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Abstract
Petroleum microbiology offers substantial environmental and industrial benefits by harnessing the natural capabilities of microbes to interact with crude oil and refined petroleum products. Microorganisms are found worldwide in oil reservoirs, where they degrade the oil and alter its quality. Oil reservoirs are challenging environments for microorganisms due to their high toxicity, hydrophobicity, low water activity, and extreme conditions, including high temperature, salinity, and pressure.  Despite these harsh factors, oil reservoirs host a diverse range of bacteria and archaea, including fermenters, acetogens, methanogens, and organisms that reduce sulfate, nitrate, and iron. It is crucial to understand the microbiology of oil reservoirs, as oil remains one of the most vital resources for industry and energy. Sulphate-reducing bacteria (SRB) convert sulphate to sulphide, a hazardous and corrosive compound that impacts metallurgy, capital and operating costs, and operational safety. Reservoir souring is the process where a reservoir that previously did not contain any hydrogen sulfide (H2S) begins to produce sour fluids containing H2S due to microorganisms. The genetic, enzymatic, and physiological aspects of the sulfate-reduction process have been thoroughly studied in pure cultures within laboratory settings. Additionally, DNA sequencing has led to the discovery of new groups of microorganisms, such as archaea, that can contribute to reservoir souring. Reservoir souring is primarily caused by sulfate reducing microorganisms, which leads to the formation of H2S in oil reservoirs during water flooding, although both biotic and abiotic processes are involved. This review discusses the occurrence of reservoir souring due to specific types of sulfur-reducing microorganisms and outlines strategies for managing this issue through the injection of various chemicals.

1. Introduction
Microbial communities and their activities in petroleum reservoirs are crucial for understanding the biogeochemical processes and organisms that operate under the harsh conditions of pressure and temperature. Additionally, they are crucial for developing new technologies and methods for bioremediation of petroleum-contaminated areas (Hosseini et al., 2025; Koshlaf, Ball, 2017), managing reservoir souring (Szymczak et al., 2020), and addressing corrosion in oil production systems (Shah, Muthalif,2025), as well as enhancing microbial energy recovery (Iwogbemi, 2025). The investigation of microbial metabolisms in deep underground environments is best performed in petroleum reservoirs (Ramy et al., 2025; Trutschel et al., 2022), which can be seen as a natural bioreactor. The geochemistry of oil reservoir habitats is significantly influenced by the activities of microorganisms. The relationship between microbial metabolic processes and carbon turnover, element cycling, carbon capture, utilization, and sequestration in petroleum reservoirs is interesting (Qiao et al., 2025; Wu et al, 2024). This includes aspects such as microbial enhanced oil recovery and the prevention of microbiologically influenced corrosion in crude oil fields (Odeyemi, Alaba, 2024). The microbial enhanced oil recovery technique (MEOT) is vital for extracting residual oil from reservoirs that are close to their economic limits, especially those with high water cut, low permeability, and heavy oil that traditional methods cannot economically recover (Das et al., 2025). Research on microbial enhanced oil recovery has extensively explored the dominant microbial communities found in petroleum reservoirs, the metabolic products that can improve oil recovery, and various methods applicable to different reservoir conditions (Cabral et al., 2021). This technique shows promise in several areas, including microbial water flooding, altering microbial permeability profiles, and the microbial huff and puff method. It is recognized as one of the most economical and environmentally friendly approaches to oil recovery (Ariadji et al., 2017). The primary processes involved in microbial water flooding include the reduction of oil-water interfacial tensions due to the action of biosurfactants and the alteration of the wettability of oil-bearing rocks. The modification of the microbial permeability profile is largely influenced by the increased volume of fluid flow resulting from biomass accumulation in the high-permeability zones of heterogeneous reservoirs (Zhang et al., 2012). Both culture-dependent and culture-independent methods have identified a variety of microorganisms involved in the bioconversion of CO2 to CH4 in reservoirs, regardless of temperature conditions. The effectiveness of CO2 conversion pathways was further confirmed by a functional gene-based study of microbial communities in oil reservoirs. This research highlights the significant potential for transforming CO2 into methane energy within oil reservoirs (Kennes, 2018). Significant research has been conducted both in laboratories and oilfields on the microbial populations and methanogenic metabolic processes present in oil reservoirs. Microorganisms, electron donors, and their thermodynamic and kinetic behavior are crucial components of the methanogenesis process, which involves the bioconversion of CO2 to methane in these environments (Okoro et al., 2026). Among these factors, the availability of electron donors appears to be the most important and limiting step in the process. Sulfate-reducing microorganisms (SRM) have been identified in underground petroleum reservoirs and related oil-well pipelines. These bacteria can be anaerobic, heterotrophic, autotrophic, or partially tolerant to oxygen, allowing them to adapt to various environmental conditions such as temperature, salinity, and pressure (Zhou et al., 2025). Members of the microbial communities associated with Proteobacteria, Nitrospira, Firmicutes, Thermodesulfobacteria, Euryarchaeota, and Crenarchaeota were primarily found in petroleum reservoirs. Sulfate-reducing microorganisms are crucial for the biogeochemical cycles of carbon, nitrogen, and sulfur, and they play a significant role in strategies for exploiting petroleum reservoirs (Demin et al., 2024). In the meantime, sulfate-reducing microorganisms (SRM) may contribute to microbially induced corrosion (MIC), reservoir souring, and the biodegradation of crude oil in petroleum reservoirs. They do this by oxidizing hydrogen (H2) or organic matter, which includes crude oil hydrocarbons, volatile fatty acids, alcohols, aromatic compounds, and others, through various sulfate reduction processes that produce hydrogen sulfide (H2S) (Khan et al., 2021). To mitigate souring and biocorrosion in oilfields, a range of inhibitory techniques, such as injecting biocides or other inhibitors like nitrate or perchlorate, has been implemented. To effectively address reservoir souring and MIC, it is beneficial to select specific inhibitory techniques based on the composition of the SRM population and the functional mechanisms in different oil reservoirs (Labena et al., 2023). The current manuscript focuses briefly on the biological souring and mitigation strategies in oil reservoirs, as well as the microorganisms involved in these processes.
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3. Reservoir souring
Reservoir souring is a significant and unacceptable threat that must not be overlooked in the oil and gas industry. Its impacts on operational efficiency and environmental safety are serious and demand immediate attention. The process in which microorganisms, primarily sulfate-reducing bacteria (SRB), convert sulfate ions in formation water into hydrogen sulfide (H2S) gas is known as reservoir souring, or microbial-induced corrosion (MIC). In the oil and gas industry, H2S presents significant challenges due to its highly corrosive nature, toxicity, and unpleasant odor (Harshita et al., 2026; Priya et al., 2025; Dolfing, Hubert, 2017). Reservoir souring refers to the biological production of hydrogen sulfide (H2S) by sulfate-reducing bacteria (SRB) in oil reservoirs, usually triggered by seawater flooding. Since H2S is both toxic and corrosive, reservoir souring presents significant economic and environmental challenges. As a result, extensive research has been conducted over the past few decades to understand the biological mechanisms underlying reservoir souring (Vance, Thrasher, 2007). To predict field-scale reactions based on laboratory findings, researchers often utilize reservoir souring models. These investigations into souring are conducted using three types of inoculums: backflow water from an injection well, produced water, and proxy inoculums. Researchers often utilize reservoir souring models to predict field-scale responses based on laboratory findings. Three types of inoculums used in these souring studies include generated water, backflow water from an injection well, and proxy inoculums.
 When a reservoir containing production and injection wells is injected with seawater that is colder than the reservoir temperature, fluid samples can be collected from a few accessible sampling locations. These samples represent the fluid in the reservoir and are used in reservoir sourcing experiments. The collected water samples offer valuable insights into how the indigenous microbiome of the reservoir interacts with the injected water microbiome. However, since the conditions in the well can differ significantly from those in the aquifer, it has been shown that there is a notable difference between the biota found in groundwater and the samples obtained from groundwater wells.
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Fig 1: Symptoms of reservoir souring.


4. Causes of reservoir souring
In the oil and gas industry, reservoir souring is a common and costly issue, especially during secondary recovery processes. The primary cause of this problem is the activity of sulfate-reducing bacteria (SRB) and sulfate-reducing archaea (SRA). These microorganisms break down sulfate ions in water, which leads to the production of hydrogen sulfide (H2S) (Sindi et al, 2025; Vance, Thrasher, 2005; Vance, Thrasher, 2007).
The generation of hydrogen sulfide (H2S), a hazardous and corrosive gas, from previously sweet (H2S-free) oil and gas reserves is known as reservoir souring. This process is often associated with saltwater injection, a technique commonly used in secondary oil recovery to enhance oil production and maintain reservoir pressure. The introduction of seawater, which is rich in sulfate, can stimulate the growth of sulfate-reducing microorganisms (SRMs) that produce H2S.

5. Strategies for Managing Reservoir Souring by biocide and nitrate injection
Biocides are substances specifically designed to inhibit the growth of sulfate-reducing bacteria and other microorganisms associated with souring. Regular injection of biocide into the reservoir effectively controls microbial activity and prevents souring. Nitrate acts as an alternate electron acceptor for sulfate reducing bacteria (SRB), diverting their metabolic pathways away from H2S production. Injecting nitrate into the reservoir can also decrease the generation of souring agents. In addition, monitoring and Management of Reservoirs is an important task to continuously monitor reservoir conditions, including water chemistry and microbiological activity. Rapid action, such as adjusting pH levels or employing water injection techniques, may be taken upon early detection of souring to prevent or mitigate its effects (Dabral et al., 2025; Carlson, Hubert, 2019; Kaster et al., 2014). In the oil and gas sector, sourcing reservoirs remains a challenging issue, especially in older assets where hydrogen sulfide (H2S) and microorganisms from the reservoir can significantly compromise the integrity of producing wells and equipment. Nitrate treatment is commonly used to manage sulfate-reducing bacteria (SRB) activity in reservoirs; however, it is not always effective due to insufficient understanding of the subsurface conditions and the increasing quantities required over time. Designing an effective nitrate treatment plan requires a comprehensive understanding of the microbial reactions involved, particularly those related to the diverse microbial communities within the reservoir. It is also important to understand how nitrate inhibits the souring process. Nitrate promotes the growth of nitrate-reducing bacteria that can outcompete sulfate-reducing bacteria, thereby decreasing hydrogen sulfide production and alleviating souring. This integrated knowledge is essential for optimizing treatment strategies and ensuring the integrity of the reservoir (Gutierrez et al., 2009).
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Fig. 2:  Strategies for Managing Reservoir Souring.

6. Reservoir Souring and the Formation of Hydrogen Sulfide
A variety of organic compounds, such as alcohols, polar aromatic hydrocarbons, and saturated hydrocarbons, can reduce aqueous sulfate produced from saltwater, pore water, or the degradation of solid calcium sulfate at temperatures exceeding 250 °C. High concentrations of hydrogen sulfide (H2S) in reservoir fluids may result from a process known as thermochemical sulfate reduction (TSR), which involves thermal redox reactions. Experiments have been conducted to investigate the reactions involved, potential products, and the effects of temperature, the type of oxidant, the presence of sulfur species and metal cations, and pH on the rate of TSR. This phenomenon is widely documented in the field. H2S is produced by the thermolysis of aliphatic organic sulfides, such as tetrahydrothiophene, and by aromatic thiophene-type organosulfur compounds like thiophene in heavy oil (Guo, Liu, 2024). Some oil reservoirs are classified as sour due to non-biogenic processes. These processes include the thermophilic decomposition of sulfur-containing hydrocarbons, the dissolution of pyrite, and thermochemical sulfate reduction. Several factors influence these mechanisms, such as the type of reservoir rock, the composition of the oil, thermal maturity, high temperatures, and aquathermolysis during thermal recovery operations.






7. Reservoir management and monitoring
Reservoir management is central to the economic viability of petroleum operations, directly influencing production rates, recovery factors and long‑term asset value. Decisions about drilling, completion and production optimization involve billions of dollars in capital and operating expenditures and carry substantial safety and environmental implications. As the industry faces aging assets, volatile markets and increasingly stringent regulations, timely and accurate reservoir analysis has become an operational imperative. The goal of reservoir management is to maximize the recovery of oil and gas while minimizing capital expenditures and operational costs. This is an integrated, dynamic, and ongoing process that involves the efficient use of interdisciplinary human, technical, and financial resources (Satter, Iqbal, 2016). Additionally, it requires frequent adjustments to management plans based on the performance of the reservoir. Furthermore, the reservoir management process includes economic, legal, social, and environmental aspects. Reservoir management is an ongoing process that involves the continuous collection and analysis of data in real-time to enhance procedures and improve well efficiency. Commonly gathered information includes well rates, the water-to-oil ratio, bottom hole pressure, and the composition of produced water (Thakur, 1996). As technology continues to advance, particularly in areas like artificial intelligence, machine learning, and the internet, reservoir monitoring is likely to experience significant innovation in the future (Aliev et al., 2023; Ma et al., 2023). These technologies are expected to enhance real-time analysis and automate data collection, leading to greater accuracy in managing production processes and providing deeper insights (Ge et al., 2025). Industry experts suggest that incorporating AI could enhance predictive models, leading to better reservoir management and proactive problem-solving. As this technology continues to evolve, operators will be more equipped to address emerging challenges and take ad avantage of opportunities for sustainable resource utilization (Shao et al., 2025).

Importance of Reservoir management for sustaining oil production
Reservoir management plays a crucial role in the oil and gas industry, serving as a cornerstone for sustaining future oil production. By optimizing oil recovery, minimizing operating costs, prolonging the lifespan of oilfields, and achieving sustainability objectives, effective reservoir management enables oil companies to ensure a reliable supply of oil to meet global energy demands in a sustainable way (Guo, Liu, 2024). The amount of oil that can be extracted from a reservoir can be increased through reservoir management strategies such as enhanced oil recovery (EOR) (Das, et al., 2025). By injecting gases or chemicals into the reservoir, EOR can help mobilize more oil and aid in its extraction. In addition to increasing the total quantity of oil produced, this approach can also prolong the life of the reservoir. Effective reservoir management can help lower the operating costs linked to oil production. By monitoring reservoir performance and optimizing production processes, oil companies can pinpoint areas where expenses can be minimized. For instance, they may find ways to decrease the amount of water or gas injected into the reservoir or improve the use of artificial lift systems to reduce energy consumption (Ma, et al., 2025). Effective reservoir management can help to extend the life of oilfields, allowing them to continue producing oil for longer periods of time. This can help to ensure a steady supply of oil to meet the world's energy needs, even as demand continues to rise. By managing reservoir pressure, optimizing production processes, and implementing EOR techniques, oil companies can help to maximize the amount of oil that can be produced from a given reservoir. Effective reservoir management is essential for achieving sustainability goals in the oil and gas industry. By minimizing the environmental impact of oil production, companies can operate in a responsible and sustainable manner. For instance, they can reduce greenhouse gas emissions by optimizing production processes or by capturing and storing carbon dioxide (Dabral et al., 2025). The petroleum industry faces a significant risk from biogenic souring of reservoirs, which occurs when hydrogen sulfide (H2S) is formed due to anaerobic microbial activity from sulfate-reducing microorganisms (SRMs). H2S is highly toxic, flammable, and corrosive, making it a serious threat that can lead to catastrophic damage to reservoirs and related surface facilities.






Fig 3: Summary of the main objectives of the reservoir management activities.

Key Elements of Effective Reservoir Management
Optimizing oil and gas production in reservoirs to ensure maximum recovery and sustainability is a critical aspect of the oil and gas industry. This process involves several key tasks, such as monitoring well performance, predicting reservoir behavior, and implementing strategies to maximize production (Rajput, Pathak, 2025).
The key elements of reservoir management are intricate and require the integration of various fields, including production engineering, geology, geophysics, and reservoir engineering as follow :-
a)	Reservoir characterization involves gathering information to understand the key features of a reservoir, such as rock type, permeability, porosity, and hydrocarbon volume. A comprehensive understanding of these characteristics is essential for developing effective management plans. This information plays a crucial role in the process. For instance, utilizing seismic data can help identify the locations of gas and oil deposits within the reservoir (Nabawy, Bassem, 2025; Shib, Vijay, 2023).
b)	Reservoir Monitoring: This involves the continuous monitoring and evaluation of the reservoir's performance, such as the production rate, pressure, and temperature. The data obtained from monitoring can help in identifying changes in the reservoir's behavior, such as the depletion of oil and gas reserves (Ge et al., 2025).
c)	Reservoir simulation involves modeling the behavior of a reservoir under different conditions using numerical methods. This process can help predict future reservoir behavior, including the remaining oil and gas reserves and expected production rates. For example, reservoir simulation can be used to identify the optimal location for drilling wells to maximize output (Saradva, Harshil, 2025).
d)	The process of developing and implementing strategies to optimize the extraction of gas and oil from a reservoir is referred to as reservoir management. This may include secondary and tertiary recovery methods, such as gas injection and water flooding. These techniques are designed to enhance the flow of gas and oil to the surface and increase the pressure within the reservoir (Holm et al.,2025).
e)	To maximize the production of oil and gas, effective reservoir management involves complex elements that require the integration of multiple disciplines. Gaining a thorough understanding of the reservoir and implementing efficient management techniques can be enhanced through reservoir characterization, monitoring, simulation, and management practices (Paulraj et al., 2025).

Latest development of reservoir souring
Research conducted in laboratory settings has thoroughly examined the genetic, enzymatic, and physiological aspects of sulfate reduction using pure cultures. Moreover, DNA sequencing has identified novel microbial taxa, including certain archaea, that can contribute to reservoir souring. Although many recent advancements in microbial management and detection have emerged, many of the techniques still in use today are over a century old. Alongside established methods, we now consider new and emerging mitigation technologies that can be used to prevent reservoir souring. In managing microbial reservoir souring, both modeling and prediction are essential yet often underutilized tools. Models must take into account partitioning and mineral scavenging, in addition to microbial hydrogen sulfide (H2S) production, to be truly predictive. The rise of "big data," fueled by the increased integration of sensors in digital oil fields and advancements in DNA sequencing through next-generation sequencing (NGS), presents a rare opportunity to develop and refine microbial reservoir souring models. Consequently, we analyze various reservoir souring models and explore their potential applications.

Microbial reservoir souring mechanisms
Reservoir souring is caused by both biological and non-biological processes. However, the primary mechanism for the formation of hydrogen sulfide (H2S) in oil reservoirs, especially as a result of water flooding, is the reduction of sulfate by microorganisms (Vance and Thrasher, 2005). Several factors influence this process, including the water supply, sulfate concentrations, available carbon sources, other nutrients, trace metals, temperature, pressure, salinity, and the presence of a functional sulfate-reducing population (SRP). Reservoir souring can lead to significant economic impacts, especially considering an anticipated 2% cost increase for sour service materials at the design stage of any project. If sour service materials need to be retrofitted, the costs can increase dramatically (Vance and Thrasher, 2005). These expenses are substantial, particularly since many oil and gas megaprojects exceed $1 billion USD in total cost. Additionally, the consequences of reservoir souring contribute to the already high costs associated with corrosion in the oil and gas industry. It is estimated that corrosion will cost the upstream sector approximately $1.4 billion annually in the United States alone.

Regulation of Sulfide Accumulation in High-Temperature Oil Reservoirs
The rich availability of electron donors, along with high salinity, elevated temperatures, and significant pressure, creates unique environments for microorganisms within oil reserves (Pannekens et al. 2019). In the presence of sulfate, processes such as fermentation, methanogenesis, and sulfate reduction play a crucial role in shaping microbial communities in pristine oil reserves. While nitrate and oxygen are typically absent from subterranean oil reserves, they can be introduced during secondary oil recovery when saltwater is injected into the reservoir to maintain stable pressure (Gieg 2018). In the Danish section of the North Sea, the reservoir rock for Halfdan oil production is located 2000 meters below the seafloor and has a temperature exceeding 80 degrees Celsius (Gittel et al. 2009). The temperature of the reservoir decreases due to water injection, creating a temperature gradient from the injection site to the areas where oil and water are produced. As the injected cold saltwater, which has a temperature of 6 to 8 °C, descends into the reservoir, it warms by 2 to 3 °C for every 100 meters of depth. By the time it reaches a depth of 2000 meters. e water injection lowers the reservoir temperature, creating a temperature gradient from the injection site to the oil and water production zones. As the injected water moves through the reservoir, it heats up to nearly the formation temperature of 80 °C. After passing through the reservoir, the oil and water mixture gradually cools to 60 °C as it rises to the surface.
In oilfields, nitrate is commonly used as a souring mitigation agent (Johnson et al., 2017). Field studies have shown that injecting 5 mM of nitrate can reduce sulfide buildup by 50–80% (Telang et al., 1997; Jeneman et al., 1999). There are four potential ways in which nitrate helps to prevent the buildup of sulfide in oil reserves. First, nitrate-reducing bacteria gradually convert nitrate into either ammonia or dinitrogen. This process leads to a temporary accumulation of nitrite in the environment, which may inhibit the growth of sulfate-reducing microbes (SRM). Research by Greene et al. (2003) indicates that the activity of nitrite reductase in these strains is negatively correlated with how effectively nitrite suppresses the activity of SRM in pure cultures.
ii) Some sulfate-reducing microorganisms (SRM) may preferentially utilize nitrate and nitrite as electron acceptors instead of sulfate. Consequently, their presence can inhibit sulfate-reducing processes (Marietou 2016).
iii) Competitive exclusion occurs when heterotrophic nitrate-reducing microbes outcompete sulfate-reducing organisms (SRM) for the same electron donors (Hubert and Voordouw 2007).
iv)  Lastly, nitrate injection may enhance the development and activity of autotrophic nitrate-reducing, sulfide-oxidizing bacteria (NR-SOB), which inhibit sulfate-reducing microorganisms (SRM) by producing nitrite and preventing sulfide accumulation in the reservoir, thereby avoiding souring and corrosion (Greene et al. 2003).

8. Conclusion
Effective reservoir monitoring is essential for generating oil and gas. Operators can optimize production while maintaining environmental responsibility by adopting advanced monitoring techniques and technologies. Embracing these innovations is crucial as industry practices evolve to ensure the long-term viability and efficiency of reservoir management. Seeking guidance from service providers can help you successfully integrate these technologies into your business processes. In conclusion, the ongoing advancements in reservoir engineering are driving significant improvements in oil and gas recovery. The combination of enhanced recovery techniques, advanced modeling tools, machine learning, and real-time monitoring is leading to more efficient and sustainable production. As these technologies continue to evolve, the oil and gas industry will be better equipped to meet the growing global demand for energy while minimizing its environmental impact.
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During the production of life-time of a field
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