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One of the greatest threats facing the planet is the continued increase in excess greenhouse
gasses, with CO2 being the primary driver due to its rapid increase in only a century. Excess
CO2 is exacerbating known climate tipping points that will have cascading local and global
effects including loss of biodiversity, global warming, and climate migration. However,
global reduction of CO2 emissions is not enough. Carbon dioxide removal (CDR) will also
be needed to avoid the catastrophic effects of global warming. Although the drawdown and
storage of CO2 occur naturally via the coupling of the silicate and carbonate cycles, they
operate over geological timescales (thousands of years). Here, we suggest that microbes can
be used to accelerate this process, perhaps by orders of magnitude, while simultaneously
producing potentially valuable by-products. This could provide both a sustainable pathway
for global drawdown of CO2 and an environmentally benign biosynthesis of materials. We
discuss several different approaches, all of which involve enhancing the rate of silicate
weathering. We use the silicate mineral olivine as a case study because of its favorable
weathering properties, global abundance, and growing interest in CDR applications.
Extensive research is needed to determine both the upper limit of the rate of silicate dissolu-
tion and its potential to economically scale to draw down significant amounts (Mt/Gt) of CO2.
Other industrial processes have successfully cultivated microbial consortia to provide valu-
able services at scale (e.g., wastewater treatment, anaerobic digestion, fermentation), and we
argue that similar economies of scale could be achieved from this research.
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GLOBAL CLIMATE CHANGE

Human-driven global climate change is in-
creasingly apparent, with global impacts

accelerating during the last decade (Dreyfus
et al. 2022). Over geological time, the global
carbon cycle has regulated Earth’s climate via
silicate chemical weathering and carbonate for-
mation (Fig. 1; Renforth and Henderson 2017).
Weathering of silicate minerals causes uptake
and storage of excess atmospheric CO2 in vari-
ous forms, including soluble dissolved inorganic
carbon (DIC) and insolubleminerals like calcite.
Today, the release of anthropogenic greenhouse
gas (GHG) emissions derives from diverse hu-
man activities such as the burning of fossil fuels,
deforestation, land use, cement production, etc.
The rate of release of GHGs like carbon dioxide
(CO2) and methane are currently far too high to
be buffered by both short-term (e.g., biological
processes) and long-term (e.g., mineral weath-
ering) carbon cycles, thereby pushing the Earth
to multiple climate tipping points (Lenton et al.
2019).

Mitigating global climate change requires the
cessation of the use of fossil fuels, which will slow
the accumulation of GHGs in the atmosphere.

Despite some incremental progress, this has prov-
en to be a difficult social and political task (Arora
andMishra 2021). Further, cessation of fossil fuel
use is not enough to curb global warming. It is
estimated that the concentration of CO2 in the
atmospherewill not decline for centuries (Cawley
2011), thereby leading to continuous, severe im-
pacts even if emissions cease. Additionally, the
transition toagreeneconomywill requireburning
fossil fuels for some time into the future. Thus,
major carbondioxide removal (CDR) and storage
(sequestration)efforts arenecessary to limitglobal
warming to 1.5°C–2°C more than preindustrial
levels (NationalAcademies of Sciences, Engineer-
ing, and Medicine 2022). To avoid the worst im-
pacts of climate change, CDR methods must ex-
tract >1000 gigatonnes of CO2 (GtCO2) by 2100
(Campbell et al. 2022). To this end, a number of
solutions have been suggested and modeled to
be economically and operationally sustainable
(Dreyfus et al. 2022).

GEOCHEMICAL CDR AND ENHANCED
WEATHERING

In parallel to other CDR methods, we suggest
that a global effort to accelerate the removal of
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Figure 1. The carbonate–silicate cycle. CO2 is sequestered in the form of HCO3
− by rock weathering, transported

to oceans, and eventually precipitated as CaCO3 by marine organisms.
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CO2 via enhanced silicate weathering should be
initiated. Silicate weathering is widely recog-
nized as one of the primary natural processes
that regulates long-term atmospheric CO2 con-
centrations (Renforth andHenderson 2017). In-
creasing the rate of weathering of silicate min-
erals (in this case, focusing on olivine) would
accelerate naturally occurring geologic draw-
down and storage of atmospheric CO2. Col-
lectively, terrestrial and marine silicate weather-
ing are estimated to have the potential to
sequester tens of billions of tonnes of CO2/year
(Renforth 2019; Campbell et al. 2022; National
Academies of Sciences, Engineering and Medi-
cine 2022). Both terrestrial and marine applica-
tions can have the potential to be more perma-
nent and scalable carbon removal solutions than
other widespread carbon removal approaches
(e.g., afforestation) (Campbell et al. 2022), par-
ticularly because of the long residence time of
DIC in the oceans (>10,000 yr) (Middelburg
et al. 2020). Accordingly, ocean DIC is the larg-
est DIC pool on Earth. In its 2021–2022 ocean-
based CDR report, The National Academies of
Sciences, Engineering and Medicine (2022)
called for a rapid increase in research on ocean
alkalinity enhancement (OAE) methods, inclu-
sive of silicate-based CO2 removal to help se-
quester >1000 GtCO2 by 2100.

CO2 drawdown from silicate weathering is
principally controlled by the generation of alka-
linity. Anions released into solution fromminer-
al dissolution act as a proton sink (Eq. 1), neu-
tralizing acidity present in an environment. In
most natural aqueous environments, carbonic
acid, resulting from the presence of atmospheric
CO2, is the dominant form of acidity. Hence, the
generation of alkalinity in the marine environ-
ment induces thedrawdownof atmosphericCO2

following air–sea equilibration (He and Tyka
2022) to form DIC, principally as bicarbonate
and carbonate ions:

Mg2!xFexSiO4þ4CO2þ4H2O!
2!xMg2þþxFe2þþ4HCO!

3 þH4SiO4:

(1)

Bicarbonate ions (HCO3
−) in seawater can

have residence times in excess of 10,000 yr (Mid-

delburg et al. 2020), therefore qualifying as a
highly permanent method for CO2 removal and
storage. Subsequently, marine calcification pro-
cesses can convert DIC and alkalinity into solid
carbonate species, such as calcite, aragonite, and
vaterite. Although these secondary carbonate re-
actions decrease CO2 removal efficiencies, they
represent another permanent form of CO2 se-
questration as solid carbonate. Thus, both sea-
water DIC and carbonate precipitates ultimately
offer an effective form of permanent storage.

Although various highly reactive hydroxide
salts such as brucite also generate alkalinity and
capture carbon effectively, they are not widely
available in large enoughquantities to contribute
to gigatonne-scale CDR (Power et al. 2013). The
most useful silicates are those that canboth effec-
tively capture the most protons per mole of sili-
cate dissolution and dissolve the fastest. These
include mafic–ultramafic neso-, soro-, and ino-
silicates minerals such as olivine and pyroxenes,
as well as some hydrated clays. Of these, themin-
erals that have some of the highest dissolution
rates are olivine, serpentine, and wollastonite
(Hartmann et al. 2013; Bullock et al. 2022).
They are globally abundant and occur in areas
easily accessible to humans. Combined, the
CDRpotential of their knownreserves is estimat-
ed to be in the tens of thousands ofGtCO2 (Lack-
ner 2002; Power et al. 2013), orders ofmagnitude
greater than what is needed to permanently se-
questeranthropogenicCO2emissions.Theques-
tions surroundingmethodsof carboncapturevia
ultramafic minerals therefore relate to the scien-
tific, engineering, political, and economic logis-
tics of implementation at large scales, which we
explore below.

Olivine

Olivine is considered to be one of themost favor-
able silicate minerals for CDR, as it weathers
quicklyunderEarthsurfaceconditions(Rimstidt
et al. 2012;Hartmannet al. 2013). This reactivity,
along with its structure of silicate tetrahedra iso-
lated by only two cations (Mg2+, Fe2+), makes
olivine dissolution both relatively simple and
highlyenergetically favorable.Additionally, oliv-
ine dissolution generates more alkalinity (prin-

Microbial Catalysis for CO2 Sequestration

Cite this article as Cold Spring Harb Perspect Biol 2023;16:a041673 3

 on July 22, 2024 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


cipally HCO3
−) than other common silicatemin-

erals, with up to 4 mol of CO2 sequestered per
mol of olivine, equivalent to ∼1 tonne CO2 per
tonne of olivine dissolved (Eq. 1). Hence, olivine
(Mg2−xFexSiO4) has been proposed as a scalable
mineral for CDR applications, as it is a globally
abundant, naturally occurring ultramafic silicate
mineral (Beerling et al. 2021).

Microbial Catalysis of Olivine Dissolution

The rate of alkalinity generation during en-
hanced weathering is, in part, determined by
the rate of silicate mineral dissolution (Rimstidt
et al. 2012; Oelkers et al. 2018). Many studies of
olivine (orother silicateminerals) conductedun-
der laboratory conditions clearly indicate that
weathering rates can be increased by grinding
minerals to small particle sizes to increase the
surface-to-volume ratio (Rosso and Rimstidt
2000). However, accelerated dissolution rates are
difficult to sustain in abiotic closed laboratory
systems, as demonstrated by us (Fig. 2) and oth-
ers (Oelkers et al. 2015,2018); and for reasonsnot
yet clear, rates slowed significantlyover time. Pri-
or research showed that a nanometer-thick layer
of ferric oxyhydroxide can form around the oliv-
ine as it weathers, acting as an impediment to
further weathering (Schott and Berner 1983;
Oelkers et al. 2018). Utilizing catalysts or imple-

menting open-system applications like coastal
enhanced weathering (Meysman and Montser-
rat 2017; Montserrat et al. 2017) may be able to
accelerate the dissolution of olivine and other
silicate minerals, thereby improving the feasibil-
ity and potential scale of CDR efforts based on
enhanced weathering.

Despite the tremendous potential of silicate
weathering for CDR, natural silicate dissolution
needs to be greatly accelerated to limit global
warming to 2°C more than preindustrial levels
by the end of this century. Current estimates of
natural, abiotic olivine dissolutionplace the half-
life of a sand-sized olivine grain in the range of
decades, nearing an asymptotic 100% dissolu-
tion of more than two centuries (Montserrat
et al. 2017). Alternatively, using microbes as cat-
alystshasthepotential to reduce themineralhalf-
life to a few years, nearing an asymptotic 100%
dissolution of ∼50 yr (Berghe et al. 2021). A
handful of studies tested the biological enhance-
ment of weathering, and preliminary evidence
demonstrates both fungi and bacteria can accel-
erate silicate dissolution via several mechanisms
(Campbell et al. 2022 and references therein).
Our experiments (Fig. 3) and those of others
(e.g., Torres et al. 2014, 2019; Lunstrom et al.
2023) point to significant catalysis by Fe-binding
organic ligandsknownassiderophoresproduced
byseveral different bacterial groups.Whereasus-
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Figure 2. Modeled abiotic olivine dissolution rates in the first 50 h can be more than an order of magnitude
greater than empirical dissolution rates over longer timescales, which become asymptotic.
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experimental treatments. (A) Plot showing S. oneidensis growth from siderophore-based iron acquisition of
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ing microbes as catalysts offers a promising path
forward, mineral dissolution rates must be char-
acterizedandmeasuredagainstmicrobial carbon
cyclingandnet carbonfluxes to fully characterize
CDR potential. Here, we suggest a path for a sus-
tainable CO2 sequestration program using side-
rophoresasacase study foronepotentiallyprom-
ising mechanism to facilitate microbial catalysis
of silicate weathering.

Siderophores are organic ligands with ex-
tremely high binding affinity for Fe3+ and inter-
mediate affinities forFe2+,Mn3+, andmanyother
transition metals (Hider and Kong 2010). There
is a wide variety of structures produced by many
different bacteria and fungi as a component of
theirhigh-affinityFeuptakesystems,particularly
in aerobic marine environments, where the sol-
ubility of iron is calculated to be 10−16 M.

Given that the formation constants formany
siderophores are 1030 andhigher, it is amicrobial
mechanism that is very prevalent in the ocean, in
soils, and in at least a significant fraction of the
microbes in the human (Manck et al. 2022). In
the ocean, iron availability has a clear and direct
impact on primary productivity (Hutchins and
Boyd2016), despite being absolutely insoluble in
oxic environments (Ksp = 10

−37–10−44;Guerinot
and Yi 1994). This points to evolutionary mech-
anisms of microbial nutrient acquisition from
insoluble mineral phases (Manck et al. 2022).
In fact, this is what led to previous experimental
efforts to apply ocean iron fertilization as a
means for CDR (Williamson et al. 2012), where-
by particulate Fe-containing materials can act
as sources of scarce micronutrients, promoting
primary productivity and microbial growth.

Experiments by us and others have shown
that the addition of siderophores to olivine par-
ticles enhances the rate of the reaction (Torres
et al. 2014, 2019; Berghe et al. 2021). Although
thisworkwas encouraging, the concentrationsof
siderophores required to sustain the reaction
were high and likely prohibitively expensive for
any large-scale CDR operations. Subsequent
studies (Berghe et al. 2021; Lunstrum et al.
2023), however, showed that microbes that pro-
duce siderophores can obtain nutrients from ol-
ivine, resulting in sustained growth as a function
of olivine weathering (Fig. 3A). Specifically, She-

wanella oneidensisobtainednutrients for growth
fromolivineparticlesonlyduring theproduction
of its siderophore,putrebactin (LedyardandBut-
ler 1997). This live system resulted in signifi-
cantly higher rates of olivine dissolution relative
to those previously seen with the addition of ex-
ogenous siderophores alone (Fig. 3B).

FUTURE DIRECTIONS

Prior experiments demonstrated increases in ol-
ivine dissolution rates by more than an order of
magnitude via siderophore synthesis, but several
key biological and engineering questions remain
before CDR by microbially mediated mineral
dissolution can be implemented at scale. Below,
we outline important areas of research necessary
to understand the full potential of microbially
enhanced weathering.

The Biological Underpinnings of Mineral
Dissolution

The precise mechanisms involved in the micro-
bial acquisition of particulate-bound nutrients
are not yet fully understood. Siderophores can
playacrucial role in transformingmineral-phase
iron (esp. oxidized iron) into a bioavailable form,
whichcan removeathin (nanometer-thick) layer
of oxidized iron deposited along the surface of
olivine grains. This process enabled microbial
exponential growth for siderophore-producing
bacteria, whereas bacteria incapable of produc-
ing siderophores proved to be unable to grow in
the same conditions (Berghe et al. 2021). This
accelerated dissolution seemed to be most pro-
nounced during microbial exponential growth,
which would be the period of maximal demand
for new iron entering the biological pool.

Siderophore activity can be augmented by
other, complementarymicrobial processes relat-
ed to the formation of biofilms along mineral
surfaces. Bacteria can form thick, redox-active
biofilms along mineral surfaces (Fig. 4) that can
support abundant and dense growth (Hall-
Stoodley et al. 2004). Although some studies
have suggested that biofilms can inhibit mineral
dissolution (Oelkers et al. 2015), the success of
these biofilms in sustaining growth in environ-
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mentswheredissolvednutrientsare limitingsug-
gests active mechanisms of nutrient acquisition
directly frommineral phases. Biofilms can host a
wide range of metabolic activities. If this activity
canbe channeled towardmineral-phase nutrient
acquisition, the sheer density and intimate prox-
imity of biofilms to mineral surfaces can have a
profound effect on mineral dissolution rates, as
observed in prior studies (Berghe et al. 2021;
Campbell et al. 2022). In addition to siderophore
activity, respiration can significantly lower the
pH along themineral surface, further enhancing
mineral dissolution rates. Bacteria can also pro-
duce significant amounts of organic acids within
the confines of biofilms (e.g., lactate, pyruvate,
citrate; Rogers et al. 2013), which can have sig-
nificant effects on localized pH and are often
excellent cation sorbents that can further help
promote mineral dissolution (Pokrovsky et al.
2009).

Here, we propose that a genetic and physio-
logical understanding of mineral dissolution
mechanisms would critically inform the utiliza-
tion and application of microbially enhanced
dissolution reactions. Identification of genetic
synthesis pathways and their regulators would
inform engineering efforts to improve dissolu-
tion. Particularly, a mechanistic understanding
would drive the selection of promising organ-
isms for large-scale dissolution systems, the ap-

plicationof genetic engineering tomaximize dis-
solution, and the design of culture environments
and reactor systems.

The Upper Limit of Microbially Mediated
Dissolution and Biosynthetic Production

Sustaining microbially accelerated mineral dis-
solution requires the continuous maintenance
of an environment that favors both a specific
metabolic activity from a microbiome and the
kinetics and thermodynamics of mineral disso-
lution and carbon drawdown. Scientific and
technological advancements have transformed
these challenges into engineering questions rath-
er than scientific barriers. For example, main-
taining an environment in a steady geochemical
state to promote a specific reaction is done
routinely (and at scale)—for example, in water
treatment plants and breweries. Similarly with
microbes, impressive advances in thefieldof syn-
thetic biology now allow us tomore easily genet-
ically engineer non-model strains, although the
future goals are to control entire microbiomes
(Brophy et al. 2018; Lawson et al. 2019; Lee
et al. 2020).

Microorganisms may also add separate eco-
nomic value beyond the generation of alkalinity
frommineral dissolution. These can include the
biosynthesis of lipids, vitamins, and other bio-

40 #m

Figure 4. Scanning electron microscope (SEM) secondary electron imagery showing Pseudomonas aeruginosa
biofilm growth atop olivine grains in an iron-deplete medium. Accelerated weathering features are clearly visible
on the mineral surface (middle of the image) after only 48 h. Scale bar, 40 µm.
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molecules that have societal and economic value
in industries such as pharmaceuticals or agricul-
ture and aquaculture (Włodarczyk et al. 2020).
Alternatively, certain substrates introduced into
the reactors can promote the growth of a specific
strain or metabolism, such as certain degradable
plastics (e.g., polyhydroxyalkanoates [PHAs]
and polyhydroxybutyrates [PHBs]) as a carbon
source forbiofilm-formingheterotrophs (Suzuki
et al. 2021). Not only would such specific sub-
strates select for specific, desiredmicrobial activ-
ity, they can offer a sustainablemeans tomanage
plastic wastes while replacing the costs of adding
a carbon source to the reactor. Last, the dis-
solution of large quantities (i.e., gigatonnes) of
minerals will release significant amounts of trace
metals associatedwithultramaficmaterials,most
notably nickel, cobalt, and chromium. These
metals are particularly valuable, as they play a
critical role in the transitionawayfromfossil fuels
and towardan electricity-based economy (Diallo
et al. 2015).

We propose that microorganisms can be ge-
netically engineered for large-scale mineral dis-
solution processes, specifically for production of
siderophores, formation of biofilms, production
of valuable biomolecules, and growth on renew-
able substrates. Identification of the genetic net-
works responsible for these phenotypes repre-
sents the enabling technology to enhance or
tune strain performance.

Siderophore synthesis pathways have been
identified in many organisms through both ex-
periments and bioinformatics (Hider and Kong
2010; Garber et al. 2020, 2021). Several pathways
have been expressed and further engineered in
the model organism Escherichia coli, with the
goal of producing siderophores as therapeutic
antibiotics (Fujita and Sakai 2013; Fujita et al.
2018).Toourknowledge, therehavebeen limited
efforts to enhance the production of endogenous
siderophores, to date. Siderophores are typically
produced in bacteria by nonribosomal peptide
synthesis and secretion,which areboth resource-
and energy-intensive processes (Hider andKong
2010). Enhanced production may require the
constitutive expression of siderophore biosyn-
thesis systems both endogenously and heter-
ologously, metabolic engineering for increased

availability of siderophore precursors, or alter-
ations of the bacterial secretion complex. Al-
though transcriptomic studies have been per-
formed on siderophore-producing organisms
under iron-limiting conditions (Manck et al.
2020), the biological bottleneck for the produc-
tionof siderophores is sparinglyknownandoften
complex. Forexample,Staphylococcusaureuscan
produce both staphyloferrin A (SA) or B (SB),
both of which are citrate-based siderophores;
down-regulation of the tricarboxylic acid (TCA)
during Fe limitation limits the production of SA
because of decreased citrate synthase activity. An
alternate citrate synthase up-regulated by Fe lim-
itationsupportsthesynthesisofSB,however.This
systemprovidesanatural inspirationtotranscrip-
tionally and metabolically maintain enhanced
siderophore synthesis (Sheldon et al. 2014). En-
hanced or constitutive secretion of siderophores
could shed light on the possible upper limit of
siderophore-mediated silicate dissolution and
contribute to the broader understanding of engi-
neered synthesis and production of complex nat-
ural products. There is also the point that side-
rophoresarenotachemicalmonolith,butrathera
functional category composed of highly diverse
chemical structures and backbones, which influ-
ences their bioavailability, chemical behavior in
water, and photoreactivity (Barbeau et al. 2003).
Exploring the specific interactions between side-
rophores and olivine will better inform possible
designer siderophores that arebothmetabolically
cheap to produce and optimized for catalyzing
dissolution.

Genetic engineering may also enhance other
mechanisms of mineral dissolution, such as bio-
film formation, citrate production, and local acid-
ification. Biofilm formation in the context of path-
ogenesis, forexample,hasbeenstudiedextensively
both genetically and physiologically, resulting in a
range of therapeutics and drugs that disrupt bio-
filmformation(Jiangetal.2020).Biofilmscouldbe
used industrially for olivine dissolution and other
applications such as microbe–electrode interac-
tions, but engineering and controls of film forma-
tion and architecture remain difficult (Angela-
alincy et al. 2018; Mukherjee et al. 2020).

Many of the phenotypes described here,
such as siderophore production and biofilm for-
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mation, are difficult to engineer rationally be-
cause of their complex genetics. In the system
proposed here, however, microbial growth is
coupled to the harvesting of iron from olivine
and other silicate minerals. It may be possible,
therefore, to perform large-scale selection of
mutants for enhanced harvesting of nutrients
from minerals. High-throughput selections or
screens could reveal key targets for rational ge-
netic engineering and identify high-performing
gain-of-function mutations that have immedi-
ate industrial utility.

Bottom-up genetic engineering and syn-
thetic biology can improve the performance
of coculture or consortia systems (Lawson
et al. 2019). For operation at large scales, the
stability of a multicomponent living system is
challenging, especially in complex, nonsterile
mediums. Mutual dependencies between mi-
crobial organisms have been extensively de-
scribed in natural systems and applied to syn-
thetic systems at laboratory scale (Schink 2002;
Goers et al. 2014; Chen et al. 2019). To date,
synthetic microbial consortia have not been
implemented at industrial scale, however. The
olivine dissolution system described here, spe-
cifically, offers a novel solution for synthetic
mutual dependency.

Finally, metabolic engineering and synthetic
biology have been extensively applied to synthe-
size valuable biomolecules at high titers in engi-
neered hosts. These include biomass compo-
nents such as lipids, complex natural products,
biofuels, and medicines (Chemler and Koffas
2008; Courchesne et al. 2009; Adrio andDemain
2010; Choi et al. 2020). Similar techniques are
applied to enhance the growth of microorgan-
isms on renewable feedstocks, such as lignocel-
lulose, or plastic polymers as discussed earlier
(Huang et al. 2014). One additional microbial
application of olivine dissolution is the uptake
andconcentrationofvaluable tracemetals.Metal
uptakebybacteriahasbeenstudied in thecontext
of heavy metal remediation (Gadd 1990; Valls
and Lorenzo 2002) and plant–microbe interac-
tions (Kidd et al. 2017). A system for microbial
dissolution of minerals provides a uniquely use-
ful platform with which to study the uptake and
harvesting of valuable metals.

Utilization of genetically engineered organ-
isms for large-scale mineral dissolution requires
consideration of the ethical and ecological im-
pacts. One advantage of the proposed system is
the potential for physical containment on top of
genetic controls. Furthermore, engineering con-
trols may protect against unwanted mutation or
ecosystem proliferation. Recently reported or-
ganisms with a reduced genetic code may be
less likely to acquire natural genetic material
thatcouldconfernewphenotypesandcontribute
synthetic genetic material to the natural gene
pool (Lau et al. 2017;Robertsonet al. 2021).Nov-
el kill switches and synthetic auxotrophy may
also restrict the activity and replication of engi-
neered organisms to controlled environments
(Stirling et al. 2018, 2020; Whitford et al. 2018;
Stirling and Silver 2020). In 2022, the Engineer-
ingBiologyResearchConsortiumreleased a road
map for the application of synthetic biology to
climate and sustainability that urges the identifi-
cation, assessment, and open communication of
benefits and risks associatedwith research efforts
(Chen et al. 2022). Earlyexamples of deployment
of engineered organisms such as engineered
crops with resistance to pests or drought provide
a frameworkwithinwhichnew technologiesmay
be evaluated (Scheben andEdwards 2017; Smyth
2020).

In short, physical, chemical, andgenetic con-
ditionsmaybe engineered to optimizemetabolic
functions, as well as the thermodynamics and
kinetics of mineral dissolution and carbon cap-
ture. Such cultivation systems can be operated
within a broaderexisting economic and industri-
al infrastructure, inwhich they canactnotonlyas
systems of large-scale carbon capture, but also
offer sustainable means of waste management
and/or production of valuable by-products.

Considerations for Mineral Feedstocks and
Industrial Cultivation

Large-scale (Mt/Gt) CDR reactors will require
large inputsofwater,nutrients, andmineral feed-
stock and will require downstream processing to
recover valuable added products. Industrial in-
frastructure and scientific knowledge already ex-
ist to implement such reactors at scale. Com-
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bined, the mining and construction sectors pro-
duce >8 Gt/yr of mineral waste materials with
CDRpotential >8 Gt/yr (Renforth 2019; Bullock
et al. 2022). The remaining questions then relate
to finding the upper limits of dissolution and
carbon capture rates that such reactors can offer,
while identifying the operating conditions that
will sustain these at scale.

Some of the key questions that remain in-
clude identifying the conditions for maximal
mineral dissolution and carbon capture rates.
Reaching thesemaximawill involve experiment-
ing with a wide range of physical and chemical
constraints, as these help manage the baseline
thermodynamic environment of mineral disso-
lution.As discussed, silicate dissolution rates can
be difficult to constrain over periods of years.
There is a significant bias in the literature, within
which quantified measures of dissolution have
focused on short time periods of hours to days
(Fig. 2; Oelkers et al. 2018), which may not be
representative of long-term steady state dissolu-
tion rates. Figure 2 shows a modeled dissolution
rate derived from the first 300 h of dissolution
versus empirical dissolution data over several
weeks. Moreover, characterizing mineral disso-
lutionovermonths can, however, be challenging,
as dissolution canbenonstoichiometric, anddif-
ferent proxies (i.e., dissolved silicon vs. nickel)
can give different quantified estimates of disso-
lution rates (Montserrat et al. 2017).

Additionally, a comprehensive characteriza-
tionofmineral substrates and their geochemistry
is key. As discussed, a mineral’s dissolution rate
and potential to generate alkalinity are critical
characteristics in determining the carbon cap-
ture potential. In this respect, ultramafic miner-
als such as olivine and serpentine are of great
interest (Bullock et al. 2022). However, associat-
ed reactions can negatively impact carbon cap-
ture efficiency, such as the oxidation of iron. As
a major component of olivine and many ultra-
mafic minerals, ferrous iron will oxidize readily
duringmineraldissolution,areaction that releas-
es free protons andneutralizes the alkalinity gen-
eration congruent to silicate dissolution. Choos-
ing ultramafic minerals with low iron content
would be important in abiotic conditions. How-
ever, in the context of bioreactors that promote

microbial iron acquisition, it is unclear what
iron concentration will maximize dissolution
rates. Furthermore, the processes involved in
the microbial acquisition of iron (i.e., ligand ex-
change reactions between siderophores and fer-
ric iron, ferric reduction involved in iron cellular
absorption, along with photoreduction of li-
gand-bound iron) are all proton-sensitive reac-
tions and can impact pHand thus alkalinity gen-
eration to some extent (Barbeau et al. 2002;
Dhungana andCrumbliss 2005). Characterizing
this process will help constrain system design for
maximal carbon capture.

Another critical component in estimating
net CO2 fluxes relates to the fate of carbon held
in theorganicpool.Characterizing thefluxes and
fate of carbon across processes like biological
assimilation, biofilms, mineral dissolution, and
secondary precipitation in a dense environment
is a challenging yet exciting and meaningful sci-
entific endeavor. Although the single most im-
portant metric for a bioreactor might be net car-
bon fluxes and associated carbon capture rates, it
will be important to characterize the fate of car-
bon and all its forms. This implies steep geo-
chemical and metabolic gradients, forcing a
wide range of reactions that can impact the
form and fate of carbon. The main forms of car-
bonflowingoutofbioreactorswill bedissolvedas
well as particulate organic and inorganic phases.
Being able to account for all their relative abun-
dances will be valuable, not only as an additional
means tomeasure carbon capture and potential-
ly useful biomolecule production, but also to in-
form on strategies around reactor design, engi-
neering, and permanent carbon storage.

Inorganic carbon fluxes are highly depen-
dent on a system’s carbonate saturation and pre-
cipitation as secondary mineral phases (Fuhr
et al. 2022). As per Equation 1, themost efficient
form of carbon capture is in the form of bicar-
bonate (also referred to as dissolution trapping).
An ideal bioreactor system should therefore
maintainconditionsbelowcarbonateandsilicate
saturation to limit the precipitation of secondary
minerals. Although the precipitation of carbon-
ates stillproduces anet sinkof storedcarbon(also
referred to as mineral trapping or carbonation),
the acidity simultaneously generated in this reac-
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tion decreases the efficacy of the process signifi-
cantly (Fuhr et al. 2022). The flexibility of an
engineered system offers the possibility to pro-
mote and effectively manage carbonate precipi-
tation as a form of long-term storage.

Hence, a comprehensive characterization of
accelerated mineral dissolution geochemistry
under a wide range of conditions will be critical
to maximize carbon capture, and the forms of
carbon must be fully characterized to best man-
age its permanent storage. Carbonate precipi-
tates can be easy to store permanently because
they are relatively unreactive in the natural envi-
ronment.BicarbonateandDIC,however,need to
be stored in vast, well-buffered basins such as the
world’s oceans to remain stable and not outgas
CO2 back into the atmosphere. Organic forms of
carbon(particulateanddissolved)willneed tobe
stored in an environment where it will avoid re-
oxidation, whichmight involve specific contain-
ment strategies.

Techno-Economic Viability

The total CDR potential of known, global re-
serves of ultramafic minerals lies in the range of
several tens of thousands of GtCO2, orders of
magnitude greater than what is required to se-
quester anthropogenic CO2 emissions (Lackner
2002; Power et al. 2013). Although geochemical
CDR thus offers tremendous potential, imple-
menting it at scale carries economic constraints
that must be taken into account. Techno-eco-
nomic analyses of large-scale reactors are critical
in guiding research and development, highlight-
ing constraints that are not always obvious in a
laboratory or small-scale setting.

By estimating the dimensions and require-
ments of a reactor at scale, one can infer the costs
and logistical constraints of such an operation.
Namely, these will include the costs of building
the reactors, excavating and grinding the ultra-
mafic minerals, the costs of fertilizers and other
substrates, accessing and treating the water used
in reactors, and total energy requirements. The
economic potential of carbon capture also offers
a unique opportunity for industries that use mi-
crobial catalysis as a process of chemical engi-
neering. Some industries have been extremely

successful (i.e., fermentation and the alcoholic
beverages industry), and some have struggled to
remain competitive (i.e., algae farmsandbiofuels
industry) (Hoffman et al. 2017). Carbon capture
reactors, however, sell, at their core, carbon cred-
its. The recoveryof additional, valuable by-prod-
ucts like metals could serve to subsidize the cost
of carbon capture and will further help integrate
CDR efforts into the broader economy, by pro-
viding a source of valuable commodities to other
sectors including agriculture and aquaculture,
pharmaceuticals, and other industries. This rep-
resents an unprecedented opportunity to con-
nect the accelerated weathering of the ultramafic
minerals to rapidly growing carbonmarkets pro-
jected to surpass $1 trillion in 2050, as net-zero
pledges from countries and companies continue
to skyrocket (Liu et al. 2022).

Thus far, our techno-economic analyses
show that industrial-scale bioreactor systems
forenhancedweatheringarecomparable to com-
monwater treatment facilities and can thus ben-
efit from existing infrastructure and engineering
capabilities. With the scientific proof of concept
alreadyestablished (Berghe et al. 2021), ouranal-
yses indicate thatmethodological and technolog-
ical improvements to scale bioreactors as de-
scribed above have the potential to achieve net
cost of carbon capture (including capex, opex,
energy and carbon costs, substrate inputs) of
∼$100/tonne. Because of these valuable, addi-
tional products, this process not only has the po-
tential to be inherently profitable, but could be
considered a simultaneous carbon capture and
mining and resource extraction process.

CONCLUSION

Because of inaction for broad decarbonization
coupled to continuous anthropogenic GHG
emissions, there is a global consensus that
large-scale CDR will be needed to remove
GtCO2 over the next several decades. CDR will
also be necessary to remove further CO2 emis-
sions required for the transition to a decarbon-
ized, green economy. Accelerating Earth’s inor-
ganic carbon cycle through the weathering of
silicate minerals like olivine offers a promising
path to removing and storing gigatonnes of at-
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mospheric CO2. Because of the sheer amount of
CO2 that needs to be sequestered, however, mul-
tiple weathering approaches must be pursued si-
multaneously. Although grinding minerals into
sand-sized particles can accelerate weathering
rates of olivineminerals in coastal environments
(i.e., coastal enhanced weathering), half-lives of
olivine grains are on the orderof decades.Hence,
we suggest that microbial catalysis to accelerate
mineral dissolution rates must be explored
alongside other CDR methods. We have shown
that microbes have the potential to significantly
increaseweathering rates leading to olivine grain
half-lives of several years. By using micronutri-
ents like Fe in olivine, microbes can use these
mineral substrates forexponential growth, there-
by offering a path to scale the cultivation of mi-
crobiomes growing on silicate minerals. Indeed,
other industries have successfully cultivated mi-
crobes to perform specific, valuable functions in-
cludingwastewater treatment and fermentation.
Further research to examine the biological
mechanisms of microbial–mineral interactions,
biofilm formation, and large-scale cultivation
will provide critical insights that can galvanize
global efforts in silicate dissolution for CDR. It
will also create a step change in our understand-
ing of fundamental microbial processes partic-
ularly in biofilm formation and the synthesis of
complex natural products, while also opening
the door to novel approaches to engineermicro-
biomes. These research endeavors naturally in-
tegrate the fields of CDR, synthetic biology, geo-
chemistry, climate science, engineering, and
economics and will provide new models that
can yield various outputs from the sustainable
biosynthesis of valuable products to the removal
and long-term storage of excess atmospheric
CO2. Althoughmany of these fundamental pro-
cesses have been happening worldwide for bil-
lions of years, we are only taking the initial steps
along the pathway toward understanding how
these mechanisms can help turn the tide on the
climate crisis.
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