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Abstract

The high concentrations of hydrogen sulfide found in many oil and gas fields is thought to
arise from the oxidation of petroleum hydrocarbons by sulfate - a reaction that reduces the value
of the resource. This review, undertaken in order to better understand the geochemistry of TSR
reaction in oil field sediments, covers the relevant information on thermochemical sulfate reduc-
tion (TSR) to 1991. The theoretical and experimental aspects of TSR reactions (including sulfur
and carbon isotope studies) are reviewed and their significance to the geochemical system discus-
sed. The present review agrees with previous suggestions that biochemical reduction of sulfate
dominates in sedimentary environments below 120°C, and supports the possibility that reactive
sulfur species will oxidize certain organic molecules at meaningful rates in geochemically reaso-
nable reaction periods at temperatures above 175°C. We conclude that under typical petroleum
reservoir reaction conditions, both elemental sulfur and polysulfides are capable of oxidizing
some organic molecules under basic conditions. But that sulfate alone will not react unless lower
oxidation state sulfur is present. The possible interaction of low-valence-state sulfur with sulfate
to form TSR active oxidants is examined. both H>S and SO are required for the formation of
active polysulfide reductants (e.g. thiosulfate or polythionates) in TSR systems. Such intermedia-
tes can serve to lower the overall activation energy of the oxidation of hydrocarbons by sulfate via
thermal generation of sulfur radicals that can function as TSR active oxidants in many oil field
sediments. We suggest that some proposed chemical mechanisms for TSR need to be experimen-
tally verified and the results re-interpreted with respect to TSR reactions in geologic systems.

Keywords: thermochemical sulfate reduction (TSR)

Introduction

The high concentrations of hydrogen sulfide found in many oil and gas fields
is thought to arise from the oxidation of petroleum hydrocarbons by sulfate.
Such reactions are known to occur by microbial processes (e.g. Bacterial Sul-
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fate Reduction or BSR), but it is generally accepted that thermochemical sulfate
reduction (TSR) is responsible for the bulk of these reactions, especially in deep
or hot reservoirs. The ultimate products of the sulfate reduction/hydrocarbon
oxidation reactions are carbon dioxide and hydrogen sulfide. Such reactions
serve to reduce the value of the resource by the formation of the inorganic gases
at the expense of the petroleum hydrocarbons. Because predictive geochemical
information regarding TSR can aid in E & P decision making, we have been ex-
amining the chemical features of thermochemical sulfate reduction reactions.
This review was undertaken to provide an update on the literature of TSR reac-
tions as it relates to the chemistry and geochemistry of petroleum deposits.

The reduction of sulfate by carbon compounds is a process that is well
known to both chemists and biochemists. For example, one of the early methods
for manufacturing pure metal sulfides involved heating a mixture of the metal
sulfate and carbon at high temperatures (> 900°C). In this way, metal sulfates
were reduced to the metal sulfide and the carbon was oxidized to carbon diox-
ide. The use of other organics, including hydrocarbons, as the reductant in simi-
lar redox reactions has also been reported. Similarly, the ability of many
microorganisms to utilize sulfate in oxidative processes has been studied in
great detail. When deprived of other sources of oxygen, sulfate reducing bacte-
ria can derive energy by ‘burning’ organic metabolites with sulfate ion, to form
carbon dioxide and sulfide ion as the ultimate respiratory end products. How-
ever, unlike the thermal reactions, the enzyme-catalyzed microbial transforma-
tions proceed rapidly at ambient temperatures.

In this review we are primarily interested in the reduction of sulfate accom-
panied by the oxidation of sedimentary organic matter as it occurs in the
geosphere. Of particular interest to us is the thermochemical reduction of sul-
fate by hydrocarbons that is reported to take place in many oilfield sediments.
The reaction temperatures in such geologic settings are intermediate between
the low temperature regime of biochemical transformations, and the very high
temperature of synthetic chemical processes. As will be discussed, these inter-
mediate temperatures are high enough to inhibit or kill microorganisms, and yet
are too low to provide observable ‘thermochemical’ reductions in laboratory
time. On the other hand, even very slow reactions may give significant conver-
sions in reaction periods measured on a geologic time scale. In order to estimate
the importance of such reactions in ‘geologic time’, we shall consider both the
geochemical evidence for their occurrence in sediments, and chemical evidence
from model reactions at higher temperatures in laboratory experiments.
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The geologic setting

Following the change from a reductive- to an oxidative-atmosphere about the
earth, the most abundant form of sulfur in the geosphere has been sulfate. Sul-
fate, with sulfur in the plus six oxidation state is very stable, but several lower
oxidation states, namely the S**, S° or $* forms, are also stable. In the
geosphere, sulfur as sulfate can be reduced to lower stable oxidation states un-
der the anoxic, reducing conditions that exist in many geochemical environ-
ments.

The most common geologic conditions for the formation of such reducing
environments occur in connection with the deposition of organic matter in
aquatic systems. In such systems, oxygen from the air is depleted in bottom wa-
ters and sediments by reactions with organic matter, with the result that the
sediments are effectively insulated from the oxidative atmosphere. Thus, there
is often a connection between the carbon cycle and the sulfur cycle in the
geosphere, since organic matter can prevent the re-oxidation of reduced sulfur
species to sulfate.
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Fig. 1 Schematic changes in sulfur redox cycle at the water sediment interface

At temperatures below about 120°C, the intimate connection between the
carbon and sulfur cycles in the geosphere is dominated by biochemically con-
trolled reactions, which in turn reflect depositional environments. As oxygen in
sediments is depleted by aerobic microbial oxidation of organic matter, certain
anaerobic microorganisms carry out metabolic processes using sulfate as the
oxidant to oxidize organics. The ultimate reaction products of bacterial sulfate
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reduction (CO; and H,S) can both affect the acidity of their environment and
interact with the surronding mineral matrix. These microbial processes are also
marked by characteristic changes in the stable isotopes distribution of the reac-
tion products. A schematic diagram of the sulfur cycle at the water (ocean) col-
umn-sediment interface is shown in Fig. 1. The microbial controlling factors of
this scheme were described by Aizenshtat er al. [1, 2]. It is obvious that in
many sediments the carbon cycle is interwoven with the sulfur cycle by proc-
esses controlling both pH and Eh (the oxidation potential).

As temperatures in sediments increase to about 120°C, it is now generally
accepted that the importance of biochemical processes will be diminished due
to denaturation of proteins or deactivation of enzymes. Thus, at temperatures in
excess of about 120°C, the reduction of sulfate (or other oxidized sulfur species)
by organic matter will proceed only by abiogenic thermal processes. In order to
determine the relative importance of biological and thermochemical sulfate re-
ductions in sediments, it is important to know at what stage of sedimentation the
biochemical processes are ‘taken over’ by chemically controlled reactions, and
if the nonbiological reactions also include direct sulfate reduction (Aizenshtat
(3D).

Although the focus of the review is centered on the abiogenic reduction of
sulfate by organic matter, it is important to understand the role of the early
changes in pH and Eh imposed on the depositional environment by microbial
activity. It is also important to recognize that sulfate can be utilized in the
geosphere without change in its oxidative stage (e.g., by precipitation of sulfate-
containing minerals such as gypsum or anhydrite). The thermochemical reduc-
tion of sulfate by hydrocarbons is illustrated in the equation below which depicts
the reductinn of sulfate by organic matter (methane in this example) to form
carbon dioxide, hydrogen sulfide, and hydroxide ion.

CH, + SO — CO, + HoS + 20H (1)

Orr [4] has given considerable attention to the question as to whether or not
thermochemical sulfate reduction reactions in sediments can occur to any sig-
nificant extent, at temperatures below about 130°C. As will be discussed later,
Orr [5] explained how some relatively high-temperature sulfate reduction reac-
tions might occur in geologic environments based on model chemical reactions.
He has recently reexamined and extended some of his earlier concepts on ther-
mochemical sulfate reduction using additional field data and a reevaluation of
his earlier experiments. A number of field observations were cited to support
the idea that TSR reactions do occur at these intermediate temperatures in oil
field settings. These include: (i) abundance of H,S in natural gas, (ii) changes
in sulfur isotope ratios in oil and gas with depth and reservoir temperature, and
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(iii) very low concentration of sulfate in waters that are in direct contact with
petroleum.

A comprehensive and comparative review of the literature on thermochemi-
cal sulfate reduction (that included a report of additional experimental findings)
was published in 1985 by Trudinger et al. [6]. Based on studies on thermophil-
lic bacteria, the authors concluded that the upper temperature limit for biologi-
cal reduction could be as high as 120°C. The direct conversion of sulfate by
non-biological reactions was considered to be unlikely in sediments below this
temperature. On the other hand, the authors stated that thermochemical sulfate
reduction reactions could occur in sediments with temperatures higher than
about 200°C, and that this process could be important in geological time.

Whereas Orr is somewhat cautious in predicting the source of H,S and its
abundance in petroleum reservoirs (because of the greater diversity of reactants
and reaction conditions in the natural systems compared with laboratory experi-
ments), Kiyosu ez al. [7] state that ‘it has long been recognized that the high
concentrations of H5S in sour gas associated with deep carbonate reservoir rock
arise from thermochemical sulfate reduction (TSR)’. This decisive statement is
based, in part, on the work reported by Orr, but it may not be based on com-
pletely verified data.

In summary, we note that sulfate, derived from sea water, is a common con-
stituent of many sediments. On burial, sulfate can undergo redox reactions with
organic matter to ultimately form CO, and H,O. Anaerobic microorganisms can
utilize sulfate as an oxidant in metabolic processes, and organic matter in sedi-
ments can thus be oxidized by biological sulfate reduction (BSR) reactions.
These reactions essentially cease as the sediment temperature rises above about
110°C, at which point the biological catalysts (enzymes) denature. At higher
temperatures, it has been proposed that sedimentary organic matter can reduce
sulfate by abiologic processes called ‘thermochemical sulfate reduction’. Al-
though such reactions are known at very high temperatures, there is only limited
detailed information on TSR reactions at temperatures encountered in many oil
field sediments (e.g. at temperatures of about 120-160°C). Orr [4] has ex-
plained how TSR reactions can occur under these conditions, and has discussed
their significance for petroleum exploration and production activites.

Kiyosu et al. [7] are of the opinion that the remaining problems in under-
standing thermochemical sulfate reduction under geological conditions involve
determining the key chemical steps in the reaction and in elucidating the nature
of the reducing agents. We agree, and the present review is aimed at examining
these questions. There is, by far, more knowledge about the biochemical
mechanisms employed by sulfate reducing bacteria than there is about thermo-
chemical sulfate reduction. However, we think that a critical examination of the
literature dealing with the thermodynamics, kinetics, and isotope chemistry of
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TSR reactions can provide information relative to both reactions and reactants
in this geologic redox system.

Thermodynamics

Thermodynamic aspects of TSR reactions have been addresses by several
authors. Anisimov [8] has calculated Gibbs free energy values (AG) for a num-
ber of sulfate reduction reactions, and gives estimates of energy barriers for the
stepwise reduction of SOF to S* . Values of AG for the reduction of sulfate by
sugars have been calculated by Kaiser [9]. Using an electrochemical approach,
Morris and Stumm [10] have estimated the energetics of sulfate reduction by or-
ganic matter in aqueous systems. Studies of the thermodynamics of reactions
of reduced sulfur species with sulfate, and related inorganic sulfur reactions,
have also been reported. Inorganic intermediates of some of these reactions may
be required for abiogenic TSR reactions at temperatures encountered in most oil
field sediments.

The reduction of sulfate by hydrocarbons and many other organic com-
pounds is thermodynamically favorable at the temperatures that exist in most
geologic settings. For example, the direct reduction of sulfate by methane to
form carbon dioxide and hydrogen sulfide is energetically favorable at tempera-
tures well below 20°C. However, although these reactions are thermodynami-
cally favorable, the non catalyzed, direct reduction of sulfate by hydrocarbons
under laboratory conditions has never been observed at temperatures below
about 800°C. On the other hand, the low-temperature reduction of sulfate by mi-
croorganisms has been thoroughly studied and described.

Although the reduction of sulfate by organic matter is a thermodynamically
favorable reaction in most sediments, the uncatalyzed reaction is reported to
have a high activation energy (Bostrom [11]). In the absence of sulfate-reducing
bacteria, the rate of reduction is considered to be immeasurably slow in diage-
netic stage sediments (below about 50°C). At the higher temperatures that are
encountered in sediments at the catagenic stage, or in some reservoirs or very
hot brines, the rate of the thermochemical reaction is estimated to be high
enough to give significant conversions of sulfate (Toland [12], Kaplan et al. [13]
and Goldhaber et al. [14]).

Reduction of sulfate

The reduction of sulfate to sulfide involves an eight electron change in the
oxidation state of sulfur as sulfate (SOF ) goes to sulfide (§*7). Morris and
Stumm [10] estimated the energetics of this transformation from electrochemi-
cal analysis of the redox potentials of reactions in the stepwise reduction of $**
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to S*. The potential for the overall reduction was then derived from values for
the various half cell reactions. Electrochemical data for a number of half cell
reactions pertaining to TSR reactions were complied by Morris and Stumm, and
are reproduced in Table 1.

From the data given in Table 1 and the equilibrium distribution profile pE at
PpH 7 (given in Fig. 2), it is possible to estimate the redox potentials and stabil-
ity of sulfur species in various redox states in comparison to other dissolved
species. For example, inspection of Table 1 and Fig. 2 will show that at pH 7,
reduction of SO3~to H,S or HS', requires a pE (negative log of relative electron
activity) of less than 3.

Table 1 Poientials of redox processes for aquatic conditions [after: Morris and Stumm (1967)}

Reaction PE°IW
1 1/404(g) + H*(W) + ¢ - 1/2H,0 +13.75
2 1/5NO35 + 6/SH*(W) + ¢ - 1/10Nx(g) - 3/5H,0 12.65
3 1/2MnOy(s) + 1/2HCO5(10™) + 3/2H* (W) + e — 1/2MnOs(s) — 3/8H20 8.5)
4 1/2NO3 + H*(W) + ¢ — 1/2NO3 — 1/2H,0 7.15
5 1/8NO;5 + 5/4H" (W) + e — 1/8NH,4 — 3/8H,0 6.15
6 1/6NO; + 4/3H" (W) + e~ 1/6NH4 — 1/3H,0 5.82
7 12CH3;0H + H*(W) + e — 1/2CHq4(g) - 1/2H20 2.88
8 1/4CH,0 + H*(W) + e — 1/4CH4(g) - 1/4H,0 -~ 0.06
9 FeOOH(s) + HCO3(107) + 2H* (W) + e — FeCOs(s) — 2H,0 (- 1.67)
10 1/2CH-0O + H*(W) + e - 1/2CH3;0H -3.01
11 1/680%7 + 4/3H* (W) + e — 1/68(s) — 2/3H,0 - 3.30
12 1/8803% + 5/4H*(W) + e — 1/8H;S(g) — 1/2H,0 - 3.50
13 1/880% + 9/8H'(W) + ¢ - 1/8HS™ - 1/2H,0 -3.75
14 1/28(s) + H (W) + e — 1/2H,S(g) - 4.11
15 1/8COx(g) + H*(W) + e - 1/8CHa(g) - 1/4H,0 ' _4.13
16 1/6N2(g) + 4/3H (W) + e — 1/3NH, - 4.68
17 1/2(NADP) + 1/2H*(W) + e - 1/2(NADPH) -55
18 H'(W) + e - 1/2H(g) - 17.00
19 Oxid. Ferredoxin + e — Red. Ferredoxin -7.1
20 1/4C0Ox(g) + H*(W) + e - 1/24(glucose) — 1/4H,0 - 7.20
“21  12HCOO™ + 3/2H"(W) + e - 1/2CH:0 - 1/2H,0 - 7.68
22 1/4COx(g) + H* (W) + e - 1/4CH,0 — 1/4H,0 - 8.20
23 1/2C0x(g) + 1/2H" (W) + e — 1/2ZHCOO~ - 8.73

These data correspond to (HCO3) = 107 rather than unity and so are not exactly pE°/W, they represent
more nearly typical aquatic conditions than pE°/W values do.
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Fig. 2 Equilibrium distribution of sulfur compounds as a function of pE at pH 7 and 25°C.
Total concentration of compounds is 107°M. Py,s in atm. is about 50 times
([HzS] + [HS])

Using such data, Morris and Stumm estimated thermodynamic values for the
reduction of sulfate by a variety of organic compounds of a type that might exist
in sediments. One such reaction, illustrated in the equation below, is the reduc-
tion of sulfate by formaldehyde.

SOF + 2CH,0 + 2H*(W) — HS(g) + 2C0x(g) + 2H,0 @)

Lg K for this reaction can be calculated from the data presented in Table 1
(Morris and Stumm [10]). Since Ig K (= 37.6) and ApE°(w) are both positive,
the reaction was judged to be thermodynamically favorable. Similar calcula-
tions showed that the formation of elemental sulfur by this reaction was also fa-
vorable at pH 7 under standard conditions.

The possibility that TSR reactions could occur in oil field deposits has also
been addressed by Bostrom [11]. Bostrom predicted that the reduction of sulfate
by oxidation of organic matter was possible in sediments, and estimated the
boundary pH and Eh ranges for the reaction in relation to the stability of iron-
or manganese-oxides. However, these estimates apply more to the reaction con-
ditions encountered in sediments at the diagenetic stage, rather than to those
where the temperatures are higher than about 120°C.

One of the major drawbacks in attempting to predict whether or not thermo-
chemical sulfate reduction reactions will occur in sediments is the lack of ap-
propriate thermodynamic data for redox reactions of organic compounds. In
sediments, for example, some originally deposited organic molecules can un-
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dergo structural alteration without change in oxidation state. However, with in-
creasing sediment age and temperature, both the thermodynamic properties and
the rate at which these altered structures react can change. For example, struc-
tural alterations leading to the conversion of primary to tertiary hydrogens will
lead to increased rates of oxidation of hydrocarbons. Thus, reactions of sulfate
with organic matter that might be very slow at low temperatures can be accel-
erated by temperature increase due to changes in the redox potential of the or-
ganic matter, in addition to the usual increase in reaction rate with increasing
temperature.

The mineral matrix and other components in sediments can also have a ma-
jor effect on the course of thermochemical sulfate reduction reactions. For ex-
ample, Machel [15] reports that minerals such as clays will catalyze the reaction
of hydrogen sulfide with organics to form elemental sulfur and “altered hydro-
carbons’. Although this reaction is not sulfate reduction, it does point out that
the mineral matrix can interact with and alter TSR reaction products. Similarly,
Bostrom [11] examined some of the controlling factors of pH in oxidizing-re-
ducing depositional environments. The potential influence of iron-oxides and -
sulfides on the in situ pH in sedimentary environments and in laboratory
experiments is discussed in this publication. However, it should be noted that
the reported values are highly dependent on the pH and other ions in the solu-
tion. For geologic systems, equilibrium models are available and are valuable
for interpreting the stability relation of pertinent redox compounds in natural
waters. Non-equilibrium conditions are common in many natural systems, and
the equilibrium models must be used judiciously. This can be illustrated by rec-
ognizing that because many redox reactions are slow, the concentration of oxi-
dizable or reducible species in the geosphere may be far from those predicted
thermodynamically. For this reason, transformations under non-equilibrium
conditions may also have to be considered. Moreover, in many real solutions,
quantitative electrochemical conditions often cannot be obtained because elec-
trochemical reversibility is usually not achieved.

It has been suggested that sulfate reduction by organic matter in TSR reac-
tions requires the participation of low oxidation state sulfur species. For this
reason, the following two reactions (Eq. 3) which involve the reduction of sul-
fate by sulfide, are of interest. The thermodynamic parameters can be estimated
from values listed in Table 1.

1/6S0;” + 1/3H" + 1/2H,S = 2/3S + 2/3H,0; ApE = 0.81 3)

or

SOF + ZH*(w) + 3H;S = 48°(s) + 4H,0; Ig K = 4.86
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The calculations show that the formation of elemental sulfur by reaction of
product hydrogen sulfide with sulfate is also thermodynamically favorable at
PH 7 and under standard reaction conditions. As we will discuss further, the
conversion of sulfate to lower valence sulfur species may be important for non-
microbial sulfate reduction reactions in most sedimentary environments.

For various reasons, Anisimov chose CaSQO, as a representative material for
studies of the thermodynamics of sulfate reduction in sediments. Table 2 (from
Anisimov [8]) lists the chemical reactions and the thermodynamic parameters
for the various stages in the conversion of sulfate to sulfide as depicted in the
reaction sequence shown below in Scheme 1.

—» O
.__l
H,C

>S50 —» S0, —»*S0, —» etc.
SO2 —» S0, —»*S0, —»

H,C H
——» SO —>» S0 —» H.S

|
[

v A
L 50,—» 0 ——

[*Thermally activated]
Scheme 1

The Gibbs free energies for each of the four stages of sulfate reduction by
elemental carbon, H,, CHs, C¢Hy; and H,S as the reducing agents were calcu-
lated at 298, 400 and 500 K. Calculations were made at the listed temperature
because similar temperatures would be reasonable in sediments undergoing sul-
fate reduction reactions. Based on these calculations, Fig. 3 diagramatically il-
lustrates the change in free energy as $°* is reduced to S . Inspection of the
figure will show that the ‘energy barrier’ to the overall reduction of sulfate to
sulfide is the step to form S**.

In order to be able to calculate thermodynamic values at various stages of
sulfate reduction, Anisimov [8] suggested the following overall scheme for the
thermal reduction of sulfate by carbon, hydrogen, or hydrocarbons:

Thermodynamically, the hydrolysis of sulfur to form hydrogen sulfide and
sulfuric acid (4S + 4H,0 — 3H,S + H,SOs) only becomes favorable at tem-
peratures above 150°C.

However because this is a multistep reaction, it further complicates the sul-
fate reduction scheme shown above. Anisimov [8] stresses the importance of the
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SO; — SO transformation in the overall sulfate reduction scheme. This essen-
tial $** — S?* transformation in the chain of sulfate reduction reactions is the
key step which governs the chemical stability of sulfates at lower temperatures.
Table 2 (Anisimov [8]) lists a series of chemical reactions and their thermody-
namic parameters for the reduction of sulfate to sulfide as depicted in the above
scheme. Inspection of the table will show that thermochemical reduction of sul-
fate by the hydrocarbons is thermodynamically favorable at the lowest tempera-
tures expected to be encountered in most sediments.

=~—-00Gz9 —— OGsgo
A 4 c ) d e
@ 60 -1 2 !"13 g2
g 40
£ 1
v = 20 - 4
L = - . £=
L%’ g) 0 - RS = 56* 53 ié_; Z—F
-20 5052': Slo Si—z_ S S
v
S @S gtet gt gst &
Reducing agents Reaction path
a)Hz; b)CH,

1through 4 stages (see text){
c) C6H1zi d)Cand e) HZS

Redrafted after anisimov (1978)
Fig. 3 Bnergy profiles of CaSO4 to form S* sulfide

Using data listed in Table 2 and shown graphically in Fig. 3, Anisimov states
that the energy thresholds for thermochemical sulfate reduction by various re-
ducing agents range between +231 and 268 kJ/mol. The reaction of sulfate
with elemental carbon only becomes favorable at elevated temperatures (reac-
tion V in Table 2), and neither this reaction nor reductions involving hydrogen
gas (reaction I), are considered important in natural environments. For this rea-
son, only the energy profiles for reaction paths II-VI of Table 2 are given in
Fig. 3 (reproduced from Anisimov [8]).

Thermodynamic properties of other sulfur reductants

Because the thermodynamic properties of catanated sulfur species (-S—{Sn}-S)
are not well known, the whole issue of using thermodynamic parameters that have
been calculated for redox reactions of sulfur while ignoring these additional
species becomes problematic. For example, at ambient temperatures hydrogen
sulfide reacts exothermally with sulfate, but at higher temperatures the reaction
becomes endothermic. The interactions of the various sulfur species ‘under real
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chemical reaction conditions’ makes the experimental determination of thermo-
dynamic parameters virtually impossible. These ‘secondary’ reactions and re-
actions with the reducing agents (not simple electron transfer) complicate the
issue of formation of activated intermediates. The marked diversity of interme-
diates and end products in sulfate reduction reactions makes calculation of equi-
librium constants for these complex reactions particularly difficult.

Williamson and Rimstid [16], in their analysis of studies on the oxidation of
aqueous sulfide, also provide information on the thermodynamics of sulfate re-
duction. These authors showed that sulfane monosulfonic acids (SnSOQ‘, where
n=1,2 3, 4 5,.)were intermediate metastable oxidation states in sulfide oxi-
dation. The existence of sulfane sulfonic acids in the oxidation of sulfide raises
the possibility that polysulfide species (e.g., HSs may be an intermediate in
both sulfide oxidation and in sulfate reduction. This study suggests that sulfane
sulfonic acids, or related species, may function as bridging intermediates in the
reduction of sulfates.

The relative aquatic stability of the polysulfides indicate these species may
function as intermediates in reduction of sulfate to sulfide (Figs 4a, b, c). Based
on the values given in Fig. 4, the pathway of lowest energy for sulfate reduction
is thought to proceed through the following metastable intermediates: polysulfi-
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Fig. 4a Sulfur species stable in solution
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Fig. 4b Thermodynamic stability of sulfur species relative to sulfate

des — thiosulfate — sulfite. This analysis, however, does not predict the prod-
ucts of the reaction of sulfate and polysulfides.

The oxidation of dextrose and other sugars by sulfuric acid has been studied
by several workers, and the kinetic and mechanistic aspects of several of these
studies will be considered further. According to Kaiser [9], the reduction of sul-
furic acid by dextrose (illustrated in Eq. (4) below) is thermodynamically favor-
able at 250°C with AG® = 3200 kJ/mol.

Ce¢H1206 + HSO, + 3H™ — 3H,S + 6CO, + 6H,0 (4)

Experiments
Direct reactions of SO} with organics

As was mentioned earlier, there are a number of examples of non-catalytic
thermochemical sulfate reductions in which sulfate is directly reduced by car-
bon or by hydrocarbons to lower valent sulfur species, but these reactions are
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Fig. 4c Reactions among aqueous sulfur species for which rate data are available

only known to occur at elevated temperatures (generally > 800°C). It is also
noteworthy to mention that according to Spitsyn and Meyerov [17], tempera-
tures in excess of 300°C are required to initiate sulfate reduction in uncatalyzed
reactions using H, as the reducing agent.

Smith and Batts [18] suggested that in the absence of oxygen, coals might
undergo a direct geochemical reaction with sulfate. This suggestion was based
on the fact that reduced sulfur in coals was isotopically close to sea water sul-
fate. However, in subsequent publications, this possibility has been largely dis-
counted (Trudinger et al. [6]).

Anisimov [8] reported the results of kinetic experiments on the high tem-
perature (> 700°C) thermochemical reduction of CaSO4 to CaS by elemental
carbon. Based on the results of these experiments he calculated the time re-
quired to form about 1% CaS (‘alpha’ in the rate expression given below).

lgk =5.95-10"a - 7.55 x 10°/K
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The results of these experiments are given in Table 3, it is estimated that at
100°C it would require 3.7x 10° years to convert 1% of the sulfate to sulfide, and
1.6x10 years at 150°C. It should be noted that these estimates are based on re-
sults from reactions in the solid state (CaSO, and coke) and that these reactions
proceed with an apparent activation energy of 144 kJ/mol. The reaction was re-
ported to proceed with lower activation energy and higher rate if catalyzed by
iron oxides (Fe,Os, FeSQ,), or if kerosene or olefins were employed as the re-
ductant. The nature and composition of the organic matter can have a control-
ling effect on the rate of thermochemical sulfate reduction, as will be discussed
further.

Although it was not necessary for Anisimov [8] to consider pH effects on the
gas phase reaction of CaSQy, it is clear that in solution, the pH of the medium
will have a decisive influence on the rate of sulfate reduction. Furthermore, it
is understood that the reaction mechanism for sulfate reduction may also be de-
pendent on the nature of the reducing agent. For example, a change in mecha-
nism could result from a ‘activation’ of the various sulfur intermediates through
bonding to the reducing agents during the course of the multi-step 2-electron re-
actions.

Anisimov also examined the kinetics of hydrothermal sulfate reduction by or-
ganic matter, using Na,SO4, NaHSO4, H,S and NaHS under varying conditions
of pH and temperature. From these studies, and from Arrhenius plots (Fig. 5), he
calculated that the activation energies for the reactions at pH 2, 5, and 8.5-9 were
18.4, 29.6 and 41-197 kJ/mol, respectively.

A related inorganic reaction in which sulfates can be reduced involves heat-
ing metal sulfates at very high temperatures. The decomposition of metal sulfate
salts (MSOy) to MO, SO, and SOs, occurs at measurable rates only at tempera-
tures higher than 800°C. One of the most studied such reaction is the thermal
decomposition of BaSO4 (at 1075-1100°C) because of its use to produce ‘clean’
SO, for 8*S isotope measurements.

In somewhat similar reactions, sulfate reduction by natural reducing agents
was shown to be efficient at 500-700°C in several processes for producing met-
al sulfides or carbonates from Na or Ca sulfates. The reducing agents for these
processes were Hz, C, CO, CHy and several higher molecular weight hydrocar-
bon gases.

Although SO, (which we do not consider to be an intermediate in TSR reac-
tions) can be reduced with hydrocarbons, the reaction has a high energy of ac-
tivation and only takes place at high temperatures. Industrial processes to
reduce SO, by natural gas have been conducted without catalysts at
1250-1300°C but the use of Ca, Ba, Mg, Mn of Fe sulfides as catalysts dropped
the needed temperature to about 900°C. These reactions are conducted at short
residence time in flow — through reactor systems.
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Fig. § Arrhenius plot of Ig ky vs. 1/T k; in units of kg/mol/h. Numbers in parentheses are
calculated in situ pH values. Symbols: series A-B; series C; series D~E; se-
ries F-G; series H; series I-L. The letters A-L refer to experimental grouping of
samples in the study. Arrows indicate minimum or maximum k values. Scale on right
gives the time in years to achieve F = 0.9 if £§ = 107 molar; *pH computed at
350°C

In a series of experiments conducted under mild reaction conditions, Bastin
[19] investigated the possibility that organic matter in sediments might act to re-
duce sulfate in abiogenic reactions. Because he was aware of the thermody-
namic feasibility of the reduction of CaSO, by carbon, and the (high
temperature) experiments of Hoffman and Mostowitch [20], Bastin undertook
an experimental program to determine if the reaction might also occur under
geologically reasonable reaction conditions. However, in reactions over a year
in length, but at ambient temperature, he was unable to find evidence for sulfate
reduction when calcium sulfate (CaSQO4) was reacted with coal, crude petroleum
or oil shales. In month long experiments at ambient temperature, Bastin [19]
again found no evidence for sulfate reduction in reactions using either hydro-
gen, methane, or acetylene to reduce the Zn-, Cu-, or Na-sulfates.

Based on these studies, Bastin reported that while high temperature reactions
do take place ‘no experimental evidence has been obtained ...[for]...reduction
of sulfates at ordinary temperatures by dead organic matter’. A similar conclu-
sion was reached by Ginter [21] who reported that thermochemical sulfate re-
duction reactions were unlikely to occur in oil field waters. It must be noted,
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however, that both Bastin and Ginter thought that these reactions would have to
take place in petroleum reservoirs at temperatures less than 80°C, and in most
cases lower than 50°C.

Oxidation of organics with reduced sulfur species

The ability of elemental sulfur (8% to abstract hydrogen from organic mole-
cules is a synthetic procedure that has long been utilized by synthetic chemists.
Generally, these reactions were used to produce unsaturated organic compounds
such as aromatics from alicyclic saturated hydrocarbons. In other cases, dimeric
compounds, thiophenes, mercaptans, sulfides and polysulfides were the reac-
tion products. The course of these reactions depends on the nature of the or-
ganic substrate and other reagents as well as the reaction conditions. In all
cases, however, the minimal reaction temperature was determined to be about
175°C. 1t is at this temperature that sulfur, in the cyclic Ss form, opens to give
the highly reactive polysulfide di-radical which is the active species in hydrogen
abstraction from organic compounds (Pryor [22]). The significance of reaction
conditions and other controlling factors in the synthetic reactions as they pertain
to the sulfate reduction in geochemical systems will be discussed further.

In studies on oxidation reactions in organic chemistry, Toland ef al. [23] ex-
amined the reaction of sulfur with a variety of organic compounds (Table 4).
These workers reported that terephthalic acid and hydrogen sulfide were pro-
duced by reacting p-toluic acid and sulfur in the presence of water. The reaction
yield was improved by the addition of base (NaOH) to the system. Excellent
yields of oxidized products were obtained from a variety of methyl- substituted
aromatics under these conditions (e.g., toluene, xylenes). Toland reported that
under his reaction conditions, the sulfur disproportionated to give a reactive
sulfur species such as thiosulfate, and suggested that the same species might
have formed in experiments conducted by Pryor [24] where polysulfides were
used rather than elemental sulfur.

The possibility that a variety of sulfur species might form by disproportiona-
tion reactions under basic conditions was raised as early as 1924 by Tartar and
Graves [25]. They found that thiosulfate was formed in reactions using alkaline
solutions of sulfur to oxidize organic compounds. Furthermore, if all of the oxi-
dized sulfur species can exist at temperatures greater than 200°C, it is possible
that thiosulfate might function as an active homogeneous oxidant in the basic
system.

In a continuation of his earlier work, Toland [12] studied the oxidation of
various organic compounds at 315-350°C, using aqueous sulfate containing
variable amounts of H,S as the oxidant. these experiments were conducted in
stainless steel autoclaves using reaction times that ranged from 0.5 to 6 h. In

J. Thermal Anal., 42, 1994



261

GOLDSTEIN, AIZENSHTAT: SULFATE REDUCTION

‘susjhx-d 9 G| ‘oud|AX-w % ¢g »

"pIog dtozZuaq PIIL % €01 puUncy Os|y
“dtenjol-d %Y ‘enjor-w %68
*pozIpIX0 93¢ 03 spunodwiod Ijous/s9JOR

86 0 001 06 Sig €S QuoN £OZST(YHN) §°'1 (A
6°LE Ty 0'vE 06 SIE 179 QuoN oua[AxX-w £0TSTEN 1 11
7°€6 - 9ot 09 si¢ 001 auoN 9jenjoi-d wnipog €QTSTEN 0°1 o1
6°'ST $'8¢ $°69 09 983 oL HOYHN +°'0 £OSZ(YHN) 0°C 6
¥'9L 6'S 1'96 09 (91 9¢ HSYHN +'C £€OSHYHN 0°C 8
L8 AR L'96 09 Sig 9¢ HSYHN T°C pPURTAX YOSZ(*HN) T'C L
SCH L0
+08 - €€ 09 Sig 001 HO%Y 0°C YOSTeN 01 9
1'L8 - 9°¢l 09 Si¢ 001 STH L'0 @jenjol-d wnipog YOSTEN 0°1 S
$6 - S°L ove T8¢ 9¢ HO®BN §°S SLT 14
$°06 - 00T 0€T 887 9¢ HO®EN 0'€ S09 €
076 - w oL? €62 £ HO®N 0'1 S0°€ T
J1°L8 - 001 09¢ 88T 9¢ SUON  ,Alenjo) wnipog SOV 1
a1eyiyd  omjoL % /8018 utw Do ST mElitle] pazIpixo
m&\ﬁmom .wo v_0m> -I3AU0D \OEW—.. \.&ED,H. ﬁ::o&EoU EaEkO czm

[(0961) pue[o] :19)J€] SJUEPIXO S SOOUSTBA JRIPOULIaT Jo spunodwoo Injing p IGRL

J. Thermal Anal., 42, 1994



262 GOLDSTEIN, AIZENSHTAT: SULFATE REDUCTION

some experiments (NH4)>SO4 was the oxidant and in others various metal sul-
fates were employed (Li, Na, K, Al and Fe); however, in all experiments, sul-
fide, H,S,(NH4),S,(NH)SH or elemental sulfur was added to the reaction
(Table 5).

Toland [12] reported that organics were not oxidized in experiments using
sulfate alone as the oxidant. He found, however, that the addition of as little as
0.1 mol of sulfide (e.g. H2S) to the reaction system was sufficient to activate
1 mol of (HN4),SO4 as an oxidant for his reactions.

Because these early observations provided the basis for some of the later
geochemical studies on thermochemical sulfate reduction (e.g., Orr [4, 26]), it
is instructive to discuss Toland’s experiments in some detail. Toland [12] oxi-
dized a variety of organic compounds, using solutions of SO~ containing sul-
fides, to give the products given in Table 5. Among the organic compounds
reacted, Toland reported that methane underwent a partial (ca 0.1%) conversion
to CO, CO, and H,0. Considering the relative stability of methane, even the low
conversion reported under Toland’s reaction conditions is surprising. However,
much higher conversions were observed if alkenes or methyl-substituted aro-
matics were oxidized under the same reaction conditions (Toland [12]; Anisi-
mov [8]).

Inspection of Table 5 will show that in these reactions, cyclohexane forms
phenol and methylcyclohexane yields benzoic acid, and prompted Toland to
suggest that a “more active species of sulfur or polysulfides (e.g., ‘nascent sul-
fur’) was involved in the reaction. It was hypothesized that sulfur in this form
might not only transfer oxygen atoms from sulfate to carbon, but might also aro-
matize the products. Toland concluded that sulfate itself does not initially attack
hydrocarbon, and postulated that the thiosulfate is the active form, which under
acid conditions is unstable and yields free sulfur and sulfite.

Reactions of sulfate with sugars and sugar derivatives

In a series of isotope exchange experiments carried out in sealed tube reac-
tions, Kiyosu [27] heated dextrose with mixtures of equimolar solutions of di-
lute sulfuric acid and sodium sulfate adjusted to give pH values from 0.9 to 7.0.
Hydrogen sulfide from the reaction was collected and converted to Ag,S for iso-
tope analysis, and the residual sulfate was analyzed as BaSQO,. Gases formed in
the reaction (e.g. CO,, CH,, and Hy) were analyzed by gas chromatography. At
250°C the reduction of sulfuric acid was slow whereas at temperatures greater
than 280°C it was much faster. Kiyosu suggests that temperature dependence
may result from the formation of molecular hydrogen which reduces H,SO;4 to
yield H,S. However, at a sulfate conversion of about 40% (at 280°C), the gain
in HoS was much lower and this result may be explained by the formation of ele-
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mental sulfur in the reaction system. The black polymeric material was found
to contain some hydrolyzable sulfur, but much organically bonded sulfur was
also found (released only upon total oxidation by HNO:/Br; treatment).

Kiyosu [27] found that dextrose can reduce sulfuric acid at temperatures
above 250°C, and sodium-sulfate and bisulfate at temperatures above 300°C.
Chemical aspects of the reaction of sugars with sulfur species will be discussed
further, but is should be noted that sugars can also condense to form melanoid
in these systems (Rubinsztain er al. {28]). Furthermore, sugars can undergo
‘caramelization’ (dehydration) reactions at temperatures greater than 250°C,
forming structures susceptible to acidic attack and subsequent addition of sul-
fate or sulfide yielding sulfur-rich polymers. Aspects of the sulfur isotope
chemistry of these reactions will be discussed further.

Kaiser [9] carried out a series of experiments similar to those of Kiyosu, and
showed that more than 50% of the reduced sulfur winds up in an ‘organic char’.
This “char’ (or residual polymer) was reported to contain as much as 14% sul-
fur. Kaiser suggested that the hydrogen sulfide formed in the reaction might be
derived from the organically bound sulfur in a pseudo first order reaction. It is
possible that hydrogen sulfide could also arise from other processes, but it is
noteworthy that even at temperatures of 200-300°C, only sulfur in the form of
sulfate, sulfide, and organic-sulfur compounds could be found in these reac-
tions.

Kaiser [9] used a similar experimental approach in his study of the kinetics
of sulfuric acid reduction by formaldehyde, methanol, ethanol and acetic acid.
The change in isotope 8**S distribution was also examined. Organic sulfur com-
pounds were among the products formed in these reactions, a result also re-
ported by Kiyosu [27]. Most of the reactions Kaiser describes in detail were
carried out with an initial pH in the 0.3-0.5 range. He looked for the presence
of other sulfur oxyanions (such as sulfite or thiosulfate) in the reaction mix-
tures. Charring of the dextrose under his reaction conditions occurred after a
few hours, and the ‘char’ was found to contain about 50% of the initial carbon
in the system.

The experiments with the oxygen-containing molecules listed above did not
produce sulfide, but did show intermediate color changes in the organic matter.
The oxidation of dextrose and other sugars have been studied in the past; how-
ever, in the absence of oxidizing agents, dehydration and polymerization leading
to charring at > 200°C have also been reported (under both acidic and basic
conditions). Hence, the simplified equation for the overall reaction as depicted
in Eq. (4) might be misleading.
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Chemical models for TSR

Wilson Orr recognized the implications of Toland’s work as it relates to both
the genesis of H,S, and possible thermochemical sulfate reduction/hydrocarbon
oxidation reactions in petroleum reservoirs. In a series of laboratory experi-
ments, Orr [4] showed that thermochemical sulfate reduction reactions pre-
viously carried out by Toland at higher temperatures (> 300°C) would also
occur at temperatures as low as 175°C. Based on kinetic studies, the oxidation
of toluene in these experiments was estimated to have an activation energy (E.)
of about 96 kJ/mol. These findings led Orr to propose the thermochemical sul-
fate reduction reactions might easily occur in rocks at the lower temperatures
(e.g. the 80-130°C range) that exist in many hydrogen sulfide-rich petroleum
reservoirs.

Orr’s reactions were conducted in 500 cm® stainless steel autoclaves with
100 cm® of 0.05 to 0.48 moles of (NH,4),SO, solution and 20 cm’® of toluene
(large molar excess relative to sulfate). Gaseous H,S was added to the reactors
to provide H,S partial pressures of 10-225 psi. All reactors were pressurized
with nitrogen to provide a total pressure of 300 —1000 psi, and the reactions
were held at constant temperatures over times ranging from 92 to 618 h. The
extent of thermochemical oxidation by sulfate in these reactions was estimated
by analysis of residual sulfate (after acid removal of H,S).

Orr [5] recognized the complexity of the reaction and stated that other reac-
tions may occur parallel to the oxidation of the toluene (LaLonde [29]; Pryor
[22]). However, since the kinetic parameters derived from the data in Table 6

Table 6 Experiments with variable hydrogen sulfide at 250°C [after: Orr (1991 report)]

Time/ Initial HoS/ Initial SO/ Final SO¥/ % SO% Rate constants

h psi mM mM Reduction K/h™ Half-life/h
128 0 48.22 48.78 <1 - -
120 10 48.12 40.75 15 1.39x107 500
120 25 48.12 36.94 23 2.20x1073 315
120 50 48.22 22.13 54 6.49x107° 106
120 100 48.12 24.67 49 5.57x1072 124
141 100 46.88 19.42 59 6.25x107° 111
240 200 48.22 12.08 75 5.77x107° 120
240 200 24.85 4.51 82 7.11x1073 98

92 200 24.35 11.50 53 8.16x10°° 8s
120 200 48,22 15.64 58 9.38%x107 74
168 (~225)? 5.13 (0.54)? 89 - -
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apply to sulfate disappearance (but not necessarily to sulfate reduction) it is
tempting to compare this reaction to the H,S + SO; kinetics studied by Oh-
moto and Lasaga [30]. If the pH of the system is proportional to the amount of
H,S pressured into the reactor (and if it is between pH 4-5), the activation en-
ergy for the formation of $,03 will be about 117 kJ/mol. Toland [12] reported
that one gets elemental sulfur and/or polysulfide (S«) species under these reac-
tion conditions. Ohmoto and Lasaga [30] tend to stress that S° and S¥ species
will become more important than thiosulfates only if they afford new kinetic
pathways, which are different from and faster than the one proposed by them.

Initial H,S pressure (PSI)
0 50 100 150 200
T »

I I ]
[ ]
! °
-5 .l
! * ¢
1
!
I}
!
/ Effect of initial H,S
6 pressure on first-order
! rate constants for
' sulfate reduction
T . T=250°C
< |/
Y
c 7k
\j
Fig. 6 Effect of initial H,S pressure on first-order rate constant for sulfate reduction

T = 250°C

Inspection of Fig. 6 will show that an increase in the H;S pressure from
10 psi to 50 psi results in a greater acceleration of the reaction rate than does an
increase in pressure of 50 to 200 psi. In these experiments, elemental sulfur was
not formed in reactions containing excess toluene. On the other hand, under
comparable reaction conditions, large amounts of elemental sulfur were formed
in reactions of hydrogen sulfide and sulfate either without or with only small
amounts of toluene. Orr [5] offers the explanation that the partial pressure of
H,S, which determines its concentration in the reaction, causes the non-linear
response of the reaction rate, due to either a change in reaction order or the fact
that the kinetic order might be between 2—3. At pressures above 50 psi, hydro-
gen sulfide is in excess, and under these conditions the rate is first order with
respect to sulfate.
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According to Orr, hydrogen sulfide acts autocatalytically in the TSR reac-
tion. However, the initial concentration of hydrogen sulfide in the system has an
important effect on the overall reaction rate. Similarly, changes in pH during the
course of the reaction will also have an effect on the overall TSR rate, with low
concentrations of H,S and/or high pH values leading to decreased reaction
rates. The implication of Orr’s experiments to geological conditions will be dis-
cussed further, taking into account the reaction half-lives calculated from the
data in Table 7 and shown in Fig. 6.

Table 7 Variation of sulfate half-life with temperature at constant hydrogen sulfide pressure
[ibid: (Orr 1991 report)]

(A)

Temperature/°C Number of runs Half-life/h
250 4 94 + 20
225 1 31327
200 2 1150 £ 360
175 1 1740 + 7

A initial load pressure of 200 psi.

We will just note here that Drean [31] was unable to detect the formation of
hydrogen sulfide in reactions using methane as the substrate under Orr’s (4, 26]
reaction conditions (300°C, pH 2.3-5.3, 240 h). It may be that small amounts
of H,S were formed in the reaction, but that it reacted with the iron metal of the
reactor. This possibility was investigated using *°S labeled sulfate by the Trud-
inger group [6].

In the 1985 review, Trudinger et al. [6] re-examined their earlier sealed tube
experiments (Trudinger [32]). In these experiments, organic matter and radio-
active sulfate were heated under nitrogen or hydrogen sulfide pressure at tem-
peratures up to 140°C for different lengths of time. At the end to the reaction,
hydrogen sulfide was analyzed by reaction with 5,5-dithio-bis 2-nitrobenzoic
acid (DTBB). In some experiments, H,S was converted to Ag,S for *°S isotopic
measurements. Table 8 summarizes the reaction conditions and results, all of
which indicated that sulfate was not reduced (within their analytical capability).
However, in a 220°C reaction of coal, sulfur and *°S labeled ammonium sulfate,
labeled hydrogen sulfide was detected after 10 days. The results of this study
were difficult to rationalize, and it is questionable if sulfate was reduced in the
majority of the experiments. For this reason, the authors suggested that the iso-
topic exchange of sulfur might result from the hydrolysis of elemental sulfur

(Eq. 5)).

4So + 4H,0 - 3H,S + H,SO, (5)
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Ohmoto and Lasaga [30] have questioned whether or not sulfur hydrolysis
reactions might be important at temperatures of 140-220°C. However, consid-
ering the possibility that this reaction does occur and using Drean’s [31] values
of the stability fields for sulfur species, Trudinger et al. [6] attempted to recon-
cile the above results with those reported by Orr [5]. From the data in Fig. 7
(Drean [31]), it can be seen that (at the same temperature) with an increase in
polysulfide sulfur chain length, there is an increase in the range of stable pH for

Table 8 Reaction mixtures with **S-labelled sulphate. (these mixtures gave negative results)
[after: Trudinger (1985)]

Reaction mixture Temperature/°C  Time
(days)
Expt.1  Naphthenic - aromatic oil, NaCl:Na,SO§
+H.S 80 39
+HsS + §° 80 39
+ NaS + §° 80 10
Expt.2  Paraffinic oil, NaCl-Na,SO}
+ NasS 80 10
+ H3S + 8° + FeCls 80 42
+ NasS + S° + FeCl; 80 84
+ HS + §° 120-190 10-14
(months)
Expt.3  Metals, calcite, NaCl-Cu-porphyrin
+ kerogen  pyrite 140 5
+ cyanobacterial org. C t pyrite 140
+ coal * pyrite 140
Expt.4 Clucose, clay, Na;SO, or NaHSO3 or Na;SO,4
+ Nz 140 4
+ H2S 140 4
Expt.5 Light crude oil, clay, HSO4 or NaHSO4 or Na;SO4
+ N2 140 4
+ HaS 140 4

#The amounts of reaction mixtures components were as follows: EXPERIMENTS 1-2: oil. 1 ml: NaCl,
3 M: NaxSO4 (358 labelled) 0.4 mM; S°, 0.1 g; H2S, 1 atm (101.325 kPa) (at room temp.); NasS, 0.1
M: FeCi3, 0.45 mM. Final volume of aqueous phase, 4 ml. EXPERIMENT 3: calcite, 0.5 g; NaCl,
3 M; Cu-porphyrin, 10 mg; Na2SO4 (358 labelled), 0.1 M; kerogen (tasmanite), 0.5 g; cyanobacterial
organic matter, 0.5 g; coal, 0.5 g; pyrite, 0.1 g; trace metals-FeCls, 7.5 uM, MnCl2, 0.5 pM; CoCl2
0.5uM; NiCl2,0.1 pM, CuCl2, 0.1 pM; ZnClz, 0. S pM. Final volume of aqueous phase, 1 ml. EX-
PERIMENTS 4-5: as for Table 5. In all experiments the gas phase was N2 unless otherwise specified.
® From Trudinger (1981)
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the zero valent sulfur compounds. However, the possible formation of polysul-
fides, even at pH greater than 6, was not addressed by Trudinger ez al. [6].

In discussing results of his experiments, Toland cites both his earlier experi-
ments and very early reports of the uses of sulfur as an oxidant (e.g., Priestley
in 1775 as quoted by Lewis er al. [33]). In experiments conducted in aqueous
base and at temperatures above 150°C, SO, was found to disproportionate to
form modest amounts of S° and SO}~ . These reactions are favored at tempera-
tures higher than about 250°C, leading to the following possible reactions:

4S + 8NaOH —> Na,SO4 + 3Na,S + 4H,0 (6)
4N32303 - 3Nast4 + NaS (7)
Na,S;03 > Na,S0; + S (8)

We should point out that recent work raises some question as to whether or
not the above steps are of key importance for thermochemical sulfate reduction
reactions. However, the experimental data presented in Fig. 3 and Table 4
clearly show that, depending on the nature of the sulfate species, there can be
differences in both the oxidative yields and products form a given organic sub-
strate. Therefore, it is suggested that instead of the disproportionation reaction
depicted formally in equation 5, the reaction is pH dependent with the rate con-
stant obeying the relationship: k = [H.S]’[SO5 J[H™].

Actually, we wonder if the disproportionation reaction is reversible, and un-
der which conditions. To the best of out knowledge, the reaction of elemental
sulfur with water to yield hydrogen sulfide and sulfuric acid has never been
thoroughly investigated.

The experimental studies on the oxidation of aqueous sulfide by Williamson
and Rimstid [16] also provides information on the thermodynamics of sulfate
reduction. As was mentioned earlier, these authors showed that sulfane mono-
sulfonic acids (S.SO3 ) were intermediate metastable oxidation states in sulfide
oxidation. The existence of sulfane sulfonic acids in the oxidation of sulfide
raises the possibility that polysulfide species (e.g. HS, where n = 1,2,3,4.5,
...) may be intermediates (as a possible bridging step in the reduction of SOF )
in both sulfide oxidation and in sulfate reduction. The relative aqueous stability
of polysulfides suggest that the reverse sequence of reaction is also possible
(Figs 4a, b, ¢).

From these calculations it would appear that the pathway of lowest energy
for sulfate reduction would then proceed via metastable states of: polysulfides,
to thiosulfate, to sulfite. If true, the reduction of sulfate in the pressure of hy-
drogen sulfide may involve similar (or the same) polysulfide intermediates.
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Sulfur interchange reactions

Ohmoto and Lasaga [30] investigated reactions between aqueous sulfates and
sulfides under hydrothermal conditions. The reaction was followed by monitor-
ing the isotopic exchange rate between sulfate and sulfide during the course of
the reactlon In this study, the rates of exchange of stable sulfur isotopes (328
and *S) were used to show that both the chemical and isotopic reactions involve
simultaneous oxidation of sulfide-sulfur, and reduction of sulfate-sulfur. In ad-
dition to providing kinetic and mechanistic information concerning the reaction,
the study also yielded valuable data relating to possible isotope mixing effects
during thermal reduction of sulfate. The exchange reaction was found to obey
the following second order rate expression: rate = k[SO 1[S°]. Mechanistic
considerations of this reaction are discussed further in connection with sulfur
isotope studies of TSR reactions.

Ohmoto and Lasaga [30] showed that the reduction of NaHSO4 and Na,SO4
is very slow even at temperatures above 300°C. The rate of exchange of S° be-
tween H,S and SO;” as shown in Fig. 5 is very slow at pH’s near 7 and at tem-
peratures below 350°C. For example, it is estimated that a 90% sulfur isotope
exchange would require a reaction period of 10 000 years at 200°C. Figure 5
shows the different conversion rates for these species. Care must be taken to
consider the sulfur mass balance in interpretation of the results of these reac-
tions.

Igumnov [34] was one of the first to point out that the rate constants in the
reaction of sulfide with sulfate are dependent on temperature and pH, but that
the pH dependence was complex. For example, in reactions at 200—400°C, the
sulfur exchange rate decreased one order of magnitude for each unit increase in
PH up to pH 6. The rate was found to be almost constant at pH 4-7, but de-
creases at higher pH. The activation energy for these reactions also was found
to depend on pH. At pH = 2, E, was found to be 77 kJ/mol, while at pH 4-7,
the activation energy (E,) was 167 kI/mol, and at pH 9, E, was about
197 kl/mol. This finding is consistent with the generally accepted observation
that reduction of sulfate is easier under acidic rather that alkaline conditions. It
should be noted that Ohmoto and Lasaga [30] reported that at the same pH, the
reaction rate was also somewhat dependent on the nature of the sulfide or sul-
fate counter ion.

In summary, it is generally accepted that thermochemical sulfate reduc-
tion/hydrocarbon oxidation reactions are common in many oil field deposits that
have a source of sulfate and at least some hydrogen sulfide. These non-biologi-
cal reactions are thought to have occurred in reservoirs and similar geologic set-
tings at temperatures as low as 120°C. There are many examples of the direct
reduction of sulfate by carbon compounds, but unless catalyzed, these reactions
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only proceed at significant rates at elevated temperatures (generally above
800°C). Based on both theory and experiment, it would appear unlikely that
sulfate is directly reduced by organic matter in most sedimentary environments.
On the other hand, synthetic organic chemical studies have shown that several
lower oxidation state sulfur species are capable of oxidizing a variety of hydro-
carbons and other organic compounds at much lower temperatures (about
300°C). In these so called Willgerodt reactions, a variety of organic compounds
(e.g. alkyl-aromatics, olefins, cycloalkanes) are oxidized by sulfate derived
catanated sulfur compounds (e.g. polysulfides). It should be noted however,
that this reaction is highly dependent on the type and structure of the organic
component being oxidized. A review of the chemical literature on Willgerodt
reactions indicates that while the yields of oxidized products from functional-
ized organic compounds, olefins, and alkyl aromatics are relatively high, there
is a paucity of information on oxidation of acyclic paraffinic compounds.

Several chemical and geochemical studies have concluded that hydrocarbon
oxidations in sediments might occur by Willgerodt type reactions employing
low oxidation state sulfur species derived from sulfate as the oxidant. The credit
for recognizing the analogy of the preparative organic reactions to thermo-
chemical sulfate reduction in the geosphere clearly belongs to Wilson Orr.

Orr explained how TSR active sulfur species could form in oil field sedi-
ments by the reaction of H,S with sulfate and, based on a kinetic study of the
oxidation of toluene, suggested that TSR reactions could easily occur at the tem-
peratures found in many petroleum reservoirs. We agree that reactions of this
type best account for sulfate oxidation of hydrocarbons under the reaction con-
ditions commonly found in sedimentary systems. However, to best model ther-
mochemical sulfate oxidation in petroleum reservoirs, it will also be necessary
to establish t.e kinetic parameters of TSR reactions of representative hydrocar-
bon types.

A number of related studies indicate that TSR active oxidants can arise via a
dynamic network of inorganic reactions in oil field sediments. Such a network
of reactions could provide a low energy pathway for the reduction of sulfate via
a sequence of low oxidation state metastable sulfur species. We believe that in
oil field sediments, virtually all oxidation of hydrocarbons by sulfate proceed by
a low energy pathway of this type, and not by direct reaction with sulfate. Stud-
ies involving the oxidation of sugars by sulfuric acid or acid sulfates have ex-
tended the study TSR type reactions to temperatures as low as 200°C.
Examination of sulfur isotope exchange in such model systems has provided in-
sight into mechanistic details of these reactions and, by analogy, to TSR reac-
tions of hydrocarbons. But the results of these reactions are sometimes difficult
to interpret, perhaps because sugars often undergo complex reactions with ac-
ids. This is particularly true for reactions of sugars with strong oxidizing acids
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such as sulfuric. For this reason we believe that caution must be exercised in ex-
trapolating the results of these experimental studies to TSR reactions in the
geosphere.,

Sulfur and carbon isotopes in TSR
General

The thermal release of CO, from sedimentary organic matter in open sys-
tems is found to yield CO, enriched in “C relative to the bulk of the organic
matter. During photosynthesis and in subsequent enzymatic steps, the alkyl
chains of fatty acids become enriched in >C compared to the carbon of the car-
boxyl group. Therefore, the decarboxylation of fatty acids will form hydrocar-
bons with carbons that are isotopic light, and CO, that is enriched in ’C. On
the other hand the thermal formation of CO, from a carbonate (CaCO; —
CaO + CO,) will lead to the formation of *C-enriched CO, and “’C-enriched
residual CO3 ™ (at low conversion levels). The biogenic, diagenic and catagenic
influence of various processes on 5"°C values recorded for organic matter in the
geosphere were reviewed extensively in the past (Stahl [35, 36]; Galimov [37];
Schidlowski [38]).

While the biochemical incorporation of sulfur into organic compounds is found
to have small isotopic fractionation in relation to the sulfate from which it was de-
rived, the dissimilatory process is found to produce as much as a —40%. change in
8'S SO — 8**S HS. There is little information on the sulfur isotopic effects of
analogous non-biological processes. Since sulfur appears in multiple valence
states, its isotopic chemical behavior is difficult to study. It has been suggested
that there is very little isotopic discrimination in either chemical or biochemical
processes of incorporation of sulfate sulfur into the organic matter. This is true
as long as the sulfatic moiety in not undergoing reduction. However, if such re-
dox changes do occur the variability of §*S values of the various reduced sulfur
species is very large (Goldhaber and Kaplan [39]; Nielsen [40); Dinur er al.
[41]; Aizenshtat et al. [1]; Kaplan [42]; Orr, [43]).

The various pathways of the sulfur cycle referred to in the above citations are
shown schematically in Fig. 1 (see introduction). This scheme describes the
possible main sulfur cycle changes: horizontally divided by the sediment water
column interface and vertically from sulfate (S°*) to the sulfide (8*). Since the
temperature of the depositional environment is generally low, all 5**S changes
are a result of bacterial activity or low temperature chemical mixing (Aizenshtat
et al. [1]). These early diagenetic changes in both carbon and sulfur cycles are
reflected in the carbon and sulfur isotope distribution and are important to later
considerations of thermochemically controlled reactions at the catagenetic- or
methanogenic- states.
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Thermochemical sulfate reduction and its influence on 5°*S and 8'°C values

Early experiments on high-temperature (>500°C) reduction of sulfate by or-
ganic matter did not include sulfur or carbon isotope studies. However, during
the reduction of the sulfate, multistep changes in the oxidative state of sulfur can
have an influence on the isotopic distribution for each sulfur species, and could
influence the final 8>S values by equilibration of the various intermediate redox
species. We are unaware of any experimental verification of this possibility, but
it has been suggested that isotopic mixing of SO and H;S might help explain
how elemental sulfur forms in these reactions (see Dinur et al. [41] and Orr
[15], and the following equation).

3H,S + SO; — 4S° + 2H,0 + OH" 9)

However, at temperatures less than about 200°C, there was essentially no
isotopic fractionation of the zero valent sulfur species derived from sulfate and
sulfide mixtures of known sulfur isotope composition.

Lower temperature isotope mixing of sulfur was studied and reported by
Fossing et al. [44] for H,S and SO: only in the presence of elemental sulfur. If
polysulfides are formed, then the sulfur isotope mixing occurs between the
HS™ and Ss, and this may react via the sequence of reactions we previously il-
lustrated for reactions of sulfate. This ‘diagenetic’ isotope mixing process is
very important in forming the pool of TSR active sulfur, which in turn can react
with organic matter if present in the system. This overall process would facili-
tate the early isotope variability of 8°*S values (Fig. 1).

Ohmoto and Lasaga [30] [proposed the following schematic three-stage
mechanism to account for isotopic mixing in the reaction of **S enriched sulfate
with *’S sulfur of hydrogen sulfide.

In this scheme the actual exchange of sulfur atoms would occur in an intra-
molecular reaction of the H,S,0; species shown above. The stage at formation

st Step: HSO, +H,S"+H & 2 H,5"-S50;+H,0

Fast
2nd Step: Slow

v

3rd Step: H+H,S+HS*0, s——* H,5-5"0;+H,0

Fast

Where™S represents *S enriched sutfur
Scheme 2
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of the thiosulfate requires breaking of bonds in the bisulfate (HSO4) and in hy-
drogen sulfide (H,S), as depicted by Ohmoto and Lasaga [30] in Scheme 3.

H
O O 4H\ H O H
VR N
e 19\5/4 . E_S/  HO
0 o} 0 OH

Scheme 3

Pryor [45] studied the kinetics of disproportionation of thiosulfate to yield
sulfide and sulfate. This reaction is the 3rd step of the scheme of Ohmoto er al.
(Scheme 2). Pryor reported that the reaction (at 250-280°C) was pseudo first
order, and dependent on the concentration of both thiosulfate and hydrogen ion
(i.e., [S203 ] and [H]. While Pryor reported and an activation energy (E,) of
238 kJ/mol for the disproportionation reaction, Seibert [46] calculated an acti-
vation energy of only 113 kJ/mol for the intramolecular exchange. These ditfer-
ences support the argument that the rate-determining transformation will be the
2nd step in the above scheme by Ohmoto et al.

This leads to the assumption that the active form is the thiosulfate, which un-
der acid conditions is unstable yielding free sulfur and sulfite. This mechanism,
in broad terms, is now generally accepted. The mixing of HS and S° (both at
high and low temperatures) may lead to the formation of the very active poly-
sulfides (S,z‘"), which in turn can react with organic matter. Therefore, we sug-
gest that the formation of the polythionates is the stage allowing isotope
exchange, and not thiosulfate as suggested by Ohmoto and Lasaga [30] and oth-
ers.

An estimate of the equilibrium fractionation factor between SO;  and H,S
was calculated by Sakai [47] and re-evaluated by Ohmoto and Rye [48]. Their
data show that there can be a 2%. spread in ASO;  in the reaction to form HS.
However, as was discussed previously, if this reaction proceeds through thiosul-
fate intermediates, it will be highly pH dependent and will have a high activa-
tion energy.

It is commonly accepted that during redox reactions, the variation in sulfur
isotope distribution in the various reduced sulfur species is greatly influenced
by microorganisms. It has also been suggested that chemical reduction of sulfate
to sulfide will have little or no influence on the isotope composition (Dinur e?
al. [41]). Although it has been proposed that some isotopic discrimination may
occur during the hydrothermal disproportionation or reduction of sulfate, we
are unaware of experimental verification of such an effect. In experiments on
the reduction of dextrose at temperatures between 200 and 250°C, Kiyosu [27]
found that the first order reaction for the ‘reduction’ of sulfate resuits in an en-
richment of *’S in the H,S formed. This in turn produced a residual sulfate en-
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riched in **S. The fractionation factor (a) in the reduction was reported to be in-
dependent of temperature and is reported to be about 1.007 to 1.009. This ob-
servation seems to be in agreement with kinetic calculations on isotope effects
in the high temperature reduction of sulfate (Harrison and Thode [49]; Gri-
menko et al. [50]). A separation factor of 8-9%owas found in the 300°C experi-
ments (Kiyosu [27]).

The range of changes for S-isotope composition in these experiments is
somewhat surprising. The sulfur isotope composition of the sulfate (original
value of —4.4%q) becomes considerably heavier (+11.0%o) while the sulfur iso-
topic composition of the H,S produced in the early part of the reaction was
—14.2%o, and declined to about —5%. at the end of the reaction. The effect of
temperature on the sulfur isotope composition is probably connected to conver-
sion, but it is not possible from the published data to estimate mass- or isotopic
balances for Kiyosu’s experiments. Furthermore, during these reactions, other
species of sulfur are created and Kiyosu speculates that these may be sulfur-
containing organics.

As was discussed earlier, Kaiser [9] showed that more than half of the re-
duced sulfur in the reaction appears as an ‘organic char’, and that this residual
polymer contained up to 14% of the total sulfur of the reaction. Kaiser claims
that ‘although sulfate reduction by dextrose to sulfide is a complex reaction, iso-
topic mass balance considerations suggest that isotope transfer may be approxi-
mated as a single-step reduction’. Isotopically the 6"°S values observed for the
sulfur-containing organics are much closer to those of the H,S than to the origi-
nal SO~ or the residual sulfate (which becomes even heavier).

In these 200-250°C experiments on the reduction of sulfuric acid, sodium
bisulfate, and sodium sulfate by dextrose, Kiyosu [27] found that the ‘reduction’
of sulfate results in an enrichment of **S in the hydrogen sulfide formed. This
in turn leaves the residual sulfate enriched in **S. The isotopic fractionation fac-
tor (a) in the reduction was found to be independent of temperature.

The spread in sulfur isotope ratios in products from these experiments is
somewhat surprising. The sulfate value (—4.4%. at the start of the reaction) in-
creases to +11.0%., while the initially produced H,S has a value of —14.2%.,
which decreases to —6 to —4.7%. at the end of the reaction. The effect of tem-
perature on the sulfur isotope compositions is probably related to conversion,
but because it is not possible to determine mass- and isotopic-balances for Ki-
yosu’s experiments from the published data, the detailed nature of the effect
cannot be determined unambiguously. Kiyosu [27] also notes that organic sulfur
compounds are also formed in these experiments.

Another attempt to follow 8**S in a thermochemical sulfate reduction reac-
tion with acetic acid was undertaken by Kiyosu et al. {S1]. These authors fol-
lowed the course of the reaction by monitoring sulfate depletion. In this study a
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temperature-dependent kinetic isotope effect was observed for the reaction. For
the 240°C experiment, the fractionation factor (a) was found to be 1.0084 and,
at 340°C, a = 1.0046. The authors claim that kinetic isotopic effects recorded
in this set of experiments coincide well with previous results obtained under
very different reducing conditions. Therefore, it was suggested that during abio-
genic reduction of sulfate under hydrothermal conditions, the sulfur kinetic-iso-
topic effect is independent of the reducing agent. It was further suggested that
the sulfate-to-sulfite transformation is the reaction step that determines the sul-
fur isotopic fraction in the overall reaction. It should be noted, that even under
steady-stage TSR reaction conditions, it was not possible to detect sulfite in
either the dextrose or in the acetic acid experiments.

Because there are many processes that can result in the release of CO; from
organic compounds, the influence of sulfate reduction by organic matter on the
isotope distribution of the carbon (8°C) is very complex. This problem be-
comes even more difficult to solve if actual geological conditions are consid-
ered. For example, changes in pH of the water in contact with some sediments
can release CO; from carbonates or cause precipitation. Moreover, under depo-
sitional conditions and even during early diagenesis sulfate-reducing bacteria
can form CO; by oxidation of organic matter, while other bacteria may utilize
the CO; in the further synthesis of metabolic organic compounds.

Despite all of these conflicting processes Kiyosu et al. [7] investigated the
possibility of carbon isotope fractionation during the thermochemical reduction
of sulfate. It was suggested that sulfate reduction by light hydrocarbon gases
(C1—Cy) in reservoirs might show such carbon isotope fractionation. Only sul-
fate reduction was monitored in experiments conducted at high temperature
(>600°C) and under flow-through conditions in open systems. The 600—-800°C
experiments were carried out using a CaSO4/Fe;O; mixture, and the 800-930°C
experiments using CaSO,4. However, the data given for the oxidation of C;—C;
gases to CO; are from experiments carried out at 280-450°C, using CuO as oxi-
dant under closed vessel conditions. It is noteworthy that at about 300°C and af-
ter 48 h, 12.2%o of the initial methane (8"°C = -34.5%) was oxidized to CO,,
with a -52% isotope ratio, leaving the 87.8 % methane with —32.6%.. At higher
temperatures and at higher conversions, the ACH; —CO; isotopic discrimina-
tion is much smaller. The same sort of isotopic discrimination was observed in
reactions of ethane and propane, but to a lesser extent.

In conclusion, Kiyosu e al. [7] agree that ‘in situ reaction may not be sim-
ply sulfate reduction by organic matter, since reduction by H,S may play a
dominant role’. However, the formation of ’C-enriched carbon dioxide and re-
sidual heavier C;~C; hydrocarbon gases is obtained by oxidation at tempera-
tures below 400°C. This consideration is important for 8”°C analysis of gases by
mass spectrometry.
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Compared to the filed of carbon isotope geochemistry of petroleum genera-
tion, the carbon and sulfur isotope chemistry of TSR reactions is both complex
and poorly understood at present. The operation of sulfur isotope exchange re-
actions between sulfate and lower oxidation state sulfur species is unquestion-
ably a major contribution factor to the complexity of the system. Such exchange
reactions are expected to readily occur within the dynamic network of inorganic
catanated sulfur compounds that can exist in sediments. Microbiological proc-
esses may also alter the isotopic composition of the sulfur catanated species.
For these reasons, we believe further research regarding sulfur and carbon iso-
tope geochemistry in TSR reactions is needed. Such research could lead to im-
provements in predictive geochemistry based on isotope analysis.

Geochemical considerations

The relative importance of bacterial, compared to chemical sulfate reduction
in the geosphere has been debated in the literature for almost 100 years. Hunt
[52] discussed the potential involvement of these processes in the formation of
the major deposits of elemental sulfur in Sicily, and Rogers [53] studied the de-
pletion of sulfate with depth in waters in contact with petroleum. These studies,
and early publications on the microbiology of sulfate-reducing bacteria (e.g.,
Beijerinck [54]) were discussed by Ginter [21].

Peck et al. [55] have discussed the biochemistry of microbial sulfate reduc-
tion, and the bioenergetics of dissimilatory sulfate reduction in Desulfovibrio
vulgaris is shown schematically in Fig. 8. There in no doubt that under ‘nor-
mal’ deposition environments and during diagenesis, where bacterial activity
might compete with the possible chemical reduction of sulfate (less than Ca.
100°C), the microbial processes dominate. However, there is no clear geo-
chemical evidence for the existence of a higher-temperature chemical reduction
by organic matter under oil field reaction conditions.

Barton [56] suggested that the chemical reduction of sulfate to H,S by meth-
ane or other associated organic matter might account for the formation of Mis-
sissippi Valley type lead-zinc ores. The inorganic reduction of sulfate from sea
waters under hydrothermal conditions at 250-350°C was shown to provide a
possible mechanism for the formation of metal sulfides (Shanks ef al. [S7] and
Mottl et al. [58]). The possible role of thiosulfate in the formation of barite in
these deposits has been discussed by Spirakis [59]. Leventhal [60] recently re-
investigated the possible role of organic matter in the formation of the Missis-
sippi Valley type Pb-Zn deposits. The fact that ‘petroleum-like’ material is
commonly associated with these Pb-Zn deposits suggested that oil-derived or-
ganic matter might serve as the reducing agent for these ores, but no direct
proof for this idea was offered. Leventhal [60] has reviewed the literature deal-
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Fig. 8 Proposed bioenergetics of dissimilatory sulfate reduction in Desulfovibrio vulgaris

ing with the origin of these ores and ores at other locations where the organic
matter was considered to be the reductant of sulfate to provide hydrogen sulfide
for the concentration of heavy metal-sulfides.

Sassen [61] studied the Smackover Formation crude oils as well as the lower
section source faces using various oil source rock correlation parameters. He
concluded that thermochemical sulfate reduction and crude oil destruction oc-
curred over a long span of geologic time at temperatures in the 120-150°C
range, based on studies of maturation trends and of the occurrence of H;S and
hydrocarbon gases. A slow thermal cracking of petroleum in reservoirs was said
to form both gas-condensate and pyrobitumen. The end products of this proc-
ess, pyrobitumen, methane, H,S and other non-hydrocarbon gases, persist in
the deepest Smackover reservoirs. Examination of the carbon isotopes of the as-
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phaltenes and NSO-compounds, as well as the hydrocarbons in the thermally al-
tered bitumen, shows that great differences appear at higher levels of matura-
tion that correspond to oil destruction. The overall picture of the “C values
presented in this paper is somewhat confusing. There is no marked Stahl-Gali-
mov relation for these samples that should exhibit an increase in '°C in the pro-
gression: asphaltenes, NSO compounds, aromatics, saturates. Moreover, a
lighter carbon isotope signature was found for organic matter extracted from
sediments at the same maturation level as the associated oils (Sassen [61]). The
fact that, in addition to the H,S, many of the samples had elemental sulfur as-
sociated with the pyrobitumen and anhydrite, prompted Sassen to suggest that
sulfur might have reacted with the crude oil. The generalized diagram (Fig. 9)
for these transformations suggests that bitumen converts to pyrobitumen and
CHa4 at a vitrinite reflectance (Ro) value of about 1.7%, while the sulfate reduc-
tion stage begins at a vitrinite reflectance value of about 1%.

Based on the flux of H,S from the reservoirs, Wade et al. [62] cite the prob-
ability that thermochemical sulfate reduction occurred in the Eastern Smack-
over Trend. These authors estimated the rate of methane destruction in the
reservoirs from their H,S concentration. From the economic stand-point, infor-
mation relating to the possible occurrence of TSR derive H»S can be important
in E & P considerations for deep carbonate reservoirs similar to those of the
Smackover.

Heydari and Moore [63] also adopt the sulfate reduction mechanism for the
Smackover Formation. The ‘burial diagenesis’ is divided into two stages: pre-
hydrocarbons migration and post-hydrocarbon migration. These two stages are
marked by oxygen isotope change. The sulfur isotope 8°*S values for the late an-
hydrite is +18 to +19%. and reflects ‘normal’ sea water sulfate. On the other
hand the 3**S values for the elemental sulfur appears to be + 16 to +0.3%e, and
the carbonates replacing anhydrite exhibit a 8"°C range of —3 to —4%.. These
data are interpreted as resulting from a rapid thermochemical reduction of solid
sulfates by the organic matter at temperatures less than 150°C.

Orr [4] was the first to examine the geochemical implications of sulfur con-
tent and sulfur-isotope ratios in a study of the Big Horn Basin (Wyoming USA).
In this study, sets of oils and related gases were examined. Based on some as-
sumptions, Orr concluded that at temperatures of 80—120°C sulfate in the res-
ervoir water was reduced to form hydrogen sulfide, and that this reaction
occurred without isotopic fractionation. The fact that the **S values found in the
oil, H»S, and in dissolved sulfate were observed to converge with increasing
maturation, was said to result from thermal equilibration. The mechanisms pro-
posed for these reactions are discussed elsewhere above.

Krouse et al. [64] claim to have chemical and isotopic evidence of thermo-
chemical suifate reduction (TSR) by light hydrocarbon gases in deep carbonate
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reservoirs. They discuss the fact that gas and oil fields exhibit H,S as free gas
or as gas dissolved in the formation waters in concentrations from traces up to
90% of the total gases. The very high concentrations usually occur in deep car-
bonate reservoirs. Krouse et al. [64] argue the point that they found subsurface
environments where chemical evidence and carbon isotopes indicate TSR below
200°C where the substrate are light hydrocarbon gases. They argue that if sul-
fate is reduced by the C,—Cs gases by forming CO; and H,S, then the number
of moles of hydrocarbons oxidized should correspond to the amount of CO; and
H,S formed. However, other sources and sinks of CO, must also be considered.
In most of the cases studied, with increasing mole % H,S and CO; in the gas
phase there is an increasing domination of methane in the C,—C,4 gases (> 96 %).

Two remarks should be made here: 1) biogenic processes would have
yielded the same overall results, and 2) the formation of H,S by any other pro-
cess would cause a change in pH leading to removal of CO; from carbonates.
However, 8*‘S and 8'°0 of the anhydrite close to the section said to have under-
gone thermochemical sulfate reduction are found to have values similar to those
of anhydrite formed by ‘normal precipitation’ from sea water, while the H»S is
isotopically light (6**S = —7%s). This result is interpreted as being due to a ki-
netic isotope effect during thermochemical sulfate reduction.

Krouse et al. [64] considered the 8"°C values of the residual gases and CO,
to be the most compelling evidence for the operation of thermochemical sulfate re-
duction. While the observed 8"*C values for methane are about —40 to —38%.,
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the values for ethane and propane appear to become heavier with increased CO,
production, while CO, becomes '>C-enriched (Fig. 10). However, examination
of Fig. 10 will show that there is no evidence for a well defined trend in §C
values with depth. On the other hand, it is obvious that while all of the dolomi-
tic carbon is derived from ‘normal’ sea water CO;, some of the carbon in calcite
samples shows 8"C values of —29%. (which could come from the oxidation of
organic matter).
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Fig. 10a Values of 8"*C for methane (open circles), ethane (filled triangles), propane (dia-
monds) and carbon dioxide (filled circles) gases produced from ten different De-
voni.a stratigraphic unites in the Alberta Basin are plotted against depth. Values for
samples from the Crossfield Member at Limestone and Burnt Timber Fields are in
the box outlined on the right-hand side (depth greater than 3.500 m). Ethane and
propane values are anomalously heavy by ~10%o, as compared with other Devonian
gases reflecting their participation in TSR. Methane values are in the upper range of
Devonian values, whereas carbon dioxide values are among the most negative values
encountered in the Devonian. The data at depths < 3500 m are from Krouse

In many sedimentary environments, the oxidation of organic matter can oc-
cur by both bacterial and thermochemical sulfate reduction. There is abundant
evidence to show that only the enzyme catalyzed biochemical reaction is impor-
tant at temperatures below about 100°C, and that these reactions essentially
cease at temperatures above 115°C. As we have pointed out, the existence in
sediments of a low energy pathway for thermochemical sulfate reduction can ac-
count for TSR reactions under geologic reaction conditions that were difficult
to account for by the energetically demanding direct reduction of sulfate. But
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further research is necessary to better define the kinetic and thermodynamic
features of these reactions in order to extend our knowledge to thermochemical
sulfate reduction processes in oil field sediments at temperatures of economic
importance (e.g. 120-250°C).

The ability to better predict the occurrence of TSR reactions in petroleum
deposits can be of considerable significance for E & P decision making. The
operation of such reactions in petroleum reservoirs acts ultimately to produce
H>S and CO, at the expense of valuable hydrocarbons.Some ‘NSO’ type com-
pounds may also be formed from hydrocarbons in the process, further reducing
the value of the resource. On a more positive note however, it is believed that
acidic products form the reaction (e.g. organic acids, H,S or CO») should act to
solubilize minerals or otherwise improve reservoir porosity in some sedimen-
tary settings.
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Fig. 10b Values of §"°C for methane, propane and carbon dioxide gases from the Mississippian
Turner Valley Formation, Devonian Crossfield Member and Devonian Leduc Forma-
tion plotted against the extent of (TSR) reaction parameter. The diagram shows the in-
verse relation between 8'°C of CO; and that of other gases, particularly ethane and
propane. This is interpreted, along with the anomalous composition of these gases
with respect to other Devonian gases (shown in Fig. 5), as evidence that natural gases
presently in the reservoirs have served as reactants in the thermochemical reduction of
sulphate. Values of 8'°C for reservoir dolomite and calcite are shown on the right-hand
side. The negative values for calcite reflect substantial incorporation of organic carbon
from the isotopically light gas, whereas the more positive values reflect various mix-
tures of organic carbon and carbon (with near 0% composition) released by the dis-
solution of dolomite
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Both bacterial and thermochemical sulfate reduction reactions have been
considered as the major source of hydrogen sulfide responsible for the forma-
tion of some types of ore deposits (e.g. Mississippi Valley type lead —zinc ores
and some Texas and Canadian uranium ores).

Additionally, TSR derived hydrogen sulfide (from underlying oil or gas de-
posits) is thought to reduce water soluble uranium salts to insoluble minerals in
some sediments. Thus, information concerning TSR activity might provide ex-
ploration clues for the location of novel ore deposits. The ability to distinguish
clearly between a bacterial and thermochemical source of hydrogen sulfide,
would greatly aid in exploration considerations for such deposits.

Summary and conclusions

The present review covers relevant information on TSR through 1991. Infor-
mation on bacterial sulfate reduction (BSR) that is relevant to TSR reactions in
oil field sediments is also covered. The authors sought, not only to report and
survey the previously published data, but to achieve a better understanding of
the temperatures range in which TSR can be geochemically considered as sig-
nificant. An attempt was made to design a better mechanistic approach to the
correlation between type of organic matter, which is proposed to be oxidized,
it's oxidation products and reduction steps from S$** to S Thermodynamic
considerations show that direct reduction of sulfate by most organic molecules
is favorable at temperatures above 20°C. However, this reaction is not consid-
ered to be kinetically important in most oil field sediments because of the very
high activation energy of the one-step reduction process. Under laboratory con-
ditions the direct reduction of sulfate by hydrocarbons, particularly methane,
does not proceed at measurable rates below 500°C. On the other hand, a num-
ber of ‘activated’ organic model compounds have been shown to reduce sulfur
species with valence states intermediate between sulfate (S°*) and sulfide (§%),
at temperatures above about 175°C. The nature of the active sulfur species re-
sponsible for the oxidation of organic matter in TSR reactions has been the sub-
ject of much speculation. We review the various approaches: e.g. elemental
(Ss), S:037,H,S, H,S-SOF mixtures, polysulfides, etc. Our conclusion, based
on various parameters, is that polysulfides are the most active species for TSR.

Prior to the present review a four step mechanism for the reduction of $°* to
S, involving 2-electron reactions for each stage, was stipulated. This was pro-
posed as an alternative, low activation energy pathway to the kinetically — im-
probable one step reaction. In this review we prefer a multi-step mechanism of
the type proposed for the oxidation of polysulfides to sulfate (e.g. Williamson
and Rimsted [15]). This mechanism involves sulfur species of redox state inter-
mediate between sulfate and sulfide that can be formed via a network of reac-
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tions that initially involve the reaction of hydrogen sulfide with sulfate. Polysul-
fides ("S-Sx—S"), thiosulfates ("S—SO; ), dithionites ("O,S-SO3 ), and dithion-
ates (TO3S-SO; ) are some of the possible species that might exist in this
network of reaction intermediates. Polythiosulfates ("S-S.—SO; ), and
polythionates ("S-S,—SO;) can also be formed from intermediates in this reac-
tion network. These various catanated sulfur compounds possess nominal oxi-
dation states intermediate between sulfate and sulfide, hence, redox
transformations between these species have low activation energies. Since the
energy required to cleave a sulfur-sulfur bond decreases as the number of sulfur
atoms in the polysulfide chain increases, the formation of thiyl radicals from
polysulfides will occur under milder reaction conditions than that required for
the formation of radicals from thiol, sulfide, or disulfide bonds. Thus, the oxi-
dation of hydrocarbons by abstraction of hydrogen by thiyl radicals derived
from polysulfides will proceed with lower activation energy than hydrogen ab-
straction by radicals that must be formed from disulfides or thiols. Likewise,
the “stepwise conversion’ of sulfate to polysulfides could provide a TSR-active
oxidant capable of reacting with organic compounds under relatively mild con-
ditions that exist in many oil field sediments. The fact that isotope exchange be-
tween HS™ and SO} is H dependent, and that at much lower temperatures the
formation of polysulfides facilitates the same exchange with much lower activa-
tion energy, supports the concept that thermochemical sulfate reduction could
start at lower temperatures than 175°C. However, suitable (i.e. reactive) organic
substrates must be available for TSR reactions to proceed at meaningful rates at
the lower temperatures. Future work on TSR-active sulfur species and on TSR
susceptible organic molecules is needed to define in which geochemical condi-
tions TSR will dominate.
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Zusammenfassung — Die hohe Konzentration von Schwefelwasserstoff, die man in zahlreichen
Ol- und Gasfeldern findet, wird der Oxidation von Petrol-Kohlenwasserstoffen durch Sulfat zu-
geschnieben, einer Reaktion, die den Wert der Vorkommen reduziert. Vorliegender Riickblick,
der einem besseren Verstindnis der Geochemie von TSR-Reaktionen in Olfeldsedimenten dienen
soll, umfaBt die relevanten Informationen von thermochemischen Sulfatreduktionen (TSR) bis
zum Jahre 1991. Es wird ein Uberblick iiber theoretische und praktische Aspekte von TSR-Re-
aktionen (einschlieflich der Untersuchungen von Schwefel- und Kohlenstoffisotope) gegeben und
ihre Bedeutung fiir geochemische Systeme diskutiert. Dieser Uberblick stimmt mit vorangehen-
den Uberlegungen dahingehend iiberein, daB die biochemische Reduktion von Sulfaten in sedi-
mentirer Umgebung unter 120°C dominiert und die Moglichkeit unterstiitzt, daB reaktions-
freudige Schwefelverbindungen bestimmte organische Molekiile oberhalb 175°C in geochemisch
sinnvollen Reaktionszeiten in betrichtlichem AusmaBe oxidieren. Es wurde geschluifolgert, daf
sowohl elementarer Schwefel als auch Polysulfide unter typischen Petrollagerstittenbedingungen
in der Lage sind, einige organische Molekiile zu oxidieren, dafl aber Sulfat allein nicht reagiert,
solange kein Schwefel mit niedrigerer Oxidationsstufe vorhanden ist. Es wird die Maglichkeit ei-
ner Wechselwirkung zwischen niedervalentem Schwefel und Sulfat gepriift, die zur Bildung TSR-
aktiver Oxidantien fihrt. In TSR-Systemen ist sowohl die Gegenwart von H,S als auch von SO4*
ist fiir die Bildung aktiver Polysulfid-Reduktionsmittel (z.B. Thiosulfat oder Polythionat) erfor-
derlich. Derartige Zwischenprodukte kénnen iber die thermische Generierung von Schwefelra-
dikalen, die in zahlreichen Olfeldsedimenten als TSR-aktive Oxidantien fungieren kdnnen, zu
einer Herabsetzung der resultierenden Aktivierungsenergie der Oxidation von Kohlenwasserstof-
fen durch Sulfat fithren. Es wird darauf hingedeutet, dal einige fiir TSR vorgeschlagene chemi-
sche Mechanismen experimentell Gberpriift und die Ergebnisse im Hinblick auf TSR-Reaktionen
in geologischen Systemen neu interpretiert werden sollten.

J. Thermal Anal., 42, 1994



