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a b s t r a c t

Mineral and rock dissolution was studied experimentally using flow-through reactors and reactive
transport modeling. The porous media were forsterite, crystalline basalt, and amorphous basalt, dis-
solved in HCl solutions at pH ~2.5 and 25 �C. Solution composition, particle surface area, and porosity
were determined as a function of travel distance within the reactor and time, using in situ X-ray
computed tomography (XMT) and solution chemical composition. The obtained bulk dissolution rates,
normalized to the initial geometric surface area, were: log rþ,Si �7.59 ± 0.05 for forsterite, �7.64 ± 0.12
for basaltic glass and �8.12 ± 0.24 (mol/m2/s) for crystalline basalt, at 25 �C and pH ~2.5, similar to those
previously obtained using mixed flow reactors and for conditions far from equilibrium. Mineral and rock
dissolution resulted in increased porosity and specific surface area of the solids; these changes were not
uniformly distributed along the fluid flow path or with time. Similar trends were predicted by reactive
transport modeling, however, the exact values of pore volume and surface area were difficult to predict.
The results were found to be independent of the method applied in the surface area calculations: either
the simple spherical model or the sugar lump model. Also, in the models, stoichiometric mineral
dissolution is commonly assumed, but was not observed to occur for either glassy or crystalline basalt. It
shows that accurate prediction capabilities of simple reactive transport modeling may be limited for
calculating pore volume, mineral and rock surface area changes, and pore fluid chemistry with time and
along flow paths. These, in turn, are key parameters in determining dissolution rates, overall chemical
mass movement in the system, and fluid flow paths and velocities.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Weathering and alteration of rocks by water-rock interaction
play a key role in many geochemical cycles, for example in forming
landscapes and soils (Brantley et al., 2008), in the effectiveness of
carbon capture and storage (e.g., McGrail et al., 2006; Gíslason and
Oelkers, 2014), in acid mine drainage, and in the transport of toxic
elements (e.g. Akcil and Koldas, 2006; Gandy et al., 2007).

The initial step of water-rock interaction in porous media is
dissolution of primary minerals by fluid, usually water, resulting in
dissolved solutes and formation of secondary minerals. Commonly,
the rate of the overall water-rock interaction is quantified by
change in solution composition as a function of time. Most common
are dissolution experiments (e.g., Pokrovsky and Schott, 2000;
Oelkers and Gíslason, 2001) but rates of secondary mineral for-
mation have also been determined (e.g., Nagy et al., 1991; Saldi
et al., 2009). In porous rocks, mineral dissolution and formation
of secondary minerals may also cause changes in pore volume,
permeability and mineral surface area, however, these effects have
received less attention (e.g., Kieffer et al., 1999; Col�on et al., 2004).

Dissolution rates determined from experiments are commonly
higher than those determined from field studies (e.g. White and
Brantley, 2003). The causes can be many. Dissolution rates are
influenced by available mineral surface area and the availability and
transport of water to and from those surfaces. The surfaces of
natural minerals may be previously weathered compared with
those used in experiments, this affecting the measured dissolution
rates. Moreover, mineral surface area may vary and change during
progressive water-rock interaction and weathering and water
transport are influenced by the porosity and permeability of the
rocks. In recent years, advances in computed tomography (CT) have
provided new insight into water-rock interaction in porous media,
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particularly the changes in porosity and particle surface area (e.g.,
Noiriel et al., 2004, 2009; 2012; Noiriel, 2015; Luquot and Gouze,
2009; Gouze and Luquot, 2011; Cnudde and Boone, 2013; Molins
et al., 2014). These studies have demonstrated that dissolution
and precipitation kinetics can be influenced by fluid transport and
availability of surface area and that surface area and porosity usu-
ally change as a function of flow path and progressive water-rock
interaction.

This study focused on water-rock interaction and mineral
dissolution in porous media. Flow-through experiments were
conducted where the dissolution of single and multiphase, un-
consolidated porous media, with crystalline or amorphous mate-
rial, was investigated. The progress of the reaction was followed by
in situ imaging and by chemical analysis, which allowed changes in
local porosity and surface area to be determined along the flow
path, as a function of time. The chemical composition data were
used to determine dissolution rates. The experimental data were
compared with results from reactive transport modeling, to vali-
date prediction capabilities of such model calculations for solution
composition and changes in porosity and mineral surface area.

2. Methods

2.1. Experimental details

Three materials were used for the experiments: basaltic glass
(BG) as an amorphous single phase, crystalline basalt (XB) as a
crystalline multiphase and forsterite (FO) representing a crystalline
single phase system. The composition of the basaltic glass was close
to that of mid-ocean ridge basalt (MORB) and was collected from
Stapafell, SW Iceland. The material has been described previously
(e.g., Oelkers and Gíslason, 2001; Gíslason and Oelkers, 2003; Gysi
and Stef�ansson, 2012a,b,c; Stockmann et al., 2011; Galeczka et al.,
2014). The bulk composition of the crystalline basalt was similar
to the basaltic glass and was collected at the same locality. The
mineralogy and petrology of the material have previously been
reported by Gudbrandsson et al. (2011). The forsterite
(Mg1.86Fe0.14SiO4) used in this study was collected in Gusdal quarry,
in the Almklovdalen peridotite massif, situated in the Western
Gneiss Region, Norway (Brueckner et al., 2010).

The solid materials were broken in a jaw crusher, then ground in
an automatic agate mortar and dry sieved to obtain the
125e250 mm size fraction. We used gravitational settling in
deionized ultrapure water and the water further served to remove
the ultrafine particles. The material was rinsed with deionized
water and acetone in an ultrasonic bath and dried in an oven at
40 �C. A summary of the chemical and physical properties of the
Table 1
Physical and chemical properties of the starting solid material used in the experiments.

Basaltic glass (BG)

Chemical composition Na0.081K0.008Mg0.282Ca0.263Fe0

Grain size 125e250 mm
Material (g) 12.96
Geometric surface area (Ageo) (m2/g) 0.0303
BET surface area (ABET) (m2/g) literature 1.533c

BET surface area (ABET) (m2/g) this study (N2) 5.274
X-ray microtomography surface area (AXMT) (m2/g) 0.0118
X-ray microtomography porosity (fXMT) (%) 49.53

a Oelkers and Gíslason (2001).
b Gudbrandsson et al. (2011). The composition of cpx has been simplified to exclude A
c Arad�ottir et al. (2013).
d Giammar et al. (2005).
starting material is given in Table 1 and SEM images of the fresh
material are shown in Fig. 1. The specific geometric surface area of
the starting materials was determined as (Tester et al., 1994),

Ageo ¼ 6
de�r (1)

the constant, 6, is a shape factor, used for grains that are spherical
and smooth. The effective particle diameter is denoted de, and r
stands for the density of the material. The BET specific surface area
of cleaned and dried startingmaterials was determined by six point
nitrogen adsorption, using a Quantachrome Gas Sorption system.

The dissolution experiments were conducted at 25 �C using a
flow-through reactor system, consisting of an inlet solution, a
peristaltic pump, a vertically placed reaction vessel and an outlet
tube. The cylindrical Teflon reactor had a volume of 8.80 cm3,
length (l) of 11.2 cm and internal diameter (Ø) of 0.5 cm. The re-
actors had thin walls (3 mm) for in situ X-ray microtomography
(XMT) measurements as a function of reaction time and distance
along the flow pathwithin the reactor. Prior to the experiments, the
reactor was loadedwith one of the solid materials, in suspension, to
optimize homogeneous particle distribution and to avoid prefer-
ential channeling.

The inlet solutions were made from HCl (37% Sigma-Aldrich)
and deionized water to form 8.44e8.68 mmol/kg HCl with pH of
2.10e2.11. The solutions were pumped at a constant flow rate
(0.5 ml/min) through the columns. The solid material and the inlet
and outlet solution compositions were determined during the
experimental runs. A schematic figure of the experimental setup is
presented in Fig. 2, together with an example of 3D XMT images of
the material before and after dissolution, taken in situ. The exper-
imental conditions are summarized in Table 2.

2.2. Solid material analysis

The solid materials were analyzed at the beginning and at the
end of the experiments. Scanning electron microscopy (SEM,
HITACHI TM-3000) showed the morphology of the grains. Images
of gold coated samples were taken at an accelerating voltage of
15 kV, at a range ofmagnifications. The chemical composition of the
fresh material was determined using an electron microprobe (JEOL
JXA-8200 Superprobe), at an accelerating voltage of 15 kV, a beam
current of 15 nA, and a beam size of 1e5 mm.

2.3. Solution composition and dissolution rates

Solution samples for chemical analysis were collected at the
Crystalline basalt (XB) Forsterite (FO)

.171Al0.358SiO3.297
a 18% fo 37% cpx 45% plagb Mg1.86Fe0.14SiO4

fo - Mg1.68Fe0.32SiO4
b

cpx - Ca0.4175Mg0.399Fe0.209Si0.973O3
b

plag - Ca0.67Na0.33Al1.55Si2.416O8
b

125e250 mm 125e250 mm
13.61 17.41
0.0284 0.0263
0.812b 0.088d

0.924 0.079
0.0127 0.0137
51.74 41.90

l and to be consistent with the mineral solubilities.



Fig. 1. SEM images of unreacted starting materials.
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inlet and outlet of the flow-through reactor. The solutions were
filtered through 0.2 mm cellulose acetate filters. Two aliquots were
collected, one for pH determination with a glass electrode (Cole-
Parmer), that was calibrated against NBS standard buffers, and
another that was acidified with 1% HNO3 (Merck Suprapur®) for
major element analysis (Si, Na, K, Ca, Mg, Fe, Al, B and Cl) by ICP-OES
(Spectro Ciros Vision). The analytical uncertainty, based on
repeated analysis of an internal standard (GYG13) at the 95% con-
fidence level, ranged from 0.3 to 4.8% for the various elements. The
absolute error of the pH measurements was estimated to be ±0.05
pH units. The results were obtained by comparing themeasured pH
of several solutions using an electrode calibrated against the
standard buffers as well as with a more rigorous standard addition
calibration with acid-base titration and determination of standard
potential, Nernstian slope, and acid and alkaline liquid junction
potentials.

Based on the difference in chemical composition of the inlet and
outlet solutions, the forward dissolution rate (rþi) was calculated
from the expression,

rþi ¼
Dmiq
A

(2)

where Dmi represents the concentration difference between the
inlet and outlet solutions for the i-th element, Dmi was divided by
stoichiometric coefficient of the i-th element in the case of Mg, and
q denotes flow rate. The surface area, A, was assumed to be the
initial geometric surface area of the material inside the reactor or
the surface area determined from the 3D XMT images as a function
of time. The dissolution rates were derived using the Si and Mg
concentrations.

Exact mass of residual material in the reactor for XMT normal-
ized dissolution rate was obtained from the mass of dissolved
material (DMðtÞ) calculated from the following equation:

DMðtÞ ¼
Xn
i¼1

miðtÞwhere miðtÞ ¼
Zt
0

�
ci; in � ci; outðtÞ

�
qðtÞ dt

(3)

with ci; in and ci; out as the concentrations of the i-th cation (mmol/
kg) in the inlet and outlet fluids respectively, q the flow-rate (L/s)
andmi the total moles of cation released from the sample at time t.
The total mass of cations was converted to mass of respective ox-
ides (SiO2, Al2O3, CaO, MgO, FeO).
2.4. X-ray microtomography, calculation of porosity and specific
surface area

Tomography measurements were made using a Phoenix Nano-
tom S X-ray microCT system (General Electric Measurement and
Control) situated at Innovation Center Iceland, Reykjavík, at a
source current of 140 mA, a source voltage of 120 kV and a sampling
distance of 7.83e8.83 mm. Measurements were made on the orig-
inal material, prior to the experiments, and after 2 and 4 weeks of
dissolution, for the inlet (z¼ 20e27 ± 2 mm) and outlet portions of
the reactor (z ¼ 100e107 ± 2 mm). Two phase (solid and fluid)
reconstructed 3D tomography data was processed as follows: 1)
Each voxel, Iðx;y;zÞ with intensity value greater than ðmðIÞ þ 3sðIÞÞwas
replaced by ðmðIÞ þ 3sðIÞÞ. Here, mðIÞ is the mean intensity value and
sðIÞ, the standard deviation of the tomogram's voxel values. This
removed any outlier patch of pixels. 2) Noise level was estimated
following Liu et al. (2013). 3) Bilateral filtering was performed using
the noise level parameter obtained in Step 2 (Tomasi and
Manduchi, 1998). 4) At this point, voxels representing solid and
fluid were segmented by setting a threshold level obtained by Otsu
method (Otsu, 1979). These steps improved the segmentation by
minimizing false pore matrix indicators (Jha et al., 2014). The in-
tensity histograms show a clear bimodal distribution after the
processing steps, which allows a reliable and automatic selection of
threshold levels (Fig. 3). We calculated the digital surface area
(pixel2) of the segmented binary data by counting marching cube
surface values in it. Total digital surface area was converted to
physical surface area (in m2) by multiplying it with the area of a
voxel's face. The porosity, f, was given by V�Vs

V , where V is the total
volume of voxels in the tomogram and Vs is the total solid phase



Fig. 2. A schematic diagram for the X-ray microtomography setup, consisting of inlet solution, peristaltic pump, flow-through reactor and outlet sampling port. The reactor was
made of Teflon with a wall thickness of 3 mm to allow in situ X-ray scanning. Examples of raw, binarized data are presented, with a 3 dimensional reconstruction of the porous
media. The scale bar on the tomogram slices is 600 mm.

Table 2
Summary of the parameters for the experiments.

Basaltic glass (BG) Crystalline basalt (XB) Forsterite (FO)

Exp. # BG 0-9 XB 0-11 FO 0-10
Temperature (�C) 25 25 25
Duration (days) 29 30 30
Flow rate (ml/min) 0.48e0.53 0.41e0.54 0.40e0.54
Solution compostion HCl (mmol/kg) 8.40e8.60 8.25e8.74 8.11e8.74
Solution pH at 25 �C 2.11e2.85 2.10e2.34 2.10e2.86
Solid material SEM analysis Exp. # 0, 9 0, 11 0, 10
Porosity analysis Exp. # 0, 5, 9 0, 6, 11 0, 7, 10
Surface area analysis Exp.# 0, 5, 9 0, 6, 11 0, 7, 10

Fig. 3. Intensity histogram of the tomogram voxels before (black) and after (gray)
processing steps, which allow automatic determination of threshold level.
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voxel count. Themass (g) of the solid material was obtained from Vs

and the material density, r. This consequently allowed us to
calculate specific surface area in commonly used units (m2/g). In
order to calculate the tomographic surface normalized dissolution
rates, the average surface area, X, over all of the solid was calculated
as the arithmetic mean,

X ¼ 1
n

Xn
i¼1

Xi (4)
where n represents the set of sample and Xi, the specific surface
area of samples. Consequently average surface area, X, was multi-
plied with the residual mass of material to obtain total surface area.
2.5. Reactive transport modeling

Reactive transport modeling was conducted using the PHREEQC
program (Parkhurst and Appelo, 2013). The reactor was divided
into 10 reactive cells to track reaction progress as a function of
column distance, with a total 52 to 62$103 transport calculation
steps per cell to calculate 1 month of experimental duration. This
number of transport shifts depended on the initial pore volume and
corresponding solution refill rate; the time step associated with
each shift was close to 1 minute. 1D advective-dispersive-reactive
transport of the solution was determined using the forward flow
direction from cell 1 up to cell 10 to mimic experimental behavior
(Appelo and Postma, 2005). Dispersivity in each cell (10% of trav-
elled distance) was corrected for the total length of the cell and we
assumed no diffusion.

The rate of dissolution was calculated using the transition state
theory for the i-th solid phase,

rþi ¼ Ai

X
i

0
@kT ;i

Y
j

anj

1
Að1� SIiÞ (5)

where A represents the surface area, kT represents the kinetic rate
constant at a given pH and temperature, and

Q
j
anj represents the

activity expression for the j-th dissolved aqueous species in the
solution, to the power of the reaction order of species j, n.

The saturation index, SI, was calculated from,
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SIi ¼ Qi=Ki (6)

where Q denotes the reaction quotient of the dissolution reaction
and K, the respective equilibrium solubility constant.

Dissolution rates and solubility data used in this study are listed
in Table 3. These were taken from dissolution rate studies reported
by Gíslason and Oelkers (2003), Palandri and Kharaka (2004), Olsen
and Rimstidt (2008), and Gudbrandsson et al. (2014). The ther-
modynamic data for aqueous species and the minerals used to
calculate the mineral solubilities were taken from by Phillips et al.
(1988), Shock and Helgeson (1988), Cox et al. (1989), Shock et al.
(1997), Arn�orsson and Andr�esd�ottir (1999), Arn�orsson and
Stef�ansson (1999), Gunnarsson and Arn�orsson (2000), Stef�ansson
(2001), and Arad�ottir et al. (2012).

The pore volume or porosity, f, was calculated from the volume
difference between the empty experimental reactor and the vol-
ume of the solid material in the reactor. The volume of solid was
determined from the mass of material divided by its density.

The total surface area of the grains, A, was determined in two
ways, first, by assuming spherical grains and homogeneous disso-
lution of the solid particles with time, and second, using the sugar
lumpmodel (Noiriel et al., 2009), where material is dissociated into
smaller grains, which increased the surface area. In the spherical
dissolution model, the surface area of the dissolving phases was
calculated from the initial surface area, A0, and the ratio of the
initial number of moles of the solid, m0, and the number of moles
remaining, as a function of time, mt , assuming the grains to be
spherical, hence a factor of 2/3,

A ¼ 2iA0

�
mt

m0

�2=3

(7)

In this model, total surface area does not increase with disso-
lution progress. However, in the sugar lump model, dissolution can
generate extra surface initially and then decrease it,

A ¼ 2i

 
A0 þ Am

�
1�

�
mt

m0

�n1
�n2
!�

mt

m0

�n3

(8)

where Am represents the maximum surface area, which is given by
the sum of the surface area for all of the individual particles. n1;2;3
are empirical coefficients that depend on the geometry of the
aggregate. Coefficient n3 is equal to 2/3, assuming spherical grains.
In addition to the sugar lump model, the coefficient 2i represents
the fraction of reactive surface area of the solids. Its value can range
from 0 to 1, where 0 represents the case where none of the surface
is reactive and 1, where all of the surface reacts. Here, we have
assumed 2i to be 1 but the reactive surface area could be only a part
of the total surface area (e.g., Brantley and Mellott, 2000; Col�on
et al., 2004; Aagaard and Helgeson, 1982; Helgeson et al., 1984),
and it could vary greatly over long periods of water-rock interac-
tion. This would cause dissolution rates to change significantly (e.g.,
Lichtner, 1996; White and Brantley, 2003; Luquot and Gouze, 2009;
Noiriel et al., 2004).
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3. Results

3.1. Solution composition

The chemical composition of the inlet and outlet solutions is
presented in Table 4. The concentration of the inlet solution for all
experiments was similar, between 8.44 and 8.68 mmol/kg HCl, pH
of 2.10e2.11, and the concentration of other elements was below
detection. The outflow solution pH was similar from all solid



Table 4
Chemical composition of the solutions sampled at the column outlet.

Exp. # Time Flow rate pH/25 �C Si Na K Ca Mg Fe Al Cl

Days ml/min mmol/kg mmol/kg mmol/kg mmol/kg mmol/kg mmol/kg mmol/kg mmol/kg

Basaltic glass
BG inlet 2.11 0.010 <0.04 <0.02 <0.001 <0.001 0.0006 0.002 8.44
BG 1 outlet 4 0.51 2.92 1.32 0.248 0.021 0.760 0.731 0.504 0.981 8.49
BG 2 outlet 6 0.5 2.85 1.33 0.239 0.020 0.734 0.705 0.502 0.940 8.48
BG 3 outlet 8 0.5 2.85 1.37 0.234 0.021 0.737 0.707 0.485 0.927 8.43
BG 4 outlet 10 0.53 2.73 1.39 0.220 0.028 0.685 0.663 0.461 0.864 8.49
BG 5 outlet 15 0.5 2.25 0.64 0.097 <0.02 0.241 0.257 0.193 0.314 8.60
BG 6 outlet 20 0.53 2.36 0.80 0.137 0.059 0.382 0.394 0.269 0.488 8.48
BG 7 outlet 22 0.48 2.52 1.09 0.201 <0.02 0.547 0.554 0.366 0.678 8.51
BG 8 outlet 25 0.48 2.66 1.35 0.208 <0.02 0.640 0.639 0.422 0.792 8.40
BG 9 outlet 29 0.48 2.62 1.38 0.199 0.020 0.622 0.625 0.417 0.795 8.56

Crystalline basalt
XB inlet 2.10 0.020 <0.04 <0.02 <0.001 0.004 0.003 0.004 8.68
XB 1 outlet 1 0.47 2.24 0.438 0.047 <0.02 0.188 0.418 0.277 0.145 8.59
XB 2 outlet 3 0.44 2.33 0.814 0.049 <0.02 0.097 0.952 0.490 0.137 8.74
XB 3 outlet 6 0.44 2.34 0.804 0.047 <0.02 0.089 0.962 0.467 0.146 8.60
XB 4 outlet 9 0.44 2.32 0.706 0.1833 <0.02 0.091 0.820 0.392 0.165 8.54
XB 5 outlet 11 0.45 2.28 0.589 0.066 <0.02 0.093 0.628 0.303 0.182 8.42
XB 6 outlet 13 0.51 2.23 0.433 0.043 <0.02 0.086 0.456 0.213 0.176 8.56
XB 7 outlet 16 0.51 2.21 0.320 0.044 <0.02 0.086 0.306 0.133 0.186 8.43
XB 8 outlet 20 0.54 2.19 0.255 0.043 <0.02 0.089 0.213 0.075 0.193 8.38
XB 9 outlet 25 0.41 2.20 0.244 <0.04 <0.02 0.097 0.181 0.056 0.215 8.25
XB 10 outlet 28 0.45 2.18 0.205 <0.04 <0.02 0.090 0.139 0.041 0.199 8.37
XB 11 outlet 30 0.54 2.17 0.171 <0.04 <0.02 0.081 0.102 0.030 0.178 8.36

Forsterite
FO inlet 2.10 0.006 <0.04 <0.02 <0.001 <0.001 0.0003 <0.001 8.68
FO 1 outlet 1 0.47 2.75 1.76 <0.04 <0.02 0.002 3.12 0.229 0.003 8.72
FO 2 outlet 3 0.47 2.64 1.69 <0.04 <0.02 0.001 2.87 0.210 0.002 8.74
FO 3 outlet 6 0.47 2.62 1.54 <0.04 <0.02 <0.001 2.77 0.197 0.002 8.62
FO 4 outlet 9 0.47 2.56 1.46 <0.04 <0.02 0.002 2.57 0.186 0.003 8.59
FO 5 outlet 11 0.46 2.86 1.69 <0.04 <0.02 <0.001 3.05 0.212 0.002 8.11
FO 6 outlet 13 0.53 2.54 1.35 <0.04 <0.02 <0.001 2.37 0.170 0.002 8.31
FO 7 outlet 16 0.51 2.48 1.25 <0.04 <0.02 <0.001 2.19 0.164 0.001 8.37
FO 8 outlet 20 0.54 2.52 1.35 <0.04 <0.02 <0.001 2.39 0.173 0.001 8.53
FO 9 outlet 28 0.42 2.56 1.44 <0.04 <0.02 <0.001 2.50 0.189 0.018 8.52
FO 10 outlet 30 0.40 2.60 1.50 <0.04 <0.02 <0.001 2.64 0.192 0.002 8.52

2s a 0.01 0.05 0.01 0.001 0.0002 0.0003 0.0006 0.05

a Analytical uncertainity based on repeated analysis of the reference sample (GYG13).
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materials: for basaltic glass, in the range of 2.25e2.92, for crystal-
line basalt, in the range of 2.17e2.30, and for forsterite, in the range
of 2.48e2.86 (Fig. 4). For the output solutions from the crystalline
basalt and forsterite experiments, the concentrations of the dis-
solved elements reached steady state within 10e15 days. For the
basaltic glass, outflow solution concentration was relatively con-
stant during the entire experiment.

The reaction stoichiometry can be studied by comparing
element ratios in the solutions with those in the bulk solid. For
basaltic glass dissolution, the element mole ratios in the outlet
solutions after 10 days were Si/Mg¼ 2.15 ± 0.19, Si/Ca ¼ 2.19 ± 0.25
and Mg/Ca ¼ 0.99 ± 0.03. The corresponding ratios for the initial
basaltic glass were 3.55, 3.80 and 0.93, suggesting non-
stoichiometric dissolution under acid conditions with respect to
Ca and Mg relative to Si. The element ratio in the outlet solution for
forsterite was Si/Mg ¼ 0.57 ± 0.01, close to the corresponding
mineral ratio, 0.54, indicating stoichiometric dissolution of for-
sterite. For crystalline basalt, the elemental ratios in the outlet so-
lutions were Si/Mg ¼ 1.35 ± 0.24, Si/Ca ¼ 2.70 ± 0.64 and Mg/
Ca ¼ 2.13 ± 0.91, compared with the corresponding bulk crystalline
basalt ratios, 3.62, 3.47 and 1.01, respectively, indicating non-
stoichiometric dissolution.
3.2. Solid product

The changes in solid surface properties, as a function of distance
within the column and time, are shown in Fig. 5. Two features were
observed. First, with increasing reaction time, dissolution features
became progressively more obvious. This applied for all of the
solids. Particle edges were covered by etch pits up to ~20 mm in
diameter, which intercepted in some cases and formed corrosion
troughs up to ~100 mm in length. Some amorphous basaltic glass
grains developed networks of interconnected fractures all over
their surfaces, forming flakes (~10e30 mmwide). Such features are
caused by preferential dissolution along weaker planes or areas of
the glass particles: effects of grain drying and spalling of an altered
layer that precipitated on the surface (Gíslason and Oelkers, 2003).
Second, dissolution features were unevenly distributed in the col-
umn. Deeper etch pits and more extensive dissolution channeling
were observed near the inlet of the column than near the outlet. For
glass, the powder on inlet side, within the first 1 cm, even lost its
black color and appeared mostly white. This indicated extensive
dissolution at the inlet, where fresh solution came into contact with
the solid. This was accompanied by a slight increase in pH through
the rest of the column and slower dissolution toward the outlet.



Fig. 4. The composition (pH, Si and Mg) in the outlet solution as a function of time.
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3.3. X-ray microtomography

The results derived from X-ray microtomography, i.e. grain size,
porosity, f, and surface area, A, for the initial and the reacted ma-
terial as a function of experiment duration are listed in Table 5.

The grain size distributions for the fresh and reacted material
are shown in Fig. 6. There are two characteristic features. First,
there was a considerable range in grain size for all of the solids.
Although we used the sieved portion that was between 125 and
250 mm, the actual particles ranged from ~50 to ~200 mm, with
initial distribution skewed towards the smaller grain size. Second,
the median grain size decreased with increasing experiment
duration for amorphous and crystalline basalt at the inlet side of
the flow-through reactors but increased for forsterite. For basaltic
glass, the median value for grain size decreased in the inlet of the
reactor, from 103 (±39) mm to 79 (±40) mm after 4 weeks, while the
outlet grain size remained relatively constant at 103e97 (±39e37)
mm for the first twoweeks, followed by a decrease to 77 (±32) mmat
the end of the experiment. The trend for crystalline basalt was
similar, with a decrease in the inlet grain size from 96 to 90
(±31e33) mm in 4 weeks, whereas the outlet grain size decreased
from 96 to 88 (±31) mm throughout the experiment. For forsterite,
the grain size did not change significantly at 2 weeks from 71 (±31)
to 77 (±32e34) mm, either at the inlet and or the outlet, but at 4
weeks was 80 (±33) mm at the inlet and 64 (±27) mm at the outlet.

The specific surface area of all solids increased during the ex-
periments. These changes were minor for forsterite and crystalline
basalts (~7e13% ±5e6 increase in 4 weeks), whereas the specific
surface area of basaltic glass changed considerably (up to 43% ± 5 in
4 weeks).

A similar trend was observed for porosity. It increased with
experiment duration for all solids. For crystalline basalt and for-
sterite, these changes wereminor, up to 6% ±5e6 increase, whereas
the porosity for basaltic glass changed considerably, up to an



Fig. 5. SEM images of the solids after 4 weeks of reaction from the inlet, middle and outlet of the flow-through reactors. Etch pits and fractures on the reacted material were
probably caused by preferential dissolution on weak areas or along weaker planes. Dissolution features are more dominant near the inlet, which indicates more extensive
dissolution, where the pH of the fresh solution is lower. During passage through the column, reaction increases pH and the dissolution rate decreases toward the outlet.

Table 5
The measured porosity, f, and surface area, A, determined using X-ray micro-
tomography, XMT.

Exp. # Time
Days

Grain size median
mm

fXMT

%
AXMT

m2/g

Basaltic glass
BG inital 0 103 50 0.012
BG 5 inlet 15 78 83 0.020
BG 5 outlet 15 97 46 0.013
BG 9 inlet 29 79 86 0.021
BG 9 outlet 29 77 52 0.018

Crystalline basalt
XB inital 0 96 52 0.013
XB 6 inlet 13 92 56 0.014
XB 6 outlet 13 92 53 0.013
XB 11 inlet 30 58 58 0.014
XB 11 outlet 30 88 56 0.015

Forsterite
FO initial 0 71 42 0.014
FO 7 inlet 16 77 43 0.013
FO 7 outlet 16 77 44 0.013
FO 10 inlet 30 80 44 0.013
FO 10 outlet 30 64 46 0.015

Cumulative error is estimated to be ±5% for BG, XB and ±6% for FO.
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increase of ~42% ± 5. The change in porosity was not evenly
distributed within the reaction column. For all solid types, the
difference was greater near the inlet. Porosity increased as grain
size decreased and specific surface area increased, in all cases.

These observations demonstrate that dissolution along a flow
path resulted in progressive changes in grain size, which led to
changes in surface area and pore volume. These changes were
dependent on the type of solid.
4. Discussion

4.1. Dissolution rates

The forward dissolution rates were calculated from the differ-
ence in solution composition at the inlet and the outlet side of the
flow-through reactor, the flow rate and surface area of the solids
(Eqn. (2)). The resulting rates with respect to Si and Mg are listed in
Table 6 and shown in Fig. 7. For forsterite, the calculated dissolution
rates derived from geometric surface area are systematically lower
than those calculated from the surface area derived from X-ray
microtomography images. The difference was ~0.3 log mol/m2/s
units. Dissolution rates determined from Si andMgwere equivalent
to those previously reported by Olsen and Rimstidt (2008) at the
same pH and temperature. The Si rates obtained in this study are
comparable to those reported by Rimstidt et al. (2012) from a
compilation of available literature data but somewhat lower than
the rates reported by Oelkers (2001), Golubev et al. (2005) and
Pokrovsky and Schott (2000) (Table 7). Rimstidt et al. (2012)
concluded that there was a negligible difference, within uncer-
tainty, whether the forsterite dissolution rate was normalized to
BET or the geometric surface area. As observed here, the calculated
geometric surface area of forsterite was systematically greater
(0.46 m2) than that obtained from X-ray microtomography images
and integrated over the entire flow-through reaction vessel
(0.24e0.19 m2). Using a fixed geometric surface for the calculations



Fig. 6. Grain size distribution (lognormal) evolution as a function of time and distance in the reactor, determined from the 3D X-ray microtomography images. Porosity, f, and
median grain size are included.
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resulted in lower reaction rates (log rþ,Si ¼ �7.52 to �7.66 mol/m2/
s) whereas using the surface area obtained from the X-ray micro-
tomography 3D images, which took into account the progressive
decrease in forsterite surface, resulted in similar rates throughout
the experiment (log rþ,Si ¼ �7.28 to �7.24 mol/m2/s).

For basaltic glass and crystalline basalt, the results were similar
to forsterite. The rates determined from the geometric surface area
were systematically lower than those determined from the X-ray
microtomography measurements. Both the geometric and tomo-
graphic normalized rates obtained in this study compare well with
those previously reported for crystalline basalt (Gudbrandsson
et al., 2011) but the rate for basaltic glass was an order of magni-
tude lower than those reported by Gíslason and Oelkers (2003)
(Table 7). The most probable reason was the different experi-
mental setup, which resulted in awide solute gradient with steeply
increasing pH along our reaction pathway, which slowed the
dissolution rate. The difference in surface area derived from the X-
ray microtomography data was higher for basaltic glass and for-
sterite than for crystalline basalt, however the dissolution rate of
crystalline basalt changed more during the experiment despite the
changes in surface area.

From our results, we interpret that bulk dissolution rates for
mafic minerals and rocks are relatively insensitive to change in the
total surface area during progressive water-rock interaction.
Dissolution of forsterite, basaltic glass and crystalline basalt all
resulted in consumption of Hþ (acid) (reactions listed in Table 3),
causing increased pH and decreased dissolution rates along the
flow path. According to the geochemical model calculations, this
was indeed to be expected, i.e. with increasing distance into the
reactor, pH increases and dissolution rate decreases (Fig. 8). The



Table 6
The calculated rates of experimental dissolution using Si and Mg concentrations. The dissolution rates are normalized to geometric initial surface and tomographic surface.
AXMT tot ¼ averaged surface area of tomographic measurements as a function of column distance, x, residual grams in the column (obtained from mass balance of outlet
concentration).

Exp. # Time
days

Ageo tot
m2

AXMT tot
m2

Dissolution rate, log rþ,i (mol/m2/s)

Sigeo SiXMT Mggeo MgXMT

Basaltic glass
BG 1 outlet 4 0.41 0.153 �7.57 �7.14 �7.27 �6.84
BG 2 outlet 6 0.41 �7.57 �7.30
BG 3 outlet 8 0.41 �7.56 �7.30
BG 4 outlet 10 0.41 �7.53 �7.30
BG 5 outlet 15 0.41 0.144 �7.89 �7.44 �7.74 �7.28
BG 6 outlet 20 0.41 �7.77 �7.53
BG 7 outlet 22 0.41 �7.68 �7.42
BG 8 outlet 25 0.41 �7.59 �7.36
BG 9 outlet 29 0.41 0.162 �7.58 �7.17 �7.37 �6.91
Average �7.64 ± 0.12 �7.25 ± 0.22 �7.40 ± 0.15 �7.01 ± 0.25

Crystalline basalt
XB 1 outlet 1 0.39 0.173 �8.07 �7.72 �7.36 �7.00
XB 2 outlet 3 0.39 �7.82 �7.02
XB 3 outlet 6 0.39 �7.83 �7.02
XB 4 outlet 9 0.39 �7.89 �7.09
XB 5 outlet 11 0.39 �7.96 �7.20
XB 6 outlet 13 0.39 0.166 �8.04 �7.68 �7.28 �6.91
XB 7 outlet 16 0.39 �8.18 �7.46
XB 8 outlet 20 0.39 �8.26 �7.59
XB 9 outlet 25 0.39 �8.40 �7.78
XB 10 outlet 28 0.39 �8.45 �7.86
XB 11 outlet 30 0.39 0.173 �8.45 �8.1 �7.91 �7.56
Average �8.12 ± 0.24 �7.83 ± 0.23 �7.42 ± 0.33 �7.16 ± 0.35

Forsterite
FO 1 outlet 1 0.46 0.238 �7.52 �7.24 �7.54 �7.26
FO 2 outlet 3 0.46 �7.54 �7.58
FO 3 outlet 6 0.46 �7.58 �7.60
FO 4 outlet 9 0.46 �7.61 �7.63
FO 5 outlet 11 0.46 �7.55 �7.56
FO 6 outlet 13 0.46 �7.58 �7.61
FO 7 outlet 16 0.46 0.201 �7.63 �7.28 �7.66 �7.30
FO 8 outlet 20 0.46 �7.57 �7.60
FO 9 outlet 28 0.46 �7.66 �7.69
FO 10 outlet 30 0.46 0.186 �7.66 �7.27 �7.69 �7.30
Average �7.59 ± 0.05 �7.26 ± 0.02 �7.62 ± 0.05 �7.29 ± 0.02
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geometric dissolution rate from the inlet side of the reactor
matched well with the results of Gíslason and Oelkers (2003). In-
crease of pH and decreasing rates in flow-through systems have
been presented previously (Molins et al., 2014). The pH change
from the inlet to the outlet of the column resulted in a corre-
sponding dissolution decrease of 0.4e0.6 log units for the three
solids studied. This was at a similar order and greater than the
changes in the dissolution rate that resulted from changes in sur-
face area at the inlet and outlet of the reactor and with time. It is
therefore clear that small changes and heterogeneity in solution
composition, including pH, can cause considerable effects on
dissolution and the rate of elemental leaching.

4.2. Porosity and surface area change during progressive
dissolution

During progressive mineral and rock dissolution, the porosity
and surface area can change. In its simplest form, when only
mineral dissolution occurs, mass decreases and pore volume in-
creases. The specific surface area for individual grains increases due
to reduction in grain size; the overall specific surface area of the
material may change differently as small particles may also dissolve
to completion, leaving a residue with, on average, larger particles.
In more complex cases, progressive water-rock interaction dis-
solves primary solid phases and forms secondary phases. This can
result in solid volume increase if the mole volume of the secondary
phases is greater than the mole volume of the primary phases
initially. An example is calcium carbonate precipitation experi-
ments in cylindrical plug flow column reactors filled with calcite
seed and glass beads (Noiriel et al., 2012, 2015). As a result, porosity
can decrease in the rock matrix because of progressive water-rock
interaction. In this work, we focused on the simpler case, dissolu-
tion only.

The changes in porosity were determined for the inlet and outlet
sides of the flow-through reactor column using in situ XMT images.
Progressive mineral and rock dissolution caused porosity in the
columns to increase. Changes were greatest for basaltic glass, fol-
lowed by crystalline basalt and forsterite (Fig. 9). Preferential
dissolution was observed on the inlet side of the flow-through
reactor. This trend was consistent with predictions from the reac-
tive transport modeling, with dissolution of basaltic glass leading to
pore volume increase from 50 to 90% on the inlet side but only 60%
at the outlet side after 4 weeks of dissolution. These differences
within the flow-through reactor system resulted from the pH
dependence of the mineral and rock dissolution rates on progres-
sive consumption of Hþ from the solution, increasing the pH and
slowing the dissolution rate (Fig. 8). The average final porosity
derived from the modeling matched well with the averaged XMT
porosity for the glass (4% difference) and crystalline basalt (3%
difference) but for olivine, the difference derived from solution
compositionwas 27% higher. The reason for these differences was a
different solid mass used for different experiments and the olivine



Fig. 7. Dissolution rates based on Si and Mg solution concentration as a function of
time. The rates have been normalized to bulk geometric surface area (exp) or to the
surface area derived from the X-ray microtomography images (XMT). The lines
represent geometric normalized Si rates from the literature, recalculated for pH
averaged from the experiments.
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was finer grained than the basaltic glass or the crystalline basalt.
The finest material dissolved first and its loss had no major impact
on porosity (Fig. 9). The columns containing crystalline basalt and
amorphous glass had similar initial porosity and grain size. The
glass dissolved faster and its porosity changed heterogeneously
compared with the less reactive crystalline basalt, which dissolved
more homogeneously, as predicted by the spherical and sugar cube
dissolution modeling.
Table 7
Comparision of dissolution rates obtained in this study and reported in the literature.

Solid pH/25 �C Surface area

Basaltic glass 2.25e2.92 geo
2.25e2.92 XMT
2.50 geo

Crystalline basalt 2.19e2.34 geo
2.19e2.34 XMT
2.30 geo

Forsterite 2.48e2.86 geo
Forsterite 2.48e2.86 XMT
Forsterite 2.62 geo
Forsterite 2.00 geo
Forsterite 3.05 geo
Forsterite 2.50 geo
Forsterite 2.70 geo

a Converted to geo from BET surface area.
b Extrapolated.
Progressive mineral and rock dissolution decreases grain size
and this was observed by XMT and geochemical modeling. Surface
area increased as water-rock interaction progressed. The changes
were reasonably modeled by the reactive transport simulations,
particularly in the case of basaltic glass, but less successfully for
forsterite and crystalline basalt (Fig. 10). Very little difference
resulted from the method used for calculating surface area, i.e. the
sugar lump or the spherical loss approach.

4.3. Do geochemical model calculations predict reactive transport
behavior in porous media?

Reactive transport models are used to understand: the compo-
sition of natural waters; acidic water generation and leaching of
metals from mine wastes; the origin of mineral deposits; the for-
mation and dissolution of rocks and minerals in geologic forma-
tions in response to re-injection of industrial wastes, steam, CO2

and H2S; and to predict contaminant plume migration such as ra-
dionuclides in waste repositories, biodegradation of chemicals in
landfills, and other contaminants (e.g., Steefel et al., 2005).

Comparison of the results from the reactive transport modeling
and the experimental observations for solution composition,
porosity, and surface area evolution for mineral and rock dissolu-
tion in a flowing system revealed some important aspects in the
capabilities and limitations of commonly applied reactive transport
modeling. First, some of the studied minerals and rocks were not
observed to dissolve stoichiometrically. Non-stoichiometric disso-
lution of minerals and solids is usually not taken into account in
geochemical modeling. However, such a modeling approach is
possible by redefining individual elemental leaching rates along the
flow-path and time rather than bulk mineral or solid dissolution
rate. Second, fluid dynamics and preferential flow are commonly
ignored in simple reactive transport modeling. This however affects
the pore fluid composition and in turn the dissolution rates and
changes in pore volume and surface areawith time. Faster refill rate
of the solution and/or a higher water/rock ratio would enhance the
dissolution and porosity generation. However, the capacity of the
model to infer the dissolution dynamics at larger field scales is not
affected when the same macroscopic approach is applied to define
input parameters as presented here in the models. Moreover, the
systems under study were the simplest cases: dissolution far from
equilibrium. For systems at close-to-equilibrium, other complica-
tions can be introduced like nucleation and growth of secondary
phases; flow path heterogeneity favouring non-uniform precipi-
tation patterns; and geometry of porous network and in turn
log rþ,Si

mol/m2/s
Reference

�7.64 ± 0.12 This study
�7.25 ± 0.22 This study
�6.34a Gíslason and Oelkers (2003)

�8.12 ± 0.24 This study
�7.83 ± 0.23 This study
�7.64a,b Gudbrandsson et al. (2011)

�7.59 ± 0.05 This study
�7.26 ± 0.02 This study
�7.66 Olsen and Rimstidt (2008)
�6.97a Oelkers (2001)
�7.58 a Golubev et al. (2005)
�7.46 Rimstidt et al. (2012)
�7.23a Pokrovsky and Schott (2000)



Fig. 8. Dissolution rates derived from the reactive transport modeling as a function of
distance through the reactor. Model I used the sugar lump approach to estimate
change in surface area (gray) and Model II assumed spherical particles with homo-
geneous loss (black).

Fig. 9. Experiment (symbols) and model derived (lines) porosity as a function of dis-
tance at initial conditions (gray square and gray line marked), 2 and 4 weeks of
interaction. The model that used simple spherical dissolution is the solid line, the
model that used sugar lump dissolution is shown as a dashed black line.
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closure of flow paths with time (Noiriel et al., 2015; Peuble et al.,
2015). Third, similar results were obtained for mineral surface
area and surface area normalized dissolution rates independent of
the method applied in the calculations, i.e. whether geometric or
tomographic normalized surface areawas used for calculating solid
dissolution rates or whether the simple spherical model or the
more complicated sugar lump model was used. Fourth, the disso-
lution rates obtained from a complex flow-through system were
observed to be comparable to those obtained from mixed flow
reactor experiments at far from equilibrium. However, observed
differences in our results arose from changes in the properties of
the solid and solution along the flow path and as a function of time,
such as surface area heterogeneity and pH variations. Such varia-
tions must be included in computations to be able to compare the
two systems. Fifth, the calculated porosity and surface area changes
along flow-path and time were observed to represent similar
trends as those measured, however, accurate values are difficult to
predict. This points towards the problem of the predicting capa-
bilities of reactive transport modeling, i.e. calculations of pore



Fig. 10. Experiment (symbols) and model derived (lines) specific surface area as a
function of distance at initial conditions (gray square and gray line marked), 2 and 4
weeks of interaction converted to % ¼ surface at time

initial surface *100. The model with simple
spherical dissolution is represented with a full line; the model that uses sugar lump
dissolution is shown as a dashed black line.
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volume and mineral and rock surface area changes with time and
along flow paths that in turn are key parameters in determining
dissolution rates, overall chemical mass movement in the system,
and fluid flow paths and velocities.

5. Conclusions

Mineral and rock dissolution was studied experimentally using
flow-through reactors and reactive transport modeling. The studied
rocks and minerals were forsterite and crystalline and amorphous
basalt, dissolved in HCl solutions at pH ~2.5. Solution composition,
particle surface area, and porosity were determined as a function of
reaction time and travel distance within the reactor, using in situ X-
ray computed tomography (XMT) and chemical composition of the
inlet and outlet solutions. Comparison of the results from the
modeling and experiments demonstrate some important points.

(1) The dissolution rates far from equilibrium obtained here
using a complex flow-through system were observed to be
comparable to those obtained from mixed flow reactor ex-
periments. The rates, normalized to the initial geometric
surface area, were: log rþ,Si �7.59 ± 0.05 for
forsterite, �7.64 ± 0.12 for basaltic glass and �8.12 ± 0.24
(mol/m2/s) for crystalline basalt, at 25 �C and pH ~2.5.

(2) Some of the minerals and rocks were not observed to
dissolve stoichiometrically; such non-stoichiometric disso-
lution of minerals and solids is commonly not taken into
account in reactive transport modeling.

(3) Similar results were obtained independent of the method
applied in the calculations for mineral surface area and sur-
face area normalized dissolution rates, i.e. whether geo-
metric or tomographic normalized surface area was used or
whether the simple spherical model or more complicated
sugar lump model implemented.

(4) Mineral and rock dissolution resulted in increased porosity
and specific surface area of the solids; these changes were
not uniformly distributed along the fluid flow path or with
time. Similar trends were predicted by reactive transport
modeling, however, true values were difficult to predict. It
follows that accurate prediction capabilities of simple reac-
tive transport modeling may be limited for calculating pore
volume andmineral and rock surface area changes with time
and along flow paths that in turn are key parameters in
determining dissolution rates, overall chemical mass move-
ment in the system, and fluid flow paths and velocities.
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