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Carbon dioxide sequestration through silicate degradation and
carbon mineralisation: promises and uncertainties

Damien Daval’

Turning carbon dioxide (CO,) into rocks: controlling this process, which naturally operates at the Earth’s surface over geological
timescales, is likely to represent a major technological challenge of this century. One of the recurring criticisms with the carbonation
reactions is their sluggishness, as it is commonly admitted that converting silicates into carbonates within geologic reservoirs may
take up to several thousands of years, i.e., a duration which is hardly compatible with the goal of achieving net zero emissions by
mid-century. Last year, a study that generated substantial interest suggested that after 2 years, more than 95% of the CO, injected
over the course of a pilot project of CO, injection in lava flows in Iceland might have been mineralised into carbonates. While such
results could have been considered as a green light for industrial applications, a new high-profile study based on the same pilot
experiment tempered this idea, as it revealed unexpected modifications of deep ecosystems in response to CO, injection,
evidencing a bloom of chemolithoautotrophic bacteria, which have the ability to promote autotrophic C-fixation. Stated in other
words, part of the CO, that was initially thought to be mineralised under the form of stable carbonates might instead have been
converted into (much more labile) biomass. Assessing the respective contributions of carbonates and biomass to the C-
sequestration should therefore represent a prerequisite prior to large-scale carbon capture and storage through mineral
carbonation, to make sure that the cure is not worse than the disease.
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INTRODUCTION

Mitigating the environmental consequences of the rising levels of
anthropogenic CO, emissions is among the major challenges that
the whole mankind will have to face over the course of this
century. The Paris agreement (http://unfccc.int/paris_agreement/
items/9485.php) provided a clear roadmap in that respect, with
the aim to hold the increase in the global average temperature to
“well below 2°C above pre-industrial levels”, which requires to
reach a “net-zero emissions” status.

Reaching this “net-zero emissions” status means that a balance
between sources and sinks of greenhouse gases has to be found.
While this goal will most likely remain out of reach without a deep
restructuring of our economic activities (also known as decarbo-
nisation), it also involves the rapid development of strategies that
enable efficient carbon capture, storage, and utilisation. In
particular, there has been a growing interest in the development
of geologic carbon storage (GCS) facilities, in which pressurised
CO, is injected into rock formations buried up to hundreds of
metres below the Earth’s surface. Currently, a dozen of large-scale
GCS plants are in operation all over the world." In most of them,
CO, is either used to enhance oil recovery from oil fields (for
which the long-term fate of sequestered CO, is not the main
concern), or injected into deep saline formations, where the safety
of carbon storage is based on solubility trapping into the
formation waters. Although clearly necessary, the main limitations
of these two CO, sequestration methods reside in the limited
characteristic storage time that they can offer, which may be of a
few hundreds of years in the worst case scenario.” In that respect,
it is frequently argued that in situ CO, sequestration through

mineral trapping represents the safest option to store carbon
permanently’ (Fig. 1a), while representing carbon storage
capacities that exceed the amount of fossil carbon that can be
burnt using up all oxygen available in air.? The corresponding
process of carbon storage is better known as “carbonation”.

TURNING SILICATES INTO CARBONATES: THE CARBONATION
REACTION

The carbonation reaction results from the chemical degradation of
silicates to make up carbonates. It usually requires the release of
divalent cations (Me?"), such as Ca®>", Mg®", and Fe*", which are
supplied by silicate dissolution:

Me,SiO,.x + 2xCO, + xH,0 — xMe?t + 2x HCO3™ +Si0,. (1)

When saturation with respect to carbonate minerals is reached,
their precipitation becomes thermodynamically possible:

xMe?" + 2x HCO®~ — xMeCO; + xCO, + xH,0. )

The sum of reactions (1) and (2) leads to the so-called carbonation
reaction, in which silicates are eventually turned into carbonate
minerals at circum-neutral pH:

Me,SiO; 4 +xCO,; — xMeCOs + SiO;. (3)

As the efficiency of the carbonation reaction depends on the
release of divalent cation, the typical geological formations
targeted to store CO, by mineral trapping are basalts and
ultramafic rocks, which contain elevated amounts of Me*™-bearing
materials.*
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(a) Adapted from Metz et al., 2005
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Fig. 1 Fate of injected CO, into a given geological formation following various scenarios. a Corresponds to the classical view, adapted from
Metz et al.> CO, is injected underground either in a liquid or supercritical state, where it is primarily trapped below a very-low-permeability
geological layer, such as shale or salt belts (i.e., “structural and stratigraphic trapping”). As the plume of CO, migrates underground, it slowly
dissolves in water formations, where it is stored as carbonic acid (H,COs or CO,(aq)). The acidification of the groundwater promotes the
dissolution of the rock-forming minerals and the increase of alkalinity (Eg. (1)), so that the CO, is then partitioned between residual CO, (i.e.,
“residual trapping”) and dissolved CO, (solubility trapping). Eventually, when saturation with respect to carbonates is reached, carbonate
mineral may start to precipitate (i.e., “mineral trapping”). This latter mechanism, which is often considered to be the safest option to store CO,
permanently (since the residence time of C in carbonates exceeds 10 years?), is expected to occur a few years after the injection, and its
contribution to CO, trapping becomes significant only 10°-10* years after the injection. b Depicts the fate of CO, that one can expect based
on the data and interpretation of Matter et al.’s study.” In the CarbFix project, the CO, is dissolved into down-flowing water in the well during
its injection. Since CO, is no longer buoyant, the contribution of structural and stratigraphic trappings becomes non-existent, preventing the
migration and escape of CO,. According to Matter et al.’s interpretation of the data, 95% of the CO, may trapped as carbonates in 2 years, and
CO, sequestration in basalt formations can be considered to be safe. In ¢, the same pilot experiment is revisited in light of the data collected
by Trias et al.”" where part of the CO, is suggested to be converted into biomass as a result of the bloom of chemolithoautotrophic bacteria
that have the ability to promote autotrophic C-fixation. The dashed line represents an arbitrary frontier between the contributions of
carbonates and that of biomass to the trapping of CO,. The actual location of this frontier is currently unknown. Similarly, the residence time
of C in biomass also remains essentially unknown

Over the last decade, a significant body of literature was aimed
at unravelling the kinetics of this reaction, using various starting
silicate materials. The main conclusions of these studies can be

is that the carbonation reaction is generally slow under the typical
conditions of GCS (<90 °C). Based on kinetic rate laws derived from
single-mineral dissolution and precipitation experiments, the most

conveniently sorted according to the chemical composition of the
starting materials: regarding Ca-bearing silicates, it has been
demonstrated that the rate-limiting step of the process was the
dissolution of silicates, irrespective to the temperature range,’
with possible additional contribution of transport limitations into
the resulting secondary porous matrix. As for (Mg, Fe)-bearing
silicates, deciphering the rate-limiting reaction is far more
complex, as it may vary with temperature,® redox conditions,’
the saturation state of the solution with respect to amorphous
silica,®® and the complexity of the starting mineralogical
assemblage.’® A common trait of these various studies, however,
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optimistic simulations reckon on a sequestration rate on the order
of 2x10°tons/year'' for a typical basaltic reservoir (volume
~20 km?>; effective porosity ~10%); to be compared with the ~2 x
10'° tons/year emitted by the top 20 CO,-emitting countries.'? In
addition if one considers that reactive transport simulations
overestimate the actual reactivity of silicates by up to several
orders of magnitude, even in the context of simplified experi-
mental set-ups dedicated to CO,-water-rock interactions,®'® and
taking into account the possible decrease of silicate dissolution
rate with time,'* any detractor of GCS technology may argue that
this process would contribute only negligibly to the aim to reach a
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“net-zero emissions” status by mid-century. In this context of
uncertainties, resorting to pilot-scale injection monitoring appears
as one of the necessary endeavours to assess the actual efficiency
of GCS sites to permanently trap CO, over timescales as short as a
couple of decades.

EVIDENCE FOR CO, IMMOBILISATION FROM PILOT INJECTION
PROJECTS

While CO,-water—(ultra)mafic rocks interactions have been
investigated experimentally for more than a decade,’®™” the
collection of data from actual field pilot injection projects is still
ongoing, and the very first results have just been published this
last couple of years. For now, most results remain qualitative,
aimed at deciphering whether carbonates did precipitate over the
course of the injection. In that respect, McGrail et al.'® provided
one of the first direct evidence for in situ precipitation of
carbonates, by demonstrating that ankerite (Ca(Fe, Mg, Mn)(COs),)
had formed in vesicles throughout cores that were recovered after
the injection of 1000 tons of supercritical CO, into a basalt
formation, in the framework of the Wallula Basalt Pilot Project
located in eastern Washington (USA).

Last year, the first quantitative results from the injection of CO,
into a basalt formation were provided in the framework of the
CarbFix project (Iceland).’® In this pilot injection project, the CO, is
transported from the Hellisheidi geothermal power plant (which
emits ~40,000 tons/year of CO, of volcanic origin as a by-product
of the geothermal energy production'’) in a 3-km pipeline, and
dissolved in water in the well during its injection into a basaltic
reservoir located at between 400 and 800-m depth. Two injection
tests were performed in 2012, using either 73 tons of pure CO, or
a CO,-H,S mixture, containing 55 tons of CO,. For both tests, the
CO, was spiked with '*C, and injected together with conservative
tracers. Matter et al.'® reported results of the geochemical
evolution of groundwater collected from a monitoring well
located 70 m downstream from the injection well at 400-m depth
below the surface over ~2-year period. Using simple mass balance
calculations, Matter et al.'” concluded that over 95% of the
injected CO, was immobilised between the injection and the
monitoring wells, which they attributed to carbonate precipita-
tion. This conclusion was indirectly supported by thermodynamic
calculations, which confirmed that the formation waters were
supersaturated with respect to calcite over the course of the
monitoring, and by the 'C concentration of calcite collected from
a submersible pump hauled from the monitoring well, which was
similar to that of the injected CO,.

Because CO, immobilisation in a basaltic formation was then
suggested to be massive, at temperature as low as 20-50°C, in
timeframes as short as a couple of years (i.e., even faster than
expected from reactive transport simulations'' (~10 years), which
were yet suspected to provide a lower bound for the time
required to sequester CO,), these results clearly seemed to open
up a new era: from a pure construct of the mind, CO,
mineralisation becomes effective, on timescales compatible with
the urgency to remove the CO, in excess from the atmosphere
(Fig. 1b). One may still argue that this estimation was not based on
a direct quantification of the mineralogical composition of solid
samples before and after the injection; notwithstanding, over 95%
of the CO, was missing in the recovered fluid samples, meaning
that it had to be trapped somewhere. And from an abiotic
perspective, carbonate precipitation is by far the most likely
mechanism that could account for such an observation.

THE ROLE OF DEEP BIOTA ON C-SEQUESTRATION: AN
OVERLOOKED CONTRIBUTION?

The above-mentioned conclusions even lead one of the Science
editors to summarise the exciting findings of Matter et al.””
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through the enthusiastic title: “Inject, bab1y, inject!”.?° However, as
detailed below, a subsequent paper’' provided a radically
different light on the missing CO, evidenced in the groundwater
sampled in the monitoring well of the Hellisheidi pilot plant.
Unlike the overwhelming majority of studies dedicated to the fate
of interactions between CO,-charged water and (ultra)mafic rocks,
which focus exclusively on abiotic processes, Trias et al.>' under-
took a detailed analysis of the response of deep microbial
ecosystems to the CO, injections described in the previous
section. In particular, they investigated the phylogenetic diversity
and abundances along with metabolic potential in sampled
waters by bacterial 165-rRNA gene 454-pyrosequencing, metage-
nomics, and quantitative PCR detection of key genes involved in
inorganic carbon assimilation.

Although the presence of a deep microbial biosphere has been
acknowledged for a couple of decades,® it must be emphasised
that until Trias et als study,?’ the knowledge of the quantitative
contribution of reservoir biota to the C-sequestration, and more
generally, to silicate weathering, is in its infancy. The few existing
laboratory experiments aimed at deciphering the response of
microbial communities to CO, exposure in the context of CO,
sequestration suggest that elevated CO, pressure may be
responsible for a lethal stress and decrease of the bacterial
biomass.”®> However, there is also growing evidence that in
nutrient-poor environments, microbial communities that are
specific to each type of rock-forming mineral develop at the
mineral surface (also known as “mineralosphere”), harbouring
microorganisms with efficient mineral weathering ability.>* In
addition, few studies dedicated to investigating the changes in
microbial communities after CO, injection in sedimentary basins
evidenced rapid modifications in the microbial patterns, with the
potential to enhance chemolithoautotrophic activities.”> These
rapid changes are key in the biogeochemical cycles of many
elements, including C, as over short-time periods, they are likely to
prevail over much slower abiotic geochemical responses. Trias
et al?' reported data that perfectly illustrate the versatility of
microorganisms when submitted to a perturbation as dramatic as
an oxidative and acidifying injection of CO,: only 2 months after the
onset of the injection, when the inorganic carbon concentration
reached its highest values in the monitoring well, the bacterial
biomass increased by a factor of 500, and the relative proportion of
the Gallionellaceae family, which belongs to Betaproteobacteria,
became dominant, accounting for 40% of the 165-rRNA gene
sequences retrieved by metagenomic analysis, whereas these
betaproteobacteria represented less than 1% of the pyrosequences
before injection. This result could have been considered as
anecdotal, if all members of Gallionellaceae family cultivated so
far were not chemolithoautotrophic bacteria, hence representing
an increased potential of the microbial community for autotrophic
C-fixation. Stated in other words, such bacteria likely contributed to
the CO, conversion into biomass, possibly contributing to the
puzzling trapping of 95% of CO, over durations as short as 2 years
(Fig. 1c). Although the direct confirmation of C-fixation (for instance,
through the analysis of the '*C concentration of microbes) was out
of reach of this study, these findings have the potential to
completely change the picture: the lifetime, the thermodynamic
stability, and the mobility of a microbe have nothing in common
with those of a mineral. And as far as | know, no comprehensive
modelling efforts of CO, sequestration had been run integrating
scenarios where biota would be the primary driver of the CO,
drawdown (in case biota would actually be the primary driver of
CO, drawdown, which is impossible to decipher from Trias et al.'s
analyses, as they miss the biomass attached to rocks and the lateral
expansion of the CO, plume). Whatever it be, the study by Trias
et al.?" is an invitation to reconsider both our strategy to monitor
and model the fate of CO, in low temperature basaltic and
ultramafic formations where life can develop (<120 °C), as well as to
question our strongest certainties regarding CO, sequestration.
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SUMMARY AND CONCLUSIONS

The most recent findings regarding CO, sequestration through
carbon mineralisation in basalt and/or ultramafic formations
highlighted the following three main conclusions:

(i) In addition to numerical simulations and laboratory experi-
ments, resorting to pilot-scale injections with increased efforts of
monitoring, sampling, and post-mortem characterisation appears
as a necessary critical step prior to any larger-scale injection. As
opposed to what could have been expected on the sole basis of
laboratory experiments and numerical simulations, the injection of
CO, in basalts represents a highly dynamic system (even at low
temperature and over short-time durations). Field-scale monitor-
ing helps to determine the dominant processes to which we
should pay attention.

(i) Microbiologists have long been aware of the high potential
of bacteria for representing valuable indicators of perturbations in
natural settings, such as aquifers or soils.2® This knowledge has to
permeate the materials and Earth science communities working
on CO, sequestration. Future monitoring studies at the pilot scale
should systematically integrate investigations dealing with micro-
bial ecology such as metagenomics/proteomics analyses, and
possibly isotope labelling to decipher the amount of biomass that
is directly made of injected CO,. The key issue that remains
unresolved after the studies of Matter et al.'® and Trias et al.?' is
the relative contribution of biomass and carbonates to C-
sequestration. This quantification is required to solve whether
carbon sequestration into basalts can be considered as a safe and
permanent mean to dispose CO,.

(i) From both thermodynamic and hydrodynamic standpoints,
the fate and localisation of biota are much less predictable than that
of carbonates. If future studies confirm that microbial communities
present in the storage formations use CO, as a source of C to
develop, modelling efforts should be directed to integrate microbes
as a driver of C-sequestration. On the same footing, because the
bloom of microorganisms evidenced in Trias et al.'s study?' consists
of iron-oxidising bacteria, their effect on silicate degradation (and
therefore on the whole carbonation rate) has to be properly taken
into account in our modelling strategy, as Fe(lll) has a detrimental
role on the dissolution kinetics of silicates typical of basalts and
ultramafic rocks. For instance, the dissolution rate of olivine can be
reduced by more than two orders of magnitude because of the
development of passivating Fe(lll)/Si-rich surface layers.”®

Overall, these recent studies highlight that the now famous
sketch of Metz et al.? of storage security with time (Fig. 1) needs to
be updated before massive amounts of CO, can be confidently
injected into basalt formations.
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