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ARTICLE INFO ABSTRACT

Carbon storage in basalt reservoirs can mitigate CO, emissions to the atmosphere that contribute to climate
change. For basalt reservoirs, CO, injection leads to Ca®*, Fe?*, and Mg? *-rich solutions that may result in
carbonate precipitation for long-term stable carbon sequestration. Examination of basalt surfaces as dissolution
progresses can offer important information about which minerals are dissolving, the timing and sequence of
dissolution, and the effects these processes have on surface roughness and morphology. We carried out two series
of experiments using two polished Columbia River flood basalt samples in CO»-rich water at 150 °C and 100 bar
to observe the physical and geochemical changes during dissolution. One series reacted a sample over short time
increments, while the other series examined a separate sample over longer time increments. Scanning electron
microscopy, 2D profilometer analysis, and 3D laser confocal microscopy were combined with ICP-MS to char-
acterize dissolution. Dissolution resulted in pitting, dissolution along fractures and grain boundaries, and an
increase in species concentrations in the bulk solution over incremented reaction times. Based on these ob-
servations, early dissolution of olivine grains contribute Mg?>* and Fe?* to aqueous solution in initial stages
(< 1weekatapH < 4), while slower continuous dissolution of Ca-rich pyroxene contributes Mg®*, Fe?> *, and
Ca®* to the bulk solution over a longer period of time. The complete dissolution of olivine grains resulted in pits
up to 200 um deep. Dissolution of plagioclase and matrix was slower and resulted in the formation of micro-sized
textures (< 10 um). Following 1-2 months of reaction, the surface roughness parameters (mean and root mean
squared) increased by factors of 42 and 28, respectively, while surface area of the flood basalt increased 20%
relative to the starting polished surface. The results of this study indicate 1) pyroxene is the sustaining con-
tributor of divalent metal cations during dissolution of basalt and 2) the limited connectivity limits of olivine and
pyroxene grains the exposure of new reactive surface areas.
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1. Introduction

Basalt dissolution is an important process in CO5 sequestration in
unconventional reservoirs such as large basalt flows (Gudbrandsson
et al., 2014; IPCC, 2005; Matter et al., 2016; McGrail et al., 2017).
Precipitation of carbonates within the reservoir depends on the avail-
ability of divalent metal cations that may dissolve from the basalt into
the CO,-rich solution or wet-CO, environment. Common minerals
found in basalt, such as olivine, pyroxene, and plagioclase, can con-
tribute several different divalent metal cations (e.g., Mg2 + Fe?™, and
Ca?™) into the CO4-rich environment, which can lead to the formation
of carbonate minerals (e.g., magnesite, siderite, and calcite).

The dissolution of basalt is more complex than that of single grains
or rocks with homogeneous lithologies (e.g. limestone). Each mineral
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within the basalt dissolves at a different rate, and some minerals can
release more than one divalent metal cation (Ca®**, Mg>*, Fe**).
Sources of Mg>* and Fe®** are expected to be olivine (with end-
member compositions of Mg»SiO4 — Fe,;SiO4) or pyroxene (with end-
member compositions of Mg,Si>Og — Fe;Si,0g — Ca,Siz0g). Olivine is a
favorable source of these divalent cations because dissolution is faster
compared to pyroxene (Dixit and Carroll, 2007; Kelemen and Matter,
2008; Palandri and Kharaka, 2004; Rimstidt et al., 2012). While pyr-
oxene dissolution is not as fast as olivine, all three relevant divalent
metal cations can be sourced from this mineral. Ca?™ can also be
sourced from plagioclase (with end-members compositions of
NaAlSi3;Og — CaAl,Si»,0g) and the glassy matrix, which can be composed
of a variety of cations; however, the dissolution rate of plagioclase and
the glassy matrix is relatively slow (Chen and Brantley, 1997; Oelkers
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and Schott, 1995; Palandri and Kharaka, 2004). The presence of the
Ca®*, Mg?*, and Fe? " noted in these basalt dissolution experiments
(Gudbrandsson et al., 2011, 2008; Luhmann et al., 2017; Schaef and
McGrail, 2009; Wolff-Boenisch et al., 2011) are generally attributed to
the dissolution of olivine and/or pyroxene, but without microscopic
examination, the interpretation of specific mineral dissolution in basalt
is restricted to predicted dissolution rates and estimates based on mass
balance calculations. Analyzing bulk solutions alone may not indicate
which minerals are reacting as time progresses due to various dissolu-
tion rates and shared divalent metal cation sources, which limits our
ability to predict dissolution rates in basalts of varied composition.

Evidence of dissolution is not limited to the presence of cations in
the bulk solution, but also by the physical changes to the basalt surface.
Broader-scale dissolution is primarily observed in experimental studies
and models towards the inlet of a fracture or core (Elkhoury et al.,
2013; Ellis et al., 2013; Luhmann et al., 2017; Singurindy and
Berkowitz, 2005), while precipitation is often observed farther into the
sample within diffusion limited zones (Andreani et al., 2009; Peuble
et al., 2015; Singurindy and Berkowitz, 2005; Wells et al., 2017; Xiong
and Giammar, 2014). As minerals dissolve, the porosity of the reservoir
may increase depending on the flow rate and the characteristics of the
pore structure (Luhmann et al., 2017). The preferential dissolution of
specific minerals, due to fast dissolution rates or pre-existing structural
heterogeneities (e.g., defects, twinning, chemical zoning), may result in
heterogeneous pore development (Elkhoury et al., 2013; Ellis et al.,
2013; Luhmann et al., 2017). For the most reactive minerals in basalt,
preferential dissolution or weathering of olivine could result in loca-
lized pits (Olsson et al., 2012; Qafoku et al., 2012; Saldi et al., 2015).
However, it is unclear if entire grains would be dissolved completely,
leaving behind increased pore space and larger reactive surface areas.
The surface area increase is also of particular interest to fluid transport
models that use these observations to gage the validity of the carbo-
nation potential in particular basalt formations.

The physical and chemical behavior of basalt in CO,-rich environ-
ments strongly influences the potential for carbon storage as a perma-
nent solution for mitigation of atmospheric CO, emissions. Matter et al.
(2016) and McGrail et al. (2017) have shown that minerals in natural
basalt reservoirs will dissolve and carbonates will precipitate within the
formation. However, we do not fully understand how processes evolve
at the water-surface interface. If we carefully examine the surface as the
reaction progresses, we can clarify the specific source location of di-
valent metal cations over the course of the reaction, and the evolution
of the surface topography. Our goal is to improve our understanding of
basalt dissolution by better constraining the contributions of each mi-
neral to cation contributions to aqueous solution and linking the dis-
solution of minerals to the evolution of surface roughness and surface
area. In this study we reacted Columbia River flood basalt in water at
150 °C equilibrated with 100 bar CO,, and we analyzed both the evo-
lution of the fluid chemistry and surface of the samples. Analysis of the
fluid chemistry was correlated with observations of the surface of the
basalt over time to determine when certain minerals dissolved. Surface
roughness was examined to characterize the effect of dissolution on
fresh, unreacted surfaces.

2. Material and preparation

Flood basalt from the Columbia River Basalt Group, supplied by
Wards Scientific and collected near Pullman, Washington, was used in
this study (Table 1) Wells et al. (2016). The sample contains 9% (by
volume) olivine (Fogo) that is mostly unaltered, and 22% Ca-rich pyr-
oxene. Olivine and pyroxene grains are subhedral, fractured, and have
an average grain size of 75 and 88 pum, respectively. Olivine and pyr-
oxene grains are rounded with an axial ratio of 1.6 and 1.5, respec-
tively. Plagioclase grains and the K-rich matrix comprise 64% of the
total volume; the remaining fraction is accessory phases, including il-
lite. Plagioclase grains are euhedral and have an average grain size of
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53 um, although there are larger grains up to 400 um long, and an axial
ratio of 2.1. Plagioclase grains are zoned, with Na-rich rims and Ca-rich
cores. The K-rich matrix is glass, and exhibits quench structures that are
defined by Na-rich areas. Ilmenite grains are also common within the
matrix (Supporting Information (SI) Fig. S1).

This study includes two series of experiments using two separate
tile-shaped samples that were cut from the same flood basalt. Each side
of a sample was polished using progressively finer SiC and diamond
abrasives. The designated top surface was further polished with
0.04 um colloidal silica to insure the smoothest starting surface to
compare with subsequent reacted surfaces. One sample was used in a
set of experiments (Series 1) that ran in cumulative increments of 1, 4,
7, 16, and 28 days. The dimensions of the Series 1 tile were
0.015 x 0.013 x 0.005m with an initial total surface area of
6.8 x 10~ “m?> Series 1 used shorter reaction times to analyze the
early stages of dissolution. The second sample was used in a set of ex-
periments (Series 2) that ran for longer cumulative time increments of
7, 21, 35, and 56 days. Series 2 was used to examine effect of dissolu-
tion over longer periods of time. The Series 2 tile was slightly larger,
with dimensions of 0.016 x 0.014 X 0.005m and an initial total sur-
face area of 7.2 X 10~ *m? Two non-reactive epoxy markers were
placed on opposite corners of each sample for a continuous reference
throughout each series of experiments.

3. Experimental procedure

Each flood basalt sample was reacted in a CO,-rich aqueous solution
using the same procedure for each series of experiments (Fig. 1A). Each
series began with a polished basalt sample that was reacted in a
stainless steel 300 mL batch reactor with a PTFE liner. Each experiment
used 190 mL of ultrapure water that was purged with nitrogen gas to
minimize dissolved oxygen within the system. While flow or stirring of
the solution can influence dissolution within a sample, each experiment
was carried out under static conditions so that we could solely examine
localized dissolution, which is dependent on the dissolution rate of each
mineral present within the basalt. A Ti-wire basket was used to hold
sample, which was placed into the basket with the epoxy markers fa-
cing upward. Two wire baskets were made, one for each sample. The
same basket and sample pair were used throughout each series of ex-
periments. Series 1 and Series 2 samples were reacted at 150 °C and
100 bar CO, for each increment within a series. For each experimental
increment, the temperature was raised and then pressure was increased.
The pressure usually stabilized within 1 h, indicating the water in the
reactor was in equilibrium with the CO, in the headspace. The system
was static (i.e., was not actively stirred) throughout each experiment.
After each increment, the sample was removed, air dried (usually
within 1 h), and then analyzed. All 190 mL of the reacted bulk solution
was collected, and the reactor was then cleaned. Fresh (unreacted)
water (190 mL) was then used for the start of the next increment.

The reacted bulk solution and top surface of each sample were
analyzed after every increment. The concentrations of cations in the
fluid were analyzed using inductively coupled plasma mass spectro-
metry (ICP-MS) (Perkin Elmer, Elan DRC II). The starting pH of the
solution for every increment was calculated using a charge balance for
water equilibrated with CO, at 150 °C and 100 bar, equilibrium con-
stants calculated from the program SUPCRT92, and a CO, solubility
calculated from Duan and Sun (2003). Following each experimental
period, the measured cation concentrations from ICP-MS were then
added to the charge balance calculation to determine the final pH of the
reacted bulk solution. Surface roughness was measured using a 2D
profilometer (KLA-Tencor Alpha - Step D-100). In addition, some
samples were analyzed in more detail using a 3D laser confocal mi-
croscope (Keyence VK-X Series) (an unreacted polished tile, Series 1
sample reacted for 1 and 4 days total, and Series 2 sample reacted for
56 days total). The 2D roughness measurements were taken along the
same general transect between two epoxy reference points; however,
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Table 1
Starting material.
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Mineral Composition® Total volume (%) Grain size (um) Dissolution rate (mol/m?/s)” Dissolution study
Olivine Mg 21Feq.785i04 9 75 - 8.6 Forsterite: Rimstidt et al., 2012
Pyroxene Mgo.s3Fep.48Cap.63Al0.09511.9206 22 88 -9.0 Dioside: Palandri and Kharaka, 2004
Plagioclase Cap.50Nag 40F€0.03Al1 57512.4008 31 53 -10.2 Labradorite: Palandri and Kharaka, 2004
Matrix K-rich 33 - -15.3 Basaltic glass: Gislason and Oelkers, 2003
Ilmenite Tio.6s Feo.64Mg0.0203 3 - -17 Ilmenite: White et al., 1994
@ Determined using WDS analysis from microprobe and EDS maps (Wells et al., 2016; Table 18S).
b Calculations based on 150 °C and a pH of 3.74.

due to the resolution of the instrument, the exact same transect was 4. Results

most likely not measured. The evolution of the surface area was esti-
mated by comparing the actual 2D transect length to the starting 2D
transect length of the unreacted sample. The mean roughness (Ra) was
calculated using

Ra = (%) ./O'L lz(x)| dx,

where L is the length of the transect and z is the height at a particular
point along a 6 mm transect using the 2D profilometer data. The
roughness root mean squared (RMS):

RMS = [(%) I\ " )l dx]m

was also calculated (Petropoulos et al., 2010). The RMS parameter is
more sensitive to minor peaks and troughs along a transect than is the
Ra parameter, which is just a simple average of the topography and
could represent many topographic profiles. The 3D surface area
roughness (Sa — average of all surface values) was measured using the
average height of a 200 X 200 pum area. For each parameter, a reported
value at 0 indicates a perfectly smooth surface. Scanning electron mi-
croscopy (SEM) with secondary (SE) and backscatter (BSE) imaging was
used to visually inspect dissolution textures and to monitor a single spot
throughout each series. Energy dispersive spectroscopy (EDS) was used
to get elemental composition that was used to identify minerals in each
monitored area and any precipitates that formed.

(€8]

(2

4.1. Ion sources during basalt dissolution

While each series was examined as a continuous set of experiments,
the pH of each experiment within a series was not the same (SI Fig. S2).
Every experiment began with fresh ultrapure water with a calculated
pH of 3.4 at 150 °C and 100 bar CO,. Equilibrium with CO5 occurred
within an hour. As the sample reacted and material dissolved into the
bulk solution, the pH of the system rose. All of the bulk solution was
collected at the end of an increment, and analyzed using ICP-MS to
determine the cation concentration. The concentrations were then
added to the charge balance for the final pH calculation of the solution.
For both series of experiments, the overall system remained acidic.
Overall, the final pH of each increment in Series 1 ranged from 3.6 to
4.2, while the final pH of each experiment in Series 2 ranged from 3.4 to
4.4 (Fig. 1B-C).

The cumulative cation release was calculated based on the mea-
sured concentrations of the 190 mL bulk solution following every ex-
periment in each series (Fig. 2; SI Table S1). Due to the procedure used
to document the dissolution of the flood basalt samples, the cumulative
release values do not represent a reaction that reached equilibrium. The
replenished solution and the low surface-to-volume ratio resulted in a
solution that never became fully saturated and the experiment was far
from equilibrium with respect to the dissolution of the primary mi-
nerals.

For every stage of the series, silicon had the greatest release to the
bulk solution. The general trend of the silicon increased to a total

A) Experimental procedure for one time increment in a series

v
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“The first time increment in each series contained a polished sample. All subsequent time increments in each series used the previously reacted sample.
“ After every time increment, the entire 190 mL of reacted water was repleaced with fresh water.
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Fig. 1. Experimental procedure and pH. (A) Experimental procedure for each increment in a series. (B) The pH for Series 1 for each increment. (C) The pH for Series 2 for each increment.
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- . Fig. 2. Fluid chemistry. Cumulative release of species of
A) Series 1 B) Series 2 each increment from the (A) Series 1 sample and (B) the
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. Fig. 3. Surface evolution. BSE images of (A) Series 1 and

A) Ser 1€S 1 (B) Series 2 contain evidence of dissolution of olivine (olv),

N \ 4 pyroxene (px), feldspar (feld), and matrix (m). (A) The

complete dissolution of an olivine grain was observed

within 7 days. (B) The complete dissolution of an olivine
grain occurred within 35 days.
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amount of 23.92 mg and 25.70 mg after 28 days and 56 days of reac-
tion, respectively. In Series 2, the rate of release was higher within the
initial stages of each series, with the rate slowing as the sample was
progressively reacted. Since silicon is present in most minerals and
matrix, except for ilmenite, the presence of silicon in the bulk solution
best represents the dissolution of the basalt as a whole. The maximum
Si release in a single increment (Series 2-35 weeks) was 8.69 g, and the
maximum cumulative release was 25.70 g for Series 1. Amorphous si-
lica, which has a solubility of 11 mM calculated from SUPCRT92, was
present on the surface of the sample in small volumes. However, the
limited amount of amorphous silica observed on the surface of the
sample suggested that the amount precipitated from the bulk solution
was small and was limited to a thin saturated layer just above the
surface of the sample. The occurrences of other species in the final
solutions represent the dissolution of specific minerals or groups of
minerals and the glassy matrix. In decreasing order based on cumula-
tive total release from silicon, Ca® ", Mg?*, Na*, K*, Fe>*, and Mn® *
were also measured in the bulk solution (Fig. 2). Fluid chemistry was
correlated to surface observations at each stage within Series 1 and
Series 2 (Figs. 3, 4).

The release of Ca®™ must originate from pyroxene, plagioclase
gains, or the glassy matrix. After 4 days of reaction from Series 1, Ca®*
released was less than the Mg " released, unlike the cumulative Ca®*
release observed in the first stage of Series 2, which was higher than the
Mg? " release. Dissolution was primarily observed at pyroxene grain
boundaries and microfractures, with less extensive dissolution within
plagioclase grains and matrix in Series 1 (Fig. 3A). Pyroxene and pla-
gioclase dissolution was more noticeable (e.g., higher Ca®™* release,
greater grain boundary dissolution) in the first stage of Series 2, which
had 7 days to react, compared to Series 1. After 7 days of reaction in
Series 1, large sections of pyroxene grains were dissolved, causing an
increased Ca®* release that was higher than the Mg®* release. Entire
portions of a pyroxene grain also dissolved in the Series 2 sample. These
early stage observations suggest that Ca®>* primarily originates from
the Ca-rich pyroxene grains, while contributions from plagioclase and
matrix were minimal. After 7 days, dissolution is more obvious within
the feldspar grains, resulting in a web-like pattern in both series
(Fig. 4A). These textures correspond to a greater contribution of Ca®*
from plagioclase grains. After 56 days of reaction, several plagioclase
grains (< 200 um long) were also observed to have completely dis-
solved, leaving behind only the fracture-filled matrix (Fig. 4C, D), re-
sulting in a greater contribution of Ca®>* to the solution. The final

104

Chemical Geology 467 (2017) 100-109

Fig. 4. Dissolution textures. (A) On the surface of Series 1
sample, after 7 days of reaction, evidence of dissolution
occurred along pyroxene (px) grain boundaries and along
microfractures. (B)-(D) The Series 2 sample, after 56 days
of reaction, contained several distinct structures. (B)
Circular features were common within the glassy matrix.
(C) Fracture material (arrow) was preserved as feldspar
grains dissolve, and irregular dissolution patterns (upper
half of image) developed, which were similar to quench
structures observed in unreacted glass matrix. (D)
Complete dissolution of feldspar grains left tabular-shaped
pits. Crack-like textures (arrow) also develop on the surface
after the sample was dried. BSE images.

cumulative release of Ca®>™ from the Series 1 and Series 2 tiles were
11.94 mg and18.43 mg, respectively.

The release of Mg? ™ and Fe? * could originate from either olivine or
pyroxene grains. The formation of iron oxides on the surface of both
samples, which was red after removal but before drying of the sample,
most likely explains the relatively low cumulative release of Fe** ob-
served throughout each series. Observations of the surface of each
sample indicated that Fe-bearing minerals did react within the first
7 days; however, the precipitation of iron oxides reduced the total Fe? *
in the bulk solution. The iron oxides were distributed across the surface
of the sample, and were < 0.5 um in diameter. While Fe?> * remained
generally low due to precipitation, the cumulative release of Mg>* into
solution resulted in up to 2.81 mg for Series 1 and 2.34 mg for Series 2
within the first 7 days of reaction. Based on the surface observations,
small olivine grains (< 200 um) were considerably dissolved away,
while dissolution of pyroxene grains was limited to the grain bound-
aries and microfractures (Figs. 3A, 4A). The physical evidence of dis-
solution combined with the fluid chemistry indicates that most of the
Mg?* and Fe?* observed within the first week originated from olivine
grains, with only minor contributions from pyroxene grains. As Series 1
progressed the release of Mg?* slowed, and the small olivine grains
observed in both series completely dissolved within 2-3 weeks. The
largest release in Series 2 occurred between 21 and 35 days of reaction
when larger sections of pyroxene grains also dissolved, indicating that
both olivine and pyroxene contributed to Mg * and Fe? * into solution.

A possible indicator of plagioclase dissolution was the occurrence of
AI** within the bulk solution. Aluminum was observed at low con-
centrations (< 0.1 mg) in all increments. The low accumulations would
suggest that Al-bearing minerals were the least reactive. However, the
precipitation of Al-bearing, platy crystals approximately 1 pm in size
(Figs. 4D, 5) indicate that the AI®* totals of the bulk solution do not
adequately represent the dissolution of Al-bearing minerals. After the
samples were dried for analysis, mounds (~5 pm from the surface of
the sample) of the precipitates exhibited a texture similar to mud-cracks
(Fig. 5D). Based on models of a steady-state reaction, the precipitation
of diaspore (AIO(OH)) and/or gibbsite (AI(OH)3) is possible at the low
pH conditions obtained in these experiments (SI Fig. S3), and can be
found in naturally weathered basalt (Dontsova et al., 2014; Liu et al.,
2013; Stefansson and Gislason, 2001). Due to the small volume of the
platy material, additional compositional analysis and identification was
not possible.

The best evidence for feldspar dissolution and matrix dissolution
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Fig. 5. Secondary precipitates. (A)—(B) BSE images of platy precipitates were observed on the surface of the Series 2 sample after 7 days of reaction. Iron oxides (Fe) and amorphous silica
(Am) were also observed on the surface. (C) EDS spectra indicated precipitates were composed of aluminum.

was the release of Na* to the bulk solution. While Na™ occurs with
Ca?* in plagioclase grains, the rate of release was not the same in the
initial stages of Series 1. Sodium release was slower compared to Ca®*,
though faster than K*. Most of the dissolution of plagioclase within the
early stages occurred near the grain boundaries and along micro-
fractures. The only evidence of dissolution observed within the matrix
were pits (7 days of reaction, Series 1), but their occurrence was not
associated with sodium release. Larger portions of plagioclase grains
dissolved away after 16 and 21 days of reaction for Series 1 and Series
2, respectively. Entire plagioclase grains dissolved after 56 days of re-
action, and distinct dissolution along twin boundaries were also ob-
served on remaining feldspar grains (Fig. 4C, D). Additional evidence of
dissolution occurs within the matrix along the Na-rich quench struc-
tures (SI Fig. S1; Fig. 4C). The final cumulative total of Na* in the bulk
solution was 2.85 and 7.81 mg for Series 1 and Series 2, respectively.

The K* originated from the glassy matrix, as this was the only
possible source. The total release of K* for each series remained low,
resulting in total accumulations of 2.85 and 5.35 mg for the Series 1
sample and the Series 2 sample, respectively. Initial evidence of dis-
solution within the matrix was limited to the small pits. Even after
56 days of reaction for the Series 2 sample, the majority of the dis-
solution occurred within the pits or along the Na-rich quench struc-
tures.

4.2. Surface roughness

The surface of the Series 1 sample and the Series 2 sample increased
in roughness after reaction in the CO,-rich environment (Figs. 6, 7, 8).
In each initial transect for each sample, some of the natural porosity
was observed as small pits (< 20 um deep), which increases the initial
roughness quantities. Series 1 had initial Ra and RMS values of 0.2 and
0.4, respectively. The initial Series 2 tile was slightly rougher than the
Series 1 tile, with Ra and RMS values of 0.39 and 0.75, respectively. A
polished basalt sample analyzed with 3D methods had a surface
roughness (Sa) of 0.21.

In both series, dissolution occurred in localized areas on the surface
of each sample during the first 7 days of reaction, which resulted in the
formation of pits. In comparison to the starting surface, the density and
depth of pits increased within 1 day of reaction. While the average
depth of pits only slightly increased to ~26 um below the starting
surface, the number of pits and width of the opening increased. The
remainder of the surface of each sample stayed relatively smooth
(Fig. 8). Based on SEM images, the newly formed pits formed as a result
of partial dissolution of olivine grains (Fig. 3A). After 4 days of reaction,
slight variations developed on the surface along grain boundaries and
microfractures of the Series 1 sample, which increased the overall Ra
and RMS values by a factor of 2.8 and 3.7, respectively (Figs. 3A, 6, 8).
The continued development of large pits (Fig. 7B), now up to 109 pym
below the starting surface, represented the continued dissolution of
olivine grains. While localized pits resulted in a rather sharp increase in
Ra and RMS values, the surface area only increased by 2.1%. The

number of pits on the surface of each sample increased after 7 cumu-
lative days of reaction for both series, and have an average depth of
60 pum (Series 1 sample) and 43 pm (Series 2 sample) (Fig. 6). This pit
formation resulted in a surface area increase of 9.3% and 7.3% for the
Series 1 sample and the Series 2 sample, respectively, from the initial
polished surfaces (Fig. 8). For the remaining experiments of each series,
Ra and RMS values were greater for the Series 1 sample than for the
Series 2 sample.

After the first week of reaction, the rate of change in surface
roughness slowed for both series. The pit density and general surface
variability increased on the surface of each sample, after 16 and 21 days
of reaction, which increased Ra and RMS values (Fig. 8). The complete
dissolution of olivine grains and the continuing dissolution along grain
boundaries, particularly around pyroxene grains, most likely con-
tributed to the increases in roughness and surface area of 11.5% and
8.6% for the Series 1 sample and the Series 2 sample, respectively. In
addition to the greater density and deepening of the pits, some pits also
appeared to be wider (Fig. 8). These wider pits could be the result of
larger grains dissolving away or of the continued dissolution of ad-
joining grains resulted in a merging of two pits. From 28 to 56 days of
reaction, the general surface irregularities of each sample increased to
5-20 pm deep, and the Ra and RMS values increased as a result (Fig. 8).
The final Ra and RMS value for the Series 1 sample after 28 cumulative
days of reaction was 10.7 and 13.53, an increase by a factor of 53.5 and
33.8, respectively, and a total surface area increase of 14.9%. After a
cumulative total of 56 days of reaction for the Series 2 sample, the Ra
and RMS values increased to 10.7 and 13.53, an increase by a factor of
30.9 and 24.2, respectively, and a measured Sa value of 5.54 was also
recorded (Fig. 7C). The final surface area increased by 20.0%. The main
contribution to the final increase in roughness for both samples was
from the complete dissolution of olivine grains, small plagioclase
grains, and the general dissolution of the matrix, which finally started
to show considerable evidence of dissolution. The formation of Al-
oxides and Fe-oxides on the surface of the samples is mounds up to 5 um
thick could also influenced the roughness measurements (Fig. 6).

5. Discussion
5.1. Mineral dissolution and fluid chemistry

Ca2*, Mg?™", and Fe®™ cations, which are released during the
dissolution of basalt, are significant due to their capacity to react with
dissolved inorganic carbon to form carbonates. While these experiments
do not represent steady-state reactions that are often used for dissolu-
tion rate experiments, they exhibit similar chemical trends to other
steady-state experiments using basalt (Gudbrandsson et al., 2011;
Schaef and McGrail, 2009; Wolff-Boenisch et al., 2011) that can be
specifically linked to their source and surface dissolution patterns.
Within the first 24 h, Mg? * release dominates over Ca®* release, which
coincides with dissolution of either olivine and/or pyroxene grains,
which is consistent with the dissolution rates of these minerals (Schott
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et al., 2009). Basalt dissolution in which no secondary precipitation was
observed documented Fe?™ concentrations similar to Mg®* con-
centrations (Gudbrandsson et al., 2011; Schaef and McGrail, 2009).
However, in this study, remaining oxygen within the system resulted in
the precipitation of iron oxides, which kept Fe*>* concentration near
zero. Based on the limited Ca?* within the solution and visual con-
firmation of dissolved olivine grains, the main contributor of Mg?* and
Fe®* to the bulk solution within the initial stages of basalt dissolution is
olivine. In steady-state reactions at low pH, Mg>* and Fe?™ are ex-
pected to dominate (Gudbrandsson et al., 2011; Rogers et al., 2006).
However, after the initial release of Mg? " in this study, Mg?* release
slowed relative to Ca® ", resulting in greater cumulative totals of Ca®*
after 7 days of reaction (Series 1 sample). The Ca®*-Mg®* switch ob-
served in Series 1 may be the result of a slight increase in pH or a
reduction in a mineral source (i.e., less olivine available for reaction).
Dissolution rates tend to decrease as the bulk solution becomes more
basic (pH 4-6) (Gudbrandsson et al., 2011); however, the overall pH
remained acidic particularly during this transition (Fig. 1B). More than
likely the cause of the lower Mg? ™" release following 4-7 days of re-
action was the depletion of minerals that were Mg®* sources (i.e.,
olivine grains). In the initial stages of the reaction, this small compo-
nent (9% modal volume) was the dominant contributor due to olivine's
fast dissolution rate and small grain size. Once the reaction progressed
past the initial olivine dissolution spike, pyroxene dissolution domi-
nated the system, and Ca® " became the dominant divalent metal cation
observed in the bulk solution for the remainder of the series.

These observations suggest that while olivine is an ideal source for
Mg?* and Fe?*, unless the basalt has large volumes of olivine, pyr-
oxene will most likely be the continuing source of Mg>*, Fe**, and
even Ca®*. Current carbon sequestration sites in large basalt forma-
tions (e.g., flood basalts) in Iceland (Franzson et al., 2008) and in the
Columbia River Flood Basalt group (McGrail et al., 2011; Wells et al.,
2016) have < 15% olivine in the total mineral volume. While no car-
bonates were observed in either series in this study, Ca- and Mg-bearing
siderite precipitated within diffusion limited zones after 28 days of re-
action in packed-powder bed experiments using the same material used
in this study (Xiong et al., 2017). The continued dissolution of pyroxene
in particular could then result in greater Ca>* concentrations within
the bulk solution, later resulting in the formation of more Ca-rich car-
bonates. Recent pilot-scale carbon sequestration tests utilizing basalt
reservoirs document Ca-rich precipitates (calcite; Matter et al., 2016)
and Ca-Fe rich precipitates (ankerite; McGrail et al., 2017), which
might indicate that pyroxene is an important source in these reservoirs.

The slow dissolution of plagioclase results in the presence of Na*
and AI** in the bulk solution. While cumulative AI** totals should
occur at similar levels as other cation during dissolution (Schaef and
McGrail, 2009), the precipitation of Al-bearing oxides (e.g., diaspore,
gibbsite) removed AI** from the bulk solution (SI Fig. §2). In these
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experiments, the Na* was the best indicator of plagioclase dissolution
because Na™ was unaffected by precipitation and did not overlap with
other mineral sources. In general, the rate of release of Na™ slowed as
the reaction progressed. The slower dissolution of feldspar compared to
other minerals present (i.e., olivine and pyroxene) was expected based
on single grain dissolution experiments (Table 1; Carrol and Knauss,
2001; Chen and Brantley, 1997; Oelkers and Schott, 1995; Palandri and
Kharaka, 2004). The slowing dissolution of feldspar might be the result
of the slight increase in pH in the later increments (Fig. 1B-C) or the
slight accumulation of AI®* within the solution (Gudbrandsson et al.,
2014; Schott et al., 2009). In steady-state experiments, the rate of dis-
solution slows as pH increases towards a value of 6 or is inhibited by the
presence of AI® * within the solution (Gudbrandsson et al., 2014; Schott
et al., 2009). The precipitation of aluminum oxides on the top surface of
each sample, in combination with a static system, could have enabled
A" to impede feldspar dissolution, particularly towards the end of
each series when time intervals were longer. The slowing Na™ trend
observed in this study may also be the result of Al-oxide precipitation
on the surface, which might have interfered with plagioclase dissolu-
tion, or the narrow window in which the samples were reacted.

The slow dissolution of the glassy matrix resulted in the relatively
slow release of K*. In addition to the slow and continuously low release
of K*, evidence of dissolution of the matrix was gradually documented,
with no large volumes of matrix dissolving away. The K-rich nature of
the glassy matrix in this study suggests that the matrix was Si-poor
(Wolff-Boenisch et al., 2006), which decreased the dissolution rate
compared to previously studied basaltic glass. Even within the K-rich
matrix, the Na-rich structures within the glass dissolve more readily. In
basalts where glassy matrix is present, dissolution will occur along
chemical heterogeneities, resulting in irregular dissolution surfaces.

5.2. Effect of dissolution on surface morphology

For many experiments, the material used to quantify and observe
dissolution processes consists of fine-grained powder with a quantified
Brunauer-Emmett-Teller (BET) surface area. The surface area of these
samples was sufficiently high to get representative surface area-nor-
malized dissolution rates (Gudbrandsson et al., 2011; Schaef and
McGrail, 2009). The samples reacted in this study remained intact with
natural grain boundaries and considerably smaller surface areas com-
pared to studies using powdered basalts (e.g., 7.75 m? g~ !; Schaef and
McGrail, 2009). In natural basalt reservoirs with smaller exposed sur-
face areas, the total release of important divalent metal cations may be
considerably lower than observed release totals in laboratory experi-
ments. Reactive transport models that make all surfaces available for
reaction must reduce the total reactive surface area by a factor of 10-20
for dissolved cations to be comparable to natural systems (Beckingham
et al., 2017). Measured surface areas are typically applied to the
starting conditions; however, the surface area of the reservoir will
change as dissolution proceeds. There may also be pre-existing struc-
tures (e.g., quench structures, grain boundaries, fractures) within the
basalt that may also preferentially react in ways that alter the total
surface area exposed to the CO,-rich environment.

The reaction of intact basalt samples in a CO,-rich environment
could increase the surface area of the basalt by a factor of 1.2 in acidic
conditions. This increase will expose more material and increase the
total release of material. Increasing surface area, particularly pyroxene
with exposed Ca-Mg-Fe bonds, could also act as a starting substrate for
carbonate growth if these mineral surfaces are still available once
carbonate precipitation begins (i.e., the minerals are not completely
dissolved away) (Stockmann et al., 2014). In this study, the overall
surface area of the Series 1 sample and the Series 2 sample increased by
approximately the same amount despite different interval and overall
reaction times, and each roughness parameter increased by a
factor > 10. In studies that examined dissolution of artificially and
naturally weathered powdered materials (e.g., feldspars, clays), the
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surface area increased by a factor of 1-2 orders of magnitude compared
to the artificially smooth starting material (Anbeek, 1992; Black et al.,
2015; Metz et al., 2005; Stillings and Brantley, 1995). The difference in
surface area between the starting material and reacted material may
influence the total release of cations to the bulk solution. In the case
where the difference in surface area was a factor of 2.6, the release of
total silicon was slightly lower when the surface area was smaller
(Schaef and McGrail, 2009; Wolff-Boenisch et al., 2006). While the
roughness and surface area increased over time, the total release of
silicon and important divalent metal cations slowed despite remaining
in acidic conditions. The decreasing release may be the result of slight
increase in pH that resulted in slowing dissolution rates for some mi-
nerals. However, despite the different pH paths (calculated from mea-
sured cation concentrations) (Fig. 1B-C), both series experienced si-
milar decreasing release. In flow-through experiments using the same
flood basalt used in this study, cation release decreases towards a
steady-state within the first 24 h from the start of the reaction (Adeoye
et al., 2017). This decrease is similar to what is observed in our study.
The slowing release could also indicate that the rate of exposure of new
minerals could not compete with the rate of loss of important mineral
sources (e.g., olivine and pyroxene grains). The initial dissolution of
olivine grains and considerable portions of pyroxene grains contributed
to the surface area increase, but the remaining minerals and matrix
dissolved slowly, resulting in lower totals in the bulk solution. For
concentrations to increase, dissolution processes will have to compete
with an increasing pH, which slows dissolution near neutral conditions
(Gudbrandsson et al., 2011; Schaef and McGrail, 2009; Wolff-Boenisch
et al., 2006), and expose additional olivine and pyroxene grains to keep
Ca®™*, Mg®™*, and Fe®>* concentrations elevated.

In initial stages of dissolution, increased roughness and surface area
occurs primarily along original grain boundaries and along pre-existing
microfractures. While the development of dissolution textures in spe-
cific minerals (Anbeek, 1992; Gislason and Oelkers, 2003;
Gudbrandsson et al., 2014; Saldi et al., 2015) and along pre-existing
structures (Haug et al., 2010) is common, an examination of intact
samples indicates a considerable amount of dissolution will initiate at
grain boundaries and along microfractures, which can be common
within basalt formation. Such small structures contribute to the variable
surface roughness, ranging up to 10 pm, but do little to influence large
pit formations, and at least initially have a minimal impact on total
dissolved species as the newly exposed surface area is too small.
However, the evolution of these rather small features (< 2 m) to larger
openings (5-10 um) could eventually open new passageways to reactive
minerals or could offer more surface area on which precipitates could
nucleate (Garcia et al., 2010; Stockmann et al., 2014). These narrows
zones could eventually act as diffusion limited zones when the solution
is saturated enough to initiate precipitation of carbonates (Giammar
et al., 2014; Xiong and Giammar, 2014). Eventually, small circular
marks and dissolved quench structures (Na-rich areas) also form in the
matrix, and web-like patterns appear within feldspar grains. The total
contribution of dissolution along grain boundaries, microfractures, or
within the matrix to the overall roughness (Ra and RMS parameters) is
quite small compared to the formation of larger pits left behind from
dissolution of entire grains.

The greatest influence on the roughness of a basalt wall and the
total dissolved species within a reservoir would be from the significant
dissolution of grains. Small olivine grains completely dissolve within
the first 1-2 weeks, while pyroxene grains never fully dissolve in the
observed areas, though there are smaller grains that could be com-
pletely dissolved within the observed reaction time. As a result of the
complete dissolution of olivine and possibly pyroxene grains, the
sharpest increase in roughness occurred (Fig. 8) resulting an increase in
porosity that could expose more reactive surfaces. If new olivine grains
or pyroxene grains are exposed, then these grains could further dissolve
and provide divalent metal cations (e.g., Ca>*, Mg®*, and Fe’*). In
turn, as more material is exposed for dissolution, more cations will be
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released into the solution that could be used for carbonate precipita-
tion. For olivine and pyroxene to dissolve and reveal significantly more
material, the modal volume for each mineral would need to be at least
28%, based on percolation thresholds for ellipsoids (Garboczi et al.,
1995) for each. However, olivine and pyroxene only make up 9% and
22%, respectively, of the basalt studied here. The low modal volume
and rounded grains indicates that while these grains will readily dis-
solve over time, the limited connectivity may limit the extent of dis-
solution into the basalt. However, other basalt reservoirs with greater
modal abundances of olivine or pyroxene may reach this percolation
threshold. Plagioclase grains are more elongated and make up 31% of
the modal volume. The more ellipsoid shape of these grains lowers the
percolation threshold to 26% (Garboczi et al., 1995); however, the
dissolution rate for plagioclase is relatively slow. In a natural system,
the fluids will eventually become saturated and precipitation will occur
on the surface of the basalt. The available reactive surface area will
decrease once carbonates begin to precipitate. The precipitation of
aluminum and iron oxides within each series indicates that some sur-
faces will become covered and impede dissolution. However, the ob-
served oxides are small and do not cover large portions of the surface.
In experimental studies at similar conditions, carbonate precipitation
can occur within 4-6 weeks within diffusion limited zones (Xiong et al.,
2017), while precipitate can occur within 2 years in natural basalt re-
servoirs at lower temperatures (Matter et al., 2016; McGrail et al.,
2017).

6. Conclusion

Olivine is often considered as the main source for divalent metal
cations in basalt formations, particularly when carbonation is the pri-
mary goal for permanent carbon storage. However, by examining dis-
solved cations in solution and the reacted surface area over in-
cremented time periods, this study indicates that the slightly slower
dissolution of pyroxene compared to olivine and higher modal volume
act as a sustained source for several divalent metal cations (Ca?™*,
Fe? ™, and Mg>*) that can be used in carbonation reactions. The early
stages of dissolution of a Columbia River flood basalt sample indicated
a relatively fast (i.e., within 4 days at higher temperatures and acidic
conditions) transition from olivine being the dominant Mg * and Fe® *
contributor to pyroxene being the dominant contributor. Pyroxene was
more common, and continued to react through a cumulative 28 and
56 days of reaction in each series. As olivine grains are dissolved, more
dissolution is observed along grain boundaries and microfractures
within pyroxene and plagioclase grains. Some dissolution was observed
within the glass K-rich matrix; however, the contribution from the glass
matrix remained minimal. The results of this study indicate basalts with
larger modal volumes of pyroxene should be considered as the target
mineral for carbon sequestration in basalt reservoirs.

The surface evolution observed in each series indicates preferential
dissolution will increase the surface area by a factor of ~1.2. However,
due to the limited connectivity of the olivine and pyroxene grains,
significant exposure of additional grains does not occur. Based on our
observations, basalt dissolution associated with carbon storage will be
heterogeneous, resulting in localized pits instead of general dissolution
of the basalt. In early stages, dissolution of small olivine grains
(< 200 um) resulted in large pits. As dissolution continues, smaller
textures associated with dissolution along grain boundaries, micro-
fractures, and pre-existing structures (e.g., quench structures within the
matrix) and larger pits formed. As a result of the dissolution, the surface
roughness parameters, Ra and RMS values, increased by a factor of 43.7
and 28.9, respectively. A quantification of the surface roughness in-
dicates, to some degree, how the surface area will evolve, which could
influence dissolution rates in addition to the external conditions (e.g.,
temperature, pH) of the reservoir. While the surface roughness in-
creased overall and large pits significant enough to exposes more mi-
nerals occurred, the low connectivity of Ca-, Fe-, and Mg-bearing
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sources was not sufficient to continue supplying important divalent
metal cations. As a result, the rate of release of important divalent metal
cations slowed as the reaction progressed.
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