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A B S T R A C T   

Sulphate reducing prokaryotes (SRP) cause hydrogen sulphide (H2S) generation in some waterflooded hydro-
carbon reservoirs that is known as microbial reservoir souring or biosouring. The H2S generated in-situ by SRP is 
toxic and corrosive that adversely affects the quality, production, and economy of oil fields together with 
negative environmental impacts. Various chemical, biological, and microbial methods have been implemented to 
control such in-situ microbial reactions in the past few decades but still they are not fully controllable. This work 
aims to give deeper insight into microbial reservoir souring and its mitigations techniques. First, this review 
elaborates on the complex physics of souring and subsequently explores the latest modelling tools being used to 
capture the biochemistry of souring and the physics of H2S generation. Later, a critical discussion on the impact 
of governing parameters such as fluid composition, temperature, pressure, pH, and salinity on H2S biogeneration 
is added. Next, H2S-fluid-rock interactions leading to partitioning, adsorption, and scavenging phenomena are 
scientifically explained and their effects on H2S transport are elucidated. Various mitigation and control tech-
niques are presented and critically compared in view of their suitability and applicability in different scenarios. 
Finally, some field cases are reported, and the key challenges and the forthcoming research requirements are 
highlighted. This insightful review provides necessary information on microbial activities in hydrocarbon fields 
that are important for chemical and petroleum engineers to tackle souring issue.   

1. Introduction 

Hydrocarbon-based energy (fossil fuel) remains a primary energy 
source worldwide that currently satisfies 80–85% of global energy de-
mand (Thevard, 2012), (Bader, 2006). The multiple advantages such as 
low cost, ease of extraction and distribution as well as huge accessibility 
have made hydrocarbons to be an essential energy source to the func-
tioning of the global economy and growth. In the context of the current 
growing energy demand (expected to become double by 2050) (Inter-
national Energy Agency (IEA), 2019), oil reservoirs play a key role while 
their production improvement, management, and maintenance are of 
vital importance. At the same time, adopting clean technologies 
throughout the production, management, and maintenance might help 

to achieve high energy production at lower carbon footprint (Pereira 
et al., 2021). Water flooding (seawater injection into an oil-bearing 
reservoir) is one of the most common, economical, and successful 
techniques for production improvement and additional oil recovery 
from the matured oil reservoirs (International Energy Agency (IEA), 
2019), (Bader, 2006). However, the seawater often differs from the 
formation water (the brine originally resides in the reservoir) in terms of 
chemical composition, salinity (brine composition and types of ions 
either monovalent, divalent, or trivalent), ionic strength, pH, and tem-
perature (Bader, 2006), (Johnson et al., 2017). Moreover, seawater is 
much richer in sulphate ions than that of the formation water. In addi-
tion, the formation water often contains sulphate reducing prokaryotes 
(SRP). Thus, when the injected seawater interacts with the formation 
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water during the water flooding, their incompatible mixing promotes 
the in-situ microbial reactions which turn sulphate into hydrogen sul-
phide (H2S) that keep rising with successive growth of SRP (Cheng et al., 
2018), (Gallup and Featherstone, 1986). This increase in H2S concen-
tration in the reservoir is referred to as ‘reservoir souring’. It should be 
noted that, sulphate-reducing prokaryotes (SRP) refer to microorgan-
isms of both sulphate-reducing bacteria (SRB) and sulphate-reducing 
archaea (SRA), that perform anaerobic respiration by utilizing sul-
phate (SO− 2

4 ) resulting in hydrogen sulfide (H2S) generation. Such mi-
crobial activity (SRP growth and consequent increase in H2S) depends 
on the salinity, pH, temperature (Hagar and Foroozesh, 2021), pressure, 
sulphate concentration (as electron acceptors), organic compounds and 
hydrogen (electron donors), carbon and energy sources and inorganic 
nutrients such as nitrogen and phosphorus. The produced H2S causes 
numerous economic and environmental issues including additional 
capital, operation and, processing costs while reducing crude oil quality. 
H2S is also hazardous to human health causing eye inflammation, irri-
tability, headache, insomnia, nausea, chronic cough, and respiratory 
disease (Hagar and Foroozesh, 2021), (Dunsmore et al., 2006). More-
over, it also harms flow assurance due to the negative effect of dissolved 
sulphide and precipitated metal sulphides which are highly corrosive 
towards metal pipes and other surface and sub-surface equipment 
(Grigoryan et al., 2009). Field cases have shown that reservoir souring 
significantly affects the success of a waterflooding project; therefore, 
care should be taken before designing water flooding projects. Various 
oil-fields worldwide including Gullfaks, Arne, Halfdan, Snorre, Sabir-
iyah Mauddud, Marun, Alberta, and Draugen have been facing the issue 
of reservoir souring that hampers not only the economic viability of the 
oil recovery process but also causes environmental issues (Cheng et al., 
2018), (Harper et al., 2020), (Vik et al., 2007), (Coombe et al., 2010). 
Thus, reservoir souring remains a challenge that has been categorized to 
be among the critical issues in these oil-fields. Nevertheless, it could be 
managed by understanding the underlying mechanisms and identifying 
the controlling and governing parameters (The Research Council of 
Norway, 2012). 

Remediation will be required; when it has been determined that 
souring is causing unacceptable field problems (Kalpakci et al., 2007). 
However, prevention of souring is preferred. Sulphate removal is one of 
the methods to prevent and limit souring, which has been implemented 
since the 1980s against inorganic scaling issues (Bader, 2007), (Hea-
therly et al., 1994). However, reducing sulphate concentration in in-
jection water will only delay the souring reservoir onset 
(Hosseininoosheri et al., 2017). Biocides can help with souring mitiga-
tion. Biocides are traditionally utilized for the prevention of microbially 
induced corrosion on surface and topsides facilities rather than to 
mitigate or prevent the souring of the oil reservoirs (Makhlouf and 
Botello, 2018) (Jordan and Walsh, 2004). The stability of biocides under 
reservoir conditions is difficult to be characterized as it is sensitive to 
environmental disturbances including temperature, oxygen content, 
salinity, pH, nature (oxidizing and non-oxidizing) and compatibility of 
biocide against ecological properties of microorganism, process addi-
tives, complex organic matter, and contaminants (Williams and Schultz, 
2015) (Pereira et al., 2021) (Williams and Schultz, 2015). Nitrate and 
nitrite treatment for reservoir souring has also shown to be beneficial in 
several experiments and it has gained popularity as alternatives or 
supplements to traditional biocides treatment that not necessarily kill 
the SRP but suppress the SRP activity through selective manipulation of 
the indigenous bacteria (Jenneman et al., 1986), (Hitzman and Sperl, 
1994), (Stott, 2012), (Sturman et al., 1999). These treatment techniques 
are explained in detail later on in this review. 

Apart from the experimental and field considerations, modelling 
approaches have shown their potentials in evaluating the actual roots of 
reservoir souring and the key parameters to find out the suitable treat-
ment or control techniques (Johnson et al., 2017). The prediction ac-
curacy of a souring model is dependent on its ability to regenerate the 

suitable environment needed for generation and transport of H2S in the 
reservoir (Dunsmore et al., 2006), (Shamaa et al., 2007). The generation 
of H2S that is due to bacterial activity can be effected by underground 
reservoir parameters and conditions such as porosity, permeability, 
production/injection flowrate, pressure, temperature, pH and salinity 
(Basafa and Hawboldt, 2019), (O’Flaherty et al., 1998). Thus, simulta-
neously incorporating the H2S generation and transport behaviour of the 
generated H2S in porous media could improve the souring model (Far-
hadinia et al., 2010a). Several souring models have been developed in 
the last two decades. Ligthelm et al. (1991) presented a 1-D analytical 
model for H2S generation and transportation. The mixing model of 
seawater and formation has been considered in several simulation 
studies (Maxwell and Spark, 2005), (Haghshenas et al., 2012). Sunde 
et al. (1993) developed the biofilm model by solving the material bal-
ance equation, which considers reactions, diffusion, and adsorption. The 
biofilm model assumes that the H2S generation only occurs in the bio-
film near-wellbore (Al-Refai et al., 2019), (Sugai et al., 2014). Lately, 
Burger et al. (2005) developed a mechanistic model that divides the 
reservoir into elements that represent waterflooding total pore volume. 
Souring modelling is discussed in detail later on in this review. 

In a nutshell, prediction of SRP activity and consequent H2S gener-
ation as well as evaluating their impact on production performance is of 
vital importance for the oil exploration and production industries. As 
such, this review provides information on geochemical, microbial, bio-
logical, and other governing mechanisms or parameters that are needed 
to predict the souring more accurately. It also deliberates the various 
derived parameters to further provide a theoretical and value-added 
modelling approach to assess the bacterial growth mechanisms, H2S 
production together with transport mechanisms. Furthermore, it dis-
cusses the comprehensive strategies to control and mitigate the reservoir 
souring along with future investigation. To the best of our knowledge, 
this is the first review article that emphasizes the theoretical as well as 
value-added modelling approach to assess the reservoir souring mech-
anisms along with control and mitigation techniques. 

2. Origin of reservoir souring and mechanisms 

The production of H2S from sulphate that is present in waters has 
been acknowledged as a biological process by sulphate reducing pro-
karyotes (SRP), however, understanding untapped and mysterious SRP 
are still troubling the ambitious microbiologist (Widdel and Zeh, 1988), 
(Mueller, 1994). SRP are identified as a bizarre group of microbes that 
are particularly a heterogeneous collection of microorganisms that have 
dissimilatory sulphate metabolism and are obligate anaerobiosis (die in 
the presence oxygen) (Widdel and Zeh, 1988), (Cord-Ruwisch et al., 
1987). While some SRP are native to underground reservoirs, they could 
also be introduced into the reservoir during water injection or drilling 
operations. (Pedersen, 2000), (Christensen et al., 1992), however, exact 
understanding of their origin is still challenging, i.e. whether they have 
been in the reservoir since its deposition or have been introduced later 
from other sources. It is also known that SRP is an anaerobic bacteria 
that can be found in many natural soils, sediments, and water. The SRP 
comprises various groups of microorganisms of different communities 
which undergo anaerobic reactions in the presence of sulphate where 
sulphate act as a terminal electron acceptor (Lovley and Phillips, 1994) 
(Chen et al., 1994), (Lovley et al., 1995), (Thauer and Badziong, 2018 ), 
(An et al., 2017), resulting in hydrogen sulphide as one of the reaction 
products. In such reactions, organic compounds or hydrogen act as 
electron donors in its oxidization (Lovley and Phillips, 1994), (An et al., 
2017), (Coombe et al., 2004). Hydrogen source in some reservoirs is 
related to organic components that are biologically decomposed by 
fermentative bacteria. A part is converted into CO2, another part is 
converted to reduced products such as fatty acids, hydrogen, and alcohol 
(Mueller, 1994). The organic acids are naturally present in the formation 
water that act as energy and carbon sources for SRP microorganisms 
(Coombe et al., 2004), (Chen and Reinsel, 1996), (do Vale et al., 2020), 
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(Gieg et al., 2011). These organic acids are considered as oxidizing 
organic substratum including volatile acids (i.e., formic, butyric, acetic, 
and propionic) that are generally used by SRP to reduce the existing 
sulphate ions (SO2−

4 ) into hydrogen sulphide in oil fields. Injected 
seawater usually contains a significant amount of sulphate ions (~2700 
mg/L) while, formation and produced water contains 0.1–1900 mg/L 
and <2–1650 mg/L, respectively (Fakhru’l-Razi et al., 2009). Therefore, 
injection of foreign water (especially the seawater) during the water 
flooding process, develops a much favorable condition for souring 
phenomenon or the in-situ microbial reactions as a consequence of 
extreme availability of sulphate in the injected water (Seland et al., 
1992) (Evans, 2009), (Sunde et al., 1993). It also has been proven that 
H2S concentration keeps increasing as these parameters (temperature, 
pH, and salinity) reach certain values called “optimum growth value” 
(Coombe et al., 2004). Temperature plays a major role in hydrogen 
sulphide production since it affects the microbial growth rate. It has 
been observed that, for most SRP strains, the onset time of reservoir 
souring initially decreases with an increase in temperature, then reaches 
a minimum value at an optimum temperature range (30–60 ◦C), and 
increases with further increase in temperature (beyond the optimum 
temperature) (Hosseininoosheri et al., 2017). In other words, the most 
rapid microbial growth process (that leads to hydrogen sulphide gen-
eration) has been observed when the temperature reached its optimum 
value. Therefore, the effect of temperature cannot be ignored while 
designing an efficient waterflood process for reducing reservoir souring 
risk (Hosseininoosheri et al., 2017). While the oil reservoirs usually have 
a high temperature, the drop in temperature (especially near the 
injector) during the cold seawater flooding will provide a suitable con-
dition for SRP growth (Al-Refai et al., 2019), (Sunde et al., 1993). As 
such, extreme bacterial growth and activities probably through the 
formation of a bio-film often appears near the injection well with sig-
nificant H2S generation, and it diminishes with an increase in distance 
from the injection point towards the production well along the water-
front. The diminished H2S generation along the flood front movement 
from injection to production well depends upon the rock permeability 
and fracture, scavenging, partitioning and water movement (flow ve-
locity and resident time) (Vance and Thrasher, 2014), (McKinley et al., 
1988). Additionally, the movement of other chemicals (e.g., sulphate 
ion) or microbial species (e.g., SRP) along with generated H2S also 
happens and their extent of participation in the subsequent reactions 
depends on the dispersion, diffusion, partitioning into different in-situ 
phases (oleic, aqueous and gaseous phase), and adsorption on the rock 
and minerals (Alkan et al., 2017), (Sunde et al., 1993). Partitioning of 
H2S between oil, water, and gas is a thermodynamic process that is a 
function of the temperature, pressure, fluid composition, water pH and 
ionic strength. It has been observed that the gaseous phase in a soured 
reservoir contains much of the H2S as a consequence of adequate pres-
sure and temperature, which further would be produced through the 
production well (Burger et al., 2013). A detail investigation of sulphur 
chemistry during reservoir souring including H2S partitioning between 
the phases is reported in the literature (Basafa and Hawboldt, 2019) 
(Basafa, 2018). The existence of SRP in production water was initially 
reported by Bastin and coworkers (1926). A microbiological examina-
tion of several samples taken from wellheads in some oil fields have 
shown that SRP are ordinary inhabitants of such environments (Eden 
et al., 1993). The presence of large amounts of sulphate (as an electron 
acceptor) in injection stream and the presence of organic products 
(hydrocarbon/oleic components) as electron donors are among the key 
components which facilitate the enrichment and growth of SRP in hy-
drocarbon reservoirs (Hosseininoosheri et al., 2017), (Rosso et al., 
1995), (Gittel et al., 2009). Nevertheless, other microorganisms can also 
cause souring. For example, the data from a soured well in an Alaskan 
North Slope hydrocarbon reservoir, suggested the possible souring 
mechanism is by Desulfonauticus bacterium that used hydrogen and 
formate to produce sulphide, where the hydrogen was possibly produced 

by an unclassified Syntrophorhabdaceae (Piceno et al., 2014). 
With regards to temperature effect, the temperature range of 30–60 

◦C is considered to be ideal for the growth of most SRP types (Cor-
d-Ruwisch et al., 1987). Above this range, bacterial growth continues up 
to 80 ◦C but in a fading manner. Therefore, the temperature distribution 
is one of the most important limiting factors for H2S generation in res-
ervoirs. Nevertheless, some of the SRP communities (mesophilic bacte-
ria) have shown their potential growth in the low-temperature range of 
20 ◦C–40 ◦C and some others (thermophilic bacteria) are observed to 
grow in a medium with the temperature up to 80 ◦C. In comparison, 
some other thermophilic bacterial communities have shown their po-
tential survival even in high-temperature conditions (above 80 ◦C) by 
spore formation that are called hyperthermophilic bacteria (Beeder 
et al., 1994). In one of the studies on an isolated spore forming ther-
mophilic SRP (strain T90A and strain T93B) taken from water produced 
from an oil field in the North Sea, the spores were found to be extremely 
heat resistant and survived up to 131 ◦C (Mueller, 1994), (Beeder et al., 
1994). In another study, a spore forming thermophilic SRB isolated from 
oil field waters from production platforms in the Norwegian sector of the 
North Sea. The temperature range for growth was 43–78 ◦C, and the 
spores were extremely heat resistant, withstanding 131 ◦C for 20 min 
(Rosnes et al., 1991). Three scenarios were possible for the origin of 
thermophilic SRB. The bacteria could be injected and transported via the 
injection water. The second possibility is that SRB contaminated the area 
around a production well during drilling (entered the reservoir during 
well drilling). The third possibility is that the bacteria were present in 
the reservoir prior to the oil field’s exploitation. SRB can be classified 
according to their tolerable temperature ranges with the capability of 
metabolism and H2S generation. Gieg et al. (2011) summarized the SRP 
genera that have been identified in the oilfields (Gieg et al., 2011). 

It should be noted that, a number of biotic and abiotic mechanisms 
including, thermochemical sulphate reduction, thermal hydrolysis of 
organic sulphur compounds, bacterial sulphate reduction, hydrolysis of 
metal sulphides, redox reactions involving oxygen scavengers, and 
desorption of H2S from aqueous phase have been identified and pro-
posed for reservoir souring (Gieg et al., 2011), (Vance and Thrasher, 
2014), (Basafa, 2018). It should be noted that biotic mechanisms are 
more likely at moderate temperatures while abiotic processes are in 
charge of souring at high temperature conditions. However, reduction of 
sulphate by SRP is the most common and widely accepted and dominant 
mechanism of H2S producing in the reservoir (that is referred to as 
biosouring) (Vance and Thrasher, 2014). Most of the oil fields in the 
North Sea and Western Canadian Sedimentary Basin are found to be 
much prone to biosouring due to the inadequate control of SRP activity 
(Maxwell and Spark, 2005), (Seto and Beliveau, 2000). 

3. Modelling of reservoir souring 

The biodegradation kinetic modelling of sulphate reducing bacteria 
(SRB) growth applies the most popular kinetic expression (Monod 
equation). The Monod equation considers the nutrient as the limiting 
factor for microbial growth rate (De Blanc et al., 1996). The limiting 
nutrient can be a substrate, electron acceptor, or any other nutrient, like 
nitrogen or phosphorous, which prevents the growth of cells at their 
highest (exponential) rate. Since the concentrations of substrates and 
electron acceptors are variable for SRB in different sections of the 
reservoir, their growth rates and phases can be different or change 
constantly. Thus, microorganisms’ growth cycles at subsurface may 
show some resemblance to microbial batch growth. The four different 
growing periods for microorganisms in batch culture (closed systems) 
are shown in Fig. 1. These periods are the lag period, exponential growth 
period, stationary period, and death period (De Blanc et al., 1996), 
(Zhang et al., 2012), (Al Zuhair et al., 2008). However, consumption of 
sulphate by the SRB and generation of H2S have been mainly observed 
during only their logarithmic growth phase (Veshareh et al., 2021), 
(Sugai et al., 2018) because the duration of water injection is usually 
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limited making the source of needed sulphate to be limited. 
Most of the numerical studies consider Logarithmic/exponential 

growth behaviour for SRB. The following equation (Eq. (1)) shows the 
increase in cell number of the bacteria per unit time (POWELL, 1956). 

dx
dt

= μx (1)  

where x is the cell number of bacteria (cells), μ is the specific growth rate 
of cells (h− 1), t is the time (h). The integration of Eq. (1) results in 
obtaining the bacterial cell numbers at time t according to the cell 
numbers at time t − Δt as shown below (POWELL, 1956): 

xt = xt− ΔteμΔt (2) 

The Monod equation shown below can describe the specific growth 
rate for SRB at logarithmic phase (Monod, 1949): 

μ=
μmCS

KS + CS
(3)  

where μm is the maximum specific growth rate (h− 1), KS is half- 
saturation constant (value of CS at which μ is half of μm, g/L), CS is 
the limiting growth substrate concentration (g/L). Since SRB limiting 
growth substrates are sulphate and organic matter, two terms in the 
form of μmCS

KS+CS 
(to represent two limiting substrates) are multiplied in the 

Monod equation (Sugai et al., 2018). The μm and KS are determined 
experimentally for each substrate and microbial culture by changing the 
sulphate or the organic matter concentration in the system and 
measuring the corresponding specific growth rate. Due to the difference 
in temperature of the injected water and the formation water, a sudden 
drop in temperature and consequently a temperature gradient often 
appears. As the change in temperature affects the specific growth rate 
value, the growth rate of the incubated SRB at various temperatures 
must be determined (Sugai et al., 2014). On the other hand, Monod 
kinetic equation and temperature effects are used to determine SRB final 
specific growth rate. 

Sulphate utilization by SRB in just the logarithmic phase at time t can 
be determined as follows (POWELL, 1956): 

St = St− Δt −
xt − x0

Y
(4)  

where St is the sulphate amount (g) at time t, xt is cell number for the 
bacteria at time t, and Y is the yield of the growth (it defined as the 
number of cells produced per mass of substrate used, cells/g). At the end 
of the logarithmic growth process, the growth yield is calculated too if 
sulphate is totally consumed as follows: 

Y =
xm − x0

S0
(5)  

where xm is cells maximal numbers during the incubation period, x0 is 
the initial cell bacterial numbers and S0 is the initial amount of sulphate 
(g). 

Next, a flow equation for oil and water are given by equations (6) and 
(7) respectively. The Material Balance equation consists of two phases 
and six components (oil, water, SRB, nutrient#1, nutrient#2, and 
metabolite) are included to evaluate the H2S generation in an oil 
reservoir during water flooding. In Sugai et al. (2020) study, the nutri-
ents for the SRB were sulphate and ethanol and the metabolite of the SRB 
was H2S. 

α ∂(∅Soρo)

∂t
=∇

(

α ko

μo
ρo∇Φo

)

− αqop (6)  

α ∂(∅Swρw)

∂t
=∇

(

α kw

μw
ρw∇Φw

)

+ α
(
qwi − qwp

)
(7)  

where α is dimensional constant number, ∅ is the porosity, So and Sw are 
the oil and water saturations, ρo and ρw are the oil and water densities, ko 

and kw are the oil and water effective permeabilities, μo and μw are the 
oil and water viscosities, Φo and Φw the oil and water flow potential, qwi 
is the rate of water injection, qwp is the water production rate, qo is the oil 
production rate. The SRB, nutrients and metabolite transport are 
described by equations 8–10. 

α ∂(∅SwρwCSRB)

∂t
=∇

(

α kw

μw
ρwCSRB∇Φw

)

+ α
{

ρwRSRB +CSRB
(
qwi − qwp

)}

(8)  

α ∂(∅SwρwCNutrient)

∂t
=∇

(

α kw

μw
ρwCNutrient∇Φw

)

− α
{

ρwRNutrient − CNutrient
(
qwi − qwp

)}
(9)  

α ∂(∅SwρwCH2S)

∂t
=∇

(

α kw

μw
ρwCH2S∇Φw

)

+ α
{

ρwRH2S +CH2S
(
qwi − qwp

)}

(10)  

where CSRB, CNutrient and CH2S are the concentration of SRB, nutrient and 
H2S respectively, in the water, RSRB is the SRB growth rate, RNutrient is the 
nutrient consumption rate, and RH2S is the H2S generation rate by SRB 
(Sugai et al., 2020). 

Given the importance of the modelling approach to assess the 
reservoir souring in hydrocarbon reservoirs, numerous studies have 
been carried out in the past years (Cheng et al., 2018), (Sugai et al., 
2018), (Burger et al., 2005; Salleh et al., 2019; Sivasankar and Govin-
darajan, 2015) as summarized in Table 1. Water injection into an oil 
reservoir develops a gradient (against space and time) in the key envi-
ronmental characteristics along with its front movement. The environ-
mental characteristics mainly include temperature and concentrations 
of sulphate and electron donors. This provides an extensive range of 
potential ecological niches for different sulphate-reducing prokaryotes 
(SRP), leading to a diverse community with probably a certain SRP over 
others as delineated by their physiological characteristics (or traits). A 
study by Cheng et al. (2018) (Cheng et al., 2018) indicated a way of 
using genomic knowledge to delimit the biological parameters required 
to model the souring, which proposes a route to use microbial infor-
mation from oil reservoir studies. In a generalized reactive multi-phase 
transport model, the study demonstrated how this derived information 
can be used in the souring simulation of cold seawater injection into the 
reservoir. The shift in microbial communities composition was modelled 
with various SRP with an emergent property that repetitively develops 
as a response to changes in reservoir environmental conditions (Cheng 
et al., 2018). In the field-scale simulation for twenty-five different types 

Fig. 1. Microorganism growth phases (redrawn from (De Blanc et al., 1996)).  
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Table 1 
Summary of the previous studies on reservoir souring models.  

Relative Study Objective Findings Challenges 

Cheng et al. (2018) To provide a pathway for utilizing 
microbial data derived from oil reservoir 
studies by limiting biological parameters 
for souring models. 

•The study’s results showed a negative relationship 
between optimal growth temperature, which 
calculated based on codon usage bias and minimum 
generation time based on the frequency of amino 
acids for sulphate-reducing prokaryotes (SRP). 

•The numerical simulator consists of only oil and 
water phase, while H2S could be in the gas phase 
as well. 

•Results showed a weak correlation between half- 
saturation constant (Ks) used in kinetic modelling 
for electron acceptor/donor and minimum 
generation time for SRP. 
•The result indicates a negative half-saturation (Ks) 
relation with optimal growth temperature for SRP. 

Sugai et al. (2018), (Burger 
et al., 2005) 

To study the kinetic of SRB growth during 
water injection and derive numerical 
based models for SRB growth and H2S 
generation. 

•An empirical equation for SRB growth was derived 
based on the effect of the concentrations of 
sulphate, ethanol, and temperature. 

•The study has not considered the effect of 
pressure, pH and TDS. 
•H2S partitioning into oil, water and gas phase 
was not considered. •The sulphate and ethanol concentrations 

decreased, resulting in H2S generation. 
•The optimum SRB growth temperature was at 40 
◦C. 
•There were no SRB growth observed at 20 ◦C, 60 
◦C, 80 ◦C, and 100 ◦C. 
•The sulphate concentration has a significant effect 
on the growth yield for SRB. 

Hosseininoosheri et al. 
(2017) ( 
Hosseininoosheri et al., 
2017) 

Improvement in the numerical model to 
predict the onset of souring and to study 
the effect of pH, salinity, and temperature 
on the souring process 

•Concentration of hydrogen sulphide (H2S) 
increases with the optimal temperature of the 
reservoir, salinity, and pH for the bacteria growth. 

•The model did not consider the effect of pressure 
on the SRB growth and H2S generation. 

•Substrates and electron acceptors both accelerate 
the growth of microorganisms. 
•Reduce the concentration of sulphate in injection 
water delays the onset of reservoir souring. 

Burger et al. (2013) ( 
Burger et al., 2013) 

To present the relationships describing 
the H2S partitioning. 

•The hydrocarbon composition slightly influenced 
the partition coefficient for oil, gas, and water. 

•The applicability of this model at ultra-HPHT 
conditions is limited while more experimental 
data are required at very high pressures, 
temperatures, and a complicate composition of 
the electrolyte. 

•The partitioning coefficient of oil, gas and water 
for the practical purpose was given as 17, 428 and 
25, respectively. 
•The dissociation of H2S has a significant effect on 
partitioning to the gas at a pH above 6. 
•Water cut has a large impact on the H2S 
concentration in the gas at low pH levels. 

Burger et al. (2005) ( 
Burger et al., 2006) 

To identify the increase in H2S production 
in a water-flooded oil field is a result of 
bacteria activity, and to estimate future 
H2S production 

•The increase in H2S level in the Ekofisk field 
prompted that portion of the souring may be due to 
biogenic activity, or due to the indigenous H2S “up 
concentration” effect caused by water cut increase 
and GOR decrease. 

•Gas left presence was a complicated issue for 
history matching process 
•The activity of SRB was not a function of 
sulphide presents in aqueous or salinity 

•The “up concentration” effect resulted in an 
increase in produced H2S without an increase in its 
mass production. 
•The results showed severe souring in the higher 
water cut, while low water cut has not yet shown 
the souring effect. 

Coombe et al. (2004) ( 
Coombe et al., 2004) 

To simulate the bioreactor up-flow test by 
implying a model for microbial growth 
and metabolite production kinetic in 
STARS simulator. 

•The in situ SRB is forecast to continuously increase 
the amount of H2S generated during water 
injection. 

•Historical relationships between model, field 
simulations and actual field data are essential for 
the study. 

•Initially, decreased in CO2 and H2S are observed 
as these species used in NR-SOB reaction, while 
their subsequent increase is correlated with the 
further re-growth of SRB stimulated by NR-SOB’s 
development of additional H2SO4. 
•Results showed consistent production of H2S, 
acetate and CO2 with the increased SRB growth 

Sunde et al. (1993) (Sunde 
et al., 1993) 

To develop a mathematical model for 
reservoir souring caused by SRB activity. 

•The bacteria follow the injected water as 
permeability passes 100mD. 

•The bacterial activity does not specifically 
depend on temperature or pressure. 
•The injection water composition (assume a 
mixture of seawater and produced water is 
injected). 

•The study concludes the lack of nutrients is 
regarded as the limiting factor for bacterial growth. 
•It was observed that H2S production does not 
increase at seawater breakthrough but starts after 
several pore volumes after the breakthrough of the 
injected water, this is due to the adsorption of H2S 
first produced by the reservoir. 
•Low H2S adsorption coincides with high 
permeability while low permeability due to 
impurity results in high adsorption.  
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of SRP, the initial reservoir condition showed the equal distribution of 
SRP throughout the reservoir. As the temperature dropped around the 
injection well area, mesophiles dominated the SRP community. How-
ever, deeper in the oil reservoir matrix, the temperature only started to 
fall after 2.5 years. The thermophiles SRP took over hyperthermophiles 
when the temperature dropped to 45 ◦C at the producing well(s) area 
(Cheng et al., 2018). It should be noted that the maximum growth rate 
parameter in the simulation was defined as a function of temperature to 
account for different SRP communities in different temperature zones. It 
has also been tried in the literature to provide optimal kinetic growth 
models (Sugai et al., 2018). Understanding the kinetic growth of SRP 
requires evaluation of the effect of temperature, pH, and salinity. Such 
an assessment could improve the prediction of the souring onset as SRP 
growth is reflected by the generation of H2S (Hosseininoosheri et al., 
2017). 

Partitioning of generated H2S between resident phases in the reser-
voir is very common. H2S portioning between oil, gas, and water phase 
were investigated by Burger et al. (2013). They have shown the effect of 
pressure, temperature, water pH, fluid composition, and ionic strength 
on the partition process (Burger et al., 2013). The effect of pH is 
important because if the pH is either neutral or basic for high water cut 
systems, the hydrogen sulphide starts dissociating into HS− and S2− ions 
that remain dissolved in the water, and will not partition into oil and 
gas. However, presence of ionic salt in water tends to drive out the 
dissolved gas due to salting-out effect. More specifically, at neutral pH, 
dissociation, salting-out, and ionic strength all together affect the 
gaseous H2S concentration. At neutral pH, the H2S concentration in gas 
phase is independent of the water cut, while at lower pH it is only a 
function of water cut and increases monotonically with the water cut 
(Burger et al., 2013), (Basafa, 2018). Burger et al. (2005) revealed that 
severe souring was observed in high water cut wells. However, in the 
low water cut wells, souring has not been observed yet (Burger et al., 
2005). Furthermore, geochemical interactions are also extremely 
important in reservoir souring. In many souring cases, a delay in H2S 
production at the seawater breakthrough point (when seawater is 
observed at production well) has been identified, even after a few pore 
volumes of seawater injection. This is due to the adsorption of initial H2S 
on the reservoir rock (Sunde et al., 1993). Dissolved metal ions and salt 
in the aqueous phase and mineralogical composition of the rock play a 
significant role in the adsorption process of H2S on rock surface (Sunde 
et al., 1993). H2S has shown a stronger adsorption tendency on rock 
(during its migration and accumulation) compared to other gases CO2, 
CH4, and N2 due to its higher boiling point. The generated H2S either 
gets adsorbed while migrates or reacts with some metals ions and 
minerals to form sulphide and be deposited (Sunde et al., 1993), 
(Wenhui et al., 2010). 

Mineralogical composition of the rock including calcite (a carbonate 
mineral; calcium carbonate (CaCO3)), dolomite (a carbonate mineral; 
calcium magnesium carbonate; CaMg(CO₃)₂), anhydrite (a sulphate 
mineral; calcium sulphate (CaSO4)), pyrite (a sulphate mineral, iron 
sulphide (FeS2)), and goethite (iron oxyhydroxide FeO(OH)) affects the 
souring process (Fu et al., 2016). It has been shown that, chalk con-
taining anhydrite mineral produces more sulphide in comparison to 
limestone, while rock containing iron minerals (e.g., goethite) can 
inhibit the sulphide generation in porous media (Li et al., 2020). It is 
because that, anhydrite is a sulphate mineral that is available as a source 
of sulphate to be used by SRP causing a higher sulphide production. On 
the other hand, it is believed that available ferrous ion (Fe2+) can 
interact with the produced sulphide through precipitation of iron sul-
phide minerals such as pyrite and pyrrhotite (Fe(1-x)S). Some rocks may 
contain different iron mineral including pyrite, goethite, mackinawite 
and siderite which create ferrous ions when interact with the brine 
which further adsorbs the generated sulphide. H2S adsorption into the 
reservoir (trapping of H2S) relies also on the reservoir permeability such 
that at low permeability conditions, a higher adsorption of H2S into the 
reservoir is observed (Sunde et al., 1993). 

Over the last two decades, several mathematical models have been 
developed to predict the onset of reservoir souring in the different as-
pects (Hosseininoosheri et al., 2017), (Farhadinia et al., 2010a), (Far-
hadinia et al., 2010b). In a successful souring model, the generation and 
transportation of hydrogen sulphides in an oil reservoir must be 
considered. Such coupling leads to a more efficient and accurate souring 
prediction model (Farhadinia et al., 2010a). Additionally, understand-
ing and complete knowledge of microbial sources and their nature, as 
well as generation criteria of H2S, could help in building more accurate 
modelling and simulation tools and techniques (Farhadinia et al., 
2010b). Sulphate present in the injection water and organic electron 
donor (fatty acid and other organic compounds) existence in the for-
mation water are the two key components of the souring reaction. The 
reactions take place where all the required nutrients and energy sources 
are available. As such, bacteria grow and generate H2S in the mixing 
zone between the injection and formation waters. The formation and 
extent of the developed mixing zone extremely depends on the disper-
sion and diffusion of the components in the aqueous phase that further 
affects the H2S production. The degree of mixing determines the area at 
which microbial reactions occur, thus considering the effect of diffusion 
and dispersion is extremely important. 

The transport of all these chemical and biological species along the 
water front, extent of souring reaction, and transport of produced H2S 
are dependent on the diffusion, dispersion, adsorption, and partitioning 
processes. Moreover, partitioning of organic components in oil-water 
systems depends on the pH, temperature, nature and concentration of 
organic acid, oil and water properties, solubility, partitioning coeffi-
cient. The key factors affecting the adsorption and partitioning has been 
reported by different researchers (Li et al., 2020), (Ligthelm et al., 
1991), (Reinsel, 1995). Numerous models including mixing model, 
biofilm model, TVS model, mechanistic model; and simulation studies 
including UTCHEM and CMG-STARS software have been compared in 
view of capability, accuracy, limitation, and improvement of reservoir 
souring prediction and compared with newly developed biological 
model in a compositional reservoir simulator, GPAS (General Purpose 
Adaptive Simulator) (Haghshenas, 2011a), (Haghshenas et al., 2012). It 
is noted that incorporating adsorption and partitioning models for 
aqueous phase components in GPAS would provide more accurate 
models to simulate reservoir souring. Challenges associated with 
different models have been outlined in Table 1. Prediction accuracy in a 
souring model is affected by the ability to recreate the essential envi-
ronment required for the generation and transport of hydrogen sulphide 
(Dunsmore et al., 2006), (Shamaa et al., 2007). Current literature re-
veals three basic models for predicting reservoir souring, namely the 
mixing zone, the biofilm, and thermal viability (Hosseininoosheri et al., 
2017), (Haghshenas, 2011a). According to the mixing model approach, 
H2S production begins with small amounts after water breakthrough 
through production well and increases gradually until the mixing 
(bacterial reaction) zone has been swept out from the reservoir and 
passed through the production well and then stops (Ligthelm et al., 
1991), (Hagar et al., 2020). However, as seen in reality this is not the 
case in many reservoirs, where H2S production remains long after water 
breakthrough. While H2S partitioning across fluid phase and minerals 
scavenging are included, the mixing model developed by Ligthelm et al. 
(1991) did not count in the temperature and nutritional effects on the 
growth of SRB (Haghshenas, 2011a). Unlike the mixing model, the 
biofilm model considers nutrients in the injection water as a core 
limiting factor for hydrogen sulphide production. The biofilm model 
would be valid if seawater is injected above the oil-water contact to be 
preferably mixed with produced water (Haghshenas, 2011a), resulting 
in sufficient availability of sulphate and organic components for 
continuous SRB growth. However, in the case of injection below the 
oil-water contact, the model does not justify the continuous increase in 
H2S production. Furthermore, in the thermal viability model, H2S par-
titioning, and adsorption have not been considered, which has a serious 
impact on the amount of H2S produced. The nutrient impact on H2S 
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generation also was not considered in this model. Furthermore, the 
estimation of the H2S production rate does not depend on the injection 
and formation water composition (Hosseininoosheri, 2016). The limi-
tation and model descriptions, as well as the formulae for each model, 
are discussed in Table 2. This review considers three major models, 
specifically mixing zone, biofilm, and thermal viability for accurate 
prediction of the reservoir souring (Jordan and Walsh, 2004). In all the 
models, for the metabolic activities of SRB, both the nutrient and the 
sulphate sources are required. The H2S generation may occur in the 
region near the injection wells, in the mixing water zone between in-
jection and formation water, or at the producing wells. 

The mixing model considers SRB growth in the region where injected 
water and formation water interact in the reservoir, as shown in Fig. 2 
(Ligthelm et al., 1991). The zone of mixing usually expands and can 
spread across the reservoir. REVEAL is one of the software that considers 
the mixing zone model. The mixing zone principle suggests that SRB 
activity would be prevalent only in zones within the reservoir that are 
influenced by injected water with favorable conditions for bacterial 
activity. Nevertheless, this model assumes SRB or microbes will be 
introduced into the reservoir by water injection or during introduction 
of chemical fluid for hydraulic fracturing jobs that may carry a source of 
microbes agent into the reservoir (Mouser et al., 2016), (Kahrilas et al., 
2015). The model of biofilms assumes that H2S production is in a region 

nearby the wellbore as a consequence of the growth of SRB in a biofilm 
form, as shown in Fig. 3 (Sunde et al., 1993). Therefore, the extent of the 
biofilm’s biomass and the rate of the production of H2S depends upon 
the availability of nutrients sources in the water, particularly nitrogen 
(N) and phosphorus (P). If N or P species are at low concentrations, the 
total biomass is then restricted, and growth will no longer be expo-
nential. This model is used in various internal souring simulations by 
some major operators (Kuijvenhoven et al., 2007). 

As an additional approach for the prediction of the souring, the 
SourSim®RL simulator applies biofilm and mixing models for souring 
process. The challenge of the biofilm hypothesis is the assumption that 
the potential souring level depends only on the injected water compo-
sition and the microbial activity near the injection well region. 
Considering this approach alone could lead to a misprediction of the 
amount of H2S generated because it is unlikely that biofilm formation 
could be the only reason for any souring scenario. 

Although mixing zone and biofilm models have been developed as 
they well suited to modern waterflooding techniques, a Thermal 
Viability Shell (TVS) model has similarly been considered and imple-
mented in the TVS Dynamic model. The potential of souring due to 
water flooding in this model is subjected to the ability to establish a 
stable viability shell in either mesophilic temperature range (20–40 ◦C), 
or thermophilic temperature range (40–80 ◦C). The creation of an SRB- 

Table 2 
Summary of current models for H2S production.  

Model Author Model Description Limitations Governing Equations 

Mixing Model 
Ligthelm et al. 
(1991) 

⁃ A 1D analytical model for H2S 
generation and transportation in an oil 
reservoir due to bacterial activity. 

⁃ It is not consistent as H2S 
production continues even after 
breakthrough. 

Rw
H =

[
C

4 ̅̅̅̅̅τb
√

]
1
̅̅
t

√

where Rw
H is H2S production rate, τb is the time SRB take to 

convert sulphate and VFA into H2S and t is the time for the 
displacement process. 

⁃ It assumes that reactions and SRB 
growth occurred in the mixing zone. 

⁃ It does not incorporate the 
effects of temperature and 
limiting nutrients on SRB 
activity. 

Biofilm Model 
Sunde et al. 
(1993) (Sunde 
et al., 1993) 

⁃ It considers the bacterial reactions 
that generate H2S. 

⁃ The injection water 
composition (assume a mixture 
of seawater and produced water 
is injected). 
⁃ The bacterial activity does not 
specifically depend on 
temperature or pressure. 

μ = μmax

( Cs

Ks + Cs

)(
CA

KA + CA

)(
CN

KN + CN

)

where μmax is the maximum growth/reduction rate, Cs, CA and 
CN are the concentrations of sulphate, substrate and nutrient 
respectively, Kf is half-saturation constant. 

⁃ Bacteria do not migrate deep into the 
reservoir and form a biofilm around 
the injectors. 
⁃ All the nutrients are available for 
bacterial activity in the biofilm zone 
⁃ The numerical model is constructed 
by solving the material balance 
equation completed with correction, 
diffusion, reaction and adsorption 
terms 

Thermal 
Viability 
Shell (TVS) 

Eden et al. 
(1993) (Eden 
et al., 1993) 

⁃ It emphasizes the effect of 
temperature and pressure on microbial 
activity. 

⁃ It does not consider the 
nutrient effect on H2S 
production. 
⁃ H2S production rate 
calculation does not depend on 
injection and formation water 
composition. 

∅
∂Tw

∂t
= −

1
r
⋅
∂
∂r

[rTwV] +
Kw∅
ρwsw

⋅
1
r
⋅
∂
∂r

[

r
∂Tw

∂r

]

−
2kw

hρwsw
∅Tw +

kA
ρwsw

(TR − Tw)+
4q2μ

(2πh)2ρwsw
⋅
1
r2 

where ∅ is effective porosity, Tw and TR are respectively injected 
water and reservoir temperatures, r is reservoir layer distance, V 
is the mean velocity of water, Kw is thermal conductivities of 
injected water, ρw and sw are respectively the density of the 
injected water and its specific heat, h is the reservoir layer 
thickness and A is the permeability constant. 

⁃ H2S is produced in a portion of the 
reservoir that has a favorable 
temperature and pressure for bacterial 
growth. 
⁃ Thermal equilibrium establishes a 
thermal viability shell, which is away 
from the injector. 

Mechanistic 
Model Burger et al. 

(2005) (Burger 
et al., 2005) 

⁃ The reservoir is divided into elements 
representing the total pore volume in 
the waterflooding pattern. 

⁃ The model should be adjusted 
for every reservoir as the fluid 
flow and H2S modelling are 
based on a correlation. 

Sulphide concentration in sea water (moles): 
H2S lswi = K1{1 − exp( − K2 /PV)}∗CSO4 *V ∗ K3 

where K1 and K2 are constants determined by history matching, 
K3 is a temperature-dependent function found in laboratory 
studies, CSO4 is the concentration (moles/L) of the sulphate in 
the element’s fracture, PV is the number of pore volumes of 
water that have flooded through the element at a given time, and 
V is the volume (liters) of the fracture (Eden et al., 1993). 

⁃ The fluid flow between elements is 
matched with production data. 
⁃ ‘The model monitors the 
concentrations of sulphate and 
sulphide in each element’s matrix and 
calculates the H2S bio-generation 
level. 
⁃ An empirical relationship used to 
calculate the sulphide bio-generation 
as a function of pore volumes of 
seawater injected. 
⁃ Produced water reinjection (PWRI) 
was tested.  
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colonized thermal area is restricted to the area near the injector wellbore 
and could extend from the injector into some thousands of feet, 
depending on the water volume in the viability-shell as shown in Fig. 4 
(Eden et al., 1993). Blue, green, and red lines are the temperature pro-
files at early life, mid-life, and late-life of waterflooding. The trend 
shows the formation of the thermal viability shell. For microbial activity, 
TL and TH are the bottoms and top temperature limits. 

4. Microbial activity requirements 

The metabolism and SRB growth as a reduction-oxidation reaction 
(redox) require sulphate and organic compounds as an electron acceptor 
and electron donor, respectively. However, even when these re-
quirements are met, certain physical conditions must be considered for 
the growth and generation of H2S in the reservoir. Fig. 5 shows a simple 
overview of different factors which control microbial activity in the 
reservoir (Herbert et al., 1985). 

A thorough understanding and also quantitative assessment of these 
controlling factors are needed for modelling and prediction of the pos-
sibility of reservoir souring. Johnson et al. (2017) and Herbert et al. 
(1985) have discussed the effect of major nutritional and environmental 
factors that may contribute to SRB growth. 

Numerous reports have shown that sulphate reduction in water- 
flooded reservoirs is induced by organic components present in the 
oleic phase. These organic products often include volatile fatty acids 
(VFA) (e.g., acetate, butyrate, and propionate) and unstable biological 
hydrocarbons such as alkane and mono-aromatics (e.g., toluene) in 
oilfield fluids (Birkeland, 2014), (Grigoryan et al., 2008). It is needed to 
have components such as VFA or any other non-carbon-based compo-
nents (such as hydrogen) with ability to play the role of electron donors 
in order to have the sulphate reduction process by SRP in reservoirs. 

Electron acceptors presences in subterranean waters. 
In most reduced anoxic environments, including freshwater, marine, 

and estuarine sediments, the principal inorganic electron acceptor is 
sulphate (Grigoryan et al., 2008), (Prajapat et al., 2021), (Fauque, 
1995). The sulphate content of oilfield waters (known as formation 
brine) varies according to their source, geographical position, and 
geological situation (Selley, 1985). The concentration of sulphates can 
be anthropogenically increased by the waterflooding process, in which 
water is pumped into mature or low-pressure oilfields from external 
environments, in order to boost oil production (Giuliano, 1981). This is 
especially true in most of the oil fields where the seawater is used as an 
injected fluid into the oil-bearing reservoir (~3000 mg/L SO− 2

4 ). 
It should be noted that, sulphate reduction by SRP is an end-product 

limited process. As such, excess sulphide limits the activity of SRP (Reis 
et al., 1992). The level of SRP resistance to sulphide toxicity is usually 
below 250 mg/l, as above that, sulphide inhibits the activity of bacteria 

(Johnson et al., 2017). The generated H2S can be soluble in both water 
and crude oil (Budavari, 1996) and be dissociated to sulphide (S2− ) and 
bisulphide (HS− ) with increasing the pH of the system causing a 
decrease in the H2S content of all the phases in equilibrium. The 
different forms of sulphide such as bisulphide can react with available 
chemical oxidants such as dissolved oxygen (Chen and Morris, 1972), 
ferric iron (Fe3+, Fe(III)) (Eq. (11)) and ferrous iron (Fe2+, Fe(II)) (Eq. 
(12)) (Dohnalek and FitzPatrick, 1983). The general product of these 
chemical reactions is elemental sulphur (Eq. (11)). The formed 
elemental sulphur can precipitate as a solid and cause plugging in the 
reservoir (Grigoryan and Voordouw, 2008), wellbore, or surface facil-
ities. Similarly, Fe(II) forms FeS (in Eq. (12)) which is a highly insoluble 
metal sulphide and get precipitated. Moreover, several metal cations 
will react with dissolved sulphide (S2− ) to precipitate insoluble sul-
phides; for example, the metal sulphide (highly insoluble) (Basafa, 
2018), (Dohnalek and FitzPatrick, 1983). 

2Fe3+ +HS− →2Fe2+ + S0 + H+ (11)  

Fe2+ +HS− →FeS + H+ (12) 

Availability of nitrogen and phosphorus sources are crucial for mi-
crobial growth and is often considered as a microbial growth-limiting 
factor (Johnson et al., 2017), (Mueller, 1994), (Reinsel, 1995), (Okabe 
and Characklis, 1992), (Atlas and Bartha, 1972). In an analysis study for 
deep subsurface biodegradation, Head et al. (2003) realized that 
accessibility to nitrogen and phosphorus may be the rate-limiting factor 
for reservoir microbial activity (Head et al., 2003). 

Fig. 2. Schematic representation of mixing reservoir souring (redrawn from 
(Haghshenas, 2011a)). 

Fig. 3. Schematic representation of biofilm reservoir souring (redrawn from 
(Haghshenas, 2011a)). 

Fig. 4. Schematic representation of Thermal Viability Shell (TVS) model 
(redrawn from (Haghshenas, 2011a)). 
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In petroleum reservoirs, ammonium (NH+
4 ) is the most important 

source of nitrogen in the formation water. The concentration of 
ammonium in the range of 1 to 1000 mg/L was found in waters 
extracted from oilfields in eastern Alberta and was assumed to be 
controlled by an equilibrium between NH+

4 and minerals such as feld-
spar and illite (Manning and Hutcheon, 2004). Another potential 
mechanism for the generation of bioavailable nitrogen is to fix the 
molecular dinitrogen dissolved in the formation water of anaerobic 
diazotrophic bacteria; while plasmid-encoded genes for enzymes 
required for nitrogen fixation were found in non-oilfield SRB (Heidel-
berg et al., 2004). 

Phosphorus can be available in the form of phosphate that slowly 
passes through the groundwater as it readily reacts to insoluble pre-
cipitates with several mineral ions (including Mg2+ and Fe3+). Details 
about phosphate acquisition in deep-subsurface microorganisms have 
been reported somewhere else (White, 2009), (Kadnikov et al., 2020 ), 
(Lau et al., 2016), (Otto et al., 1985). Although recent work has shown 
that microbes are capable of lixiviating phosphate from silicate minerals 
(Bennett et al., 2001), (Rogers and Bennett, 2004). Aside from these 
activities, phosphate is often limiting in both produced water and 
seawater (Sunde et al., 2005), (Goldberg, 1964). 

The major operating parameters such as pH, pressure, temperature, 
and salinity together will affect a suitable environment for SRB to grow 
and either control their growth rate or decay. pH is an important factor 
in controlling SRB growth rate. The optimal pH for many sulphate- 
reducing microorganisms has a narrow window (range) of 7.5–8.0. 
However, sulphate reduction can proceed in environments well outside 
this pH range e.g. up to pH 10 for some SRP types (O’Flaherty et al., 
1998). 

Pressure varies significantly with the reservoir depth, as a result of 
adaptation to the environment. However, sulphate-reducing microor-
ganisms can survive at high-pressure conditions. It is quite difficult to 
study the effect of pressure on microorganisms when they are isolated 
from the reservoir (i.e., in the laboratories). However, it has been found 
that SRB can bear pressure up to 506 bar (Javaherdashti, 2011), (Ker-
shaw, 1988). Furthermore, studies show that pressure higher than 
103421.36 KPa has a detrimental effect on the growth of 
sulphate-reducing microorganisms (Dunsmore et al., 2006). 

Salinity is often called the main factor affecting the souring of the 
reservoirs. The effect of total dissolved solids (TDS) salinity is inversely 
proportional to the growth rate, i.e., the higher TDS brine, the lower is 
the likelihood of SRB growth (Evans and Dunsmore, 2006). Although 
sulphate-reducing metabolism of SRB can occur over a wide range of 

TDS, their activity is usually limited at water salinity of 150,000 mg/L 
TDS (Dunsmore et al., 2006). 

Reservoir temperature has also a significant effect on the activity of 
sulphate-reducing microorganisms and consequently on the concentra-
tion of the generated H2S that has been discussed before in this review. 

5. H2S production and reservoir sink 

A significant factor in controlling and preventing H2S from reaching 
production wells is the capacity of formation rock to scavenge or adsorb 
some of H2S generated in a soured reservoir (Johnson et al., 2017). 
Scavenging can greatly decrease the H2S concentration and also strongly 
influence the emerging time of H2S at production well. 

Reaction with iron-rich minerals in the reservoirs is a great sink for 
hydrogen sulphide generated by SRB (Sunde et al., 1993), (Eden et al., 
1993), (Ligthelm et al., 1991). The iron oxide minerals (including metal 
carbonates such as siderite) are reduced and produce Fe2+ ions. The 
dissolution of Fe2+ ions from iron oxide minerals can further react with 
the hydrogen sulphide and other sulphur compounds to form a variety of 
iron sulphide minerals such as pyrite (FeS2) and mackinawite (FeS), 
many of which are thermodynamically metastable. The scavenging ca-
pacity of these minerals depends on their stabilities that are affected by 
the temperature, pressure and pH of the solution). Instable iron minerals 
will create a high Fe2+ concentration in the water, thereby promoting 
the precipitation of FeS and FeS2 and lowering the H2S content of the 
water. The extent of scavenging depends on availability and solubility of 
these minerals. Hence, temperature, pressure, and pH influence the 
amount of adsorbed H2S as they affect the solubility of iron-rich min-
erals. These iron-containing minerals could be dissolved in the forma-
tion water and consequently react with H2S containing in the water 
phase and precipitate in the form of pyrite (FeS2) and or mackinawite 
(FeS) resulting in a partial removal of H2S from the flowing stream (Eqs. 
(13)–(15)) (Ligthelm et al., 1991), (Morse et al., 1987), (Graham et al., 
2018), (Vance and Thrasher, 2005), (Graham et al., 2020), (Bénézeth 
et al., 2009). The following aqueous phase reactions show that, siderite 
(FeCO3), hematite (Fe3O3) and magnetite (Fe3O4) can cause scavenging 
of H2S:  

FeCO3(s) + H2S (aq) => H2O + CO2 + FeS(s)                                (13)  

Fe2O3(s) + 3 H2S (aq) = >3H2O + FeS2 + FeS(s)                             (14)  

Fe3O4 (s)+ 4 H2S (aq) =>4H2O + FeS2 +2FeS(s)                             (15) 

The above reactions control the overall amount of H2S migrated 

Fig. 5. Factors affecting microbial activity (Herbert et al., 1985).  
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through the reservoir. However, the presence of these minerals in 
scavenging reactions depends on their water solubility. That is, ferric 
ions should be present in aqueous solutions to interact with dissolved 
H2S in the aqueous phase. These scavenging mechanisms of H2S, in 
practice, are considered to occur on the rock surface, i.e. even if the bulk 
rock contains large amounts of iron minerals, their scavenging capacity 
is bound to the surface area available for interaction with water flowing 
through pores (Vance and Thrasher, 2014). These factors are generally 
referred to as retention and/or adsorption terms in most of the predic-
tive models developed for reservoir souring. For instance, Sunde and 
coworkers (1993) incorporated both of the scavenging mechanisms in 
the adsorption term of their biofilm model. 

In general, the scavenging capacities of a sandstone formation is 
expected to be relatively high, depending on the available minerals, 
whereas carbonate formations have extremely low scavenging capac-
ities due to the poor containing of iron minerals (Johnson et al., 2017). 

The H2S concentration and profile at production well depends on its 
dispersion, diffusion, partitioning into different in-situ phases (oleic, 
aqueous, and gaseous phases), and adsorption onto the rock and min-
erals (Johnson et al., 2017), (Evans et al., 2015), (Narzulloyev, 2018). 
Partitioning (into oil, water, and gas) and adsorption of H2S often affect 
the production profile (both the rate and nature, e.g., monotonic or 
non-monotonic) of the H2S through the production well (Johnson et al., 
2017), (Evans et al., 2015), (Kan et al., 2017). 

H2S partitioning either into oil, gas, and water phases is a thermo-
dynamic process that is likely to be dependent on temperature, pres-
sures, fluid compositions, and water pH and ionic strength (Burger et al., 
2013), (Harper et al., 2016). Burger et al. (2013) measured the H2S 
partitioning coefficient (Kphase1-phase2, the ratio of H2S mole fraction in 
phase 1 to that in phase 2) for four different crude oils at standard oil 
field conditions (1 atm and 60 ◦F). These crude oils are characterized as 
A, B, C, and D based on the API gravity and Gas-Oil Ratio (GOR) as 
shown in Table 3. It was observed that the hydrocarbon composition has 
a slight effect on these coefficients (Kgas-water, Koil-water, and Kgas-oil), such 
that Kg-w = 428, Ko-w = 17, and Kg-o = 25 can be applied for practical 
purposes (Burger et al., 2013). 

Ligthelm et al. (1991) measured the partitioning coefficients (K 
values) for a North Sea oil sample and seawater for a temperature range 
of 25oC–100 ◦C and a pressure range of 15 MPa–35MPa. The K values 
observed to be slightly variable from 18 to 19.5, which means that the 
volume of partitioned H2S into residual oil is almost not affected by 
temperature-pressure conditions in the reservoir (Ligthelm et al., 1991). 

6. Reservoir souring mitigation 

Controlling the microorganisms’ activities in hydrocarbon reservoirs 
is vital before the onset of the souring considering prevention is better 
than treatment. This is essential to avoid the cost impact of chemical and 
engineering solutions for sulphide removal later (Immanuel et al., 
2015). A series of techniques have been introduced to reduce the threats 
of microorganisms such as biocide dose, removal of sulphate for limiting 
the nutrient, molybdates treatment to prevent SO− 2

4 reduction to H2S, 
and dosage of nitrate to improve NRB (nitrate-reducing bacteria) (bio) 
competition. These techniques are used to prevent microorganisms’ 
growth or their metabolic activities and alter the environmental con-
ditions that favour SRP activity (Moura et al., 2013). 

6.1. Biocides treatment 

Biocides are chemical substances that intend to deter or control 
microbial activities by biological or chemical means. They were applied 
for the first time for souring treatment in surface facilities. Diamines 
(such as R1-NH-R2-NH2) are regularly utilized to minimize the souring 
and degradation associated with the growth of SRP in surface facilities in 
Alberta and Saskatchewan reservoirs in Canada (Telang et al., 1998), 

(Hubert et al., 2004). The increment in reservoir temperature and 
pressure will boost biocides’ success but also causes molecular insta-
bility (Haghshenas, 2011b). Since the mobility of biocides in the reser-
voir relies upon their stability and adsorption properties, chemicals that 
could migrate through the reservoir should be selected (Haghshenas, 
2011a). 

Biocides have been injected during waterflooding for microbial 
species management and mitigation in the injection and production 
wells and surface facilities. Nevertheless, the efficiency of different 
biocides for reservoir souring prevention have not comprehensively 
been investigated in specifically under representative reservoir condi-
tions such as pressure, temperature, and water composition (salinity, 
source of carbon and its abundance, concentrations of sulphates, etc.). 
As a matter of fact, only a few field experiments on the efficiency of 
different biocides for controlling or remediating souring have ever been 
reported. However, the basic types of biocides that are usually utilized 
have been thoroughly studied along with their known interactions with 
SRP (Gieg et al., 2011). For example, a successful treatment using Tet-
rakis hydroxymethyl phosphonium sulphate (THPS) biocide was re-
ported in the North sea (Skjold field) (Sen et al., 2000). In contrast, 
Evans et al. (2015) investigated the effectiveness of THPS biocide in a 
low-temperature reservoir (60 ◦C). The injected water was continuously 
treated with biocide to control SRP activity within the reservoir. How-
ever, the produced H2S level was consistent with the sulphate available 
in the injection water, indicating that biocide treatment was not limiting 
the activity of SRP. Moreover, the treatment was terminated and no 
subsequent increment in H2S generation was detected in the field. 

In any solution, chemical equilibrium varies with varying pressure 
and temperature in the reservoir, which often results in spontaneous 
chemical reactions or biocidal degradation (Kahrilas et al., 2015). The 
conventional biocidal glutaraldehyde, as an example, is considered to be 
inefficient at higher temperatures (above 75 ◦C). Therefore, other bio-
cides for souring control are being investigated for a reservoir with high 
temperatures such as tris (hydroxymethyl) nitromethane (THNM) and 4, 
4-dimethyloxazolidine (Yin et al., 2018). McGinley et al. (2011) 
observed that glutaraldehyde stability was affected by the temperature 
as well as the presence of ammonium chloride in the tested field and 
laboratory. They discovered 90% of 1000 ppm of glutaraldehyde was 
degraded at 60 ◦C in 24 h (McGinley et al., 2011). 

pH condition also affects biocides’ stability. For example, the sta-
bility of THPS biocide depends greatly upon pH condition as it was 
shown that THPS degraded quicker at higher pH conditions (Zhao et al., 
2009). In another study, it was shown that the isothiazolone biocides 
were stable in acidic solutions (low pH conditions) as no degradation of 
their active components took place, while their active components 
degraded in alkaline solutions (high pH conditions), and the rate of 
degradation was faster at larger pH values (Barman and Preston, 1992). 
It is noted that, the typical hydrocarbon reservoirs could have the pH in 
the range of 4–7, and therefore most biocides can be utilized for souring 
prevention. 

Moreover, Williams and Schultz (2015) investigated the effects of 
many chemical process additives and the importance of organic matter 
on biocide effectiveness (Williams and Schultz, 2015). Biocides were 
added with biological organic substances including xanthan gum, guar, 
polyacrylamide cross-linker, and trypticase soy. The glutaraldehyde 
biocide showed good stability with each additive individually, as 2, 
2-dibromo-3-nitrilopropionamide (DBNPA) biocide did. However, in 
the presence of 500 ppm polyacrylamide additive, about 30% of DBNPA 
was degraded (Williams and Schultz, 2015). DBNPA reacts well with 

Table 3 
Crude oil properties (Burger et al., 2013).  

Properties A B C D 

API gravity 14.9 23.8 34.0 46.8 
Gas-Oil Ratio (MSCF/STB) 126 307 950 2640  
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bisulfite/sulfite and other reducing agents similar to isothiazolinone 
biocides and many other popular biocides (McIlwaine and Paulus, 
2004). Furthermore, geology and biogeochemistry may also influence 
the stability of biocides (Kahrilas et al., 2015), (Bénézeth et al., 2009), 
(Ashraf et al., 2014), (Rahim and Holditch, 2003), (Sianawati et al., 
2013). Therefore, knowing about the subsurface environment is vital as 
it affects the biocide fate after its injection (Kahrilas et al., 2015). 

In spite of being relatively a simple method, biocides are difficult to 
push deep into the reservoir. Therefore, biocide injection to control the 
microbial activities is effective if souring zone is near the injection well 
and treatment of microbial communities far from the injection well is 
difficult. In addition, biocides are expensive and some are potentially 
hazardous. It should be noted that, in the case of sessile microbes (bio-
films) the biocide injection is relatively less effective than against 
planktonic cells thus proper analysis prior to the field trials are required 
(Gardner and Stewart, 2002) In field trials, biocides may be effective 
against produced water microbes but may not treat biofilms that are the 
source of the planktonic cells and the agents of corrosion for the un-
derlying pipe surface. Furthermore, the problem for reservoir-souring 
biocide dosage is to ensure that the biocide levels needed to inhibit 
the generation of sulphide or destroy SRB that exist in the reservoir and 
will remain for sufficient contact time. This problem can be serious due 
to the presence of biocide-resistant populations. Additionally, biocide 
adsorption on the reservoir rock surface, the flow of biocides through the 
fractures or bio-mass plug will protect the region of microbial growth 
(Gieg et al., 2011). These factors, together with the relatively unspeci-
fied biocidal behaviour under typical reservoir conditions, significantly 
reduce the trust in the capability of biocides for controlling or remedi-
ation of souring. 

6.2. Nitrate injection 

As a practical SRP activity inhibitor with various advantages over 
traditional biocide treatment, nitrate treatments have been identified as 
a solution. These include cost and toxicity reduction and compatibility 
with other process chemicals. The injected nitrate can travel readily into 
the reservoir and shift the microbial community away from sulphide 
production, and it can inhibit sulfidogenesis and remove sulphide (Gieg 
et al., 2011). 

It is expected to minimize the souring of oil/gas fields through a 
variety of mechanisms. The first mechanism suggested is nitrate- 
reducing bacteria (NRB) stimulation causing SRB not to be a compet-
itor for degradable organic electron donors. Similarly, several SRBs 
might shift their metabolism from reducing sulphates to reducing nitrate 
(Eckford and Fedorak, 2002a), (Eckford and Fedorak, 2002b). Secondly, 
oxidization of sulphide to sulphate and sulphur element using nitrate or 
nitrite; this mechanism is done by nitrate-reducing sulphide oxidizing 
bacteria (NRSOB) (Greene et al., 2003). The final mechanism is through 
the production of nitrite, nitrous oxide, and other nitrate reduction 
product for SRB inhibition and sulphide removal (Greene et al., 2003), 
(Nemati et al., 2001). Specifically, nitrite inhibits the dissimilatory 
sulfite reductase, an enzyme that catalyzes or accelerates sulfite reduc-
tion by SRB, thereby blocking the respiration of sulphate. 

The dosage for inhibition depends on the availability of electron 
donors’ concentration, the concentration of biomass, and enzymes 
availability that minimizes the inhibitory effect of nitrite. In addition, 
the effectiveness of nitrate treatments has been affected by crucial pa-
rameters such as pressure, temperature, pH, and TDS. Moreover, the 
limited nitrate dosage can cause a zonation, where nitrate will be 
completely utilized, and the excess VFAs (volatile fatty acids) will 
remain available deep in the reservoir for SRP. 

Oil field operators have been using nitrate treatment technology to 
control SRP activity for over 20 years while it might have some negative 
side effects such as corrosion due to oxidizing potentials of nitrate ions 
and other oxidizing agents. The extent of corrosion due the nitrate in-
jection depends on the brine quality (whether it is sweet or sour) and the 

presence of the corrosion inhibitors in the brine (Martin, 2008). There 
are conflicting reports about the effect of nitrate treatment on corrosion 
processes since both the increase and inhibition of corrosion are re-
ported. Nitrate treatment corrosion problems are not only reported for 
sea-water injection but it is observed in some cases of reinjection of 
produced water and mixing sea-water with produced water (W. Energy 
Institute (Folwell and B.D and Palmer-Brown, 2016). Despite successful 
laboratory and field experiences, the extent of corrosion and other ef-
fects as a consequence of nitrate injection is still uncertain due to the 
lack of complete understanding and it remains to be explored. The ad-
vantages and disadvantages of nitrate treatment have been debated 
elsewhere in detail (Gieg et al., 2011), (W. Energy Institute (Folwell and 
B.D and Palmer-Brown, 2016), (Eroini et al., 2015). Souring and 
corrosion process seems to be highly affected by the activity of microbes 
and the physicochemical environment of the treated reservoir. The 
dosage, microbial zonation, and nitrate-reducing sulphate-reducing 
bacteria (NRSRB) could have a role in nitrate treatment efficacy under 
some conditions, which indicates the specific inherent mechanisms of 
nitrate is not straightforward. The effects of nitrate treatment and 
possible impacts should also be assessed for each field individually. 
Furthermore, there are direct and indirect effects of nitrate treatment on 
sulphate reduction; nevertheless, it is not always predictable (An et al., 
2017), (Gieg et al., 2011), (Okpala et al., 2017), (Suri et al., 2017), 
(Voordouw et al., 2009), (Hubert and Voordouw, 2007), (Engelbrektson 
et al., 2018). 

6.3. Sulphate removal 

Offshore sulphate removal by nanofiltration membranes is being 
used since 1988 to mitigate inorganic scaling problems in the Brae Alpha 
platform (Heatherly et al., 1994). Sulphate removal from injected 
seawater could be a preventive or mitigating method against souring in 
an oil reservoir. However, nanofiltration can be a successful method if 
the concentration of sulphate in any mixture of formation and injection 
water becomes sufficiently small to have the limiting nutrient for the 
activity of SRB (Rizk et al., 1998). 

The sulphate removal technology for the deepwater reservoir of Ursa 
and Princess in the Gulf of Mexico was selected for a new water flooding 
development following a detailed technical evaluation (Al-Kindi et al., 
2008). The demand to mitigate this problem was high due to the concern 
of health, safety, and environment (HSE) in deepwater operations. 
Therefore, for any water flooding project, mitigation action was 
required for the current well-casing metallurgy, which could not cope 
with any volume of H2S over 20 ppm at the bubble point pressure 
(Al-Kindi et al., 2008). For the same project, it was also tested to 
determine reservoir minerals scavenging ability. It was found that the 
ability for scavenging was high enough to reduce H2S production in 
production wells, while the removal of sulphate was incorporated into 
the project design. Hence, sulphate removal was proposed as a mitiga-
tion option for reservoir souring. 

Walsh et al. (2008) analyzed the data available for 12 sulphate 
removal plants. All these were primarily built for scale control, but 
despite the suitable souring conditions without sulphate removal, it was 
found that no H2S was generated from any of these fields (Walsh et al., 
2008). A low sulphate seawater from a standard sulphate removal 
technology (SRT) plant contains approximately 40 mg/l of sulphate 
(could be lesser in the case of adding sulphate rejection membranes 
(SRM)) that can be bio-converted to produce 14.2 mg/l of H2S (stoi-
chiometrically) close to injection well, provided sulphate is the limiting 
substrate (controlling factor) of SRP growth. However, it is the combi-
nation of produced mass of H2S together with the sulphide scavenging 
capacity of the reservoir rock and residual oil that provides the key to 
assessing the application of SRT as souring control. Nevertheless, it has 
also been reported that the fields employing SRM have never gone sour 
regardless of the extent of water-cuts (Walsh et al., 2008). 

Subsequently, Walsh et al. (2008) reviewed a field that commenced 
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to produce 15 ppm of H2S in the gas phase (Robinson et al., 2010). A 
detailed research showed that the biological H2S was produced in the 
reservoir by SRP. The fluid from the production system was analyzed by 
quantitative polymerase reaction chain (qPCR) indicated the presence of 
SRA(sulphate-reducing archaea) and SRB in high concentration, even 
though SRB was not identified with MPN (Most Probable Number) 
technique (Robinson et al., 2010), (Lowe Jensen et al., 2013). However, 
it was shown that the SRP inside the reservoir converted 32%–76% of 
the remaining sulphate which was less than 50 mg/l. 

6.4. Perchlorate treatment 

Due to the above-mentioned limitations of nitrate for souring con-
trol, researchers have examined the ability of other metabolic homo-
logues for sulphide production mitigation by SRP (sulphate-reducing 
prokaryotes). Perchlorate (ClO−

4 ) and chlorate (ClO−
3 ) were originally 

hypothesized by POSTGATE (1952) as sulfidogenesis inhibitors (John-
son et al., 2017), (POSTGATE, 1952). The treatment with perchlorate is 
an emerging technology that has been shown to be successful in both the 
batch and continuous flow systems as a particular inhibitor for biolog-
ical sulphate reduction (Carlson et al., 2015a), (Engelbrektson et al., 
2018), (Engelbrektson et al., 2014), (Gregoire et al., 2014). Perchlorate 
is also more effective and persistent as compared to nitrate at low con-
centrations (Carlson et al., 2015a), (Engelbrektson et al., 2018), 
(Engelbrektson et al., 2014). Perchlorate inhibits the reduction of sul-
phate both directly and indirectly. It inhibits directly the enzymes 
needed to reduce sulphate and also indirectly as reducing perchloride 
needs higher energy than reducing sulphate (Youngblut et al., 2016). In 
addition, all dissimilatory perchlorate or chlorate reducing bacteria 
(DPRB) which reduce perchloride will oxidize sulphide to elemental 
sulphur without gaining energy (Gregoire et al., 2014), (Mehta-Kolte 
et al., 2017). 

An experimental study in a flow-through packed column by Engel-
brektson et al. (2014) showed that sulphide generation was inhibited for 
51 days by using either sodium perchlorate or sodium chlorate with a 
concentration of 10 mM (1224 mg/l), and 10 mM (1064 mg/l), 
respectively. They also showed that sulfidogenesis was inhibited with 10 
mM (840 mg/l) nitrate, but a sulphide breakthrough was observed after 
23 days (Engelbrektson et al., 2014). In another study, Gregoire et al. 
(2014) observed that H2S can be oxidised to elemental sulphur coupled 
with a Perchlorate reduction by a variety of isolated microorganisms, 
including strain Arcobacter sp-CAB and Azospira suilum -PS. The strains 
studied could oxidize H2S instead of organic sources of carbon in the 
media of growth, contributing to the possibility of H2S oxidation that is 
important for microbial treatment of waste streams. However, there is a 
major chance of corrosion in the production of elemental sulphur. 

Perchlorate is thus thought to inhibit sulphide generation by directly 
oxidizing the extracellular sulphide through perchloride reduction 
(Gregoire et al., 2014), or via intracellular oxidation of sulphide (Lie-
bensteiner et al., 2014). Furthermore, with regards to energy gaining, 
the reduction of perchlorate and chlorate is more preferable than nitrate 
reduction with energy values of Eo’ = +797mV and Eo’ = + 794mV 
versus Eo’ = − 217mV, respectively (Youngblut et al., 2016). This could 
induce a community change and a competitive mechanism of inhibition 
equivalent to that of nitrate treatment (Gregoire et al., 2014). This is in 
addition to the detrimental feature of perchlorate to SRP (Engelbrektson 
et al., 2014), which contributes to a variety of possible perchlorate 
sulphidogenesis inhibition mechanisms. 

6.5. Inhibition by other monomeric oxyanions 

Molybdate is a commonly used inhibitor in microbial studies for 
sulphate reduction microorganisms and is used occasionally in oil fields 
for the treatment of sulfidogenesis (Carlson et al., 2015b). Molybdate is 
a substrate for the enzymes ATP sulfurylase/sulphate 

adenosyltransferase (Sat) in comparison to the competitive inhibitors 
nitrate and perchlorate (Hanna et al., 2002), (PECK, 1962). Adenosine 
5′-phosphosulfate (APS) is the Sat-catalyzed reaction product between 
ATP and sulphate (Carlson et al., 2015b), but adenosine5′-phosphomo-
lybdate (APMo) is the enzymatic reaction product between ATP and 
molybdate, which is unstable and rapidly degrades. This drives an un-
productive cycle that utilizes cytoplasm ATP (Hanna et al., 2002), 
(Hanna et al., 2004), (Renosto et al., 1993), (PECK, 1962). It also hap-
pens with tungstate and chromate (Peck, 1959), and is believed to be the 
key pathway for inhibiting the sulphate reduction microorganisms by 
these compounds. To justify this, in a study, molybdates did not interact 
with sulphate uptake by a representative Desulfovibrio (a type of SRB) 
culture (Cypionka, 1989), and the treated suspensions of Desulfovibrio 
cell (by molybdate for about 1 h) had intracellular ATP concentrations of 
⁓10% as compared to the untreated case (Taylor and Oremland, 1979). 
Finally, sufficient molybdate doses were shown to directly inhibit the 
reduction of sulphates, but not methanogenesis (Oremland and Taylor, 
1978). 

de Jesus et al. (2015) tested molybdate efficacy on the mixed SRB 
compound pre-enriched water from an oil field as an inhibitor of SRB 
activity. Their finding showed that in the presence of 2000 mg/l of 
sulphate, 12.8 mg/l dosage of molybdate was capable of inhibiting 
sulphide generation for up to 360 h (de Jesus et al., 2015). Carlson et al. 
(2015b) observed that molybdate, along with the transition metals of 
vanadate and tungstate, were a particular inhibitor for sulphide gener-
ation. However, higher levels (i.e., over 1.0 mM) in a mixed marine 
enrichment culture could be toxic for all the microorganisms. Moreover, 
the study demonstrated that monofluorophosphate (MFP, FPO− 2

3 ) is an 
effective and selective inhibitor for reducing sulphate in the system. 
MFP in synergy with nitrite and chlorite is less inhibitory for nitrate/-
perchlorate reducing prokaryotes than sulphate reducing prokaryotes 
(SRP), which means that MFP could be used with these compounds as a 
synergistic inhibitor to prevent SRP activity (Carlson et al., 2015b). 
Finally, they have comprehended partly the inhibition mechanism of 
MFP with regard to SRP activity and addressed potential implications for 
the use of MFP as an industrial inhibitor to sulfidogenesis. 

7. Field experiences 

Reservoir-souring significantly affects the success of a water flooding 
project; hence consideration should be paid prior to planning a water-
flooding project (Harper et al., 2020). Moreover, various oil fields in the 
Norwegian Sea on the Norwegian Continental Shelf (NCS) and in the 
North Sea are still facing problems related to reservoir souring even after 
implementing several controlling techniques (Cheng et al., 2018), 
(Jahanbani Veshareh and Nick, 2018), (Mitchell et al., 2017), (Narzul-
loyev, 2018). For example, low-sulphate seawater has been injected for 
9 years in different wells of the South Arne oil field located in the Danish 
North Sea started in 2009. However, just after restarting the shut-in 
wells, high H2S production (35 ppm in the gas stream) was experi-
enced (Narzulloyev, 2018). Despite the high temperature of these wells 
(around 115 ◦C) where such microbial activities are assumed to be less 
significant (except in the case of hyperthermophilic SRP), the H2S pro-
duction has kept rising (Robinson et al., 2010). In this case, the presence 
of a high amount of oxidizing organic substratum such as volatile fatty 
acids (VFA) in the formation oil could be the carbon and energy sources 
that support the microbial activities (Rellegadla et al., 2020). The 
Gullfaks field (reservoir temperature around 74 ◦C) located at NCS 
(Norwegian continental shelf) is another example in which most of the 
wells are still facing H2S problems (H2S production 50–150 ppm) even 
after several treatments such as nitrate injection (Jahanbani Veshareh 
and Nick, 2018), (Mitchell et al., 2017), (Narzulloyev, 2018). An 
increasing trend (steady) of H2S production in this field indicates that 
the nitrate treatment has not been effective. Moreover, just after the 
nitrate injection in this field, an initial increase in H2S production was 
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observed, followed by a decrease, and then again, it kept increasing 
gradually. However, the non-monotonic nature of the H2S production 
profile in the Gullfaks field is still a challenge that needs to be investi-
gated. In the Coleville field located in Saskatchewan (Canada), nitrate 
and phosphate were added to the injection water, resulted in significant 
sulphide concentration reduction and an increase in the population of 
NRBs (Jenneman et al., 1997), (Jenneman et al., 1999). The abundance 
of NRB decreased very rapidly after nitrate injection completion (Telang 
et al., 1997). 

Various oil fields worldwide including Sabiriyah Mauddud in North 
Kuwait, MY01 offshore field in Malaysia, Marun oil field in Iran, Ursa in 
the Gulf of Mexico have been facing problems related to reservoir 
souring that not only hampers the economic viability of the oil recovery 
process but also has negative environmental impacts (Al-Kindi et al., 
2008), (Alkhalifah et al., 2019), (Walsh et al., 2008), (Zhu et al., 2016), 
(Telmadarreie et al., 2013). Thus, reservoir souring remains a challenge 
that has been categorized as being among the critical issues in these oil 
fields. 

8. Future perspective of reservoir souring 

Despite decades of study and development into reservoir souring and 
mitigation, new methods and technologies are continually being 
developed to uncover previously undiscovered facets of this severe 
problem. It is a need to have a case study of the reservoir souring and 
mitigation techniques for any individual field application. For example, 
the long-term impact of nitrate treatment needs to be evaluated indi-
vidually for each field since contradictory results on nitrate treatment 
and corrosion issue has been reported in the literature.Reservoir souring 
modelling is progressing quickly, and the authors postulate, as it is 
already practiced by some large oil companies, to soon become a stan-
dard practice in new field development plans. It is hoped that this will 
accompany a detailed appraisal of reservoir souring challenges at the 
exploratory stages during the exploratory drilling and development 
phases of oil and gas projects including standard analysis of parameters 
such as water chemistry, rock mineral composition, and microbial 
community analysis. This approach reduces the number of ’surprises’ 
and ensures that fields are developed correctly to meet their reservoir 
souring risk. 

Souring mitigation, except for nitrate treatment, has improved a 
little in recent decades. Nevertheless, nitrate treatment has not been a 
successful choice in all the cases applied. As such, a new investigation 
may fill the souring inhibition gap, such as considering (per)chlorate or 
even other sulphate inhibitors such as monofluorophosphate or molyb-
date. The battle against microorganisms causing sulphide generation has 
a long way to go before being called won by this moment. 

9. Summary and conclusion 

The generation of hydrogen sulphide in waterflooded reservoirs due 
to the bacteria activity could take place in a region between the seawater 
injection and formation water or close to the injection well. The avail-
ability of nutrients determines the amount of biomass and subsequently, 
the rate of H2S production. Consequently, the H2S production is influ-
enced by the quality of the injection water, especially nitrogen (N) and 
phosphorous (P). Moreover, the temperature, pH and salinity are the 
influential factors in H2S generation in the reservoirs. Furthermore, the 
observation of produced rates of fatty acids, sulphate, and H2S, in 
combination with the modelling, can be used to confirm the existence 
and assess the extent of bioreactions and H2S generation. In Addition, 
the data can also serve to calibrate a simulation model for a particular 
souring field. 

Modelling is a very useful tool to assess and predict the souring 
process providing information on the generation and transportation of 
hydrogen sulphide. Certain controlling parameters such as pH, tem-
perature, pressure, and salinity showed significant contribution to 

having a complete picture of souring mechanisms. Moreover, transport 
of H2S in the reservoir is affected by its partitioning into oil, gas, and 
water that controlled by the above-mentioned parameters as well as 
fluid composition and ionic strength. Furthermore, H2S scavenging by 
the reservoir needs to be considered as it will lead to a more accurate 
prediction of the amount of produced H2S since the levels of produced 
H2S can be strongly reduced by the scavenging process of iron- 
containing minerals. Mitigation of souring can be achieved via some 
treatments such as biocides treatment, nitrate injection and perchlorate 
treatment; however, they need to be tested and formulated for any 
specific oil field. 
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