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Abstract

The variations of chemical and carbon isotopic compositions in gaseous hydrocarbons upon abiogenic oxidation by sulfates, hematite
and both in laboratory studieswere clearly demonstrated through a unique two-step experimental approach. In the first step, a large number of
small gold capsules containing gaseous hydrocarbons were prepared by kerogen pyrolysis experiments, which were conducted under the
same condition (450 °C and 50 MPa for 72 h) using the same kerogen. The analytical results demonstrated that the chemical and carbon
isotopic compositions of gases were almost identical among the capsules. In the second step, each of these gaseous hydrocarbon-bearing
capsules, alongwith mineral oxidant (hematite, or magnesium sulfate heptahydrate, or both) and deionized water (15% of the amount of the
oxidant), was placed into a large gold capsule. After welding (sealing), the small gaseous hydrocarbon-bearing capsule was forced to leak
while the large capsule remained undamaged by compressing the large capsule from the outside at the position where this small capsule was
located. Then, these large capsules containing gas andmineral reactants were heated isothermally at 350 °C and 50MPa for 72, 144, 216 and
288 h, respectively. The results of the oxidation experiments with increasing heating time can be outlined as follows: (1) the amount of
methane remained almost unchanged in the experiments using hematite and the mixed oxidants (hematite+MgSO4) while it increased
substantially in the experiment usingMgSO4 after 72 h, indicatingmethanewas one of the final products ofC2+ oxidation; (2) the amounts of
C2–C5 hydrocarbons decreased consistently and more rapidly in the experiment using MgSO4 than that using hematite and the mixed
oxidants; (3) the oxidation rates of gas hydrocarbons increased with increasing carbon number of hydrocarbons; (4) the oxidation rates of
i-butane and i-pentane were substantially higher than those of the corresponding n-butane and n-pentane; (5) the amount of H2S increased
substantially in the experiment using MgSO4, whereas it was below the detection level in the experiments using hematite and the mixed
oxidants; (6) the δ13C values of C1–C5 hydrocarbons became less negative and the isotopic fractionation extent increased with increasing
carbon number of hydrocarbons and oxidation extent; (7) carbon isotopic fractionation factorα (k12/k13) decreasedwith increasing oxidation
rate of gas hydrocarbons; and (8) the rate of thermochemical sulfate reduction (TSR) was strongly dependent upon the presence and
concentrations of H2S.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Numerous studies have documented the oxidation of
gaseous hydrocarbons in carbonate reservoirs through ther-
mochemical sulfate reduction (TSR) [1–19]. The overall
process can be represented by the general reaction [13,20]:

CaSO4 þ hydrocarbon gases→CaCO3 þ H2S

þH2OF SF CO2

The notorious result of TSR is that the amount of H2S
increases substantially in gas hydrocarbon reservoirs [1–
19]. Gas hydrocarbons can be also oxidized by hematite,
magnetite and other ferric (Fe3+)-bearing minerals [20,21].
Surdam et al. demonstrated that hydrocarbon invasion
resulted in bleaching and porosity enhancement of red
sandstones [22]. This phenomenon was interpreted as
follows: (1) hematite in red sandstones was reduced by
hydrocarbons, resulting in color bleaching; (2) hydrocar-
bons were oxidized into carboxylic acids which dissolved
the carbonate cements [22]. Previous studies also indicated
that carboxylic acids widely occur in oilfield brines at
concentrations up to 10,000 ppm [23–26]. Franks and
Forester demonstrated that the isotopic composition of
carbons in carbonated cements in the U.S. Gulf Coast
decreases systematically (δ13C values of as low as −16‰)
with increasing temperatures (up to 200 °C) [26]. Seewald
regarded these data (the abundances of carboxylic acids and
δ13C values of carbonated cements) as strong evidences of
pervasive hydrocarbon oxidation by hematite, magnetite
and other ferric (Fe3+)-bearing minerals in petroleum-
producing sedimentary basins [20].

In comparison with field measurements, laboratory stu-
dies have been scarce. Kiyosu and Krouse [27] conducted
an experimental study on the reaction of flowing methane
withCuOor hematite and found that the producedCO2was
more depleted in 13C than the reactant methane. Their
experiments were performed at high temperatures (400–
650 °C), under atmospheric pressure, and in the absence of
water, conditions strikingly different from those in
sedimentary basins. Seewald [21] performed an extensive
experimental study on oxidation of low-molecular-weight
aqueous hydrocarbons in mineral buffered redox systems
(pyrite–pyrrhotite–magnetite, hematite–magnetite–pyrite
and hematite–magnetite) at 300–350 °C and 350 bar, and
the results revealed that the decomposition of aqueous
n-alkanes proceeds through a sequence of oxidation and
hydration reactions that sequentially produce alkenes, alco-
hols, ketones, and organic acids as the reaction intermedia-
tes. Organic acids subsequently undergo decarboxylation
and/or oxidation reactions to form CO2 and methane or
shorter chain saturated hydrocarbons [21]. However, no
carbon isotopic data were obtained due to the low abun-
dances of alkanes employed in the experimental systems.
Several experimental studies on TSR have been also re-
ported using organic matter soluble in water, such as acetic
acid, other than hydrocarbons [28–31]. These studies
mainly focused on the TSR rate, rather than the frac-
tionation of gaseous hydrocarbons in both the chemical and
isotopic compositions [28–31]. To date, the phenomenon
of TSR has mainly been observed in gas hydrocarbon
reservoirs in sedimentary basins [1–19]. However, exper-
imental work on the reaction between sulfates and gas
hydrocarbons has been rarely reported. The first aim of the
present study was to simulate the oxidation of gas hydro-
carbons through TSR in laboratory. A successful laboratory
simulation can greatly improve our understanding of the
TSR process in natural environments and enhance our
ability to predict H2S concentrations in gas reservoirs in
sedimentary basins.

The chemical and carbon isotopic data of gas hydro-
carbons have been used as a critical indication to diffe-
rentiate gas hydrocarbon origins (i.e., bacterial or
thermogenic), sources (kerogen characteristics), generative
manners (directly cracked from kerogen, or secondarily
cracked from oil), thermal maturation levels, and filling
histories of reservoirs (accumulative or instantaneous) [32–
41]. The chemical and isotopic variations of gas hydro-
carbons after entering the reservoirs were ignored in these
previous studies [32–41]. If the reaction between gas hy-
drocarbons and Fe3+-bearing minerals occur widely in
natural systems, just as Seewald suggested [20,21], the
chemical and isotopic fractionations of gas hydrocarbons
created by this reaction need to be considered seriously. So
far, no field study has been reported that deals with this
problem. The second aim of the present study was to
investigate the chemical and carbon isotopic variations of
gas hydrocarbons during oxidation by hematite, sulfates
and both of them in experimental systems, which could
improve our understanding of the origins and evolution of
gas hydrocarbons in sedimentary basins.

2. Experimental

Our experiments were performed in a chemically inert
environment (gold capsule) using hydrocarbon reactants
comparable to those of gas hydrocarbon reservoirs in se-
dimentary basins. In order to investigate the chemical and
isotopic variations of gas hydrocarbons in the oxidation
experiments, we need to place a natural gas sample, whose
chemical and isotopic compositions are known, into the
reaction cells without any changes during the whole per-
formance process prior to heating. It is impossible to inject a
natural gas sample directly to the cells due to the extremely
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evaporative nature of the gas components (esp. methane).
Therefore, a unique two-step experimental approach was
adopted in the present study. The first step was to prepare a
large number of small capsules containing gaseous hydro-
carbons comparable to those in natural reservoirs. The
chemical and isotopic compositions of the gas components
were “identical” among these capsules. The second step
was to perform the oxidation experiments using the gas
components within the prepared capsules as the reactants.

2.1. Preparation of “identical” gas hydrocarbon-
bearing gold capsules

This is the critical step for the entire experimental work.
Sixty small gold capsules (3 mm in outside diameter,
0.20 mm in wall thickness and 30 mm in length) were
welded at one end before being loadedwith samples. About
18 mg of kerogen was placed into each capsule, which was
separated from the Estonian Ordovician immature oil shale
(kukersite). This kerogen had been stored in refrigerator for
3 yr prior to use in pyrolysing experiments in the present
study. The contents of organic carbon, hydrogen, oxygen
and nitrogen of this kerogen are 67.02%, 8.26%, 14.90%
and 3.00%, respectively, measured just before the pyrolys-
ing experiment using an Elementar vario EL III. In com-
parison with the composition of kukersite kerogen reported
by Derenne et al., i.e., 67.0%C, 8.3%H, 12.8%O, 2.2%N
and 3.5%S [42], the oxygen content of our kerogen sample
is relatively high, possibly due to partial oxidation during
storage [43]. This kerogen was used in the present study
with the consideration that it could generate a large amount
of gas hydrocarbons with less pyrobitumen residues. Once
loaded, the open end of each capsule was purged with Ar
before being squeezed in a vise to create an initial seal,
which was subsequently welded in the presence of Ar.
Duringwelding, the previouslywelded endwas submerged
in coldwater to prevent heating of the reactants. Then, these
gold capsules were placed into 10 steel pressure vessels,
with six capsules in one vessel. These vessels were pre-
viously filled with water and connected to each other with
pipelines. Therefore, the internal pressure within all the
vessels was identical and adjusted to 50 MPa by pumping
water in and out of the vessels. The uncertainty of the
pressure was b0.1 MPa. Our experimental system per-
mitted all the 10 pressurized vessels to be placed in a single
furnace. A fan was installed at the bottom of the furnace to
keep the vessels inside under the same temperature con-
ditions during the experiment. The temperature of the ves-
sels was raised to 450 °Cwithin 10 h and held for 72 h. The
uncertainty of the temperature was b±1 °C. After heating,
the vessels were quenched to room temperature in cold
water within 10 min. During quenching, the pressure was
held at 50 MPa to prevent the capsules from leaking. After
cooling, the pressure inside the vessel was gradually re-
duced to the atmospheric pressure. Nine of the above
capsules from different vessels were selected for the che-
mical and isotopic compositional analyses of the volatile
pyrolysates. Another capsule was taken for the analysis of
large pyrolysates.

2.2. Laboratory simulation on the biogenic oxidation of
gas hydrocarbons

Gas components in the small gold capsules prepared
with the above-mentioned procedures were used as the
initial reactants. Each of the remaining gas hydrocarbon-
bearing capsules, along with mineral oxidants (700 mg
hematite, or 600 mg magnesium sulfate heptahydrate, or
350 mg hematite plus 300 mg magnesium sulfate hep-
tahydrate) and 100 mg deionized water, were placed into a
large gold capsule (6 mm in outside diameter, 0.25 mm in
wall thickness and 60 mm in length). Although anhydrite
appears to be the reactive oxidant and is replaced by calcite
and dolomite in natural TSR reservoirs [1–19], it is gene-
rally not used in laboratory TSR studies due to its low
solubility [28–31].Magnesium (Mg2+) is always present in
natural TSR reservoirs and may play a catalytic role in
natural TSR processes (Yongchun Tang, personal commu-
nication). Therefore, magnesium sulfate (MgSO4·7H2O)
was used in the present study. After the large capsule was
welded (sealed), the small gas hydrocarbon-bearing cap-
sule was forced to leak while the large capsule was main-
tained undamaged by compressing the large capsule from
the outside at the position where this small capsule was
located. Therefore, the gas components could be in contact
with the mineral oxidants. Three of these large capsules
were tested. The results indicated that the small gold cap-
sule inside was leaked in all cases upon compressing. The
kerogen residues and large released pyrolysates (polynu-
clear aromatics) could also reactwith the oxidants, resulting
in the release of some gas components. The nine small
capsules aforementioned, which had been pierced for the
analyses of the volatile products, were used for the com-
parative experiments. Each of these nine capsules plus
mineral oxidants (700 mg hematite, or 600 mg magnesium
sulfate heptahydrate, or 350 mg hematite plus 300 mg
magnesium sulfate heptahydrate) and 100 mg deionized
water were placed into a large gold capsule. These large
capsules without the initial gas reactants were heated toge-
ther with those containing gas reactants. The experiments
were conducted using the same apparatus for the kerogen
pyrolysing as described above. Two large capsules were
placed into one vessel. Ten vessels were used for the same
run. The internal pressure of all the vessels was maintained
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at 50 MPa. The temperature of the vessels for four runs
were increased to 350 °C in 10 h and held for 72, 144, 216
and 288 h, respectively. After oxidation experiments, the
chemical and isotopic compositions of the gas components
in the large capsules were analyzed with the same pro-
cedures as those for the initial gas components in the nine
small capsules.

2.3. Chemical and isotopic analyses

The volatile components in the capsules were collected
and concentrated in a special device connected with an
Agilent 6890 N GC modified by WassonECE Instrumen-
tation (Fig. 1). Initially, valve Dwas closed while valves A,
B and C were open. The whole device was evacuated by a
vacuum pump to reach an internal pressure of less than
1×10−2 Pa. Valves A, B and C were closed, and valve D
was open to allow the standard gases to get into the space
entrapped within valves A, B and D, with a volume
30.6 ml. Once valve D was closed, the amount of the
standard gases can be determined by the pressure gauge.
Valve Bwas open to allow gases to get into the 6890NGC,
through which the GC analyses of both the organic and
inorganic gas components were performed in an automat-
ically controlled procedure. This modified GC is equipped
with seven valves, eight columns and three detectors, i.e.,
an FID for analyzing gas hydrocarbons (helium as a carrier
gas), a TCD for analyzing H2 (nitrogen as a carrier gas) and
another TCD for analyzing the other inorganic gases
(helium as a carrier gas). The oven temperature for the
hydrocarbon gas analysis was initially held at 70 °C for
6min, ramped from 70 to 130 °C at 15 °C/min, from 130 to
180 °C at 25 °C/min, and then held at 180 °C for 4 min,
Fig. 1. Schema of the dev
whereas it was held at 90 °C for the inorganic gas analysis.
The analysis of all gases was carried out by one single
injection. An equation between the amounts and the values
of FID and TCD responses for the gas components were
obtained through a series of analyses of the standard gases
with known amounts. The process for the sample analysis
was generally similar to that of standard gas analysis. After
the entire device was evacuated, all the four valves were
closed, and the gold capsule was pierced. Gas components
filled the space entrapped within valves A, B and D. Valve
B was open to allow the components to be analyzed by the
modified GC. The amounts of the gas components were
determined from the values of FID and TCD responses and
the equation aforementioned. As the total volume of gold,
water and mineral oxidants of a large capsule ranged
between 0.60 and 0.65 ml, about 2% of the volume of the
effective space entrapped within valves A, B and D
(30.6 ml), the corrected amounts of the gas components
within the large capsule were about 2% lower than those
calculated from the equation. A test with external standard
gases indicated that this device had an accuracy of less than
0.5% in relative errors.

After the gas components entered the 6890N GC, valve
B was closed. After GC analysis, the remaining gas com-
ponents entrapped within valves A, B and D, with an
amount about 80% of the initial value, were taken for gas
chromatography–isotope ratio mass spectrometry (GC-
IRMS) analysis using a specific syringe piercing through
the septum (Fig. 1). This analysis was performed on a VG
Isochrom II interfaced to an HP 5890 GC, which is located
near this device. The HP 5890 GC was fitted with a
Poraplot Q column (30m×0.32mm i.d.). Heliumwas used
as the carrier gas. The column head pressure was 8.5 psi.
ice for gas analysis.



Table 2
Carbon isotopic compositions δ13C(‰) for gas components in the
selected nine small capsules

C1(δ
13C‰) C2(δ

13C‰) C3(δ
13C‰) CO2(δ

13C‰)

1 −42.3 −31.1 −20.7 −33.7
2 −42.1 −30.5 −20.0 −34.0
3 −42.3 −30.8 −20.1 −34.2
4 −42.4 −31.0 −20.0 −33.7
5 −42.1 −31.0 −20.3 −33.6
6 −41.5 −30.4 −21.1 −34.0
7 −41.7 −30.9 −20.5 −33.8
8 −41.8 −30.9 −20.4 −33.7
9 −41.7 −30.9 −21.0 −33.6
AV −42.0 −30.8 −20.5 −33.8
σ 0.32 0.22 0.43 0.21

AV: averaged value; δ13C value of the initial kerogen: −31.6‰; δ13C
value of the residue kerogen after pyrolysis experiment: −31.5‰.
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The GC oven temperature was initially held at 40 °C for
3 min, ramped from 40 to 180 °C at 20 °C/min, and held at
180 °C for 5 min. The carbon isotopic value of CO2

reference gas was calibrated by NBS 22 oil as a reference
material using element analysis (Thermo Quest Flash EA
1112 Series), combined with isotope ratio mass spectrum
(Delta Plus XL). Carbon isotope ratios for individual
gaseous hydrocarbons were calculated using CO2 as a
reference gas that was automatically introduced into the
IRMS at the beginning and end of each analysis. In addi-
tion, a standard mixture of gaseous hydrocarbons (C1–C4),
with known isotope compositions calibrated by our labo-
ratory, was used daily to test the performance of the ins-
trument. Replicate analyses of this mixture show that the
standard deviation for each compound is less than 0.3‰.

The procedure for the analysis of the large pyrolysates
was as follows. The capsule was frozen in liquid nitrogen
for more than 5min, and then it was cut swiftly into several
pieces in a vial, which contained about 3 ml pentane with
0.050 mg deuterated n-C24 (internal standard). Following
five ultrasonic treatments with 5 min each cycle, the pen-
tane solution was analyzed by GC and GC-MS.

3. Results

3.1. Chemical and isotopic compositions of kukersite
kerogen pyrolysates

The chemical and isotopic compositions of gaseous
pyrolysates within the nine selected small capsules are
similar (Tables 1 and 2). The averaged amounts ofmethane,
ethane and propane are 10.05, 3.31 and 1.30 mmol/g TOC,
respectively. The averaged amounts of CO2 and H2S are
2.70 and 0.68 mmol/g TOC, respectively. The averaged
δ13C values for methane, ethane, propane and CO2 are
−42.0‰, −30.8‰, −20.5‰ and −33.8‰, respectively.
Table 1
Amount of gaseous components in the selected nine small capsules (mmol/g

C1H4 C2H6 C2H4 C3H8 C3H6 i-C4H10

All in mmol/g TOC

1 10.02 3.35 0.00092 1.38 0.00269 0.185
2 9.66 3.39 0.00088 1.38 0.00264 0.178
3 9.96 3.33 0.00095 1.29 0.00271 0.182
4 10.04 3.26 0.00092 1.33 0.00267 0.176
5 9.87 3.26 0.00085 1.22 0.00207 0.141
6 9.91 3.16 0.00082 1.21 0.00204 0.144
7 10.16 3.25 0.00083 1.48 0.00205 0.189
8 10.56 3.42 0.00075 1.22 0.00209 0.141
9 10.31 3.33 0.00082 1.19 0.00205 0.136
AV 10.05 3.31 0.00086 1.30 0.00233 0.164
σ 0.25 0.08 0.00006 0.09 0.00031 0.022

AV: averaged value.
The δ13C values in the initial kukersite kerogen and kero-
gen residues upon pyrolysing are −31.6‰ and −31.5‰,
respectively, suggesting no carbon isotopic fractionation
for this kerogen during pyrolysing at 450 °C.

The large pyrolysates contain only some polynuclear
aromatic compounds, i.e., naphthalene, methylnaphtha-
lenes, phenanthrene, methylphenanthrenes and pyrene
(Fig. 2).

3.2. Chemical compositions upon oxidation

The amounts of volatile components upon oxidation are
shown in Table 3 and Fig. 3. In the experiment using
hematite, the amount of methane varied slightly and irre-
gularly, ranging from 9.41 to 11.02 mmol/g TOC (93.6–
109.7% of the initial value). The amount of ethane de-
creased consistently to 3.03 (91.5% of the initial value),
2.94–3.07 (88.8–92.7% of the initial value), 2.82–2.97
(85.2–89.7% of the initial value) and 2.72–2.80 mmol/g
TOC)

n-C4H10 i-C5H12 n-C5H12 H2 CO2 H2S

0.069 0.00487 0.00420 0.24 2.57 0.67
0.065 0.00482 0.00407 0.25 2.62 0.70
0.066 0.00475 0.00400 0.24 2.62 0.69
0.064 0.00447 0.00373 0.25 2.61 0.68
0.041 0.00364 0.00319 0.17 2.78 0.66
0.045 0.00345 0.00278 0.18 2.63 0.65
0.093 0.00561 0.00448 0.29 2.73 0.68
0.035 0.00365 0.00327 0.33 2.86 0.69
0.034 0.00347 0.00317 0.33 2.84 0.68
0.057 0.00430 0.00365 0.25 2.70 0.68
0.018 0.00073 0.00054 0.05 0.10 0.01



Fig. 2. Gas chromatograms of the large hydrocarbons (total pentane extracts): (1) naphthalene; (2) 2-methylnaphthalene; (3) 1-methylnaphthalene;
(4) phenanthrene; (5) methylphenanthrenes; St.: internal standard deuterated n-C24. Gas chromatography was performed on a HP6890 GC fitted with
a 50-m×0.32-mm i.d. column coated with a 0.40-μm film of CP-Sil 5CB, employing nitrogen as carrier gas. The oven temperature was programmed
as follows: 40 °C for 5 min, raised from 40 °C to 290 °C at 4 °C/min, and then held at 290 °C for 45 min.
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TOC (82.2–84.6% of the initial value) at 72, 144, 216 and
288 h, respectively. The amount of propane decreased at a
relatively higher rate to 1.18 (90.7% of the initial value),
0.87–1.00 (66.9–76.9% of the initial value), 0.77–0.85
(59.2–65.4% of the initial value) and 0.71–0.73 mmol/g
TOC (54.6–56.1% of the initial value) at 72, 144, 216 and
288 h, respectively. The amounts of butanes and pentanes
decreased substantially at 72 h and then remained largely
unchanged with further increased heating time. In addition,
the reduction rate of isobutane and isopentane was subs-
tantially higher than that of the corresponding n-butane and
n-pentane. Although the initial ratios of i-C4/n-C4 and i-C5/
n-C5 are very high, 2.860 and 1.178, respectively, theywere
generally much less than 1 upon oxidation for 72–288 h
(Table 3 and Fig. 4). Gas dryness value (C1/C1–4 ratio)
increased from the initial value of 0.675 to 0.699 at 72 h, to
0.729–0.734 at 144 h, and then decreased slightly to
0.710–0.722 at 216 h, and finally increased again to 0.739–
0.740 at 288 h (Table 3, Fig. 5a). The amount of CO2

increased substantially to 6.82 mmol/g TOC (2.53 times of
the initial value) at 72 h and then varied slightly and
irregularly with increasing heating time (Table 3). The ratio
of CO2/(CO2+∑CnH2n+2) increased from the initial value
0.154 to 0.324 at 72 h, then decreased slightly to 0.296–309
at 144 h, and increased again to 0.313–0.324 at 216 h, and
finally, to 0.345–350 at 288 h (Fig. 5b). The amounts of H2

and H2S decreased rapidly to the levels below the detection
limits at 72 h (Table 3).

For the experiment using MgSO4 (magnesium sulfate
heptahydrate), the amount ofmethane remained unchanged
(98.7–100.6% of the initial value) at 72 h, increased subs-
tantially to 12.61–13.44 mmol/g TOC (125.5–133.7% of
the initial value) at 144 h and maintained at this level with
increasing heating time. The amount of ethane decreased
slowly to 3.07–3.08 mmol/g TOC (92.7–93.1% of the
initial value) at 72 h, and then decreased rapidly to 0.389–
0.509 (11.8–15.4% of the initial value), 0.032–0.038
(1.00–1.11% of the initial value) and 0.007 mmol/g TOC
(0.21% of the initial value) at 144, 216 and 288 h,
respectively. The amount of propane decreased rapidly to
0.412–0.452 mmol/g TOC (31.7–34.8% of the initial
value) at 72 h and to 0.007–0.023 mmol/g TOC (0.54–
1.77% of the initial value) at 144 h, and then maintained
this level with increasing heating time. The amounts of
butanes and pentanes decreased rapidly to a very low level
at 72 h and maintained at this level with increasing heating
time. The reduction rate of isobutane and isopentane was
also substantially higher than that of the corresponding
n-butane and n-pentane, and the ratios of i-C4/n-C4 and
i-C5/n-C5 were generally much less than 1 upon oxidation
for 72–216 h (Fig. 4). C1/C1–4 ratio increased slowly from
the initial value of 0.675 to 0.737–0.743 at 72 h, and then
increased rapidly to 0.961–0.970, 0.966 and 0.999 at 144,
216 and 288 h, respectively (Fig. 5a). The amount of H2

was below the detection level during oxidation. The
amount of CO2 remained unchanged at 72 h and increased
consistently with increasing heating time, from 2.64mmol/
g TOC at 72 h to 7.73mmol/g TOC at 288 h (Table 3). The
ratio of CO2/(CO2+∑CnH2n+2) increased consistently
from the initial value of 0.154 to 0.365 at 288 h (Fig. 5b).



Table 3
Residual amounts of gaseous components after oxidation experiments

C1H4 C2H6 C2H4 C3H8 C3H6 i-C4H10 n-C4H10 i-C5H12 n-C5H12 H2 CO2 H2S C1/C1–4 C2H4/C2H6 C3H6/C3H8 i-C4/n-C4 i-C5/n-C5

All in mmol/g TOC

Initial 10.05 3.31 0.00086 1.30 0.00233 0.163 0.057 0.00430 0.00365 0.25 2.70 0.68 0.675 0.00026 0.00179 2.860 1.178

HEM
72 h 9.94 3.03 0.00062 1.18 0.00133 0.025 0.042 0.00170 0.00453 BD 6.82 BD 0.699 0.00020 0.00113 0.595 0.375
144 h-1 10.76 3.00 0.00052 0.94 0.00145 0.020 0.036 0.00126 0.00401 BD 6.36 BD 0.729 0.00017 0.00154 0.556 0.314
144 h-2 11.02 2.94 0.00037 1.00 0.00107 0.017 0.045 0.00132 0.00566 BD 6.71 BD 0.734 0.00013 0.00107 0.378 0.233
144 h-3 10.83 3.07 0.00056 0.87 0.00137 0.027 0.043 0.00165 0.00557 BD 6.23 BD 0.730 0.00018 0.00157 0.628 0.296
216 h-1 9.61 2.85 0.00042 0.81 0.00081 0.023 0.038 0.00139 0.00333 BD 6.09 BD 0.721 0.00015 0.00100 0.605 0.417
216 h-2 9.73 2.82 0.00040 0.85 0.00101 0.029 0.050 0.00190 0.00431 BD 6.47 BD 0.722 0.00014 0.00119 0.580 0.441
216 h-3 9.41 2.97 0.00039 0.77 0.00092 0.038 0.057 0.00205 0.00417 BD 6.20 BD 0.710 0.00013 0.00119 0.667 0.492
288 h-1 9.96 2.72 0.00034 0.73 0.00064 0.025 0.033 0.00171 0.00364 BD 7.10 BD 0.739 0.00013 0.00088 0.758 0.470
288 h-2 10.05 2.80 0.00039 0.71 0.00085 0.009 0.017 0.00071 0.00236 BD 7.33 BD 0.740 0.00014 0.00120 0.529 0.301

SUL
72 h-1 9.92 3.08 BD 0.452 0.00021 0.0011 0.0077 0.00015 0.00045 BD 2.64 2.74 0.737 – 0.00046 0.143 0.333
72 h-2 10.11 3.07 BD 0.412 0.00019 0.0007 0.0067 0.00013 0.00043 BD 2.80 2.78 0.743 – 0.00046 0.104 0.302
144 h-1 13.44 0.427 BD 0.007 0.00003 0.0002 0.0003 0.00005 0.00007 BD 3.67 6.41 0.969 – 0.00429 0.667 0.714
144 h-2 12.61 0.389 BD 0.007 0.00003 0.0002 0.0003 0.00006 0.00007 BD 3.70 6.28 0.970 – 0.00429 0.667 0.857
144 h-3 13.22 0.509 BD 0.023 0.00003 0.0004 0.0008 0.00004 0.00007 BD 3.66 6.05 0.961 – 0.00130 0.500 0.571
216 h-1 12.89 0.035 0.00040 0.008 0.00016 0.0006 0.0018 0.00045 0.00076 BD 5.85 7.22 0.996 0.01143 0.02000 0.333 0.592
216 h-2 12.90 0.032 0.00042 0.013 0.00016 0.0006 0.0019 0.00047 0.00081 BD 5.90 6.67 0.996 0.01313 0.01231 0.316 0.580
216 h-3 12.48 0.038 0.00037 0.009 0.00016 0.0006 0.0018 0.00044 0.00078 BD 5.91 6.38 0.996 0.00974 0.01778 0.333 0.564
288 h 13.43 0.007 BD 0.001 BD BD BD BD BD BD 7.73 7.19 0.999 – 0.00046
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HS
72 h 9.90 3.13 0.00029 1.08 0.00103 0.0221 0.0402 0.00109 0.00389 BD 2.37 BD 0.698 0.000093 0.00095 0.550 0.280
144 h 10.27 2.99 0.00026 0.71 0.00061 0.0181 0.0183 0.00011 0.00206 BD 2.32 BD 0.733 0.000087 0.00086 0.989 0.053
216 h-1 9.10 2.78 0.00020 0.89 0.00076 0.0003 0.0322 0.00016 0.00210 BD 2.24 BD 0.711 0.000072 0.00085 0.009 0.076
216 h-2 9.60 2.87 0.00021 0.81 0.00076 0.0002 0.0264 0.00011 0.00177 BD 2.39 BD 0.721 0.000073 0.00094 0.008 0.062
288 h-1 9.70 2.78 0.00019 0.71 0.00067 0.0001 0.0175 0.00010 0.00138 BD 2.20 BD 0.734 0.000068 0.00094 0.006 0.072
288 h-2 9.38 2.56 0.00018 0.55 0.00061 0.0002 0.0128 0.00010 0.00096 BD 2.09 BD 0.750 0.000070 0.00111 0.016 0.104

HEM⁎
72 h 0.0130 0.03195 BD 0.01080 0.000086 0.000145 0.00055 0.000038 0.000050 BD 3.61 BD 0.230 – 0.00796 0.264 0.760
144 h 0.0096 0.00813 BD 0.00457 0.000047 0.000177 0.00061 0.000125 0.000307 BD 1.10 0.0307 0.415 – 0.01028 0.290 0.407
216 h 0.0190 0.01187 BD 0.00396 0.000042 0.000125 0.00047 0.000120 0.000206 BD 2.73 0.0513 0.536 – 0.01061 0.266 0.583

SUL⁎
72 h 0.0413 0.02820 BD 0.02533 BD 0.000846 0.00124 0.000518 0.000956 BD 0.31 0.0589 0.426 – – 0.682 0.542
144 h 0.0368 0.02226 BD 0.01149 0.000038 0.000411 0.00111 0.000133 0.000338 BD 0.28 0.0542 0.510 – 0.00331 0.370 0.393
216 h 0.0304 0.00372 BD 0.00035 BD 0.000029 0.00006 0.000022 0.000039 BD 0.14 0.4076 0.880 – – 0.483 0.564

HS⁎
72 h 0.04343 0.04218 BD 0.03238 BD 0.00496 0.00545 0.00065 0.00117 BD 0.42 0.0556 0.338 – – 0.910 0.556
144 h-1 0.02826 0.01570 BD 0.00636 BD 0.00004 0.00039 0.00005 0.00013 BD 0.23 0.0618 0.557 – – 0.103 0.385
216 h-2 0.03053 0.01758 BD 0.00735 BD BD 0.00051 0.00002 0.00011 BD 0.21 0.2360 0.545 – – – 0.182

Initial: averaged value in Table 1; HEM: Fe2O3 as oxidant; SUL: MgSO4·7H2O as oxidant; HS: Fe2O3+MgSO4·7H2O (7:6 wt.) as oxidant; ⁎In the absence of initial gas reactants; BD: below detection
level.
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The amount of H2S increased rapidly from the initial value
of 0.68 mmol/g TOC to 2.74–2.78 mmol/g TOC (4.03–
4.09 times of the initial value) at 72 h, to 6.05–6.41mmol/g
TOC (8.90–9.43 times of the initial value) at 144 h, and
maintained at this level with increasing heating time. The
ratio of H2S/(H2S+∑CnH2n+2) increased from the initial
value of 0.044 to 0.169–0.170 at 72 h, to 0.305–0.326 at
144 h, and further increased slightlywith increasing heating
time (Fig. 5c).

During the experiment using the mixed oxidants
(hematite+magnesium sulfate heptahydrate), the compo-
sitional variation trends of gas components were similar to
the results from the experiment using hematite with increa-
sing heating time except that the amount of CO2 was
substantially lower with the mixed oxidants than with
hematite alone (Table 3, Figs. 3 and 5).

In the comparative experiments without initial gas
reactants, the amounts of gas hydrocarbons produced
ranged from less than 1% to 2% of those in the
corresponding experiments with the initial gas reactants
except that the amounts of C2–5 hydrocarbons were
similar in the experiments using magnesium sulfate hep-
tahydrate with and without the initial gas reactants at
216 h or longer time (Table 3).

3.3. Carbon isotope compositions after oxidation
experiment

Carbon isotopic compositions of methane, ethane,
propane and CO2 are shown in Table 4 and Fig. 6. Carbon
isotopic compositions for the other gas hydrocarbons
were not obtained due to their low absolute amounts.

In the experiment using hematite, the δ13C value for
methane increased slightly and varied irregularly in the
range −41.5‰ to −40.1‰ with increasing heating time.
The δ13C value for ethane increased slowly from an initial
value of −30.8‰ to −30.7‰, −29.2‰ to −28.8‰,
−28.2‰ to −27.8‰ and −28.2‰ at 72, 144, 216 and
288 h, respectively. The δ13C value for propane increased
more prominently from an initial value of −20.5‰ to
−18.3‰, −16.7‰ to −16.3‰, −17.3‰ to −16.9‰ and
−15.8‰ to −15.7‰ at 72, 144, 216 and 288 h,
respectively. The δ13C value for CO2 increased by
about +2‰ in comparison with the initial value, but it
remained quite invariant with increasing heating time.

In the experiment using magnesium sulfate heptahy-
drate, the δ13C value for methane increased from the
initial −41.7‰ to −39.0 to −38.9‰ at 72 h and to
−36.2‰ to −35.6‰ at 144 h, remained largely
unchanged at 216 h, ranging between −36.3‰ and
−35.6‰, and finally increased to −34.5‰ at 288 h. The
δ13C value for ethane increased relatively slowly from the
initial of −30.8‰ to −28.6‰ to −27.9‰ at 72 h, rapidly
to −8.5‰ to −8.0‰ at 144 h and to −7.0‰ to −6.4‰ at
216 h, consistent with the varying trend of oxidation
extent with increasing heating time. The δ13C value for
CO2 decreased by +1.5‰ to +4‰ in comparisonwith the
initial value.

In the experiment using the mixed oxidants, the
varying trends of δ13C values for methane, ethane and
propane were similar to those in the experiment using
hematite with increasing heating time. However, the δ13C
value for CO2 decreased by about +4‰ in comparison
with the initial value, similar to the results from the
experiment using the magnesium sulfate heptahydrate.

4. Discussions

4.1. Methane as one of the final products of C2+
oxidation

In the experiment using MgSO4, the amount of
methane increased substantially at 144 h or with longer
heating time (Table 3, Fig. 3a). This result clearly
indicates that methane is one of the final products of
C2–C5 hydrocarbon oxidation, as suggested by Seewald
[21]. For example, the amount of methane was increased
by about 3.39 mmol/g TOC, while that of C2–C5

hydrocarbons was decreased by about 4.5 mmol/g TOC
at 144 h (144 h−1, Table 3). The oxidation of 1 mmol of
C2–C5 hydrocarbons appeared to yield 1 mmol of
methane. However, the amounts of C2–C5 alkanes
decreased significantly (about 1.25 mol/g TOC in total)
while the amount of methane even decreased slightly at
72 h (Table 3, Fig. 3a). This phenomenon can be inter-
preted as follows. The oxidation of C2–C5 alkanes was
completed by a series of reactions. At the early stage, in
addition to CO2, only intermediate components, i.e.,
alcohols, ketones and organic acids, were produced [21],
which were not analyzed in the present study. The rapid
increase in the amount of methane after 72 h can be
attributed to two causes: (1) the intermediate compounds
produced prior to 72 h were finally transformed into CH4

and oxidized into CO2, and (2) the TSR accelerated as the
reaction was progressing, as discussed later. The amount
of methane was dependent on the rates of the two
reactions, i.e., methane was oxidized to form CO2 and at
the same time was constantly produced from oxidation of
C2–C5 alkanes. In the experiments using hematite and
mixed oxidants, the amount of methane remained largely
unchanged, indicating that the oxidation rate was similar
to the generation rate (Table 3, Fig. 3a). As a result, the
ratio of C1/C1–4 increased with increasing heating time
(Fig. 5a).



Fig. 3. Diagrams of heating time versus the amounts of C1–C4 alkanes.
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4.2. Reaction rates

For all experiments using hematite, MgSO4 and both,
the oxidation rate of C2–C5 alkanes obviously increased
with increasing carbon number in hydrocarbons and was
higher for i-butane and i-pentane than for n-butane and
n-pentane (Table 3 and Figs. 3 and 4). It can also be
estimated that the oxidation rate of methane was the
lowest even if the amount of methane generated from
the oxidation of other alkanes was considered. Other-
wise, the amount of methane would decrease substan-
tially with increasing heating time because the initial
ratio of C1/∑C1–4 was 67.5 mol%. Oxidation rates of
C2–C5 alkanes were substantially higher in the
experiment using MgSO4 than using hematite and the
mixed oxidants (Table 3, Fig. 3). In contrast, the
oxidation rate of methane relative to C2–C5 alkanes was
opposite (Table 3, Fig. 3). It is noteworthy that the
variation trends for gas hydrocarbons both in the
amounts and carbon isotopic compositions were similar
between the two experiments using hematite and the
mixed oxidants (Tables 3 and 4, Figs. 3, 5a and 6)). This
result demonstrates that gas alkanes mainly reacted with
hematite rather than with MgSO4 in the experiment



Fig. 5. Diagrams for the ratios of C1/∑C1–4, CO2/(CO2+∑CnH2n+2)
and H2S/(H2S+∑CnH2n+2) versus heating time.

Fig. 4. Diagrams of heating time versus i-C4/n-C4 and i-C5/n-C5 ratios.
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using the mixed oxidants. It suggests that the reaction
between sulfates and gas hydrocarbons can be sub-
stantially influenced by other factors in addition to
temperature.

Previous experimental studies on the oxidation of orga-
nic matter by aqueous sulfates demonstrated that TSR rate
is extremely slow when H2S is not present and increases
with increasing partial pressure of H2S [28,30,31]. In the
present study, the oxidation rate of ethane was relatively
low within 0–72 h in the experiment using MgSO4,
comparable to that in the experiments using hematite and
the mixed oxidants, indicating a relatively low TSR rate
(Table 3 and Fig. 3b). However, it increased substantially in
the experiment using MgSO4 after 72 h, indicating a high
TSR rate (Fig. 3b). The different TSR rates during the
experiment using MgSO4 before and after 72 h could be
accounted for by H2S concentrations. In our experiment,
the initial gas components contained a minor amount of
H2S (Table 1). Therefore, TSR started and proceeded
slowly at the beginning and then accelerated with increa-
sing amount of H2S in the experiment using MgSO4.
Similarly, the extremely low TSR rate in the experiment
using the mixed oxidants could be accounted for by the
absence of H2S. During this experiment, the initial H2S
preferentially reacted with hematite and precipitated as a
result, resulting in the amount of H2S below the detection
level (Table 3). Therefore, TSR proceeded at an unnotice-
able rate in the experiment using the mixed oxidants. This
result implies that Fe-bearing minerals (i.e., hematite,



Table 4
Carbon isotopic compositions δ13C(‰) for gas components

CH4 C2H6 C3H8 CO2 αC2 αC3

Initial −42.0 −30.8 −20.5 −33.8

HEM
72 h −40.8 −30.7 −18.3 −31.7 1.0011 1.0249
144 h-1 −40.1 −29.2 −16.7 −31.6 1.0175 1.0126
144 h-2 −40.2 −28.8 −16.3 −31.7 1.0183 1.0173
144 h-3 −40.2 −29.1 −16.6 −31.4 1.0247 1.0104
216 h-1 −40.1 −27.8 −16.9 −32.0 1.0211 1.0081
216 h-2 −40.2 −27.8 −17.2 −32.0 1.0199 1.0084
216 h-3 −40.6 −28.2 −17.3 −32.1 1.0254 1.0066
288 h-1 −41.5 −28.5 −15.7 −31.5 1.0123 1.0088
288 h-2 −40.8 −28.5 −15.8 −31.4 1.0146 1.0082

SUL
72 h-1 −38.9 −28.6 na −36.8 1.0334 –
72 h-2 −39.0 −27.9 na −36.9 1.0413 –
144 h-1 −36.2 −8.4 na −37.4 1.0113 –
144 h-2 −35.6 −8.0 na −37.1 1.0110 –
144 h-3 −36.0 −8.5 na −36.8 1.0123 –
216 h-1 −36.3 −6.4 na −35.4 1.0055 –
216 h-2 −35.6 −6.6 na −35.4 1.0053 –
216 h-3 −35.8 −7.0 na −34.9 1.0055 –
288 h −34.5 na na −35.7 – –

HS
72 h −41.4 −30.0 −20.5 −38.8 1.0157 1.0007
144 h −41.0 −28.2 −18.5 −37.0 1.0272 1.0036
216 h-1 −40.2 −28.4 −18.1 −37.2 1.0144 1.0069
216 h-2 −39.9 −28.3 −18.1 −37.3 1.0188 1.0054
288 h-1 −40.3 −28.0 −14.2 −37.1 1.0172 1.0110
288 h-2 −40.5 −28.4 −15.2 −37.7 1.0100 1.0065

Initial: averaged value in Table 2; HEM: Fe2O3 as oxidant; SUL:
MgSO4·7H2O as oxidant; HS: Fe2O3+MgSO4·7H2O (7:6 wt.) as oxidant
Sample; αC2: kinetic isotope effect (

12k/13k) for C2H6; αC3: kinetic isotope
effect (12k/13k) forC3H8;BothαC2 andαC3 are calculated based onRayleigh
equation (from Rooney et al. [40]): (1/α−1)lnf=ln((10−3δf+1)/(10−3δi+
1)), f=final amount/initial amount of C2H6 or C3H8, δf and δi: final and
initial values of δ13C; na: not measured due to low absolute amount.

Fig. 6. Diagrams of heating time versus δ13C values of methane,
ethane and propane.
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magnetite, siderite, Fe-bearing clays, etc.) may inhibit TSR
starting and proceeding by precipitating H2S in natural
systems. Machel mentioned a number of factors that may
influence TSR rate and temperature range in sedimentary
basin [9]. He also mentioned that iron sulfides are rare by-
products of TSR in sour gas reservoirs and ascribed this
result to no Fe available in the reservoir rocks [9]. Our
interpretation of this phenomenon is that TSR did not occur
in reservoir rocks that contained abundant Fe-bearing
minerals, and even if iron sulfides occurred in sour gas
reservoirs in some cases, they formed prior to TSR initia-
tion, more likely during bacterial sulfate reduction.

Heydari suggested that during TSR anhydrite reacted
with H2S to produce S0, which in turn reacted with CH4 to
generate more H2S in a self-reinforcing cycle, based on his
observations of TSR within Upper Jurassic Smackover
Formation, Black Creek Field,Mississippi [6].Worden et al.
also demonstrated that the TSR is an autocatalytic process in
their study of deep carbonate gas reservoirs within the
Permian Khuff Formation, Abu Dhabi [16]. However, they
ascribed this phenomenonmainly to the generation of a large
amount of water during TSR [16]. TSR is not a pure gas–
solid reaction but occurs between methane and anhydrite
both dissolved in water [8,9,14,16]. The salinity of in situ
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water decreases due to the addition of a large amount of
water [16]. As a result, the solubility of methane and anhy-
drite increases [16]. Machel especially emphasized the im-
portance of the wettability effect on TSR and concluded that
TSR of solid sulfates is not possible in a diagenetic envi-
ronment [9]. In the present study, the oxidation rates of gas
alkanes were slightly higher in the experiment using the
mixedoxidants thanhematite alone (Table 3 andFig. 3). This
result may be also ascribed to water generation due to
dehydration of MgSO4·7H2O at 350 °C. An alternative
interpretation is that the oxidation rates of gas alkanes by
hematite may be enhanced by active aqueous sulfur in the
experiment using the mixed oxidants [21].

4.3. Net mass balance reaction

Orr proposed a pair of reactions to account for the
observed variation in chemistry and stable isotope com-
position of gases during TSR in the Big Horn Basin,
USA [2,3]:

SO2−
4 ðaqÞ þ 3H2S→4S þ 2H2O þ 2OH− ð1Þ

4S þ 1:33ð–CH2–Þ þ 2:66H2O→4H2S

þ1:33CO2

ð2Þ

This pair of reactions actually stemmed from the
experimental work of Toland [31] and was supported by
recent laboratory studies [28,30]. Worden and Smalley
[13] emphasized the importance of direct reaction
between gas hydrocarbons and dissolved sulfates, and
proposed the following reactions:

CaSO4 þ CH4→CaCO3 þ H2S þ H2O ð3Þ

2CaSO4 þ C2H6→2CaCO3 þ H2S þ S þ 2H2O ð4Þ

As mentioned previously, TSR did not occur in the
experiment with the mixed oxidants. Therefore, reactions
(3) and (4) are inconsistent with our experimental results.
We believe that reactions (1) and (2) are generally appro-
priate to account for the results of our experiment using
MgSO4. Reaction (2) can be also written as

3S þ ð–CH2–Þ þ 2H2O→3H2S þ CO2 ð5Þ

For methane, the reaction can be written as

4S þ CH4 þ 2H2O→CO2 þ 4H2S ð6Þ

For ethane, propane and i-butane, however, the reaction
equations in our experiment are somewhat different from
Orr's and can be written as

3S þ C2H6 þ 2H2O→3H2S þ CH4 þ CO2 ð7Þ
6S þ C3H8 þ 4H2O→6H2S þ CH4 þ 2CO2 ð8Þ
9S þ i�C4H10 þ 6H2O→9H2S þ CH4 þ 3CO2 ð9Þ

As demonstrated by Seewald, one n-butane molecule
forms two acetic acid molecules during oxidative degra-
dation, which may subsequently form two methane mole-
cules via decarboxylation [21]. For n-butane, the reaction
can be written as

5S þ n�C4H10 þ 4H2O→5H2S þ 2CH4

þ2CO2

ð10Þ

Reaction (6) proceeds substantially slower than do the
other reactions. The reaction rate for the above reactions
decreases in the sequence of reaction (9)N reaction (10)N
reaction (8)N reaction (7)N reaction (6). Although the solid
minerals were not analyzed after the oxidation experiment,
it can be deduced that CO2 could partly precipitate as
MgCO3 during the experiment under the consideration that
the oxidation extent of C2+ components was substantially
high while the amount of CO2 and the ratio of CO2/(CO2+
∑CnH2n+2) were substantially low in this experiment, in
comparison with the experiment using Fe2O3 at 72 h and
144 h (Table 3, Figs. 3 and 5b):

CO2 þMg2þ þ 2OH−→MgCO3 þ H2O ð11Þ

Reactions (6)–(10) suggest that the proportions of H2S,
CO2 and H2O produced during TSR vary substantially due
to different gas hydrocarbon reactants. The net reactions for
methane, ethane, propane and n-butane can be written as

SO2−
4 ðaqÞ þMg2þ þ CH4→MgCO3 þ H2S
þ H2O ð12Þ

3SO2−
4 ðaqÞ þ 3Mg2þ þ 4C2H6→3MgCO3

þ 4CH4 þ 3H2S þ CO2 þ H2O ð13Þ

3SO2−
4 ðaqÞ þ 3Mg2þ þ 2C3H8→3MgCO3

þ 2CH4 þ 3H2S þ CO2 þ H2O ð14Þ

5SO2−
4 ðaqÞ þ 5Mg2þ þ 4n� C4H10

þ H2O→5MgCO3 þ 8CH4 þ 5H2S þ 3CO2 ð15Þ

For methane, no CO2 is produced and H2S and H2O
are produced in the ratio H2S/H2O=1:1 via reaction
(12). For ethane and propane, H2S, CO2 and H2O are
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produced in the proportion H2S/CO2/H2O=3:1:1 via
reactions (13) and (14). However, for n-butane, water is
consumed rather than generated, and H2S and CO2 are
produced in the ratio H2S/CO2=5:3 via reaction (15).
The critical difference between our observations and the
previous studies is that we directly observed the subs-
tantial increase rather than the decrease in the amount of
methane during TSR. This phenomenon has not been
noticed in the previous studies of TSR [1–19].

Machel pointed out in a review paper that whether water
is a volumetrically significant net reaction product cannot
usually be ascertained in field studies [9]. Worden et al.
concluded that a large amount of water was produced
during TSR, based on fluid inclusion and isotopic data of
TSR calcites of the Khuff Formation, Abu Dhabi [16].
However, Machel [10] and Machel et al. [11] provided
strong evidence that no measurable amount of water was
released during TSR in hydrocarbon reservoirs within the
Devonian Nisku Formation of western Canada. Our view
on this issue is that the amount of water produced during
TSR is dependent on gas reactants, as shown in reactions
(12)–(15). For gas reservoirs within Permian Khuff For-
mation, methane is the only available hydrocarbon for TSR
due to extremely high dryness value (N0.95) at the begin-
ning of TSR [13]. Therefore, a relatively large amount of
water was produced via reaction (12). In contrast, for gas
reservoirswithin theDevonianNisku Formation ofwestern
Canada, hydrocarbons with higher molecular weights are
the dominant reactants [9–12]. As a result, no or only a
small amount of water was generated via reactions (13)–
(15) in these reservoirs.

In the experiments using hematite and the mixed
oxidants, reactions between gas components and oxi-
dants can be written as follows:

2H2S þ Fe2O3→FeS2 þ Fe2þ þ 2OH− þ H2O ð16Þ
CH4 þ 4Fe2O3→CO2 þ 6FeO þ 2Fe2þ

þ4OH−
ð17Þ

C2H6 þ 3Fe2O3→CO2 þ CH4 þ 5FeO þ Fe2þ ð18Þ

þ2OH−

C3H8 þ 6Fe2O3→2CO2 þ CH4 þ 10FeO
2þ −

ð19Þ

þ2Fe þ 4OH

i�C4H10 þ 9Fe2O3→3CO2 þ CH4 þ 15FeO
2þ −

ð20Þ

þ3Fe þ 6OH

n�C4H10 þ 5Fe2O3→2CO2 þ 2CH4 þ 9FeO

þFe2þ þ 2OH−
ð21Þ

The result that the amount of CO2 increased from the
initial value of 2.70–6.82 mmol/g TOC at 72 h, but
remained largely unchanged with increasing heating
time using Fe2O3 demonstrates that FeCO3 precipitation
could occur significantly in this experiment after 72 h
(Table 3):

CO2 þ Fe2þ þ 2OH−→FeCO3 þ H2O ð22Þ

Fe2+ andFeOoccurredmore likely in the formof Fe3O4,
in addition to FeCO3 in the reaction cell. Although the
oxidation extent of C2+ components was slightly higher in
the experiments using the mixed oxidants than using
Fe2O3, the amount of CO2 and the ratio of CO2/(CO2+
∑CnH2n+2) remained virtually unchanged and were
substantially lower in the former than in the latter. This
result suggests that a large part of CO2 was removed
primarily as MgSO4 precipitation via reaction (11) due to
overwhelmingly high Mg2+ concentrations relative to Fe2+

concentrations in the experiment using the mixed oxidants.
It is noteworthy that the CO2 δ

13C value in the expe-
riment using the mixed oxidants was similar to that in the
experiment usingMgSO4, but about 5–7‰ higher than that
in the experiment using hematite (Table 4). The CO2 δ

13C
value after oxidation was determined by three factors, the
initial δ13C value of CO2, the δ

13C value of CO2 generated
during oxidation and the carbon isotopic fractionation due
to precipitation as carbonate (i.e., MgCO3 and FeCO3). As
discussed earlier, gas alkanes mainly reacted with hematite
rather than MgSO4 in the experiment using the mixed
oxidants, and the oxidation extent of gas alkanes in this
experiment was similar to that using hematite while
significantly lower than that in the experiment using
MgSO4 (Table 3 and Figs. 3, 5a and 6). Therefore, the
difference ofCO2 δ

13C values among the three experiments
can be mainly ascribed to the precipitation of carbonates.
The CO2 δ

13C value also demonstrates that a significant
amount ofCO2was removed asMgCO3precipitation in the
experiment using the mixed oxidants, just as in the
experiment using MgSO4.

4.4. Pyrobitumen as a reactant

In the comparative experiment using hematite, CO2 was
produced in the amount of 1.10–3.61 mmol/g TOC during
72–216 h. In addition, trace amounts of gas hydrocarbons
were also generated, e.g., 0.96–1.30×10−2 mmol/g TOC
ofmethane (Table 3). These results suggest that the reaction
between pyrobitumen and hematite proceeded at a
considerable rate in the absence of the initial gas reactants.
In the comparative experiment using the mixed oxidants,
0.21–0.42 mmol/g TOC of CO2 was produced, substan-
tially lower than those generated in the comparative expe-
riment using hematite alone. However, the amounts of gas
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hydrocarbons released from the former, e.g., 2.82–
4.34×10−2 mmol/g TOC of methane, were substantially
higher than from the latter (Table 3). As discussed
previously, hematite appears slightly more effective in re-
acting with gas hydrocarbons in the experiment using the
mixed oxidants than using hematite alone. It can be es-
timated that the oxidation extent of pyrobitumen in the
comparative experiment using the mixed oxidants was at
least as high as in the comparative experiment using hema-
tite alone. The lower amount of CO2 in the former resulted
from the precipitation ofMgCO3. In the comparative expe-
riment using MgSO4, the amounts of CO2 and gas hydro-
carbons released were similar to those in the comparative
experiment using the mixed oxidants. This result may
suggest a similar oxidation extent of pyrobitumen between
these two experiments.

The oxidation of pyrobitumen by Fe3+-bearingminerals
may be insignificant in sedimentary basins because these
minerals are generally relatively rare in reservoir rocks, e.g.,
typically 1–2 wt.% of Fe2O3 in red sandstones [22]. If this
red sandstone is charged by oil, Fe2O3 will preferentially
react with liquid hydrocarbons. It consumes 30 g of Fe2O3

to oxidize 1 g of alkanes (–CH2–) completely into CO2. If
the red sandstone is charged by gas hydrocarbons, no
pyrobitumen will be formed. However, the oxidation of
pyrobitumen during TSR may be important. The reservoir
rocks of TSR generally contain abundant sulfates (anhy-
drite), which cannot be used up. Therefore, there is the
possibility that sulfates react with pyrobitumen. It can be
speculated that this reaction may result in the formation of
elemental sulfur due to the scarcity of hydrogen in pyro-
bitumen. As described by Heydari and Heydari andMoore
[5,6], the reservoir rocks within Upper Jurassic Smackover
Formation, Black Creek field, were charged with oil. With
increasing burial depth and temperature, this oil was
converted into gas hydrocarbons and pyrobitumen. Within
gas window, TSR started and proceeded. The most im-
portant processes and products of gas window diagenesis
are (1) dissolution and calcitization of anhydrite, (2) post-
bitumen calcite cementation, and (3) formation of ele-
mental sulfur [5,6]. In the present study, only trace amounts
of H2S (0.05–0.41 mmol/g TOC) were produced from the
reaction between pyrobitumen and MgSO4 (Table 3). This
result is likely to indicate that SO4

2− was mainly reduced
into elemental sulfur, rather than suggesting a lowoxidation
extent of pyrobitumen. Machel noted that TSR elemental
sulfur sometimes occurs as minute crystals embedded in
solid bitumen [9]. During TSR, pyrobitumen is not only a
product, but also a reactant. The reaction between the
oxidants and pyrobitumenmore likely occurred in the solid
pyrobitumen phase and the contact zone between the
aqueous phase and pyrobitumen. The dissolved oxidants
along with water can be partitioned into pyrobitumen. In
contrast, the reaction between gaseous hydrocarbons and
mineral oxidants mainly occurred in the aqueous phase.

4.5. Ratios of i-butane/n-butane and
i-pentane/n-pentane

Previous pyrolysis studies suggested that, in petro-
leum formation processes, n-alkanes were formed
through free radical reactions, whereas the branched
isoalkanes arose from two processes: (1) free radical
cracking of branched fragments of kerogen and bitu-
mens, and (2) carbonium ion reaction of α-olefins with
protons which were enhanced in acidic conditions [44–
46]. In other words, isoalkanes/n-alkanes ratio was
controlled by two factors: (1) kerogen nature, i.e.,
relative content of straight chain fragments to branched
fragments, and (2) the result of competition between free
radical reaction of n-alkenes to form n-alkanes and the
carbonium ion reaction of n-alkenes with protons to
form isoalkanes. As introduced by Thompson and
Creath [47], the analyses of several hundred natural
gases and approximately 100 crude oils, covering many
of the producing areas in the U.S. and Canada and
including Miocene to Cambrian production, indicate
that i-C4/n-C4 ratio is usually of the order of 0.5 and
rarely N1.0, and that i-C5/n-C5 ratio is usually of the
order 1.0, and rarely N2.0 (highest observed: 3.5). These
data indicate that commercial oils and gases are formed
mostly via free radical reactions and occasionally via
carbonium ion reactions.

In the present study, the initial values of i-C4/n-C4

and i-C5/n-C5 ratios were 2.860 and 1.178, respectively.
These values became substantially lower than 1 in all
three experiments upon oxidation (Table 3 and Fig. 4).
This result provides an additional interpretation of the
low values of these two ratios for natural hydrocarbon
reservoirs.

4.6. Carbon isotopic fractionation factor

The carbon isotopic fractionation factor α (k12/k13)
for ethane, calculated with the Rayleigh equation [40],
decreases with increasing heating time in the experi-
ment using MgSO4, i.e., 1.0334–1.0413 within 0–72 h,
1.0110–1.0123 within 0–144 h and 1.0053–1.0055
within 0–216 h (Table 4). These data represent average
α˙ values within the time intervals. As discussed earlier,
ethane oxidation accelerated with increasing heating
time in this experiment (Fig. 3b). At 72 h, the amount of
ethane decreased to the level 93% of the initial value. At
144 h, it decreased to the level 14.4% of the amount at



Fig. 7. Diagrams of H2S/(H2S+∑CnH2n+2) ratio versus the ratios of
CO2/(CO2+∑CnH2n+2) and C1/∑C1–4, and δ13C values of methane
and ethane in the experiment using MgSO4.
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72 h. At 216 h, it decreased to the level only 7.92% of
the amount at 144 h (Table 3). These results clearly
show that factor α decreases with increasing oxidation
rate. As most of the ethane (79.5% of the initial a-
mount) was removed between 72 and 144 h (Table 3
and Fig. 3b), the range of 1.0110–1.0123 could be the
representative of factor α values for ethane in this
experiment. In contrast, the values of factor α for
ethane and propane did not exhibit a clear variation
trend with increasing heating time in the experiments
using Fe2O3 and the mixed oxidants (Table 4). This is
because that the oxidation rates of ethane and propane
appeared constant in these two experiments (Fig. 3b
and c). The average values of factor α were 1.0192 for
ethane and 1.0100 for propane in the experiment using
hematite, and 1.0172 for ethane and 1.0067 for propane
in the experiment using the mixed oxidants. The values
of factor α for ethane and propane at 72 h deviated
substantially from the other data and, therefore, were
excluded from the average values. This result can be
ascribed to the fact that only small amounts of ethane
and propane were oxidized, and therefore, the analytic
errors could significantly influence the values of factor
α. The slightly higher values of factor α in the
experiment using hematite may also be attributed to
the slightly lower reaction rate in this experiment, in
comparison with those in the experiment using the
mixed oxidants (Fig. 3b and c).

Kiyosu and Krouse [27] found that the value of factor
α for methane decreased with increasing temperature
and obtained the following relationships between factor
α and temperature through abiogenic oxidation of
methane:

103ða−1Þ ¼ 2:93� 106=T2 þ 8:11 ðcupric oxideÞ

103ða−1Þ ¼ 7:44� 106=T2 þ 6:56 ðhematiteÞ:

Factor α of methane varied from 1.0202 at 450 °C to
1.0127 at 650 °C in the experiment using hematite and
from 1.0153 at 370 °C to 1.0106 at 590 °C in the
experiment using cupric oxide [27]. It would have been
about 1.0481 for hematite and 1.0245 for cupric oxide if
temperature was extrapolated to 150 °C based on the
above equations. If we consider that reaction rate
increases with increasing temperature, our result that
factor α decreased with increasing oxidation rate is
consistent with this previous study [27].

Previous studies have documented that TSR rate
increased with TSR proceeding in natural reservoirs
[6,16]. The oxidation rate of gas hydrocarbons by Fe3+-
bearing minerals could also vary with temperature
(100–200 °C), catalytic conditions and pH and Eh va-
lues. Therefore, factor α could vary significantly during
abiogenic oxidation in natural reservoirs. However,
because temperatures in natural reservoirs are substan-
tially lower than our experimental temperature, it can be
deduced that the factor α value would be higher in
natural reservoirs than those obtained from our experi-
ments, i.e., higher than 1.0110–1.0123 for ethane in
natural TSR reservoirs, and higher than 1.0192 and
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1.0100, respectively, for ethane and propane during
abiogenic oxidation by hematite in natural non TSR
reservoirs.

4.7. Comparison with natural TSR process

In the present study, ratios of H2S/(H2S+∑C2nH2n+2),
CO2/(CO2+∑C2nH2n+2) and C1/∑C1–4 and δ13C values
for gas hydrocarbons increased substantially and consis-
tently with proceeding TSR (Figs. 5 and 7). To date, the
case studies of TSR in natural environments have focused
on the following formations and regions: (1) the Jurassic
Smackover Formation of the United States [1–6]; (2) the
DevonianNisku Formation inwesternCanada [10–12]; (3)
Devonian and Mississippian sour gas fields in western
Canada [7]; (4) the PermianKhuff Formation ofAbuDhabi
[13–16]; (5) Triassic sour gas reservoirs in Sichuan Basin,
China [17,19]; and (6) the Cambro-Ordovician formations
in Central Tarim, China [18]. All these studies demonstrat-
ed that the amount of H2S, or the ratio of H2S/(H2S+
∑C2nH2n+2), increased substantially and consistently with
the extent of TSR [1–19]. However, C1/∑C1–4 ratio and
δ13C values of gas hydrocarbons responded differently to
TSR of reservoirs in different regions (Table 5) [1,7,13,19].
For reservoirs within Smackover and Norphlet formations
in southwestern Alabama, as documented by Claypool and
Mancini [1], both C1/∑C1–5 ratio and methane δ13C value
did not increase with increasing amount of H2S. As these
reservoirs contained relatively high amount of liquid oil,
sulfates preferentially reacted with long-chain alkanes
Table 5
Comparison with natural TSR data

Claypool and
Mancini [1]

Krouse et al. [7] Wo

Pre-TSR TSR Pre-TSR TSR Pre

H2S (%) 0.0–0.2 4.6–23.9 b2 Up to 30 b5

H2S/(H2S+∑CnH2n+2) b0

CO2 (%) 1.6–4.9 2.4–50.1

CO2/(CO2+∑CnH2n+2) 0.0

CO2/(CO2+∑nCnH2n+2) 0.06 Up to 0.15

C1/C1–4 0.52–
0.93

0.63–
0.80

0.9

CH4 δ
13C (‰) −40.8 to

−38.0
−45.6 to
−41.6

Up to +5 increase
during TSR

−4

C2H6 δ
13C (‰) Up to +10 increase

during TSR
(C15+) during TSR [1]. In contrast, for reservoirs within
the Devonian and Mississippian formations in western
Canada, the Permian Khuff Formation of Abu Dhabi, and
Triassic formations in Sichuan Basin, China, the ratios of
C1/∑C1–4 and CO2/(CO2+∑C2nH2n+2), and δ

13C values
of gas hydrocarbons increased substantially with increas-
ing TSR extent [7,13–17,19], consistent with the result of
our experiment (Table 5). Just as in our experiment, the
reservoirs in these regions contain no or very little C6+

hydrocarbons, and sulfates only react with gas hydro-
carbons (C1–5). Although the variation trends are similar,
the variation extents are substantially different for δ13C
values of gas hydrocarbons during TSR in our experi-
ments and the three cases documented by Krous et al. [7],
Worden et al. [13–16], and Cai et al. [19]. As illustrated in
Table 5, the variation of methane δ13C value during TSR
is up to +22‰ in the case documented by Worden et al.
[13–16], up to +5‰ in the cases reported by Krous et al.
[7], up to +2.9‰ in the case reported byCai et al. [19] and
up to +7.5‰ in our experiment. The variation of ethane
δ13C value during TSR is up to +10‰ in the case reported
byKrous et al. [7], up to +0.9‰ (only two samples) in the
case reported by Cai et al. [19] and up to +24.4‰ in our
experiment. Although the carbon isotopic fractionation
factor α in natural environments could be higher than in
our experiment as discussed earlier, the magnitude of
δ13C value increase for gas hydrocarbons during TSR
decreases in the following order: the case reported by
Worden [13–16]Nour TSR experimentN the case
reported by Krous et al. [7]N the case reported by Cai et
rden et al. [13–16] Cai et al. [19] The present study

-TSR TSR Pre-TSR TSR Pre-TSR TSR

Up to 50 0.0 Up to 17.4 3.72 Up to
27.76

.1 Up to 0.5 0 Up to 0.18 0.04 Up to
0.358

b1 Up to 10.4 14.78 Up to
27.26

2–0.1 0.30 0.0 Up to 0.12 0.153 Up to
0.365

0.112 Up to
0.365

0–0.95 Up to 1.0 0.994 Up to
0.999

0.675 Up to
0.999

5 to −40 Up to −23 −32.4 Up to
−29.5

−42.0 Up to
−34.5

−33.8 −32.9 −30.8 Up to −6.4
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al. [19]. This is consistent with that of TSR extent, which
was estimated from the abundance of H2S or the ratio of
H2S/(H2S+∑CnH2n+2) (Table 5). In general, a large
increase in δ13C value of gas hydrocarbons, together with
a high ratio of H2S/(H2S+∑CnH2n+2), indicates a high
TSR extent for a TSR gas reservoir. By contrast, a small
increase in δ13C value of gas hydrocarbons, together with
a strikingly high ratio of H2S/(H2S+∑CnH2n+2), more
likely indicates a mixing process, either by H2S from a
reservoir with severe TSR or by gas hydrocarbons with
light ormild TSR. Themixing of gases with different TSR
extents may occur in geological processes and even
during gas production and sampling processes.

4.8. Oxidation of gas hydrocarbons in non-TSR
reservoirs

Oxidation of gas hydrocarbons through Fe+3-bearing
mineral reduction was generally ignored in the previous
studies [32–41]. However, Seewald emphasized that the
hydrolytic disproportionation reactions and oxidative
degradation of hydrocarbons by Fe-bearing minerals may
widely occur and be important in sedimentary basins and
further suggested that the aqueous oxidation may be an
effective mechanism to remove the C2+ components of wet
gas and to generate methane, which could resolve the issue
regarding the origin of thermogenic dry gas [20,21]. Based
on the results of our experiments, we believe that the extent
of oxidation of C2+ hydrocarbons is commonly low (b30–
50%) and occasionally high (N80–90%) in natural non-
TSR gas reservoirs. The carbon isotope data can be used to
constrain the oxidation extents of gas hydrocarbons. In our
experiment using hematite, the increases of δ13C values for
methane, ethane and propane were up to +1.9‰, +3.0‰
and +4.7‰, respectively, whereas the oxidation extents of
ethane and propane were up to 17.8% and 45.4%,
respectively. In the experiment using the mixed oxidants,
the increases of δ13C values for methane, ethane and
propane were up to +1.8‰, +2.8‰ and +6.2‰,
respectively, while the oxidation extents of ethane and
propane were up to 22.7% and 57.7% respectively.
Moreover, as discussed earlier, carbon isotopic fraction-
ation would be severe due to the low temperature in natural
reservoirs, in comparison with the result in our experiment.
The oxidation extent of methane was difficult to determine
because methane was formed from the oxidation of C2+

alkanes. However, it is certain that the oxidation extent of
methane was lower than that of ethane. If the oxidation
extents of C2+ alkanes are too high (N80–90%), the δ13C
values for these alkanes would be extraordinarily high
(N−15‰), which was rarely reported in sedimentary
basins [32–41]. In addition, mineral oxidants preferentially
react with alkanes with relatively high molecular weight
(C6+); thus, oxidation of gas hydrocarbons (C1–5) is
insignificant in oil reservoirs. Nevertheless, although at a
low extent, oxidation of gas hydrocarbons by Fe+3-bearing
minerals can still significantly change the chemical and
isotopic compositions of gas hydrocarbons and blur the
other effects, i.e., sources and thermal maturation [32–41].
The oxidative effect needs to be considered seriously for the
non-TSR gas reservoirs.

5. Conclusions

In the present study, the variations of proportion and
carbon isotope compositions of gas hydrocarbons upon
oxidation by hematite, MgSO4 and both were demon-
strated through a unique two-step experimental ap-
proach. The variation trends for the gas components
with increasing oxidation time are outlined as follows:

(1) The amount of methane remained almost un-
changed in the experiments using hematite and the
mixed oxidants, whereas it increased substantially
after 72 h in the experiment using MgSO4, indica-
ting that methane was one of the final products
from C2+ oxidation.

(2) The amounts of C2–C5 hydrocarbons decreased
consistently and more rapidly in the experiment
using MgSO4 than in those using hematite and the
mixed oxidants.

(3) The oxidation rates of gas hydrocarbons increased
with increasing carbon number of hydrocarbons.

(4) The oxidation rates of i-butane and i-pentane were
substantially higher than those of the correspon-
ding n-butane and n-pentane.

(5) The amount of H2S increased substantially in the
experiment using MgSO4, whereas it was below
the detection level in the experiments using hema-
tite and the mixed oxidants.

(6) The δ13C values of C1–C5 hydrocarbons became
less negative and the isotopic fractionation extent
increased with increasing carbon number of hydro-
carbons and oxidation extent.

(7) Carbon isotopic fractionation factor α (k12/k13)
decreased with increasing oxidation rate of gas
hydrocarbons.

(8) TSR was inhibited by hematite which precipitated
H2S as pyrite in the experiment using the mixed
oxidants.

The results of our experiments imply that TSR may not
occur in reservoir rocks containing abundant Fe-bearing
minerals other than ferric sulfides. During TSR, the amount
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of water produced may be closely dependent on the hy-
drocarbon reactants. If methane is the only reactant, a rela-
tively large amount ofwaterwill be produced. In contrast, if
hydrocarbons with higher molecular weight (C2+) are
present, no or very little water will be produced. The
oxidation extent of C2+ hydrocarbons by Fe3+-bearing
minerals may be generally low (b30–50%) in natural non-
TSR reservoirs, constrained from carbon isotope data.
However, a low extent of oxidation can significantly
change the chemical and isotopic compositions of gas
hydrocarbons and blur the other effects, i.e., sources and
thermal maturation. Therefore, the oxidative effect needs to
be considered seriously for the non-TSR gas reservoirs.
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