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Although elemental sulfur and sulfur-bearing minerals are not the main constituents of sedimentary
rock, they are still important for the formation and destruction of biomarkers. In this study, a bitumen
of Sichuan Basin mudstone with abundant biomarkers was separately pyrolyzed (under both hydrous
and anhydrous conditions) with elemental sulfur (S°) and sulfur-bearing minerals (including pyrite, fer-
rous sulfate, and ferric sulfate) at various temperatures (300, 330 and 350 °C). The results show that the
effects of different forms of sulfur on the evolution of biomarkers vary. Pyrite (FeS,) had only a slight
influence on the characteristics of the biomarkers during anhydrous and hydrous pyrolysis. On the other
hand, the presence of S°, ferrous sulfate (FeSO,) and ferric sulfate (Fe,(SO4);) promoted the thermal
cracking of the biomarkers and changed the biomarker distributions under anhydrous conditions. The
extent of biomarker thermal alterations decreased in the following order: S° > Fe,(SO4); > FeSO,4 > FeS,.
Additionally, the presence of water seemed to promote the effects of the sulfur additive on the changes
in biomarker compositions, but this did not change their raking in terms of influence. The elemental sul-
fur alteration of the biomarkers increased with pyrolysis temperature (simulated maturity) and the abun-
dance of elemental sulfur in the sample. The results obtained offer new insights into how biomarkers
evolve when elemental sulfur and sulfur-bearing minerals are present.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Sulfur and sulfur-bearing minerals widely occur in marine
source rocks (Acholla and Orr, 1993; Jensen et al.,, 1998; Chen
et al., 2000; Zopfi et al.,, 2004; Zhang et al., 2011; Berthonneau
et al,, 2016; Cai et al., 2017; Rosenberg et al., 2017) due to the

abundance of SO3~ in seawater. FeS, (pyrite) is considered to be
the most abundant reduced sulfur species and serves as a long-
term sink for sulfur in most continental margin sediments
(Goldhaber and Kaplan, 1975; Berner, 1989; Riedinger et al.,
2017). Jensen et al. (1998) reported that the relative abundance
of mineral sulfur (mainly pyrite) normalized to TOC for 43 source
rocks (43 samples with sulfur-bearing minerals among 56 sam-
ples) was within the range 0.1-146% with an average value of
20.8%. Kelemen et al. (2007) reported that sulfate was the domi-
nant form of sulfur in 18 kerogens (representing several major pet-
roleum source facies). Sulfur and sulfur-bearing minerals (such as
pyrite, sphalerite, and galena) have also been widely reported in
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some deep, hot carbonate reservoir rocks (e.g., Krouse et al.,
1988; Sassen, 1988; Cai et al., 2003, 2004; Zou et al., 2008; Zhu
et al.,, 2011).

Although sulfur and sulfur-bearing minerals are minor con-
stituents of most sediments, they may still significantly influence
the thermal evolution of organic matter (OM) in sediments and
petroleum reservoirs. Reactions occurring between S° (elemental
sulfur) and OM may lead to sulfur incorporation (Kowalewski
et al, 2010), the formation of unsaturated organic compounds
(e.g., aromatics) from alicyclic saturated hydrocarbons (Toland
et al., 1958; Abbott et al., 1985; White et al., 1988), and the degra-
dation of biomarkers (Abbott et al., 1985; Comet et al., 1986). Lu
et al. (2012) reported that the pyrolysis of pure n-C,4 with S° pro-
duce alkenes and H,S because S radicals have a high affinity for H
abstraction. Aqueous sulfates mainly influence petroleum reser-
voirs through thermochemical sulfate reduction (TSR), which has
been widely studied by previous researchers (e.g., Orr, 1974;
Machel et al, 1995; Worden et al., 1995; Meshoulam et al.,
2016). The TSR process involves oxidation of hydrocarbons in
reservoirs by inorganic aqueous sulfate, with CO, and H,S products
typically generated (Orr, 1974; Machel et al., 1995; Worden et al.,
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1995). Sulfides from assimilatory SO~ reduction can also be
incorporated into OM (i.e., Sorg: organic sulfur) though sulfuriza-
tion processes (Francois, 1987). Pyrite is also considered to have
a catalytic effect on the pyrolysis behavior of coal (e.g., Lambert
Jr., 1982; Thomas et al., 1982; Bakr et al., 1991; Metecan et al.,
1999) and oil shale (Garg and Givens, 1982; Chen et al., 2000).

The influence and reaction mechanisms of sulfur and sulfur-
bearing minerals on the generation and evolution of OM is
generally well understood. Most reactions between S-species
(sulfur-containing species) and OM can be attributed to free-
radical mechanisms (Lewan, 1998). S° likely enables free radicals
to promote the thermal cracking of C—C bonds to occur at a faster
rate and at a lower stage of thermal maturity (Abbott et al., 1985;
Lewan, 1998). Recently, an experiment conducted by Said-Ahmad
et al. (2013) showed that water can also promote the oxidation of
OM when elemental sulfur is present. The pyrolysis behavior of oil
shale has also been related to pyrite decomposition (Gai et al.,
2014). The S° that is released from pyrite can hasten the degradation
of OM. However, radical mechanisms are not likely to be dominant
in the initial stages of thermochemical sulfate reduction (TSR),
which involves the reduction of sulfate to sulfide coupled with the
oxidation of hydrocarbons (Worden et al., 1995). Recently, a revised
two-stage reaction scheme was proposed to explain the mechanisms
of TSR (Amrani et al., 2008; Zhang et al., 2008, 2012; Meshoulam
et al., 2016). This model suggests that the first stage involves a
slow process of HSOz reduction and the second stage involves
H,S-catalyzed reactions (carbonium ion mechanisms). The H,S
reacts with hydrocarbons to form labile organic compounds
(which may be separately released through the cracking of
bitumen) that in turn catalyze the TSR (Amrani et al., 2008; Zhang
et al., 2008).

The roles of sulfur and sulfur-bearing minerals in the generation
and evolution of sedimentary organic matter (OM) have been of
interest to organic geochemists for decades. However, most previ-
ous studies have focused on the pyrolysis behaviors of fossil fuels
or single organic compounds in the presence of S-species. Few
studies have looked at their effects on specific biomarkers in crude
oils and/or sedimentary organic matter that persist due to their
stable structures. Biomarkers are widely used in oil studies to help
evaluate thermal maturity assessments, organofacies studies, and
oil-oil/oil-source rock correlations (Peters et al., 2005 and Refer-
ences therein) and the degrees of oil source mixings (e.g., van
Aarssen et al., 1999; Jiang and Li, 2002; Zhan et al., 2016). Under-
standing the interacting effects of organic matter inputs, mineral
composition, and thermal maturity on the evolution of biomarkers
is important to most geochemical evaluations (Tissot and Welte,
1984; Price, 1993; Koopmans et al., 1998; Peters et al., 2005; Pan
et al., 2010). However, few studies have reported the influence of
S-species on biomarkers (Abbott et al., 1985; Comet et al., 1986).
Currently, we still know little about the extent to which elemental
sulfur and sulfur-bearing minerals in source rocks affect the evolu-
tion of biomarkers.

The aim of this study was to investigate the influence of
S-species commonly found in natural source rocks (including
elemental sulfur, pyrite, ferrous sulfate, and ferric sulfate) on the
thermal evolution of biomarkers. Bitumen, rather than kerogen
extracted from the Dalong Formation source rock, was used
because it can be isolated from co-occurring S-species. Elemental
sulfur and sulfur-bearing minerals are difficult to remove from
the kerogen fraction. In this study, the hydrous and anhydrous
pyrolysis of bitumen combined with different forms of sulfur,
including elemental sulfur and three sulfur-bearing minerals (pyr-
ite, ferrous sulfate, and ferric sulfate) was conducted and biomark-
ers quantitatively analysed to examine the effects of S-species on
their evolution.

2. Samples and methods
2.1. Samples

The bitumen sample investigated in this study was extracted
from the Permian Dalong Formation mudstone (GY-8) in the
Sichuan Basin, China (Lat. 32° 19’ 11” N, Long. 105° 27’ 18" E).
The basic geochemical characteristics of sample GY-8 have already
been presented by Wu et al. (2012, 2013) and Wu and Geng (2016).
The investigated sample is classified as an early mature Type II
kerogen with total organic carbon (TOC) levels of 8.76% and a %
Ro (vitrinite reflectance) value of 0.58. The distributions of
biomarkers found in the original bitumen of GY-8 are shown in
Fig. 1, with assignments listed in Table 1. First, GY-8 mudstone
was powdered into 80-100 mesh. Then, the source rock powder
was extracted by a mixture of DCM (dichloromethane) and metha-
nol (93:7, v/v), with excess copper turnings added to the Soxhlet
apparatus to remove the extracted elemental sulfur. Thus, all ele-
mental sulfur that existed in the extracted bitumen was removed.

2.2. Pyrolysis experiments

In this study, all pyrolysis experiments were conducted using
glass tubes, and both hydrous and anhydrous pyrolysis conditions
were used. First, the pure bitumen or bitumen (roughly 50 mg)
combined with finely ground additives, were placed into the glass
tubes (20 mm o.d., 1 mm wall thickness, 100 mm length and ca. 25
mL volume). Pure water (de-ionized water:bitumen, 1:2, w/w) was
also added to the glass tubes for the hydrous pyrolysis experi-
ments. The tubes were sealed under vacuum conditions for pyrol-
ysis experiments. The additives used were elemental sulfur (S°) or
one of three sulfur-bearing minerals: ferrous disulfide (FeS,), fer-
rous sulfate (FeSO,), and ferric sulfate (Fey(SO4)3). Elemental sulfur
(S°>99.5%), pyrite (FeS,>99.8%), ferrous sulfate heptahydrate
(FeS04-7H,0 > 99.0%) and ferric sulfate hydrate (Fe,(SO4);-xH,0,
Fe: 21-23%) were purchased from Sigma-Aldrich. The FeSO, and
Fe,(S04); were obtained by heating FeSO4-7H,0 and Fe,(S04)3-xH;-
0 in a vacuum oven at 200 °C for 4 h. The S° and FeS, were used
without further purification. Then, three series of pyrolysis exper-
iments were conducted at temperatures of 300 °C, 330 °C, and
350°C. The calculated vitrinite reflectance from the Easy %Ro
method (Sweeney and Burnham, 1990) for the bitumen that was
heated to 300 °C, 330 °C, and 350 °C for 72 h were 0.70%, 0.87%,
and 1.07%, respectively. A relative abundance of 20% for the differ-
ent additives was used at 300 °C and 330 °C, while a relative abun-
dance of S° in the range from 20% to 100% was used for the
experiments at 350 °C. The vessels were heated to the desired tem-
perature within 2 h, and were then held isothermally for 72 h. The
conditions for each pyrolysis experiment are shown in Table 2.
Meanwhile, pyrolysis of bitumen alone (without sulfur-bearing
compounds) was also conducted and to compare to the pyrolysis
of bitumen with different additives.

After pyrolysis, the tubes were cracked and the pyrolysates
(pyrolysis products) were recovered by repeated sonication with
a mixture of DCM and methanol (93:7, v/v). Gaseous products were
not directly measured. However, the absolute amount of low
molecular weight compounds (LMW, carbon number < 14, includ-
ing gaseous products) was calculated by mass balance. Asphaltenes
were precipitated from the products by adding 50-fold (volume
ratio for n-hexane/bitumen) cold n-hexane and were then removed
by centrifugation. The maltene fractions were then fractionated by
silica/alumina (3:1, v/v) column chromatography into saturated,
aromatic and polar fractions by elution with n-hexane, DCM/n-
hexane (3:1, v/v) and DCM/methanol (2:1, v/v), respectively. Inter-
nal standards, D4Cy7; 50-cholane and C;3DgS dibenzothiophene,
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Fig. 1. The characteristics of biomarkers in the original bitumen of GY-8. The peak assignments are listed in Table 1.

were injected into saturated and aromatic hydrocarbon fractions,
respectively, to determine the absolute biomarker concentration.

2.3. GC-MS analysis

The saturated biomarkers were analyzed using a Thermo Scien-
tific Trace GC Ultra gas chromatograph coupled to a Thermo Scien-
tific Trace DSQ II mass spectrometer. A DB-1 fused silica capillary
column (60 m x 0.32 mm i.d. x 0.25 pm film thickness) was used.
The GC oven was set at 70 °C for 2 min and was then programmed
to 290 °C at 4 °C/min, with a final hold time of 30 min. The aro-
matic hydrocarbon fraction was analyzed by the same GC-MS with
the same GC column, and the temperature program was held
isothermally at 70°C for 2 min, programmed to 140°C at
6 °C/min, and then to 290 °C at 3 °C/min with a final hold time of
25 min. Helium was used as a carrier gas with a constant flow rate
of 1.5 mL/min. The ion source temperature was set to 250 °C, and
the temperature of the injector was set to 290 °C. The ion source
was operated in the electron impact (EI) mode with an electron
energy level of 70 eV. The GC-MS analyses were carried out in
selected ion monitoring mode (SIM). The selected ions that were
monitored included m/z 191 (terpanes) and m/z 217 (steranes).

The tricyclic terpane biomarkers investigated in this study
included C,;-Cyg, with Cyg, Cyg, and Cy9 compounds having two-
isomer pairs. A Cy4 tetracyclic terpane peak was also evaluated.

The hopane biomarkers that were used included Cy9 17B-
norhopane, C3g 178(H)-hopane, homohopanes (H31 to H35 pairs),
C3p moretane, Cy; 170(H)-22,29,30-trisnorhopane (Tm), Cy7
18a(H)-22,29,30-trisnorneohopane (Ts) and gammacerane. The
sterane biomarkers consisted of C,;, C,,, C7 dia and Cy;-Cyg ster-
anes with four stereoisomers (5a,14a,17a(H)-20S; 50,14p8,17B(H)
-20R; 5a,140,172(H)-20S; 50,140,170(H)-20R). The triaromatic
steroidal hydrocarbons included C,q, C3; and Cp6-C,g homologues.
The relative standard deviation (RSD) for most biomarker quantita-
tive analysis was <10%, based on 5 duplicate experiments (Tables 3
and 5).

3. Results and discussion

3.1. The influence of different types of sulfur on bulk compositions
(SARA fractions)

Fig. 2 compares the relative abundances of low molecular
weight hydrocarbons (LMW, including gas and Cs—C4), saturates,
aromatics, resin and asphaltene fractions for all pyrolysis experi-
ments. It is clear that the distribution of the SARA fractions for pyr-
olysates with different additives vary under the same pyrolysis
conditions. Generally speaking, thermal alteration cracks the high
molecular weight hydrocarbons (HMW) into LMW hydrocarbons.
The yields of LMW pyrolysates obtained with the additives are
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Table 1
Biomarker identifications.

Abbreviations Biomarker names

Abbreviations

Biomarker names

Terpanes C27aBpR+29dBaiS C27-50,14B,17B,20R-cholestane+Cyo-13B,170,20S-diastigmastane
C21 Cyq-tricyclic terpane C27aBBS Cy7-50,14B,17B,20S-cholestane
C22 Cyp-tricyclic terpane C27000R Cy7-50,140,172,20R-cholestane
23 Cy3-tricyclic terpane C28a0aS Cpg-501,140,170,,20S-ergostane
C24 Cy4-tricyclic terpane C28aBpR Cp8-501,14B,17B,20R-ergostane
C25 Cys-tricyclic terpane C28aBpS Cp8-50,14,17,20S-ergostane
C24t Cy4-tetracylic terpane C28a0aR Cyg-5a,140,170,,20R-ergostane
C26R Cy6-R tricyclic terpane C290010S Cy9-501,140,170,20S-stigmastane
C26S Cy6-S tricyclic terpane C29aBBR Cy9-501,14B,17B,20R-stigmastane
C28R Cas-R tricyclic terpane C29appS Ca9-50,14,17,20S-stigmastane
C28S Cys-S tricyclic terpane C29a00R Cy9-501,140,170,20R-stigmastane
C29R C,o-R tricyclic terpane Phenanthrenes
C29S Cyo-S tricyclic terpane PHEN Phenanthrene
Hopanes 3-MP 3-Methylphenanthrene
Ts C,7-1801-22,29,30-trisnorneohopane 2-MP 2-Methylphenanthrene
Tm Cy7-170-22,29,30-trisnorhopane 9-MP 9-Methylphenanthrene
H29 Ca9-170((H),21B(H)-hopane 1-MP 1-Methylphenanthrene
H30 C30-170(H),21B(H)-hopane Dibenzothiophenes
Mor DBT Dibenzothiophene
H31S C31-170((H),21B(H),22S-hopane 4-MDBT 4-Methyldibenzothiophene
H31R C31-170(H),218(H),22R-hopane 2,3-MDBT 3,2-Methyldibenzothiophene
Gam Gammacerane 1-MDBT 1-Methyldibenzothiophene
H32S Cs33-170((H),21B(H),22S-hopane Triaromatic Steranes
H32R C32-170(H),21B(H),22R-hopane 1TA20 Cyo-Triaromatic Sterane
H33S C33-170(H),21B(H),22S-hopane 2TA21 Cy;-Triaromatic Sterane
H33R C33-170((H),218(H),22R-hopane 3TA26 Cye-Triaromatic Sterane (20S)
H34S C34-170(H),21B(H),22S-hopane 4TA26 + 27 Cye-Triaromatic Sterane (20R)+C,7-Triaromatic Sterane (20S)
H34R C34-170(H),218(H),22R-hopane 5TA28 Cyg-Triaromatic Sterane (20S)
H35S C35-170((H),218(H),22S-hopane 6TA27 Cy7-Triaromatic Sterane (20R)
H35R C35-170(H),21B(H),22R-hopane 7TA28 Cyg-Triaromatic Sterane (20R)
Steranes Others
S21 50,14B8,17B(H)-pregnane (diginane) nC17 C;y7 n-alkane
S22 50,14B,17B(H)-homopregnane (20-methyldiginane) Pr Pristane
C27dpasS C37-13B,170,20S-diacholestane nC18 Cyg n-alkane
C27dpaR Cy7-13B,170,20R-diacholestane Ph Phytane
C27000S C27-50,140,170,20S-cholestane

Table 2

Conditions used in the pyrolysis experiments.

No. Temp (°C) Weight of additive/weight of bitumen (%)
FeS, FeSO4 Fey(S04); S H,0

1 300 0 0 0 0 0
2 300 20 0 0 0 0
3 300 0 20 0 0 0
4 300 0 0 20 0 0
5 300 0 0 0 20 0
6 330 0 0 0 0 0
7 330 20 0 0 0 0
8 330 0 20 0 0 0
9 330 0 0 20 0 0
10 330 0 0 0 20 0
11 350 0 0 0 20 0
12 350 0 0 0 50 0
13 350 0 0 0 100 0
14 350 0 0 0 0 0
15 300 0 0 0 0 50
16 300 20 0 0 0 50
17 300 0 20 0 0 50
18 300 0 0 20 0 50
19 300 0 0 0 20 50
20 330 0 0 0 0 50
21 330 20 0 0 0 50
22 330 0 20 0 0 50
23 330 0 0 20 0 50
24 330 0 0 0 20 50

different from that obtained with bitumen alone under the same
pyrolysis conditions. This demonstrates that the presence of differ-
ent forms of sulfur indeed had a catalytic effect on the thermal
alteration of the hydrocarbons. Taking anhydrous pyrolysis at
330°C as an example, the pyrolysis of bitumen alone only

generated a small amount LMW hydrocarbon (9%) while the pyrol-
ysis of bitumen with FeS,, FeSO,, Fe,(SO4); and S° converted
approximately 15%, 24%, 40% and 63% of the bitumen into LMW
hydrocarbons, respectively (Table 3, Fig. 2B). These results indicate
that the effects of different forms of sulfur on the thermal degrada-
tion of bitumen followed the order: S°> Fe,(SO4); > FeSO, > FeS..
The presence of water seemed to slightly promote the effects of
different forms of sulfur on the evolution of biomarkers at 330
°C, but this did not change their ranking.

In natural settings, the onset temperature required to initiate
TSR ranges from 100 °C to 140 °C, while it generally exceeds
200 °C under most laboratory conditions (Toland, 1960; Kiyosu
and Krouse, 1993; Cross et al., 2004; Xia et al., 2014). In this study,
the >300 °C pyrolysis temperatures were sufficient to initiate TSR
reactions. The TSR oxidizes hydrocarbons in reservoirs by inorganic
aqueous sulfate, with CO, and H,S as the primary products (Orr,
1974; Machel et al., 1995; Worden et al., 1995). Although the
yields of H,S derived from each experiment were not specially
measured, high yields of LMW hydrocarbons (including H,S gas
evident from its familiar odour) generated from the hydrous and
anhydrous experiments involving Fe,(SO4); and FeSO4 (relative
to the experiment involving bitumen alone) demonstrated that
TSR occurred.

The presence of ferrous and ferric sulfate also affects bitumen
even during anhydrous pyrolysis at 300 °C and 330 °C. This result
is consistent with the report by Heydari and Moore (1989), who
claimed that solid anhydrite is reduced during TSR in natural con-
ditions. In observing the replacement of solid sulfate with calcite
(Heydari and Moore, 1989), they found that the degradation of
OM by anhydrous sulfate likely occurs due to the thermochemical
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Table 3
The relative abundance of SARA fractions and LMW fraction.

Temp (°C) Run No. Conditions Relative abundance (%)

LMW Saturated Aromatic Resin Asphaltene
Anhydrous pyrolysis
300 1 - 0.6 9.7 13.4 133 63.1
300 2 FeS, 0.2 10.6 12.6 10.8 65.8
300 3 FeSO4 129 9.2 12.4 8.8 56.8
300 4 Fe,(S04)3 40.8 9.6 8.6 5.6 354
300 5 S (20%) 57.1 7.9 8.1 4.7 222
330 6 - 9.1 12.9 11.7 8.5 57.8
330 7 FeS, 14.7 10.3 121 8.7 54.2
330 8 FeSO4 239 114 11.2 6.7 47.5
330 9 Fe,(S04)3 39.6 9.8 6.5 5.5 38.6
330 10 S (20%) 62.6 6.4 4.5 34 23.0
350 11 - 24.7 14.9 12.5 7.6 40.3
350 12 S (20%) 63.9 8.9 52 3.1 18.9
350 13 S (50%) 94.8 2.8 0.8 1.2 0.4
350 14 S (100%) 97.1 1.8 0.4 04 04
Hydrous pyrolysis
300 15 - 5.5 121 21.8 11.6 49.0
300 16 FeS, 1.2 123 24.8 10.7 50.9
300 17 FeSO4 11.1 10.6 22.1 9.6 46.6
300 18 Fe,(S04)3 29.3 5.4 10.6 11.0 43.7
300 19 S (20%) 56.0 3.1 4.1 4.7 322
330 20 - 18 3.0 15.8 25.6 376
330 21 FeS, 209 3.9 16.0 22.7 37.5
330 22 FeSO4 24.7 3.7 13.0 10.2 484
330 23 Fey(S04)3 721 1.2 6.1 4.7 15.9
330 24 S (20%) 64.6 6.5 6.5 4.4 18.1

Note: LMW (including gas and Cs_14) = total bitumen - asphaltene - maltene.

breakdown of solid sulfate as shown by reaction Eq. (1) (Siebert,
1985). The formed S° can subsequently alter OM. Meanwhile, trace
amounts of water generated from the bitumen or found in sulfate
minerals might contribute to partial anhydrous pyrolysis.

CaS04+3H,S+C0,—CaC0;3+45°+3H,0 (1)

Sulfur radical mechanisms can be used to explain reactions
involving S° (Abbott et al., 1985; Lewan, 1998). The minimum reac-
tion temperature required for the cleavage of the cyclo-Sg allotrope
(the most prevalent form of S° found in nature) is approximately
175 °C (Goldstein and Aizenshtat, 1994). Above this temperature,
sulfur in cyclic Sg opens to form a highly reactive polysulfide di-
radical, which is the active species involved in hydrogen abstrac-
tion from organic compounds (Abbott et al., 1985; Goldstein and
Aizenshtat, 1994). Water also contributes to the reaction of sulfur
with OM (Said-Ahmad et al., 2013). The hydrolysis of sulfur is
favorable at temperatures exceeding 150°C (Goldstein and
Aizenshtat, 1994), which is lower than the temperature required
for sulfur cleavage under anhydrous conditions.

Through the formation of S° pyrite can affect the pyrolysis
behavior of OM (Bakr et al., 1991; Gai et al., 2014). The formed
S° subsequently destroys OM through the processes described
above. Thus, the main factor that controls the degradation of OM
by pyrite is its decomposition. The activation temperature required
for the decomposition of pyrite under anhydrous conditions is
approximately 500-530 °C (Chen et al., 2000; Gai et al., 2014).
Hydrogen donors in coal were shown to reduce the decomposition
temperature of pyrite by approximately 100 °C (Chen et al., 2000).
Moreover, pyrite presents different levels of thermal stability in
the presence or absence of water. The decomposition of pyrite
under hydrous conditions occurs between 440 °C and 560 °C
(Levy and White, 1988). Hydrous pyrolysis of pyrite at 350 °C for
72 h by Ding and Liu (2017) detected no H,S. As temperatures used
in this study (300-330 °C) were lower than the minimal decompo-
sition temperature of pyrite, the effects of pyrite on the thermal
alteration of the bitumen were minor (Fig. 2).

3.2. The influence of different forms of sulfur on biomarker
concentrations

The absolute concentrations of individual biomarkers were
measured to investigate the evolution of biomarkers with the addi-
tion of different additives at various conditions (temperature; the
presence of water). A relative abundance variation ratio (RAVR)
was developed by Chen et al. (2016) to reflect the changes in bio-
marker concentrations observed at different temperatures. We
used a modified RAVR to reflect the effects of different additives
on individual biomarker concentrations. When the absolute abun-
dance of an individual biomarker used in the experiment of bitu-
men with a certain additive was a, that for the experiment on
bitumen alone at the same temperature was b, and the RAVR for
this additive was calculated as (a-b)/b x 100%. The positive RAVR
values for a certain additive show that corresponding additive will
prohibit the degradation of biomarkers or promote the generation
of biomarkers, while negative RAVR values for a certain additive
indicate that such an additive promotes the degradation of
biomarkers. Pyrolysis experiments (330 °C for four weeks) con-
ducted by Mango (1990) reported the decomposition ratios of cho-
lestane and octadecane were 17% and 2.3% respectively, indicating
that the pyrolysis behaviors for different biomarkers can vary con-
siderably. Thus, terpane, sterane, and triaromatic steroid hydrocar-
bons are separately discussed.

3.2.1. Terpanes

Several classes of terpanes in petroleum originate from bacterial
(prokaryotic) membrane lipids (Ourisson et al., 1982). Tricyclic ter-
panes and pentacyclic triterpanes (hopanes) are the two most
commonly used classes of terpanes.

Similar concentrations of individual tricyclic terpane were
detected from all 300°C anhydrous pyrolysis experiments
(Table 4), and their RAVR values with S-additives were all <—25%
(Fig. 3A). The additives had a stronger effect on hopanes (Fig. 3E),
consistent with the higher thermal stabilities of tricyclic and



Table 4

Absolute concentrations (pg/g) of each saturate biomarker from the pyrolysates of bitumen with various additives at different temperatures.

Biomarkers 300 °C 330°C 350°C

Anhydrous Hydrous Anhydrous Hydrous Anhydrous

N S20 Fel Fe2 Fe3 N S20  Fel Fe2 Fe3 N S20 Fel Fe2 Fe3 N S20 Fel Fe2 Fe3 N S20 S50 S100
Terpanes
C21 248 209 271 271 241 323 125 327 287+1.2 140 258+04 89 26.7 255%1.5 218 289+*19 - 287 132+1.1 - 236 6.1 - -
C22 7.1 5.4 9.6 7.8 6.5 419 17.2 420 40421 221 7.1+0.2 2.0 6.7 7.3+03 5.5 36.8+2.7 - 383 19129 - 6.8 1.7 - -
C23 328 257 335 327 303 595 237 507 49.6+0.8 315 29826 94 295 26614 241 46332 - 48,6 19.9+3.7 - 287 538 - -
C24 228 164 226 224 20.8 3938 124 388 337113 199 212+16 58 185 16.8+1.6 155 29.8+2.0 - 312 181+1.1 - 194 34 - -
C25 206 139 194 184 173 31.0 8.8 32.7 262+1.7 13.7 154+06 49 149 11.6+0.7 11.7 24314 - 236 103+1.8 - 147 28 - -
C24t 202 196 198 201 175 219 84 209 20.2+£0.9 115 155+0.7 94 150 124+1.1 134 236%18 - 253 134+1.1 - 160 6.0 - -
C26R 78 46 6.2 6.8 6.1 19.5 4.8 17.8 6.4+0.2 5.4 58+0.3 14 48 3.8+04 4.3 10.3+0.8 - 11.7 4.0%+0.9 - 57 0.7 - -
C26S 6.8 4.8 5.6 5.6 6.3 17.8 4.6 164 5.7+0.1 5.1 54+04 14 52 3.8+05 4.7 10.1+0.3 - 113 4.0:0.7 - 57 0.7 - -
C28R 5.5 43 4.5 5.6 5.8 9.8 24 6.9 5.1+02 1.5 3.8+0.2 1.7 44 37201 3.8 6.8+0.3 - 54 32%02 - 42 0.9 - -
C28S 54 34 41 5.9 5.6 5.7 2.7 7.6 44+04 1.3 49+0.1 1.5 4.2 3.8+0.3 4.0 6.8+04 - 6.0 32+02 - 40 1.1 - -
C29R 7.3 6.3 7.1 6.5 6.1 5.7 1.3 6.3 4.6+0.3 1.5 4.7+0.2 1.6 6.6 42+04 5.9 79+05 - 62 2.0+0.1 - 67 0.6 - -
C29S 58 4.1 6.1 4.8 49 7.5 13 6.9 5.7+0.1 35 4.6+0.2 19 49 39%02 3.6 8.2+0.1 - 67 1.8+0.2 - 47 0.6 - -
Total 167.1 129.3 165.6 163.7 1514 2924 1003 2789 230.7 1309 1434 50.0 1414 1234 118.3 239.8 0.0 243.0 1122 0.0 140.1 303 - -
Hopanes
Ts 187 132 147 150 127 308 11.6 327 276+13 8.4 11.8+03 55 109 6.9+08 103 219+19 - 235 9714 - 110 28 - -
Tm 84.6 536 783 68.7 59.6 1303 257 1322 116945 304 498+4.1 16.7 539 393+34 393 1189+3.7 - 125.2 403 +4.0 - 428 64 - -
H29 137.2 829 134.0 107.6 1023 2174 343 2139 189.8+11.8 41.3 87.2+51 23.6 889 589+3.1 579 1793169 - 1945 62.7+129 - 767 6.9 - -
H30 152.2 85.8 146.1 124.6 114.1 2232 326 2285 207.5+52 399 827+26 215 833 57.0+6.7 53.1 189.6+81 - 199.8 61.1+9.7 - 606 5.2 - -
Mor 123 85 9.9 114 6.8 129 39 14.0 10.8+0.5 5.6 6.5+0.5 2.2 6.5 4.2 +0.2 3.8 13.1+£09 - 178 52+13 - 62 - - -
H31S 749 404 71.0 580 498 1150 12.7 1190 106.1+3.1 132 38.1%27 95 399 285%1.5 246 86.5%4.6 - 634 348+23 - 298 - - -
H31R 52.7 339 528 424 389 707 8.6 77.3 66.8 £4.0 8.6 331+13 9.1 317 205+%1.9 221 549143 - 394 19124 - 192 - - -
Gam 3.8 4.1 4.8 3.5 4.2 19.1 3.8 13.6 104+ 0.6 3.2 2.6+0.2 0.9 2.5 3.2+0.1 1.7 11.8+0.7 - 238 4914 - 24 - - -
H32S 379 226 405 333 265 59.1 5.4 63.0 53.5+6.3 8.0 231209 54 235 166+1.4 12.7 484+1.1 - 381 203%1.2 - 156 - - -
H32R 283 180 274 226 189 46.1 4.5 42.1 40.7 2.5 24 15.1+1.1 3.0 161 11713 8.2 35.1+2.0 - 29.0 14209 - 107 - - -
H33S 250 139 223 172 147 419 00 350 32.7%32 3.2 11.5+13 27 122 7.7x09 5.8 274+1.1 - 294 85%26 - 87 - - -
H33R 138 100 123 119 10.7 256 0.0 29.5 148 +1.7 24 7.6+0.8 23 8.7 53+05 5.1 189+ 1.8 - 238 5105 - 62 - - -
H34S 115 8.7 126 103 100 226 0.0 21.1 25.2+0.9 0.0 74+04 1.5 7.2 44+03 3.8 129+14 - 145 4907 - 53 - - -
H34R 9.8 6.5 9.5 6.9 6.6 215 0.0 13.7 185+1.8 0.0 6.1+£0.2 0.9 70 2702 34 10.7+1.1 - 111 23zx0.2 - 36 - - -
H35S 102 4.7 100 8.6 84 00 0.0 0.0 0.0 0.0 6.2+0.8 1.2 54 - 2.5 0.0 - 00 0.0 - - - - -
H35R 59 47 5.6 7.2 46 0.0 0.0 0.0 0.0 0.0 4.1+0.2 1.1 3.6 - 1.8 0.0 - 00 0.0 - - - - -
Total 678.8 411.6 665.7 549.3 488.7 1036.2 143.0 1035.7 921.3 179.5 3929 107.0 401.6 266.9 256.5 829.4 - 9063 293.1 - 3345 212 - -
Steranes
S21 11.2 98 141 137 120 353 105 31.1 299+29 163 11.7+06 4.7 144 16115 104 36.7+1.7 - 305 122+1.7 - 153 49 1.1 0.0
S22 7.1 49 9.1 8.4 6.9 20.9 56 202 18.1+1.1 9.1 6.3+0.6 1.9 8.0 7.1+£1.1 5.1 175+13 - 175 75+%1 - 69 1.5 0.5 0.0
C27dBasS 0.8 0.5 1.0 1.1 0.8 7.8 33 7.2 6.3+05 29 0.9+0.2 0.4 1.1 1.110.2 0.6 3.8+0.1 - 47 1.9+0.3 - 12 0.5 0.1 0.0
C27dBoR 0.5 0.4 0.5 0.6 0.5 4.4 13 3.6 4.2+0.1 1.8 0.6 +0.1 0.2 06 0.8%0.1 0.4 26+0.1 - 38 0.7+0.1 - 05 0.3 0.1 0.0
C27000S 5.0 3.1 5.1 4.7 3.9 13.5 22 113 10.6 £0.8 3.0 4.1+0.1 1.1 4.3 3.6%0.2 2.8 104+0.4 - 108 4.1+03 - 43 0.4 0.2 0.1
C270BBR+29dBaS 5.6 3.1 59 53 43 169 26 15.0 13.7+0.5 4.1 44+03 1.3 4.7 43+03 29 13.1+£0.2 - 13.7 44105 - 44 05 0.2 0.1
C270BBS 5.0 2.8 49 48 39 14.1 2.0 124 10.8+0.7 33 3.7+0.2 1.1 43 4.0+0.1 2.5 10.2+0.7 - 102 3.7%0.1 - 41 0.4 0.2 0.0
C27000R 53 2.6 50 45 3.8 15.5 2.6 12.8 11.6 £0.6 3.1 3.8+0.1 09 4.2 3.9+0.1 23 108+ 1.1 - 10.7 3.9zx0.6 - 38 0.4 0.2 0.2
C28a00tS 2.8 1.5 2.7 2.7 1.9 7.0 1.2 6.4 48+0.3 14 1.7+0.2 0.6 2.1 2.0+0.1 13 52+0.2 - 52 1.9+0.1 - 19 0.2 0.1 0.1
C280BBR 29 1.5 2.8 2.6 1.7 46 0.8 5.0 41+0.1 1.0 1.6+0.3 0.8 2.1 2.0+0.2 1.3 3.6+02 - 35 1.1+0.1 - 19 0.3 0.1 0.0
C28aBBS 3.0 1.8 30 23 1.7 5.7 13 7.1 5.8+02 1.7 1.2+£0.2 0.6 1.8 1.6+0.1 1.1 5.7+0.1 - 62 2.1+02 - 16 0.2 0.1 0.0
C28a0R 24 1.0 2.5 1.9 1.5 58 0.9 6.3 53+0.1 1.0 1.4+0.1 03 1.6 1.3+0.1 09 43%0.2 - 41 1.0+0.3 - 13 0.1 0.1 0.1
C290010S 4.1 2.2 46 39 29 7.4 1.1 7.2 72+03 14 26%0.1 0.7 3.1 24+0.2 1.6 6.4+04 - 58 24+02 - 25 0.2 0.1 0.1
C290BBR 4.6 2.6 50 41 35 12.3 14 123 104 +04 3.0 3.2+02 0.8 33 3.0+£0.2 2.1 11.2+04 - 97 3.0+02 - 29 0.3 0.1 0.1
C2908BS 5.0 2.5 53 4.2 3.1 9.4 0.9 9.8 8.1+03 2.1 29+03 0.7 3.5 3.1£0.1 1.7 7.6+04 - 75 20+03 - 26 0.3 0.1 0.1
C29000R 4.3 1.8 41 3.2 3.1 9.2 0.9 9.2 7.6+05 1.2 2.6+0.1 0.5 30 24+02 1.5 83+03 - 72 23+0.1 - 20 0.2 0.1 0.1

(continued on next page)
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Table 4 (continued)
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Biomarkers 300 °C 330°C 350°C
Anhydrous Hydrous Anhydrous Hydrous Anhydrous
N S20 Fel Fe2 Fe3 N S20  Fel Fe2 Fe3 N S20 Fel Fe2 Fe3 N S20 Fel Fe2 Fe3 N S20 S50  S100
Total 69.6 423 734 679 554 189.7 386 1769 1504 56.5 52.7 16.7 619 58.7 38,5 1574 - 151.0 54.2 - 574 107 36 1.0
Others
n-C17 254.1 252.0 2404 254.1 262.7 286.1 282.0 2741 275.8+11.3 292.7 2243+2.9 2042 222.0 208.1+11.8 226.3 2793+82 - 2923 1914+109 - 1789 151.5 120.8 -
Pr 79.1 81.7 842 696 937 912 914 996 83.2+4.1 1053 69.1+2.8 59.0 727 592+29 674 87.1%6.7 - 928 56.2+42 - 453 373 315 -
n-C18 162.5 163.2 1519 1519 171.5 1825 173.9 1679 153.5+7.8 1925 1354+6.6 126.7 126.5 1474+52 138.6 1665+69 - 1765 133.2+7.2 - 1133 1143 882 -
Ph 869 96.1 1006 86.8 97.2 1069 113.2 1172 92.6+4.2 107.8 715+2.6 63.8 736 76.1+3.1 69.0 86.1+1.2 - 914 678+1.1 - 463 426 216 -
Note: “~" = undetected, N = Neat kerogen, S20 = 20% sulfur, S50 = 50% sulfur, S100 = 100% sulfur, Fe1 = FeS,, Fe2 = FeSOy,, Fe3 = Fe,(S04)s.
Table 5
Molecular parameters for pyrolysates of bitumen at various experimental conditions.
Biomarker parameters 300 °C 330°C 350°C
Anhydrous Hydrous Anhydrous Hydrous Anhydrous
N S20 Fel Fe2 Fe3 N S20 Fel Fe2 Fe3 N S20 Fel Fe2 Fe3 N S20  Fel Fe2 Fe3 N S20 S50 S100
C27/(C27 + C28 + C29) 044 048 045 047 045 051 059 045 047 058 048 050 048 050 049 048 - 049 055 - 0.53 050 046 049
C28/(C27 +C28 + C29) 020 019 018 020 018 0.19 0.21 022 021 019 019 019 018 017 019 018 - 019 016 - 019 0.21 022 0.22
C€29/(C27 + C28 + C29) 036 033 037 033 037 030 020 032 032 023 033 031 034 033 032 034 - 033 030 - 028 029 032 029
(S21 +S22)/Cy7-C9Tegs 037 055 048 050 054 042 072 041 044 082 054 068 059 073 070 053 - 047 056 - 0.67 178 093 0.10
S21/S22 154 163 170 153 159 169 18 154 166 180 180 252 180 198 179 204 - 1.74 183 - 336 221 208 112
C27 dBaR/C27a0ialR 009 015 o010 013 013 028 049 028 036 057 014 024 014 021 017 022 - 035 018 - 013 076 035 0.11
C29-aBB/(app+oraat) 053 056 053 054 052 057 054 057 055 066 055 055 053 055 055 056 - 0.57 052 - 0.55 058 053 045
C29-20S/(20S + 20R) 050 052 052 053 047 044 046 044 046 046 049 051 051 050 049 042 - 044 047 - 0.51 048 048 049
C23/(C23 + C24t) 059 0.61 060 059 059 060 066 057 059 0.61 060 062 061 060 0.61 0.61 - 0.61 055 - 059 063 - -
Ts/(Ts + Tm) 0.18 020 016 018 018 0.19 031 020 019 022 018 025 017 015 021 016 - 0.16 020 - 020 029 - -
C23/H30 023 031 024 028 030 027 073 022 024 079 034 044 035 044 045 025 - 024 033 - 054 110 - -
H29/H30 092 099 087 09 097 097 105 094 095 103 108 110 1.07 097 109 099 - 097 107 - 127 131 - -
H31-22S/(22S + 22R) 059 054 057 058 056 062 060 061 061 060 054 051 056 057 053 061 - 0.62 063 - 0.61 - - -
Gam/H30 003 005 003 003 004 013 0.21 0.08 0.07 021 003 004 003 005 003 010 - 027 095 - 004 - - -
Pr/n-C17 032 036 029 035 027 051 059 045 047 058 036 030 031 033 028 048 - 049 055 - 025 031 025 -
Ph/n-C18 056 057 054 066 057 019 021 022 021 019 055 050 053 058 052 018 - 019 016 - 037 052 041 -
Pr/Ph 089 096 068 084 080 030 020 032 032 023 095 098 091 099 078 034 - 033 030 - 088 096 098 -

68-72 (810¢) €¢I Ausiwars0a9 Nunsi0 /v 12 NM T

Note: “~" = undetectable; S21-22/C,;-Cy regs: (diginane + 20-methyldiginane)/C,;-Cyo regular steranes (12 peaks).
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A. Anhydrous pyrolysis at 300 °C B. Anhydrous pyrolysis at 330 °C

C. Anhydrous pyrolysis at 350 °C
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Fig. 2. The relative abundances of low molecular weight hydrocarbons (LMW, including gas and Cs_14), saturates, aromatics, resin and asphaltene fractions for pyrolysates of

bitumen with various additives at different pyrolysis temperatures and conditions.

tetracyclic terpanes than those of the hopanes (Seifert and
Moldowan, 1979; Trendel et al., 1982), apart from FeS, which
had a negligible effect. Both FeSO, and Fe,(SO4); promoted the
thermal cracking of the hopanes (Fig. 3E). The addition of S° led
to the most significant decline in the hopane concentrations. With
300 °C hydrous pyrolysis, the RAVR values of tricyclic terpanes and
hopanes for FeS, and FeSO, was <—25%, whereas for S° and
Fe,(S04); it was <—75% (Fig. 3B and 3F).

Anhydrous 330 °C pyrolysis results were similar to those of the
300 °C pyrolysis, with tricyclic terpanes RAVR values <—25% on
addition of the sulfur-bearing minerals (Fig. 3C). At the higher tem-
perature, the effects of different additives, especially for S°, on the
hopane concentrations were enhanced (RAVR values to -75%).
Under hydrous 330 °C condition, tricyclic terpanes (Fig. 3D) and
hopanes (Fig. 3H) were only detected from the FeS,, FeSO, and neat
kerogen experiments. Meanwhile, the absolute RAVR values of tri-
cyclic terpanes and hopanes for FeS, (<25%) were much lower than
those for FeSO4 (approximately 75%).

3.2.2. Steranes

The precursors for steranes in the geological samples are sterols
in eukaryotic organisms (Mackenzie et al., 1982a; de Leeuw et al.,
1989). During anhydrous pyrolysis at 300 °C and 330 °C, FeS, had
minimal impact on sterane concentration (compared to bitumen
alone), while FeSO, and Fe,(S0,); slightly impacted, and S° signif-
icantly impacted sterane production (Fig. 4A and C). With hydrous
pyrolysis at 300 °C, FeS, and FeSO4 had minor impact compared to
bitumen alone (RAVR close to 0), while Fe,(S0,); and S° signifi-
cantly reduced the concentrations of steranes (RAVR approxi-
mately -75%). After hydrous pyrolysis at 330 °C no steranes were
detected in the experiments with Fe,(S04); and S° (Table 4), whilst
they were reduced with FeS, (RAVR < —25%), and more so with
FeSO, (RAVR < —75%) (Fig. 4D).

3.2.3. Triaromatic steroid hydrocarbons
Triaromatic steroid hydrocarbons (TAS) are considered to be the
aromatization products of monoaromatic steroids at the early

stages of hydrocarbon generation (Mackenzie et al, 1982a,
1982b; Abbott et al., 1984). The S-additives had a similar effect
on the TAS concentration of anhydrous pyrolysis at both 300 °C
and 330 °C. FeS, similarly had little impact on the concentrations
of TAS compared to bitumen alone, with absolute RAVR values
close to 0 (Fig. 5 and Table 6). Fe;(SO4); caused a slight reduction
in the concentrations of TAS and S° caused a much larger reduction
(Fig. 5A). Unusually, the presence of FeSO, increased the absolute
concentrations of TAS (RAVR > 25%). This was likely due to addi-
tional release of the biomarkers from aromatic, polar and asphal-
tene fractions at low stages of maturity (e.g., Bowden et al,
2006). It is also possible that FeSO, catalyzed the aromatization
of regular or other steroids in the original bitumen. With hydrous
pyrolysis at 300 °C, the different forms of sulfur had a similar effect
on the concentrations of TAS compared to those observed under
anhydrous conditions (Fig. 5B). At 330 °C, no TAS were detected
in the experiments using Fe,(SO4)s (Fig. 5D).

3.2.4. Rankings and mechanisms

Generally speaking, biomarker concentrations decrease with
increasing maturity as a result of thermal degradation (e.g.,
Mackenzie et al., 1985; Abbott et al., 1990; Bishop and Abbott,
1993; Farrimond et al., 1998). The above results show that various
sulfur forms can promotes the thermal alteration of biomarkers,
although their effects on the evolution of biomarker concentrations
can differ. The extent to which different forms of sulfur promoted
thermal alteration of biomarkers was in the following order: S° >
Fe,(S04); > FeSO,4 > FeS, (Figs. 3-5). This order is consistent with
the effect of S-additives on bulk bitumen stability (Fig. 2). It is also
consistent with the work by Lu et al (2012) who reported that
hydrocarbons (pure n-C,4) reacted with S° (250 °C) at much lower
temperatures than metal sulfates (430 °C for MgSQy,).

Bitumen is a very complex mixture of different sized hydrocar-
bons including many biomarkers. Previously observed effect of sul-
fur on OM may similarly relate to biomarkers. The free-radical
mechanism suggests that the concentration of S radicals rather
than bond strengths control the reaction rates of petroleum
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Fig. 3. The variations of RAVRs of terpane biomarkers in pyrolysates (under both the anhydrous and hydrous conditions) with various additives at 300 °C and 330 °C.

generation and evolution (Lewan, 1998). Specifically, the greater
the concentration of initiating sulfur radicals formed in a reaction
system of sedimentary organic matter, the higher the rate of
organic matter thermal cracking. Under hydrous pyrolysis condi-
tions, the generation temperature for sulfur radicals was above
150 °C for cyclo-Sg allotropes (Goldstein and Aizenshtat, 1994);
approximately 200 °C for the initiation of TSR by aqueous sulfate
(Toland, 1960; Kiyosu and Krouse, 1993; Cross et al., 2004; Xia
et al., 2014), and above 440 °C for the decomposition of pyrite
(Levy and White, 1988). Under anhydrous conditions, cyclo-Sg pro-
duced S-radical only above 175°C (Goldstein and Aizenshtat,
1994), while pyrite decomposed to form the sulfur radical at tem-
peratures >500 °C (Chen et al., 2000; Gai et al., 2014). The decom-
position temperature of Fe,;(SO4); and FeSO, in a nitrogen
atmosphere ranged from 550 °C to 625 °C (> the temperature used
here), with decomposition products being Fe,03 and FeO respec-
tively (Siriwardane et al., 1999). However, our present experiments
at 300 °C indicate ferrous and ferric sulfates have a catalytic effect
on the pyrolysis of bitumen (Fig. 2), and possibly because the
reducing gas (such as H,S, H,, CO, and CH,4) generated from the
cracking of bitumen reduces the decomposition temperature of
sulfate (Goldstein and Aizenshtat, 1994). Additionally, a small
amount of water might also be present, and might also be ther-
mally released from the polar fraction of bitumen. Thus, the anhy-
drous pyrolysis experiments with ferrous and ferric sulfate could
include trace amounts of water. Therefore, the ease of generation

of S-radicals from the S-additives was in the order S° > Fe(Il)/Fe
(IIT) sulfates > pyrite.

Furthermore, Fe,(SO4); had a slightly stronger effect on the
hydrocarbon reactant than FeSO, (Fig. 2), likely because of stronger
Fe(III) reduction. Surdam and Crossey (1985) suggested that Fe(III)
released during the transformation of smectite to illite may oxidize
organic matter to produce organic acids. Seewald (2001; 2003) also
noted that Fe(Ill) in sediments can oxidize hydrocarbons in subsur-
face environments. This may explain why Fe,(S04)3 has a stronger
reduction effect on biomarkers than FeSO,.

3.3. The influence of different forms of sulfur on biomarker parameters

3.3.1. Source-related biomarker parameters

The sterane ternary diagram for C,7-Ch9 20R olotol-steranes is
commonly used to correlate the source of oils and source rocks
(Seifert et al., 1984; Seifert and Moldowan, 1986; Peters et al.,
1989, 2005). Fig. 6 shows the distributions of C,;-Cy9 20R aotoi-
steranes for the various S-additives at different pyrolysis tempera-
tures and conditions. For the anhydrous experiments, bitumen
alone and FeS, gave very similar distributions of C;7;-C9 20R
aoto-steranes. The other additives produced only slight changes
in the distributions (Fig. 6A).

However, with hydrous pyrolysis Fe,(SO4); and S° significantly
changed the distribution of the C;7;-Cy9 20R oto-steranes at
300°C and had removed all steranes at 330°C (Table 5,
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Fig. 4. The variations of RAVRs of sterane biomarkers in pyrolysates (under both the anhydrous and hydrous conditions) with various additives at 300 °C and 330 °C.

Fig. 4D). The steranes were also significate changed with FeSO,
(compared to bitumen alone) at 330 °C (Fig. 6B). This indicates
water enhances the influence that additives have on the thermal
stability of steranes.

The ratio of diginane to 20-methyldiginane (S21/S22) is also
widely used to correlate crude oils with potential source rocks
(Huang et al., 1994; Fang et al., 2011; Wu et al., 2012). With anhy-
drous and hydrous pyrolysis at 300 °C, values of S21/S22 in the
pyrolysates with sulfur-bearing minerals were quite stable (1.53-
1.80; Table 5) and similar to the bitumen alone value (1.54). S° sig-
nificantly changed the value of S21/S22 from 330 °C anhydrous
pyrolysis and reduced the diginane to below detection limits with
330 °C hydrous pyrolysis (Fig. 7). Fe;(SO4); similarly reduced digi-
nane concentrations in the 330 °C hydrous pyrolysis.

Source-related biomarker parameters based on terpanes
include the ratio of Cog9 170/(H),21B(H)-hopane to Cso 170/(H),21p(
H)-hopane (H29/H30), the ratio of C,3 tricyclic terpane to Cys tri-

cyclic terpane and Cy4 tetracyclic terpanes (C23/(C23 + C24t)), the
ratio of gammacerane/Cso 170(H),21B(H)-hopane (Gam/H30), and
the ratio of tricyclic terpanes/17a-hopane (C23/H30) (Peters
et al., 2005). These source-related biomarker parameters are based
on the ratios of adjacent homologues or on compounds with sim-
ilar structures and levels of thermal stability. The ratios of C23/
(C23 + C24t), Gam/H30, and H29/H30 were not significantly chan-
ged by S-additives at 300 °C anhydrous or hydrous pyrolysis
(Table 5 and Fig. 7). However, Fe,(S04); and S° added to 300 °C
hydrous pyrolysis led to significantly higher C23/H30 values, and
C23/H30 showed further variation between the different experi-
ments (Fig. 7). The C23/H30 ratio is based on two biomarkers with
quite different levels of thermal stability (Seifert and Moldowan,
1979; Peters et al., 2005), and thus is sensitive to differences in
cracking reactions.

The distribution of TAS has also proved useful in determining
the oil-to-source correlation between severely biodegraded oils
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and source rocks of similar thermal maturity (Peters et al., 2005).
From Fig. 8, it is clear that the presence of elemental sulfur and
sulfur-bearing minerals had negligible impact on the distribution
of TAS under these pyrolysis conditions. This means that although
the presence of elemental sulfur and sulfur-bearing minerals have
significant effects on the absolute concentration of TAS (Fig. 5),
they do not significantly change their relative distributions.

3.3.2. Maturity-related biomarker parameters

Most of the maturity-related biomarker parameters are based
on hydrocarbon isomerization (rearrangement) or thermal crack-
ing (including aromatization) reactions (Peters et al., 2005). Based
on the isomerization of 17a-hopanes at C-22, the 225/(22S + 22R)
homohopane isomerization ratio for C3;-Czs hopanes is commonly
used to access the thermal maturity of crude oil and source rocks
(Peters et al., 2005). The C,g sterane isomer ratios of C29-BB/(Bp+
o) and C29-20S/(20S + 20R) (the isomerization of regular steranes
at C-20) also serve as useful maturity-related biomarker parame-
ters. The rearrangement occurs only when the cleavage and
renewed formation of bonds produces an inverted configuration
relative to the starting asymmetric centre. Intramolecular rear-
rangements of hydrogen or alkyl groups can also form and are
important for the formation of biomarkers such as diasteranes
(rearranged steranes) and Ts (the rearranged product of Tm). The
ratios of diasteranes/sterane and Ts/Tm are also commonly used
for maturity assessments (McKirdy et al., 1983; Rullkotter et al.,
1985). Here, the ratio of Cy; cholestane to Cy; diacholestane
(C37-BaR/Cy7-aaR) for all pyrolysis experiments was calculated
and compared as diasteranes/sterane ratio. Previous researchers
have shown that diginane and 20-methyldiginane may originate
from the thermal cracking of Cy7;-Cyg9 regular steroids (Huang
et al.,, 1994; Abbott et al., 1995). A recent work by Wang et al.
(2015) further suggests that diginane, 20-methyldiginane and
higher C,3-Cy¢ 20-n-alkylpregnanes are the cracking products
of steroids that are bound to kerogen. This means that the ratio
of (diginane to 20-methyldiginane)/C,;—-C,9 regular steranes

Table 6

Absolute concentrations (pg/g) of aromatic biomarker from the pyrolysates of bitumen with various additives at different temperatures (anhydrous conditions).
Biomarkers 300 °C 330°C 350°C

N S20 Fel Fe2 Fe3 N S20 Fel Fe2 Fe3 N S20 S50 S100

Phenanthrenes
MP 164.7  199.1 184.0 171.7+8.2 146.1 141.9 £ 8.1 1245 1262 159447 130.6 1920 1684 30.6 1.0
3-MP 68.9 70.3 62.8 60.1£2.7 55.1 57.3+33 44.0 51.4 527422 47.2 72.2 67.7 6.0 0.2
2-MP 573 59.9 61.1 53.9+25 47.5 546+3.5 40.4 454 554+3.2 42.6 75.3 61.8 7.6 0.3
9-MP 139.1 148.6 1552 1463 +6.2 1124  1208+7.9 89.8 1131 120.7+4.9 1052 1449 1293 16.6 0.4
1-MP 84.6 100.0 89.3 81.3+4.2 73.2 84.6+4.4 57.7 69.3 86.7+2.2 69.1 1118  97.7 113 0.3
Total 5147 5779 5524 5133 4343 4715 3564 4053  481.1 3947 5963 5249 721 2.2
Dibenzothiophenes
DBT 3773 3830 302.8 321.3+147 2734 239.8+920 235.1 247.1 281.2+18.7 2313 3438 3158 507 -
4-MDBT 249.0 2803 2480 2454+17.9 2083 2159+84 1732 1793  212.6+73 179.7  276.1 2399 454 -
2,3-MDBT 2004  209.2 2088 178.9+20.7 1722 1613 +6.5 1365 1400 1483+11.9 1348 2089 2002 246 -
1-MDBT 1245 1521 1295 1205%3.9 1085 1002 +3.1 91.6 90.1 105.6 £ 6.5 86.1 138.3 1293 255 -
Total 951.2 10246 889.2 866.1 7624 7272 6364 6565  780.4 6319 967.1 8852 1462 0.0
Triaromatic Steranes
1TA20 4.2 4.7 5.4 6.4+0.2 4.5 3.0£02 1.6 34 34+0.1 3.0 - - - -
2TA21 33 3.3 4.7 47+03 3.2 1.9+0.1 0.6 2.0 1.9+0.1 1.2 - - - -
3TA26 0.6 0.6 0.7 1.0+0.2 0.7 0.2+0.1 0.0 0.3 02+0.1 0.1 - - - -
4TA26 + 27 1.7 13 23 22+04 14 04 +0.1 0.1 0.6 04+0.1 0.2 - - - -
5TA28 1.5 0.9 2.0 23+03 13 0.4 +0.1 0.0 0.5 0.4+0.1 0.1 - - - -
6TA27 0.9 0.5 13 1.5+0.1 0.6 0.2+0.1 - 0.2 0.2+0.1 0.0 - - - -
7TA28 13 0.7 1.7 1.9+0.2 0.8 02+0.1 03 02+0.1 0.1 - - - -
Total 13.6 12.0 18.2 20.0 124 63+04 2.3 7.3 6.6+0.3 4.7 0.0 0.0 0.0 0.0
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(12 peaks) ((S21 +S22)/C,7-Cy9 regs) may reflect the cracking of
regular steranes.

Fig. 9 compares the maturity-related biomarker parameters of
several sterane and hopane hydrocarbons obtained with the
different S-additives and at different pyrolysis temperatures and
H,0. The S-additives had little effect on the isomerization ratios
(C29-BB/(Bp+oat), C29-20S/(20S + 20R), and H31-225/(22S + 22R))
(Fig. 9), but, the presence of water did lead to consistently changed
values. For example, the ratio of C29-20S/(20S + 20R) ranged from
0.47 to 0.53 for all of the anhydrous experiments conducted at
300 °C but reduced to 0.44 to 0.46 for the hydrous experiments
conducted at 300 °C (Table 5 and Fig. 9).

The ratios of (S21 + S22)/Cy7-Cyg regs, C27dBoR/C27000R, and
Ts/Tm did show some variance with the different S-additives
(Fig. 9). These three ratios presented very similar trends of evolu-
tion. (S21 +S22)/C,7;-Cy9 regs, from anhydrous 300 °C pyrolysis
was 0.37, but it increased to 0.48 to 0.55 with addition of the
sulfur-bearing minerals (Table 5 and Fig. 9). At 330 °C, the S-
additives had a greater effect. Anhydrous 330 °C values of (521 +
$22)/Cy7—-Cyoregs for bitumen alone was 0.54, which sharply
increased to 0.59 to 0.73 when sulfur-bearing minerals were pre-
sent. A similar trend was observed with hydrous pyrolysis, which
at 300 °C gave (521 + S22)/Cy7-Cy9 regs values which ranged from
0.42 to 0.82 (compared to 0.37 to 0.55 for anhydrous conditions).
Meanwhile, all maturity-related biomarker parameters could not
be calculated from our hydrous pyrolysis experiments of Fe;(S04)s
and S° at 330 °C. The general degradation of these products with
hydrous 330 °C pyrolysis prevented the calculation of many of
the biomarker ratios shown in Fig. 9.

In summary, at anhydrous and hydrous pyrolysis temperatures
of 300 °C (Easy Ro: 0.70%), pyrite, the form of sulfur commonly

found in source rocks, had almost no effect on the evolution of
thermally sensitive biomarkers. On the other hand, the presence

of SOf[ (FeSO, and Fe,(S0,);) and S° changed the source-related
and maturity-related biomarker concentration and their distribu-
tions. The extent of the biomarker degradation was sensitive to
the S-additives and the presence or not of H,0. Under anhydrous
conditions, elemental sulfur and metal sulfate had little effect at
low thermal maturity stages (Easy Ro < 0.87%, pyrolysis tempera-
ture = 300 °C). When the Easy Ro reached 0.87% (330 °C pyrolysis),
elemental sulfur and metal sulfate had a significant effect on rela-
tive biomarker abundance, yet some biomarker parameters still
proved useful for oil-source correlations (e.g., C23/(C23 + C24t),
H29/H30, Gam/H30 and TAS biomarkers). With water being pre-
sent, elemental sulfur and metal sulfate had a significant effect
on the evolution of these biomarkers even at the beginning of oil
generative window (Easy Ro=0.7%) and continued to influence
their distributions to quite high maturities.

3.4. Geological significance

The applications of biomarkers to organic geochemistry are based
on the principle that certain characteristics of biomarkers in
migrated oil (reservoir stratum) do not differ significantly from
remaining bitumen in the potential source rock and most source-
related biomarker parameters are very stable in oil generative win-
dows. This study further shows that the biomarker characteristics of
source rocks may be altered by co-occurring sulfur and metal sul-
fates in oil generative windows. Although pyrite was only found to
have a minor influence on the thermal evolution of the biomarkers,
elemental sulfur and metal sulfate both significantly altered the bio-
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Fig. 9. Comparison of maturity-related biomarker parameters based on the saturated hydrocarbons in the thermally altered bitumens plus various additives at different

temperatures (under both anhydrous and hydrous conditions).

marker concentrations and distributions obtained during pyrolysis
at 300-350 °C (in the oil generative window). The presence of ele-
mental sulfur in kerogen has previously been shown to significantly
alter the thermally generated biomarkers from kerogen (Abbott
etal., 1985; Cometetal., 1986, Wu and Geng, 2016). This emphasizes
the importance of conducting oil-source rock correlations on oil
samples and source rocks of similar thermal maturity and free of
mineral influences. However, in many cases, available source rock
candidates are of either higher or lower maturity than the oil sample.
Hydrous pyrolysis (Lewan, 1985; Lewan et al., 1986) has been used
to artificially increase the maturity of immature rocks (e.g., Peters
et al., 1990; Moldowan et al., 1992).

Our current data has showed the catalytic effects of different
forms of sulfur on the thermal evolution of biomarkers can be quite
significant during hydrous (and anhydrous) pyrolysis at 300-350
°C which is equivalent to the oil generative window. This effect
can increase with the relative abundance (compared to TOC) of
sulfur-bearing minerals or elemental sulfur. Geological conditions
of sulfur-bearing minerals can vary over a wide range and thus
their impact on the hydrocarbon biomarker composition of sedi-
mentary OM will also vary widely. Clay minerals and carbonate
can also catalyze the physiochemical reaction of biomarkers in sed-
iments during the diagenesis and catagenesis stages (e.g.,
Tannenbaum and Kaplan, 1985; Huizinga et al., 1987a,1987b; Lu
et al., 1989; Jovancicevic et al., 1992; Koopmans et al., 1998; Pan
et al., 2009). Therefore, the pyrolysis of bulk source rock powders
is considered to be more representative than the pyrolysis of kero-
gen, as it will include the influence of the mineral compositions
(both clay minerals and sulfur-bearing minerals).

Many pyrolysis studies have investigated the kinetics of ther-
mal evolution of organic matter (e.g., Lewan et al., 1986; Lu
et al., 1989; Lewan, 1997; Liao et al,, 2012; Wu and Geng, 2016),
but few of these studies have considered the effect of clay minerals
or sulfur-bearing minerals which may cohabit with sedimentary
rocks. Most kerogen extractions isolate it from clay minerals and
carbonates of the source rocks, so that subsequent kerogen analy-
ses are free of mineral interference. However, sulfur and sulfur-
bearing minerals may still exist in kerogen matrices obtained by
normal acid treatment. Their removal may require more robust
treatment such as heavy liquid separation (Nabbefeld et al.,
2010; Holman et al., 2014), or chemical degradation with chro-
mous chloride (Acholla and Orr, 1993), or sodium borohydride
(Saxby, 1970).

4. Conclusions

The different effect of common sulfur-bearing compounds on
the evolution of biomarkers in source rocks (bitumen) was mea-
sured by hydrous and anhydrous pyrolysis. The extent of the ther-
mal alteration of biomarkers was ranked in the following order: S°
> Fe,(S04); > FeSO,4 > FeS,. FeS, had minimal effect on biomarker
concentrations and distributions while SOf{ (FeSO4 and Fe,(S04)3)
and S° significantly reduced their concentrations, and changed
their distributions generated during the oil maturity window.
The product alterations are due to shifts in the radical mechanisms
and TSR reactions.

Our results also show that the presence of water can signifi-
cantly promote the alteration effects of the different sulfur forms.
Under hydrous conditions (as in most common natural sedimen-
tary environments), most source-related biomarker parameters

varied with the presence of SO~ (FeSO, and Fe,(S0,4)s) or S° even
at the beginning of oil generative window (Easy Ro = 0.7%). Thus,
reliable oil-source rock correlations should be conducted on sam-
ples of similar thermal maturity. If only an immature source rock
candidate is available, the oil-source correlation based on the
results from hydrous pyrolysis of source rock powders will be more
reliable than the pyrolysis of kerogen. However, a kinetic investiga-
tion of kerogen free of S (i.e. with prior removal of elemental and
mineral S) can facilitate the explanation of results.

This study focused on the effects of sulfur types on the thermal
evolution of biomarkers in source rocks. Further study of the influ-
ence of different forms of sulfur on the thermal evolution of
biomarkers in petroleum reservoirs will help to provide further
knowledge of the role sulfur has on the geological fate of OM.
The effect of gypsum, the dominant sulfur-bearing mineral associ-
ated with petroleum reservoirs will be of great relevance. The
effect of sulfur-bearing minerals transported with migrated hydro-
carbons from source rocks to reservoirs should also be considered.
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