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Carbon capture and sequestration (CCS) is vital for addressing the global challenge of climate change, 
driven by increasing carbon emissions. Among the emerging strategies, microbial communities are 
crucial in in�uencing geochemical processes relevant to CCS, such as mineralization and gas 
transformation. However, the speci�c dynamics and impacts of these microbial processes remain 
underexplored, highlighting a signi�cant research gap. This review examines the role of microbial 
geochemistry in enhancing carbon sequestration mechanisms. It explores various microbial-induced 
processes, including microbial-induced carbonate precipitation, bio�lm formation, and alterations in 
biogeochemical cycles that contribute to CO2 trapping. Case studies from geological formations 
illustrate the positive e�ects of microbial activity on CCS performance and the complexities involved 
in understanding these interactions. Key �ndings emphasize that microbial communities can 
enhance the e�ciency of CO2 mineralization and in�uence the long-term stability of carbon storage 
through biogeochemical cycling. Furthermore, the review identi�es challenges in studying microbial 
geochemistry, including di�culties in replicating subsurface conditions and limited knowledge of 
microbial population dynamics over time.  In conclusion, understanding microbial contributions to 
CCS is critical for developing e�ective strategies to combat climate change. Interdisciplinary research 
integrating microbiology, geochemistry, and geophysics will be essential in unlocking the full 
potential of microbial processes for improving the stability and e�ciency of carbon capture and 
storage technologies.
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Carbon emissions from industrial activities and fossil fuel use 
have signi�cantly contributed to global climate change, causing 
rising temperatures, extreme weather events, and ecological 
disruptions. Addressing this issue requires reducing 
atmospheric CO2 levels. Carbon capture and storage has 
emerged as a critical strategy to mitigate climate change by 
capturing CO2 from point sources, such as power plants, and 
storing it in geological formations. �is process reduces 
emissions at the source and can help achieve global carbon 
neutrality goals. CCS technologies, particularly in subsurface 
environments, o�er promising potential to limit greenhouse gas 
accumulation and protect the planet's climate system.

 Carbon capture and sequestration have emerged as crucial 
technologies for addressing the global carbon emission problem 
and mitigating climate change [1]. �e increasing atmospheric 
CO2 concentration, primarily due to fossil fuel consumption, 
has led to global warming and ocean acidi�cation [2]. With 
fossil fuels supplying over 63% of global energy, CCS is pivotal 
in combating this crisis [1]. �e process involves capturing CO2 
from signi�cant sources, such as industrial plants, and storing it 
in geological reservoirs to achieve a carbon-neutral or negative 
budget [1,3]. While long-term solutions focus on sustainable 
energy generation, CCS can provide immediate mitigation for 
existing fossil fuel infrastructure [4]. �e Intergovernmental 
Panel on Climate Change (IPCC) has endorsed CCS as a viable 

mitigation strategy for developing countries, highlighting its 
importance in global e�orts to reduce CO2 emissions [3].

 Geologic carbon storage (GCS) in deep saline aquifers, 
depleted oil and gas �elds, and basalt formations are crucial 
for mitigating greenhouse gas emissions [5]. Deep saline 
aquifers o�er the largest storage potential, storing emissions 
for at least a century [6]. �ese formations are evaluated based 
on safety, storage capacity, and containment integrity [7]. CO2 
injection into saline aquifers creates a complex multiphase 
�ow system, but simplifying assumptions can provide 
practical insights into system behavior, including storage 
capacity estimates and leakage risk assessments [6]. �e 
Sleipner project demonstrates successful commercial-scale 
CO2 sequestration in saline aquifers [8]. While economic and 
policy challenges persist, CO2 storage in deep saline aquifers is 
a viable technology that can signi�cantly contribute to climate 
change mitigation e�orts.

 Microbial communities play a signi�cant role in 
in�uencing geochemical processes during carbon capture and 
storage (CCS). Studies have shown that CO2 leakage from 
storage sites can impact microbial diversity and activity in 
subsurface environments [9,10]. High CO2 levels can change 
pH, solute concentrations, and microbial community 
composition, a�ecting methanogenesis, metal reduction, and 
sulfate reduction [9,11]. Microorganisms adapted to high 
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salinity and supercritical CO2 conditions have been observed in 
potential CCS sites, with implications for reservoir quality and 
stability [10]. However, knowledge gaps remain regarding the 
in�uence of factors such as redox conditions, CO2 in�ux rate, 
and mineralogy on CO2-induced reactions in potable aquifers 
and the vadose zone [12]. Understanding these microbial- 
geochemical interactions is crucial for assessing CCS's 
environmental impacts and risks. Moreover, microbes can 
facilitate reactions such as mineral dissolution, carbonate 
precipitation, and the formation of bio�lms, which may 
enhance or hinder carbon trapping in geological formations. 
�eir metabolic activities alter the chemical environment, 
potentially improving the e�ciency of long-term CO2 
sequestration. �is review explores recent advances in 
microbial geochemistry related to carbon capture and storage 
(CCS), aiming to assess microbial contributions to CCS, 
highlight knowledge gaps, and propose future research 
directions to improve CCS technology through microbial 
interactions.

Overview of Carbon Sequestration Methods 
Carbon sequestration methods focus on storing captured CO2 
in subsurface formations to mitigate atmospheric emissions. 
Geologic storage traps CO2 in deep formations like saline 
aquifers, depleted oil �elds, and basalt, while carbon 
mineralization converts it into stable minerals for permanent 
storage. Microbial geochemistry enhances these processes, 
in�uencing mineralization and long-term storage stability.

Geologic carbon storage (GCS)
GCS involves injecting CO2 into deep subsurface formations, 
trapped through various physical and chemical mechanisms. 
Once injected, the CO2 is stored in porous rock formations, 
typically at depths of over 800 meters, where high pressure and 
temperature keep it in a supercritical state. �ese formations 
o�er extensive storage capacity, with saline aquifers being the 
most common, while basalt formations facilitate mineralization 
due to their reactive nature. Carbon sequestration is crucial to 
mitigating climate change by reducing atmospheric CO2 levels. 
Various methods exist, including geological storage in oil and 
gas reservoirs, deep coal seams, saline aquifers, and salt caverns 
[13]. Ocean sequestration and mineral carbonation are 
potential options [14]. Biological methods involve soil carbon 
sequestration and phytosequestration through photosynthetic 
mechanisms in plants, cyanobacteria, and microalgae [15]. 
Other techniques include pre- and post-combustion CO2 
capture, membrane separation, amine scrubbing, and 
cryotechnology [16]. Enhancing natural CO2 sinking rates 
through terrestrial sequestration, ocean fertilization, and rock 
weathering can reduce carbon [14]. While these methods o�er 
signi�cant potential for carbon sequestration, each has 
advantages and disadvantages regarding capacity, cost, time 
scale, stability, and environmental impacts, necessitating careful 
evaluation before implementation [14,13].

Carbon mineralization 
Carbon mineralization is a process in which CO2 reacts with 
minerals, primarily calcium and magnesium silicates, to form 
stable carbonate minerals like calcite and magnesite. �is 
reaction permanently traps CO2 within the rock matrix, 
o�ering a secure carbon storage method. �is process involves 

converting CO2 into stable carbonate minerals by reacting with 
divalent cations like Ca²⁺, Mg²⁺, or Fe²⁺ [17]. It o�ers a more 
secure alternative to other trapping mechanisms, which can be 
reversible [18]. Studies have shown that over 95% of injected 
CO2 can be mineralized in basaltic rocks within two years, 
signi�cantly faster than previously thought [19]. Factors 
in�uencing mineralization include rock types; temperature, 
�uid composition, and CO2 phase [17]. While most carbon 
capture and storage projects focus on sedimentary basins, 
reactive rocks like basalts and peridotites o�er large potential 
volumes for carbon storage through mineralization [20]. 
Ongoing research aims to accelerate the mineralization process 
and explore its applicability on a global scale [18,20]. Basalt 
formations are particularly suitable for this process, as they 
contain high concentrations of reactive minerals. 
Mineralization locks CO2 in solid form and prevents its escape 
over time, providing long-term stability to carbon storage 
e�orts. �is process is critical for ensuring the permanent 
sequestration of captured CO2.

Role of microbial geochemistry in CCS 
Microbial communities in subsurface environments can 
signi�cantly in�uence carbon storage and mineralization 
processes. Methanogenesis can modify �uid composition and 
dynamics within storage reservoirs, potentially impacting CO2 
storage capacity and trapping mechanisms [21]. Long-term 
CO2 leakage can in�uence microbial communities, a�ecting 
subsurface biogeochemistry and carbon cycling [9]. 
Microorganisms in deep geological systems are relevant for 
underground gas storage and geothermal energy production, 
with implications for CCS, renewable energy storage, and 
geothermal energy [22]. Microbial processes, such as ureolysis, 
can enhance CCS through mineral-trapping and 
solubility-trapping. Ureolysis increases brine pH, promoting 
CO2 dissolution and carbonate precipitation, thus improving 
the solubility-trapping capacity of the brine [23]. 
Understanding these microbial processes is crucial for assessing 
CCS e�ciency and potential risks and developing monitoring 
strategies for CO2 storage sites. 

 Moreover, sulfate-reducing bacteria and methanogens 
catalyze chemical reactions that alter the geochemical 
conditions around stored CO2, impacting mineral trapping and 
�uid dynamics. For example, microbial-induced carbonate 
precipitation (MICP) can enhance mineralization by forming 
stable carbonate minerals. Microbially induced carbonate 
precipitation (MICP) shows promise for enhancing carbon 
capture and storage (CCS) through mineral trapping and 
solubility trapping. Ureolytic bacteria can precipitate dissolved 
CO2 as calcite, increasing incorporation rates at higher CO2 
pressures and urea concentrations [23]. MICP can also enhance 
pH through alkalization, increasing calcite precipitation in 
porous media [24]. �is process can potentially create 
subsurface hydraulic barriers near CO2 storage wellbores, 
improving storage security [25]. MICP o�ers a rapid alternative 
to natural carbonate formation, with urease-producing bacteria 
converting CO2 into calcium carbonate in various 
environments [26]. While ureolysis does not directly precipitate 
gaseous CO2, it increases brine pH, enhancing solubility 
trapping and reducing headspace CO2 concentrations [23]. 
�ese �ndings highlight MICP's potential for climate change 

promising carbon sequestration and environmental 
remediation process. MICP involves the conversion of CO2 into 
calcium carbonate (CaCO3) by urease-producing bacteria, 
which can thrive in various environments [26]. �e bacterial 
cell wall acts as a nucleation site for CaCO3 formation, with 
urease and carbonic anhydrase enzymes mediating the process 
[44]. MICP has multiple applications, including bio 
cementation, heavy metal removal, and CO2 sequestration [45]. 
�e e�ciency of CO2 sequestration during MICP is in�uenced 
by biotic factors, such as bacterial species and abiotic factors, 
including pH and medium components, with urea being the 
most critical component [46]. While MICP shows great 
potential for sustainable carbon management and climate 
change mitigation, challenges remain in implementing the 
technology commercially [44,45].

 �e impact of microbial activity on mineral dissolution 
varies depending on the microorganisms and minerals 
involved. While some studies suggest a weak e�ect of microbes 
on Ca-Mg silicate weathering, others demonstrate that 
microorganisms can signi�cantly modify mineral dissolution 
rates and mechanisms [47,48]. Certain microbial extracellular 
polymers can inhibit or enhance dissolution rates by up to three 
orders of magnitude, depending on pH and mineral 
composition [49]. In complex microbial consortia, 
heterotrophic bacteria may enhance mineral dissolution, while 
photosynthetic organisms can promote secondary mineral 
precipitation [50]. Microbial activity can lead to the formation 
of secondary minerals, including clays and carbonates, which 
impact soil fertility and CO2 sequestration [48,50]. �e 
microbial impact on mineral dissolution is complex and 
depends on the speci�c microbe-mineral interactions and 
environmental conditions.

Biofilm formation and its effects 
Microbial bio�lms in subsurface environments signi�cantly 
impact transport processes and permeability in porous media 
[51,52]. Depending on substrate �ux and surface loading, 
bio�lm formation can be continuous or discontinuous [53]. 
During nutrient-rich conditions, biomass accumulation 
decreases permeability, while starvation conditions lead to 
bio�lm evolution patterns a�ecting permeability di�erently 
[54]. �ese patterns include initial permeability decrease, 
stabilization, and potential increase due to bio�lm sloughing 
under shear stress [54]. �e critical shear stress for sloughing 
indicates bio�lm strength, with removal occurring when 
exceeded [54]. Understanding bio�lm formation and its e�ects 
on permeability is crucial for various applications, including 
subsurface remediation, enhanced oil recovery, and carbon 
dioxide sequestration [52]. However, the relationships between 
microbial growth and changes in porosity and permeability 
remain poorly understood, necessitating further research [51].

 Bio�lms in porous media signi�cantly impact �uid �ow 
and transport processes. �ey can reduce water permeability by 
up to 95% in biologically active zones [55]. Bio�lm growth and 
gas generation a�ect �ow patterns, with gas moving upwards in 
discrete �ngers and accumulating at the top of porous systems 
[55]. In CO2 storage, bio�lms have been proposed as 
bio-barriers to mitigate leakage from geological reservoirs [56]. 
In hydraulic fracturing, bio�lms can cause formation damage, 

reducing gas �ow rates by half when occupying approximately 
10% of pore volume [57]. �e distribution of bio�lms within 
pores also impacts �ow rates. Modeling studies show that overall 
permeability, �ow pathways, and pressure gradients are highly 
dependent on bio�lm ratio and permeability, with moderate 
impacts from bio�lm porosity at higher bio�lm levels [58].

Biogeochemical cycles 
Microorganisms alter biogeochemical cycles and enhance 
carbon sequestration in various ecosystems. In land�lls, 
microbes’ mediate carbon, nitrogen, and sulphur cycles during 
waste decomposition, in�uencing greenhouse gas emissions 
[59]. Soil inoculation with bacteria and cyanobacteria from 
biological soil crusts can increase carbon sequestration in 
degraded dryland soils, potentially removing signi�cant 
amounts of CO2 from the atmosphere [60]. While terrestrial 
ecosystems can be managed for carbon sequestration, 
manipulating speci�c microbes remains challenging [61]. 
Recent research has focused on developing microbial inoculants 
to enhance soil carbon sequestration, with promising 
candidates including arbuscular mycorrhizal fungi, melanising 
endophytic fungi, and plant growth-promoting bacteria [62]. 
�ese microorganisms contribute to carbon sequestration 
through various mechanisms, such as facilitating carbon 
transition from labile to recalcitrant pools and stimulating plant 
growth. �e "biochar + microbe system" is proposed as a 
potential solution to overcome limitations in building and 
retaining soil carbon stocks [62].

 Microbial enhancement of CO2 trapping in geological 
storage shows promise for mitigating climate change. 
Ureolysis-induced calcite precipitation can incorporate CO2 
from the gas phase, enhancing solubility trapping by increasing 
brine pH [23]. Microbes can adapt to extreme subsurface 
conditions, promoting CO2 dissolution and mineral corrosion 
and facilitating mineral trapping [63]. Acceleration methods for 
mineral trapping include co-injection of carbonic 
anhydrase-producing microbes or urea bacteria, selecting 
reservoirs with reactive minerals, and increasing mineral 
surface area through fracturing [64]. Engineering CO2-�xing 
pathways and energy-harvesting systems in autotrophic and 
heterotrophic microorganisms can improve CO2 �xation 
e�ciency, while rewiring metabolic pathways can reduce 
microbial CO2 emissions and increase the carbon yield of 
valuable products [65]. �ese strategies demonstrate the 
potential of biotechnology to enhance microbial CO2 
sequestration in geological storage sites.

Case Studies of Microbial Geochemistry in CCS 
Projects 
�e CarbFix project in Iceland demonstrates the potential of 
carbon sequestration in basaltic formations. Microbial 
communities in these environments are diverse and responsive 
to CO2 injection [66,67]. While CO2 injection can decrease 
microbial richness, it also promotes the growth of certain 
bacteria, potentially a�ecting aquifer redox state and carbon 
fate [67]. Experimental studies show that bacterial presence 
minimizes basalt dissolution rates and CO2 sequestration 
processes [68]. �e CarbFix project aims to capture and 
mineralize CO2 emissions from geothermal power plants, with 
extensive research conducted on site characterization, alteration 

mitigation through CO2 sequestration. Additionally, microbial 
activity may in�uence rock dissolution, bio�lm formation, and 
gas migration, all a�ecting the long-term stability and e�ciency 
of carbon sequestration e�orts. 

Microbial Communities in the Subsurface
Microbial communities in the deep subsurface are crucial to 
carbon sequestration, as their metabolic activities directly 
impact geochemical processes. �ese microbes in�uence 
carbon cycling and storage stability through pathways like 
methanogenesis, sulfate reduction, and iron reduction. 
Catalyzing or altering reactions can either enhance or inhibit 
CO2 mineralization, making their role essential to the 
long-term success of carbon capture and storage.

Types of microbial communities
Microbial communities in the terrestrial deep subsurface are 
diverse and in�uenced by various factors. Globally, aquifer 
lithology controls bacterial community diversity in deep 
groundwater, with Betaproteobacteria, Gammaproteobacteria, 
and Firmicutes dominating [27]. Depth and geological 
characteristics act as ecological �lters for archaeal and bacterial 
communities, while vertical water movement impacts shallow 
subsurface microbial assembly [28]. In uranium-contaminated 
sediments, geochemical conditions are selected for 
well-adapted taxa with prevalent nitrate-reducing bacteria [29]. 
Site-speci�c communities have been observed, such as 
iron-oxidizing Gallionella dominating bacterial communities in 
Romuvaara, Finland, alongside methanogenic and 
ammonia-oxidizing archaea [30]. Functional genes for methane 
cycling, sulfate reduction, and nitrate reduction have been 
detected, indicating diverse metabolic potentials in these 
environments [30]. Understanding these communities is crucial 
for developing e�ective bioremediation strategies and 
comprehending global subsurface element cycling. 

 Deep subsurface environments harbour diverse microbial 
communities with various metabolic pathways relevant to 
carbon cycling. Studies in the Fennoscandian Shield, South 
African gold mines, and the Iberian Pyrite Belt have revealed 
the presence of bacteria and archaea involved in 
methanogenesis, sulfate reduction, and iron oxidation [30-33]. 
�e Wood-Ljungdahl pathway for carbon �xation is prevalent 
in these environments, along with carbon monoxide 
dehydrogenase genes that support autotrophic and 
heterotrophic metabolisms [32]. Metagenomic analyses have 
identi�ed dominant phyla such as Euryarchaeota and 
Firmicutes in deep fracture �uids [32]. Molecular biomarkers 
and DNA microarray techniques have also detected methane 
oxidizers, sulfate-reducers, and metal oxidizers in these 
subsurface communities [33]. �ese �ndings highlight the 
complex interplay of microbial metabolisms in deep subsurface 
environments and their role in biogeochemical cycles.

 Anaerobic carbon cycling in wetlands involves several key 
metabolic pathways, including methanogenesis, sulfate 
reduction, and iron reduction. �e relative importance of these 
processes varies seasonally and across di�erent wetland types. 
Iron reduction is typically dominant early in the growing season 
in tidal freshwater and brackish marshes, gradually giving way 
to methanogenesis or sulfate reduction [34,35]. Methanogenesis 
occurs primarily through the aceticlastic pathway, except in 

more ombrotrophic peatlands early in the season [35]. While 
plants can in�uence these processes by releasing oxygen into the 
rhizosphere, their impact may be limited in some wetland 
systems [36]. Iron reduction can be the dominant carbon 
oxidation pathway in lacustrine sediments, followed by sulfate 
reduction, with methanogenesis playing a negligible role [37]. 
Factors such as soil chemistry, temperature, and water table 
depth in�uence the balance between these anaerobic metabolic 
pathways.

Microbial influence on geochemistry
Microorganisms are crucial in geochemical reactions relevant 
to carbon capture and storage (CCS). �ey can catalyze carbon 
cycling and biogeochemical reactions in deep subsurface 
environments, potentially in�uencing the fate of injected CO2 
[38]. Microbial metabolisms involving redox transformations of 
metals and metalloids can a�ect mineral precipitation, 
transformation, and dissolution, impacting modern and 
ancient geochemical cycles [39]. Elevated CO2 levels can alter 
groundwater pH and chemical speciation, a�ecting the 
thermodynamics and kinetics of microbial reactions such as 
syntrophic oxidation, iron reduction, sulfate reduction, and 
methanogenesis [40]. Microorganisms can also enhance carbon 
mineralization through bioalkalinization, increasing the pH of 
aqueous solutions and promoting calcite precipitation [41]. 
Understanding the genetic basis of these microbial processes is 
crucial for predicting their in�uence on geochemical cycles and 
their potential impact on CCS strategies [39].

 Microbial reactions can signi�cantly in�uence CO2 
mineralization in geological carbon sequestration. High CO2 
levels can alter groundwater pH and chemical speciation, 
a�ecting microbial reactions di�erently. While syntrophic 
oxidation and acetoclastic methanogenesis are inhibited, iron 
reduction and hydrogenotrophic processes may be enhanced 
[40]. Cyanobacteria can facilitate carbonate mineralization 
through their carbon dioxide-concentrating mechanism, 
potentially aiding biological carbon capture and storage [42]. 
Biomass growth can enhance calcite precipitation through 
bioalkalinization, o�ering a promising method for CO2 
immobilization [41]. �e survival of microorganisms under 
high CO2 pressures varies among species, with some 
gram-positive bacteria showing higher resilience. Mineral 
surfaces, particularly quartz sandstones, can protect microbes 
by facilitating bio�lm formation, while certain minerals may 
release toxic metals that increase microbial mortality under 
CO2 stress [43].

Microbial Impact on Carbon Sequestration 
Mechanisms 
Microbes signi�cantly impact carbon sequestration through 
various mechanisms. Microbial-induced carbonate 
precipitation (MICP) enhances CO2 trapping, while microbial 
activity in�uences mineral dissolution processes. Additionally, 
bio�lm formation in subsurface environments a�ects 
permeability, potentially altering �uid �ow and CO2 migration. 
Microbes also modify biogeochemical cycles; such as carbon, 
sulfur, and nitrogen; potentially enhancing mineral trapping 
and improving sequestration e�ciency.

Microbial-Driven mineralization processes 
Microbially induced carbonate precipitation (MICP) is a 

mineralogy, and numerical modelling [69]. Monitoring and 
reactive transport modelling are crucial in optimizing 
long-term site management and quantifying CO2 
mineralization [69]. Microbial activity in basalt formations has 
been observed in various case studies. In the oceanic crust at the 
Mid-Atlantic Ridge, nitrogen addition stimulated the growth of 
basalt-associated microorganisms, including iron-oxidizing 
bacteria [70]. �e Wallula pilot well in Washington State 
revealed diverse microbial communities in basalt formation 
waters, dominated by Proteobacteria, Firmicutes, and 
Actinobacteria, with microorganisms capable of various 
metabolic processes [66]. Experimental studies with basaltic 
rocks from Hawaii demonstrated that microbial activity, 
speci�cally by Burkholderia fungorum, enhanced rock 
alteration and Fe mobilization under nutrient-depleted 
conditions. Colonization experiments with synthetic basaltic 
glasses showed that microbial attachment and element 
dissolution were in�uenced by Fe redox state and residual stress 
in the glass [71]. �ese �ndings suggest that basaltic formations 
o�er promising opportunities for geological carbon 
sequestration, with potential applications worldwide.

 Microbial processes in saline aquifers and depleted oil 
�elds have been monitored to understand their impact on 
carbon storage and bioremediation. Studies have examined the 
e�ects of CO2 concentration on microbial communities in 
various subsurface environments [72]. In depleted oil reservoirs 
targeted for CO2 storage, high salinity and supercritical CO2 
concentrations were found to be selected for stress-tolerant 
microorganisms, potentially a�ecting reservoir quality and 
stability [10]. Monitoring techniques have included chemical, 
isotopic, and biological analyses to characterize microbial 
processes in contaminated aquifers [73]. �e use of Bio-Sep® 
biotraps has proven e�ective in collecting bio�lms that better 
represent in situ microbial ecology compared to planktonic 
organisms from groundwater samples [74]. �ese studies 
highlight the importance of understanding microbial 
community dynamics in subsurface environments for 
applications in carbon storage, bioremediation, and overall 
ecosystem management.

 Recent studies have highlighted the signi�cant role of 
microbial communities in carbon capture and storage (CCS) 
projects. In basalt formations, CO2 injection can lead to rapid 
changes in microbial populations, decreasing overall richness 
but increasing in speci�c groups like iron-oxidizing bacteria 
and aromatic compound degraders [67]. �ese changes can 
a�ect aquifer redox states and carbon fate. In hydrocarbon 
reservoirs, microbial methanogenesis has been shown to 
convert up to 13-19% of injected CO2 to methane, with rates of 
73-109 mmol CH4/m3/year observed [21]. �is process may be 
signi�cant across geological settings, particularly in depleted 
hydrocarbon �elds [21]. Pre-injection microbial communities 
in basalt formations have been found to include hydrogen 
oxidizers, methylotrophs, and methanogens, among others 
[66]. Understanding these microbial dynamics is crucial for 
e�ective CCS implementation and monitoring.

 Microbial communities can adapt to enhance the 
degradation of various compounds, including trace organic 
chemicals (TOrCs) and metals in environmental systems. 
Adaptation mechanisms may involve changes in carbon use 

e�ciency (CUE) or shi�s in community structure [75,76]. 
However, pre-exposure to TOrCs at ng/L levels does not 
necessarily a�ect their attenuation or in�uence microbial 
community structure and function in managed aquifer recharge 
systems [77]. Adaptation to xenobiotic compounds depends on 
factors such as concentration, exposure time, and chemical 
structure, with a threshold concentration of 10 ppb observed for 
some compounds [78]. Adapted microbial communities can 
achieve higher removal e�ciencies for various contaminants, 
including sulfate and metals [76]. Understanding these 
adaptation processes is crucial for optimizing bioremediation 
strategies and predicting ecosystem responses to environmental 
changes.

Challenges and Research Gaps 
Studying microbial geochemistry in carbon sequestration 
presents signi�cant challenges, including replicating subsurface 
conditions in labs and monitoring microbial activity at depth. 
Knowledge gaps persist regarding microbial population 
dynamics, interactions with host rock formations, and 
long-term impacts on storage stability. Additionally, predictive 
models integrating microbial activity with geochemical 
reactions remain underdeveloped, requiring further research.

Challenges in studying microbial geochemistry in CCS 
Studying microbial geochemistry in Carbon Capture and 
Storage (CCS) presents several challenges. Replicating 
subsurface conditions in laboratories is di�cult, and 
monitoring microbial activities at depth requires specialized 
techniques [22]. �e long-term impacts of microbial activity on 
storage stability are not fully understood [21]. Microbial 
processes, such as methanogenesis, can signi�cantly a�ect CO2 
storage by modifying �uid composition and dynamics within 
reservoirs [21]. Deep ecosystems respond quickly to CO2 
injections, with acidic CO2-charged groundwater causing a 
decrease in microbial richness while promoting the growth of 
certain bacterial species [67]. �e impact of potential CO2 
leakage on plants and microorganisms varies, with plants 
showing visible stress responses under high soil CO2 levels and 
microorganisms exhibiting more diverse reactions [79]. Further 
research is needed to understand these complex interactions 
better and ensure the environmental safety of CCS technology.

Current knowledge gaps 
Recent studies highlight signi�cant knowledge gaps in 
understanding microbial dynamics during carbon capture and 
storage (CCS). While CCS is crucial for reducing greenhouse 
gas emissions, microbial processes like methanogenesis can 
impact CO2 storage e�ciency and �uid dynamics [22]. �e 
bioavailability of H2 is likely to in�uence methanogenesis rates 
across di�erent storage sites [21]. Current research lacks 
comprehensive data on how elevated CO2 levels a�ect 
geochemical processes in aquifers and the vadose zone, with 
factors such as redox conditions and microbial activity 
requiring further investigation [12]. Deep subsurface 
microbiology is increasingly relevant for underground gas 
storage and geothermal energy production, necessitating more 
research into microbial interactions with these systems [22]. 
Field studies have shown that CO2 injection into basalt can 
rapidly alter microbial communities, potentially impacting 
aquifer redox states and carbon fate [67].

 �e interactions between microbial processes and host 
rock formations in subsurface environments are complex and 
poorly understood. Microorganisms can in�uence the 
dissolution and precipitation of minerals in caves and other 
rock-hosted systems [80]. �ese processes are controlled by 
lithology, permeability, and �uid mixing, a�ecting microbial 
communities' distribution and diversity [81]. Microbial 
activities can generate acidity, leading to cave wall dissolution or 
induce mineralization, forming various mineral deposits [80]. 
In radionuclide behaviour, microbial processes can impact 
solid-phase capture mechanisms, including sorption, reductive 
precipitation, and co-precipitation [82]. However, the speci�c 
physiological adaptations, growth rates, and synergistic 
interactions between microorganisms and minerals in these 
energy-limited environments remain largely unknown, 
necessitating further research to understand better these 
complex geomicrobiological systems [81,82].

Modeling microbial influence 
Microbial communities play a crucial role in biogeochemical 
cycles and ecosystem functions, but predicting their behaviour 
remains challenging [83,84]. Integrating microbial ecology into 
ecosystem models can improve predictions of carbon dynamics 
under environmental changes, such as warming, precipitation 
changes, and nitrogen enrichment [84]. However, building 
predictive models that link microbial community composition 
to function requires close coordination between experimental 
data collection and mathematical model development [85]. 
Advances in 'omics' - based approaches and systems biology can 
help characterize microbial system interactions impacting 
terrestrial carbon sequestration [86]. While directly linking 
genomes to global phenomena is challenging, connections at 
intermediate scales are feasible by integrating new analytical 
and modelling techniques [86]. �is integration could enhance 
our ability to develop and evaluate microbial strategies for 
capturing and sequestering atmospheric CO2 [86].

Future Directions and Opportunities 
�e future of carbon sequestration presents exciting 
opportunities to enhance e�ciency through microbial processes. 
By integrating bioengineering, interdisciplinary approaches, and 
sustainable practices, we can optimize microbial contributions to 
CCS and develop scalable solutions for e�ective CO2 
management.

Potential for enhanced microbial carbon 
sequestration 
Microbial carbon sequestration o�ers promising opportunities 
for enhancing carbon capture and storage (CCS) e�ciency. 
Bioengineering approaches can improve CO2 �xation in 
autotrophic and heterotrophic microorganisms by modifying 
CO2-�xing pathways and energy-harvesting systems [65]. 
Prokaryotes can be utilized for CCS monitoring and CO2 
utilization, with synthetic biology potentially maximizing CO2 
uptake [87]. Microbial ureolysis can enhance 
solubility-trapping of CO2 in brines and promote mineral 
formation, potentially reducing CO2 leakage [23]. �e 
microbial carbon pump (MCP) plays a crucial role in forming 
recalcitrant dissolved organic carbon (RDOC) in oceans, which 
can sequester carbon over long timescales [88]. Future research 
should focus on integrating the MCP with the biological pump, 

understanding POC-RDOC interactions, and developing new 
technologies for in-situ monitoring of microbial activity to 
improve CCS e�ciency [88,87].

Interdisciplinary approaches 
Interdisciplinary approaches combining geochemistry, 
microbiology, and geophysics, o�er valuable insights into 
subsurface microbial behaviour. Studies have demonstrated that 
geophysical techniques can detect microbial activity and 
associated biogeochemical processes. Bulk conductivity 
measurements have been linked to zones of enhanced microbial 
activity in hydrocarbon-impacted aquifers [89]. Bioremediation 
experiments have shown that indigenous bacteria can be 
stimulated to remove heavy metals through precipitation of 
sul�de phases, with geophysical surveys indicating changes in 
electrical conductance and magnetic susceptibility [90]. �e 
emerging �eld of biogeophysics focuses on detecting microbes, 
microbial growth, and microbe-mineral interactions using 
geophysical techniques [91]. Electrical-induced polarization 
measurements have been used to monitor stimulated microbial 
activity during subsurface bioremediation, revealing 
correlations between phase response and changes in 
groundwater geochemistry associated with iron and sulfate 
reduction and sul�de mineral precipitation [92]. �ese 
integrated approaches provide powerful tools for 
understanding and monitoring subsurface microbial processes.

Sustainable and scalable CCS solutions 
Microbial contributions to carbon capture and storage (CCS) 
o�er promising solutions for large-scale CO2 sequestration. 
Autotrophic aerobic bacteria can capture CO2 from industrial 
sources to produce microbial protein, potentially usable as food, 
feed, or fertilizer [93]. Natural microbial communities and 
synthetic biology approaches can enhance CO2 uptake and 
monitoring in geological storage sites [87]. Microbes can 
accelerate silicate weathering, potentially drawing down 
signi�cant amounts of CO2 while producing valuable 
by-products [94]. Engineering CO2-�xing pathways and 
energy-harvesting systems in autotrophic and heterotrophic 
microorganisms can improve CO2 �xation e�ciency, while 
rewiring metabolic pathways can reduce microbial CO2 
emissions and increase the carbon yield of value-added 
products [65]. �ese microbial CCS approaches o�er 
sustainable, scalable solutions for CO2 sequestration, though 
further research is needed to determine their economic 
feasibility and potential for large-scale implementation.

Conclusions
In summary, microbial communities enhance carbon capture 
and storage (CCS) by in�uencing geochemical processes such as 
mineralization, �uid dynamics, and biogeochemical cycling. 
�eir activities, including microbial-induced carbonate 
precipitation and bio�lm formation, can signi�cantly a�ect CO2 
sequestration e�ectiveness and long-term stability. Future 
research must focus on interdisciplinary approaches to better 
understand microbial geochemistry and its implications for 
CCS. Addressing current knowledge gaps and developing 
predictive models incorporating microbial dynamics will be 
essential for optimizing sequestration strategies. As we advance 
our understanding of these processes, harnessing microbial 
activities can enhance the stability and e�ciency of carbon 

sequestration, contributing signi�cantly to climate change 
mitigation e�orts.
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Carbon emissions from industrial activities and fossil fuel use 
have signi�cantly contributed to global climate change, causing 
rising temperatures, extreme weather events, and ecological 
disruptions. Addressing this issue requires reducing 
atmospheric CO2 levels. Carbon capture and storage has 
emerged as a critical strategy to mitigate climate change by 
capturing CO2 from point sources, such as power plants, and 
storing it in geological formations. �is process reduces 
emissions at the source and can help achieve global carbon 
neutrality goals. CCS technologies, particularly in subsurface 
environments, o�er promising potential to limit greenhouse gas 
accumulation and protect the planet's climate system.

 Carbon capture and sequestration have emerged as crucial 
technologies for addressing the global carbon emission problem 
and mitigating climate change [1]. �e increasing atmospheric 
CO2 concentration, primarily due to fossil fuel consumption, 
has led to global warming and ocean acidi�cation [2]. With 
fossil fuels supplying over 63% of global energy, CCS is pivotal 
in combating this crisis [1]. �e process involves capturing CO2 
from signi�cant sources, such as industrial plants, and storing it 
in geological reservoirs to achieve a carbon-neutral or negative 
budget [1,3]. While long-term solutions focus on sustainable 
energy generation, CCS can provide immediate mitigation for 
existing fossil fuel infrastructure [4]. �e Intergovernmental 
Panel on Climate Change (IPCC) has endorsed CCS as a viable 

mitigation strategy for developing countries, highlighting its 
importance in global e�orts to reduce CO2 emissions [3].

 Geologic carbon storage (GCS) in deep saline aquifers, 
depleted oil and gas �elds, and basalt formations are crucial 
for mitigating greenhouse gas emissions [5]. Deep saline 
aquifers o�er the largest storage potential, storing emissions 
for at least a century [6]. �ese formations are evaluated based 
on safety, storage capacity, and containment integrity [7]. CO2 
injection into saline aquifers creates a complex multiphase 
�ow system, but simplifying assumptions can provide 
practical insights into system behavior, including storage 
capacity estimates and leakage risk assessments [6]. �e 
Sleipner project demonstrates successful commercial-scale 
CO2 sequestration in saline aquifers [8]. While economic and 
policy challenges persist, CO2 storage in deep saline aquifers is 
a viable technology that can signi�cantly contribute to climate 
change mitigation e�orts.

 Microbial communities play a signi�cant role in 
in�uencing geochemical processes during carbon capture and 
storage (CCS). Studies have shown that CO2 leakage from 
storage sites can impact microbial diversity and activity in 
subsurface environments [9,10]. High CO2 levels can change 
pH, solute concentrations, and microbial community 
composition, a�ecting methanogenesis, metal reduction, and 
sulfate reduction [9,11]. Microorganisms adapted to high 

salinity and supercritical CO2 conditions have been observed in 
potential CCS sites, with implications for reservoir quality and 
stability [10]. However, knowledge gaps remain regarding the 
in�uence of factors such as redox conditions, CO2 in�ux rate, 
and mineralogy on CO2-induced reactions in potable aquifers 
and the vadose zone [12]. Understanding these microbial- 
geochemical interactions is crucial for assessing CCS's 
environmental impacts and risks. Moreover, microbes can 
facilitate reactions such as mineral dissolution, carbonate 
precipitation, and the formation of bio�lms, which may 
enhance or hinder carbon trapping in geological formations. 
�eir metabolic activities alter the chemical environment, 
potentially improving the e�ciency of long-term CO2 
sequestration. �is review explores recent advances in 
microbial geochemistry related to carbon capture and storage 
(CCS), aiming to assess microbial contributions to CCS, 
highlight knowledge gaps, and propose future research 
directions to improve CCS technology through microbial 
interactions.

Overview of Carbon Sequestration Methods 
Carbon sequestration methods focus on storing captured CO2 
in subsurface formations to mitigate atmospheric emissions. 
Geologic storage traps CO2 in deep formations like saline 
aquifers, depleted oil �elds, and basalt, while carbon 
mineralization converts it into stable minerals for permanent 
storage. Microbial geochemistry enhances these processes, 
in�uencing mineralization and long-term storage stability.

Geologic carbon storage (GCS)
GCS involves injecting CO2 into deep subsurface formations, 
trapped through various physical and chemical mechanisms. 
Once injected, the CO2 is stored in porous rock formations, 
typically at depths of over 800 meters, where high pressure and 
temperature keep it in a supercritical state. �ese formations 
o�er extensive storage capacity, with saline aquifers being the 
most common, while basalt formations facilitate mineralization 
due to their reactive nature. Carbon sequestration is crucial to 
mitigating climate change by reducing atmospheric CO2 levels. 
Various methods exist, including geological storage in oil and 
gas reservoirs, deep coal seams, saline aquifers, and salt caverns 
[13]. Ocean sequestration and mineral carbonation are 
potential options [14]. Biological methods involve soil carbon 
sequestration and phytosequestration through photosynthetic 
mechanisms in plants, cyanobacteria, and microalgae [15]. 
Other techniques include pre- and post-combustion CO2 
capture, membrane separation, amine scrubbing, and 
cryotechnology [16]. Enhancing natural CO2 sinking rates 
through terrestrial sequestration, ocean fertilization, and rock 
weathering can reduce carbon [14]. While these methods o�er 
signi�cant potential for carbon sequestration, each has 
advantages and disadvantages regarding capacity, cost, time 
scale, stability, and environmental impacts, necessitating careful 
evaluation before implementation [14,13].

Carbon mineralization 
Carbon mineralization is a process in which CO2 reacts with 
minerals, primarily calcium and magnesium silicates, to form 
stable carbonate minerals like calcite and magnesite. �is 
reaction permanently traps CO2 within the rock matrix, 
o�ering a secure carbon storage method. �is process involves 

converting CO2 into stable carbonate minerals by reacting with 
divalent cations like Ca²⁺, Mg²⁺, or Fe²⁺ [17]. It o�ers a more 
secure alternative to other trapping mechanisms, which can be 
reversible [18]. Studies have shown that over 95% of injected 
CO2 can be mineralized in basaltic rocks within two years, 
signi�cantly faster than previously thought [19]. Factors 
in�uencing mineralization include rock types; temperature, 
�uid composition, and CO2 phase [17]. While most carbon 
capture and storage projects focus on sedimentary basins, 
reactive rocks like basalts and peridotites o�er large potential 
volumes for carbon storage through mineralization [20]. 
Ongoing research aims to accelerate the mineralization process 
and explore its applicability on a global scale [18,20]. Basalt 
formations are particularly suitable for this process, as they 
contain high concentrations of reactive minerals. 
Mineralization locks CO2 in solid form and prevents its escape 
over time, providing long-term stability to carbon storage 
e�orts. �is process is critical for ensuring the permanent 
sequestration of captured CO2.

Role of microbial geochemistry in CCS 
Microbial communities in subsurface environments can 
signi�cantly in�uence carbon storage and mineralization 
processes. Methanogenesis can modify �uid composition and 
dynamics within storage reservoirs, potentially impacting CO2 
storage capacity and trapping mechanisms [21]. Long-term 
CO2 leakage can in�uence microbial communities, a�ecting 
subsurface biogeochemistry and carbon cycling [9]. 
Microorganisms in deep geological systems are relevant for 
underground gas storage and geothermal energy production, 
with implications for CCS, renewable energy storage, and 
geothermal energy [22]. Microbial processes, such as ureolysis, 
can enhance CCS through mineral-trapping and 
solubility-trapping. Ureolysis increases brine pH, promoting 
CO2 dissolution and carbonate precipitation, thus improving 
the solubility-trapping capacity of the brine [23]. 
Understanding these microbial processes is crucial for assessing 
CCS e�ciency and potential risks and developing monitoring 
strategies for CO2 storage sites. 

 Moreover, sulfate-reducing bacteria and methanogens 
catalyze chemical reactions that alter the geochemical 
conditions around stored CO2, impacting mineral trapping and 
�uid dynamics. For example, microbial-induced carbonate 
precipitation (MICP) can enhance mineralization by forming 
stable carbonate minerals. Microbially induced carbonate 
precipitation (MICP) shows promise for enhancing carbon 
capture and storage (CCS) through mineral trapping and 
solubility trapping. Ureolytic bacteria can precipitate dissolved 
CO2 as calcite, increasing incorporation rates at higher CO2 
pressures and urea concentrations [23]. MICP can also enhance 
pH through alkalization, increasing calcite precipitation in 
porous media [24]. �is process can potentially create 
subsurface hydraulic barriers near CO2 storage wellbores, 
improving storage security [25]. MICP o�ers a rapid alternative 
to natural carbonate formation, with urease-producing bacteria 
converting CO2 into calcium carbonate in various 
environments [26]. While ureolysis does not directly precipitate 
gaseous CO2, it increases brine pH, enhancing solubility 
trapping and reducing headspace CO2 concentrations [23]. 
�ese �ndings highlight MICP's potential for climate change 

promising carbon sequestration and environmental 
remediation process. MICP involves the conversion of CO2 into 
calcium carbonate (CaCO3) by urease-producing bacteria, 
which can thrive in various environments [26]. �e bacterial 
cell wall acts as a nucleation site for CaCO3 formation, with 
urease and carbonic anhydrase enzymes mediating the process 
[44]. MICP has multiple applications, including bio 
cementation, heavy metal removal, and CO2 sequestration [45]. 
�e e�ciency of CO2 sequestration during MICP is in�uenced 
by biotic factors, such as bacterial species and abiotic factors, 
including pH and medium components, with urea being the 
most critical component [46]. While MICP shows great 
potential for sustainable carbon management and climate 
change mitigation, challenges remain in implementing the 
technology commercially [44,45].

 �e impact of microbial activity on mineral dissolution 
varies depending on the microorganisms and minerals 
involved. While some studies suggest a weak e�ect of microbes 
on Ca-Mg silicate weathering, others demonstrate that 
microorganisms can signi�cantly modify mineral dissolution 
rates and mechanisms [47,48]. Certain microbial extracellular 
polymers can inhibit or enhance dissolution rates by up to three 
orders of magnitude, depending on pH and mineral 
composition [49]. In complex microbial consortia, 
heterotrophic bacteria may enhance mineral dissolution, while 
photosynthetic organisms can promote secondary mineral 
precipitation [50]. Microbial activity can lead to the formation 
of secondary minerals, including clays and carbonates, which 
impact soil fertility and CO2 sequestration [48,50]. �e 
microbial impact on mineral dissolution is complex and 
depends on the speci�c microbe-mineral interactions and 
environmental conditions.

Biofilm formation and its effects 
Microbial bio�lms in subsurface environments signi�cantly 
impact transport processes and permeability in porous media 
[51,52]. Depending on substrate �ux and surface loading, 
bio�lm formation can be continuous or discontinuous [53]. 
During nutrient-rich conditions, biomass accumulation 
decreases permeability, while starvation conditions lead to 
bio�lm evolution patterns a�ecting permeability di�erently 
[54]. �ese patterns include initial permeability decrease, 
stabilization, and potential increase due to bio�lm sloughing 
under shear stress [54]. �e critical shear stress for sloughing 
indicates bio�lm strength, with removal occurring when 
exceeded [54]. Understanding bio�lm formation and its e�ects 
on permeability is crucial for various applications, including 
subsurface remediation, enhanced oil recovery, and carbon 
dioxide sequestration [52]. However, the relationships between 
microbial growth and changes in porosity and permeability 
remain poorly understood, necessitating further research [51].

 Bio�lms in porous media signi�cantly impact �uid �ow 
and transport processes. �ey can reduce water permeability by 
up to 95% in biologically active zones [55]. Bio�lm growth and 
gas generation a�ect �ow patterns, with gas moving upwards in 
discrete �ngers and accumulating at the top of porous systems 
[55]. In CO2 storage, bio�lms have been proposed as 
bio-barriers to mitigate leakage from geological reservoirs [56]. 
In hydraulic fracturing, bio�lms can cause formation damage, 

reducing gas �ow rates by half when occupying approximately 
10% of pore volume [57]. �e distribution of bio�lms within 
pores also impacts �ow rates. Modeling studies show that overall 
permeability, �ow pathways, and pressure gradients are highly 
dependent on bio�lm ratio and permeability, with moderate 
impacts from bio�lm porosity at higher bio�lm levels [58].

Biogeochemical cycles 
Microorganisms alter biogeochemical cycles and enhance 
carbon sequestration in various ecosystems. In land�lls, 
microbes’ mediate carbon, nitrogen, and sulphur cycles during 
waste decomposition, in�uencing greenhouse gas emissions 
[59]. Soil inoculation with bacteria and cyanobacteria from 
biological soil crusts can increase carbon sequestration in 
degraded dryland soils, potentially removing signi�cant 
amounts of CO2 from the atmosphere [60]. While terrestrial 
ecosystems can be managed for carbon sequestration, 
manipulating speci�c microbes remains challenging [61]. 
Recent research has focused on developing microbial inoculants 
to enhance soil carbon sequestration, with promising 
candidates including arbuscular mycorrhizal fungi, melanising 
endophytic fungi, and plant growth-promoting bacteria [62]. 
�ese microorganisms contribute to carbon sequestration 
through various mechanisms, such as facilitating carbon 
transition from labile to recalcitrant pools and stimulating plant 
growth. �e "biochar + microbe system" is proposed as a 
potential solution to overcome limitations in building and 
retaining soil carbon stocks [62].

 Microbial enhancement of CO2 trapping in geological 
storage shows promise for mitigating climate change. 
Ureolysis-induced calcite precipitation can incorporate CO2 
from the gas phase, enhancing solubility trapping by increasing 
brine pH [23]. Microbes can adapt to extreme subsurface 
conditions, promoting CO2 dissolution and mineral corrosion 
and facilitating mineral trapping [63]. Acceleration methods for 
mineral trapping include co-injection of carbonic 
anhydrase-producing microbes or urea bacteria, selecting 
reservoirs with reactive minerals, and increasing mineral 
surface area through fracturing [64]. Engineering CO2-�xing 
pathways and energy-harvesting systems in autotrophic and 
heterotrophic microorganisms can improve CO2 �xation 
e�ciency, while rewiring metabolic pathways can reduce 
microbial CO2 emissions and increase the carbon yield of 
valuable products [65]. �ese strategies demonstrate the 
potential of biotechnology to enhance microbial CO2 
sequestration in geological storage sites.

Case Studies of Microbial Geochemistry in CCS 
Projects 
�e CarbFix project in Iceland demonstrates the potential of 
carbon sequestration in basaltic formations. Microbial 
communities in these environments are diverse and responsive 
to CO2 injection [66,67]. While CO2 injection can decrease 
microbial richness, it also promotes the growth of certain 
bacteria, potentially a�ecting aquifer redox state and carbon 
fate [67]. Experimental studies show that bacterial presence 
minimizes basalt dissolution rates and CO2 sequestration 
processes [68]. �e CarbFix project aims to capture and 
mineralize CO2 emissions from geothermal power plants, with 
extensive research conducted on site characterization, alteration 

mitigation through CO2 sequestration. Additionally, microbial 
activity may in�uence rock dissolution, bio�lm formation, and 
gas migration, all a�ecting the long-term stability and e�ciency 
of carbon sequestration e�orts. 

Microbial Communities in the Subsurface
Microbial communities in the deep subsurface are crucial to 
carbon sequestration, as their metabolic activities directly 
impact geochemical processes. �ese microbes in�uence 
carbon cycling and storage stability through pathways like 
methanogenesis, sulfate reduction, and iron reduction. 
Catalyzing or altering reactions can either enhance or inhibit 
CO2 mineralization, making their role essential to the 
long-term success of carbon capture and storage.

Types of microbial communities
Microbial communities in the terrestrial deep subsurface are 
diverse and in�uenced by various factors. Globally, aquifer 
lithology controls bacterial community diversity in deep 
groundwater, with Betaproteobacteria, Gammaproteobacteria, 
and Firmicutes dominating [27]. Depth and geological 
characteristics act as ecological �lters for archaeal and bacterial 
communities, while vertical water movement impacts shallow 
subsurface microbial assembly [28]. In uranium-contaminated 
sediments, geochemical conditions are selected for 
well-adapted taxa with prevalent nitrate-reducing bacteria [29]. 
Site-speci�c communities have been observed, such as 
iron-oxidizing Gallionella dominating bacterial communities in 
Romuvaara, Finland, alongside methanogenic and 
ammonia-oxidizing archaea [30]. Functional genes for methane 
cycling, sulfate reduction, and nitrate reduction have been 
detected, indicating diverse metabolic potentials in these 
environments [30]. Understanding these communities is crucial 
for developing e�ective bioremediation strategies and 
comprehending global subsurface element cycling. 

 Deep subsurface environments harbour diverse microbial 
communities with various metabolic pathways relevant to 
carbon cycling. Studies in the Fennoscandian Shield, South 
African gold mines, and the Iberian Pyrite Belt have revealed 
the presence of bacteria and archaea involved in 
methanogenesis, sulfate reduction, and iron oxidation [30-33]. 
�e Wood-Ljungdahl pathway for carbon �xation is prevalent 
in these environments, along with carbon monoxide 
dehydrogenase genes that support autotrophic and 
heterotrophic metabolisms [32]. Metagenomic analyses have 
identi�ed dominant phyla such as Euryarchaeota and 
Firmicutes in deep fracture �uids [32]. Molecular biomarkers 
and DNA microarray techniques have also detected methane 
oxidizers, sulfate-reducers, and metal oxidizers in these 
subsurface communities [33]. �ese �ndings highlight the 
complex interplay of microbial metabolisms in deep subsurface 
environments and their role in biogeochemical cycles.

 Anaerobic carbon cycling in wetlands involves several key 
metabolic pathways, including methanogenesis, sulfate 
reduction, and iron reduction. �e relative importance of these 
processes varies seasonally and across di�erent wetland types. 
Iron reduction is typically dominant early in the growing season 
in tidal freshwater and brackish marshes, gradually giving way 
to methanogenesis or sulfate reduction [34,35]. Methanogenesis 
occurs primarily through the aceticlastic pathway, except in 

more ombrotrophic peatlands early in the season [35]. While 
plants can in�uence these processes by releasing oxygen into the 
rhizosphere, their impact may be limited in some wetland 
systems [36]. Iron reduction can be the dominant carbon 
oxidation pathway in lacustrine sediments, followed by sulfate 
reduction, with methanogenesis playing a negligible role [37]. 
Factors such as soil chemistry, temperature, and water table 
depth in�uence the balance between these anaerobic metabolic 
pathways.

Microbial influence on geochemistry
Microorganisms are crucial in geochemical reactions relevant 
to carbon capture and storage (CCS). �ey can catalyze carbon 
cycling and biogeochemical reactions in deep subsurface 
environments, potentially in�uencing the fate of injected CO2 
[38]. Microbial metabolisms involving redox transformations of 
metals and metalloids can a�ect mineral precipitation, 
transformation, and dissolution, impacting modern and 
ancient geochemical cycles [39]. Elevated CO2 levels can alter 
groundwater pH and chemical speciation, a�ecting the 
thermodynamics and kinetics of microbial reactions such as 
syntrophic oxidation, iron reduction, sulfate reduction, and 
methanogenesis [40]. Microorganisms can also enhance carbon 
mineralization through bioalkalinization, increasing the pH of 
aqueous solutions and promoting calcite precipitation [41]. 
Understanding the genetic basis of these microbial processes is 
crucial for predicting their in�uence on geochemical cycles and 
their potential impact on CCS strategies [39].

 Microbial reactions can signi�cantly in�uence CO2 
mineralization in geological carbon sequestration. High CO2 
levels can alter groundwater pH and chemical speciation, 
a�ecting microbial reactions di�erently. While syntrophic 
oxidation and acetoclastic methanogenesis are inhibited, iron 
reduction and hydrogenotrophic processes may be enhanced 
[40]. Cyanobacteria can facilitate carbonate mineralization 
through their carbon dioxide-concentrating mechanism, 
potentially aiding biological carbon capture and storage [42]. 
Biomass growth can enhance calcite precipitation through 
bioalkalinization, o�ering a promising method for CO2 
immobilization [41]. �e survival of microorganisms under 
high CO2 pressures varies among species, with some 
gram-positive bacteria showing higher resilience. Mineral 
surfaces, particularly quartz sandstones, can protect microbes 
by facilitating bio�lm formation, while certain minerals may 
release toxic metals that increase microbial mortality under 
CO2 stress [43].

Microbial Impact on Carbon Sequestration 
Mechanisms 
Microbes signi�cantly impact carbon sequestration through 
various mechanisms. Microbial-induced carbonate 
precipitation (MICP) enhances CO2 trapping, while microbial 
activity in�uences mineral dissolution processes. Additionally, 
bio�lm formation in subsurface environments a�ects 
permeability, potentially altering �uid �ow and CO2 migration. 
Microbes also modify biogeochemical cycles; such as carbon, 
sulfur, and nitrogen; potentially enhancing mineral trapping 
and improving sequestration e�ciency.

Microbial-Driven mineralization processes 
Microbially induced carbonate precipitation (MICP) is a 

mineralogy, and numerical modelling [69]. Monitoring and 
reactive transport modelling are crucial in optimizing 
long-term site management and quantifying CO2 
mineralization [69]. Microbial activity in basalt formations has 
been observed in various case studies. In the oceanic crust at the 
Mid-Atlantic Ridge, nitrogen addition stimulated the growth of 
basalt-associated microorganisms, including iron-oxidizing 
bacteria [70]. �e Wallula pilot well in Washington State 
revealed diverse microbial communities in basalt formation 
waters, dominated by Proteobacteria, Firmicutes, and 
Actinobacteria, with microorganisms capable of various 
metabolic processes [66]. Experimental studies with basaltic 
rocks from Hawaii demonstrated that microbial activity, 
speci�cally by Burkholderia fungorum, enhanced rock 
alteration and Fe mobilization under nutrient-depleted 
conditions. Colonization experiments with synthetic basaltic 
glasses showed that microbial attachment and element 
dissolution were in�uenced by Fe redox state and residual stress 
in the glass [71]. �ese �ndings suggest that basaltic formations 
o�er promising opportunities for geological carbon 
sequestration, with potential applications worldwide.

 Microbial processes in saline aquifers and depleted oil 
�elds have been monitored to understand their impact on 
carbon storage and bioremediation. Studies have examined the 
e�ects of CO2 concentration on microbial communities in 
various subsurface environments [72]. In depleted oil reservoirs 
targeted for CO2 storage, high salinity and supercritical CO2 
concentrations were found to be selected for stress-tolerant 
microorganisms, potentially a�ecting reservoir quality and 
stability [10]. Monitoring techniques have included chemical, 
isotopic, and biological analyses to characterize microbial 
processes in contaminated aquifers [73]. �e use of Bio-Sep® 
biotraps has proven e�ective in collecting bio�lms that better 
represent in situ microbial ecology compared to planktonic 
organisms from groundwater samples [74]. �ese studies 
highlight the importance of understanding microbial 
community dynamics in subsurface environments for 
applications in carbon storage, bioremediation, and overall 
ecosystem management.

 Recent studies have highlighted the signi�cant role of 
microbial communities in carbon capture and storage (CCS) 
projects. In basalt formations, CO2 injection can lead to rapid 
changes in microbial populations, decreasing overall richness 
but increasing in speci�c groups like iron-oxidizing bacteria 
and aromatic compound degraders [67]. �ese changes can 
a�ect aquifer redox states and carbon fate. In hydrocarbon 
reservoirs, microbial methanogenesis has been shown to 
convert up to 13-19% of injected CO2 to methane, with rates of 
73-109 mmol CH4/m3/year observed [21]. �is process may be 
signi�cant across geological settings, particularly in depleted 
hydrocarbon �elds [21]. Pre-injection microbial communities 
in basalt formations have been found to include hydrogen 
oxidizers, methylotrophs, and methanogens, among others 
[66]. Understanding these microbial dynamics is crucial for 
e�ective CCS implementation and monitoring.

 Microbial communities can adapt to enhance the 
degradation of various compounds, including trace organic 
chemicals (TOrCs) and metals in environmental systems. 
Adaptation mechanisms may involve changes in carbon use 

e�ciency (CUE) or shi�s in community structure [75,76]. 
However, pre-exposure to TOrCs at ng/L levels does not 
necessarily a�ect their attenuation or in�uence microbial 
community structure and function in managed aquifer recharge 
systems [77]. Adaptation to xenobiotic compounds depends on 
factors such as concentration, exposure time, and chemical 
structure, with a threshold concentration of 10 ppb observed for 
some compounds [78]. Adapted microbial communities can 
achieve higher removal e�ciencies for various contaminants, 
including sulfate and metals [76]. Understanding these 
adaptation processes is crucial for optimizing bioremediation 
strategies and predicting ecosystem responses to environmental 
changes.

Challenges and Research Gaps 
Studying microbial geochemistry in carbon sequestration 
presents signi�cant challenges, including replicating subsurface 
conditions in labs and monitoring microbial activity at depth. 
Knowledge gaps persist regarding microbial population 
dynamics, interactions with host rock formations, and 
long-term impacts on storage stability. Additionally, predictive 
models integrating microbial activity with geochemical 
reactions remain underdeveloped, requiring further research.

Challenges in studying microbial geochemistry in CCS 
Studying microbial geochemistry in Carbon Capture and 
Storage (CCS) presents several challenges. Replicating 
subsurface conditions in laboratories is di�cult, and 
monitoring microbial activities at depth requires specialized 
techniques [22]. �e long-term impacts of microbial activity on 
storage stability are not fully understood [21]. Microbial 
processes, such as methanogenesis, can signi�cantly a�ect CO2 
storage by modifying �uid composition and dynamics within 
reservoirs [21]. Deep ecosystems respond quickly to CO2 
injections, with acidic CO2-charged groundwater causing a 
decrease in microbial richness while promoting the growth of 
certain bacterial species [67]. �e impact of potential CO2 
leakage on plants and microorganisms varies, with plants 
showing visible stress responses under high soil CO2 levels and 
microorganisms exhibiting more diverse reactions [79]. Further 
research is needed to understand these complex interactions 
better and ensure the environmental safety of CCS technology.

Current knowledge gaps 
Recent studies highlight signi�cant knowledge gaps in 
understanding microbial dynamics during carbon capture and 
storage (CCS). While CCS is crucial for reducing greenhouse 
gas emissions, microbial processes like methanogenesis can 
impact CO2 storage e�ciency and �uid dynamics [22]. �e 
bioavailability of H2 is likely to in�uence methanogenesis rates 
across di�erent storage sites [21]. Current research lacks 
comprehensive data on how elevated CO2 levels a�ect 
geochemical processes in aquifers and the vadose zone, with 
factors such as redox conditions and microbial activity 
requiring further investigation [12]. Deep subsurface 
microbiology is increasingly relevant for underground gas 
storage and geothermal energy production, necessitating more 
research into microbial interactions with these systems [22]. 
Field studies have shown that CO2 injection into basalt can 
rapidly alter microbial communities, potentially impacting 
aquifer redox states and carbon fate [67].

 �e interactions between microbial processes and host 
rock formations in subsurface environments are complex and 
poorly understood. Microorganisms can in�uence the 
dissolution and precipitation of minerals in caves and other 
rock-hosted systems [80]. �ese processes are controlled by 
lithology, permeability, and �uid mixing, a�ecting microbial 
communities' distribution and diversity [81]. Microbial 
activities can generate acidity, leading to cave wall dissolution or 
induce mineralization, forming various mineral deposits [80]. 
In radionuclide behaviour, microbial processes can impact 
solid-phase capture mechanisms, including sorption, reductive 
precipitation, and co-precipitation [82]. However, the speci�c 
physiological adaptations, growth rates, and synergistic 
interactions between microorganisms and minerals in these 
energy-limited environments remain largely unknown, 
necessitating further research to understand better these 
complex geomicrobiological systems [81,82].

Modeling microbial influence 
Microbial communities play a crucial role in biogeochemical 
cycles and ecosystem functions, but predicting their behaviour 
remains challenging [83,84]. Integrating microbial ecology into 
ecosystem models can improve predictions of carbon dynamics 
under environmental changes, such as warming, precipitation 
changes, and nitrogen enrichment [84]. However, building 
predictive models that link microbial community composition 
to function requires close coordination between experimental 
data collection and mathematical model development [85]. 
Advances in 'omics' - based approaches and systems biology can 
help characterize microbial system interactions impacting 
terrestrial carbon sequestration [86]. While directly linking 
genomes to global phenomena is challenging, connections at 
intermediate scales are feasible by integrating new analytical 
and modelling techniques [86]. �is integration could enhance 
our ability to develop and evaluate microbial strategies for 
capturing and sequestering atmospheric CO2 [86].

Future Directions and Opportunities 
�e future of carbon sequestration presents exciting 
opportunities to enhance e�ciency through microbial processes. 
By integrating bioengineering, interdisciplinary approaches, and 
sustainable practices, we can optimize microbial contributions to 
CCS and develop scalable solutions for e�ective CO2 
management.

Potential for enhanced microbial carbon 
sequestration 
Microbial carbon sequestration o�ers promising opportunities 
for enhancing carbon capture and storage (CCS) e�ciency. 
Bioengineering approaches can improve CO2 �xation in 
autotrophic and heterotrophic microorganisms by modifying 
CO2-�xing pathways and energy-harvesting systems [65]. 
Prokaryotes can be utilized for CCS monitoring and CO2 
utilization, with synthetic biology potentially maximizing CO2 
uptake [87]. Microbial ureolysis can enhance 
solubility-trapping of CO2 in brines and promote mineral 
formation, potentially reducing CO2 leakage [23]. �e 
microbial carbon pump (MCP) plays a crucial role in forming 
recalcitrant dissolved organic carbon (RDOC) in oceans, which 
can sequester carbon over long timescales [88]. Future research 
should focus on integrating the MCP with the biological pump, 

understanding POC-RDOC interactions, and developing new 
technologies for in-situ monitoring of microbial activity to 
improve CCS e�ciency [88,87].

Interdisciplinary approaches 
Interdisciplinary approaches combining geochemistry, 
microbiology, and geophysics, o�er valuable insights into 
subsurface microbial behaviour. Studies have demonstrated that 
geophysical techniques can detect microbial activity and 
associated biogeochemical processes. Bulk conductivity 
measurements have been linked to zones of enhanced microbial 
activity in hydrocarbon-impacted aquifers [89]. Bioremediation 
experiments have shown that indigenous bacteria can be 
stimulated to remove heavy metals through precipitation of 
sul�de phases, with geophysical surveys indicating changes in 
electrical conductance and magnetic susceptibility [90]. �e 
emerging �eld of biogeophysics focuses on detecting microbes, 
microbial growth, and microbe-mineral interactions using 
geophysical techniques [91]. Electrical-induced polarization 
measurements have been used to monitor stimulated microbial 
activity during subsurface bioremediation, revealing 
correlations between phase response and changes in 
groundwater geochemistry associated with iron and sulfate 
reduction and sul�de mineral precipitation [92]. �ese 
integrated approaches provide powerful tools for 
understanding and monitoring subsurface microbial processes.

Sustainable and scalable CCS solutions 
Microbial contributions to carbon capture and storage (CCS) 
o�er promising solutions for large-scale CO2 sequestration. 
Autotrophic aerobic bacteria can capture CO2 from industrial 
sources to produce microbial protein, potentially usable as food, 
feed, or fertilizer [93]. Natural microbial communities and 
synthetic biology approaches can enhance CO2 uptake and 
monitoring in geological storage sites [87]. Microbes can 
accelerate silicate weathering, potentially drawing down 
signi�cant amounts of CO2 while producing valuable 
by-products [94]. Engineering CO2-�xing pathways and 
energy-harvesting systems in autotrophic and heterotrophic 
microorganisms can improve CO2 �xation e�ciency, while 
rewiring metabolic pathways can reduce microbial CO2 
emissions and increase the carbon yield of value-added 
products [65]. �ese microbial CCS approaches o�er 
sustainable, scalable solutions for CO2 sequestration, though 
further research is needed to determine their economic 
feasibility and potential for large-scale implementation.

Conclusions
In summary, microbial communities enhance carbon capture 
and storage (CCS) by in�uencing geochemical processes such as 
mineralization, �uid dynamics, and biogeochemical cycling. 
�eir activities, including microbial-induced carbonate 
precipitation and bio�lm formation, can signi�cantly a�ect CO2 
sequestration e�ectiveness and long-term stability. Future 
research must focus on interdisciplinary approaches to better 
understand microbial geochemistry and its implications for 
CCS. Addressing current knowledge gaps and developing 
predictive models incorporating microbial dynamics will be 
essential for optimizing sequestration strategies. As we advance 
our understanding of these processes, harnessing microbial 
activities can enhance the stability and e�ciency of carbon 

sequestration, contributing signi�cantly to climate change 
mitigation e�orts.
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Carbon emissions from industrial activities and fossil fuel use 
have signi�cantly contributed to global climate change, causing 
rising temperatures, extreme weather events, and ecological 
disruptions. Addressing this issue requires reducing 
atmospheric CO2 levels. Carbon capture and storage has 
emerged as a critical strategy to mitigate climate change by 
capturing CO2 from point sources, such as power plants, and 
storing it in geological formations. �is process reduces 
emissions at the source and can help achieve global carbon 
neutrality goals. CCS technologies, particularly in subsurface 
environments, o�er promising potential to limit greenhouse gas 
accumulation and protect the planet's climate system.

 Carbon capture and sequestration have emerged as crucial 
technologies for addressing the global carbon emission problem 
and mitigating climate change [1]. �e increasing atmospheric 
CO2 concentration, primarily due to fossil fuel consumption, 
has led to global warming and ocean acidi�cation [2]. With 
fossil fuels supplying over 63% of global energy, CCS is pivotal 
in combating this crisis [1]. �e process involves capturing CO2 
from signi�cant sources, such as industrial plants, and storing it 
in geological reservoirs to achieve a carbon-neutral or negative 
budget [1,3]. While long-term solutions focus on sustainable 
energy generation, CCS can provide immediate mitigation for 
existing fossil fuel infrastructure [4]. �e Intergovernmental 
Panel on Climate Change (IPCC) has endorsed CCS as a viable 

mitigation strategy for developing countries, highlighting its 
importance in global e�orts to reduce CO2 emissions [3].

 Geologic carbon storage (GCS) in deep saline aquifers, 
depleted oil and gas �elds, and basalt formations are crucial 
for mitigating greenhouse gas emissions [5]. Deep saline 
aquifers o�er the largest storage potential, storing emissions 
for at least a century [6]. �ese formations are evaluated based 
on safety, storage capacity, and containment integrity [7]. CO2 
injection into saline aquifers creates a complex multiphase 
�ow system, but simplifying assumptions can provide 
practical insights into system behavior, including storage 
capacity estimates and leakage risk assessments [6]. �e 
Sleipner project demonstrates successful commercial-scale 
CO2 sequestration in saline aquifers [8]. While economic and 
policy challenges persist, CO2 storage in deep saline aquifers is 
a viable technology that can signi�cantly contribute to climate 
change mitigation e�orts.

 Microbial communities play a signi�cant role in 
in�uencing geochemical processes during carbon capture and 
storage (CCS). Studies have shown that CO2 leakage from 
storage sites can impact microbial diversity and activity in 
subsurface environments [9,10]. High CO2 levels can change 
pH, solute concentrations, and microbial community 
composition, a�ecting methanogenesis, metal reduction, and 
sulfate reduction [9,11]. Microorganisms adapted to high 

salinity and supercritical CO2 conditions have been observed in 
potential CCS sites, with implications for reservoir quality and 
stability [10]. However, knowledge gaps remain regarding the 
in�uence of factors such as redox conditions, CO2 in�ux rate, 
and mineralogy on CO2-induced reactions in potable aquifers 
and the vadose zone [12]. Understanding these microbial- 
geochemical interactions is crucial for assessing CCS's 
environmental impacts and risks. Moreover, microbes can 
facilitate reactions such as mineral dissolution, carbonate 
precipitation, and the formation of bio�lms, which may 
enhance or hinder carbon trapping in geological formations. 
�eir metabolic activities alter the chemical environment, 
potentially improving the e�ciency of long-term CO2 
sequestration. �is review explores recent advances in 
microbial geochemistry related to carbon capture and storage 
(CCS), aiming to assess microbial contributions to CCS, 
highlight knowledge gaps, and propose future research 
directions to improve CCS technology through microbial 
interactions.

Overview of Carbon Sequestration Methods 
Carbon sequestration methods focus on storing captured CO2 
in subsurface formations to mitigate atmospheric emissions. 
Geologic storage traps CO2 in deep formations like saline 
aquifers, depleted oil �elds, and basalt, while carbon 
mineralization converts it into stable minerals for permanent 
storage. Microbial geochemistry enhances these processes, 
in�uencing mineralization and long-term storage stability.

Geologic carbon storage (GCS)
GCS involves injecting CO2 into deep subsurface formations, 
trapped through various physical and chemical mechanisms. 
Once injected, the CO2 is stored in porous rock formations, 
typically at depths of over 800 meters, where high pressure and 
temperature keep it in a supercritical state. �ese formations 
o�er extensive storage capacity, with saline aquifers being the 
most common, while basalt formations facilitate mineralization 
due to their reactive nature. Carbon sequestration is crucial to 
mitigating climate change by reducing atmospheric CO2 levels. 
Various methods exist, including geological storage in oil and 
gas reservoirs, deep coal seams, saline aquifers, and salt caverns 
[13]. Ocean sequestration and mineral carbonation are 
potential options [14]. Biological methods involve soil carbon 
sequestration and phytosequestration through photosynthetic 
mechanisms in plants, cyanobacteria, and microalgae [15]. 
Other techniques include pre- and post-combustion CO2 
capture, membrane separation, amine scrubbing, and 
cryotechnology [16]. Enhancing natural CO2 sinking rates 
through terrestrial sequestration, ocean fertilization, and rock 
weathering can reduce carbon [14]. While these methods o�er 
signi�cant potential for carbon sequestration, each has 
advantages and disadvantages regarding capacity, cost, time 
scale, stability, and environmental impacts, necessitating careful 
evaluation before implementation [14,13].

Carbon mineralization 
Carbon mineralization is a process in which CO2 reacts with 
minerals, primarily calcium and magnesium silicates, to form 
stable carbonate minerals like calcite and magnesite. �is 
reaction permanently traps CO2 within the rock matrix, 
o�ering a secure carbon storage method. �is process involves 

converting CO2 into stable carbonate minerals by reacting with 
divalent cations like Ca²⁺, Mg²⁺, or Fe²⁺ [17]. It o�ers a more 
secure alternative to other trapping mechanisms, which can be 
reversible [18]. Studies have shown that over 95% of injected 
CO2 can be mineralized in basaltic rocks within two years, 
signi�cantly faster than previously thought [19]. Factors 
in�uencing mineralization include rock types; temperature, 
�uid composition, and CO2 phase [17]. While most carbon 
capture and storage projects focus on sedimentary basins, 
reactive rocks like basalts and peridotites o�er large potential 
volumes for carbon storage through mineralization [20]. 
Ongoing research aims to accelerate the mineralization process 
and explore its applicability on a global scale [18,20]. Basalt 
formations are particularly suitable for this process, as they 
contain high concentrations of reactive minerals. 
Mineralization locks CO2 in solid form and prevents its escape 
over time, providing long-term stability to carbon storage 
e�orts. �is process is critical for ensuring the permanent 
sequestration of captured CO2.

Role of microbial geochemistry in CCS 
Microbial communities in subsurface environments can 
signi�cantly in�uence carbon storage and mineralization 
processes. Methanogenesis can modify �uid composition and 
dynamics within storage reservoirs, potentially impacting CO2 
storage capacity and trapping mechanisms [21]. Long-term 
CO2 leakage can in�uence microbial communities, a�ecting 
subsurface biogeochemistry and carbon cycling [9]. 
Microorganisms in deep geological systems are relevant for 
underground gas storage and geothermal energy production, 
with implications for CCS, renewable energy storage, and 
geothermal energy [22]. Microbial processes, such as ureolysis, 
can enhance CCS through mineral-trapping and 
solubility-trapping. Ureolysis increases brine pH, promoting 
CO2 dissolution and carbonate precipitation, thus improving 
the solubility-trapping capacity of the brine [23]. 
Understanding these microbial processes is crucial for assessing 
CCS e�ciency and potential risks and developing monitoring 
strategies for CO2 storage sites. 

 Moreover, sulfate-reducing bacteria and methanogens 
catalyze chemical reactions that alter the geochemical 
conditions around stored CO2, impacting mineral trapping and 
�uid dynamics. For example, microbial-induced carbonate 
precipitation (MICP) can enhance mineralization by forming 
stable carbonate minerals. Microbially induced carbonate 
precipitation (MICP) shows promise for enhancing carbon 
capture and storage (CCS) through mineral trapping and 
solubility trapping. Ureolytic bacteria can precipitate dissolved 
CO2 as calcite, increasing incorporation rates at higher CO2 
pressures and urea concentrations [23]. MICP can also enhance 
pH through alkalization, increasing calcite precipitation in 
porous media [24]. �is process can potentially create 
subsurface hydraulic barriers near CO2 storage wellbores, 
improving storage security [25]. MICP o�ers a rapid alternative 
to natural carbonate formation, with urease-producing bacteria 
converting CO2 into calcium carbonate in various 
environments [26]. While ureolysis does not directly precipitate 
gaseous CO2, it increases brine pH, enhancing solubility 
trapping and reducing headspace CO2 concentrations [23]. 
�ese �ndings highlight MICP's potential for climate change 

promising carbon sequestration and environmental 
remediation process. MICP involves the conversion of CO2 into 
calcium carbonate (CaCO3) by urease-producing bacteria, 
which can thrive in various environments [26]. �e bacterial 
cell wall acts as a nucleation site for CaCO3 formation, with 
urease and carbonic anhydrase enzymes mediating the process 
[44]. MICP has multiple applications, including bio 
cementation, heavy metal removal, and CO2 sequestration [45]. 
�e e�ciency of CO2 sequestration during MICP is in�uenced 
by biotic factors, such as bacterial species and abiotic factors, 
including pH and medium components, with urea being the 
most critical component [46]. While MICP shows great 
potential for sustainable carbon management and climate 
change mitigation, challenges remain in implementing the 
technology commercially [44,45].

 �e impact of microbial activity on mineral dissolution 
varies depending on the microorganisms and minerals 
involved. While some studies suggest a weak e�ect of microbes 
on Ca-Mg silicate weathering, others demonstrate that 
microorganisms can signi�cantly modify mineral dissolution 
rates and mechanisms [47,48]. Certain microbial extracellular 
polymers can inhibit or enhance dissolution rates by up to three 
orders of magnitude, depending on pH and mineral 
composition [49]. In complex microbial consortia, 
heterotrophic bacteria may enhance mineral dissolution, while 
photosynthetic organisms can promote secondary mineral 
precipitation [50]. Microbial activity can lead to the formation 
of secondary minerals, including clays and carbonates, which 
impact soil fertility and CO2 sequestration [48,50]. �e 
microbial impact on mineral dissolution is complex and 
depends on the speci�c microbe-mineral interactions and 
environmental conditions.

Biofilm formation and its effects 
Microbial bio�lms in subsurface environments signi�cantly 
impact transport processes and permeability in porous media 
[51,52]. Depending on substrate �ux and surface loading, 
bio�lm formation can be continuous or discontinuous [53]. 
During nutrient-rich conditions, biomass accumulation 
decreases permeability, while starvation conditions lead to 
bio�lm evolution patterns a�ecting permeability di�erently 
[54]. �ese patterns include initial permeability decrease, 
stabilization, and potential increase due to bio�lm sloughing 
under shear stress [54]. �e critical shear stress for sloughing 
indicates bio�lm strength, with removal occurring when 
exceeded [54]. Understanding bio�lm formation and its e�ects 
on permeability is crucial for various applications, including 
subsurface remediation, enhanced oil recovery, and carbon 
dioxide sequestration [52]. However, the relationships between 
microbial growth and changes in porosity and permeability 
remain poorly understood, necessitating further research [51].

 Bio�lms in porous media signi�cantly impact �uid �ow 
and transport processes. �ey can reduce water permeability by 
up to 95% in biologically active zones [55]. Bio�lm growth and 
gas generation a�ect �ow patterns, with gas moving upwards in 
discrete �ngers and accumulating at the top of porous systems 
[55]. In CO2 storage, bio�lms have been proposed as 
bio-barriers to mitigate leakage from geological reservoirs [56]. 
In hydraulic fracturing, bio�lms can cause formation damage, 

reducing gas �ow rates by half when occupying approximately 
10% of pore volume [57]. �e distribution of bio�lms within 
pores also impacts �ow rates. Modeling studies show that overall 
permeability, �ow pathways, and pressure gradients are highly 
dependent on bio�lm ratio and permeability, with moderate 
impacts from bio�lm porosity at higher bio�lm levels [58].

Biogeochemical cycles 
Microorganisms alter biogeochemical cycles and enhance 
carbon sequestration in various ecosystems. In land�lls, 
microbes’ mediate carbon, nitrogen, and sulphur cycles during 
waste decomposition, in�uencing greenhouse gas emissions 
[59]. Soil inoculation with bacteria and cyanobacteria from 
biological soil crusts can increase carbon sequestration in 
degraded dryland soils, potentially removing signi�cant 
amounts of CO2 from the atmosphere [60]. While terrestrial 
ecosystems can be managed for carbon sequestration, 
manipulating speci�c microbes remains challenging [61]. 
Recent research has focused on developing microbial inoculants 
to enhance soil carbon sequestration, with promising 
candidates including arbuscular mycorrhizal fungi, melanising 
endophytic fungi, and plant growth-promoting bacteria [62]. 
�ese microorganisms contribute to carbon sequestration 
through various mechanisms, such as facilitating carbon 
transition from labile to recalcitrant pools and stimulating plant 
growth. �e "biochar + microbe system" is proposed as a 
potential solution to overcome limitations in building and 
retaining soil carbon stocks [62].

 Microbial enhancement of CO2 trapping in geological 
storage shows promise for mitigating climate change. 
Ureolysis-induced calcite precipitation can incorporate CO2 
from the gas phase, enhancing solubility trapping by increasing 
brine pH [23]. Microbes can adapt to extreme subsurface 
conditions, promoting CO2 dissolution and mineral corrosion 
and facilitating mineral trapping [63]. Acceleration methods for 
mineral trapping include co-injection of carbonic 
anhydrase-producing microbes or urea bacteria, selecting 
reservoirs with reactive minerals, and increasing mineral 
surface area through fracturing [64]. Engineering CO2-�xing 
pathways and energy-harvesting systems in autotrophic and 
heterotrophic microorganisms can improve CO2 �xation 
e�ciency, while rewiring metabolic pathways can reduce 
microbial CO2 emissions and increase the carbon yield of 
valuable products [65]. �ese strategies demonstrate the 
potential of biotechnology to enhance microbial CO2 
sequestration in geological storage sites.

Case Studies of Microbial Geochemistry in CCS 
Projects 
�e CarbFix project in Iceland demonstrates the potential of 
carbon sequestration in basaltic formations. Microbial 
communities in these environments are diverse and responsive 
to CO2 injection [66,67]. While CO2 injection can decrease 
microbial richness, it also promotes the growth of certain 
bacteria, potentially a�ecting aquifer redox state and carbon 
fate [67]. Experimental studies show that bacterial presence 
minimizes basalt dissolution rates and CO2 sequestration 
processes [68]. �e CarbFix project aims to capture and 
mineralize CO2 emissions from geothermal power plants, with 
extensive research conducted on site characterization, alteration 

mitigation through CO2 sequestration. Additionally, microbial 
activity may in�uence rock dissolution, bio�lm formation, and 
gas migration, all a�ecting the long-term stability and e�ciency 
of carbon sequestration e�orts. 

Microbial Communities in the Subsurface
Microbial communities in the deep subsurface are crucial to 
carbon sequestration, as their metabolic activities directly 
impact geochemical processes. �ese microbes in�uence 
carbon cycling and storage stability through pathways like 
methanogenesis, sulfate reduction, and iron reduction. 
Catalyzing or altering reactions can either enhance or inhibit 
CO2 mineralization, making their role essential to the 
long-term success of carbon capture and storage.

Types of microbial communities
Microbial communities in the terrestrial deep subsurface are 
diverse and in�uenced by various factors. Globally, aquifer 
lithology controls bacterial community diversity in deep 
groundwater, with Betaproteobacteria, Gammaproteobacteria, 
and Firmicutes dominating [27]. Depth and geological 
characteristics act as ecological �lters for archaeal and bacterial 
communities, while vertical water movement impacts shallow 
subsurface microbial assembly [28]. In uranium-contaminated 
sediments, geochemical conditions are selected for 
well-adapted taxa with prevalent nitrate-reducing bacteria [29]. 
Site-speci�c communities have been observed, such as 
iron-oxidizing Gallionella dominating bacterial communities in 
Romuvaara, Finland, alongside methanogenic and 
ammonia-oxidizing archaea [30]. Functional genes for methane 
cycling, sulfate reduction, and nitrate reduction have been 
detected, indicating diverse metabolic potentials in these 
environments [30]. Understanding these communities is crucial 
for developing e�ective bioremediation strategies and 
comprehending global subsurface element cycling. 

 Deep subsurface environments harbour diverse microbial 
communities with various metabolic pathways relevant to 
carbon cycling. Studies in the Fennoscandian Shield, South 
African gold mines, and the Iberian Pyrite Belt have revealed 
the presence of bacteria and archaea involved in 
methanogenesis, sulfate reduction, and iron oxidation [30-33]. 
�e Wood-Ljungdahl pathway for carbon �xation is prevalent 
in these environments, along with carbon monoxide 
dehydrogenase genes that support autotrophic and 
heterotrophic metabolisms [32]. Metagenomic analyses have 
identi�ed dominant phyla such as Euryarchaeota and 
Firmicutes in deep fracture �uids [32]. Molecular biomarkers 
and DNA microarray techniques have also detected methane 
oxidizers, sulfate-reducers, and metal oxidizers in these 
subsurface communities [33]. �ese �ndings highlight the 
complex interplay of microbial metabolisms in deep subsurface 
environments and their role in biogeochemical cycles.

 Anaerobic carbon cycling in wetlands involves several key 
metabolic pathways, including methanogenesis, sulfate 
reduction, and iron reduction. �e relative importance of these 
processes varies seasonally and across di�erent wetland types. 
Iron reduction is typically dominant early in the growing season 
in tidal freshwater and brackish marshes, gradually giving way 
to methanogenesis or sulfate reduction [34,35]. Methanogenesis 
occurs primarily through the aceticlastic pathway, except in 

more ombrotrophic peatlands early in the season [35]. While 
plants can in�uence these processes by releasing oxygen into the 
rhizosphere, their impact may be limited in some wetland 
systems [36]. Iron reduction can be the dominant carbon 
oxidation pathway in lacustrine sediments, followed by sulfate 
reduction, with methanogenesis playing a negligible role [37]. 
Factors such as soil chemistry, temperature, and water table 
depth in�uence the balance between these anaerobic metabolic 
pathways.

Microbial influence on geochemistry
Microorganisms are crucial in geochemical reactions relevant 
to carbon capture and storage (CCS). �ey can catalyze carbon 
cycling and biogeochemical reactions in deep subsurface 
environments, potentially in�uencing the fate of injected CO2 
[38]. Microbial metabolisms involving redox transformations of 
metals and metalloids can a�ect mineral precipitation, 
transformation, and dissolution, impacting modern and 
ancient geochemical cycles [39]. Elevated CO2 levels can alter 
groundwater pH and chemical speciation, a�ecting the 
thermodynamics and kinetics of microbial reactions such as 
syntrophic oxidation, iron reduction, sulfate reduction, and 
methanogenesis [40]. Microorganisms can also enhance carbon 
mineralization through bioalkalinization, increasing the pH of 
aqueous solutions and promoting calcite precipitation [41]. 
Understanding the genetic basis of these microbial processes is 
crucial for predicting their in�uence on geochemical cycles and 
their potential impact on CCS strategies [39].

 Microbial reactions can signi�cantly in�uence CO2 
mineralization in geological carbon sequestration. High CO2 
levels can alter groundwater pH and chemical speciation, 
a�ecting microbial reactions di�erently. While syntrophic 
oxidation and acetoclastic methanogenesis are inhibited, iron 
reduction and hydrogenotrophic processes may be enhanced 
[40]. Cyanobacteria can facilitate carbonate mineralization 
through their carbon dioxide-concentrating mechanism, 
potentially aiding biological carbon capture and storage [42]. 
Biomass growth can enhance calcite precipitation through 
bioalkalinization, o�ering a promising method for CO2 
immobilization [41]. �e survival of microorganisms under 
high CO2 pressures varies among species, with some 
gram-positive bacteria showing higher resilience. Mineral 
surfaces, particularly quartz sandstones, can protect microbes 
by facilitating bio�lm formation, while certain minerals may 
release toxic metals that increase microbial mortality under 
CO2 stress [43].

Microbial Impact on Carbon Sequestration 
Mechanisms 
Microbes signi�cantly impact carbon sequestration through 
various mechanisms. Microbial-induced carbonate 
precipitation (MICP) enhances CO2 trapping, while microbial 
activity in�uences mineral dissolution processes. Additionally, 
bio�lm formation in subsurface environments a�ects 
permeability, potentially altering �uid �ow and CO2 migration. 
Microbes also modify biogeochemical cycles; such as carbon, 
sulfur, and nitrogen; potentially enhancing mineral trapping 
and improving sequestration e�ciency.

Microbial-Driven mineralization processes 
Microbially induced carbonate precipitation (MICP) is a 

mineralogy, and numerical modelling [69]. Monitoring and 
reactive transport modelling are crucial in optimizing 
long-term site management and quantifying CO2 
mineralization [69]. Microbial activity in basalt formations has 
been observed in various case studies. In the oceanic crust at the 
Mid-Atlantic Ridge, nitrogen addition stimulated the growth of 
basalt-associated microorganisms, including iron-oxidizing 
bacteria [70]. �e Wallula pilot well in Washington State 
revealed diverse microbial communities in basalt formation 
waters, dominated by Proteobacteria, Firmicutes, and 
Actinobacteria, with microorganisms capable of various 
metabolic processes [66]. Experimental studies with basaltic 
rocks from Hawaii demonstrated that microbial activity, 
speci�cally by Burkholderia fungorum, enhanced rock 
alteration and Fe mobilization under nutrient-depleted 
conditions. Colonization experiments with synthetic basaltic 
glasses showed that microbial attachment and element 
dissolution were in�uenced by Fe redox state and residual stress 
in the glass [71]. �ese �ndings suggest that basaltic formations 
o�er promising opportunities for geological carbon 
sequestration, with potential applications worldwide.

 Microbial processes in saline aquifers and depleted oil 
�elds have been monitored to understand their impact on 
carbon storage and bioremediation. Studies have examined the 
e�ects of CO2 concentration on microbial communities in 
various subsurface environments [72]. In depleted oil reservoirs 
targeted for CO2 storage, high salinity and supercritical CO2 
concentrations were found to be selected for stress-tolerant 
microorganisms, potentially a�ecting reservoir quality and 
stability [10]. Monitoring techniques have included chemical, 
isotopic, and biological analyses to characterize microbial 
processes in contaminated aquifers [73]. �e use of Bio-Sep® 
biotraps has proven e�ective in collecting bio�lms that better 
represent in situ microbial ecology compared to planktonic 
organisms from groundwater samples [74]. �ese studies 
highlight the importance of understanding microbial 
community dynamics in subsurface environments for 
applications in carbon storage, bioremediation, and overall 
ecosystem management.

 Recent studies have highlighted the signi�cant role of 
microbial communities in carbon capture and storage (CCS) 
projects. In basalt formations, CO2 injection can lead to rapid 
changes in microbial populations, decreasing overall richness 
but increasing in speci�c groups like iron-oxidizing bacteria 
and aromatic compound degraders [67]. �ese changes can 
a�ect aquifer redox states and carbon fate. In hydrocarbon 
reservoirs, microbial methanogenesis has been shown to 
convert up to 13-19% of injected CO2 to methane, with rates of 
73-109 mmol CH4/m3/year observed [21]. �is process may be 
signi�cant across geological settings, particularly in depleted 
hydrocarbon �elds [21]. Pre-injection microbial communities 
in basalt formations have been found to include hydrogen 
oxidizers, methylotrophs, and methanogens, among others 
[66]. Understanding these microbial dynamics is crucial for 
e�ective CCS implementation and monitoring.

 Microbial communities can adapt to enhance the 
degradation of various compounds, including trace organic 
chemicals (TOrCs) and metals in environmental systems. 
Adaptation mechanisms may involve changes in carbon use 

e�ciency (CUE) or shi�s in community structure [75,76]. 
However, pre-exposure to TOrCs at ng/L levels does not 
necessarily a�ect their attenuation or in�uence microbial 
community structure and function in managed aquifer recharge 
systems [77]. Adaptation to xenobiotic compounds depends on 
factors such as concentration, exposure time, and chemical 
structure, with a threshold concentration of 10 ppb observed for 
some compounds [78]. Adapted microbial communities can 
achieve higher removal e�ciencies for various contaminants, 
including sulfate and metals [76]. Understanding these 
adaptation processes is crucial for optimizing bioremediation 
strategies and predicting ecosystem responses to environmental 
changes.

Challenges and Research Gaps 
Studying microbial geochemistry in carbon sequestration 
presents signi�cant challenges, including replicating subsurface 
conditions in labs and monitoring microbial activity at depth. 
Knowledge gaps persist regarding microbial population 
dynamics, interactions with host rock formations, and 
long-term impacts on storage stability. Additionally, predictive 
models integrating microbial activity with geochemical 
reactions remain underdeveloped, requiring further research.

Challenges in studying microbial geochemistry in CCS 
Studying microbial geochemistry in Carbon Capture and 
Storage (CCS) presents several challenges. Replicating 
subsurface conditions in laboratories is di�cult, and 
monitoring microbial activities at depth requires specialized 
techniques [22]. �e long-term impacts of microbial activity on 
storage stability are not fully understood [21]. Microbial 
processes, such as methanogenesis, can signi�cantly a�ect CO2 
storage by modifying �uid composition and dynamics within 
reservoirs [21]. Deep ecosystems respond quickly to CO2 
injections, with acidic CO2-charged groundwater causing a 
decrease in microbial richness while promoting the growth of 
certain bacterial species [67]. �e impact of potential CO2 
leakage on plants and microorganisms varies, with plants 
showing visible stress responses under high soil CO2 levels and 
microorganisms exhibiting more diverse reactions [79]. Further 
research is needed to understand these complex interactions 
better and ensure the environmental safety of CCS technology.

Current knowledge gaps 
Recent studies highlight signi�cant knowledge gaps in 
understanding microbial dynamics during carbon capture and 
storage (CCS). While CCS is crucial for reducing greenhouse 
gas emissions, microbial processes like methanogenesis can 
impact CO2 storage e�ciency and �uid dynamics [22]. �e 
bioavailability of H2 is likely to in�uence methanogenesis rates 
across di�erent storage sites [21]. Current research lacks 
comprehensive data on how elevated CO2 levels a�ect 
geochemical processes in aquifers and the vadose zone, with 
factors such as redox conditions and microbial activity 
requiring further investigation [12]. Deep subsurface 
microbiology is increasingly relevant for underground gas 
storage and geothermal energy production, necessitating more 
research into microbial interactions with these systems [22]. 
Field studies have shown that CO2 injection into basalt can 
rapidly alter microbial communities, potentially impacting 
aquifer redox states and carbon fate [67].

 �e interactions between microbial processes and host 
rock formations in subsurface environments are complex and 
poorly understood. Microorganisms can in�uence the 
dissolution and precipitation of minerals in caves and other 
rock-hosted systems [80]. �ese processes are controlled by 
lithology, permeability, and �uid mixing, a�ecting microbial 
communities' distribution and diversity [81]. Microbial 
activities can generate acidity, leading to cave wall dissolution or 
induce mineralization, forming various mineral deposits [80]. 
In radionuclide behaviour, microbial processes can impact 
solid-phase capture mechanisms, including sorption, reductive 
precipitation, and co-precipitation [82]. However, the speci�c 
physiological adaptations, growth rates, and synergistic 
interactions between microorganisms and minerals in these 
energy-limited environments remain largely unknown, 
necessitating further research to understand better these 
complex geomicrobiological systems [81,82].

Modeling microbial influence 
Microbial communities play a crucial role in biogeochemical 
cycles and ecosystem functions, but predicting their behaviour 
remains challenging [83,84]. Integrating microbial ecology into 
ecosystem models can improve predictions of carbon dynamics 
under environmental changes, such as warming, precipitation 
changes, and nitrogen enrichment [84]. However, building 
predictive models that link microbial community composition 
to function requires close coordination between experimental 
data collection and mathematical model development [85]. 
Advances in 'omics' - based approaches and systems biology can 
help characterize microbial system interactions impacting 
terrestrial carbon sequestration [86]. While directly linking 
genomes to global phenomena is challenging, connections at 
intermediate scales are feasible by integrating new analytical 
and modelling techniques [86]. �is integration could enhance 
our ability to develop and evaluate microbial strategies for 
capturing and sequestering atmospheric CO2 [86].

Future Directions and Opportunities 
�e future of carbon sequestration presents exciting 
opportunities to enhance e�ciency through microbial processes. 
By integrating bioengineering, interdisciplinary approaches, and 
sustainable practices, we can optimize microbial contributions to 
CCS and develop scalable solutions for e�ective CO2 
management.

Potential for enhanced microbial carbon 
sequestration 
Microbial carbon sequestration o�ers promising opportunities 
for enhancing carbon capture and storage (CCS) e�ciency. 
Bioengineering approaches can improve CO2 �xation in 
autotrophic and heterotrophic microorganisms by modifying 
CO2-�xing pathways and energy-harvesting systems [65]. 
Prokaryotes can be utilized for CCS monitoring and CO2 
utilization, with synthetic biology potentially maximizing CO2 
uptake [87]. Microbial ureolysis can enhance 
solubility-trapping of CO2 in brines and promote mineral 
formation, potentially reducing CO2 leakage [23]. �e 
microbial carbon pump (MCP) plays a crucial role in forming 
recalcitrant dissolved organic carbon (RDOC) in oceans, which 
can sequester carbon over long timescales [88]. Future research 
should focus on integrating the MCP with the biological pump, 

understanding POC-RDOC interactions, and developing new 
technologies for in-situ monitoring of microbial activity to 
improve CCS e�ciency [88,87].

Interdisciplinary approaches 
Interdisciplinary approaches combining geochemistry, 
microbiology, and geophysics, o�er valuable insights into 
subsurface microbial behaviour. Studies have demonstrated that 
geophysical techniques can detect microbial activity and 
associated biogeochemical processes. Bulk conductivity 
measurements have been linked to zones of enhanced microbial 
activity in hydrocarbon-impacted aquifers [89]. Bioremediation 
experiments have shown that indigenous bacteria can be 
stimulated to remove heavy metals through precipitation of 
sul�de phases, with geophysical surveys indicating changes in 
electrical conductance and magnetic susceptibility [90]. �e 
emerging �eld of biogeophysics focuses on detecting microbes, 
microbial growth, and microbe-mineral interactions using 
geophysical techniques [91]. Electrical-induced polarization 
measurements have been used to monitor stimulated microbial 
activity during subsurface bioremediation, revealing 
correlations between phase response and changes in 
groundwater geochemistry associated with iron and sulfate 
reduction and sul�de mineral precipitation [92]. �ese 
integrated approaches provide powerful tools for 
understanding and monitoring subsurface microbial processes.

Sustainable and scalable CCS solutions 
Microbial contributions to carbon capture and storage (CCS) 
o�er promising solutions for large-scale CO2 sequestration. 
Autotrophic aerobic bacteria can capture CO2 from industrial 
sources to produce microbial protein, potentially usable as food, 
feed, or fertilizer [93]. Natural microbial communities and 
synthetic biology approaches can enhance CO2 uptake and 
monitoring in geological storage sites [87]. Microbes can 
accelerate silicate weathering, potentially drawing down 
signi�cant amounts of CO2 while producing valuable 
by-products [94]. Engineering CO2-�xing pathways and 
energy-harvesting systems in autotrophic and heterotrophic 
microorganisms can improve CO2 �xation e�ciency, while 
rewiring metabolic pathways can reduce microbial CO2 
emissions and increase the carbon yield of value-added 
products [65]. �ese microbial CCS approaches o�er 
sustainable, scalable solutions for CO2 sequestration, though 
further research is needed to determine their economic 
feasibility and potential for large-scale implementation.

Conclusions
In summary, microbial communities enhance carbon capture 
and storage (CCS) by in�uencing geochemical processes such as 
mineralization, �uid dynamics, and biogeochemical cycling. 
�eir activities, including microbial-induced carbonate 
precipitation and bio�lm formation, can signi�cantly a�ect CO2 
sequestration e�ectiveness and long-term stability. Future 
research must focus on interdisciplinary approaches to better 
understand microbial geochemistry and its implications for 
CCS. Addressing current knowledge gaps and developing 
predictive models incorporating microbial dynamics will be 
essential for optimizing sequestration strategies. As we advance 
our understanding of these processes, harnessing microbial 
activities can enhance the stability and e�ciency of carbon 

sequestration, contributing signi�cantly to climate change 
mitigation e�orts.
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Carbon emissions from industrial activities and fossil fuel use 
have signi�cantly contributed to global climate change, causing 
rising temperatures, extreme weather events, and ecological 
disruptions. Addressing this issue requires reducing 
atmospheric CO2 levels. Carbon capture and storage has 
emerged as a critical strategy to mitigate climate change by 
capturing CO2 from point sources, such as power plants, and 
storing it in geological formations. �is process reduces 
emissions at the source and can help achieve global carbon 
neutrality goals. CCS technologies, particularly in subsurface 
environments, o�er promising potential to limit greenhouse gas 
accumulation and protect the planet's climate system.

 Carbon capture and sequestration have emerged as crucial 
technologies for addressing the global carbon emission problem 
and mitigating climate change [1]. �e increasing atmospheric 
CO2 concentration, primarily due to fossil fuel consumption, 
has led to global warming and ocean acidi�cation [2]. With 
fossil fuels supplying over 63% of global energy, CCS is pivotal 
in combating this crisis [1]. �e process involves capturing CO2 
from signi�cant sources, such as industrial plants, and storing it 
in geological reservoirs to achieve a carbon-neutral or negative 
budget [1,3]. While long-term solutions focus on sustainable 
energy generation, CCS can provide immediate mitigation for 
existing fossil fuel infrastructure [4]. �e Intergovernmental 
Panel on Climate Change (IPCC) has endorsed CCS as a viable 

mitigation strategy for developing countries, highlighting its 
importance in global e�orts to reduce CO2 emissions [3].

 Geologic carbon storage (GCS) in deep saline aquifers, 
depleted oil and gas �elds, and basalt formations are crucial 
for mitigating greenhouse gas emissions [5]. Deep saline 
aquifers o�er the largest storage potential, storing emissions 
for at least a century [6]. �ese formations are evaluated based 
on safety, storage capacity, and containment integrity [7]. CO2 
injection into saline aquifers creates a complex multiphase 
�ow system, but simplifying assumptions can provide 
practical insights into system behavior, including storage 
capacity estimates and leakage risk assessments [6]. �e 
Sleipner project demonstrates successful commercial-scale 
CO2 sequestration in saline aquifers [8]. While economic and 
policy challenges persist, CO2 storage in deep saline aquifers is 
a viable technology that can signi�cantly contribute to climate 
change mitigation e�orts.

 Microbial communities play a signi�cant role in 
in�uencing geochemical processes during carbon capture and 
storage (CCS). Studies have shown that CO2 leakage from 
storage sites can impact microbial diversity and activity in 
subsurface environments [9,10]. High CO2 levels can change 
pH, solute concentrations, and microbial community 
composition, a�ecting methanogenesis, metal reduction, and 
sulfate reduction [9,11]. Microorganisms adapted to high 

salinity and supercritical CO2 conditions have been observed in 
potential CCS sites, with implications for reservoir quality and 
stability [10]. However, knowledge gaps remain regarding the 
in�uence of factors such as redox conditions, CO2 in�ux rate, 
and mineralogy on CO2-induced reactions in potable aquifers 
and the vadose zone [12]. Understanding these microbial- 
geochemical interactions is crucial for assessing CCS's 
environmental impacts and risks. Moreover, microbes can 
facilitate reactions such as mineral dissolution, carbonate 
precipitation, and the formation of bio�lms, which may 
enhance or hinder carbon trapping in geological formations. 
�eir metabolic activities alter the chemical environment, 
potentially improving the e�ciency of long-term CO2 
sequestration. �is review explores recent advances in 
microbial geochemistry related to carbon capture and storage 
(CCS), aiming to assess microbial contributions to CCS, 
highlight knowledge gaps, and propose future research 
directions to improve CCS technology through microbial 
interactions.

Overview of Carbon Sequestration Methods 
Carbon sequestration methods focus on storing captured CO2 
in subsurface formations to mitigate atmospheric emissions. 
Geologic storage traps CO2 in deep formations like saline 
aquifers, depleted oil �elds, and basalt, while carbon 
mineralization converts it into stable minerals for permanent 
storage. Microbial geochemistry enhances these processes, 
in�uencing mineralization and long-term storage stability.

Geologic carbon storage (GCS)
GCS involves injecting CO2 into deep subsurface formations, 
trapped through various physical and chemical mechanisms. 
Once injected, the CO2 is stored in porous rock formations, 
typically at depths of over 800 meters, where high pressure and 
temperature keep it in a supercritical state. �ese formations 
o�er extensive storage capacity, with saline aquifers being the 
most common, while basalt formations facilitate mineralization 
due to their reactive nature. Carbon sequestration is crucial to 
mitigating climate change by reducing atmospheric CO2 levels. 
Various methods exist, including geological storage in oil and 
gas reservoirs, deep coal seams, saline aquifers, and salt caverns 
[13]. Ocean sequestration and mineral carbonation are 
potential options [14]. Biological methods involve soil carbon 
sequestration and phytosequestration through photosynthetic 
mechanisms in plants, cyanobacteria, and microalgae [15]. 
Other techniques include pre- and post-combustion CO2 
capture, membrane separation, amine scrubbing, and 
cryotechnology [16]. Enhancing natural CO2 sinking rates 
through terrestrial sequestration, ocean fertilization, and rock 
weathering can reduce carbon [14]. While these methods o�er 
signi�cant potential for carbon sequestration, each has 
advantages and disadvantages regarding capacity, cost, time 
scale, stability, and environmental impacts, necessitating careful 
evaluation before implementation [14,13].

Carbon mineralization 
Carbon mineralization is a process in which CO2 reacts with 
minerals, primarily calcium and magnesium silicates, to form 
stable carbonate minerals like calcite and magnesite. �is 
reaction permanently traps CO2 within the rock matrix, 
o�ering a secure carbon storage method. �is process involves 

converting CO2 into stable carbonate minerals by reacting with 
divalent cations like Ca²⁺, Mg²⁺, or Fe²⁺ [17]. It o�ers a more 
secure alternative to other trapping mechanisms, which can be 
reversible [18]. Studies have shown that over 95% of injected 
CO2 can be mineralized in basaltic rocks within two years, 
signi�cantly faster than previously thought [19]. Factors 
in�uencing mineralization include rock types; temperature, 
�uid composition, and CO2 phase [17]. While most carbon 
capture and storage projects focus on sedimentary basins, 
reactive rocks like basalts and peridotites o�er large potential 
volumes for carbon storage through mineralization [20]. 
Ongoing research aims to accelerate the mineralization process 
and explore its applicability on a global scale [18,20]. Basalt 
formations are particularly suitable for this process, as they 
contain high concentrations of reactive minerals. 
Mineralization locks CO2 in solid form and prevents its escape 
over time, providing long-term stability to carbon storage 
e�orts. �is process is critical for ensuring the permanent 
sequestration of captured CO2.

Role of microbial geochemistry in CCS 
Microbial communities in subsurface environments can 
signi�cantly in�uence carbon storage and mineralization 
processes. Methanogenesis can modify �uid composition and 
dynamics within storage reservoirs, potentially impacting CO2 
storage capacity and trapping mechanisms [21]. Long-term 
CO2 leakage can in�uence microbial communities, a�ecting 
subsurface biogeochemistry and carbon cycling [9]. 
Microorganisms in deep geological systems are relevant for 
underground gas storage and geothermal energy production, 
with implications for CCS, renewable energy storage, and 
geothermal energy [22]. Microbial processes, such as ureolysis, 
can enhance CCS through mineral-trapping and 
solubility-trapping. Ureolysis increases brine pH, promoting 
CO2 dissolution and carbonate precipitation, thus improving 
the solubility-trapping capacity of the brine [23]. 
Understanding these microbial processes is crucial for assessing 
CCS e�ciency and potential risks and developing monitoring 
strategies for CO2 storage sites. 

 Moreover, sulfate-reducing bacteria and methanogens 
catalyze chemical reactions that alter the geochemical 
conditions around stored CO2, impacting mineral trapping and 
�uid dynamics. For example, microbial-induced carbonate 
precipitation (MICP) can enhance mineralization by forming 
stable carbonate minerals. Microbially induced carbonate 
precipitation (MICP) shows promise for enhancing carbon 
capture and storage (CCS) through mineral trapping and 
solubility trapping. Ureolytic bacteria can precipitate dissolved 
CO2 as calcite, increasing incorporation rates at higher CO2 
pressures and urea concentrations [23]. MICP can also enhance 
pH through alkalization, increasing calcite precipitation in 
porous media [24]. �is process can potentially create 
subsurface hydraulic barriers near CO2 storage wellbores, 
improving storage security [25]. MICP o�ers a rapid alternative 
to natural carbonate formation, with urease-producing bacteria 
converting CO2 into calcium carbonate in various 
environments [26]. While ureolysis does not directly precipitate 
gaseous CO2, it increases brine pH, enhancing solubility 
trapping and reducing headspace CO2 concentrations [23]. 
�ese �ndings highlight MICP's potential for climate change 

promising carbon sequestration and environmental 
remediation process. MICP involves the conversion of CO2 into 
calcium carbonate (CaCO3) by urease-producing bacteria, 
which can thrive in various environments [26]. �e bacterial 
cell wall acts as a nucleation site for CaCO3 formation, with 
urease and carbonic anhydrase enzymes mediating the process 
[44]. MICP has multiple applications, including bio 
cementation, heavy metal removal, and CO2 sequestration [45]. 
�e e�ciency of CO2 sequestration during MICP is in�uenced 
by biotic factors, such as bacterial species and abiotic factors, 
including pH and medium components, with urea being the 
most critical component [46]. While MICP shows great 
potential for sustainable carbon management and climate 
change mitigation, challenges remain in implementing the 
technology commercially [44,45].

 �e impact of microbial activity on mineral dissolution 
varies depending on the microorganisms and minerals 
involved. While some studies suggest a weak e�ect of microbes 
on Ca-Mg silicate weathering, others demonstrate that 
microorganisms can signi�cantly modify mineral dissolution 
rates and mechanisms [47,48]. Certain microbial extracellular 
polymers can inhibit or enhance dissolution rates by up to three 
orders of magnitude, depending on pH and mineral 
composition [49]. In complex microbial consortia, 
heterotrophic bacteria may enhance mineral dissolution, while 
photosynthetic organisms can promote secondary mineral 
precipitation [50]. Microbial activity can lead to the formation 
of secondary minerals, including clays and carbonates, which 
impact soil fertility and CO2 sequestration [48,50]. �e 
microbial impact on mineral dissolution is complex and 
depends on the speci�c microbe-mineral interactions and 
environmental conditions.

Biofilm formation and its effects 
Microbial bio�lms in subsurface environments signi�cantly 
impact transport processes and permeability in porous media 
[51,52]. Depending on substrate �ux and surface loading, 
bio�lm formation can be continuous or discontinuous [53]. 
During nutrient-rich conditions, biomass accumulation 
decreases permeability, while starvation conditions lead to 
bio�lm evolution patterns a�ecting permeability di�erently 
[54]. �ese patterns include initial permeability decrease, 
stabilization, and potential increase due to bio�lm sloughing 
under shear stress [54]. �e critical shear stress for sloughing 
indicates bio�lm strength, with removal occurring when 
exceeded [54]. Understanding bio�lm formation and its e�ects 
on permeability is crucial for various applications, including 
subsurface remediation, enhanced oil recovery, and carbon 
dioxide sequestration [52]. However, the relationships between 
microbial growth and changes in porosity and permeability 
remain poorly understood, necessitating further research [51].

 Bio�lms in porous media signi�cantly impact �uid �ow 
and transport processes. �ey can reduce water permeability by 
up to 95% in biologically active zones [55]. Bio�lm growth and 
gas generation a�ect �ow patterns, with gas moving upwards in 
discrete �ngers and accumulating at the top of porous systems 
[55]. In CO2 storage, bio�lms have been proposed as 
bio-barriers to mitigate leakage from geological reservoirs [56]. 
In hydraulic fracturing, bio�lms can cause formation damage, 

reducing gas �ow rates by half when occupying approximately 
10% of pore volume [57]. �e distribution of bio�lms within 
pores also impacts �ow rates. Modeling studies show that overall 
permeability, �ow pathways, and pressure gradients are highly 
dependent on bio�lm ratio and permeability, with moderate 
impacts from bio�lm porosity at higher bio�lm levels [58].

Biogeochemical cycles 
Microorganisms alter biogeochemical cycles and enhance 
carbon sequestration in various ecosystems. In land�lls, 
microbes’ mediate carbon, nitrogen, and sulphur cycles during 
waste decomposition, in�uencing greenhouse gas emissions 
[59]. Soil inoculation with bacteria and cyanobacteria from 
biological soil crusts can increase carbon sequestration in 
degraded dryland soils, potentially removing signi�cant 
amounts of CO2 from the atmosphere [60]. While terrestrial 
ecosystems can be managed for carbon sequestration, 
manipulating speci�c microbes remains challenging [61]. 
Recent research has focused on developing microbial inoculants 
to enhance soil carbon sequestration, with promising 
candidates including arbuscular mycorrhizal fungi, melanising 
endophytic fungi, and plant growth-promoting bacteria [62]. 
�ese microorganisms contribute to carbon sequestration 
through various mechanisms, such as facilitating carbon 
transition from labile to recalcitrant pools and stimulating plant 
growth. �e "biochar + microbe system" is proposed as a 
potential solution to overcome limitations in building and 
retaining soil carbon stocks [62].

 Microbial enhancement of CO2 trapping in geological 
storage shows promise for mitigating climate change. 
Ureolysis-induced calcite precipitation can incorporate CO2 
from the gas phase, enhancing solubility trapping by increasing 
brine pH [23]. Microbes can adapt to extreme subsurface 
conditions, promoting CO2 dissolution and mineral corrosion 
and facilitating mineral trapping [63]. Acceleration methods for 
mineral trapping include co-injection of carbonic 
anhydrase-producing microbes or urea bacteria, selecting 
reservoirs with reactive minerals, and increasing mineral 
surface area through fracturing [64]. Engineering CO2-�xing 
pathways and energy-harvesting systems in autotrophic and 
heterotrophic microorganisms can improve CO2 �xation 
e�ciency, while rewiring metabolic pathways can reduce 
microbial CO2 emissions and increase the carbon yield of 
valuable products [65]. �ese strategies demonstrate the 
potential of biotechnology to enhance microbial CO2 
sequestration in geological storage sites.

Case Studies of Microbial Geochemistry in CCS 
Projects 
�e CarbFix project in Iceland demonstrates the potential of 
carbon sequestration in basaltic formations. Microbial 
communities in these environments are diverse and responsive 
to CO2 injection [66,67]. While CO2 injection can decrease 
microbial richness, it also promotes the growth of certain 
bacteria, potentially a�ecting aquifer redox state and carbon 
fate [67]. Experimental studies show that bacterial presence 
minimizes basalt dissolution rates and CO2 sequestration 
processes [68]. �e CarbFix project aims to capture and 
mineralize CO2 emissions from geothermal power plants, with 
extensive research conducted on site characterization, alteration 

mitigation through CO2 sequestration. Additionally, microbial 
activity may in�uence rock dissolution, bio�lm formation, and 
gas migration, all a�ecting the long-term stability and e�ciency 
of carbon sequestration e�orts. 

Microbial Communities in the Subsurface
Microbial communities in the deep subsurface are crucial to 
carbon sequestration, as their metabolic activities directly 
impact geochemical processes. �ese microbes in�uence 
carbon cycling and storage stability through pathways like 
methanogenesis, sulfate reduction, and iron reduction. 
Catalyzing or altering reactions can either enhance or inhibit 
CO2 mineralization, making their role essential to the 
long-term success of carbon capture and storage.

Types of microbial communities
Microbial communities in the terrestrial deep subsurface are 
diverse and in�uenced by various factors. Globally, aquifer 
lithology controls bacterial community diversity in deep 
groundwater, with Betaproteobacteria, Gammaproteobacteria, 
and Firmicutes dominating [27]. Depth and geological 
characteristics act as ecological �lters for archaeal and bacterial 
communities, while vertical water movement impacts shallow 
subsurface microbial assembly [28]. In uranium-contaminated 
sediments, geochemical conditions are selected for 
well-adapted taxa with prevalent nitrate-reducing bacteria [29]. 
Site-speci�c communities have been observed, such as 
iron-oxidizing Gallionella dominating bacterial communities in 
Romuvaara, Finland, alongside methanogenic and 
ammonia-oxidizing archaea [30]. Functional genes for methane 
cycling, sulfate reduction, and nitrate reduction have been 
detected, indicating diverse metabolic potentials in these 
environments [30]. Understanding these communities is crucial 
for developing e�ective bioremediation strategies and 
comprehending global subsurface element cycling. 

 Deep subsurface environments harbour diverse microbial 
communities with various metabolic pathways relevant to 
carbon cycling. Studies in the Fennoscandian Shield, South 
African gold mines, and the Iberian Pyrite Belt have revealed 
the presence of bacteria and archaea involved in 
methanogenesis, sulfate reduction, and iron oxidation [30-33]. 
�e Wood-Ljungdahl pathway for carbon �xation is prevalent 
in these environments, along with carbon monoxide 
dehydrogenase genes that support autotrophic and 
heterotrophic metabolisms [32]. Metagenomic analyses have 
identi�ed dominant phyla such as Euryarchaeota and 
Firmicutes in deep fracture �uids [32]. Molecular biomarkers 
and DNA microarray techniques have also detected methane 
oxidizers, sulfate-reducers, and metal oxidizers in these 
subsurface communities [33]. �ese �ndings highlight the 
complex interplay of microbial metabolisms in deep subsurface 
environments and their role in biogeochemical cycles.

 Anaerobic carbon cycling in wetlands involves several key 
metabolic pathways, including methanogenesis, sulfate 
reduction, and iron reduction. �e relative importance of these 
processes varies seasonally and across di�erent wetland types. 
Iron reduction is typically dominant early in the growing season 
in tidal freshwater and brackish marshes, gradually giving way 
to methanogenesis or sulfate reduction [34,35]. Methanogenesis 
occurs primarily through the aceticlastic pathway, except in 

more ombrotrophic peatlands early in the season [35]. While 
plants can in�uence these processes by releasing oxygen into the 
rhizosphere, their impact may be limited in some wetland 
systems [36]. Iron reduction can be the dominant carbon 
oxidation pathway in lacustrine sediments, followed by sulfate 
reduction, with methanogenesis playing a negligible role [37]. 
Factors such as soil chemistry, temperature, and water table 
depth in�uence the balance between these anaerobic metabolic 
pathways.

Microbial influence on geochemistry
Microorganisms are crucial in geochemical reactions relevant 
to carbon capture and storage (CCS). �ey can catalyze carbon 
cycling and biogeochemical reactions in deep subsurface 
environments, potentially in�uencing the fate of injected CO2 
[38]. Microbial metabolisms involving redox transformations of 
metals and metalloids can a�ect mineral precipitation, 
transformation, and dissolution, impacting modern and 
ancient geochemical cycles [39]. Elevated CO2 levels can alter 
groundwater pH and chemical speciation, a�ecting the 
thermodynamics and kinetics of microbial reactions such as 
syntrophic oxidation, iron reduction, sulfate reduction, and 
methanogenesis [40]. Microorganisms can also enhance carbon 
mineralization through bioalkalinization, increasing the pH of 
aqueous solutions and promoting calcite precipitation [41]. 
Understanding the genetic basis of these microbial processes is 
crucial for predicting their in�uence on geochemical cycles and 
their potential impact on CCS strategies [39].

 Microbial reactions can signi�cantly in�uence CO2 
mineralization in geological carbon sequestration. High CO2 
levels can alter groundwater pH and chemical speciation, 
a�ecting microbial reactions di�erently. While syntrophic 
oxidation and acetoclastic methanogenesis are inhibited, iron 
reduction and hydrogenotrophic processes may be enhanced 
[40]. Cyanobacteria can facilitate carbonate mineralization 
through their carbon dioxide-concentrating mechanism, 
potentially aiding biological carbon capture and storage [42]. 
Biomass growth can enhance calcite precipitation through 
bioalkalinization, o�ering a promising method for CO2 
immobilization [41]. �e survival of microorganisms under 
high CO2 pressures varies among species, with some 
gram-positive bacteria showing higher resilience. Mineral 
surfaces, particularly quartz sandstones, can protect microbes 
by facilitating bio�lm formation, while certain minerals may 
release toxic metals that increase microbial mortality under 
CO2 stress [43].

Microbial Impact on Carbon Sequestration 
Mechanisms 
Microbes signi�cantly impact carbon sequestration through 
various mechanisms. Microbial-induced carbonate 
precipitation (MICP) enhances CO2 trapping, while microbial 
activity in�uences mineral dissolution processes. Additionally, 
bio�lm formation in subsurface environments a�ects 
permeability, potentially altering �uid �ow and CO2 migration. 
Microbes also modify biogeochemical cycles; such as carbon, 
sulfur, and nitrogen; potentially enhancing mineral trapping 
and improving sequestration e�ciency.

Microbial-Driven mineralization processes 
Microbially induced carbonate precipitation (MICP) is a 

mineralogy, and numerical modelling [69]. Monitoring and 
reactive transport modelling are crucial in optimizing 
long-term site management and quantifying CO2 
mineralization [69]. Microbial activity in basalt formations has 
been observed in various case studies. In the oceanic crust at the 
Mid-Atlantic Ridge, nitrogen addition stimulated the growth of 
basalt-associated microorganisms, including iron-oxidizing 
bacteria [70]. �e Wallula pilot well in Washington State 
revealed diverse microbial communities in basalt formation 
waters, dominated by Proteobacteria, Firmicutes, and 
Actinobacteria, with microorganisms capable of various 
metabolic processes [66]. Experimental studies with basaltic 
rocks from Hawaii demonstrated that microbial activity, 
speci�cally by Burkholderia fungorum, enhanced rock 
alteration and Fe mobilization under nutrient-depleted 
conditions. Colonization experiments with synthetic basaltic 
glasses showed that microbial attachment and element 
dissolution were in�uenced by Fe redox state and residual stress 
in the glass [71]. �ese �ndings suggest that basaltic formations 
o�er promising opportunities for geological carbon 
sequestration, with potential applications worldwide.

 Microbial processes in saline aquifers and depleted oil 
�elds have been monitored to understand their impact on 
carbon storage and bioremediation. Studies have examined the 
e�ects of CO2 concentration on microbial communities in 
various subsurface environments [72]. In depleted oil reservoirs 
targeted for CO2 storage, high salinity and supercritical CO2 
concentrations were found to be selected for stress-tolerant 
microorganisms, potentially a�ecting reservoir quality and 
stability [10]. Monitoring techniques have included chemical, 
isotopic, and biological analyses to characterize microbial 
processes in contaminated aquifers [73]. �e use of Bio-Sep® 
biotraps has proven e�ective in collecting bio�lms that better 
represent in situ microbial ecology compared to planktonic 
organisms from groundwater samples [74]. �ese studies 
highlight the importance of understanding microbial 
community dynamics in subsurface environments for 
applications in carbon storage, bioremediation, and overall 
ecosystem management.

 Recent studies have highlighted the signi�cant role of 
microbial communities in carbon capture and storage (CCS) 
projects. In basalt formations, CO2 injection can lead to rapid 
changes in microbial populations, decreasing overall richness 
but increasing in speci�c groups like iron-oxidizing bacteria 
and aromatic compound degraders [67]. �ese changes can 
a�ect aquifer redox states and carbon fate. In hydrocarbon 
reservoirs, microbial methanogenesis has been shown to 
convert up to 13-19% of injected CO2 to methane, with rates of 
73-109 mmol CH4/m3/year observed [21]. �is process may be 
signi�cant across geological settings, particularly in depleted 
hydrocarbon �elds [21]. Pre-injection microbial communities 
in basalt formations have been found to include hydrogen 
oxidizers, methylotrophs, and methanogens, among others 
[66]. Understanding these microbial dynamics is crucial for 
e�ective CCS implementation and monitoring.

 Microbial communities can adapt to enhance the 
degradation of various compounds, including trace organic 
chemicals (TOrCs) and metals in environmental systems. 
Adaptation mechanisms may involve changes in carbon use 

e�ciency (CUE) or shi�s in community structure [75,76]. 
However, pre-exposure to TOrCs at ng/L levels does not 
necessarily a�ect their attenuation or in�uence microbial 
community structure and function in managed aquifer recharge 
systems [77]. Adaptation to xenobiotic compounds depends on 
factors such as concentration, exposure time, and chemical 
structure, with a threshold concentration of 10 ppb observed for 
some compounds [78]. Adapted microbial communities can 
achieve higher removal e�ciencies for various contaminants, 
including sulfate and metals [76]. Understanding these 
adaptation processes is crucial for optimizing bioremediation 
strategies and predicting ecosystem responses to environmental 
changes.

Challenges and Research Gaps 
Studying microbial geochemistry in carbon sequestration 
presents signi�cant challenges, including replicating subsurface 
conditions in labs and monitoring microbial activity at depth. 
Knowledge gaps persist regarding microbial population 
dynamics, interactions with host rock formations, and 
long-term impacts on storage stability. Additionally, predictive 
models integrating microbial activity with geochemical 
reactions remain underdeveloped, requiring further research.

Challenges in studying microbial geochemistry in CCS 
Studying microbial geochemistry in Carbon Capture and 
Storage (CCS) presents several challenges. Replicating 
subsurface conditions in laboratories is di�cult, and 
monitoring microbial activities at depth requires specialized 
techniques [22]. �e long-term impacts of microbial activity on 
storage stability are not fully understood [21]. Microbial 
processes, such as methanogenesis, can signi�cantly a�ect CO2 
storage by modifying �uid composition and dynamics within 
reservoirs [21]. Deep ecosystems respond quickly to CO2 
injections, with acidic CO2-charged groundwater causing a 
decrease in microbial richness while promoting the growth of 
certain bacterial species [67]. �e impact of potential CO2 
leakage on plants and microorganisms varies, with plants 
showing visible stress responses under high soil CO2 levels and 
microorganisms exhibiting more diverse reactions [79]. Further 
research is needed to understand these complex interactions 
better and ensure the environmental safety of CCS technology.

Current knowledge gaps 
Recent studies highlight signi�cant knowledge gaps in 
understanding microbial dynamics during carbon capture and 
storage (CCS). While CCS is crucial for reducing greenhouse 
gas emissions, microbial processes like methanogenesis can 
impact CO2 storage e�ciency and �uid dynamics [22]. �e 
bioavailability of H2 is likely to in�uence methanogenesis rates 
across di�erent storage sites [21]. Current research lacks 
comprehensive data on how elevated CO2 levels a�ect 
geochemical processes in aquifers and the vadose zone, with 
factors such as redox conditions and microbial activity 
requiring further investigation [12]. Deep subsurface 
microbiology is increasingly relevant for underground gas 
storage and geothermal energy production, necessitating more 
research into microbial interactions with these systems [22]. 
Field studies have shown that CO2 injection into basalt can 
rapidly alter microbial communities, potentially impacting 
aquifer redox states and carbon fate [67].

 �e interactions between microbial processes and host 
rock formations in subsurface environments are complex and 
poorly understood. Microorganisms can in�uence the 
dissolution and precipitation of minerals in caves and other 
rock-hosted systems [80]. �ese processes are controlled by 
lithology, permeability, and �uid mixing, a�ecting microbial 
communities' distribution and diversity [81]. Microbial 
activities can generate acidity, leading to cave wall dissolution or 
induce mineralization, forming various mineral deposits [80]. 
In radionuclide behaviour, microbial processes can impact 
solid-phase capture mechanisms, including sorption, reductive 
precipitation, and co-precipitation [82]. However, the speci�c 
physiological adaptations, growth rates, and synergistic 
interactions between microorganisms and minerals in these 
energy-limited environments remain largely unknown, 
necessitating further research to understand better these 
complex geomicrobiological systems [81,82].

Modeling microbial influence 
Microbial communities play a crucial role in biogeochemical 
cycles and ecosystem functions, but predicting their behaviour 
remains challenging [83,84]. Integrating microbial ecology into 
ecosystem models can improve predictions of carbon dynamics 
under environmental changes, such as warming, precipitation 
changes, and nitrogen enrichment [84]. However, building 
predictive models that link microbial community composition 
to function requires close coordination between experimental 
data collection and mathematical model development [85]. 
Advances in 'omics' - based approaches and systems biology can 
help characterize microbial system interactions impacting 
terrestrial carbon sequestration [86]. While directly linking 
genomes to global phenomena is challenging, connections at 
intermediate scales are feasible by integrating new analytical 
and modelling techniques [86]. �is integration could enhance 
our ability to develop and evaluate microbial strategies for 
capturing and sequestering atmospheric CO2 [86].

Future Directions and Opportunities 
�e future of carbon sequestration presents exciting 
opportunities to enhance e�ciency through microbial processes. 
By integrating bioengineering, interdisciplinary approaches, and 
sustainable practices, we can optimize microbial contributions to 
CCS and develop scalable solutions for e�ective CO2 
management.

Potential for enhanced microbial carbon 
sequestration 
Microbial carbon sequestration o�ers promising opportunities 
for enhancing carbon capture and storage (CCS) e�ciency. 
Bioengineering approaches can improve CO2 �xation in 
autotrophic and heterotrophic microorganisms by modifying 
CO2-�xing pathways and energy-harvesting systems [65]. 
Prokaryotes can be utilized for CCS monitoring and CO2 
utilization, with synthetic biology potentially maximizing CO2 
uptake [87]. Microbial ureolysis can enhance 
solubility-trapping of CO2 in brines and promote mineral 
formation, potentially reducing CO2 leakage [23]. �e 
microbial carbon pump (MCP) plays a crucial role in forming 
recalcitrant dissolved organic carbon (RDOC) in oceans, which 
can sequester carbon over long timescales [88]. Future research 
should focus on integrating the MCP with the biological pump, 

understanding POC-RDOC interactions, and developing new 
technologies for in-situ monitoring of microbial activity to 
improve CCS e�ciency [88,87].

Interdisciplinary approaches 
Interdisciplinary approaches combining geochemistry, 
microbiology, and geophysics, o�er valuable insights into 
subsurface microbial behaviour. Studies have demonstrated that 
geophysical techniques can detect microbial activity and 
associated biogeochemical processes. Bulk conductivity 
measurements have been linked to zones of enhanced microbial 
activity in hydrocarbon-impacted aquifers [89]. Bioremediation 
experiments have shown that indigenous bacteria can be 
stimulated to remove heavy metals through precipitation of 
sul�de phases, with geophysical surveys indicating changes in 
electrical conductance and magnetic susceptibility [90]. �e 
emerging �eld of biogeophysics focuses on detecting microbes, 
microbial growth, and microbe-mineral interactions using 
geophysical techniques [91]. Electrical-induced polarization 
measurements have been used to monitor stimulated microbial 
activity during subsurface bioremediation, revealing 
correlations between phase response and changes in 
groundwater geochemistry associated with iron and sulfate 
reduction and sul�de mineral precipitation [92]. �ese 
integrated approaches provide powerful tools for 
understanding and monitoring subsurface microbial processes.

Sustainable and scalable CCS solutions 
Microbial contributions to carbon capture and storage (CCS) 
o�er promising solutions for large-scale CO2 sequestration. 
Autotrophic aerobic bacteria can capture CO2 from industrial 
sources to produce microbial protein, potentially usable as food, 
feed, or fertilizer [93]. Natural microbial communities and 
synthetic biology approaches can enhance CO2 uptake and 
monitoring in geological storage sites [87]. Microbes can 
accelerate silicate weathering, potentially drawing down 
signi�cant amounts of CO2 while producing valuable 
by-products [94]. Engineering CO2-�xing pathways and 
energy-harvesting systems in autotrophic and heterotrophic 
microorganisms can improve CO2 �xation e�ciency, while 
rewiring metabolic pathways can reduce microbial CO2 
emissions and increase the carbon yield of value-added 
products [65]. �ese microbial CCS approaches o�er 
sustainable, scalable solutions for CO2 sequestration, though 
further research is needed to determine their economic 
feasibility and potential for large-scale implementation.

Conclusions
In summary, microbial communities enhance carbon capture 
and storage (CCS) by in�uencing geochemical processes such as 
mineralization, �uid dynamics, and biogeochemical cycling. 
�eir activities, including microbial-induced carbonate 
precipitation and bio�lm formation, can signi�cantly a�ect CO2 
sequestration e�ectiveness and long-term stability. Future 
research must focus on interdisciplinary approaches to better 
understand microbial geochemistry and its implications for 
CCS. Addressing current knowledge gaps and developing 
predictive models incorporating microbial dynamics will be 
essential for optimizing sequestration strategies. As we advance 
our understanding of these processes, harnessing microbial 
activities can enhance the stability and e�ciency of carbon 

sequestration, contributing signi�cantly to climate change 
mitigation e�orts.
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Carbon emissions from industrial activities and fossil fuel use 
have signi�cantly contributed to global climate change, causing 
rising temperatures, extreme weather events, and ecological 
disruptions. Addressing this issue requires reducing 
atmospheric CO2 levels. Carbon capture and storage has 
emerged as a critical strategy to mitigate climate change by 
capturing CO2 from point sources, such as power plants, and 
storing it in geological formations. �is process reduces 
emissions at the source and can help achieve global carbon 
neutrality goals. CCS technologies, particularly in subsurface 
environments, o�er promising potential to limit greenhouse gas 
accumulation and protect the planet's climate system.

 Carbon capture and sequestration have emerged as crucial 
technologies for addressing the global carbon emission problem 
and mitigating climate change [1]. �e increasing atmospheric 
CO2 concentration, primarily due to fossil fuel consumption, 
has led to global warming and ocean acidi�cation [2]. With 
fossil fuels supplying over 63% of global energy, CCS is pivotal 
in combating this crisis [1]. �e process involves capturing CO2 
from signi�cant sources, such as industrial plants, and storing it 
in geological reservoirs to achieve a carbon-neutral or negative 
budget [1,3]. While long-term solutions focus on sustainable 
energy generation, CCS can provide immediate mitigation for 
existing fossil fuel infrastructure [4]. �e Intergovernmental 
Panel on Climate Change (IPCC) has endorsed CCS as a viable 

mitigation strategy for developing countries, highlighting its 
importance in global e�orts to reduce CO2 emissions [3].

 Geologic carbon storage (GCS) in deep saline aquifers, 
depleted oil and gas �elds, and basalt formations are crucial 
for mitigating greenhouse gas emissions [5]. Deep saline 
aquifers o�er the largest storage potential, storing emissions 
for at least a century [6]. �ese formations are evaluated based 
on safety, storage capacity, and containment integrity [7]. CO2 
injection into saline aquifers creates a complex multiphase 
�ow system, but simplifying assumptions can provide 
practical insights into system behavior, including storage 
capacity estimates and leakage risk assessments [6]. �e 
Sleipner project demonstrates successful commercial-scale 
CO2 sequestration in saline aquifers [8]. While economic and 
policy challenges persist, CO2 storage in deep saline aquifers is 
a viable technology that can signi�cantly contribute to climate 
change mitigation e�orts.

 Microbial communities play a signi�cant role in 
in�uencing geochemical processes during carbon capture and 
storage (CCS). Studies have shown that CO2 leakage from 
storage sites can impact microbial diversity and activity in 
subsurface environments [9,10]. High CO2 levels can change 
pH, solute concentrations, and microbial community 
composition, a�ecting methanogenesis, metal reduction, and 
sulfate reduction [9,11]. Microorganisms adapted to high 

salinity and supercritical CO2 conditions have been observed in 
potential CCS sites, with implications for reservoir quality and 
stability [10]. However, knowledge gaps remain regarding the 
in�uence of factors such as redox conditions, CO2 in�ux rate, 
and mineralogy on CO2-induced reactions in potable aquifers 
and the vadose zone [12]. Understanding these microbial- 
geochemical interactions is crucial for assessing CCS's 
environmental impacts and risks. Moreover, microbes can 
facilitate reactions such as mineral dissolution, carbonate 
precipitation, and the formation of bio�lms, which may 
enhance or hinder carbon trapping in geological formations. 
�eir metabolic activities alter the chemical environment, 
potentially improving the e�ciency of long-term CO2 
sequestration. �is review explores recent advances in 
microbial geochemistry related to carbon capture and storage 
(CCS), aiming to assess microbial contributions to CCS, 
highlight knowledge gaps, and propose future research 
directions to improve CCS technology through microbial 
interactions.

Overview of Carbon Sequestration Methods 
Carbon sequestration methods focus on storing captured CO2 
in subsurface formations to mitigate atmospheric emissions. 
Geologic storage traps CO2 in deep formations like saline 
aquifers, depleted oil �elds, and basalt, while carbon 
mineralization converts it into stable minerals for permanent 
storage. Microbial geochemistry enhances these processes, 
in�uencing mineralization and long-term storage stability.

Geologic carbon storage (GCS)
GCS involves injecting CO2 into deep subsurface formations, 
trapped through various physical and chemical mechanisms. 
Once injected, the CO2 is stored in porous rock formations, 
typically at depths of over 800 meters, where high pressure and 
temperature keep it in a supercritical state. �ese formations 
o�er extensive storage capacity, with saline aquifers being the 
most common, while basalt formations facilitate mineralization 
due to their reactive nature. Carbon sequestration is crucial to 
mitigating climate change by reducing atmospheric CO2 levels. 
Various methods exist, including geological storage in oil and 
gas reservoirs, deep coal seams, saline aquifers, and salt caverns 
[13]. Ocean sequestration and mineral carbonation are 
potential options [14]. Biological methods involve soil carbon 
sequestration and phytosequestration through photosynthetic 
mechanisms in plants, cyanobacteria, and microalgae [15]. 
Other techniques include pre- and post-combustion CO2 
capture, membrane separation, amine scrubbing, and 
cryotechnology [16]. Enhancing natural CO2 sinking rates 
through terrestrial sequestration, ocean fertilization, and rock 
weathering can reduce carbon [14]. While these methods o�er 
signi�cant potential for carbon sequestration, each has 
advantages and disadvantages regarding capacity, cost, time 
scale, stability, and environmental impacts, necessitating careful 
evaluation before implementation [14,13].

Carbon mineralization 
Carbon mineralization is a process in which CO2 reacts with 
minerals, primarily calcium and magnesium silicates, to form 
stable carbonate minerals like calcite and magnesite. �is 
reaction permanently traps CO2 within the rock matrix, 
o�ering a secure carbon storage method. �is process involves 

converting CO2 into stable carbonate minerals by reacting with 
divalent cations like Ca²⁺, Mg²⁺, or Fe²⁺ [17]. It o�ers a more 
secure alternative to other trapping mechanisms, which can be 
reversible [18]. Studies have shown that over 95% of injected 
CO2 can be mineralized in basaltic rocks within two years, 
signi�cantly faster than previously thought [19]. Factors 
in�uencing mineralization include rock types; temperature, 
�uid composition, and CO2 phase [17]. While most carbon 
capture and storage projects focus on sedimentary basins, 
reactive rocks like basalts and peridotites o�er large potential 
volumes for carbon storage through mineralization [20]. 
Ongoing research aims to accelerate the mineralization process 
and explore its applicability on a global scale [18,20]. Basalt 
formations are particularly suitable for this process, as they 
contain high concentrations of reactive minerals. 
Mineralization locks CO2 in solid form and prevents its escape 
over time, providing long-term stability to carbon storage 
e�orts. �is process is critical for ensuring the permanent 
sequestration of captured CO2.

Role of microbial geochemistry in CCS 
Microbial communities in subsurface environments can 
signi�cantly in�uence carbon storage and mineralization 
processes. Methanogenesis can modify �uid composition and 
dynamics within storage reservoirs, potentially impacting CO2 
storage capacity and trapping mechanisms [21]. Long-term 
CO2 leakage can in�uence microbial communities, a�ecting 
subsurface biogeochemistry and carbon cycling [9]. 
Microorganisms in deep geological systems are relevant for 
underground gas storage and geothermal energy production, 
with implications for CCS, renewable energy storage, and 
geothermal energy [22]. Microbial processes, such as ureolysis, 
can enhance CCS through mineral-trapping and 
solubility-trapping. Ureolysis increases brine pH, promoting 
CO2 dissolution and carbonate precipitation, thus improving 
the solubility-trapping capacity of the brine [23]. 
Understanding these microbial processes is crucial for assessing 
CCS e�ciency and potential risks and developing monitoring 
strategies for CO2 storage sites. 

 Moreover, sulfate-reducing bacteria and methanogens 
catalyze chemical reactions that alter the geochemical 
conditions around stored CO2, impacting mineral trapping and 
�uid dynamics. For example, microbial-induced carbonate 
precipitation (MICP) can enhance mineralization by forming 
stable carbonate minerals. Microbially induced carbonate 
precipitation (MICP) shows promise for enhancing carbon 
capture and storage (CCS) through mineral trapping and 
solubility trapping. Ureolytic bacteria can precipitate dissolved 
CO2 as calcite, increasing incorporation rates at higher CO2 
pressures and urea concentrations [23]. MICP can also enhance 
pH through alkalization, increasing calcite precipitation in 
porous media [24]. �is process can potentially create 
subsurface hydraulic barriers near CO2 storage wellbores, 
improving storage security [25]. MICP o�ers a rapid alternative 
to natural carbonate formation, with urease-producing bacteria 
converting CO2 into calcium carbonate in various 
environments [26]. While ureolysis does not directly precipitate 
gaseous CO2, it increases brine pH, enhancing solubility 
trapping and reducing headspace CO2 concentrations [23]. 
�ese �ndings highlight MICP's potential for climate change 

promising carbon sequestration and environmental 
remediation process. MICP involves the conversion of CO2 into 
calcium carbonate (CaCO3) by urease-producing bacteria, 
which can thrive in various environments [26]. �e bacterial 
cell wall acts as a nucleation site for CaCO3 formation, with 
urease and carbonic anhydrase enzymes mediating the process 
[44]. MICP has multiple applications, including bio 
cementation, heavy metal removal, and CO2 sequestration [45]. 
�e e�ciency of CO2 sequestration during MICP is in�uenced 
by biotic factors, such as bacterial species and abiotic factors, 
including pH and medium components, with urea being the 
most critical component [46]. While MICP shows great 
potential for sustainable carbon management and climate 
change mitigation, challenges remain in implementing the 
technology commercially [44,45].

 �e impact of microbial activity on mineral dissolution 
varies depending on the microorganisms and minerals 
involved. While some studies suggest a weak e�ect of microbes 
on Ca-Mg silicate weathering, others demonstrate that 
microorganisms can signi�cantly modify mineral dissolution 
rates and mechanisms [47,48]. Certain microbial extracellular 
polymers can inhibit or enhance dissolution rates by up to three 
orders of magnitude, depending on pH and mineral 
composition [49]. In complex microbial consortia, 
heterotrophic bacteria may enhance mineral dissolution, while 
photosynthetic organisms can promote secondary mineral 
precipitation [50]. Microbial activity can lead to the formation 
of secondary minerals, including clays and carbonates, which 
impact soil fertility and CO2 sequestration [48,50]. �e 
microbial impact on mineral dissolution is complex and 
depends on the speci�c microbe-mineral interactions and 
environmental conditions.

Biofilm formation and its effects 
Microbial bio�lms in subsurface environments signi�cantly 
impact transport processes and permeability in porous media 
[51,52]. Depending on substrate �ux and surface loading, 
bio�lm formation can be continuous or discontinuous [53]. 
During nutrient-rich conditions, biomass accumulation 
decreases permeability, while starvation conditions lead to 
bio�lm evolution patterns a�ecting permeability di�erently 
[54]. �ese patterns include initial permeability decrease, 
stabilization, and potential increase due to bio�lm sloughing 
under shear stress [54]. �e critical shear stress for sloughing 
indicates bio�lm strength, with removal occurring when 
exceeded [54]. Understanding bio�lm formation and its e�ects 
on permeability is crucial for various applications, including 
subsurface remediation, enhanced oil recovery, and carbon 
dioxide sequestration [52]. However, the relationships between 
microbial growth and changes in porosity and permeability 
remain poorly understood, necessitating further research [51].

 Bio�lms in porous media signi�cantly impact �uid �ow 
and transport processes. �ey can reduce water permeability by 
up to 95% in biologically active zones [55]. Bio�lm growth and 
gas generation a�ect �ow patterns, with gas moving upwards in 
discrete �ngers and accumulating at the top of porous systems 
[55]. In CO2 storage, bio�lms have been proposed as 
bio-barriers to mitigate leakage from geological reservoirs [56]. 
In hydraulic fracturing, bio�lms can cause formation damage, 

reducing gas �ow rates by half when occupying approximately 
10% of pore volume [57]. �e distribution of bio�lms within 
pores also impacts �ow rates. Modeling studies show that overall 
permeability, �ow pathways, and pressure gradients are highly 
dependent on bio�lm ratio and permeability, with moderate 
impacts from bio�lm porosity at higher bio�lm levels [58].

Biogeochemical cycles 
Microorganisms alter biogeochemical cycles and enhance 
carbon sequestration in various ecosystems. In land�lls, 
microbes’ mediate carbon, nitrogen, and sulphur cycles during 
waste decomposition, in�uencing greenhouse gas emissions 
[59]. Soil inoculation with bacteria and cyanobacteria from 
biological soil crusts can increase carbon sequestration in 
degraded dryland soils, potentially removing signi�cant 
amounts of CO2 from the atmosphere [60]. While terrestrial 
ecosystems can be managed for carbon sequestration, 
manipulating speci�c microbes remains challenging [61]. 
Recent research has focused on developing microbial inoculants 
to enhance soil carbon sequestration, with promising 
candidates including arbuscular mycorrhizal fungi, melanising 
endophytic fungi, and plant growth-promoting bacteria [62]. 
�ese microorganisms contribute to carbon sequestration 
through various mechanisms, such as facilitating carbon 
transition from labile to recalcitrant pools and stimulating plant 
growth. �e "biochar + microbe system" is proposed as a 
potential solution to overcome limitations in building and 
retaining soil carbon stocks [62].

 Microbial enhancement of CO2 trapping in geological 
storage shows promise for mitigating climate change. 
Ureolysis-induced calcite precipitation can incorporate CO2 
from the gas phase, enhancing solubility trapping by increasing 
brine pH [23]. Microbes can adapt to extreme subsurface 
conditions, promoting CO2 dissolution and mineral corrosion 
and facilitating mineral trapping [63]. Acceleration methods for 
mineral trapping include co-injection of carbonic 
anhydrase-producing microbes or urea bacteria, selecting 
reservoirs with reactive minerals, and increasing mineral 
surface area through fracturing [64]. Engineering CO2-�xing 
pathways and energy-harvesting systems in autotrophic and 
heterotrophic microorganisms can improve CO2 �xation 
e�ciency, while rewiring metabolic pathways can reduce 
microbial CO2 emissions and increase the carbon yield of 
valuable products [65]. �ese strategies demonstrate the 
potential of biotechnology to enhance microbial CO2 
sequestration in geological storage sites.

Case Studies of Microbial Geochemistry in CCS 
Projects 
�e CarbFix project in Iceland demonstrates the potential of 
carbon sequestration in basaltic formations. Microbial 
communities in these environments are diverse and responsive 
to CO2 injection [66,67]. While CO2 injection can decrease 
microbial richness, it also promotes the growth of certain 
bacteria, potentially a�ecting aquifer redox state and carbon 
fate [67]. Experimental studies show that bacterial presence 
minimizes basalt dissolution rates and CO2 sequestration 
processes [68]. �e CarbFix project aims to capture and 
mineralize CO2 emissions from geothermal power plants, with 
extensive research conducted on site characterization, alteration 

mitigation through CO2 sequestration. Additionally, microbial 
activity may in�uence rock dissolution, bio�lm formation, and 
gas migration, all a�ecting the long-term stability and e�ciency 
of carbon sequestration e�orts. 

Microbial Communities in the Subsurface
Microbial communities in the deep subsurface are crucial to 
carbon sequestration, as their metabolic activities directly 
impact geochemical processes. �ese microbes in�uence 
carbon cycling and storage stability through pathways like 
methanogenesis, sulfate reduction, and iron reduction. 
Catalyzing or altering reactions can either enhance or inhibit 
CO2 mineralization, making their role essential to the 
long-term success of carbon capture and storage.

Types of microbial communities
Microbial communities in the terrestrial deep subsurface are 
diverse and in�uenced by various factors. Globally, aquifer 
lithology controls bacterial community diversity in deep 
groundwater, with Betaproteobacteria, Gammaproteobacteria, 
and Firmicutes dominating [27]. Depth and geological 
characteristics act as ecological �lters for archaeal and bacterial 
communities, while vertical water movement impacts shallow 
subsurface microbial assembly [28]. In uranium-contaminated 
sediments, geochemical conditions are selected for 
well-adapted taxa with prevalent nitrate-reducing bacteria [29]. 
Site-speci�c communities have been observed, such as 
iron-oxidizing Gallionella dominating bacterial communities in 
Romuvaara, Finland, alongside methanogenic and 
ammonia-oxidizing archaea [30]. Functional genes for methane 
cycling, sulfate reduction, and nitrate reduction have been 
detected, indicating diverse metabolic potentials in these 
environments [30]. Understanding these communities is crucial 
for developing e�ective bioremediation strategies and 
comprehending global subsurface element cycling. 

 Deep subsurface environments harbour diverse microbial 
communities with various metabolic pathways relevant to 
carbon cycling. Studies in the Fennoscandian Shield, South 
African gold mines, and the Iberian Pyrite Belt have revealed 
the presence of bacteria and archaea involved in 
methanogenesis, sulfate reduction, and iron oxidation [30-33]. 
�e Wood-Ljungdahl pathway for carbon �xation is prevalent 
in these environments, along with carbon monoxide 
dehydrogenase genes that support autotrophic and 
heterotrophic metabolisms [32]. Metagenomic analyses have 
identi�ed dominant phyla such as Euryarchaeota and 
Firmicutes in deep fracture �uids [32]. Molecular biomarkers 
and DNA microarray techniques have also detected methane 
oxidizers, sulfate-reducers, and metal oxidizers in these 
subsurface communities [33]. �ese �ndings highlight the 
complex interplay of microbial metabolisms in deep subsurface 
environments and their role in biogeochemical cycles.

 Anaerobic carbon cycling in wetlands involves several key 
metabolic pathways, including methanogenesis, sulfate 
reduction, and iron reduction. �e relative importance of these 
processes varies seasonally and across di�erent wetland types. 
Iron reduction is typically dominant early in the growing season 
in tidal freshwater and brackish marshes, gradually giving way 
to methanogenesis or sulfate reduction [34,35]. Methanogenesis 
occurs primarily through the aceticlastic pathway, except in 

more ombrotrophic peatlands early in the season [35]. While 
plants can in�uence these processes by releasing oxygen into the 
rhizosphere, their impact may be limited in some wetland 
systems [36]. Iron reduction can be the dominant carbon 
oxidation pathway in lacustrine sediments, followed by sulfate 
reduction, with methanogenesis playing a negligible role [37]. 
Factors such as soil chemistry, temperature, and water table 
depth in�uence the balance between these anaerobic metabolic 
pathways.

Microbial influence on geochemistry
Microorganisms are crucial in geochemical reactions relevant 
to carbon capture and storage (CCS). �ey can catalyze carbon 
cycling and biogeochemical reactions in deep subsurface 
environments, potentially in�uencing the fate of injected CO2 
[38]. Microbial metabolisms involving redox transformations of 
metals and metalloids can a�ect mineral precipitation, 
transformation, and dissolution, impacting modern and 
ancient geochemical cycles [39]. Elevated CO2 levels can alter 
groundwater pH and chemical speciation, a�ecting the 
thermodynamics and kinetics of microbial reactions such as 
syntrophic oxidation, iron reduction, sulfate reduction, and 
methanogenesis [40]. Microorganisms can also enhance carbon 
mineralization through bioalkalinization, increasing the pH of 
aqueous solutions and promoting calcite precipitation [41]. 
Understanding the genetic basis of these microbial processes is 
crucial for predicting their in�uence on geochemical cycles and 
their potential impact on CCS strategies [39].

 Microbial reactions can signi�cantly in�uence CO2 
mineralization in geological carbon sequestration. High CO2 
levels can alter groundwater pH and chemical speciation, 
a�ecting microbial reactions di�erently. While syntrophic 
oxidation and acetoclastic methanogenesis are inhibited, iron 
reduction and hydrogenotrophic processes may be enhanced 
[40]. Cyanobacteria can facilitate carbonate mineralization 
through their carbon dioxide-concentrating mechanism, 
potentially aiding biological carbon capture and storage [42]. 
Biomass growth can enhance calcite precipitation through 
bioalkalinization, o�ering a promising method for CO2 
immobilization [41]. �e survival of microorganisms under 
high CO2 pressures varies among species, with some 
gram-positive bacteria showing higher resilience. Mineral 
surfaces, particularly quartz sandstones, can protect microbes 
by facilitating bio�lm formation, while certain minerals may 
release toxic metals that increase microbial mortality under 
CO2 stress [43].

Microbial Impact on Carbon Sequestration 
Mechanisms 
Microbes signi�cantly impact carbon sequestration through 
various mechanisms. Microbial-induced carbonate 
precipitation (MICP) enhances CO2 trapping, while microbial 
activity in�uences mineral dissolution processes. Additionally, 
bio�lm formation in subsurface environments a�ects 
permeability, potentially altering �uid �ow and CO2 migration. 
Microbes also modify biogeochemical cycles; such as carbon, 
sulfur, and nitrogen; potentially enhancing mineral trapping 
and improving sequestration e�ciency.

Microbial-Driven mineralization processes 
Microbially induced carbonate precipitation (MICP) is a 

mineralogy, and numerical modelling [69]. Monitoring and 
reactive transport modelling are crucial in optimizing 
long-term site management and quantifying CO2 
mineralization [69]. Microbial activity in basalt formations has 
been observed in various case studies. In the oceanic crust at the 
Mid-Atlantic Ridge, nitrogen addition stimulated the growth of 
basalt-associated microorganisms, including iron-oxidizing 
bacteria [70]. �e Wallula pilot well in Washington State 
revealed diverse microbial communities in basalt formation 
waters, dominated by Proteobacteria, Firmicutes, and 
Actinobacteria, with microorganisms capable of various 
metabolic processes [66]. Experimental studies with basaltic 
rocks from Hawaii demonstrated that microbial activity, 
speci�cally by Burkholderia fungorum, enhanced rock 
alteration and Fe mobilization under nutrient-depleted 
conditions. Colonization experiments with synthetic basaltic 
glasses showed that microbial attachment and element 
dissolution were in�uenced by Fe redox state and residual stress 
in the glass [71]. �ese �ndings suggest that basaltic formations 
o�er promising opportunities for geological carbon 
sequestration, with potential applications worldwide.

 Microbial processes in saline aquifers and depleted oil 
�elds have been monitored to understand their impact on 
carbon storage and bioremediation. Studies have examined the 
e�ects of CO2 concentration on microbial communities in 
various subsurface environments [72]. In depleted oil reservoirs 
targeted for CO2 storage, high salinity and supercritical CO2 
concentrations were found to be selected for stress-tolerant 
microorganisms, potentially a�ecting reservoir quality and 
stability [10]. Monitoring techniques have included chemical, 
isotopic, and biological analyses to characterize microbial 
processes in contaminated aquifers [73]. �e use of Bio-Sep® 
biotraps has proven e�ective in collecting bio�lms that better 
represent in situ microbial ecology compared to planktonic 
organisms from groundwater samples [74]. �ese studies 
highlight the importance of understanding microbial 
community dynamics in subsurface environments for 
applications in carbon storage, bioremediation, and overall 
ecosystem management.

 Recent studies have highlighted the signi�cant role of 
microbial communities in carbon capture and storage (CCS) 
projects. In basalt formations, CO2 injection can lead to rapid 
changes in microbial populations, decreasing overall richness 
but increasing in speci�c groups like iron-oxidizing bacteria 
and aromatic compound degraders [67]. �ese changes can 
a�ect aquifer redox states and carbon fate. In hydrocarbon 
reservoirs, microbial methanogenesis has been shown to 
convert up to 13-19% of injected CO2 to methane, with rates of 
73-109 mmol CH4/m3/year observed [21]. �is process may be 
signi�cant across geological settings, particularly in depleted 
hydrocarbon �elds [21]. Pre-injection microbial communities 
in basalt formations have been found to include hydrogen 
oxidizers, methylotrophs, and methanogens, among others 
[66]. Understanding these microbial dynamics is crucial for 
e�ective CCS implementation and monitoring.

 Microbial communities can adapt to enhance the 
degradation of various compounds, including trace organic 
chemicals (TOrCs) and metals in environmental systems. 
Adaptation mechanisms may involve changes in carbon use 

e�ciency (CUE) or shi�s in community structure [75,76]. 
However, pre-exposure to TOrCs at ng/L levels does not 
necessarily a�ect their attenuation or in�uence microbial 
community structure and function in managed aquifer recharge 
systems [77]. Adaptation to xenobiotic compounds depends on 
factors such as concentration, exposure time, and chemical 
structure, with a threshold concentration of 10 ppb observed for 
some compounds [78]. Adapted microbial communities can 
achieve higher removal e�ciencies for various contaminants, 
including sulfate and metals [76]. Understanding these 
adaptation processes is crucial for optimizing bioremediation 
strategies and predicting ecosystem responses to environmental 
changes.

Challenges and Research Gaps 
Studying microbial geochemistry in carbon sequestration 
presents signi�cant challenges, including replicating subsurface 
conditions in labs and monitoring microbial activity at depth. 
Knowledge gaps persist regarding microbial population 
dynamics, interactions with host rock formations, and 
long-term impacts on storage stability. Additionally, predictive 
models integrating microbial activity with geochemical 
reactions remain underdeveloped, requiring further research.

Challenges in studying microbial geochemistry in CCS 
Studying microbial geochemistry in Carbon Capture and 
Storage (CCS) presents several challenges. Replicating 
subsurface conditions in laboratories is di�cult, and 
monitoring microbial activities at depth requires specialized 
techniques [22]. �e long-term impacts of microbial activity on 
storage stability are not fully understood [21]. Microbial 
processes, such as methanogenesis, can signi�cantly a�ect CO2 
storage by modifying �uid composition and dynamics within 
reservoirs [21]. Deep ecosystems respond quickly to CO2 
injections, with acidic CO2-charged groundwater causing a 
decrease in microbial richness while promoting the growth of 
certain bacterial species [67]. �e impact of potential CO2 
leakage on plants and microorganisms varies, with plants 
showing visible stress responses under high soil CO2 levels and 
microorganisms exhibiting more diverse reactions [79]. Further 
research is needed to understand these complex interactions 
better and ensure the environmental safety of CCS technology.

Current knowledge gaps 
Recent studies highlight signi�cant knowledge gaps in 
understanding microbial dynamics during carbon capture and 
storage (CCS). While CCS is crucial for reducing greenhouse 
gas emissions, microbial processes like methanogenesis can 
impact CO2 storage e�ciency and �uid dynamics [22]. �e 
bioavailability of H2 is likely to in�uence methanogenesis rates 
across di�erent storage sites [21]. Current research lacks 
comprehensive data on how elevated CO2 levels a�ect 
geochemical processes in aquifers and the vadose zone, with 
factors such as redox conditions and microbial activity 
requiring further investigation [12]. Deep subsurface 
microbiology is increasingly relevant for underground gas 
storage and geothermal energy production, necessitating more 
research into microbial interactions with these systems [22]. 
Field studies have shown that CO2 injection into basalt can 
rapidly alter microbial communities, potentially impacting 
aquifer redox states and carbon fate [67].

 �e interactions between microbial processes and host 
rock formations in subsurface environments are complex and 
poorly understood. Microorganisms can in�uence the 
dissolution and precipitation of minerals in caves and other 
rock-hosted systems [80]. �ese processes are controlled by 
lithology, permeability, and �uid mixing, a�ecting microbial 
communities' distribution and diversity [81]. Microbial 
activities can generate acidity, leading to cave wall dissolution or 
induce mineralization, forming various mineral deposits [80]. 
In radionuclide behaviour, microbial processes can impact 
solid-phase capture mechanisms, including sorption, reductive 
precipitation, and co-precipitation [82]. However, the speci�c 
physiological adaptations, growth rates, and synergistic 
interactions between microorganisms and minerals in these 
energy-limited environments remain largely unknown, 
necessitating further research to understand better these 
complex geomicrobiological systems [81,82].

Modeling microbial influence 
Microbial communities play a crucial role in biogeochemical 
cycles and ecosystem functions, but predicting their behaviour 
remains challenging [83,84]. Integrating microbial ecology into 
ecosystem models can improve predictions of carbon dynamics 
under environmental changes, such as warming, precipitation 
changes, and nitrogen enrichment [84]. However, building 
predictive models that link microbial community composition 
to function requires close coordination between experimental 
data collection and mathematical model development [85]. 
Advances in 'omics' - based approaches and systems biology can 
help characterize microbial system interactions impacting 
terrestrial carbon sequestration [86]. While directly linking 
genomes to global phenomena is challenging, connections at 
intermediate scales are feasible by integrating new analytical 
and modelling techniques [86]. �is integration could enhance 
our ability to develop and evaluate microbial strategies for 
capturing and sequestering atmospheric CO2 [86].

Future Directions and Opportunities 
�e future of carbon sequestration presents exciting 
opportunities to enhance e�ciency through microbial processes. 
By integrating bioengineering, interdisciplinary approaches, and 
sustainable practices, we can optimize microbial contributions to 
CCS and develop scalable solutions for e�ective CO2 
management.

Potential for enhanced microbial carbon 
sequestration 
Microbial carbon sequestration o�ers promising opportunities 
for enhancing carbon capture and storage (CCS) e�ciency. 
Bioengineering approaches can improve CO2 �xation in 
autotrophic and heterotrophic microorganisms by modifying 
CO2-�xing pathways and energy-harvesting systems [65]. 
Prokaryotes can be utilized for CCS monitoring and CO2 
utilization, with synthetic biology potentially maximizing CO2 
uptake [87]. Microbial ureolysis can enhance 
solubility-trapping of CO2 in brines and promote mineral 
formation, potentially reducing CO2 leakage [23]. �e 
microbial carbon pump (MCP) plays a crucial role in forming 
recalcitrant dissolved organic carbon (RDOC) in oceans, which 
can sequester carbon over long timescales [88]. Future research 
should focus on integrating the MCP with the biological pump, 

understanding POC-RDOC interactions, and developing new 
technologies for in-situ monitoring of microbial activity to 
improve CCS e�ciency [88,87].

Interdisciplinary approaches 
Interdisciplinary approaches combining geochemistry, 
microbiology, and geophysics, o�er valuable insights into 
subsurface microbial behaviour. Studies have demonstrated that 
geophysical techniques can detect microbial activity and 
associated biogeochemical processes. Bulk conductivity 
measurements have been linked to zones of enhanced microbial 
activity in hydrocarbon-impacted aquifers [89]. Bioremediation 
experiments have shown that indigenous bacteria can be 
stimulated to remove heavy metals through precipitation of 
sul�de phases, with geophysical surveys indicating changes in 
electrical conductance and magnetic susceptibility [90]. �e 
emerging �eld of biogeophysics focuses on detecting microbes, 
microbial growth, and microbe-mineral interactions using 
geophysical techniques [91]. Electrical-induced polarization 
measurements have been used to monitor stimulated microbial 
activity during subsurface bioremediation, revealing 
correlations between phase response and changes in 
groundwater geochemistry associated with iron and sulfate 
reduction and sul�de mineral precipitation [92]. �ese 
integrated approaches provide powerful tools for 
understanding and monitoring subsurface microbial processes.

Sustainable and scalable CCS solutions 
Microbial contributions to carbon capture and storage (CCS) 
o�er promising solutions for large-scale CO2 sequestration. 
Autotrophic aerobic bacteria can capture CO2 from industrial 
sources to produce microbial protein, potentially usable as food, 
feed, or fertilizer [93]. Natural microbial communities and 
synthetic biology approaches can enhance CO2 uptake and 
monitoring in geological storage sites [87]. Microbes can 
accelerate silicate weathering, potentially drawing down 
signi�cant amounts of CO2 while producing valuable 
by-products [94]. Engineering CO2-�xing pathways and 
energy-harvesting systems in autotrophic and heterotrophic 
microorganisms can improve CO2 �xation e�ciency, while 
rewiring metabolic pathways can reduce microbial CO2 
emissions and increase the carbon yield of value-added 
products [65]. �ese microbial CCS approaches o�er 
sustainable, scalable solutions for CO2 sequestration, though 
further research is needed to determine their economic 
feasibility and potential for large-scale implementation.

Conclusions
In summary, microbial communities enhance carbon capture 
and storage (CCS) by in�uencing geochemical processes such as 
mineralization, �uid dynamics, and biogeochemical cycling. 
�eir activities, including microbial-induced carbonate 
precipitation and bio�lm formation, can signi�cantly a�ect CO2 
sequestration e�ectiveness and long-term stability. Future 
research must focus on interdisciplinary approaches to better 
understand microbial geochemistry and its implications for 
CCS. Addressing current knowledge gaps and developing 
predictive models incorporating microbial dynamics will be 
essential for optimizing sequestration strategies. As we advance 
our understanding of these processes, harnessing microbial 
activities can enhance the stability and e�ciency of carbon 

sequestration, contributing signi�cantly to climate change 
mitigation e�orts.
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Carbon emissions from industrial activities and fossil fuel use 
have signi�cantly contributed to global climate change, causing 
rising temperatures, extreme weather events, and ecological 
disruptions. Addressing this issue requires reducing 
atmospheric CO2 levels. Carbon capture and storage has 
emerged as a critical strategy to mitigate climate change by 
capturing CO2 from point sources, such as power plants, and 
storing it in geological formations. �is process reduces 
emissions at the source and can help achieve global carbon 
neutrality goals. CCS technologies, particularly in subsurface 
environments, o�er promising potential to limit greenhouse gas 
accumulation and protect the planet's climate system.

 Carbon capture and sequestration have emerged as crucial 
technologies for addressing the global carbon emission problem 
and mitigating climate change [1]. �e increasing atmospheric 
CO2 concentration, primarily due to fossil fuel consumption, 
has led to global warming and ocean acidi�cation [2]. With 
fossil fuels supplying over 63% of global energy, CCS is pivotal 
in combating this crisis [1]. �e process involves capturing CO2 
from signi�cant sources, such as industrial plants, and storing it 
in geological reservoirs to achieve a carbon-neutral or negative 
budget [1,3]. While long-term solutions focus on sustainable 
energy generation, CCS can provide immediate mitigation for 
existing fossil fuel infrastructure [4]. �e Intergovernmental 
Panel on Climate Change (IPCC) has endorsed CCS as a viable 

mitigation strategy for developing countries, highlighting its 
importance in global e�orts to reduce CO2 emissions [3].

 Geologic carbon storage (GCS) in deep saline aquifers, 
depleted oil and gas �elds, and basalt formations are crucial 
for mitigating greenhouse gas emissions [5]. Deep saline 
aquifers o�er the largest storage potential, storing emissions 
for at least a century [6]. �ese formations are evaluated based 
on safety, storage capacity, and containment integrity [7]. CO2 
injection into saline aquifers creates a complex multiphase 
�ow system, but simplifying assumptions can provide 
practical insights into system behavior, including storage 
capacity estimates and leakage risk assessments [6]. �e 
Sleipner project demonstrates successful commercial-scale 
CO2 sequestration in saline aquifers [8]. While economic and 
policy challenges persist, CO2 storage in deep saline aquifers is 
a viable technology that can signi�cantly contribute to climate 
change mitigation e�orts.

 Microbial communities play a signi�cant role in 
in�uencing geochemical processes during carbon capture and 
storage (CCS). Studies have shown that CO2 leakage from 
storage sites can impact microbial diversity and activity in 
subsurface environments [9,10]. High CO2 levels can change 
pH, solute concentrations, and microbial community 
composition, a�ecting methanogenesis, metal reduction, and 
sulfate reduction [9,11]. Microorganisms adapted to high 

salinity and supercritical CO2 conditions have been observed in 
potential CCS sites, with implications for reservoir quality and 
stability [10]. However, knowledge gaps remain regarding the 
in�uence of factors such as redox conditions, CO2 in�ux rate, 
and mineralogy on CO2-induced reactions in potable aquifers 
and the vadose zone [12]. Understanding these microbial- 
geochemical interactions is crucial for assessing CCS's 
environmental impacts and risks. Moreover, microbes can 
facilitate reactions such as mineral dissolution, carbonate 
precipitation, and the formation of bio�lms, which may 
enhance or hinder carbon trapping in geological formations. 
�eir metabolic activities alter the chemical environment, 
potentially improving the e�ciency of long-term CO2 
sequestration. �is review explores recent advances in 
microbial geochemistry related to carbon capture and storage 
(CCS), aiming to assess microbial contributions to CCS, 
highlight knowledge gaps, and propose future research 
directions to improve CCS technology through microbial 
interactions.

Overview of Carbon Sequestration Methods 
Carbon sequestration methods focus on storing captured CO2 
in subsurface formations to mitigate atmospheric emissions. 
Geologic storage traps CO2 in deep formations like saline 
aquifers, depleted oil �elds, and basalt, while carbon 
mineralization converts it into stable minerals for permanent 
storage. Microbial geochemistry enhances these processes, 
in�uencing mineralization and long-term storage stability.

Geologic carbon storage (GCS)
GCS involves injecting CO2 into deep subsurface formations, 
trapped through various physical and chemical mechanisms. 
Once injected, the CO2 is stored in porous rock formations, 
typically at depths of over 800 meters, where high pressure and 
temperature keep it in a supercritical state. �ese formations 
o�er extensive storage capacity, with saline aquifers being the 
most common, while basalt formations facilitate mineralization 
due to their reactive nature. Carbon sequestration is crucial to 
mitigating climate change by reducing atmospheric CO2 levels. 
Various methods exist, including geological storage in oil and 
gas reservoirs, deep coal seams, saline aquifers, and salt caverns 
[13]. Ocean sequestration and mineral carbonation are 
potential options [14]. Biological methods involve soil carbon 
sequestration and phytosequestration through photosynthetic 
mechanisms in plants, cyanobacteria, and microalgae [15]. 
Other techniques include pre- and post-combustion CO2 
capture, membrane separation, amine scrubbing, and 
cryotechnology [16]. Enhancing natural CO2 sinking rates 
through terrestrial sequestration, ocean fertilization, and rock 
weathering can reduce carbon [14]. While these methods o�er 
signi�cant potential for carbon sequestration, each has 
advantages and disadvantages regarding capacity, cost, time 
scale, stability, and environmental impacts, necessitating careful 
evaluation before implementation [14,13].

Carbon mineralization 
Carbon mineralization is a process in which CO2 reacts with 
minerals, primarily calcium and magnesium silicates, to form 
stable carbonate minerals like calcite and magnesite. �is 
reaction permanently traps CO2 within the rock matrix, 
o�ering a secure carbon storage method. �is process involves 

converting CO2 into stable carbonate minerals by reacting with 
divalent cations like Ca²⁺, Mg²⁺, or Fe²⁺ [17]. It o�ers a more 
secure alternative to other trapping mechanisms, which can be 
reversible [18]. Studies have shown that over 95% of injected 
CO2 can be mineralized in basaltic rocks within two years, 
signi�cantly faster than previously thought [19]. Factors 
in�uencing mineralization include rock types; temperature, 
�uid composition, and CO2 phase [17]. While most carbon 
capture and storage projects focus on sedimentary basins, 
reactive rocks like basalts and peridotites o�er large potential 
volumes for carbon storage through mineralization [20]. 
Ongoing research aims to accelerate the mineralization process 
and explore its applicability on a global scale [18,20]. Basalt 
formations are particularly suitable for this process, as they 
contain high concentrations of reactive minerals. 
Mineralization locks CO2 in solid form and prevents its escape 
over time, providing long-term stability to carbon storage 
e�orts. �is process is critical for ensuring the permanent 
sequestration of captured CO2.

Role of microbial geochemistry in CCS 
Microbial communities in subsurface environments can 
signi�cantly in�uence carbon storage and mineralization 
processes. Methanogenesis can modify �uid composition and 
dynamics within storage reservoirs, potentially impacting CO2 
storage capacity and trapping mechanisms [21]. Long-term 
CO2 leakage can in�uence microbial communities, a�ecting 
subsurface biogeochemistry and carbon cycling [9]. 
Microorganisms in deep geological systems are relevant for 
underground gas storage and geothermal energy production, 
with implications for CCS, renewable energy storage, and 
geothermal energy [22]. Microbial processes, such as ureolysis, 
can enhance CCS through mineral-trapping and 
solubility-trapping. Ureolysis increases brine pH, promoting 
CO2 dissolution and carbonate precipitation, thus improving 
the solubility-trapping capacity of the brine [23]. 
Understanding these microbial processes is crucial for assessing 
CCS e�ciency and potential risks and developing monitoring 
strategies for CO2 storage sites. 

 Moreover, sulfate-reducing bacteria and methanogens 
catalyze chemical reactions that alter the geochemical 
conditions around stored CO2, impacting mineral trapping and 
�uid dynamics. For example, microbial-induced carbonate 
precipitation (MICP) can enhance mineralization by forming 
stable carbonate minerals. Microbially induced carbonate 
precipitation (MICP) shows promise for enhancing carbon 
capture and storage (CCS) through mineral trapping and 
solubility trapping. Ureolytic bacteria can precipitate dissolved 
CO2 as calcite, increasing incorporation rates at higher CO2 
pressures and urea concentrations [23]. MICP can also enhance 
pH through alkalization, increasing calcite precipitation in 
porous media [24]. �is process can potentially create 
subsurface hydraulic barriers near CO2 storage wellbores, 
improving storage security [25]. MICP o�ers a rapid alternative 
to natural carbonate formation, with urease-producing bacteria 
converting CO2 into calcium carbonate in various 
environments [26]. While ureolysis does not directly precipitate 
gaseous CO2, it increases brine pH, enhancing solubility 
trapping and reducing headspace CO2 concentrations [23]. 
�ese �ndings highlight MICP's potential for climate change 

promising carbon sequestration and environmental 
remediation process. MICP involves the conversion of CO2 into 
calcium carbonate (CaCO3) by urease-producing bacteria, 
which can thrive in various environments [26]. �e bacterial 
cell wall acts as a nucleation site for CaCO3 formation, with 
urease and carbonic anhydrase enzymes mediating the process 
[44]. MICP has multiple applications, including bio 
cementation, heavy metal removal, and CO2 sequestration [45]. 
�e e�ciency of CO2 sequestration during MICP is in�uenced 
by biotic factors, such as bacterial species and abiotic factors, 
including pH and medium components, with urea being the 
most critical component [46]. While MICP shows great 
potential for sustainable carbon management and climate 
change mitigation, challenges remain in implementing the 
technology commercially [44,45].

 �e impact of microbial activity on mineral dissolution 
varies depending on the microorganisms and minerals 
involved. While some studies suggest a weak e�ect of microbes 
on Ca-Mg silicate weathering, others demonstrate that 
microorganisms can signi�cantly modify mineral dissolution 
rates and mechanisms [47,48]. Certain microbial extracellular 
polymers can inhibit or enhance dissolution rates by up to three 
orders of magnitude, depending on pH and mineral 
composition [49]. In complex microbial consortia, 
heterotrophic bacteria may enhance mineral dissolution, while 
photosynthetic organisms can promote secondary mineral 
precipitation [50]. Microbial activity can lead to the formation 
of secondary minerals, including clays and carbonates, which 
impact soil fertility and CO2 sequestration [48,50]. �e 
microbial impact on mineral dissolution is complex and 
depends on the speci�c microbe-mineral interactions and 
environmental conditions.

Biofilm formation and its effects 
Microbial bio�lms in subsurface environments signi�cantly 
impact transport processes and permeability in porous media 
[51,52]. Depending on substrate �ux and surface loading, 
bio�lm formation can be continuous or discontinuous [53]. 
During nutrient-rich conditions, biomass accumulation 
decreases permeability, while starvation conditions lead to 
bio�lm evolution patterns a�ecting permeability di�erently 
[54]. �ese patterns include initial permeability decrease, 
stabilization, and potential increase due to bio�lm sloughing 
under shear stress [54]. �e critical shear stress for sloughing 
indicates bio�lm strength, with removal occurring when 
exceeded [54]. Understanding bio�lm formation and its e�ects 
on permeability is crucial for various applications, including 
subsurface remediation, enhanced oil recovery, and carbon 
dioxide sequestration [52]. However, the relationships between 
microbial growth and changes in porosity and permeability 
remain poorly understood, necessitating further research [51].

 Bio�lms in porous media signi�cantly impact �uid �ow 
and transport processes. �ey can reduce water permeability by 
up to 95% in biologically active zones [55]. Bio�lm growth and 
gas generation a�ect �ow patterns, with gas moving upwards in 
discrete �ngers and accumulating at the top of porous systems 
[55]. In CO2 storage, bio�lms have been proposed as 
bio-barriers to mitigate leakage from geological reservoirs [56]. 
In hydraulic fracturing, bio�lms can cause formation damage, 

reducing gas �ow rates by half when occupying approximately 
10% of pore volume [57]. �e distribution of bio�lms within 
pores also impacts �ow rates. Modeling studies show that overall 
permeability, �ow pathways, and pressure gradients are highly 
dependent on bio�lm ratio and permeability, with moderate 
impacts from bio�lm porosity at higher bio�lm levels [58].

Biogeochemical cycles 
Microorganisms alter biogeochemical cycles and enhance 
carbon sequestration in various ecosystems. In land�lls, 
microbes’ mediate carbon, nitrogen, and sulphur cycles during 
waste decomposition, in�uencing greenhouse gas emissions 
[59]. Soil inoculation with bacteria and cyanobacteria from 
biological soil crusts can increase carbon sequestration in 
degraded dryland soils, potentially removing signi�cant 
amounts of CO2 from the atmosphere [60]. While terrestrial 
ecosystems can be managed for carbon sequestration, 
manipulating speci�c microbes remains challenging [61]. 
Recent research has focused on developing microbial inoculants 
to enhance soil carbon sequestration, with promising 
candidates including arbuscular mycorrhizal fungi, melanising 
endophytic fungi, and plant growth-promoting bacteria [62]. 
�ese microorganisms contribute to carbon sequestration 
through various mechanisms, such as facilitating carbon 
transition from labile to recalcitrant pools and stimulating plant 
growth. �e "biochar + microbe system" is proposed as a 
potential solution to overcome limitations in building and 
retaining soil carbon stocks [62].

 Microbial enhancement of CO2 trapping in geological 
storage shows promise for mitigating climate change. 
Ureolysis-induced calcite precipitation can incorporate CO2 
from the gas phase, enhancing solubility trapping by increasing 
brine pH [23]. Microbes can adapt to extreme subsurface 
conditions, promoting CO2 dissolution and mineral corrosion 
and facilitating mineral trapping [63]. Acceleration methods for 
mineral trapping include co-injection of carbonic 
anhydrase-producing microbes or urea bacteria, selecting 
reservoirs with reactive minerals, and increasing mineral 
surface area through fracturing [64]. Engineering CO2-�xing 
pathways and energy-harvesting systems in autotrophic and 
heterotrophic microorganisms can improve CO2 �xation 
e�ciency, while rewiring metabolic pathways can reduce 
microbial CO2 emissions and increase the carbon yield of 
valuable products [65]. �ese strategies demonstrate the 
potential of biotechnology to enhance microbial CO2 
sequestration in geological storage sites.

Case Studies of Microbial Geochemistry in CCS 
Projects 
�e CarbFix project in Iceland demonstrates the potential of 
carbon sequestration in basaltic formations. Microbial 
communities in these environments are diverse and responsive 
to CO2 injection [66,67]. While CO2 injection can decrease 
microbial richness, it also promotes the growth of certain 
bacteria, potentially a�ecting aquifer redox state and carbon 
fate [67]. Experimental studies show that bacterial presence 
minimizes basalt dissolution rates and CO2 sequestration 
processes [68]. �e CarbFix project aims to capture and 
mineralize CO2 emissions from geothermal power plants, with 
extensive research conducted on site characterization, alteration 

mitigation through CO2 sequestration. Additionally, microbial 
activity may in�uence rock dissolution, bio�lm formation, and 
gas migration, all a�ecting the long-term stability and e�ciency 
of carbon sequestration e�orts. 

Microbial Communities in the Subsurface
Microbial communities in the deep subsurface are crucial to 
carbon sequestration, as their metabolic activities directly 
impact geochemical processes. �ese microbes in�uence 
carbon cycling and storage stability through pathways like 
methanogenesis, sulfate reduction, and iron reduction. 
Catalyzing or altering reactions can either enhance or inhibit 
CO2 mineralization, making their role essential to the 
long-term success of carbon capture and storage.

Types of microbial communities
Microbial communities in the terrestrial deep subsurface are 
diverse and in�uenced by various factors. Globally, aquifer 
lithology controls bacterial community diversity in deep 
groundwater, with Betaproteobacteria, Gammaproteobacteria, 
and Firmicutes dominating [27]. Depth and geological 
characteristics act as ecological �lters for archaeal and bacterial 
communities, while vertical water movement impacts shallow 
subsurface microbial assembly [28]. In uranium-contaminated 
sediments, geochemical conditions are selected for 
well-adapted taxa with prevalent nitrate-reducing bacteria [29]. 
Site-speci�c communities have been observed, such as 
iron-oxidizing Gallionella dominating bacterial communities in 
Romuvaara, Finland, alongside methanogenic and 
ammonia-oxidizing archaea [30]. Functional genes for methane 
cycling, sulfate reduction, and nitrate reduction have been 
detected, indicating diverse metabolic potentials in these 
environments [30]. Understanding these communities is crucial 
for developing e�ective bioremediation strategies and 
comprehending global subsurface element cycling. 

 Deep subsurface environments harbour diverse microbial 
communities with various metabolic pathways relevant to 
carbon cycling. Studies in the Fennoscandian Shield, South 
African gold mines, and the Iberian Pyrite Belt have revealed 
the presence of bacteria and archaea involved in 
methanogenesis, sulfate reduction, and iron oxidation [30-33]. 
�e Wood-Ljungdahl pathway for carbon �xation is prevalent 
in these environments, along with carbon monoxide 
dehydrogenase genes that support autotrophic and 
heterotrophic metabolisms [32]. Metagenomic analyses have 
identi�ed dominant phyla such as Euryarchaeota and 
Firmicutes in deep fracture �uids [32]. Molecular biomarkers 
and DNA microarray techniques have also detected methane 
oxidizers, sulfate-reducers, and metal oxidizers in these 
subsurface communities [33]. �ese �ndings highlight the 
complex interplay of microbial metabolisms in deep subsurface 
environments and their role in biogeochemical cycles.

 Anaerobic carbon cycling in wetlands involves several key 
metabolic pathways, including methanogenesis, sulfate 
reduction, and iron reduction. �e relative importance of these 
processes varies seasonally and across di�erent wetland types. 
Iron reduction is typically dominant early in the growing season 
in tidal freshwater and brackish marshes, gradually giving way 
to methanogenesis or sulfate reduction [34,35]. Methanogenesis 
occurs primarily through the aceticlastic pathway, except in 

more ombrotrophic peatlands early in the season [35]. While 
plants can in�uence these processes by releasing oxygen into the 
rhizosphere, their impact may be limited in some wetland 
systems [36]. Iron reduction can be the dominant carbon 
oxidation pathway in lacustrine sediments, followed by sulfate 
reduction, with methanogenesis playing a negligible role [37]. 
Factors such as soil chemistry, temperature, and water table 
depth in�uence the balance between these anaerobic metabolic 
pathways.

Microbial influence on geochemistry
Microorganisms are crucial in geochemical reactions relevant 
to carbon capture and storage (CCS). �ey can catalyze carbon 
cycling and biogeochemical reactions in deep subsurface 
environments, potentially in�uencing the fate of injected CO2 
[38]. Microbial metabolisms involving redox transformations of 
metals and metalloids can a�ect mineral precipitation, 
transformation, and dissolution, impacting modern and 
ancient geochemical cycles [39]. Elevated CO2 levels can alter 
groundwater pH and chemical speciation, a�ecting the 
thermodynamics and kinetics of microbial reactions such as 
syntrophic oxidation, iron reduction, sulfate reduction, and 
methanogenesis [40]. Microorganisms can also enhance carbon 
mineralization through bioalkalinization, increasing the pH of 
aqueous solutions and promoting calcite precipitation [41]. 
Understanding the genetic basis of these microbial processes is 
crucial for predicting their in�uence on geochemical cycles and 
their potential impact on CCS strategies [39].

 Microbial reactions can signi�cantly in�uence CO2 
mineralization in geological carbon sequestration. High CO2 
levels can alter groundwater pH and chemical speciation, 
a�ecting microbial reactions di�erently. While syntrophic 
oxidation and acetoclastic methanogenesis are inhibited, iron 
reduction and hydrogenotrophic processes may be enhanced 
[40]. Cyanobacteria can facilitate carbonate mineralization 
through their carbon dioxide-concentrating mechanism, 
potentially aiding biological carbon capture and storage [42]. 
Biomass growth can enhance calcite precipitation through 
bioalkalinization, o�ering a promising method for CO2 
immobilization [41]. �e survival of microorganisms under 
high CO2 pressures varies among species, with some 
gram-positive bacteria showing higher resilience. Mineral 
surfaces, particularly quartz sandstones, can protect microbes 
by facilitating bio�lm formation, while certain minerals may 
release toxic metals that increase microbial mortality under 
CO2 stress [43].

Microbial Impact on Carbon Sequestration 
Mechanisms 
Microbes signi�cantly impact carbon sequestration through 
various mechanisms. Microbial-induced carbonate 
precipitation (MICP) enhances CO2 trapping, while microbial 
activity in�uences mineral dissolution processes. Additionally, 
bio�lm formation in subsurface environments a�ects 
permeability, potentially altering �uid �ow and CO2 migration. 
Microbes also modify biogeochemical cycles; such as carbon, 
sulfur, and nitrogen; potentially enhancing mineral trapping 
and improving sequestration e�ciency.

Microbial-Driven mineralization processes 
Microbially induced carbonate precipitation (MICP) is a 

mineralogy, and numerical modelling [69]. Monitoring and 
reactive transport modelling are crucial in optimizing 
long-term site management and quantifying CO2 
mineralization [69]. Microbial activity in basalt formations has 
been observed in various case studies. In the oceanic crust at the 
Mid-Atlantic Ridge, nitrogen addition stimulated the growth of 
basalt-associated microorganisms, including iron-oxidizing 
bacteria [70]. �e Wallula pilot well in Washington State 
revealed diverse microbial communities in basalt formation 
waters, dominated by Proteobacteria, Firmicutes, and 
Actinobacteria, with microorganisms capable of various 
metabolic processes [66]. Experimental studies with basaltic 
rocks from Hawaii demonstrated that microbial activity, 
speci�cally by Burkholderia fungorum, enhanced rock 
alteration and Fe mobilization under nutrient-depleted 
conditions. Colonization experiments with synthetic basaltic 
glasses showed that microbial attachment and element 
dissolution were in�uenced by Fe redox state and residual stress 
in the glass [71]. �ese �ndings suggest that basaltic formations 
o�er promising opportunities for geological carbon 
sequestration, with potential applications worldwide.

 Microbial processes in saline aquifers and depleted oil 
�elds have been monitored to understand their impact on 
carbon storage and bioremediation. Studies have examined the 
e�ects of CO2 concentration on microbial communities in 
various subsurface environments [72]. In depleted oil reservoirs 
targeted for CO2 storage, high salinity and supercritical CO2 
concentrations were found to be selected for stress-tolerant 
microorganisms, potentially a�ecting reservoir quality and 
stability [10]. Monitoring techniques have included chemical, 
isotopic, and biological analyses to characterize microbial 
processes in contaminated aquifers [73]. �e use of Bio-Sep® 
biotraps has proven e�ective in collecting bio�lms that better 
represent in situ microbial ecology compared to planktonic 
organisms from groundwater samples [74]. �ese studies 
highlight the importance of understanding microbial 
community dynamics in subsurface environments for 
applications in carbon storage, bioremediation, and overall 
ecosystem management.

 Recent studies have highlighted the signi�cant role of 
microbial communities in carbon capture and storage (CCS) 
projects. In basalt formations, CO2 injection can lead to rapid 
changes in microbial populations, decreasing overall richness 
but increasing in speci�c groups like iron-oxidizing bacteria 
and aromatic compound degraders [67]. �ese changes can 
a�ect aquifer redox states and carbon fate. In hydrocarbon 
reservoirs, microbial methanogenesis has been shown to 
convert up to 13-19% of injected CO2 to methane, with rates of 
73-109 mmol CH4/m3/year observed [21]. �is process may be 
signi�cant across geological settings, particularly in depleted 
hydrocarbon �elds [21]. Pre-injection microbial communities 
in basalt formations have been found to include hydrogen 
oxidizers, methylotrophs, and methanogens, among others 
[66]. Understanding these microbial dynamics is crucial for 
e�ective CCS implementation and monitoring.

 Microbial communities can adapt to enhance the 
degradation of various compounds, including trace organic 
chemicals (TOrCs) and metals in environmental systems. 
Adaptation mechanisms may involve changes in carbon use 

e�ciency (CUE) or shi�s in community structure [75,76]. 
However, pre-exposure to TOrCs at ng/L levels does not 
necessarily a�ect their attenuation or in�uence microbial 
community structure and function in managed aquifer recharge 
systems [77]. Adaptation to xenobiotic compounds depends on 
factors such as concentration, exposure time, and chemical 
structure, with a threshold concentration of 10 ppb observed for 
some compounds [78]. Adapted microbial communities can 
achieve higher removal e�ciencies for various contaminants, 
including sulfate and metals [76]. Understanding these 
adaptation processes is crucial for optimizing bioremediation 
strategies and predicting ecosystem responses to environmental 
changes.

Challenges and Research Gaps 
Studying microbial geochemistry in carbon sequestration 
presents signi�cant challenges, including replicating subsurface 
conditions in labs and monitoring microbial activity at depth. 
Knowledge gaps persist regarding microbial population 
dynamics, interactions with host rock formations, and 
long-term impacts on storage stability. Additionally, predictive 
models integrating microbial activity with geochemical 
reactions remain underdeveloped, requiring further research.

Challenges in studying microbial geochemistry in CCS 
Studying microbial geochemistry in Carbon Capture and 
Storage (CCS) presents several challenges. Replicating 
subsurface conditions in laboratories is di�cult, and 
monitoring microbial activities at depth requires specialized 
techniques [22]. �e long-term impacts of microbial activity on 
storage stability are not fully understood [21]. Microbial 
processes, such as methanogenesis, can signi�cantly a�ect CO2 
storage by modifying �uid composition and dynamics within 
reservoirs [21]. Deep ecosystems respond quickly to CO2 
injections, with acidic CO2-charged groundwater causing a 
decrease in microbial richness while promoting the growth of 
certain bacterial species [67]. �e impact of potential CO2 
leakage on plants and microorganisms varies, with plants 
showing visible stress responses under high soil CO2 levels and 
microorganisms exhibiting more diverse reactions [79]. Further 
research is needed to understand these complex interactions 
better and ensure the environmental safety of CCS technology.

Current knowledge gaps 
Recent studies highlight signi�cant knowledge gaps in 
understanding microbial dynamics during carbon capture and 
storage (CCS). While CCS is crucial for reducing greenhouse 
gas emissions, microbial processes like methanogenesis can 
impact CO2 storage e�ciency and �uid dynamics [22]. �e 
bioavailability of H2 is likely to in�uence methanogenesis rates 
across di�erent storage sites [21]. Current research lacks 
comprehensive data on how elevated CO2 levels a�ect 
geochemical processes in aquifers and the vadose zone, with 
factors such as redox conditions and microbial activity 
requiring further investigation [12]. Deep subsurface 
microbiology is increasingly relevant for underground gas 
storage and geothermal energy production, necessitating more 
research into microbial interactions with these systems [22]. 
Field studies have shown that CO2 injection into basalt can 
rapidly alter microbial communities, potentially impacting 
aquifer redox states and carbon fate [67].

 �e interactions between microbial processes and host 
rock formations in subsurface environments are complex and 
poorly understood. Microorganisms can in�uence the 
dissolution and precipitation of minerals in caves and other 
rock-hosted systems [80]. �ese processes are controlled by 
lithology, permeability, and �uid mixing, a�ecting microbial 
communities' distribution and diversity [81]. Microbial 
activities can generate acidity, leading to cave wall dissolution or 
induce mineralization, forming various mineral deposits [80]. 
In radionuclide behaviour, microbial processes can impact 
solid-phase capture mechanisms, including sorption, reductive 
precipitation, and co-precipitation [82]. However, the speci�c 
physiological adaptations, growth rates, and synergistic 
interactions between microorganisms and minerals in these 
energy-limited environments remain largely unknown, 
necessitating further research to understand better these 
complex geomicrobiological systems [81,82].

Modeling microbial influence 
Microbial communities play a crucial role in biogeochemical 
cycles and ecosystem functions, but predicting their behaviour 
remains challenging [83,84]. Integrating microbial ecology into 
ecosystem models can improve predictions of carbon dynamics 
under environmental changes, such as warming, precipitation 
changes, and nitrogen enrichment [84]. However, building 
predictive models that link microbial community composition 
to function requires close coordination between experimental 
data collection and mathematical model development [85]. 
Advances in 'omics' - based approaches and systems biology can 
help characterize microbial system interactions impacting 
terrestrial carbon sequestration [86]. While directly linking 
genomes to global phenomena is challenging, connections at 
intermediate scales are feasible by integrating new analytical 
and modelling techniques [86]. �is integration could enhance 
our ability to develop and evaluate microbial strategies for 
capturing and sequestering atmospheric CO2 [86].

Future Directions and Opportunities 
�e future of carbon sequestration presents exciting 
opportunities to enhance e�ciency through microbial processes. 
By integrating bioengineering, interdisciplinary approaches, and 
sustainable practices, we can optimize microbial contributions to 
CCS and develop scalable solutions for e�ective CO2 
management.

Potential for enhanced microbial carbon 
sequestration 
Microbial carbon sequestration o�ers promising opportunities 
for enhancing carbon capture and storage (CCS) e�ciency. 
Bioengineering approaches can improve CO2 �xation in 
autotrophic and heterotrophic microorganisms by modifying 
CO2-�xing pathways and energy-harvesting systems [65]. 
Prokaryotes can be utilized for CCS monitoring and CO2 
utilization, with synthetic biology potentially maximizing CO2 
uptake [87]. Microbial ureolysis can enhance 
solubility-trapping of CO2 in brines and promote mineral 
formation, potentially reducing CO2 leakage [23]. �e 
microbial carbon pump (MCP) plays a crucial role in forming 
recalcitrant dissolved organic carbon (RDOC) in oceans, which 
can sequester carbon over long timescales [88]. Future research 
should focus on integrating the MCP with the biological pump, 

understanding POC-RDOC interactions, and developing new 
technologies for in-situ monitoring of microbial activity to 
improve CCS e�ciency [88,87].

Interdisciplinary approaches 
Interdisciplinary approaches combining geochemistry, 
microbiology, and geophysics, o�er valuable insights into 
subsurface microbial behaviour. Studies have demonstrated that 
geophysical techniques can detect microbial activity and 
associated biogeochemical processes. Bulk conductivity 
measurements have been linked to zones of enhanced microbial 
activity in hydrocarbon-impacted aquifers [89]. Bioremediation 
experiments have shown that indigenous bacteria can be 
stimulated to remove heavy metals through precipitation of 
sul�de phases, with geophysical surveys indicating changes in 
electrical conductance and magnetic susceptibility [90]. �e 
emerging �eld of biogeophysics focuses on detecting microbes, 
microbial growth, and microbe-mineral interactions using 
geophysical techniques [91]. Electrical-induced polarization 
measurements have been used to monitor stimulated microbial 
activity during subsurface bioremediation, revealing 
correlations between phase response and changes in 
groundwater geochemistry associated with iron and sulfate 
reduction and sul�de mineral precipitation [92]. �ese 
integrated approaches provide powerful tools for 
understanding and monitoring subsurface microbial processes.

Sustainable and scalable CCS solutions 
Microbial contributions to carbon capture and storage (CCS) 
o�er promising solutions for large-scale CO2 sequestration. 
Autotrophic aerobic bacteria can capture CO2 from industrial 
sources to produce microbial protein, potentially usable as food, 
feed, or fertilizer [93]. Natural microbial communities and 
synthetic biology approaches can enhance CO2 uptake and 
monitoring in geological storage sites [87]. Microbes can 
accelerate silicate weathering, potentially drawing down 
signi�cant amounts of CO2 while producing valuable 
by-products [94]. Engineering CO2-�xing pathways and 
energy-harvesting systems in autotrophic and heterotrophic 
microorganisms can improve CO2 �xation e�ciency, while 
rewiring metabolic pathways can reduce microbial CO2 
emissions and increase the carbon yield of value-added 
products [65]. �ese microbial CCS approaches o�er 
sustainable, scalable solutions for CO2 sequestration, though 
further research is needed to determine their economic 
feasibility and potential for large-scale implementation.

Conclusions
In summary, microbial communities enhance carbon capture 
and storage (CCS) by in�uencing geochemical processes such as 
mineralization, �uid dynamics, and biogeochemical cycling. 
�eir activities, including microbial-induced carbonate 
precipitation and bio�lm formation, can signi�cantly a�ect CO2 
sequestration e�ectiveness and long-term stability. Future 
research must focus on interdisciplinary approaches to better 
understand microbial geochemistry and its implications for 
CCS. Addressing current knowledge gaps and developing 
predictive models incorporating microbial dynamics will be 
essential for optimizing sequestration strategies. As we advance 
our understanding of these processes, harnessing microbial 
activities can enhance the stability and e�ciency of carbon 

sequestration, contributing signi�cantly to climate change 
mitigation e�orts.

Disclosure statement
No potential con�ict of interest was reported by the author.

References
1. Srivastava, K. Carbon capture and sequestration: An overview. Int J 

Res Appl Sci Eng Technol. 2021;9(12):               . 
https://doi.org/10.22214/ijraset.2021.39386 

2. Oelkers EH, Cole DR. Carbon dioxide sequestration a solution to a 
global problem. Elements. 2008;4(5):305-310.            . 
https://doi.org/10.2113/gselements.4.5.305 

3. Sood A, Vyas S. Carbon capture and sequestration-a review. InIOP 
Conference Series: Earth and Environmental Science. IOP 
Publishing; 2017. 012024p.

4. Spellman FR. �e science of carbon sequestration and capture. CRC 
Press; 2023.

5. Albertz M, Stewart SA, Goteti R. Perspectives on geologic carbon 
storage. Front Energy Res. 2023;10:1071735.            . 
https://doi.org/10.3389/fenrg.2022.1071735 

6. Celia MA, Bachu S, Nordbotten JM, Bandilla KW. Status of CO2 
storage in deep saline aquifers with emphasis on modeling 
approaches and practical simulations. Water Resour Res. 
2015;51(9):6846-6892. https://doi.org/10.1002/2015WR017609 

7. Rasool MH, Ahmad M, Ayoub M. Selecting geological formations 
for CO2 storage: A comparative rating system. Sustainability. 
2023;15(8):6599. https://doi.org/10.3390/su15086599 

8. Rosenbauer RJ, �omas B. Carbon dioxide (CO2) sequestration in 
deep saline aquifers and formations. InDevelopments and 
innovation in carbon dioxide (CO2) capture and storage 
technology. Woodhead Publishing; 2010. 57-103p.

9. Ham B, Choi BY, Chae GT, Kirk MF, Kwon MJ. Geochemical 
in�uence on microbial communities at CO2-leakage analog sites. 
Front Microbiol. 2017;8:2203.           .  
https://doi.org/10.3389/fmicb.2017.02203 

10. Stemple B, Gulliver D, Tinker K, Sarkar P, Miller J, Bibby K. 
Evaluation of the microbial community and geochemistry in 
produced waters collected from CO2 EOR in the niagaran pinnacle 
reef. ACS Earth Space Chem. 2022;6(12):2972-2982.           .  
https://doi.org/10.1021/acsearthspacechem.2c00247 

11. Orphan VJ, Go�redi SK, Delong EF, Boles JR. Geochemical 
in�uence on diversity and microbial processes in high temperature 
oil reservoirs. Geomicrobiol J. 2003;20(4):295-311.           .  
https://doi.org/10.1080/01490450303898 

12. Harvey OR, Qafoku NP, Cantrell KJ, Lee G, Amonette JE, Brown 
CF. Geochemical implications of gas leakage associated with 
geologic CO2 storage A qualitative review. Environ Sci Technol. 
2013;47(1):23-36. https://doi.org/10.1021/es3029457 

13. Voormeij DA, Simandl GJ. Geological, ocean, and mineral CO2 
sequestration options: a technical review. Geosci Can. 2004;31(1): 
11-22.

14. Yamasaki A. An overview of CO2 mitigation options for global 
warming—emphasizing CO2 sequestration options. J Chem Eng 
Jpn. 2003;36(4):361-375. https://doi.org/10.1252/jcej.36.361 

15. Nogia P, Sidhu GK, Mehrotra R, Mehrotra S. Capturing 
atmospheric carbon: biological and nonbiological methods. Int J 
Low-Carbon Technol. 2016;11(2):266-274.            . 
https://doi.org/10.1093/ijlct/ctt077 

16. Lal R. Carbon sequestration. Philosophical Transactions of the 
Royal Society B: Biological Sciences. 2008;363(1492):815-830. 
https://doi.org/10.1098/rstb.2007.2185 

17. Kim K, Kim D, Na Y, Song Y, Wang J. A review of carbon 
mineralization mechanism during geological CO2 storage. Heliyon. 
2023;9(12). https://doi.org/10.1016/j.heliyon.2023.e23135 

18. Carpenter C. Proposed methods accelerate permanent CO2-storage 
process. J Pet Technol. 2024;76(07):105-107.            . 

https://doi.org/10.2118/0724-0105-JPT 
19. Matter JM, Stute M, Snæbjörnsdottir SÓ, Oelkers EH, Gislason SR, 

Aradottir ES. Rapid carbon mineralization for permanent disposal 
of anthropogenic carbon dioxide emissions. Science. 2016; 
352(6291):1312-1314. https://doi.org/10.1126/science.aad8132 

20. Snæbjörnsdóttir SÓ, Sigfússon B, Marieni C, Goldberg D, Gislason 
SR, Oelkers EH. Carbon dioxide storage through mineral 
carbonation. Nat Rev Earth Environ. 2020;1(2):90-102.            .  
https://doi.org/10.1038/s43017-019-0011-8 

21. Tyne RL, Barry PH, Lawson M, Lloyd KG, Giovannelli D, Summers 
ZM, et al. Identifying and understanding microbial methanogenesis 
in CO2 storage. Environ Sci Technol. 2023;57(26):9459-9473. 
https://doi.org/10.1021/acs.est.2c08652 

22. Gniese C, Bombach P, Rakoczy J, Hoth N, Schlömann M, Richnow 
HH, et al. Relevance of deep-subsurface microbiology for 
underground gas storage and geothermal energy production. 
Geobiotechnology II: energy resources, subsurface technologies, 
organic pollutants and mining legal principles. 2014:95-121. 
https://doi.org/10.1007/10_2013_257 

23. Mitchell AC, Dideriksen K, Spangler LH, Cunningham AB, Gerlach 
R. Microbially enhanced carbon capture and storage by 
mineral-trapping and solubility-trapping. Environ Sci Technol. 
2010;44(13):5270-5276. https://doi.org/10.1021/es903270w 

24. Starnoni M, Sanchez-Vila X. Pore-scale modelling of microbially 
enhanced carbon mineralization. Available at SSRN 4572715. 2023.

25. Ebigbo A, Phillips A, Gerlach R, Helmig R, Cunningham AB, Class 
H, et al. Darcy‐scale modeling of microbially induced carbonate 
mineral precipitation in sand columns. Water Resour Res. 
2012;48(7). https://doi.org/10.1029/2011WR011714 

26. Fang C, Achal V. Enhancing carbon neutrality: A perspective on the 
role of microbially induced carbonate precipitation (MICP). 
Biogeotechnics. 2024;2(2):100083.               .  
https://doi.org/10.1016/j.bgtech.2024.100083 

27. Soares A, Edwards A, An D, Bagnoud A, Bradley J, Barnhart E, et al. 
A global perspective on bacterial diversity in the terrestrial deep 
subsurface. Microbiology. 2023;169(1):001172.           .  
https://doi.org/10.1099/mic.0.001172 

28. Meyer J, Zakhary S, Larocque M, Lazar CS. From surface to 
subsurface: diversity, composition, and abundance of sessile and 
endolithic bacterial, archaeal, and eukaryotic communities in sand, 
clay and rock substrates in the Laurentians (Quebec, Canada). 
Microorganisms. 2022;10(1):129.                  . 
https://doi.org/10.3390/microorganisms10010129 

29. Akob DM, Mills HJ, Kostka JE. Metabolically active microbial 
communities in uranium-contaminated subsurface sediments. 
FEMS Microbiol Ecol. 2007;59(1):95-107.          .   
https://doi.org/10.1111/j.1574-6941.2006.00203.x 

30. Purkamo L, Kietäväinen R, Miettinen H, Sohlberg E, Kukkonen I, 
Itävaara M, et al. Diversity and functionality of archaeal, bacterial 
and fungal communities in deep Archaean bedrock groundwater. 
FEMS Microbiol Ecol. 2018;94(8):�y116.           . 
https://doi.org/10.1093/femsec/�y116 

31. Momper L, Jungbluth SP, Lee MD, Amend JP. Energy and carbon 
metabolisms in a deep terrestrial subsurface �uid microbial 
community. ISME J. 2017;11(10):2319-2333.            . 
https://doi.org/10.1038/ismej.2017.94 

32. Magnabosco C, Ryan K, Lau MC, Kuloyo O, Sherwood LB, Kie� TL, 
et al. A metagenomic window into carbon metabolism at 3 km 
depth in Precambrian continental crust. ISME J. 2016;10(3): 
730-741. https://doi.org/10.1038/ismej.2015.150 

33. Puente‐Sánchez F, Moreno‐Paz M, Rivas LA, Cruz‐Gil P, 
García‐Villadangos M, Gómez MJ, et al. Deep subsurface sulfate 
reduction and methanogenesis in the Iberian Pyrite Belt revealed 
through geochemistry and molecular biomarkers. Geobiology. 
2014;12(1):34-47. https://doi.org/10.1111/gbi.12065 

34. Neubauer SC, Givler K, Valentine S, Megonigal JP. Seasonal 
patterns and plant‐mediated controls of subsurface wetland 
biogeochemistry. Ecology. 2005;86(12):3334-3344.      .  

https://doi.org/10.1890/04-1951 
35. Keller JK, Bridgham SD. Pathways of anaerobic carbon cycling 

across an ombrotrophic‐minerotrophic peatland gradient. Limnol 
Oceanogr. 2007;52(1):96-107.                 . 
https://doi.org/10.4319/lo.2007.52.1.0096 

36. Keller JK, Sutton-Grier AE, Bullock AL, Megonigal JP. Anaerobic 
metabolism in tidal freshwater wetlands: I. Plant removal e�ects on 
iron reduction and methanogenesis. Estuar Coast. 2013;36:457-470. 
https://doi.org/10.1007/s12237-012-9527-6 

37. �omsen U, �amdrup B, Stahl DA, Can�eld DE. Pathways of 
organic carbon oxidation in a deep lacustrine sediment, Lake 
Michigan. Limnol Oceanogr. 2004;49(6):2046-2057.            . 
https://doi.org/10.4319/lo.2004.49.6.2046 

38. Freedman AJ, Tan B, �ompson JR. Microbial potential for carbon 
and nutrient cycling in a geogenic supercritical carbon dioxide 
reservoir. Environ Microbiol. 2017;19(6):2228-2245.           .  
https://doi.org/10.1111/1462-2920.13706 

39. Croal LR, Gralnick JA, Malasarn D, Newman DK. �e genetics of 
geochemistry. Annu Rev Genet. 2004;38(1):175-202.           .  
https://doi.org/10.1146/annurev.genet.38.072902.091138 

40. Jin Q, Kirk MF. �ermodynamic and kinetic response of microbial 
reactions to high CO2. Front Microbiol. 2016;7:1696. 
https://doi.org/10.3389/fmicb.2016.01696 

41. Starnoni M, Sanchez-Vila X. Pore-scale modelling of subsurface 
biomineralization for carbon mineral storage. Adv Water Resour. 
2024;185:104641. https://doi.org/10.1016/j.advwatres.2024.104641 

42. Kamennaya NA, Ajo-Franklin CM, Northen T, Jansson C. 
Cyanobacteria as biocatalysts for carbonate mineralization. 
Minerals. 2012;2(4):338-364. https://doi.org/10.3390/min2040338 

43. Santillan EU, Kirk MF, Altman SJ, Bennett PC. Mineral in�uence on 
microbial survival during carbon sequestration. Geomicrobiol J. 
2013;30(7):578-592. https://doi.org/10.1080/01490451.2013.767396 

44. Shanmugam VK, Rangamaran VR. Microbial Calci�cation: An 
insight into carbonate precipitation and its emerging in�uence in 
diverse applications. Am J PharmTech Res. 2018;8(4).

45. Anbu P, Kang CH, Shin YJ, So JS. Formations of calcium carbonate 
minerals by bacteria and its multiple applications. Springerplus. 
2016;5:1-26. https://doi.org/10.1186/s40064-016-1869-2 

46. Okyay TO, Rodrigues DF. Biotic and abiotic e�ects on CO2 
sequestration during microbially-induced calcium carbonate 
precipitation. FEMS Microbiol Ecol. 2015;91(3):�v017. 
https://doi.org/10.1093/femsec/�v017 

47. Pokrovsky OS, Shirokova LS, Zabelina SA, Jordan G, Bénézeth P. 
Weak impact of microorganisms on Ca, Mg-bearing silicate 
weathering. npj Mater Degrad. 2021;5(1):51.           .  
https://doi.org/10.1038/s41529-021-00199-w 

48. Ban�eld JF, Barker WW, Welch SA, Taunton A. Biological impact 
on mineral dissolution: application of the lichen model to 
understanding mineral weathering in the rhizosphere. Proc Natl 
Acad Sci. 1999;96(7):3404-3411.                     .  
https://doi.org/10.1073/pnas.96.7.3404 

49. Welch SA, Vandevivere P. E�ect of microbial and other naturally 
occurring polymers on mineral dissolution. Geomicrobiol J. 
1994;12(4):227-238. https://doi.org/10.1080/01490459409377991 

50. Lamérand C, Shirokova LS, Bénézeth P, Rols JL, Pokrovsky OS. 
Olivine dissolution and hydrous Mg carbonate and silicate 
precipitation in the presence of microbial consortium of 
photo-autotrophic and heterotrophic bacteria. Geochim 
Cosmochim Acta. 2020;268:123-141.               .  
https://doi.org/10.1016/j.gca.2019.09.040 

51. Coombs P, Wagner D, Bateman K, Harrison H, Milodowski AE, 
Noy D, et al. �e role of bio�lms in subsurface transport processes. 
Q J Eng Geol Hydrogeol. 2010;43(2):131.           .  
https://doi.org/10.1144/1470-9236/08-029 

52. Gerlach R, Cunningham A. In�uence of microbial bio�lms on 
reactive transport in porous media. InAIP Conference Proceedings 
4. Am J Phys. 2012;1453(1):276-283.                              .  
https://doi.org/10.1063/1.4711188 

53. Rittmann BE. �e signi�cance of bio�lms in porous media. Water 
Resour Res. 1993;29(7):2195-2202.               .  
https://doi.org/10.1029/93WR00611 

54. Kim DS, Fogler HS. Biomass evolution in porous media and its 
e�ects on permeability under starvation conditions. Biotechnol 
Bioeng. 2000;69(1):47-56.            . 
https://doi.org/10.1002/(SICI)1097-0290(20000705)69:1%3C47::AI
D-BIT6%3E3.0.CO;2-N 

55. Ye S, Sleep BE, Chien C. �e impact of methanogenesis on �ow and 
transport in coarse sand. J Contam Hydrol. 2009;103(1-2):48-57. 
https://doi.org/10.1016/j.jconhyd.2008.09.004 

56. Ebigbo A. Modelling of bio�lm growth and its in�uence on CO2 
and water (two-phase) �ow in porous media. 2009. 

57. Bottero S, Picioreanu C, Enzien M, Van Loosdrecht MC, Bruining 
H, Heimovaara T. Formation damage and impact on gas �ow 
caused by bio�lms growing within proppant packing used in 
hydraulic fracturing. InSPE International Conference and 
Exhibition on Formation Damage Control. SPE; 2010. 
SPE-128066p. 

58. Karimifard S, Li X, Elowsky C, Li Y. Modeling the impact of 
evolving bio�lms on �ow in porous media inside a micro�uidic 
channel. Water Res. 2021;188:116536.            . 
https://doi.org/10.1016/j.watres.2020.116536 

59. Song L, Wang Y, Zhang R, Yang S. Microbial mediation of carbon, 
nitrogen, and sulfur cycles during solid waste decomposition. 
Microb Ecol. 2023;86(1):311-324.           .  
https://doi.org/10.1007/s00248-022-02056-y 

60. Kheirfam H. Increasing soil potential for carbon sequestration 
using microbes from biological soil crusts. J Arid Environ. 
2020;172:104022. https://doi.org/10.1016/j.jaridenv.2019.104022 

61. King GM. Enhancing soil carbon storage for carbon remediation: 
potential contributions and constraints by microbes. Trends 
Microbiol. 2011;19(2):75-84.           .  
https://doi.org/10.1016/j.tim.2010.11.006 

62. Mason AR, Salomon MJ, Lowe AJ, Cavagnaro TR. Microbial 
solutions to soil carbon sequestration. J Clean Prod. 2023:137993. 
https://doi.org/10.1016/j.jclepro.2023.137993 

63. Zhao J, Lu W, Zhang F, Lu C, Du J, Zhu R, Sun L. Evaluation of CO2 
solubility-trapping and mineral-trapping in microbial-mediated 
CO2–brine–sandstone interaction. Mar Pollut Bull. 
2014;85(1):78-85. https://doi.org/10.1016/j.marpolbul.2014.06.019 

64. Khandoozi S, Hazlett R, Fustic M. A critical review of CO2 mineral 
trapping in sedimentary reservoirs–from theory to application: 
Pertinent parameters, acceleration methods and evaluation 
work�ow. Earth Sci Rev. 2023:104515.           .  
https://doi.org/10.1016/j.earscirev.2023.104515 

65. Hu G, Li Y, Ye C, Liu L, Chen X. Engineering microorganisms for 
enhanced CO2 sequestration. Trends Biotechnol. 2019;37(5): 
532-547. https://doi.org/10.1016/j.tibtech.2018.10.008 

66. Lavalleur HJ, Colwell FS. Microbial characterization of basalt 
formation waters targeted for geological carbon sequestration. 
FEMS Microbiol Ecol. 2013;85(1):62-73.           .  
https://doi.org/10.1111/1574-6941.12098 

67. Trias R, Ménez B, le Campion P, Zivanovic Y, Lecourt L, Lecoeuvre 
A, et al. High reactivity of deep biota under anthropogenic CO2 
injection into basalt. Nat Commun. 2017;8(1):1063.           .  
https://doi.org/10.1038/s41467-017-01288-8 

68. Gabrielle J. Stockmann. Experimental Study of Basalt 
Carbonatization. Geochemistry. Université Paul Sabatier - Toulouse 
III, 2012. 

69. Aradóttir ES, Sigurdardóttir H, Sigfússon B, Gunnlaugsson E. 
CarbFix: a CCS pilot project imitating and accelerating natural CO2 
sequestration. Greenh Gases: Sci Technol. 2011;1(2):105-118. 
https://doi.org/10.1002/ghg.18 

70. Zhang X, Fang J, Bach W, Edwards KJ, Orcutt BN, Wang F. Nitrogen 
stimulates the growth of subsurface basalt-associated 
microorganisms at the western �ank of the Mid-Atlantic Ridge. 
Front Microbiol. 2016;7:633.                          .  

https://doi.org/10.3389/fmicb.2016.00633 
71. Stranghoener M, Schippers A, Dultz S, Behrens H. Experimental 

microbial alteration and Fe mobilization from basaltic rocks of the 
ICDP HSDP2 drill core, Hilo, Hawaii. Front Microbiol. 
2018;9:1252. https://doi.org/10.3389/fmicb.2018.01252 

72. Gulliver DM, Lowry GV, Gregory KB. Comparative study of e�ects 
of CO2 concentration and pH on microbial communities from a 
saline aquifer, a depleted oil reservoir, and a freshwater aquifer. 
Environ Eng Sci. 2016;33(10):806-816.            . 
https://doi.org/10.1089/ees.2015.0368 

73. Bolliger C, Schönholzer F, Schroth MH, Hahn D, Bernasconi SM, 
Zeyer J. Characterizing intrinsic bioremediation in a petroleum 
hydrocarbon-contaminated aquifer by combined chemical, 
isotopic, and biological analyses. Biorem J. 2000;4(4):359-371. 
https://doi.org/10.1080/10889860091114301 

74. Sublette K, Peacock A, White D, Davis G, Ogles D, Cook D, et al. 
Monitoring subsurface microbial ecology in a sulfate‐amended, 
gasoline‐contaminated aquifer. Ground Water Monit Remediat. 2006; 
26(2):70-78. https://doi.org/10.1111/j.1745-6592.2006.00072.x 

75. Allison SD. Modeling adaptation of carbon use e�ciency in 
microbial communities. Front Microbiol. 2014;5:571. 
https://doi.org/10.3389/fmicb.2014.00571 

76. Gomez DV, Serrano A, Peces M, Ryan B, Hofmann H, Southam G. 
A sequential bioreactor adaption strategy enhanced the 
precipitation of metals from tailings’ leachates. Miner Eng. 
2021;170:107051. https://doi.org/10.1016/j.mineng.2021.107051 

77. Alidina M, Li D, Drewes JE. Investigating the role for adaptation of 
the microbial community to transform trace organic chemicals 
during managed aquifer recharge. Water Res. 2014;56:172-180. 
https://doi.org/10.1016/j.watres.2014.02.046 

78. Spain JC, Van Veld PA. Adaptation of natural microbial 
communities to degradation of xenobiotic compounds: E�ects of 
concentration, exposure time, inoculum, and chemical structure. 
Appl Environ Microbiol. 1983;45(2):428-435.           .  
https://doi.org/10.1128/aem.45.2.428-435.1983 

79. Ko D, Yoo G, Yun ST, Chung H. Impacts of CO2 leakage on plants 
and microorganisms: A review of results from CO2 release 
experiments and storage sites. Greenh Gases: Sci Technol. 
2016;6(3):319-338. https://doi.org/10.1002/ghg.1593 

80. E. Northup, Kathleen H. Lavoie D. Geomicrobiology of caves: a 
review. Geomicrobiol J. 2001;18(3):199-222.           .  
https://doi.org/10.1080/01490450152467750 

81. Templeton AS, Caro TA. �e rock-hosted biosphere. Ann Rev Earth 
Planet Sci. 2023;51(1):493-519.                     .  
https://doi.org/10.1146/annurev-earth-031920-081957 

82. Brookshaw DR, Pattrick RA, Lloyd JR, Vaughan DJ. Microbial 
e�ects on mineral–radionuclide interactions and radionuclide 
solid-phase capture processes. Mineral Mag. 2012;76(3):777-806. 
https://doi.org/10.1180/minmag.2012.076.3.25 

83. Newman DK, Ban�eld JF. Geomicrobiology: how molecular-scale 
interactions underpin biogeochemical systems. Science. 2002; 
296(5570):1071-1077. https://doi.org/10.1126/science.1010716 

84. Treseder KK, Balser TC, Bradford MA, Brodie EL, Dubinsky EA, 
Eviner VT, et al. Integrating microbial ecology into ecosystem 
models: challenges and priorities. Biogeochemistry. 2012;109:7-18. 
https://doi.org/10.1007/s10533-011-9636-5 

85. Widder S, Allen RJ, Pfei�er T, Curtis TP, Wiuf C, Sloan WT, et al. 
Challenges in microbial ecology: building predictive understanding 
of community function and dynamics. �e ISME J. 
2016;10(11):2557-2568. https://doi.org/10.1038/ismej.2016.45 

86. Trivedi P, Anderson IC, Singh BK. Microbial modulators of soil 
carbon storage: integrating genomic and metabolic knowledge for 
global prediction. Trends Microbiol. 2013;21(12):641-651. 
https://doi.org/10.1016/j.tim.2013.09.005 

87. Hicks N, Vik U, Taylor P, Ladoukakis E, Park J, Kolisis F, et al. Using 
prokaryotes for carbon capture storage. Trends Biotechnol. 
2017;35(1):22-32. https://doi.org/10.1016/j.tibtech.2016.06.011 

88. Jiao N, Robinson C, Azam F, �omas H, Baltar F, Dang H, et al. 
Mechanisms of microbial carbon sequestration in the ocean–future 
research directions. Biogeosciences. 2014;11(19):5285-5306. 
https://doi.org/10.5194/bg-11-5285-2014 

89. Atekwana EA, Atekwana E, Legall FD, Krishnamurthy RV. Field 
evidence for geophysical detection of subsurface zones of enhanced 
microbial activity. Geophys Res Lett. 2004;31(23). 
https://doi.org/10.1029/2004GL021576 

90. Saunders JA, Lee MK, Wolf LW, Morton CM, Feng Y, �omson I, et 
al. Geochemical, microbiological, and geophysical assessments of 
anaerobic immobilization of heavy metals. Bioremediat J. 
2005;9(1):33-48. https://doi.org/10.1080/10889860590929583 

91. Atekwana EA, Slater LD. Biogeophysics: A new frontier in Earth 
science research. Rev Geophys. 2009;47(4).            . 
https://doi.org/10.1029/2009RG000285 

92. Williams KH, Kemna A, Wilkins MJ, Druhan J, Arntzen E, 
N’Guessan AL, et al. Geophysical monitoring of coupled microbial 
and geochemical processes during stimulated subsurface 
bioremediation. Environ Sci Technol. 2009;43(17):6717-6723. 
https://doi.org/10.1021/es900855j 

93. Pikaar I, De Vrieze J, Rabaey K, Herrero M, Smith P, Verstraete W. 
Carbon emission avoidance and capture by producing in-reactor 
microbial biomass based food, feed and slow release fertilizer: 
potentials and limitations. Sci Total Environ. 2018;644:1525-1530. 
https://doi.org/10.1016/j.scitotenv.2018.07.089 

94. Van Den Berghe M, Walworth NG, Dalvie NC, Dupont CL, 
Springer M, Andrews MG, et al. Microbial catalysis for CO2 
sequestration: A geobiological approach. Cold Spring Harb 
Perspect Biol. 2024;16(5):a041673.                     .  
https://doi.org/10.1101/cshperspect.a041673 

J. Geosci. Insights., 2024, 2, 21-29 © Reseapro Journals 2024
https://doi.org/10.61577/jgi.2024.1000013

JOURNAL OF GEOSCIENCES INSIGHTS
2024, VOL. 2, ISSUE 3

26



Carbon emissions from industrial activities and fossil fuel use 
have signi�cantly contributed to global climate change, causing 
rising temperatures, extreme weather events, and ecological 
disruptions. Addressing this issue requires reducing 
atmospheric CO2 levels. Carbon capture and storage has 
emerged as a critical strategy to mitigate climate change by 
capturing CO2 from point sources, such as power plants, and 
storing it in geological formations. �is process reduces 
emissions at the source and can help achieve global carbon 
neutrality goals. CCS technologies, particularly in subsurface 
environments, o�er promising potential to limit greenhouse gas 
accumulation and protect the planet's climate system.

 Carbon capture and sequestration have emerged as crucial 
technologies for addressing the global carbon emission problem 
and mitigating climate change [1]. �e increasing atmospheric 
CO2 concentration, primarily due to fossil fuel consumption, 
has led to global warming and ocean acidi�cation [2]. With 
fossil fuels supplying over 63% of global energy, CCS is pivotal 
in combating this crisis [1]. �e process involves capturing CO2 
from signi�cant sources, such as industrial plants, and storing it 
in geological reservoirs to achieve a carbon-neutral or negative 
budget [1,3]. While long-term solutions focus on sustainable 
energy generation, CCS can provide immediate mitigation for 
existing fossil fuel infrastructure [4]. �e Intergovernmental 
Panel on Climate Change (IPCC) has endorsed CCS as a viable 

mitigation strategy for developing countries, highlighting its 
importance in global e�orts to reduce CO2 emissions [3].

 Geologic carbon storage (GCS) in deep saline aquifers, 
depleted oil and gas �elds, and basalt formations are crucial 
for mitigating greenhouse gas emissions [5]. Deep saline 
aquifers o�er the largest storage potential, storing emissions 
for at least a century [6]. �ese formations are evaluated based 
on safety, storage capacity, and containment integrity [7]. CO2 
injection into saline aquifers creates a complex multiphase 
�ow system, but simplifying assumptions can provide 
practical insights into system behavior, including storage 
capacity estimates and leakage risk assessments [6]. �e 
Sleipner project demonstrates successful commercial-scale 
CO2 sequestration in saline aquifers [8]. While economic and 
policy challenges persist, CO2 storage in deep saline aquifers is 
a viable technology that can signi�cantly contribute to climate 
change mitigation e�orts.

 Microbial communities play a signi�cant role in 
in�uencing geochemical processes during carbon capture and 
storage (CCS). Studies have shown that CO2 leakage from 
storage sites can impact microbial diversity and activity in 
subsurface environments [9,10]. High CO2 levels can change 
pH, solute concentrations, and microbial community 
composition, a�ecting methanogenesis, metal reduction, and 
sulfate reduction [9,11]. Microorganisms adapted to high 

salinity and supercritical CO2 conditions have been observed in 
potential CCS sites, with implications for reservoir quality and 
stability [10]. However, knowledge gaps remain regarding the 
in�uence of factors such as redox conditions, CO2 in�ux rate, 
and mineralogy on CO2-induced reactions in potable aquifers 
and the vadose zone [12]. Understanding these microbial- 
geochemical interactions is crucial for assessing CCS's 
environmental impacts and risks. Moreover, microbes can 
facilitate reactions such as mineral dissolution, carbonate 
precipitation, and the formation of bio�lms, which may 
enhance or hinder carbon trapping in geological formations. 
�eir metabolic activities alter the chemical environment, 
potentially improving the e�ciency of long-term CO2 
sequestration. �is review explores recent advances in 
microbial geochemistry related to carbon capture and storage 
(CCS), aiming to assess microbial contributions to CCS, 
highlight knowledge gaps, and propose future research 
directions to improve CCS technology through microbial 
interactions.

Overview of Carbon Sequestration Methods 
Carbon sequestration methods focus on storing captured CO2 
in subsurface formations to mitigate atmospheric emissions. 
Geologic storage traps CO2 in deep formations like saline 
aquifers, depleted oil �elds, and basalt, while carbon 
mineralization converts it into stable minerals for permanent 
storage. Microbial geochemistry enhances these processes, 
in�uencing mineralization and long-term storage stability.

Geologic carbon storage (GCS)
GCS involves injecting CO2 into deep subsurface formations, 
trapped through various physical and chemical mechanisms. 
Once injected, the CO2 is stored in porous rock formations, 
typically at depths of over 800 meters, where high pressure and 
temperature keep it in a supercritical state. �ese formations 
o�er extensive storage capacity, with saline aquifers being the 
most common, while basalt formations facilitate mineralization 
due to their reactive nature. Carbon sequestration is crucial to 
mitigating climate change by reducing atmospheric CO2 levels. 
Various methods exist, including geological storage in oil and 
gas reservoirs, deep coal seams, saline aquifers, and salt caverns 
[13]. Ocean sequestration and mineral carbonation are 
potential options [14]. Biological methods involve soil carbon 
sequestration and phytosequestration through photosynthetic 
mechanisms in plants, cyanobacteria, and microalgae [15]. 
Other techniques include pre- and post-combustion CO2 
capture, membrane separation, amine scrubbing, and 
cryotechnology [16]. Enhancing natural CO2 sinking rates 
through terrestrial sequestration, ocean fertilization, and rock 
weathering can reduce carbon [14]. While these methods o�er 
signi�cant potential for carbon sequestration, each has 
advantages and disadvantages regarding capacity, cost, time 
scale, stability, and environmental impacts, necessitating careful 
evaluation before implementation [14,13].

Carbon mineralization 
Carbon mineralization is a process in which CO2 reacts with 
minerals, primarily calcium and magnesium silicates, to form 
stable carbonate minerals like calcite and magnesite. �is 
reaction permanently traps CO2 within the rock matrix, 
o�ering a secure carbon storage method. �is process involves 

converting CO2 into stable carbonate minerals by reacting with 
divalent cations like Ca²⁺, Mg²⁺, or Fe²⁺ [17]. It o�ers a more 
secure alternative to other trapping mechanisms, which can be 
reversible [18]. Studies have shown that over 95% of injected 
CO2 can be mineralized in basaltic rocks within two years, 
signi�cantly faster than previously thought [19]. Factors 
in�uencing mineralization include rock types; temperature, 
�uid composition, and CO2 phase [17]. While most carbon 
capture and storage projects focus on sedimentary basins, 
reactive rocks like basalts and peridotites o�er large potential 
volumes for carbon storage through mineralization [20]. 
Ongoing research aims to accelerate the mineralization process 
and explore its applicability on a global scale [18,20]. Basalt 
formations are particularly suitable for this process, as they 
contain high concentrations of reactive minerals. 
Mineralization locks CO2 in solid form and prevents its escape 
over time, providing long-term stability to carbon storage 
e�orts. �is process is critical for ensuring the permanent 
sequestration of captured CO2.

Role of microbial geochemistry in CCS 
Microbial communities in subsurface environments can 
signi�cantly in�uence carbon storage and mineralization 
processes. Methanogenesis can modify �uid composition and 
dynamics within storage reservoirs, potentially impacting CO2 
storage capacity and trapping mechanisms [21]. Long-term 
CO2 leakage can in�uence microbial communities, a�ecting 
subsurface biogeochemistry and carbon cycling [9]. 
Microorganisms in deep geological systems are relevant for 
underground gas storage and geothermal energy production, 
with implications for CCS, renewable energy storage, and 
geothermal energy [22]. Microbial processes, such as ureolysis, 
can enhance CCS through mineral-trapping and 
solubility-trapping. Ureolysis increases brine pH, promoting 
CO2 dissolution and carbonate precipitation, thus improving 
the solubility-trapping capacity of the brine [23]. 
Understanding these microbial processes is crucial for assessing 
CCS e�ciency and potential risks and developing monitoring 
strategies for CO2 storage sites. 

 Moreover, sulfate-reducing bacteria and methanogens 
catalyze chemical reactions that alter the geochemical 
conditions around stored CO2, impacting mineral trapping and 
�uid dynamics. For example, microbial-induced carbonate 
precipitation (MICP) can enhance mineralization by forming 
stable carbonate minerals. Microbially induced carbonate 
precipitation (MICP) shows promise for enhancing carbon 
capture and storage (CCS) through mineral trapping and 
solubility trapping. Ureolytic bacteria can precipitate dissolved 
CO2 as calcite, increasing incorporation rates at higher CO2 
pressures and urea concentrations [23]. MICP can also enhance 
pH through alkalization, increasing calcite precipitation in 
porous media [24]. �is process can potentially create 
subsurface hydraulic barriers near CO2 storage wellbores, 
improving storage security [25]. MICP o�ers a rapid alternative 
to natural carbonate formation, with urease-producing bacteria 
converting CO2 into calcium carbonate in various 
environments [26]. While ureolysis does not directly precipitate 
gaseous CO2, it increases brine pH, enhancing solubility 
trapping and reducing headspace CO2 concentrations [23]. 
�ese �ndings highlight MICP's potential for climate change 

promising carbon sequestration and environmental 
remediation process. MICP involves the conversion of CO2 into 
calcium carbonate (CaCO3) by urease-producing bacteria, 
which can thrive in various environments [26]. �e bacterial 
cell wall acts as a nucleation site for CaCO3 formation, with 
urease and carbonic anhydrase enzymes mediating the process 
[44]. MICP has multiple applications, including bio 
cementation, heavy metal removal, and CO2 sequestration [45]. 
�e e�ciency of CO2 sequestration during MICP is in�uenced 
by biotic factors, such as bacterial species and abiotic factors, 
including pH and medium components, with urea being the 
most critical component [46]. While MICP shows great 
potential for sustainable carbon management and climate 
change mitigation, challenges remain in implementing the 
technology commercially [44,45].

 �e impact of microbial activity on mineral dissolution 
varies depending on the microorganisms and minerals 
involved. While some studies suggest a weak e�ect of microbes 
on Ca-Mg silicate weathering, others demonstrate that 
microorganisms can signi�cantly modify mineral dissolution 
rates and mechanisms [47,48]. Certain microbial extracellular 
polymers can inhibit or enhance dissolution rates by up to three 
orders of magnitude, depending on pH and mineral 
composition [49]. In complex microbial consortia, 
heterotrophic bacteria may enhance mineral dissolution, while 
photosynthetic organisms can promote secondary mineral 
precipitation [50]. Microbial activity can lead to the formation 
of secondary minerals, including clays and carbonates, which 
impact soil fertility and CO2 sequestration [48,50]. �e 
microbial impact on mineral dissolution is complex and 
depends on the speci�c microbe-mineral interactions and 
environmental conditions.

Biofilm formation and its effects 
Microbial bio�lms in subsurface environments signi�cantly 
impact transport processes and permeability in porous media 
[51,52]. Depending on substrate �ux and surface loading, 
bio�lm formation can be continuous or discontinuous [53]. 
During nutrient-rich conditions, biomass accumulation 
decreases permeability, while starvation conditions lead to 
bio�lm evolution patterns a�ecting permeability di�erently 
[54]. �ese patterns include initial permeability decrease, 
stabilization, and potential increase due to bio�lm sloughing 
under shear stress [54]. �e critical shear stress for sloughing 
indicates bio�lm strength, with removal occurring when 
exceeded [54]. Understanding bio�lm formation and its e�ects 
on permeability is crucial for various applications, including 
subsurface remediation, enhanced oil recovery, and carbon 
dioxide sequestration [52]. However, the relationships between 
microbial growth and changes in porosity and permeability 
remain poorly understood, necessitating further research [51].

 Bio�lms in porous media signi�cantly impact �uid �ow 
and transport processes. �ey can reduce water permeability by 
up to 95% in biologically active zones [55]. Bio�lm growth and 
gas generation a�ect �ow patterns, with gas moving upwards in 
discrete �ngers and accumulating at the top of porous systems 
[55]. In CO2 storage, bio�lms have been proposed as 
bio-barriers to mitigate leakage from geological reservoirs [56]. 
In hydraulic fracturing, bio�lms can cause formation damage, 

reducing gas �ow rates by half when occupying approximately 
10% of pore volume [57]. �e distribution of bio�lms within 
pores also impacts �ow rates. Modeling studies show that overall 
permeability, �ow pathways, and pressure gradients are highly 
dependent on bio�lm ratio and permeability, with moderate 
impacts from bio�lm porosity at higher bio�lm levels [58].

Biogeochemical cycles 
Microorganisms alter biogeochemical cycles and enhance 
carbon sequestration in various ecosystems. In land�lls, 
microbes’ mediate carbon, nitrogen, and sulphur cycles during 
waste decomposition, in�uencing greenhouse gas emissions 
[59]. Soil inoculation with bacteria and cyanobacteria from 
biological soil crusts can increase carbon sequestration in 
degraded dryland soils, potentially removing signi�cant 
amounts of CO2 from the atmosphere [60]. While terrestrial 
ecosystems can be managed for carbon sequestration, 
manipulating speci�c microbes remains challenging [61]. 
Recent research has focused on developing microbial inoculants 
to enhance soil carbon sequestration, with promising 
candidates including arbuscular mycorrhizal fungi, melanising 
endophytic fungi, and plant growth-promoting bacteria [62]. 
�ese microorganisms contribute to carbon sequestration 
through various mechanisms, such as facilitating carbon 
transition from labile to recalcitrant pools and stimulating plant 
growth. �e "biochar + microbe system" is proposed as a 
potential solution to overcome limitations in building and 
retaining soil carbon stocks [62].

 Microbial enhancement of CO2 trapping in geological 
storage shows promise for mitigating climate change. 
Ureolysis-induced calcite precipitation can incorporate CO2 
from the gas phase, enhancing solubility trapping by increasing 
brine pH [23]. Microbes can adapt to extreme subsurface 
conditions, promoting CO2 dissolution and mineral corrosion 
and facilitating mineral trapping [63]. Acceleration methods for 
mineral trapping include co-injection of carbonic 
anhydrase-producing microbes or urea bacteria, selecting 
reservoirs with reactive minerals, and increasing mineral 
surface area through fracturing [64]. Engineering CO2-�xing 
pathways and energy-harvesting systems in autotrophic and 
heterotrophic microorganisms can improve CO2 �xation 
e�ciency, while rewiring metabolic pathways can reduce 
microbial CO2 emissions and increase the carbon yield of 
valuable products [65]. �ese strategies demonstrate the 
potential of biotechnology to enhance microbial CO2 
sequestration in geological storage sites.

Case Studies of Microbial Geochemistry in CCS 
Projects 
�e CarbFix project in Iceland demonstrates the potential of 
carbon sequestration in basaltic formations. Microbial 
communities in these environments are diverse and responsive 
to CO2 injection [66,67]. While CO2 injection can decrease 
microbial richness, it also promotes the growth of certain 
bacteria, potentially a�ecting aquifer redox state and carbon 
fate [67]. Experimental studies show that bacterial presence 
minimizes basalt dissolution rates and CO2 sequestration 
processes [68]. �e CarbFix project aims to capture and 
mineralize CO2 emissions from geothermal power plants, with 
extensive research conducted on site characterization, alteration 

mitigation through CO2 sequestration. Additionally, microbial 
activity may in�uence rock dissolution, bio�lm formation, and 
gas migration, all a�ecting the long-term stability and e�ciency 
of carbon sequestration e�orts. 

Microbial Communities in the Subsurface
Microbial communities in the deep subsurface are crucial to 
carbon sequestration, as their metabolic activities directly 
impact geochemical processes. �ese microbes in�uence 
carbon cycling and storage stability through pathways like 
methanogenesis, sulfate reduction, and iron reduction. 
Catalyzing or altering reactions can either enhance or inhibit 
CO2 mineralization, making their role essential to the 
long-term success of carbon capture and storage.

Types of microbial communities
Microbial communities in the terrestrial deep subsurface are 
diverse and in�uenced by various factors. Globally, aquifer 
lithology controls bacterial community diversity in deep 
groundwater, with Betaproteobacteria, Gammaproteobacteria, 
and Firmicutes dominating [27]. Depth and geological 
characteristics act as ecological �lters for archaeal and bacterial 
communities, while vertical water movement impacts shallow 
subsurface microbial assembly [28]. In uranium-contaminated 
sediments, geochemical conditions are selected for 
well-adapted taxa with prevalent nitrate-reducing bacteria [29]. 
Site-speci�c communities have been observed, such as 
iron-oxidizing Gallionella dominating bacterial communities in 
Romuvaara, Finland, alongside methanogenic and 
ammonia-oxidizing archaea [30]. Functional genes for methane 
cycling, sulfate reduction, and nitrate reduction have been 
detected, indicating diverse metabolic potentials in these 
environments [30]. Understanding these communities is crucial 
for developing e�ective bioremediation strategies and 
comprehending global subsurface element cycling. 

 Deep subsurface environments harbour diverse microbial 
communities with various metabolic pathways relevant to 
carbon cycling. Studies in the Fennoscandian Shield, South 
African gold mines, and the Iberian Pyrite Belt have revealed 
the presence of bacteria and archaea involved in 
methanogenesis, sulfate reduction, and iron oxidation [30-33]. 
�e Wood-Ljungdahl pathway for carbon �xation is prevalent 
in these environments, along with carbon monoxide 
dehydrogenase genes that support autotrophic and 
heterotrophic metabolisms [32]. Metagenomic analyses have 
identi�ed dominant phyla such as Euryarchaeota and 
Firmicutes in deep fracture �uids [32]. Molecular biomarkers 
and DNA microarray techniques have also detected methane 
oxidizers, sulfate-reducers, and metal oxidizers in these 
subsurface communities [33]. �ese �ndings highlight the 
complex interplay of microbial metabolisms in deep subsurface 
environments and their role in biogeochemical cycles.

 Anaerobic carbon cycling in wetlands involves several key 
metabolic pathways, including methanogenesis, sulfate 
reduction, and iron reduction. �e relative importance of these 
processes varies seasonally and across di�erent wetland types. 
Iron reduction is typically dominant early in the growing season 
in tidal freshwater and brackish marshes, gradually giving way 
to methanogenesis or sulfate reduction [34,35]. Methanogenesis 
occurs primarily through the aceticlastic pathway, except in 

more ombrotrophic peatlands early in the season [35]. While 
plants can in�uence these processes by releasing oxygen into the 
rhizosphere, their impact may be limited in some wetland 
systems [36]. Iron reduction can be the dominant carbon 
oxidation pathway in lacustrine sediments, followed by sulfate 
reduction, with methanogenesis playing a negligible role [37]. 
Factors such as soil chemistry, temperature, and water table 
depth in�uence the balance between these anaerobic metabolic 
pathways.

Microbial influence on geochemistry
Microorganisms are crucial in geochemical reactions relevant 
to carbon capture and storage (CCS). �ey can catalyze carbon 
cycling and biogeochemical reactions in deep subsurface 
environments, potentially in�uencing the fate of injected CO2 
[38]. Microbial metabolisms involving redox transformations of 
metals and metalloids can a�ect mineral precipitation, 
transformation, and dissolution, impacting modern and 
ancient geochemical cycles [39]. Elevated CO2 levels can alter 
groundwater pH and chemical speciation, a�ecting the 
thermodynamics and kinetics of microbial reactions such as 
syntrophic oxidation, iron reduction, sulfate reduction, and 
methanogenesis [40]. Microorganisms can also enhance carbon 
mineralization through bioalkalinization, increasing the pH of 
aqueous solutions and promoting calcite precipitation [41]. 
Understanding the genetic basis of these microbial processes is 
crucial for predicting their in�uence on geochemical cycles and 
their potential impact on CCS strategies [39].

 Microbial reactions can signi�cantly in�uence CO2 
mineralization in geological carbon sequestration. High CO2 
levels can alter groundwater pH and chemical speciation, 
a�ecting microbial reactions di�erently. While syntrophic 
oxidation and acetoclastic methanogenesis are inhibited, iron 
reduction and hydrogenotrophic processes may be enhanced 
[40]. Cyanobacteria can facilitate carbonate mineralization 
through their carbon dioxide-concentrating mechanism, 
potentially aiding biological carbon capture and storage [42]. 
Biomass growth can enhance calcite precipitation through 
bioalkalinization, o�ering a promising method for CO2 
immobilization [41]. �e survival of microorganisms under 
high CO2 pressures varies among species, with some 
gram-positive bacteria showing higher resilience. Mineral 
surfaces, particularly quartz sandstones, can protect microbes 
by facilitating bio�lm formation, while certain minerals may 
release toxic metals that increase microbial mortality under 
CO2 stress [43].

Microbial Impact on Carbon Sequestration 
Mechanisms 
Microbes signi�cantly impact carbon sequestration through 
various mechanisms. Microbial-induced carbonate 
precipitation (MICP) enhances CO2 trapping, while microbial 
activity in�uences mineral dissolution processes. Additionally, 
bio�lm formation in subsurface environments a�ects 
permeability, potentially altering �uid �ow and CO2 migration. 
Microbes also modify biogeochemical cycles; such as carbon, 
sulfur, and nitrogen; potentially enhancing mineral trapping 
and improving sequestration e�ciency.

Microbial-Driven mineralization processes 
Microbially induced carbonate precipitation (MICP) is a 

mineralogy, and numerical modelling [69]. Monitoring and 
reactive transport modelling are crucial in optimizing 
long-term site management and quantifying CO2 
mineralization [69]. Microbial activity in basalt formations has 
been observed in various case studies. In the oceanic crust at the 
Mid-Atlantic Ridge, nitrogen addition stimulated the growth of 
basalt-associated microorganisms, including iron-oxidizing 
bacteria [70]. �e Wallula pilot well in Washington State 
revealed diverse microbial communities in basalt formation 
waters, dominated by Proteobacteria, Firmicutes, and 
Actinobacteria, with microorganisms capable of various 
metabolic processes [66]. Experimental studies with basaltic 
rocks from Hawaii demonstrated that microbial activity, 
speci�cally by Burkholderia fungorum, enhanced rock 
alteration and Fe mobilization under nutrient-depleted 
conditions. Colonization experiments with synthetic basaltic 
glasses showed that microbial attachment and element 
dissolution were in�uenced by Fe redox state and residual stress 
in the glass [71]. �ese �ndings suggest that basaltic formations 
o�er promising opportunities for geological carbon 
sequestration, with potential applications worldwide.

 Microbial processes in saline aquifers and depleted oil 
�elds have been monitored to understand their impact on 
carbon storage and bioremediation. Studies have examined the 
e�ects of CO2 concentration on microbial communities in 
various subsurface environments [72]. In depleted oil reservoirs 
targeted for CO2 storage, high salinity and supercritical CO2 
concentrations were found to be selected for stress-tolerant 
microorganisms, potentially a�ecting reservoir quality and 
stability [10]. Monitoring techniques have included chemical, 
isotopic, and biological analyses to characterize microbial 
processes in contaminated aquifers [73]. �e use of Bio-Sep® 
biotraps has proven e�ective in collecting bio�lms that better 
represent in situ microbial ecology compared to planktonic 
organisms from groundwater samples [74]. �ese studies 
highlight the importance of understanding microbial 
community dynamics in subsurface environments for 
applications in carbon storage, bioremediation, and overall 
ecosystem management.

 Recent studies have highlighted the signi�cant role of 
microbial communities in carbon capture and storage (CCS) 
projects. In basalt formations, CO2 injection can lead to rapid 
changes in microbial populations, decreasing overall richness 
but increasing in speci�c groups like iron-oxidizing bacteria 
and aromatic compound degraders [67]. �ese changes can 
a�ect aquifer redox states and carbon fate. In hydrocarbon 
reservoirs, microbial methanogenesis has been shown to 
convert up to 13-19% of injected CO2 to methane, with rates of 
73-109 mmol CH4/m3/year observed [21]. �is process may be 
signi�cant across geological settings, particularly in depleted 
hydrocarbon �elds [21]. Pre-injection microbial communities 
in basalt formations have been found to include hydrogen 
oxidizers, methylotrophs, and methanogens, among others 
[66]. Understanding these microbial dynamics is crucial for 
e�ective CCS implementation and monitoring.

 Microbial communities can adapt to enhance the 
degradation of various compounds, including trace organic 
chemicals (TOrCs) and metals in environmental systems. 
Adaptation mechanisms may involve changes in carbon use 

e�ciency (CUE) or shi�s in community structure [75,76]. 
However, pre-exposure to TOrCs at ng/L levels does not 
necessarily a�ect their attenuation or in�uence microbial 
community structure and function in managed aquifer recharge 
systems [77]. Adaptation to xenobiotic compounds depends on 
factors such as concentration, exposure time, and chemical 
structure, with a threshold concentration of 10 ppb observed for 
some compounds [78]. Adapted microbial communities can 
achieve higher removal e�ciencies for various contaminants, 
including sulfate and metals [76]. Understanding these 
adaptation processes is crucial for optimizing bioremediation 
strategies and predicting ecosystem responses to environmental 
changes.

Challenges and Research Gaps 
Studying microbial geochemistry in carbon sequestration 
presents signi�cant challenges, including replicating subsurface 
conditions in labs and monitoring microbial activity at depth. 
Knowledge gaps persist regarding microbial population 
dynamics, interactions with host rock formations, and 
long-term impacts on storage stability. Additionally, predictive 
models integrating microbial activity with geochemical 
reactions remain underdeveloped, requiring further research.

Challenges in studying microbial geochemistry in CCS 
Studying microbial geochemistry in Carbon Capture and 
Storage (CCS) presents several challenges. Replicating 
subsurface conditions in laboratories is di�cult, and 
monitoring microbial activities at depth requires specialized 
techniques [22]. �e long-term impacts of microbial activity on 
storage stability are not fully understood [21]. Microbial 
processes, such as methanogenesis, can signi�cantly a�ect CO2 
storage by modifying �uid composition and dynamics within 
reservoirs [21]. Deep ecosystems respond quickly to CO2 
injections, with acidic CO2-charged groundwater causing a 
decrease in microbial richness while promoting the growth of 
certain bacterial species [67]. �e impact of potential CO2 
leakage on plants and microorganisms varies, with plants 
showing visible stress responses under high soil CO2 levels and 
microorganisms exhibiting more diverse reactions [79]. Further 
research is needed to understand these complex interactions 
better and ensure the environmental safety of CCS technology.

Current knowledge gaps 
Recent studies highlight signi�cant knowledge gaps in 
understanding microbial dynamics during carbon capture and 
storage (CCS). While CCS is crucial for reducing greenhouse 
gas emissions, microbial processes like methanogenesis can 
impact CO2 storage e�ciency and �uid dynamics [22]. �e 
bioavailability of H2 is likely to in�uence methanogenesis rates 
across di�erent storage sites [21]. Current research lacks 
comprehensive data on how elevated CO2 levels a�ect 
geochemical processes in aquifers and the vadose zone, with 
factors such as redox conditions and microbial activity 
requiring further investigation [12]. Deep subsurface 
microbiology is increasingly relevant for underground gas 
storage and geothermal energy production, necessitating more 
research into microbial interactions with these systems [22]. 
Field studies have shown that CO2 injection into basalt can 
rapidly alter microbial communities, potentially impacting 
aquifer redox states and carbon fate [67].

 �e interactions between microbial processes and host 
rock formations in subsurface environments are complex and 
poorly understood. Microorganisms can in�uence the 
dissolution and precipitation of minerals in caves and other 
rock-hosted systems [80]. �ese processes are controlled by 
lithology, permeability, and �uid mixing, a�ecting microbial 
communities' distribution and diversity [81]. Microbial 
activities can generate acidity, leading to cave wall dissolution or 
induce mineralization, forming various mineral deposits [80]. 
In radionuclide behaviour, microbial processes can impact 
solid-phase capture mechanisms, including sorption, reductive 
precipitation, and co-precipitation [82]. However, the speci�c 
physiological adaptations, growth rates, and synergistic 
interactions between microorganisms and minerals in these 
energy-limited environments remain largely unknown, 
necessitating further research to understand better these 
complex geomicrobiological systems [81,82].

Modeling microbial influence 
Microbial communities play a crucial role in biogeochemical 
cycles and ecosystem functions, but predicting their behaviour 
remains challenging [83,84]. Integrating microbial ecology into 
ecosystem models can improve predictions of carbon dynamics 
under environmental changes, such as warming, precipitation 
changes, and nitrogen enrichment [84]. However, building 
predictive models that link microbial community composition 
to function requires close coordination between experimental 
data collection and mathematical model development [85]. 
Advances in 'omics' - based approaches and systems biology can 
help characterize microbial system interactions impacting 
terrestrial carbon sequestration [86]. While directly linking 
genomes to global phenomena is challenging, connections at 
intermediate scales are feasible by integrating new analytical 
and modelling techniques [86]. �is integration could enhance 
our ability to develop and evaluate microbial strategies for 
capturing and sequestering atmospheric CO2 [86].

Future Directions and Opportunities 
�e future of carbon sequestration presents exciting 
opportunities to enhance e�ciency through microbial processes. 
By integrating bioengineering, interdisciplinary approaches, and 
sustainable practices, we can optimize microbial contributions to 
CCS and develop scalable solutions for e�ective CO2 
management.

Potential for enhanced microbial carbon 
sequestration 
Microbial carbon sequestration o�ers promising opportunities 
for enhancing carbon capture and storage (CCS) e�ciency. 
Bioengineering approaches can improve CO2 �xation in 
autotrophic and heterotrophic microorganisms by modifying 
CO2-�xing pathways and energy-harvesting systems [65]. 
Prokaryotes can be utilized for CCS monitoring and CO2 
utilization, with synthetic biology potentially maximizing CO2 
uptake [87]. Microbial ureolysis can enhance 
solubility-trapping of CO2 in brines and promote mineral 
formation, potentially reducing CO2 leakage [23]. �e 
microbial carbon pump (MCP) plays a crucial role in forming 
recalcitrant dissolved organic carbon (RDOC) in oceans, which 
can sequester carbon over long timescales [88]. Future research 
should focus on integrating the MCP with the biological pump, 

understanding POC-RDOC interactions, and developing new 
technologies for in-situ monitoring of microbial activity to 
improve CCS e�ciency [88,87].

Interdisciplinary approaches 
Interdisciplinary approaches combining geochemistry, 
microbiology, and geophysics, o�er valuable insights into 
subsurface microbial behaviour. Studies have demonstrated that 
geophysical techniques can detect microbial activity and 
associated biogeochemical processes. Bulk conductivity 
measurements have been linked to zones of enhanced microbial 
activity in hydrocarbon-impacted aquifers [89]. Bioremediation 
experiments have shown that indigenous bacteria can be 
stimulated to remove heavy metals through precipitation of 
sul�de phases, with geophysical surveys indicating changes in 
electrical conductance and magnetic susceptibility [90]. �e 
emerging �eld of biogeophysics focuses on detecting microbes, 
microbial growth, and microbe-mineral interactions using 
geophysical techniques [91]. Electrical-induced polarization 
measurements have been used to monitor stimulated microbial 
activity during subsurface bioremediation, revealing 
correlations between phase response and changes in 
groundwater geochemistry associated with iron and sulfate 
reduction and sul�de mineral precipitation [92]. �ese 
integrated approaches provide powerful tools for 
understanding and monitoring subsurface microbial processes.

Sustainable and scalable CCS solutions 
Microbial contributions to carbon capture and storage (CCS) 
o�er promising solutions for large-scale CO2 sequestration. 
Autotrophic aerobic bacteria can capture CO2 from industrial 
sources to produce microbial protein, potentially usable as food, 
feed, or fertilizer [93]. Natural microbial communities and 
synthetic biology approaches can enhance CO2 uptake and 
monitoring in geological storage sites [87]. Microbes can 
accelerate silicate weathering, potentially drawing down 
signi�cant amounts of CO2 while producing valuable 
by-products [94]. Engineering CO2-�xing pathways and 
energy-harvesting systems in autotrophic and heterotrophic 
microorganisms can improve CO2 �xation e�ciency, while 
rewiring metabolic pathways can reduce microbial CO2 
emissions and increase the carbon yield of value-added 
products [65]. �ese microbial CCS approaches o�er 
sustainable, scalable solutions for CO2 sequestration, though 
further research is needed to determine their economic 
feasibility and potential for large-scale implementation.

Conclusions
In summary, microbial communities enhance carbon capture 
and storage (CCS) by in�uencing geochemical processes such as 
mineralization, �uid dynamics, and biogeochemical cycling. 
�eir activities, including microbial-induced carbonate 
precipitation and bio�lm formation, can signi�cantly a�ect CO2 
sequestration e�ectiveness and long-term stability. Future 
research must focus on interdisciplinary approaches to better 
understand microbial geochemistry and its implications for 
CCS. Addressing current knowledge gaps and developing 
predictive models incorporating microbial dynamics will be 
essential for optimizing sequestration strategies. As we advance 
our understanding of these processes, harnessing microbial 
activities can enhance the stability and e�ciency of carbon 

sequestration, contributing signi�cantly to climate change 
mitigation e�orts.
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Carbon emissions from industrial activities and fossil fuel use 
have signi�cantly contributed to global climate change, causing 
rising temperatures, extreme weather events, and ecological 
disruptions. Addressing this issue requires reducing 
atmospheric CO2 levels. Carbon capture and storage has 
emerged as a critical strategy to mitigate climate change by 
capturing CO2 from point sources, such as power plants, and 
storing it in geological formations. �is process reduces 
emissions at the source and can help achieve global carbon 
neutrality goals. CCS technologies, particularly in subsurface 
environments, o�er promising potential to limit greenhouse gas 
accumulation and protect the planet's climate system.

 Carbon capture and sequestration have emerged as crucial 
technologies for addressing the global carbon emission problem 
and mitigating climate change [1]. �e increasing atmospheric 
CO2 concentration, primarily due to fossil fuel consumption, 
has led to global warming and ocean acidi�cation [2]. With 
fossil fuels supplying over 63% of global energy, CCS is pivotal 
in combating this crisis [1]. �e process involves capturing CO2 
from signi�cant sources, such as industrial plants, and storing it 
in geological reservoirs to achieve a carbon-neutral or negative 
budget [1,3]. While long-term solutions focus on sustainable 
energy generation, CCS can provide immediate mitigation for 
existing fossil fuel infrastructure [4]. �e Intergovernmental 
Panel on Climate Change (IPCC) has endorsed CCS as a viable 

mitigation strategy for developing countries, highlighting its 
importance in global e�orts to reduce CO2 emissions [3].

 Geologic carbon storage (GCS) in deep saline aquifers, 
depleted oil and gas �elds, and basalt formations are crucial 
for mitigating greenhouse gas emissions [5]. Deep saline 
aquifers o�er the largest storage potential, storing emissions 
for at least a century [6]. �ese formations are evaluated based 
on safety, storage capacity, and containment integrity [7]. CO2 
injection into saline aquifers creates a complex multiphase 
�ow system, but simplifying assumptions can provide 
practical insights into system behavior, including storage 
capacity estimates and leakage risk assessments [6]. �e 
Sleipner project demonstrates successful commercial-scale 
CO2 sequestration in saline aquifers [8]. While economic and 
policy challenges persist, CO2 storage in deep saline aquifers is 
a viable technology that can signi�cantly contribute to climate 
change mitigation e�orts.

 Microbial communities play a signi�cant role in 
in�uencing geochemical processes during carbon capture and 
storage (CCS). Studies have shown that CO2 leakage from 
storage sites can impact microbial diversity and activity in 
subsurface environments [9,10]. High CO2 levels can change 
pH, solute concentrations, and microbial community 
composition, a�ecting methanogenesis, metal reduction, and 
sulfate reduction [9,11]. Microorganisms adapted to high 

salinity and supercritical CO2 conditions have been observed in 
potential CCS sites, with implications for reservoir quality and 
stability [10]. However, knowledge gaps remain regarding the 
in�uence of factors such as redox conditions, CO2 in�ux rate, 
and mineralogy on CO2-induced reactions in potable aquifers 
and the vadose zone [12]. Understanding these microbial- 
geochemical interactions is crucial for assessing CCS's 
environmental impacts and risks. Moreover, microbes can 
facilitate reactions such as mineral dissolution, carbonate 
precipitation, and the formation of bio�lms, which may 
enhance or hinder carbon trapping in geological formations. 
�eir metabolic activities alter the chemical environment, 
potentially improving the e�ciency of long-term CO2 
sequestration. �is review explores recent advances in 
microbial geochemistry related to carbon capture and storage 
(CCS), aiming to assess microbial contributions to CCS, 
highlight knowledge gaps, and propose future research 
directions to improve CCS technology through microbial 
interactions.

Overview of Carbon Sequestration Methods 
Carbon sequestration methods focus on storing captured CO2 
in subsurface formations to mitigate atmospheric emissions. 
Geologic storage traps CO2 in deep formations like saline 
aquifers, depleted oil �elds, and basalt, while carbon 
mineralization converts it into stable minerals for permanent 
storage. Microbial geochemistry enhances these processes, 
in�uencing mineralization and long-term storage stability.

Geologic carbon storage (GCS)
GCS involves injecting CO2 into deep subsurface formations, 
trapped through various physical and chemical mechanisms. 
Once injected, the CO2 is stored in porous rock formations, 
typically at depths of over 800 meters, where high pressure and 
temperature keep it in a supercritical state. �ese formations 
o�er extensive storage capacity, with saline aquifers being the 
most common, while basalt formations facilitate mineralization 
due to their reactive nature. Carbon sequestration is crucial to 
mitigating climate change by reducing atmospheric CO2 levels. 
Various methods exist, including geological storage in oil and 
gas reservoirs, deep coal seams, saline aquifers, and salt caverns 
[13]. Ocean sequestration and mineral carbonation are 
potential options [14]. Biological methods involve soil carbon 
sequestration and phytosequestration through photosynthetic 
mechanisms in plants, cyanobacteria, and microalgae [15]. 
Other techniques include pre- and post-combustion CO2 
capture, membrane separation, amine scrubbing, and 
cryotechnology [16]. Enhancing natural CO2 sinking rates 
through terrestrial sequestration, ocean fertilization, and rock 
weathering can reduce carbon [14]. While these methods o�er 
signi�cant potential for carbon sequestration, each has 
advantages and disadvantages regarding capacity, cost, time 
scale, stability, and environmental impacts, necessitating careful 
evaluation before implementation [14,13].

Carbon mineralization 
Carbon mineralization is a process in which CO2 reacts with 
minerals, primarily calcium and magnesium silicates, to form 
stable carbonate minerals like calcite and magnesite. �is 
reaction permanently traps CO2 within the rock matrix, 
o�ering a secure carbon storage method. �is process involves 

converting CO2 into stable carbonate minerals by reacting with 
divalent cations like Ca²⁺, Mg²⁺, or Fe²⁺ [17]. It o�ers a more 
secure alternative to other trapping mechanisms, which can be 
reversible [18]. Studies have shown that over 95% of injected 
CO2 can be mineralized in basaltic rocks within two years, 
signi�cantly faster than previously thought [19]. Factors 
in�uencing mineralization include rock types; temperature, 
�uid composition, and CO2 phase [17]. While most carbon 
capture and storage projects focus on sedimentary basins, 
reactive rocks like basalts and peridotites o�er large potential 
volumes for carbon storage through mineralization [20]. 
Ongoing research aims to accelerate the mineralization process 
and explore its applicability on a global scale [18,20]. Basalt 
formations are particularly suitable for this process, as they 
contain high concentrations of reactive minerals. 
Mineralization locks CO2 in solid form and prevents its escape 
over time, providing long-term stability to carbon storage 
e�orts. �is process is critical for ensuring the permanent 
sequestration of captured CO2.

Role of microbial geochemistry in CCS 
Microbial communities in subsurface environments can 
signi�cantly in�uence carbon storage and mineralization 
processes. Methanogenesis can modify �uid composition and 
dynamics within storage reservoirs, potentially impacting CO2 
storage capacity and trapping mechanisms [21]. Long-term 
CO2 leakage can in�uence microbial communities, a�ecting 
subsurface biogeochemistry and carbon cycling [9]. 
Microorganisms in deep geological systems are relevant for 
underground gas storage and geothermal energy production, 
with implications for CCS, renewable energy storage, and 
geothermal energy [22]. Microbial processes, such as ureolysis, 
can enhance CCS through mineral-trapping and 
solubility-trapping. Ureolysis increases brine pH, promoting 
CO2 dissolution and carbonate precipitation, thus improving 
the solubility-trapping capacity of the brine [23]. 
Understanding these microbial processes is crucial for assessing 
CCS e�ciency and potential risks and developing monitoring 
strategies for CO2 storage sites. 

 Moreover, sulfate-reducing bacteria and methanogens 
catalyze chemical reactions that alter the geochemical 
conditions around stored CO2, impacting mineral trapping and 
�uid dynamics. For example, microbial-induced carbonate 
precipitation (MICP) can enhance mineralization by forming 
stable carbonate minerals. Microbially induced carbonate 
precipitation (MICP) shows promise for enhancing carbon 
capture and storage (CCS) through mineral trapping and 
solubility trapping. Ureolytic bacteria can precipitate dissolved 
CO2 as calcite, increasing incorporation rates at higher CO2 
pressures and urea concentrations [23]. MICP can also enhance 
pH through alkalization, increasing calcite precipitation in 
porous media [24]. �is process can potentially create 
subsurface hydraulic barriers near CO2 storage wellbores, 
improving storage security [25]. MICP o�ers a rapid alternative 
to natural carbonate formation, with urease-producing bacteria 
converting CO2 into calcium carbonate in various 
environments [26]. While ureolysis does not directly precipitate 
gaseous CO2, it increases brine pH, enhancing solubility 
trapping and reducing headspace CO2 concentrations [23]. 
�ese �ndings highlight MICP's potential for climate change 

promising carbon sequestration and environmental 
remediation process. MICP involves the conversion of CO2 into 
calcium carbonate (CaCO3) by urease-producing bacteria, 
which can thrive in various environments [26]. �e bacterial 
cell wall acts as a nucleation site for CaCO3 formation, with 
urease and carbonic anhydrase enzymes mediating the process 
[44]. MICP has multiple applications, including bio 
cementation, heavy metal removal, and CO2 sequestration [45]. 
�e e�ciency of CO2 sequestration during MICP is in�uenced 
by biotic factors, such as bacterial species and abiotic factors, 
including pH and medium components, with urea being the 
most critical component [46]. While MICP shows great 
potential for sustainable carbon management and climate 
change mitigation, challenges remain in implementing the 
technology commercially [44,45].

 �e impact of microbial activity on mineral dissolution 
varies depending on the microorganisms and minerals 
involved. While some studies suggest a weak e�ect of microbes 
on Ca-Mg silicate weathering, others demonstrate that 
microorganisms can signi�cantly modify mineral dissolution 
rates and mechanisms [47,48]. Certain microbial extracellular 
polymers can inhibit or enhance dissolution rates by up to three 
orders of magnitude, depending on pH and mineral 
composition [49]. In complex microbial consortia, 
heterotrophic bacteria may enhance mineral dissolution, while 
photosynthetic organisms can promote secondary mineral 
precipitation [50]. Microbial activity can lead to the formation 
of secondary minerals, including clays and carbonates, which 
impact soil fertility and CO2 sequestration [48,50]. �e 
microbial impact on mineral dissolution is complex and 
depends on the speci�c microbe-mineral interactions and 
environmental conditions.

Biofilm formation and its effects 
Microbial bio�lms in subsurface environments signi�cantly 
impact transport processes and permeability in porous media 
[51,52]. Depending on substrate �ux and surface loading, 
bio�lm formation can be continuous or discontinuous [53]. 
During nutrient-rich conditions, biomass accumulation 
decreases permeability, while starvation conditions lead to 
bio�lm evolution patterns a�ecting permeability di�erently 
[54]. �ese patterns include initial permeability decrease, 
stabilization, and potential increase due to bio�lm sloughing 
under shear stress [54]. �e critical shear stress for sloughing 
indicates bio�lm strength, with removal occurring when 
exceeded [54]. Understanding bio�lm formation and its e�ects 
on permeability is crucial for various applications, including 
subsurface remediation, enhanced oil recovery, and carbon 
dioxide sequestration [52]. However, the relationships between 
microbial growth and changes in porosity and permeability 
remain poorly understood, necessitating further research [51].

 Bio�lms in porous media signi�cantly impact �uid �ow 
and transport processes. �ey can reduce water permeability by 
up to 95% in biologically active zones [55]. Bio�lm growth and 
gas generation a�ect �ow patterns, with gas moving upwards in 
discrete �ngers and accumulating at the top of porous systems 
[55]. In CO2 storage, bio�lms have been proposed as 
bio-barriers to mitigate leakage from geological reservoirs [56]. 
In hydraulic fracturing, bio�lms can cause formation damage, 

reducing gas �ow rates by half when occupying approximately 
10% of pore volume [57]. �e distribution of bio�lms within 
pores also impacts �ow rates. Modeling studies show that overall 
permeability, �ow pathways, and pressure gradients are highly 
dependent on bio�lm ratio and permeability, with moderate 
impacts from bio�lm porosity at higher bio�lm levels [58].

Biogeochemical cycles 
Microorganisms alter biogeochemical cycles and enhance 
carbon sequestration in various ecosystems. In land�lls, 
microbes’ mediate carbon, nitrogen, and sulphur cycles during 
waste decomposition, in�uencing greenhouse gas emissions 
[59]. Soil inoculation with bacteria and cyanobacteria from 
biological soil crusts can increase carbon sequestration in 
degraded dryland soils, potentially removing signi�cant 
amounts of CO2 from the atmosphere [60]. While terrestrial 
ecosystems can be managed for carbon sequestration, 
manipulating speci�c microbes remains challenging [61]. 
Recent research has focused on developing microbial inoculants 
to enhance soil carbon sequestration, with promising 
candidates including arbuscular mycorrhizal fungi, melanising 
endophytic fungi, and plant growth-promoting bacteria [62]. 
�ese microorganisms contribute to carbon sequestration 
through various mechanisms, such as facilitating carbon 
transition from labile to recalcitrant pools and stimulating plant 
growth. �e "biochar + microbe system" is proposed as a 
potential solution to overcome limitations in building and 
retaining soil carbon stocks [62].

 Microbial enhancement of CO2 trapping in geological 
storage shows promise for mitigating climate change. 
Ureolysis-induced calcite precipitation can incorporate CO2 
from the gas phase, enhancing solubility trapping by increasing 
brine pH [23]. Microbes can adapt to extreme subsurface 
conditions, promoting CO2 dissolution and mineral corrosion 
and facilitating mineral trapping [63]. Acceleration methods for 
mineral trapping include co-injection of carbonic 
anhydrase-producing microbes or urea bacteria, selecting 
reservoirs with reactive minerals, and increasing mineral 
surface area through fracturing [64]. Engineering CO2-�xing 
pathways and energy-harvesting systems in autotrophic and 
heterotrophic microorganisms can improve CO2 �xation 
e�ciency, while rewiring metabolic pathways can reduce 
microbial CO2 emissions and increase the carbon yield of 
valuable products [65]. �ese strategies demonstrate the 
potential of biotechnology to enhance microbial CO2 
sequestration in geological storage sites.

Case Studies of Microbial Geochemistry in CCS 
Projects 
�e CarbFix project in Iceland demonstrates the potential of 
carbon sequestration in basaltic formations. Microbial 
communities in these environments are diverse and responsive 
to CO2 injection [66,67]. While CO2 injection can decrease 
microbial richness, it also promotes the growth of certain 
bacteria, potentially a�ecting aquifer redox state and carbon 
fate [67]. Experimental studies show that bacterial presence 
minimizes basalt dissolution rates and CO2 sequestration 
processes [68]. �e CarbFix project aims to capture and 
mineralize CO2 emissions from geothermal power plants, with 
extensive research conducted on site characterization, alteration 

mitigation through CO2 sequestration. Additionally, microbial 
activity may in�uence rock dissolution, bio�lm formation, and 
gas migration, all a�ecting the long-term stability and e�ciency 
of carbon sequestration e�orts. 

Microbial Communities in the Subsurface
Microbial communities in the deep subsurface are crucial to 
carbon sequestration, as their metabolic activities directly 
impact geochemical processes. �ese microbes in�uence 
carbon cycling and storage stability through pathways like 
methanogenesis, sulfate reduction, and iron reduction. 
Catalyzing or altering reactions can either enhance or inhibit 
CO2 mineralization, making their role essential to the 
long-term success of carbon capture and storage.

Types of microbial communities
Microbial communities in the terrestrial deep subsurface are 
diverse and in�uenced by various factors. Globally, aquifer 
lithology controls bacterial community diversity in deep 
groundwater, with Betaproteobacteria, Gammaproteobacteria, 
and Firmicutes dominating [27]. Depth and geological 
characteristics act as ecological �lters for archaeal and bacterial 
communities, while vertical water movement impacts shallow 
subsurface microbial assembly [28]. In uranium-contaminated 
sediments, geochemical conditions are selected for 
well-adapted taxa with prevalent nitrate-reducing bacteria [29]. 
Site-speci�c communities have been observed, such as 
iron-oxidizing Gallionella dominating bacterial communities in 
Romuvaara, Finland, alongside methanogenic and 
ammonia-oxidizing archaea [30]. Functional genes for methane 
cycling, sulfate reduction, and nitrate reduction have been 
detected, indicating diverse metabolic potentials in these 
environments [30]. Understanding these communities is crucial 
for developing e�ective bioremediation strategies and 
comprehending global subsurface element cycling. 

 Deep subsurface environments harbour diverse microbial 
communities with various metabolic pathways relevant to 
carbon cycling. Studies in the Fennoscandian Shield, South 
African gold mines, and the Iberian Pyrite Belt have revealed 
the presence of bacteria and archaea involved in 
methanogenesis, sulfate reduction, and iron oxidation [30-33]. 
�e Wood-Ljungdahl pathway for carbon �xation is prevalent 
in these environments, along with carbon monoxide 
dehydrogenase genes that support autotrophic and 
heterotrophic metabolisms [32]. Metagenomic analyses have 
identi�ed dominant phyla such as Euryarchaeota and 
Firmicutes in deep fracture �uids [32]. Molecular biomarkers 
and DNA microarray techniques have also detected methane 
oxidizers, sulfate-reducers, and metal oxidizers in these 
subsurface communities [33]. �ese �ndings highlight the 
complex interplay of microbial metabolisms in deep subsurface 
environments and their role in biogeochemical cycles.

 Anaerobic carbon cycling in wetlands involves several key 
metabolic pathways, including methanogenesis, sulfate 
reduction, and iron reduction. �e relative importance of these 
processes varies seasonally and across di�erent wetland types. 
Iron reduction is typically dominant early in the growing season 
in tidal freshwater and brackish marshes, gradually giving way 
to methanogenesis or sulfate reduction [34,35]. Methanogenesis 
occurs primarily through the aceticlastic pathway, except in 

more ombrotrophic peatlands early in the season [35]. While 
plants can in�uence these processes by releasing oxygen into the 
rhizosphere, their impact may be limited in some wetland 
systems [36]. Iron reduction can be the dominant carbon 
oxidation pathway in lacustrine sediments, followed by sulfate 
reduction, with methanogenesis playing a negligible role [37]. 
Factors such as soil chemistry, temperature, and water table 
depth in�uence the balance between these anaerobic metabolic 
pathways.

Microbial influence on geochemistry
Microorganisms are crucial in geochemical reactions relevant 
to carbon capture and storage (CCS). �ey can catalyze carbon 
cycling and biogeochemical reactions in deep subsurface 
environments, potentially in�uencing the fate of injected CO2 
[38]. Microbial metabolisms involving redox transformations of 
metals and metalloids can a�ect mineral precipitation, 
transformation, and dissolution, impacting modern and 
ancient geochemical cycles [39]. Elevated CO2 levels can alter 
groundwater pH and chemical speciation, a�ecting the 
thermodynamics and kinetics of microbial reactions such as 
syntrophic oxidation, iron reduction, sulfate reduction, and 
methanogenesis [40]. Microorganisms can also enhance carbon 
mineralization through bioalkalinization, increasing the pH of 
aqueous solutions and promoting calcite precipitation [41]. 
Understanding the genetic basis of these microbial processes is 
crucial for predicting their in�uence on geochemical cycles and 
their potential impact on CCS strategies [39].

 Microbial reactions can signi�cantly in�uence CO2 
mineralization in geological carbon sequestration. High CO2 
levels can alter groundwater pH and chemical speciation, 
a�ecting microbial reactions di�erently. While syntrophic 
oxidation and acetoclastic methanogenesis are inhibited, iron 
reduction and hydrogenotrophic processes may be enhanced 
[40]. Cyanobacteria can facilitate carbonate mineralization 
through their carbon dioxide-concentrating mechanism, 
potentially aiding biological carbon capture and storage [42]. 
Biomass growth can enhance calcite precipitation through 
bioalkalinization, o�ering a promising method for CO2 
immobilization [41]. �e survival of microorganisms under 
high CO2 pressures varies among species, with some 
gram-positive bacteria showing higher resilience. Mineral 
surfaces, particularly quartz sandstones, can protect microbes 
by facilitating bio�lm formation, while certain minerals may 
release toxic metals that increase microbial mortality under 
CO2 stress [43].

Microbial Impact on Carbon Sequestration 
Mechanisms 
Microbes signi�cantly impact carbon sequestration through 
various mechanisms. Microbial-induced carbonate 
precipitation (MICP) enhances CO2 trapping, while microbial 
activity in�uences mineral dissolution processes. Additionally, 
bio�lm formation in subsurface environments a�ects 
permeability, potentially altering �uid �ow and CO2 migration. 
Microbes also modify biogeochemical cycles; such as carbon, 
sulfur, and nitrogen; potentially enhancing mineral trapping 
and improving sequestration e�ciency.

Microbial-Driven mineralization processes 
Microbially induced carbonate precipitation (MICP) is a 

mineralogy, and numerical modelling [69]. Monitoring and 
reactive transport modelling are crucial in optimizing 
long-term site management and quantifying CO2 
mineralization [69]. Microbial activity in basalt formations has 
been observed in various case studies. In the oceanic crust at the 
Mid-Atlantic Ridge, nitrogen addition stimulated the growth of 
basalt-associated microorganisms, including iron-oxidizing 
bacteria [70]. �e Wallula pilot well in Washington State 
revealed diverse microbial communities in basalt formation 
waters, dominated by Proteobacteria, Firmicutes, and 
Actinobacteria, with microorganisms capable of various 
metabolic processes [66]. Experimental studies with basaltic 
rocks from Hawaii demonstrated that microbial activity, 
speci�cally by Burkholderia fungorum, enhanced rock 
alteration and Fe mobilization under nutrient-depleted 
conditions. Colonization experiments with synthetic basaltic 
glasses showed that microbial attachment and element 
dissolution were in�uenced by Fe redox state and residual stress 
in the glass [71]. �ese �ndings suggest that basaltic formations 
o�er promising opportunities for geological carbon 
sequestration, with potential applications worldwide.

 Microbial processes in saline aquifers and depleted oil 
�elds have been monitored to understand their impact on 
carbon storage and bioremediation. Studies have examined the 
e�ects of CO2 concentration on microbial communities in 
various subsurface environments [72]. In depleted oil reservoirs 
targeted for CO2 storage, high salinity and supercritical CO2 
concentrations were found to be selected for stress-tolerant 
microorganisms, potentially a�ecting reservoir quality and 
stability [10]. Monitoring techniques have included chemical, 
isotopic, and biological analyses to characterize microbial 
processes in contaminated aquifers [73]. �e use of Bio-Sep® 
biotraps has proven e�ective in collecting bio�lms that better 
represent in situ microbial ecology compared to planktonic 
organisms from groundwater samples [74]. �ese studies 
highlight the importance of understanding microbial 
community dynamics in subsurface environments for 
applications in carbon storage, bioremediation, and overall 
ecosystem management.

 Recent studies have highlighted the signi�cant role of 
microbial communities in carbon capture and storage (CCS) 
projects. In basalt formations, CO2 injection can lead to rapid 
changes in microbial populations, decreasing overall richness 
but increasing in speci�c groups like iron-oxidizing bacteria 
and aromatic compound degraders [67]. �ese changes can 
a�ect aquifer redox states and carbon fate. In hydrocarbon 
reservoirs, microbial methanogenesis has been shown to 
convert up to 13-19% of injected CO2 to methane, with rates of 
73-109 mmol CH4/m3/year observed [21]. �is process may be 
signi�cant across geological settings, particularly in depleted 
hydrocarbon �elds [21]. Pre-injection microbial communities 
in basalt formations have been found to include hydrogen 
oxidizers, methylotrophs, and methanogens, among others 
[66]. Understanding these microbial dynamics is crucial for 
e�ective CCS implementation and monitoring.

 Microbial communities can adapt to enhance the 
degradation of various compounds, including trace organic 
chemicals (TOrCs) and metals in environmental systems. 
Adaptation mechanisms may involve changes in carbon use 

e�ciency (CUE) or shi�s in community structure [75,76]. 
However, pre-exposure to TOrCs at ng/L levels does not 
necessarily a�ect their attenuation or in�uence microbial 
community structure and function in managed aquifer recharge 
systems [77]. Adaptation to xenobiotic compounds depends on 
factors such as concentration, exposure time, and chemical 
structure, with a threshold concentration of 10 ppb observed for 
some compounds [78]. Adapted microbial communities can 
achieve higher removal e�ciencies for various contaminants, 
including sulfate and metals [76]. Understanding these 
adaptation processes is crucial for optimizing bioremediation 
strategies and predicting ecosystem responses to environmental 
changes.

Challenges and Research Gaps 
Studying microbial geochemistry in carbon sequestration 
presents signi�cant challenges, including replicating subsurface 
conditions in labs and monitoring microbial activity at depth. 
Knowledge gaps persist regarding microbial population 
dynamics, interactions with host rock formations, and 
long-term impacts on storage stability. Additionally, predictive 
models integrating microbial activity with geochemical 
reactions remain underdeveloped, requiring further research.

Challenges in studying microbial geochemistry in CCS 
Studying microbial geochemistry in Carbon Capture and 
Storage (CCS) presents several challenges. Replicating 
subsurface conditions in laboratories is di�cult, and 
monitoring microbial activities at depth requires specialized 
techniques [22]. �e long-term impacts of microbial activity on 
storage stability are not fully understood [21]. Microbial 
processes, such as methanogenesis, can signi�cantly a�ect CO2 
storage by modifying �uid composition and dynamics within 
reservoirs [21]. Deep ecosystems respond quickly to CO2 
injections, with acidic CO2-charged groundwater causing a 
decrease in microbial richness while promoting the growth of 
certain bacterial species [67]. �e impact of potential CO2 
leakage on plants and microorganisms varies, with plants 
showing visible stress responses under high soil CO2 levels and 
microorganisms exhibiting more diverse reactions [79]. Further 
research is needed to understand these complex interactions 
better and ensure the environmental safety of CCS technology.

Current knowledge gaps 
Recent studies highlight signi�cant knowledge gaps in 
understanding microbial dynamics during carbon capture and 
storage (CCS). While CCS is crucial for reducing greenhouse 
gas emissions, microbial processes like methanogenesis can 
impact CO2 storage e�ciency and �uid dynamics [22]. �e 
bioavailability of H2 is likely to in�uence methanogenesis rates 
across di�erent storage sites [21]. Current research lacks 
comprehensive data on how elevated CO2 levels a�ect 
geochemical processes in aquifers and the vadose zone, with 
factors such as redox conditions and microbial activity 
requiring further investigation [12]. Deep subsurface 
microbiology is increasingly relevant for underground gas 
storage and geothermal energy production, necessitating more 
research into microbial interactions with these systems [22]. 
Field studies have shown that CO2 injection into basalt can 
rapidly alter microbial communities, potentially impacting 
aquifer redox states and carbon fate [67].

 �e interactions between microbial processes and host 
rock formations in subsurface environments are complex and 
poorly understood. Microorganisms can in�uence the 
dissolution and precipitation of minerals in caves and other 
rock-hosted systems [80]. �ese processes are controlled by 
lithology, permeability, and �uid mixing, a�ecting microbial 
communities' distribution and diversity [81]. Microbial 
activities can generate acidity, leading to cave wall dissolution or 
induce mineralization, forming various mineral deposits [80]. 
In radionuclide behaviour, microbial processes can impact 
solid-phase capture mechanisms, including sorption, reductive 
precipitation, and co-precipitation [82]. However, the speci�c 
physiological adaptations, growth rates, and synergistic 
interactions between microorganisms and minerals in these 
energy-limited environments remain largely unknown, 
necessitating further research to understand better these 
complex geomicrobiological systems [81,82].

Modeling microbial influence 
Microbial communities play a crucial role in biogeochemical 
cycles and ecosystem functions, but predicting their behaviour 
remains challenging [83,84]. Integrating microbial ecology into 
ecosystem models can improve predictions of carbon dynamics 
under environmental changes, such as warming, precipitation 
changes, and nitrogen enrichment [84]. However, building 
predictive models that link microbial community composition 
to function requires close coordination between experimental 
data collection and mathematical model development [85]. 
Advances in 'omics' - based approaches and systems biology can 
help characterize microbial system interactions impacting 
terrestrial carbon sequestration [86]. While directly linking 
genomes to global phenomena is challenging, connections at 
intermediate scales are feasible by integrating new analytical 
and modelling techniques [86]. �is integration could enhance 
our ability to develop and evaluate microbial strategies for 
capturing and sequestering atmospheric CO2 [86].

Future Directions and Opportunities 
�e future of carbon sequestration presents exciting 
opportunities to enhance e�ciency through microbial processes. 
By integrating bioengineering, interdisciplinary approaches, and 
sustainable practices, we can optimize microbial contributions to 
CCS and develop scalable solutions for e�ective CO2 
management.

Potential for enhanced microbial carbon 
sequestration 
Microbial carbon sequestration o�ers promising opportunities 
for enhancing carbon capture and storage (CCS) e�ciency. 
Bioengineering approaches can improve CO2 �xation in 
autotrophic and heterotrophic microorganisms by modifying 
CO2-�xing pathways and energy-harvesting systems [65]. 
Prokaryotes can be utilized for CCS monitoring and CO2 
utilization, with synthetic biology potentially maximizing CO2 
uptake [87]. Microbial ureolysis can enhance 
solubility-trapping of CO2 in brines and promote mineral 
formation, potentially reducing CO2 leakage [23]. �e 
microbial carbon pump (MCP) plays a crucial role in forming 
recalcitrant dissolved organic carbon (RDOC) in oceans, which 
can sequester carbon over long timescales [88]. Future research 
should focus on integrating the MCP with the biological pump, 

understanding POC-RDOC interactions, and developing new 
technologies for in-situ monitoring of microbial activity to 
improve CCS e�ciency [88,87].

Interdisciplinary approaches 
Interdisciplinary approaches combining geochemistry, 
microbiology, and geophysics, o�er valuable insights into 
subsurface microbial behaviour. Studies have demonstrated that 
geophysical techniques can detect microbial activity and 
associated biogeochemical processes. Bulk conductivity 
measurements have been linked to zones of enhanced microbial 
activity in hydrocarbon-impacted aquifers [89]. Bioremediation 
experiments have shown that indigenous bacteria can be 
stimulated to remove heavy metals through precipitation of 
sul�de phases, with geophysical surveys indicating changes in 
electrical conductance and magnetic susceptibility [90]. �e 
emerging �eld of biogeophysics focuses on detecting microbes, 
microbial growth, and microbe-mineral interactions using 
geophysical techniques [91]. Electrical-induced polarization 
measurements have been used to monitor stimulated microbial 
activity during subsurface bioremediation, revealing 
correlations between phase response and changes in 
groundwater geochemistry associated with iron and sulfate 
reduction and sul�de mineral precipitation [92]. �ese 
integrated approaches provide powerful tools for 
understanding and monitoring subsurface microbial processes.

Sustainable and scalable CCS solutions 
Microbial contributions to carbon capture and storage (CCS) 
o�er promising solutions for large-scale CO2 sequestration. 
Autotrophic aerobic bacteria can capture CO2 from industrial 
sources to produce microbial protein, potentially usable as food, 
feed, or fertilizer [93]. Natural microbial communities and 
synthetic biology approaches can enhance CO2 uptake and 
monitoring in geological storage sites [87]. Microbes can 
accelerate silicate weathering, potentially drawing down 
signi�cant amounts of CO2 while producing valuable 
by-products [94]. Engineering CO2-�xing pathways and 
energy-harvesting systems in autotrophic and heterotrophic 
microorganisms can improve CO2 �xation e�ciency, while 
rewiring metabolic pathways can reduce microbial CO2 
emissions and increase the carbon yield of value-added 
products [65]. �ese microbial CCS approaches o�er 
sustainable, scalable solutions for CO2 sequestration, though 
further research is needed to determine their economic 
feasibility and potential for large-scale implementation.

Conclusions
In summary, microbial communities enhance carbon capture 
and storage (CCS) by in�uencing geochemical processes such as 
mineralization, �uid dynamics, and biogeochemical cycling. 
�eir activities, including microbial-induced carbonate 
precipitation and bio�lm formation, can signi�cantly a�ect CO2 
sequestration e�ectiveness and long-term stability. Future 
research must focus on interdisciplinary approaches to better 
understand microbial geochemistry and its implications for 
CCS. Addressing current knowledge gaps and developing 
predictive models incorporating microbial dynamics will be 
essential for optimizing sequestration strategies. As we advance 
our understanding of these processes, harnessing microbial 
activities can enhance the stability and e�ciency of carbon 

sequestration, contributing signi�cantly to climate change 
mitigation e�orts.
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Carbon emissions from industrial activities and fossil fuel use 
have signi�cantly contributed to global climate change, causing 
rising temperatures, extreme weather events, and ecological 
disruptions. Addressing this issue requires reducing 
atmospheric CO2 levels. Carbon capture and storage has 
emerged as a critical strategy to mitigate climate change by 
capturing CO2 from point sources, such as power plants, and 
storing it in geological formations. �is process reduces 
emissions at the source and can help achieve global carbon 
neutrality goals. CCS technologies, particularly in subsurface 
environments, o�er promising potential to limit greenhouse gas 
accumulation and protect the planet's climate system.

 Carbon capture and sequestration have emerged as crucial 
technologies for addressing the global carbon emission problem 
and mitigating climate change [1]. �e increasing atmospheric 
CO2 concentration, primarily due to fossil fuel consumption, 
has led to global warming and ocean acidi�cation [2]. With 
fossil fuels supplying over 63% of global energy, CCS is pivotal 
in combating this crisis [1]. �e process involves capturing CO2 
from signi�cant sources, such as industrial plants, and storing it 
in geological reservoirs to achieve a carbon-neutral or negative 
budget [1,3]. While long-term solutions focus on sustainable 
energy generation, CCS can provide immediate mitigation for 
existing fossil fuel infrastructure [4]. �e Intergovernmental 
Panel on Climate Change (IPCC) has endorsed CCS as a viable 

mitigation strategy for developing countries, highlighting its 
importance in global e�orts to reduce CO2 emissions [3].

 Geologic carbon storage (GCS) in deep saline aquifers, 
depleted oil and gas �elds, and basalt formations are crucial 
for mitigating greenhouse gas emissions [5]. Deep saline 
aquifers o�er the largest storage potential, storing emissions 
for at least a century [6]. �ese formations are evaluated based 
on safety, storage capacity, and containment integrity [7]. CO2 
injection into saline aquifers creates a complex multiphase 
�ow system, but simplifying assumptions can provide 
practical insights into system behavior, including storage 
capacity estimates and leakage risk assessments [6]. �e 
Sleipner project demonstrates successful commercial-scale 
CO2 sequestration in saline aquifers [8]. While economic and 
policy challenges persist, CO2 storage in deep saline aquifers is 
a viable technology that can signi�cantly contribute to climate 
change mitigation e�orts.

 Microbial communities play a signi�cant role in 
in�uencing geochemical processes during carbon capture and 
storage (CCS). Studies have shown that CO2 leakage from 
storage sites can impact microbial diversity and activity in 
subsurface environments [9,10]. High CO2 levels can change 
pH, solute concentrations, and microbial community 
composition, a�ecting methanogenesis, metal reduction, and 
sulfate reduction [9,11]. Microorganisms adapted to high 

salinity and supercritical CO2 conditions have been observed in 
potential CCS sites, with implications for reservoir quality and 
stability [10]. However, knowledge gaps remain regarding the 
in�uence of factors such as redox conditions, CO2 in�ux rate, 
and mineralogy on CO2-induced reactions in potable aquifers 
and the vadose zone [12]. Understanding these microbial- 
geochemical interactions is crucial for assessing CCS's 
environmental impacts and risks. Moreover, microbes can 
facilitate reactions such as mineral dissolution, carbonate 
precipitation, and the formation of bio�lms, which may 
enhance or hinder carbon trapping in geological formations. 
�eir metabolic activities alter the chemical environment, 
potentially improving the e�ciency of long-term CO2 
sequestration. �is review explores recent advances in 
microbial geochemistry related to carbon capture and storage 
(CCS), aiming to assess microbial contributions to CCS, 
highlight knowledge gaps, and propose future research 
directions to improve CCS technology through microbial 
interactions.

Overview of Carbon Sequestration Methods 
Carbon sequestration methods focus on storing captured CO2 
in subsurface formations to mitigate atmospheric emissions. 
Geologic storage traps CO2 in deep formations like saline 
aquifers, depleted oil �elds, and basalt, while carbon 
mineralization converts it into stable minerals for permanent 
storage. Microbial geochemistry enhances these processes, 
in�uencing mineralization and long-term storage stability.

Geologic carbon storage (GCS)
GCS involves injecting CO2 into deep subsurface formations, 
trapped through various physical and chemical mechanisms. 
Once injected, the CO2 is stored in porous rock formations, 
typically at depths of over 800 meters, where high pressure and 
temperature keep it in a supercritical state. �ese formations 
o�er extensive storage capacity, with saline aquifers being the 
most common, while basalt formations facilitate mineralization 
due to their reactive nature. Carbon sequestration is crucial to 
mitigating climate change by reducing atmospheric CO2 levels. 
Various methods exist, including geological storage in oil and 
gas reservoirs, deep coal seams, saline aquifers, and salt caverns 
[13]. Ocean sequestration and mineral carbonation are 
potential options [14]. Biological methods involve soil carbon 
sequestration and phytosequestration through photosynthetic 
mechanisms in plants, cyanobacteria, and microalgae [15]. 
Other techniques include pre- and post-combustion CO2 
capture, membrane separation, amine scrubbing, and 
cryotechnology [16]. Enhancing natural CO2 sinking rates 
through terrestrial sequestration, ocean fertilization, and rock 
weathering can reduce carbon [14]. While these methods o�er 
signi�cant potential for carbon sequestration, each has 
advantages and disadvantages regarding capacity, cost, time 
scale, stability, and environmental impacts, necessitating careful 
evaluation before implementation [14,13].

Carbon mineralization 
Carbon mineralization is a process in which CO2 reacts with 
minerals, primarily calcium and magnesium silicates, to form 
stable carbonate minerals like calcite and magnesite. �is 
reaction permanently traps CO2 within the rock matrix, 
o�ering a secure carbon storage method. �is process involves 

converting CO2 into stable carbonate minerals by reacting with 
divalent cations like Ca²⁺, Mg²⁺, or Fe²⁺ [17]. It o�ers a more 
secure alternative to other trapping mechanisms, which can be 
reversible [18]. Studies have shown that over 95% of injected 
CO2 can be mineralized in basaltic rocks within two years, 
signi�cantly faster than previously thought [19]. Factors 
in�uencing mineralization include rock types; temperature, 
�uid composition, and CO2 phase [17]. While most carbon 
capture and storage projects focus on sedimentary basins, 
reactive rocks like basalts and peridotites o�er large potential 
volumes for carbon storage through mineralization [20]. 
Ongoing research aims to accelerate the mineralization process 
and explore its applicability on a global scale [18,20]. Basalt 
formations are particularly suitable for this process, as they 
contain high concentrations of reactive minerals. 
Mineralization locks CO2 in solid form and prevents its escape 
over time, providing long-term stability to carbon storage 
e�orts. �is process is critical for ensuring the permanent 
sequestration of captured CO2.

Role of microbial geochemistry in CCS 
Microbial communities in subsurface environments can 
signi�cantly in�uence carbon storage and mineralization 
processes. Methanogenesis can modify �uid composition and 
dynamics within storage reservoirs, potentially impacting CO2 
storage capacity and trapping mechanisms [21]. Long-term 
CO2 leakage can in�uence microbial communities, a�ecting 
subsurface biogeochemistry and carbon cycling [9]. 
Microorganisms in deep geological systems are relevant for 
underground gas storage and geothermal energy production, 
with implications for CCS, renewable energy storage, and 
geothermal energy [22]. Microbial processes, such as ureolysis, 
can enhance CCS through mineral-trapping and 
solubility-trapping. Ureolysis increases brine pH, promoting 
CO2 dissolution and carbonate precipitation, thus improving 
the solubility-trapping capacity of the brine [23]. 
Understanding these microbial processes is crucial for assessing 
CCS e�ciency and potential risks and developing monitoring 
strategies for CO2 storage sites. 

 Moreover, sulfate-reducing bacteria and methanogens 
catalyze chemical reactions that alter the geochemical 
conditions around stored CO2, impacting mineral trapping and 
�uid dynamics. For example, microbial-induced carbonate 
precipitation (MICP) can enhance mineralization by forming 
stable carbonate minerals. Microbially induced carbonate 
precipitation (MICP) shows promise for enhancing carbon 
capture and storage (CCS) through mineral trapping and 
solubility trapping. Ureolytic bacteria can precipitate dissolved 
CO2 as calcite, increasing incorporation rates at higher CO2 
pressures and urea concentrations [23]. MICP can also enhance 
pH through alkalization, increasing calcite precipitation in 
porous media [24]. �is process can potentially create 
subsurface hydraulic barriers near CO2 storage wellbores, 
improving storage security [25]. MICP o�ers a rapid alternative 
to natural carbonate formation, with urease-producing bacteria 
converting CO2 into calcium carbonate in various 
environments [26]. While ureolysis does not directly precipitate 
gaseous CO2, it increases brine pH, enhancing solubility 
trapping and reducing headspace CO2 concentrations [23]. 
�ese �ndings highlight MICP's potential for climate change 

promising carbon sequestration and environmental 
remediation process. MICP involves the conversion of CO2 into 
calcium carbonate (CaCO3) by urease-producing bacteria, 
which can thrive in various environments [26]. �e bacterial 
cell wall acts as a nucleation site for CaCO3 formation, with 
urease and carbonic anhydrase enzymes mediating the process 
[44]. MICP has multiple applications, including bio 
cementation, heavy metal removal, and CO2 sequestration [45]. 
�e e�ciency of CO2 sequestration during MICP is in�uenced 
by biotic factors, such as bacterial species and abiotic factors, 
including pH and medium components, with urea being the 
most critical component [46]. While MICP shows great 
potential for sustainable carbon management and climate 
change mitigation, challenges remain in implementing the 
technology commercially [44,45].

 �e impact of microbial activity on mineral dissolution 
varies depending on the microorganisms and minerals 
involved. While some studies suggest a weak e�ect of microbes 
on Ca-Mg silicate weathering, others demonstrate that 
microorganisms can signi�cantly modify mineral dissolution 
rates and mechanisms [47,48]. Certain microbial extracellular 
polymers can inhibit or enhance dissolution rates by up to three 
orders of magnitude, depending on pH and mineral 
composition [49]. In complex microbial consortia, 
heterotrophic bacteria may enhance mineral dissolution, while 
photosynthetic organisms can promote secondary mineral 
precipitation [50]. Microbial activity can lead to the formation 
of secondary minerals, including clays and carbonates, which 
impact soil fertility and CO2 sequestration [48,50]. �e 
microbial impact on mineral dissolution is complex and 
depends on the speci�c microbe-mineral interactions and 
environmental conditions.

Biofilm formation and its effects 
Microbial bio�lms in subsurface environments signi�cantly 
impact transport processes and permeability in porous media 
[51,52]. Depending on substrate �ux and surface loading, 
bio�lm formation can be continuous or discontinuous [53]. 
During nutrient-rich conditions, biomass accumulation 
decreases permeability, while starvation conditions lead to 
bio�lm evolution patterns a�ecting permeability di�erently 
[54]. �ese patterns include initial permeability decrease, 
stabilization, and potential increase due to bio�lm sloughing 
under shear stress [54]. �e critical shear stress for sloughing 
indicates bio�lm strength, with removal occurring when 
exceeded [54]. Understanding bio�lm formation and its e�ects 
on permeability is crucial for various applications, including 
subsurface remediation, enhanced oil recovery, and carbon 
dioxide sequestration [52]. However, the relationships between 
microbial growth and changes in porosity and permeability 
remain poorly understood, necessitating further research [51].

 Bio�lms in porous media signi�cantly impact �uid �ow 
and transport processes. �ey can reduce water permeability by 
up to 95% in biologically active zones [55]. Bio�lm growth and 
gas generation a�ect �ow patterns, with gas moving upwards in 
discrete �ngers and accumulating at the top of porous systems 
[55]. In CO2 storage, bio�lms have been proposed as 
bio-barriers to mitigate leakage from geological reservoirs [56]. 
In hydraulic fracturing, bio�lms can cause formation damage, 

reducing gas �ow rates by half when occupying approximately 
10% of pore volume [57]. �e distribution of bio�lms within 
pores also impacts �ow rates. Modeling studies show that overall 
permeability, �ow pathways, and pressure gradients are highly 
dependent on bio�lm ratio and permeability, with moderate 
impacts from bio�lm porosity at higher bio�lm levels [58].

Biogeochemical cycles 
Microorganisms alter biogeochemical cycles and enhance 
carbon sequestration in various ecosystems. In land�lls, 
microbes’ mediate carbon, nitrogen, and sulphur cycles during 
waste decomposition, in�uencing greenhouse gas emissions 
[59]. Soil inoculation with bacteria and cyanobacteria from 
biological soil crusts can increase carbon sequestration in 
degraded dryland soils, potentially removing signi�cant 
amounts of CO2 from the atmosphere [60]. While terrestrial 
ecosystems can be managed for carbon sequestration, 
manipulating speci�c microbes remains challenging [61]. 
Recent research has focused on developing microbial inoculants 
to enhance soil carbon sequestration, with promising 
candidates including arbuscular mycorrhizal fungi, melanising 
endophytic fungi, and plant growth-promoting bacteria [62]. 
�ese microorganisms contribute to carbon sequestration 
through various mechanisms, such as facilitating carbon 
transition from labile to recalcitrant pools and stimulating plant 
growth. �e "biochar + microbe system" is proposed as a 
potential solution to overcome limitations in building and 
retaining soil carbon stocks [62].

 Microbial enhancement of CO2 trapping in geological 
storage shows promise for mitigating climate change. 
Ureolysis-induced calcite precipitation can incorporate CO2 
from the gas phase, enhancing solubility trapping by increasing 
brine pH [23]. Microbes can adapt to extreme subsurface 
conditions, promoting CO2 dissolution and mineral corrosion 
and facilitating mineral trapping [63]. Acceleration methods for 
mineral trapping include co-injection of carbonic 
anhydrase-producing microbes or urea bacteria, selecting 
reservoirs with reactive minerals, and increasing mineral 
surface area through fracturing [64]. Engineering CO2-�xing 
pathways and energy-harvesting systems in autotrophic and 
heterotrophic microorganisms can improve CO2 �xation 
e�ciency, while rewiring metabolic pathways can reduce 
microbial CO2 emissions and increase the carbon yield of 
valuable products [65]. �ese strategies demonstrate the 
potential of biotechnology to enhance microbial CO2 
sequestration in geological storage sites.

Case Studies of Microbial Geochemistry in CCS 
Projects 
�e CarbFix project in Iceland demonstrates the potential of 
carbon sequestration in basaltic formations. Microbial 
communities in these environments are diverse and responsive 
to CO2 injection [66,67]. While CO2 injection can decrease 
microbial richness, it also promotes the growth of certain 
bacteria, potentially a�ecting aquifer redox state and carbon 
fate [67]. Experimental studies show that bacterial presence 
minimizes basalt dissolution rates and CO2 sequestration 
processes [68]. �e CarbFix project aims to capture and 
mineralize CO2 emissions from geothermal power plants, with 
extensive research conducted on site characterization, alteration 

mitigation through CO2 sequestration. Additionally, microbial 
activity may in�uence rock dissolution, bio�lm formation, and 
gas migration, all a�ecting the long-term stability and e�ciency 
of carbon sequestration e�orts. 

Microbial Communities in the Subsurface
Microbial communities in the deep subsurface are crucial to 
carbon sequestration, as their metabolic activities directly 
impact geochemical processes. �ese microbes in�uence 
carbon cycling and storage stability through pathways like 
methanogenesis, sulfate reduction, and iron reduction. 
Catalyzing or altering reactions can either enhance or inhibit 
CO2 mineralization, making their role essential to the 
long-term success of carbon capture and storage.

Types of microbial communities
Microbial communities in the terrestrial deep subsurface are 
diverse and in�uenced by various factors. Globally, aquifer 
lithology controls bacterial community diversity in deep 
groundwater, with Betaproteobacteria, Gammaproteobacteria, 
and Firmicutes dominating [27]. Depth and geological 
characteristics act as ecological �lters for archaeal and bacterial 
communities, while vertical water movement impacts shallow 
subsurface microbial assembly [28]. In uranium-contaminated 
sediments, geochemical conditions are selected for 
well-adapted taxa with prevalent nitrate-reducing bacteria [29]. 
Site-speci�c communities have been observed, such as 
iron-oxidizing Gallionella dominating bacterial communities in 
Romuvaara, Finland, alongside methanogenic and 
ammonia-oxidizing archaea [30]. Functional genes for methane 
cycling, sulfate reduction, and nitrate reduction have been 
detected, indicating diverse metabolic potentials in these 
environments [30]. Understanding these communities is crucial 
for developing e�ective bioremediation strategies and 
comprehending global subsurface element cycling. 

 Deep subsurface environments harbour diverse microbial 
communities with various metabolic pathways relevant to 
carbon cycling. Studies in the Fennoscandian Shield, South 
African gold mines, and the Iberian Pyrite Belt have revealed 
the presence of bacteria and archaea involved in 
methanogenesis, sulfate reduction, and iron oxidation [30-33]. 
�e Wood-Ljungdahl pathway for carbon �xation is prevalent 
in these environments, along with carbon monoxide 
dehydrogenase genes that support autotrophic and 
heterotrophic metabolisms [32]. Metagenomic analyses have 
identi�ed dominant phyla such as Euryarchaeota and 
Firmicutes in deep fracture �uids [32]. Molecular biomarkers 
and DNA microarray techniques have also detected methane 
oxidizers, sulfate-reducers, and metal oxidizers in these 
subsurface communities [33]. �ese �ndings highlight the 
complex interplay of microbial metabolisms in deep subsurface 
environments and their role in biogeochemical cycles.

 Anaerobic carbon cycling in wetlands involves several key 
metabolic pathways, including methanogenesis, sulfate 
reduction, and iron reduction. �e relative importance of these 
processes varies seasonally and across di�erent wetland types. 
Iron reduction is typically dominant early in the growing season 
in tidal freshwater and brackish marshes, gradually giving way 
to methanogenesis or sulfate reduction [34,35]. Methanogenesis 
occurs primarily through the aceticlastic pathway, except in 

more ombrotrophic peatlands early in the season [35]. While 
plants can in�uence these processes by releasing oxygen into the 
rhizosphere, their impact may be limited in some wetland 
systems [36]. Iron reduction can be the dominant carbon 
oxidation pathway in lacustrine sediments, followed by sulfate 
reduction, with methanogenesis playing a negligible role [37]. 
Factors such as soil chemistry, temperature, and water table 
depth in�uence the balance between these anaerobic metabolic 
pathways.

Microbial influence on geochemistry
Microorganisms are crucial in geochemical reactions relevant 
to carbon capture and storage (CCS). �ey can catalyze carbon 
cycling and biogeochemical reactions in deep subsurface 
environments, potentially in�uencing the fate of injected CO2 
[38]. Microbial metabolisms involving redox transformations of 
metals and metalloids can a�ect mineral precipitation, 
transformation, and dissolution, impacting modern and 
ancient geochemical cycles [39]. Elevated CO2 levels can alter 
groundwater pH and chemical speciation, a�ecting the 
thermodynamics and kinetics of microbial reactions such as 
syntrophic oxidation, iron reduction, sulfate reduction, and 
methanogenesis [40]. Microorganisms can also enhance carbon 
mineralization through bioalkalinization, increasing the pH of 
aqueous solutions and promoting calcite precipitation [41]. 
Understanding the genetic basis of these microbial processes is 
crucial for predicting their in�uence on geochemical cycles and 
their potential impact on CCS strategies [39].

 Microbial reactions can signi�cantly in�uence CO2 
mineralization in geological carbon sequestration. High CO2 
levels can alter groundwater pH and chemical speciation, 
a�ecting microbial reactions di�erently. While syntrophic 
oxidation and acetoclastic methanogenesis are inhibited, iron 
reduction and hydrogenotrophic processes may be enhanced 
[40]. Cyanobacteria can facilitate carbonate mineralization 
through their carbon dioxide-concentrating mechanism, 
potentially aiding biological carbon capture and storage [42]. 
Biomass growth can enhance calcite precipitation through 
bioalkalinization, o�ering a promising method for CO2 
immobilization [41]. �e survival of microorganisms under 
high CO2 pressures varies among species, with some 
gram-positive bacteria showing higher resilience. Mineral 
surfaces, particularly quartz sandstones, can protect microbes 
by facilitating bio�lm formation, while certain minerals may 
release toxic metals that increase microbial mortality under 
CO2 stress [43].

Microbial Impact on Carbon Sequestration 
Mechanisms 
Microbes signi�cantly impact carbon sequestration through 
various mechanisms. Microbial-induced carbonate 
precipitation (MICP) enhances CO2 trapping, while microbial 
activity in�uences mineral dissolution processes. Additionally, 
bio�lm formation in subsurface environments a�ects 
permeability, potentially altering �uid �ow and CO2 migration. 
Microbes also modify biogeochemical cycles; such as carbon, 
sulfur, and nitrogen; potentially enhancing mineral trapping 
and improving sequestration e�ciency.

Microbial-Driven mineralization processes 
Microbially induced carbonate precipitation (MICP) is a 

mineralogy, and numerical modelling [69]. Monitoring and 
reactive transport modelling are crucial in optimizing 
long-term site management and quantifying CO2 
mineralization [69]. Microbial activity in basalt formations has 
been observed in various case studies. In the oceanic crust at the 
Mid-Atlantic Ridge, nitrogen addition stimulated the growth of 
basalt-associated microorganisms, including iron-oxidizing 
bacteria [70]. �e Wallula pilot well in Washington State 
revealed diverse microbial communities in basalt formation 
waters, dominated by Proteobacteria, Firmicutes, and 
Actinobacteria, with microorganisms capable of various 
metabolic processes [66]. Experimental studies with basaltic 
rocks from Hawaii demonstrated that microbial activity, 
speci�cally by Burkholderia fungorum, enhanced rock 
alteration and Fe mobilization under nutrient-depleted 
conditions. Colonization experiments with synthetic basaltic 
glasses showed that microbial attachment and element 
dissolution were in�uenced by Fe redox state and residual stress 
in the glass [71]. �ese �ndings suggest that basaltic formations 
o�er promising opportunities for geological carbon 
sequestration, with potential applications worldwide.

 Microbial processes in saline aquifers and depleted oil 
�elds have been monitored to understand their impact on 
carbon storage and bioremediation. Studies have examined the 
e�ects of CO2 concentration on microbial communities in 
various subsurface environments [72]. In depleted oil reservoirs 
targeted for CO2 storage, high salinity and supercritical CO2 
concentrations were found to be selected for stress-tolerant 
microorganisms, potentially a�ecting reservoir quality and 
stability [10]. Monitoring techniques have included chemical, 
isotopic, and biological analyses to characterize microbial 
processes in contaminated aquifers [73]. �e use of Bio-Sep® 
biotraps has proven e�ective in collecting bio�lms that better 
represent in situ microbial ecology compared to planktonic 
organisms from groundwater samples [74]. �ese studies 
highlight the importance of understanding microbial 
community dynamics in subsurface environments for 
applications in carbon storage, bioremediation, and overall 
ecosystem management.

 Recent studies have highlighted the signi�cant role of 
microbial communities in carbon capture and storage (CCS) 
projects. In basalt formations, CO2 injection can lead to rapid 
changes in microbial populations, decreasing overall richness 
but increasing in speci�c groups like iron-oxidizing bacteria 
and aromatic compound degraders [67]. �ese changes can 
a�ect aquifer redox states and carbon fate. In hydrocarbon 
reservoirs, microbial methanogenesis has been shown to 
convert up to 13-19% of injected CO2 to methane, with rates of 
73-109 mmol CH4/m3/year observed [21]. �is process may be 
signi�cant across geological settings, particularly in depleted 
hydrocarbon �elds [21]. Pre-injection microbial communities 
in basalt formations have been found to include hydrogen 
oxidizers, methylotrophs, and methanogens, among others 
[66]. Understanding these microbial dynamics is crucial for 
e�ective CCS implementation and monitoring.

 Microbial communities can adapt to enhance the 
degradation of various compounds, including trace organic 
chemicals (TOrCs) and metals in environmental systems. 
Adaptation mechanisms may involve changes in carbon use 

e�ciency (CUE) or shi�s in community structure [75,76]. 
However, pre-exposure to TOrCs at ng/L levels does not 
necessarily a�ect their attenuation or in�uence microbial 
community structure and function in managed aquifer recharge 
systems [77]. Adaptation to xenobiotic compounds depends on 
factors such as concentration, exposure time, and chemical 
structure, with a threshold concentration of 10 ppb observed for 
some compounds [78]. Adapted microbial communities can 
achieve higher removal e�ciencies for various contaminants, 
including sulfate and metals [76]. Understanding these 
adaptation processes is crucial for optimizing bioremediation 
strategies and predicting ecosystem responses to environmental 
changes.

Challenges and Research Gaps 
Studying microbial geochemistry in carbon sequestration 
presents signi�cant challenges, including replicating subsurface 
conditions in labs and monitoring microbial activity at depth. 
Knowledge gaps persist regarding microbial population 
dynamics, interactions with host rock formations, and 
long-term impacts on storage stability. Additionally, predictive 
models integrating microbial activity with geochemical 
reactions remain underdeveloped, requiring further research.

Challenges in studying microbial geochemistry in CCS 
Studying microbial geochemistry in Carbon Capture and 
Storage (CCS) presents several challenges. Replicating 
subsurface conditions in laboratories is di�cult, and 
monitoring microbial activities at depth requires specialized 
techniques [22]. �e long-term impacts of microbial activity on 
storage stability are not fully understood [21]. Microbial 
processes, such as methanogenesis, can signi�cantly a�ect CO2 
storage by modifying �uid composition and dynamics within 
reservoirs [21]. Deep ecosystems respond quickly to CO2 
injections, with acidic CO2-charged groundwater causing a 
decrease in microbial richness while promoting the growth of 
certain bacterial species [67]. �e impact of potential CO2 
leakage on plants and microorganisms varies, with plants 
showing visible stress responses under high soil CO2 levels and 
microorganisms exhibiting more diverse reactions [79]. Further 
research is needed to understand these complex interactions 
better and ensure the environmental safety of CCS technology.

Current knowledge gaps 
Recent studies highlight signi�cant knowledge gaps in 
understanding microbial dynamics during carbon capture and 
storage (CCS). While CCS is crucial for reducing greenhouse 
gas emissions, microbial processes like methanogenesis can 
impact CO2 storage e�ciency and �uid dynamics [22]. �e 
bioavailability of H2 is likely to in�uence methanogenesis rates 
across di�erent storage sites [21]. Current research lacks 
comprehensive data on how elevated CO2 levels a�ect 
geochemical processes in aquifers and the vadose zone, with 
factors such as redox conditions and microbial activity 
requiring further investigation [12]. Deep subsurface 
microbiology is increasingly relevant for underground gas 
storage and geothermal energy production, necessitating more 
research into microbial interactions with these systems [22]. 
Field studies have shown that CO2 injection into basalt can 
rapidly alter microbial communities, potentially impacting 
aquifer redox states and carbon fate [67].

 �e interactions between microbial processes and host 
rock formations in subsurface environments are complex and 
poorly understood. Microorganisms can in�uence the 
dissolution and precipitation of minerals in caves and other 
rock-hosted systems [80]. �ese processes are controlled by 
lithology, permeability, and �uid mixing, a�ecting microbial 
communities' distribution and diversity [81]. Microbial 
activities can generate acidity, leading to cave wall dissolution or 
induce mineralization, forming various mineral deposits [80]. 
In radionuclide behaviour, microbial processes can impact 
solid-phase capture mechanisms, including sorption, reductive 
precipitation, and co-precipitation [82]. However, the speci�c 
physiological adaptations, growth rates, and synergistic 
interactions between microorganisms and minerals in these 
energy-limited environments remain largely unknown, 
necessitating further research to understand better these 
complex geomicrobiological systems [81,82].

Modeling microbial influence 
Microbial communities play a crucial role in biogeochemical 
cycles and ecosystem functions, but predicting their behaviour 
remains challenging [83,84]. Integrating microbial ecology into 
ecosystem models can improve predictions of carbon dynamics 
under environmental changes, such as warming, precipitation 
changes, and nitrogen enrichment [84]. However, building 
predictive models that link microbial community composition 
to function requires close coordination between experimental 
data collection and mathematical model development [85]. 
Advances in 'omics' - based approaches and systems biology can 
help characterize microbial system interactions impacting 
terrestrial carbon sequestration [86]. While directly linking 
genomes to global phenomena is challenging, connections at 
intermediate scales are feasible by integrating new analytical 
and modelling techniques [86]. �is integration could enhance 
our ability to develop and evaluate microbial strategies for 
capturing and sequestering atmospheric CO2 [86].

Future Directions and Opportunities 
�e future of carbon sequestration presents exciting 
opportunities to enhance e�ciency through microbial processes. 
By integrating bioengineering, interdisciplinary approaches, and 
sustainable practices, we can optimize microbial contributions to 
CCS and develop scalable solutions for e�ective CO2 
management.

Potential for enhanced microbial carbon 
sequestration 
Microbial carbon sequestration o�ers promising opportunities 
for enhancing carbon capture and storage (CCS) e�ciency. 
Bioengineering approaches can improve CO2 �xation in 
autotrophic and heterotrophic microorganisms by modifying 
CO2-�xing pathways and energy-harvesting systems [65]. 
Prokaryotes can be utilized for CCS monitoring and CO2 
utilization, with synthetic biology potentially maximizing CO2 
uptake [87]. Microbial ureolysis can enhance 
solubility-trapping of CO2 in brines and promote mineral 
formation, potentially reducing CO2 leakage [23]. �e 
microbial carbon pump (MCP) plays a crucial role in forming 
recalcitrant dissolved organic carbon (RDOC) in oceans, which 
can sequester carbon over long timescales [88]. Future research 
should focus on integrating the MCP with the biological pump, 

understanding POC-RDOC interactions, and developing new 
technologies for in-situ monitoring of microbial activity to 
improve CCS e�ciency [88,87].

Interdisciplinary approaches 
Interdisciplinary approaches combining geochemistry, 
microbiology, and geophysics, o�er valuable insights into 
subsurface microbial behaviour. Studies have demonstrated that 
geophysical techniques can detect microbial activity and 
associated biogeochemical processes. Bulk conductivity 
measurements have been linked to zones of enhanced microbial 
activity in hydrocarbon-impacted aquifers [89]. Bioremediation 
experiments have shown that indigenous bacteria can be 
stimulated to remove heavy metals through precipitation of 
sul�de phases, with geophysical surveys indicating changes in 
electrical conductance and magnetic susceptibility [90]. �e 
emerging �eld of biogeophysics focuses on detecting microbes, 
microbial growth, and microbe-mineral interactions using 
geophysical techniques [91]. Electrical-induced polarization 
measurements have been used to monitor stimulated microbial 
activity during subsurface bioremediation, revealing 
correlations between phase response and changes in 
groundwater geochemistry associated with iron and sulfate 
reduction and sul�de mineral precipitation [92]. �ese 
integrated approaches provide powerful tools for 
understanding and monitoring subsurface microbial processes.

Sustainable and scalable CCS solutions 
Microbial contributions to carbon capture and storage (CCS) 
o�er promising solutions for large-scale CO2 sequestration. 
Autotrophic aerobic bacteria can capture CO2 from industrial 
sources to produce microbial protein, potentially usable as food, 
feed, or fertilizer [93]. Natural microbial communities and 
synthetic biology approaches can enhance CO2 uptake and 
monitoring in geological storage sites [87]. Microbes can 
accelerate silicate weathering, potentially drawing down 
signi�cant amounts of CO2 while producing valuable 
by-products [94]. Engineering CO2-�xing pathways and 
energy-harvesting systems in autotrophic and heterotrophic 
microorganisms can improve CO2 �xation e�ciency, while 
rewiring metabolic pathways can reduce microbial CO2 
emissions and increase the carbon yield of value-added 
products [65]. �ese microbial CCS approaches o�er 
sustainable, scalable solutions for CO2 sequestration, though 
further research is needed to determine their economic 
feasibility and potential for large-scale implementation.

Conclusions
In summary, microbial communities enhance carbon capture 
and storage (CCS) by in�uencing geochemical processes such as 
mineralization, �uid dynamics, and biogeochemical cycling. 
�eir activities, including microbial-induced carbonate 
precipitation and bio�lm formation, can signi�cantly a�ect CO2 
sequestration e�ectiveness and long-term stability. Future 
research must focus on interdisciplinary approaches to better 
understand microbial geochemistry and its implications for 
CCS. Addressing current knowledge gaps and developing 
predictive models incorporating microbial dynamics will be 
essential for optimizing sequestration strategies. As we advance 
our understanding of these processes, harnessing microbial 
activities can enhance the stability and e�ciency of carbon 

sequestration, contributing signi�cantly to climate change 
mitigation e�orts.
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