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ABSTRACT

A novel hydrogeochemical modeling approach is developed to
unravel thermochemical sulfate reduction (TSR) in hydrocarbon
reservoirs. Our numerical model couples a web of interconnected
hydrogeochemical reactions to three-dimensional (3-D) and
reservoir-wide diffusive mass transport. Our modeling approach
simulates a semigeneric gas reservoir sealed by anhydrite. The
calculated diagenetic processes fit the observations in reservoirs
affected byTSR: formation of water, precipitation of calcite,metal
(di-)sulfides, and elemental sulfur as replacements of dissolved
anhydrite at the expense of CH4(g), as well as formation of hy-
drogen sulfide (H2S). By varying input parameters, the crucial
factors controlling TSR have been identified. Our results highlight
that reservoir-wide diffusive mass transport is one prerequisite for
TSR. An increase in the rate constant of abiotic sulfate reduction
(ASR) and in diffusive mass fluxes, as well as lack of precursor
minerals for metal (di-)sulfide precipitation, can increase the
souring intensity and accelerate H2S outgassing. In contrast,
precipitation of elemental sulfur, which is stable according to the
chemical thermodynamics, weakens H2S formation. Our mod-
eling shows that TSR is complex and cannot be represented by the
single reaction ASR and by simple correlations between the rate
constant of ASR and the H2S gas content. The application of 3-D
reactive transport modeling presented here, despite its semi-
generic nature, provides a good example of how such an approach
can be used ahead of drilling. Our modeling helps to investigate
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TSR in time and space to quantify the mass conversion of all
reactants involvedwithin this web and to predict the souring level.

BACKGROUND AND AIMS

Hydrogen sulfide (H2S) is toxic and corrosive and lowers gas
and oil value. Many studies have demonstrated that thermo-
chemical sulfate reduction (TSR) is one of the most important
mechanisms responsible for the substantial quantities of H2S
observed in many petroleum reservoirs deeply buried (Nöth,
1997; Machel 2001; Cross et al., 2004). Future production
from deeper reservoirs exposed to higher temperature and
pressure conditions will face more aggressive corrosion envi-
ronments and will inevitably increase risks and costs resulting
from reservoir souring by H2S; TSR evolves as a web of in-
terlocked processes. In addition to reservoir souring by H2S,
TSR induces strong alterations of reservoir rocks and, con-
sequently, changes in porosity and permeability under high-
temperature conditions of more than ~100°C (212°F) (Nöth,
1997; Machel, 2001). The temporal and spatial evolution of
H2S formation, fate, and behavior, as well as the alteration of
reservoir rock properties all triggered by TSR, are of great
relevance for petroleum reservoirs. Therefore, several previous
studies investigated TSR and its consequences from various
perspectives.

Several publications aiming at studying TSR and its interre-
lated diagenetic processes are based on petrographic and geo-
chemical data, on gas composition, and on stable isotope ratios of
gas compounds or of formation water in reservoirs that were
strongly affected by TSR, for instance, in the Khuff Formation of
Abu Dhabi, United Arab Emirates (e.g., Videtich, 1994; Worden
and Smalley, 1996; Worden et al., 1996). Bacteria-mediated
sulfate reduction is geologically instantaneous (Machel, 2001).
In contrast, high-temperature sulfate reduction by petroleum-
derived reductants is an abiotic, kinetically controlled processwith
a relatively low rate but with a strong mass conversion at the
geological time scale (Machel, 2001). Several studies used labo-
ratory experiments to determine the kinetic rate of abiotic sulfate
reduction (ASR) by typical aqueous petroleum components at
elevated temperatures to extrapolate this rate back to realistic
reservoir conditions (e.g., Cross et al., 2004; Yue et al., 2006).
However, these studies actually focused only on the chemical re-
action between sulfate ions and petroleum components dissolved
in aqueous solutions. This abiotic reduction reaction is defined as
ASR in our study. Compared with ASR, the term TSR in our study
refers to a web that couples petroleum–water–rock–gas reactions
triggered by kinetically controlled ASR with diffusive mass transport
(Figure 1). This term includes one kinetic reaction—ASR at elevated
temperatures—and other hydrogeochemical equilibrium reactions
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that are induced by ASR, such as anhydrite dissolution,
and formation of calcite and gaseous H2S (H2S(g))
(Figure 1).

Besides temperature, several other factors could
affect the activation energy of sulfate reduction by
aqueous hydrocarbon components, lower the onset
temperature of ASR, and increase the reactivity of
aqueous species (see section titled Kinetic Aspects
of Abiotic Sulfate Reduction). Reservoir wettability,
which has been almost ignored in TSR studies, may
have profound effects on both the onset temperature
and the kinetic rate of ASR (Machel, 2001). Mougin
et al. (2007) calculated the minimized Gibbs energy
for a chemical system composed of hydrocarbons,
anhydrite, liquid elemental sulfur, and water. Their
results reveal that ASR can be regarded as an irre-
versible thermodynamic process ranging from 20°C
to 240°C (68°F to 464°F). Bildstein et al. (2001)
presented a shrinking core batch model to simulate
TSR at the surface of anhydrite nodules. At the grain
scale, anhydrite continues to dissolve when sulfate
ions near the anhydrite surface are transported by
diffusion to the site of TSR and when they are con-
sumed by the redox reaction with hydrocarbons.
Accordingly, the mass conversion of anhydrite dis-
solution is also time dependent. Thus, Bildstein et al.
(2001) characterized anhydrite dissolution with a rate
that is controlled by diffusion. Their results suggest
that the overall TSR rate (at the centimeter scale
around the anhydrite nodules) also depends on this
rate in addition to the rate of the redox reaction

between aqueous sulfate and petroleum species.
Based on their approach at a small scale, Bildstein
et al. (2001) hypothesized that the TSRreactionzone
at the reservoir scale may be restricted to the sectors
where the reactants of TSR are simultaneously present.
Therefore, reactive mass transport modeling is the
prerequisite for correctly investigating TSR and its
consequences at the reservoir scale.

The study presented here describes the develop-
ment of a three-dimensional (3-D) hydrogeochemical
reactive mass transport (HRMT)model for simulating
chemical reactions resulting from TSR at the reservoir
scale. The generation of H2S resulting from secondary
cracking of oil is excluded from our study. Our model
is based on the thermodynamics of chemical equili-
brium of water–rock–gas interactions, except for sul-
fate reduction by aqueous hydrocarbons, which is
considered as an irreversible, kinetically controlled
reaction. It is not our aim to reproduce TSR in a real
petroleum reservoir. Our study considers a semi-
generic dolomite reservoir under initial conditions that
are clearly defined.We therefore aim to investigate the
basic mechanisms of TSR in an integrated way over
geological times at the reservoir scale with regard to
various aspects: (1) qualitatively, i.e., which minerals
dissolve or newly form because of TSR; (2) quanti-
tatively, i.e., which factors control the concentration
of H2S in a multicomponent gas and the overall
TSR rate (approximately quantified by the maximum
amount of dissolved anhydrite during a given time
span); (3) temporally, i.e., which factors affect the

Figure 1. Selected reactions
(from 60 reactions, in total) and
processes coupled to thermo-
chemical sulfate reduction (TSR)
in a gas reservoir. Single arrow =
time-dependent, kinetic-controlled
reactions; double arrow =
equilibrium reactions; gray
triangles = time-dependent
diffusive transport of aqueous
components selected; blue = re-
actants of TSR; and red = products
of TSR.

FU ET AL. 845



temporal development of H2S gas formation; and
(4) spatially, i.e., where is the TSR hot spot in a
reservoir?

REVIEW OF THERMOCHEMICAL SULFATE
REDUCTION

In petroleum systems, TSR is a complex process that
is controlled by the interplay of burial history, hydro-
carbon filling history, reservoir mineralogy, formation
water composition, and types of accumulated hy-
drocarbons. Although the typical products of TSR
have been observed in geological settings with a
temperature higher than 100°C (212°F), the actual
onset temperature of ASR is still a matter of debate
(Machel, 2001). In the temperature range of 100°C-
140°C (212°F–284°F), ASRmaybe activated because
the minimum temperature of ASR is governed by
several factors (Machel, 2001). Petroleum-derived
organic components (e.g., aqueous n-alkanes) act as
the electron donors for ASR and react with acid- and
redox-buffering minerals in reservoir rocks and in
the sealing anhydrite to finally generate H2S via
sulfate reduction. These thereby triggered and in-
terconnected hydrogeochemical reactions among
aqueous, solid, and gaseous species lead to a com-
positional alteration of the reservoir rock mineral as-
semblage and the coexisting hydrocarbon-dominated
gas. Such an alteration could cause a deterioration
of reservoir properties besides petroleum souring
by H2S.

Complex Web of Reactions Contributing to
Thermochemical Sulfate Reduction

The kinetically controlled sulfate reduction by aqueous
n-alkanes triggers further hydrogeochemical reactions
(Figure 1) to establish a thermodynamically defined
state of chemical equilibrium (Helgeson et al., 1993;
Seewald, 2003; Mougin et al., 2007; van Berk et al.,
2009, 2013). Regarding the thermodynamic stability
of the components involved in TSR, the results cal-
culated by Mougin et al. (2007) are consistent with
the main observations in reservoirs undergoing TSR,
for example, Nisku Formation, Khuff Formation,
Smackover Formation, and Sichuan Basin (Table 1).
Consumption of anhydrite and hydrocarbons

simultaneously occurs with new formation of ele-
mental sulfur (S(0)) and calcite. Additionally, metal
sulfides or disulfides (e.g., marcasite, pyrite, sphal-
erite, and galena) can form because of TSR
(Table 1). As a result of mineral precipitation, TSR
could lead to changes in porosity and consequently in
permeability (Nöth, 1997). Investigations on core
samples taken from the Feixianguan Formation lo-
cated in the Sichuan Basin show that the reservoir
rocks suffered porosity loss, which results from bi-
tumen generation and precipitation of calcite and
pyrite induced by TSR (Hao et al., 2015). As another
reduced sulfur form, H2S is distributed within the
whole system as an aqueous species (H2S(aq)) or as
an important component of the coexisting gas
(H2S(g)). The concentration of aqueous S(-II) spe-
cies (S(-II)(aq)) in formation water may reach up to
3 g kgw-1 (Table 1), and the total concentration of
dissolved sulfur species (S(-II) + sulfate) may in-
crease up to approximately 0.51 mol L-1 (at a
temperature <200°C [392°F]) in sour petroleum sys-
tems (Goldhaber and Orr, 1995). The H2S content in
the gas phase significantly varies over a broad range
from several percent to 78 mol % (Table 1). The ex-
tremely high H2S amount in the gas indicates that H2S
in sour gas reservoirs may have more than one origin,
for example, thermal cracking of liquid hydrocarbon in
the Smackover Formation (Heydari, 1997). Several
studies used one chemical reaction related to ASR and
suggested water as a by-product of TSR (e.g., Mougin
et al., 2007). However, water formation resulting from
TSR was not commonly proven except for a few case
studies that provided clear evidence of water formation
with measurable amounts (the Khuff Formation, a
Devonian sour gas reservoir [nonspecified], and the
Feixianguan Formation from the Sichuan Basin)
(Machel, 2001; Jiang et al. 2015) (Table 1).

Further geochemical reactions are also induced
by ASR in the TSR web, although no sulfur is in-
volved in several of them (Figure 1). It drives anhy-
drite dissolution and oxidizes petroleum components
to carbonate carbon species (H2CO3(aq), HCO3

-
(aq),

andCO3
2-

(aq); Figure 1). This increases the activity of
free Ca2+(aq) and CO3

2-
(aq) ions and could con-

sequently result in calcite precipitation. This process
has been observed in sour petroleum reservoirs, such
as the Khuff Formation, where anhydrite nodules
altered to calcite at their margins (Worden et al.,
1996). The pH and redox conditions governed by the
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total mass conversion of all interconnected reactions
within the TSR web adjust the species distribution of
sulfur. In other words, these conditions determine
whether elemental sulfur S(0), metal sulfides, or di-
sulfides are precipitated and whether H2S becomes a
free gas component under specific temperature and
pressure conditions. Primary minerals containing metal
cations are the precursors for metal (di-)sulfides that
possibly form.

Kinetic Aspects of Abiotic Sulfate Reduction

The TSR proceeds very slowly, and typical sour gas
reservoirs may have formed during a time span from
10 k.y. up to 10 m.y. (Goldhaber and Orr, 1995;
Machel, 2001). High-temperature ASR is a sluggish
reaction caused by high activation energy barriers
(Seewald, 2003; Yue et al., 2006). Reservoir tem-
perature is commonly regarded as one of the most
important factors for ASR. It affects the kinetic rate,
whereas ASR may even be inhibited at temperatures
lower than 100°C (212°F) (Machel, 2001). The

experimental results show that an increasing temper-
ature accelerates ASR (e.g., Cross et al., 2004; Yue
et al., 2006). Because ASR is a complex process, other
parameters are still matters of debate; ASR was sug-
gested as a first-order kinetic reaction (e.g., Cross et al.,
2004), although several experimental results point to a
zero-order reaction (e.g., Yue et al., 2006). Besides
temperature, the kinetic rate of ASR depends onmany
factors. One of them is the hydrocarbon type, which
can even affect the onset temperature (Zhang et al.,
2007). Mougin et al. (2007) stated that saturated hy-
drocarbons with higher molecular weights have more
thermodynamical preference tobe involved inASRand
TSR. Their statement agrees well with the findings
fromYue et al. (2006) thatASRwithC3H8(aq) needs a
lower activation energy compared with aqueous CH4

and C2H6. Sulfate reduction by C2H6 and C3H8

proceeds much faster with a half-life of approx-
imately 106 and 105 yr, respectively, when com-
pared with CH4 with a half-life in the order of
magnitude of 108 yr (at 150°C [302°F]) (Yue et al.,
2006). Laboratory experiments using acetic acid and

Table 1. Main Signals from Selected Thermochemical Sulfate Reduction Case Studies

Reservoir or Field
Temperature

Range

Products of TSR*

Reference
Newly Formed

Minerals

Total
Concentration
of S(-II) Species

H2S Gas
(mol %) Water

Nisku Formation
(Devonian; western
Canada)

125°C–145°C
(257°F–293°F)

Calcite, marcasite,
pyrite, galena,
sphalerite, elemental
sulfur

Several
percent
to 31%

Riciputi et al. (1996),
Manzano et al. (1997),
Machel (2001)

Smackover
Formation (Jurassic;
United States)

120°C–150°C
(248°F–302°F)

Calcite, elemental
sulfur

Up to
78%

Heydari (1997),
Machel (2001)

Khuff Formation
(Permian; Abu Dhabi)

140°C
(284°F)

Calcite, elemental
sulfur, pyrite,
sphalerite,
galena

Several
percent
to 60%

x† Worden et al. (1996,
1997), Jenden et al.
(2015)

Various carbonate
reservoirs from the
Sichuan Basin (Triassic;
southwestern China)

>130°C
(266°F)

Calcite, elemental
sulfur, pyrite

500-3000 ppm Mostly 5%,
up to 30%

x Cai et al. (2003, 2004),
Hao et al. (2015),
Jiang et al. (2015)

Blanks indicate that no data are available.
Abbreviation: TSR = thermochemical sulfate reduction.
*For comparison with modeled data, see Table 3.
†Water was proven as one product of TSR.

FU ET AL. 847



acetate as the electron donor for ASR show that the
half-life of sulfate ranges from 23 to 372,000 yr at
100°C–200°C (212°F–392°F) (Cross et al., 2004).
The intermediates of oil degradation (e.g., alkanols
and alkenone) (Seewald, 2003) by the stepwise
oxidation of aqueous n-alkanes are also known as
reductants for sulfate reduction (Zhang et al.,
2007). A higher reactivity is shown by 1-octene,
1-octanol, and 1-octanone when compared with
n-octane, octanoic acid, and xylene regarding ASR
(Zhang et al., 2007).

The presence of labile organic sulfur compounds,
S(0)(s or l), and H2S(g), as well as the partial pressure
of H2S(g) (pH2S(g)) have significant effects on ASR
(Amrani et al., 2008; Ma et al., 2008; Zhang et al.,
2008). Different levels of pH2S(g) correspondingly
characterize aqueous solutions with different pH
caused by H2S gas dissolution and the subsequently
coupled dissociation of H2S(aq) species to HS-(aq),
S2-(aq), and H+

(aq). Several experimental results
suggested pH or HSO4

- concentrations as two im-
portant factors controlling ASR (Zhang et al., 2008).
However, Cross et al. (2004) stated that the ASR rate
is independent of pH of formation water. Specific
compositions of aqueous solutions (Tang et al.,
2005) and MgSO4

0
(aq) ion pairs (Ellis et al., 2006),

which form via equilibrium reactions between free
Mg2+ and SO4

2- ions, can also affect the kinetic rate
of ASR. Although it was proven that the above-
mentioned parameters (e.g., MgSO4

0
(aq) ion pairs)

accelerate ASR, such effects have not been quantified
yet. Moreover, such experimental studies actually
focused on each individual mechanism affecting
ASR but not on the overall TSR rate or the release of
H2S(g). Calcite precipitation on the surface of an-
hydrite nodules or grains can mitigate anhydrite
dissolution and, thus, lower TSR mass conversion
(Bildstein et al., 2001). Because TSR is a result of
water–rock–gas reactions triggered by the kinetically
controlled ASR and time-dependent diffusive mass
transport, it is obvious that the kinetic rate of ASR is
merely one of several factors affecting the total mass
conversion of TSR at the reservoir scale. Moreover,
sulfate reduction by hydrocarbons can proceed faster
after its onset because an increase in H2S partial
pressure, in temperature, and/or in the amount of
reactants accelerates this reaction (Nöth, 1997).

Water as a Prerequisite for Thermochemical
Sulfate Reduction

Free pore water in the water leg and irreducible water
films surrounding mineral grains within the water-
wet gas (or oil) column are the solvent for chemical
species and provide the aqueous matrix for all
chemical reactions. Therefore, water is one basic
prerequisite for TSR. Consequently, the amount of
available water can strongly limit the reaction pro-
gress and the mass conversion of TSR. Water is com-
monly expected as one of the important products of
ASRbased on one selected reaction of interest,which is
similar to equation 1a (e.g., Machel, 2001; Ma et al.,
2008). TheASR equations 1a–1e include bothCH4(aq)

and SO4
2-

(aq) as the reactants but use different nota-
tions. These equations indicate that it is meaningless to
use only one selected reaction to predict the fate and
behavior of water during TSR (water generation in
equations 1a and 1b; water consumption in equation
1d). Actually, these equations only reveal that H+

transfer is involved in the chemical reactions related to
ASR. Thus, our model aims to reveal water generation
or consumption under consideration of all potential
reactions based on the thermodynamics of chemical
equilibrium:

CH4ðaqÞ + SO2 -
4ðaqÞ + H +

ðaqÞ→CO2ðaq or gÞ

+ HS -
ðaqÞ + 2H2O (1a)

CH4ðaqÞ + SO2 -
4ðaqÞ→CO2 -

3ðaqÞ + S2 -
ðaqÞ + 2H +

ðaqÞ + H2O

(1b)

CH4ðaqÞ + SO2 -
4ðaqÞ→CO2ðaqÞ + H2SðaqÞ + 2OH -

ðaqÞ
(1c)

CH4ðaqÞ + SO2 -
4ðaqÞ + H2O→H2CO3ðaqÞ

+ H2SðaqÞ + 2OH -
ðaqÞ (1d)

Sulfate ions as products of anhydrite dissolution are
continuously consumed via ASR with petroleum-
derived reductants according to distinct rate con-
stants. Both sources for ASR—SO4

2-
(aq) and aqueous

n-alkanes or CH4(aq)—commonly occur in separated
reservoir parts: the sealing anhydrite and the gas (or
oil) column (Figure 1).When not present in sufficient
concentrations, sulfate ions and aqueous hydrocarbons
must be thus transported in aqueous solutions
via diffusive mass transport to the reaction site.
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This indicates that water is an indispensable factor for
TSR. Sulfate ions and hydrocarbons can react in the
irreducible water of the gas cap, at the direct interface
between the seal and the gas cap, and in lower seal
layers. This is because ASR is controlled by kinetics,
and both reactants are not completely consumed, if
they co-occur. If water is a net product of TSR, this
could support TSR by further dissolution of anhydrite
in the seal. Consequently, it provides more dissolved
sulfate ions for ASR. Moreover, water formation
duringTSR increases thewater content in the seal and
the gas cap and intensifies diffusion, which is de-
pendent on water content. In contrast, diffusion and
TSRwill be decelerated or even stoppedwhere water
is completely consumed.

Similar to ASR, diffusive mass transport of aque-
ous components evolves as a time-dependent process
at the reservoir scale, even within closed reservoir
systems. Thus, both time-dependent processes—
chemical ASR and diffusive mass transport—
contribute to the overall TSR rate at the reservoir
scale. Moreover, one might argue, similar to the
continuous consumption of sulfate, that other time-
dependent processes also affect the overall TSR
rate, for instance, (1) consumption of Ca2+(aq) ions as
the products of anhydrite dissolution by calcite pre-
cipitation and (2) supply with CO3

2-
(aq) species to

form calcite via diffusive mass transport. All these
time-dependent processes are connected to each
other and, in addition, are embedded into a web
coupling reactions with diffusive mass transport
(Figure 1). This web controls formation of reduced
sulfur (S(-II)) and its in-reservoir fate and behavior.
Thus, it is mandatory to consider all potential re-
actions and to couple them with mass transport
processes to correctly reproduce the reservoir-wide
evolution of TSR in time and space.

Diffusive mass transport connects the reactants
of ASR from different reservoir parts and enables a
long-term follow-up of ASR. The contact zone be-
tween the anhydrite seal and the gas cap (or the oil
column) in a water-wet reservoir rock can therefore
be seen as the hot spot for TSR at the reservoir scale
because of short distances for diffusive mass trans-
port. At a smaller scale, hot spots of TSR would also
develop around anhydrite nodules, which can be dis-
tributed within the reservoir rock itself (Bildstein et al.,
2001). In summary, water is one prerequisite for con-
tinuous and long-term TSR and is a process-dominating

factor in the complex web contributing to reservoir
souring by H2S. This is because (1) all chemical re-
actions proceed among aqueous components, (2) the
mass transport of reactants proceeds via diffusive mass
transport through aqueous solutions, and (3) the
chemical composition of water controls how much
sulfur released by anhydrite dissolution occurs as free
H2S gas and as H2S dissolved in pore water under
specific temperature and pressure conditions.

Previous Modeling Approaches

Because of the desirability to predict the H2S risk
ahead of drilling, several studies attempted to geo-
chemically model TSR. Peters et al. (2013, p. 1)
presented an approach that “enables concentrations
of Mg2+, Ca2+, and SO4

2- in pore water and sulfur in
oil to be estimated based on reservoir lithology and oil
quality.” Their calculated results about the H2S risk
distribution were represented as areas where TSR can
occur. This approach considers (1) “chemistry and
thermal history of the reservoir,” (2) release of Ca2+

and SO4
2- from the anhydrite seal into oil, (3) cat-

alytic effects of Mg2+ and H2S on sulfate reduction,
and (4) (CH2) as organic compounds (equation 1e)
(Peters et al., 2013, p. 1). Seemingly, the approach
by Peters et al. (2013) considers oil as the solvent for
ions involved in TSR; SO4

2-, Mg2+, and Ca2+ ions are
available in the oil phase and are not sourced from
pore water:

SO2 -
4 + 1:33ðCH2Þ + 0:66H2O→H2S

+ 1:33CO2 + 2OH - (1e)

The modeling approach developed by Peters et al.
(2013) defines TSR as oxidation of n-alkanes by
SO4

2-
(aq) toCO2 andH2S. Their model assumed that

SO4
2-

(aq) ions are being dissolved from the sur-
rounding rock matrix into the oil phase. It seems that
this model approach only focuses on the redox re-
action between SO4

2-
(aq) and a given electron donor.

Moreover, their model ignores anhydrite dissolution
as a basic process for the origin of sulfate for TSR
and the subsequent reactions of sulfate based on
the thermodynamics of chemical equilibrium. Bildstein
et al. (2001) aimed to simulate diffusivemass transport
of CH4(aq) to an anhydrite surface at a small scale.
Because of the zero dimension of their modeling
approach, they modified the kinetic rate of ASR to
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describe fluxes of CH4(aq) through a spherical unit
surface of a reaction rim of anhydrite nodules. Their
calculated results show that calcite precipitation on
the anhydrite surface could strongly affect TSR pro-
cesses at a small scale, which can be completed in
300,000 yr at 150°C (302°F). It is important to
note that their model excludes intermediate sulfur
species (e.g., S5

2-
(aq) and S4

2-
(aq)) and various

complexes (e.g., CaSO4
0
(aq) and CaHCO3

+
(aq)).

Beyond that, Bildstein et al. (2001) considered do-
lomite as a chemically inactive matrix mineral, al-
though MgSO4

0
(aq) ion pairs have a strong influence

on theASR rate (Ellis et al., 2006).Dolomite can form
or dissolve during TSR, and these processes lead to
changes in pH–pE conditions, which have a profound
effect on the H2S fate and behavior. Moreover, the
small-scale model presented by Bildstein et al. (2001)
suppresses formation of solid or liquid elemental
sulfur (S(0)(s or l)), which was commonly observed in
petroleum reservoirs influenced by TSR, such as in
the Devonian Nisku Formation and the Smackover
Formation (Table 1).

Any approach to geochemically and quantita-
tively model the TSR-induced H2S risk in petroleum
systems should be based on a concept that adequately
reproduces the interconnected and interdependent
nature of all simultaneous hydrogeochemical re-
actions contributing to TSR (Figure 1). These water–
rock–gas reactions should be coupled to simultaneous
diffusivemass transport in a 3-DHRMTmodel because
the occurrence of specific reactants of ASR is de-
pendent on the lithology of individual reservoir parts.
Thus, adequate modeling approaches should rely
on (1) thermodynamic calculations of chemical
equilibrium, (2) coupling of kinetically controlled
reactions, and (3) calculations of diffusive mass trans-
port through the free pore water network and the
irreducible water film at the reservoir scale. More-
over, numerical TSR modeling must fulfill the fun-
damental laws of mass and charge conservation. Mass
balance determines that exclusion of any potential sink
for sulfur (e.g., formation of S(0) or metal disulfides)
must lead to an overestimation of H2S risks. In sum-
mary, the key to model TSR, the fate and behavior of
S(-II), and a realistic H2S risk for petroleum reser-
voirs is a comprehensive reproduction of the hydro-
geochemical mass reactive transport processes that
temporally and spatially evolve under reservoir con-
ditions. Therefore, any model should not be restricted

to selected reactions of interest that are isolated from
the reaction web of TSR, i.e., not only restricted to
ASR depending on the reservoir thermal history.

APPROACH TO SIMULATE HYDROGEN
SULFIDE FORMATION AND BEHAVIOR IN A
SEMIGENERIC GAS RESERVOIR

Our modeling approach is of a semigeneric nature.
The aim of this study is not to simulate TSR in a real
reservoir. In contrast, we attempt to integrate dif-
ferent aspects (see section titled Background and
Aims) in a 3-D HRMT model to give insights about
the temporal and spatial H2S risk distribution at the
reservoir scale. Because of its semigeneric nature, our
modeling considers simple but well-defined initial
and boundary conditions, although these assumed
conditions and parameter values are not a reflection
of the complex geological reality. Nevertheless,
this semigeneric model includes measured data, for
instance, the kinetic rate of ASR gained in laboratory
experiments. To verify the plausibility of our model,
we compare our calculated results with the ob-
servations and the measured data from real sour
gas reservoirs (summarized in Table 1). The US
Geological Survey’s computer program PHAST
(Parkhurst et al., 2010) is our 3-D HRMT modeling
tool. It couples the geochemical computer program
PHREEQC to the transport computer program
HST3D (Parkhurst et al., 2010). Information about
the computer programs PHAST and PHREEQC
(e.g., the governing equations, their solver, and the
structure of input files) are well documented in the
manuals of PHAST and PHREEQC (for details, see
Parkhurst et al., 2010; Parkhurst and Appelo, 2013).
The thermodynamicwateq4f.dat database (Parkhurst
and Appelo, 2013) is used to calculate the in-
volved equilibrium reactions for aqueous species (49
reactions in total, listed in Table S5 [supplementary
material available as AAPG Datashare 70 at www.
aapg.org/datashare]). This database includes equili-
brium constants (log K) for the standard temperature
and pressure conditions and the temperature de-
pendence of these equilibrium constants (by using
the analytical expression or the reaction enthalpy
based on theVan’t Hoff equation; for details, see the
wateq4f.dat providedbyParkhurst andAppelo, 2013).
The Model Viewer software (Hsieh and Winston,

850 Hydrogen Sulfide Risk Assessment



2002) is applied to visualize the four-dimensional
PHAST modeling results. To enable the reader to
follow thenext sections,Appendix1 andTables S.1–S.5
(supplementary material available as AAPG Datashare
70 at www.aapg.org/datashare) provide additional in-
formation about the modeling setup.

Geohydraulic Model Part

The semigeneric reservoir system is predefined
for a 1000-m (3281-ft)-long, 2-m (7-ft)-wide, and
80-m (263-ft)-thick section (cell length, width, and
height = 25, 1, and 1m [82, 3, and 3 ft], respectively;
Figure 2). Because ASR with different hydrocarbon
types proceeds via the same mechanisms (but dif-
ferent kinetic rates), our study selects CH4(aq) as the
electron donor for ASR and focuses on the reactions
related to TSR within a dolomitic gas reservoir sealed
by anhydrite. Accordingly, our simulated reservoir
section is divided into an anhydrite seal, a gas cap, a
gas–water transition (GWT) zone, and a water leg
(Figure 2; for details, see Appendix 1, supplementary
material available as AAPG Datashare 70 at www.
aapg.org/datashare). Each reservoir part is generically
defined by a homogenous spatial distribution of all
geohydraulic and geochemical parameters that are
assumed and preassigned for the pre-ASR conditions
(Appendix 1 and Tables S.1–S.3, supplementary
material available as AAPG Datashare 70 at www.
aapg.org/datashare). Thus, discretization along width

does not affect the calculated results in length and
height. To shorten the program running time, the
reservoir section is predefined by awidth of 2m (7 ft).
Diffusive mass transport is the only transport process
considered and enables an internal mass transport
within the whole reservoir. Although hydraulic
conductivity is predefined in the model input (Table
S.1, supplementary material available as AAPG Da-
tashare 70 at www.aapg.org/datashare), the reser-
voir is treated as a closed system without advective
transport. Accordingly, the hydraulic conductivity and
the dispersivity assumed in our study for different
reservoir parts (see Table S.1) do not have any effects
on the calculated results.

For simulating diffusive mass fluxes, PHAST
calculates the effective diffusion coefficient in rock
matrices by multiplying diffusivity with tortuosity.
Diffusivity represents the coefficient of molecular
diffusion of aqueous species in dilute solutions with-
out the presence of a porous matrix. Under given
temperature and pressure conditions, diffusivity for
different species slightly varies (e.g., at 25°C [77°F]
and 1.0 atm [15 psi]; see Giambalvo et al., 2002).
Generally, an increase in temperature results in
higher diffusivity, whereas diffusivity decreases with
increasing pressure (Oelkers and Helgeson, 1988).
For the sake of simplicity, we used a diffusivity of
10-9 m2 s-1 for aqueous species involved in the TSR
web under the simulated reservoir conditions of
140°C (284°F) and 600 atm (8818 psi). Tortuosity
is a measure that describes the relation of effective
diffusion mass fluxes in a porous medium to ideal
diffusion mass fluxes in dilute solutions without the
presence of any rockmatrix. It ranges between 0 and 1.
Our reference scenario 1–reference aims to consider
the highest diffusion intensity. In this scenario, the
water leg is characterized by an effective diffusion
coefficient of 10-9 m2 s-1, whereas its tortuosity is
specified by 1, although the tortuosity in porous
media saturated by aqueous solutions must be lower
than 1. Tortuosity depends on several properties of
rock matrices, such as porosity, water saturation,
grain size, grain size distribution, and cementation
factor (e.g., Attia, 2005; Ewing et al., 2010). Direct
measurements of tortuosity or of effective diffusion
coefficient are very difficult in core samples. Thus,many
studies developed empirical equations to describe the
relation between tortuosity and its controlling factors
(e.g., Attia, 2005; Shen and Chen, 2007; Ewing et al.,

Figure 2. Scheme of the conceptual three-dimensional reser-
voir section.
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2010; Ghassemi and Pak, 2011). Such empirical
equations could help us to get a rough estimate about
the magnitude of tortuosity based on petrophysical
rock properties. Because our study considers a
semigeneric carbonate reservoir, we systematically
varied the tortuosity of thewater leg in four scenarios
over four orders of magnitude from 1.0 to 0.0001 to
cover a broad intensity range of diffusive mass trans-
port (Table 2). The dolomitic reservoir rocks have a
porosity of 10% compared with 1% in the seal, where
pore space is occupiedby irreduciblewater. ThePHAST
program is incapable of considering multiphase flow
and only calculates reactive mass transport in porous
systems saturatedwithwater.Comparedwith freewater
in the water leg, the diffusion intensity must be much
weaker through the gas–water emulsion in the GWT
zone, through the irreducible water film in the gas cap,
and through the seal. Thus, the tortuosity of these three
reservoir parts is arbitrarily assumed to decrease by 50%,
10%, and 1% compared with the water leg (Table 2).

Typical gas souring of reservoirs mostly happens
during a fewmillion years (Goldhaber andOrr, 1995;
Machel, 2001). The total modeling time span ranges
up to 10 m.y. and is divided into 1000 time steps of
10 k.y. each.Despite this longmodeled time span, it is
assumed that the reservoir temperature and pressure
conditions remain unchanged (140°C [284°F] and
600 atm [8818 psi]) for the sake of simplicity.

Hydrogeochemical Model Part

The presented modeling approach is based on the
hypothetical TSR processes, which are described in
the section titled Review of Thermochemical Sulfate
Reduction. The reservoir rock matrix consists of
calcite-bearing dolomite, which has an anhydrite seal
containing 1.0 wt. % calcite (for details, see Appendix
1 and Table S.2 [supplementary material available as
AAPG Datashare 70 at www.aapg.org/datashare]).
Besides dolomite, calcite and goethite are considered
as primary minerals in the dolomitic reservoir rocks
(10 and 1 wt. %, respectively; Table S.2). ASR induces
dissolution of primary minerals and drives chemical
re-equilibration among water, minerals, and a multi-
component gas. Potential secondary minerals (S(0)(s)),
siderite, and pyrite) and primary minerals (calcite, do-
lomite, and goethite; Table S.2) are allowed to pre-
cipitate at their saturation. Although S(0) is liquid at
reservoir temperature higher than ~150°C (302°F)
(Bildstein et al., 2001), our model considers S(0)(s) as
a potential secondary mineral because the chemical
thermodynamic data of S(0)(l) are unavailable to us.

The gas initially filling the gas cap is dominated by
CH4 (97 vol. %) and contains minor amounts of CO2

before the onset of ASR (3 vol. %; Table S.2, sup-
plementary material available as AAPG Datashare
70 at www.aapg.org/datashare). Irreducible water is

Table 2. Modeling Scenarios

Scenario Sulfate Reduction Rate* (s-1) Tortuosity† Omitted Reactions

1–reference 4.5 · 10-12 1.0; 0.5; 0.1; 0.01 None
2.1–rate 4.5 3 10-13 1.0; 0.5; 0.1; 0.01 None
2.2–rate 4.5 3 10-14 1.0; 0.5; 0.1; 0.01 None
2.3–rate 4.5 3 10-15 1.0; 0.5; 0.1; 0.01 None
2.4–equ Equilibrium‡ 1.0; 0.5; 0.1; 0.01 None
3.1–tor 4.5 · 10-12 0.1; 0.05; 0.01; 0.001 None
3.2–tor 4.5 · 10-12 0.01; 0.005; 0.001; 0.0001 None
3.3–tor 4.5 · 10-12 0.001; 0.0005; 0.0001; 0.00001 None
4–equ–tor Equilibrium‡ 0.0001; 0.00005; 0.00001; 0.000001 None
5–without–S 4.5 · 10-12 1.0; 0.5; 0.1; 0.01 “4”§

6–without–Goe 4.5 · 10-12 1.0; 0.5; 0.1; 0.01 “5” to “7”§

Bold indicates parameter values changed in comparison to scenario 1–reference.
*Rate constant k (zero order) of equation 1b.
†The listed tortuosity values apply to the water leg, the gas–water transition zone, the gas cap, and the seal, respectively.
‡Spontaneous equilibration between CH4(aq) and SO4

2-
(aq) instead of a kinetic-controlled reaction.

§In Table S.4 (supplementary material available as AAPG Datashare 70 at www.aapg.org/datashare).
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also present in the gas cap. It is assumed that the
irreducible water contributes 1% to the total porosity
of 10% in the gas cap. Correspondingly, 100 L of the
bulk reservoir rocks in the gas cap contain 9 L of gas
and 1 L of irreducible water, which reacts with min-
erals and gases. The initial composition of the pore
water or the irreducible water in different reservoir
parts before the onset of ASR is calculated by equili-
brating 1 L of a 1.5 molal NaCl solution with the
primary minerals and the gas phase (for details, see
Appendix 1 and Table S.3 [supplementary material
available as AAPG Datashare 70 at www.aapg.org/
datashare]).

The database wateq4f.dat and PHAST are in-
capable of calculating the pressure dependence of
equilibrium constants of the mass action laws for
the minerals and gases as well as for species(aq) dis-
sociation or association. Wesolowski et al. (2004)
stated that many aqueous species reactions are in-
sensitive to pressure changes at a constant temper-
ature lower than 250°C. Thus, the pressure effects on
aqueous species reactions remain unconsidered in our
study. In contrast, calculations separated from the
subsequent PHASTmodeling are performed by using
the computer program PHREEQC Interactive 3.1.4
and its database phreeqc.dat (Parkhurst and Appelo,
2013) to calculate the equilibrium constants for
minerals and gases at the preassigned reservoir
conditions of 140°C (284°F) and 600 atm (8818 psi)
(e.g., anhydrite, calcite, andH2S(g); for details, see Table
S.4, supplementary material available as AAPG Data-
share 70 at www.aapg.org/datashare). Subsequently,
these conditional equilibrium constants (listed in Table
S.4) are redefined in the input file of the PHAST
modeling. Based on these recalculated constants and the
databasewateq4f.dat, PHAST calculates all equilibrium
reactions with consideration of diffusive mass transport
according to the thermodynamics of chemical equili-
brium, for example, anhydrite dissolution and forma-
tion of elemental sulfur (for details, see the manual
of PHAST and PHREEQC; Parkhurst et al., 2010;
Parkhurst and Appelo, 2013).

In addition to the above-mentioned equilibrium
reactions (60 in total; for details, see Tables S.4 and
S.5, supplementary material available as AAPG
Datashare 70 atwww.aapg.org/datashare), ourmodel
considers ASR as an irreversible, kinetically controlled
reaction represented by equation 1b. Several pa-
rameters controlling ASR are still matters of debate

(see section titled Kinetic Aspects of Abiotic Sulfate
Reduction). It is not our aim to determine whether
ASR is a zero- orfirst-order reaction. The reactionorder
of ASR does not change the pathway and the con-
trolling factors of the subsequent hydrogeochemical
processes (fromcalcite precipitation toH2Soutgassing)
induced byASR. It just has effects on the absolute level
of the mass conversion of TSR over a given time span,
for example, the absolute amount of newly formed
calcite and the absolute content of H2S(g). Thus, ASR
with CH4(aq) is considered as a zero-order reaction in
our study (according toYue et al., 2006).However, the
computer program PHAST also enables calculations
of ASR as a first-order reaction.

Yue et al. (2006) determined the rate constant of
4.5 · 10-15 s-1 for equation 1b at 150°C (302°F).
Compared with CH4(aq), ASR by saturated hydro-
carbons with highermolecular weights proceeds with
higher rates caused by a lowered activation energy
(Yue et al., 2006; Mougin et al., 2007). Although the
gas composition in the model is assumed to consist
purely of CH4(g) and CO2(g) under the initial
conditions, heavier saturated and gaseous hydro-
carbons, such as C2H6 and C3H8, are also common
gas components in real reservoirs filled with ther-
mogenic gas. The MgSO4 and HSO4

- ions, which
form because of equilibrium reactions between
SO4

2-
(aq) and dolomite-derivedMg2+(aq) or H

+
(aq) in

the model, can accelerate ASR (Ellis et al., 2006;
Zhang et al., 2008). However, such effects on the
ASR rate constant have been unquantifiable yet.
Thus, scenario 1–reference considers an elevated rate
constant of 4.5 · 10-12 s-1 at 140°C (284°F)
(Table 2) compared with 4.5 · 10-15 s-1 for ASR
with pure methane as suggested by Yue et al.
(2006). This increase aims to mimic the effects of
C2H6 and C3H8 as additional reducing agents and
of MgSO4(aq)

0 and HSO4
-
(aq) as catalysts on ASR.

In summary, our modeling approach considers
(1) the kinetically controlled ASR with CH4(aq) as a
zero-order reaction, (2) 3-D diffusive mass transport
of aqueous components through water (free pore
and irreducible water), (3) 49 equilibrium reactions
among aqueous species including temperature effects
on these reactions, (4) 7 equilibrium reactions for
mineral phases, (5) 4 equilibrium reactions among
water and gaseous species, and (6) temperature and
pressure effects on the equilibrium reactions for min-
erals and gases (for details, see Tables S.4 and S.5,
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supplementary material available as AAPG Datashare
70 at www.aapg.org/datashare).

Modeling Scenarios

Because of the lack of data, several parameters, which
may have a profound influence on the TSR intensity,
must be preassigned in the model by assumptions.
However, such assumptions and parameter values
tested in our scenarios may not reflect the geological
reality. Instead of evaluating the absolute level of
calculated results, we compare and discuss these re-
sults among different scenarios. Such a comparison
shall also help us to identify key factors controlling the
overall TSR rate and the H2S concentration in gas.

Artificial effects on produced fluids (e.g., changes
in temperature and pressure) would result in H2S
outgassing from dissolved S(-II) species(aq) and,
consequently, increase the H2S concentration in the
gas and decrease the concentration of dissolved S(-II)
species in formation water. Thus, the total concen-
tration of S(-II) species can represent and is thus
defined as the reservoir souring intensity in our study.
The total concentration of S(-II) species present in
reservoirs is the sum of the H2S(g) concentration
in the gas and the concentration of all dissolved
S(-II) species(aq) (including H2S(aq), HS-(aq), S

2-
(aq),

Fe(HS)2(aq), Fe(HS)3
-
(aq), and S2

2-
(aq) to S6

2-
(aq)).

Scenario 1–reference is based on the conceptual
model described in the section titled Geohydraulic
Model Part and Hydrogeochemical Model Part (its
main parameters are presented in Tables S.1–S.5,
supplementary material available as AAPG Data-
share 70 at www.aapg.org/datashare). It includes all
7 equilibrium reactions of minerals, all 4 equilibrium
reactions amongwater and gaseous species, and all 49
equilibrium reactions of species(aq) dissociation or
association (Tables S.4 and S.5, supplementary ma-
terial available as AAPG Datashare 70 at www.aapg.
org/datashare). Scenario 1–reference uses a rate con-
stantof4.5·10-12 s-1 forSO4

2-
(aq) reductionbyCH4(aq).

Scenario series 2–rate diminishes the rate constant of
ASR stepwise from 4.5 · 10-13 to 4.5 · 10-15 s-1

(Table 2). One additional rate scenario, 2.4–equ,
predefines ASR with CH4(aq) as a spontaneous
equilibrium reaction instead of an irreversible, ki-
netically controlled reaction. Thus, scenario series

2–rate aims to show how strongly the rate constant of
ASR affects TSR within a given time span.

Diffusive mass transport supplies SO4
2-

(aq) to
CH4(aq) and vice versa. Thus, diffusion intensity seems
to be another important factor. To analyze its influ-
ence, scenario series 3–tor is calculated for different
tortuosity values (Table 2). The other parameters in
scenario series 3–tor remain unchanged compared
with scenario 1–reference. An alternative scenario,
4–equ–tor, considers extremely low tortuosity values
(corresponding to weak diffusive mass transport) and
considers ASR as a spontaneous equilibrium reaction
to highlight the effects of the rate constant on ASR
compared with diffusive mass transport.

Several modeling approaches previously pub-
lished (e.g., Bildstein et al., 2001) exclude formation
of S(0), although this is one of the key processes
for TSR (see section titled Previous Modeling Ap-
proaches). To determine the effects of potential for-
mationofS(0), scenario5–without–S leaves thepossible
formation of S(0)(s) unconsidered (reaction 4 in
Table S.4, supplementary material available as AAPG
Datashare 70 at www.aapg.org/datashare), although
the calculated porewatermay reach an oversaturation
with respect to S(0)(s). Iron oxides occur as one of
frequent impurities in dolomite rocks (Fairbridge et al.,
1967) and can provide Fe2+(aq) to fix reduced sulfur
in pyrite under suitable pH–pE conditions. Scenario
6–without–Goe omits goethite as a primary mineral
phase present before the onset of ASR (reaction 5 in
Table S.4). Consequently, the potential formation of
secondary pyrite and siderite (reactions 6 and 7 in
Table S.4) is suppressed, and this scenario highlights the
control of such ferric iron hydroxides or oxides on TSR.

MODELING RESULTS

Because of limited space, the visualization of the
spatial and temporal development of two selected
parameters relevant for reservoir souring by H2S is
restricted to scenario 1–reference: (1) the total con-
centration of S(-II) (H2S(g) + all S(-II)(aq) species)
and (2) the H2S concentration in gas (Figure 3).
Additionally, the spatial distribution of the following
parameters calculated in scenario 1–reference after 10
m.y. is presented: concentrations of sulfate(aq), CH4(aq),
and S(-II)(tot, aq) as well as amounts of dissolved
anhydrite, newly formed calcite, S(0)(s), and pyrite
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(Figure 4). The calculated amounts of dissolved or
precipitated minerals are given in the unit mole per
kilogram pore water or irreducible water (mol kgw-1)
because the porosity among various reservoir parts is
different.With consideration of the predefinedporosity
andwater content, this unit can be recalculated tomole
per the bulk rock volume, which contains 1 kg of pore
(or irreducible) water. Taken anhydrite as example,
100mol kgw-1 of dissolved anhydrite correspond to the
fact that 4.6 L of anhydrite are dissolved in 1 kg of pore

water with consideration of a density of 2.96 kg L-1 for
anhydrite (Dean, 1999). Because the irreduciblewater-
saturated porosity in the seal is assumed as 1%, 4.6 L of
anhydrite are dissolved in ~100 L of the sealing rocks.
Thus, the amount of 100 mol kgw-1 is equivalent to
4.6 vol. % of dissolved anhydrite: 0.046 L is dissolved
per liter of the sealing rocks. The PHAST computer
program is incapable of calculating diffusive mass
transport of gaseous components through a mul-
ticomponent gas column. This leads to a strong

Figure 3. Calculated temporal
and spatial evolution of hydrogen
sulfide (H2S) concentration in the
gas cap and reservoir souring
intensity by H2S (summed con-
centration of gaseous H2S
(H2S(g)), aqueous H2S (H2S(aq)),
aqueous bisulfide (HS-(aq)),
aqueous sulfide ion (S2-(aq)),
aqueous ferrous iron di-hydrogen
sulfide complex (Fe(HS)2(aq)),
aqueous ferrous iron tri-hydrogen
sulfide complex (Fe(HS)3

-
(aq)),

and aqueous disulfide ion
(S2

2-
(aq)) to aqueous hexa-

polysulfide ion (S6
2-

(aq)) for
scenario 1–reference.
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accumulation of modeled H2S(g) where it forms,
especially if diffusive mass transport of aqueous
components through the water network and the ir-
reducible water film is weak because of a low tor-
tuosity value. Such unrealistic effects have to be
minimized for a better interpretation of the calculated
results among different scenarios. Accordingly, a
volume-weighted average value is estimated for
(1) the H2S concentration in the gas over the total

volume of the gas cap and (2) the reservoir souring
intensity over the summed volume of the gas cap and
the seal part directly overlying the gas cap (Table 3).

In the following section, the fate and behavior of
H2S and the key processes within the TSR web are
discussed in detail by using scenario 1–reference as
example. The calculated results from alternative
scenarios are briefly described and well documented
in Appendix 2 and Figures S.2–S.4 (supplementary

Figure 4. Calculated spatial
distribution of several parameters
after 10 m.y. of thermochemical
sulfate reduction for scenario
1–reference. CH4(aq) = aqueous
methane; S(-II)(tot, aq) concen-
tration = total concentration of
aqueous reduced sulfur in the
redox state of -II; S0(s) = ele-
mental sulfur; Sulfate(tot) con-
centration = total concentration
of sulfate.
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material available as AAPG Datashare 70 at www.
aapg.org/datashare). Table 3 and Figure 5 summarize
the modeling results of the parameters relevant for
TSR from all other scenarios for comparison to
demonstrate how variation of one input parameter
affects the intensity of TSR.

Scenario 1–Reference

Within a closed system, diffusive mass transport,
which is induced by concentration gradients (e.g., of
SO4

2-
(aq) and CH4(aq)), enables an internal redis-

tribution of elements and drives re-equilibration
among pore (or irreducible) water, minerals, and
gases. This induces a series of hydrogeochemical
processes including H2S formation (Figure 3). The
SO4

2-
(aq) and CH4(aq) species respectively dominate

in the seal as well as in the gas cap and the water leg
(Figure 4). The activity of these two components and
their redoxpartners (S2-(aq) andCO3

2-
(aq)) affects the

redox conditions. Thus, the pE of aqueous solutions
in the seal differs from the gas cap and the water leg
(Figure S.1, supplementary material available as AAPG

Datashare 70 at www.aapg.org/datashare). This slight
difference in redox conditions causes the products of
ASR to occur in the form of S(-II) and S(0)(s) in the seal
compared with only S(-II) in the gas cap (Figures 3
and 4). More and more S(0)(s) forms with ongoing
ASR (98 mol kgw-1 after 10 m.y.; Figure 4). Because
the sumof the partial pressures of CH4,H2S, andCO2

in the seal does not exceed the total reservoir pressure
of 600 atm (8818 psi), even after 10 m.y. of TSR,
S(-II) is present only as aqueous species in the irre-
duciblewater of the seal (Figures 3 and 4). The highest
total concentration of all aqueous S(-II) species
(cS(-II)(tot, aq)) in the seal is located directly above
the gas cap and reaches 0.19 mol kgw-1 after 10m.y.
(Figure 3). Because of fixation of S(-II) in newly
formed pyrite, H2S is verifiable neither in the irre-
ducible water of the gas cap (cS(-II)(tot, aq) < 2 · 10-6

mol kgw-1) nor in the gas (H2S concentration in gas <
2 · 10-5 mol %) before 1.5 m.y., as long as goethite
is still present in the reservoir rocks of the gas cap
(Figure 4).With ongoingASR, theH2S concentration
in the gas and the souring intensity constantly increase
(Figure 3) and reach 0.3 mol % and 0.23 mol per kg

Table 3. Comparison of the Modeling Results among Different Scenarios

Scenario

After 10 m.y.

First
Appearance
of H2S in

the Gas (>0.1 mol %)pH Range

Max. Amount
of Dissolved
Anhydrite
(mol/kgw)

Max. Amount
of Newly
Formed
Calcite

(mol/kgw)

Max. Amount
of Newly

Formed S(0)(s)
(mol/kgw)

Average
Concentration
of H2S(g)*
(mol %)

Average
Souring
Intensity
by H2S

†

(mol/kgw)

1–reference 5.6-6.3 202 188 98 0.30 0.22 >ca. 1.5 m.y.
2.1-rate 5.6-6.2 144 140 70 0.29 0.20 >1.5 m.y.
2.2-rate 5.5-6.0 20 17 19 0.15 0.18 >3.0 m.y.
2.3-rate 5.6-6.0 8 6 0.3 x‡ 0.03 x
2.4-equ 5.6-6.3 201 187 98 0.30 0.22 >ca. 1.5 m.y.
3.1-tor 5.5-6.1 160 149 92 0.50 0.20 >1.5 m.y.
3.2-tor 5.4-6.0 63 59 38 0.10 0.08 >3.0 m.y.
3.3-tor 5.4-6.0 10 8 4 x 0.01 x
4-equ-tor 5.4-6.0 3 2 0.4 x <0.01 x
5-without-S 5.5-6.1 174 160 -§ 0.60 0.45 >1.0 m.y.
6-without-Goe 6.0-6.1 205 188 132 2.20 1.25 >0.5 m.y.

Abbreviations: H2S = hydrogen sulfide; H2S(g) = gaseous hydrogen sulfide; Max. = maximum; m.y. = million years; S(0)(s) = elemental sulfur.
*Average concentration of H2S in the gas calculated by weighting the volume of the gas cap.
†Average sum of the H2S concentration in the gas and the total concentration of all S(-II) (reduced sulfur in the redox state of-II) species dissolved in pore (or irreducible) water
calculated by weighting the summed volume of the gas cap and the seal part directly overlying the gas cap.
‡H2S is not a main component of the coexisting gas phase after 10 m.y.
§Formation of S(0)(s) is suppressed in the modeling scenario.
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Figure 5. Effects of the kinetic
rate of abiotic sulfate reduction
(ASR), the intensity of diffusive
mass fluxes, and minerals
on thermochemical sulfate re-
duction after 10 m.y. (selected
results from Table 3). diss. =
dissolved; H2S = hydrogen sul-
fide; H2S(g) = gaseous hydrogen
sulfide; max. = maximum.
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pore (or irreducible) water on the average after 10
m.y. (Table 3). Goethite in the gas cap is completely
dissolved after 10 m.y. (Figure 4).

The consumption of aqueous sulfate is com-
pensated by ongoing anhydrite dissolution. After 10
m.y., up to 202 mol kgw-1 of anhydrite are dissolved
at the contact between the seal and the gas cap
(Figure 4; equivalent to 9 vol.%of anhydrite dissolved
in the seal). The intensity of anhydrite dissolution
subsides with increasing distance from the gas cap
(Figure 4). Although anhydrite dissolution constantly
releases Ca2+ into aqueous solutions, an increased
Ca2+ concentration can be moderated by calcite
precipitation. Calcite mostly forms where anhydrite
dissolution shows the highest intensity but also
partly in the gas cap (Figure 4). Such coupled re-
actions buffer the effects of ASR on pH (Figure S.1,
supplementary material available as AAPG Data-
share 70 at www.aapg.org/datashare). Water also
forms as one of the TSR products and mostly at
the reservoir–seal interface with amaximumvalue of
~0.05 kg per kg pore (irreducible) water (Figure S.1).
The reservoir rocks in the gas cap are characterized by
weak dissolution of dolomite (Figure S.1), which
provides free Mg2+ ions to form MgSO4

0 ions.

Alternative Modeling Scenarios

The rate constant of ASR is commonly regarded as
the most important factor controlling TSR. Although
the kinetic rate is an inherent property of ASR, an
increase in this rate changes other parameters and
the mass conversion of all other interconnected
reactions within the TSR web, for example, the
amount of dissolved anhydrite, of elemental
sulfur newly formed, and of secondary calcite aswell
as the timing of H2S outgassing (Table 3). An ele-
vated rate constant of ASR from 4.5 · 10-15 s-1 in
scenario 2.3–rate to 4.5 · 10-12 s-1 in scenario 1–-
reference causes an increasing overall TSR rate. This is
highlighted by (1) a stronger anhydrite dissolution
(from 8 to 202 mol kgw-1 of dissolved anhydrite at
maximum); (2) a more intensive formation of two
typical solid TSR-products, calcite and elemental
sulfur (from 6 to 188 mol kgw-1 of secondary calcite
and from0.3 to 98mol kgw-1 of elemental sulfur newly
formed at maximum); (3) a higher average souring
intensity by H2S (from 0.03 to 0.22 mol kgw-1); and
(4) an earlier appearance of H2S in the gas (from no

H2S(g) after 10 m.y. to an outgassing after ~1.5 m.y.;
Table 3, Figures 3–5, and Figure S.2 [supplementary
material available as AAPGDatashare 70 at www.aapg.
org/datashare]). Scenario 2.4–equ calculates ASR as a
spontaneous equilibrium reaction without consid-
eration of any kinetic inhibition. This spontaneous
scenario simulates an infinite rate of ASR. However,
with respect to all parameters, the modeling results of
this scenario resemble scenario 1–reference, which
considers ASR as an irreversible, kinetically controlled
reaction (Table 3, Figures 3–5, and Figure S.2).

A comparison of scenario 1–reference to the
scenario series 3–tor demonstrates that a higher tor-
tuosity leads to an increase in the overall TSR rate.
This can be seen in (1) an intensified anhydrite dis-
solution (from 10 to 202 mol kgw-1 of dissolved
anhydrite at maximum); (2) a more massive for-
mation of two typical TSR products, calcite and el-
emental sulfur (from 8 to 188mol kgw-1 of secondary
calcite and from 4 to 98 mol kgw-1 of elemental
sulfur newly formed at maximum); (3) an increasing
average souring intensity (from0.01 to0.22mol kgw-1);
and (4) an earlier appearance of H2S in the gas
(from no H2S(g) after 10 m.y. to an outgassing after
~1.5 m.y.; Table 3, Figures 3–5, and Figure S.2
[supplementary material available as AAPG Data-
share 70 at www.aapg.org/datashare]). Scenario
4–equ–tor considers ASR as an equilibrium reaction
together with extremely low tortuosity values com-
pared to scenario 1–reference (Table 2). However, the
low tortuosity values of scenario 4–equ–tor sig-
nificantly reduce themass conversion of TSR and the
souring intensity (Table 3, Figures 3–5, and Figure
S.3 [supplementary material available as AAPG
Datashare 70 at www.aapg.org/datashare]). In this
scenario, H2S does not occur as free gas under res-
ervoir conditions. Moreover, the reservoir rocks
affected by TSR are restricted to a narrow area
(Figure S.3).

Despite weaker anhydrite dissolution in scenario
5–without–S (174 mol kgw-1 of dissolved anhydrite
atmaximum), the souring intensity is higher (0.45mol
kgw-1), and free H2S(g) forms earlier (after ~1.0 m.y.
without consideration of S(0)(s) formation) compared
with scenario 1–reference (Table 3, Figures 3–5, and
Figure S.4 [supplementarymaterial available asAAPG
Datashare 70 at www.aapg.org/datashare]). Cal-
culations performed for scenario 6–without–Goe
demonstrate that reduced sulfur cannot be fixed as
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pyrite because of the lack of the ferric iron-bearing
mineral goethite. Compared to scenario 1–reference,
the H2S concentration in the gas is thus much higher,
and H2S(g) is generated much earlier (2.2 mol % and
after 0.5 m.y.; Table 1, Figures 3–5, and Figure S.4).

DISCUSSION OF MODELING RESULTS AND
LIMITATIONS

The presented model is conceptually based on ASR
with methane as an electron donating hydrocarbon
and couples geochemical reactions to 3-D and
reservoir-wide diffusive mass transport. Our mod-
eling shows that the hot spot of TSR is located at
the interface between anhydrite and hydrocarbons
(represented by sealing rocks and CH4(g) in our
study). The TSR web triggered by ASR includes
precipitation of calcite and S(0)(s) as replacements of
dissolved anhydrite at the expense of CH4(g). Pyrite
forms as response to goethite dissolution. With on-
going ASR, the generated S(-II) species accumulate
in pore (or irreducible)water and can become gaseous
at the equilibrium partial pressure of H2S(g) (for
details, see section titled Modeling Results). These
modeled hydrogeochemical processes well agree with
the in situ observations relevant for TSR (Table 1).
Several studies suggested water as one of the TSR
products based on only one selected reaction (e.g.,
equation 1a). However, only a few case studies pro-
vided clear proof of water formation in detectable
amounts (Table 1). Considering all reactions poten-
tially contributing to TSR, our calculated results
highlight water formation as one of various key
processes during TSR. Ourmodeling approach shows
a possible way to quantify the intensity of water
formation (0.05 kg water produced per kg pore water
in scenario 1–reference). Such a low mass conversion
can be the reason why measurable amounts of newly
formed water were not commonly observed in TSR
case studies. In our modeling, calcite and elemental
sulfur are two solid products of TSR and are newly
formed at the expense of anhydrite and CH4(g). This
agrees well with the observations in many TSR case
studies (Tables 1 and 3). The consumption of an-
hydrite and hydrocarbons is accompanied by for-
mation ofH2S, elemental sulfur, and calcite. The total
concentration of S(-II) species calculated for the pore
water in the gas cap has an average value of 2.4 g kgw-1

(Figure 4; scenario 1–reference), which is consistent
with the measured data of up to 3 g kgw-1 measured
by Cai et al. (2003) (Table 1). The total concen-
tration of dissolved sulfur (S(-II) + sulfate) cal-
culated for scenario 1–reference reaches 0.22 mol
kgw-1 at maximum (Figure 4), which falls in the
concentration range described by Goldhaber and Orr
(1995) (at a temperature <200°C (392°F) in sour gas
reservoirs). Our modeling approach does not select
specific reactions from the TSRweb or, in otherwords,
was not calibrated according to the observations
and the measured data in real reservoirs affected by
TSR. Thus, a good match between our results and
field data can be concluded. This match validates
that our 3-D HRMT modeling approach reproduces
the complex web of TSR at the reservoir scale.

In situ water formation reinforces TSR by pro-
moting anhydrite dissolution and by increasing the
water content because only trace amounts of pore
water are initially available in the seal and the gas cap.
Additional dissolution of anhydrite induced by water
formation subsequently replenishes the aqueous
sulfate stock available for TSR.Moreover, an increase
in water content intensifies diffusive mass trans-
port. Thus, TSR may evolve as a self-propagating
process to a certain extent. It creates more and
more aqueous microenvironments within initially
drier environments and provides trace amounts of
in situ formed water, especially at the reservoir–
seal contact.

A higher rate constant of ASR increases the H2S
concentration in the gas and the souring intensity and
promotes H2S outgassing (Table 3). However, an
increase in the kinetic rate of ASR cannot infinitely
intensify TSR. The modeling unravels that a rate
constant higher than the order of magnitude of
~10-12 s-1 under the preassigned reservoir initial
conditions (ASR as a zero-order reaction in our study)
is incapable of further increasing the overall TSR rate
and the resulting souring intensity (cf. 1-reference
and 2.4-equ). One of the main outcomes from our
modeling is that one very important, if not the most
important, controlling factor of TSR at the reservoir
scale is diffusive mass transport. The scenario series
varying the tortuosity shows that stronger diffusive
mass transport (in other words, increasing tortuosity
at a constant diffusivity) increases the overall rate of
TSR and the souring intensity by H2S. The alterna-
tive scenario 4–equ–tor considers an extremely low
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diffusion intensity. This scenario regards ASR as a
spontaneous equilibrium reaction. This almost equals
an extreme situation that considers an infinite rate of
ASR. However, the effects of TSR calculated in
scenario 4–equ–tor are spatially limited in the reser-
voir because of weak diffusive mass transport and,
additionally, are of low intensity. The low tortuosity
values, in other words, the low intensity of diffusive
mass transport, may not mimic the geological reality.
Conversely, this indicates that diffusive mass
transport is one of the prerequisites besides ASR as
the driving force of TSR at the reservoir scale.
Stronger diffusive mass transport leads to an in-
creased overall TSR rate and to an earlier formation
of free H2S gas.

The scenario series, from 1–reference, 2.1–rate,
2.2–rate, to 2.3–rate, systematically varies the kinetic
rate of ASR stepwise by one order of magnitude
(Table 2). The modeling results irregularly change
among these four scenarios (Table 3), for example, by
minor changes in pH. This irregular change can also
be observed in the modeling scenario series consid-
ering a stepwise variation of tortuosity (1–reference,
3.1–tor, 3.2–tor, and 3.3–tor; Tables 2 and 3). This
points to the fact that no simple correlation exists
between one factor and the parameters relevant for
TSR. Thus,modeling approaches based on one or two
simple equations are incapable of predicting realistic
H2S concentrations.

Several modeling approaches focus on selected
reactions of interest, not on all potential reactions,
such as exclusion of S(0) formation in the model pres-
ented by Bildstein et al. (2001). Scenario 5–without–S
suppresses S(0) formation, although it is thermody-
namically stable at the defined reservoir temperature
and pressure conditions. Exclusion of S(0) formation
from the model leads to a remarkable increase in the
H2S gas content and in the souring intensity (cf.
5–without–S and 1–reference in Table 3). This
comparison emphasizes the importance of a holistic
approach considering all potential reactions for
evaluating hydrogeochemical processes, such as for
assessing H2S risks. Considering goethite as the
representative for metal hydroxides or oxides, our
modeling quantitatively shows that the concen-
tration of H2S in gas remains low (<2 · 10-5 mol %
in the case of goethite as a primary mineral), as long
as metal hydroxides or oxides are available in the
reservoir rocks.Metal (di-)sulfides act as a strong sink

for most of the reduced sulfur that results from ASR.
Precipitation of metal (di-)sulfides can thus retard
the formation of gaseousH2S. Therefore, during TSR
over a given time span, themineralogical composition
of the reservoir rocks has a significant influence on the
concentration of H2S in the gas and on the reservoir
souring intensity (cf. 1–reference and 6–without–Goe).

The results calculated in different scenarios
clearly show that several parameters can strongly
affect the souring intensity byH2S. These parameters
range from the kinetic rate of ASR, the mineralogical
composition (e.g., primary metal-bearing minerals
resulting in precipitation of (di-)sulfides), to the main
geohydraulic parameter identified here as the in-
tensity of diffusive mass transport. Thus, a variety of
parameter combinations can result in a similar souring
intensity calculated in different scenarios. As a con-
sequence, it is impossible to retrace the reasonable
kinetic rate of ASR based on a measured H2S con-
centration by tuning various reservoir parameters.

The reaction educts relevant for ASR occur in
different reservoir parts: as anhydrite for sulfate ions
and as CH4 in the gas cap (taken as example for
hydrocarbons). Thus, diffusion has to transport sul-
fate and CH4 to the ASR reaction sites where TSR
products can be also monitored. Anhydrite occurs in
petroleum systems as sealing rocks or as nodules in the
reservoir rocks. In our semigeneric study, the anhy-
drite seal delivers sulfate ions available for TSR. The
mineralized products of TSR, calcite and elemental
sulfur, are mainly precipitated at the reservoir–seal
interface. If anhydrite occurs as nodules in a carbonate
reservoir, such products of TSR could be observed in
the gas cap or even in the water leg. However, ele-
mental sulfur is liquid at reservoir temperatures higher
than ~150°C (302°F) (Bildstein et al., 2001). Our
modeling approach considers solid elemental sulfur as
the potential secondary mineral because of the lack of
thermodynamic data. This replacement may affect
the calculated overall TSR rate and the reservoir
souring intensity to a certain degree. Because of its
liquid nature and low density at the chosen reservoir
conditions, the occurrence of elemental S(0) may be
not restricted to the locations where it forms at the
reservoir–seal interface and in the seal. Liquid ele-
mental S(0) may move upward and further penetrate
deeply into the seal. Thus, only calcite newly formed
near altered anhydrite could serve as one solid
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indicator for the TSR reaction sites, which is pre-
served in the reservoir rocks.

The application of 3-D reactive transport mod-
eling presented in our study provides a good example
of how such an approach could help to identify
fundamental parameters relevant for H2S formation,
its subsequent fate, and its hydrogeochemical be-
havior in anhydrite-bearing reservoirs. The presented
findings have several geological implications, such as
evaluation of the seal integrity, especially for thin or
regionally out-pinching evaporates, or lateral facies
changes of seal sediments (e.g., changing from an-
hydrite into claystones or carbonates). Predrilling
PHAST modeling should be applied for the risk as-
sessment and should be coupled to alternative,
nonmodeling approaches. A set of various predrilling
PHASTmodeling scenarios could be performedwith
consideration of a broad range of parameter values
and their combinations. Such combinations should
integrate, for example, (1) the estimated time span
relevant for TSR according to the filling and thermal
history; (2) the assumed ASR rate; (3) the estimated
thickness of the water leg, gas cap, and seal; (4) the
porosity, the tortuosity, and the content of free and
irreducible water; (5) the mineralogical composition
of reservoir rocks and seal; (6) the presence of sulfate
minerals distributed throughout the reservoir or
restricted to the seal; and (7) the presence of metal-
bearingmineralswith potential to bind sulfidic species.
Such modeling series could cover a wide spectrum of
worst- and best-case conditions regarding the tempo-
ral development and the spatial expansion of reservoir
souring intensity andH2S contents. Seal integrity is one
key to evaluate a past to present leakage. Specia-
lized modeling can focus on (1) quantification of the
amounts and volumes of dissolved anhydrite and how
much of these products are converted to calcite and
elemental sulfur and (2) identification of the hot spots
of mass conversions. Additionally, reservoir parame-
ters, which are identified as the process-dominating
factors for TSR based on the results from various
modeling scenarios, should be preferentially exam-
ined during exploration.

The modeling results should be reviewed by
plausibility tests, which are integral parts of the
suggested methodical approach. Such reviews shall
verify whether modeling results fit the measured da-
ta in reservoirs affected by TSR. The quality and
completeness of measured data sets as well as the

number of case studies available for such plausibility
tests are decisive to further develop and improve the
modeling approach for a better H2S prediction.

Several factors can affect themodeling results but
are unconsidered in our study: (1) changing tem-
perature and pressure conditions during themodeling
time span of 10 m.y., (2) temperature and pressure
gradientswithin the reservoir, and (3) a heterogeneous
distribution of reservoir rock properties. To reduce
pressure effects on the modeling results, the equili-
brium constants of minerals and gases were separately
calculated for the initial pore water (before ASR
onset) under elevated temperature and pressure
conditions. PHREEQC Interactive 3.1.4 calculates
pressure effects on these equilibrium constants de-
pending on ionic strength. During TSR, mineral
dissolution and precipitation as well as water for-
mation can change the ionic strength of pore (or ir-
reducible) water. However, changes in ionic strength
may change the calculated equilibrium constants of
minerals and gases (Table S.4, supplementary mate-
rial available as AAPG Datashare 70 at www.aapg.
org/datashare) during TSR in the geological reality.
Moreover, pressure effects on the equilibrium con-
stants of dissociation or association reactions of
aqueous species are unconsidered in our study.
Nevertheless, many of these reactions are insensitive
to pressure changes at a constant temperature lower
than 250°C (482°F) (Wesolowski et al., 2004).

The PHAST computer program is incapable of
calculating diffusion of gaseous components through
a multicomponent gas. This leads to strong and un-
realisticH2S(g) accumulationwhere it forms in the gas
cap. Consequently, a volume-weighted average value
is estimated for the H2S concentrations in the gas and
the reservoir souring intensity. We are aware that the
spacing of grid blocks and the size of time steps ap-
plied in our numerical simulation (the spatial and
temporal discretization) also affect the calculated
results, e.g., the absolute amounts of newly formed
minerals. However, all of our modeling scenarios use
the same spatial and temporal discretization. Thus,
we compared calculated results from different
scenarios instead of determining the absolute level
of the parameters (e.g., the H2S(g) concentration)
that are relevant for TSR. Thus, the interpreta-
tion of the effects caused by factor variability in
different scenarios (e.g., different rate constants of
ASR) is valid.
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Despite several limitations, the presented 3-D
HRMT modeling provides a new and useful way to
deepen our qualitative and quantitative under-
standing of TSR at the reservoir scale. A further
outcome of this study is the evaluation of several
parameters that contribute to the overall TSR rate,
H2S formation, fate, and behavior, as well as changes
in the reservoir porosity resulting from TSR.

CONCLUSIONS

It is common to overemphasize the importance of
the rate constant of ASR by typical petroleum com-
pounds on TSR at the reservoir scale. The reason is
that most previous studies about TSR only focused on
the rate constant of ASR. In contrast, our semigeneric
3-D reactive mass transport modeling integrates
reservoir-wide diffusive mass transport to a series of
geochemical reactions (equilibrium and kinetically
controlled reactions), which interact with each other
and contribute together to TSR. It considers different
factors that potentially affect the overall TSR rate
and the resulting reservoir souring intensity.

Our modeling results show that the hot spot
of TSR is located at the interface between anhydrite
and hydrocarbons (represented by sealing rocks and
CH4(g) in the gas cap in our study). The calculated
diagenetic processes andparametersfit theobservations
in field TSR studies: formation of water, precipitation
of calcite, metal (di-)sulfides, and elemental sulfur as
replacement of dissolved anhydrite at the expense of
CH4(g), as well as formation of gaseous H2S. Different
modeling scenarios highlight that a higher rate con-
stant of ASR increases the overall TSR rate and the
resulting reservoir souring intensity at the reservoir
scale within a given time span. However, the devel-
opment of such an increase is limited. For example,
under the simulated reservoir conditions (e.g., tem-
perature, mineralogical composition of reservoir
rocks, and ASR as a zero-order reaction), an increase
in the overall TSR rate and the souring intensity,
which results from the increasing rate constant of
ASR, is restricted to a rate constant lower than
~10-12 s-1. The presence of goethite or other metal
hydroxides or oxides can significantly weaken res-
ervoir souring intensity and retard or even suppress
formation of gaseous H2S because of precipitation
of metal (di-)sulfides.

With regard to TSR, the effects of reservoir-
wide diffusive mass transport have been commonly
underestimated or even ignored. In contrast, one of
the main outcomes from our modeling is that
diffusive mass transport is an important, if not the
most important, factor controlling the overall TSR
rate as well as its temporal and spatial evolution at
the reservoir scale. Reservoir rocks, which allow
strong diffusive mass transport (e.g., because of
high tortuosity and high contents of irreducible
water), could often face widespread TSR effects
and a high H2S souring risk. In contrast, reservoirs,
which are characterized by (1) a low kinetic rate
constant of ASR (e.g., caused by a low reservoir
temperature or lack of saturated n-alkanes with
higher molecular weights), (2) a low potential of
diffusive mass transport (e.g., caused by low tor-
tuosity or low content of irreducible water), and/or
(3) high amounts of reactive metal-bearing min-
erals with potential to bind sulfidic species in the
reservoir rock mineral assemblage, would show a
low overall TSR rate and undergo weak reservoir
souring.

One scenario excludes formation of elemental
sulfur, which was proven as one of the TSR products.
The results of this scenario highlight the importance
of a holistic modeling approach by integrating all
interconnected reactions. Any modeling approach
that is based on selected reactions of interest over-
estimates or underestimates the reservoir souring in-
tensity. Because the TSR web couples interconnected
geochemical reactions to mass transport processes,
no simple correlation exists between one key factor
(e.g., kinetic rate of ASR) and the intensity of TSR
(e.g., amount of dissolved anhydrite, H2S(g) content).
Thus, a complex transport modeling is recommended
to access H2S risks induced by ASR. In summary, the
application of 3-D reactive transport modeling pre-
sented in our study provides a good example of how
such an approach could help to identify fundamental
parameters relevant for H2S formation, its sub-
sequent fate, and its hydrogeochemical behavior in
anhydrite-bearing reservoirs. Such a complex model-
ing approach enables a better understanding of TSR
processes at the reservoir scale in a quantitative way.
Moreover, it helps to predict the temporal and spatial
evolution of the overall TSR rate and the reservoir
souring by H2S.
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