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Abstract

Thermochemical sulfate reduction (TSR) alters petroleum composition as it proceeds towards the complete oxidation of
hydrocarbons to CO,. The effects of TSR on the molecular and isotopic composition of volatile species are well known; how-
ever, the non-volatile higher molecular weight aromatic and polar species have not been well documented. To address this
deficiency, a suite of onshore Gulf coast oils and condensates generated from and accumulating in Smackover carbonates
was assembled to include samples that experienced varying levels of TSR alteration and in reservoir thermal cracking. The
entire molecular composition of aromatic hydrocarbons and NSO species were characterized and semi-quantified using com-
prehensive GC x GC (FID and CSD) and APPI-FTICR-MS.

The concentration of thiadiamondoids is a reliable indicator of the extent of TSR alteration. Once generated by TSR, thi-
adiamondoids remain thermally stable in all but the most extreme reservoir temperatures (>180 °C). Hydrocarbon concentra-
tions and distributions are influenced by thermal cracking and TSR. With increasing TSR alteration, oils become enriched in
monoaromatic hydrocarbons and the distribution of high molecular weight aromatic hydrocarbons shifts towards more con-
densed species with a decrease in the number of alkyl carbons. Organosulfur compounds are created by the TSR process. In
addition to the increase in benzothiophenes and dibenzothiophenes noted in previous studies, TSR generates condensed spe-
cies containing one or more sulfur atoms that likely are composed of a single or multiple thiophenic cores. We hypothesize
that these species are generated from the partial oxidation of PAHs and dealkylation reactions, followed by sulfur incorpo-
ration and condensation reactions. The organosulfur species remaining in the TSR altered oils are “proto-solid bitumen” moi-
eties that upon further condensation, oxidation or sulfur incorporation result in highly sulfur enriched solid bitumen, which is
chemically distinct from pyrobitumen formed by thermal cracking reactions.

Although TSR involves the oxidation of hydrocarbons to CO,, prior studies of TSR-altered oils have not identified inter-
mediate products. Using NESI-FTIRC-MS, the presence and distribution of oxygenated species become evident. All oils pos-
sess minor amounts of O, and Oy species, presumable mono- and di-naphthenic acids originating from the source. As TSR
progresses, the distribution of oxygenated species shifts towards increasing species with higher oxygen content, up to Og. Sim-
ilar trends are observed for the SO, species. We hypothesize that these are partially oxidized condensed hydrocarbons and
that these species are likely formed by the reaction proposed by Piittmann et al. (1989) for the oxidation of PAHs associated
with Kupferschiefer mineralization, whereby hydrocarbons with aryl-aryl bonds incorporate sulfur to form thiophenic
species.
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The rate of TSR is influenced by reservoir temperature and the presence of H,S. Typically, high reservoir temperatures
(>140 °C) are needed for extensive TSR alteration to occur. Oil from the Gin Creek Field appears to have received a charge
of H,S, presumably from TSR alteration of a down dip reservoir, which has accelerated the TSR reaction within a relatively
cold reservoir (~109 °C). This condition has allowed for the generation and preservation of abundant sulfur containing spe-

cies that would be thermally cracked at higher temperatures.

© 2015 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Petroleum hydrocarbons may react with sulfate in rela-
tively hot (>100 °C) non-clastic reservoirs. This process,
termed thermochemical sulfate reduction (TSR) (Orr,
1974; Noth, 1997) involves a complex series of redox reac-
tions whereby hydrocarbons and other compounds present
in petroleum are oxidized to CO, and sulfate is reduced to
H,S. The reaction is promoted initially through the forma-
tion of contact ion-pairs that destabilize the sulfate tetrahe-
dron (Zhang et al., 2007; Ma et al., 2008).and is further
advanced by H,S (Orr, 1977; Zhang et al., 2008a,b). As
H,S is a product of TSR, the reaction can be viewed as
“auto-catalytic” as suggested by early investigator of the
process (Feely and Kulp, 1957; Orr, 1974; Powell and
Macqueen, 1984; Goldhaber and Orr, 1995), although
H,S itself is not a catalyst but promotes the formation of
bisulfate and or contact ion pairs (Ma et al., 2008) that
accelerates the reaction. H,S also is generated by the ther-
mal cracking of organosulfur compounds and, hence, the
rate of TSR alteration is dependent on the hydrocarbon
composition (Zhang et al., 2007; Amrani et al., 2008). Xia
et al. (2014) found that once the Cs;+ hydrocarbons have
been oxidized, the TSR reaction is no longer promoted by
H,S and proceeds at a significantly slower rate.

Oils altered by TSR exhibit compositional and isotopic
changes that are distinct from thermal cracking and other
reservoir alteration processes. In some aspects, TSR mimics
thermal cracking that would occur at higher reservoir tem-
peratures and oils become increasingly dominated by
lighter more volatile hydrocarbons, increasing the API
gravity. Ultimately, condensates containing only the most
stable diamondoids and thiodiamondoids remain
(Wingert, 1992; Mankiewicz et al., 2009). TSR alteration
result in heavier 8'*C values of the whole oils and oil frac-
tions (Sofer, 1988; Claypool and Mancini, 1989; Connan
and Lacrampe-Couloume, 1993; Manzano et al., 1997).
The selective reactivity of the light (C,—Cg) normal and
branched alkanes compared to monoaromatic hydrocar-
bons can result in compositional (Whiticar and Snowdon,
1999; Peters et al., 2005; Xiao et al., 2011) and isotopic
(Rooney, 1995; Connan et al., 1996; Whiticar and
Snowdon, 1999; Xiao et al., 2011; Amrani et al., 2012)
values that are diagnostic of the extent of TSR.

Organosulfur compounds are formed by TSR either
through the oxidative process or by back reaction of hydro-
carbons with H,S or elemental sulfur. With increasing
extent of TSR alteration, the 8**S of oils and evolved H,S
shifts from the values derived from the source kerogen
towards that of the inorganic sulfate (Orr, 1974; Krouse

et al., 1988) and thermally stable organosulfur compounds,
such as dibenzothiophenes (Manzano et al., 1997; Cai et al.,
2009; Wei et al., 2012) and thiadiamondoids (Hanin et al.,
2002; Wei et al., 2011, 2012) increase in relative abundance.
Less thermally stable organosulfur compounds, such as
thiophenes, benzothiophenes and benzonaphthothiophenes
as well as metastable species, such as thiols, alkylsulfides
and alkylthiolanes, are enriched suggesting that these spe-
cies are being created by the TSR process faster than they
are being destroyed (Ho et al., 1974; Manzano et al.,
1997; Cai et al., 2003; Li et al., 2011; Zhu et al., 2011).

Solid bitumens are commonly observed in nearly all res-
ervoir rocks where TSR has occurred (e.g., Powell and
Macqueen, 1984; Sassen, 1988; Shew and Garner, 1990;
Machel et al., 1995; Li et al., 2005; Hao et al., 2008; Cai
et al., 2010; Hu et al., 2010). Filling vugs, cracks, and pore
spaces, these materials were once fluid components that
have become insoluble through thermal and TSR-induced
processes. Solid bitumens associated with TSR are chemi-
cally distinct from reservoir bitumens arising from asphal-
tene precipitation or pyrobitumens. TSR-bitumens are
largely insoluble, exhibit high reflectivity (>1.5%R,)
(Stasiuk, 1997), and are highly aromatic with high concen-
trations of thiophenic sulfur (Kelemen et al., 2008, 2010).
The origin of these sulfur-rich bitumens are not fully
known, but laboratory simulations of TSR can create sim-
ilar solids starting with n-alkane reactants, suggesting that
TSR-bitumens form not only from precipitated polars
and asphaltenes that back react with reduced sulfur but
from the TSR redox process (Zhang et al., 2008b) or sulfur
cross-linking vulcanization type reactions (Kowalewski
et al., 2010).

Until recently, the characterization of organosulfur spe-
cies in crude oils was limited largely to volatile compounds
amenable to gas chromatographic separation. The applica-
tion of ultrahigh resolution mass spectrometry (FTICR-
MS, Fourier transform ion cyclotron resonance-mass spec-
trometry) to petroleum fluids has expanded the detectable
range to higher molecular weight, less volatile species.
Using a method developed by Miiller et al. (2005), where
sulfur compounds are converted to methylsulfonium salts
that are suitable for electrospray ionization (ESI), Li
et al. (2011) analyzed several Lower Ordovician oils from
Tarim Basin that included samples possibly altered by
TSR. Purcell et al. (2006) showed that atmospheric pressure
photoionization (APPI) is effective in ionizing organosulfur
compounds in crude oil, though the method is not effective
for non-aromatic species. Utilizing this method, Walters
et al. (2011) reported that TSR-altered oils contain highly
condensed polynuclear aromatic and naphthenoaromatic
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