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Abstract

Flow-only and coupled flow-diffusion experiments at 95 �C and 100 bars pCO2 carried out in micro-capillary tubes packed
with forsterite mineral grains were used to constrain a coupled classical heterogeneous nucleation and crystal growth reactive
transport model describing the formation of secondary magnesite. The study made use of a novel experimental setup in which
one capillary tube for flow is connected via a three-way tee to a perpendicular capillary tube sealed at the distal end in which
only molecular diffusion is allowed to occur—an experimental analogue of a single fracture-rock matrix system. While the
high flux of CO2 bearing fluids and their low pH did not result in the formation of secondary carbonates in the flow-
dominated channels, as much as 2.7% magnesite formed in a diffusion-controlled capillary tube sample after 300 hours of
reaction. The precipitation of secondary magnesite was not uniformly distributed, however, but showed a distinctive peak
shaped pattern along the sample reacted as quantified by RAMAN spectroscopic analysis. About 50% of the total magnesite
precipitation formed within a narrow interval of a few millimeters close to the middle of the 3 cm diffusion sample. To sim-
ulate the behavior of the diffusion–reaction column, and in particular the pronounced mm scale peak at approximately 1.8 cm,
an interfacial free energy of approximately 70 mJ�m�2 combined with a relatively high crystal growth rate for secondary mag-
nesite was required. In agreement with the observations based on RAMAN spectroscopy, the simulations suggest that more
than 50% of Mg2+ dissolved from the primary forsterite precipitated as secondary magnesite. The magnesite precipitation at
the central peak position in the diffusion sample showed such rapid growth that it created a local minimum in pore fluids
Mg2+ concentration close to the peak, creating a ‘‘nucleation shadow” that focused continued growth there as nearby regions
had no nucleation seeds available for crystal growth. Continued crystal growth on the initial magnesite band acted to further
increase the reactive surface area at this point, thus enhancing the spatially focused crystal growth rate and creating a positive
feedback leading to pattern formation. This highlights the potentially critical role of an initial nucleation event in controlling
mineral precipitation patterns in subsurface porous media, patterns that may determine how the pore structure subsequently
evolves physically and chemically over time due to reactive flow and transport.
� 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

Incongruent mineral reactions that involve the dissolu-
tion of a primary phase followed by the precipitation of
one or more secondary phases are key processes involved
in the geochemical evolution of many subsurface systems,
ons.org/licenses/by/4.0/).
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and includes applications related to chemical weathering,
CO2 sequestration, fluid-driven metamorphic reactions,
and fracture-matrix interaction. In addition to the effects
on the mineralogical and geochemical evolution of subsur-
face media and the resulting effects on reactivity, such reac-
tions may play a critical role in determining the evolution of
permeability and diffusivity via modifications to the pore
structure. Dissolution of primary minerals tends to create
porosity and permeability (Steefel and Lasaga, 1990,
1994; Elkhoury et al., 2013; Deng et al., 2016; Seigneur
et al., 2019), while mineral precipitation tends to reduce
permeability and diffusivity (Noiriel et al., 2012; Noiriel
et al., 2016; Deng et al., 2021), and in extreme cases, to clog
it completely (Steefel and Lichtner, 1994; Chagneau et al.,
2015). As demonstrated by Noiriel et al. (2016), the details
of nucleation and subsequent crystal growth in porous
media may exert a first order control on how the physical
and chemical properties of porous and fractured media
evolve over time.

Modeling of irreversible incongruent reactions in the
geochemical literature has been considered since at least
the pioneering paper of Helgeson et al. (1969). More formal
reactive transport formulations date to the seminal work of
Lichtner (1985), although the first examples in which min-
eral precipitation affected physical transport properties (per-
meability, diffusivity) appear to be those of Steefel and
Lasaga (1994) and Steefel and Lichtner (1994). Perhaps
not readily apparent to those not immersed in the field of
reactive transport modeling (RTM), however, is the fact
that most analytical and numerical treatments of secondary
mineral formation via incongruent geochemical reactions do
not formally consider an explicit nucleation process. Key in
this regard is the development and subsequent evolution of
reactive surface area for the secondary minerals. In place of
a formal treatment of nucleation, numerical RTMs have
tended to employ ad hoc schemes in which reactive surface
area for the secondary phase is either initially present as a
‘‘seed” for subsequent crystal growth, or the secondary min-
eral seeds magically appear at some stage in the simulation.
An exception is the study of Steefel and Van Cappellen
(1990), where precipitation via a classical heterogeneous
nucleation model was considered to initiate the development
of the secondary mineral growth. More recently, Li et al.
(2017) included a newly developed classical heterogeneous
nucleation formulation implemented in the RTM software
CrunchTope (Steefel et al., 2015).

In this study, we consider incongruent reactions leading
to secondary mineral formation in CO2 sequestration appli-
cations. Geological CO2 sequestration by injecting anthro-
pogenic CO2 into deep underground geological reservoirs
for long term storage is an attractive alternative for mitigat-
ing the anthropogenic CO2 emissions into atmosphere
(Benson and Surles, 2006; Oelkers et al., 2008). The injected
CO2 can dissolve into subsurface pore fluids, a process
called ‘‘solubility trapping”. These CO2 containing fluids
produced can then further react with and promote the dis-
solution of bedrock minerals, releasing cations into pore
fluids. Some of the released cations, such as Ca2+ and
Mg2+, can combine with dissolved carbonate species and
form secondary carbonates precipitates. This process per-
manently traps the CO2 injected underground by convert-
ing them into solid thermodynamically stable minerals, a
process called ‘‘mineral trapping” (Benson et al., 2003;
Benson and Surles, 2006). In order to quantitatively under-
stand those processes and make defensible and rigorous
predictions of the long terms fate and stability of the
injected CO2 underground, it is critical to have a thorough
understanding of the kinetic reactions between bedrock
minerals and CO2 bearing fluids in subsurface porous med-
ium. Although a number of studies have been carried out to
study the kinetics of mineral fluids reactions relevant to
geological CO2 sequestration conditions, most of these were
focused on mineral dissolution reactions conducted in
batch reactors (Giammar et al., 2005; Saldi et al., 2013).
Only a few studies have been devoted to understanding
the kinetics of secondary carbonate precipitation during
CO2 injection (e.g., (Li et al., 2017; Noiriel et al., 2016).
Moreover, most of the experimental studies were performed
in conventional batch reactors where it was not possible to
consider subsurface porous medium effects (Hänchen et al.,
2008). It is very challenging to apply the baseline kinetic
information obtained in well-stirred batch reactors to pre-
dict mineral carbonation reactions in subsurface porous
media environments where minerals are in contact with
reactive fluids within tiny pores of a few to a hundred
microns in diameter characterized by very different solid/so-
lution ratios and hydrodynamic flow conditions. Following
a separate track, many studies focused on the transport and
reactions associated with CO2 injection under advective
flow-controlled regimes (Andreani et al., 2009). However,
except for the initial transient period during CO2 injection,
most of the injected CO2 is expected to be trapped inside
geological formations as a relatively stagnant (non-
mobile) phase where diffusion may be the dominant trans-
port mechanism. This is particularly true for the length of
time required to form secondary carbonate precipitates.

Subsurface porous medium is generally characterized by
varying degree of heterogeneity. During CO2 injection, the
high permeability zones are expected to be filled quickly
with CO2 bearing fluids. However, this may not be the case
for low permeability zones where the dissolved CO2 content
in the pore fluids rises only gradually through diffusion
dominant processes. Such diffusion-controlled regimes are
likely to play an important role during the long-term stor-
age of geological CO2 underground, yet relatively few stud-
ies have been devoted to understanding the effect of
diffusion processes on the formation of secondary carbon-
ates. In this study, kinetic experiments were conducted
using high temperature and pressure micro-capillary tube
reactors so as to investigate the coupled dissolution and sec-
ondary mineral precipitation during reactions of olivine
(forsterite) with CO2 bearing fluids in simulated micro-
porous environment. A novel micro-capillary tube reactor
was designed to study the coupled mineral dissolution
and secondary carbonates precipitation in flow or diffusion
dominant regimes separately. To describe quantitatively the
behavior of the reactive system under diffusion-controlled
conditions, a coupled heterogeneous nucleation and crystal
growth model for secondary magnesite formation was
developed.
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2. EXPERIMENTAL MATERIALS AND METHODS

A novel micro-capillary tube reactor was designed to
study the coupled mineral dissolution and secondary car-
bonates precipitation under both flow and diffusion-
dominant regimes respectively. Fused silica micro-
capillary tubing (200 lm I.D. 360 lm O.D.) was cut into
different lengths and packed with forsterite mineral grains
to simulate reactions taking place in subsurface micro-
porous environments. Such micro-capillary tube reactors
are able to withstand pressures up to 200 bars and temper-
atures over 200 C. The thin walls of the micro-capillary tub-
ing are fabricated with pure fused silica, which is
transparent to RAMAN signals and allows for analysis of
the solid samples after reactions by RAMAN spectroscopy
without significant sample disturbance. The very small
dimensions of the capillary tube samples allow for a com-
plete scan of the entire solid samples after reaction, thus
providing detailed information on the occurrence and dis-
tribution of potential secondary minerals.

The illustration of the experimental system setup is
shown in Fig. 1. Forsterite minerals used in the experiment
are almost pure natural forsterite grains purchased from
Wards Scientific. Electron Microprobe analysis of the for-
sterite grains indicated they were 92% Fo with a chemical
composition of (Mg1.84Fe0.16)SiO4. First, a forsterite rock
specimen was gently crushed, with removal of any impuri-
ties under the microscope. The forsterite grains singled
out were further crushed and sieved to a particle size of
45 to 53 lm. The sieved forsterite mineral grains were
Fig. 1. Illustration of the capillary tube experiment setup for the diffu
samples reacted. Flow occurs from left to right in the tube marked ‘‘Flow S
effluent sampling. Diffusion is in a perpendicular capillary tube (marked
capillary tube. This diffusion-only tube has a no-flow plug at the end.
transport modeling.
washed free of fine particles with D. I. water and dried in
an oven at 60 �C before their use in the experiment.

The forsterite grains obtained above were then packed
into the fused silica micro-capillary tube of 3 cm length
and secured in place from both ends by two 2 cm long plugs
made of empty fused silica capillary tube (185 lm O.D. and
50 lm I.D). The masses of empty micro-capillary tubes and
plugs were weighed before and after packing to obtain the
net mass of forsterite particles packed inside. The total vol-
ume of the micro-capillary tube packed with forsterite
grains and the total mass of the packed forsterite particles
were used to calculate the porosity of the grain pack. The
dry, sieved forsterite particles were also measured for their
specific surface area by multipoint BET analysis using an
Autosorb-1 surface area analyzer. Several sets of forsterite
grains packed with identical micro-capillary tubes were pre-
pared for experimental use, with two sets used to conduct
flow only and coupled diffusion-flow scenarios.

Since the precipitation of secondary minerals was
directly driven by primary minerals dissolution in these
experiments (i.e., there was no supersaturation with respect
to secondary phases at the micro-capillary tube inlet), it is
necessary to first understand the dissolution kinetics of pri-
mary forsterite minerals. For this purpose, a 6 cm long
forsterite-packed capillary tube sample was reacted with
CO2 bearing fluids at a 0.01 lL�min�1 flow rate at 95 �C
and l00 bars pressures to study its reaction kinetics. This
value of the flow rate was chosen so as to result in a mea-
surable change in concentration in the capillary tube. This
single experiment constituted the ‘‘flow-only” experiment
sion and flow coupled experiments and RAMAN analysis on the
ample” past the tee, through the back-pressure regulator, and on to
‘‘Diffusion Sample”) connected via a 3-way micro-tee to the flow
Only the diffusion-controlled portion was simulated with reactive
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referred to in Table 1, and was used as the basis for estimat-
ing the rate of forsterite dissolution. For the diffusion-flow
coupled experiment discussed in Table 2, two forsterite
packed capillary tube samples were used, one of 6 cm for
flow and the other 3 cm in length for diffusion. The 6 cm
long forsterite packed capillary tube sample was used as
the flow channel directly connected to the ISCO high pres-
sure syringe pump charged with CO2 bearing fluid. The
other 3 cm long capillary tube sample was used as the cou-
pled diffusion sample with its one end connected to the
downstream end of the flow sample at right angles through
a 3-way micro-tee connector. The distal end of the coupled
diffusion sample was sealed with a PEEK micro-union plug,
thus forming effectively a no flux boundary. A higher flow
rate in the flow channel was used in the diffusion-flow
experiment so as to maintain constant concentration condi-
tions at the juncture of the diffusion-controlled tube (i.e.,
effectively a Dirichlet boundary condition). Detailed infor-
mation on the experimental samples and conditions
described above are listed in Table 1.

The flow-only experiment was not modeled, but was
used to determine the rates of forsterite dissolution as a
function of the pH and pCO2 conditions. The diffusion–re-
action modeling discussed below focused on the diffusion-
controlled experiment, since this is the only one where mag-
nesite formation was observed.

Before the experiment was begun, both flow-only and
diffusion coupled flow samples as well as the entire assem-
bled experimental device were thoroughly flushed with
0.01 M NaCl solution to saturate the system with back-
ground electrolyte fluids and to remove any air bubbles
inside. To complete the experimental setup, the assembled
Table 1
Samples information and conditions in the experimental study.

Flow only experiment Di

Sample type Advective flow sample Ad
Forsterite packed capillary tube
sample length (cm)

6 6

Sample porosity 0.57 0.5
Flow rate (mL/min) 0.01 0.0
Injection stock solution CO2/H2O of 1:90 in 0.01 M NaC
Experiment temperature (�C) 95 95
Experiment pressure (bars) 100 10
Experiment duration (hours) 256 30

Table 2
Parameters used in diffusion–reaction modeling of forsterite-magnesite c

Parameter

Forsterite rate constant
Magnesite interfacial free energy
Pre-exponential A0J0ð Þ
Specific surface area of nucleating magnesite
Forsterite surface area
Magnesite rate constant
Magnesite molar volume
samples were further connected to a 0.5 micron inline filter
and a back pressure regulator (preset at 100 bars pressure)
through micro-unions and 1/3200 O.D. PEEK tubing. The
effluent passing through the experiment system was col-
lected into plastic vials that were periodically sampled for
ICP-MS analysis to represent effluent chemistry from the
reactor. The stock CO2 bearing solution used in the exper-
iment study has a CO2/H2O mole ratio of 1:90, a value
slightly lower than the maximum dissolvable CO2 calcu-
lated according to the equation of state proposed by
Duan and Sun (2003) and Duan et al. (2006) at given exper-
iment temperature, pressure and fluid salinity. Such a value
was chosen to make sure that all of the CO2 was dissolved
and to avoid the uncertainties of reactions with a supercrit-
ical phase. To prepare the stock CO2 bearing fluids, speci-
fied amounts of pure CO2 gas and 0.01 M NaCl solution
were drawn into a high pressure ISCO syringe pump first,
after which all pump valves were closed so that the pressur-
ized mixed gas and solution system resulted in complete dis-
solution of all of the CO2 gas at the given pressure.

The CO2 bearing fluids prepared in this fashion were
then injected into the experimental system according to
the specified flow rates using the high pressure ISCO syr-
inge pump described above. Throughout the course of the
experiment, the entire system was placed on top of a con-
stant temperature hotplate calibrated and preset at 95 �C.
The assembled experimental devices were further covered
with aluminum alloy covers to keep them at a uniform con-
stant temperature during the experimental run. After the
experiment, the entire experimental apparatus was carefully
disassembled and the reacted samples (forsterite +
precipitate) were mounted on glass microscope slides on a
ffusion-flow coupled experiment

vective flow controlled sample Diffusion controlled sample
3

5 0.5
9 N.A.
l, TIC: 620 mmol/L

0
0

apillary tube diffusion experiment.

Units Value

mol �m - 2 � s�1 3:75� 10�8

mJ �m - 2 70
nucleii �m - 3 � s�1 1000
m2 � g�1 500
m2 � g�1 0.08
mol �m - 2 � s�1 1:0� 10�5

cm3 �mol - 1 28.08
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RAMAN instrument for solid phase analysis. RAMAN
analysis was performed on a Thermo-Fisher RAMAN
microscope with a 10 mW, 532 nm laser. To quantify the
amount of magnesite formed in the experiment sample,
crushed pure magnesite mineral grains and the forsterite
particles used in the experiment were mixed together at
known ratios and packed into the same experiment capil-
lary tube so as to provide an external calibration standard.
Those mixture standards were scanned by RAMAN spec-
troscopy mapping under the same analysis conditions as
the reacted samples. The integrated signals obtained were
then used to construct the calibration curve for quantifying
secondary magnesite formed in the experimental sample.

3. EXPERIMENTAL RESULTS

The forsterite-packed capillary tube sample in the flow-
only experiment was reacted with CO2 bearing stock fluids
at 95 �C and 100 bars for approximately 250 hours, while
the diffusion and flow coupled experiment samples were
reacted for 300 hours. At the conclusion of the experiments,
both samples were disassembled for solid phase characteri-
zation by RAMAN spectroscopy analysis. The solution
chemistry of effluent samples collected during the experi-
ment run was analyzed by ICP-MS and is shown in
Fig. 2. In the single flow-only forsterite dissolution experi-
ment that was carried out, effluent Mg and Si showed
roughly stoichiometric dissolution during the course of
the experiment.

3.1. Forsterite dissolution rate

The average effluent Mg and Si concentrations from for-
sterite dissolution in the flow only experiments were used to
obtain and refine kinetic rate expressions for the dissolution
of forsterite minerals used in this experiment study. The
effect of CO2 on forsterite dissolution was very similar to
the effects observed in pH catalyzed reactions as the react-
ing fluids were acidified by dissolved CO2 under pressure.
Based on the study by Hänchen et al. (2006), a general
Transition State Theory (TST) rate law of forsterite disso-
Fig. 2. Effluent solution chemistry of (A) the flow only
lution can be expressed as r ¼ kexp �EaRTð Þ, in which k is
the dissolution rate constant ranging from 94 to 7554
mol m�2 s�1 depending on the specific samples used, the
activation energy Ea = 60.2 kJ mol�1 k�1 for reactions
above 90 �C, and the pH dependence rate parameter n =
0.46 ± 0.03. Two sets of effluent chemistry data from disso-
lution of forsterite samples under very different flow rate
scenarios were used to refine rate parameters that best
described the dissolution kinetics of the forsterite samples
used in the experiments. One was from the flow only exper-
iment running at 0.01 lL min�1 flow rate and the other
from the diffusion coupled flow experiment sample running
at 0.09 lL min�1 flow rate. Using the activation energy of
60.2 kJ and a temperature of 95 �C, it was found that a
pH dependence parameter n of 0.48 and a rate constant

of 3:75� 10�8 mol m�2 s�1 provided the best fit to the for-
sterite dissolution behavior at 95 �C observed under both
experimental conditions (Fig. 2). The overall dissolution
rate expression for the forsterite sample used in this study
at given experiment conditions can be summarized as:

r ðmol �m�2 � s�1Þ ¼ 3:75� 10�8a0:48Hþ ð1Þ
This rate equation was used to model dissolution of the

forsterite sample in the diffusion-controlled capillary tube
experiment reactor as a basis for investigating the coupled
secondary carbonate precipitation process.

3.2. RAMAN analysis

Solid sample analysis by RAMAN spectroscopy indi-
cated that for the forsterite packed micro-capillary sample
under advective flow-controlled regime (hereafter referred
to as the ‘flow sample’), there were no detectable secondary
carbonates formed in the reacted sample. Very minor
amounts of secondary iron oxide formation as a grain coat-
ing developed as a result of the release of iron from primary
forsterite minerals. In contrast, significant amounts of sec-
ondary carbonate were identified by RAMAN spectro-
scopic analysis in the forsterite packed capillary tube
sample carried out under the diffusion-controlled regime
(hereafter referred to as the ‘diffusion sample’). The mineral
and (B) the coupled diffusion-flow experiments.
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magnesite was identified as the only secondary carbonate to
form (Fig. 3).

The RAMAN analysis also indicated that secondary
magnesite was not uniformly distributed over the extent
Fig. 3. RAMAN spectrum of secondary magnesite formed in the diffusion

Fig. 4. Secondary magnesite formed in the diffusion sample by RAMA
intensities from magnesite 1094 cm�1 peak).
of the diffusion-controlled portion of the micro-capillary
tube, but showed instead a distinctive pattern with a peak
at about 18.5 mm from the inlet end of the forsterite grain
pack (Fig. 4). The amount of secondary magnesite precipi-
sample about 1.8 cm from the 3-way tee connector to the flow tube.

N spectroscopic mapping scan (a warmer color indicates higher



Fig. 5. (A) Integrated intensities of secondary magnesite peaks (the 1094 cm�1 Raman peak) along the diffusion sample and (B)
Corresponding magnesite precipitation profile based on calibration with external standards.
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tation formed was quantified by carrying out a scan of the
reacted sample with RAMAN spectroscopy for all sec-
ondary magnesite precipitated, then integrating the intensi-
ties of magnesite according to its characteristic RAMAN
peak at 1094 cm�1 at given areas along the reacted sample,
and then comparing those integrated intensities with an
external calibration curve. It was found that small peaks
of magnesite occur within a few millimeters of the inlet side
of the diffusion sample, but generally at only low concentra-
tions of about 0.2% at most. Further into the diffusion sam-
ple (moving away from the CO2-charged flow channel),
there was a sharp increase in the amount of magnesite pre-
cipitated close to the middle of the diffusion sample, reach-
ing as much as 2.7%. Beyond that peak, the intensities of
secondary magnesite peaks decreased markedly to much
lower values of about 0.2% over the rest of the diffusion
sample (Fig. 5). Most magnesite particles were of a few
microns in size and indicated significant growth from initial
tiny magnesite nuclei (Fig. 6).
Fig. 6. Secondary magnesite formed in diffusion sample on
forsterite grains.
4. MODELING APPROACH FOR COUPLED

HETEROGENEOUS NUCLEATION AND CRYSTAL

GROWTH

In this section, we develop a general model for coupled
heterogeneous nucleation and crystal growth, with the
additional objective of using this to describe quantitatively
the results from Raman spectroscopy presented above. This
capability is important for many reactive transport applica-
tions in particular (Steefel and Van Cappellen, 1990; Noiriel
et al., 2016; Li et al., 2017; Prasianakis et al., 2017; Deng
et al., 2021). It is perhaps not widely recognized that most
of the widely available numerical reactive transport soft-
ware does not include explicit capabilities for mineral nucle-
ation, whether homogeneous or heterogeneous (Steefel
et al, 2015). The need for some such treatment is clear by
examining a general form of a rate, Rm, for heterogeneous
mineral growth or dissolution (see Steefel and Van
Cappellen, 1990; Steefel and Lasaga, 1994; Steefel et al.,
2015), presented here as following a Transition State The-
ory (or TST) form (although the same conclusion would
be drawn for any mineral rate law, TST or not):

Rm ¼ Amkm
Y

an
� �

QmKeq

� �g � 1
�� ��msign lnQmKeq

� � ð2Þ

where Am is the surface area (m2 m�3) of the growing or dis-
solving phase, km is the rate constant (mol m�2 s�1),

Q
anð Þ

is the product of catalytic and inhibitory effects (e.g., pH),
QmKeq is the ion activity product divided by the equilibrium
constant for the reaction, ‘‘sign” refers to the sign of the
expression that follows, and g and m are experimentally
determined exponents for the dependence on the free energy
of reaction (or the supersaturation). The problem in
neglecting nucleation is that the value for the surface area
in Eq. (2) must be then chosen in an ad hoc fashion, typi-
cally with some guess as to a ‘‘seed” secondary mineral con-
centration and grain size. If a secondary phase is not
initially present via a seed and nucleation is neglected, then
of course the rate for growth remains always zero. This
need to include a seed secondary mineral (distributed
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where?) can be circumvented by including a formal mineral
nucleation expression, which can be thought of as an addi-
tional pathway within the overall mineral growth reaction
network. Typically, nucleation occurs in advance of crystal
growth, but this is not required and depends on the local
conditions determining the rates of the individual nucle-
ation versus crystal growth pathways.

Although there has been considerable discussion of
nucleation mechanisms and their corresponding mathemat-
ical representation recently, for the purposes of this study it
is sufficient to make use of a classical heterogeneous nucle-
ation expression (De Yoreo and Vekilov, 2003), particularly
since the experimental data cannot readily discriminate
between the different mechanisms. The rate of nucleation
for the secondary phase, Jn (number of nuclei per volume
per time, or nuclei m�3 s�1) can be written as (Steefel and
Van Cappellen, 1990; De Yoreo and Vekilov, 2003; Li
and Jun, 2018; Devos et al., 2021):

Jn ¼ J 0exp
�Dgn
kBT

	 

ð3Þ

where Dgn is the Gibbs free energy of the critical nucleus, J0
is the pre-exponential factor, kB is Boltzmann’s constant,
and T is the absolute temperature. The Gibbs free energy
for the critical nucleus is defined by:

Dgn ¼ 163pr3 t
kBT lnQKeq

	 
2
ð4Þ

where r is the interfacial free energy (mJ m�2), t is the
molecular volume (m3), and ln(Q/Keq) is the logarithm of
the supersaturation. From Eq. (4), it is evident that Dgn
depends on the cube of the interfacial free energy in the
numerator and the square of the supersaturation, that is:

Dgn /
r3

lnQKeq

� �2 ð5Þ

The nucleation rate converted to a molar rate (mol s�1)
is then given by

Rnucleation ¼ A0J 0exp � 16pt2

3k3BT
3

r3

lnQKeq

� �2
" #

Atemplate ð6Þ

where J0 has units of nuclei m
�3 s�1, Atemplate is the surface

area (m2 m�3) of the template available for nucleation, and

A0 (mol m nuclei�1) provides conversion to units of the
mineral rate (mol m�3 s�1). A rigorous conversion factor
from nuclei per unit time to aqueous concentrations
requires additional assumptions about nucleus geometry,
but these are not explored here (see Li and Jun, 2018).

Homogeneous nucleation can be treated with a similar
expression if the surface area of the templating phase is
dropped and the interfacial free energy and pre-
exponential term are adjusted as needed. In this study we
focus on heterogeneous nucleation because the assumption
is that it is energetically more favorable than homogeneous
nucleation. Alternatively, we could have included both
pathways, with a higher interfacial free energy for the
homogeneous nucleation pathway, but since substrate (for-
sterite) is available everywhere in the diffusion cell, it is not
expected that this would have changed the results presented
here. As with any heterogeneous nucleation expression, the
behavior is largely governed by the ratio of the interfacial
free energy to the supersaturation of the solution with
respect to the secondary phase, as is apparent from the pro-
portionality given in Eq. (5). Larger values of the interfacial
free energy require correspondingly higher supersaturations
to achieve observable nucleation (Steefel and Van
Cappellen, 1990).

Note that no inhibitory or catalytic effects are explicitly
considered in the treatment of nucleation represented in Eq.
(6). This is primarily due to the fact that we considered only
a single background electrolyte consisting of NaCl, thus
there is no data available from this study to evaluate this
effect. However, this is not a limitation of the model pre-
sented here, which can readily incorporate inhibitory and/
or catalytic effects on the nucleation rate.

In this study, the surface area of the template is that of
forsterite, which is the dissolving phase releasing Mg2+ into
solution that increases the supersaturation with respect to
the secondary phase magnesite. Thus, the overall precipita-
tion rate for magnesite, Rppt-magn (mol m�3), including both
nucleation and crystal growth pathways is given by:

Rppt�magn ¼ A0J 0exp � 16pt2

3k3BT
3

r3

lnQKeq

� �2
" #

Aforst|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Nucleation

þ Amagnkmagn QmagnKeqmagn � 1
h i

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Crystal Growth

ð7Þ

where we have adopted a simpler linear form of the TST
rate law, and where the magn and forst subscripts refer to
the parameters for magnesite and forsterite, respectively.
In the modeling, this precipitation reaction is combined
with the dissolution reaction for forsterite, which follows
the expression in Eq. (1) to simulate the overall rate-
limited geochemical evolution of the system. Here, one
can think of the first term on the right-hand side of Eq.
(7) (the nucleation pathway) as providing the surface area,
Amagn, for magnesite crystal growth (the second term on the
right-hand-side). Eventually the surface area for crystal
growth increases sufficiently to the point where the crystal
growth pathway becomes the dominant mechanism
(Steefel and Van Cappellen, 1990). As discussed further
below, the nucleation event itself may not generate large
amounts of reactive surface area, but this stage of the cou-
pled precipitation process determines at least the location of
the initial seed that develops further via crystal growth.
This observation again is very important for understanding
the subsequent evolution of the physical pore structure (af-
fecting transport properties via the permeability and effec-
tive diffusivity) and reactivity.

Depending on the rate of crystal growth relative to the
transport rate (here molecular diffusion), the crystal growth
pathway can decrease the local supersaturation, thus sup-
pressing continued nucleation within a ‘‘shadow zone” on
either side. As discussed below, this effect is most prominent
where the nucleation barrier resulting from the interfacial
free energy is high and crystal growth is sufficiently rapid
that the solution supersaturation is decreased below some



Fig. 7. Conceptual model for the formation of a nucleation peak. Initial nucleation is followed by a transition to crystal growth once the
surface area of the secondary phase increases sufficiently. Crystal growth at the location of the initial nucleation zone then creates a ‘‘shadow
zone” within which nucleation is suppressed due to the lowering of the supersaturation of the secondary phase within some diffusion distance
of the peak.
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threshold value determined by the interfacial free energy for
the relevant phase (see Fig. 4 in Steefel and Van Cappellen,
1990). The combination of a distinct nucleation zone (cor-
responding eventually to a peak in the secondary mineral
concentration) and a ‘‘nucleation shadow zone” can lead
to pattern formation, as discussed in the literature
(Ortoleva et al., 1987; Jamtveit and Meakin, 1999;
Jamtveit and Hammer, 2012). For this case, the conceptual
model is as shown in Fig. 7, with the formation of an initial
nucleation zone followed by a gradual transition to crystal
growth (the surface area term for magnesite increasing to
the point where crystal growth becomes rapid at this loca-
tion), followed by the development of the ‘‘shadow zone”
Fig. 8. Schematic of diffusion–reaction modeling domain (diffusion-only
left-hand side is created by the fast flow of CO2-charged fluid along the

Table 3
Boundary and initial conditions for coupled heterogeneous nucle-
ation and crystal growth simulations.

Chemical Component Left Boundary
Condition

Initial Condition

pH 3.23 7.51
pCO2 100 bars 0.01 bars

Units in lmol�kgw�1

Na+ 10,000.00 10,000.00
Cl� 10,000.00 10,000.00
Mg2+ 0.01 950.00
SiO2(aq) 0.01 100.00
where the growth decreases the supersaturation within
some diffusion distance of the nucleation peak.

5. REACTIVE TRANSPORT MODELING OF

CAPILLARY TUBE EXPERIMENT

5.1. Model setup

To set up the reactive transport simulation, the forsterite
packed sample (3 cm in length) within the capillary tube is
discretized with 100 grid cells of 0.3 mm each. Since the left
side of the capillary tube is connected to a perpendicular
capillary tube down which the high pCO2 fluid is flowing
(100 bars pCO2, see Fig. 1), it is treated as a Dirichlet (or
fixed concentration) boundary condition (Table 1 and
Table 3). The flow past the tee marking the beginning of
the diffusion cell is sufficiently rapid that the concentration
is maintained effectively at a constant value. The right-hand
side is sealed (Fig. 1 and Fig. 8), and is thus treated as a no-
flux boundary condition. The mass of forsterite sample in
each grid cell of the diffusion reactor was calculated assum-
ing a homogeneous distribution of the total mass of forster-
ite inside the capillary tube.

The diffusion from the high pCO2 solution flowing
through the perpendicular capillary tube results in the dis-
solution of the forsterite, with a rate law best represented
by Eq. (1). The release of Mg2+ into solution and the con-
capillary tube). The Dirichlet or fixed boundary condition on the
flow capillary tube (see Fig. 1).



Fig. 9. Simulated magnesite and forsterite saturation states (Log
Q/Keq) in the capillary tube as a result of forsterite dissolution only

(no magnesite precipitation).
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sumption of hydrogen ion according to the reaction
stoichiometry:

Mg2SiO4 þ 4H þ ! 2Mg2 þ þ SiO2ðaqÞ ð8Þ
results in the supersaturation of the solution in the capillary
tube with respect to magnesite MgCO3(s), which will pre-
cipitate according to the reaction:

Mg2 þ þ CO2ðaqÞ ! MgCO3ðsÞ þ 2H þ ð9Þ
0
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Fig. 10. Best match of Raman spectroscopy-derived data for magnesite w
energy of 70 mJ�m�2 and a rate constant of 10�5 mol �m2 � s�1 for magnes
bars) is on left side of capillary tube (at X = 0), while the right-hand side is
described by the Nernst-Planck equation.
assuming CO2 (aq) is the dominant species (at pH values
above the pKa1, bicarbonate will be the relevant dominant
species). The simulated profile of the magnesite and forster-
ite saturation state as a result of forsterite dissolution only

(no magnesite precipitation) is shown in Fig. 9. Supersatu-
ration with respect to magnesite develops approximately ½
way down the length of the tube from the left.

In the simulations magnesite is assumed to precipitate
according to the combined nucleation and crystal growth
rate law given in Eq. (7). It should be noted again that mag-
nesite cannot form via crystal growth until sufficient surface
area has been generated by the nucleation step. Where the
magnesite nucleates depends on where the supersaturation
rises sufficiently that the nucleation rate is non-negligible,
i.e., the nucleation threshold is surpassed. The increase in
the magnesite supersaturation requires that the forsterite
dissolution rate be sufficiently fast relative to the diffusion
rate in the capillary that the Mg2+ and pH rise sufficiently,
but also that magnesite crystal growth does not locally con-
sume Mg2+ and produce H+ such that the supersaturation
falls below the critical threshold value that results from the
highly nonlinear form of the nucleation rate law given in
Eq. (6). Where the latter effect occurs, a ‘‘nucleation
shadow” can develop, as in Fig. 7.

5.2. Modeling results

The simulations provide a good match with the magne-
site weight percent from the Raman spectroscopy if an
interfacial free energy of 70 mJ�m�2 is combined with a rate

constant of 10�5 mol �m2 � s�1 for magnesite crystal growth
via the TST formulation given in Eq. (7) (Fig. 10) and used
together with the diffusion coefficients in Table 4.
1.5 2 2.5 3

ite

nce (cm)

eight percent with CrunchTope simulation using an interfacial free
ite crystal growth based on values given in Table 1. High pCO2 (100
plugged (no flux). Transport consists of only molecular diffusion as



Table 4
Self-diffusion coefficients for chemical species considered in simu-
lations. Molecular diffusion is calculated using the Nernst-Planck
equation (see Steefel et al, 2015).

Chemical component Diffusion coefficient m2 � s�1
� �

H+ 9:00� 10�9

CO2(aq) 1:60� 10�9

Na+ 1:30� 10�9

Cl� 2:10� 10�9

Mg2+ 0:65� 10�9

SiO2(aq) 1:00� 10�9

OH– 4:50� 10�9
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The magnesite ‘‘shoulder” between 0.25 and 1.75 cm was
not possible to capture with the modeling because, as is evi-
dent from Fig. 9, supersaturation initially occurs with
respect to magnesite at about this distance from the high
pCO2 boundary on the left. At distances between the peak
and the Dirichlet boundary condition at X = 0, the lack of
supersaturation in the idealized homogeneous 1D model
system precludes magnesite formation. However, it may
be that grain scale heterogeneity in the experimental system
results in local supersaturation between 0 and about
1.75 cm and this could account for the magnesite observed
in this region. Alternatively, there may have been some
movement of the magnesite precipitates into the portion
of the tube between 0 and 1.75 cm, although every effort
was made to avoid the development of pressure gradients
that might cause this.

The time evolution of the system out to 150 hours is
shown in Fig. 11. Before 50 hours, no secondary magnesite
forms at all, after which the peaks and shoulders amplify in
proportion to their height. Note the intensification of the
local peaks as compared to the ‘‘shoulder” or plateau
region between 1.8 and 3.0 cm, a reflection of the positive
feedback between increasing reactive surface area and the
Fig. 11. Time evolution of the secondary magnesite weight percent
between 50 and 150 hours. Prior to 50 hours, magnesite does not
form at all due to lack of supersaturation.
reactivity. This is in fact the primary explanation for the
formation of the peak, which after the initial nucleation
event (relatively short lived), is dominated by the crystal
growth mechanism that accelerates as the reactive surface
area increases locally at the site of the peak. Faster magne-
site growth produces more reactive surface area, which then
enhances the local accumulation at the expense of nearby
regions. Coarsening of the magnesite (which does occur,
as is evident from Fig. 5) would tend to reduce the rate of
increase of the magnesite reactive surface area, but this
effect is not included in the modeling (it was considered in
Steefel and Van Cappellen, 1990). In this modeling, the
assumption is that the total reactive surface area per grid
cell is determined by the total mass of magnesite multiplied
by the specific surface area (assumed to be a constant
500 m2�g�1 in the simulations, see Table 2). Thus, the rate
of increase of the magnesite surface area via crystal growth
is linear with respect to the mass precipitated.

The effect of different parameters, of which the most
important are the interfacial free energy and the magnesite
crystal growth rate, is more complicated than the time evo-
lution alone. Lowering the interfacial free energy has the
effect of migrating the secondary magnesite peak to the left,
closer to the high pCO2 boundary, as a result of the lower
supersaturation threshold (see curve in Fig. 12A for
45 mJ�m�2). Interfacial free energy values for calcite nucle-
ating on quartz range from 36-48 mJ�m�2 depending on the
salinity of the solution (Li and Jun, 2018) to as much as
97 mJ�m�2 ((Van Cappellen, 1991). No values have been
reported for magnesite. Higher values of the interfacial free
energy (95 and 120 mJ�m�2) produce additional peaks in
the magnesite distribution—presumably the base case value
of 70 mJ�m�2 would produce a similar if a larger experi-
mental domain (>3 cm) was considered. The effect of the
value chosen for the magnesite crystal growth rate is also
significant (Fig. 11B), since it affects both the rate of ampli-
fication of the magnesite profiles and the extent of sharpen-
ing of the peaks. Perhaps non-intuitively, a growth rate of

10�5mol �m - 2 � s�1 produces the largest magnesite peak,
but this is in part because the additional peaks that develop
at higher rates (10�4) result in partitioning the available
Mg2+ released from forsterite dissolution into multiple
peaks.

6. DISCUSSION

The reactive transport modeling of the capillary tube
incorporating coupled heterogeneous nucleation and crys-
tal growth mechanisms emphasize the complexity of incon-
gruent geochemical systems, of which the conversion of
forsterite to magnesite under high pCO2 conditions is just
an example. Nucleation determines the position and the
early rate of magnesite formation and surface area evolu-
tion, while subsequent crystal growth (which becomes sig-
nificant only after the seed nuclei are formed) determines
the rate of amplification of the profile, but also the sharp-
ness of the peaks as result of the positive feedback between
crystal growth and reactivity via reactive surface area evo-
lution. While the heterogeneous nucleation step produces
the initial peak shaped distribution of magnesite seeds onto



Fig. 12. (A) Effect of interfacial free energy on distribution of secondary magnesite at 300 hours assuming a magnesite crystal growth rate of
10�5mol �m - 2 � s�1. (B). Effect of the magnesite crystal growth rate (log values shown) at 300 hours using a base case value of 70 mJ�m�2 for
the magnesite interfacial free energy.
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primary forsterite surfaces, the nucleation process alone
cannot account for the full development of the pattern.
The development of the peaks and resulting pattern has
to rely on the continuing growth step to maintain and fur-
ther enhance the initial peak shaped distribution of magne-
site precipitation that developed as a result of the initial
heterogeneous nucleation event. This is an observation
from the modeling that the nucleation event is relatively
short-lived, and not involving a significant portion of the
total mass of magnesite formed. It is also confirmed from
the SEM images of the secondary magnesite formed in
the diffusion sample, which show that continued growth
from nanometer scale nuclei to crystals up to 5 lm in size
occurred. The modeling and the observations both empha-
size that reactive surface area evolution during the crystal
growth stage is required to explain the precipitation
pattern.

The rate of diffusive transport also impacts the behavior
by determining the first appearance of magnesite supersat-
uration (faster diffusion pushes this threshold to the right,
away from the high pCO2 boundary), but also the width
of the nucleation ‘‘shadow” bordering the secondary min-
eral peaks. This implies that uncertainties in the diffusion
rate, whether due to the intrinsic diffusion coefficients, or
in real geological media as a result of tortuosity effects, will
affect the results.

In this study, a classical one step heterogeneous nucle-
ation model was used. This was primarily because this is
the simplest approach to describing the data—the available
data do not allow for the development of a more complex
non-classical or multi-step model. To develop a more
sophisticated and comprehensive model would require both
additional temporal and spatial resolution, even down to
the scales of individual crystallites (e.g., (Jun et al., 2010;
Li and Jun, 2019). In this regard, the classical heteroge-
neous nucleation model is not suggested as universally
applicable to all incongruent reactions.
As we have discussed, the novel experimental setup
shown in Fig. 1 provides a first order representation of a
fracture-rock matrix system. In a real system, however,
not all of the minerals may be in contact with the pore fluid
through which diffusion is occurring. This effect could
reduce the availability of a substrate for nucleation, but
also potentially reduce the dissolution rate of the primary
phase. Dead-end pores, that is those that are not connected
to the macroporosity, would contribute less to the overall
system reactivity. Lacking an experimental study on a real
sediment or sedimentary rock, however, it is not useful to
speculate on how important these effects are, but the studies
of Beckingham et al. (2016, 2017) suggest that these effects
could be quite important.

7. CONCLUSIONS

In this study, we have used the conversion of forsterite
to magnesite under high pCO2 conditions as an example
of an incongruent reaction in which coupled heterogeneous
nucleation and crystal growth control the spatial distribu-
tion and the evolving reactivity of the geochemical system.
The model development and application are based on novel
capillary tube experiments that show that secondary car-
bonate formation, while thermodynamically inhibited in
the main flow channel due to the low pH, can still occur
in local micro-environments characterized by diffusion-
controlled transport conditions. This highlights the impor-
tance of local heterogeneities in controlling minerals car-
bonation reactions in the subsurface during geological
carbon sequestration. Within the diffusion–reaction cell,
magnesite formed in significant amounts only with a rela-
tively narrow peak approximately halfway down the tube.
The diffusion–reaction modeling predicts that the genera-
tion of nuclei from an initial nucleation event transitions
relatively quickly to crystal growth, resulting in the devel-
opment of a positive feedback as reactive surface area gen-
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eration increases the local precipitation rate. We have
demonstrated this behavior for a CO2 injection system,
but the results are much more general and are expected to
appear in other systems where incongruent geochemical
reactions are important. These include chemical weather-
ing, metamorphic mineral reactions, and fracture-matrix
in subsurface systems. While based on a classical one-step
heterogeneous model, the analysis could be relatively easily
extended to more complex nucleation rate laws if additional
data were available.
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