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Serpentine minerals (e.g., chrysotile) are a potentially important medium for sequestration of CO2 via car-
bonation reactions. The goals of this study are to report a steady-state, far from equilibrium chrysotile
dissolution rate law and to better define what role serpentine dissolution kinetics will have in constrain-
ing rates of carbon sequestration via serpentine carbonation. The steady-state dissolution rate of chrys-
otile in 0.1 m NaCl solutions was measured at 22 �C and pH ranging from 2 to 8. Dissolution experiments
were performed in a continuously stirred flow-through reactor with the input solutions pre-equilibrated
with atmospheric CO2. Both Mg and Si steady-state fluxes from the chrysotile surface, and the overall
chrysotile flux were regressed and the following empirical relationships were obtained:

FMg ¼ �0:22pH� 10:02; FSi ¼ �0:19pH� 10:37; Fchrysotile ¼ �0:21pH� 10:57

where FMg, FSi, and Fchrysotile are the log10 Mg, Si, and molar chrysotile fluxes in mol/m2/s, respectively. Ele-
ment fluxes were used in reaction-path calculations to constrain the rate of CO2 sequestration in two geo-
logical environments that have been proposed as potential sinks for anthropogenic CO2. Carbon
sequestration in chrysotile tailings at 10 �C is approximately an order of magnitude faster than carbon
sequestration in a serpentinite-hosted aquifer at 60 �C on a per kilogram of water basis. A serpentinite-
hosted aquifer, however, provides a larger sequestration capacity. The chrysotile dissolution rate law
determined in this study has important implications for constraining potential rates of sequestration in
serpentinite-hosted aquifers and under accelerated sequestration scenarios in mine tailings.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction Mg Si O ðOHÞ þ2:4Hþ þ 2:4HCO�
Mineral surface reactions in aqueous solutions operate in the
nanoscale environment yet these reactions can dramatically con-
trol bulk chemical properties. Serpentine (e.g., chrysotile) surface
reactions with CO2-rich solutions can lead to carbonate mineral
precipitation (Eqs. (1)–(3)). As a result, serpentine is being investi-
gated as a medium for geological sequestration of CO2 via chemical
weathering reactions (Guthrie et al., 2001; Lackner, 2003; Cipolli
et al., 2004; Park and Fan, 2004; Marini, 2006; Wilson et al.,
2006, 2009a; Alexander et al., 2007; Gerdemann et al., 2007; Teir
et al., 2007, 2009; Larachi et al., 2010; Power et al., 2010, 2011,
2013; Krevor and Lackner, 2011; Orlando et al., 2011; Pronost
et al., 2011; Wang and Maroto-Valer, 2011; Bea et al., 2012).
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At near-surface, low temperature conditions the formation of
hydrated Mg-carbonate minerals (e.g., hydromagnesite) rather
than magnesite is favored and has been documented in both arti-
ficial (e.g., mine sites) and natural environments (e.g., hydromag-
nesite playas) (Sherlock et al., 1993; Hansen et al., 2005; Power
et al., 2009; Wilson et al., 2006, 2011).

In low temperature environments, the serpentine dissolution
rate is kinetically limited and not well known. Reaction-path and
reaction-transport modeling within these environments are corre-
spondingly hindered (Cipolli et al., 2004; Marini, 2006). Under-
standing the factors that control the rate of serpentine
dissolution is essential to predicting the extent to which CO2 min-
eralization may proceed. Many experimental studies of serpentine
dissolution kinetics have focused on chrysotile. These experiments
have investigated a restricted chemical solution space, either dic-
tated to resemble the conditions in the human lung, under pH drift
conditions, and/or at limited run duration (Choi and Smith, 1972;
Thomassin et al., 1977; Verlinden et al., 1984; Bales and Morgan,
1985; Swenters et al., 1985; Gronow, 1987; Hume and Rimstidt,
1992; Allen and Smith, 1994; Morgan, 1997; Morgan and Talbot,
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1997; Bonifacio et al., 2001). As a result it is difficult to extract
steady-state dissolution rates as a function of bulk solution chem-
istry from previous experimental investigations.

Chrysotile dissolution reaction rates were measured as a func-
tion of pH from 2 to 8 at low temperatures (20–22 �C). These rates
were used to define a chrysotile dissolution rate law, which was
extended to pH 10 using data from Bales and Morgan (1985). In or-
der to apply the laboratory determined dissolution rate law to field
situations, it is important to understand the effect of dissolution
history on the steady-state rate. That is, the rate law can only be
applied with confidence if the steady-state chrysotile dissolution
rate is not path-dependent. To determine the effect of rapid
changes in bulk water chemistry (i.e., dissolution history) on stea-
dy-state dissolution rates, ‘pH-jump’ experiments were also con-
ducted. The aim of this study is (1) to report a steady-state, far
from equilibrium chrysotile dissolution rate law, (2) to determine
the effect of dissolution history on steady-state reaction rates,
and (3) to better define what role chrysotile dissolution kinetics
will have in constraining rates of geological sequestration of CO2.
Table 1
Chemical composition of anhydrous chrysotilea.

Major oxides wt% Minor oxides wt%

SiO2 46.29 CaO 0.44
MgO 45.60 Na2O 0.29
Fe2O3 3.59 K2O 0.17
Al2O3 1.32 Cr2O3 0.11

a Approximately 3% H2O had reabsorbed into the ashed sample by the time it was
sent for analysis.
2. Steady-state mineral dissolution

Chrysotile dissolution experiments were designed to determine
steady-state magnesium and silicon fluxes (FMg and FSi) from the
mineral surface as a function of bulk solution chemistry. A single
pass, continuously stirred tank reactor (CSTR) was used to measure
the flux of dissolved mineral elements under transient and steady-
state conditions. Steady-state fluxes were inferred when the efflu-
ent chemistry of a CSTR did not change over five fluid residence
times. CSTRs are commonly used to understand kinetic reactions
at the mineral–solution interface (Samson et al., 2000; Pokrovsky
and Schott, 2000, 2004; Golubev et al., 2005) as they allow direct
measurement of fluxes:

Fj
i ¼
½Cout

i � Cin
i �

sAv
ð4Þ

In this expression, Fj
i is the flux of element ‘i’ from dissolution of

mineral ‘j’ (mol/m2/s), s is the average residence time of fluid in the
reactor (s) and is equal to the ratio of the fluid volume to the flow
rate, Ci is the concentration of element ‘i’ (mol/L) in the input and
output solution, and Av is the reactive surface area of the solid
phases to volume of solution ratio (m2/L). Av can be calculated as:

Av ¼
Asm
Vw
¼ AsqVsð1�UÞ

Vwc1000
ð5Þ

where As is the specific surface area of the mineral (m2/g), m is the
mass of the mineral (g), Vw is the volume of water in contact with
the mineral (L), q is the density of the mineral (g/m3), Vs is the
volume fraction of the mineral of interest (volume of mineral/total
solid volume), Vwc is the volumetric water content (volume of
water/total volume), and U is the porosity of the material. The far
right-hand side of Eq. (5) ((AsqVs(1 �U)/(Vwc1000)) would be used
to calculate the mineral surface area to water volume ratio in a
solid-dominated system. It is assumed that reactive surface area
is equivalent to BET surface area, although this is not always the
case (Lee et al., 1998; Gautier et al., 2001; Hodson, 2006). Direct
measurement of reaction rate is determined in a CSTR under the
assumption of a uniform fluid composition throughout the reaction
vessel, and at steady-state the extent of reaction is measured at
constant chemical affinity. Eq. (4) describes the element flux from
the mineral surface. Element flux and mineral dissolution rates
are related through the stoichiometric coefficient for the element
of interest.
3. Methodology

3.1. Materials

For the starting material, a bulk sample of natural chrysotile
was obtained from the Cassiar Mine, British Columbia, Canada.
The sample was high-grade fibrous-matted ore. X-ray diffraction
(XRD) analysis revealed the presence of chrysotile, talc, magnetite,
quartz, and clay minerals (palygorskite and sepiolite). The ore was
hand sorted to remove obvious impurities. The sample was then
suspended in distilled water and ultrasonically cleaned and stirred
with a magnetic stir bar. The solution was decanted and the pro-
cess continued until the solution was free from fine-grained partic-
ulates and the magnetic stir bar did not collect any magnetite. The
suspension was then centrifuged to separate the supernatant from
the chrysotile. The resulting chrysotile was further washed with
distilled water and repeatedly centrifuged until the supernatant
reached a constant electrical conductivity. The moist chrysotile fi-
bers were then dried under a heat lamp. XRD analysis revealed that
magnetite was successfully removed; however, minor amounts of
talc, quartz, and clay minerals remained. The contribution of these
excess phases to the flux of Mg and Si is thought to be small due to
their negligible abundance and the comparatively large surface
area of chrysotile. For example, although talc [Mg3Si4O10(OH)2]
may have similar surface area normalized dissolution rates, it has
a considerably lower surface area (0.603 ± 0.009 m2/g) even when
ground to a grain size of between 50 and 200 lm (Saldi et al.,
2007).

The specific surface area of chrysotile was measured before and
after each experiment with a Quantachrome-1A system using the
N2 (gas)-BET method (Barrett et al., 1951). The initial specific sur-
face area was 17.60 ± 0.08 m2/g (n = 2). Final surface areas ranged
from 23.35 to 52.03 m2/g. No changes in mineral surface morphol-
ogy were recognizable with field emission scanning electron
microscopy with a resolution of 5 nm. The increase in final surface
area is likely due to mechanical breakdown of fiber bundles in the
CSTR. Chemical composition of chrysotile was determined by a
commercial analytical laboratory, ALS Chemex, using a Li metabo-
rate fusion technique and X-ray fluorescence analysis (Table 1).
Due to the elastic nature of the chrysotile fibers, the sample sent
for analysis could not be powdered without being ashed first at
1000 �C. The bound water was determined to be 13.5 ± 0.2% from
ashing three separate chrysotile samples. The ashed samples were
then crushed and sent to ALS Chemex for analysis. Loss on ignition
(LOI) reported by ALS Chemex indicated that the ashed samples ab-
sorbed water. The analytical data gives a Mg to Si molar ratio that
was very close to the ideal ratio of 1.5 for chrysotile, confirming
that the abundance of talc and clay phases was very minor.

3.2. Chrysotile dissolution experiments

Dissolution experiments were carried out in a 1 L polypropylene
vessel containing chrysotile and solution in a solid to liquid mass
ratio of about 1:1000 (Fig. 1). The reactor was immersed in a water
bath at room temperature (20–22 �C) for most experiments to
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minimize diurnal temperature fluctuations that are experienced
within the laboratory. The water bath was placed directly on a stir
plate. The input solution came from a 22 L carboy reservoir where
the initial pH of the solution was fixed to a constant value. The
pH of the input solution was adjusted by addition of either HCl or
NaOH and all experiments were performed in a background electro-
lyte of 0.1 m NaCl. Distilled water was used in all experiments. All
solutions at steady-state were far from equilibrium with respect
to chrysotile (saturation index < �14). Filtered air was bubbled into
the input reservoir after the pH adjustment until the solution had
equilibrated with the CO2 in the air, as indicated by pH and the mea-
sured alkalinity. The pH of the input reservoir was monitored
throughout the experiment and varied by <0.05 pH units from the
initial value. A summary of the experimental conditions can be
found in Table 2. The input reservoir was connected to the reactor
vessel by Tygon tubing and a polypropylene cap fitted with two
ports. Tubing inside the reactor extended the input port to the base
of the reactor. The output port, at the top of the reactor, was fitted
with a polypropylene 20 lm filter. A Teflon coated magnetic stir bar
continuously stirred the solution and a peristaltic pump controlled
the solution flow. Varying the intensity of stirring between 200 and
600 rpm did not alter the effluent chemistry. Solutions were col-
lected in a 12 mL syringe and were either filtered with a 0.22 lm fil-
ter and sampled, or were discarded. Between 1.0 and 1.5 g of
chrysotile were allowed to react in each experiment.

The ‘pH-jump’ experiments were aimed at measuring steady-
state chrysotile dissolution rates using chrysotile with different
dissolution histories. These experiments provided a means of mea-
suring transient, non-steady-state dissolution rates resulting from
rapid changes to the bulk chemistry of the system. The theoretical
approach to such experiments has been discussed in detail for tri-
valent oxides (Samson et al., 2000). These experiments were used
to confirm whether dissolution history affects steady-state chryso-
tile dissolution rates, and provide confidence in the use of the de-
rived dissolution rate law to describe chrysotile dissolution in the
field when the dissolution history is unknown. The pH adjustment
was made by using a second solution reservoir at the desired pH,
and attaching the inlet tubing between the new input solution
and the reactor. Immediately after switching the input solution
the pump was turned off and the reactor vessel was opened and
the pH was adjusted by titrating HCl or NaOH into the vessel until
the desired pH was reached as measured by a pH probe. This titra-
tion took less than 5 min. The reactor vessel was then closed and
the pump turned on.
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Fig. 1. Schematic of the chrysotile dis
3.3. Analytical techniques

Throughout each experiment, samples were collected intermit-
tently and analyzed for pH, and Mg and Si concentrations. Sam-
pling was more frequent at the onset of the experiment and was
subsequently reduced when steady-state was approached. The
pH of the output solution was measured by immersing a combina-
tion pH-electrode (Thermo Electron Corp. – Orion 250A+) in the
12 mL syringe just before solution sampling. NIST buffers
(pH = 4.00, 7.00, 10.00) were used to calibrate the pH-electrode.
Aliquots (5–10 mL) of output solution were sampled and diluted
in either a 1% HNO3 solution or distilled water for chemical analy-
ses. Total Mg concentration was measured by a Perkin–Elmer 560
flame atomic absorption spectrometer (AAS) with a relative uncer-
tainty of <1% when concentrations were greater than 10�6 m. The
detection limit of Mg using flame-AAS is 5 � 10�8 m. Total Si con-
centration was determined using the molybdate blue method with
a relative uncertainty of <10% when concentrations were greater
than 5 � 10�6 m. The detection limit of Si colorimetry is 10�7 m.
In all cases the experimental variation is greater than the analytical
error. At lower concentrations the relative uncertainty increases as
the instrument sensitivity limits are approached for both Mg and Si
analyses.
4. Results

Experimental data over a pH range of 2–8 at an ionic strength of
0.1 m NaCl are listed in Table 3. Solutions at steady-state were far
from equilibrium with respect to chrysotile (saturation indi-
ces < �14) based on the water chemistry data in Table 3. Included
in this table are measured effluent steady-state pH, Mg and Si con-
centrations and their respective element fluxes. Effluent pH, and
Mg and Si concentrations are averages over the steady-state peri-
od. Experimental variation is reported at 1r standard deviation.
The steady-state Mg and Si fluxes were computed using Eq. (4).
The surface areas used to calculate these fluxes were measured
on the reacted mineral fibers (Table 2).

During the progress of each experiment, solution acidity de-
creased and chrysotile dissolved, releasing Mg and Si into solution.
Steady-state was assessed on there being no change in water
chemistry within error after more than five fluid residence times.
Residence times are listed in Table 2. An example of the temporal
chemical evolution of the output solution is illustrated in Fig. 2. For
each experiment, steady-state flux was averaged from steady-state
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Table 2
Summary of experimental conditions.

Run no. Experimental
duration (h)

Flow rate
(mL/min)

Residence
time (h)

Weight
(g)

Surface
area (m2/g)

Input
pH (±0.05)

DFE-6a* 264 1.020 16.8 1.324 34.77 4.08
DFE-6b* 314 1.020 16.8 1.324 34.77 2.00
DFE-7* 247 1.037 16.6 1.299 52.03 2.11
DFE-11a 395 1.035 16.6 1.497 39.21 3.20
DFE-11b 187 1.035 16.6 1.497 39.21 2.48
DFE-13a 551 0.753 22.8 1.358 32.08 4.90
DFE-13b 513 0.753 22.8 1.358 32.08 3.16
DFE-14a 645 0.733 23.4 1.232 23.35 5.49
DFE-15 616 0.736 23.3 0.984 32.63 6.00
DFE-16a 659 0.731 23.5 1.084 23.64 6.00
DFE-16b 595 0.731 23.5 1.084 23.64 3.52
DFE-17 538 0.726 23.7 1.523 37.05 7.03
DFE-18a 651 0.726 23.7 1.277 23.50 7.20
DFE-18b 430 0.726 23.7 1.277 23.50 4.19
DFE-19 574 0.809 21.2 1.262 34.15 7.88

a: pre-pH-jump.
b: post-pH-jump.
* These experiments were not carried out in a water bath.

Table 3
Experimental results of steady-state chrysotile dissolution measurements.

Run no. pHOutput

(±0.05)
Mg (lmol/
kgw) (1r)

Si (lmol/
kgw) (1r)

FMg

(mol/
m2/s)

FSi

(mol/
m2/s)

DFE-6a 4.39 25.3 (1.1) 16.4 (1.2) �11.03 �11.17
DFE-6b 2.01 146.6 (3.1) 51.3 (1.0) �10.27 �10.74
DFE-7 2.12 173.7 (1.2) 63.7 (2.0) �10.35 �10.79
DFE-11a 3.34 58.8 (3.7) 31.7 (3.0) �10.76 �11.03
DFE-11b 2.53 91.3 (1.7) 41.6 (1.3) �10.57 �10.91
DFE-13a 5.83 7.3 (0.7) 12.0 (2.6) �11.68 �11.46
DFE-13b 3.19 70.2 (1.6) 32.2 (2.6) �10.69 �11.03
DFE-14a 6.43 7.2 (0.6) 7.7 (1.0) �11.52 �11.48
DFE-15 6.32 4.3 (0.5) 7.1 (1.3) �11.78 �11.57
DFE-16a 6.82 4.7 (0.4) 9.4 (1.3) �11.79 �11.49
DFE-16b 3.85 34.5 (1.2) 31.6 (3.0) �10.93 �10.96
DFE-17 7.18 6.9 (0.5) 6.3 (1.2) �11.83 �11.87
DFE-18a 7.23 6.3 (0.9) 4.8 (0.5) �11.60 �11.71
DFE-18b 4.69 19.2 (0.2) 12.2 (0.5) �11.11 �11.31
DFE-19 7.94 4.6 (0.07) 3.4 (0.6) �11.84 �11.98

a: pre-pH-jump.
b: post-pH-jump.
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concentrations sampled over five or more fluid residence times.
There are two steady-states shown in Fig. 2. The first is for a stea-
dy-state at a pH of 4.4 and the second is after a pH-jump to a pH of
2.0. Before steady-state is reached there is a transient period dur-
ing which the dissolution rate changes over time. The change in
the measured dissolution rate during the transient period is not
simply a function of the fluid in the reactor mixing with a modified
inlet fluid at a differing pH. The chemical evolution for all experi-
ments during the transient periods is not explained by the ideal
mixing response of a constant rate of reaction within a CSTR as de-
scribed by the mass balance equation:

dCout
i

dt
¼ Cin

i

s
� Cout

i

s
þ Fj

iAv ð6Þ

and its solution,

Cout
i ¼ Cin

i ð1� e�t=sÞ þ C0
i e�t=s þ sFj

iAvð1� e�t=sÞ ð7Þ

where dCout
i =dt is the rate of accumulation of a dissolved mineral

constituent in the reactor vessel and is assumed to be equal to that
measured at the effluent. C0 describes the concentration of the dis-
solved mineral constituent inside the reactor at time zero or at the
time of an instantaneous pH jump. All other variables are as defined
for Eq. (4). The dashed lines in Fig. 2 are predicted by Eq. (7) with
the steady-state flux calculated for that experiment. The increase
in Mg and Si concentrations in the effluent chemistry in comparison
to the calculated effluent chemistry is due to a transient dissolution
process. The similarity between the transience at the onset of an
experiment and after a pH-jump suggests that the transience at
the onset of an experiment is not just a sample preparation artifact,
as has previously been suggested (Pokrovsky and Schott, 2004), but
rather is a response of the mineral surface to a perturbation (Sam-
son et al., 2000). Modeling the kinetics of this transient process is
not in the scope of this study. However, the accumulated excess
‘‘dissolved products,’’ the integrated area between the observed
and predicted concentrations, are equivalent to less than one sur-
face layer of chrysotile dissolving and are insignificant to long term
dissolution predictions when perturbations occur infrequently. This
suggests the dissolution rate law can be applied with confidence,
regardless of chrysotile dissolution history.

During the steady-state period of the dissolution experiments,
there was a small variation in the effluent chemistry as indicated
by Figs. 2 and 3. The variation in steady-state effluent chemistry
was likely due to incomplete solution homogenization. Chrysotile
fibers occasionally developed tangled mats that created a non-uni-
form fluid composition surrounding parts of the chrysotile sur-
faces. A consequence of these tangled mats is that Mg and Si
effluent concentrations varied over the steady-state period as the
mats formed and fell apart. The 1r variation on the average Mg
and Si concentrations (Table 3) at steady-state typically varied less
than 10% relative, but occasionally was as high as 25% relative.

The temporal evolution of the Mg/Si ratio is illustrated in Fig. 3.
There was initially a preferential release of Mg relative to Si; after a
short time this ratio became constant (less than five fluid residence
times). Typically the Mg/Si ratio became constant before the out-
put solution approached steady-state in Mg and Si concentrations.
Fig. 3 shows a constant Mg/Si ratio, for run DFE-6, within �50 h of
initiating the experiment or after the pH-jump. Steady-state Mg
and Si concentrations for this experiment were not attained until
after 50–200 h (Fig. 2). The steady-state Mg/Si ratio at pH 4.4 is
approximately consistent with stoichiometric dissolution,
although the ratio varied with pH. To capture the differences be-
tween Si and Mg fluxes, two separate rate equations have been
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calculated for chrysotile to describe the Mg and Si element steady-
state flux individually, in addition to an overall chrysotile rate
encompassing both fluxes. Speciation calculations on measured
compositions of the effluent, calculated with PHREEQC (Parkhurst
and Appelo, 1999), showed that no secondary phases became sat-
urated over the course of any experiment.

Measured chrysotile steady-state element fluxes, and the over-
all molar chrysotile flux are illustrated as a function of pH in Fig. 4.
The overall chrysotile dissolution rate was determined by convert-
ing both the Mg and Si elemental fluxes to molar chrysotile fluxes
using the measured stoichiometry of the initial material. The
resulting dataset, including the converted fluxes of both Si and
Mg was linearly regressed to define a dissolution rate law. Stea-
dy-state element fluxes were strongly dependent on pH. Over the
entire pH range covered in this study, there is an inverse linear
relationship with the log of the steady-state element flux. All
experiments were measured in solutions initially equilibrated with
atmospheric CO2 (pCO2 � 10�3.5 atm). The constant influx of H2CO3

to the reaction vessel acted as a weak pH-buffer during hydrolysis
reactions. The effect of dissolved inorganic carbon (DIC) on chrys-
otile dissolution kinetics cannot be obtained from this study due to
the inability to separate the net effect of pH and DIC on dissolution
rates. However, the agreement between Bales and Morgan (1985)
CO2-free dissolution rates and those determined in this study
(Fig. 4) indicate that at the DIC concentrations used in this study,
dissolution rates are fully described by the pH effect. This observa-
tion is consistent with the conclusions of Golubev et al. (2005) on
the effect of dissolved CO2 on the dissolution kinetics of other Mg-
and Ca-silicate minerals.

There are two types of steady-state element fluxes shown in
Figs. 4a and b: (1) steady-state fluxes determined from the onset
of an experiment (pre-jump) and (2) those determined after a
pH-jump. The pH-jump experiments demonstrated that steady-
state fluxes are independent of dissolution history. Steady-state
fluxes determined after a pH-jump fall onto the same trend as that
prescribed by steady-state fluxes determined prior to the pH-jump.
Bales and Morgan (1985) investigated chrysotile element fluxes
using pH-static batch experiments (pH 7–10) with chrysotile from
the Union Carbide Corporation Mine near Coalinga, California;
these data are also shown in Fig. 4. Element fluxes were extracted
with a version of Eq. (6) modified for batch experiment configura-
tion. These modifications included taking out the advection terms
and modeling the early rapid transient dissolution as a first-order
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reaction. There is good agreement between Bales and Morgan
(1985) chrysotile batch experiment element fluxes and those ob-
tained in the present study for the overlapping pH range (pH 7–
8). Therefore, these data were used to extend the results from
the present study from pH 8 to 10, and were used in the calculation
of the dissolution rate law. At far from equilibrium conditions the
fluxes of Mg and Si, respectively, from a chrysotile surface at 22 �C
in a 0.1 m NaCl background electrolyte solution as a function of pH,
and the calculated stoichiometric chrysotile flux are given by:

Fchrysotile;pH
Mg ¼ �0:22pH� 10:02 ð8Þ

Fchrysotile;pH
Si ¼ �0:19pH� 10:37 ð9Þ

Fchrysotile;pH
chrysotile ¼ �0:21pH� 10:57 ð10Þ

Serpentine element fluxes inferred from natural weathering
data (Freyssinet and Farah, 2000) are also shown in Fig. 4. The field
weathering rates are 2.5–4.5 orders of magnitude slower than rates
measured in this study. The large range in field weathering rates
results mainly from the uncertainty in estimating field mineral
surface areas (Freyssinet and Farah, 2000). The stars in Figs. 4a
and b indicate serpentine dissolution rate inferred from natural
weathering data if BET determined surface area is used as is the
case in this study.

5. Applications

The rate laws given in Eqs. (8)–(10) describe chrysotile dissolu-
tion at far from equilibrium conditions. However, mineral dissolu-
tion may drive the local fluid to near equilibrium conditions.
Proximity to equilibrium can be tracked with the mineral satura-
tion ratio (X), defined as the ratio between the ion activity product
(IAP) and the equilibrium constant (K) for a solubility reaction. As a
solution approaches equilibrium (X ? 1), the element flux de-
creases and the far from equilibrium pH-rate laws no longer accu-
rately describe the dissolution kinetics (Hellmann and Tisserand,
2006; and references therein). Currently, no fundamental under-
standing of the relationship between dissolution rate and X exists.
Dissolution rate predictions when approaching equilibrium rely on
empirical observations. There is little consensus, however, as to
which empirical expression describes the dependence of dissolu-
tion rates on X (e.g., Luttge, 2006). When empirical information
is lacking it is common to introduce a thermodynamic expression
(1 �X), derived from transition state theory (Lasaga, 1981;
Aagaard and Helgeson, 1982) that models the dissolution process
as a reversible reaction:

Fj;pH;X;T2
i ¼ Fj;pH;T1

i 1�Xð Þexp
�EA

R
1

T2
� 1

T1

� �� �
ð11Þ

The thermodynamic expression in Eq. (11) has been shown to inac-
curately predict the mineral dissolution rate response as the solu-
tion approaches equilibrium (Beig and Luttge, 2006; Hellmann
and Tisserand, 2006). However, in the following applications the
reacting solutions do not approach a chrysotile saturation ratio such
that the thermodynamic expression in Eq. (11) affects the ‘‘far from
equilibrium’’ dissolution rate. What constitutes ‘‘far from equilib-
rium’’ varies for different minerals and can only be determined
experimentally. Although both the experimental solutions and
modeled scenarios are far from equilibrium with respect to chryso-
tile dissolution, the thermodynamic expression in Eq. (11) is in-
cluded for modeling simulations to identify under what
conditions the far from equilibrium dissolution rate begins to be af-
fected by the thermodynamic expression. This will highlight when
the predictions may be erroneous. Also added to Eq. (11) is an
expression with an activation energy (EA; 70 kJ) (Thomassin et al.,
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1977) term that predicts how dissolution rates are affected by tem-
perature. T1 and T2 are the experimental (22 �C) and extrapolated
temperatures, respectively. R is the ideal gas constant. Substituting
Eq. (11) for the element flux in a mass balance equation such as
Eq. (6) allows for prediction of the evolving chemistry of a volume
of solution in contact with mineral surfaces in a number of geolog-
ical environments. These two equations are used in PHREEQC
(Parkhurst and Appelo, 1999) to simulate water–rock reaction and
chrysotile dissolution during CO2 sequestration.

5.1. A field test of laboratory dissolution rates

One of the major difficulties in modeling rates of water–rock
reaction is estimating the reactive surface area (Av) (Hochella and
Banfield, 1995; White, 1995; Lichtner, 1996). As a result Av is typ-
ically modeled as an adjustable parameter to fit empirical dissolu-
tion/precipitation rates with observed reaction progress (Amos
et al., 2004; Cipolli et al., 2004; Marini et al., 2000). Conversely, if
Av can be measured accurately or estimated, then mineral dissolu-
tion models can be compared to field data to test the validity of
laboratory dissolution rates.

Estimating Av in mine tailings may be more straightforward
than in other field environments because surface area and grain
size of particular minerals may be more homogeneous and easily
measured. Here, natural weathering of chrysotile-rich tailings of
the Cassiar Mine, British Columbia, Canada are examined. This
mine is also the source of the chrysotile used in the dissolution
experiments. Weathering of the tailings relies strictly on water
from periodic rain events and from snowmelt during the year.
There are approximately 17 Mt of tailings that cover an estimated
area of 0.28 km2 (Wilson et al., 2006). The tailings pile sits in a val-
ley floor above the water table with drainage entering Troutline
Creek. To be consistent with experimental data, tailings Av was
estimated using a BET measured specific surface area (12.9 m2/g)
on a bulk sample of the tailings. The grain size of the bulk tailings
ranged from pebble-sized serpentinite grains to fine-grained fi-
brous chrysotile. The volumetric water content in the tailings pile
is estimated to be in the range 0.10–0.50 during unsaturated and
saturated conditions, respectively. The corresponding range in Av

is 3.2 � 104–3.0 � 105 m2/L (Eq. (5)).
XRD analyses of bulk tailings indicate the presence of serpentine

(�90%; predominantly chrysotile), quartz/chalcedony and dolomite
(Wilson et al., 2006). Water draining from the base of the tailings
pile was sampled in June 2004. Temperature and pH were mea-
sured in situ with a combination pH-electrode (Thermo Electron
Corp. – Orion 250A+). NIST buffers (pH = 4.00, 7.00, 10.00) were
used to calibrate the pH-electrode. Dissolved O2 was measured
using the CHEMetrics dissolved O2 colorimetric kit (indigo carmine
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method). Water samples were collected in acid-washed polyethyl-
ene bottles and filtered in the field using 0.22 lm pore-size Milli-
pore filters. Cation concentrations were determined using a
Perkin–Elmer 3300-DV ICP-OES at The University of Western On-
tario. Anion concentrations were determined using a Dionex IC-
3000 ion chromatograph at The University of British Columbia.
The temperature and chemistry of the water is given in Table 4.

Speciation calculations for the water samples were performed
using PHREEQC (Parkhurst and Appelo, 1999) to determine the
DIC and mineral saturation indices. The high partial pressures of
CO2 (�30 times greater than atmospheric levels) indicate that a
source of DIC exists within the tailings pile. Chrysotile is undersat-
urated (X = 10�4.39) while dolomite, magnesite and chalcedony are
saturated. Inverse modeling indicated water containing the mea-
sured Na, K, Cl and SO4 with atmospheric equilibrated concentra-
tions of DIC could generate the sampled water from the
dissolution of chrysotile and dolomite and the precipitation of
chalcedony if an injection of DIC occurred within the pile, possibly
from the oxidation of organic matter. The evolution of the water
with the Na, K, Cl and SO4 is modeled as it reacts with chrysotile
and dolomite. The initial conditions for two models are shown in
Table 4. For simplicity, dolomite dissolution was instantaneous
and proceeded until dissolved Ca matched the measured value of
�20 ppm. Chrysotile dissolution kinetics controlled the influx of
Mg and Si to solution. Chalcedony precipitated at the saturation in-
dex calculated from the water sample. The models differed by the
way DIC was added: Model 1 put the calculated DIC in all at once
and Model 2 maintained a constant pCO2 during dissolution.

Fig. 5 plots isopleths of Mg in solution as a function of Av and
reaction time (Eqs. (7) and (11)) for Model 1. There is little differ-
ence in the reaction times required by Model 2 to produce the
same Mg isopleths. Both models require similar reaction times to
produce 90 ppm Mg: 2–20 h for the Av range determined for the
tailings when using laboratory dissolution rates. Chrysotile disso-
lution was also modeled using field weathering kinetic data (Freys-
sinet and Farah, 2000). Because the field weathering dissolution
data lack a pH dependence it was assumed for these models that
the pH dependence was the same as in Eq. (8). To achieve the same
change in concentration using natural weathering rates would take
2.3–23 years. Assuming that a heavy rain event could flush the tail-
ings pile of older tailings pore water, the reaction times calculated
using the Freyssinet and Farah (2000) serpentine dissolution rate
are not consistent with field observations, particularly because of
the local climate, where heavy rain events are common. Laboratory
dissolution rates, however, appear to be consistent with observa-
tions from natural weathering of mine tailings. A consequence of
the high concentrations of DIC and Mg is that when the solution
is exposed to the atmosphere, CO2 will degas and hydromagnesite
will become saturated. Hydromagnesite is commonly found as a
weathering product of serpentine in mine tailings (Wilson et al.,
2006, 2009a).

5.2. Carbon sequestration scenarios

Two geochemical conceptual models are presented to assess the
conditions that promote CO2 sequestration through mineral fixa-
tion: (1) CO2 injection into serpentine tailings (low temperature,
Table 4
Initial water chemistry for Cassiar tailings modeling and sample (ppm) a.

Model no. T (�C) pH O2(aq) Ca Mg Na K

1 10.0 5.87 8 20.04 12.15 2.76 1.5
2 10.0 6.98 8 20.04 12.15 2.76 1.5
Sample 10.2 7.58 8 20.04 90 2.76 1.5

a Values in brackets are determined with PHREEQC (Parkhurst and Appelo, 1999) charg
low pCO2, and high Av), and (2) CO2 injection into a deep serpent-
inite aquifer (high temperature, high pCO2, and low Av). Both CO2

sequestration scenarios were modeled using PHREEQC (Parkhurst
and Appelo, 1999). Carbon dioxide sequestration was modeled by
assuming a steady-state dissolution rate of chrysotile and precipi-
tation of a Mg-carbonate (magnesite or hydromagnesite) and Si
phase (quartz or chalcedony) under a fixed pCO2. The mineralogy
of the secondary phases was dependent on the reaction tempera-
ture and pressure. The overall reactions that contribute to CO2

sequestration in the two modeled scenarios are given in Eqs. (1)
and (3).

These overall reactions represent the maximum CO2 sequestra-
tion capacity of the dissolving serpentine in both environments. It
is generally assumed that with sufficient CO2 supply and alkaline
pH, the dissolution of the silicate minerals is the rate-limiting step
in these overall carbonation reactions (e.g., Hänchen et al., 2006).
By invoking a steady-state rate to the overall reaction it is also as-
sumed that dissolution is the rate-limiting step. Steady-state con-
ditions are achieved in these overall reactions by the solubility
reactions of the precipitating phases and by fixing pCO2. The pre-
cipitation of a Mg-carbonate phase while pCO2 is held constant
buffers the pH and Mg concentration. The precipitation of both
the Mg carbonate and Si phases buffers the saturation state
(log10X) of the dissolving chrysotile. Because precipitation of
Mg-bearing phases is of interest in these simulations, chrysotile
dissolution was modeled using Eq. (8), the Mg flux. There is little
difference between the CO2 sequestration rates predicted by the
Mg or Si flux. In the serpentinite-hosted aquifer simulation, mag-
nesite is allowed to precipitate at equilibrium, yet at near-surface
conditions magnesite precipitation is kinetically inhibited. There-
fore, in the mine tailings simulations, magnesite precipitation is
suppressed, allowing hydromagnesite to precipitate at equilibrium
instead. This is consistent with field data, where magnesite
precipitation is not documented, despite being supersaturated in
solution. The precipitation rates will therefore be proportional to
the dissolution rate of chrysotile.

Rate calculations were carried out at the steady-state pH and
chrysotile saturation state prescribed by the fixed pCO2 and precip-
itating phases. As a result of the relationship between the fixed
pCO2 and buffered pH, the CO2 sequestration rate can be expressed
as a function of the pCO2, assuming that the direct effect of DIC on
chrysotile dissolution is negligible (e.g., Golubev et al., 2005).

5.2.1. CO2 sequestration in serpentine mine tailings
The great abundance and high reactive surface areas of ultra-

mafic mine tailings has given reason to investigate these mine
wastes as potential carbon sinks (Power et al., 2010, 2011; Jacobs
and Hitch, 2011; Assima et al., 2012; Bea et al., 2012; Harrison
et al., 2013; Pronost et al., 2011, 2012; Wilson et al., 2006,
2009a,b). Field observations (Wilson et al., 2006, 2009a, 2011) have
indicated that serpentine-rich mine tailings can react to sequester
CO2 in the form of hydromagnesite, dypingite [Mg5(CO3)4(OH)2-

�5H2O], and nesquehonite [MgCO3�3H2O]. Batch reaction modeling
using PHREEQC (Parkhurst and Appelo, 1999) indicates that high
concentrations of DIC and low concentrations of Si are required
for a solution in contact with serpentine to evolve to hydromagne-
site saturation without equilibration with serpentine. When
Si SO4 Cl AlkT (Ca0.5(CO3)0.5) log10 pCO2 (bars)

4 0 7.3 4.63 (93.94) �0.90
4 0 7.3 4.63 (93.94) �2.00
4 2.00 7.3 4.63 (227.97) (�2.00)

e balancing with respect to DIC.



A
V
 (m2/L)

T
im

e 
(h

ou
rs

)

104 105 106
100

101

102

90

90

60

60

30

30

15

101

Chrysotile saturation

10 ºC

Mg (ppm)

Cassiar mine tailings

104

105

106

T
im

e 
(h

ou
rs

)
Fi

el
d 

w
ea

th
er

in
g 

ra
te

L
ab

 d
is

so
lu

tio
n 

ra
te

Fig. 5. Magnesium isopleths (solid lines) for chrysotile dissolution for Model 1.
Magnesium isopleths are shown as a function of reaction time (using laboratory and
field weathering rates) and Av. The hatched area is the solubility limit of chrysotile
for the modeled conditions. The heavy line is the estimated Av for Cassiar tailings.

Av (m
2/L)

lo
g 10

 p
C

O
2
 (

ba
rs

)

Cassiar mine tailings

 C
O

2  sequestration rate 

(g C
O

2 /kg H
2 O

/yr)

10 ºC

10
4

10
5

10
6

−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

 300

 100

 30

 10

3

1000

Far from equilibrium

Near equilibrium

Fig. 6. CO2 sequestration rate (CO2 g/water kg/year) contours for a serpentine mine
tailings environment as a function of Av and buffered pCO2. Carbon dioxide
sequestered is bound within hydromagnesite. The dashed line is the approximate
transition from far-from equilibrium (X� 1) to chrysotile equilibrium influenced
dissolution kinetics (X < 1).

J.G.M. Thom et al. / Applied Geochemistry 35 (2013) 244–254 251
chalcedony precipitation buffers the aqueous SiO2 concentration,
the solution is supersaturated with respect to magnesite, talc and
quartz. In low temperature environments, magnesite precipitation
is kinetically inhibited (Christ and Hostetler, 1970; Hänchen et al.,
2008). Magnesite precipitation was therefore suppressed in these
calculations, along with quartz and talc precipitation. Experimen-
tal studies and field observations demonstrate that the formation
of talc and quartz is controlled by kinetic rather than thermody-
namic factors at near-surface conditions (Gislason et al., 1997;
Birsoy, 2002).

The annual steady-state rate of CO2 sequestration facilitated by
hydromagnesite and chalcedony precipitation and chrysotile dis-
solution at 10 �C is shown in Fig. 5. The annual steady-state rate
of CO2 sequestration was determined with PHREEQC (Parkhurst
and Appelo, 1999) and a batch reaction model at fixed pCO2. The
model was run to determine the steady-state pH and the satura-
tion ratio of chrysotile when chrysotile is congruently dissolving
and hydromagnesite and chalcedony are precipitating at a fixed
pCO2. The steady-state pH and the saturation ratio of chrysotile
were then used with Eqs. (8) and (11) to calculate how the rate
of CO2 sequestration varies with pCO2 and Av. Fig. 6 was con-
structed using the chrysotile Mg flux. The range in Av shown is
likely within the upper limit for this property in mine tailings.
Fig. 6 is divided by near and far from equilibrium steady-state dis-
solution rates. At near equilibrium conditions a small increase in
pCO2 can increase the rate of CO2 sequestration significantly.
Changes in pCO2 have a lesser impact under far from equilibrium
conditions. Hydromagnesite precipitation does not occur at
pCO2 < 0.1 bar if Si concentration is buffered by chalcedony. This
pCO2 limit decreases with lower Si concentrations and lower tem-
peratures. As a result of the lack of empirical information on the
thermodynamic expression in Eq. (11), CO2 sequestration rates be-
low a pCO2 of 0.2 bar are suspect. This pCO2 limit decreases with
greater temperatures.

5.2.2. CO2 sequestration in a serpentinite hosted aquifer
At higher temperatures, serpentine dissolution rates are faster

than at lower temperatures, and magnesite, talc and quartz precip-
itation may be achieved. Cipolli et al. (2004) simulated CO2 seques-
tration in a serpentine aquifer as a batch reaction model with
buffered pCO2, kinetic serpentine dissolution, and mineral precipi-
tation controlled by partial equilibrium. In their model, Av was esti-
mated from Mg concentrations in spring water. With their
estimate of Av, they used a pH-dependent serpentine dissolution
rate law to predict the rate of CO2 sequestration at 60 �C and 250
bars pCO2. Their rate of CO2 sequestration by magnesite precipita-
tion is 33 g of CO2/kg H2O/yr.

The predictions of Cipolli et al. (2004) are strongly influenced by
the pH-dependence of their serpentine dissolution rate law. This
pH-dependent rate law was constructed from two dissolution
studies that used different serpentine minerals; lizardite at low
pH (Luce et al., 1972), and chrysotile at more alkaline pH (Bales
and Morgan, 1985). The pH-dependence of this rate law is much
greater than those of Eqs. (8)–(10) and likely not truly representa-
tive of chrysotile dissolution, as lizardite dissolution may not have
the same pH-dependence. Further study is warranted to more
accurately account for differences in dissolution rates between ser-
pentine minerals. Here the same CO2 sequestration model as Cipol-
li et al. (2004) is simulated with Av estimated in the same manner,
but with the chrysotile Mg flux determined in this study (Eq. (8)).
The average and range in Av estimates are shown in Fig. 7, as is the
annual steady-state CO2 sequestration rate when magnesite and
chalcedony, or magnesite and talc, precipitate and serpentine dis-
solution is rate limiting. The rate of CO2 sequestration by magne-
site precipitation at the average Av is equal to 6 g of CO2/kg H2O/yr
at 60 �C and with a pCO2 of 250 bars. The difference between this
rate and the one calculated by Cipolli et al. (2004) is due strictly
to the difference in the pH-dependence of the dissolution rates.
Fig. 7 is divided into three areas: a far from equilibrium magnesite
and chalcedony precipitation zone, a far from equilibrium magne-
site and talc precipitation zone, and a near equilibrium magnesite
and talc precipitation zone. There is no change in the rate of
sequestration between the magnesite/chalcedony and the magne-
site/talc zone because the pH is still buffered by the pCO2 and mag-
nesite equilibrium. Precipitation of talc instead of chalcedony
changes the saturation index of chrysotile, but reduces the seques-
tration capacity of the dissolving serpentine as talc provides an
alternate sink for Mg.
5.2.3. Comparison
The rate of CO2 sequestration in the two geological environ-

ments is controlled primarily by Av, temperature, pH and pCO2.
Carbon dioxide injection is required in both scenarios to attain
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significant rates. Carbon dioxide sequestration in mine tailings
could sequester CO2 at a rate 50–100 times faster (on a per kg
water basis) than in situ reaction in an aquifer because the surface
area of tailings is approximately five orders of magnitude greater.
However, total sequestration capacity in an aquifer may be much
larger because more material is available. Global estimates of ser-
pentinized peridotite are in the hundreds of thousands of gigatons
(Lackner, 2002), and Kelemen and Matter (2008) estimate that
more than �1 Gt CO2/yr could be sequestered by carbonation of
peridotite in Oman alone. However, it is unknown how much of
the global serpentinized peridotite could act as a suitable reservoir
for CO2 injection. On the other hand, world production of asbestos
fibers since 1900 is �190 Mt, with current world production
�2 Mt/yr (U.S. Geological Survey, 2012). The amount of tailings
that are produced depends on the milled to recovery ratio. For past
producing Canadian asbestos mines this ranged from 10 to 30 (BC
Ministry of Energy, 2012). This implies�2–6 Gt of tailings are pres-
ent worldwide, and potentially �20–60 Mt of tailings are produced
each year. Current asbestos tailings stockpiles thus have a maxi-
mum sequestration capacity of �0.5–2.5 Gt of CO2. Passive carbon-
ation of tailings at different mine types with ultramafic tailings,
such as the Mount Keith Nickel mine in Western Australia, and
the Diavik Diamond Mine in northern Canada has been docu-
mented (Wilson et al., 2009a, 2011; Bea et al., 2012). Carbonation
of the serpentine tailings stockpiles at the Mount Keith mine has
the capacity to sequester 64 Mt CO2, potentially sequestering more
CO2 than is emitted annually at the mine (Harrison et al., 2013).
Although total sequestration capacity is lower, tailings carbonation
offers a carbon sink meaningful on the scale of mine emissions.

One of the many measures already operating to reduce anthro-
pogenic emissions involves the storage of CO2 in deep subsurface
sedimentary formations. One of the largest of these projects is
underway in Norway where �1 Mt of CO2 have been injected
annually since 1996 in the Utsira formation at the Sleipner natural
gas production field in the North Sea (Bickle et al., 2007). Annual
sequestration of �1 Mt CO2 (�0.003% of annual global CO2 emis-
sions) in a tailings environment could be achieved with 1010 L of
water at a pCO2 of about 0.2–1.0 bar in contact with 6 � 107 tonnes
of tailings and an Av of 1 � 105–2 � 105 m2/L (Fig. 6), similar to the
conditions at the Cassiar Mine. Similar rates of CO2 sequestration
can be achieved in an aquifer with a volume of 2 km3 (Fig. 7),
assuming a pCO2 of 250 bars, Av of 10 m2/L, and porosity of 10%.
The advantages of sequestration in a tailings environment is that
the mineral precipitates are easily accessible and monitored for
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stability. A primary limitation to the rate of sequestration is the
size of existing mining operations. The density of the carbon sink
is 4 � 107 tonnes CO2/km3 on an annual basis. In situ sequestration
in an aquifer would be more costly to monitor because the seques-
tration is remote and less dense (5 � 105 tonnes CO2/km3 annu-
ally). This sequestration density is similar in magnitude to other
geologic sequestration systems (e.g., Sleipner). The rate of seques-
tration would be effectively limited by the size of the aquifer and
injection well field. CO2 mineralization by injection into serpen-
tine-rich mine tailings and serpentine-hosted aquifers may operate
at a rate comparable to other proposed strategies for geologic CO2

sequestration. A major obstacle to implementing these sequestra-
tion scenarios that is not addressed in the current models is the
evolution of porosity and armoring of reactive surfaces that could
result from secondary mineral precipitation. This may result in
lower effective Av than is estimated (e.g., Bea et al., 2012). How-
ever, the effect of secondary precipitates on reactive surfaces is
uncertain; surface coatings have been found to inhibit dissolution
in some cases (e.g., Cubillas et al., 2005; Jeen et al., 2006), yet have
no significant effect in others (e.g., Hodson, 2003; Stockmann et al.,
2011). Assima et al. (2012) report passivation of chrysotile mining
residues via precipitation of Fe-hydroxide coatings; therefore, it is
likely that passivation effects may be important in mine tailings.
On the other hand, Boschi et al. (2009) suggest that serpentine dis-
solution and magnesite precipitation may occur in separate zones,
with hydraulic fracturing limiting surface passivation. As such,
field observations should be used to constrain the application of
the dissolution rate law.

Modeling indicated that greater than atmospheric pCO2 is re-
quired to achieve significant CO2 sequestration rates in both envi-
ronments, suggesting that for the sequestration potential at mine
sites to be maximized, passive serpentine dissolution rates must
be accelerated. Harrison et al. (2013) have proposed supplying
CO2-rich gas or fluid streams into tailings to accelerate carbonation
rates in a single step. Power et al. (2010) suggest a two-step pro-
cess in which acid generating substances colonized by acidophilic
bacteria are used to accelerate serpentine tailings dissolution,
while Mg-carbonate precipitation occurs downstream. The chryso-
tile dissolution rate law determined in this study will be instru-
mental for modeling viability and guiding implementation of
such acceleration strategies in a variety of geochemical environ-
ments, including mine sites.
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