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Four flow-through experiments at 150 °C were conducted on intact cores of basalt to assess alteration and mass
transfer during reaction with CO,-rich fluid. Two experiments used a flow rate of 0.1 ml/min, and two used a flow
rate of 0.01 ml/min. Permeability increased for both experiments at the higher flow rate, but decreased for the
lower flow rate experiments. The experimental fluid (initial pH of 3.3) became enriched in Si, Mg, and Fe upon
passing through the cores, primarily from olivine and titanomagnetite dissolution and possibly pyroxene disso-
lution. Secondary minerals enriched in Al and Si were present on post-experimental cores, and an Fe,0s-rich
phase was identified on the downstream ends of the cores from the experiments at the lower flow rate. While
we could not specifically identify if siderite (FeCO3) was present in the post-experimental basalt cores, siderite
was generally saturated or supersaturated in outlet fluid samples, suggesting a thermodynamic drive for Fe car-
bonation from basalt-H,0-CO, reaction. Reaction path models that employ dissolution kinetics of olivine, labra-
dorite, and enstatite also suggest siderite formation at low pH. Furthermore, fluid-rock interaction caused a
relatively high mobility of the alkali metals; up to 29% and 99% of the K and Cs present in the core, respectively,
were preferentially dissolved from the cores, likely due to fractional crystallization effects that made alkali metals
highly accessible. Together, these datasets illustrate changes in chemical parameters that arise due to fluid-basalt
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interaction in relatively low pH environments with elevated CO,.
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1. Introduction

Basalt is the most common rock at the Earth's surface, covering
much of the ocean floor (Goldberg and Slagle, 2009) as well as signifi-
cant portions of the continents (Dessert et al., 2003; McGrail et al.,
2006; Oelkers et al., 2008; Snabjornsdottir et al., 2014). Reaction be-
tween CO, and basalt in the ocean crust plays an important role in the
regulation of atmospheric CO, (Coogan and Gillis, 2013). CO, is also
present in higher concentrations in the natural environment (Kerrick,
2001; Federico et al., 2002, 2004; Mérner and Etiope, 2002; Watson et
al.,, 2004; Fridriksson et al., 2006; Lupton et al., 2006; Flaathen et al.,
2009), and can lead to significant basalt-CO,-rich fluid interaction
(Rogers et al., 2006). CO, increases the acidity of groundwater, which
ultimately increases groundwater metal concentrations due to reaction
of unstable minerals in rocks (Aiuppa et al., 2000). Accordingly, CO,-rich
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fluid-basalt reaction can lead to conversion of CO, to carbonate minerals
(Rogers et al., 2006; Flaathen et al., 2009). Furthermore, toxic metals lib-
erated by dissolution are generally incorporated into secondary mineral
phases (Flaathen et al., 2009; Wigley et al., 2013; Olsson et al., 2014). It
is for all of these reasons that basalt has been proposed as an ideal injec-
tion formation for carbon capture and geologic sequestration (CCS) op-
erations to reduce anthropogenic CO, emissions (IPCC, 2005; NACSA,
2012); namely, dissolution of olivine, pyroxene, and plagioclase by
CO,-charged fluids will produce abundant cations in solution that will
ultimately be available for carbonate formation (e.g., McGrail et al.,
2006; Goldberg et al., 2008; Oelkers et al., 2008; Matter and Kelemen,
2009; Gislason and Oelkers, 2014; Matter et al., 2016).

Dissolution rates of olivine, pyroxene, and plagioclase have been re-
ported in many previous studies. Rates of olivine dissolution generally
increase with increasing temperature and decrease with increasing pH
(e.g., Wogelius and Walther, 1991; Chen and Brantley, 2000;
Pokrovsky and Schott, 2000; Rosso and Rimstidt, 2000; Hédnchen et al.,
2006). Pyroxene dissolution rates also increase with increasing temper-
ature and decrease with increasing pH (Knauss et al., 1993; Chen and
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Brantley, 1998; Oelkers and Schott, 2001), although pyroxene dissolu-
tion rates are slower than olivine dissolution rates. Dissolution rates of
plagioclase portray a characteristic U-shaped curve as a function of
pH, where rates are lowest at intermediate pH and increase as pH be-
comes more acidic or alkaline (Chou and Wollast, 1985; Knauss and
Wolery, 1986; Gudbrandsson et al., 2014). A similar U-shaped curve
also characterizes basaltic glass dissolution rates as a function of pH
(Guy and Schott, 1989; Gislason and Oelkers, 2003).

A number of studies have considered various scenarios of CO,-H,0-
basalt/olivine/basaltic glass interaction to quantify rates of reaction and
document alteration phases, with a particular focus on carbonation
(Giammar et al., 2005; McGrail et al., 2006; Matter et al., 2007; Schaef
and McGrail, 2009; Schaef et al., 2010, 2011, 2012, 2013, 2014; Daval
et al., 2011; Felmy et al., 2012; Gysi and Stefansson, 2012a, 2012b,
2012c; Rosenbauer et al., 2012; Galeczka et al., 2014; Johnson et al.,
2014). Andreani et al. (2009) and Peuble et al. (2015) conducted reac-
tive percolation experiments on sintered dunite and sintered olivine
cores, respectively, where they flowed CO,-rich fluid with significant
dissolved NaHCO; (pH = 6.6 to 6.7) through the cores. These studies
demonstrated the importance of flow rate in controlling degree of car-
bonation and permeability changes, and Peuble et al. (2015) noted
that carbonation rates from their experiments representing a rock-
dominated system are much lower than previously published values
from water-dominated experimental setups. Field projects are currently
underway to explore the feasibility of sequestering CO, as carbonates in
basaltic reservoirs in southwest Iceland (Matter et al., 2009, 2011;
Gislason et al., 2010) and in the northwest United States in Washington
(McGrail et al., 2011). Recent research at the CarbFix site in Iceland
found that >95% of the injected CO, was converted into carbonate min-
erals within two years (Matter et al., 2016).

In this study, we report on four experiments where CO,-charged
brine flowed through intact basalt cores. We use a low pH experimental
fluid (initial pH of 3.3) to provide a strong drive for reaction to deter-
mine the extent of cation liberation that would ultimately be available
for carbonation. The experiments were conducted to better understand
basalt alteration due to reaction with CO,-rich brine and to explore
feedbacks between chemical reactions and permeability changes in
CO,-rich reservoirs. We also run simulations of fluid-basalt reaction to
assess mass transfer and alteration over longer reaction timescales.
While this paper focuses on chemical aspects of basalt alteration, a com-
panion paper focuses on physical property changes (porosity, permeabil-
ity, and surface area) arising from the experiments (Luhmann et al., in
press). In the complementary paper, we use X-ray computed tomography
(XRCT) and small-angle (SANS) and ultra-small-angle neutron scattering
(USANS) to characterize changes in porosity and surface area at a range of
scales. Ultimately, the coupling of various datasets facilitates a more com-
plete understanding of the physical and chemical evolution of fluid and
rock during the interaction of basalt and CO,-rich fluid.

2. Methods

Experiments were conducted using a hydrothermal flow system re-
actor employed in previous carbon sequestration experiments
(Luhmann et al.,, 2013, 2014; Tutolo et al., 2014b, 2015). The flow sys-
tem uses Teledyne ISCO syringe pumps, an Autoclave Engineers stain-
less steel pressure vessel, Watlow band heaters, Heise pressure
transducers, titanium separators, and other components to conduct ex-
periments at elevated temperature and pressure while continuously
measuring permeability (Fig. 1a). Darcy's law facilitates calculation of
permeability, k (Darcy, 1856):

QL
AcAP’

(M

where Q, is the volumetric fluid flow rate, pis the fluid dynamic viscos-
ity, L is the core sample length, A. is the cross-sectional area of the core,

and APis the pressure change over the core length. The dynamic viscos-
ity of a 1 molal NaCl solution at 150 °C and 150 bar is 212.2 pPa s (Kestin
et al,, 1981; Mao and Duan, 2009). Fluid samples are also periodically
collected via a Hoke valve to gauge fluid-rock interaction.

An experimental core is loaded into a flow-through reaction cell that
includes both readily available and custom-made components (Fig. 1b-
d). Cores are contained within a 1.3 cm inner diameter Teflon FEP
sheath with a 0.08 cm wall thickness, and the Teflon is wrapped in
0.005 cm stainless steel foil to limit CO, diffusion into the confining
fluid (Fig. 1b). The foil is held in place by PVDF heat-shrinkable tubing.
We make use of titanium (Ti-6Al-4V) piston assemblies upstream and
downstream of the core to couple the Teflon-sheathed core to the
flow system. Each Ti assembly consists of two pieces connected using
a standard high pressure cone seal that employs a Heli-Coil insert
(stainless steel threads to prevent deformation of Ti). Kalrez O-rings
(compound 3018, size 006 and 012) are placed at both ends of the Ti
piston assemblies that link the inflow and outflow pressure lines to
the Teflon-sheathed rock core. A novel design of the reaction cell is
the use of O-rings on the Ti piston assemblies within the pressure vessel.
Confinement fluid pressure is always set higher than pore-fluid pres-
sure, and because the confinement fluid surrounds the core and the pis-
ton assemblies between the two small O-rings at the end of the pistons,
the higher confining pressure moves the pistons inward to compress
the core in an axial orientation. Furthermore, the Teflon transfers the
confining pressure to the core in a radial orientation, ensuring that
flow occurs through the core sample. Thus, confining pressure is applied
in all directions to the experimental core. PEEK retainer rings are placed
between the core and the piston assemblies (Fig. 1c). One side of each
retainer ring snaps into its respective Ti piston assembly. A cone is cut
on the core side of the ring, ensuring that the reactant fluid effectively
penetrates all potential flow paths in the rock core. PEEK retainer
rings are sufficiently flexible to preclude damaging the integrity of the
rock core, yet strong enough to maintain shape with minimal
deformation.

The core, Ti piston assemblies, and retainer rings are installed within
a stainless steel pressure vessel (Fig. 1d). We have employed an Auto-
clave Engineers keuntzel closure, double ended, stainless steel pressure
vessel (model number KD10.3SS11). The double ended design enables
installation of components internal to the vessel. We have modified
the vessel by drilling a hole through the center and adding a cone seal,
which enables connection to a pump to provide fluid confinement pres-
sure via 1/16 in stainless steel tubing. Furthermore, thermocouples are
inserted into holes 1.1 cm deep and 1.7 mm wide that were drilled
into the vessel to monitor temperature of the reaction cell. The pressure
vessel includes standard stainless steel closure pieces. One end of each
Ti piston assembly is inserted into one of the closure pieces. Because
we have observed reaction between experimental fluid and stainless
steel at 150 °C (Tutolo et al., 2015), we replaced the stainless steel clo-
sures provided with the Autoclave Engineers pressure vessel with func-
tionally similar devices, but made of titanium to prevent corrosion of
this component of the reaction cell. We also designed Ti adaptors that
are external to the pressure vessel and form a cone seal with each clo-
sure piece so that all flow components that are heated and in contact
with experimental fluids are made of corrosion-resistant materials. Fur-
thermore, all Ti components, both internal and external to the pressure
vessel, were heated to 500 °C in air to enhance formation of a thin TiO,
coating (bronze to purple color) that further inhibits corrosion, espe-
cially by oxidizing and acidic NaCl fluids. Finally, we use a copper gasket
to form the metal to metal seal between each Ti closure piece and the
seat of the stainless steel pressure vessel.

Basalt used in experiments was from the Eastern Snake River Plain,
Idaho. Cores were cut from the 243 ft. borehole interval of borehole
Test Area North (TAN) 33 (43.84739°N, 112.70444°W), which was
drilled at the site of the Idaho National Lab. Physical and chemical prop-
erties of basalt from this site have been documented in several publica-
tions (e.g., Ackerman, 1991; McLing, 1994; Hughes et al., 2002). Intact
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Fig. 1. (a) Flow system used for experiments of basalt alteration. (b) Ti piston assemblies with rock core and other components that facilitate flow of experimental solution through the core
sample. (c) A PEEK retainer ring is placed just upstream and downstream of the core sample. One side snaps into the Ti piston assembly, and the cone on the other side facilitates inflow and
outflow of experimental fluid to and from all potential flow paths in the core. (d) Flow-through reaction cell that incorporates a modified pressure vessel and many custom-made
components. While the confinement fluid (DI H,0) is in contact with the stainless steel pressure vessel and other stainless steel components, flowing experimental fluid only contacts
corrosion-resistant Ti, PEEK, and Teflon components while heated to experimental temperatures within or near the pressure vessel. Kalrez O-rings on piston assemblies facilitate axial
pressure on the core, so confining fluid provides both axial and radial pressure on the core. Purple colors in (b)-(d) indicate Ti components.

Table 1

Major oxide composition of basalt.
Oxide wt%
Al,03 14.8
BaO 0.050
Ca0 9.2
FeO 14.0
K,0 0.76
MgO 7.1
MnO 0.206
Na,O 2.65
P»0s 0.75
Si0, 48
SrO 0.040
TiO, 2.86
Zr0, 0.042
Total 100

cores permitted experimental fluid to flow through natural pathways,
which were then modified due to fluid-rock interaction with reaction
progress. Tables 1 and 2 provide the major oxide and trace element
compositions, respectively, of the basalt. Following digestion, major ox-
ides were analyzed with an inductively coupled plasma-optical emis-
sion spectrometer (ICP-OES, 20 accuracies of 3%), and trace elements
were analyzed with an inductively coupled plasma-mass spectrometer
(ICP-MS, 20 accuracies of 5%). Normalized mineralogy of major oxide
data indicates the following mineral composition: 48.5 wt% plagioclase,
13.8 wt% olivine, 12.5 wt% diopside, 12.4 wt’% hypersthene, 5.43 wt¥% il-
menite, 4.71 wt% orthoclase, 1.74 wt% apatite, 1.13 wt% magnetite, and
0.09 wt% zircon." An energy dispersive X-ray spectroscopy (EDS) spot

! Calculated using Kurt Hollocher's CIPW Norm Excel program (http://minerva.union.
edu/hollochk/c_petrology/norms.htm).
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Table 2

Trace element composition of basalt.
Trace element ppm
Li 74
Sc 28
\ 300
Cr 219
Ni 77
Cu 40
Zn 180
Ga 24
As 1.7¢
Rb 125
Sr 360
Y 41
Zr 330
Nb 37
Mo 2.6
Sn 1.7
Cs 0.30
Ba 530
La 41
Ce 88
Pr 10.8
Nd 46
Sm 9.6
Eu 3.1
Gd 9.8
Tb 1.40
Dy 84
Ho 1.62
Er 45
Tm 0.62
Yb 39
Lu 0.56
Hf 6.9
Ta 43
Pb 7.0
Th 1.7
u 0.54

2 Analyzed value is not larger than 2 x the 2¢ error.

analysis on an olivine crystal (shown in Fig. 6a) revealed an olivine com-
position of Fo70. Samples were fully crystalline, as thin section micros-
copy did not reveal any basaltic glass (Fig. 2). Given the crystal size and
lack of glass, the basalt would be better characterized as diabase, but we
refer to basalt for simplicity. An ultrasonic bath was used to remove
loose, fine particles from the cores that were generated while cutting,
and an oven at 60 °C was used to dry cores pre- and post-experiment
to determine mass changes from experimental basalt alteration.

A 0.92 mol NaCl/kg solution with dissolved CO, (1 molal NaCl) was
prepared as the experimental brine using laboratory-grade NaCl, deion-
ized (DI) water, and industrial-grade CO,. The flow system was purged
of oxygen before experimental fluid was added. Nitrogen flowed
through the flow system, and residual oxygen was also removed from
the upstream separator by going through cycles of exposing it to
~60 bar of CO, pressure and then releasing the CO, and ultimately
pulling a vacuum. After this, nitrogen was bubbled through experimen-
tal fluid for at least 3 h before it was pumped to the upstream separator
using a HPLC pump. A syringe pump was then used to pressurize the
brine solution. After CO, was transferred from a cylinder to another sy-
ringe pump, a known volume of liquid CO, was added to the brine (and
subsequently followed by additional brine to force all CO, into the sep-
arator) to achieve a CO, concentration of 0.6 mol/kg solution
(0.65 molal CO,), which is ~83% of the saturation concentration at ex-
perimental temperature and pressure conditions (Duan and Sun,
2003; Duan et al.,, 2006).

Four experiments were conducted that lasted from 0.51-32.81 days
to assess feedbacks between chemical reactions and flow fields during
basalt alteration in a CO,-rich setting. Two experiments used a flow
rate of 0.1 ml/min, and two used a flow rate of 0.01 ml/min. In reality,

Fig. 2. Basalt sample from the Eastern Snake River Plain in cross- and plane-polarized light.
Sample is fully crystalline (i.e., there is no evidence of glass).

flow rates were 0.104 and 0.0104 ml/min in the heated pressure vessel
(experimental solution had a density 0.966 g/ml, calculated using Duan
et al. (2008)), but we refer to flow rates from the room temperature
pumps of 0.1 and 0.01 ml/min for simplicity. The reaction cell was heat-
ed to 150 °C for all experiments, using outlet pore-fluid and confine-
ment pressures of 150 and 200 bar, respectively. Just before these
experiments commenced, DI water was pumped through each core
for several hours to develop steady-state fluid pressure gradients. At
the end of each experiment, DI water flow displaced experimental
brine from all cores. A series of flow rates was used during DI water
flow pre- and post-experiment to provide more precise initial and
final permeabilities. An attempt was also made to remove oxygen
from DI water that flowed through the cores by bubbling nitrogen
through the water for at least 3 h before it was added to the system.

Fluid samples were periodically collected as experiments proceeded.
Samples were filtered with a 0.2 pm filter, acidified with trace metal
grade HCl, and further diluted before they were analyzed for major cat-
ions and trace elements with an ICP-OES and ICP-MS, respectively. CO,
concentration was determined using a manometric technique (Luquot
etal., 2012; Luhmann et al., 2013, 2014). The first fluid sample collected
during each experiment was corrected for dilution from mixing of DI
water and experimental solution using Na analyses, which is justifiable
since the Na concentration of the experimental solution (0.92 mol/kg) is
much larger than any change in Na concentration that would result
from interaction with the cores.

Saturation indices were calculated and reaction modeling was con-
ducted using Geochemist's Workbench (GWB, version 10.0.3; Bethke
and Yeakel, 2015), employing a database that is largely consistent
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with SUPCRT92 (Johnson et al., 1992). Modifications and additions to
the database included revised thermodynamic data for Al-bearing min-
erals and aqueous species (Tagirov and Schott, 2001), quartz, and
H4Si04(aq) (Stefansson, 2001), as discussed in Tutolo et al. (2014a),
and metal complex equilibria (Sverjensky et al., 1997) and solubility
constants for plagioclase (Arnérsson and Stefiansson, 1999), dawsonite
(Ferrante et al., 1976), and analcime (Johnson et al., 1982; Robie and
Hemingway, 1995). Furthermore, equilibrium constants for carbonic
acid ionization and sodium bicarbonate and carbonate complexes
from Stefansson et al. (2013) and magnesium bicarbonate and carbon-
ate complexes from Stefansson et al. (2014) were incorporated. Finally,
the database was modified to experimental temperature and pressure
conditions using the DBCreate program (Kong et al., 2013). The data-
base is included as a supplementary file.

Mass balance (m;) calculations enable comparison between actual
mass changes and mass changes calculated using outlet major element
fluid chemistry:

j NoMo =t , ,
my == 3. MQn <1 R )/t,:OACi(t )dt 2)
where M; is the atomic mass of element i, Q,, is the mass fluid flow rate,
No is the number of oxygen atoms in the oxide that corresponds to ele-
ment i, Mo is the atomic mass of oxygen (15.9994 g/mol), and N; is the
number of atoms of element i in the oxide that corresponds to element
i, AG is the outlet concentration of element i, and t is time. We employ
the oxide formula for each of the elements as is provided in Table 1,
and all elements in Table 4 (i.e., major chemistry, not trace elements)
were used in the mass balance calculations except for Na because of
the larger uncertainty in Na concentrations that arise with the 1 molal
NaCl solution.

Pristine and post-experimental basalt were imaged using a JEOL
JSM-6500F scanning electron microscope (SEM), with an accelerating
voltage of 15 kV and a probe current of 5 nA. The SEM imaged sections
of the very upstream and downstream ends of the post-experimental
cores from Experiments 2 and 4 (i.e., the longest experiment for each
of the two different flow rates) to ensure that pictures portrayed reacted
surfaces rather than artifacts that arise from cutting or breaking of post-
experimental samples. While SEM observations necessarily focus on
specific sections of the experimental samples, the companion paper
portrays dissolution and precipitation throughout all four cores from
XRCT datasets (Luhmann et al,, in press). Secondary mineralization on
the downstream PEEK retainer ring from Experiment 4 was imaged
using a Hitachi TM-1000 Tabletop SEM. Finally, a JEOL JXA-8900 elec-
tron microprobe was used to analyze secondary mineral grains from
this ring.

A pristine basalt sample and portions of the upstream and down-
stream ends of all four experimental cores were powdered for low-
and high-temperature magnetic analyses to assess change from experi-
mental alteration. Room temperature hysteresis loops were obtained in
a vibrating sample magnetometer (Princeton Measurements Corpora-
tion 3900) using an electromagnet to produce fields up to 1 T. Low-tem-
perature (20 —300 K) remanent magnetization curves were obtained
with a SQUID magnetometer (Quantum Design MPMS-XL). Remanent
magnetization was acquired in a 2.5 T field. High-temperature suscepti-
bility measurements were made using a variable temperature low-field
AC Susceptometer (AGICO KLY2). Susceptibility was measured during
heating-cooling cycles at 10°/min up to 620-650 °C in flowing argon
to reduce the effects of oxidation.

3. Results

Core permeability increased for both experiments at the higher flow
rate (Experiments 1 and 2) and decreased for the experiments at the
lower flow rate (Experiments 3 and 4) (Fig. 3 and Table 3). Core perme-
ability changes were generally reproducible during Experiments 3 and
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Fig. 3. Permeability decreased for both experiments at the lower flow rate (Experiments 3
and 4), but permeability increased at the later stages of the experiments following initial
decreases. Permeability increased for both experiments at the higher flow rate
(Experiments 1 and 2), but the permeability increase during Experiment 1 was much
greater than the permeability increase in Experiment 2.

4, but there was a significant difference between the permeability in-
creases during Experiments 1 and 2. Over the 2.7 day-long experiment,
the permeability in Experiment 2 increased by a factor of less than two.
In contrast, the permeability in Experiment 1 increased by more than an
order of magnitude, even though the experiment lasted only a half day.
While the final permeabilities of the cores from Experiments 3 and 4
were slightly lower than the initial permeabilities, permeability of
both cores increased at the end of the experiments after initial reduc-
tions. In an ancillary, 9.5-day experiment run with DI water at 21 °C
and 150 °C (sequentially for 2.6 and 6.9 days, respectively), permeability
decreased through time (5.6 x 10~'® m? to 1.0 x 10~ "7 m?), with the
rate of permeability decrease increasing at the higher temperature.
This Arrhenius-style behavior in the permeability measurements is con-
sistent with the chemical reactions being the primary cause of perme-
ability changes during our presented experiments.

Flow rate caused a first order difference for the major components in
the outlet fluid chemistry (Fig. 4, Tables 4 and 5). At the lower flow rate,
Fe concentration initially increased up to a maximum of 2.5 mmol/kg
and then decreased with reaction progress. Mg generally increased
with time during the lower flow rate experiments, yielding concentra-
tions up to ~6 mmol/kg. Following a brief initial decrease in concentra-
tion, Si increased up to ~7 mmol/kg as these experiments proceeded. In
contrast, Fe, Mg, and Si were relatively stable at the higher flow rate.
After an initial relatively high concentration, many elements decreased
dramatically for both flow rates (Ba, Ca, Cu, K, Mn, and Sr). Fluid-rock re-
action consumed dissolved CO,, to produce an increase in pH. The initial,
in-situ calculated pH of the experimental solution was 3.3, and in-situ
pH ranged from 4.2 to 5.2 downstream of the basalt cores. In-situ pH
was calculated by imposing charge balance and distribution of aqueous
species constraints using Geochemist's Workbench (GWB; Bethke and
Yeakel, 2015). In general, the fluid chemistry from each set of experi-
ments conducted at the same flow rate yielded reproducible results.

Outlet fluids were generally supersaturated with Al-rich phases that
include kaolinite, analcime, diaspore, K-feldspar, and gibbsite (Fig. 5).
The saturation index, (), is given by the following equation

Q
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Table 3
Experiment details and dimensions and mass and permeability changes of experimental cores.
Experiment Flow rate Duration  Core diameter Core length Pre —experiment  Core mass Mass balance (no Na) Initial Final
(ml/min) (day) (cm) (cm) mass (g) change (g) change (g) permeability permeability
(m?) (m?)
1 0.1 0.51 1.28 2.59 8.464 —0.032 —0.03 44 x 1071° 9.8 x 10713
2 0.1 2.74 128 2.53 8.740 —0.150 —0.14 1.27 x 10716 218 x 10716
3 0.01 19.62 128 2.59 8.935 —0.146 —0.18 1.49 x 10716 93 x 10717
4 0.01 32.81 1.28 2.61 8.997 —0.223 —034 1.48 x 10716 1.19 x 10716

where Q is the ion activity product and K is the equilibrium constant. All
samples were near saturation with respect to quartz and amorphous
SiO,, with saturation indices slightly lower for the samples from Exper-
iments 1 and 2 at a flow rate of 0.1 ml/min than they were for the sam-
ples from Experiments 3 and 4 at a flow rate of 0.01 ml/min. Finally,
samples collected during all four experiments were saturated or super-
saturated with respect to siderite and near saturation with respect to
dawsonite. However, all other carbonates were generally undersaturat-
ed, with saturation indices decreasing from magnesite to dolomite to
calcite. For dolomite and calcite, the log () was less than — 3 for most
samples from the experiments with the higher flow rate (Experiments
1 and 2).

Mass balance calculations incorporating oxides of all elements ex-
cept Na in Table 4 specify core mass reductions of 0.4% to 3.7%, while
core mass decreases were actually 0.4% to 2.5% (Table 3). There is
good agreement between core mass changes and mass balance calcula-
tions for the higher flow rate experiments (0.4% and 0.4% for Experi-
ment 1 and 1.6% and 1.7% for Experiment 2, respectively). In contrast,
core mass reductions were less than mass balance reductions for the
lower flow rate experiments (1.6% and 2.0% for Experiment 3 and 2.5%
and 3.7% for Experiment 4, respectively), with a larger difference in
the core from Experiment 4 (which lasted 13.19 days longer than Exper-
iment 3). This potentially suggests a net uptake of Na into secondary
phases within these two experimental cores, which increases with reac-
tion time.

SEM images portrayed effects of both dissolution and precipitation
on post-experimental cores when compared to the pristine sample
(Fig. 6). Pristine basalt was generally characterized by relatively clean
grain surfaces (Fig. 6a). Evidence for dissolution included etched miner-
al grains, such as the plagioclase crystal shown in Fig. 6¢. EDS analyses
indicated that the etched outer portion of the plagioclase crystal
contained Na and K, whereas the inner portion of crystal appeared
unreacted and contained more Ca than the outer portion of the crystal.
The upstream portion of the cores from Experiments 3 and 4 portrayed
secondary mineralization. A secondary phase observed on the reacted
core from Experiment 3 was enriched in Al and Si (and some Na and
Ca) (Fig. 6b), while another secondary phase identified on the reacted
core from Experiment 4 portrayed a needle-like morphology and
contained more Al than Si (Fig. 6d).

In addition to the secondary mineralization that occurred through-
out the cores, secondary mineralization was identified on the PEEK re-
tainer ring immediately downstream of the cores from Experiments 3
and 4 (see 3D segmentations of XRCT data illustrating precipitation in
Fig. 5c—d in Luhmann et al. (in press)). Fig. 7a illustrates the morphology
of the secondary phase that covered a portion of the outlet PEEK retain-
er ring from Experiment 4. Two grains from this ring were analyzed
with an electron microprobe (Fig. 7b) and indicated a composition pri-
marily of Fe and O (Table 6). The Grain 1 analysis suggests an Fe,03-rich
composition, yielding a total wt% of nearly 100% (Table 6). While the
grains looked similar (Fig. 7a), there was possibly some FeO(OH) on
the surface of the Fe,0s-dominated particle of the Grain 2 analysis, pro-
ducing a total wt% <100% for the analysis, since H cannot be analyzed by
the microprobe (Table 6). XRCT indicated that the Fe,05-rich phase was
confined to the downstream face of the cores and the downstream PEEK
retainer rings (Luhmann et al,, in press).

Magnetization measurements indicated a decrease in the saturation
magnetization, M;, of all post-experimental samples (Table 7), likely
due to dissolution of titanomagnetite in the cores. The decrease ranged
from 7.4% to 24.2% when comparing upstream and downstream sec-
tions from all four post-experimental cores to the pristine sample,
with the most significant decrease for the upstream end of the longest
experiment at the lower flow rate (Experiment 4). The decrease was
larger at the downstream end of the experiments at the higher flow
rate (Experiments 1 and 2) and larger at the upstream end of the exper-
iments at the lower flow rate (Experiments 3 and 4). In addition, there
was no direct evidence for siderite based on low-temperature magnetic
measurements (e.g., Frederichs et al., 2003), although the strongly mag-
netic titanomagnetite would likely dwarf any potential siderite signal.

During heating to 620-650 °C and cooling to room temperature, up-
stream and downstream samples from Experiments 3 and 4 showed ir-
reversible y behavior (Fig. 8). Upon cooling of the post-experimental
powders from Experiments 3 and 4, y increased, with upstream sam-
ples showing much larger y increases than downstream samples (Fig.
8, Table 7). After heating, the saturation magnetization increased by a
factor of 5 for Experiment 4, indicating a strongly magnetic phase was
produced during heating. The irreversibility likely arose from the pro-
duction of impure magnetite during the high-temperature susceptibili-
ty measurements, where magnetite was converted from either an Fe-
bearing paramagnetic secondary phase (possibly clay) or perhaps pri-
mary olivine and/or pyroxene crystals damaged from experimental al-
teration during the lower flow rate experiments. In contrast, upstream
and downstream samples from Experiment 1 and 2 showed nearly re-
producible y behavior upon heating and cooling, which is practically in-
distinguishable from the pristine sample response (Fig. 8). Thus,
experimental flow rate caused a fundamental difference in the suscepti-
bility response of the post-experimental magnetic analysis. Whereas y
increased up to 249% after heating to 620-650 °C for the faster flow
rate experiments (Experiments 3 and 4), the lower flow rate experi-
ments (Experiments 1 and 2) produced no change to 15.2% change in
x (Table 7). The sample from the longer-lasting Experiment 4
underwent a larger change than the sample from the shorter Experi-
ment 3.

4. Discussion
4.1. Chemical evolution

Each set of experiments at the two different flow rates generally
yielded reproducible results for outlet fluid chemistry (Fig. 4, Table 4),
and dissolution profiles suggest that most of the dissolution occurred
at the upstream ends of the cores (Luhmann et al., in press). Except
for Fe, fluid concentrations of the major elements (Ca, K, Mg, and Si)
were higher during Experiments 3 and 4, indicating an increase in
fluid concentration with residence time for these components. The de-
crease in dissolved Fe during Experiments 3 and 4 likely resulted from
the precipitation of the Fe,Os-rich phase at the downstream end of
the cores, which presumably formed upon exiting the cores because of
the additional residence time for that portion that allowed enhanced
mineralization. Since the Fe,05-rich secondary phase was focused on
the downstream core face and the downstream PEEK retainer ring, the
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Fig. 4. Experiments at each flow rate produced unique trends in Fe, Mg, and Si, and these trends were generally reproducible among experiments at the same flow rate. At the lower flow
rate (0.01 ml/min), Fe briefly increased and then decreased with further reaction progress. Si underwent opposite trends of Fe concentrations, and Mg generally increased continuously at
this lower flow rate. Other elements decreased dramatically with reaction progress at both flow rates (Ba, Ca, Cu, K, Mn, and Sr). Error bars indicate 20 error.
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Table 4

Outlet major element chemistry.
Time pH® (CO, ARt Ba?™ ca’* Fe?+ K+ Mg?* Mn?+ Na* Si Sr2t
(min) (mol/kg)®  (umol/kg) (umol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (umol/kg) (mmol/kg)  (mmol/kg) (umol/kg)
Experiment 1: 0.1 ml/min
Pre® 491 - 111 <DL 0.024 <DL 0.099 0.042 <DL 0.55 123 0.11
19-dil 0.42 54 65 2.21 1.04 2.54 142 40 760 2.02 13.2
19-corr 474 0.50 64 77 2.60 1.23 2.98 1.67 47 890 237 15.6
255 447 0.55 14° 3.2 0.13 2.07 0.72 1.73 36 900 243 0.98
604 438 0.60 48 0.86 0.2¢ 1.71 037 1.61 27.3 880 1.89 0.83
687 424 0.63 54 0.53 0.06 135 0.315 1.25 214 890 1.50 0.72
Experiment 2: 0.1 ml/min
23-dil 041 16¢ 71 1.70 0.89 2.72 143 87 820 221 10.7
23-corr  4.72 045 17¢ 79 1.89 0.99 3.03 1.59 97 910 2.46 119
89 450 0.49 15 115 0.297 1.70 1.36 1.37 52 920 235 1.6
203 449 0.50 8¢ 35 0.15 1.95 0.87 1.57 41 910 2.40 0.76
370 446 0.52 8d 1.68 0.12 1.87 0.61 1.60 34 900 222 0.57
583 447 0.51 <DL 1.1 0.11 191 0.48 1.71 33 910 223 0.52
1814 445 0.54 74 0.4°¢ 0.11 1.86 0.269 1.95 29.1 910 2.20 0.41
3874 445 0.51 8d 0.2¢ 0.10 1.71 0.185 1.88 254 920 2.06 04
Experiment 3: 0.01 ml/min
199-dil 0.24 20 97 2.32 0.44 79 223 74 760 4.5 139
199-corr 5.15 0.29 23 115 2.73 0.52 9.3 2.63 87 890 53 16.3
594 485 0.33 26 20.1 0.49 136 44 2.10 61 890 44 2.30
1659 479 0.37 10° 53 024 2.09 2.42 2.45 48 920 42 1.06
3109 478 0.39 74 31 0.22 2.39 1.71 2.66 47 910 4.1 0.84
4557 479 039 64 23 0.21 2.50 139 2.84 46 910 4.2 0.75
5990 475 041 8¢ 1.80 0.20 243 1.18 2.92 44 890 41 0.71
8893 471 043 6¢ 13 0.20 2.09 0.89 3.02 37 880 4.1 0.79
11,767 469 0.44 <DL 1.02 0.20 1.76 0.75 33 31.5 880 43 0.73
14,650  4.67 046 6¢ 0.79 0.20 147 0.65 3.7 27.5 880 46 0.72
18,960  4.68 0.47 22 0.56 0.203 1.09 0.55 44 21.2 880 53 0.73
23322 468 0.49 14 043 0.209 0.85 0.48 49 16.8 880 5.9 0.74
27,774  4.66 0.50 94 03 0.21 0.70 0.40 5.1 14.1 900 6.4 0.76
Experiment 4: 0.01 ml/min
276-dil 0.35 134 73 1.97 0.80 6.6 227 71 750 4.1 11.6
276-corr  4.96 0.42 164 88 2.36 0.96 7.9 2.73 86 900 49 139
1014 471 048 40 10.0 0.49 1.89 32 2.58 57 910 42 24
2094 4.70 0.50 144 4.1 0.35 224 2.14 2.84 50 910 4.2 1.72
3536 4.68 0.51 <DL 25 0.31 2.25 1.56 2.98 46 890 4.1 1.52
4973 468 0.52 <DL 2.0 0.32 226 1.32 3.20 45 890 42 1.51
17,943 469 0.54 <DL 0.60 0.332 1.20 0.68 52 23.2 900 5.9 14
32,331 472 0.51 22 0.39 0.38 0.77 0.51 5.9 13.5 910 7.2 1.42
46,737 466 0.51 6¢ 0.5 0.40 0.74 0.43 49 11.6 920 6.3 1.40

Rows with italicized values were corrected for dilution (using Na analyses) that occurred at the beginning of all 4 experiments. DL = detection limit, dil = diluted by DI water at beginning

of experiment, corr = corrected for dilution.
2 Determined from speciation calculations.
b Measured using manometric technique.

Sample was collected during DI water flow at 150 °C before the experiment began (Pre = pre-experiment sample).

C
4 Analyzed value is not larger than 2x the 2 error.
€ Analyzed value is not larger than 3 x the 20 error.

precipitation of Al-rich phases (Fig. 6b and d) was likely responsible for
the measured permeability reduction during Experiments 3 and 4,
where secondary mineralization made pore throats smaller even in
the midst of significant dissolution. Furthermore, SEM images suggest
Na mobility with the plagioclase dissolution (Fig. 6¢) and slight Na in-
corporation into secondary Al- and Si-rich phases (Fig. 6b), and mass
balance constraints suggest a net Na incorporation into the experimen-
tal cores from the lower flow rate experiments (Table 3). The gradual
permeability decrease during the DI water run suggests that permeabil-
ity changes were caused by chemical reactions, especially with the
faster rate of permeability decrease at the higher temperature. If fine
particle migration were responsible for permeability changes, we
would have expected much of the permeability reduction to occur at
the beginning of the DI water run. Fe, Mg, and Si outlet concentrations
for Experiments 1 and 2 were generally more stable than the concentra-
tions during Experiments 3 and 4, where fluid concentrations increased
or decreased as a function of time or fluid volume that passed through
the core. However, it is also important to note the decrease in dissolved
Ca, Fe, Mg, Mn, and Si during the end of Experiment 1. These decreases
occurred during the significant rise in permeability at the end of the

experiment, and the fluid chemistry and permeability data together in-
dicate the opening of flow paths from dissolution that produced this in-
crease in permeability that subsequently limited fluid-rock reaction. See
Luhmann et al. (in press) for a detailed discussion of permeability
changes.

Given that dissolution rates for olivine (e.g., Wogelius and Walther,
1991; Chen and Brantley, 2000; Pokrovsky and Schott, 2000; Rosso
and Rimstidt, 2000; Hanchen et al., 2006) are higher than they are for
either pyroxene (Knauss et al., 1993; Chen and Brantley, 1998;
Oelkers and Schott, 2001) or plagioclase (Chou and Wollast, 1985;
Knauss and Wolery, 1986; Gudbrandsson et al., 2014) in the pH range
of 3-5 (see Fig. 1 in Gudbrandsson et al., 2011), one source of the rela-
tively high Fe, Mg, and Si concentrations results from olivine dissolution.
Other mineral phases also likely contribute to the dissolved flux of Fe,
Mg, and Si. For example, the reduction in M; provided by the magnetiza-
tion analyses indicates some dissolution of titanomagnetite, and pyrox-
ene dissolution may have contributed to the dissolved load. In an
analysis of natural waters in Iceland with a pH range of ~6-10,
Gislason and Arnérsson (1993) demonstrated the greater thermody-
namic drive for basalt dissolution at lower pH, although they noted
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Fig. 5. Saturation index, (), as a function of fluid volume for Experiments (a) 1, (b) 2, (c) 3, and (d) 4. Many Al-rich secondary phases were supersaturated, but the only carbonate that was

supersaturated was siderite.

that decreasing pH has the greatest effect on olivine dissolution in par-
ticular. The elevated Fe, Mg, and Si concentrations resulted from the ex-
perimental fluid having very little residence time in the cores. With the
post-experimental porosities provided in Luhmann et al. (in press), res-
idence time at the end of Experiments 1 and 3 was ~5 and ~39 min, re-
spectively. Even with our cone-shaped retainer ring at both ends of the
core (that allows additional fluid-rock reaction), an additional 2 or
20 min of reaction at most would occur for experiments using flow
rates of 0.1 or 0.01 ml/min, respectively, since each cone can accommo-
date ~0.1 ml of fluid. Thus, reaction between CO,-charged brine and
crystalline basalt was able to produce Fe and Mg concentrations up to
~2 mmol/kg in 7 min for the experiments at the faster flow rate (Exper-
iments 1 and 2). Furthermore, it is noteworthy that the magnitude of Fe
and Mg outlet concentrations was comparable, to the extent that Fe
concentrations from several samples from the faster flow rate experi-
ments (Experiments 1 and 2) were higher than the Mg concentrations.
In addition to olivine dissolution, the dissolution of titanomagnetite
(and perhaps Fe-rich pyroxene) would provide an additional Fe source
and account for the elevated dissolved Fe concentrations. It is also pos-
sible that Fe was more mobile than Mg during the dissolution of olivine.
Previous research has noted faster dissolution kinetics for fayalite than
forsterite (Wogelius and Walther, 1992; Daval et al., 2010), so the
fayalite component of the olivine may have overexpressed itself beyond
what would be expected based on dissolution of an ideal solid solution.
Alternatively, we cannot rule out that compositional constraints of the
olivine were responsible for the Fe and Mg aqueous concentrations. EI-
evated Fe has been noted following CO, injection into a sandstone of the
Frio Formation; reaction caused an increase in dissolved Fe (up to 20
mmol/kg), Mn, Zn, Pb, and Mo, likely resulting from dissolution of

iron oxyhydroxides and/or corrosion of the pipe and well casing
(Kharaka et al., 2009). Our elevated Fe concentrations arise from disso-
lution of the basalt rather than the experimental flow system, as our re-
action cell incorporates corrosion-resistant titanium flow pieces and
previous experiments using the same reaction cell, temperature, flow
rate, and fluid composition produced Fe concentrations an order of
magnitude lower during flow through feldspar-rich sandstone (Tutolo
et al,, 2015).

With the relatively high Fe and Mg concentration and relatively low
Ca concentrations, Fe and Mg accounted for most of the divalent metal
flux. Outside of the first sample taken for each experiment, Ca concen-
tration accounted for 2-12% of the total concentration of the major diva-
lent metals. Previous work by Gudbrandsson et al. (2011) demonstrated
that Fe and Mg release dominate crystalline basalt dissolution at low pH,
whereas the relative fraction of Ca release grows as pH increases.
Gudbrandsson et al. (2011) noted that this results because dissolution
rates of olivine and pyroxene decrease monotonically with pH, whereas
dissolution rates for plagioclase initially decrease and then increase as a
function of pH. The first sample collected during all four experiments
had a Ca concentration that ranged from 1.9-2.7 mmol/kg (corrected
for dilution), indicating that at least a minor part of the plagioclase
was characterized by an initially high reactive surface area. Outside of
these relatively high, initial concentrations, lower Ca concentrations
persisted throughout the rest of the experiments, indicating that plagio-
clase dissolution contributed relatively little to total core dissolution,
even though plagioclase was by far the dominant phase in the rock. Be-
cause of this, the experimental fluids reported here are characterized by
higher saturation indices for the Fe and Mg carbonates (siderite and
magnesite) and lower values for Ca carbonates (dolomite and calcite).
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Fig. 6. SEM pictures of (a) pristine and (b-d) post-experimental basalt. (a) Pristine grains in basalt core are relatively clean, as illustrated with this grain of olivine. (b) An Al and Si-rich
secondary phase (with some Na and Ca) was observed on the upstream end of the post-Experiment 3 core. (c) The plagioclase crystal portrayed evidence of dissolution on the upstream
end of the post-Experiment 4 core, with dissolution primarily focused on the outer portion of the mineral grain that was relatively rich in Na and K. (The letters Na and K and Ca indicate
relative enrichment of these elements from EDS spot analyses). (d) An Al-rich phase with a needle-like morphology was identified on the upstream end of the post-Experiment 4 core. The

scale bar in each image is 10 um.

Rogers et al. (2006) noted the production of Fe and Mg carbonates aris-
ing from basalt interaction with CO,-rich fluids. In addition, Rosenbauer
etal. (2012) reported formation of ferroan magnesite during reaction
between basalt and CO,-acidified brine. Conversely, alteration of ocean-
ic crust produces carbonates that are rich in Ca (Alt and Teagle, 1999; Alt
et al., 2010; Gillis and Coogan, 2011; Coogan and Gillis, 2013), which is
likely an artifact of the increased rate of plagioclase dissolution at higher
pH. Gysi and Stefansson (2012a) noted rapid formation of Ca, Mg, and
Fe carbonates at elevated CO, and pH < 6.5 at a temperature of 40 °C;
higher pH resulted in supersaturation with respect to Ca carbonate
alone. Schaef et al. (2010, 2011, 2013) identified carbonates containing
Ca, Fe, Mg, and Mn after reacting several different basalts with CO, and
C0O,-H,S-H,0 solutions. Olsson et al. (2012) identified magnesite, mag-
nesian calcite, and hydromagnesite while reacting CO,, pure water, and
basalt at 120 °C. Andreani et al. (2009) observed magnesite and siderite
after flowing NaCl-NaHCO3-CO, fluid (pH = 6.7) through sintered
ground dunite at 160 °C, and Peuble et al. (2015) noted iron, calcium,
magnesium and trace manganese carbonate formation as well as mag-
nesite and minor dolomite following flow of a NaHCOs-CO, solution
(pH = 6.6) through sintered olivine cores at 180 °C.

Even with the precipitation of the Fe,O3-rich phase, aqueous Fe was
still high enough that siderite was generally saturated or supersaturated
during all four experiments, yielding log Q) values up to ~1. Dawsonite
was generally near saturation, but Bénézeth et al. (2007) noted that
dawsonite optimally forms in alkaline environments. Furthermore,
Kaszuba et al. (2011) demonstrated challenges in the prediction of
dawsonite formation. Magnesite, dolomite, and calcite were generally
undersaturated throughout all four experiments, in part because of
the initial composition of the experimental fluid (i.e., negligible

alkalinity). However, the saturation index for all four of these carbon-
ates increased with residence time, as can be seen by the increase in sat-
uration values for Experiments 3 and 4 when compared to Experiments
1 and 2. Given more reaction time, saturation indices for these carbon-
ates would continue to rise with additional dissolution. Once nucleation
begins, basalt could potentially undergo significant carbonation.

The primary carbonate phases that ultimately form from CO,-H,0-
basalt interaction are likely dependent on the initial condition and prob-
ably change as the system evolves due to fluid-rock reaction. With the
CarbFix project in Iceland, CO, is injected as a dissolved component in
water, with an expected pH of 3-4 near the injection well (Gislason et
al., 2014; Sigfusson et al., 2015). We anticipate that this acidic fluid
would cause significant leaching of Fe and Mg from the basalt as demon-
strated by Gudbrandsson et al. (2011) and confirmed by our experi-
ments, and thus, we would expect precipitation of Fe and Mg
carbonates (so long as the Fe is not consumed by iron oxide mineraliza-
tion) during initial stages of alteration. As the fluid evolves and moves
away from the injection well, we anticipate that Ca-rich carbonates
would begin to form while precipitation of Fe and Mg carbonates be-
comes less significant. Eventually, Ca carbonates likely become predom-
inant as the relative importance of plagioclase dissolution increases. In
fact, Matter et al. (2016) identified calcite formation on the submersible
pump installed in a monitoring well at the CarbFix site, where pH in the
well ranged from ~6.6 to ~9.0.

While the susceptibility measurements may suggest possible forma-
tion of an Fe-bearing paramagnetic secondary phase during the lower
flow rate experiments (Experiments 3 and 4), Fe was indeed incorpo-
rated into an Fe,Os-rich phase at the very downstream end of the
cores from these experiments. Previous research has also noted
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Fig. 7. (a) SEM image of secondary mineralization on the outlet PEEK retainer ring from
Experiment 4. The entire ring was 1.3 cm in diameter, and secondary mineralization
occurred on the cone surface of the ring. The picture shows the hole drilled through the
ring which allows fluid to pass through. (b) Electron microprobe analyses of two grains
from the PEEK retainer ring indicated an Fe,05-rich composition. The Grain 1 analysis in
Table 6 was conducted on the relatively flat, horizontal surface of the grain portrayed in (b).

formation of noncarbonate iron-rich secondary minerals during reac-
tion between basalt and CO,-rich fluids. During reaction between oliv-
ine and pure water and CO; at 120 °C, Olsson et al. (2012) used XRD
and XPS to identify secondary formation of hematite, in addition to
magnesite, magnesian calcite, and hydromagnesite. They also observed
hematite formation in an additional experiment specifically conducted
in the absence of oxygen. When reacting basalt with CO,-H,S aqueous
solutions at 60 °C, Schaef et al. (2010) identified iron sulfide (pyrite
and marcasite) mineralization. Reaction path modeling at 60 °C and
100 bar predicts goethite precipitation during CO, sequestration in Co-
lumbia River tholeiitic flood basalt (with modeled composition

Table 6
Major oxide composition of secondary precipitation.

Oxide Grain 1 (wt%) Grain 2 (wt%)
AlLO3 0.18 -

Ca0 0.27 0.22

Fe,03 93.64 88.56

MgO 2.59 2.53

MnO 0.90 1.05

P,0s 0.21 0.29

Sio, 1.77 1.03

Total 99.56 93.68

consisting of plagioclase, clinopyroxene, orthopyroxene, and magnetite,
but no olivine), although six other secondary minerals (including four
carbonates) ultimately exceed goethite formation on a mole basis
(Marini, 2006). As either iron oxide or iron sulfide formation ultimately
limit iron carbonation, research that identifies factors contributing to or
inhibiting noncarbonate iron-rich mineral formation provides practical
implications for carbon sequestration efforts.

Outlet fluids were generally near saturation with respect to both
quartz and amorphous silica. Since thin section analysis revealed a
fully crystalline sample, the dissolved Si resulted from the dissolution
of silicates. The relatively low Al concentrations in outlet fluids through-
out all experiments indicates that most of the Al was retained in the
core, due to either stabilization in primary phases that underwent little
dissolution or incorporation into secondary minerals. Based on mass
balance constraints and outlet fluid chemistry, <0.02 wt% of the total
Al in the basalt cores was recovered in the outlet fluids. Saturation cal-
culations suggest that there is a thermodynamic drive to retain Al in a
variety of potential Al-rich secondary phases (Fig. 5).

Common secondary minerals from basalt alteration include
phyllosilicates, zeolites, chalcedony, quartz, and calcite (Seyfried and
Bischoff, 1979; Mehegan et al., 1982; Neuhoff et al., 1999, 2006;
Rogers et al., 2006; Weisenberger and Selbekk, 2009; Alt et al., 2010;
Ehlmann et al., 2012). Major alteration minerals arising from basalt dis-
solution in the CO, injection interval at the CarbFix site in Iceland in-
clude Ca-Mg-Fe-smectite, Ca-rich zeolites, and calcite (Alfredsson et
al., 2013). The extent of mineral carbonation that can ultimately occur
in a basalt reservoir will ultimately be dependent on the Al-rich second-
ary phase that forms. Smectites, for example, would consume cations
dissolved from the rock that would otherwise be available for carbonate
formation. However, whereas significant Ca, Mg, and Fe are incorporat-
ed into clays in systems with low CO,, the fraction of Ca, Mg, and Fe
going into carbonates will increase with higher CO, concentrations
(Gysi and Stefansson, 2011), although Mg and Fe are more effectively
incorporated into carbonates at lower temperatures (Gysi and
Stefansson, 2012b, 2012c). Rogers et al. (2006) observed this in West
Greenland, where magnesite-siderite solid solutions replaced second-
ary mafic phyllosilicates and zeolites due to interaction between CO,-
rich fluid associated with petroleum migration and basalt and low-
grade metamorphic secondary phases. The carbonates formed between
80 and 126 °C (Stannius, 1998).

Table 7
Changes in saturation magnetization, Ms, from hysteresis measurements and susceptibili-
ty, 1, after heating to 620-650 °C.

Experiment Change in M (%) Change in y (%)

1 —12.4 (upstream) 5.96 (upstream)
—22.4 (downstream) 7.69 (downstream)

2 —8.0 (upstream) 15.2 (upstream)
—11.8 (downstream) 0.00 (downstream)

3 —17.1 (upstream) 83.0 (upstream)
—7.4 (downstream) 18.0 (downstream)

4 —24.2 (upstream) 249 (upstream)

—23.6 (downstream)

138 (downstream)
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Fig. 8. Normalized susceptibility ( /20 -c where y»g - is y measured at 20 °C) for pristine basalt and basalt from the (a) upstream and (b) downstream sections of all post-experimental
cores. The susceptibility of the samples from the lower flow rate experiments (Experiments 3 and 4) increased significantly upon heating, likely caused by the conversion of either an Fe-
bearing secondary phase or a damaged Fe-rich primary phase to a magnetic phase. The magnetic phase associated with the increase of susceptibility has a Curie temperature (T, ~ 545 °C)
slightly less than for pure magnetite (T. = 575 °C) suggesting the magnetite contains minor amounts of impurity cations. Arrows are shown on the Experiment 4 sample curves to indicate

direction during heating-cooling cycles.

Experimental parameters provide some constraint on the redox con-
ditions during the experiments. Based on the presence of the Fe,05-rich
secondary phase (one example is hematite) and elevated CO, with a log
activity of —0.16, the log activity of aqueous H; could have been up to
— 8.8 if any siderite formed to buffer the system (Fig. 9). That hematite
can precipitate in a reducing environment at first seems like a paradox
(Evans et al., 2013) since oxidation is involved as olivine is converted
to hematite. However, the oxidation that occurs during this reaction
does not require molecular O,. Instead, water oxidizes the olivine to
produce hematite and H; via the following reaction

Mg1_8F60_25i04 +3.6C0, + 19H20
= 0.1Fe;03 + 1.8Mg** + Si0; + 0.1H; + 3.6HCO;3 . (4)

From a mineral carbonation perspective, it is important to note that the
presence of hematite does not preclude the formation of siderite. In fact,

'5 v T v T v T v )

Magnetite

Siderite

log aH,(aq)

Hematite

10—t -
05 00

-2.5 -2.0

-1.5 -1.0
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Fig. 9. Activity-activity diagram for the FeO-Fe,03-CO, system calculated at 150 °C. The
gray dashed line illustrates the approximate log aCO,(aq) from the experiments, and
the gray star constrains the log aH,(aq) at — 8.8 if hematite and siderite were both
present in the core.

Fig. 9 demonstrates that hematite and siderite can coexist at moderately
reducing conditions in CO,-rich systems. It is also possible that H, may
have been even higher, since siderite was saturated or supersaturated
during our experiments. However, it is problematic to constrain the
maximum aqueous H; activity given the difficulty of determining if sid-
erite precipitated during the experiments and the inherent uncertainty
in saturation calculations.

Storage of CO, in the subsurface will mobilize trace elements and po-
tentially impair water quality (Aiuppa et al., 2000; Siirila et al., 2012;
Galeczka et al., 2013, 2014; Navarre-Sitchler et al., 2013; Karamalidis
et al.,, 2013; Wunsch et al., 2013, 2014; Kirsch et al., 2014; Shao et al.,
2014; Tutolo et al,, 2015). Comparing the outlet fluids to water quality
standards (Table 8, USEPA, 2012) provides some indication of the de-
gree of metal mobilization during our experiments. Most of the fluid
samples collected from the experiments were above the Maximum
Contaminant Level (MCL) for Pb, and about half of the samples were
above the MCL for Sb. As, Ba, Cd, and Cu were initially above the MCL
at the beginning of the experiments, but then decreased below this
threshold with reaction progress. All samples were below the MCL for
Cr and U. Fe and Mn were well above Secondary Drinking Water Regu-
lations (SDWR). Dissolved Al was also above the SDWR for many sam-
ples, and there were a couple samples that surpassed the SDWR limit
for Zn. It is likely that these metal concentrations are likely a worst-
case water quality scenario during CO, injection into basalt reservoirs

Table 8
US EPA drinking water standards and maximum concentrations from experiments.

Element Regulatory limit (pmol/L) Max. conc. from exps. (umol/L)
Maximum Contaminant Level (MCL)*?

As 0.133 0.300
Ba 14.6 115
cd 0.0445 0.160
Cr 1.92 15

Cu 20.5 161

Pb 0.0724 0.370
Sb 0.0493 0.140
§] 0.126 0.0018
Secondary Drinking Water Regulation (SDWR)®

Al 1.85-7.41 94

Fe 537 2500
Mn 0.910 97

Zn 76.5 31

¢ Enforceable standard.
b Non-enforceable guideline.
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given the nearly saturated CO,-charged brine and elevated temperature
of our experiments. Furthermore, our experiments simulate a subsur-
face brine, so any impacts to potable waters would occur during leakage
into overlying aquifers, in which case the metal-laden brine would be
diluted. Finally, toxic metals from CO,-water-rock dissolution are read-
ily incorporated into secondary mineral phases (Flaathen et al., 2009;
Wigley et al., 2013; Olsson et al., 2014).

4.2. Reaction modeling of basalt alteration over longer timescales

To assess mass transfer and alteration over longer reaction time-
scales in more of a transport-limited regime, we have run simulations
of fluid-basalt interaction at 150 °C using Geochemist's Workbench
(Bethke and Yeakel, 2015). 1 kg of water was reacted with 1 kg of
rock, consisting of 550 g of labradorite, 290 g of enstatite, 100 g of
forsterite, and 60 g of fayalite. We use An50 for our labradorite compo-
sition based on the normative mineralogy calculation. While we don't
model the olivine solid solution explicitly, we use the Fo70 (composi-
tion from the EDS spot analysis on the olivine crystal shown in Fig. 6a)
composition to determine the relative mass of forsterite and fayalite
that is included in the model. A BET surface area of 2508 cm?/g was
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measured on a basalt core (Luhmann et al., in press), and this surface
area was used for all mineral phases. The water contained 900 mmol/kg
of both Na and Cl and 100 mmol/kg of HCOs. Concentrations of other
aqueous species were set to 1 umol/kg. Simulations were run at relative-
ly low and high pH (4 and 9, respectively) to identify the control of pH
on element mobility and secondary phase composition. The low pH
simulation characterizes CO,-rich scenarios, and the high pH simulation
represents CO,-poor environments (e.g., Gislason and Arnérsson,
1993). pH was fixed in both simulations, and Cl and Na concentrations
were adjusted to satisfy charge balance constraints in the low pH simu-
lation and the high pH simulation, respectively. Owing to the uncer-
tainties in mineral solid solution effects and mineral surface areas, the
calculations necessarily provide information that may capture the rela-
tive time series changes in mineral dissolution processes, but are limited
in an absolute sense. Only with additional studies of this type, especially
with integration of information of mineral alteration processes on the
pore scale, can more robust models of mass transfer in time and space
be developed.

The simulations employed kinetic dissolution data from the litera-
ture. Both forsterite and fayalite were modeled using the dissolution
rate law compilation from Rimstidt et al. (2012). The dissolution rate r
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Fig. 10. Reaction path models illustrating mass transfer during basalt alteration. (a) At relatively low pH (pH = 4), forsterite and fayalite quickly dissolve and siderite precipitates, (b) while
dissolved Mg increases significantly. (c) At relatively high pH (pH = 9), labradorite preferentially dissolves and calcite precipitates, (d) even while Ca is the most abundant divalent cation
in solution. Minerals provided in (a) and (c) only include the modeled basalt composition and secondary carbonates.
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is given by

r=A exp(—E./RT)aj-, (5)
where A is the pre-exponential factor, E, is the activation energy, R is the
gas constant, T is temperature, g; is the activity of species i, and the ex-
ponent n is the reaction order of species i. For the low pH simulation,
A = 14.7 mol/cm?/s, E, = 70,400 J/mol, and n = 0.44. For the high pH
simulation, A = 0.0217 mol/cm?/s, E, = 60,900 J/mol, and n = 0.22. Dis-
solution of enstatite was modeled using the kinetic rate equation from
Oelkers and Schott (2001):

1/8
r = A exp(—Ea/RT) (ag, /Mgu) , (6)
where A = 2.4 x 10~* mol/cm?/s and E, = 48,500 J/mol. Finally, disso-
lution of labradorite employed the kinetic rate equation of Carroll and
Knauss (2005):

r=kexp (—Ea JRT [(agiﬁ /af\ﬁl)KT / (1 +Kp (ag-?3 /agg}))] ) 7)
where k is the apparent dissolution rate constant (10~>%° mol/cm?/s),

E, = 42,091 J/mol, and K is the silica-rich surface complex formation
constant, which we extrapolate to be ~5.81 at 150 °C (Carroll and
Knauss (2005) provide Kt for 30-130 °C).

Multiplying the right side of Eqgs. (5), (6), and (7) by A, and (1 —
(Q /K", where Ay, is the surface area and pand A are empirically de-
termined parameters, yields units of mol/s for r. In the labradorite disso-
lution rate equation, the values of uand A were set to 0.76 and 90,
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respectively (determined from albite dissolution by Alekseyev et al.
(1997)). The values of pand A have not been quantified for forsterite,
fayalite, and enstatite, and so we simply use values of unity for both pa-
rameters, as is often done (Xu et al., 2004; Knauss et al., 2005; Daval et
al., 2009, 2010, 2011). Because labradorite was so far from equilibrium,
simply setting prand A to unity would cause little change, in which case
it would have taken 1.0 days instead of 1.1 days to reduce the amount of
labradorite from 2.0 to 0.01 mol in the pH = 4 simulation.

pH provides a strong control on the rate of primary mineral disso-
lution as well as the composition of the fluid chemistry and precipi-
tated secondary phases (Fig. 10). At pH = 4, olivine quickly dissolves
and both forsterite and fayalite fall below 0.01 mol within 0.3 days
(Fig. 10a). Labradorite also dissolves relatively quickly, decreasing
to <0.01 mol within 1.1 days. Kinetics of enstatite dissolution are
slower, but the amount of enstatite decreases by more than an
order of magnitude over the five-day simulation. Dissolution of the
basalt yields abundant dissolved Mg in solution, attaining a concen-
tration of >2.4 mol/kg at the end of five days (Fig. 10b). Dissolved Fe
also quickly increases in solution, but is subsequently surpassed by
Ca because of fayalite consumption and siderite precipitation as
well as dissolution of labradorite.

At pH = 9, the dissolution rate decreases for labradorite, olivine, and
enstatite, but the decrease is much more significant for olivine and
enstatite than it is for labradorite (Fig. 10c). At the end of the five-day
simulation, fayalite, forsterite, and enstatite decrease to 40%, 37%, and
29% of their initial masses, respectively. In contrast, the labradorite de-
creases to <0.01 mol at 1.8 days, which is only 0.7 days longer than
the pH = 4 simulation. The concentrations of Ca, Fe, and Mg are much
lower in this higher pH simulation, but the Ca concentration is now
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Fig. 11. Alkali metals were preferentially dissolved from the basalt cores during fluid-rock interaction, to the extent of complete Cs removal during Experiment 3. While dissolution of
major elements is ultimately controlled by solubility constraints, minor elements can be completely removed from a system so long as fluids are able to access these components in

the mineral structure, as is evidenced by the highly reactive alkali elements.
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higher than the dissolved Fe and Mg, even though calcite precipitates
due to basalt alteration at higher pH (Fig. 10d).

It is interesting to note that siderite is still the only carbonate phase
predicted to form if the initial concentration of Ca is increased to
1 mol/kg in the low pH simulation. Furthermore, if the initial concentra-
tion of both Ca and HCO; are increased to 1 mol/kg in the low pH simu-
lation, the model predicts the production of >0.5 mol of siderite and
0.3 mol of dolomite at the end of five days. Because Mg is produced so
quickly during olivine dissolution at relatively low pH, Ca is not con-
sumed by carbonate precipitation as a pure calcium carbonate phase.
These simulations do not include kinetics of carbonate precipitation,
but at least the thermodynamic data suggest that secondary carbonates
contain Fe and Mg under acidic conditions due to dissolution of olivine.
Marini (2006) also showed Fe- and Mg-rich secondary carbonates dur-
ing CO,-water-basalt reaction path modeling under acidic conditions. At
a temperature of 60 °C and pH ~ 5, Marini (2006) calculated early
carbonate formation including dolomite and siderite (after twelve and
fifteen months, respectively), and this was eventually followed by
precipitation of calcite and dawsonite over longer reaction timescales
(8.4 years and 53.4 years, respectively). Gysi and Stefansson (2012b)
also ran models (reacting CO,-water-basaltic glass) and noted
formation of ankerite, dolomite, Ca-Mg-Fe carbonate solid solutions,
chalcedony, and allophane at 75 °C and pH ~ 4.5. Clay mineral formation
consumed available Mg and Fe in their models at higher temperatures
(150 °C and 250 °C) at pH of ~5.5 to >6, resulting in calcite as the only
forming carbonate phase (Gysi and Stefinsson, 2012b). During
additional models at 25-90 °C, they also noted that Ca, Mg, and Fe
were incorporated into carbonates (with Fe serving an important role
in CO, mineralization) in acidic solutions (pH < 6.5), whereas calcite
was the only carbonate to form when pH was >8 (Gysi and
Stefansson, 2011).

4.3. Preferential dissolution

Fluids preferentially dissolved alkali metals from the basalt cores
(Fig. 11). Element extraction (wt%) is calculated using

ot =t
MiQm [ = AG(t)dt
El recovery = TT[I =0 F
core I'j

x 100, (8)

where M; is the atomic mass of element i, Q,,, is the mass fluid flow rate,
ACG;is the outlet concentration of element i, t is time, Mgore is the mass of
the core, and F; is the element weight fraction in the basalt. Only two ex-
periments (one at each flow rate) were analyzed for trace elements
with the ICP-MS, but there is generally good reproducibility in the dis-
solved aqueous chemistry among experiments at a given flow rate, as
is shown in the K extraction in Fig. 11. Experimental fluid dissolved
15.0%, 20.5%, and 8.5% of the Li, K, and Rb, respectively, from the basalt
core by the end of Experiment 3, while the core lost only 1.6% of its ini-
tial mass during the course of the experiment (Table 3). At an extreme,
the Cs was completely extracted from the core during the course of the
experiment (Fig. 11).

Release of alkali metals has been noted in previous experimental
work. Seyfried et al. (1984) reported Li leaching from basalt at 375 °C
and Li removal from fluid during incorporation into smectite at 150 °C.
Berger et al. (1988) found that Rb and Cs are preferentially released dur-
ing the dissolution of basalt glass, whereas release of Li is stoichiometric
with respect to Si. In contrast, dissolution of forsterite caused preferen-
tial release of Li with respect to Si (Berger et al., 1988). Brant et al.
(2012) demonstrated that Ba, Rb, Cs, and Li are leached rapidly from
synthetic basalts at 125 °C, and ultimately concluded that Li release is
primarily controlled by diffusion from plagioclase since crystalline ma-
terial caused much more Li leaching than glass. However, it is more like-
ly that the preferential dissolution of Li as well as the other alkali metals
in the experiments reported here arise from fractional crystallization

effects inherent to the initial rock formation. Li, K, Rb, and Cs are highly
incompatible in minerals as they crystallize. Furthermore, the absence
of glass from the basalt suggests slow cooling, which allows strong
chemical gradients to develop across individual mineral grains. Thus,
these elements are likely primarily incorporated into outer portions of
mineral grains, and therefore, are readily accessible during initial stages
of basalt dissolution. Furthermore, it is possible that there are
microcracks at the grain scale that allow fluids to more efficiently access
and dissolve these incompatible elements (see Luhmann et al. (in press)
for a discussion of basalt porosity and surface area over length scales
that range from ~1 nm to 10 pm from (U)SANS analyses).

The K dissolution probably arises from dissolution of the plagioclase,
where individual grains likely contain a Ca-rich core that progressively
becomes more Na- and K-rich toward the outer edges (Fig. 6¢; Singer
etal, 1995). Thus, while the relatively low Ca concentrations suggest lit-
tle dissolution of plagioclase (at least the Ca-rich component of it), the
high K recoveries (up to ~30% of the K from the rock core during Exper-
iment 4) indicate significant dissolution of the plagioclase rich in K. The
elevated Rb also likely arises from dissolution of K-rich plagioclase,
where Rb potentially substitutes for K in the feldspar structure because
of the similar atomic radii of these two elements. Similarly, Li likely sub-
stitutes for Mg in the olivine structure because of similar atomic radii,
and thus, dissolution of Li arises from dissolution of the outer portions
of olivine grains. The minor component of any solid solution is often at-
tributed to have an activity coefficient greater than one, which provides
a strong thermodynamic drive for these alkali metals and other minor
constituents to enter solution.

The high extraction of these alkali elements illustrates the lack of sol-
ubility control for these particular elements, especially for Li, Rb, and Cs.
Because of their incompatible nature, there is a strong drive for the alkali
metals to enter the fluid, which causes a decrease in slope of the extrac-
tion curves with reaction progress as the elements are depleted in the
rock, especially for K, Rb, and Cs (Fig. 11). Furthermore, extractions are
inversely related to flow rate, as also noted in Luhmann et al. (2014). Ex-
periments at the lower flow rate had longer residence time for fluid-
rock reaction, and therefore, greater dissolution of the alkali metals
from the experimental cores.

5. Conclusions and broader implications

Four flow-through experiments at 150 °C were conducted on intact
basalt cores to identify chemical processes and changes that arise from
basalt-water-CO, interaction. See Luhmann et al. (in press) for a discus-
sion of physical property changes in the experiments. Reaction between
flowing CO,-charged brine and basalt produced elevated concentrations
of Fe, Mg, and Si in solution. The low pH of our experimental solution
(initial pH of 3.3) caused significant basalt dissolution. SEM pictures re-
vealed secondary mineralization on primary minerals of the basalt
cores, and fluid saturation calculations suggest kaolinite, analcime, dia-
spore, K-feldspar, gibbsite, and siderite as potential secondary phases.
Both experiments at the higher flow rate of 0.1 ml/min (Experiments
1 and 2) produced permeability increases from fluid-rock reaction, al-
though there was a significant difference in the increase between the
two experiments because of the different pre-existing flow paths that
were present in the cores (Luhmann et al., in press). There was a net
small decrease in permeability for both experiments at the lower flow
rate of 0.01 ml/min (Experiments 3 and 4), although permeability in-
creased at the end of the experiments following initial decreases. The
lower flow rate experiments had more fluid residence time,
transitioning from a more dissolution-dominated regime during Exper-
iments 1 and 2 to a regime that facilitates the formation of secondary
phases during Experiments 3 and 4.

Our experiments illustrate incipient reaction between basalt and
acidic fluids, with implications for fluid-rock reactions in volcanic reser-
voirs. CO, can accumulate in subsurface formations from both natural
and anthropogenic sources, as evidenced by ongoing CO,-injection
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projects in Iceland and Washington (Matter et al,, 2009, 2011; Gislason
etal., 2010; McGrail et al,, 2011) as well as a number of geothermal sys-
tems with elevated CO, (Kerrick, 2001; Federico et al., 2002, 2004,
Mérner and Etiope, 2002; Watson et al., 2004; Fridriksson et al.,, 2006;
Flaathen et al., 2009). As an extreme, Lupton et al. (2006) report CO,
concentrations up to 2.7 mol/kg from a submarine volcano in the
Mariana Arc, where CO, naturally exists as a liquid. In any of these envi-
ronments, the CO, will acidify fluids and react with basalt to produce
fluids that have higher saturation indices for Fe and Mg carbonates
than carbonates rich in Ca. While experiments presented here represent
limited time for fluid-rock reaction, significant precipitation of Fe and
Mg carbonates would likely follow given more reaction time, as sug-
gested by our reaction path models and those of Marini (2006) and
Gysi and Stefansson (2011, 2012b) and as demonstrated by observa-
tions in West Greenland over longer geologic time (Rogers et al.,
2006). However, solution pH would continue to increase with addition-
al fluid-rock reaction, where dissolution of Ca-rich plagioclase would ul-
timately lead to precipitation of Ca carbonates becoming more
significant, as evidenced by formation of calcite at the CarbFix site
with fluid pH of ~6.6-9.0 (Matter et al., 2016) and during alteration of
oceanic crust at higher pH with little to no dissolved CO, (Alt and
Teagle, 1999; Alt et al,, 2010; Gillis and Coogan, 2011; Coogan and
Gillis, 2013). Solution pH is a function of dissolved CO,, and therefore,
the presence or absence of CO, exerts a strong control on the secondary
mineral carbonate composition during basalt alteration. Because of the
strong pH control on the dissolution of the primary mineral phases,
pH determines the concentration of divalent metal cations in solution
during basalt dissolution, and coincidently, controls what cations are
available to form secondary carbonates. Therefore, analysis of secondary
carbonate composition from the rock record can potentially be used to
infer environmental conditions during their formation.
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