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Abstract 

The concentration of carbon dioxide has been rising extensively due to human activities and it 

reached dangerous levels that had not been seen in the previous 3 million years. In 2022, carbon 

dioxide emissions from the transport sector increase by 250Mt CO2 which is 3% more than in 

2021(8Gt). Natural sources of carbon dioxide emissions include decomposition, forest fires, ocean 

release, volcanic eruption, and ocean release. Each year globally 2.6 billion tons of carbon dioxide 

are released from natural forest fires. Ocean absorbs 30% of carbon dioxide which is released by 

human activities and holds 60 times more carbon than the atmosphere. Microbial communities 

play a major role in carbonate rock formation through bio mineralization within subsurface porous 

media. Moisture content in subsurface porous media significantly impacts the carbonate bio 

mineralization process during CO2 sequestration. It influences mineral dissolution, microbial 

activity, water transport, CO2 solubility, and transport efficiency. Environmental factors like 

temperature, pH, and nutrient availability can influence urease activity. Microbial community 

dynamics also impact ureolysis efficiency. Understanding these aspects is essential for applications 

like CO2 sequestration and environmental remediation. To stop CO2 leakage in the context of CO2 

sequestration, the subsurface may be covered with a layer of cap rock, or impermeable rock. The 

formation of carbonate minerals induced by MICP can strengthen the integrity of the cap rock by 

sealing potential pathways for CO2 migration and filling fractures. Maintaining sustainable CO2 

sequestration and bio-methane production requires striking a balance between the advantages of 

MICP and its effects on subsurface processes. This review examines how geochemical and 

environmental controls affect microbial activity and bio mineralization, emphasizing the 

importance of sustainability and long-term stability. 

Keywords 

CO2 sequestration, microbial communities, subsurface porous media, bio mineralization, MICP. 

Introduction 

Since the Industrial Revolution, the concentration of carbon dioxide has been rising extensively 

due to human activities and it reached dangerous levels that had not been seen in the previous 3 

million years1. Increased concentrations of carbon dioxide in the atmosphere are due to 

anthropogenic activities such as deforestation, as well as the burning of fossil fuels. Although 

anthropogenic sources of carbon emission are much smaller than natural emissions, they disturb 

the natural balance that was before human influence. Researchers estimated that the world’s 

emission of carbon dioxide exceeded 40 billion tons in 2023 and nearly 37 billion tons of emissions 

are from fossil fuels2. 
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Every year due to deforestation more than 1.5 billion tons of carbon dioxide are released into the 

atmosphere. Global carbon dioxide emissions from fossil fuel burning are about 34 billion tons 

(Gt) per year3. Industrialization and energy consumption had a positive impact on carbon 

emissions, a 1% increase in industrialization leads to a 0.54% rise in CO2 emissions while a 1% 

rise in energy consumption produces a 0.61% increase in emissions.  In 2022, carbon dioxide 

emissions from the transport sector increase by 250Mt CO2 which is 3% more than in 2021(8Gt). 

Air travel contributed to 70% of emissions in 2019. Between 2001 and 2023 global forest fires 

release 35.9 tons of carbon dioxide. While agriculture contributes to 10% of global CO2 emissions4. 

Furthermore, flavonoids and phenolic also being explored for pharmaceutical and medical 

applications5.A range of natural compounds derived from plants has been explored for their 

potential health benefits6. Chlorogenic Acid from Equisetum arvense L. is a phenolic compound 

that possesses antioxidant properties and has been studied for its antiviral, antibacterial, and anti-

inflammatory effects7. Methotrexate from Plantago lanceolata, on the other hand, is a versatile 

phenolic drug used to treat various conditions, including cancer and autoimmune diseases8. Among 

the flavonoids, Tamoxifen, Raloxifen, and Anastrazole are derived from Urtica dioica, showing 

promise when combined with radiotherapy and adjuvants in improving the survival rates of breast 

cancer patients9. Additionally, Genistein, being a flavonoid, is being studied in clinical trials for 

prostate cancer treatment. Crofelemer serve various medical purposes, including cancer and 

tumors10, while Silibinin, a flavonolignan, and is used for treating toxic liver damage, cirrhosis, 

and hepatitis. It's crucial to consult with healthcare professionals and rely on scientific research 

and clinical trials when considering the use of these compounds to ensure their effectiveness and 

safety11. 

Natural Sources 

Carbon emissions from natural sources are a vital part of Earth's carbon cycle. Natural sources of 

carbon dioxide emissions include decomposition, forest fires, ocean release, volcanic eruption, and 

ocean release. The decomposition of leaves and plants releases 60 pentagrams of carbon every 

year into the atmosphere12. Oceans release 10 billion tons of carbon every year into the atmosphere 

but oceans quickly absorb 3 billion tons of these emissions. Each year globally 2.6 billion tons of 

carbon dioxide are released from natural forest fires. Due to volcanic eruptions globally 94 million 

tons of carbon dioxide are released each year13. 

Carbon sequestration methods 

The removal, capturing, and storage of carbon dioxide from the earth’s atmosphere is called carbon 

sequestration. Two basic forms of carbon sequestration are biological and global carbon 

sequestration. Three main carbon sequestration methods are described below: 

1. Biological Carbon sequestration 

Biology carbon is stored in the natural environment. Major carbon sinks in nature are forests, 

grasslands, soil, oceans, and other bodies of water. Forest plays a significant role in 

natural/biological carbon sequestration14. 25% of global carbon emissions are sequestered by 
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forests and other vegetative forms such as rangelands or grasslands (FAO) 15. Forest stores double 

carbon as they emit. In the fight against climate change, soil plays a very important role as healthy 

soil helps remove carbon from the atmosphere and store it in soil (IPCC) 16.  Globally 1500- 2500 

billion tons of carbon can be sequestered by soil (USDA) 17. Aquatic bodies are the greatest 

absorbers of CO2, as they absorb 25% of carbon dioxide emitted by the earth’s atmosphere 18. 50% 

of the oxygen we need is generated by the ocean while it absorbs 25% of all carbon emissions and 

oceans capture 90% of heat emitted by these emissions. Ocean absorbs 30% of carbon dioxide 

which is released by human activities and holds 60 times more carbon than the atmosphere19.  

2. Geological Carbon Sequestration 

The storage of carbon in underground geological formations or rocks is called geological carbon 

sequestration 20. It is an effective way of neutralizing the carbon emissions due to human activities 

such as construction or manufacturing21. Recent technological innovations show that carbon can 

be sequestered on a larger scale more effectively. These technological innovations include: 

Graphene production 

Carbon dioxide is used as a raw material in grapheme production. It is heavily utilized in certain 

industries for the production of tech devices such as computer processors and smartphones 22. 

Engineered molecules 

By capturing carbon from the air, scientists can change the shape of molecules which helps in the 

formation of new compounds. While reducing atmospheric carbon could be a systematic way of 

creating raw material23. 

3. Mechanical carbon sequestration 

It is a method of capturing and storing carbon dioxide from the atmosphere by the usage of 

mechanical processes such as enhanced weathering or air capture. In this method, carbon dioxide 

is physically removed from the air and then stored in oceans, geological formations, or other long-

term storage site24. Direct capture from the air is the best strategy in the fight against climate 

change and it is designed to remove 4000 tons of carbon dioxide per year. DAC is not limited to 

national emissions it can be done anywhere in those areas that have good wind speeds25. In the 

case of exhaust stack capture it usually be carried out closer to CO2 burial sites. While mechanical 

trees absorb carbon more effectively, when planted in clusters of 12 they capture a metric ton of 

CO2 per day. A large farm with 120,000 trees in the working phase, can capture 10,000 metric tons 

of carbon per day which would be equal to the CO2 emissions of 800,000 cars26. 

The most stable and permanent form of CO2 sequestration in geological formation is 

mineralization. Different researchers conducted experiments on this method and they revealed that 

the reaction takes decades to sequester CO2. The process takes place directly or indirectly when 

dissolved CO2 and brine form carbonic acid27. In the geologic formation, there is a reaction that 

takes place after a long time between carbonic acid and minerals which leads to the improvement 

of precipitates of carbonate minerals and after that results in solid precipitates of carbon dioxide. 

It is attractive because it can permanently store CO2. It is the most secure trapping mechanism in 



the CO2 sequestration process28. Trapping speed is slow but if certain parameters are completely 

understood then there is the possibility to speed up the trapping process. Some factors such as brine 

pH, brine composition, temperature, pressure, leakage rate, microorganism interaction, and CO2 

dissolution kinetics have a major effect on the mineral trapping of CO2 in brines29.  

Rock formation via bio mineralization 

A process by which living organisms facilitate mineral formation is called bio mineralization. 

During this process, microorganisms interact with injected CO2 and the subsurface environment. 

High concentrations of carbon dioxide are injected underground, where they interact with minerals 

found in the rock formation30. The aim of this process is also referred to as mineralization or 

mineral trapping it turns gaseous CO2 into stable mineral form to prevent its release into the 

atmosphere. Various factors can contribute to rock formation through bio mineralization in the 

context of deep industrial subsurface porous media during the injection of high concentrations of 

CO2
31. Here is a general overview of how this might happen: 

Mineral Activity 

Bacteria and other microorganism can be very important to bio mineralization. Certain bacteria 

can modify the local geochemical conditions to catalyze mineral precipitation reactions. They can 

produce metabolic byproducts that alter the subsurface chemical composition32.  

Ureolysis and calcium carbonate precipitation 

Certain bacteria are known for their ureolytic activity, which allows them to hydrolyze urea and 

produce carbonate ions. PH and carbonate ion availability increase as a result of this process which 

encourages the precipitation of calcium carbonate. It is a mineral that can help to form a solid rock 

by consolidating the porous media33. 

Sulfide mineral precipitation 

Sulfide ions are produced when certain microbes participate in the sulfate reduction process. Iron 

sulfide (pyrite, greigite) and other sulfide minerals may precipitate as a result of this process. As a 

result of these minerals, the properties of subsurface rocks may change34. 

Biofilm formation 

On rock surfaces, microorganisms frequently form biofilms. Biofilms can precipitate minerals and 

serve as nucleation sites for the synthesis of new minerals. A mineralized matrix that strengthens 

the rock structure may result from this35.  

Nutrient availability 

Carbon, nitrogen, and phosphorus availability are examples of nutrients that can affect microbial 

activity and in turn bio mineralization. These nutrients may be utilized by microorganisms for 

metabolic activities that contribute to the formation of minerals. It's important to note the details 

of bio mineralization in the deep industrial subsurface during CO2 injection can differ based on the 



site’s geological and geochemical features, the composition of CO2 injected, as well as the 

microbiological community that is present36.  

Molecular mechanism of carbonate rock formation   

As discussed, earlier rock formation takes place by the process of bio mineralization when a high 

concentration of CO2 is injected into subsurface porous media. Although the specific 

microbiological species and reactions may differ, the general procedure usually entails the 

following steps37. 

Injection of CO2 

Subsurface porous media that contains minerals and water is injected with CO2
38. A favorable 

atmosphere for bio mineralization is created by the high concentration of carbon dioxide39. 

Microbial Activity 

Some bacteria can catalyze bio mineralization; these bacteria are commonly found in genera like 

Bacillus and Sporosarcina40. Through metabolic processes, these bacteria help in the formation of 

carbonate minerals41.  

Uptake of CO2 by microorganisms 

CO2 serves as a source of carbon for the metabolism of microorganism. The CO2 is transformed 

into bicarbonate ions (HCO3
-) through enzymatic processes such as carbonic anhydrase activity42.  

Production of carbonate ion 

The calcium ions (Ca2
+) in the subsurface porous media react with the bicarbonate ions produced 

by microbial activity. As a result, calcium carbonate (CaCO3) is produced43  

Biochemical reaction 

The bio mineralization process involves many biochemical reactions. One simplified example of 

a reaction is: 

CO2+H2O→HCO3
- Ca2

+ +2HCO3-→CaCO3+CO2+H2O 

In these reactions, CO2 is converted to bicarbonate ions, and then the bicarbonate ions react with 

calcium ions to form calcium carbonate, which precipitates as solid mineral phases44.  

Types of microbial communities involved in carbonate rock 

formation 

Microbial communities play a major role in carbonate rock formation through bio mineralization 

within subsurface porous media. Microorganisms that affect the mineralization and precipitation 

of carbonate minerals are involved in this process45. A variety of microbial communities are 

involved in this process of bio mineralization 

Cyanobacteria 



Through bio mineralization, these photosynthetic bacteria can help in the formation of carbonate 

minerals46. These bacteria have the capability of fixing carbon dioxide and precipitating carbonate 

minerals such as calcium carbonate in their extracellular polymeric substance (EPS). 

Cyanobacteria create biofilms in subsurface environments, which leads to the precipitation of 

carbonate minerals and the formation of microbialite structures47. 

Sulfate-reducing bacteria 

Through microbial sulfate reduction, certain sulfate-reducing bacteria are known to encourage the 

precipitation of carbonate minerals48. Formation of calcium carbonate takes place when these 

bacteria react with dissolved calcium ions to produce sulfide (S2
-) from reduced sulfate (SO4

+2). 

Iron-Reducing Bacteria 

By encouraging the reduction of iron minerals, iron-reducing bacteria can affect the precipitation 

of carbonate minerals. This process contributes to the precipitation of carbonate minerals by 

releasing bicarbonate ions and dissolved iron into the surrounding environment49. 

Ureolytic Bacteria 

Ureolytic bacteria, including some Bacillus species, can produce urease enzymes, which hydrolyze 

urea and release ammonium and carbonate ions. Carbonate minerals, especially calcium carbonate, 

may precipitate as a result of this rise in carbonate ions49. 

Denitrifying Bacteria 

By modifying the chemical environment in their surroundings, denitrifying bacteria indirectly 

affects carbonate precipitation. During denitrification, nitrate (NO3
-) is reduced to nitrogen gas 

(N2), which increases pH and encourages the precipitation of carbonate minerals50.  

Microbial Consortia 

Complex microbial consortia in which various microbial species work synergistically, are 

frequently involved in the formation of carbonate rocks. For example, a group of fungi, bacteria, 

and archaea may help in the general biomineralization process in subsurface settings51. 

Biofilm Formation 

In subsurface porous media, microorganisms frequently create biofilms on the surface. The 

environment that creates these biofilms is favorable for microbial activity, which includes the 

precipitation of carbonate minerals. For carbonate mineral growth EPS which is produced by 

biofilm-forming microorganisms can act as nucleation sites. In addition to subsurface geology, 

these microbial processes affect environmental remediation and carbon sequestration52. 

Factors affecting carbonate biomineralization process  

Abiotic factors 

Texture of soil sub-strata or rock types 
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The texture of the rock types and soil substrata in porous media strongly influences the carbonate 

biomineralization process during CO2 sequestration. Contact between CO2 and minerals are made 

easier by the soil or rock porosity and permeability, which control fluid movement53. The mineral 

compositions of different types of rock vary, which influences the availability of ions necessary 

for carbonate mineralization in mineral reactivity with injected CO2 and other solution 

components54. The chemical composition of pore fluids also influences the carbonate 

biomineralization process55. Carbonate biomineralization may be impacted by secondary minerals 

created by earlier geological processes. The subsurface fluid movement of injected fluids is 

influenced by hydraulic conductivity56.  

Amount of CO2 concentration in subsurface porous media 

The carbonate biomineralization process during CO2 sequestration is strongly influenced by the 

concentration of CO2 in subsurface porous media. Carbonic acid is created when CO2 dissolves in 

water and reacts with the minerals in the porous medium to produce carbonate mineral 

precipitation57. Increased carbonic acid formation from higher dissolved CO2 concentrations 

encourages mineral dissolution and releases the ions required for carbonate precipitation. The 

concentration of dissolved CO2 affects the equilibrium between carbonic acid, bicarbonate ions, 

and carbonate ions. The concentration of reactants, such as dissolved CO2, affects the rate of 

carbonate mineralization reactions58. The ideal mineralization depends on the pH of the pore fluids, 

which is influenced by the CO2 concentration as well. Limitations on mass transfer, like flow 

dynamics and injection rate, also affect the mass transfer of CO2.  

Level of O2 concentration in subsurface porous media 

During CO2 sequestration, carbonate biomineralization may be impacted by the oxygen content of 

subsurface porous media. Microbial activity and respiration can be impacted by the oxidation of 

organic carbon, which is facilitated by oxygen. Additionally, oxygen affects redox conditions, 

which in turn affects the possibility of mineralization reactions59. Maintaining a stable pH is 

necessary to encourage carbonate biomineralization. Anaerobic processes can be inhibited by 

oxygen, which lowers the amount of carbonate ions available for precipitation60. The total amount 

of oxygen available for biomineralization can vary depending on oxygen consumption. Oxygen 

can also catalyze oxidative reactions, allowing certain minerals to undergo oxidative dissolution, 

releasing ions that contribute to carbonate mineral precipitation61. Oxygen plays a complicated role 

in carbonate biomineralization. Understanding the possible influence of oxygen on the overall 

success of carbonate mineralization in porous media requires site-specific evaluations62. 

Temperature of subsurface porous media 

In the carbonate biomineralization process during CO2 sequestration, temperature is critical. It 

affects microbial activity, thermodynamics, and reaction kinetics all of which are critical for the 

mineralization of carbonate63. Higher temperatures increase the kinetic of reactions, which causes 

minerals to dissolve and precipitate more quickly. Lower temperatures increase CO2 solubility in 

water, which is temperature-dependent64. The thermodynamics of mineral precipitation are 

influenced by temperature as well; certain carbonate minerals are more stable at higher 

temperatures. The metabolic rates of the microorganisms involved in the carbonate 
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biomineralization process are also influenced by temperature. Maintaining the ideal conditions for 

carbonate precipitation requires careful pH control65. The physical and chemical characteristics of 

water are also influenced by temperature, which affects how it interacts with minerals. Carbonate 

mineralization is also influenced by thermal gradients and temperature distribution66.  

Moisture of subsurface porous media 

Moisture content in subsurface porous media significantly impacts the carbonate biomineralization 

process during CO2 sequestration67. It influences mineral dissolution, microbial activity, water 

transport, CO2 solubility, and transport efficiency. Elevated moisture content causes CO2 to 

dissolve more readily, raising the concentration of carbonic acid68. Water transport ensures uniform 

contact between reactants and minerals, and microbial activity supports the growth and metabolic 

activity of microorganisms involved in mineralization reactions69. Moisture content also affects 

the transport and dissolution of mineral70. Determining the dynamics of the carbonate 

biomineralization process requires an understanding of these interactions. Thus, keeping the 

moisture content at a suitable level is crucial to the success of carbonate biomineralization during 

CO2 sequestration.  

PH of subsurface porous media 

During CO2 sequestration, the carbonate biomineralization process is greatly impacted by the pH 

of subsurface porous media. Carbonic acid formation, mineral solubility, saturation state, 

bicarbonate and carbonate ion availability, microbial metabolism, buffering capacity, chemical 

equilibria, stability of silicate minerals, and injection material corrosion are all impacted by ph. 

Higher concentrations of bicarbonate and carbonate ions result from lower pH values, which 

encourages the formation of more carbonic acid71. The availability of bicarbonate and carbonate 

ions, which are necessary for carbonate precipitation reactions, is also influenced by ph. The 

metabolic activity of microorganisms involved in carbonate biomineralization is also influenced 

by pH levels. To ensure the long-term stability of carbonated formations and to promote carbonate 

biomineralization, pH conditions must be optimized72. 

ORP level of subsurface porous media 

Subsurface porous media’s Oxidation-Reduction Potential (ORP) level has a major effect on the carbonate 

biomineralization process during CO2 sequestration. Higher values to ORP indicate oxidizing conditions, 

while lower values indicate reducing conditions. ORP is a measure of redox conditions. The overall 

efficiency of carbonate biomineralization can be impacted by anaerobic processes being inhibited by 

positive ORP conditions. To guarantee the integrity of injection materials and infrastructure during CO2 

sequestration, ORP can also indicate corrosion potential73.  

Biotic factors 

Organic carbon situation in subsurface porous media 

Carbonate biomineralization is strongly influenced by the organic carbon state of subsurface 

porous media, particularly in the context of carbon capture and storage operations. This is brought 

on by the metabolic activity of ureolytic bacteria, which create urease enzymes by using organic 
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carbon as a substrate74. This raises pH levels and produces carbonate ions. Carbonate 

biomineralization is facilitated by the energy that organic carbon provides to microbial 

communities. Organic acids that are released when microorganisms break down organic carbon 

can have an impact on the formation of carbonate minerals by regulating pH. By acting as 

substrates for microbial metabolism, promoting ureolysis, and raising the availability of carbonate 

ions, organic carbon amendments can improve microbial activity and encourage carbonate 

biomineralization75.  

Microbial composition in subsurface porous media 

Carbonate biomineralization is greatly influenced by the microbial composition of subsurface 

porous media, particularly in carbon capture and storage initiatives. Sporosarcina, Bacillus, and 

certain strains of Clostridium are examples of ureolytic bacteria. These bacteria produce urease 

enzymes, which hydrolyze urea to produce carbonate ions and raise pH76. Utilizing sulfate as a 

terminal electron acceptor, sulfate-reducing bacteria (SRB) produce sulfide ions, which combine 

with carbonate ions and metal cations to form carbonate minerals. PH and redox conditions are 

impacted by the reduction of ferric ions to ferrous ions by iron-reducing bacteria. Acetate is 

produced by acetogenic bacteria and provides other microbial communities involved in carbonate 

biomineralization with an organic carbon source. Methane produced by methanogenic archaea 

modifies redox conditions, which in turn affects carbonate precipitation indirectly77. Autotrophic 

bacteria use CO2 as a carbon source, whereas heterotrophic bacteria obtain their energy and growth 

from organic carbon sources. The formation of biofilms, competition, and adaptation to harsh 

environments all affect carbonate biomineralization78. 

Enrichment of carbonate biomineralization involving functional genes within the microbial 

community in subsurface porous media 

Metabolism and certain functional genes promote carbonate biomineralization in subsurface 

porous media. The enrichment of carbonate minerals is facilitated by genes that encode urease, 

carbonic anhydrase, alkaline phosphatase, polyphosphate kinase, sulfate-reducing, methanogenic, 

organic carbon metabolism, biofilm-forming, and metal-related functions79. Urease-producing 

bacteria release carbonate ions and elevated pH, promoting carbonate mineral precipitation. 

Phosphate ions are released by alkaline phosphatase enzymes during hydrolysis which influences 

the formation of carbonate minerals. By adjusting redox conditions, methanogenic archaea 

indirectly help in the biomineralization of carbonate. It is essential to comprehend the genetic and 

metabolic capacities of microbial communities to forecast and improve carbonate mineral 

precipitation in processes such as CO2 sequestration80. 

Microbial activity (especially urase enzyme) in subsurface porous media 

Microbial activity, particularly urease enzymes, is crucial in carbonate biomineralization in 

subsurface porous media. Urease enzymes catalyze the hydrolysis of urea, releasing carbonate ions 

and ammonium ions81. This process increases pH, which is favorable for carbonate mineral 

precipitation. Urease activity directly contributes to the production of carbonate ions, which are 

essential building blocks for carbonate minerals82. Urease-mediated carbonate biomineralization 

has implications for carbon capture and storage strategies. Environmental factors like temperature, 
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pH, and nutrient availability can influence urease activity. Microbial community dynamics also 

impact ureolysis efficiency. Understanding these aspects is essential for applications like CO2 

sequestration and environmental remediations83.  

EPS (Extracellular polymeric substances) production rate in subsurface porous media 

Microorganisms produce complex, high-molecular-weight polymers known as extracellular 

polymeric substances (EPS), which are essential for subsurface porous media, including carbonate 

biomineralization. Carbonate minerals use EPS as nucleation sites to form biofilms, which offers 

a safe site for microbial activity84. They serve as a barrier of defense, encouraging cell survival and 

improving the uptake and retention of nutrients. EPS also contributes to microbial adhesion to 

minerals, which will change the permeability and pore structure85. It also controls redox and pH 

levels, which influence the microenvironment surrounding microbial cells. The rate and degree of 

carbonate biomineralization in subsurface porous media can be influenced by EPS-mineral 

interactions. Understanding the relationship between EPS production rate and carbonate 

biomineralization is vital for optimizing microbial processes for applications like CO2 

sequestration86.  

Carbonate Mineral formation through MICP process 

Microorganisms cause the precipitation of calcium carbonate minerals in the subsurface through a 

biomineralization process known as Microbially Induced Calcium Carbonate Precipitation 

(MICP)87. This process can impact CO2 sequestration efficiency by decreasing subsurface porous 

media’s porosity in several ways: 

Porosity Reduction 

The physical filling of the pore spaces in subsurface media is caused by the precipitation of calcium 

carbonate minerals in these spaces88. The media's overall porosity decreases as carbonate minerals, 

such as calcite, build up and sometimes fill the pore spaces that were once filled with gas or water. 

Cementation of Sediments 

The carbonate minerals formed by MICP can bind sediment particles together naturally like 

cement. A more compact and solid subsurface structure is formed as a result of the cementation 

process, which helps to consolidate loose sediments89.  

Pore Throat Occlusion 

Smaller pore throats in the subsurface media may become obstructed as a result of the precipitation 

of carbonate minerals. As a result, the pore network’s connectivity decreases, which restricts the 

flow of fluids including CO2 through the porous media90. The occlusion of the pore throat can 

improve CO2 trapping below the surface.  

Increase in Mechanical Strength 
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The subsurface media’s mechanical strength increases as a result of porosity reduction and particle 

cementation. This increased strength lowers the possibility of subsurface deformations or 

collapses, which is especially important for stability concerns91. 

Enhanced Caprock Integrity 

To stop CO2 leakage in the context of CO2 sequestration, the subsurface may be covered with a 

layer of caprock, or impermeable rock. The formation of carbonate minerals induced by MICP can 

strengthen the integrity of the caprock by sealing potential pathways for CO2 migration and filling 

fractures92.  

CO2 Trapping within Minerals 

When CO2 is dissolved in pore water, it can react with calcium ions to precipitate as carbonate 

minerals, which is a long-term storage medium for sequestered CO2. This chemical trapping of 

CO2 within the mineral strength adds an extra layer of permanence to the sequestration process93.  

Controlled Release of CO2 

Although immobilizing carbon dioxide is the main objective of CO2 sequestration, it’s also 

important to take into account the possibility of controlled CO2 release from the carbonate 

minerals94. Changes in pressure or pH could cause the CO2 that has been stored to leak back into 

the solution95. 

Enhanced Sealing of Faults and Fractures 

MICP-induced carbonate precipitation can help seal faults and fractures in geologic formations. 

This sealing improves the containment of injected CO2 within the target storage zone and lowers 

the possibility of CO2 migration along these preferred flow paths96.   

It is important to note that although MICP presents potential advantages for CO2 sequestration, the 

process-specific efficacy is contingent upon several variables, such as the selection of 

microorganisms, the accessibility of reactants, and the subsurface geological features97. To 

maximize MICP for real-world application of CO2 sequestration projects, research is ongoing to 

maximize98. 
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Fig: Carbonate Mineral Formation through MICP. 

Methane gas generation 

Through the metabolic activities of microorganisms, a process known as MICP precipitates 

calcium carbonate (CaCO3). This process is widely applied in several contexts, such as CO2 

sequestration, where it improves the storage of carbon dioxide in geological formations99. One of 

the less common outcomes of MICP is the direct generation of methane gas in subsurface porous 

media.  The following steps are involved in the MICP process: 

The following steps are involved in the MICP process: 

Carbon dioxide (CO2) uptake 

Certain types of bacteria and other microorganisms commonly involved in MICP absorb CO2 from 

their environment100. 

Calcite Precipitation 

The microorganisms transform the absorbed CO2 into carbonate ions (CO3
2-). Following their 

reaction with calcium ions (Ca2
+) in the surrounding water, these carbonate ions produce calcium 

carbonate (CaCO3), which precipitates as solid particles101. 

The following reaction represents the overall process: 

Ca2+Ca3
2-→CaCO3 
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Now, methane (CH4) is not directly generated through the MICP process. Complex biochemical 

processes are usually involved in the formation of methane, and this process is usually linked to 

the anaerobic breakdown of organic matter by certain microorganisms called methanogens.  

Methane can be produced in subsurface porous media through processes like microbial 

methanogenesis if organic matter is present and the environment is conducive to methanogenic 

activity102. This is a different kind of microbiological process from MICP that breaks down organic 

materials into carbon dioxide and methane103. 

In conclusion, MICP is not a direct source of methane in subsurface porous media, even though it 

helps in the formation of carbonate minerals during CO2 sequestration104. Methane production is 

more strongly linked to particular microbial processes involved in the anaerobic breakdown of 

organic materials105.  

Discussion 

In MICP, urease-producing bacteria are usually the driving force behind the formation of carbonate 

minerals through microbial activity. This process affects porosity, subsurface CO2 sequestration, 

and the production of biomethane, but it also has potential uses in soil stabilization and 

groundwater remediation. In addition to changing fluid flow patterns and causing cementation and 

pore blockage, these effects may have an impact on the efficiency of methane production and CO2 

injection106.  MICP lowers subsurface formation porosity, which affects the effectiveness of CO2 

sequestration. Reduced permeability, pressure accumulation, and possible seismicity may result 

from this. To avoid unforeseen consequences, it is essential to monitor changes in pressure. To stop 

the dissolution and re-release of CO2, biogenically precipitated carbonate minerals must remain 

stable over the long term. Reduced porosity and permeability in subsurface formations can have 

an impact on fluid transport, microbial communities, and methane migration limitation108. Porosity 

variations can impact methanogenic bacteria’s access to nutrients, substrates, and electron 

acceptors. Carbonate mineralization-induced pore blockage may restrict the production of 

sustainable biomethane. Mitigation techniques include maximizing MICP conditions, keeping an 

eye on and modeling subsurface conditions, and investigating technical fixes like smart injection 

techniques or permeability enhancers. Maintaining sustainable CO2 sequestration and bio-methane 

production requires striking a balance between the advantages of MICP and its effects on 

subsurface processes109.  

Future Direction  

Studying the formation of methane and calcium carbonate from CO2 sequestration in deep 

subsurface porous media has enormous potential to advance science and improve energy and 

environmental applications. The subsequent path of investigation encompasses comprehensive 

characterization of microbial communities, integration of omics, extended stability of 

biomineralized products, modeling and simulation, engineering tactics, biotechnological 

implementations, field-scale exhibits, interdisciplinary cooperation, and surveillance and risk 

evaluation110. These areas will center on addressing climate change, creating efficient and 

sustainable technologies for CO2 sequestration and methane generation, and comprehending the 

complex interactions between microbes and minerals in deep subsurface porous media111. 
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Incorporating omics data, evaluating the long-term stability of biomineralized products, creating 

sophisticated modeling and simulation techniques, investigating engineering tactics, and carrying 

out field-scale demonstrations are further areas of investigation for this research.  

Conclusion 

The intricate interactions between bacteria, minerals, and molecular mechanisms involved in 

biomineralization are highlighted in this review on the formation of methane and calcium 

carbonate derived from CO2 sequestration in deep subsurface porous media. It draws attention to 

how microbial activity affects how methane and calcium carbonate are formed in these conditions. 

The review deciphered molecular biomineralization processes, shedding light on enzymes, and 

metabolic pathways used by microorganisms during CO2 sequestration and methane generation. 

Additionally, it highlights how extracellular polymeric substances help in microbial interactions 

and biomineralization. This review examines how geochemical and environmental controls affect 

microbial activity and biomineralization, emphasizing the importance of sustainability and long-

term stability. To fully comprehend CO2 sequestration and methane generation in deep subsurface 

environments, the review also emphasizes the significance of field-scale demonstrations and 

interdisciplinary collaborations.   
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