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Due to multi-stage tectonic movements, many oil reservoirs in typical superimposed basins of China have
undergone more than one secondary alteration. Typically, these oil reservoirs experienced biodegrada-
tion at an early stage followed by thermal alteration at a later stage. The extent of each secondary alter-
ation can be variable. Here, the succession of biodegradation and subsequent thermal alteration is called
superimposed secondary alteration. This study aims not only to show the superimposed secondary alter-
ation process in the reservoir by laboratory simulations, but also to show how varying extents of
biodegradation influence the gas generation behavior of crude oils under thermal stress. Hydrocarbon
gas generation potential is significantly reduced at the low to moderate biodegradation stage because
of the selective removal of normal and branched alkanes. Hydrocarbon gases generated from the more
severely biodegraded oils are drier, attributable to the decreasing yields of C,-Cs gases relative to
methane. In the oil-generative window, the methane generated from more severely biodegraded oils is
relatively enriched in '3C. Kinetic modeling suggests that moderately and severely biodegraded oils are
thermally less stable than the non-biodegraded and slightly biodegraded oils. The bulk hydrocarbon
gas yields from the non-biodegraded oil do not exceed those from the moderately biodegraded oils until
EasyRo > 1.6%. For EasyRo of 1.6-2.5%, pyro-bitumen yields from heavily to severely biodegraded oils
were about 2-4 times that of non-biodegraded oil. That is, the gas yields normalized to the weight of
pyro-bitumen from heavily to severely biodegraded oil is only 25-50% of the gas yield of non-
biodegraded oil. Therefore, hydrocarbon gas resource potential based on pyro-bitumen content must
be very carefully considered in cases of superimposed secondary alteration.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction not only stop biodegradation (Head et al., 2003), but also lead to
thermal maturation and/or thermal cracking of reservoir oils (Niu

Many Cambrian oil reservoirs in the superimposed basins of and Hu, 1999; Wang et al., 2006; Zhang et al., 2007a, 2007b; Sun

China (e.g., Sichuan Basin and Tarim Basin) experienced compli-
cated secondary alteration due to multi-stage tectonic movements
(Li, 1996; Pang et al., 2010; Zhao et al., 2015). For example, basin
uplift and erosion decrease the burial depth of oil reservoirs,
resulting in a decrease of reservoir temperature. Biodegradation
can occur in the reservoir when the temperature is low enough
for microorganisms to survive (Larter et al., 2003, 2006; Aitken
et al., 2004; Huang et al., 20044, 2004b; da Cruz et al., 2011). Sub-
sequently, basin subsidence increases the burial depth and conse-
quently the temperature of oil reservoirs. High temperature can
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et al., 2009; Tian et al., 2009). The superimposition of biodegrada-
tion and thermal alteration has been identified in several petrolif-
erous basins in China. For instance, the Cambrian oil from Tadong-
2 well in the Tarim Basin was intensively biodegraded during basin
uplift between the Devonian and Permian, forming large amounts
of biodegraded oil sands. These oil sands were thermally altered
and acted as a secondary hydrocarbon source during basin subsi-
dence at a later stage (Sun et al., 2003; Zhang et al., 2004; Tang
and Zan, 2009). Here, the succession of biodegradation and subse-
quent thermal alteration is described as “superimposed secondary
alteration”. Such superimposed secondary alteration also occurred
in the Central Sichuan Uplift, such as the Anyue gas field. As shown
in Fig. 1, the Cambrian oil reservoirs in the Anyue gas field were
uplifted-eroded to several hundred meters below the surface dur-
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Fig. 1. The reconstructed thermal history of the Moxi-Gaoshiti area in the Sichuan Basin, modified from Zou et al. (2014).

ing the Caledonian tectonic movement (Chen et al., 2011, 2017;
Wei et al,, 2015; Zhu et al., 2015; Jin et al., 2016). Consequently,
the reservoirs cooled to below the zero-biodegradation-rate tem-
perature (80 °C, Head et al., 2003), and were exposed to suitable
conditions for biodegradation. Several researchers have provided
evidence for early biodegradation in the oil reservoir of the Anyue
gas field. For example, Yuan et al. (2009) studied the chromatogra-
phy of extractable organic matter from drill core solid bitumens of
wells Anping-1 and Gaoke-1 of the Anyue gas field and proposed
that the initial crude oil charge was biodegraded during reservoir
uplift, then the reservoir was charged a second time due to hydro-
carbon generation resulting from increasing burial depth. Cheng
et al. (2015) further studied the characteristics of adsorbed/oc-
cluded hydrocarbons in these solid bitumens and proposed that
the reservoir might be charged twice and the initial charge might
have experienced slight to moderate biodegradation because the
profile of n-alkanes was altered but sterane and hopane distribu-
tions remained unaltered. Afterward, the depth of the oil reservoir
increased continuously until the mid-Triassic, reaching a maxi-
mum burial depth >6000 m and a temperature >185 °C. As a result,
the biodegraded oils cracked into hydrocarbon gases (Zou et al.,
2014). Similar to the Anyue gas field, previous studies have sug-
gested that the formation of the Weiyuan gas reservoirs was partly
attributed to the cracking of Cambrian oil reservoirs that were
severely biodegraded during the Caledonian tectonic movement
(Wei et al., 2008, 2015; Zou et al., 2014; Shi et al,, 2017).

In-reservoir biodegradation can alter the chemical composition
of crude oil to varying extents by the selective removal and preser-
vation of various compound classes (Volkman et al., 1984; Huang
et al., 2003, 2004; Larter et al., 2003; Aitken et al., 2004; Chang
et al,, 2018). For example, hydrogen-rich n-alkanes are usually
preferentially removed during biodegradation, resulting in the
accumulation of compounds depleted in hydrogen (Volkman
et al, 1984; Leahy and Colwell, 1990; Aitken et al., 2004;
Wentzel et al., 2007). Such variations lead to the alteration of SARA
(i.e., saturates, aromatics, resins and asphaltenes) contents of crude
oil, causing the decrease of saturates concomitant with a relative
enrichment of heavy fractions (resins and asphaltenes) (Volkman
et al, 1984; Leahy and Colwell, 1990; Aitken et al., 2004;
Wentzel et al., 2007). Additionally, biodegradation can also alter
the molecular structures of asphaltenes, especially the hydrogen-
rich alkyl moieties (Jenisch-Anton et al., 2000). For example, n-
fatty acids and n-alcohols bound to the asphaltene core by rela-
tively weak ester and hydrogen bonds can be removed at slight
to moderate biodegradation stages (Pan et al., 2015).

Thermal cracking of crude oil involves various chemical reac-
tions such as defunctionalization, polymerization and condensa-

tion (Behar et al., 1992, 1999; Hill et al., 2003). In this way, the
thermal cracking behavior of crude oil, such as gas generation
potential and thermal stability, is closely related to its chemical
composition (Schenk et al.,, 1997; Behar et al., 1999; Burklé-
Vitzthum et al., 2011; Tian et al., 2012). For example, Zhang et al.
(a, b) indicated that a precursor oil of higher atomic H/C can gen-
erate more hydrocarbon gases under thermal stress. Wang et al.
(2010) suggested that the maximum methane yield from the
cracking of a Tarim crude oil is much higher than that of the corre-
sponding asphaltene fraction. Tian et al. (2012) also suggested that
although the C;-Cs gas yields from the aromatics and asphaltenes
are lower than those from the saturates and whole crude oil at high
thermal maturity level (EasyRo > 2.25%). Hydrocarbon gas genera-
tion from the aromatics and asphaltenes starts earlier than from
the saturates and crude oil.

Since in-reservoir biodegradation can alter the chemical com-
positions of crude oil, it may influence the gas generation behavior
of the crude oil to some extent. However, such influences have not
been systematically studied so far. A lack of knowledge about such
influences may cause deviations in hydrocarbon gas generation
potential evaluation based on pyrobitumen content, degree of oil
transformation, and perhaps gas-source correlation in exploring
superimposed petroliferous basins. In this work, a sequence of
crude oil and biodegraded tar sands that are of identical origin
but at different biodegradation stages (from non-biodegraded to
severely biodegraded) was collected from the Liaohe Basin of
China. The crude oil and tar sand bitumens were pyrolyzed in a
closed system to evaluate how varying degrees of biodegradation
can influence oil thermal stability, hydrocarbon gas composition,
hydrocarbon gas carbon isotopic compositions, and hydrocarbon
gas generation potential/resource evaluation based on pyrobitu-
men content. Kinetic modeling was employed to extrapolate the
influence of biodegradation on the hydrocarbon gas generation
behaviors under geological conditions. The influence of biodegra-
dation on hydrocarbon gas resource evaluation based on pyrobitu-
men content was also explored.

2. Samples and experimental methods
2.1. Samples and pretreatment

Crude oil and bitumens (tar sands from reservoir core) were col-
lected from the Western Depression of the Liaohe Basin in north-
east China. The crude oil and the tar sand bitumens were
generated from the same source rocks having similar thermal
maturities (Lu et al., 1990). The crude oil was non-biodegraded,
while the tar sand bitumens suffered varying degrees of biodegra-
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dation in the range of 2-8 on the Peters and Moldowan scale (ab-
breviated as PM level in the following text; Peters et al., 2005). The
tar sands were extracted by the procedure described in Liao et al.
(2012). In brief, each tar sand was finely crushed and was then
added to 50 mL of a dichloromethane:methanol (93:7, v/v) mixture
in a 200 mL glass vial. The vial was sealed and sonicated for 30 min.
The solids were separated by centrifugation, and the bitumen was
transferred to a clean vial where most of the solvent was evapo-
rated under nitrogen. The crude oil sample was also treated using
the same method to avoid possible deviations caused by the pre-
treatment. The biodegraded oils/bitumens were separated into
maltene and asphaltene fractions using a deasphalting procedure
described in detail by Liao et al. (2009). The maltene fraction was
fractionated into saturates, aromatics, and resins using silica gel:
alumina column chromatography, eluting with n-hexane, DCM:n-
hexane (3:1, v/v), and DCM:methanol (2:1, v/v), respectively. The
oil and bitumens were coded according to their biodegradation
levels on the PM scale. For example, the non-biodegraded oil was
coded as L-0, and the bitumen of PM level 2 was coded as L-2. Geo-
chemical properties of these crude oil and extracted bitumens are
shown in Table 1.

2.2. Pyrolysis experiments and compositional analysis

The crude oil and the tar sand bitumens (10-40 mg) were
loaded into gold tubes (40 mm x 5 mm i.d.) with one end pre-
welded. The tubes were sealed under an argon atmosphere after
being purged with argon for 15 min. The sealed tubes were placed
in stainless steel autoclaves in an oven. The pyrolysis experiments
were conducted under the constant pressure of 50 MPa and the
oven was then heated from room temperature to the starting tem-
perature 250 °C at a heating rate of 20 °C/h. Then the oven was sep-
arately heated at heating rates of 20 °C/h and 2 °C/h, with 12
sampling temperature points between 300 °C and 600 °C for each
heating rate (Table 2). Each autoclave was taken out from the oven
and was quickly quenched in cold water when the designated tem-
perature point was reached. During the experiments, the tempera-
ture error was less than 1 °C, and the pressure error was less than
2 MPa.

Gold tubes were carefully cleaned before the analysis of gaseous
pyrolytic products. The cleaned gold tube was placed in a vacuum
line and was pierced with a needle, allowing the gas to escape into
the line. Molecular characterization and quantification of the total
gas fraction were performed using an Agilent 7890B gas chro-
matograph equipped with two thermal conductivity detectors
(TCD) for the analysis of permanent gases and a flame ionization
detector (FID) for hydrocarbon gases. The GC oven temperature
was initially held at 60 °C for 3 min, ramped from 60 °C to
190 °C at 25 °C/min, and then held at 190 °C for 3 min. The external
standard method was applied in the quantification of gas
components.

The yields of solid bitumen were obtained using the method in
Xiong et al. (2016). In brief, toluene was used to wash the pyrolytic
residue to remove any soluble components. Then the pyrolytic
residue was dried and weighed.

Table 2
Sampling temperature points at each heating rate and the corresponding equivalent
vitrinite reflectance (EasyRo).

Heating rates (°C/h) Sampling temperature (°C) EasyRo® (%)

20 3303 0.55
354.8 0.66
376.2 0.75
402.0 0.91
426.0 1.13
451.3 1.41
473.5 1.71
497.8 2.09
521.6 2.50
546.0 2.95
569.7 339
594.0 3.79

2 328.7 0.69
353.0 0.82
3771 1.01
401.3 1.28
424.8 1.58
449.4 1.97
473.6 2.40
497.9 2.87
5214 3.33
545.8 3.76
569.1 4.10
593.6

2 EasyRo is calculated using the method in Sweeney and Burnham (1990).

2.3. GC-MS and GC-FID analysis

The saturates of oil and bitumens were analyzed using gas chro-
matography-mass spectrometry (GC-MS) using a Thermo Scien-
tific Trace GC Ultra gas chromatograph coupled with a Thermo
Scientific Trace DSQ Il mass spectrometer. An HP-1 fused silica cap-
illary column (30 m x 0.25 mm i.d. x 0.25 um film thickness) was
used. The column was held at 40 °C for 2 min and then ramped to
290 °C at a rate of 4 °C/min with a final hold time of 20 min. Helium
was used as the carrier gas at a constant flow rate of 1.2 mL/min.
The ion source was maintained at 260 °C and operated in the elec-
tron ionization (EI) mode with an electron beam energy of 70 eV.
The mass range was set to m/z 50-650, and the scan cycle was
set to 100 ms.

Due to very good linearity of a flame ionization detector, GC-FID
was used to quantify the compositions of liquid pyrolysis product
and Cy5D3; was added as an internal standard. GC-FID analysis was
performed using an Agilent 7890A gas chromatograph equipped
with a flame ionization detector (FID). A DB-5 fused silica capillary
column (60 m x 0.32 mm i.d. x 0.25 pm film thickness) was used.
The column was held at 35 °C for 2 min and then ramped to 50 °C
at a rate of 1.5 °C/min and then ramped to 290 °C at a rate of 4 °C/
min with a final hold time of 20 min.

Carbon isotopes of gas components were measured using a
Delta plus XL GC-IRMS. Samples were analyzed at least in dupli-
cate with errors less than + 0.5%.. A Poraplot Q capillary column
(30 m x 0.32 mm i.d. x 0.25 um film thickness) was used. The
GC oven temperature was initially held at 50 °C for 3 min, ramped

Table 1
Properties of Liaohe crude oil and extracted bitumen.
Sample 3'3C (%o) Biodegradation scale SARA (wt%) Biomarker parameters
Sat. Aro. Res. Asph. H30/TT23 C27RS/S22 C28RS/S22 C29RS/S22
L-0 -29.2 0 60.9 14.4 20.2 4.5 50.2 17.8 323 354
L-2 -29.4 2-3 415 133 33.8 113 423 16.7 26.4 332
L-5 -30.2 5-6 26.6 14.6 424 16.5 34.8 5.9 7.8 11.2
L-8 -30.0 8 18.8 11.8 40.3 29.0 111 0.4 13 34
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from 50 °C to 180 °C at 15 °C/min, and then held at 180 °C for
15 min. A working standard of CO, gas calibrated against NIST
RM-22 (graphite) were employed to calibrate the isotopic ratios.
All carbon isotopic ratios were reported in per mil (%o) relative to
the VPDB standard.

2.4. Calculation of kinetic parameters

Chemical reactions with different orders may be involved in the
thermal cracking of crude oils leading to complex reaction kinetics.
Nevertheless, laboratory and empirical data suggest that the ther-
mal cracking of crude oils could be approximately described by a
parallel first-order reaction scheme (e.g., Behar et al., 1992, 1997,
Hill et al., 2003; Wang et al., 2010; Tian et al., 2012). In this study,
the kinetic parameters for gas generation were calculated using the
software Kinetics 2000 based on the pyrolysis data of the crude oil
and bitumen extracts at two different heating rates (i.e., 20 °C/h
and 2 °C/h). A fixed frequency factor (A=1.0 x 10~ '*s~ ') and a dis-
crete distribution of activation energies (1 Kcal spacing) were
adopted in the modeling.

3. Results
3.1. Geochemical properties of crude oil and biodegraded bitumens

The crude oil and the bitumen extracts that have suffered differ-
ent levels of biodegradation vary significantly in their relative
SARA contents (Table 1). L-0 is characterized by a high content of
saturates (60.9%) with an intact distribution of n-alkanes ranging
from Cq; to C3; (Fig. 2). With increasing biodegradation, the rela-
tive abundance of the saturates decreased, while the asphaltenes
and resins were relatively increased (Table 1). Such a decrease
may be attributed to the preferential removal of normal and
branched alkanes in the saturates during biodegradation. As shown
in Fig. 2, these hydrogen-rich hydrocarbons were significantly
removed in L-2 and were exhausted in L-5 and L-8. As a result,
C3p 170(H),21B(H)hopane, which is relatively depleted in hydrogen
content, became relatively enriched in the TIC (total ion current)
chromatograms of those biodegraded bitumens. The rapid removal
of normal and branched alkanes during biodegradation is not sur-
prising, as it is well known that they are susceptible to biodegrada-
tion, even at an early stage, due to effective strategies by
microorganism communities that involve specialized enzyme sys-
tems and metabolic pathways (Setti et al.,, 1993; Cubitto et al.,

(a)TIC

nc23
V' nc2e
v

nC20
\

H30

(b) miz 191

H30

2004; Zhang et al., 2011). The saturates of L-5 and L-8 differ mainly
in the distributions of steranes and terpanes. Cy;_»9 regular ster-
anes were largely removed in L-5 and were almost depleted in L-
8. C309 17a(H),21B(H)-hopane is more resistant to biodegradation
than C,;_59 regular steranes and became partially degraded in L-
8. The C,, sterane (S22) and Cy3 tricyclic terpane (TT23) are even
more recalcitrant, as is shown by the decreasing ratio of H3o/TT23
and Cy7_29RS/S;, with increasing biodegradation extents (Table 1).

3.2. Evolution of soluble hydrocarbons and solid bitumens during
pyrolysis

TICs of soluble hydrocarbons in the liquid pyrolysis products at
various pyrolysis temperatures at the heating rate of 2 °C/h are
shown in Fig. 3. Light hydrocarbons (Cs-C;3) are susceptible to
biodegradation and they were only present in L-0 before pyrolysis
(Fig. 4a,d). During pyrolysis, light hydrocarbons were generated
from cracking of heavy components, while simultaneously, they
can also crack into smaller molecules such as wet gases (Hill
et al., 2003). As a result, the yields of light hydrocarbons increased
first with temperature when the generation rates are higher than
the cracking rates and then decreased at higher temperatures
when the cracking rates exceeded the generation rates. At the same
heating rates, the light hydrocarbon yields of the four samples
reached a maximum at similar temperatures. The maximum light
hydrocarbon yields from L-5 and L-8 are similar but they are both
lower than those from L-0 and L-2. In contrast to the variation
trends of light hydrocarbons, the heavy hydrocarbon (Cy4.) yields
of all the four samples continuously decreased with increasing
temperatures (Fig. 4b,e). The most significant removal of heavy
hydrocarbons occurs in temperature range of 426-451 °C in the
experimental run at 20 °C/h while it occurs at 401-425 °C in the
experimental run at 2 °C/h, which corresponds to EasyRo range
of about 1.1-1.6% (Table 2). Furthermore, at the upper limit of
the EasyRo range 1.1-1.6%, the light hydrocarbon yields for all four
samples reach their maximum, accompanied by a sharp decrease
in Cy4. yields (Fig. 4). Such consistency may suggest that the light
hydrocarbons generated during pyrolysis can at least be partly
attributed to the cracking of heavy hydrocarbons. Light hydrocar-
bons are volatile and hard to quantify accurately. Their yields dur-
ing pyrolysis may be underestimated, especially within the EasyRo
range of about 1.1-1.6% when large amounts of light hydrocarbons
were formed by the significant cracking of heavy hydrocarbons.
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Fig. 2. GC-MS mass chromatograms of (a) TIC, (b) m/z 191, displaying terpanes and (c) m/z 217, displaying steranes in crude oil and extracted bitumens. nC20 = n-eicosane;
nC23 = n-tricosane; nC26 = n-hexacosane; H29-30 = Cy9-C3p 170(H), 21B(H)-hopanes; Gam = gammacerane; C27RS = Cy; aor20R-cholestane; C28RS = Cpg 010t0i20R-
methylcholestane; C29RS = C,9 aaa20R-ethylcholestane; TT21-23 = C;1-Cy3 tricyclic terpanes; S21 = C,; sterane; S22 = Cy; sterane.
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Fig. 4. Pyrolysis results for Liaohe oil and tar sand bitumens showing the yields of: (a) light hydrocarbons (C¢-C;3) at a heating rate of 20 °C/h; (b) heavy hydrocarbons (Cq4+)
yields at a heating rate of 20 °C/h; (c) solid bitumen yields at a heating rate of 20 °C/h; (d) light hydrocarbons (C¢-C;3) at a heating rate of 2 °C/h; (e) heavy hydrocarbons (Cq4+)

yields at a heating rate of 2 °C/h; (f) solid bitumen yields at a heating rate of 2 °C/h.

In contrast to the variation trends of soluble hydrocarbons,
the solid bitumen yields from the four samples continually
increased with pyrolysis temperatures (Fig. 4c,f). The solid bitu-
men yield from the non-biodegraded oil is much lower than
those from the biodegraded bitumens throughout the pyrolysis.
For example, at the maximum thermal maturity level obtained
in the pyrolysis (i.e., 594 °C the heating rate of 2 °C/h), the yield
of solid bitumen from L-8 was 577 mg/g, whereas the solid bitu-
men yield from L-O was only 406 mg/g. At the same thermal
maturity, the solid bitumen yields increase with biodegradation
severity. This is consistent with the observation by Connan
et al. (1975). They found that, under thermal stress, solid bitu-
men generation from a biodegraded Swiss oil is faster than from
a non-biodegraded oil. Connan et al. (1975) attribute such differ-
ences to the relative enrichment of polycyclic alkanes in biode-
graded oils, which are more likely to convert to aromatics and
form pyrobitumen.

3.3. Hydrocarbon gases

Hydrocarbon gas yields from the four samples are shown in
Fig. 5. Methane shows the highest thermal stability among the gas-
eous hydrocarbons. It accumulates continuously with increasing
temperature and it dominates the hydrocarbon gas yields at the
maximum thermal maturity level achieved in the pyrolysis
(Fig. 5a,e). The final methane yields of the four samples are differ-

ent. L-0 shows the highest final methane yield of the four samples
(517 mg/g), while L-8 shows the lowest final methane yield. The
final methane yield declines with increasing biodegradation
extent. The decline in final methane yields is most significant
between L-0 and L-2, while the decline becomes least between L-
5 and L-8. Nevertheless, it is notable that L-5 and L-8 produced
slightly more methane than L-0 below EasyRo% value of 2.1% (be-
fore 498 °C for 20 °C/h).

In contrast to the continual increase of methane, the yield of
ethane rises first and then falls due to severe secondary cracking
at high temperature (Fig. 5b,f). The temperature of maximum
ethane yield is similar for the four samples. They are around
546 °C for the four samples heated at 20 °C/h, and around 498 °C
in the experimental runs at 2 °C/h, with the EasyRo value of about
2.9%. The L-0 sample maximum ethane yield of sample L-0 is
208 mg/g, while the ethane yields from biodegraded bitumens
are much lower.

In the same experimental run, the maximum yields of C3 and
C4—Cs gases are lower than the maximum ethane yields, and their
maximum temperatures are lower than those of ethane (Fig. 5¢,d,g,
h). The respective maximum temperatures of propane are about
498 °C and 474 °C for the four samples heated at 20 °C/h and
2 °C/h, respectively, and those of C4—Cs gases shift to 474 °C for
the 20 °C/h run and 449 °C for the 2 °C/h run. The maximum Cs
and C4-Cs gas yields from the non-biodegraded L-0 are both higher
than those from the biodegraded bitumens.
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Fig. 5. Pyrolysis results for Liaohe oil and tar sand bitumens showing the yields of: (a) methane yields at a heating rate of 20 °C/h; (b) ethane yields at a heating rate of 20 °C/
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3.4. Stable carbon isotopes of hydrocarbon gases

The bulk carbon isotopic compositions of the original oil and
bitumen samples are rather close, with more severely biodegraded
oils being slightly enriched in '2C (Table 1). Fig. 6a,d shows a com-
parison of the stable carbon isotopic compositions of methane gen-
erated from the four samples during pyrolysis. With the pyrolysis
temperature lower than 355 °C for the 20 °C/h run and 329 °C
for the 2 °C/h run, L-0 did not produce sufficient hydrocarbon gases
for the accurate measurement of stable carbon isotopic composi-
tion. It is notable that in the oil-generative window methane gen-
erated from more severely biodegraded oils is generally more
enriched in 'C than methane from the less severely biodegraded
oils. For example, at the heating rate of 20 °C/h, the measured

methane carbon isotope at 376 °C for the non-biodegraded oil L-
0 is —58.8%0, while the measured methane carbon isotope at
376 °C for the severely biodegraded oil L-8 is —42.7%.. Such differ-
ences become smaller with increasing thermal stress. At the max-
imum thermal maturity level obtained in this study, the measured
methane carbon isotope for the non-biodegraded oil L-O is
—35.3%0, while the measured methane carbon isotope for the
severely biodegraded oil L-8 is —35.7%o, the differences among all
these samples are negligible.

Fig. 6b-f shows the stable carbon isotopic compositions of
ethane and propane generated from the four samples during pyrol-
ysis. Compared to methane, there are smaller differences in the
stable carbon isotopic compositions of ethane and propane gener-
ated from the four samples throughout the pyrolysis. Ethane from
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Fig. 6. Evolution trends of carbon isotopic compositions of: (a) methane at a heating rate of 20 °C/h; (b) ethane at a heating rate of 20 °C/h; (c) propane at a heating rate of
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more severely biodegraded oils was somewhat enriched in 3C (up
to 3.2%o less negative §'3C values). Moreover, ethane and propane
generated from the four samples show similar thermal evolution
trends. They all initially become enriched in '2C and then become
enriched in 3C with increasing thermal stress.

4. Discussion

4.1. Hydrocarbon gas generation potential and its correlation with
solid bitumen yields

The results above suggest that crude oils with varying biodegra-
dation extents can have differences in the gas generation behavior
under thermal stress. With increasing biodegradation extent, the
final hydrocarbon gas yields decreased, along with the decrease
of saturates and the increase of resins and asphaltenes (Fig. 7). This
suggests that the preferential removal of hydrogen-rich compo-
nents during biodegradation reduced the gas generation potential
of crude oils. Moreover, such reduction in the gas generation
potential is more significant at the early biodegradation stages,
where normal and branched alkanes were preferentially removed
(Fig. 2). By comparison, the decrease in the hydrocarbon gas gener-
ation potential between moderate and severe biodegradation
stages is not very significant. The cracking of oil to gas in a closed
system is, in fact, a hydrogen redistribution process, resulting in
the formation of hydrogen-enriched hydrocarbon gases and
hydrogen-depleted solid bitumen (Hill et al., 2003; Behar et al.,
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Fig. 7. Distributions of SARA fractions and the final gas yields of Liaohe oil and
bitumens.

2008; Fusetti et al., 2010). The amount of hydrogen available con-
trols the final hydrocarbon gas yields under severe thermal stress
(Hill et al., 2003; Tian et al., 2009). Normal and branched alkanes
are the most hydrogen-rich oil components (H = 2n + 2, where n
is the number of carbon atoms). The progressive removal of normal
and branched alkanes from the biodegraded bitumens is responsi-
ble for the decrease in hydrocarbon gas generation potential in this
study (Fig. 8). Moreover, different precursor oils usually have dif-
ferent abundances of alkane. Our results imply that, at the same
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biodegradation stage, the decreases in the hydrocarbon gas gener-
ation potential of precursor oils with more abundant alkanes could
be more significant than those with less abundant alkanes.

Fatty acids are one common biodegradation product of normal
and branched alkanes (Aitken et al., 2004; Dutta, 2005; Liu et al.,
2018). These fatty acids could also progressively be consumed with
increasing biodegradation severity as shown in Liao et al. (2012).
That is, both the alkanes and their biodegradation products could
be progressively removed from the crude oil during biodegradation
at low to moderate biodegradation. By comparison, the biodegra-
dation of more complex saturated hydrocarbons may follow differ-
ent pathways. For example, hopanes were altered at the severe
biodegradation stage (L-8) in this study. However, the direct attack
on the saturated ring structure of hopanes is rarely seen. Instead,
hopanes may be degraded via demethylation to form norhopanes
(Moldowan and McCaffrey, 1995; Frontera-Suau et al., 2002; Pan
et al., 2017b) or via B-oxidation of the alkyl side chain to form
hopanoic acids (Watson et al., 2002; Liao et al., 2012). In addition
to hopanes, tricyclic terpanes were also proposed to be biode-
graded via the alteration of alkyl side chains, resulting in the for-
mation of nor-tricyclic terpanes (Cheng et al., 2016). Therefore,
between moderate and severe biodegradation stages, the hydrogen
content of a crude oil is not significantly influenced by microorgan-
isms. As a result, the hydrocarbon gas generation potential of
biodegraded oil does not change very much between moderate
and severe biodegradation stages.

Furthermore, asphaltenes can also be thermally degraded to
generate hydrocarbon gases. For example, Wang et al. (2010)
reported a maximum of about 400 mg/g hydrocarbon gas yields
from asphaltene pyrolysis, while Tian et al. (2012) reported a max-
imum of around 250 mg/g hydrocarbon gas yields from asphaltene
pyrolysis. Calemma and Rausa (1997) suggested that the final gas
yields from asphaltene pyrolysis depend linearly on the aliphatic
carbon fraction of the asphaltenes. Supplementary Fig. S1 shows
the compositions of C;-Cs alkyl moieties within the asphaltene
molecular structure characterized by on-line quantitative flash
pyrolysis-gas chromatography coupled with FID (Py-GC-FID) in a
method similar to Liao et al. (2015) and Pan et al. (2015). Combined
with the Py-GC-FID results in Pan et al. (2015), the quantitative
variations of aliphatic carbon fraction within asphaltenes during
biodegradation could be obtained (Supplementary Fig. S2). These
results suggest that there is only a slight decrease in the aliphatic
carbon fraction within the asphaltenes over the PM level range of
2-8 (~6.13 mg/g asphaltenes). Therefore, the hydrocarbon gas gen-
eration potential of the asphaltenes was not significantly altered
by biodegradation. However, the asphaltene secondary gas should
become a more important constituent of the secondary gas from
more severely biodegraded oils due to the progressive enrichment
of asphaltenes (Table 1).

In addition to the decrease in hydrocarbon gas yield resulting
from biodegradation, the absolute amounts of crude oil/bitumens
were also reduced by microorganisms during biodegradation.
Jones et al. (2008) suggested that microorganisms can mineralize
up to 60 wt% of a non-biodegraded oil. The major mass loss
(~50%) of oils occurs from slight to moderate stages (PM level 1-
4) through the removal of saturates, especially alkanes (Jones
et al.,, 2008; Pan et al., 2017a). Further biodegradation (PM level
5-10) causes less mass loss (<20%) of oils by structural rearrange-
ments (Head et al., 2003). Such significant mass loss at the low to
moderate biodegradation stages, supplemented by the decrease in
the hydrocarbon gas generation potential of the remaining reser-
voir oils, could significantly decrease secondary gas potential of
oil reservoirs due to biodegradation.

Solid bitumen is another stable end-product of oil cracking
under thermal stress. Wang et al. (2007) suggested that the solid
bitumen yields correlate well with the hydrocarbon gas yields dur-
ing the thermal cracking of oils, and the quantitative assessment of
solid bitumen is useful in estimating the secondary gas potential in
reservoirs. However, such correlations are subject to the severity of
crud eoil biodegradation. Biodegradation reduces the hydrocarbon
gas generation potential of residual oils while enhancing their solid
bitumen yields under thermal stress (Fig. 4c,f). The solid bitumen
yields from biodegraded bitumens can be 2-4 times that of the
non-biodegraded oil in the EasyRo% range of 1.6-2.5% (Fig. 9a),
but they decrease with increasing maturity. As a result, the non-
biodegraded oil can produce 2-4 times the amount of of C;-Cs
hydrocarbon gases while yielding the same amount of solid bitu-
men with the biodegraded bitumens in the EasyRo% range of
1.6-2.5% (Fig. 9b). Therefore, the biodegradation severity of precur-
sor oils should be taken into consideration when correlating hydro-
carbon gas resources with solid bitumens in secondary gas
reservoirs. For example, the oil secondary cracking gas resource
of the Anyue gas field may be significantly overestimated if only
the amount of solid bitumen is taken into account but the
biodegradation of crude oil in reservoir prior to secondary cracking
is neglected. Additionally, the relationship between the amount of
solid bitumen and oil secondary cracking gas yield might not only
be influenced by biodegradation severity, but also by the initial
composition of crude oil.

4.2. Hydrocarbon gas compositions and stable carbon isotopic
compositions

In addition to the hydrocarbon gas generation potential, there
are also variations in the chemical compositions of thermogenic
hydrocarbons gases from different biodegraded oils. In the oil-
generative window (EasyRo 0.7-1.3%), the thermogenic hydrocar-
bon gases from the oils with higher biodegradation severity (L-5
and L-8) were drier (i.e, relatively more enriched in methane) than
those from the oils with lower biodegradation severity (L-0 and L-
2) at the same thermal maturity (Fig. 10). The differences in the
dryness of hydrocarbon gas from L-0, L-2, L-5, and L-8 became less
significant when cracking of the C,-Cs gases became significant at
the overmature stage (EasyRo > 2.0%).

Saturated hydrocarbons such as normal and branched alkanes
are usually the primary source of C,-Cs gases during oil cracking.
Tian et al. (2012) reported that the maximum C,-Cs gas yields from
saturates can be over 400 mg/g, while those from aromatics and
asphaltenes are both less than 200 mg/g. The cracking of alkanes
to C,—-Cs gases usually follows a C-C homolytic scission mechanism
(Mango, 1990; Pepper and Corvi, 1995; Schenk et al., 1997; Zhang
et al., 2008; Tian et al., 2009). The Cs—C;3 alkanes can crack to C,—
Cs gases step by step under thermal stress, while Cy4. alkanes can
simultaneously crack into Cg-Cy3 hydrocarbons (Hill et al., 2003),
indirectly contributing to C,-Cs gas yields. The non-biodegraded
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Fig. 10. Plots of gas dryness index (C;/XC;-Cs) vs pyrolysis temperatures at heating rates of 20 °C/h (a) and 2 °C/h (b), respectively.

oil L-0 contains abundant normal and branched alkanes with car-
bon numbers in the range of 11-37. Furthermore, the C¢-C;3 yields
from oil L-0 are also much higher than those from biodegraded oils
at the same pyrolysis temperatures. As a result, more C,-Cs gases
could be generated from the cracking of oil L-O than those of the
biodegraded oils. However, the Cs—C;3 alkanes are usually suscep-
tible to biodegradation and they were significantly removed at
slight to moderate biodegradation. Therefore, the newly generated
Cs-Cy3 alkanes present in the pyrolysates of L-2 (Fig. 3) were

mainly generated from the cracking of heavy fractions and residual
Cy4+ alkanes, and thus their Cg-C;3 alkane yields are lower than
those of L-0. Consequently, the C,-Cs gas yields of L-2 are lower
than those of L-0. Although L-5 and L-8 were depleted of alkanes
during biodegradation, both C¢-C;3 alkanes and Cy4.+ alkanes were
present in their pyrolysates (Fig. 3). This should be attributed to
the release of aliphatic units from the molecular structure of aro-
matics, resins and asphaltenes (McKinney et al., 1998; Hill et al.,
2003; Al Darouich et al., 2006; Behar et al., 2008). The relatively
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lower amount of Cg-Cy3 alkanes and Cy4. alkanes in the heavily
biodegraded oils L-5 and severely biodegraded L-8 should be the
main factors responsible for their relatively lower C,-Cs gas yields.
In spite of varying gas sources, there was relatively small enrich-
ment of 3C (up to ~3.5% toward less negative §'3C values) in
the ethane generated from L-5 and L-8 compared to that from L-
0 between EasyRo 0.9-1.6%. This is consistent with the work by
Xiong and Geng (2000) in which asphaltene pyrolysates generated
from the severely biodegraded oils exhibited n-alkane carbon iso-
topic compositions similar to that of non-biodegraded oil, with
the n-alkanes in asphaltene pyrolysates generated from the
severely biodegraded oils being slightly enriched in '3C.

The methane generating mechanism is different from the gen-
eration of C,-Cs gases to some extent. Although the non-
biodegraded oil L-0 contained abundant saturates, methane forma-
tion via terminal C-C cleavage or loss of methyl groups from satu-
rated hydrocarbons requires higher activation energy than C-C
homolytic scission (Hill et al., 2003; Zhang et al., 2008; Burklé-
Vitzthum et al., 2011). Thus, it is not surprising that methane yields
from L-0 below EasyRo ~ 0.7% is too low to accurately measure its
carbon isotopes. By contrast, methyl groups attached to aromatic
rings (o carbon) in aromatics, resins and asphaltenes are thermally
less stable than alkyl carbons, and they can produce methane via
demethylation reactions even in the oil-generative window
(Behar et al., 1992, 1999; Killops et al., 1998; Lorant et al., 2000;
Killops and Killops, 2005). For example, the work by Tian et al.
(2012) suggested that aromatics and asphaltenes can produce
more methane than saturates at less than 450 °C in the 2 °C/h
run. As shown in Supplementary Fig. S1, there was no significant
increase of methyl groups in asphaltene structure with increasing
biodegradation severity. However, with the depletion of saturates
during biodegradation, the aromatic structures in the aromatics,
resins and asphaltenes became relatively enriched, likely leading
to the relative enrichment of o carbonss. As a result, relatively
higher methane yields may be generated from these o carbon
through demethylation. That is, relatively higher methane yields
can be generated from more severely biodegraded oils in the early
oil-generative window due to the progressive enrichment of aro-
matics, resins and asphaltenes, which usually have more abundant
o carbons. However, the maximum methane yield of crude oil
should be subject to its hydrogen content. Since L-0 and L-2 are rel-
atively more enriched in hydrogen, it is reasonable that the maxi-
mum methane yields of L-0 and L-2 exceeded those of L-5 and L-8
at the overmature stage (EasyRo > 2.0%).

11

With increasing thermal maturity, the stable carbon isotopic
ratios of methane from biodegraded oils L-2, L-5 and L-8 first
became enriched in '2C and then in '3C, consistent with previous
observations (Lorant et al.,, 1998; Hill et al., 2003; Tian et al.,
2012). This may suggest that there are several methane-
generating precursors which have different carbon isotopic com-
positions. Liao et al. (2009) suggested that asphaltenes separated
from Liaohe biodegraded oils are more enriched in '3C than the
corresponding saturates. Since n-C;5-n-C,7 released from asphalte-
nes have similar carbon isotopic values with those in the saturates
(Xiong and Geng, 2000), it is possible that the methyl groups in
asphaltenes could be enriched in '3C relative to the alkanes. The
early release of these methyl groups via demethylation may result
in the initial generation of '*C-enriched methane. Therefore, in the
more severely biodegraded oil, a larger portion of methane may be
generated from these >C enriched methyl groups (especially from
o carbons). This may explain the results that the methane gener-
ated from more severely biodegraded oils are significantly more
enriched in '3C (Fig. 6a, d) in the oil-generative window. It should
be noted that demethylation of o carbons should only account for a
small portion of the methane generation potential. With increasing
thermal stress, methane generation from the cracking of saturates
is enhanced. This should shift the thermogenic methane toward
more negative isotopic values since saturates are more enriched
in '2C than the corresponding asphaltenes (Liao et al., 2009).
Beyond the oil-generative window (EasyRo > 1.3%), the carbon iso-
topic ratios of methane from different biodegraded oils became
rather close, with more severely biodegraded oils being enriched
in 13C (less than 3.1%o). Such differences may not only result from
the carbon isotopic variations (up to 4.0%c difference in 8'3C val-
ues) between the n-alkanes in non-biodegraded oil and those n-
alkanes released from asphaltenes of biodegraded oils (Xiong and
Geng, 2000; Sun et al., 2005), but also result from the differences
in the content of residual alkanes that can crack into hydrocarbon
gases.

Natural gases from different sources can sometimes be distin-
guished using gas compositions and/or stable carbon isotopic com-
positions, which may also be influenced by biodegradation. For
example, the diagram of In(C;/C;) vs In(C,/C3) is usually employed
to differentiate thermogenic gases sourced from oil cracking and
kerogen cracking (Behar et al., 1992). Fig. 11a suggests that In
(C4/Cy) is susceptible to biodegradation (Fig. 11a), increasing with
increasing biodegradation, especially in the oil-generative window,
while In(C,/C3) is less susceptible to biodegradation (Fig. 11b). The
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Fig. 13. The kinetic parameters (a, b, c and d) and modeling results (e, f, g, and h) for the bulk generation of C;-Cs gas from the pyrolysis of the four samples.
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latter does not show systematic changes with biodegradation.
Fig. 11c shows the diagram of In(C;/C;) vs In(C,/C3) of thermogenic
gases from the four samples in this study. The biodegraded oils are
located to the right side of the non-biodegraded oil. Nevertheless,
the data points representing the non-biodegraded and biodegraded
both follow a near vertical middle region followed by a region
dominantly controlled by increasing In(C;/C;). Such variation
trends are similar to previous reports on oil cracking and they
are different from the sub-horizontal trend in the diagram of In
(C1/C3) vs In(Cy/C3) generated from kerogen cracking gases
(Behar et al., 1992; Prinzhofer and Huc, 1995).

The diagram of §'3C,-8!3C5 vs C,/C5 and the plot of §'3C; vs
813C,-8'3C5 has been proposed to distinguish secondary gas from
that generated directly by kerogen (Prinzhofer and Huc, 1995;
Guo et al.,, 2009). Tian et al. (2012) further suggested that gases
from different SARA fractions of crude oil have different trends
on the plot of §'3C,-8'3C5 vs C,/Cs. In this study, although the sat-
urates was preferentially consumed with increasing biodegrada-
tion, there is no significant systematic variation in either C,/Cs or
813C,-8'3C5 (Fig. 12a). The §'3C,-8"3C5 vs C,/C5 diagram can be
applied to evaluate the origin of reservoir gases in superimposed
basins in spite of the preceding in-reservoir biodegradation.
However, it seems biodegradation can affect the plot of 8'3C; vs
813C,-8'3C5 (Fig. 12b). Fig. 6 and Fig. 12b indicate that the methane
generated from the biodegraded bitumens L-2, L-5 and L-8 is less
enriched in '2C than that from the non-biodegraded oil L-0, result-
ing in the formers significant positive shift of the curve.

4.3. Kinetic modeling and geological implications

Assuming that oil cracking consists of multiple parallel first-
order reactions, the non-isothermal pyrolysis data obtained in this
study were employed to determine the kinetic parameters of the
four samples by curve fitting. A fixed frequency factor
(1.0 x 107 % s~1) was imposed on the four samples for comparison
purposes. Fig. 13 shows the kinetic modeling results for the bulk
generation of C;-Cs gases (vol/wt) for the four samples. There are
differences in the activation energy distributions of the four sam-
ples. L-0 and L-2 have a relatively concentrated distribution of acti-
vation energy in the range of 58-69 kcal/mol. In contrast, the
activation energy distributions of L-5 and L-8 cover wider ranges,
with an increasing proportion of initial potential with low activa-
tion energy. This suggests that biodegradation of moderate/severe
stage can increase the heterogeneity of residual oils. The increasing
proportion of lower activation energy in L-5 and L-8 is likely attrib-
uted to the increasing content of heavy fractions, especially
asphaltenes, in these biodegraded bitumens and associated with
a-methyl cleavage from aromatic moieties.

The kinetic parameters above have been extrapolated to geolog-
ical conditions of 2 °C/Ma with an initial temperature of 50 °C
(Fig. 14). The maximum C;-Cs hydrocarbon gas yields are similar
for L-5 and L-8, both of which are lower than the maximum
C;-Cs hydrocarbon gas yields from L-0 and L-2. The result suggests
that failing to consider the influence of biodegradation in a biode-
graded reservoir could result in overestimation of the gas resource.
Nevertheless, L-5 and L-8 begin to generate hydrocarbon gases
earlier than L-0 and L-2. When the yield of C;-Cs gases reaches
5 mL/g, the required temperature of L-5 is about 151 °C whereas
that of L-0 is about 163 °C. The C;-Cs hydrocarbon gas yields from
L-0 do not exceed those from L-5 until the formation temperature
reaches 184 °C (EasyRo = 1.68%), which is close to the predicted
temperature where the C;-Cs gas yield from crude oil exceeds that
of asphaltenes in Tian et al. (2012). Therefore, biodegradation of
moderate/severe stage oils can decrease the thermal stability of
residual oils, promoting oil transformation and early generation
of hydrocarbon gases. Such influences should be considered
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Fig. 14. The amounts of total C;-Cs gases by volume for the four samples modeled
under geological conditions of 2 °C/Ma and an initial temperature of 50 °C.

in the exploration of biodegraded reservoirs to avoid the
underestimation of the degree of oil transformation. However,
the magnitude of such influence may not only be controlled by
biodegradation severity, but also by the initial composition of
crude oil, especially alkanes.

5. Conclusions

Biodegradation preferentially removed the hydrogen-rich spe-
cies in crude oils, such as normal and branched alkanes, and thus
could reduce the secondary gas generation potential of crude oils.
The decrease in the hydrocarbon gas generation potential became
insignificant after the complete removal of normal and branched
alkanes. Furthermore, biodegraded oils can yield more solid bitu-
men than non-biodegraded oil while producing the same amount
of hydrocarbon gases. This may lead to overestimation of hydrocar-
bon gas resources generated through secondary cracking of biode-
graded oils by the quantitative assessment of solid bitumens in
reservoirs. Moreover, the thermogenic hydrocarbon gases from
the non-biodegraded oil and biodegraded oils are different in their
chemical compositions and carbon isotopic compositions, and the
thermogenic hydrocarbon gases from the more severely biode-
graded oils are drier and more enriched in '3C, especially in the
oil-generative window. Such differences become smaller with
increasing thermal stress above the oil-generative window. The
kinetic modeling results show that moderately and severely biode-
graded oils begin to thermally decompose at lower temperatures
than that of non-biodegraded and slightly biodegraded oils. The
hydrocarbon generation of moderately and severely biodegraded
oils starts earlier than that of non-biodegraded and slightly biode-
graded oils.
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