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a b s t r a c t
This article discusses the role of methane in thermochemical sulfate reduction (TSR), the fate of TSR-derived CO2
and the effect of TSR on reservoir porosity and permeability, and the causes of the anomalously high porosity and
permeability in the Lower Triassic soured carbonate gas reservoirs in the northeast Sichuan Basin, southwest
China. The Lower Triassic carbonate reservoirs were buried to a depth of about 7000 m and experienced maximum temperatures up to 220 °C before having been uplifted to the present-day depths of 4800 to 5500 m, but
they still possess porosities up to 28.9% and permeabilities up to 3360 md. The present-day dry gas reservoirs
evolved from a paleo-oil accumulation and experienced varying degrees of TSR alteration as evidenced from
the abundant sulfur-rich solid bitumens and varying H2S and CO2 concentrations. TSR occurred mainly within
the oil and condensate/wet gas windows, with liquid hydrocarbons and wet hydrocarbon gases acting as the
dominant reducing agents responsible for sulfate reduction, sulfur-rich solid bitumen and H2S generation, and
calcite precipitation. Methane-dominated TSR was a rather late event and had played a less signiﬁcant role in
altering the reservoirs. Intensive H2S and CO2 generation during TSR resulted in calcite cementation rather
than carbonate dissolution, which implies that the amount of water generated during TSR was volumetrically
insigniﬁcant. 13C-depleted CO2 derived from hydrocarbon oxidation preferentially reacted with Ca2+ to form
isotopically light calcite cements, and the remaining CO2 re-equilibrated with the 13C-enriched water–rock
systems with its δ13C rapidly approaching the values for the host rocks, which accounted for the observed
heavy and relatively constant CO2 δ13C values. The carbonate reservoirs suffered from differential porosity loss
by TSR-involved solid bitumen generation and TSR-induced calcite and pyrite precipitation. Intensive TSR significantly reduced the porosity and permeability of the intervals expected to have relatively high sulfate contents
(the evaporative-platform dolostones and the platform-margin shoal dolostones immediately underlying the
evaporative facies). Early oil charge and limited intensity of TSR alteration, together with very low phyllosilicate
content and early dolomitization, accounted for the preservation of anomalously high porosities in the reservoirs
above the paleo-oil/water contact. A closed system seems to have played a special role in preserving the high
porosity in the gas zone reservoirs below the paleo-oil/water contact. The closed system, which is unfavorable
for deep burial carbonate dissolution and secondary porosity generation, was favorable for the preservation of
early-formed porosity in deeply buried carbonates. Especially sucrosic and vuggy dolostones have a high
potential to preserve such porosity.
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1. Introduction
Thermochemical sulfate reduction (TSR), the reaction between sulfate and petroleum ﬂuids at elevated temperatures, has been recognized
as a process of geologic signiﬁcance for more than 40 years (Ho et al.,
1974; Orr, 1974, 1977). In the last 30 years, TSR has been intensively
investigated by geological case studies (e.g., Claypool and Mancini,
1989; Worden and Smalley, 1996; Worden et al., 1996, 2000; Heydari,
1997; Manzano et al., 1997; Stasiuk, 1997; Carrigan et al., 1998; Yang
et al., 2001), laboratory simulation experiments (e.g., Kiyosu and
Krouse, 1990, 1993; Cross et al., 2004; Pan et al., 2006; Zhang et al.,
2007; T. Zhang et al., 2008a, 2008b; Xiao et al., 2011; Lu et al., 2012
Zhang et al., 2012; Yuan et al., 2013), and kinetic modeling (e.g., Xia
et al., 2014). These studies have signiﬁcantly improved our understanding about the conditions, rates, processes, and products of TSR.
Nevertheless, several aspects of the physicochemical processes and effects of TSR have not yet been well documented and remain controversial
(Bildstein et al., 2001; Machel, 2001; Mougin et al., 2007; Zhang et al.,
2007). CO2 in TSR-altered gas reservoirs is usually believed to be one of
the major products of TSR, and the ratio of CO2/(CO2 + ΣCn) has been
used as a parameter to reﬂect the extent of TSR (e.g., Krouse et al.,
1988; Worden and Smalley, 1996). However, a number of studies show
that CO2 in TSR-altered gas reservoirs may be isotopically much heavier
than predicted for an organic origin (e.g., Hao et al., 2008; Mankiewicz
et al., 2009; Huang et al., 2010; Liu et al., 2013; Cai et al., 2014).
A relevant issue is the effect of TSR on reservoir porosity and permeability. At least four conﬂicting opinions have been proposed in the
literature. (1) TSR has insigniﬁcant effect on reservoir porosity. Machel
and Buschkuehle (2008) suggested that, since competing processes
such as anhydrite removal versus calcite and dolomite cementation
are involved, the overall changes in porosity and permeability of
carbonate reservoirs in the Southesk–Cairn Carbonate Complex of the
Alberta Basin during TSR were small. (2) TSR results in intensive calcite
precipitation and signiﬁcant porosity loss. Heydari (1997) showed that
large volumes of CO2 generated during TSR resulted in intensive precipitation of post-bitumen calcites, which signiﬁcantly reduced the porosity of the carbonate reservoirs in the Upper Jurassic Smackover
Formation at the Black Creek Field, Mississippi. (3) TSR-generated CO2
prohibits carbonate cementation. Dixon et al. (1989) proposed that
CO2 production by TSR in the siliciclastic Upper Jurassic Norphlet
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Formation in southern Alabama prohibited carbonate cementation.
However, this opinion seems not to be supported by the study of
Mankiewicz et al. (2009) who showed that sequestration of CO2 as
carbonate minerals in the Norphlet Formation resulted in signiﬁcant gas
volume reduction. (4) TSR leads to intensive carbonate dissolution and
signiﬁcant porosity creation. Chen et al. (2007) found that carbonate reservoirs in the Sichuan Basin in which TSR occurred had higher porosity
than carbonate reservoirs in which TSR did not take place, and proposed
that TSR signiﬁcantly increased carbonate porosity by anhydrite and carbonate dissolution. Wang et al. (2007), based on the close associations between solid bitumens and secondary dissolution pores in the Feixianguan
Formation in the Sichuan Basin, suggested that TSR-generated CO2 resulted in late-stage burial dissolution that signiﬁcantly increased the reservoir porosity. Cai et al. (2014), showing corroded dolomite surfaces and
the occurrence of solid bitumens in the center of some pores as evidence
for late-stage TSR-induced dissolution in the TSR-altered gas reservoirs in
the northeast Sichuan Basin, concluded that anhydrite and dolomite dissolution improved reservoir porosity.
The mechanism for generation and/or preservation of high porosity in
deeply buried carbonates is another important yet controversial issue.
Deeply buried sedimentary rocks represent one of the most important
frontier areas of petroleum exploration (e.g., Ma et al., 2004; Hao et al.,
2008, 2011; Ohm et al., 2008). In the last 30 years, great attention has
been given to the generation and preservation of high porosity in deeply
buried reservoirs, both for sandstones and for carbonates. The potential
causes of anomalously high porosity (porosity substantially higher than
the “expected” porosity-depth trend) in deeply buried sandstones have
been well documented (e.g., Surdam and Crossey, 1987; Surdam et al.,
1989; Bjørkum et al., 1998; Bloch et al., 2002). Grain coats and grain
rims (e.g., Ehrenberg, 1993; Walderhaug, 1996) and especially amorphous silica nanoﬁlms (Worden et al., 2012), early emplacement of hydrocarbons (e.g., Worden et al., 1998; Wilkinson and Haszeldine, 2011),
and early (at shallow depth) development and long-term maintenance
of ﬂuid overpressure (e.g., Lander and Walderhaug, 1999; Bloch et al.,
2002; Hao, 2005; Hao et al., 2007; Nguyen et al., 2013) seem to be the
major mechanisms for the preservation of such high porosities in deeply buried sandstones. Due to wide variations in lithologies, rock fabrics,
and precipitation/dissolution of different carbonate minerals at different diagenetic stages (e.g., Heydari, 1997; Lucia, 1999; Moore, 2001;
Esteban and Taberner, 2003; Ehrenberg and Nadeau, 2005; Machel
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and Buschkuehle, 2008), the mechanism for the generation and/or
preservation of high porosities in deeply buried carbonate reservoirs
is less well understood. While a number of scientists believe that significant volumes of porosity can be created by deep-burial dissolution in
carbonate reservoirs (e.g., Moore and Druckman, 1981; Mazzullo and
Harris, 1992; Jameson, 1994; Lambert et al., 2006; Beavington-Penney
et al., 2008), Ehrenberg et al. (2012) and Bjørlykke and Jahren (2012)
maintain that creation of signiﬁcant porosity by mesogenetic dissolution is in most cases unlikely. In addition, early oil emplacement
seems to be a widely accepted mechanism for preserving high-quality
carbonate reservoirs in deeply buried sequences (e.g., Scholle, 1977;
Schmoker and Halley, 1982; Koepnick, 1985; Feazel and Schatzinger,
1985; Neilson et al., 1998; Heasley et al., 2000; Melville et al., 2004;
Ehrenberg and Nadeau, 2005). This effect, however, has not been systematically studied in carbonate reservoirs that have experienced intensive oil cracking and oil–gas conversion.
The Sichuan Basin is one of the most important gas-producing basins
in China. More than 1012 m3 of gas has been found in the Upper Permian
and Lower Triassic carbonate reservoirs in the northeast Sichuan Basin.
Hydrocarbon gases in these reservoirs were mostly derived from in-situ
cracking of accumulated oil (e.g., Zhu et al., 2006; Hao et al., 2008, 2009;
Tian et al., 2008; Zou et al., 2008). Natural gases in the northeast Sichuan
Basin have varying concentrations of non-hydrocarbon gases, mostly
H2S and CO2. Although TSR in these reservoirs has been intensively
studied (e.g., Jiang et al., 2002; Wang et al., 2002; Cai et al., 2003,
2004, 2013, 2014; Li et al., 2005; Zhu et al., 2005, 2006; Du et al.,
2007, 2009; Hao et al., 2008, 2009; Liu et al., 2013; Jiang et al., 2014),
controversy still exists concerning the most basic issue: the dominant
reactant for TSR. Cai et al. (2004) found that, for nine samples from
ﬁve gas ﬁelds in the northeast Sichuan Basin, methane δ13C increased
from an average of − 32.02‰ for H2S-poor gases (H2S concentrations
between 0.11 and 0.59%) to an average of −30.05‰ for H2S-rich gases
(H2S concentrations between 8.28 and 14.19%) and concluded that
TSR in these gas ﬁelds was dominated by methane oxidation. They
believed that TSR took place after oil was cracked into gas (Cai et al.,
2013) and that “evidence for oil-stage TSR has yet to be found” (Cai
et al., 2014). Hao et al. (2008) provided evidence for a three-stage TSR
(liquid hydrocarbon-involved, heavy hydrocarbon gas-dominated, and
methane-dominated TSR) and showed that conversion from the heavy
hydrocarbon gas-dominated to methane-dominated TSR affected the
isotopic patterns of hydrocarbon gases. Liu et al. (2013) reached a similar conclusion and provided more details about the changes in methane
and ethane isotopic compositions during TSR. Hu et al. (2010) found
that both the solid bitumens and the hydrocarbon gases in the northeast
Sichuan Basin were heterogeneous and concluded that TSR in this
region was mainly within the heavy hydrocarbon gas-dominated TSR,
with methane-dominated TSR occurring only locally.
The Puguang gas ﬁeld (proved gas reserves greater than 4000 ×
108 m3) is the largest marine carbonate gas ﬁeld in the northeast Sichuan Basin, evolving from a high-saturation paleo-oil accumulation
(Hao et al., 2008; Y.C. Zhang et al., 2008; Tian et al., 2008). The Lower
Triassic Feixianguan Formation reservoirs in this ﬁeld, which were successively cored, contain natural gases with varying H2S and CO2 concentrations and several intervals with anomalously high porosity and
permeability. The Puguang gas ﬁeld, therefore, provides an opportunity
to answer the controversial issues mentioned above. The purpose of this
paper is to discuss the role of methane in TSR, to investigate the fate of
TSR-derived CO2 and the effect of TSR on reservoir porosity and permeability, and to reveal the causes of the anomalously high porosity and
permeability in the Puguang gas ﬁeld.
2. Geological setting
The Sichuan Basin, with an area of about 230,000 km2, is a large
intracratonic basin located in the east of the Sichuan Province, southwestern China (Fig. 1). The Sichuan Basin is tectonically bounded by

the Longmenshan Fold Belt in the northwest, the Micangshan Uplift in
the north, the Dabashan Fold Belt in the northeast, the Hubei–Hunan–
Guizhou Fold Belt in the southeast, and the Emeishan–Liangshan Fold
Belt in the southwest.
The Sichuan Basin contains an up to 12 km thick succession of
sediments. Marine sedimentation dominated in the basin from the Precambrian to the Middle Triassic. The marine sequences in the Sichuan
Basin are dominated by shales and carbonates. Five intervals dominated
by marine organic-rich shales were deposited in the Sichuan Basin (also
in south China), from the Sinian (Precambrian) to the Late Permian. The
Lower Cambrian, Lower Silurian, and Upper Permian organic-rich shales,
all deposited during major transgressions as is the case for many other
marine organic-rich shales in the world (e.g., Frimmel et al., 2004; Slatt
and Rodriguez, 2012), are the major source rocks for gases found in the
marine reservoirs in the Sichuan Basin and are perhaps the most important intervals for shale gas exploration in south China (Zou et al., 2011;
Hao et al., 2013; Dai et al., 2014). The platform carbonates in the Upper
Permian Changxing Formation (P2ch) and Lower Triassic Feixianguan
Formation (T1f) are the major reservoir rocks for most gas ﬁelds in the
marine sequences in the northeast Sichuan Basin including the Puguang
gas ﬁeld. Thick, basin-wide anhydrite beds occurred in the Lower Triassic
Jialingjiang Formation (T1j) and in the Middle Triassic Leikoupo Formation (T2l), which constitute the regional cap rocks in the Sichuan Basin.
The Indosinian tectonic movements between the Middle and Late
Triassic (Episode I) and at the end of the Triassic (Episode II) resulted in
the conversion from marine to continental sedimentation in the Sichuan
Basin. The Upper Triassic Xujiahe Formation (T3x) was deposited in freshwater conditions and is dominated by lacustrine–alluvial sandstones and
shales with thin, locally distributed coal beds. The Jurassic and Cretaceous
sediments are composed of continental red sandstones, mudstones and
black shales, having thicknesses of 2000–5000 m (Huang et al., 1997;
Cai et al., 2003). During the Yanshanian Orogeny between the Jurassic
and Late Cretaceous, the border of the Sichuan Basin became folded. During the Himalayan Orogeny, the Sichuan Basin was entirely uplifted by
compression resulting from the movement of the Paciﬁc Plate. As a result,
numerous high-relief structures formed in the northeast Sichuan Basin
where a number of gas ﬁelds have been discovered (Fig. 1).
Petroleum exploration in the Sichuan Basin began in the early 1950s,
which led to the discovery of a number of gas ﬁelds in addition to several small oil ﬁelds in the central and southern Sichuan Basin (Ma et al.,
2007). The Puguang gas ﬁeld, the largest gas ﬁeld so far found in marine
successions in China, marked the major breakthrough of petroleum
exploration in marine rocks in China. The Puguang gas ﬁeld is located
on the Shuangshimiao–Puguang structural belt (Fig. 1), which consists
of a number of NNE-trending faulted anticlines. Gases in this ﬁeld are
mainly contained in the carbonate reservoirs in the Lower Triassic
Feixianguan and Upper Permian Changxing formations (Ma et al.,
2007). These marine carbonate reservoirs were buried to a depth of
about 7000 m and experienced maximum temperatures up to 220 °C
before having been uplifted to the present-day depths of 4800 to
5500 m, with present-day thermal maturity between 2.3 and 3.0%
equivalent vitrinite reﬂectance (Ro) (Fig. 2; Hao et al., 2008). Hydrocarbon gases in this ﬁeld are derived from in-situ cracking of crude oils
most likely generated from the Upper Permian organic-rich shales
(Hao et al., 2008, 2009; Tian et al., 2008; Zou et al., 2008).
3. Samples, analytical methods and database
Well PG-2 (Fig. 1) is a deep well that penetrated the complete succession of the Lower Triassic Feixianguan Formation. The ﬁrst to third
members of the Feixianguan Formation (the major reservoirs in the
Puguang gas ﬁeld) were cored nearly continuously from 4774 to
5196 m. 720 samples were taken for conventional porosity and permeability measurements, which were carried out using industry standard
techniques in the Southern Exploration and Development Company,
Sinopec. A total of 137 samples were selected, immediately adjacent
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Fig. 1. Location map showing major gas ﬁelds in the northeast Sichuan Basin. Numbers 1 to 8 in the Puguang gas ﬁeld represent wells PG-1 to PG-8.
Modiﬁed from Zhao et al. (2006).

to core plug points wherever possible, for standard petrographic
and cathodoluminescence (CL) microscopy observations. The contents of calcite, pyrite and solid bitumens were quantitatively
assessed using the Adobe Photoshop quantiﬁcation (PSQ) method

as described by Zhang et al. (2014). Fluid inclusions were observed
on double-polished thick sections, and homogenization temperatures and salinities were measured on a total of 309 ﬂuid
inclusions.

Fig. 2. Burial and thermal history for marine carbonate (the Feixianguan and Changxing formations) and nonmarine sandstone (the Xujiahe Formation) reservoir rocks in Well PG-2,
northeast Sichuan Basin (well location in Fig. 1). E: Paleogene; N: Neogene.
From Hao et al. (2008).
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Solid bitumens were obtained from core materials of different
reservoir types (marine carbonates in the Lower Triassic Feixianguan
Formation and nonmarine sandstones in the Upper Triassic Xujiahe
Formation) from seven wells. Solid bitumens were cleaned and extracted before elemental analysis was performed. Sulfur isotope analysis of
solid bitumens was conducted at the Institute of Geology and Geophysics, CAS, using a MAT 251 mass spectrometer. Reproducibility for δ34S is
± 0.1–0.3‰ CDT (Canyon Diablo troilite standard, Cai et al., 2001).
Bitumen reﬂectance measurements were performed on randomly oriented grains using conventional microphotometric methods (Stach
et al., 1982).
Gas samples were obtained during drill stem testing (DST). Chemical
composition analysis was carried out using industry standard techniques in the laboratory of the Southern Exploration and Development
Company, Sinopec, Kunming. Isotope ratio measurements were
performed on MAT251 mass spectrometer. Gas chemistry data for
other gas ﬁelds in the northeast Sichuan Basin were collated from oil
companies.
For comparison, data from published papers, including δ34S for anhydrite and H2S in the northeast Sichuan Basin (Cai et al., 2004; Zhu
et al., 2005; Ma et al., 2008) and δ13C for TSR calcite and CO2 from
known TSR-altered gas ﬁelds (Krouse et al., 1988; Heydari and Moore,
1989; Worden et al., 2000; Yang et al., 2001; Machel and Buschkuehle,
2008), were also included.

4. Results
4.1. Pore types and porosity and permeability of carbonate reservoirs
The Lower Triassic Feixianguan Formation in the Sichuan Basin is
usually divided into four members, named T1f1 to T1f4 from base to
top. The effective reservoirs in the Puguang gas ﬁeld are in the T1f1 to
T1f3 members (Ma et al., 2007), which display porosities between 1.02
and 28.9%, and permeabilities between 0.01 and 3360 md (Fig. 3).
During the deposition of the Feixianguan Formation, the Puguang
area was on the southwestern margin of an evaporative carbonate platform (Wang et al., 2005; Ma et al., 2007, 2008). The Feixianguan Formation is a carbonate succession that records an overall shallowing of the
sea during the Early Triassic. The T1f1 and T1f2 members in the Puguang
gas ﬁeld were mainly deposited in high-energy, subtidal to intertidal
oolitic shoals (Fig. 3), and comprise mainly oolitic dolomites and
medium-sized to coarse crystalline dolomites. The T1f3 member was
mainly deposited in evaporative lagoon and tidal ﬂat environments,
and consists mainly of dolomudstone and silt-sized to ﬁne crystalline
dolomite. Evaporites are hard to ﬁnd in the T1f3 dolomites in the
Puguang gas ﬁeld, but moldic pores after anhydrite were occasionally
observed in the silt-sized crystalline dolomite of the evaporative facies
(Cai et al., 2014). In the Tieshanpo (to the northeast of the Puguang
gas ﬁeld) and Dukouhe and Luojiazhai (to the southeast of the Puguang

Fig. 3. Proﬁles showing well logs, porosity, permeability and concentrations of solid bitumens, calcite cements and pyrite in Well PG-2 (well location in Fig. 1). T1f1, T1f2, T1f3: the ﬁrst,
second and third members of the Lower Triassic Feixianguan Formation; Sedim. Facies: sedimentary facies; GR: Gamma ray (API); Rd: Resistivity (Ω); AC: Acoustic (μs/ft); DEN: Density
(g/cm3); SB: Solid bitumens; POWC: paleo-oil/water contact interpreted based on solid bitumen concentrations; P50 and Max porosity lines are the median and maximum porosity calculated from a worldwide compilation of carbonate porosity for oilﬁeld reservoirs (from Ehrenberg and Nadeau, 2005).
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gas ﬁeld; Fig. 1) gas ﬁelds, evaporative lagoon and tidal ﬂat deposition
began to occur earlier (in T1f2) than in the Puguang gas ﬁeld. The evaporative lagoon and tidal ﬂat sediments in the T1f2 and T1f3 members in
these gas ﬁelds contain disseminated anhydrite cements, nodules, and
even thin anhydrite beds (Wang et al., 2005). It is possible that the original gypsum was transformed to anhydrite during burial (Z. X. Cai, 2014,
personal communication).
Observations on 137 thin sections show that intercrystal pores,
intraparticle pores, interparticle pores and vuggy pores are the major
pore types for the Feixianguan Formation reservoirs in the Puguang
gas ﬁeld. Intercrystal pores in the Puguang gas ﬁeld are secondary
pores occurring between dolomite crystals. Intercrystal pores can be observed in dolostones with different crystal sizes, but are most developed
in medium and coarse crystalline dolostones (Fig. 4A). The intercrystal
pores in the medium and coarse dolostones are larger than 60 μm in
size and should be classiﬁed as macropores according to the classiﬁcation system of Lønøy (2006). Intraparticle pores are secondary pores occurring within grains and are the results of selective, partial or complete
dissolution of ooids in the Puguang gas ﬁeld (Fig. 4B, C). This type of
pores is named moldic by Lønøy (2006). The sizes and shapes of the
intraparticle pores depend on the sizes of the ooids and the degrees to
which they were dissolved (Fig. 4B, C). Interparticle pores are pores
occurring between grains (Choquette and Pray, 1970; Lønøy, 2006).
Interparticle pores in the Feixianguan Formation in the Puguang gas
ﬁeld are mostly pore spaces between partly dissolved ooids (Fig. 4B,
C). No reservoir intervals in the Puguang gas ﬁeld are dominated by
interparticle pores. However, the degrees of interparticle pore development seem to control the permeability of the reservoirs dominated
by intraparticle pores. Vuggy pores in the Feixianguan Formation are
of irregular shape and may or may not be interconnected (Fig. 4D).
Vuggy pores in the Feixianguan Formation are mostly smaller than
5 mm in size, smaller than those in the Upper Permian Changxing Formation. According to Choquette and Pray (1970) and Lønøy (2006),
vuggy pores are secondary solution pores that are not fabric selective.
Many vuggy pores in the Feixianguan Formation are probably
solution-enlarged interparticle pores where the outlines of the grains
are poorly deﬁned (Fig. 4D).
4.2. Elemental and sulfur isotopic compositions of solid bitumens
In the Puguang gas ﬁeld, abundant solid bitumens were found in all
cored wells in marine carbonate reservoirs in the Feixianguan (T1f) and
Changxing (P2ch) formations (Fig. 3; Hao et al., 2008, 2009; Zou et al.,
2008). Solid bitumens in the marine carbonates usually occur as ﬁllings
in pores, vugs or fractures, or as coats of various pores (Fig. 4A, C–G),
and can be observed by naked eye in cores. The maximum cumulative
thickness of solid bitumen-bearing carbonate reservoirs in a single
well is greater than 200 m (Hao et al., 2008, 2009; Zou et al., 2008).
These solid bitumens are insoluble in organic solvent and are considered to be pyrobitumens having a high thermal maturity (Sassen,
1986). Solid bitumens in the marine carbonate reservoirs in the
Puguang gas ﬁeld are most abundant in zones of high porosity and
permeability (Fig. 3), suggesting that they were the result of in-situ
cracking of crude oil as opposed to gas-induced deasphalting (Curiale,
1985; Isaksen, 2004). Therefore, the paleo-oil/water contact can be
identiﬁed based on solid bitumen distribution (Hao et al., 2008). Solid
bitumens were also found in nonmarine sandstones of the Upper
Triassic Xujiahe Formation (T3x), but in low abundance.
Solid bitumens from the nonmarine sandstones in the Upper Triassic
Xujiahe Formation (T3x) have a reﬂectance between 1.71 and 1.72% and
display atomic O/C ratios between 0.019 and 0.064, atomic S/C ratios
between 0.005 and 0.01, and atomic H/C ratios between 0.45 and 0.61
(Fig. 5). Solid bitumens from the marine carbonate reservoirs have a
reﬂectance between 2.02 and 3.54% and display atomic O/C ratios between 0.05 and 0.16, atomic S/C ratios between 0.067 and 0.084, and
atomic H/C ratios between 0.14 and 0.60 (Fig. 5). Compared with solid
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bitumens from the nonmarine sandstone reservoirs, solid bitumens
from the marine carbonates have higher reﬂectance and higher atomic
S/C ratios. Sulfur isotopic composition for solid bitumens from the
nonmarine sandstones was not measured due to the low sulfur contents. Solid bitumens from the marine carbonate reservoirs display
δ34S values between +12.04 and +31.17‰ CDT (Canyon Diablo troilite
standard) (average +19.60‰, Fig. 6).
4.3. Chemical and isotopic compositions of natural gases
The chemical and isotopic compositions for natural gases from the
Puguang gas ﬁeld are shown in Table 1. Gases from the marine carbonate reservoirs are very dry, with C1/ΣCn ratios ranging from 99.45 to
100%. Gases from the marine carbonate reservoirs display wide variations in non-hydrocarbon gas concentrations, with H2S concentrations
from 5.1 to 62.2%, CO2 concentrations from 2.55 to 18.03%, and nitrogen
concentrations from 0.23 to 2.80%. As H2S concentrations increase, hydrocarbon gas concentrations decrease and CO2 concentrations increase
(Table 1). In contrast, gases from the nonmarine sandstones in the
Upper Triassic Xujiahe Formation are dominated by hydrocarbon
gases with no H2S, and have methane concentrations ranging from
93.43 to 99.09, C2+ gas concentrations from 0.57 to 4.06%, and C1/ΣCn
ratios from 95.84 to 99.42% (Table 1).
Gases from the marine carbonate reservoirs display methane δ13C
values between − 33.66 and − 27.80‰, ethane δ13C values between
−30.80 and − 25.19‰ (ethane δ13C values are not available for many
samples due to very low ethane concentrations), and CO2 δ13C values
between − 4.46 and 2.41‰. Two gas samples from the nonmarine
Xujiahe Formation sandstones have methane δ13C values of − 37.44
and − 30.81‰, and ethane δ13C values of − 26.96 and − 25.95‰,
respectively (Table 1).
5. Discussion
5.1. Reactants and intensities of TSR
In a dry gas ﬁeld evolving from a paleo-oil accumulation, possible
reactants for TSR included methane, wet hydrocarbon gases (C2–C5),
liquid hydrocarbons, and even asphaltenes and NSO compounds. TSR
by different reactants may have different products and, therefore, may
have different inﬂuences on subsequent reactions (Pan et al., 2006;
Zhang et al., 2007).
5.1.1. Origin of solid bitumens: evidence for oil-involved TSR
Solid bitumens from the marine carbonate reservoirs in the
Feixianguan Formation (marine solid bitumens) are distinctly different
from those found in the nonmarine sandstone reservoirs in the Xujiahe
Formation (nonmarine solid bitumens) in the Puguang gas ﬁeld (Fig. 5).
Solid bitumens not affected by TSR have atomic S/C ratios typically
b0.03 (Kelemen et al., 2008, 2010). The marine solid bitumens have
atomic S/C ratios between 0.067 and 0.084 (Fig. 5), signiﬁcantly higher
than those for the nonmarine solid bitumens. The atomic S/C ratios
for the marine solid bitumens are higher than those for the TSR bitumens from the Nisku Formation in the Brazeau River area, Alberta
(0.02–0.08, Kelemen et al., 2008, 2010) and are comparable to those
for the products of TSR simulation experiments by Zhang et al. (2007).
The high atomic S/C ratios suggest that TSR had been involved in the
formation of the marine solid bitumens, whereas the nonmarine solid
bitumens are more likely the products of thermal chemical alteration.
Anhydrite in the Lower Triassic in the Sichuan Basin displays widely
variable δ34S values (+11.0–+31.23‰, Fig. 6), which seems to support
Claypool et al. (1980) and Worden et al. (1997) who demonstrated that
across the Permian–Triassic boundary and in the Early Triassic the seawater evolved from extremely light to very heavy sulfur isotopes. δ34S
values for the marine solid bitumens range between + 12.04 and
+ 31.17‰, and δ34S values for H2S range between + 10.20 and
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+ 13.70‰ (Fig. 6). The δ34S values for the marine solid bitumens are
much heavier than the kerogen δ34S values reported in the literature
(e.g., Werne et al., 2003, 2008; Amrani et al., 2005), and are comparable

to the δ34S values for the anhydrite in the reservoirs (Fig. 6), suggesting
that sulfur in the marine solid bitumens was derived from anhydrite
rather than from kerogens.
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Fig. 6. Comparison of δ34S (‰CDT) for anhydrite, solid bitumen and H2S from the Lower
Triassic Feixianguan Formation in the Puguang gas ﬁeld, northeast Sichuan Basin. δ34S
data for anhydrite and H2S are from Wang et al. (2002), Ma et al. (2008), Zhu et al.
(2005) and Cai et al. (2004).

Fig. 5. Atomic compositions of the marine and nonmarine solid bitumens in the Puguang
gas ﬁeld. NSR: nonmarine sandstone reservoir; MCR: marine carbonate reservoir; Fm:
Formation.

Solid bitumens are not found in TSR-altered reservoirs containing
only gas (Worden and Smalley, 1996; King et al., 2014). Two hypotheses
have been proposed for the generation of sulfur-rich solid bitumens in
TSR-altered petroleum reservoirs. Sulfur-rich solid bitumens could be
generated from asphaltenes and polar NSO compounds without the involvement of liquid hydrocarbons, with the incorporation of sulfur via
back reaction with H2S or other reduced sulfur species formed by TSR.
Sulfur-rich solid bitumens could also be generated by the reaction of hydrocarbons with sulfate or H2S (Machel, 2001; Walters et al., 2011).
Criteria for distinguishing between asphaltene-derived sulfur-rich
solid bitumens and hydrocarbon-derived sulfur-rich solid bitumens
are to be established. Asphaltenes and NSO compounds in marine oils
themselves are usually rich in sulfur (Tissot and Welte, 1984), with
δ34S resembling that for kerogens. Therefore, asphaltene-derived
sulfur-rich bitumens should have a relatively high proportion of
kerogen-derived sulfur and thus might display relatively light δ34S.
The heavy δ34S values that are very close to those of the native anhydrite
suggest that the contribution of kerogen sulfur is not signiﬁcant.
Asphaltenes are relatively rich in nitrogen, and their nitrogen concentrations increase with increasing thermal maturity. Laboratory pyrolysis
by Kelemen et al. (2010) showed that at maturity greater than 2.0% Ro
(vitrinite reﬂectance) even the most nitrogen-poor asphaltene had
atomic N/C ratio of 0.018, with the nitrogen-rich asphaltenes having
atomic N/C ratios up to 0.042. Most marine solid bitumen samples in
the Puguang gas ﬁeld have atomic N/C ratios lower than 0.015, with
50% of the samples having atomic N/C ratios lower than 0.01 (Fig. 5).
The nonmarine solid bitumens in the Xujiahe Formation are the products of thermal cracking of nonmarine oils (Hao et al., 2008). Nonmarine

Fig. 4. Thin-section micrographs. (A) Intercrystal pores (P). Note the euhedral and subhedral dolomite rhombs, the high porosity and that actually no post-charge carbonate dissolution or
precipitation could be observed, 5066.0 m, T1f1, Well PG-2. (B) Intraparticle pores (WP). Note the high porosity but less developed interparticle pores and that no late-stage dissolution or cementation can be observed in the pores, 5166.0 m, T1f1, Well PG-2. (C) Intraparticle (WP) and interparticle (IP) pores. Note that interparticle pores, small or large, are coated by solid bitumens
(B) whereas the intraparticle pores contain minor or no solid bitumens. Also note that some solid bitumens are in the center of the pores (arrows), which was considered as evidence for postbitumen dissolution by some researchers, 4980.1 m, T1f1, Well PG-2. (D) Vuggy pores (P). Note that no post-charge dissolution or cementation could be observed, 4973.1 m, T1f2, Well PG-2.
(E) Differential cementation by calcite (C) in the pores (P) of the same type (intraparticle pores). Note a well-developed and preserved dolomite rhomb occurring in the center of a pore
(arrow), which, of course, does not mean that dissolution responsible for the formation of this intraparticle pore occurred after the formation of the dolomite rhomb, 4934.3 m, T1f2, Well
PG-2. (F) Corroded dolomite surface (arrow) coated by solid bitumens (B) and calcite precipitation (C) in solid bitumen coated pores, 4935.5 m, T1f2, Well PG-2. (G) Calcite (C), dolomite
(D) and quartz (Q) precipitated in the same vug, 4775.9 m, T1f3, Well PG-2. (H) Association of anhydrite, pyrite and calcite in the Feixianguan Formation in the Dukouhe gas ﬁeld where the
Feixianguan Formation seems to have higher anhydrite concentration (provided by Professor G. Y. Zhu). T1f1, T1f2 and T1f3 refer to the ﬁrst, second and third members of the Lower Triassic
Feixianguan Formation, respectively.
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Table 1
Chemical and isotopic composition for natural gases from the Puguang gas ﬁeld.
Well

Depth (m)

Interval

PG-101
PG-2
PG-2
PG-2
PG-2
PG-2
PG-2
PG-3
PG-3
PG-3
PG-3
PG-3
PG-3
PG-5
PG-5
PG-6
PG-6
PG-6
PG-7
PG-7
PG-7
PG-8
PG-9
PG-9
PG-2
PG-2
PG-5
PG-6
PG-1
PG-1
PG-2
PG-2
PG-3
PG-4

5775.7
4776.8
4801.4
4911.0
4959.6
5027.0
5064.8
5349.3
5443.0
5448.3
5322.6
5433.3
5458.8
4830.0
4849.0
4850.7
5030.0
4871.8
5421.4
5484.7
5571.7
5502.0
5739.0
5915.8
5259.3
5314.6
5493.0
5340.0
2868.5
3629.0
2964.9
3428.6
3719.0
3716.5

T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
P2ch
P2ch
P2ch
P2ch
T3x
T3x
T3x
T3x
T3x
T3x

Concentration (wt.%)

C1/ΣCn (%)

C1

C2+

H2S

CO2

N2

81.61
76.14
76.69
76.02
74.46
80.02
75.63
71.16
36.01
22.06
88.52
33.20
24.20
75.24
90.45
89.88
73.90
89.88
78.83
76.66
77.66
81.75
80.62
80.17
75.07
74.20
89.02
75.92
93.43
98.32
96.64
97.03
99.04
99.09

0.05
0.17
0.19
0.02
0.22
0.06
0.11
0.02
0.00
0.05
0.04
0.00
0.03
0.03
0.07
0.08
0.03
0.08
0.03
0.42
0.39
0.02
0.06
0.02
0.24
0.02
0.12
0.07
4.06
0.75
1.16
0.57
0.72
0.64

9.28
15.52
14.80
15.58
16.89
14.71
15.82
9.27
45.55
62.17
nd
49.66
58.34
11.26
5.10
6.62
14.58
6.62
7.56
13.85
12.79
6.15
9.95
10.19
15.66
16.00
nd
14.71
0
0
0
0
0
0

8.22
7.71
7.89
7.81
7.89
2.55
7.96
18.03
16.65
15.32
10.46
15.45
17.03
12.66
7.86
8.62
10.69
8.62
9.83
8.45
8.52
9.19
8.17
9.18
8.60
9.23
nd
8.81
0.13
0.15
0.05
0.30
nd
nd

0.82
0.44
0.40
0.44
0.51
0.46
0.44
1.52
1.79
0.29
0.62
0.57
0.23
0.74
1.51
1.36
0.78
1.36
0.30
0.57
0.60
2.80
1.15
0.38
0.43
0.55
0.79
0.49
1.97
0.78
1.63
2.03
0.21
0.22

99.94
99.78
99.75
99.97
99.71
99.93
99.85
99.97
100.00
99.77
99.95
100.00
99.88
99.96
99.92
99.91
99.96
99.91
99.96
99.45
99.50
99.98
99.93
99.98
99.68
99.97
99.87
99.91
95.84
99.12
98.81
99.42
99.28
99.36

δ13C(PDB)
C1

C2

CO2

−27.80
nd
−30.93
−30.89
−30.49
nd
−30.96
nd
−29.90
nd
−29.71
−29.90
−30.22
nd
−33.66
nd
−29.49
−33.14
−30.70
−31.10
−30.80
−32.43
−31.10
−31.60
−30.05
−30.61
−30.96
nd
−37.44
nd
nd
−30.81
nd
nd

−30.30
nd
−28.51
−28.49
−29.07
nd
−28.81
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
−30.10
−30.10
−30.80
nd
−30.50
nd
−26.67
−25.19
nd
nd
−26.96
nd
nd
−25.95
nd
nd

−3.70
nd
1.89
nd
nd
nd
nd
nd
nd
nd
−0.18
nd
−4.46
nd
2.41
nd
1.84
1.96
−1.70
−1.10
−2.00
1.58
−1.90
0.42
nd
nd
1.09
nd
nd
nd
nd
nd
nd
nd

Note: T1f: Lower Triassic Feixianguan Formation (FM); P2ch: Upper Permian Changxing FM; T3x: Upper Triassic Xujiahe FM; nd: no data.

oils are expected to have lower nitrogen concentrations than marine
oils (Tissot and Welte, 1984), and the nonmarine solid bitumens in
the Xujiahe Formation have much lower thermal maturity (bitumen
reﬂectance of 1.70–1.72%) than the marine solid bitumens in the
Feixianguan Formation (bitumen reﬂectance of 2.02–3.54%). Yet all
but one marine solid bitumen samples have atomic N/C ratios lower
than the nonmarine solid bitumens (Fig. 5). The low atomic N/C ratios
and heavy δ34S values of the marine solid bitumens suggest that, in
the Puguang gas ﬁeld, liquid hydrocarbons must have been intensively
involved in TSR, and incorporation of anhydrite-sulfur by reaction
with hydrocarbons should be much more signiﬁcant than incorporation
by reaction with asphaltene and/or NSO-compounds.
TSR involves a complex series of redox reactions, and how liquid
hydrocarbons are involved in TSR is not yet clearly understood. TSRaltered oils are known to become enriched in thiophenic hydrocarbons,
benzothiophenes, and dibenzothiophenes (Orr, 1977; Goldstein and
Aizenshtat, 1994; Manzano et al., 1997). Ho et al. (1974) reported that
organosulfur compounds (mostly mercaptans) formed during TSR.
Manzano et al. (1997) observed that the saturate/aromatic hydrocarbon
ratio decreased, while δ13C of the saturate fraction and the relative
abundance of organosulfur compounds increased with increasing TSR
in oils and condensates from the Upper Devonian Nisku Formation
in west-central Alberta, Canada. Walters et al. (2011) found that
TSR-altered oils and condensates contain highly condensed polynuclear
aromatic and naphthenoaromatic species with 0–3 S atoms, which are
not present in petroleum ﬂuids of equivalent maturity that have not experienced TSR. The work of Walters et al. (2011) clearly demonstrated
that asphaltenes are not required in the unaltered parent ﬂuid to form

TSR-solid bitumens in the reservoirs. Laboratory simulations of the
TSR process by T. Zhang et al. (2008b), where a mixture of n-alkanes
was reacted with MgSO4, showed that the solid organic residue becomes increasingly enriched in aromatic carbon and sulfur with increasing temperature. These experiments indicate that aromatic and sulfuraromatic hydrocarbons can be formed from n-alkanes, possibly via
thiol formation followed by cyclization and aromatization (Walters
et al., 2011). These observations suggest that liquid hydrocarbons
react with sulfate to form high molecular-weight sulfur-containing
polymers and solid bitumens (soluble in organic solvents) (Machel,
1987, 2001; Leventhal, 1990; Cheilletz and Giuliani, 1996; Giuliani
et al., 2000), both of which eventually become parts of the sulfur-rich
pyrobitumens (insoluble in organic solvents). The overall process can
be expressed as the following simpliﬁed reaction:
−2

Liquid hydrocarbons þ SO4
þ bitumen þ H2 S þ CO2

→ organosulfur compounds

ðR1Þ

As TSR proceeds, more and more anhydrite-sulfur are incorporated
into the solid bitumens, leading to the δ34S values of the solid bitumens
approaching those for the anhydrite (Fig. 6). Asphaltenes and NSO compounds that existed in the oil column before TSR took place, with or
without reaction with sulfate, would also eventually become parts of
the solid bitumens. Therefore, the nitrogen-poor, sulfur-rich solid bitumens with δ34S values similar to the native sulfate should be considered
the combined products of oil-cracking and TSR and provide compelling
evidence for oil-involved TSR (King et al., 2014).
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5.1.2. The role of methane in TSR
Methane is the most stable of all possible reactive organic compounds (Machel, 1998, 2001). Several studies show that methane
could not be signiﬁcantly involved in TSR with the existence of C2+ hydrocarbons, and methane-dominated TSR could occur only after most
C2+ hydrocarbons have been exhausted (e.g., Machel, 2001; Hao et al.,
2008). This is clearly demonstrated by the case in the Mobile Bay gas
ﬁeld (Mankiewicz et al., 2009). The present-day depth of the Norphlet
Formation in the Mobile Bay gas ﬁeld is within 400 m for all wells,
and the maturation differences among different gas samples are therefore minor (Mankiewicz et al., 2009). Methane δ13C remains constant
while gas dryness [C1 / (C1–C5)] increases and δ13C values of i-butane,
n-butane, propane and ethane become heavier as GSI increases
(Fig. 7), indicating that, with the existence of C2+ hydrocarbons, methane has not yet been signiﬁcantly involved in TSR although the reservoir
temperatures are greater than 200 °C (Mankiewicz et al., 2009).
To effectively examine whether and to what extent the hydrocarbon
gases were involved in TSR by the plot of hydrocarbon gas δ13C vs. H2S
concentration or gas souring index [GSI = H2S / (H2S + ΣCn)], it is
essential to ensure that all gas samples have the same origin and the
same thermal maturity because δ13C of hydrocarbon gases is signiﬁcantly affected or even controlled by gas origin and thermal maturity
(e.g., Stahl, 1977; James, 1983; Schoell, 1983; Prinzhofer and Huc,
1995; Lorant et al., 1998; Prinzhofer et al., 2000; Galimov, 2006; Dai
et al., 2008, 2012). This is extremely important in the northeast Sichuan
Basin because: (1) Gases in different carbonate intervals (the Upper
Permian Changxing Formation, the Lower Triassic Feixianguan and
Jialingjiang formations) may have been derived from oils generated
from different source rocks (e.g., Huang et al., 1997; Zhu et al., 2005);
(2) Different gas ﬁelds may have different thermal histories and maturities. Gases from the Feixianguan Formation in the Tieshanpo and
Luojiazhai ﬁelds have the same origin (derived from in-situ cracking
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of oils generated from Upper Permian source rocks; Li et al., 2005) and
quite similar thermal maturity (the Feixianguan Formation reservoirs
were buried to 7000 m, with maximum temperatures about 210 °C
and thermal maturities up to 2.6% Ro; Li et al., 2005, their Fig. 10) as
gases in the Puguang ﬁeld (Hao et al., 2008, cf. Fig. 2), and were used
for comparison. Ethane δ13C shows close correlation with GSI (correlation coefﬁcient R2 = 0.85) and increases rapidly as GSI increases
(Fig. 8A), suggesting that ethane had been intensively involved in TSR.
Methane δ13C shows looser correlation with GSI (correlation coefﬁcient
R2 = 0.41) and increases with GSI at a much lower rate (Fig. 8B). The
perceptible increase of methane δ13C with GSI indicates that methane
had been involved in TSR and a methane-dominated TSR stage should
have occurred (Cai et al., 2004; Hao et al., 2008; Liu et al., 2013). The
scatter of data points might suggest the heterogeneous nature of
methane-dominated TSR. Natural gases with low H2S concentrations
display reversed isotopic ratios between methane and ethane (methane
δ13C N ethane δ13C), which seems to be a common feature for gases
derived from in-situ cracking of oil especially in closed systems
(e.g., Rodriguez and Philp, 2010; Tilley et al., 2011; Hao and Zou,
2013). Due to the differences in the rates of 13C-enrichment between
methane and ethane, δ13Cmethane − δ13Cethane decreases as GSI increases, resulting in the conversion from reversed gases to nonreversed
(normal) gases (Fig. 8C; for details see Hao et al., 2008; Liu et al., 2013).
Evidently, methane and ethane are the only reducing agents for TSR
in the Puguang gas ﬁeld that had not been completely cracked or consumed, and all other possible reducing agents, including C3–5 gases,
C6–14 hydrocarbons, and C15+ hydrocarbons, could not have survived
from thermal cracking and/or oxidation during TSR. It is, of course, unreasonable to conclude that the existing reducing agents (methane or
ethane) had played a dominant or even a signiﬁcant role in the overall
processes of sulfate reduction without examining the role of those possible reducing agents that had been cracked or consumed. To examine

Fig. 7. Variations of gas dryness and carbon isotopic compositions of C1–C4 gas hydrocarbons as a function of gas souring index (GSI) for gases from the Mobile Bay gas ﬁeld, Gulf of Mexico.
Data from Mankiewicz et al. (2009).
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Fig. 9. Distribution of homogenization temperatures for ﬂuid inclusions in TSR calcites in
the Lower Triassic Feixianguan Formation, northeast Sichuan Basin. Note that 41% of the
ﬂuid inclusions in the TSR calcites have homogenization temperatures lower than
160 °C, suggesting that a considerable portion of the TSR calcites were precipitated before
signiﬁcant oil cracking took place.
From Cai et al. (2014).

Fig. 8. Variations of ethane δ13C (A), methane δ13C (B) and δ13Cmethane − δ13Cethane (C) as a
function of gas souring index (GSI) for natural gases conﬁrmed to have the same origins
and quite similar thermal maturities in the northeast Sichuan Basin. Data for the TSP
(Tieshanpo) and LJZ (Luojiazhai) gas ﬁelds are from Li et al. (2005).

the role of the disappeared reducing agents, we need to know when TSR
took place and what kinds of hydrocarbons (possible reducing agents)
existed in the reservoirs at different stages of TSR.
Oxidation of hydrocarbons during TSR is usually accompanied by
calcite precipitation (generally termed TSR calcite; e.g., Machel, 2001).
The homogenization temperatures of ﬂuid inclusions in the TSR calcites
roughly correspond to the temperatures at which the TSR calcite precipitated, and thus the temperatures at which hydrocarbon oxidation took
place. Cai et al. (2014) reported ﬂuid inclusion homogenization temperatures (TH) of 133–216 °C for TSR calcite in the Lower Triassic carbonate

reservoirs in the northeast Sichuan Basin (Fig. 9). Our measurements on
more than 200 ﬂuid inclusions in calcite cements in the Puguang gas
ﬁeld yield TH between 105 and 220 °C (Fig. 10A). The following observations suggest that the TH measurements are valid and effectively reﬂect
the temperatures at which the calcite precipitated. (1) There is no
correlation between homogenization temperatures and inclusion
sizes, suggesting that the effect of ﬂuid inclusion resetting, as observed
in carbonate cements by Goldstein (1986) and Prezbindowski and
Larese (1987), is negligible (e.g., Worden et al., 1995). (2) The TH
range is consistent with the thermal histories of the reservoirs (Fig. 2)
and is in good agreement with TH measurements reported by Wang
et al. (2002, 2008) for calcite cements in the Feixianguan Formation
reservoirs in the northeast Sichuan Basin. Calcites containing ﬂuid inclusions with TH b 130 °C were usually found in pores or vugs with no solid
bitumen coatings, whereas calcites containing ﬂuid inclusions with
TH N 130 °C occur mainly in pores or vugs coated by solid bitumens in
the intervals with relative high concentrations of pyrite (above
4940 m, Fig. 3) and have light δ13C values (−7.9 to −20.86‰, see the
following section). Therefore, these calcites were genetically closely
associated with TSR and can be termed “TSR calcites”. The TH range for
TSR calcites in this study is in reasonable agreement with that reported
by Cai et al. (2014) and suggests that TSR began to take place at about
130 °C and at a thermal maturity of about 1.0% Ro (Figs. 2, 9, 10). Most
TSR calcites in the Feixianguan Formation reservoirs in the Puguang
gas ﬁeld have TH between 130 and 190 °C. According to the thermal
history of the reservoirs (Fig. 2), the dominant TH values between 130
and 190 °C suggest that most TSR calcite precipitated in the Jurassic.
There has been a consensus among petroleum geochemists that
hydrocarbon gases in the Upper Permian and Lower Triassic carbonate
reservoirs in the northeast Sichuan Basin were mainly derived from
in-situ thermal cracking of accumulated oils, as is evident from the
vertically successively distributed solid bitumens (e.g., Li et al., 2005;
Hao et al., 2008; Y.C. Zhang et al., 2008; Tian et al., 2008; Zou et al.,
2008; Du et al., 2009). The thermal stability of reservoired oil is still controversial (e.g., Price, 1993; Pepper and Dodd, 1995; McNeil and
BeMent, 1996; Dominé et al., 1998, 2002). However, geologic case studies, laboratory experiments, and kinetic modeling all indicate that:
(1) Signiﬁcant oil cracking could not occur at temperatures lower than
150–160 °C (McNeil and BeMent, 1996; Dominé et al., 2002);
(2) Light oils or condensates in commercial quantities exist at temperatures greater than 180–200 °C and at thermal maturities up to 2.0% Ro,
both in un-soured reservoirs (e.g., the Franklin and Elgin ﬁelds in the
North Sea: Lasocki et al., 1999; Vandenbroucke et al., 1999; the
Sweethome Field in Texas, USA: McNeil and Bement, 1996) and in
soured reservoirs (e.g., the Mobile Bay gas ﬁeld: Mankiewicz et al.,
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Fig. 10. Distributions of homogenization temperatures (A) and salinities (C) for ﬂuid inclusions in calcite cements and re-crystallized dolomites in the Feixianguan Formation reservoirs in
the Puguang gas ﬁeld. Panel B schematically shows the possible hydrocarbon compositions at different temperature/maturity inferred from thermal history (Fig. 2) and the results of
oil-cracking studies in the literature (see text for details).

2009); (3) The amount of methane directly generated from cracking of
C15+ hydrocarbons is small, and as temperature/thermal maturity increases, the dominant hydrocarbons change sequentially from C15+ hydrocarbons through C6–14 and C2–5 hydrocarbons to methane (Hill et al.,
2003). Before the dry gas stage is reached, the concentrations of C2–5
gases and C6+ hydrocarbons are higher than those of methane
(Dominé et al., 2002, p. 1497, their Fig. 9; Hill et al., 2003, p. 1655, their
Fig. 3). In the Puguang gas ﬁeld, oil and wet gas cracking might have
been enhanced, to some degrees, by TSR (e.g., Seewald, 2001, 2003;
Pan et al., 2006; Xia et al., 2014). Based on the thermal history (Fig. 2)
and the results of naturally-based and theoretically-based studies as
well as laboratory experiments, the possible changes in hydrocarbon
compositions with increasing temperature/thermal maturity can be inferred and are schematically shown in Fig. 10B.
For the Feixianguan Formation reservoirs, a temperature of 150 °C
corresponded to a thermal maturity slightly lower than 1.3% Ro, that
is, within the oil window in terms of oil generation and cracking
(Fig. 2; Tissot and Welte, 1984). At such a maturity level, hydrocarbon
gases could exist in the paleo-oil reservoirs but must have been in low
abundance and were probably dissolved in oils. This means that no
separate gas phase existed and the only reactants available for TSR,

thus responsible for the precipitation of TSR calcites with TH b 150 °C
(Figs. 9, 10), had to be liquid hydrocarbons. This is consistent with the
fact that nitrogen-poor, sulfur-rich solid bitumens with δ34S close to
the native anhydrite were widespread in the reservoirs (Figs. 3, 5, 6).
Liquid hydrocarbons may have played a special role in consuming sulfate because a considerable portion of sulfur could be “ﬁxed” into solid
bitumens during liquid hydrocarbon oxidation. In contrast, oxidation
of hydrocarbon gases seemed to generate no solid bitumens (King
et al., 2014), and H2S, element sulfur or other low valance sulfur species
generated during hydrocarbon gas oxidation were still reactive oxidants
in the reservoirs (e.g., Heydari, 1997; Walters et al., 2011). Thus, liquid
hydrocarbon oxidation is an effective process for “sulfur ﬁxation” and
oxidant consumption. King et al. (2014) found that a charge of oil into
the Mississippian Madison Limestone consumed all native sulfates and
generated sulfur-rich solid bitumens with isotopic values close to the
native anhydrite. The widespread sulfur-rich, 34S-enriched solid bitumens (Figs. 3, 5, 6) suggest that a large amount of anhydrite-sulfur
must have been “ﬁxed” by liquid hydrocarbon oxidation.
For the Feixianguan Formation reservoirs, a temperature range between 150 °C and 190 °C roughly corresponds to the condensate and
wet gas window (1.3 to 2.0% Ro, Fig. 2). Within this window, with the
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existence of C2+ hydrocarbons in quantity even higher than methane, it
is unreasonable to expect that methane, the most stable hydrocarbon,
could be signiﬁcantly involved in TSR (cf. Fig. 7). The C2–5 hydrocarbon
gases and C6 + hydrocarbons are highly reactive (Machel, 2001), and
they should be the dominant reactants responsible for the precipitation
of TSR calcites with TH between 150 and 190 °C and for the increases in
H2S concentrations, which seems to be supported by the fact the ethane
δ13C increases much faster than methane δ13C as GSI increases (Fig. 8).
Our study and the one of Cai et al. (2014) both suggest that TSR calcites with TH N 190 °C are much less common (Figs. 9, 10). In addition,
no TSR calcite was observed in gas reservoirs below the paleo-oil/
water contact (Figs. 3, 4B), although these reservoirs had higher
temperatures and were closer to the gas/water contact than those
above the paleo-oil/water contact, which might suggest that no signiﬁcant TSR occurred in these gas reservoirs. More importantly, as GSI
increases from near zero to 18.5% (and even to 73.77%), the increase
in methane δ13C is quite small (about 3.0‰, Fig. 8B). Considering that
in a gas reservoir derived from in-situ cracking of accumulated oils,
methane could become the dominant hydrocarbon only at very high
maturity and that the concentrations of C2+ hydrocarbons were higher
than those of methane before the dry gas stage was reached (Dominé
et al., 2002; Hill et al., 2003), such a small increase in methane δ13C
could not account for the increase in H2S concentrations in the reservoirs. In addition, methane-dominated TSR has nothing to do with the
generation of the widespread sulfur-rich solid bitumens (King et al.,
2014). All these arguments suggest that methane-dominated TSR in
the Puguang ﬁeld, as inferred from the increase of methane δ13C with
GSI, was probably a rather late event that occurred in limited stratigraphic intervals with limited extents, and probably had not played a
signiﬁcant role. In other words, TSR in the carbonate reservoirs in the
Puguang gas ﬁeld occurred probably mainly within the oil and condensate/wet gas windows, with liquid hydrocarbons and C2+ gases being
the dominant reactants responsible for the reduction of sulfate, the
generation of sulfur-rich solid bitumens, H2S and CO2, as well as for
the precipitation of post-oil-charge calcite cements.
In petroleum reservoirs with sufﬁcient hydrocarbons as reducing
agents, the extents of TSR are controlled by the availability of sulfate
and temperature. All marine carbonate reservoirs in the northeast
Sichuan Basin were deeply buried and experienced temperatures high
enough to reach advanced TSR degrees (Hao et al., 2008). However,
H2S concentrations in different gas ﬁelds and even within single gas
ﬁelds (e.g., the Puguang gas ﬁeld) display considerable variations
(Table 1, Figs. 8, 11), suggesting that TSR in the northeast Sichuan
Basin had been limited by sulfate concentrations in the reservoirs. The
control of sulfate concentration on TSR extents seems evident from
the fact that TSR-induced calcite and pyrite precipitations in Well
PG-2 are conﬁned mainly to the reservoir intervals expected to have
relatively high sulfate concentrations (the T1f3 evaporitic facies and
the T1f2 dolomites immediately underlying the evaporitic facies; Fig. 3
and following section) and that anhydrite is hard to ﬁnd in the
present-day reservoirs in the Puguang gas ﬁeld. The extents of
methane-dominated TSR in the Puguang gas ﬁeld have been limited
by the sulfate concentration after most C2+ hydrocarbons were cracked
or oxidized, which can be further inferred from the huge difference in
TSR extents between the Black Creek Field in Mississippi and the
Puguang gas ﬁeld. The Smackover Formation at the Black Creek Field
in Mississippi, with calculated Ro slightly higher than 2.0%, was buried
to a depth of about 6000 m and stayed at temperatures higher than
150 °C (maximum temperature of about 200 °C) for less than 60 Ma
(Heydari, 1997). TSR in this formation has resulted in nearly complete
destruction of hydrocarbons (the reservoir presently contains 78%
H2S, 20% CO2, and 2% CH4, GSI = 97.5%, Heydari, 1997). In contrast,
the Feixianguan Formation in the Puguang gas ﬁeld experienced maximum burial up to 7000 m, maximum temperatures up to 220 °C, and
stayed at temperatures greater than 150 °C for more than 90 Ma
(Fig. 2). Yet the H2S concentrations are lower than 20% (GSI b 20%,

Fig. 11. Variations of CO2 concentrations (A) and CO2 δ13C (B) as a function of gas souring
index for gases from the carbonate reservoirs in the northeast Sichuan Basin. Range for
MCR: δ13C range for marine carbonate rocks (Emery and Robinson, 1993).

Table 1, Fig. 8) and hydrocarbon gas concentrations are greater than
70% in most samples in the Puguang ﬁeld. It seems that after most
C2+ hydrocarbons were cracked or oxidized, limited sulfate concentrations remained in the Puguang ﬁeld reservoirs, allowing only limited
extents of methane-dominated TSR.
It appears that for methane-dominated TSR to occur and reach a
signiﬁcant extent in a gas ﬁeld that originated from in-situ thermal
cracking of crude oil, three conditions must be met. (1) The reservoirs
had to experience temperatures high enough, and had sulfate concentrations high enough to allow most C2 + hydrocarbons to be cracked
or oxidized. (2) Sufﬁcient sulfate must still have existed after most
C2+ hydrocarbons were cracked or consumed. (3) The reservoirs had
to stay at high temperatures for a long time after most C2+ hydrocarbons were cracked or oxidized to allow methane-dominated TSR to
reach a signiﬁcant extent. These critical conditions for methanedominated TSR may be the reason why methane-dominated TSR is rarely observed in the world. It can be inferred that methane-dominated
TSR is more likely to occur in “pure” gas ﬁelds (gas reservoirs that had
never been ﬁlled with oil or condensate), and methane-dominated
TSR might occur at lower temperatures in pure gas reservoirs than in
gas reservoirs that evolved from paleo-oil accumulations. This is supported by the fact that methane has not been perceptibly involved in
TSR at temperatures higher than 200 °C in the Mobile Bay gas ﬁeld
that originated from a paleo-oil accumulation (Fig. 7; Mankiewicz
et al., 2009), whereas methane-dominated TSR took place at about
160 °C in the Permian Khuff Formation of Abu Dhabi, probably after
preferential oxidation and rapid exhaustion of wet gases at the very
initial TSR stage between 140 and 160 °C (data of Worden et al., 1995).
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5.2. The fate of TSR-derived CO2: carbonate precipitation or dissolution?
Compilation of pH data by Heydari (1997) showed that carbonate
reservoirs at temperatures higher than 100 °C contain acid water (pH
between 4.2 and 6.7). Some scientists proposed that acid pore water
might cause carbonate dissolution, producing secondary porosity
(e.g., Surdam et al., 1984; Gluyas and Coleman, 1992), and several
case studies implied that charge of CO2-rich ﬂuids into carbonate
reservoirs may result in carbonate dissolution and secondary porosity
creation (e.g., Heward et al., 2000; Beavington-Penney et al., 2008).
The Permian and Triassic marine carbonate reservoirs in the northeast
Sichuan Basin have varying CO2 and H2S concentrations (Fig. 11A),
and there seems to be a trend of increasing average reservoir porosity
with increasing H2S concentrations in the reservoirs. Chen et al.
(2007) and Wang et al. (2007) proposed that the H2S- and CO2-rich
acid water in these reservoirs caused carbonate dissolution, and believed that TSR-induced carbonate dissolution signiﬁcantly increased
reservoir porosity and was responsible for the high porosity of the
H2S-rich reservoirs. Evidence proposed for late-stage, TSR-induced
dissolution includes solution pores with no solid bitumen coating, occurrence of solid bitumens in the center of pores, and corroded surfaces
of dolomites (e.g., Chen et al., 2007; Wang et al., 2007; Cai et al., 2014).
As will be shown later, almost all solution pores in the Feixianguan Formation were formed in near-surface environments under the inﬂuence
of meteoric water, and the lack of solid bitumen coating in some pores
resulted from poor connectivity. The occurrences of solid bitumens
(Fig. 4C, arrows) and well-preserved dolomite rhombs with no signs
of dissolution (Fig. 4E, arrow) in the centers of pores are commonly
seen in thin-section. However, since solid bitumens cannot ﬂoat in the
pores, this observation is just a reﬂection of pores partly ﬁlled with
solid bitumens of varying thicknesses, and the thin-section happened
to cut across the “peak” (Fig. 4C, arrow 1) or “peaks” (Fig. 4C, arrow
2) of the solid bitumens. This phenomenon, therefore, has nothing to
do with late-stage dissolution. Our observations on 137 thin sections indicate that the occasionally observed corroded surfaces of dolomites
were usually coated by solid bitumens (Fig. 4F, arrows), suggesting
that dolomite dissolution occurred before or during oil charge. While
we believe that minor carbonate dissolution during TSR is possible,
TSR-induced carbonate dissolution is volumetrically insigniﬁcant. In
contrast, calcite precipitation is much more common in intervals
expected to have high abundance of native sulfate and seems to be
the dominant diagenetic process during TSR.
As shown in Fig. 4E–G, calcites grew from solid bitumen-coated
grain surfaces and ﬁlled part or all of the pore spaces. These calcites
are usually termed post-bitumen calcites (e.g., Heydari, 1997). In the
Puguang gas ﬁeld, the pore-ﬁlling calcite displays wide variations in
ﬂuid inclusion salinities (Fig. 10C). As discussed earlier, TSR could not
have occurred at temperatures lower than 130 °C. The low salinities
for the ﬂuid inclusions with homogenization temperatures (TH) lower
than 130 °C might have resulted from charge of ﬂuid derived from
shale-dominated, overpressured source rocks containing low-salinity
formation water (Hanor, 1994a, 1994b; Hao, 2005). The low salinities
for inclusions with TH higher than 130 °C might reﬂect the effect of
fresh water generation during TSR. Worden et al. (1996) found that
the salinity (3–17 wt.% eq. NaCl) of ﬂuid inclusions in the TSR calcites
of the Khuff Formation, Abu Dhabi, was signiﬁcantly lower than the expected initial formation water salinity and attributed the reduced salinity to fresh-water generation during TSR. Yang et al. (2001) found that
ﬂuid inclusions in late-stage calcites in the Devonian and Mississippian
reservoirs in the Burnt Timber and Crossﬁeld East gas ﬁelds in Alberta,
Canada, had a salinity (3.9 to 9.9 wt.% NaC1 equivalent) lower than formation water in the area (20–25 wt.% NaCI equivalent), and suggested
that less saline (fresh?) water was produced within the reservoirs during TSR. It is well known that mixing of ﬂuids with different carbonate
saturations is an important mechanism for carbonate dissolution and
secondary porosity creation (e.g., Palmer, 1991; Morse et al., 1997;

167

Baceta et al., 2001; Rezaei et al., 2005; Romanov and Dreybrodt,
2006). TSR-generated water is expected to have zero carbonate saturation, and it is reasonable to expect that addition of signiﬁcant amounts
of TSR-generated water to the formation brines would result in carbonate dissolution. The occurrence of calcite cements containing lowsalinity ﬂuid inclusions indicates that the addition of TSR-generated
water (mixing of TSR-generated fresh water with formation brines)
was followed by calcite precipitation (so that low-salinity water could
be trapped as ﬂuid inclusion) rather than carbonate dissolution, and implies that the amount of TSR-derived fresh water was volumetrically insigniﬁcant. This is supported by the wide variations in ﬂuid inclusion
salinity at similar TH (Fig. 10C), which strongly suggests that TSR is a
local process and the water released during TSR (and trapped in the
ﬂuid inclusions of the calcites) represents local anomalies that were
conﬁned to relatively small TSR reaction sites (Machel, 1998, 2001).
This means that the bulk solution salinity was not signiﬁcantly affected.
It is noteworthy that a large portion of the ﬂuid inclusions in the calcites
has salinities lower than 10 wt.% eq. NaCl, whereas most ﬂuid inclusions
in recrystallized dolomites have salinities greater than 15 wt.% eq. NaCl
(Fig. 10C). This suggests that dolomite re-crystallization was less
intensively affected by water release during TSR and conﬁrms that
the bulk formation water salinity was not signiﬁcantly affected by
TSR-generated water.
The isotopic compositions of CO2 and calcite cements provide indirect but very important clues to the fate of TSR-derived CO2. The loose
yet broadly positive correlation between CO2 and H2S concentrations
(Fig. 11A) suggests that CO2 generation was associated with TSR. Theoretically, CO2 generated from hydrocarbon oxidation during TSR should
have δ13C values slightly lighter than the δ13C values for the residual of
the reactants (Mankiewicz et al., 2009). Laboratory experiments conducted by Pan et al. (2006) demonstrated that CO2 with δ13C values of
−37.1 to −34.9‰ was generated during TSR. Gases from the Puguang
ﬁeld display CO2 δ13C between −4.46 and +2.41‰ and show no correlation between CO2 δ13C and GSI (Table 1, Fig. 11B). In the database for
the northeast Sichuan Basin, only three samples have CO2 δ13C lighter
than −10‰. Surprisingly, no obvious difference in CO2 δ13C can be observed between samples with H2S concentrations lower than 5% (open
circles in Fig. 11B) and samples with H2S concentrations higher than 5%
(solid dots). With a few exceptions, δ13C for most CO2 samples remains
constant within a relatively narrow range of −6‰ to +2.5‰ as GSI increases from less than 0.5 to 73.77% (Fig. 11B), and most of the CO2
should be considered as inorganic in origin according to the classiﬁcation of Dai et al. (1996) and Wycherley et al. (1999). In contrast to the
heavy, relatively constant δ13C for CO2 (Fig. 11B), calcite cements in
the soured gas reservoirs in the northeast Sichuan Basin display δ13C
values from + 1.39 to − 20.86‰, with more than 61% of the samples
having δ13C values lighter than −10‰ (Fig. 12).
A survey of published literature suggests that most CO2 samples
from TSR-altered gas reservoirs have δ13C values within the range for
marine carbonates (− 7.3 to + 7.0‰, mostly between − 5.0 and
+5.0‰; Emery and Robinson, 1993), whereas all TSR-altered gas reservoirs contain 13C-depleted carbonate cements (Fig. 12). For example,
calcite cements from the Upper Devonian Crossﬁeld Member and the
Leduc Formation in the Burnt Timber and Limestone ﬁelds in western
Canada display δ13C values ranging from − 2.5 to − 30‰, with 87.8%
of the samples having δ13C b −10‰ (data from Krouse et al., 1988). Calcite cements from the Upper Devonian Crossﬁeld Member in the Burnt
Timber and Crossﬁeld East gas ﬁelds display δ13C values between −2.5
and −20‰, with 83.3% of the samples having δ13C b −10‰ (Yang et al.,
2001). Carbonate cements from the Smackover Formation at the Black
Creek Field, Mississippi, have δ13C values ranging from − 2.5 to
− 17.5‰, with 62.5% of the samples having δ13C b − 10‰ (Heydari
and Moore, 1989). Calcite cements from the Middle to Upper Devonian
Southesk–Cairn Carbonate Complex (SCCC) in the Alberta Basin in
western Canada display δ13C values ranging from + 2.5 to − 22.5‰,
with 37.3% samples having δ13C b − 10‰ (Machel and Buschkuehle,
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Fig. 12. Distributions of δ13C values for TSR calcite and CO2 from TSR-altered gas reservoirs. BTL Gas Fields: the Upper Devonian Crossﬁeld Member and the Leduc Formation in the Burnt
Timber and Limestone ﬁelds (Krouse et al., 1988); BTC Gas Fields: the Upper Devonian Crossﬁeld Member in the Burnt Timber and Crossﬁeld East gas ﬁelds (Yang et al., 2001); Smackover
FM: the Upper Jurassic Smackover Formation at the Black Creek Field, Mississippi (Heydari and Moore, 1989); SCCC, Alberta: the Middle to Upper Devonian Southesk–Cairn Carbonate
Complex (SCCC) in the Alberta Basin (Machel and Buschkuehle, 2008); Khuff Formation: the Permian–Triassic Khuff Formation of Abu Dhabi (Worden et al., 2000); Mobile Bay Field:
the Jurassic Norphlet sandstone in the Mobile Bay gas ﬁeld, offshore Alabama (Mankiewicz et al., 2009); Experiment: the result of laboratory experiments of Pan et al. (2006); Range
for MCR: δ13C range for marine carbonate rocks (Emery and Robinson, 1993).

2008). Calcite cements from the Permian–Triassic Khuff Formation, Abu
Dhabi, have the lightest δ13C values, with two samples having
δ13C b −30‰ and 39% samples having δ13C b −10‰ (Fig. 12; Worden
et al., 2000).
The light δ13C values of carbonate cements in TSR-altered carbonate
reservoirs indicate an important contribution of organic carbon from
hydrocarbon oxidation. In a TSR setting, calcite can be generated directly through the reaction of sulfate with hydrocarbons (e.g., Machel,
2+
2001) or by the reaction of CO2 (HCO−
(e.g., Heydari,
3 ) with Ca
1997; Giuliani et al., 2000). Theoretically, calcite directly generated
from the reaction of sulfate with hydrocarbons should have δ13C values
slightly lighter than those of the residual hydrocarbons. Although calcites with very light δ13C values are occasionally found in soured gas reservoirs such as in the Permian–Triassic Khuff Formation of Abu Dhabi
(Worden et al., 2000) and in the Upper Devonian Crossﬁeld Member
and the Leduc Formation in the Burnt Timber and Limestone ﬁelds
(Krouse et al., 1988), most TSR-associated calcites display δ13C values
between −20 and −7.5‰ (Fig. 12), signiﬁcantly heavier than predicted
for calcites generated directly from the reaction of hydrocarbons with
sulfate. Such δ13C values can be explained as reﬂecting CO2-involved
calcite precipitation, either due to mixing of organic and inorganic CO2
(Giuliani et al., 2000) or due to re-equilibration of CO2 with the 13Cenriched water–rock system (Mankiewicz et al., 2009).
It appears that different lines of evidence, separately provided by
petrographical observations, ﬂuid inclusion analyses, CO2 and calcite
δ13C measurements, agree with one another. They suggest that in the
Puguang gas ﬁeld, generation of CO2 by hydrocarbon oxidation during
TSR resulted in calcite precipitation rather than carbonate dissolution.
In the TSR setting, the formation waters are necessarily saturated with
carbonate due to the fast kinetics of carbonate dissolution (Taylor
et al., 2010; Ehrenberg et al., 2012), and the solubility of carbonate in

the formation water decreased as TSR went on with increasing burial
depth and temperature. Under such conditions, generation of CO2 by
hydrocarbon oxidation during TSR would result in calcite precipitation
via the following reaction:
2þ

Ca

þ

þ CO2 þ H2 O → CaCO3 þ 2H

ðR2Þ

A carbonate reservoir simultaneously undergoing active oil cracking
and TSR alteration is a complex system and may involve complex reactions or even reaction networks. However, the most important post-oilcharge diagenetic reaction in terms of porosity preservation or loss in
the Puguang gas ﬁeld appears to be calcite precipitation. Calcite precipitation induced by TSR-derived CO2 via reaction (R2) and the related or
subsequent reactions are able to explain all phenomena observed in the
northeast Sichuan Basin.
5.2.1. The distribution of calcite cements
As shown in Fig. 3, carbonate reservoirs above 4940 m in T1f3 and
T1f2 have relatively high concentrations of calcite cements. Reservoirs
below 4940 m or even below the paleo-oil/water contact at 5136 m
have minor or no calcite cements. Such a distribution pattern of
post-oil-charge calcite cements is contradictory to the widely accepted
notion concerning the relationship between oil charge and porosity
preservation in carbonate reservoirs. Numerous case studies showed
that early oil charge prevents or signiﬁcantly retards chemical compaction and cementation, preserving porosity in both sandstones and carbonates (e.g., Scholle, 1977; Schmoker and Halley, 1982; Koepnick,
1985; Neilson et al., 1998; Heasley et al., 2000; Melville et al., 2004;
Ehrenberg and Nadeau, 2005; Cox et al., 2010). Heasley et al. (2000)
identiﬁed a paleo-oil/water contact at 3395 ft within the present-day
oil column in the Humbly Grove Field, UK. Due to early oil emplacement,
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carbonate reservoirs above 3395 ft have obviously lower contents of calcite and dolomite cements and display signiﬁcantly higher porosity and
especially higher permeability. In contrast, carbonate reservoirs below
3395 ft have higher contents of calcite and dolomite cements and display signiﬁcantly lower porosity and permeability due to late oil charge.
Carbonate reservoirs in T1f3 and T1f2 in the Puguang gas ﬁeld were
charged with oil earlier than the underlying reservoirs, and therefore
would be expected to have lower contents of calcite cements. Yet exactly the opposite is observed. The differential cementation in the Puguang
gas ﬁeld seems to have been caused by different TSR intensities
resulting from differences in sulfate concentrations in different intervals. The T1f3 carbonates were deposited in evaporitic environments
(Wang et al., 2005; Ma et al., 2007). Therefore, T1f3 and the underlying
T1f2 reservoirs are expected to have relatively high sulfate concentrations, allowing relatively more intensive TSR and thus more TSR calcites
to be precipitated.
5.2.2. The association between calcite and pyrite precipitation
Calcite and pyrite are enriched in the same intervals and there is a
broad positive correlation between the concentration of calcite cements
and that of pyrite (Fig. 3). Some of the pyrite may be formed at shallow
depth before TSR took place (Machel, 2001). However, the close association between TSR calcite and pyrite suggests that most of the pyrite
was formed during TSR, either via reaction (R3), or via reaction (R4)
in which dissolution of siderite or ferroan calcite is involved (Jiang
et al., 2014).
2þ

Fe

þ

þ 2H2 S → FeS2 ðpyriteÞ þ 4H

FeCO3 þ 2H2 S → FeS2 ðpyriteÞ þ CO2 þ H2 O þ H2
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CO2 via reaction (R4) would consume two moles of H2S. If CO2 generation by reaction (R4) made a major contribution to CO2 presented in the
reservoir, a negative correlation between CO2 and H2S would be expected. Yet exactly the opposite is observed (Fig. 11A). It appears that
inorganic CO2 generation by reaction (R4) was not the main cause of
the heavy CO2 δ13C in the northeast Sichuan Basin.
Cai et al. (2014) believe that reaction of methane with anhydrite and
dolomite (R5), in which dissolution of 1 mol anhydrite and 1 mol
dolomite only generates 1 mol calcite, might well explain why high
porosities and H2S concentrations and 12C-rich calcite occur in the
dolomite reservoirs in the northeast Sichuan Basin. They attributed
the high reservoir porosities and isotopically heavy CO2 to TSRinduced dolomite dissolution, which, however, is not supported by
our observations. The dominated pore types (intercrystal pores,
intraparticle pores, vuggy pores, Fig. 4A–D) are all secondary pores generated before oil charge (see the following section) and signiﬁcant postoil-charge dolomite dissolution is not observed. More importantly,
reaction (R5) implies that intervals with higher sulfate concentrations
and thus more intensive TSR have higher porosity, and higher concentration of calcite cements might be an indicator for higher TSRinduced secondary porosity. Yet exactly the opposite is observed: calcite
cementation in the intervals expected to have high sulfate concentration signiﬁcantly reduced the porosity and permeability (Fig. 3).
þ
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2þ
2þ
−
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The fact that no calcite dissolution is observed in the Puguang gas
ﬁeld and in any other gas ﬁelds in the northeast Sichuan Basin
(Cai et al., 2014) and that pyrite content shows a broad positive correlation with calcite content does not support pyrite generation via
reaction (R4). Reaction (R3) seems more likely. Cai et al. (2014) reported that the FeO content of anhydrite in the Feixianguan Formation
carbonate reservoirs is up to 2510 μg/g. Therefore, the dissolution of
anhydrite, which is necessary to yield SO2−
for TSR, could also provide
4
Fe2+ for pyrite to precipitate via R3.
Some scientists proposed that H2S generated from TSR reacted with
metal ions such as Fe2+ to precipitate pyrite and release H+, and the increased acidity resulted in carbonate dissolution and secondary porosity
creation (e.g., Corbella et al., 2004). If such a process took place, pyrite
should be associated with carbonate dissolution and a negative correlation between calcite and pyrite contents would be expected. Yet exactly
the opposite is observed (Fig. 3). In the intervals of anhydrite concentration, a source of Fe2+ from anhydrite dissolution and simultaneous reactions of CO2 and H2S generated from TSR with Ca2 + and Fe2 + to
induce calcite precipitation via reaction (R2) and pyrite precipitation
via reaction (R3), may well explain the correlation between calcite
and pyrite concentrations (Fig. 3). This is supported by the close spatial
association among anhydrite, pyrite and calcite observed in the
Feixianguan Formation in the Dukouhe gas ﬁeld (Fig. 4H).
5.2.3. The isotopic compositions of CO2 and calcite cements
Generation of inorganic CO2 by both syn-TSR and post-TSR carbonate dissolutions has been proposed to explain the origin of the isotopically heavy CO2 in the carbonate reservoirs in the northeast Sichuan
Basin. Jiang et al. (2014) suggested that pyrite precipitation by
reaction (R4) might generate inorganic CO2. As mentioned earlier, dissolution of siderite or ferroan calcite necessary for pyrite generation
via reaction (R4) is not supported by our study nor by the observation
of Cai et al. (2014). In addition, reservoirs below 4940 m contain
minor or no pyrite and most samples above 4940 m have pyrite contents lower than 0.5% (Fig. 3). Furthermore, generation of one mole

The solubility of carbonate minerals is retrograde with respect to
temperature (Giles and de Boer, 1989, 1990; Davies and Smith, 2006;
Bjørlykke and Jahren, 2012). The temperatures of the Feixianguan Formation reservoirs decreased from about 220 °C at their maximum burial
to about 130 °C at present due to intensive uplift and erosion since the
Early Cretaceous (Fig. 2). Huang et al. (2010) proposed that most 13Cdepleted CO2 generated by hydrocarbon oxidation was precipitated as
calcite cements during TSR, and the isotopically heavy CO2 in the
present-day reservoirs was mostly the product of retrograde carbonate
dissolution during the uplift and erosion phase. During the uplift–
erosion phase, all formerly accumulated oil in the Puguang ﬁeld reservoirs had been completely cracked into gases. The gas reservoirs were
hydrocarbon-wet, and much of the pore surfaces above the paleo-oil/
water contact were coated by solid bitumens (Fig. 4). Although diagenesis in the gas column may not have come to a complete end due to the
existence of irreducible water (e.g., Heasley et al., 2000), the coating of
pore surface by solid bitumens, the very low water/rock ratio and the inability to transport the dissolution products out of the gas column make
signiﬁcant carbonate dissolution in the gas column unlikely. Relatively
more effective retrograde dissolution might occur below the gas/water
contact due to the relatively high water/rock ratio and the ﬂowability
of the formation water, generating inorganic CO2 which could migrate
into the gas column. This means that the contribution of 13C-rich CO2
from post-TSR retrograde dissolution, if any, should be dominantly
from the water-wet carbonates below the gas/water contact rather
than from the gas-zone reservoirs; consequently, retrograde dissolution
could make no signiﬁcant contribution to the porosity of the gas-zone
reservoirs. However, if the isotopically heavy CO2 in the reservoirs was
mostly generated from retrograde carbonate dissolution during the
uplift–erosion phase, CO2 concentration would be expected to have no
correlation with H2S concentration. The broad yet positive correlation
between H2S and CO2 concentrations (Fig. 11A) suggests that
retrograde carbonate dissolution could not be the main source for the
isotopically heavy CO2 in the reservoirs.
Any mechanism(s) proposed to explain the origin of the isotopically
heavy CO2 in the reservoirs must be able to explain all the observed
facts. (1) The secondary solution pores representative of the reservoirs
were formed before oil charge (Fig. 4A–G, see the following section)
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and the high reservoir porosity occurs in intervals with minor or no TSR
calcite and pyrite (Fig. 3). (2) Post-oil-charge calcite cementation with
usually light δ13C is conﬁned to intervals expected to have had high sulfate concentrations, and has signiﬁcantly reduced the reservoir porosity
(Fig. 3). (3) There is an overall positive correlation between H2S and CO2
concentrations (Fig. 11A). (4) CO2 δ13C remains constant, regardless of
H2S concentration or GSI, within a relatively narrow range (− 6 to
+ 2.5‰) comparable to the marine carbonate rocks (Figs. 11B, 12). A
precipitation–re-equilibration model is able to explain all observed phenomena. TSR-derived CO2 is rich in 12C, and is therefore more active
than 13C-rich CO2. The 13C-depleted, TSR-derived CO2 was preferentially
involved in reaction (R2) (Hao et al., 2008), forming the calcite cements
with light δ13C values (Fig. 12). Meanwhile, the remaining CO2 reequilibrated with the 13C-enriched water–rock system and its δ13C
approached the δ13C of the host rocks. The relatively constant CO2 concentrations and heavy isotope ratios in the Jurassic Norphlet reservoirs
in the Mobile Bay gas ﬁeld (Mankiewicz et al., 2009), where TSR is probably occurring at present, suggest that the sequestration of 13C-depleted
CO2 in carbonate minerals and the re-equilibration of the remaining CO2
with the 13C-enriched water–rock system may be geologically quite
rapid. This model may well explain why 13C-depleted CO2 has been rarely
observed in H2S-rich gas reservoirs and why CO2 δ13C remains constant
regardless of H2S concentrations (Figs. 11B, 12). However, the details for
the re-equilibration are unclear and merit further detailed investigation.
5.2.4 The close temporal and spatial association of calcite and quartz cements
Li et al. (2012) showed that quartz in the carbonate reservoirs in the
northeast Sichuan Basin had similar ﬂuid inclusion homogenization
temperatures as the associated calcite cements. Based on Sr contents
of calcite and quartz, Cai et al. (2014) suggested that the quartz was precipitated simultaneously with the TSR calcite. In the Puguang gas ﬁeld it
is observed that quartz and calcite ﬁll the same pore or vug and are in
direct contact (Fig. 4G). Quartz is considered to be kinetically favorable
to precipitate from low-pH solution (Ganor et al., 2005; Wierzbicki
et al., 2006). H+ released from calcite and pyrite precipitations
[reactions (R2) and (R3)] is expected to locally increase the acidity of
the formation water. The increased acidity might then favor the precipitation of authigenic quartz, accounting for the close temporal and spatial association of calcite and quartz. If this explanation is correct, the
close association of calcite and quartz indicates that locally increased
acidity had not resulted in calcite dissolution, but led to geologically
“simultaneous” precipitation of calcite and quartz.
5.3 Cause of the anomalously high porosity in the sour gas reservoirs:
preservation of early-formed porosity or porosity creation by deepburial dissolution?
Porosity lines of P50 and Max shown in Fig. 3 are the median and
maximum porosities calculated from a worldwide compilation of
carbonate porosity from oilﬁeld reservoirs also derived by conventional core analysis (Ehrenberg and Nadeau, 2005). The
5088–5103 m interval has porosity signiﬁcantly higher than the
maximum porosity of the worldwide database. Most samples from
the 5162–5193 m interval have porosity close to the maximum porosity of the worldwide database, with many samples having porosity higher than the maximum values. The 5067–5077 m and
4940–4958 m intervals also have porosity close to the maximum
values. Considering that the measured porosities have been reduced
by the solid bitumens (Fig. 3) and that the carbonate reservoirs experienced maximum burial up to 7000 m before having been uplifted to
the present-day depth (Fig. 2), the porosities for the 4940–4958 m,
5067–5077 m, 5088–5103 m and 5162–5193 m intervals must be
considered anomalously high.
The Puguang gas ﬁeld evolved from a paleo-oil accumulation and experienced oil cracking and TSR alteration. Notionally, the present-day

reservoir porosity (Φ) is determined by the porosity at the time of oil
charge (Φoc), porosity creation due to anhydrite (Φad) and carbonate
(Φcd) dissolution, and porosity loss due to bitumen generation (Φbit),
carbonate (Φcp) and non-carbonate (Φncp) precipitation after oil
accumulation:
Φ ¼ Φoc þ ðΦad þ Φcd Þ – ðΦbit þ Φcp þ Φncp Þ

ð1Þ

Porosity could be generated by anhydrite dissolution to yield SO2−
4
necessary for TSR to take place. Machel (2001) proposed that if TSR reaction is balanced in such a way that the ratios of CaSO4:CaCO3:H2S =
1:1:1 and no sulﬁdes are formed, the net porosity development as a
result of TSR is positive. For every mole of CaSO4 that is converted to
CaCO3 and H2S, there is a loss in rock volume of about 10 cm3. Expressed
as volumes, 1 m3 of CaSO4 results in 0.78 m3 of CaCO3 and 0.22 m3 (22%)
of additional porosity. However, SO2−
in formation water might not be
4
always in-situ: it might be derived from anhydrite dissolution elsewhere and migrate into the reservoirs or reservoir parts of interest
(e.g., King et al., 2014). The concentration of anhydrite appears quite
low (anhydrite is now hard to ﬁnd in the reservoirs), at least in the
ﬁrst member of the Feixianguan Formation (T1f1) in which the anomalously high porosity and permeability occur. In addition, the available
data suggest that porosity generated by anhydrite dissolution was
usually ﬁlled by carbonate precipitation in the northeast Sichuan Basin
(Wang et al., 2002), as is the case in the Madison Limestone at La
Barge, USA (King et al., 2014), and porosity related to anhydrite
dissolution seems to have made no signiﬁcant contribution to the net
porosity of any interval in the northeast Sichuan Basin. Furthermore,
intervals expected to have relatively high sulfate concentration
(e.g., T1f3) in the Puguang gas ﬁeld actually display low porosity and
permeability (Fig. 3). It appears reasonable to assume that porosity generated by anhydrite dissolution (Φad) in the northeast Sichuan Basin is
limited.
As discussed earlier, partly dissolved dolomite crystals are occasionally observed. Their corroded edges usually are coated by solid bitumens
(Fig. 4F), suggesting that dolomite dissolution occurred before or immediately in advance of oil charge (Moore, 2001). Our observation on 137
thin sections indicates that post-oil-charge carbonate dissolution was
quite rare and therefore insigniﬁcant in terms of porosity generation.
On the other hand, the following characteristics make intensive postoil-charge carbonate dissolution and signiﬁcant porosity creation impossible. (1) After oil accumulation, the carbonate reservoirs were
mostly hydrocarbon-wet with limited water contents and low water/
rock ratios. Calculation by Ehrenberg et al. (2012) shows that to increase
the porosity by 1% in a 100 m thick limestone requites 27,000 m3 of
water per square meter of the limestone surface. (2) The formation
water was necessarily saturated with carbonate due to the fast kinetics
of carbonate dissolution (Taylor et al., 2010). (3) TSR generally occurs in
a closed system (Machel, 2001) and there was no way to transport the
dissolution products out of the reservoirs (Bjørlykke and Jahren,
2012). It seems reasonable to assume that porosity creation by carbonate dissolution after oil accumulation (Φcd) was insigniﬁcant.
Several samples have pyrite concentrations up to 2.0% (by volume),
but the pyrite concentrations in most cases are lower than 0.5% (Fig. 3).
Authigenic quartz is commonly observed (Fig. 4), but in general in
minor quantities. Other non-carbonate cements such as ﬂuorite are
rare. It appears that except for a few samples, the effect of noncarbonate precipitation on reservoir porosity in the Puguang gas ﬁeld
was insigniﬁcant. Thus, it is evident from Eq. (1) that the most important factors controlling the present-day porosity of the reservoirs are
porosity at the time of oil charge (Φoc) and porosity loss due to calcite
(Φcp) and solid bitumen (Φbit) precipitation after oil charge.
5.3.1. Shallow diagenesis control on reservoir porosity
Ma et al. (2007) showed that effective reservoirs in the Puguang gas
ﬁeld developed mainly in the platform-margin shoal and evaporitic
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platform environments, with reservoirs of platform-margin shoal facies
having higher porosity and permeability than those of evaporitic
platform facies (cf. Fig. 3). To further reveal the primary control of the
porosity and permeability of the reservoirs, all samples were classiﬁed
into different lithologies in terms of crystal sizes (silt-sized, ﬁne, medium, and coarse crystalline dolomites), and samples in each lithology
were further differentiated according to their positions relative to the
paleo-oil/water contact recognized based on the concentrations of
solid bitumens (cf. Fig. 3). As shown in Fig. 13, all lithologies display
wide variations in porosity and permeability, and all lithologies except
the coarse crystalline dolostones display no obvious correlation
between porosity and permeability.
Based on the relationship between porosity and permeability, three
sample groups can be recognized. Group I is characterized by low porosities (b5%) but high permeability/porosity ratios, and consists of siltsized to medium-sized crystalline dolomites above the paleo-oil/water
contact. Samples belonging to this group have a relatively high abundance of fractures. The low porosities and high permeability/porosity
ratios suggest that fracturing makes only a minor contribution to total
reservoir porosity but is important for enhancing bulk permeability
(Wierzbicki et al., 2006; Ehrenberg et al., 2012). Group II is characterized by very low permeability/porosity ratios with varying porosities
(1.3–19%) and consists mainly of silt-sized and ﬁne crystalline dolomites. It is noteworthy that most samples below the paleo-oil/water
contact, regardless of crystal sizes, belong to this group. Group III is characterized by medium permeability/porosity ratios with wide variations
in both porosity (5–29%) and permeability (0.1–3360 md) and consists
mainly of medium and coarse crystalline dolomites. Only medium and
coarse crystalline dolomites in the Puguang gas ﬁeld have both high porosity (N 10%) and high permeability (N100 md). Based on the crystal
size, pore types and measured porosity, three types of high-porosity
reservoirs can be recognized: coarse crystalline dolostones dominated
by intercrystal pores (Fig. 4A), ﬁne crystalline dolostones dominated
by intraparticle pores (Fig. 4B), and ﬁne to medium crystalline
dolostones dominated by vuggy pores (Fig. 4D).
Intraparticle pores and moldic pores are secondary pores formed by
the selective, complete, or partial dissolution of grains or crystals
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(Choquette and Pray, 1970; Lønøy, 2006). A distinctive difference in solubility between grains and the surrounding matrix is commonly needed
and is commonly related to mineralogical differences (Moore, 2001).
Vugs and vuggy pores are also secondary solution pores but are not
fabric selective, and are believed to be formed by the dissolution of
cement, matrix, and grains (Lønøy, 2006). Although vuggy pores may
be formed by deep burial ﬂuids under certain circumstances (Moore
and Druckman, 1981; Choquette and James, 1987; Moore, 1989;
Moore and Heydari, 1993), non-fabric selective dissolution of cement,
matrix, and grains typically occurs under the inﬂuence of near-surface
meteoric waters (Loucks and Handford, 1992; Saller et al., 1994;
Lønøy, 2006). The coarse crystalline dolomites in the Puguang gas
ﬁeld, commonly termed sucrosic dolomites, are composed of euhedral
and subhedral rhombs with crystal-supported framework and polyhedral pores (Fig. 4A). The mechanism(s) of dolomitization in the
Feixianguan Formation in the northeast Sichuan Basin is still controversial and merits further investigation. Since dolomitization requires very
high water/rock ratios and therefore commonly involves major transport both into and out of the affected intervals (Ehrenberg et al.,
2012), most scientists believe that the dolomitization in the Feixianguan
Formation occurred in near-surface to shallow burial environments
before stylolite formation (Zhang, 2009).
In most samples above the paleo-oil/water contact, the majority of
pores including the intercrystal pores, intraparticle pores and vuggy
pores in the Feixianguan Formation were partly ﬁlled or coated by
solid bitumens (Fig. 4) and were therefore formed before oil emplacement. It appears that near-surface meteoric-water-related dissolution (fabric selective or not) and near-surface to shallow burial
dolomitization accounted for the majority of the reservoir porosity
and were the perquisite for the accumulation of the paleo-oil
reservoirs and for the preservation of anomalously high porosity
and permeability in the reservoirs. The onset of mesogenesis is usually deﬁned by the beginning of stylolite formation (Ehrenberg et al.,
2012). This means that most of the porosity in the carbonate reservoirs in the Puguang gas ﬁeld was eogenetic and/or telogenetic in
origin, and shallow diagenesis controlled the porosity of the reservoirs at the time of oil charge (Φoc).

Fig. 13. Variation of permeability as a function of porosity for carbonate reservoirs in the Puguang gas ﬁeld. CD: crystalline dolostone; APOWC: above the paleo-oil/water contact; BPOWC:
below the paleo-oil/water contact.

172

F. Hao et al. / Earth-Science Reviews 141 (2015) 154–177

5.3.2. Differential porosity loss due to TSR-involved solid bitumen
precipitation
The concentrations of solid bitumens in carbonate reservoirs in Well
PG-2 change between 0.12 and 5.1% (by volume) but may be up to 10%
in the Puguang gas ﬁeld. This means that the porosities of the carbonate
reservoirs in the Puguang gas ﬁeld had been signiﬁcantly reduced by
solid bitumen generation. The wide variations in solid bitumen concentrations indicate differential precipitation of solid bitumens in the
heterogeneous reservoirs. As discussed earlier, the solid bitumens in
the Puguang gas ﬁeld are combined products of in-situ oil cracking
and TSR. It is reasonable to expect that the solid bitumen concentration
is proportional to the paleo-oil saturation (the saturation of oil before it
was cracked). The solid bitumen concentrations in the Puguang gas ﬁeld
show a close positive correlation with intercrystal porosity (Fig. 14).
Such a trend is characteristic of ﬁlled oil reservoirs but contrary to the
trend for drained reservoirs (Bhullar et al., 1999; Hao et al., 2011). The
close correlation between intercrystal porosity and solid bitumen
concentration on one hand suggests that intercrystal porosity plays an
important role in controlling reservoir connectivity, and on the other
hand indicates that the extent of porosity loss by solid bitumen precipitation is a function of the porosity and connectivity of the reservoirs at
the time of oil charge.
The differential porosity loss by solid bitumen precipitation has at
least three aspects. (1) High-porosity, high-permeability reservoir
layers or reservoir parts suffer more intensive porosity loss, whereas
poor-quality reservoir layers or reservoir parts have small porosity
loss because little oil could accumulate, as suggested by the overall positive correlation between solid bitumen concentration and porosity
(Fig. 3). (2) For reservoirs with similar porosity, reservoirs with well developed intercrystal and/or interparticle pores may have larger porosity
loss than reservoirs with less developed intercrystal and/or interparticle
pores. Connected pores and touching vugs are more prone to be affected
by solid bitumen precipitation than separate pores and vugs, as suggested by the fact that, in many samples, interparticle pores are coated
by solid bitumens whereas intraparticle pores contain minor or no
solid bitumens (Fig. 4C). This implies that in a given reservoirs, loss in
intercrystal and/or interparticle porosity may be more signiﬁcant than
loss in intraparticle porosity. (3) In high-porosity reservoir layers or reservoir parts, solid bitumens occur as coats of large pores (Fig. 4). Solid
bitumen precipitation in these reservoirs is expected to have less
signiﬁcant inﬂuence on reservoir permeability. This is perhaps the
most important reason why only the coarse crystalline dolomites in
the Puguang gas ﬁeld, in spite of their relatively high solid bitumen
concentrations (Fig. 3), display high permeability and close correlation
between porosity and permeability (Fig. 13). In small pores, solid
bitumens may ﬁll much or all of the pore spaces. Consequently,

Fig. 14. Variation of solid bitumen concentrations as a function of intercrystal porosity for
carbonate reservoirs in the Puguang gas ﬁeld.

precipitation of a small amount of solid bitumens may signiﬁcantly
reduce the permeability of reservoirs dominated by small pores or
have small pore throats. The heterogeneous distribution of solid bitumens and its differential inﬂuence on permeabilities of reservoirs with
different pore structures account for, at least in part, the wide variations
in permeability for reservoirs above the paleo-oil/water contact with
similar porosity (Fig. 13). It appears that the differential porosity loss
by solid bitumen precipitation resulted from the reservoir heterogeneities at the time of oil charge and enhanced the heterogeneities thereafter, in terms of both porosity and permeability.
5.3.3. Differential porosity loss due to calcite precipitation
The distribution of calcite cements in the Puguang gas ﬁeld
reservoirs shows considerable heterogeneities. (1) The upper part of
the second member (above 4940 m) and the third member of the
Feixianguan Formation have relatively high concentrations of calcite
cements, whereas carbonate reservoirs below 4940 m, including the
lower part of the second member and the ﬁrst member of the
Feixianguan Formation, have minor or no calcite cements (Fig. 3).
(2) Reservoirs above 4940 m display considerable variations in calcite
cements, from less than 0.5% to 30%. (3) At a thin-section scale, some
pores are fully ﬁlled by calcite cements, and others have only minor or
no calcite cements (Fig. 4E). These heterogeneities in calcite distribution
resulted in differential porosity loss in the reservoirs (Fig. 3).
The apparent absence of both pre-oil-charge and post-oil-charge calcite cements in carbonate reservoirs between 5136 m (the paleo-oil/
water contact recognized based on the solid bitumen concentrations)
and 4940 m (Figs. 3, 4) seems to be a combined result of the following
factors: (1) Very low contents of phyllosilicate minerals. Clay and mica
may promote both early mechanical compaction and subsequent chemical compaction (e.g., Choquette and James, 1987; Brown, 1997), and
depositional concentrations of phyllosilicate minerals may promote
stylolites (Bathurst, 1987; Ehrenberg, 2004). The Feixianguan Formation has very low phyllosilicate contents as indicated by the low
gamma-ray activity (Fig. 3), which prevented the reservoirs from intensive porosity loss through cementation sourced by dissolution along
stylolites. (2) Early dolomitization. As mentioned earlier, the dolomitization in the Feixianguan Formation occurred in near-surface to shallow
burial environments before stylolite formation. Heydari (1997) showed
that in the Black Creek Field, Mississippi, burial cementation, pressure
solution and intensive carbonate precipitation during TSR resulted in
nearly total destruction of the porosity and permeability in limestone
reservoirs (porosity lower than 3% and permeability less than 2 md).
In contrast, dolomite reservoirs in the Black Creek Field still possess up
to 20% porosity and up to 100 md permeability. It appears that cementation, pressure solution, and compaction were not as effective in eliminating porosity and permeability in dolomite reservoirs (Schmoker and
Halley, 1982; Heydari, 1997; Warren, 2000), and early dolomitization
accounted in part for the low contents of calcite cements in the Puguang
gas ﬁeld. (3) Early oil charge. Oil charge in the Late Triassic–Early
Jurassic (Hao et al., 2009) fundamentally changed the diagenetic environments, converting the reservoirs from water-wet systems to
hydrocarbon-wet systems (Fig. 15). Given the effect of early oil charge
on preventing or retarding chemical cementation and the fact that the
reservoirs have very low phyllosilicate mineral contents and experienced early dolomitization, the reservoirs are expected to have largely
retained their porosity at the time of oil charge (Φoc) if oil cracking
and TSR had not occurred (dashed line in Fig. 15). (4) Limited intensity
of TSR alteration. Although relatively large amounts of CO2 and H2S
were generated (Table 1, Fig. 11), TSR had an overall destructive effect
on the quality of the carbonate reservoirs, and limited TSR intensity
seems to be essential for the preservation of high-porosity and highpermeability reservoirs. The T1f3 reservoirs of evaporitic facies and the
T1f2 reservoirs immediately underlying the evaporitic facies had relatively high sulfate concentrations, allowing intensive TSR to occur and
volumetrically signiﬁcant amount of calcite and pyrite to be precipitated
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Fig. 15. Inferred major events responsible for changes in the compositions of petroleum ﬂuids and for porosity generation and loss in the Feixianguan Formation reservoirs in the Puguang
gas ﬁeld. Aq.: aqueous; T1f1 and T1f3: the ﬁrst and third members of the Lower Triassic Feixianguan Formation; Blue: constructive for porosity generation and preservation; Red: destructive
for porosity generation and preservation; Black: constructive or destructive, depending on the intensity of TSR.

(Fig. 3). The T1f3 and T1f2 reservoirs above 4940 m experienced porosity
loss by both TSR-involved solid bitumen generation and TSR-induced
calcite and pyrite precipitation, allowing no high porosity and permeability to be preserved (Figs. 3, 15). Liquid hydrocarbon-involved TSR
probably consumed most of the sulfate in T1f1 by ﬁxing sulfur into
solid bitumens. TSR in T1f1 ended within the oil window or at most, at
the initial stage of condensate/wet gas windows, allowing minor or no
TSR-related calcite or pyrite to be precipitated (Fig. 3). T1f1 reservoirs
only suffered porosity loss by solid bitumen precipitation, allowing
anomalously high porosity and permeability to be preserved (Figs. 3,
15). It should be noted that the 4940–5136 m interval shows signiﬁcant
heterogeneity in porosity with high porosity mainly occurring in
sucrosic and vuggy dolostones, suggesting that sucrosic and vuggy
dolostones have a high potential to preserve early-formed porosity.
It is surprising that the 5162–5193 m gas-zone reservoirs below the
paleo-oil/water contact, which experienced maximum burial depth of
about 7000 m, maximum temperatures up to 220 °C, and which had a
thermal maturity greater than 2.3% Ro, still have porosities up to 19%
(Figs. 3, 13). The average porosity for this interval is higher than that
for all intervals above the paleo-oil/water contact except for the sucrosic
dolostones between 5088 and 5103 m, and is higher than the maximum
porosity of the worldwide database (Ehrenberg and Nadeau, 2005) at
the present-day burial depth (Fig. 3). In contrast to the high porosity,
this interval has quite low permeability (Figs. 3, 13), which seems to result from the predominance of unconnected intraparticle pores (Fig. 4B)
and not from diagenetic cementation commonly observed below the
paleo-oil/water contact (e.g., Heasley et al., 2000). This interval had
never received oil charge, and gas emplacement was late, probably as
a result of volume expansion of oil cracking (Barker, 1990). No TSR calcites can be observed, which suggests that no signiﬁcant TSR could have
occurred in this interval, even though it had higher temperatures and

was closer to the gas/water contact than the overlying reservoirs.
This is consistent with our explanation that methane-dominated TSR
in the Puguang gas ﬁeld had a limited extent. Very low contents of
phyllosilicate minerals and early dolomitization without signiﬁcant
TSR alteration (with no TSR-induced calcite cementation) are, of
course, important factors for preserving the anomalously high porosity. It is noteworthy that this interval is dominated by intraparticle
pores with less developed interparticle pores and has low permeability
(Figs. 3, 4B, 13), and it seems to be a basically closed system. A closed
system prevented ﬂuid ﬂow in and out the pores, and therefore
prevented chemical precipitation. It appears that a closed ﬂuid system
is unfavorable for deep-burial carbonate dissolution and porosity
creation as concluded by Bjørlykke and Jahren (2012), but it might
be favorable for the preservation of early-formed porosity.
6. Conclusions
Based on our studies, the following conclusions can be drawn.
(1) The abundant, widespread sulfur-rich solid bitumens and
varying H2S and CO2 concentrations suggest that the Puguang
gas ﬁeld evolved from a paleo-oil accumulation and had experienced varying degrees of alteration by thermochemical sulfate
reduction (TSR). TSR in the Feixianguan Formation dolostone
reservoirs occurred mainly within the oil and condensate/wet
gas windows, with liquid hydrocarbons and wet hydrocarbon
gases acting as the dominant reducing agents responsible for sulfate reduction, generation of sulfur-rich solid bitumens and H2S,
and precipitation of post-oil-charge calcite cements. Methanedominated TSR was a rather late event with a limited extent,
and played a less signiﬁcant role in altering the reservoirs.

174

(2)

(3)

(4)

(5)

F. Hao et al. / Earth-Science Reviews 141 (2015) 154–177

Intensive TSR in the Puguang gas ﬁeld was conﬁned to the third
and second members of the Feixianguan Formation expected to
have relatively high sulfate concentrations. The degrees of TSR
were limited by sulfate concentrations in the reservoirs.
TSR calcites display wide variations in ﬂuid inclusion salinity at
similar ﬂuid inclusion homogenization temperatures, which
strongly suggests that TSR is a local process. Fresh water was
generated during TSR as suggested by the occurrence of
low-salinity ﬂuid inclusions. The addition of TSR generated
water expected to have zero carbonate saturation to the formation brine did not result in carbonate dissolution, but was accompanied by calcite cementation so that the low salinity water
could be trapped in the inclusions, suggesting that the amount
of water generated during TSR was volumetrically insigniﬁcant.
No volumetrically signiﬁcant post-oil-charge dolomite dissolution was observed. Petrographical observations, ﬂuid inclusion
analyses, CO2 and calcite δ13C measurements all indicate that intensive H2S and CO2 generation during TSR resulted in calcite cementation rather than carbonate dissolution. 13C-depleted CO2
derived from hydrocarbon oxidation during TSR, which is more
active than 13C-rich CO2, preferentially reacted with Ca2 + to
form isotopically light calcite cements, and the remaining CO2
re-equilibrated with the 13C-enriched water–rock system with
its δ13C rapidly approaching the δ13C values for the host rocks.
Locally increased acidity by pyrite generation, which is usually
believed to be capable of dissolving carbonate minerals and
generating secondary porosity, did not result in carbonate dissolution, but might be favorite for authentic quartz precipitation.
Intercrystal pore, intraparticle pore, vuggy pore and interparticle
pore are the dominant pore types for the Feixianguan Formation
dolostones. All these pores are secondary pores formed in nearsurface to shallow burial diagenetic environments before oil emplacement. Deposition of carbonate and evaporitic sediments
with very low phyllosilicate mineral contents, near-surface meteoric carbonate dissolution and near surface to shallow burial
dolomitization were the most important pre-oil-charge events.
Meteoric carbonate dissolution and dolomitization formed most
of the porosities observed in the reservoirs today. Very low
phyllosilicate mineral contents and early dolomitization allowed
minor or no pre-oil-charge cements to be precipitated, resulting
in relatively high porosity and permeability at the time of oil
charge, which seems to be a prerequisite for the accumulation
of the paleo-oil reservoir.
TSR had an overall destructive effect on reservoirs quality, and the
Feixianguan Formation reservoirs suffered from differential porosity loss by TSR-involved solid bitumen generation and TSRinduced calcite and pyrite precipitation. Intensive TSR-induced
calcite cementation signiﬁcantly reduced the porosity and permeability of the reservoirs above 4940 m. Early oil charge and limited
intensity of TSR alteration, together with very low phyllosilicate
content and early dolomitization, accounted for the preservation
of anomalously high porosities in the reservoirs above the paleooil/water contact. Closed systems played a special role in preserving the high porosity in the gas zone reservoirs below the paleooil/water contact, which experienced maximum burial up to
7000 m and maximum temperatures up to 220 °C. A closed system, which is unfavorable for deep burial carbonate dissolution
and secondary porosity generation, seems to be favorable for the
preservation of early-formed porosity in deeply buried carbonates.
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