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Diopside dissolution rates were measured in mixed-flow reactors at neutral and basic pH at 25 °C and 70 °C.
Experiments were performed in aqueous solutions 1) supersaturated with respect to calcite for up to 63 days,
and 2) strongly undersaturated with respect to calcite and other secondary phases for up to 164 days. Inlet solu-
tions were comprised of NaHCOs, CaCl,, NH4Cl, NaOH, and/or HCl with ionic strengths ranging from 0.01 to
0.09 mol/kg. In the experiments performed at 25 °C, calcite nucleated and grew extensively on both the diopside
surfaces, and as <1000 um discrete crystals in experiments performed in CO3-bearing inlet solutions but no pre-
cipitates were formed on or adjacent to the diopside in experiments performed in COs-free inlet solutions. Mea-
sured diopside dissolution rates in calcite precipitating experiments at 25 °C based on Si are both 1) time
independent, and 2) equal to that of corresponding control experiments performed in NaHCOs-free inlet solu-
tions. These observations indicate that diopside dissolution rates are unaffected by the simultaneous precipitation
of calcite. Calcite likely forms a porous coating on diopside, which allows ions from the dissolving diopside to be
transported readily to the bulk fluid. It seems therefore likely that carbonate precipitation will not slow pyroxene
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dissolution during carbon storage efforts.
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1. Introduction

A large number of recent studies have been aimed at providing the
scientific basis for the in-situ carbonatization of CO, in an effort to atten-
uate the consequences of anthropogenic carbon emissions (e.g. Oelkers
and Schott, 2005; McGrail et al., 2006; Wolff-Boenisch et al., 2006; Ma-
rini, 2007; Matter et al., 2007; Goldberg et al.,, 2008; Kelemen and Mat-
ter, 2008; Oelkers and Cole, 2008; Oelkers et al., 2008; Schaef and
McGrail, 2009; Schaef et al., 2009, 2010, 2011; Wakahama et al., 2009;
Flaathen et al, 2010; Gislason et al,, 2010; Alfredsson et al., 2011;
Aradottir et al.,, 2011; Gysi and Stefansson, 2011; Matter et al., 2011;
Rudge et al,, 2011; Wolff-Boenisch et al., 2011; Aradéttir et al., 2012a,
b; Gysi and Stefansson, 2012a,b,c). In-situ CO, carbonatization is pro-
moted by the dissolution of silicate rocks that release divalent metal cat-
ions such as Ca?™, Mg? ™, and Fe?™ to the fluid phase. These ions can
react with dissolved CO, and precipitate as carbonate minerals. The
rate-limiting step for CO, carbonatization is commonly thought to be
the release of divalent cations (c.f,, Oelkers et al., 2008). As such, any
process that can potentially slow the dissolution rates of divalent
metal bearing silicate minerals, such as secondary carbonate precipita-
tion, could be detrimental to carbon storage efforts.
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The dissolution rates of minerals and glasses are commonly believed
to be proportional to their interfacial surface area (e.g. Paces, 1983;
Helgeson et al, 1984; Lasaga, 1984; Siegel and Pfannkuch, 1984;
Schott and Oelkers, 1995; Oelkers, 2001; Schott et al., 2009). It seems
likely therefore, that the precipitation of secondary phases, such as cal-
cite during subsurface carbon storage efforts, could potentially decrease
the dissolution rates of those phases on which they precipitate. Such
precipitates could, therefore, be detrimental to mineral carbonatization
efforts. This study is aimed at determining the extent to which diopside
dissolution rates are affected by calcite precipitation on its surfaces. To-
wards this goal, diopside has been dissolved for up to 5 months in aque-
ous fluids that are either supersaturated or undersaturated with respect
to calcite. The goal of this paper is to report the results of this experi-
mental study and to use these results to assess the degree to which car-
bonate precipitation on silicate minerals might affect the efficiency of
subsurface carbon storage efforts.

Diopside was chosen for this study of the potential effect of mineral
coatings on mineral carbonation efforts for three major reasons. First,
pyroxenes are an important source of the divalent cations required for
mineral carbonation. Second, the presence of Ca in diopside could pro-
mote calcite precipitation during the experiments. Third, extensive
studies of diopside dissolution are available in the literature for compar-
ison (e.g. Schott et al.,, 1981; Eggleston et al., 1989; Knauss et al., 1993;
Chen and Brantley, 1998; Golubev et al.,, 2005; Golubev and Pokrovsky,
2006; Dixit and Caroll, 2007; Daval et al., 2010). Knauss et al. (1993)
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reported diopside dissolution rates as a function of pH at 25, 50, and
70 °C. Measured diopside dissolution rates decrease with increasing
pH to at least pH~7. At higher pH, rates are either pH independent or de-
crease weakly with increasing pH (Knauss et al., 1993; Golubev et al.,
2005). Chen and Brantley (1998) reported diopside dissolution rates
as a function of pH at 25 and 90 °C; these rates also decrease with in-
creasing pH at pH<7 but they are approximately one order of magnitude
lower than corresponding rates reported in other studies. Chen and
Brantley (1998) suggested that this difference was most likely due to
their rates being normalized to the BET surface area of the post-
experiment powders, whereas the majority of other studies normalized
rates to the BET surface area of the initial solids. Knauss et al. (1993)
reported that diopside dissolution rates are independent of aqueous
CO, concentration. Daval et al. (2010) found that diopside dissolution
rates varied significantly as a function of solution saturation state
(AG;) at acidic conditions and 90 °C.

A number of past studies have focused on the effect of mineral coat-
ings on the dissolution rates of divalent metal bearing silicates, in part
due to the significance of this process to the carbonatization of ultramafic
and mafic rocks. These studies include efforts on basaltic glasses (Gysi
and Stefansson, 2011; Stockmann et al, 2011; Gysi and Stefansson,
2012a,b,c), crystalline basalts (McGrail et al., 2006; Schaef et al., 2009,
2010, 2011), wollastonite (Daval et al., 2009a,b), olivine (Giammar et
al., 2005; Béarat et al., 2006; Andreani et al., 2009; Daval et al., 2011), ser-
pentine (Park and Fan, 2004), and anorthite (Hodson, 2003). These past
studies provide ambiguous results; in some cases dissolution rates are
unaffected by coatings, but in others significant effects are observed.
The presence of carbonate precipitates on basaltic glass (Stockmann et
al., 2011), olivine (Giammar et al., 2005), and wollastonite at acidic pH
conditions (Daval et al., 2009a) was reported to have no effect on the dis-
solution rates of the primary minerals as these coatings formed discon-
tinuous and porous layers. Similarly, Hodson (2003) observed that the
presence of discontinuous iron-rich coatings had little effect on anorthite
dissolution rates. In contrast, Daval et al. (2011) reported that olivine dis-
solution rates decreased by two orders of magnitude by the presence of
an amorphous silicate layer. Daval et al. (2009a,b) reported that wollas-
tonite dissolution rates were significantly decreased at neutral and basic
conditions due to the presence of a surface coating consisting of amor-
phous silica and calcite. Park and Fan (2004) suggested that the presence
of silica-rich layers inhibited serpentine dissolution rates. Both Béarat et
al. (2006) and Andreani et al. (2009) reported that silica-rich layers on
dissolving olivine surfaces slowed carbonate formation, and inhibited ol-
ivine dissolution. Based on the results of the experiments mentioned
above and those of Cubillas et al. (2005), it seems likely that crystallo-
graphic properties might play an important role in this process, especial-
ly during the early stages of dissolution—precipitation. Cubillas et al.
(2005) showed that CaCOs dissolution rates were strongly affected by
otavite (CdCOs3) precipitation on its surface because there was a close
structural match between the dissolving and precipitating phases.
Putnis (2009) noted that the replacement of one mineral by another is
closely related to the degree of epitaxy between the product phase and
the parent surface, their molar volumes, and the relative solubilities of
the phases involved. Similarly, Velbel (1993) emphasized that the
molar volume ratio of product to reactant has to be >1 to provide the
volume needed to completely passivate the reactant surface. This study
aims to provide further insight into this coupled process through a series
of diopside dissolution experiments performed in the presence and ab-
sence of co-precipitating calcite.

2. Materials and methods

The standard state adopted in this study is that of unit activity of
pure minerals and H,O at any temperature and pressure. For aqueous
species other than H,0, the standard state is unit activity of the species
in a hypothetical 1 mol/kg solution referenced to infinite dilution at any
temperature and pressure. All thermodynamic calculations reported in

this study were performed using the PHREEQC 2.17 computer code
(Parkhurst and Appelo, 1999) together with its llnl.dat database.

The diopside crystals used in this study were obtained from the
Transbaikal region of Russia and are identical to those studied by
Golubev et al. (2005) and Golubev and Pokrovsky (2006). Golubev et
al. (2005) determined the chemical composition of the diopside to be:
Cao'ggMgo'ggFe().gzcro_o1Si205 with minor amounts of A1203 (015 Wt.%),
MnO (0.03 wt.%), Na,O (0.4 wt.%), and TiO, (0.03 wt.%).

Prior to the experiments, the diopside crystals were reacted in con-
centrated HCl for several hours to remove impurities from the crystal
surfaces. Following this acid cleaning, the diopside crystals were rinsed
with MilliQ™ water and dried at 60 °C before being crushed with an
agate mortar and pestle. After crushing, the material was sieved and
the 45-125 pm size fraction was obtained. Fine particles were removed
from this powder by ultrasonically cleaning in acetone. Several ultra-
sonic cleaning cycles were performed and the ultra-fine suspension
was discarded at the end of each cycle. The cleaning cycles were repeat-
ed until the discarded fluid phase appeared clear. The resulting diopside
powder was dried overnight at 60 °C. A representative Scanning Elec-
tron Microscope (SEM) image of this diopside powder is displayed in
Fig. 1a, and this image shows the resulting diopside powder to be free
of fine particles. All SEM images in this study were performed using a
LEO Supra 25, JEOL 6360 LV or a HITACHI S3400N Scanning Electron Mi-
croscope after particles were coated with a fine gold layer. Further anal-
ysis of the solids in this study was performed using an Oxford
Instruments INCA Energy Dispersive X-ray Spectrometer (EDS), and
an INEL CPS 120 X-ray diffractometer (XRD).

The specific surface area of the cleaned dried diopside powder is
1013 40 cm?/g as determined by 3-point krypton adsorption using
the BET method. Golubev et al. (2005) reported a BET specific surface
area of 1250+ 20 cm?/g for their cleaned 50-100 um size fraction of
this diopside; Golubev and Pokrovsky (2006) reported a BET specific
surface area of 1045 4 50 cm?/g for their cleaned 100-200 um size frac-
tion of this diopside. The average density of diopside, as reported by
Klein (2002),is 3.27 g/cm>. Taking account of this density and equations
reported by Wolff-Boenisch et al. (2004a), the geometric surface area of
the diopside used in this study, Ag,, is calculated to be 234 cm?/g. Divid-
ing the BET surface area by this geometric surface area yields a rough-
ness factor of 4.3.

The mixed-flow reactor system used in this study is illustrated in
Fig. 2. This reactor system is similar to that used in past dissolution
rate measurement studies (e.g., Wolff-Boenisch et al., 2004a,b; Cubillas
et al,, 2005; Pokrovsky et al., 2005; Chairat et al., 2007; Gautelier et al.,
2007). The physical and chemical conditions of the experiments
performed in this study were identical to those of basaltic glass experi-
ments described in Stockmann et al. (2011). All reactors, connectors,
and tubing were cleaned in a 0.1 M HCl bath for ~24 h and rinsed
with MilliQ™ water prior to each experiment. All outlet fluid sample
bottles went through the same cleaning procedure prior to sampling
to prevent contamination. Diopside dissolution experiments were initi-
ated by placing between 5 and 10 g of cleaned diopside powder and a
quantity of the selected inlet solution into the 300 mL polyethylene
mixed-flow reactors. These reactors were sealed and placed into a tem-
perature controlled water bath. Temperature was kept constant during
the experiment at either 25 or 70 °C. Teflon® coated floating stir-bars
from Nalgene™ were placed on the bottom of the reactors and rotated
at ~300 rpm using a multi-position magnetic stirrer located underneath
the water bath.

Inlet fluids were comprised of Millipore™ water and Merck/Sigma-
Aldrich analytical grade NaHCOs, CaCl,, NH4Cl, NaOH, and/or HCl with
ionic strengths ranging from 0.01 to 0.09 mol/kg; the composition of
all inlet fluids is listed in Table 1. Compositions of the inlet fluids were
based on calculations made using PHREEQC to yield 1) the desired pH
and ionic strength, 2) to achieve calcite saturation in the reactive fluids,
and 3) to be similar to those that might be present during mineral car-
bonation efforts. The inlet fluids were stored in 8 or 12 L compressible
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Fig. 1. Scanning electron images of diopside samples from this study. Image a) is of the cleaned diopside powder prior to experiments. Image b) is of a diopside grain after its dissolution during
experimental series 1 for~60 days at 70 °C. Images c-f) show secondary calcite precipitates growing on the surfaces of diopside following its dissolution during experimental series 4 at 25 °C
and pH 7. Image f) is a close-up of image e) illustrating how the CaCOs crystals grow preferentially on topographical features (‘surface ripples’) on diopside surfaces. Image g) illustrates the
morphology of CaCOs precipitates recovered from experimental series 4. Calcite clusters, like in g), ranged in size from 10 to 1000 pm. Image h) shows the surfaces of diopside following its

dissolution for 164 days in control experimental series 5 at 25 °C.

plastic bags. Inlet fluids containing CaCl, were continuously purged
with N, to prevent atmospheric CO, from dissolving into this fluid
and to keep the pH stable. The inlet fluids were injected into the reac-
tors at a constant rate using multi-cartridge Masterflex™ peristaltic
pumps. In experiments at 70 °C, calcite saturation was sought by com-
bining carbonate-rich inlet fluids with Ca®* released from dissolving di-
opside. In the 25 °C experiments, two inlet fluids (one Ca-rich and one

carbonate-rich) were injected simultaneously to create a reactive fluid
supersaturated with respect to calcite in the reactor. The two inlet fluids
had separate entrances into the reactor to avoid carbonate precipitation
at or near the inlet.

Each experiment reported in this study was performed at a constant
temperature, inlet fluid flow rate, and inlet fluid composition. All exper-
iments were run until and beyond a steady-state outlet fluid composition
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Fig. 2. Schematic illustration of the reactors used in the present study. Supersaturation of calcite in the precipitation experiments is obtained by mixing two inlet solutions comprised of NaHCO3
and CaCly, respectively, inside the reactor. The control experiments ran with a CaCl, inlet solution designed to dissolve diopside without secondary precipitate formation. The 70 °C experiments
were performed using an identical reactor system with only one inlet solution connected to the reactor comprised of NaHCOs. In those experiments, diopside was the Ca-source in attempts to

achieve calcite saturation inside the reactor.

was obtained. Steady-state is defined as the outlet fluid composition
remaining constant, within analytical uncertainty, for at least 10 resi-
dence times. The residence time is defined as the reactor volume divided
by the fluid flow rate. In selected experiments, the inlet fluid composi-
tion was changed after a steady-state concentration profile was attained.
Two different types of experiments were performed: precipitation ex-
periments and control experiments. These two types of experiments
are distinguished by P and C respectively, in Table 1. Precipitation exper-
iments were designed to measure diopside dissolution rates during car-
bonate precipitation. To achieve calcite saturation, carbonate 4 calcium
were provided to the system by the inlet fluids. Control experiments
were designed to measure diopside dissolution rates at the same physi-
cal and chemical conditions as the corresponding precipitation experi-
ment but in the absence of aqueous carbonate (see Table 1).

Outlet fluids were regularly sampled during all experiments. Three
residence times or more separated each sampling. The outlet fluids
were filtered through a 0.2 um cellulose acetate membrane filter into
100 ml polyethylene sample bottles and acidified with concentrated
supra-pure HNOs prior to analysis. The major element concentrations
of inlet and outlet fluids were determined using a Spectro Ciros Vision
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES).
Analytical uncertainties of ICP-OES analyses are estimated to be 3-5%.

At the end of the experiments, all diopside powders from the reac-
tors were rinsed several times with 10 mM NaHCO5 and then with
MilliQ™ water, before being dried at 40 °C. After drying, the sample

weight was recorded and the powders kept for SEM, EDS, and XRD
analyses.

3. Experimental results

In total, 9 steady-state dissolution experiments and 2 short-term pH
pulses at the end of selected dissolution experiments were performed
as part of five experimental series. The chemical composition, pH, and
ionic strength of the inlet fluids are listed in Table 1. Compositions of
the outlet fluids at steady-state and calculated steady-state diopside
dissolution rates for all 9 experiments are listed in Tables 2a and 2b to-
gether with the results of chemical speciation calculations. The satura-
tion state of calcite and other selected minerals in the outlet fluids is
provided in Table 3. The diopside dissolution rates based on the release
of the ith element (r. ;;) listed in these tables were calculated from:

Ci'fr

r, .. =
+.0 Vi'Aj'm

(1)

where C; stands for the concentration of the ith element in the outlet
fluid, fr refers to the fluid flow rate, v; represents the stoichiometric fac-
tor of the ith element, A; designates the specific surface area of the diop-
side, and m denotes the mass of diopside used in the experiment. The
index j refers to rates calculated either using the measured BET surface

Table 1
Composition of inlet fluids used in this study.
Experiment Type of experiment® NaHCO3 NH4Cl CaCly NaOH HCl lonic strength pH SI calcite
(mol/kg) (mol/kg) (mol/kg) (mol/kg) (mol/kg) ° (mol/kg) (22 °C)
la P 0.035 0.035 8.45
1b P 0.035 n.m. 0.036 6.35
2 P 0.035 0.035 8.54
3 C 0.010 0.010 8.60
4a°c P 0.035 0.010 1.2E—07 0.033 7954 1.60¢
4b € P 0.035 0.020 1.6E—07 0.048 7.85 ¢ 1.75¢
5a C 0.020 1.6E—07 0.060 7.92
5b C 0.030 1.7E—07 0.090 8.47
5c ¢ C 0.030 1.7E—07 0.090 5.83
5d C 0.010 0.010 8.54
5e C 0.010 n.m. 0.010 3.81

¢ P and C designates precipitation and control experiments, respectively.
b

c

4 Calculated at 25 °C using PHREEQC v. 2.17.

e

HCl was added until the desired pH was reached, but the exact concentration was not measured (n.m.).
Two-inlet system, i.e. the concentration of the fluid entering the reactor is half of each inlet.

The CaCl, powder used to make the inlet solution was Mg-free, whereas the CaCl, powder used in experiments 4a-b and 5a-b contained Mg as an impurity.
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Table 2a

Physical conditions and steady-state results of the diopside dissolution experiments performed in this study.?
EXp~ T m (g) SBET fl' [exp pHout PHout [Silout [Calout [Mglout [Fe]out - AGr

(°C) (m?) (g/min) (days) (22 °C) in-situ T ° (umol/kg) (umol/kg) (umol/kg) (umol/kg) (kj/mol) °

la 70 10.00 1.01 0.56 53 8.74 8.46 15.36 5.61 5.70 0.013 36.4
1b € 70 10.00 1.01 0.55 6 7.30 7.19 23.38 11.84 13.28 b.d. 62.0
2 70 9.81 0.99 0.58 26 8.57 8.31 8.71 1.61 2.58 b.d. 49.0
3 70 4.67 0.47 113 13 8.58 8.29 3.68 0.87 1.23 b.d. 53.7
4a ¢ 25 9.68 0.98 0.52 29 7.10 7.08 3.04 1942.38 9.11 0.030 67.9
4bd 25 9.68 0.98 0.50 34 6.91 6.89 1.45 5102.16 13.81 0.056 73.0
5a 9 25 9.92 1.00 0.49 32 7.33 7.25 3.09 ~20000 28.2 0.034 56.0
5b 9 25 9.92 1.00 0.45 114 7.94 7.84 232 ~30000 38.32 0.018 429
5¢ 25 9.92 1.00 0.47 18 6.37 6.34 2.00 ~30000 1.54 0.008 85.4
5d 25 5.05 0.51 0.64 9 8.57 8.53 0.93 n.m. 1.07 b.d. 59.6
5e ¢ 25 5.05 0.51 0.64 5 433 433 5.25 n.m. 2.67 0.076 1423

n.m. = not measured.
b.d. = below detection limit.
@ The data reported are the temperature (T), the initial mass of diopside (m

), the initial BET surface area of the diopside (Sggr), the flow rate (fr), the total duration of the experiment

(texp), measured pH of outlet solution, calculated pH of the outlet solution at in-situ T, the concentration of elements in the outlet solution in umol/kg, and the chemical affinity of diopside

( - AGr)~
b Computed with PHREEQC version 2.17.
¢ pH pulse added at the end of experiment (end point data provided).

4" The high Ca and Mg concentrations arise from the CaCl, powder used for making the inlet solution, which contained some Mg as an impurity.

area, Aggror the geometric surface area, Ag,. These experimental results
will be discussed in detail below.

3.1. Diopside dissolution in calcium + carbonate-bearing aqueous fluids
at 25 °C (experimental series 4 and 5)

The temporal evolution of diopside dissolution rates based on Si re-
lease at pH 6-8 and 25 °C in precipitation and control experiments is il-
lustrated in Fig. 3. In the precipitation experiments, two inlet fluids
were connected to the mixed-flow reactor; one injecting an aqueous
0.035 mol/kg NaHCOs solution and the other aqueous solution con-
taining CaCl, and sufficient NaOH to attain the target pH, whereas the
control experiment was run by injecting a single CaCl,-bearing, CO3-free
aqueous solution. The precipitation experimental series 4a-b ran for
63 days in total. For the first 29 days the inlet fluid contained 0.1 mol/
kg CaCl,, and for the subsequent 34 days the inlet fluid contained
0.2 mol/kg CaCl,. The control experimental series 5a-c ran for
164 days. For the first 32 days the inlet fluid contained 0.2 mol/kg
CaCl,, and for the next 132 days the inlet fluid contained 0.3 mol/kg
CaCly. Experiments 5b and c are identical other than the pH in the latter
was 1.5 units lower. Comparison of Fig. 3a and b shows that there is no
significant difference in diopside dissolution rates observed between
the control and the precipitation experiments, and the effect of changing
CaCl, concentration in the inlet fluids had at most a small effect on mea-
sured rates. The steady-state diopside dissolution rate found in these ex-
periments was log 1 siger=—15.1+£0.15 (mol/cm?/s) and — 152+
0.15 (mol/cm?/s) for the control (5b-c) and precipitation (4b) experi-
ments, respectively (see Table 2b). Calcite precipitation occurred during

Table 2b

the precipitation experiments as seen in Fig. 1c-g. In general, calcite
grew as discrete crystals on almost all diopside surfaces and some sur-
faces were completely overgrown with calcite (see Fig. 1c-e). Calcite
was the only calcium carbonate phase present according to XRD analysis.
This conclusion is confirmed by SEM photos showing that the precipitat-
ed phase consists of rhombohedral crystals consistent with calcite mor-
phology (see Fig. 1e-g). SEM-EDS analysis showed that some of the
calcite contains minor amounts of Mg (<0.5 wt.%). Mass balance calcula-
tions suggest that ~5 g of calcite was precipitated inside the reactor dur-
ing the precipitation experiments. Precipitation occurred inside the
reactor as well as in the outlet fluid tubing, which eventually clogged
ending the experiment.

To evaluate the long-term dissolution behavior of diopside grains in
fluids of different compositions, approximately half of the powder re-
covered from experiments 5a-c was subsequently returned to the
mixed-flow reactor and reacted with a 0.01 mol/kg NaHCOs inlet fluid
of pH 8.4 and 25 °C. After 9 days the inlet fluid was changed to a fluid
having a pH of 3.81. The results of these experiments (5d and e) are illus-
trated in Fig. 4. Steady-state diopside dissolution rate in Exp. 5d, based
on Si release is ~10~ > mol/cm?/s, whereas corresponding steady-
state rate based on Mg release, is ~10~ '*6 mol/cm?/s, consistent with
a preferential release of Mg over Si at these conditions. The addition of
the acid leads to an increase in instantaneous diopside dissolution
rates to ~10~'*3 mol/cm?/s in Exp. 5e based on either Si, Mg and/or
Fe release (see Table 2b), consistent with stoichiometric dissolution of
diopside.

The variation of 25 °C diopside steady-state dissolution rates based on
Si release with reactive fluid ionic strength, calcium concentration, and

Logarithms of measured steady-state diopside dissolution rates (r, ) in mol/cm?/s based on the release rates of elected elements.

Exp. T(°C) PHou at in-situ T Log 1y si, BET Log '+ si, geo Log '+ capeT Log I'+ cageo Log '+ Mg BET Log 1"+ Mg,geo Log 14 FeBET LOg I'+ Fegeo
1a 70 8.46 —14.2 —135 —143 —13.6 —143 —13.6 —15.5 —14.8
1b? 70 7.19 —14.0 —133 —14.0 —133 —139 —133

2 70 8.31 —14.4 -13.7 —148 —14.1 —146 —139

3 70 8.29 —14.1 —135 —145 —13.8 —143 —13.6

4a® 25 7.08 —149 —14.2 —15.1 —145
4b 25 6.89 —15.2 —146 —14.9 —14.2
5a " 25 7.25 —14.9 —142 —15.1 —145
5b 25 7.84 —15.1 —14.4 —154 —148
5¢ 25 6.34 —15.1 —145 —14.9 —143 —15.8 —15.1
5d 25 8.53 —15.0 —144 —146 —14.0

5e ? 25 433 —143 —136 —14.2 —13.6 —14.4 —13.7

@ pH pulse added at the end of experiment (end point data provided).

b The steady-state dissolution rates listed here were calculated from the final measured reactive fluids compositions of these experiments.
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Table 3

Saturation indices (SI) of selected minerals in the steady-state fluids in all experiments.*><

Exp. Calcite Aragonite Dolomite Magnesite Goethite Hematite Fe(OH)s; SiO,(a) Chrysotile Talc

Ca-saponite Diaspore Other minerals supersaturated
according to modeling *

la —036 —0.51 0.89 —0.14 5.78 12.75 1.19
1b —121 —-1.36 —1.04 —1.22

—-1.02 —1.16 —0.23 —0.60
3 —143 —1.58 —1.24 —-1.19
4a 025 0.11 —0.60 —2.48 3.29 7.56 —1.82
4b 043 0.29 —0.50 —2.56 294 6.86 —-217
5a 3.55 8.09 —1.56
5b 3.49 7.97 —1.62
5¢c 0.98 294 —4.13
5d —3.32
5e —9.35 —17.71 —14.46

—2.57

—2.17
—2.77
—3.15
—2.64

—3.10

—2.78

—291

—2.96

—2.53

—245 —3.66 —2.89 —1.06 Anatase, andradite, cronstedetite,
ferrite, magnetite, nontronite,
rutile, MnO,

—9.05 —943 —8.72 0.28 Anatase, rutile

—4.71 —6.30 —5.62 —1.12 Anatase, rutile

—5.80 —815 —7.33 —1.12 Anatase, rutile

—15.12 —15.83 —14.57 134 Anatase, magnetite, nontronite,
dawsonite, boehmite, gibbsite,
rutile

—16.86 —1851 —17.00 1.61 Anatase, magnetite, nontronite,
dawsonite, boehmite, gibbsite,
rutile

—13.13 —14.13 —12.61 1.32 Gibbsite, anatase, boehmite,
magnetite, nontronite, rutile

—9.62 —10.87 —9.23 0.90 Gibbsite, anatase, boehmite,
magnetite, nontronite, rutile

—22.78 —24.14 —22.65 1.91 Gibbsite, anatase, boehmite, rutile

—10.67 —12.76 none

—32.81 —3331 —34.29 —1.53 none

¢ Computed with PHREEQC version 2.17.

b Saturation index is defined as: SI=log (IAP/K,p), where IAP is the ion activity product and K, refers to the solubility product of the solid phase.

¢ Uncertainty is estimated to +0.10 log unit.

diopside saturation state is illustrated in Fig 5. The distribution of data
points in this figure suggests that there is no significant effect of these pa-
rameters on the steady-state diopside dissolution rates generated in this
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Fig. 3. Measured instantaneous diopside dissolution rates based on Si release during pre-
cipitation and control experiments performed at 25 °C and pH 6-8. a) Rates from experi-
ments 4a and b performed in the presence of precipitating calcite. The dashed line
corresponds to a final steady-state rate of 10~ >2 b) Rates from experiments 5a, b and ¢
performed in the absence of precipitating calcite. The dashed line corresponds to a final
steady-state rate of 10~ '>!, The error bars on both plots correspond to 4 0.15 log units un-
certainty on the rates. This uncertainty was based on the scatter among the data points
shown in the figure.

study at 25 °C. Within experimental uncertainty, all measured rates at pH
6-8 are equal to ~10~'>! mol/cm?/s, as was also shown in Fig. 3b.

3.2. Diopside dissolution in aqueous carbonate inlet fluids at 70 °C (ex-
perimental series 1 to 3)

Experimental series 1-3 were originally designed to provoke the pre-
cipitation of calcite by the dissolution of diopside in NaHCO; inlet solu-
tions. Series 1 and 2 dissolved diopside powder at 70 °C in 0.035 mol/kg
NaHCO; and series 3 in 0.010 mol/kg NaHCOs inlet solutions. Geochemi-
cal modeling calculations suggested that the conditions of series 1 and 2
would lead to calcite supersaturation in the reactive fluid and to its pre-
cipitation during the experiments. These experiments, however, failed
to precipitate carbonate minerals, as evidenced by the saturation state
of calcite in the outlet fluid samples, which are all undersaturated with re-
spect to calcite and magnesite (see Table 3), and by analysis of the solids
recovered from the experiments by SEM and XRD. As such, all experi-
ments performed in series 1-3 are pure diopside dissolution experiments
in the absence of carbonate precipitates.

The temporal evolution of instantaneous diopside dissolution rates
based on Si, Ca, and Mg release during experimental series 1-3 is

Experiment 5d Experiment Se

-13.5

-14.0 1

(I o
i&14.5 %{}% }%H
Tl THET i

0 2 4 6 8 10 12 14 16
Elapsed time [days]

Fig. 4. Measured instantaneous diopside dissolution rates based on Si and Mg release during
experiments 5d and e performed at 25 °C and pH 8.5 and pH ~4, respectively. The error bars
on both plots correspond to +0.15 log units uncertainty on the rates. This uncertainty was
based on the scatter among the data points shown in the figure.
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Fig. 5. Measured steady-state diopside dissolution rates based on Si release at pH 6, 7 and
8 as a function of (a) solution ionic strength, (b) reactive fluid Ca concentration of outlet so-
lution, and (c) diopside saturation state. The error bars on these plots correspond to 4-0.15
log unit uncertainty. The dashed line in these figures corresponds to a rate of 10~ '>! mol/
cm?/s. P and C refer to precipitation and control experiments, respectively.

shown in Fig. 6 (see Appendix 1 for a complete list of individual data
points). The results shown in this figure indicate that all of these exper-
iments exhibited an initial preferential Si release over Mg and Ca. This
preferential Si release attenuates and eventually disappears as the diop-
side dissolution rates based on Si decrease to match those based on Ca
and Mg release after 45 days of dissolution in experiment la (see
Fig. 6a). This behavior appears to be consistent with the approach to
steady state of experiments performed in series 4 and 5. As shown in
Figs. 3 and 4, rates based on Si release tend to decrease with time before
attaining a steady-state value. Note, similar to previous studies (e.g.
Golubev et al., 2005) attainment of steady state in the first experiment
in a series took more time than subsequent experiments run on the
same powder. A preferential release of Si over Mg and Ca was reported
by Knauss et al. (1993) for diopside dissolution at pH 8.9 and 70 °C,
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Fig. 6. Measured instantaneous diopside dissolution rates based on Si, Ca, and Mg release
during precipitation experiments performed at 70 °C and pH 8.5. a) Rates from experi-
ments 1a and b, where 1b represents a pH-pulse of pH 6.4. b) Rates from experiment 2,
and c) rates from experiment 3. The dashed line in plot b) and c) is drawn at a steady-
state Si rate at 10~ '%4° mol/cm?/s and 10~ '#'> mol/cm?/s, respectively. The uncertainty
on the measured rates is 4-0.15 log units as illustrated by the error bar in the top-right cor-
ner of the plots. This uncertainty was based on the scatter among the data points shown in
the figure.

though they did not observe a final stoichiometric dissolution phase of
their experiments, as they stopped their experiment after 17 days.
These results contrast with those obtained at 25 °C which exhibited a
preferential release of Mg over Si (see Fig. 4), again consistent with
rates reported by Knauss et al. (1993) at pH 7.57 and 25 °C. Oelkers et
al. (2009) observed that Si was initially preferentially released from di-
opside at basic pH, but Mg and Ca were initially preferentially released
at acidic pH. A preferential release of Si over Mg was reported in
enstatite dissolution experiments performed by Oelkers and Schott
(2001) at 70 °C and neutral to basic pH; dissolution eventually became
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stoichiometric as Si release rates decreased to equal those of Mg. As fur-
ther evidence of the lack of carbonate precipitation during these exper-
iments, a HCI pulse of pH 6.4 was added to the inlet fluid at the end of
experimental series 1. This pH pulse led to an increase in diopside disso-
lution rates based on Si, Ca, and Mg release. As rates based of Ca and Mg
rates are similar to those based on Si release, and that the rates of car-
bonate dissolution are far faster than those of diopside at acid pH, it
can be concluded that no dissolving carbonate phases were present.

3.3. Fluid saturation states during the experiments

Results of thermodynamic calculations, as listed in Table 3, suggest
that some of the outlet fluids at 25 °C were supersaturated with respect
to a number of carbonate minerals including calcite, aragonite, dolomite,
and dawsonite. The only secondary precipitate observed by SEM, EDS
and XRD analysis on post-experimental solids was calcite. In contrast,
the outlet fluids of the 70 °C experiments were, in general, undersatu-
rated with respect to these carbonates, and none were observed on
the post-experiment solids (see Fig. 1b). Fe-hydroxides (i.e. hematite,
goethite), Al-hydroxides (i.e. diaspore, gibbsite), Ti- and Mn oxides,
and clay minerals (i.e. nontronite) were also calculated to be supersatu-
rated in experiments performed at 25 and 70 °C. The Fe, Al, Na, Mn, and
Ti release rates from the dissolving diopside in this study however, are
low so only minor quantities of non-carbonate secondary minerals are
likely to have formed, and none were observed with SEM nor EDS on
the post-experimental solids (see Fig. 1b-h). Thermodynamic calcula-
tions indicate that the outlet fluids were all undersaturated with respect
to the dissolving diopside with a chemical affinity; — AG,>~40 kJ/mol
in all experiments.

4. Discussion
4.1. Comparison with previously published diopside dissolution rates

A comparison of steady-state diopside dissolution rates generated in
this study based on Si release and those reported in the literature can be
made with the aid of Fig. 7. Rates in this study are consistent with those
of Knauss et al. (1993) and Golubev et al. (2005) at 25 °C, and those of
Knauss et al. (1993) at 70 °C. All rates tend to decrease mildly with in-
creasing pH, though some of the data sets suggest that this decrease
lessens at alkaline conditions at 25 °C. The rates reported by Chen and
Brantley (1998) are ~1 order of magnitude lower than corresponding
rates reported in other sources. As mentioned above, these authors at-
tributed this difference to differences in the normalizing surface area
used in the different studies. Similarly, diopside dissolution rates ob-
tained from experimental series 1-3 at 70 °C are consistent with
those of Knauss et al. (1993), as can be seen in Fig 7b.

4.2. Comparison of the effect of carbonate precipitation on diopside versus
basaltic glass

Similar coupled dissolution-calcite precipitation experiments were
carried out on basaltic glass (Stockmann et al, 2011) and diopside
(this study) at 25 °C. In the basaltic glass experiments, calcite mainly
formed individual discrete clusters, and only minor CaCOs crystals
were found to precipitate on the glass surface. In contrast, calcite grew
extensively on the diopside crystal surfaces in the present study. This
difference suggests that diopside is a better nucleation template for cal-
cite than basaltic glass. The difference may stem from the structure of
these solids. Glass has a non-ordered silica framework whereas diopside
has an ordered monoclinic structure. Diopside dissolution also created a
rippled surface (see Fig. 1b), and it can be seen in Fig. 1d and f that these
surfaces are favorable calcite precipitation sites. The mode of dissolution
may also influence the ability to nucleate and grow secondary precipi-
tates. Both diopside and basaltic glass contain Ca?* and Mg?" that
could potentially form carbonates. The lack of carbonate precipitates
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Fig. 7. a) Compilation of diopside dissolution rates based on Si at 20-25 °C reported in the
literature and in this study. b) Compilation of diopside dissolution rates near 70 °C reported
in the literature and in this study. The data points from Chen and Brantley (1998) and Daval
et al. (2010) were measured at 90 °C and based on Si release except for the point at pH 2.16
from Chen and Brantley (1998), which was based on Ca and Mg release. The dashed trend
line is based on the plotted data from Knauss et al. (1993).

on the glass suggests that a local source of elements is not itself sufficient
to provoke secondary mineral precipitation on the dissolving surface.
Another difference between carbonate precipitation in the basaltic
glass versus the diopside experiments is that aragonite was also ob-
served to form in the former. As the saturation state of the reactive fluids
with respect to aragonite was nearly identical in the basalt and diopside
experiments, the observation that aragonite formed in the presence of
basaltic glass may be due to the presence of various metals released dur-
ing glass dissolution. A number of past studies have reported that the
formation of aragonite precipitation is favored by the presence of vari-
ous dissolved trace elements (e.g. Bots et al., 2011).

4.3. Why does calcite precipitation have little effect on diopside dissolution
rates?

A major result of this study is that the precipitation of calcite on and
near the surfaces of diopside has little effect on its dissolution rates.
These results appear to be consistent with the conclusions of Cubillas
et al. (2005) who proposed that there will not be an inhibition of disso-
lution rates of the primary minerals unless there is a close match of the
crystallographic properties of the dissolving and precipitating phases
leading to epitaxial growth. Other studies suggest that dissolution
rates may be inhibited by the formation of amorphous Si layers, as
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observed on wollastonite and olivine surfaces (Park and Fan, 2004; Appendix 1. Diopside dissolution rates (mol/cm?/s) based on Si, Ca
Béarat et al., 2006; Andreani et al., 2009; Daval et al., 2009a,b, 2011). and Mg release at 70 °C

The match between the dissolving diopside and the precipitating car-
bonate in this study appears therefore to be sufficient to promote nucle-
ation on these surfaces yet insufficient to form the impermeable layer
required to arrest the dissolution of the primary diopside despite the
precipitation of over 5 g of calcite in experimental series 4.

Exp. Elapsed pH, logry logry logry AGH log log
no. time, 70 °C i, gEr Ca, BET  'MgT (@ne/  (aPu/
. . + a N a
4.4. Implications for carbon storage days - ——— dca2’)? Owg2?)
Si Ca Mg Diopside
This study demonstrates that calcite precipitation does not significant- m"% moi// m"% kj/mol
ly slow diopside dissolution rates. Stockmann et al. (2011) reported that cm/s  cms s
carbonate precipitation does not affect basaltic glass dissolution rates. EXPelfif?lem 1a-b at 70 °C, diopside dissolution in a 0.035 mol/kg NaHCO; inlet
. . . . solution
These'two observations favor car.bon storage via the carbopatlzatlon of D1 0.9 834 1352 —13.69 —1359 —2192 —1129 —1159
basaltic and ultramafic rocks. Thls carb_onatlzatlon_ process involves 'the D-2 19 836 —13.73 —13.85 —13.82 —2688 —11.15 —11.40
release of Ca, Mg, and Fe from silicate minerals by dissolution. These diva- D-3 29 838 —1389 —1394 —14.00 —3032 —11.09 —11.25
lent metals can then react with dissolved CO, in the fluid phase to form D-4 39 839 —1396 —14.03 —1409 —3225 —11.02 —11.18

D-5 49 844 —14.00 —1408 —14.13 —3233 —11.05 —11.23
D-6 59 843 —14.03 —1412 —1417 —3340 —1099 —11.19
D-7 6.9 847 —1406 —1415 —1418 —3336 —11.01 —11.23

stable carbonate minerals. It has been argued that silicate mineral dissolu-
tion is the slowest and thus rate-limiting step of this coupled process. The

observation that calcium carbonate precipitates do not create compact D-8 71 847 —1404 —1417 —1418 —3331 —11.00 —11.23
armoring layers on diopside or basaltic glass surfaces suggests that Ca, D-9 8.1 850 —14.05 —14.17 —1419 —3291 —11.04 —11.27
Mg, and Fe release will not be slowed by carbonate precipitation during D-10 89 849 —1406 —1423 —1421 —3377 —1096 —11.23
mineral sequestration efforts in basalts, as currently being pursued in Ice- gj; }?’8 g'gé :}:‘g; jﬁg :}:;; :;g‘;g :}?'g? :E;g
land and in the Northwest of the United States (McGrail et al., 2006; D-13 180 856 —1410 —1428 —1426 —3371 —11.02 —1130
Alfredsson et al., 2008; Oelkers et al., 2008; Aradoéttir et al, 2012b; D-14 189 855 —14.10 —1450 —1441 —3649 —10.76 —11.13
Schaef and McGrail, 2009; Schaef et al., 2009; Flaathen et al., 2010; D-15 199 836 —14.04 —1415 —1422 —3566 —10.85 —10.97
Gislason et al, 2010; Schaef et al, 2010; Alfredsson et al, 2011; D-16 209 836 —1405 —1410 —1414 —3485 -1091 —11.06
Aradéttir et al, 2011; Gudbrandsson et al., 2011; Gysi and Stefansson, gj; ;ﬁg ijé :}2:8; :}ﬂ? :}jﬁg :gigg :}é:gz :}Hz
2011; Schaef et al,, 2011; Aradéttir et al,, 2012a; Gysi and Stefansson, D-19 249 842 —1407 —1417 —1418 —3452 —1093 —11.15
2012a,bc). D-20 259 846 —1411 —1424 —1424 —3525 —1092 —11.15

D21 269 844 —1413 —1429 —1426 —3620 —10.84 —11.10
D22 279 849 —1419 —1441 —1434 —3736 —1080 —11.11
5. Conclusions D23 309 839 —1416 —1429 —1427 —3764 —1076 —11.01
D24 319 842 -—1417 —1432 —1428 —3752 —1076 —11.05
D25 329 856 —1420 —1432 —1429 —3557 —1098 —11.27

Thg re§ults summarized above sugge;t thgt the presence of .calci'te D-26 339 843 —1421 —1436 —1432 —3829 —10.76 —11.01
precipitating on or near the surfaces of diopside does not affect its dis- D-27 349 847 —1421 —1437 —1433 —37.84 —1079 —11.08
solution rates. Calcite is observed to precipitate both as discrete prisms D-28 38.1 844 —1415 —1427 —1427 —3652 —1086 —11.09

D-29 39.0 849 —1423 —1435 —1432 —3769 —1084 —11.10
D-30 399 851 —14.27 —1444 —1437 —3858 —10.78 —11.11
D-31 409 841 —1423 —1431 —1429 —3867 —10.77 —11.00

and as pervasive coatings covering the whole diopside surface. These
observations are consistent with those of Cubillas et al. (2005) who con-

cluded that substantial inhibition of mineral dissolution by a precipitat- D-32 419 841 —1424 —1431 —1430 —3864 —1077 —11.01
ing phase is only efficient when there is a close crystal structural match D-33 449 850 —14.32 —1444 —1441 —3980 —10.77 —11.06
between the dissolving and precipitating phases. The observation that D-34 459 853 —1431 —1435 —1434 —3790 —1091 —11.19
diopside dissolution rates are unaffected by calcite precipitation, favors D-35 469 837 —1433 —1439 —1438 —4173  —1062 —1087

. . . D-36 479 847 —1437 —1442 —1441 —4082 —10.74 —11.00
carbon storage in crystalline basaltic and ultramafic rocks. D37 521 837 —1442 —1442 —1442 —4329 —1059 —10.82
D-38 53.0 837 —1448 —1447 —1442 —4453 —1053 —10.82
D-39 559 670 —13.69 —1354 —1359 —61.61 —852 —849
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Appendix Table (continued)

Exp. Elapsed pH, logry logry logry AG} log log
no. time, 70 °C i, Ber Ca, BET  'MgT (@®w/  (@ye/
days Acaz+) ¥ auge+) °
Si Ca Mg Diopside

mol/ mol/ mol/
cm?/s  cm?/s  cm?/s

kJ/mol

D-206 9.9 821 —14.16 —1443 —1432 —5550 —10.02 —10.22
D-207 10.9 826 —14.14 —1447 —1431 —5416 —10.07 —10.34
D-208 12.8 834 —1421 —1456 —14.38 —5434 —10.12 —1041

4Computed using PHREEQC version 2.17.
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