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ABSTRACT: Reactions of CO2 with magnesium silicate minerals
to precipitate magnesium carbonates can result in stable carbon
sequestration. This process can be employed in ex situ reactors or
during geologic carbon sequestration in magnesium-rich for-
mations. The reaction of aqueous CO2 with the magnesium
silicate mineral forsterite was studied in systems with transport
controlled by diffusion. The approach integrated bench-scale
experiments, an in situ spectroscopic technique, and reactive
transport modeling. Experiments were performed using a tube
packed with forsterite and open at one end to a CO2-rich solution. The location and amounts of carbonate minerals that formed
were determined by postexperiment characterization of the solids. Complementing this ex situ characterization, 13C NMR
spectroscopy tracked the inorganic carbon transport and speciation in situ. The data were compared with the output of reactive
transport simulations that accounted for diffusive transport processes, aqueous speciation, and the forsterite dissolution rate. All
three approaches found that the onset of magnesium carbonate precipitation was spatially localized about 1 cm from the opening
of the forsterite bed. Magnesite was the dominant reaction product. Geochemical gradients that developed in the diffusion-
limited zones led to locally supersaturated conditions at specific locations even while the volume-averaged properties of the
system remained undersaturated.

■ INTRODUCTION

Geologic carbon sequestration (GCS) is a promising strategy
for mitigating the impacts of anthropogenic CO2 emissions on
global climate change. GCS involves the injection of CO2 as a
supercritical fluid at high pressures and temperatures into deep
geologic formations. The ultimate fate of the carbon within the
storage zone includes free supercritical CO2 trapped within
pores and beneath capping formations, CO2 dissolved in the
water, and carbonate minerals formed upon CO2-water-rock
reactions.1,2 Most geologic formations currently used or
proposed for carbon sequestration are sandstone and carbonate
saline aquifers and depleted oil and gas reservoirs.1,3 These
formations are attractive for GCS because they have porosity
and permeability that facilitate injection of CO2, but they have
limited capacities for mineral trapping because of the low
contents of silicate minerals that contain the Ca, Mg, and Fe
necessary for carbonate mineral formation. However, Fe- and
Mg-rich (ultramafic) basalt and peridotite formations are
potential alternative target systems that can provide extensive
mineral carbonation.4,5 Reactive transport modeling simulations
found that 100% of the CO2 could be immobilized within 10
years by mineral trapping for pilot-scale CO2 injection into
basalts.6 Further the formation of carbonate minerals in olivine-
rich peridotites may be self-enhancing from fractures induced
by carbonate precipitation and by the exothermic nature of the
overall process.7,8 Other recent simulations have explicitly

considered the trade-offs between mineral trapping potential
and porosity and permeability for volcanogenic sandstones with
higher-than-average iron and magnesium contents for sand-
stones, and these concluded that 80% of CO2 could be
mineralized within 1000 years.9

Release of Mg2+, Ca2+, or Fe2+ from silicate minerals followed
by precipitation of carbonate minerals that contain those
divalent cations are the dominant reactions involved in mineral
trapping. Forsterite (Mg2SiO4), which is the Mg end member
of olivine (MgxFe2−xSiO4), is abundant in peridotites and
basalts and has consequently been extensively studied with
respect to its reaction with CO2 at high pressures and
temperatures. Forsterite dissolution, which is faster at low
pH,10 is accelerated by the low pH provided by high pressure
CO2. The forsterite releases Mg2+ to solution, and its
dissolution also results in an increase in pH that increases the
concentration of CO3

2− for fixed PCO2 conditions. Ultimately,
the solution becomes sufficiently supersaturated to initiate
precipitation of magnesium carbonate minerals. Magnesite
(MgCO3) is the dominant end product of mineral trapping
observed at the high temperatures (∼100 °C) that would be
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encountered in GCS sites.11−13 At lower temperatures,
nesquehonite (MgCO3·3H2O) is often observed,14,15 although
magnesite precipitation has also been observed in wet
supercritical CO2 at lower temperatures (35 °C).12

Silicate mineral dissolution and carbonate mineral formation
have been observed in laboratory studies with monolithic rock
samples. These studies are important extensions of the work
with forsterite, which is primarily done using fine-grained
powders. Postreaction characterization of rock samples
determined that the microstructure exerts strong control over
the extent of mineral trapping. With peridotite cores, silicate
dissolution occurs primarily along fractures, and carbonate
minerals partially fill those zones.16 Carbonate deposition that
fills pore space of a fractured peridotite cube was observed as
well as a carbonate layer at the surface of the cube.17,18

Precipitation of Ca−Mg−Fe carbonates, which were frequently
poorly crystalline, was also observed in reactions of basalt
samples reacted at high CO2 pressure at temperatures below
100 °C.19,20

Diffusive mass transfer in materials like the fractured basalts
and peridotites can give rise to strong geochemical gradients.
The mobile CO2-rich water in advectively connected fractures
will have a low pH, a high dissolved inorganic carbon content
(DIC), and a low Mg concentration. Within unconnected or
dead-end fractures, the pH and Mg concentration can be
higher, but the DIC will be lower. The opposing gradients in
pH, Mg, and DIC may lead to highly localized development of
supersaturated conditions that result in magnesium carbonate
precipitation.
In addition, the filling of fractures with carbonate minerals in

intact peridotite and basalt rocks raises questions as to whether
such fracture filling might clog pores to such an extent that
large portions of reactive minerals like olivine are no longer
available for mineral trapping. Any alterations of porosity or
permeability caused by geochemical reactions might then
further affect local geochemistry through coupled feedback
mechanisms.
The objective of this study was to evaluate the effect of

diffusive transport limitations on the timing and spatial
localization of magnesium carbonate precipitation in a
forsterite-CO2-water system at pressure and temperature
conditions relevant to GCS. This objective was pursued by
integrating a bench-scale reactive tube experiment with ex situ
characterization, in situ characterization of mineral trapping by
13C nuclear magnetic resonance (NMR) spectroscopy, and
reactive transport modeling. An ancillary objective was to assess
the degree to which these complementary approaches yielded
similar predictions or observations of mineral trapping.

■ MATERIALS AND METHODS

Tubular Reactor Experiments. Commercial forsterite
powder, with a size fraction of 10−44 μm, was purchased
(Alfa Aesar) for use in experiments. The as-received material
was treated by five sequences of sonication in ethanol followed
by settling to remove any adhered particles smaller than 10 μm.
The treated powder was rinsed in ultrapure water and dried
prior to use in the experiments. The specific surface area (SSA)
of the powder was determined to be 1.38 m2/g by BET-N2
adsorption. This value corresponds to hard spheres with a
diameter of 2.6 μm, which indicates that the surface area is
influenced either by particles finer than 10 μm that were still
present after treatment or by high surface roughness. Powder

X-ray diffraction (XRD) was used to confirm the crystalline
structure as forsterite.
The overall reactor consisted of a well-mixed batch system

with 200 mL of water and 100 mL of headspace CO2 with a
tube packed with forsterite and open at one end immersed in
this well-mixed CO2-rich solution (Figure 1). While the bulk

solution was well-mixed by an overhead stirrer, the solution
within the tube was stagnant. This configuration allowed
chemical gradients to develop along the length of the tube with
CO2 concentrations being highest and the pH lowest at the
open end of the tube. Tests using a glass beaker in place of the
reactor body but with the same mixing speed confirmed that
the particles in the packed bed were not mobilized by the
mixing of the bulk solution; consequently diffusion and possibly
some dispersion from convection, but not enough to mobilize
fine particles, were the only processes by which solutes could
transfer into or out of the tube. The source of magnesium for
magnesite precipitation was the forsterite in the tube. Forsterite
dissolution releases Mg2+ and causes the pH to increase. The
dissolved Mg2+ can then diffuse along the length of the tube,
with a net flux out of the tube, or precipitate in secondary
minerals. Borosilicate glass tubes (0.64 cm diameter and 7.5 cm
length, Fisher Scientific), were wet packed with the forsterite
powder to a depth of 5.5 cm. Using the measured mass of the
forsterite loaded into the tube, the dimensions of the tube, and
the known density of forsterite, the porosity of the packed bed
was calculated to be 0.44 based on the measured volume and
mass and the known density of forsterite. After the tube was
loaded with forsterite it was fixed in place by attachment to the
head of a high pressure reactor at a location that would keep
the top of the tube fully submerged once the reactor was loaded
with water and sealed. The reactor head was connected to a
stainless steel reactor body that included a PTFE liner that was
loaded with 200 mL of ultrapure water (resistivity >18.2 MΩ·
cm).
After the whole reactor was assembled, the temperature was

increased to 100 °C and maintained with a heating mantle and
a headspace CO2 pressure was maintained at 100 bar using a
high-pressure syringe pump (Isco Teledyne). Because this was
the temperature of the entire reactor, there would not be any
temperature gradients within the reactor that would give rise to
convective mixing. The temperature was reached within 30 min
and the headspace CO2 was achieved within minutes. While it

Figure 1. Experimental systems for forsterite dissolution in a tubular
reactor (left), a high pressure zirconia reaction vessel for in situ 13C
NMR measurements (center), and a schematic of the packed tube of
forsterite with the diffusive mass transfer of inorganic carbon and
magnesium noted (right).
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will take more time for equilibration of the headspace CO2 and
the aqueous solution, the time scale for that equilibration is still
much shorter than that of the mass transfer processes that give
rise to chemical gradients within the tube. At 100 °C and 100
bar, the CO2 in the headspace is present as a supercritical fluid.
The water is then equilibrated with the CO2 and remains at
constant CO2(aq). As determined using the speciation model
discussed below, the pH will be 3.2 and the DIC concentration
0.78 M at these conditions. Although 100 °C is higher than
what would be encountered at a depth that would correspond
to 100 bar in most geologic formations, the temperature
accelerated reactions and allowed greater extents of reaction to
be observed over experimentally tractable time-scales. In
ultramafic formations, the exothermic nature of the carbonation
reaction can also lead to temperatures greater than those prior
to CO2 injection.8 Separate experiments were operated for
periods of 1, 3, 5, and 14 days before the tube was retrieved for
ex situ characterization.
Raman spectroscopy was used to probe for magnesium

carbonate precipitation along the length of the tube. Using a
laser microprobe, the spectra could be collected through the
glass walls of the tube, but higher quality spectra were obtained
when analyzing 1 cm increments of the solids from the tube
after they had been removed and homogenized to minimize
variation in carbonate content across the cross section of the
bed. The Raman measurements were made with a HoloLab
Series 5000 laser raman microprobe (Kaiser Optical) that
delivered a 532 nm laser beam from a frequency-doubled
Nd:YAG laser through a 20× -working-distance objective with a
0.4 numerical aperture. This configuration delivered a
maximum of 11 mW of laser power onto the sample. The 1
cm increments of the solids were also analyzed by powder XRD
in a method with identical preparations of the same mass of
solids from each increment to enable semiquantitative analysis
of variations in secondary mineral quantities with depth. XRD
patterns were collected using a Rigaku Geigerflex D-MAX/A
Diffractometer with Cu-Ka radiation.

13C NMR Measurements. The reactions of forsterite in
CO2-rich aqueous solution were tracked in situ using a high-
temperature, elevated-pressure 13C NMR probe (Figure 1) that
has been described previously.21 This top loading probe is used
in an 8.3T magnet with an NMR circuit specifically tuned to
the resonance frequency of 13C at 89.066745 MHz. Typical
conditions included data acquisition through 16 row phase
cycled spin echo experiments with typical π/2 pulse lengths of
16 μs, using recycle delays of 60 s and recording 128 transients.
13C NMR signals were referenced to CO2 gas (at 125 ppm).
The probe includes a glass liner for holding the sample within a
yttria-stabilized zirconia reaction vessel that is 14 cm long and
has an inner diameter of 1.0 cm. Heating was provided by
blowing heated air across the vessel, and the temperature was
monitored at two locations with Type K thermocouples.
Pressure was provided by condensing known amounts of CO2
at liquid nitrogen temperatures in a stainless steel tube, and
then allowing that CO2 to evaporate in a closed system
connected to the reaction vessel. A pressure transducer
continuously monitored the pressure.
An experiment was performed at 80 °C and 105−120 bar

CO2 to study CO2-water-forsterite reactions. Labeled 13CO2
was used to track the dissolution of CO2 into the water, its
conversion to H13CO3

− and ultimately its precipitation as
carbonate solids. The reaction vessel was loaded with forsterite
powder (Alfa Aesar) to form a bed that was then saturated with

water with some free water kept above the forsterite bed. Static
13C NMR spectra of the mineral-loaded reactor were collected
regularly over the course of a 21 day experiment.

Reactive Transport Model. A reactive transport model
was developed to simulate the chemical gradients that would
develop along the length of the packed bed as CO2 diffused
into the tube, forsterite dissolved, and magnesium diffused out
of the tube. The model consisted of linked mole balance
equations for the tubular reactor and for the bulk solution. The
boundary condition for the open end of the bed was that the
conditions were the same as in the 200 mL well-mixed solution.
The dissolved CO2 concentration in the well-mixed solution
was fixed based on equilibrium with the fixed 100 bar
headspace of CO2 and calculated using the equations of state
of Sterner and Pitzer22 and the solubility equations of Duan and
Sun.23,24 The total dissolved inorganic carbon and dissolved Mg
and Si in the well-mixed system increased as the experiment
progressed; at these pH values the dominant dissolved species
are Mg2+ and H4SiO4. Forsterite dissolution was the only
kinetically controlled reaction considered in the model. All
other reactions were considered to be at local equilibrium.
Those reactions and their equilibrium constants at 100 °C and
100 bar are summarized in Table 1.

Mole balance equations were included for dissolved Mg, Si,
and inorganic carbon. The mole balance equations for dissolved
Mg inside the tubular reactor and the batch reactor are shown
in eqs 1 and 2.
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The dissolved Mg concentrations in the tubular reactor and
well-mixed batch solution are CMg,t and CMg,b (mol/cm3),
respectively. DMg (cm2/s) is the diffusivity of Mg2+ in the
aqueous phase. Vb is the solution volume (cm3) in the batch
reactor, St (cm2) is the cross-sectional area of the tubular
reactor, and ε is the porosity of the packed bed. Table 2
summarizes all of the parameters used in the modeling and
their values. RMg,Fo (mol/cm

3-s) is the rate of Mg addition to
the solution from forsterite dissolution. A pH-dependent

Table 1. Equilibrium Constants and Solubility Products for
Related Chemical Reactions at100 °C and 100 bar CO2
pressure

reactions
log Ka at 100 °C and 100 bar

PCO2

CO2(aq) (molal)b 0.79
H2O = H+ + OH− −12.22
H2O + CO2(aq) = H+ + HCO3

− −6.35
H2O + CO2(aq) = 2H+ + CO3

2− −16.38
MgCO3(s) = Mg2+ + CO3

2− −9.41
SiO2(am) = SiO2(aq) −2.16
Mg2SiO4(s) + 4H+ = 2Mg2+ + SiO2(aq) +
2H2O

20.51

aAll values, except CO2(aq), were calculated using SUPCRT92 with the
dSLOP98 database. bCO2(aq) concentration is a fixed value when the
aqueous phase is at equilibrium with a headspace at fixed 100 °C and
100 bar PCO2. Calculations were made using the equations of state of
Sterner and Pitzer22 and the solubility equations of Duan et al.23,24
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dissolution rate (mol/cm2-s) for forsterite (eq 3) was taken
from a recent critical synthesis of previous dissolution rate
measurements.10

= − − <

= − − >

r
T

T

log 6.05 0.46pH
3683

, pH 5.6

4.07 0.256pH
3465

, pH 5.6
(3)

RMg,Fo was then calculated from information regarding the rate
of forsterite dissolution, bed porosity, and the specific surface
area of the forsterite. Similar mole balance equations were used
for dissolved inorganic carbon, but without the inclusion of the
forsterite dissolution term.
Under the constraint of charge balance for the solution, and

total dissolved concentrations of Mg, Si, and inorganic carbon,
the speciation, including the pH, in the tube was calculated at
grid cells along the z direction as a function of time. Ultimately,
both the magnesium and inorganic carbon mole balance
equations would be affected by magnesium carbonate
precipitation; however, the primary goal of the modeling in
this study was to identify the timing and location of initial
magnesium carbonate precipitation, which was accomplished by
determining the saturation index of the solution in the tube
with respect to magnesite. In particular the modeling was used
to evaluate whether or not the spatial localization of magnesite
precipitation could be explained by gradients in the
concentrations of Mg and DIC.
At the open end of the tubular reactor (z = 0), the dissolved

Mg concentration is always the same as that in the well-mixed
solution of the batch reactor. This concentration will increase
over time, but because of the very high solid−water ratios
within the tube, the concentrations within the tube will be
much larger than those in the well-mixed outer solution. At the
closed end of the tubular reactor (z = L), the flux of Mg is zero.
The initial Mg concentrations in both the tubular reactor and
the batch reactor were set to zero under the assumption that no
forsterite had dissolved yet. A sensitivity analysis found that the
final simulation results were not sensitive to this initial
condition, and similar final results were achieved if an initial
condition of water in the tube equilibrated with forsterite was
used.
The numerical solution procedure involved decoupling the

transport process and the chemical reactions. Diffusive
transport was discretized with second-order accuracy using
time and space steps required for stability of the equations.

Then at each location and time, the chemical reactions were
solved to determine the local pH and speciation of dissolved
inorganic carbon, magnesium, and silicon. A custom-built code
was written in C++ for the solution of the equations.

■ RESULTS AND DISCUSSION
Ex Situ Characterization of Solids from the Tubular

Reactor. Magnesium carbonate precipitation was detectable
after 5 days of reaction with maximum amounts of precipitation
located 1.0 cm (±0.3 cm) from the interface of the forsterite
packed bed with the well-mixed batch solution (z = 1 cm). The
semiquantitative XRD analysis has peaks characteristic of
magnesite near 32° and 43° (2θ) that have the greatest relative
peak areas to the forsterite peaks at a depth of 1 cm (Figure 2).

It is possible that magnesite precipitation was accompanied by
the formation of other magnesium carbonates. Recent work
observed predominant nesquehonite precipitation in solutions
equilibrated with 90 atm CO2 with magnesite only observed at
the highest temperature studied (80 °C),25 and earlier work
observed a strong effect of pressure and temperature on the
identity of the carbonate mineral formed with magnesite being
the principal phase at 120 °C and 100 bar CO2.

13 Iron from
either the reactor or from trace amounts in the forsterite could
also facilitate carbonate precipitation.26 The 5-day experiment
was the first one in which detectable amounts of carbonate
minerals were present; no detectable peaks were present in the
1-day and 3-day samples. The spatial localization of magnesite
precipitation can be caused by the opposing gradients in
dissolved magnesium and dissolved inorganic carbon within the
tubular reactor. Magnesite precipitation requires both magne-
sium from within the tube and inorganic carbon, which is
diffusing in from the well-mixed solution. These gradients in
concentration together with the pH gradient that results from
instantaneous local equilibration of the solution will create
solutions that achieve critical supersaturation with respect to
magnesite at a particular time and location. The concentrations
of both magnesium and dissolved inorganic carbon in the tube
increase with time, and 5 days must be sufficient to have
achieved a solution that is sufficiently supersaturated at 1 cm to
facilitate nucleation. At shallower depths in the bed the solution
supersaturation is lower. A recent microfluidic flow-through

Table 2. Parameters Included for Reactive Transport of
Dissolved Mg and Inorganic Carbon

parameters value

tube length (L) 5.51 cm
tube diameter (D) 0.635 cm
volume of batch reactor (Vb) 200 cm3

porosity (ϕ) 0.44
density of forsterite (ρFo)

a 3.2 g/cm3

radius of forsterite particleb 2.6 × 10−4 cm
diffusivity of Mg2+ (DMg)

c 2.369 × 10−8 • T (K) (cm2/s)
diffusivity of dissolved CO2 (DCO2)

c 3.03× 10−5 cm2/s assumed for 100 °C.
aThe density is that of the forsterite solids. bThe radius of forsterite
particle was calculated by assuming all the particles were spheres with
the same radius and a specific surface area of 1.38 m2/g. cTaken from
Newman and Thomas-Alyea.36

Figure 2. X-ray diffraction patterns of solids along the length of the
tubular reactor for solids reacted for 5 days at 100 °C and 100 bar
CO2. Reference patterns for forsterite and magnesite are included for
comparison. Diagnostic peaks for magnesite are denoted with “M” and
the arrows.
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study of forsterite reactions with CO2-rich water found that
magnesite only precipitated in diffusion-limited zones and not
along primary flow channels.27

A depth profile using Raman spectroscopy of solids from the
5-day experiment also did not observe any magnesium
carbonates until a depth of 1 cm (Figure 3). While magnesite

was the only solid that could be detected with XRD, the greater
sensitivity of Raman spectroscopy allowed the observation of
small amounts of hydromagnesite as well. A related study with a
different size and composition of forsterite also observed spatial
localization of maximum amounts of magnesite carbonate
precipitation; both magnesite and hydromagnesite formed, but
magnesite was the only detectable phase after 8 days of
reaction.28 The bands at 1094 and 1119 cm−1 are assigned to
the symmetric CO3

2− stretching in magnesite, and hydro-
magnesite, respectively.29 The three bands at 964, 855, and 824
cm−1 wavenumbers are indicative of the Si−O stretching modes
of forsterite.30 Hydromagnesite is a known intermediate for
magnesite precipitation.13 Raman spectroscopy experiments
performed with finer grained forsterite (5−40 μm) and a 3 cm
deep bed also observed formation of hydromagnesite followed
by magnesite; carbonate minerals were first detected after 1 day
at a depth of 0.5 cm.28 Total carbon analyses in that related
study observed a maximum amount of carbonate precipitation
at 0.5 cm into the packed bed.

13C NMR Measurements. The in situ 13C NMR data
provide information on the evolution of inorganic carbon in
both the aqueous and solid phase. The NMR signal from the
initial supercritical 13CO2 at a chemical shift of 128 ppm
declines over time as the 13CO2 dissolves into the water, the
inorganic carbon reacts, and is all but gone after 13 h. With
time the spectra also indicate a concomitant increase of CO2(aq)
and HCO3

− at 126 and 161.5 ppm, respectively (Figure 4). The

broad peak at 190 ppm is from magnesite and shows a shape
characteristic of a broad axially symmetric chemical shift
anisotropy (CSA) powder pattern.31 This broad resonance is
barely discernible after 141 h (5.9 days), and then it increases
significantly with continuing reaction. The timing of first
observable magnesite precipitation is very similar to that
observed for the solids from the tubular reactor by ex situ
characterization. The 13C NMR spectra would be sensitive to
transformations of hydromagnesite to magnesite if there were
sufficient signal from each species present to distinguish the
two, but under these conditions (especially at later reaction
times) magnesite was the only detectable solid. This
observation agrees with a lifetime of hydromagnesite observed
previously for similar conditions using 13C HP-MAS NMR.32

Reactive Transport Modeling. Simulations using the
reactive transport model predict the development of strong
chemical gradients along the length of the tubular reactor. The
gradient in the Mg concentration is sharpest in the first 2 cm
into the tube (Figure 5a), and at the closed end of the tube the
Mg concentration increases until reaching 0.08 M after 7 days
(168 h). A peak in the Mg concentration develops because the
dissolution of forsterite, which is the source of the dissolved
magnesium, is faster at the lower pH values near the open end
of the tube. Magnesium can diffuse both out of the tube and
deeper into the tube from this peak, but the large gradient in
concentration between the peak and the bulk solution outside
of the tube lead to a net flux of Mg out of the tube. The Mg
concentration at the very top of the tube is required to be the
same as that in the bulk solution; although the concentration in
the bulk solution is increasing because of Mg release from the
tube, the concentrations achieved are orders of magnitude

Figure 3. Raman spectra from 1 cm into the tube after 5 days of
reaction at 100 °C and 100 bar PCO2 shown for the range that includes
(a) Si−O and CO3

2− stretches and (b) higher resolution of the CO3
2−

stretch region. Peak assignments are included with the three major
bands at 964, 855, and 824 cm−1 from Si−O vibrations associated with
forsterite and peaks at 1094 and 1119 cm−1 from magnesite and
hydromagnesite, respectively.

Figure 4. In situ 13C NMR monitoring of reaction progress at 80 °C
and 105−120 bar 13CO2 for a bed of forsterite with water filling the
pores. Spectra were recorded at each of the times indicated in the
legend. The broad resonance extending from 205 to 110 ppm is from
mineral carbonates, primarily magnesite. A small supercritical-CO2
signal can be seen as a peak beside that of the CO2(aq) resonance, due
to a small amount of the former being introduced between the high-
pressure sample holder and the glass tube holding the bed of forsterite.
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lower than those within the tube. The concentration of DIC
also gradually increases at deeper regions of the tube, and its
gradient also remains sharpest in the shallowest zones of the
tube (Figure 5b). The combination of total Mg and inorganic
carbon concentrations yields local pH values that increase from
about 3.2 at the open end of the tube (where the pH is
dominated by the acidity from the dissolved CO2) to almost 5.6
deeper into the tube where the pH is controlled by both the
CO2 injection and the neutralization of the acidity from the
dissolution of forsterite (Figure 5c).
For all reaction times plotted, the saturation index increases

markedly with distance into the tube going from unfavorable to
favorable conditions for magnesite saturation. This increase is
driven by the gradients in pH, DIC, and dissolved Mg. The
gradient in saturation index is consistent with spatial local-
ization of magnesite precipitation, since magnesite would be
expected to first precipitate and then grow at the location at
which a critical saturation index for nucleation is first achieved.
A saturation index of approximately 1.6 for magnesite is
calculated from the model output at the experimentally
observed time (5 days) and location (1 cm) of initial magnesite
precipitation. The saturation index is calculated using the
concentrations of dissolved Mg2+ and CO3

2− and associated
activity coefficients determined with the Davies equation. The
CO3

2− concentration is determined from the pH and dissolved
inorganic carbon concentration (Figure 5d). Previous experi-
ments at 100 °C and 100 bar with the well-mixed reactor found
that a critical saturation index of 2.0 was necessary to overcome
the nucleation barrier to magnesite formation.33 This is higher
than an earlier critical saturation index range of 0.25−1.14
determined at 100 °C in a different reactor configuration, but
those experiments were at a lower CO2 pressure.

34 The timing
and localization of magnesite precipitation simulated by the
model is qualitatively consistent with the experimental
measurements. This consistency was achieved for a model
whose parameters were determined from the literature and not
from any fitting of the simulations to the experimental data.
While the model predicts that with time deeper zones of the

tube will become even more supersaturated, precipitation of
magnesite at the initial sites of nucleation would sequester the
magnesium and could limit the extent of precipitation deeper in
the tube. The current version of the model did not include a
reaction for magnesium carbonate precipitation so it can only
predict the location and timing of precipitation and not the
evolution of the bed composition after precipitation starts.
Future refinements of the model can account for the
precipitation of magnesium carbonates as well as Mg-
containing minerals such as smectites. The model may also
be improved by explicitly considering the mole balance for
silicon in the system since dissolved silicon can lead to surface
phases that inhibit dissolution of forsterite,11,35 including
phases whose formation is facilitated by the presence of iron.26

Environmental Implications. Unlike in well-mixed experi-
ments that are often done to quantify reaction rates and
mechanisms of CO2-water-mineral reactions, actual geologic
carbon sequestration will take place in porous or fractured
media that are not well-mixed. In these systems zones in which
mass transfer is limited to diffusion can have local geochemical
conditions that are very different from volume-averaged
properties. The experiments and modeling in this study
demonstrate that mineral carbonation can occur in such
diffusion-limited zones well before volume-averaged properties
of the system have reached saturation with respect to magnesite
precipitation. Accounting for local geochemical conditions,
especially pH since it controls the rates of many reactions, in
simulations of GCS environments is important for developing
accurate predictions of the fate of injected CO2.
The experiments in this study illustrate that carbonate

mineral formation can be highly localized in diffusion-limited
zones. The extent to which this precipitation clogs pores and
inhibits CO2 reactions with mineral surfaces below the zone of
maximum precipitation may control the overall mineral
trapping capacity of a geologic formation. Further research is
needed to examine the feedback between dissolution−
precipitation reactions and transport properties for such
diffusion-limited systems. The approach of integrated tubular

Figure 5. Simulated profiles of (a) the Mg concentration, (b) DIC concentration, (c) pH, (d) and saturation index for magnesite (SImag) inside the
tubular reactor loaded with forsterite and operated at 100 °C and 100 bar CO2 for reaction times up to 1 week (168 h).
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reactor experiments, in situ spectroscopic characterization, and
reactive transport modeling can be extended to study such
coupling both for magnesium-rich rocks and other diffusion-
limited zones such as those that are present in caprocks.
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