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Basaltic glass dissolution rates were measured in mixed-flow reactors at basic pH and at 25 °C and 70 °C in
aqueous solutions supersaturated with respect to calcite for up to 140 days. Inlet solutions were comprised of
NaHCO3±CaCl2 with ionic strengths N0.03 mol kg−1. Scanning Electron Microscope images show that
significant CaCO3 precipitated during these experiments. This precipitate grew on the basaltic glass in
experiments performed in Ca-free inlet solutions, but nucleated and grew independently of the glass surfaces
in experiments performed in Ca-bearing inlet solutions. In those experiments where CaCO3 precipitated on
the glass surface, it grew as discrete crystals; no pervasive CaCO3 layers were observed. The lack of structural
match between glass and calcium carbonate favors CaCO3 nucleation and growth as discrete crystals.
Measured basaltic glass dissolution rates based on either Si, Al, or Mg were both 1) independent of time
during the experiments, and 2) equal to that of corresponding control experiments performed in NaHCO3-free
inlet solutions. Taken together, these observations show that basaltic glass dissolution rates are unaffected by
the precipitation of secondary CaCO3 precipitation. It seems therefore likely that carbonate precipitation will
not slow basaltic glass dissolution during mineral sequestration efforts in basaltic rocks.
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1. Introduction

This study has been designed to elucidate the effect of secondary
mineral precipitation on the dissolution rate of primary phases. The
dissolution rates of minerals and glasses are commonly believed to be
proportional to their surface area in contact with reactive fluid (e.g.
Pačes, 1983; Helgeson et al., 1984; Lasaga, 1984; Siegel and Pfannkuch,
1984; Gautier et al., 2001; Oelkers, 2001; Schott et al., 2009). It seems
likely therefore, that the precipitation of secondary phases could alter
significantly the dissolution rates of those primary phases on which
they precipitate. To test this possibility, the dissolution rates of basaltic
glass have been measured in aqueous solutions that were supersat-
urated with respect to calcite.

Numerous studies have been performed in an attempt to deter-
mine the effect of secondary mineral precipitation on the dissolution
rates of primary minerals in natural systems. Several authors
suggested that the presence of mineral coatings is in part responsible
for an apparent difference in laboratory versus natural mineral
weathering rates (e.g. Nugent et al., 1998; White and Brantley,
2003). In contrast, Lee et al. (2008) concluded such coatings would be
insufficiently continuous to significantly affect feldspar dissolution
rates. Slow feldspar weathering rates in natural aquifers have been
attributed to the coupling of secondary mineral precipitation to the
dissolution of primary silicates (e.g. Zhu, 2005; Zhu et al., 2006, 2010).
Velbel (1993) emphasized that the molar volume ratio of product to
reactant has to be N1 to provide the volume needed to completely
passivate the reactant surface.

Similarly, numerous studies have focused on the effect of second-
ary mineral precipitation on dissolution rates in the laboratory; these
studies commonly present conflicting observations. For example,
Murakami et al. (1998) suggested that secondary mineral formation
could increase anorthite dissolution rates. In contrast, Hodson (2003)
determined that the presence of iron-rich coatings had little effect on
anorthite dissolution rates. Giammar et al. (2005) concluded that
secondarymagnesite precipitated as discrete particles would not limit
forsterite dissolution in their experiments. Daval et al. (2009a)
observed that secondary calcite coatings have only minor effects on
the dissolution rates of wollastonite at acidic conditions, but could be
significant at neutral pH. Daval et al. (2009b) described the formation
of a non-passivating pseudomorphic silica-rich rim around wollas-
tonite crystals. Both Béarat et al. (2006) and Andreani et al. (2009)
reported that silica-rich layer formation on dissolving olivine surfaces
slowed carbonate formation, and eventually inhibited olivine disso-
lution. Park and Fan (2004) suggested that silica-layers inhibited
serpentine dissolution. Numerous studies have observed the slowing
of glass dissolution rates due to the formation of pervasive leached
layers (e.g. Cailleteau et al., 2008; Verney-Carron et al., 2010). Cubillas
et al. (2005) concluded that the degree to which secondary mineral
precipitation affects the dissolution rates of primaryminerals depends
on the relative structure of the precipitating versus the dissolving
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Table 1
Chemical composition of the basaltic glass as measured with X-ray Fluorescence
spectrometry (XRF).

Stapafell Mountain, Iceland a Stapafell Mountain, Iceland b

Weight% Weight%

SiO2 48.25 48.12
Al2O3 14.95 14.62
CaO 11.85 11.84
Fe2O3 12.25 1.11
FeO 9.82
K2O 0.309 0.29
MgO 9.50 9.08
MnO 0.187 0.191
Na2O 2.01 1.97
P2O5 0.207 0.195
TiO2 1.63 1.564
Total 101.14 99.89

a Glass used in this study. Ironwas measured after oxidation of all Fe(II) to Fe(III) and
thus Fe2O3 represents total Fe.

b XRF analysis results of Stapafell basaltic glass published by Oelkers and Gislason
(2001).
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mineral. If the precipitating mineral has a similar structure to the
dissolving mineral, the secondary mineral can form a thin imperme-
able layer through an epitaxial growth mechanism arresting the
dissolutionof the underlyingmineral. Thedegree that epitaxial growth
occurs on a surface may also be affected by the degree of super-
saturation (Lasaga, 1998). Similarly, Putnis (2009) found that the
replacement of onemineral by another is closely related to themineral
structure and the relative volumes of the phases involved.

This study is focused on the dissolution of basaltic glass coupled to
calcium carbonate precipitation. This system has been selected
because of its potential application to carbon storage as part of in-
situ mineral sequestration efforts (e.g. McGrail et al., 2006; Marini,
2007; Matter et al., 2007; Goldberg et al., 2008; Oelkers and Schott,
2005; Oelkers and Cole, 2008; Oelkers et al., 2008; Schaef andMcGrail,
2009; Schaef et al., 2009; Gislason et al., 2010; Schaef et al., 2010).
Carbon mineralization in basalts involves dissolution of the host rock
releasing divalent metal cations such as Ca2+, Mg2+, and Fe2+ to
solution. These ions can react with dissolved CO2 and precipitate as
carbonate minerals. The rate-limiting step for this reaction is thought
to be the release of divalent cations (c.f., Oelkers et al., 2008). As such,
any process that can potentially slow thedissolution rates of the basalt,
such as secondary carbonate precipitation, would be detrimental to
carbon storage efforts.

Towards the improved understanding of the effect of secondary
minerals on the dissolution rates of primary solids, long-term basaltic
glass dissolution experiments were performed in aqueous solutions
supersaturated with respect to calcite in mixed-flows reactors. The
purpose of this paper is to report the results of this experimental study
and to apply these results to assess the potential effect of secondary
carbonate precipitation on carbon mineralization efforts.

2. Theoretical background

The standard state adopted in this study is that of unit activity of
pure minerals and H2O at any temperature and pressure. For aqueous
species other thanH2O, the standard state is unit activity of species in a
hypothetical 1 mol kg−1 solution referenced to infinite dilution at any
temperature andpressure. All thermodynamic calculations reported in
this study were performed using the PHREEQC 2.14 computer code
(Parkhurst and Appelo, 1999) together with its phreeqc.dat database
to which thermodynamic data have been added for magnesite,
thomsonite, scolecite, mesolite, laumontite, heulandite, analcime,
Ca-stilbite, Ca-mordenite, Ca-clinoptilolite, Fe-celadonite, antigorite,
amorphous FeOOH, allophane, and imogolite taken from Gysi and
Stefansson (submitted for publication) and dawsonite from Benezeth
et al. (2007). The thermodynamic properties of hydrated leached
basaltic glass with the composition, SiAl0.365O2(OH)1.095, was also
added to this phreeqc.dat database. The equilibrium constant (K) for
the leached glass dissolution reaction given by:

SiAl0:365O2ðOHÞ1:095 þ 1:095H
þ þ 0:905H2O ¼ 0:365Al

3þ þ H4SiO4 ð1Þ

wascalculated from the stoichiometric sumof the equilibriumconstants
of amorphous SiO2 and amorphous Al(OH)3 hydrolysis reactions
(Wolff-Boenisch et al., 2004a). log K for reaction (1) is 1.23 with a ΔHr

equal to−24.04 kJ/mol at 25 °C.

3. Materials and methods

The basaltic glass used in this study was collected from the same
location on the Stapafell Mountain in SW Iceland as that studied by
Oelkers and Gislason (2001) and Gislason and Oelkers (2003). The
chemical composition of the glass (Table 1) was determined by X-ray
fluorescence spectrometry (XRF) and can be expressed as: Si1.000 Al0.365
Fe0.191 Mn0.003 Mg0.294 Ca0.263 Na0.081 K0.008 Ti0.025 P0.004 O3.405. Iron is
listed as total Fe as no attempt at determining Fe2+ was undertaken.
However, the Fe2+/Fe3+-ratio in Stapafell basaltic glass was measured
by Oelkers and Gislason (2001), and they showed Fe to be predomi-
nantly Fe2+ (see Table 1).

The basaltic glass was crushed in plastic bags using a plastic
hammer. After crushing, the material was sieved and the 45–125 μm
size fraction obtained. Fine particles were removed from this glass
fraction by first gravity settling and then by ultrasonically cleaning the
glass powder with cycles of water and then acetone. Altogether five
water cycles and five acetone cycles were performed and the ultra fine
suspension discarded at the end of each cycle. The final glass powder
was then dried overnight at 60 °C. Solids before and after each
experimental series were analyzed by Scanning Electron Microscopy
(SEM) using a LEO Supra 25 and a JEOL 6360 LV Scanning Electron
Microscope. The solids were coated with gold prior to this analysis.
Energy Dispersive X-ray Spectroscopy (EDX) was used together with
SEM to identify primary and secondary minerals. Selected samples
were analyzed by X-ray diffraction (XRD) using an INEL CPS 120 to
confirm the identity of secondaryminerals. Fig. 1a shows the resulting
glass powder after sieving and cleaning to be fine-particle free with an
even distribution of all particle sizes from 45 to 125 μm. The specific
surface area of the cleaned powder was determined to 5878 cm2/g by
3-point krypton adsorption using the BET method. The density of this
glass, as reported by Wolff-Boenisch et al. (2006), is 3.05 g/cm3. The
geometric surface area of the basaltic glass used in this study, Ageo,
calculated using equations reported by Wolff-Boenisch et al. (2004a)
is 251 cm2/g. Dividing the BET surface area by the geometric surface
area yields a roughness factor of 23. Although the glass surface
appears smooth, the difference between BET and geometric surface
area likely stems from fine scale porosity and roughness as can be seen
in large magnification SEM images (see Fig. 1b).

The mixed-flow reactor system used for all experiments is illus-
trated in Fig. 2. This reactor system is similar to those used in past
dissolution rate studies (e.g., Wolff-Boenisch et al., 2004a,b; Cubillas
et al., 2005; Pokrovsky et al., 2005; Chaïrat et al., 2007; Gautelier et al.,
2007). All reactors, connectors, and tubing were thoroughly cleaned
in a 0.1 M HCl bath for ~24 h and rinsed with Millipore™ water prior
to each experiment. All outlet fluid sample bottles went through the
same cleaning procedure prior to sampling to prevent contamination.
Basaltic glass dissolution experiments were initiated by placing either
5 or 10 g of cleaned basaltic glass powder and the selected inlet
solution into the 300 mL polyethylene mixed-flow reactors. These
reactors were sealed and placed into a temperature 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 propelled at stirring rates



Fig. 1. Scanning electron images of the basaltic glass used in this study. Images a and b are of the basaltic glass before experiment. Image b is a magnification of image a showing
surface roughness. Image c shows secondary silica-rich precipitates growing on the surfaces of glass following its dissolution during experimental series 2 at 70 °C, which is the only
series, where other secondary phases than carbonates were observed. Image d depicts small CaCO3 crystals growing out of the glass surface following its dissolution during series 8 at
pH 10. Image e represents the surface of basaltic glass after dissolution during control series 9 at pH 10. Images f and g illustrate themorphology of CaCO3 precipitates recovered from
series 4 and 6. Calcite clusters as in f ranged in size from 10 to 1000 μm. Image h shows the surfaces of basaltic glass following its dissolution for ~164 days in control Exp. 7.
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around 300 rpm using a multi-position magnetic stirrer located
underneath the water bath. Floating stir bars were used to avoid
grinding of the basaltic glass grains during the experiments.

Inlet solutions were comprised of Millipore™ water and Merck/
Sigma-Aldrich analytical grade NaHCO3, Na2CO3, NH4Cl, CaCl2, NaCl,
NaOH, and/or HCl with ionic strengths ranging from 0.01 to
0.09 mol kg−1. Compositions of the inlet solutions were based on
calculations made using PHREEQC to yield the desired pH and ionic
strength. The inlet solutions were stored in 8 or 12 L compressible
plastic bags. Inlet solutions containing CaCl2 were continuously
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Fig. 2. Experimental setup of the precipitation (P) and control (C) experiments used for experimental series 4 through 7 at 25 °C. Supersaturation of calcite in the precipitation
experiments is obtained by mixing two inlet solutions comprised of NaHCO3 and CaCl2, respectively, inside the reactor. The control experiments ran with a CaCl2 inlet solution
designed to dissolve basaltic glass without secondary precipitate formation. Both P and C reactors contained approximately 10 g of basaltic glass powder.
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purged with N2 to prevent atmospheric CO2 from dissolving into this
solution and to keep the pH stable. This effort was only partially
successful as the pH in these solutions fluctuated±1 pH unit from the
target pH. Inlet solutions were injected into the reactors at a constant
rate using Masterflex™ cartridge pumps. In some experiments two
inlet solutions (one Ca-rich and the second carbonate-rich) were used
to create a solution supersaturated with respect to calcite in the
reactor.

Experiments in this study were performed in series consisting of a
sequence of runs performed on a single basaltic glass powder. For each
experiment in a series the temperature and inlet solution flow rate
were kept constant while the chemical composition of the inlet
solution was changed. Two different types of experiments were
performed: ‘precipitation’ and control ‘experiments’. ‘Precipitation’
experiments were designed tomeasure basaltic glass dissolution rates
during carbonate precipitation. To attain calcite saturation, carbonate
±calciumwere provided to the system by the inlet solutions. ‘Control’
experiments were designed tomeasure basaltic glass dissolution rates
in the absence of secondaryphase precipitation andwere carried out in
carbonate-free inlet solutions. Details of all nine experimental series
are provided in Tables 2–4. Each series is denoted by a number, and
Table 2
Composition of the inlet fluids for the all experiments performed in this study.

Experimenta NaHCO3

(mol/kg)
NH4Cl
(mol/kg)

CaCl2
(mol/kg)

Na2CO3

(mol/kg)
N
(

1a-P 0.035
1b-P 0.035
2-P 0.035
3-C 0.010
4-Pb 0.035 0.010
5a-C 0.014
5b-C 0.020
6a-Pb 0.035 0.010
6b-Pb 0.035 0.020
6c-P 0.010
6d-P 0.010
7a-C 0.020
7b-C 0.030
7c-C 0.030
7d-C 0.010
7e-C 0.010
8a-P 0.010 0.010
8b-P 0.010 0.010
8c-P 0.010
9a-C 0
9b-C 0
9c-C 0.010

n.m.=not measured.
a The ‘-P’ and ‘-C’ designates precipitation and control experiments, respectively.
b Two-inlet system, i.e. the concentration of the fluid entering the reactor is half of each
c HCl was added until the desired pH was reached, but the exact concentration was not
each experiment within a series is indicated by a letter, i.e. Exp. 7a–e
are five experiments within series 7.

Outlet fluids were regularly sampled during all experiments. Three
residence times or more separated each sampling. The residence time
is defined as the volume of the reactor divided by the fluid flow rate.
The outlet solutions were filtered through a 0.2 μm cellulose acetate
membrane filter into a 100 mL polyethylene bottle and acidified with
concentrated supra-pure HNO3. The major element concentrations of
inlet and outlet fluids were determined using a Spectro Ciros Vision
Inductively Coupled PlasmaOptical Emission Spectrometer (ICP-OES).
Analytical uncertainties on ICP-OES analyses are estimated to be 3–5%.

Glass dissolution rates based on the release of the ith element (r+,i,j)
were calculated from:

r+;i; j =
Ci·fr

νi·Aj·m
ð2Þ

where Ci stands for the concentration of the ith element in the outlet
solution, fr refers to the fluid flow rate, νi is the stoichiometric factor of
the ith element, Aj designates the specific surface area of the basaltic
glass, and m denotes the mass of glass used in the experiment. The
aCl
mol/kg)

NaOH
(mol/kg)

HCl
(mol/kg)c

Ionic strength
(mol/kg)

pH (21 °C)

0.035 8.45
n.m. 0.035 6.35

0.035 8.54
0.010 5.74
0.033 8.15

1.0E−06 0.042 7.29
1.4E−06 0.060 7.22
1.2E−07 0.033 n.m.
1.6E−07 0.048 n.m.

0.010 8.54
n.m. 0.010 3.81

1.6E−07 0.060 7.92
1.7E−07 0.090 8.33

0.090 5.83
0.010 8.54

n.m. 0.010 3.81
0.040 10.12
0.040 10.13
0.010 8.54

.035 1.3E−07 0.035 10.18

.035 1.3E−07 0.035 10.19
0.010 8.54

inlet.
measured.

image of Fig.�2
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index j refer to rates calculated either using the measured BET surface
area, ABET or the geometric surface area, Ageo.

Thermodynamic calculations suggest the some of the outlet fluids
at both 25 and 70 °C were supersaturated with respect to several
secondary phases including gibbsite, hematite, goethite, zeolites and
clayminerals. These areminerals that occur naturally in theHellisheidi
basalts (Alfredsson et al., 2008). Secondary iron phases were
supersaturated in most experiments and often a reddish-brown
precipitate was observed on the stainless steel filters inside the
mixed-flow reactors. Thermodynamic calculations also indicate that
the outlet fluids were all strongly undersaturated with respect to the
dissolving basaltic glass itself with a chemical affinity; A⁎≥10 kJ/mol
in all experiments, where A⁎ refers to the chemical affinity of the
hydrated surface layer (c.f., Gislason and Oelkers, 2003).

4. Experimental results

In total, 19 steady-state dissolution experiments were performed as
part of 9 experimental series. The chemical compositions of the inlet
Table 3
Physical conditions, steady-state solution compositions, and measured basaltic glass dissolu

a. Physical conditions and steady-state fluid compositions of the basaltic glass dissolutio

Exp.c T mBG SBET fr texp pHout

in-situ Ta
[Si]out
(μmol/kg)

[
((°C) (g) (m2) (g/min) (days)

1a-P 70 9.93 5.84 0.56 42 8.2 244.82 7
2-P 70 9.82 5.77 0.57 26 8.1 129.72 3
3-C 70 5.00 2.94 1.17 10 5.2 19.71
4-P 25 9.98 5.87 0.51 64 7.1 5.03
5a-C 25 9.92 5.83 0.51 12 6.8 5.86
5b-C 25 9.92 5.83 0.51 48 6.8 8.75
6a-P 25 9.53 5.60 0.50 29 7.2 7.47
6b-P 25 9.53 5.60 0.50 40 7.0 4.26
6c-P 25 5.09 2.99 0.63 8 8.6 4.24
6d-P 25 5.09 2.99 0.64 5 8.1 4.64
7a-C 25 9.85 5.79 0.45 32 7.7 14.93
7b-C 25 9.85 5.79 0.49 114 7.9 14.54
7d-C 25 5.13 3.02 0.63 9 8.5 4.63
8a-P 25 9.75 5.73 0.48 146 10.0 14.86
8b-P 25 5.01 2.94 0.72 7 10.1 11.75
8c-P 25 5.01 2.94 0.72 5 8.6 5.15
9a-C 25 9.41 5.53 0.47 132 9.9 11.79
9b-C 25 5.03 2.96 0.70 7 10.0 11.48
9c-C 25 5.03 2.96 0.69 5 8.5 4.11

b. Steady-state basaltic glass dissolution rates (log r+) in mol/cm2/s obtained in this stu

Exp. T pHout at log log log log
(°C) in-situ T r+,Si,BET r+,Si,geo r+,Al,BET r+,Al,geo

1a-P 70 8.2 −13.4 −12.0 −13.5 −12.1
2-P 70 8.1 −13.7 −12.3 −13.8 −12.4
3-C 70 5.2 −13.9 −12.5 −15.7 −14.4
4-P 25 7.1 −15.1 −13.8 −16.4 −15.1
5a-C 25 6.8 −15.1 −13.7 −15.9 −14.5
5b-C 25 6.8 −14.9 −13.5 −15.3 −14.0
6a-P 25 7.2 −15.0 −13.6 −16.2 −14.9
6b-P 25 7.0 −15.2 −13.8 −16.0 −14.7
6c-P 25 8.6 −14.8 −13.5 −14.8 −13.5
6d-P 25 8.1 −14.8 −13.4 −14.9 −13.5
7a-C 25 7.7 −14.7 −13.3 −14.9 −13.5
7b-C 25 7.9 −14.7 −13.3 −14.8 −13.4
7d-C 25 8.5 −14.8 −13.4 −14.8 −13.4
8a-P 25 10.0 −14.7 −13.3 −15.0 −13.6
8b-P 25 10.1 −14.3 −13.0 −14.6 −13.3
8c-P 25 8.6 −14.7 −13.3 −14.9 −13.5
9a-C 25 9.9 −14.8 −13.4 −14.9 −13.5
9b-C 25 10.0 −14.3 −13.0 −14.4 −13.0
9c-C 25 8.5 −14.8 −13.4 −15.1 −13.7

n.m.=not measured. b.d.=below detection limit.
a Computed with PHREEQC version 2.14.
b Ca and Mg concentrations arise from CaCl2 inlet solution.
c The ‘-P’ and ‘-C’ designates precipitation and control experiments, respectively.
d No stable value, not included.
fluids, their pH and ionic strength are listed in Table 2. Compositions of
theoutletfluids at steady-state and calculated steady-state basaltic glass
dissolution rates for all 19 experiments are listed in Tables 3a and b. The
saturation state of calcite in the outlet fluids and other selectedminerals
are provided in Table 4. These experimental results will be discussed in
detail below.

4.1. Basaltic glass dissolution in aqueous carbonate inlet fluids at 70 °C
(experimental series 1 and 2)

Experimental series 1 and2dissolvedbasaltic glass in0.035 mol kg−1

NaHCO3 inlet solutions. Experimental series 1 was previously described
byStockmannet al. (2008), a preliminary report of this study. Results for
this experimental series in the current manuscript differ somewhat
from those previously reported because they have been corrected for
loss of dissolving basaltic glass mass during the experiment. The initial
mass of 9.9 g of basaltic glass was reduced by dissolution to 8.8 g during
the experiment, which makes a notable difference in calculated rates.
Mass-corrected results of experimental series 1 are shown as a function
tion rates of all experiments performed in the present study.

n experiments performed in this study.

Al]out
μmol/kg)

[Ca]out
(μmol/kg)

[Mg]out
(μmol/kg)

[Fe]out
(μmol/kg)

A* log
(a3H+/aAl3+)a(kJ/mol)a

8.47 19.47 62.04 0.15 13.4 −6.3
8.38 20.90 30.37 0.04 15.1 −6.1
0.10 3.31 2.86 0.26 21.7 −5.6
0.09 2370.25b 9.53b 0.05 20.2 −9.2
0.33 n.m.b 22.90b 0.05 17.7 −9.2
1.17 n.m.b 30.20b 0.03 16.0 d

0.14 2517.38b 9.29b 0.10 18.5 −8.6
0.23 5913.36b 15.79b 0.08 19.1 −8.9
1.57 53.82 1.31 0.06 20.6 −8.3
1.36 794.66 1.61 0.03 19.4 −8.7
3.83 n.m.b 30.70b 0.08 14.9 d

4.31 n.m.b 42.18b 0.04 15.5 d

1.70 n.m. 1.12 0.29 20.3 −8.3
2.76 4.66 3.60 b.d. 22.9 −7.0
2.12 7.46 2.92 b.d. 23.7 −6.9
1.21 7.09 2.33 0.12 20.5 −8.1
3.54 n.m. 2.14 0.03 18.8 −7.2
3.59 n.m. 1.96 0.16 22.6 −7.2
0.83 n.m. 1.66 0.02 21.4 −8.0

dy

log log log log log log
r+,Ca,BET r+,Ca,geo r+,Mg,BET r+,Mg,geo r+,Fe,BET r+,Fe,geo

−13.9 −12.6 −13.5 −12.1 −15.9 −14.5
−13.9 −12.5 −13.8 −12.4 −16.5 −15.1
−14.1 −12.7 −14.2 −12.8 −15.0 −13.7

−16.4 −15.1
−16.4 −15.0
−16.6 −15.3
−16.1 −14.7
−16.2 −14.8

−13.1 −11.8 −14.8 −13.4 −16.0 −14.6
−12.0 −10.6 −14.7 −13.3 −16.3 −14.9

−16.3 −14.9
−16.5 −15.2

−14.9 −13.5 −15.3 −13.9
−14.6 −13.2 −14.8 −13.4
−13.9 −12.6 −14.4 −13.0
−14.0 −12.6 −14.5 −13.1 −15.6 −14.2

−15.0 −13.6 −16.7 −15.3
−14.6 −13.2 −15.5 −14.1
−14.7 −13.3 −16.4 −15.0



Table 4
Saturation indices (SI) of selected minerals in the outlet fluids of all experiments reported in this study.a,b,c

Exp.d Calcite Aragonite Gibbsite Amorph.
Al(OH)3

Goethite Hematite Amorph.
FeOOHe

Amorph.
SiO2

Chlorite Kaolinite Mesolitee Scolecitee Thomsonitee Other minerals super-
saturated according
to modelinga

1a-P −0.02 −0.14 0.37 −1.97 5.46 13.11 −0.09 −1.26 6.10 1.22 1.44 1.64 3.69 Allophane, analcime,
chrysotile, dawsonite,
dolomite, imogolite,
Ca-mordenite,
magnesite, talc

2-P −0.05 −0.16 0.21 −2.13 5.23 12.66 −0.32 −1.51 2.18 0.40 0.16 0.38 1.15 Allophane, analcime,
dawsonite, dolomite,
imogolite, magnesite,
talc

3-C −0.35 −2.68 −4.10 −6.02 −9.66 −2.33 −33.50 −2.34 −10.66 −9.29 −21.82
4-P 0.24 0.10 −0.10 −2.79 5.25 12.51 −0.65 −2.57 −23.34 −1.98 −5.58 −4.52 −10.44
5a-C 1.10 −1.59 4.48 10.96 −1.43 −2.52 −22.25 0.52 −5.58 −1.87 −7.94 Allophane, imogolite
5b-C 1.52 −1.17 4.45 10.90 −1.46 −2.37 −20.13 1.66 −3.98 −0.41 −4.44 Allophane, imogolite
6a-P 0.45 0.30 0.59 −1.04 5.24 12.50 −0.65 −2.51 −22.03 −0.49 −3.97 −2.89 −6.55 Dawsonite, imogolite
6b-P 0.50 0.36 0.83 −0.80 4.96 11.92 −0.95 −2.68 −22.65 −0.34 −4.07 −2.90 −6.30 Dawsonite, imogolite
6c-P 0.10 −0.04 0.15 −2.54 6.10 14.21 0.20 −2.69 −13.09 −1.72 −3.76 −3.13 −6.04
6d-P −5.83 −5.97 0.57 −2.12 −1.29 −0.57 −7.19 −2.63 −16.30 −0.76 −4.57 −1.95 −6.23
7a-C 1.28 −1.41 5.89 13.79 −0.01 −2.11 −10.91 1.70 −1.79 1.73 0.32 Allophane, imogolite
7b-C 1.14 −1.55 5.80 13.60 −0.11 −2.15 −9.07 1.35 −1.78 1.82 0.52 Allophane, imogolite
7d-C −0.24 −0.39 0.17 −2.52 6.72 15.44 0.81 −2.67 −13.78 −1.65 −3.96 −3.43 −6.67
8a-P −0.06 −0.21 −1.19 −3.88 −2.63 −1.35 −4.28 −4.10 −4.29 −7.85
8b-P 0.04 −0.11 −1.27 −3.96 −2.71 −1.69 −4.59 −4.37 −4.52 −8.29
8c-P −0.65 −0.79 −0.03 −2.72 6.49 14.99 0.59 −2.58 −10.67 −1.86 −4.13 −3.78 −7.51
9a-C −0.91 −3.60 4.96 11.92 −0.95 −2.62 −0.49 −3.70 −3.19 −3.21 −5.43
9b-C −0.95 −3.64 5.53 13.06 −0.38 −2.66 −0.46 −3.84 −3.02 −2.90 −4.77
9c-C −0.82 −0.97 −0.23 −2.92 5.56 13.13 −0.34 −2.80 −14.42 −2.68 −5.54 −5.20 −10.49

a Computed with PHREEQC version 2.14.
b Saturation index is defined as: SI=log (IAP/Ksp), where IAP is the ion activity product and Ksp refers to the solubility product of the solid phase.
c Uncertainty on SI is estimated to ±0.10 log units.
d The ‘-P’ and ‘-C’ designates precipitation and control experiments, respectively.
e Based on data from Gysi and Stefansson (submitted for publication).
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of time in Fig. 3a. Basaltic glass dissolution rates based on Si, Al, and Mg
release are similar and thus consistent with the stoichiometric
dissolution of the glass during the first 42 days of the experiment. The
pH of the outlet fluid was constant and equal to 8.2 during the
experiment. The dissolution of the glass also released Ca to solution. The
combinationof this Ca release and theHCO3

−present in the inlet solution
resulted in the reactive fluid being saturated with respect to calcite
(Fig. 3b). The dissolution rates based on Ca shown in Fig. 3a are 0.5 log
units slower than that of the other elements, consistent with the
precipitation of a calciumcarbonate phase. Calculations indicate that the
reactive fluids are also supersaturatedwith respect to gibbsite, goethite,
hematite, dawsonite, dolomite, magnesite, chlorite, chrysotile, talc,
kaolinite, allophane, imogolite and several zeolites. Dissolution rates
based on Fe are not shown in Fig. 3a as their concentration in the outlet
fluids are at or below the analytical detection limit suggesting Fe-
oxyhydroxide precipitation. In contrast the relative dissolution rates
based on Si, Al, and Mg are consistent with the absence of significant
quantities of Mg or Al bearing secondary phases.

After 42 days, the original inlet solution was replaced by a
0.035 mol kg−1 NaHCO3 solution to which sufficient HCl was added to
lower its pH to 6.4. This pH pulse had distinct effects on the dissolution
rates measured from Si, Al, and Mg versus Ca concentrations. The
dissolution rates calculated from Si, Al, and Mg release decreased
following this pH pulse consistent with the decrease of basaltic glass
dissolution rates over this pH range (c.f. Gislason and Oelkers, 2003),
whereas dissolution rates from Ca release increased following this pH
pulse consistent with the relatively rapid re-dissolution of a calcium
carbonate phase. Note that the solubility of calcium carbonate phases
increase dramaticallywith decreasing pH at these conditions (Plummer
and Busenberg, 1982).

If all the non-stoichiometric Ca release is attributed to calcium
carbonate precipitation, mass balance considerations indicate that
0.14 g of calcite precipitated during the first 42 days of experimental
series 1. This mass of calcite, if homogeneously precipitated over the
whole basaltic glass BET surface area, would have lead to a 1 μm thick
secondary calcite layer on the ~8.9 g of glass present in the reactor.
Nevertheless, Si release suggests that this precipitation has little effect
on the glass dissolution rates. This observation suggests that the pre-
cipitated calcium carbonate is not passivating. This observationwould
be consistent with either the precipitation of the calcium carbonate
independently from the glass surface or heterogeneously on this
surface.

Experimental series 2 ran for 26 days as a replicate of series 1, but
dissolution rates for this experiment suggest not only retention of Ca,
but also of Si, Mg and Al in secondary mineral phases. Steady-state
glass dissolution rates based on Si, Mg and Al are systematically 0.3 log
units lower than the rates obtained in series 1. The steady-state
dissolution rates based on Ca release of this series are identical to
those observed in experimental series 1 consistent with calcite
saturation. PHREEQC calculations indicate the reactive fluid was
supersaturated with respect to calcite, dawsonite, gibbsite, clays and
zeolites; SEM images coupled with EDX substantiated the precipita-
tion of a secondary silica-rich phase as depicted in Fig. 1c. It was not
possible, however, to identify this needle-shaped precipitate due to
crystal size. The observed silicate needles do, however, exhibit the
morphology of the zeolites mesolite and scolecite, which are
supersaturated in the outlet solution. It seems likely that this
precipitate is responsible for the lower Si and Al release rates
observed in this experimental series relative to experimental series
1. EDX also detected carbon on the glass surface, but no carbonate
crystals were visible. More sensitive surface analysis techniquesmight
reveal the identity of the needles and the carbon phases on the glass
surface. This is the only experiment where mineral phases other than
calcium carbonate were observed. It is noteworthy that these
secondary Si-rich precipitates do not form massive coatings on the
glass surface. In contrast, passivating silica rims have been reported in
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some previous studies (e.g. Béarat et al., 2006; Andreani et al., 2009;
Daval et al., 2009b).

4.2. Basaltic glass dissolution in carbonate-rich fluids at 25 °C
(experimental series 8 and 9)

Experimental series 8 consisted of the dissolution of basaltic glass
in a solution containing 0.01 mol kg−1 NaHCO3 and 0.01 mol kg−1

Na2CO3. The resulting inlet solution had a pH of 10.0. The results of
experiment 8a are presented as a function of time in Fig. 4a.
Dissolution rates from Si, Mg, and Ca release are similar and consistent
with stoichiometric dissolution of the glass during the first 100 days
duration of the experiment. After 100 days, Ca appears to be
preferentially released from the glass. The reason for this preferential
Ca release is unclear, but post-experimental SEM images (e.g., Fig. 1d)
clearly indicate that calcium carbonate precipitated on the basaltic
glass surface. This is also corroborated by calculations showing that
the reactive fluid was saturated with calcite throughout the
experiment. Dissolution rates calculated from Al release are relatively
low suggesting precipitation of an Al-bearing phase. As was the case
for experimental series 1, Si and Mg release appear nearly constant
during the 140-day experiment.
A parallel control experiment, experimental series 9, was per-
formed by dissolving basaltic glass in a pH 9.9 solution comprised of
0.035 mol kg−1 NaCl+0.13 mmol kg−1 NaOH. Dissolution rates
based on Si release from experiment 9a are compared to those of
experiment 8a in Fig. 4b. It can be seen that dissolution rates from Si
release from both experiments are identical within experimental
uncertainty. SEM images of basaltic glass powders following exper-
imental series 9 show the basalt surfaces to be free of secondary
minerals (Fig. 1e).

4.3. Basaltic glass dissolution in calcium-bearing aqueous carbonate
fluids at 25 °C (experimental series 4 and 6)

In an attempt to assess the effect of thicker calcium carbonate
layers on basaltic glass dissolution, two further sets of basaltic glass
dissolution experiments were carried out using calcium bearing
aqueous carbonate inlet fluids at 25 °C (series 4 and 6). Two inlet
solutions were connected to the mixed-flow reactor; one injecting an
aqueous 0.035 mol kg−1 NaHCO3 solution and the other aqueous
solution containing 0.01 to 0.03 mol kg−1 CaCl2 and sufficient NaOH
to attain the target pH. The compositions of these inlet solutions are
listed in Table 2.
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Basaltic glass dissolution rates based on Si during experimental
series 4 and 6 are shown in Fig. 5, together with corresponding rates
from control experiments (series 5 and 7, c.f. Table 3). Basaltic glass
dissolution rates in precipitation and control experiments are
identical within uncertainty and are invariant over time.

SEM images of both ‘precipitation’ and ‘control’ experiments are
shown in Fig. 1f, g and h. No secondary minerals are evident in the
‘control’ experiments (series 5 and 7, Fig. 1h), and only calcium
carbonate minerals (calcite and aragonite, based on morphology) are
apparent in the ‘precipitation’ experiments (series 4 and 6, Fig. 1f and g).
In contrast to the SEM imagesof theglass after experimental series 8, the
calcium carbonate precipitates in series 4 and 6 did not grow on the
basaltic glass surface but as individual crystals. This differing behavior
may stem from two factors. First, the source of calcium in the fluids of
experimental series 8 is the dissolution of the basaltic glass rather than
the inlet fluid. Secondary, the inlet fluid in experimental series 4 and 6
are far more supersaturated with respect to calcite than the fluid in
experimental series 8. This higher degree of supersaturation could
provoke heterogeneous nucleation of calcium carbonate in the fluid of
experimental series 4 and 6. Indeed, the weight of the solids after the
experimental series 6 indicated that approximately 5 g of carbonates
had precipitated inside the reactor; this estimate was qualitatively
corroborated by Camass balance calculations that suggested that ~10 g
of calcite precipitated during the69-day durationof experiments 6a and
6b. Despite the fact that the mass of precipitated carbonates was
substantial, glass dissolution rates were not affected. XRD analysis of
post-experiment samples confirmed the presence of calcite in both
experiments, whereas aragonite and vaterite, a third polymorph of
CaCO3,were not detected byXRD.However, thepresence of aragonite in
these experiments is very probable because the elongated crystals, seen
in Fig. 1g are typical of orthorhombic aragonite (Palache et al., 1951). No
cation impurities such as Mg or Sr, that could help distinguish between
calcite and aragonite in the crystal structure, were detected with EDX
(Gobac et al., 2009).

4.4. Comparison with previously published basaltic glass dissolution
rates

The logarithm of steady state dissolution rates obtained in this
study at 25 °C are plotted in Fig. 6 as a function of log· a3Hþ = aAl3+

� �
where ai refers to the activity of the subscripted aqueous species. Only
data for those outlet fluids where Si and Al release was stoichiometric
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are plotted in Fig. 6 to avoid potential ambiguities due to potential
secondary mineral precipitation. Consistent with the dissolution
mechanism and rate equations provided by Oelkers and Gislason
(2001) and Gislason and Oelkers (2003) the far-from-equilibrium
dissolution rates from the ‘precipitation’ as well as ‘control’ series can
be expressed as

rSi;geo = k
a3Hþ

aAl3+

 !n

ð3Þ

where k denotes a rate constant and n a reaction order equal to 0.33.
Eq. (3) is based on the assumption that the rate limiting step of
basaltic glass dissolution is the breaking of partially liberated Si-
tetrahedras through proton/aluminum exchange reactions (Oelkers,
2001; Wolff-Boenisch et al., 2004b; Schott et al., 2009). It can be seen
in Fig. 6 that the dissolution rates of basaltic glass measured in the
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Fig. 6.Variation ofmeasuredbasaltic glass dissolution rates, basedon Si release, as a function of lo
(see Table 3a). Theuncertainty on the rates is±0.15 log units as illustrated by theerror bars. The
the corresponding equation for the precipitation data is log r+,geo=0.35 log (a3H+/aAl3+)−10.53
presence of precipitating CaCO3 are similar to those measured in the
‘control’ experiments.

Several past studies reported dissolution rates of glasses similar to
that used in this study at similar temperatures and pH. A compilation
of these rates is given in Table 5. Rates normalized to BET surface area
are comparable to those determined in this study, whereas rates
normalized to geometric surface area are approximately one log unit
lower than those obtained in this study.

A comparison of measured basaltic glass dissolution rates based on
Si release as a function of fluid phase ionic strength is illustrated in
Fig. 7. No effect of ionic strength is apparent.

5. Discussion

The results summarized above suggest that the presence of calcite
precipitating on or near the surfaces of basaltic glass does not affect its
dissolution rate. What calcium carbonate is observed to precipitate on
these surfaces forms prisms rather than pervasive coatings covering
 H Al+/a 3+]

Linear (precipitation)Linear (control)

-8.0 -7.5 -7.0 -6.5

g (a3H+/aAl3+) for all experiments at 25 °C forwhich stoichiometric Si/Al releasewasobserved
linear equation for the control data is log r+,geo=0.34 log (a3H+/aAl3+)−10.59, R2=0.96, and
, R2=0.86.



Table 5
Steady-state Si dissolution rates (log r+) in mol/cm2/s at 25 °C reported in the
literature.

pH log r+,BET
a log r+,BET

b log r+,geo
b pH c log r+,BET

c log r+,geo
c

7.0 −15.1 −14.9 −12.9 7.0 −15.1 −13.7
8.0 −14.8 −14.6 −12.6 7.9 −14.7 −13.3
8.5 −14.4 −12.4 8.6 −14.8 −13.4
10.0 −14.1 −13.9 −11.9 10.1 −14.3 −13.0

a From Oelkers and Gislason (2001).
b FromGislason andOelkers (2003), a roughness factor of 92 is used to calculate r+,geo

from r+,BET.
c This study, average of values given in Table 3b. The basaltic glass roughness factor is

23.
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the whole original surface. These observations are consistent with
those of Cubillas et al. (2005) who concluded that substantial
inhibition of mineral dissolution by a precipitating phase is only
efficient when there is a close crystal structural match between the
dissolving and precipitating phase. As basaltic glass has a far different
structure than precipitating calcium carbonate phases there is little
thermodynamic drive to precipitate pervasive coatings on the surface
of the primary mineral.

Another interesting observation is that the location of secondary
precipitates apparently depends on the source of the material used to
create the secondary phase and/or the degree of supersaturation of
the fluid phase. In experiments where Ca was sourced from the
dissolving basaltic glass (e.g. experimental series 8) precipitating
calcite formed on the surfaces of the dissolving glass (see Fig. 1d). In
contrast, in experiments where calcite was externally sourced and the
fluids had higher degrees of supersaturation, calcite formed as distinct
crystals separated from the glass surface (see Fig. 1f). This suggests
that the location of secondary precipitates in natural systems may
hold information on the source of its constituent elements. This
conclusion is consistent with that of Putnis (2009) who reported that
mineral replacement reactions are favored when the primary phase
contributes elements to the secondary phase.

The observation that the presence of calcium carbonate precipi-
tates does not inhibit basaltic glass dissolution favors the use of basalt
for CO2 carbonatization. This carbonatization process involves the
release of Ca, Mg, and Fe from basalt by dissolution. These divalent
metals can then react with dissolved CO2 in the fluid phase to form
stable carbonate minerals. It has been argued that basalt dissolution is
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Fig. 7. Variation of measured steady-state basaltic glass Si dissolution rates as a function of io
‘control’ experiments and the error bars on this plot correspond to ±0.15 log units uncerta
the slowest and thus rate-limiting step of this coupled process. The
observation that calcium carbonate precipitates do not create
passivating layers on the basaltic glass surface suggests that Ca, Mg,
and Fe release will not be slowed by carbonate precipitation at least at
the initial part of the injection. The calcite growth may become more
extensive with time, as was observed on basaltic grains by Schaef et al.
(2009), though dissolution rates were not reported in this previous
study.

6. Conclusions

The presence of calcite precipitate either on or adjacent to basaltic
glass does not affect the dissolution rates of the primary phase. In fact
the dissolution rates of basalt glass appear to be constant for at least
144 days despite the precipitation of substantial calcite during the
experiments. This result favors long-term mineral sequestration in
glassy volcanic rocks. In addition, themeasured steady-state BET rates
match those previously reported in the literature; supporting their
application to describing chemical mass transfer rates in natural
systems.

The observations presented above also confirm previous conclu-
sions that non-pervasive secondary precipitates do not significantly
influence the dissolution rates of the primary phase. This contrasts to
the behavior of those systems where pervasive passivating surface
precipitates form. In these latter systems rates can be slowed
dramatically (c.f., Cubillas et al., 2005). It appears, therefore that the
key to determining if a secondary precipitatewill affect the dissolution
rates of a primary phase is the understanding of the morphology and
location of the secondary precipitates which is likely a function of
1) the relative structures of the primary and secondary phases, 2) the
degree of supersaturation of the reactive fluid with respect to the
secondary phase, and 3) the location of the source of the elements
comprising the secondary phase. Further experiments attempting to
illuminate the affect of calcium carbonate precipitation on the
dissolution rates of other solids will be reported in future publications.
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