situ pyrolysis of a huge
paleo-oil reservoir (Zhu et al., 2015; Gao et al., 2018; Yang et al.,
2018a,b). Pyrobitumens have been widely and continuously dis-
covered in the Chuanzhong Uplift, an anticline structure formerly
called the Leshan-Longnvsi Uplift (Zhu et al., 2015; Yang et al,
2018a). The main body of the paleo-oil reservoir may therefore
be in this uplift. (Fig. 1a). Conservative estimates suggest that the
current reserves of natural gas in the field are 7 x 10" m?
(0.5 x 10" g) (Zhu et al., 2015). The natural gas is typical dry
gas, consisting of more than 95% CH,4, with small amounts of H,S,
CO,, N5, and He (Zhu et al., 2015).

A magmatic plume of predominantly basaltic composition
occurred during the convergence of Pangaea (Fig. 1a), intruding
into the southwest of the YB (Chung and Jahn, 1995; Wignall
et al,, 2009; Jerram et al., 2015). This plume is generally known
as the Emeishan Large Igneous Province (ELIP), or Emeishan Traps.
The ELIP covers an area of at least 2.5 x 10° km? in the western
margin of the Sichuan Basin, and is also likely to be present, but
concealed, in the center part of the basin (He et al., 2003). The most
recent exploration well in this region (YS1) (Fig. 1a), drilled by the
China National Petroleum Corporation (CNPC), discovered a gas
reservoir in igneous rock in the Upper Permian, which tends to
confirm the presence of branches of the ELIP in the center of the
basin (Wen et al., 2019). Well data and seismic interpretation indi-
cate that the ELIP is geographically adjacent to the gas field in the
center of the Sichuan Basin and may have had a significant impact
on the evolution of the Ediacaran petroleum system (Gao et al.,
2018; Liu et al., 2018; Yang et al., 2018a).

3. Samples and methods

Carbonate samples were collected from well cores drilled in the
Chuanzhong Uplift, from the Ediacaran to the lower Cambrian suc-
cessions (Fig. 1c). The samples were polished to approximately
0.03 mm thickness and used in both cross-polarization microscopy
and cathodoluminescence (CL) microscopy. Microscopic observa-
tion of sections was performed using a Leica DM4000 microscope.
The pyrobitumen samples were molded using epoxy resin and pol-
ished, according to the standard method ASTM (No. D7708-14), in
the State Key Laboratory of Petroleum Resources and Prospecting,
China University of Petroleum (Beijing). Optical study of the sam-
ples was carried out using a Leica DM4500P microscope with an
oil-immersion objective using reflected light. Measurement of %
BR, (bitumen reflectance with oil-immersion objective) was per-
formed at 546 nm wavelength (1.518 refractive index oil) using a
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Fig. 1. Generalized geological map showing the location and area of the Emeishan Large Igneous Province, including the gas fields: (a) Stratigraphic section of the main body
of the Anyue gas field (after Yang et al., 2018a); (b) the structural characteristics and sampled wells on the Chuanzhong Uplift: (c) (SG = Songpan-Ganze accretionary complex;

YB = Yangtze Block);

CRAIC Microscope photometer (with a measuring spot area of
1 pm?). The anisotropic pyrobitumen sample was rotated under
polarized light, and averages of %BR,m.x Were recorded for each
sample.

A Scanning Electron Microscope-Energy Dispersive Spectrome-
ter (SEM-EDS) was used to observe the morphology and determine
the element composition of the pyrobitumen. Pyrobitumen sam-
ples were separated from the dolostone by acid dissolution.
Immersion in diluted hydrochloric acid at 35 °C for 10 h was used
to dissolve dolostone fragments approximately 1 cm in diameter.
Immersion in hydrofluoric acid at 25 °C for 5 h was then used to
dissolve the silicate. The pyrobitumen pieces were collected from
the residue of the acid treatment, coated with gold, and analyzed
on Quanta200F and Hitachi SUS010 field emission SEM-EDSs.

A total of eighteen rock samples were ground to finer than 200
mesh powder using an agate mortar & pestle and then prepared for
stable carbon and oxygen isotope analysis (Table 1). Before they

Table 1
Carbon and oxygen isotopes of the Ediacaran dolostone samples.

were powdered, the samples were all observed by microscope to
identify the principal dolomite type (Table 1). Powder from each
sample was then reacted with 100% phosphoric acid in a dissolving
device. The resulting CO, gas was analyzed using a MAT253 mass
spectrometer to measure carbon and oxygen isotope values. Both
carbon and oxygen isotope values were reported in pairs per thou-
sand relative to Vienna Peedee Belemnite (VPDB). Analytical errors
were generally within 0.01%e.. All the samples were analyzed in the
State Key Laboratory of Petroleum Resources and Prospecting,
China University of Petroleum, Beijing.

4. Results
4.1. Hydrothermal minerals in reservoirs

The Ediacaran dolostone reservoirs are mainly composed of
algal reef (Zhu et al., 2015) (Fig. 2a, b). The unconformity at the

Well Depth (m) Lithofacies Crystal size 5'80yppg (%0) 5"3Cypps (%)
GS18 5208.2 Fine grain dolostone Cryptocrystalline -3.93 0.77
MX13 5104.7 Algal dolostone -4.74 3.33
MX21 51394 Algal dolostone -4.77 2.72
MX51 5396.6 Algal dolostone -3.12 3.25
GS2 5393 Fine grain dolostone Crystalline -6.69 0.64
MX10 5471.1 Fine grain dolostone -7.86 0.79
GS20 5253.8 Algal dolostone -6.22 2.74
GS7 5327.5 Algal dolostone -7.78 3.26
MX9 5424.3 Fine grain dolostone -6.74 0.76
GS2 5015.2 Mud-dolostone -6.25 1.66
MX9 5033.6 Mud-dolostone -6.30 1.92
MX8 5425.2 Fine grain dolostone -9.13 1.30
GS103 5291.0 Mud-dolostone -8.14 1.89
GS101 5498.8 Mud-dolostone -8.32 213
GS103 5291.4 Algal dolostone Saddle -11.12 -0.69
GS105 5220 Algal dolostone -11.81 3.05
GS103 5177.4 Algal dolostone -11.61 1.39
GS101 5517.5 Algal dolostone -11.37 0.39
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SDvein

Fig. 2. Images of the core samples, PB = pyrobitumen, SD = saddle dolomite: (a) core of Ediacaran algal dolostone, Well MX10, 5382 m; (b) cracking micrite dolostone coated
with pyrobitumen film, and then cemented by saddle dolomite vein, Well GS108, 5274 m; (c) hydrothermal mineral vein, Well GS101, 5177 m; (d) cracking micrite dolostone
coated with pyrobitumen film and then cemented by saddle dolomite vein with hydrothermal minerals, Well GS108, 5277 m.

top of the Ediacaran succession points to strong meteoric karstifi-
cation (Fig. 2b) which occurred at the end of the Ediacaran period
(Wei et al., 2013; Zou et al., 2014; Zhu et al., 2015). Caves and
cracks were created by the karstification and filled with vein min-
erals including quartz, metal sulfide (including sphalerite and
galena) (Fig. 2¢), dolomite of different generations, and pyrobitu-
men (Fig. 2d).

Ediacaran dolostone can be divided into three types: micritic
dolomite, spar dolomite, and saddle (baroque) dolomite (Gregg

and Karakus, 1991; Feng et al., 2017; Hu et al., 2020). Micritic dolo-
mite is the principal component of the dolostone skeleton and
includes algae, grains, and several early cements (Fig. 3a). Typi-
cally, micritic dolomite is dim under a CL microscope (Pierson,
1981; Fairchild, 1983; Machel, 1985) (Fig. 3c). Spar dolomite com-
monly forms with a cloudy center and a clear rim (Fig. 3b) and
exhibits internal zonation under a CL microscope (Fig. 3c). Saddle
dolomite always fills in the centers of pores alongside vein miner-
als including quartz, sphalerite, and galena, as well as pyrobitumen

micritic dolomite
%
2

>
o,

2

3

spar dolomite

micritic dolomite
200 pm

micritic & spar dolomite

dolomite

A

saddle dolomite

200 pm

Fig. 3. Photomicrograph of petrology characteristics and diagenesis of the samples: P = plane-polarized transmission light, C = cross-polarized transmission light,
CL = cathode luminescence, PRF = plane-polarized reflected light. (a) Algal dolostone with algal and spicular clastic grain, Well GS108, 5248 m, (P); (b) spar dolomite with
cloudy center and clear rim, Well GS105, 5220 m, (P); (c¢) micritic dolomite and spar dolomite in dolostone, Well GS108, 5248 m, (CL); (d) saddle dolomite with quartz in
veins, Well GS103, 5177 m, (C); (e) minerals in a hydrothermal mineral vein, Well GS101, 5177 m, (PRF); (f) saddle dolomite and indistinguishable micritic dolomite and

crystal dolomite, Well MX19, 5438 m, (CL).
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(Fig. 3d, e), but does not exhibit any internal zonation in CL pho-
tomicrographs (Fig. 3f).

The isotopic values of dolomite samples were divided into three
groups according to their types (Fig. 4). The §'3C values of all dolo-
mites are mainly positive, ranging from —0.69%. to +3.33%o
(Table 1). The differences in the §'3C values between the three
types of dolomites are insignificant. The saddle vein material dolo-
mite shows the lowest §'20 value (Fig. 4), ranging from —11.12%.
to —11.81%0 (Table 1). Optical observation reveals that the
fracture-filled dolomite is almost saddle dolomite (Table. 1), while
the fact that the saddle dolomite has the lowest §'0 value implies
that it was formed by hydrothermal fluids (Warren, 2000; Loyd
et al,, 2015; Feng et al., 2017).

The 680 values of crystalline and cryptocrystalline dolomite
represent spar dolomite and micritic dolomite, respectively, under
optical observation (Table 1). The spar dolomite has a lower §'%0
value than the micritic dolomite, showing that the §'80 values of
dolomites decrease with diagenetic evolution in the reservoir
(Fig. 4).

4.2. Graphitizing pyrobitumen

Pyrobitumen is a by-product of oil cracking in reservoirs, and its
occurrence is strong evidence of a heated paleo-oil reservoir. The
discovery of mesophase in the pyrobitumen in the samples indi-
cates that the oil was pyrolyzed at a temperature of at least
350 °C (White, 1976; Goodarzi, 1984; Goodarzi and Norford,
1985; Teichmiiller, 1986; Yang et al., 2018a). The enhancement
of the optical texture of the mesophase, from matrix to grain flow,
and domain, indicates its graphitizing class (White, 1976; Yang
et al., 2018a). Graphitization begins at the primary stage and grad-
ually progresses through low, medium, and high classes. High class
mesophase is composed of intensively layered mesophase lamellae
(White, 1976; Yang et al., 2018a) and usually has a flow-domain
texture, depending on the architecture of the lamella-forming mor-
phology (White, 1976; Ragan and Marsh, 1981; Yang et al., 2018a).
Occurrence of domain mesophase in pyrobitumen is commonly
considered to be a mark of natural oil pyrolysis (Brooks and
Taylor, 1965; Yang et al., 2018a). Observation shows that domain

Geoscience Frontiers 13 (2022) 101324

mesophase is common in the Ediacaran reservoir (Fig. 5). Flow-
domain texture is observable under reflected light (Fig. 5a, b).
SEM images show that the mesophase lamellae are closely packed,
similar to the morphology of graphite (Goodarzi, 1984; Goodarzi
and Norford, 1985; Teichmdiller, 1986) (Fig. 5c¢, d).

SEM images of the pyrobitumen show evident molds of escaped
bubbles on the convex surfaces of pure pyrobitumen pieces, while
moulage of pressed bubbles is observed on concave surfaces
(Fig. 6). The pyrobitumen must have been liquid when the gas bub-
bles formed, so the reservoir temperature at that time was higher
than 300 °C. The molds and moulage could then have been created
by the low-boiling composition (White, 1976; Yang et al., 2018a).

4.3. Migration route of the hydrothermal fluid

Saddle dolomite is considered to be a consequence of
hydrothermal dolomitization (Braithwaite and Rizzi, 1997;
Davies and Smith, 2006) and commonly occurs alongside galena,
sphalerite and quartz (Fig. 7a, b, c¢). These minerals frequently coe-
val with MVT (Mississippi Valley-type) lead-zinc deposits (Basuki
and Spooner, 2004; Leach et al., 2005, 2010; Davies and Smith,
2006; Paradis et al., 2007). MVT lead-zinc deposits always occur
in the form of late-stage veins or pore fillings, evidence that
epithermal solutions invaded the reservoir (Fig. 3) (Jiang et al.,
2016; Yang et al., 2018a,b). Pyrobitumen associated with the
MVT lead-zinc deposits filled the pores of the reservoir rocks
(Fig. 7d) (Yang et al., 2018a,b). Studies have confirmed that the Edi-
acaran dolostone underwent two periods of karstification, which
formed the weathering crust on the tops of the Z,dn2 and Z,dn4
formations (Wei et al., 2013; Zou et al., 2014; Zhu et al., 2015)
(Fig. 1b). The karstification created most of the pore space, includ-
ing vugs and cracks (Fig. 2c, d) under the weathering crust, and
turned the dolostone into a high-quality reservoir (Wei et al.,
2013; Zou et al., 2014; Zhu et al., 2015). The weathering crust
and cracks in the reservoir would have provided a perfect path
for the hydrothermal fluid intrusions that precipitated most of
the saddle dolomite (Jiang et al., 2016; Yang et al., 2018a).

The MVT lead-zinc vein is mainly found in the wells of the
southwest of the Anyue gas field, including GS-105. GS-101, GS-

-1
A 5'*0% (PDB)
-13 -11 -9 -7 -5 -3
1 1 1 1 1 1 0
A
[ |
= 1 g
A a
%
2 &
o
[ |
A -3
[ |
III vein material (saddle) dolomite :I crystalline (spar) dolomite -4

cryptocrystalline (micritic) dolomite

Fig. 4. Cross-plot of stable carbon and oxygen isotopes of Ediacaran dolostone.
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Fig. 5. Photomicrographs of high maturity grade pyrobitumen in the dolostone reservoir. PRF = plane-polarized reflected light, SEM = scanning electron microscope image. (a)
Pyrobitumen with a flow-domain texture (PRF), Well GS105, 5220 m; (b) high maturity grade pyrobitumen in a group of pores of the dolostone reservoir (PRF), Well GS7,
5328 m; (c) high maturity grade pyrobitumen in a crack in quartz (SEM), Well GS105, 5220 m; (d) section of flow-domain mesophase in high maturity grade pyrobitumen

(SEM), Well GS2, 5015 m.

1, GS-2 and GS-7 (Fig. 1c, 3, 7). Sphalerite and galena are found in
hydrothermal veins in cores (Fig. 7a, b, c). However, the amounts of
different kinds of hydrothermal minerals are not consistent in the
Chuanzhong Uplift. Sphalerite and galena are rare in the northeast
wells, and saddle dolomite is small and difficult to distinguish from
spar dolomite (Table 1). These differences are also apparent in the
successions in the Chuanzhong Uplift. Investigation confirms that
typical lead-zinc deposits are more likely to occur in Ediacaran
reservoirs than in Cambrian reservoirs (Figs. 7, 8). As the images
show, the most common hydrothermal mineral in €4/ is illite
(Fig. 8), implying a hydrothermal fluid temperature lower than
200 °C in the Cambrian reservoir. The illite in €1 occurs as late-
stage pore filling, always with pyrobitumens and in filiform shape,
which means it was formed by hydrothermal fluid with a temper-
ature below 200 °C (Chuhan et al., 2000; Pluijm et al., 2001; Rahl
et al,, 2011) (Fig. 8c).

The mesophase in pyrobitumen of different classes has a similar
distribution to the hydrothermal fluid minerals. Mesophase is a
mark of the final graphitization of organic matter under high tem-
perature (Gentzis, and Goodarzi, 1993; Rimmer et al., 2015; Yang
et al,, 2018a). Domain mesophase (the same as sub-graphite) rep-
resents the final form of organic matter in the reservoir
(Teichmdiiller, 1986; Jacob, 1989; Yang et al., 2018a). The micro-
texture and %BRomax Of the pyrobitumen show that high class
mesophase with domain and flow-domain optical textures is con-
centrated in the southwest of the Chuanzhong Uplift (GS wells)
(Fig. 1c; Table 2). Moreover, the mesophase in the Ediacaran reser-
voir has an evidently higher micro-texture and %BRymax than the
mesophase in the Cambrian reservoir, because the micro-texture
of the mesophase in the Cambrian reservoir is mainly grain, while

it transformed into flow-domain in the Ediacaran reservoir
(Table 2). The %BR,max of the pyrobitumen in the southwest wells
(GS wells) is generally between 5.92% and 7.49%, with an average
of 7.03%, while in the northeast wells (MX wells) it is generally
between 5.55% and 7.34%, with an average of 6.13% (Table 2).

5. Discussion
5.1. Pyrolysis of the oil

Studies have shown that, under quite high temperatures (350-
600 °C, oil pitch transforms into a mixture of polycyclic aromatic
hydrocarbons and other derivatives through pyrolysis and conden-
sation reactions (White, 1976). The mixture is liquid but appears
crystalline under a polarizing microscope. It is therefore consid-
ered to be a form of liquid crystal (Brooks and Taylor, 1965;
White, 1976). Mesophase in pyrobitumen is formed by a series of
condensation reactions, generating polycyclic aromatic hydrocar-
bons as liquid crystal molecules (Lewis, 1980). Increasing temper-
ature combines the liquid crystal molecules and discharges the
low-boiling composition (White, 1976). Concentrated liquid crystal
molecules then form layered mesophase lamellae (White, 1976;
Lewis, 1980). Liquid crystal molecules in high graphitization level
mesophase have a graphitic architecture, and dehydrogenation
under extremely high temperatures would, in fact, turn it into gra-
phite (White, 1976; Klett et al., 2000). However, the temperature
required for complete dehydrogenation is over 1000 °C (Klett
et al., 2000), which is not attainable in oil reservoirs.

Studies of mesophase indicate that, to form domain mesophase,
the temperature must be high enough (over 300 °C) to keep the
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Fig. 6. SEM photomicrographs of a pyrobitumen piece peeled from the wall of a pore in the dolostone reservoir, Well GS105, 5220 m: (a) the convex surface of the
pyrobitumen piece showing molds of escaped gas bubbles; (b) crateriform mold, formed by a bursting bubble; (c) the concave surface of the pyrobitumen piece showing
moulage formed by bubbles in the pore; (d) moulage with a hemline.

bulk dolostong

Fig. 7. Photomicrographs of MVT lead-zinc deposits and pyrobitumen in cores from the carbonate reservoir. Qz = quartz, PBIs = pyrobitumen inclusions, PB = pyrobitumen,
P = plane-polarized transmission light, PRF = plane-polarized reflected light: (a) core samples from Well GS101, 5177 m; (b) a polished section of MVT lead-zinc under

unpolarized reflected light, Well GS101, 5177 m, (PRF); (c) a thin polished section of MVT lead-zinc under plane-polarized transmitted light, Well GS101, 5177 m, (P); (d)
polished section of pyrobitumen, Well GS105, 5220 m, (PRF).
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Fig. 8. SEM-ESD characteristics of hydrothermal minerals in the Cambrian reservoir: (a) EDS characteristics of autogenetic illite, coated on saddle dolomite, Well MX204,
4652 m; (b) autogenetic illite in pores of the dolostone reservoir, Well MX205, 4599 m; (c) autogenetic illite in cracks of the dolostone reservoir accompanied by spherical

pyrobitumens, Well MX204, 4656 m.

Table 2
Anisotropic texture and reflectance of pyrobitumen in the dolostone reservoir.

Well Stratigraphy Depth (m) Lithology %BROmax Optical texture
MX12 Cambrian 4659 dolostone 5.55 grain

mx204 4649 5.44

mx204 4681 5.89

mx56 4956 5.74

GS17 4968 shale 3.66 isotropic matrix
GS1 Ediacaran 4977 dolostone 5.92 grain-domain
GS2 5013 6.95

MX9 5033 6.24

GS105 5220 7.74 flow-domain
GS7 5328 7.49 flow-domain
MX8 5425 7.34 domain

mesophase liquid, while the low-boiling composition must be dis-
charged from the reservoir (White, 1976; Lewis, 1980; Tian 2013).
The burial history of the Ediacaran reservoir shows that the maxi-
mum depth was over 8000 m, and the corresponding formation
temperature was 220-230 °C. The stratigraphic burial and heat-
flow histories of the study area have been reconstructed in previ-
ous studies (Jiang et al., 2014; Zou et al., 2014; Zhu et al., 2015,
2016; Liu et al,, 2018; Yang et al., 2018a,b). These studies show that
the temperature of the reservoir was never higher than 250 °C,
much lower than the formation temperature of mesophase. Thus,
the pyrolyzation of the reservoir and production of mesophase
were probably results of rapid heating by hydrothermal fluid.
Some studies have suggested that elapse of time may decrease
the threshold temperatures of organic evolution under certain geo-

logical conditions (Waples, 2000; Spigolon et al., 2015). In this
case, formation of mesophase at a temperature of 220-230 °C is
not impossible (Brooks and Taylor, 1965; White, 1976). However,
the softening point of the mesophase is not influenced by time.
Enhancement of the class of mesophase in the pyrobitumen would
enlarge the size of PAHs, which are the elementary units of meso-
phase (Lewis and Kovac, 1978, 1980, 1987; Forrest and Marsh,
1983; Goodarzi, 1984; Mochida, et al., 1984). Under increasing
temperatures, larger size PAHs decrease the mobility of the meso-
phase and change the softening point of the mesophase as well as
the pyrobitumen (Brooks and Taylor, 1965; White, 1976). Thus, the
temperature indicates the specific class of the mesophase which
curdles at that temperature (Tian 2013). Further increase of the
temperature would soften the mesophase, with consequent
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enlargement of the PAHs, forming higher class mesophase
(Gentzis, and Goodarzi, 1993; Rimmer et al., 2015; Yang et al.,
2018a). The amount of time spent at high temperature is irrelevant
to the generation of domain mesophase. The softening point of
domain mesophase is over 300 °C because of its vast molecular
weight (Brooks and Taylor, 1965; White, 1976; Jacob, 1989; Tian,
2013). Deep burial at temperatures of 220-230 °C is not enough
by itself to keep mesophase liquid. The occurrence of large
amounts of domain mesophase in the reservoir is therefore solid
evidence of a high temperature event (Gentzis and Goodarzi,
1993; Rimmer et al., 2015; Yang et al., 2018a).

As mentioned, the pyrobitumen in the Ediacaran reservoir
mostly transformed into domain mesophase (Fig. 5). As the oil
transformed to mesophase, it passed through a liquid crystal stage
(Brooks and Taylor, 1965; White, 1976). In addition, the molds and
moulage on domain mesophase in pyrobitumen pieces (Fig. 6) pro-
vide clear evidence of rapid heating in the dolostone reservoir
(Fig. 9). Two conditions must have been met to form the molds
and moulage: an extremely high temperature, and rapid tempera-
ture fluctuations. To form the domain mesophase, the pyrobitumen
must have been liquid. Any reduction in temperature would solid-
ify the pyrobitumen and prevent the PAHs from enlarging their
size. Therefore, the temperature was continually higher than
300 °C, the softening point of domain mesophase (White, 1976;
Jacob, 1989; Tian, 2013). While the domain mesophase was form-
ing, it maintained a sticky liquid form in the high temperature con-
ditions. Gases were captured in the sticky liquid, with escaping gas
leaving molds and moulage on the mesophase surface. Rapid tem-
perature fluctuations must have occurred to preserve the molds
and moulage, because long-term high temperature conditions
would obliterate the impressions of gas bubbles on the soft surface
of the mesophase (Fig. 9). Thus, after heating to above 300 °C, the
temperature must have rapidly decreased, solidifying the pyrobi-
tumen and preserving the molds and moulage on the domain
mesophase. An abrupt hydrothermal fluid incursion is the only
geological process that could have provided this rapid temperature
fluctuation.

Geoscience Frontiers 13 (2022) 101324

The abnormally low %BRomax (3.66%) and isotropic micro-
texture of the pyrobitumen in the source rocks also indicate that
hydrothermal fluid was the principal heat source for oil cracking
and pyrobitumen generation in the dolostone reservoir (Yang
et al, 2018a). Long-term burial would have slowly heated the
strata, with the temperature of the formation controlled by a
geothermal gradient determined by the heat flow and thermal con-
ductivity of the rock (Zhu et al., 2016; Liu et al., 2018). The temper-
atures of specific formations therefore depend on their burial
depths. Although the heat conductivities of the dolostone and the
source rock are different, it is difficult to confirm any significant
difference in the formation temperatures at the same depth (Zhu
et al.,, 2016; Liu et al., 2018). The rapidity of hydrothermal fluid
incursions depends on the permeability of the rocks. The shale
was cooler, due to its lower permeability, so the pyrobitumen
remained in the isotropic matrix grade. The data show that the
pyrobitumen in the source rock was isotropic matrix with a lower
%BRomax (3.66%) which indicates a much lower temperature than
that of the dolostone reservoir at the same depth (Table 2).

Observation of numerous cores in former studies has suggested
that MVT lead-zinc deposits cover the entire paleo-oil reservoir
(Jiang et al., 2016; Liu et al., 2016; Yang et al.,, 2018b; Zhang
et al, 2019). MVT lead-zinc deposits occur widely around the
world, including North America and Europe (Heyl et al., 1974;
Anderson and Macqueen, 1982; Leach et al., 2005, 2010; Paradis
et al.,, 2007) as well as South China (Li et al., 2007; Yin et al,
2009). Lead-zinc veins are a common indicator of high temperature
conditions created by hydrothermal fluid invasions, with a fluid
inclusion thermometry range of 50-250 °C (Basuki and Spooner,
2004). Hydrothermal fluid incursions can be triggered by the circu-
lation of surface water in deep strata through faults or volcanic
activity, which usually leads to higher temperatures (over
300 °C) in the fluids (Leach et al., 2005, 2010). It appears certain
that the high temperature conditions required to form high class
mesophase in the reservoir were triggered by the ELIP, which pro-
vided the driving force and thermal energy for the invading
hydrothermal fluids. The migration route of the hydrothermal
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Fig. 9. Reconstructed stratigraphic burial, thermal history, and paleo-heat flow history plots for Well GS6, R, modeled-maturity profiles and diagenesis sequence (Yang et al.,

2018a).
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fluid, according to the distribution of hydrothermal minerals
(Figs. 7, 8) and pyrobitumen (Table 2), was from the southwest
to the northeast of the Chuanzhong Uplift, and from the Ediacaran
reservoir (or deeper strata) to the Cambrian reservoir. The path of
the hydrothermal fluid followed the relatively high permeability
layers of the successions (Yang et al., 2018a).

5.2. Dating of the thermal event

Time and temperature are the key factors in oil cracking. How-
ever, pinpointing the timing of occurrence of pyrolysis is difficult
because of the complicated chemical conditions during long term
diagenetic processes in reservoirs (Yang et al.,, 2018a,b) and the
lack of suitable dating minerals. The reservoir in the Yangtze Block
has been buried for a long time over 600 Myr, thus diagenetic pro-
cesses have overprinted information in the minerals that could be
used to date early events in geological time. Moreover, because of
the great burial depth of the reservoir, sampling relies on well
cores, so appropriate dating minerals are difficult to obtain. An
alternative is to apply cross-validation to the various pieces of evi-
dence that are available. The discovery of mesophase and the test-
ing of inclusions confirm that the reservoir’s long-term burial could
not have provided a sufficiently high temperature for the forma-
tion of domain mesophase (Yang et al., 2018a,b). However, the pre-
sent study reveals that all the Ediacaran reservoirs in the
Chuanzhong Uplift were filled with hydrothermal fluid and domain
mesophase (Jiang et al., 2014; Zou et al., 2014; Zhu et al., 2015;
Yang et al., 2018a,b). The ELIP was the only significant thermal
event in the area that could have produced hydrothermal fluid
on such a vast scale. Magma eruptions during the event may have
pushed against adjacent strata and triggered a hydrothermal fluid
invasion into the reservoir. Pyrolysis of the liquid oil would have
rapidly converted the oil into gas and pyrobitumen (Yang et al.,
2018a). The timing of the hydrothermal fluid invasion, and thus
of liquid oil pyrolysis, can be obtained by reconstruction of the
stratigraphic burial and geothermal histories.

The geothermal history has previously been reconstructed from
apatite fission tracks (Zhu et al., 2016; Liu et al., 2018) (Fig. 10).
Consistency between the simulated and measured reflectance of
vitrinite-like macerals in source rocks confirms the reliability of
the geothermal history established in a previous report by the pre-
sent authors (Zhu et al., 2016; Liu et al., 2018; Yang et al., 2018a,b).
The hydrothermal fluid invasion can be correlated to the ELIP dur-
ing the Late Permian, when heat flow abruptly rose (Liu et al.,
2018) (Fig. 10). The reconstructed heat flow history confirms that
there was only one major thermal event during the entire burial
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Fig. 10. Reconstructed paleo-heat flow history plots for wells in the center of the
Sichuan Basin (modified after Zhu et al., 2016; Liu et al., 2018).
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history of the reservoir (Fig. 10). Therefore, the huge invasion of
hydrothermal fluid must have been triggered by the basin-scale
thermal event that can be clearly observed on the heat flow history
curves (Fig. 10). The ELIP, in the late Permian, is the most likely
candidate for this event. Magma did not directly affect the reser-
voir, despite the proximity of the ELIP (Fig. 1a). The rapid rise in
heat flow in the Chuanzhong Uplift was therefore probably due
to heating of the hydrothermal fluid by magma in deep strata. Once
the hydrothermal fluid was hot, it started to upwell, bringing min-
erals and heat to the sedimentary cover of the basin (Davies and
Smith, 2006; Paradis et al., 2007; Jiang et al., 2016). The pathway
of the hydrothermal fluid was along faults in the Chuanzhong
Uplift, including the NE trending strike-slip fault and the normal
fault, which might have connected with the basement along the
western edge of the Anyue gas field (Wei et al., 2013; Zou et al.,
2014; Zhu et al, 2015; Yang et al, 2018a,b). On this basis,
hydrothermal fluid invasion is the most reasonable interpretation
for the increased heat flow during the late Permian (Fig. 10).

One of the most recent studies, by Zhong et al. (2014), reported
the age of the ELIP as 259.1 £ 0.5 Ma. The main activity period of a
large igneous province is usually around 50Myr, with 75% of the
magma rising to the surface within 1-5 Myr (Bryan and Ernst,
2008, 2013). The period of abnormal thermal conditions and the
hydrothermal fluid invasion related to the ELIP might therefore
have occurred at approximately 260 + 5 Ma. Consequently, the tim-
ing of oil pyrolysis could be related to both the GLE (~260 Ma) and
PTE (~252 Ma), since the precise timing of oil pyrolysis might not
align perfectly with the occurrence of the ELIP. However, currently
available data indicate that oil pyrolysis was closely linked to the
GLE during the LPC.

5.3. Gas release from the reservoirs

Massive amounts of volatile components were generated in the
Ediacaran reservoir during the pyrolysis process. Simulation exper-
iments indicate that these volatile substances were mostly
methane and carbon dioxide (Spigolon et al., 2015). The gases must
have been rapidly released from the reservoir, and the concen-
trated liquid crystal molecules would then have formed layered
mesophase lamellae (White, 1976; Lewis, 1980). During the
hydrothermal fluid incursion, pipes might have formed as a conse-
quence of pressure build-up, allowing gases to vent from the reser-
voir to the surface (Ganino and Arndt, 2009; Svensen et al., 2009;
Jerram et al., 2015). In the similar case of the Tunguska Basin in
Russia, ejection of magma, triggered by the Siberian Traps, led to
gas generation in organic-rich shales, followed by evaporation
and petroleum accumulation (Svensen et al., 2009). Gas-induced
venting occurred through pipes reaching from depths of over
2000 m to the surface (Svensen et al., 2009). However, the temper-
ature of the hydrothermal fluid in the Chuanzhong Uplift was
much lower than that of the Tunguska magma. The temperature
of magma is over 1000 °C, while the mesophase indicates that
the temperature of the hydrothermal fluid in the reservoir in the
Chuanzhong Uplift was approximately 300 °C. At this temperature,
metamorphic devolatilization of carbonates and consequent gener-
ation of gases may not have occurred. However, the temperature of
the hydrothermal fluid was sufficient to pyrolyze the oil (Yang
et al.,, 2018b) with the hydrothermal fluid entering pores more
easily than magma and therefore heating the oil more thoroughly
(Yang et al., 2018a).

At the time of the hydrothermal fluid invasion caused by the
ELIP, the sealing cap rocks in the Ediacaran reservoirs were gener-
ally less than 1500 m thick (Du et al., 2014), indicating that over-
burden pressure of the pyrolysis gases was much lower than in
the Tunguska Basin (Svensen et al., 2009). The Ediacaran reservoir
is now covered by thick successions of overlying formations. How-
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ever, seismic data reveal faults and potential pipes contemporane-
ous with the ELIP in the Chuanzhong Uplift (Fig. 11) (Yang et al.,
2017). The pyrolysis of oil could have contributed significantly to
pipe formation, as cracking under atmospheric conditions results
in a 700-fold increase in volume (Barker, 1990). The pipes could
have penetrated the sealing cap rocks and released gases into the
water column and atmosphere within a relatively short span of
time (Fig. 12). The seismic data are not the only evidence of pipes
in the sealing cap rocks. Other studies have revealed masses of
breccia (Fig. 2b, ¢, d), caves, and cracks, accompanied by hydrother-
mal fluid, in the Ediacaran reservoir in the Chuanzhong Uplift (Wei
et al., 2013; Zou et al., 2014; Zhu et al., 2015; Jiang et al., 2016)
which may be the remains of pipe structures. However, these could
also have been formed by Kkarstification (Loucks et al., 2004).
Because the reservoirs are now deeply buried, the limited well
samples available are not able to distinguish between karstification
and gas venting. However, the mesophase, the hydrothermal fluid,
and the seismic data, as well as the analogy of the Tunguska Basin
event (Svensen et al., 2009), can be taken together to support the
implication that gas venting occurred in the Chuanzhong Uplift.
The ELIP may have triggered a major thermal event in the late
Permian, causing hydrothermal fluid to invade the Ediacaran reser-
voir (Fig. 12). The oil in the reservoir would have been rapidly
heated, forming pyrobitumen and volatile components including
methane (CH,4) and carbon dioxide (CO,). Hydrogen sulfide (H,S)
might also have been produced by thermochemical sulfate reduc-
tion (TSR) (Zhu et al., 2015; Liu et al., 2016). These gases were then
rapidly released through pipes (Fig. 12), while the pyrobitumen
with high class mesophase remained in the reservoir (Figs. 5, 6).

5.4. Relevance to the LPC

Considerable research has strongly suggested that global warm-
ing is likely to have been one of the mechanisms for the LPC—the
most severe biotic crisis so far in Earth’s history (Shu et al., 2011;
Joachimski et al., 2012). The vast volumes of greenhouse gases, pri-
marily CH4 and CO,, among pyrolytic gases generated in paleo-oil
reservoirs could have contributed significantly to the global warm-
ing effect (Ganino and Arndt, 2009; Svensen et al., 2009). Estimated
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geological oil reserves in the Ediacaran Paleo-oil reservoir are
approximately 6 x 10° tons (Zou et al., 2014). Previous simulation
experiments have shown that the gas (C;-C4) transformation rate
during oil pyrolysis is up to 400 mg/g oil (Schenk et al., 1997).
Therefore, the oil in the paleo-oil reservoir could, in principle, have
been converted into approximately 2.4 x 10'> g of natural gas.
Consequently, it can be speculated that up to 1.9 (2.4-0.5) x 10'®
g natural gas was released into the water column and atmosphere.
Previous studies have shown that approximately 1.1 x 10'® g of
methane expelled from hydrate (6'3C = —60%) is sufficient to
cause an approximately 2.5%0 negative excursion in carbon iso-
topes and a more than 6 °C increase in temperature during the
IETM (Erwin, 1994; Xie et al., 2007). In this case, the gases released
from the Ediacaran reservoir in the Chuanzhong Uplift would not
have been enough to drive such a large negative excursion and
temperature increase. However, the Ediacaran reservoir in the
Chuanzhong Uplift is only one of many paleo-oil reservoirs in the
YB. A series of paleo-oil reservoirs, with over one billion tons of
oil accumulated during the Late Carboniferous-Early Permian,
has been discovered near the ELIP along the south edge of the YB
(Bo et al., 2012). Discovery of mesophase in pyrobitumen indicates
that several of these reservoirs might also have been strongly
impacted by a tectonic-thermal event during the LPC (Shi et al,,
2015). If this episode of volcanism occurred on a global scale, it
could easily have pyrolyzed a significant proportion of the oils
accumulated in pre-Permian marine successions. The enormous
volumes of methane expelled by pyrolysis of these oils might have
contributed significantly to driving radical climate change during
the LPC.

In addition to large volumes of CH4 and CO, from gas hydrates,
the leaks of gas from the reservoir probably also contained H,S,
which is lethal to most fauna on Earth (Knoll and Grotzinger,
1996). In reservoirs, contact metamorphism of organic materials
under burial conditions produces H,S in thermochemical sulfate
reduction (TSR) reactions (Cai et al., 2003; Liu et al., 2016; Zhang
et al,, 2019). Gypsum in the Ediacaran strata could have supplied
sulfate, and the hydrothermal fluid could have provided sufficient
heat for TSR to occur (Liu et al., 2016; Zhang et al., 2019). However,
the normal burial process might also have provided sufficient heat

Fig. 11. Seismic slices of coherent attributes on the bottom of the Ediacaran reservoir: (a) 120 ms (ca. 200 m) above the top of the Ediacaran reservoir; (b) modified after Yang

et al. (2017).
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Fig. 12. Schematic model of oil pyrolysis and venting of carbon gases and halocarbons to the atmosphere through pipes in the Chuanzhong Uplift. The pipes are partly

modeled on those found in the Tunguska Basin (after Svensen et al., 2009).

for TSR long after the thermal event of the late Permian. It is there-
fore difficult to confirm whether all the hydrogen sulfide produced
by TSR was related to the thermal event in the Chuanzhong Uplift.

6. Conclusion

Systematic analysis of core samples from the Ediacaran reser-
voir in the Chuanzhong Uplift suggests that the paleo-oil reservoir
was pyrolyzed by hydrothermal fluid. The hydrothermal fluid was
associated with a basin-scale thermal event, probably triggered by
the ELIP in the late Permian. The presence of high maturity pyrobi-
tumen indicates that oil was rapidly pyrolyzed and the gases gen-
erated were discharged from the reservoir. A set of pipes has been
discovered leading from the upper strata of the Ediacaran reservoir
to the surface, suggesting that the gases generated by rapid pyrol-
ysis of oil in the reservoir might have been instantaneously
released into the atmosphere. It can therefore reasonably be con-
cluded that paleo-oil reservoir pyrolysis could have released mas-
sive quantities of natural gas from Paleozoic reservoir rocks all
around the Yangtze Block within a relatively short span of time.
However, dating such an ancient hydrothermal event either by
minerals or organic matter is difficult through the conventional
methods. Therefore, in this study, multiple pieces of evidence were
cross validated to provide a timing for the oil pyrolysis and gas
release in the Ediacaran reservoir. Hydrothermal mineralization,
high graphitized mesophase in pyrobitumen, and analysis of
methane inclusions in the reservoir all point to a thermal event dri-
ven by hydrothermal fluid invasion. In addition, the seismic data
provide evidence of gas venting through pipes in the upper strata
of the Ediacaran reservoir. Therefore, although there are still points
of inconsistency, the model of hydrothermal oil pyrolysis and sud-
den gas release is a reasonable inference.

Cases of paleo-oil reservoirs cracking as a result of volcanic
activity are difficult to identify because the reservoirs are now
deep below the surface. However, the estimate of the gas volume
released in the event in the Chuanzhong Uplift suggests that it
could have been on a sufficient scale to be the mechanism, or at
least one of the mechanisms, for the Late Permian Crisis. There
are huge numbers of other basins around the world that have
paleo-oil reservoirs in pre-Permian strata. Volcanic activity might
also have pyrolyzed the oil in other paleo-oil reservoirs, rapidly
releasing enormous volumes of greenhouse and other toxic gases
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into the atmosphere and thereby also contributing to the Late Per-
mian Crisis.
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