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Abstract

The growing scientific evidence establishing the effects of CO2 emissions
on the Earth’s climate, together with the substantial difficulty in reducing our
dependence on fossil fuels, have driven an increasing realization that carbon
capture and storage (CCS) will likely have to play a key role in mitigating
anthropogenic climate change. This paper begins by reviewing the literature
surrounding carbon capture and storage technologies. We explain the traditional
method of structural storage by injecting CO; into sedimentary basins, and
investigate the increasing concerns regarding induced seismicity and leakage
from structural CO2 storage. We then turn to the more recently proposed method
of mineral carbonation, which injects CO2 into mafic rocks and induces mineral
trapping through enhanced carbonation reactions, and evaluate its potential to
mitigate the risks associated with both leakage and seismic triggering.

In the second part of the paper we develop a simple model to study the
drawdown of COz through mineral carbonation, and understand some of the
conditions affecting the potential for mineral carbonation. We choose the
hypothetical example of CO2 drawdown matching current global emissions for
the next 50 years and estimate the volume of peridotite needed, exploring a wide
range of reaction conditions. We investigate the additional volume required to
account for several limiting factors over time: armoring, reservoir clogging and
seismic triggering. Our calculations find that variations in the adjustable
parameters significantly affect the aforementioned limiting factors, and thus also
the required rock volume. The “ideal” drawdown scenario of fast reaction rate
and small grains requires a peridotite volume small enough for the Semail
ophiolite in Oman to theoretically draw down all the CO2. However, an
“unfavorable” drawdown scenario of slow reaction rate and large grains requires

a volume that in fact exceeds estimates of continental mass of peridotite.
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Introduction

Scientific evidence establishing the effects of carbon dioxide emissions on
climate change is rapidly growing (IPCC 2013). Yet, despite an increasing global
consensus that rising carbon dioxide levels present a major threat to the Earth’s
climate, relatively little progress has been made to reduce our dependence on
carbon-heavy fossil fuels. Fossil fuels continue to account for around 85% of the
global energy supply, and CO: emissions keep rising (BP Statistical Review 2015).
Although theoretically sufficient to meet the world’s energy needs, carbon-free
renewable and nuclear energy sources have proven difficult to scale up.
Moreover, even if a sudden technological breakthrough were to enable us to
dramatically cut CO2 emissions immediately, atmospheric CO2 levels have
already reached a threshold where they are expected to have significant impacts
on the world’s climate and ecosystems.

The growing urgency of reducing carbon dioxide emissions has given rise
to an increasing interest in the potential for carbon capture and storage to
mitigate climate change. The IEA considers carbon capture and storage to be a
key technology to achieve a low-carbon future and meet global emissions
objectives (IEA 2012). The set of technologies offer the potential not just to
reduce CO2 emissions, but also to create negative emissions by removing excess
COz from the atmosphere. The remaining technological obstacles and lacking
political willingness to reduce our hydrocarbon-dependence might make
negative emissions become necessary in order to reach future stabilization levels
(Lackner et al. 2012).

This paper will start by reviewing the literature surrounding carbon
capture and storage technologies, both the traditional method of structural
storage by injecting CO; into sedimentary basins, and the more recently
proposed method of mineral carbonation, injecting CO; into mafic rocks and
inducing mineral trapping through enhanced carbonation reactions.
Subsequently, the paper will build on work by Yarushina and Bercovici to
develop a model for CO2 drawdown through mineral carbonation in a mafic host
rock. The model will estimate the theoretical volume of mafic rock required for
CO2 drawdown to match current CO2 emissions, exploring a range of conditions.

The calculations will also demonstrate the effects from expected slowdowns in
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reaction rate kinetics over time, as well as the implications of potential pore

space clogging and seismic triggering on required reservoir volume.

1. Carbon Capture and Storage technologies: Literature review

1.1 Carbon Capture and Storage (CCS)

Carbon Capture and Storage (CCS) is an umbrella term for a broad range
of technologies. Common to the technologies is that they involve capturing CO;
either from ambient air or at some stage of a COz-emitting process, then
pressurizing and transporting the CO: to a selected storage site, and ultimately
injecting it into suitable geological formations where the CO; can be trapped
safely on a geological time scale (Gibbins & Chalmers 2008).

The first of the three main stages is the capturing process, which
generally separates the COz produced in power plants or industrial processes.
Three methods currently exist to capture the COz: pre-combustion capture
removes the COz from the fossil fuel before the combustion reaction is completed.
Post-combustion capture separates the CO; from the exhaust of the combustion
reaction, generally by using a solvent that absorbs the CO. Oxyfuel combustion
separates oxygen from the air and then combusts the fossil fuel in oxygen diluted
with recycled flue gas, producing mainly CO; and H20 and allowing for easy
purification.

Discussions regarding CO> capture are primarily concerned with capture
from stationary point sources, as explained above, since this is currently the
most economically and technologically feasible method. However, Lackner et al.
and others have argued that given the necessity for large-scale operations in
order for CCS to be an effective climate mitigation technology, the traditional
point-source capture might have to be complemented with air capture (Keith
2009, Lackner et al. 2012, Goldberg & Lackner 2015). The authors call for a
scaling up of resources devoted to take air capture technology from its current
stage of infancy to becoming a commercially available method for reducing CO>
concentrations in the atmosphere. Capturing CO2 from ambient air would not
only be an important option for dealing with emissions from mobile dispersed

sources, it could also both act as an insurance against CO2 leaking from storage
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and allow for negative global CO2 emissions (Lacker et al. 2012, Goldberg &
Lackner 2015).

After capture, the CO: is transported to a suitable storage site, most
commonly by ship or pipeline. In the cases where the CO: is injected into
depleted oil and gas reservoirs, the existing pipeline infrastructure can
potentially be re-used.

The last stage is the storage of carbon dioxide in the subsurface. Given
that the injected CO? is supposed to remain stored on a geologic time scale, this is
the stage with the greatest challenges associated with it. Following
transportation to the chosen storage site, the CO2 gets injected into porous
geological formations under the Earth’s surface, where the high pressure and
temperature turn the CO; from its gaseous form into a ‘supercritical’ liquid.
There are primarily three types of geological formations that are considered
suitable for CO; storage; depleted oil and gas fields, deep saline formations
(porous rocks filled with salty water), and mature oil and gas fields (where CO>
injection can be used for enhanced recovery purposes) (Weir et al. 1995). While
saline aquifers offer the greatest potential CO; storage capacity, depleted oil and
gas reservoirs are most likely to be selected as storage sites, since extensive
information from previous geological assessments is already available.

The storage mechanisms for the injected carbon dioxide change over time,
and this has important implications for the risk of leakage (Johnson et al 2004).
‘Structural storage’ is the primary storing mechanism for CCS, and it refers to an
impermeable layer of rock known as the cap rock, which traps the CO; and
prevents it from migrating upwards. Over time some of the migrating CO2 will
become tightly trapped in the pore spaces of the host rock, in what is known as
‘residual storage’. The CO; will also gradually start to dissolve in the surrounding
salt water, which increases the density of the solution and causes it to sink
towards the bottom of the reservoir. Finally, ‘mineral storage’ refers to the
chemical reaction between the CO2 and the host rock, which makes it bind
permanently to the rock. Thus, the mobility of the carbon dioxide decreases over

time, gradually reducing the risk of leakage.
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1.2 Current status of CCS technology

Injecting CO? into oil and gas fields for enhanced recovery has already
been pursued for a number of decades. First tried in Texas in 1972, there are
now more than 100 active commercial CO; injection projects across the United
States (DOE website). While most of the injected CO2 has traditionally come from
natural reservoirs, increasing attention is now being devoted to developing
technologies that can produce and employ CO> from a variety of industrial
applications. The most notable example of an enhanced oil recovery project
using this technology is the Weyburn-Midale project in Canada, which since 2000
has injected 3 million tonnes of CO per year. The injected CO2 comes from both a
gasification company and a rebuilt coal-fired power plant with carbon capture
technology (MIT CCS project database 2016).

Commercial-scale CCS projects not intended for enhanced oil recovery are
significantly less plentiful, and have a much shorter history. The perhaps best-
known project is that at Sleipner, West of Norway, where around 1 million
tonnes of COz have been injected annually into the Utsira Formation since 1996
(Global CCS Institute, Sleipner website). Other important projects include the
Norwegian Snghvit project, which has sequestered CO: into a submarine
sandstone reservoir since 2008 (Global CCS Institute, Snghvit website), and BP’s
In Salah project in Algeria, which injected around 1 million tonnes of CO2 per
year since 2004. However, for reasons to which we will return later the In Salah
project suspended further CO; injection in 2011.

While considerable experience had been gained regarding CO2 injection
through enhanced oil recovery projects, the aforementioned projects and their
extensive geophysical monitoring and flow modeling have offered much
operational experience and knowledge about the effectiveness of underground
CO2 storage over longer time periods (Arts et al. 2008). Perhaps even more
importantly, they have played a key role in demonstrating the technical
feasibility of large-scale commercial CCS. A variety of government-funded
demonstration projects have also been carried out over the last couple of
decades to study chemical and flow behavior of the CO; as it gets injected into
the reservoirs. Yet, while small-scale demonstration projects can be helpful in

addressing issues of process integration and to gain operational experience,
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large-scale storage projects are necessary for monitoring, and capacity and risk
assessments, since these factors are more directly related to the scale of the
project (Benson et al. 2012).

Another heavily debated topic is the economic viability of CCS
technologies. While CCS costs have decreased over time, recent cost estimates
demonstrate the subsistent need for subsidies or high carbon prices in order to
make CCS become economically practiced on a large scale (Benson et al. 2012).
In this regard it should be noted that while the aforementioned projects have
demonstrated the technical feasibility of large-scale CCs, the economic feasibility
of particularly the Norwegian projects has been enabled by an unusually
favorable set of conditions (Torp & Brown 2006). The gas extracted at the
Norwegian gas fields contains around 4-9 % of COz by volume, and this CO:
needs to be removed before the gas can be processed into liquefied natural gas
(LNG) and transported to the market. Thus, the costly process of capturing CO>
does not become an additional cost with CCS. Moreover, the Norwegian
government imposed a heavy CO> tax on offshore petroleum operations in 1991.

These two factors together made COz sequestration the least costly alternative.

1.3 Fluid injection and induced seismicity

A central concern associated with CO2 storage through injection into
porous reservoirs is the potential for earthquake triggering, and an exploration
of the long history of literature establishing the mechanisms by which fluid
injection can trigger seismicity is warranted. The idea that fluid injection has the
potential of triggering seismic activity was first investigated in the 1960s,
spurred by a significant increase in seismic activity following fluid injection into
a disposal well at the Rocky Mountain Arsenal, near Denver, Colorado. The rapid
surge in seismicity led geologists to suspect that the two occurrences were
directly related, and in a famous paper from 1968, Healy et al. presented
statistical evidence correlating the fluid injection and seismic activity (Healy et al.
1968). They found no evidence of significant pre-injection seismic activity, and
given the narrow timeframe and the limited area in which the post-injection
seismicity occurred, they calculated that the chance of a natural earthquake

swarm this close to the disposal well would be an “extremely unlikely incidence.”
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The pore-pressure mechanism - where an increase in pore pressure reduces the
frictional resistance to faulting — was argued to be the only mechanism that could
adequately explain the earthquakes, but could at the time not be established
conclusively.

Further evidence of fluid injection’s potential for triggering seismic
activity was presented almost a decade later, when Raleigh et al. demonstrated
that seismic activity could be controlled through variations in fluid injection
pressures (Raleigh et al. 1976). By alternately injecting and removing water
from a well penetrating a seismic area, and concurrently measuring the reservoir
pressure in nearby wells, predictions could be made of the spatial distribution of
pressure with the injection/withdrawal cycles. From measurements of the
reservoir rock’s frictional properties and in situ stress, the seismologists were
able to compare their measurements with the predicted fluid pressure for
earthquake triggering, and thus conclusively establish the effective stress
hypothesis of the effect of fluid pressure on earthquake triggering.

A renewed interest in the potential for fluid injection to induce seismic
activity has been noted particularly in the last decade, as a sharp increase in
seismicity has been recorded in areas with high levels of wastewater disposal
from unconventional oil and gas wells. Particular attention was given to the
Oklahoma M, 5.7 earthquake in 2011, which caused significant infrastructural
damage and pushed the boundary for the hazard potential of fluid injection.
Keranen et al. used subsurface data to investigate the faults that ruptured in the
sequence and argued that wastewater injection into a depleted oil field had likely
played a role in triggering the earthquake (Keranen et al. 2013). However, an
extensive analysis by the Oklahoma Geological Survey (OGS), which included
direct pressure measurements of the geologic formation, analyses of the
earthquakes’ orientation and comparisons with historical seismic activity in the
region, argued that the earthquake sequence was most likely the result of natural
causes (Keller & Holland 2013).

The lack of consensus surrounding the 2011 Oklahoma earthquake is
reflective of the general debate surrounding the role of wastewater disposal in
explaining the recent earthquake activity. While many geophysicists were quick

to argue that there was a correlation between the wastewater disposal wells and
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the recent earthquake activity (Zoback 2012, Ellsworth 2013), skeptics resisted
the connection, pointing to the fact that in e.g. Oklahoma no significant injection
sites were located within 20 kilometers of the epicenters (Hand 2014). In 2014,
however, Keranen et al. presented new evidence that specifically linked also
stronger and more distant earthquakes with the wastewater disposal wells
(Keranen et al. 2014). By combining seismic recordings, rates and volume of
wastewater injection, and hydrogeological models, the authors were able to
model the water flow and show that wastewater injection could cause
earthquake activity up to 35 kilometers away. Four of Oklahoma'’s highest-rate
disposal wells could thus be accountable for as much as 20% of earthquakes in
central United States.

The increasing literature establishing the mechanisms through which
water injection can trigger seismic activity has also sparked growing concerns
regarding the risks that induced seismicity pose for carbon sequestration
technologies. While it has been suggested that CO; and water have different
viscosity and bulk modulus, making CO: less likely to trigger seismic activity,
Verdon and others have argued that fault reactivation is predominantly caused
by pressure changes, which are determined primarily by the volume of the fluid
rather than the type of fluid, and so probably produce similar induced seismicity
(Verdon 2014, IEAGHG 2013). Nicol et al. examined induced seismicity at sites
dominated by water injection and hydrocarbon extraction, and found that the
induced earthquakes’ rate and magnitude increase with total fluid volumes,
rising reservoir pressure and rates of injection/extraction (Nicol et al. 2011).
Given the high volumes and rates of injected fluid needed for commercial-scale
CO2 sequestration in order for it to offer meaningful potential in reducing global
CO2 emissions, they argue that high-magnitude induced earthquakes can be
expected. Such high-magnitude inevitably pose a significant threat to the
viability of CCS as an option for mitigating climate change.

Similarly, in an extensive report on the induced seismicity potential in
various energy technologies from 2012, the National Research Council concluded
that the historical evidence of fluid injection triggering seismicity implies that
carbon sequestration “may have potential for inducing larger seismic events”

(NRC 2012). Nevertheless, the report acknowledged the inherent lack of
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information available to actually understand this potential, given the limited

number of large-scale carbon capture and sequestration projects in operation.

1.4 Concerns regarding induced seismicity and CO; leakage

The primary concern related to induced seismicity from CO2 injection is
not damage caused by the earthquake activity itself, but rather the potential for
subsequent geomechanical deformations to threaten the integrity of the sealing
cap rock and create pathways for COz leakage (Verdon et al. 2013). Examples of
natural incidences such as the Lake Nyos disaster in 1986 have demonstrated
the potentially detrimental effects associated with a sudden release of large
quantities of carbon dioxide (Kling et al. 1987). However, given that the injected
COz is supposed to remain trapped in the storage reservoir for thousands of
years, even small yearly leakage rates will rapidly accumulate and can render
CCS projects non-viable. Van der Zwaan finds that a leakage rate of only 1%/year
is too high for CCS to constitute a meaningful climate change mitigation option
(van der Zwaan 2009).

Despite the apparent risks of earthquake triggering from CO; injection,
seismic monitoring at COz injection sites has been patchy at best. Neither
Sleipner nor Snghvit have seismic monitoring in place, and In Salah did not
install microseismic arrays until several years after CO; had started (Verdon
2014). Indeed, at the In Salah site, injection into a water leg of a gas reservoir
increased pore pressure and led to a rapid surge in microseismic activity in 2010,
and analyses of geomechanical and seismic data led to the decision to suspend
injection from June 2011. White et al. studied the geomechanical behavior of the
reservoir and found that while there are no indications that the seal integrity has
actually been compromised, monitoring showed that pressure - and probably
also COz - had migrated upwards into parts of the cap rock (White et al. 2014).
The authors argue that the migration is probably a result of hydrofracturing in
parts of the lower cap rock, potentially combined with interactions with
preexisting faults. Similarly, a microseismic data analysis by Verdon et al. found
that the seismic data is consistent with the inferences that the CO> injection

stimulated a fracture zone extending into the overburden (Verdon et al. 2013).
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The risk of induced seismicity and resulting leakage has been one of the
main arguments among CCS-skeptics, and in 2012 Zoback and Gorelick went as
far as to largely reject the potential for large-scale carbon sequestration
altogether (Zoback & Gorelick 2012). The authors argue that the crust “is
potentially active in the current stress field” nearly everywhere in the
continental interiors, and both historical examples such as Colorado and the
more recent example of Central United States have demonstrated that increasing
pore pressure near preexisting potentially active faults risks earthquake
triggering. Although larger faults can generally be detected during site
characterization studies, even the largely undetectable small faults have the
potential of threatening the seal integrity of CO repositories by creating a
hydraulic pathway. While the authors acknowledge that there are situations in
which CCS technology can work well, the limited number of identifiable safe
locations, in combination with the limitations that the critically stressed nature
pose on the rate at which COz can be safely injected, together reduce carbon
sequestration potential to a level where it cannot make a significant impact for
global warming. Moreover, currently existing small-scale pilot injection projects
cannot accurately predict the stress build-up that will occur when implementing
full-scale injection.

Zoback and Gorelick’s paper gained widespread attention, and spurred a
vivid debate regarding the risk of induced seismicity and leakage with
implementation of large-scale CCS technology. Juanes et al. criticized the
misplaced focus on earthquake epicenters instead of hypocenters, pointing to the
fact that CO; injection generally occurs at much shallower depths than most
earthquake activity. The rheological properties of shallow sedimentary
formations are much more ductile than the brittle basement rocks, thus allowing
substantial deformations without establishing leaking pathways (Juanes et al.
2012). Vilarrasa & Carrera similarly argued that sedimentary formations into
which the CO; would be injected are softer than the crystalline basement, and so
are rarely critically stressed (Vilarrasa & Carrera 2015). Additionally, gradual
dissolving of COz into the brine reduces overpressure over time, and the fact that
the initial injection phase is the least stable makes the risk of induced seismicity

easy to avert through controlled injection rates. Yet, despite the aforementioned
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criticisms, the increasing concerns regarding induced seismicity and CO; have

put considerable pressure on the future of subsurface storage of CO-.

1.5 Mineral carbonation as a potential CCS technology

Carbon storage through mineral carbonation has been proposed as a
potential technology to mitigate the seemingly inevitable risks of leakage when
storing COz in its fluid or gaseous forms (Seifritz 1990, Lackner et al. 1995,
Matter & Kelemen 2009, Andreani et al. 2009). As was explained earlier, when
COz is injected into large sedimentary basins, some of the COz will bind
chemically to the surrounding rock over time, in what is referred to as ‘mineral
storage.” However, studies suggest that this takes tens of thousands of years, if it
occurs at all (Gilfillan et al. 2009). Discussions regarding mineral carbonation as
a potential CCS technology rather refer to the injection of fluid or gaseous CO-
into highly reactive mafic or ultramafic rocks (e.g. basalt or peridotite), which
will immediately start chemically reacting with the injected COz to produce
mineral carbonates. This method of locking up the CO? as stable solid carbonates
offers the potential of safe CO; storage on a geologic time scale.

While several minerals can be used for carbonation reactions, olivine
exhibits the fastest known mineral carbonation rates and also has the highest
molar proportion of divalent cations needed to form natural carbonate minerals
(Kelemen et al. 2011). Rock composed of >40% olivine is called peridotite, and
can be found across the globe, although primarily in oceanic crust and shallow
mantle. Mg-olivine (forsterite), which is the mineral type that will be used in the
calculations to follow, exothermically reacts according to the equation
Mg,S5i0, + 2C0, — 2MgCO05 + SiO, + 95 kJ /mol, where 1 kg of Mg-olivine
reacts with approximately 0.6 kg of dissolved CO2 from fluid to produce 1.6 kg of
magnesite and quartz.

Mineral carbonation technologies are broadly divided into in situ and ex
situ. Ex situ methods involve quarrying and grinding the mafic rock, and then
transporting it to a concentrated source of COz - e.g. a fossil fuel-burning power
plant - where it reacts with fluids at high temperature and pressure. However, as
with other CCS technologies, questions have been raised about whether the costs

will be low enough for industrial implementation (Mazzotti et al. 2005). In order
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to avoid the costs of reaction vessels with high temperature and pressure,
Schuiling & Krijgsman proposed inducing enhanced weathering by spreading
fine-powdered olivine over forestland, farmland or beaches (Schuiling &
Krijgsman 2006). Hangx and Spiers, however, argued that the technology would
not be feasible on the scale needed, pointing to the economic, infrastructural and
public health challenges associated with both the required grinding to get grain
sizes small enough to obtain useful reaction rates, as well as the transportation
of the olivine to the spreading sites (Hangx & Spiers 2009).

In situ mineral carbonation involves transporting the CO; to an area with
large volumes of mafic rock, and injecting either supercritical CO2 or a COz-rich
fluid into the rock. Two primary in situ methods have been proposed for mineral
carbonation for CO2 storage; (1) raising the temperature of peridotite at depth to
the optimal temperature for mineral carbonation, hydraulically fracturing the
rock and injecting it with COz-rich fluids, and (2) hydraulically fracture a high-
temperature rock volume in order to induce thermal convection of seawater
through the rock (Kelemen & Matter 2008).

The first method requires initial costs of raising the temperature of the
rock, but proponents argue that the exothermic heat output from the reactions
later maintain the temperature and offset cooling from further fluid injections,
and might even also heat adjacent rock volumes by diffusion. While there is also
an initial cost of hydrofracturing the rock, once the initial fracturing has been
performed the permeability and surface area can likely be maintained through
reaction-driven cracking.

The second method offers an alternative that can enable us to achieve
negative emissions, and also avoid the costs of CO2 capture and transport.
Carbonation reactions with the rock would remove most of the dissolved CO2
from the water, and as the CO;-depleted seawater returns to the surface, it will
draw down atmospheric CO2. While acknowledging the high cost of seawater
pumping, Kelemen and Matter argue that regions of high heat flow are ideal as
they can rely heavily on thermal convection to drive the water flow. In that case,
the only associated costs would be drilling and hydrofracturing, which might
make enhanced seawater convection the most economical mineral carbonation

technology (Kelemen et al. 2011).
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Various attempts have been made at estimating the mass of peridotite
available at or near the Earth’s surface, and consequently also the potential for
mineral carbonation in natural peridotite (Kelemen & Matter 2008, Krevor et al.
2009). Ophiolites are slices of the Earth’s oceanic mafic crust and shallow mantle
that have been uplifted and exposed above sea level, and contain a significant
amount of the world’s peridotite. The Semail ophiolite in Oman is the largest in
the world, and Kelemen and Matter have estimated that it contains around
5x1016 kg of peridotite within 3 km of the surface. They further project that
peridotite weathering in Oman converts 10% - 105 tons of atmospheric CO2 to
solid carbonate minerals every year (Kelemen & Matter 2008). To illustrate the
large potential for carbon storage, adding 1 wt% CO- to the peridotite would
consume around 7x1014 kg of COz - which is roughly equivalent to the total
increase in atmospheric CO? since the industrial revolution. The United States
does not have a big ophiolite like the one in Oman, but Krevor et al. estimate that
the mass of peridotite in the many smaller ophiolites together amounts to
roughly the amount of peridotite in the Semail ophiolite (Krevor et al. 2009).
Total global continental mass of peridotite in ophiolites is significantly larger,
and assumed to be between 1017 and 1018 kg (Kelemen et al. 2011).

Kinetic data shows that the mineral plagioclase, which is the primary
constituent of basalt, reacts with CO; more slowly than does olivine (Kelemen et
al. 2011). However, basaltic rocks are more abundant on Earth’s surface than
peridotite - making up around 10% of the continents - and the CO: flux
consumed by chemical weathering of basalt is estimated to account for 1/3 of the
total CO; flux derived from silicate weathering at the Earth’s surface (Dessert et
al. 2003). The two field injection projects CarbFix in Iceland and BigSky Carbon
Sequestration Partnership in Washington State are currently assessing the
feasibility of carbon sequestration in basalt. The BSCP project injects pure CO;
into a porous basaltic layer, where an impermeable cap rock prevents the CO>
from escaping before it gets locked up through the carbonation reaction. In the
CarbFix project, on the other hand, CO; is released into down-flowing water
within the injection well. Once the CO2 dissolves in the water it is no longer
buoyant, and so the immediate solubility trapping reduces the risk of leakage

and eliminates the need for an impermeable cap rock. CarbFix data after the first
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years of injection show that nearly all of the injected CO2; was carbonated within
two years, at 20-50 degrees Celsius and 500-800 meter depth (Gislason et al.
2013). These results have significantly changed our understanding of the time
scale of mineral carbonation and demonstrate the large potential of the CarbFix
method. However, it should be noted that cost comparisons of the two projects
show that the CarbFix method of dissolved water injection is currently twice as
expensive as direct CO; injection at the BSCP site and in comparable sedimentary

basins (Ragnheidardottir et al. 2011, Global CCS Institute 2011).

1.6 Mineral carbonation’s potential to mitigate seismic risk

A major potential benefit associated with mineral carbonation for CO>
storage is the reduced risk of leakage. However, work by Yarushina and
Bercovici suggests that solidification of CO2 through mineral carbonation not
only reduces the risk of CO2 leakage in case of seismic activity threatening the
seal integrity, but also has the potential of mitigating the risk of induced
seismicity itself (Yarushina & Bercovici 2013). Through a conceptual modeling of
mineral carbonation in mafic rock over time, they illustrate how mineral
precipitation increases frictional contact area between neighboring grains,
reduces the effective fluid pressure and in total mitigates the risk of seismic
triggering.

Yarushina and Bercovici’s model assumes a reservoir consisting of a reactive,
mafic host rock composed of identically sized grains, confined between an
overlying caprock and an underlying basement rock. Lithostatic stress induces
normal contact stresses between the grains, while local shear stresses are
induced from shear stress present in the reservoir rock. A Mohr diagram is used
to illustrate the stress tensor, with Mohr circles showing the stress state and the
Mohr-Coulomb failure envelope delineating the line at which seismic triggering
is expected. The distance between the initial circle and the failure envelope
depends on the assumptions regarding the initial stress state.

Injecting a carbonic acid aqueous solution or supercritical CO2 into the pore
space causes the fluid pressure to increase. Thus the normal stress decreases,
and the Mohr circle starts moving closer to the failure envelope. If there are no

carbonation reactions, normal stresses will decrease until local stresses at the
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grain contacts satisfy the Mohr-Coulomb friction law, at which point the rock
fails and seismic slip occurs. When the injected CO2 reacts with silicate minerals
in the host rock, however, carbonate products are precipitated and the grain
radius increases. The increasing grain-grain contact area alters the local stress
state through a simultaneous reduction of both local normal and shear stresses,
potentially avoiding the failure condition.

The authors develop Mohr diagrams for nine different scenarios - using three
different values for both reaction rates and initial shear stress - and find that
seismic risk is completely avoided in three scenarios; low shear stress and slow
reaction rate, low shear stress and fast reaction rate, and moderate shear stress
and fast reaction rate. In these cases, both reactions and pumping stop when the
mineral precipitates have filled all the available pore space and the reservoir is
clogged. Through an analysis of the grain radius, fluid pressure and contact
stresses, the authors find that the most active stress reduction occurs during
injection. Post injection, continued carbonation reactions cause the Mohr circles
to migrate away from the failure envelope. Thus, if a seismic slip is not triggered
during the active pumping stages, it will not occur afterwards either.

Yarushina and Bercovici’s model also introduced the “critical pumping
rate,” which is the injection rate below which seismic triggering can be avoided.
The critical pumping will depend on the reaction rate and the initial shear
stresses. By graphing the pumping rate for which the Mohr-Coulomb friction law
is satisfied with respect to time, the model demonstrates how the critical
pumping rate must first decrease rapidly in order to avoid failure before grain
growth becomes significant, but later can increase as the mineralization
increases the grain-grain contact area. It follows that seismic triggering can be
avoided with constant pumping as long as the pumping rate is below the

minimum critical pumping rate.
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2. Modeling COz drawdown through mineral carbonation

2.1 Introduction

This second part of the paper aims to develop a simple theoretical model
with which to study the potential for reducing atmospheric CO2 through mineral
carbonation using the highly reactive mineral olivine. The model will be used to
estimate the amount of peridotite needed in order for CO2 drawdown to match
current global emissions, exploring a wide range of reaction conditions. The
calculations will also account for the effects of expected slowdowns in reaction
rate kinetics over time, as well as the potential problem of pore space clogging,
and discuss the implications of these effects. Finally, building on earlier work by
Yarushina and Bercovici, the paper will explore the limitations on fluid injection
imposed by the risk of seismic triggering, and the subsequent effects on required
peridotite. While the model is theoretical and simplifies the effects of various
factors at play in real-life settings, it can still provide valuable insight into some

of the conditions affecting the potential for mineral carbonation.

2.2 Mathematical model

The model assumes a peridotite host rock composed of grains of pure
olivine. All grains are identical cubic-packed spheres of initial radius a. As the
pore space becomes filled with supercritical CO; or a carbonic acid aqueous
solution, the carbonation reaction causes grains to grow from precipitation of
the reaction product at the free surface. The grain size evolution can be modeled

for a grain of radius R, with growth rate (in cm/s):

L=k €Y

where k is the reaction rate parameter (in cm/s) and b is the reference grain size
(in cm). The reaction rate exponent (n >0) accounts for the slowdown in reaction
kinetics with time, as is commonly observed in experiments (Kelemen et al.

2011). The mass of an individual spherical grain of radius R is thus given by
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M= ZmR%p )

where p is the density of the grain in kg/cm3.. Combining equations (1) and (2), it

follows that the growth in individual grain mass at time ¢ will be:

aM _ 2,9R _ 2,12
== 4nR?p S = 4mR%pk(D)™ (3)

The growth in grain mass corresponds to a drawdown of CO2 given by the

Molecular weight (CO;) _ 44.0 g/mol
Molecular weight (MgCO3) 84.3 g/mol

= 0.522

fraction f =

Given that each grain is assumed to be a sphere within a cube of volume (2a)3, a

host rock of volume Vwill have N = 3‘;7 number of grains.
Total mass drawdown of COz (in kg/s) can therefore be written as

dM grawdown _ d_M _ L np2-n
T = NfTE = o f(4mpkbTRYT) )

Assuming that reference grain size b = initial grain size a, the equation simplifies

to

_AMdrawdown _ T n-3p2-n
" = 2fkaa R (5)

where from equation (1) we know that grain radius R is given by the function

R™"1 = g1 + p"(n + 1)kt .

2.3 Discussion and results

The calculations below estimate the volume of host rock needed for a
variety of drawdown scenarios, exploring the implications from varying certain
adjustable parameters. While some of the parameters that affect the drawdown

rate are scientifically given or show little room for variation, parameters such as
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the grain size a, reaction rate k and reaction rate exponent n all vary depending

on the host rock and the reaction conditions.

2.3.1 Zero-emission globe

In order to get a sense of the volume of rock required if mineral
carbonation were to play a major role in reducing atmospheric COz-levels, an
interesting starting point will be to estimate what volume of rock would be
required to obtain a world of zero emissions, i.e. to ensure that the CO>
drawdown rate matches the amount of COz currently being emitted into the

atmosphere. This condition can be expressed as

dM grawdown _ dM emissions
dt dt

which from equation (5) can be written as
~fpVka" 3R> = M, (6)

Immediately after supercritical CO; or a carbonic acid aqueous solution start
being injected into the host rock, at t = 0, grain radius R = initial grain radius g,

and so the equation simplifies to
~fpVka™t = M, (7)

The Global Carbon Project estimates that in 2014 global CO2 emissions
amounted to approximately 35.9 Gt COz, which translates to an emissions rate of
1.1384 x 106 kg/s (Le Quéré et al., 2015). Although the grain will be composed of
a combination of olivine and magnesite while the mineral carbonation reaction is
still ongoing, we assume the density of magnesite p = 2.958 g/cm?3 for the entire
grain.

The plot below shows the volume required for drawdown to match
current emissions, plotted with respect to the changeable parameters k and a.

Grain size can vary greatly depending on the physical and chemical conditions



Geology & Geophysics Senior Essay Viktor Nesheim

under which the rock was formed. A host rock composed of smaller olivine
grains will ensure faster mineral carbonation reaction, as relatively more rock is
exposed to the CO; reactant. In this case we let grain size vary within the interval
0.05 cm < a < 1 cm. The mineral carbonation reaction rate for olivine has been
tested experimentally in a number of studies, and is a function of both
temperature and pressure. We here assume reaction rate to be within the
interval 44 x 107 13cm/s < k < 44 x 10712 ¢m/s, consistent with
experimentally obtained precipitation rates at neutral to alkaline conditions and
100-200 °C (Saldi et al. 2012).

The parameter k/a thus goes from what would be an unfavorable mineral
carbonation scenario of big grain size (a = 1 cm) and slow reaction rate
(k = 44 X 10713 ¢m/s) to an ideal mineral carbonation scenario of small grain
size (a = 0.05 ¢m) and high reaction rate (k = 44 x 10712 ¢m/s). The plot
includes two parallel graphs, one for molecular weight fraction f = 0.522 as
calculated earlier, and another using the more conservative assumption of
f = 0.05. This lower fraction roughly accounts for slower reaction if we are

pumping in aqueous CO2 rather than pure super-critical CO».

10 T T T T T T T T

—{=0.522
——{=0.05

ar) g

log10 of V
(2]
1

n
T
I

Figure 1
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While the log scale makes the plot difficult to interpret in exact numbers,
it is evident that the variations in parameters k and a have a significant effect on
the required volume. The volume varies by several orders of magnitude across
our selected k/a interval. For a molecular weight fraction of f= 0.05, the ideal
condition of small grain size and fast reaction rate only requires a volume of 5.6 x
103 km3, while the unfavorable scenario requires a volume of 1.1 x 106 km3.
Assuming a suitable reservoir depth to be 500 meters, the model estimates that
the land areas required would be squares of 106 x 106 km and 1480 x 1480 km,
respectively.

From the drawdown equation we can deduce that both reaction rate and
grain size linearly affect volume required, i.e. a doubling in reaction rate or

halving of grain size will both reduce the volume required by a factor of 2.

2.3.2 Zero emissions until renewables take over

Figure 1 shows the volume required for CO2 drawdown to match
emissions att = 0. Yet, we know that once the mineral carbonation reaction
begins and the grains start to grow, the growth rate - and thus also the
drawdown rate - slows down according to the reaction rate parameter n. Thus, if
we want to calculate the volume required for drawdown to match emissions
over a certain time span, we will have to account for this gradual reduction in
drawdown rate - unless, of course, global CO2 emissions happen to decrease at
the same rate as the reaction rate.

Our model and calculations are motivated by a desire to understand what
role mineral carbonation can potentially play in preventing atmospheric CO»-
levels from rising and avoiding dramatic changes to the world’s climate. Thus, an
interesting calculation would estimate the volume of rock required to ensure net
zero emissions up until the point when carbon-free energy technologies

substitute for fossil fuels, given by the integral

T dM, dM,
f — = 9dt=0 (8)
0

dt dt
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am aMm .
where d—td = drawdown rate, and d—te = emissions rate. If we make the

assumptions that COz-emissions remain constant up until renewables take over,

and that this take-over occurs 50 years from now, we get

"o n-3p2-n y
(Efkaa R*™™) dt = M,T 9
0

1
Given R = (a™*! + b"™(n + 1)kt )n+1, we get:

T

2—-n .
g FoVkan=3 f (( a4 bn(n + 1kt )M> dt = M,T

0

3
(a™t 4+ b*"(n+ 1)kT)n+1 — a3
3b"k

T :
Efkaa"‘3 =M,T (10)

In order to illustrate the effects that the gradual slowdown in drawdown rate
will have on the required volume, we make the calculation both for the ideal and
unfavorable scenarios, again assuming molecular weight fraction f = 0.05 and

reaction rate exponentn = 3.

*  Theideal scenario (a = 0.05 cm, k = 44 x 10712 ¢cm/s) gives 7,490 km3,
which assuming a 500 m depth gives an area of 122 x 122 km
*  The unfavorable scenario (a = 1 ¢cm, k = 44 x 10713 cm/s) gives 1,117,478

km3, which again assuming a 500 m depth gives an area of 1495 x 1495 km.

We see that in the case where n=3, accounting for the gradual slowdown in
reaction rates necessitates volume to increase by around 15% in the ideal case,
but only by 1% in the unfavorable case. Raising the reaction rate exponent to 4
or 5 in the ideal case increases required volume to 9,400 km3 (25% increase)
and 11,290 km3 (50% increase), respectively. For the unfavorable scenario,
however, raising the reaction rate exponent only has a negligible impact on the

volume, increasing required by 0.3% and 0.6%, respectively.
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Thus, we notice that the ideal case of rapid drawdown becomes relatively
more affected by the reaction rate slowdown exponent than does the
unfavorable case, which has a much slower initial drawdown rate. In order to

demonstrate why this is the case, we can turn back to equation (10)

3
/i o (@™t +b"(n + DKT)n+1 — a® .
Efkaa 357k =M,T

which, assuming a = b, can be rewritten as

(n+ 1)kT
a

%fpV ((1 + Yo — 1) = M,T 11

Thus we note that the effects depend on the ratio k/a, and noton k or a

individually. In the unfavorable scenario of slow reaction rate k and large grain

(n+1)kT

size a, « 1, and so by Taylor expansion we get

3 (n+1)kT 1 T VkT
n+1 _pr a

. I
M,T = g fpV (1 +
which is simply the drawdown rate at t = 0 from equation (7) multiplied by the

time T, showing no reduction in drawdown rate over time. For the ideal scenario

1)kT
(n+1) takes on a

of fast reaction rate k and small grain size a, on the other hand,

much bigger value, and so the Taylor expansion becomes less accurate, with the
drawdown rate deviating more relative to t = 0 as time increases.

Here it should be noted that our calculation shows the volume required for
overall drawdown to match overall emissions over a time span of 50 years.
However, this does not mean that drawdown matches emissions at any given
point. On the contrary, a higher initial drawdown rate will be required to account
for the gradual slowdown, since we assume volume to stay constant. Thus, it
effectively follows that negative emissions would be required in the first years,
i.e. actively removing CO; from the atmosphere through one of the previously

proposed technologies.
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2.3.3 Accounting for pore space clogging:

The above calculations assume that the grains can grow unrestrictedly
during the entire time span, not accounting for the possibility of pore space
clogging before 50 years. The host rock is composed of cubic-packed spheres of
identical size, where the side of each cube is 2a. Thus, the contact area between
unit cells is 4a2. With grain radius R, the grain-grain contact area becomes
m(R? — a?). If we interpret clogging to mean no permeability, the clogging

condition can thus be expressed as the time t for which

4a’ —m(R*—a®) =0 (12)

1
where R = (a™?! + b™"(n + 1)kt )n+1

For the ideal scenario (a = 0.05 cm, k = 44 x 10712 ¢m/s), again
assuming reaction rate exponent n = 3, we find that clogging occurs after
roughly 37.5 years. The ideal case with a higher reaction rate exponent (n = 4)
increases expected clogging time from 37.5 to 48.8 years, and so has a significant
effect on clogging time.

The clogging time is linearly related to both grain size a and reaction rate
k, and so the unfavorable scenario of 20 times greater grain size and 10 times
slower reaction rate, increases expected clogging time by a factor of 200. Thus,
our model predicts that in the unfavorable scenario clogging is not relevant to
our proposed time span.

When accounting for potential pore clogging, we thus notice that there
are two competing effects at play. A smaller grain size exposes relatively more of
the olivine to the CO; reactant and so causes less armoring, making less volume
necessary to ensure high drawdown levels. However, the fast reaction - together
with less initial pore space from tighter packing of the grain - also makes the
pore space clog much faster, implying that over time additional host rocks would
have to be found and new injection processes initiated. With a clogging time of
37.5 years for n = 3, the calculated volume in the ideal scenario would need to
be increased by a factor of 1/3, giving us an area of 141 x 141 km. For the
unfavorable scenario, on the other hand, no clogging will occur on any

reasonable timescale.
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2.3.4 CO; injection and induced seismicity

Turning to the much-debated risk of induced seismicity, the earlier
literature review demonstrated that the mechanisms through which fluid
injection can trigger seismicity raise major concerns regarding the CO; storage
safety associated with CCS technologies. In this section we build on Yarushina
and Bercovici’s work suggesting that mineral carbonation can eliminate the risk
of brittle failure by preventing local stresses at the grain contacts from satisfying
the Mohr-Coulomb friction law that causes seismic slip. While the CO2 injection
decreases normal stress, the precipitation reaction causes a gradual increase in
grain-grain contact area, which ensures a simultaneous reduction of both local
normal and shear stresses. Thus, we can find a critical pumping rate under which
seismic triggering can be avoided.

For a reservoir of normal contact stress &, and local shear stress £, we

have Mohr circle and failure envelope given by

v+ (pr — 6,)* =12 and y = upy,

where u is the friction coefficient and py is total fluid pressure, which is assumed
to increase monotonically through the function py = p; + Qt, where p; is initial

fluid pressure and Q is the pumping rate.
Failure is present in cases when the Mohr circle intersects the failure

envelope, i.e. when

(upp)* + (py — 6n)* = 12

for which the solutions are given by

O & \/azz - (+p)E - )
Pr = A+ 1) )
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However, in order to find the point at which failure is just triggered, we want to
find the values for which the Mohr circle is tangent to the failure envelope. This
only occurs when the Mohr circle touches the failure line at one point, which

requires that the radicand in the equation for p; above is zero, i.e.

6,> — (1 +u?)(3,% — %) = 0, for which we get

_ V14 p? |
R T (14)

For normal and shear stresses, the force balance between the applied and

contact stresses requires that
4a?(o, — ps) = m(R? — a®)(G, — py) and 4a’t = n(R? — a?)% (15)

Combining equations (14) and (15) gives

o« _a J1+p? _ 4a?
pr = @0 " @ a " where a = T ReaD)
Thus we get
Pr— Di 1 a a 1+ ﬂz
t= = — On — T— p; 16
¢ @™ @ u« W (10)

For any given set of reaction conditions, we can use equation (16) to find
the time ¢ for which seismicity is triggered. All calculations assume lithostatic
stress g, = 35 MPa, and initial fluid pressure p; = 16 MPa. This corresponds to
an injection at approximately 1.2 km depth into rock of density 2.95g/cm?3,
saturated with slightly over-pressured fluid of density 1.02g/cm3 (Yarushina &
Bercovici 2013). As calculated earlier, clogging occurs after 37.5 years in the
ideal scenario. We assume pumping rate Q = 0.5 MPa/yr, to ensure that the
final fluid pressure after 37.5 years does not exceed the lithostatic stress.

While our model assumes that the carbonation rates do not depend on the

pumping rate, but instead solely require that the grains be surrounded by
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abundant CO? at any point, a high injection pressure is needed to feed the CO>
fluid into the pore space. Given a pumping rate of Q = 0.5 MPa/yr, we then
calculate the time to failure in the ideal and the unfavorable scenarios, for low,
moderate and high shear stresses.

For the ideal scenario, the fast reaction rate and the relatively greater
amount of olivine exposed to the CO2 reactant from smaller grain size ensures
that the failure condition is never satisfied in either of the three stress cases.
Thus, clogging becomes the only limiting factor for fluid injection over time.

For the unfavorable scenario, on the other hand, failure becomes a
limiting factor for our CO2 drawdown scenario. The plots below show that for all
three investigated shear stress cases, ranging from low to high shear stress, the
failure condition is reached within our 50-year time span, albeit at different

times.
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* In the low shear stress case (t = 1.5 MPa/yr), failure occurs at 33.7 years
* In the moderate shear stress case (t = 6 MPa/yr), failure occurs at 15.6 years

= In the high shear stress case (t = 9.7 MPa/yr), failure occurs at 0.8 years

While we note that the high-stress scenario causes seismic triggering
almost immediately, this case is less relevant, since a location with high shear
stress (e.g. a fault zone) would not be selected for carbon storage. However, the
estimated failure times in the low and moderate shear stress cases will have
implications for our earlier calculations of volume required for CO2 drawdown to
match emissions for the next 50 years. If we assume that the above pumping rate
of Q = 0.5 MPa/yr is required in order to feed the fluid into the pore space, then it
follows that the volume would have to increase in order for CO; drawdown
match 50 years worth of emissions before failure occurs. Thus, our revised

calculations become:

failure time (

T 2-n .
Efkaan_e'f (a™! +b"(n+ Dkt )n+1> dt = M,T

0

*  Unfavorable scenario (a = 1 cm, k = 44 X 107 *3¢m/s,n = 3) and low shear
stress (t = 1.5 MPa/yr) gives a total volume of 1,656,136 km3, which
assuming a 500 m depth gives an area of 1820 x 1820 km.

*  Unfavorable scenario (a = 1 cm, k = 44 X 10~ 23¢m/s,n = 3) and moderate
shear stress (t = 6 MPa/yr) gives a total volume of 3,573,231 km3, which
assuming a 500 m depth gives an area of 2673 x 2673 km.

While the two scenarios we have chosen to investigate are on each end of
the k/a spectrum, there will be combinations of reaction rate, grain size and
shear stress conditions that create so-called “boundary cases,” for which failure
happens right before the mineralization picks up and increases the grain-grain
contact area. In these cases, a faster reaction rate can either merely postpone the
failure by some time, thus having only a small impact on the time of failure, or it

can enable us to avoid seismic triggering altogether, thus offering a large benefit.
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Modeling the stress state for a given reaction scenario can thus be valuable to
evaluate whether it would be worth improving reaction conditions in order to

avoid hitting the failure condition altogether.

2.3.5 Discussion of results

The above calculations have shown that in the 50-year drawdown scenario,
injection restrictions are imposed in both the ideal and unfavorable scenarios, by
clogging and seismic triggering respectively. In addition to implying that
additional volume is needed for CO2 drawdown to match emissions over 50
years, it presents us with two alternatives: the required volume increase can
either be done by (1) increasing initial reservoir volume, or (2) dividing the CO;
storage into several separate operations, where for example a new injection
operation is started as the previous one becomes limited by clogging/failure.
While increasing initial volume to enable all the CO2 to be drawn down in one
large operation is likely to reduce some of the costs associated with project
initiation (see the earlier discussion on high fixed initial costs due to
hydrofracturing and heating of the rock, but low variable costs associated with
mineral carbonation, since the exothermic heat output makes the reaction self-
sustaining - Kelemen & Matter 2008), it also implies that more of the CO;
drawdown would have to happen through negative emissions, for which the
associated CO2 capturing is often more costly (see the earlier discussion on
capturing CO2 from ambient air — Lackner et al. 2012 - and the proposed CCS
technology of creating negative emissions through seawater convection -
Kelemen & Matter 2008). A cost-benefit analysis should therefore be carried out
in order to decide which alternative is preferred.

Equation (16) would also enable us to plot the pumping rate for which the
Mohr-Coulomb friction law is just satisfied with respect to time ¢, i.e. the “critical
pumping rate” for which failure is just triggered. By knowing the critical
pumping rate for any time t, we could theoretically tune the pumping rate to
avoid failure, effectively making clogging the only physical upper limit on how
long fluid can be pumped into the reservoir. Additionally, by riding along the
failure envelope we could potentially maintain a sustained low level of fracturing,

which would keep armoring down. Indeed, Kelemen and Hirth have found that
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the volume change from hydration and carbonation can cause a positive
feedback effect of fracture formation, which maintains or increases permeability
and reactive surface area (Kelemen & Hirth 2012). However, the potential of
riding along the failure envelope is indeed highly hypothetical, and extensive
knowledge of the rock stresses would be required to prevent the fracturing from
escalating, which could threaten the seal integrity of the reservoir.

In conclusion, our calculations show that limitations imposed by both
clogging and induced seismicity require an increase in the initially estimated
reservoir volume, although these limiting factors depend on the reaction
conditions and do not necessarily coincide. In fact, the rapid carbonation in our
idealized scenario results in rapid clogging, but eliminates the risk of induced
seismicity at our selected pumping rate. On the other hand, an unfavorable
scenario need not be concerned with a risk of clogging, but rather seismic
triggering, with failure time depending on the reservoir shear stresses.

By investigating what we consider reasonable lower and upper boundaries
for combinations of carbonation reaction rates and initial grain size, we find that
required volume for COz drawdown to match global emissions over a 50-year
time period varies from roughly 10,000 km3 to 3.6 million km3 for reaction rate
slowdown exponent n = 3. Kelemen and Matter estimated that the Semail
ophiolite in Oman contains around 5x1016 kg of peridotite within 3 km of the
surface, which given peridotite’s density of around 3.3 g/cm?3 corresponds to a
volume of roughly 15,000 km3. Thus, our calculations suggest that under ideal
reaction conditions the Semail ophiolite itself would be sufficient to draw down
50 years worth of global CO2 emissions. Kelemen et al. estimated that total global
continental mass of peridotite in ophiolites amounts to up to 1018 kg, which
corresponds to a volume of roughly 300,000 km3. In other words, the amount of
continental peridotite would not be nearly enough to draw down the CO; under

unfavorable reaction conditions.

2.4 Conclusion
The last decades have seen an unprecedented rise in atmospheric CO;
levels, and scientists have clearly established the mechanisms through which

rising COz levels can have devastating effects on Earth’s climate. Yet, scaling up
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carbon-free energy sources have proven difficult, and caused an increasing
realization that CCS technology will likely have to play a key role if we are to
reduce anthropogenic climate change. The enormous amount of mafic rock
present at or near the Earth’s surface gives mineral carbonation a huge CO>
storage potential, and the technology is gaining increasing attention as concerns
regarding induced seismicity and leakage from regular structural CO; storage
have mounted.

In this paper we developed a simple model with which to study the
drawdown of CO; through mineral carbonation. While the model is theoretical
and simplifies the effects of various factors at play in real-life settings, it can still
provide valuable insight into some of the conditions affecting the potential for
mineral carbonation. We chose the hypothetical example of CO2 drawdown
matching current global emissions for the next 50 years and estimated the
volume of peridotite needed, exploring a wide range of reaction conditions. We
began by calculating the volume needed for drawdown to match emissions at
t = 0, and then investigated the additional volume needed to account for several
limiting factors over time: armoring, reservoir clogging and seismic triggering.
Our calculations found that variation in the adjustable parameters reaction rate,
initial grain size and reaction rate slowdown exponent all significantly affect the
volume of reservoir rock required, both directly by affecting carbonation rates
and indirectly through their effects on clogging and seismic triggering.

In an idealized scenario of fast reaction rate and small grain size, rapid
clogging raises amount of volume necessary, but the estimated volume of
~10,000 km3 is still small enough for the Semail ophiolite to theoretically draw
down all the CO2. An unfavorable drawdown scenario of slow reaction rate and
large grain size will not be limited by reservoir clogging, but rather from the risk
of seismic triggering — both in cases of low, moderate and high shear stress. The
estimated volume of ~3.6 million km3 in the moderate shear stress case in fact
exceeds estimates of continental mass of peridotite, illustrating the unfeasibility
of implementing large-scale mineral carbonation storage under these reaction
conditions. Yet, our model confirms that with the right reaction conditions

mineral carbonation in peridotite exhibits an enormous potential for CO; storage.
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