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Calcite cement is a common diagenetic mineral in carbonate rocks and plays an
important role on rock quality as hydrocarbon reservoirs. Traditionally, oxygen
isotopic compositions (§*°0) of the diagenetic calcites tend to decrease with
increasing depths due to temperature-dependent isotope fractionation. In this
study, the stable isotope compositions of the calcite cements in the Changxing
and Feixianguan formations from the Puguang, Yuanba, Jiannan and Fuling
carbonate fields in the Sichuan Basin were analyzed. The results show that some
calcite cements have §®0O values similar to those of their host carbonates,
despite the fact that these calcites formed at elevated temperatures (>~100°C).
Based on petrographic and geochemical analyses, the **O-enriched calcites
commonly occur with solid bitumens and have lower §C values compared
with host rocks, suggesting thermochemical sulfate reduction (TSR) provided
organic carbon for these calcite precipitation. During TSR, thermal oxidation of
hydrocarbons generated the light carbon, and simultaneously the reduced
sulfate ions provided the oxygen. Comparison of our study with the TSR
calcites worldwide, a model for oxygen isotope behavior during TSR was
established. Oxygen isotope compositions of TSR-related calcites are a
function of isotope compositions and amounts of the initial anhydrite and
pore waters. TSR shows two opposing effects on the §°O values of calcites,
depending on the §'®0 ratios of the initial anhydrite. The reduction of anhydrite
with relatively low §*¥0 values causes the calcite §'®0O lower than theoretical
values of calcites directly precipitated from pore waters. The heavy §°O ratios
of calcites formed during TSR are not only attributed to the **O-enriched pore
water resulting from extensive water-rock interaction, but also probably due to
the involvement of anhydrite with high §**O values.
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Introduction

Calcite cementation is a common diagenetic event in
sedimentary rocks that plays an important role in controlling
reservoir quality (e.g., Schneidermann and Harris, 1985; Morad,
2009; Wang et al,, 2017, 2022). It can take place under diverse
diagenetic environments ranging from near surface through shallow
to deep burial (Moore, 2001). The resultant calcite cements record
fluid flow history in mineral textures and chemical and isotope
compositions. This is especially true for the oxygen isotopic
composition (8'®0), which is a function of the 8"Oyaer and
temperature of precipitating fluids, and thus serves as an
important proxy for formation temperatures of minerals and
1993;
Mangenot et al, 2018). For example, calcites precipitated from

their parent diagenetic fluids (Allan and Wiggins,
meteoric water commonly show relatively depleted 8O values
compared to those from shallow-seawater that tend to have
oxygen isotopic ratios similar to surrounding bulk-rocks (Allan
and Wiggins, 1993; Machel et al., 1995). It is believed that calcite
cements have more negative 8'"O values with increasing
temperatures (Swart et al, 2016). The significant temperature-
dependent isotopic fractionation can result in 'O depletion in
calcites with values overlapping those of meteoric waters, even if
the calcite cements precipitated from pore waters with high §'*0
values (Moore, 2001). Thus, it appears that the oxygen isotopic
composition of calcite cements is a combined result of the §'*0 and
temperature of the parent fluid, overprinted by the temperature-
dependent isotopic fractionation between mineral and fluid (Moore,
2001). However, the 8'®O may be influenced by other diagenetic
reactions that were simultaneously providing oxygen involved in
calcite precipitation. For example, calcite cements in organic-rich
carbonates may have negative 8'°O values due to organic matter
decomposition in the sulfate-reducing zone (Sass et al., 1991).

In the northeastern Sichuan Basin, the stable isotope
compositions and fluid inclusions of the calcite cements and
associated host-rock carbonates from the Upper Permian
the
Feixianguan Formation (T,f) from the Puguang, Yuanba,

Changxing Formation (P,ch) and Lower Triassic
Jiannan and Fuling carbonate gas fields (Figure 1) were
analyzed. The 8'®O values of calcite cements display a wide
range with the highest values similar to those of the host-
carbonate rocks, despite the fact that these '*O-enriched
cements precipitated at much higher temperatures (commonly
greater than 106°C). The relatively high §'°O values of calcites are
commonly attributed to formation at low temperature or from
subsurface pore-waters that experienced extensive water-rock
interaction (Heydari and Moore, 1989). In this study, we discuss
the oxygen isotope behavior of the TSR-related calcites in the

northeastern Sichuan Basin that is controlled by pre-existing
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pore water, as well as thermochemical sulfate reduction, a process
that not only supplies light carbon, but also provides the oxygen
for calcite precipitation at elevated temperatures.

Geological setting

The Upper Permian Changxing Formation and the Lower
Triassic Feixianguan Formation are composed mostly of
platform carbonates and are the two prolific gas-producing
intervals in the northeastern Sichuan Basin (Ma et al., 2008;
Zou et al., 2008). The Sichuan Basin is located in the south-
western China (Figure 1). It is bounded to the west by the
Longmenshan Fold Belt, to the north by the Micangshan
Uplift and the Dabashan Fold Belt, to the southeast by the
Hubei-Hunan-Guizhou Fold Belt, and by the Emeishan-
Liangshan Fold Belt to the southwest. Deposition started in
the Cryogenian period and a total of more than 10km of
sediments were laid down on the metamorphic basement of
the Yangtze Paraplatform during the Jinning and Chengjiang
orogenies (Figure 2; Ma et al,, 2008).

Due to the rapid local subsidence of the basement during the
early Changxing period, the Kaijiang-Liangping Trough formed
and prevailed until the later stage of the Feixianguan period,
which resulted in a semi-isolated platform to the east separated
from a broad platform to the west (Figure 1; Wei et al., 2004).
During the Changxing period, the reef and bioclastic shoals
prevailed within the platform, which were subsequent
pervasively dolomitized in the Puguang and Yuanba gas fields.
During the Feixianguan period, oolitic shoals were present on
two margins of the platform. The shoals on the western platform
are mainly composed of limestones with very limited dolostones
in the Yuanba and Fuling carbonate gas fields, while those on the
eastern semi-isolated platform were mainly dolostones in the
Puguang gas field. Subsequently, abundant anhydrites of the
Lower Triassic Jialingjiang Formation and the Middle Triassic
Leikoupo Formation served as regional cap rocks.

Reconstruction of the burial and thermal histories shows that
the Changxing and Feixianguan carbonate reservoirs in these
four gas fields experienced maximum temperatures greater than
140°C which is regarded as a critical temperature above which
TSR begins. Detailedly, the Feixianguan carbonates in the
Puguang gas field were buried to a depth of about 7,000 m
and experienced maximum temperature up to 220°C before
uplifted (Hao et al., 2015), while in the Jiannan area they
were buried to a maximum depth of approximately 6,900 m
and experienced temperatures up to 195°C before having been
uplift to the present-day depths of 3,000-4,000 m (Wang et al.,
2015b). The Changxing carbonate reservoirs in the Yuanba gas
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FIGURE 1

Sedimentary facies during the deposition of the Changxing Formation in the Sichuan Basin showing the distribution of the wells in each of the
gas fields (from Li et al,, 2016). PG = Puguang; YB = Yuanba; FL = Fuling; JN = Jiannan.

field reached maximum burial depths of approximately 8,000 m
and temperatures of approximately 240°C during the Late
Cretaceous (Li et al., 2016). The Changxing carbonates in the
field depths of
approximately 8,000 m and temperatures of approximately
215°C during the Middle Cretaceous.

Hydrocarbon gases in the Puguang, Yuanba, Fuling and

Fuling gas reached maximum burial

Jiannan gas fields are mainly produced from the P,ch and T,f
carbonate reservoirs. The gases from the Feixianguan limestone
reservoirs in the Yuanba gas field are composed of very low H,S
concentrations commonly less than 1%, while gases from
Feixianguan Formation in the Puguang gas field and the
Changxing Formation in the Yuanba gas field commonly have
high H,S concentrations (Cai et al., 2003; Li et al., 2016). In the
Fuling gas field, samples were taken from the Permian Changxing
dolomitic limestone intervals of the TL2 well, and the
concentration of H,S is 13.6%.

Samples and methods

All samples used in this study are from well cores. Samples
analyzed from the Yuanba and Puguang gas fields were from the
Feixianguan limestone reservoirs. Samples from the Fuling gas
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field were collected from the Changxing limestone reservoirs
from TL2 well cored intervals. Double-polished thin sections
were prepared and examined under cathodoluminescence using
an MK5-2 stage operating at 280 pA and 13kV in Shandong
Provincial Key Laboratory of Deep Oil & Gas, China University
of Petroleum (East China), Qingdao. A total of 61 samples were
selected for carbon and oxygen isotope analysis. The host
carbonate rocks and calcite nodules were directly powered
using an agate mortar and pestle to less than 200 mesh, while
pore-filling calcite cements were collected by micro-sampling
techniques (Fouke and Rakovan, 2001) at the China University of
Geosciences, Wuhan. Double-polished thin sections were placed
under stereomicroscope and calcite powers were extracted using
a low speed micromill drill assembly that were then collected
(~20 ug) by a micropipette tip. Stable carbon and oxygen isotope
rations were measured in the State Key Laboratory of Geological
Processes and Mineral Resources in China University of
Geosciences. Calcite powders were reacted in a Thermo-
Scientific Kiel IV automated carbonate device with 100% pure
phosphoric acid to generate CO, gas that was subsequently
analyzed on a Finnigan MAT-253 mass. Analytical precisions
are generally better than 0.1%o for §'*0, and better than 0.05%o
for 8C, respectively. The values for the carbon and oxygen
isotope are reported in parts per thousand (%o) relative to the
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FIGURE 2
Generalized stratigraphy and tectonic history of the NE Sichuan Basin (from Wang et al., 2015).

Observation and microthermometry of fluid inclusions in
calcites were conducted on eight samples. Microthermometric

Vienna Peedee Belemnite (V-PDB). For measurement of §'%0,
ten anhydrite samples were also analyzed on a Finnigan MAT-
253 mass spectrometer at the Center for Geological Analysis and measurements of homogenization temperatures (7,) were

Testing, Beijing Institute of Geology, Nuclear Industry. performed on primary two-phase (liquid and vapour) fluid

Frontiers in Earth Science 04 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1030472

Wang et al.

. Calcite

>

% Bitumen

FIGURE 3

10.3389/feart.2022.1030472

Photographs of well cores showing typical calcite cements from the Upper Changxing and the Lower Feixianguan formations, northeastern
Sichuan Basin. (A) Calcite cement filling in the micro-fracture without solid bitumen. TL2 well in the Fuling gas field, 5237.43 m. (B) Calcites occurred
as coalescing euhedral crystals with solid bitumens in vugs of dolostones, MB3 well, 4393.22 m. (C) Nodule calcites with solid bitumens. XD1 well,
3260.41 m (D, E) Calcites occurred with solid bitumen reflecting post-oil charge origin. TL2 well, 5235.92 m and 5236.03 m. (F) The TSR-related
calcites that partially replaced anhydrite. (Details can be found in Figures 4). MB3 well, 3884.99 m.

inclusions using a Linkam THMSG600 heating and freezing stage
coupled with Linksys 32 software. The repeated T}, value for the
same fluid inclusion is generally reproducible to within +1.0°C.

Results
Petrographic characteristics

In the northeastern Sichuan Basin, calcite cements observed
in the Upper Permian Changxing Formation and in the Lower
Triassic Feixianguan Formation include early isopachous fibrous
calcites and burial calcites. The fibrous calcites are isopachous
(Figure 4A), and usually occur as the first generation of cements
around grains, which is the characteristics of a shallow marine
origin (Wang et al.,, 2015b). In this study, we focus on the burial
calcite cements that usually occur as fillings in pores, vugs, or
fractures, and are also present as nodules that probably replaced
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anhydrite and coalescing euhedral crystals (Figures 3, 4). In the
northeastern Sichuan Basin, abundant solid bitumens, generated
from in situ cracking of crude oil accumulated in carbonate
reservoirs (Zou et al., 2008; Hao et al., 2009), were found in well
cores and thin sections in the Feixianguan and Changxing
formations. Thus, these burial calcite cements can be
subdivided into pre-TSR calcite and TSR calcite based on the
relative timing of calcite precipitation compared to oil charging
or solid bitumen, as well as oxygen and carbon stable isotopic
compositions.

The pre-TSR calcites occur as pore and fracture-fillings that
grew directly from the substrate surfaces of fractures (Figure 3A)
and pores (Figure 4A) are often lined by early marine fibrous
cements. These calcite cements may completely fill the pores
without solid bitumens (Figures 4A,C). The residual pores, if
present, were subsequently occluded by solid bitumens
(Figure 4A). Under cathodoluminescence (CL), the pre-oil
charge calcites display no to very weak dull red CL (Figures
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FIGURE 4

Photomicrographs showing the typical characteristics of the calcite cements from the Changxing and Feixianguan formations in the northeast
Sichuan Basin. (A) Pre-TSR blocky calcites (Cal) filling in intergranular pores of grainstone which are lined by fibrous calcites (FC). The residual pores
were completely occluded by solid bitumens (SB). YB21 well, 6665.11 m, Yuanba gas field. (B) Intergranular pore-filling pre-TSR calcites (Cal)
showing no CL, YB27 well, 6126.89 m, Yuanba gas field. (C, D) Pre-TSR calcites (Cal) filling in intergranular pores of dolostone showing weakly

dull red cathodoluminescence (CL). MB4 well, 3827.09 m, Puguang gas field. (E) TSR-related calcites (Cal) growing from solid bitumen-coated
pores. PG2 well, 4935.5 m, Puguang gas field (Hao et al., 2015). (F) TSR-related calcites in pores of dolostone with solid bitumen. L8 well, 3831.44 m,
Jiannan gas field. (G, H) TSR-related calcites that replaced anhydrite. Note many solid bitumens occur. MB3 well, 3884.99 m, Puguang gas field.

Frontiers in Earth Science 06 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1030472

Wang et al.
10
- | =3 Yuanba gas field —
8 [ Jiannan gas field
C—Fuling gas field
36 I
c
o L I
&
] 4 - — — — —
L - —
2 I
0 T
80 100 120 140 160 180 200
Homogenization temperature (°C)
FIGURE 5

Homogenization temperatures of the primary two-phase

fluid inclusions in the pre-TSR calcites from the Yuanba (YB) gas
field, and the TSR-related calcites from the Fuling (FL) and the
northern Jiannan (JN) gas fields, respectively.

4B,D). In the Jiannan gas field, these burial calcites form after
dolomite formation (Figure 4C) which has been proposed to be
burial origin (Wang et al., 2015a), while the burial calcites form
obviously prior to marine fibrous calcite cementation in the
Yuanba gas field (Figure 4A). The Tj, values of the primary
fluid inclusions hosted in pre-TSR calcites exhibit a range of
temperature from 83.6°C to 103.2°C (Figure 5), also confirming
their burial origin.

Although it is difficult to determine the formation timing of
some calcites based on diagenetic sequence, the TSR-related
calcites in this study are identified according to the combined
evidences of the petrographic features, carbon isotopic
the of
primary fluid inclusions. Generally, the TSR-related calcites in

compositions, and homogenization temperatures
the northeastern Sichuan Basin are commonly accompanied with
solid bitumens, and have much lighter carbon isotopic
compositions compare to host rocks. In hand specimens, they
occur as coalescing euhedral crystals in vugs (Figure 3B), isolated
nodules containing solid bitumens (Figures 3C-E), and the
calcites that replaced anhydrite (Figure 3F). Under the
microscope, the typical feature of the TSR-related calcites is
that the calcite crystals grew from bitumen-coated grain
surfaces (Figures 4E,F). In addition, calcites that replaced
anhydrite during TSR commonly occur with abundant solid
bitumen (Figures 4G,H). Additionally, the T, values of fluid
inclusions in the post-oil calcites exhibit a wide range from
106.8°C to 183.9°C (Figure 5), probably reflecting a continuous

precipitation during progressive burial.
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Stable isotope compositions

Results of stable carbon and oxygen isotope compositions of
the calcite cements and associated host rocks in the northeastern
Sichuan Basin are summarized in Table 1 and shown in Figure 6.
The host-rock dolostones from the Puguang gas field have §"°C
values ranging from 1.4%o to 3.1%o (average value of 2.3%o) and
the 8'°0 values from -6.1%o to -4.4%o (average value of -5.4%o).
The pre-TSR cements have a narrow range of "°C values from
1.3%o to 2.7%o (except one at -1.3%o due likely to a mixed calcite
sample) with §'®O values decreasing from-8.6%o to -6.0%o
(Trend I in Figure 6A). In contrast, the post-oil charge
cements show 8"C values decreasing from-13.8%o to -1.9%o
(Trend II in Figure 6A) and have 8O values from -7.3%o
to -5.5%o.

In the Yuanba gas field, the host-rock limestone from the
Feixianguan Formation has an average §"°C value of 1.9%o
(ranging from 1.4 ~2.3%0) and an average 8'°O value of
-6.2%0 (ranging from -6.4~-6.0%o), while the pre-TSR
calcites has the similar average 8"°C value of 1.9%o
(ranging from 1.8 ~2.0%o) but the slightly depleted §'*O
value of -7.2%o (ranging from -7.1~-7.3%o, Trend I in
Figure 6B). No TSR-related calcites are observed from the
Feixianguan carbonates in this gas field.

The stable isotope rations for these calcites from the
Fuling gas field exhibit two trends (Figure 6C). The host
limestone rocks have 8"C values in range from 4.1 to
4.3%0 with a mean value of 4.2%o and the 8'*0 values from
-6.2%o to -6.0%o0 with a mean value of -6.1%o. The pre-TSR
calcites have the §'*C values of 3.9%o0-4.2%o (a mean value of
4.0%o), similar to the host rocks, and the lighter 8'*O values
from -8.7 to -6.9%o (mean value of -7.8%o) relative to the host
rocks. In contrast, compared to the host rocks, the TSR-related
calcites have the lighter 8°C values of 3.1%0-3.2%o (a mean
value of 3.2%o) and the similar §'°0 values from -6.07 to
-6.12%o (average value of -6.1%o).

The host-rock dolostones from the XD1 well in the
Jiannan gas field have the §"°C values ranging from 4.1%o
to 4.7%o (average value of 4.4%o) and the §'*O values from
-7.2%o to -6.2%o (average value of -6.7%o), while the two
calcite cements have the same §"°C values of 2.7%o0 with
8'%0 values from -7.1 to -6.9%o (average value of -7.0%o,
Trend II in Figure 6D), similar to the host rocks. No pre-
TSR calcites were analyzed in this gas field.

A total of ten anhydrite samples from the Feixianguan
dolostones from the XHC1, MB1, and MB3 wells in the
northeastern Sichuan Basin have the §'O values from
16.4%0 to 23.1%0 SMOW with an average value of
18.6%0 SMOW.
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TABLE 1 The oxygen and carbon isotope compositions of the pre-oil charging calcite, post-oil charging calcites and surrounding host carbonate

rocks in the Changxing and Feixianguan formations in the northeast Sichuan Basin.

Location

Puguang gas field

Fuling gas field

No.

O o NN U ks W N~

WoW W W W W W W W RN NN RN NN NN e e e e e e e e e
0 N A U R W NN = O O 00N R W= O 00N N R W NN = O

39
40
41
42
43
44
45
46
47

Frontiers in Earth Science

Wells

PG1
PG2
PG8
PGI2
PGI2
PGI2
PG12
PG12
MB3
MB3
MB3
MB4
MB4
MB4
MB4
MB4
PGl
PG2
PG2
PG2
PG7
PG8
PGI10
PGI2
PGI12
PGI12
PG12
MB3
MB3
MB3
MB3
MB3
MB4
MB4
MB4
MB4
MB4
MB4
TL2
TL2
TL2
TL2
TL2
TL2
TL2
TL2
TL2

Lithology

dolostone
dolostone
dolostone
dolostone
dolostone
dolostone
dolostone

Lime dolostone
dolostone
dolostone
dolostone
dolostone
dolostone
dolostone
dolostone
dolostone
pore-filling calcite
pore-filling calcite
pore-filling calcite
pore-filling calcite
pore-filling calcite
calcite in vug
pore-filling calcite
pore-filling calcite
pore-filling calcite
pore-filling calcite

pore-filling calcite

calcite with anhydrite

calcite nodule
pore-filling calcite
calcite nodule
calcite nodule
pore-filling calcite
pore-filling calcite
pore-filling calcite
pore-filling calcite
pore-filling calcite
pore-filling calcite
Limestone
Limestone
Limestone

Limestone

calcite with solid bitumen
calcite with solid bitumen
fracture-filling calcite
fracture-filling calcite

fracture-filling calcite

80 (%o)

-5.5
-6.1
-5.4
-5.1
-5.6
-5.2
-5.4
-5.6
-5.5
-5.5
-5.6
-4.4
-4.4
-5.5
-5.7
-5.8
-6.8
-7.6
-6.6
-6.4
-6.7
-8.6
-6.4
-6.7
-6.8
-6.0
-6.8
-7.3
-6.4
-5.9
-5.5
-5.9
-6.6
-6.0
-6.0
-7.0
-7.0
-7.7
-6.0
-6.1
-6.2
-6.1
-6.1
-6.1
-8.7
-7.7
-6.9

08

§C (%o)

2.5
3.1
24
2.0
2.2
2.2
2.3
2.3
2.3
25
14
2.6
2.2
2.3
2.1
2.3
1.5
13
2.7
22
1.8
-1.3
2.5
13
14
1.7
1.6
-13.8
-12.6
-2.1
-1.9
-10.0
14
1.8
19
14
1.5
14
4.1
4.3
4.3
4.3
3.1
32
4.2
3.9
4.0

Formation

T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
P2ch
P2ch
P2ch
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
T1f
P2ch
P2ch
P2ch
P2ch
T1f
T1f
T1f
T1f
T1f
T1f
P2ch
P2ch
P2ch
P2ch
P2ch
P2ch
P2ch
P2ch
P2ch

Depth (m)

5423.70
4778.69
5532.30
6004.10
6005.10
6005.15
6005.63
6008.65
4334.30
4384.60
4415.64
3856.69
3856.84
3856.99
3857.54
3858.24
5423.70
4825.70
4778.69
4778.69
5614.13
5532.30
6111.36
6005.10
6005.15
6005.63
6008.65
3884.99
4334.30
4392.25
4392.25
4415.64
3827.09
3856.50
3856.84
3856.99
3857.54
3858.24
5235.92
5236.85
5237.43
5238.11
5235.92
5236.03
5236.85
5237.43
5238.11

(Continued on following page)
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TABLE 1 (Continued) The oxygen and carbon isotope compositions of the pre-oil charging calcite, post-oil charging calcites and surrounding host
carbonate rocks in the Changxing and Feixianguan formations in the northeast Sichuan Basin.

Location No. Wells Lithology
Jiannan gas field 48 XD1 dolostone

49 XD1 dolostone

50 XD1 dolostone

51 XD1 dolostone

52 XD1 dolostone

53 XD1 calcite nodule

54 XD1 calcite nodule
Yuanba gas field 55 YB2 Limestone

56 YB2 Limestone

57 YB2 Limestone

58 YB2 Limestone

59 YB2 Limestone

60 YB2 Pore-filling calcite

61 YB2 Pore-filling calcite
Discussion

Origin of the heavy oxygen isotope
compositions

The oxygen isotope compositions of calcites provide
important information for reconstruction of diagenetic
environments (Allan and Wiggins, 1993) as they are generally
controlled by the nature of parent fluids and the temperatures of
calcite precipitation (Moore, 2001). In the northeastern Sichuan
Basin, the calcite cements exhibit two distinct trends in carbon
and oxygen isotope compositions when compared to the host-
rock carbonates (Figure 6). One trend (refer to as Trend I) is
defined by calcite samples that have relatively scattered §'°O
values but show a very narrow range of the §°C values, similar to
those of the surrounding host rocks. Another trend (refer to as
Trend II) is evident by the calcite samples that show relatively
lighter §"°C values with most §'°O values close to or partly
overlapped with those of the host rocks.

Trend I is observed in the calcites from the Puguang, Yuanba,
and Fuling gas fields (Figures 6A-C), as well as the Smackover
Formation (Figure 6E from Heydari and Moore, 1989). These
calcite cements are generally characterized by the precipitation
prior to oil charging. The oxygen isotope compositions of the
pre-TSR calcites are depleted in various degrees relative to those
of the host carbonate rocks. This may be related to processes,
such as temperature-dependent isotopic fractionation at high
precipitation temperatures or the involvement of meteoric water
with low 80 values. The relatively high Tj, values of primary
fluid inclusions in these calcites indicate formation in deep burial
environments, exclude the influx of low-temperature meteoric
water. Even though meteoric water could penetrate into deep
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80 (%o) 8C (%o) Formation Depth (m)
-6.8 43 TIf 3259.51
72 42 Tif 326141
7.1 41 TIf 326221
62 47 TIif 3263.71
6.3 46 TIf 3267.10
-6.9 2.7 TIf 3260.41
7.1 27 TIf 326221
63 14 TIf 6401.02
64 19 TIf 6428.61
62 21 Tif 6429.36
6.1 19 Tif 6455.11
-6.0 23 TIf 6459.02
73 2.0 Tif 6459.02
7.1 1.8 TIf 6455.11

burial, it would be enriched in 'O by water-rock interaction
during migration (Machel et al., 1995). Therefore, the lower §*0
ratios of the pre-TSR calcites are most likely attributed to the
higher precipitation temperatures compared with host rocks.
Furthermore, the variation in the oxygen isotope compositions of
these calcite cements resulted from different precipitation
temperatures with the §'®O trend toward depleted values
higher
progressive burial (Heydari and Moore, 1989). The carbon

reflecting  precipitation at temperatures  during
isotope compositions of the pre-TSR calcite cements are
identical to those of host-rock carbonates in each gas field,
which suggests that the carbon in calcites was mainly sourced
from or buffered by the host rocks.

A particular phenomenon observed is the trend I in the TSR-
related calcites from the Puguang, Fuling, and Jiannan gas fields
(Figures 6A,C,D). The Tj, values of primary fluid inclusions in
these calcites are commonly greater than 106°C (Figure 5),
obviously higher than the pre-TSR calcite cements. The TSR-
related calcites have heavier oxygen isotopic ratios than pre-TSR
calcites. This is incompatible with the conventional model of the
temperature-dependent oxygen isotopic fractionation that the
calcite cements precipitated at higher temperatures have depleted
§"%0 values compared to those precipitated at low temperatures.
The relatively higher 8O values of the TSR-related calcites may
be due to several processes.

The first possibility is the involvement of fluids with heavy
oxygen isotope compositions for calcite precipitation. Such fluids
could be formed during progressive burial due to extensive
of
incorporation of 'O in solid phase, enhancing more 'O

carbonate-water  interaction  because preferentially

residue in fluid phase, such as 80O values of pore waters

from the Smackover Formation at burial depths of
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Oxygen and carbon isotope compositions of the pre and post-oil charge calcite cements in the Changxing and Feixianguan formations from

the Puguang gas field (A), Yuanba (B), Fuling (C), and Jiannan (D) gas fields. The rectangles show the ranges of data of different carbonate phases. The
data (black open diamonds in figure A) are from Zhu et al. (2005) and represent the calcites that partially replaced anhydrite during TSR in the
northeastern Sichuan Basin. Stable isotope compositions of calcites and host rocks from the Smackover Formation (E) were also present
(Heydari and Moore, 1989) for comparison.
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approximately 2 km in the southern United States up to about
eight%o SMOW (Moldovanyi et al., 1993). Furthermore, with
increasing temperatures, the §'*0 values of pore waters become
more positive (Swart et al.,, 2016). It seems that the relatively high
8O values of the post-oil charge cements may reflect
precipitation from such '®O-enriched fluids (Heydari and
Moore, 1989). However, the highly temperature-dependent
isotopic fractionation can promote calcite becoming much
more depleted in 8'®O values, even if the calcites precipitated
from pore fluids with heavy oxygen isotopic composition
(Moore, 2001). The oxygen isotope composition of the fluid
from which the calcite precipitated can be assessed based on
cement 6'°0 values and associated precipitation temperatures
from fluid inclusions. Using the method of Friedman and O'Neil
(1977), the average 8'*O value of -6.3%0 VPDB and the average
temperatures of 150°C for calcites in the study area, the fluid for
the post-oil charge calcite cements is calculated to have the §'°0
value of 11.5%0 SMOW, a quite positive §'*0 value for a
sedimentary formation water (Longstaffe, 1989). Moreover,
this '®O-enriched fluid is expected to have §"°C values similar
to the host carbonate rocks, which is opposite to the fact of the
most depleted §"°C values of precipitated calcites relative to the
host rocks (Figures 6A,C,D). Therefore, some other processes
must be involved in the precipitation of the high §'*O TSR-
related calcites that would offset the high temperature effect of
mineral-water fractionation.

Gases produced from carbonate reservoirs in the
northeastern Sichuan Basin have the H,S concentrations
from about 2% in dolostone reservoirs of the northern
Jiannan gas field to ~13% in the Fuling gas field, and about
16% in the Puguang gas field. The high H,S concentrations are
attributed to thermochemical sulfate reduction (TSR), which
has been intensively investigated in the northeastern Sichuan
Basin (e.g., Cai et al., 2003; Li et al., 2005; Zhu et al., 2005,
2014; Hao et al., 2008, 2015; Liu et al., 2013, 2014). The post-
oil charge calcite cements in the study area commonly occur
with solid bitumens (Figures 3B-F; Figures 4E,G), and the T},
values of fluid inclusions in these calcites roughly correspond
to the range of temperatures for TSR during which the
oxidation of hydrocarbons is usually accompanied by
calcite precipitation (e.g., Machel, 2001). In addition, the
lower 8"C values of the TSR-related calcites, compared
with host rocks, also reflect the contribution of organic
carbon. The §'0 and §"°C values of TSR-related calcites in
the Puguang gas field are comparable to those of calcites
associated with anhydrite or partially replaced anhydrite
during TSR (Zhu et al,, 2005, Figure 6A), also suggesting
the controls of TSR on the '"*O-enriched calcite precipitation.
Some calcite samples that plot between the two trends may
represent the mixed origin (Figure 6A). Therefore, the TSR-
related calcites were closely associated with TSR.
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Model for oxygen isotope behavior
during TSR

TSR is a reaction between sulfate and hydrocarbons at
temperature of greater than 100-140°C, and the simplified
geochemical reaction can be expressed in the following
(Machel et al., 1995; Machel, 2001):

nCaSO, + CyHansz (hydrocarbons) — nCaCOs + H,S + nH,O

+ solid bitumen (1)

During TSR, the carbon generated from hydrocarbon oxidation is
expected to have low §'"°C values, which is responsible for the *C
depletion in the TSR-related calcites in the study area.
Simultaneously, three oxygens liberated from the reduction of
one SO4” ion are incorporated into calcites (anhydrite-related
calcite), leaving one oxygen to form water (anhydrite-related
water) (Worden and Smalley, 1996). Thus, the oxygen isotope
compositions of the anhydrite-related calcite (8"*Onp-calcite) and
water (80 ,nh-water) depend largely on the 8O of the reduced
anhydrite (Worden and Smalley, 1996). Assuming no oxygen
isotope fractionation during TSR, the §"Ouh water and 8"*O,nn
calcite €an be calculated by the following equations (Worden and
Smalley, 1996):

8" Ounhcatcte = 8" Ounyarice + 1/4[ (2,78 x 10°/T?) - 2.89] (2)

The 8'°0 values of anhydrites from the Feixianguan dolostones in
the northeastern Sichuan Basin range from 16.4%o to 23.1%o
SMOW with an average value of 18.6%0 SMOW (Table 2).
Using an average Tj, value of 150°C as the temperature for the
formation of the calcite as an example, the anhydrite-related calcite
has the §"Oygie values from -11.0%o to -4.5%0 V-PDB (average
-8.9%0 V-PDB), less than the average value of the TSR-related
calcites (-6.3%o V-PDB) in the study area. In addition, the difference
between theoretical value and measured data also exist in some other
areas, such as the Smackover Formation discussed by Heydari and
Moore (1989). Taking the 8O value of 14%0 SMOW as the Upper
Jurassic anhydrite (Claypool et al., 1980; Dworkin and Land, 1994)
and 150°C-200°C as a main range of formation temperatures for
calcites, the anhydrite-related calcite has the 8Oy values of
16.4%0~172%0 SMOW  (-14%0~-13.3%0 V-PDB), which are
significantly lower than the measured 8'*O values (-5.6%o~-3.0%o
V-PDB) of the TSR calcites (Figure 6E) (Heydari and Moore, 1989).
This implies pore waters in carbonate reservoirs may significantly
affect the oxygen isotope compositions of the calcites during TSR.

A model is proposed for §'*O of calcite formed under TSR
conditions that is similar to that in Sass (1991) that accounts for
the initial of anhydrite and pore water interactions with the host
rock. Using C,Hg for example, its oxidation by sulfate ions at
elevated temperatures can be expressed as (modified from
Machel et al., 1995):

1/2C,H, +SO2™ + 2H" — HCO; + H,0+H,S  (3)
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FIGURE 7

Bar diagram showing the oxygen isotope fractionation during
sulfate reduction by hydrocarbons at temperatures of 150°C. Bar
heights represent relative amounts of various oxygen reservoirs. In
the model, there is no oxygen isotope fractionation in

anhydrite during TSR. The produced HCO3~ and H,O during TSR in
this model diffused firstly into and then immediately equilibrated
with pore waters (assuming the initial §**0 value of 10%, SMOW
and the same amount with that of the newly formed water). The
12.7%. of oxygen isotope fractionation between HCO3z™ and H,O
was determined by the fractionation value of calcite and H,O at
temperatures of 150°C, which will not affect the conclusion
because of constant value at specific temperature.

As discussion above, if no oxygen isotope fractionation occurs
during TSR (Worden and Smalley, 1996), the newly formed
water and the bicarbonate have same §'*O value, equal to isotope
compositions of the sulfate (i.e., §"*O@rcosnn = 6"*O@nom =
8"¥0s04), and immediately diffused into pore waters in
reservoirs. Thus, the diagenetic system consists of three
oxygen reservoirs, including pore water (M20)pw)> the newly
formed water (M1120),) and the bicarbonate (Mcos), and has
weighted-average isotope composition (§'%0,y):
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Trend lines showing oxygen isotope compositions of the
bicarbonate (i.e., TSR calcite) with different isotope compositions
of sulfate from anhydrite (10%., 14%., 18%., and 22%.) after
equilibration when assuming pore-water §'°0 value of 10%.
SMOW at temperature of 150°C.

18 18 18

8 04y = [(M(HZO)pw -0 O m20)pw + M(m20)0 * 8 O (1200
18

+ Mycos - 6 O(HCO3)n)]/ (M(HZO)pw + M (1120)n

+ Mucos)

()

After equilibration, the final oxygen isotope compositions of the
H,O (8"O@aoy) and bicarbonate (8'®Omcos)y) have the
fractionation 8"Ocosyr = 8O0y + 12.7 at 150°C. The
average §'°0,y ratio of the system can now be expressed as:
804y = [ (Manoypw +Manon )-8 Ounoy +Mitcos - 8 Ogsiconr) | / (Munoypw + Manop +Miicos)
(5)
Based on the Eq. 3, the oxygen ions (in moles) in bicarbonate
equals three times that of the newly formed water (Mycos =
3M120)n)- If the ratio between the masses of original pore water
and the newly formed water is defined as R (R = M120)pw/
M120)n)> €quating expressions four and five results in:

6180(}1(:03){ = [46180504 + R(SISO(HZO)PW + 127(1 + R)]/ (R + 4)
(6)

Therefore, the oxygen isotope composition of the calcite
precipitated (i.e., bicarbonate) during TSR would not only
depend on the isotope compositions of the anhydrite, but also
the 8'O ratios and amounts of the pore water residue in
carbonate reservoirs (Figure 7).

Oxygen isotope behavior during TSR
TSR calcites (e.g., the TSR-related calcites in this study) are

very common in deep carbonate reservoirs worldwide, such as in
the Permian Khuff Formation in the Abu Dhabi (Worden et al.,
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1996), the Smackover Formation in the Mississippi salt basin
(Heydari and Moore, 1989), and the Lower Triassic Feixianguan
Formation in the Sichuan Basin (Huang et al, 2012).
Geochemical data in this study show that some calcite
cements have 8O values significantly lower than that of host
rocks, while others show values close to host rocks (Figure 6).

The oxygen isotope data for sulfate from marine evaporates
show a range of about 10%o~22%o0 SMOW (Claypool et al., 1980),
and waters associated with marine evaporates could attain §'*0O
of up to 10%0 SMOW (Knauth and Beeunas, 1986). For example,
following the Eq. 6, and using the pore-water 8'°O (1120)pw 0f 10%0
SMOW, the trend lines for bicarbonate §'*O(cos)r values with
different 8'®Ogso4 of anhydrite can be obtained at reaction
temperature of 150°C (Figure 8). Although different trend
lines could be generated using different isotope compositions
of the pore water and reaction temperatures, the basic principal is
similar.

Generally, TSR has two opposing effects on the oxygen
isotope compositions of calcites, depending on initial
anhydrite 8'®*O value. The cross over point where the two
is about 19.5%0 SMOW

(Figure 8). Thus, the calcites, such as those in this study, have

effects balance in this model
heavier §'®O values than that directly precipitated from pore
waters, when the reactant anhydrites have §'°O values greater
than about 19.5%0 SMOW. Considering the boundary value of
8'"80 greater than most Phanerozoic anhydrites, most sulfate
reduction tends to lower 80O values of calcites during TSR
(Figure 8). In addition, if the initial water saturation in reservoirs
is low (R<1), the volume of water resulting from TSR is less than
that of the pore waters. With R decreasing, the §'°0 values of the
calcites decrease (Figure 8). Under such circumstances, the
oxygen isotope composition of the calcite precipitated during
TSR depends on isotope compositions of the initial anhydrite at
specific temperature. If TSR occurs in reservoirs with high water
saturations or in water-oil/gas transition zones, the influence of
pore water becomes obvious. This may be the reason why TSR
calcites from the Smackover Formation in Mississippi salt basin
(Heydari and Moore, 1989) have heavier 8O values, even
though the reactant anhydrites have §'°0 values of only about
14%o0 SMOW.

Conclusion

Compared to the host carbonate rocks, the burial calcite cements
from the Changxing and Feixianguan formations in the Sichuan
Basin show two distinct trends in carbon and oxygen-isotope
compositions. The decreasing trend in §'*O ratios of the pre-TSR
calcites reflects precipitation at increasing temperatures with carbon
isotope compositions buffered mainly by host rocks. In contrast, the
TSR-related calcites, despite precipitated at higher temperatures than
the pre-TSR calcites, have heavier §®O values close to, or overlapped
partly with those of host rocks. The lighter 8"°C values of the TSR-
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related calcites relative to the host rocks, as well as close association
with solid bitumen, suggest a contribution of organic carbon derived
from thermochemical sulfate reduction, a process that not only
provides the light carbon, but also supplies oxygen for calcites at high
temperatures. Based on the model established, the oxygen isotope
compositions of the TSR calcites are a function of the isotope
compositions and amounts of the initial anhydrite and pore
water residue in carbonate reservoirs. TSR show two opposing
effects on the 8O values of calcites, depending on the §"O
ratios of the initial anhydrite involved. The reduction of
anhydrite with relatively low 8O values causes the 8O of
calcite lower than theoretical values of that directly precipitated
from pore waters. The heavy oxygen isotope compositions of calcites
formed during TSR are not only attributed to the **O-enriched pore
water resulting from extensive water-rock interaction, but
also probably due to the involvement of anhydrite with high
8'%0 values.
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