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Abstract: The element release rates of naturally altered basalts were measured in batch
experiments at 27°C, and mixed-flow experiments at 25 °C in reactive fluids initially
consisting of pH 3 or 4 aqueous solutions. The basalts reacted in this study consist of
1) surface altered basalts ranging in age up to 13 million years, and 2) hydrothermally
altered basalts having experienced from zeolite to actinolite facies alteration. The in-
situ pH in the batch experiments increased over time with the final pH of the fluids
ranging from to 4 to 8. All experiments exhibited a preferential release of Ca and Mg
compared to Si from the dissolving basalt both initially and over the long-term. This
behavior is attributed to the combination of an initial rapid cation-proton exchange
reaction and the relatively fast dissolution rate of Ca-bearing minerals. The BET
surface area normalized Si release rates for all of the altered basalts are within 1 order
of magnitude from each other, and from 1 to 2 orders of magnitude lower than
corresponding rates from fresh basaltic glass and fresh crystalline basalts. This is
interpreted to stem from 1) the fast removal of reactive basaltic glass and olivine from
fresh basalts during the natural alteration of the rocks, 2) the similarity of the
dissolution rates of the remaining albitic plagioclase, pyroxenes, epidote, and zeolites,
and 3) the high surface areas of certain less reactive secondary mineral such as clays.
Overall the results indicate that all altered basalts will be effective in consuming CO2
during both natural and engineered processes, though at a somewhat slower rate than
unaltered basalt.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Revised Manuscript - Clean Click here to view linked References %

1 Experimental determination of the reactivity of basalts as a
2 function of their degree of alteration

3 Sylvain Delerce®’, Matylda Hefmanska?, Pascale Bénézeth?, Jacques Schott?, Eric H. Oelkers®

4 9Géosciences Environnement Toulouse, GET — CNRS — CNES — IRD — OMP — Université de Toulouse, 14

5 Avenue Edouard Belin, 31400 Toulouse, France

6 b Institute of Earth Sciences, University of Iceland, Seemundargata 2, 102 Reykjavik, Iceland
7

s  Abstract

9

10 The element release rates from naturally altered basalts were measured in batch
11  experiments at 27 °C, and in mixed-flow experiments at 25 °C in reactive fluids initially
12 consisting of pH 3 or 4 aqueous solutions. The basalts reacted in this study consist of 1)
13 surface weathered basalts ranging in age up to 13 million years, and 2) hydrothermally
14  altered basalts from zeolite to actinolite alteration zones (temperatures of ~ 50 to 300 °C).
15  The in situ pH in the batch experiments increased over time with the final pH of the fluids
16  ranging from to 4 to 8. Most experiments exhibited a preferential release of Ca and Mg
17  compared to Si from the dissolving basalts, both initially and over the long-term. This
18  behavior is attributed to the combination of an initial rapid cation-proton exchange reaction
19 and the relatively fast dissolution rates of Ca-bearing minerals. The BET surface area
20 normalized Si release rates for all of the altered basalts are within one order of magnitude of
21 each other, and from one to two orders of magnitude lower than corresponding rates from
22 fresh basaltic glass and fresh crystalline basalts. This is interpreted to stem from 1) the fast
23 removal of reactive basaltic glass and olivine from fresh basalts during the natural alteration
24  of the rocks, 2) the similarity of the dissolution rates of the remaining albitic plagioclase,
25  pyroxenes, epidote, and zeolites, and 3) the high surface areas of some less reactive
26 secondary minerals such as clays. Overall, the results suggest that altered basalts will be
27  effective in consuming CO; during both natural and engineered processes, though at a

28 somewhat slower rate than unaltered basalts.
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1. Introduction

The weathering of basalts on the Earth’s surface and the ocean floor plays a critical role
in the global carbon cycle. It proceeds through the dissolution of atmospheric CO; into
aqueous solutions forming a weak acid. This slightly acidic solution dissolves basalts, which
both increases the pH and releases divalent cations, notably Ca?* and Mg?*, to the fluid
phase (Walker et al., 1981; Berner, 1999; Dessert et al., 2003). The released divalent metal
cations combine with bicarbonate ions to form stable carbonate minerals. The weathering
rate of basalts is temperature and runoff dependent (Brady and Carroll, 1994; Stefansson
and Gislason, 2001; Gislason et al., 2009; Li et al., 2016; Deng et al., 2022). This creates a
feedback between atmospheric CO,, global temperature and the CO; drawdown capacity
caused by silicate weathering. This feedback has constrained Earth’s temperature variations
over geologic timescales (Brady, 1991; Falkowski et al., 2000; Colbourn et al., 2015; Penman
et al., 2020). Numerous studies have shown that fresh basalts are particularly efficient at
lowering atmospheric CO, concentrations through Earth surface weathering right after
major volcanic events (Louvat and Allégre, 1997, 1998; Rad et al., 2013; Li et al., 2016;
Galeczka et al., 2018; Liu et al., 2019). It has also been suggested that the weathering rates
of silicate rocks decrease as they are altered (Colman, 1981; Taylor and Blum, 1995; White et
al., 1996; Kennedy et al., 1998; Chadwick et al., 1999; Hodson and Langan, 1999; White and

Brantley, 2003), lowering their CO, drawdown potential over time (Borker et al., 2019).

Similar processes have been observed in the subsurface, notably in geothermal
systems where basalt (Alt and Teagle, 1999; Rogers et al., 2006) and peridotite dissolution
(Kelemen et al., 2011, 2018; Peuble et al., 2018) can provoke the CO; mineralization. This
process has attracted interest as a means to store CO; in the subsurface (Matter and
Kelemen, 2009; Matter et al., 2016; McGrail et al.,, 2017; Kelemen et al.,, 2019;
Snabjornsdéttir et al.,, 2020). Efforts are currently under development to optimize this
process, either at Earth surface conditions by enhanced weathering (Harrison et al., 2013;
Renforth et al., 2015; Power et al., 2020; Chukwuma et al., 2021; Lewis et al., 2021; Rinder
and von Hagke, 2021; Knapp and Tipper, 2022; Stubbs et al., 2022) or in the subsurface
(Oelkers et al., 2018, 2022; Xiong et al., 2018; Gadikota et al., 2020; White et al., 2020;
Gadikota, 2021; Campbell et al., 2022; Maesano et al., 2022) by injecting CO; captured from
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either industrial sites or directly from the atmosphere. The results obtained by the CarbFix
project in Iceland and the Wallula project in the USA demonstrated that it is possible to fix
CO; through its mineralization in subsurface reservoirs containing fresh or mildly altered
basalts in a matter of years (Matter et al., 2016; McGrail et al., 2017; Clark et al., 2020;
Ratouis et al., 2022). The degree to which CO; mineralization can be efficient in more altered
basaltic rocks is currently unclear. Nevertheless, altered basalts are more available on
Earth’s surface than fresh basalts or other young mafic rocks, which are primarily limited to
active volcanic systems and rift zones (Courtillot and Renne, 2003; Seton et al., 2020). It is
therefore necessary to investigate in detail the degree to which mineral carbon storage may

be possible and effective in altered basaltic rocks.

To date there has been relatively few studies of the reactivity of altered basaltic rocks
and their ability to mineralize CO,. Marieni and Oelkers (2018) compared the dissolution
rates of primary and secondary basaltic minerals and concluded that the carbonation rates
of altered basalts are likely 0.5 to 3 orders of magnitude slower than that of fresh basaltic
glass. Xiong et al. (2017) exposed fractured cores of Columbia River Basalt and of
serpentinized basalt to CO; charged water at 100 and 150 °C and found significant
differences in the resulting carbonation products after 40 weeks of reaction. Taking account
of these results, Liu et al. (2019) suggested that the slower dissolution rates of altered
basalts compared to fresh basalts could be advantageous to better maintain fluid circulation

in the subsurface reservoirs.

The objective of this study is to quantify the reactivity of altered basalts. Towards this
goal we have measured the element release rates of 22 different basalts representing both
surface-weathered and hydrothermally altered basalts, as a function of their age and degree
of alteration in batch reactors at 27 °C. An additional four mixed-flow experiments were
performed to validate the batch experiment results. From the results obtained in this study
we can (i) assess the potential for the subsurface carbonation of altered basalts, and (ii)
illuminate the degree to which chemical weathering rates slow as basaltic rocks alter over

time.
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2. Material and methods
2.1. Sample preparation and characterization

Two suites of altered basalts have been collected and studied; one consisting of Earth
surface weathered basalts of various ages and the other of hydrothermally altered basalts
collected from the subsurface. These samples were selected to span the likely compositions

to be targeted for Earth surface and subsurface mineral carbon storage.
2.1.1. Surface weathered basalts as a function of age

Surface basalt samples were collected from Eastern Iceland and have ages ranging
from 9 to 13 Myr. The samples were collected from the Grjéta olivine basalt group (GOB),
the Vindhdls porphyritic group (VP), the Greenavatn porphyritic group (GRVP) and the
Heidarvatn olivine basalt group. The age, formation and composition of these basalts have
been previously described by Oskarsson and Riishuus (2013), Walker (1958), Oskarsson et al.
(2017), and Walker (1963) respectively. Younger basalt samples were originally collected by
Eiriksdottir et al. (2008). These latter samples consist of suspended basaltic material
collected from Eastern Iceland rivers. The ages of these suspended material samples,
estimated from the average age of the bedrock in the river catchment areas, range from 0.2
to 2.1 Myr (Eiriksdottir et al., 2008). Finally, volcanic ash collected during the 2011
Grimsvotn’s volcanic eruption was also used to represent youngest basalt (Olsson et al.,

2013).
2.1.2. Basalt hydrothermal alteration as a function of depth/temperature

Ten basalt samples were selected from a core originally retrieved in Eastern Iceland
during the Iceland Research Drilling Project (IRDP). The two kilometer long core, drilled near
Reydarfjordur during the summer of 1978 (Fridleifsson et al., 1982; Robinson et al., 1982a)
crossed a succession of lava flows with their corresponding flow tops and breccias (Mehegan
et al., 1982; Robinson et al., 1982b). We selected samples from the brecciated flow tops,
where the alteration is more pronounced (McGrail et al., 2006), rather than from the thick
dense lava flows. Three additional samples were provided by CarbFix and taken from well
HE-65 near the Hellisheidi powerplant (southeast Iceland). A summary of the samples is

provided in Table 1 and the sampling locations are shown in Figure 1.



119

120

121
122
123

124

125

126

127

128

129

130

131

132

133

134

135

136

Sampling locations
% Cores

=+ Ash

/\ River catchments
<> Outcrops
[ Jokulsa watershed
"] Hjardarhagi watershed
[T Holl watershed

[ | Grimstadir watershed

Glaciers
o C(Cities
—— Main roads

10 20 km

Figure 1: Map showing the sampling locations of each altered basalt considered in this
study. The colored areas represent the catchment area covered by each of the sampling
points from which suspended material was collected.

2.2. Preparation of the solids

Core and outcrop samples were first cleaned to remove any evident foreign material.
In cases where outer parts of the samples exhibited distinct differences from the bulk rock
sample, they were removed using a diamond saw. The samples were cut and a
representative part of each rock was selected to prepare 30 um thick thin sections for
microprobe analysis. The remaining rock sample was then crushed by hammer and
subsequently ground using an agate vibrating-disc mill. The resulting powders were dry
sieved to obtain the 40-150 um size fraction with the exception of sample HE65 22 for
which the 40-125 um size fraction was collected. This final sample had a slightly different
size fraction as it was originally prepared for a different study. To ensure that the results of
our experiments are consistent with previously reported rates, the prepared size fractions

were first cleaned to remove fine particles by gravitational settling using ultrapure deionized



137

138

139

140

141

142

143

144

145

146

water (DIW) and then further cleaned using an ultrasonic bath with DIW and then ethanol.
Depending on the sample, 5 to 20 cleaning cycles using DIW and gravitational setting and 5
to 10 cleaning cycles using the ultrasonic bath with DIW and ethanol were required to clean
the collected basalt powders. The grains were considered clean when the fluid phase was
clear to the eye after an ultrasonic cleaning cycle. The cleaned powders were finally oven
dried at 50 °C for two days. The suspended material samples collected from rivers and the
volcanic ash were dry sieved to remove particles larger than 630 um, then used directly in
the experiments. SEM images of representative prepared powders before the experiments
are depicted in Figure 2a and b. Grains appear clean with no fine particles present. The size

of the grains corresponds to the selected size fraction.
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Figure 2 : SEM images of the prepared powders before experiment of (a) sample HE65 22
and (b) GOB_14, and after batch experiments of (c) sample HE65 22 and (d) GOB_14. Images
of powders before the experiment are shown at a smaller scale to show the homogeneity of
the grains and the quality of the preparation. Images of powders after reactions have a
larger scale to make it possible to see potential precipitated phases.

2.3. Characterization of the prepared rock powders

The specific surface areas of the prepared rock powders before their use in the
experiments were measured using the Brunauer-Emmet-Teller (BET) method with 11

adsorption points. The measurements were performed using the Quantachrome Autosorb-
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1MP gas sorption system at Géosciences Environment Toulouse. The geometric surface

areas of the prepared powders were also calculated using:

6

Agoo = ———
p*desy

geo

(1)

where p refers to the density of the rock and des corresponds to the effective particle
diameter (Tester et al., 1994). The density of the basalts considered in this study were not
measured directly. Instead, we used the average density of basalt of 2.9 g cm™3 (Philpotts and
Ague, 2009). The variation of sample mineral and elemental composition suggests the
density of our solids should vary by no more than 10% from this value. The effective particle

diameter, desr was calculated using (Tester et al., 1994):

dmax — dmin (2)
ldmax
"G

m

defr =

where dmax and dmin refer to the maximum and minimum diameter of the sieves used to
prepare the powders. The geometric surface area could not be calculated for the volcanic
ash or the river-suspended materials as these samples were naturally ground and the

available mass of these samples was too low to measure their grain size distribution.

The bulk chemical compositions of the prepared rock powders were measured using X-
Ray Fluorescence spectrometry (XRF) using a S2 Ranger Bruker spectrometer (GET, Toulouse,
France). The measured compositions are reported in Table S1. The mineralogy of all solid
samples was determined at Activation laboratories (Canada) using a Bruker D8 Endeavour
diffractometer equipped with Cu X-ray source measuring at 40 kV and 40 mA on a range of 4
— 70° with a step size of 0.02°. The PDF4/Minerals ICDD database was used for mineral
identification. The quantities of the crystalline mineral phases were determined by Rietveld
refinement. The amounts of the crystalline minerals were recalculated based on the addition
of a known percentage of corundum to the sample. The mass of amorphous and poorly
crystalline material was estimated from the difference between the sum of the volume
fractions of the identified crystalline phases and 100%. To further characterize the
mineralogy of the samples, the composition of selected minerals was determined by
microprobe analyses on a CAMECA SXFive electronic microprobe located at the Raimond

Castaing micro characterization center in Toulouse.
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2.4. Experimental methods

Dissolution experiments with all the prepared rock samples were performed in batch
reactors. They were complemented with four mixed-flow experiments at pH 4, as described

below.

2.4.1. Batch experiments

Batch dissolution experiments were run in parallel in closed 750 ml High-Density
Polyethylene (HDPE) reactors immersed in a GFL 1083 thermoregulated shaking bath (Baker
et al., 2009; Zhen-Wu et al., 2016). The temperature of the bath was maintained at 2741 °C
throughout all batch experiments. Before each experiment, three grams of the selected rock
powder was placed into the reactor together with 300 ml of the initial reactive fluid. This
water to rock ratio was chosen to allow sufficient reaction to characterize rates and
sufficient fluid for sampling over two months while ensuring measurable elemental
concentrations. The initial reactive fluid was made from Merck reagent grade HCl and NaCl
diluted into ultrapure distilled water to obtain a pH 3 solution with an ionic strength of 0.01
mol kg*. This pH was chosen to be close to that of the CO, charged waters that are injected
during subsurface mineral carbonation efforts (Gislason et al., 2010). The ionic strength was
chosen to mimic the salinity observed in the CarbFix injection site (Snaebjornsdéttir et al.,
2017; Clark et al., 2018), and to facilitate the comparison of the results with previously
reported experimental data. A schematic illustration of the experimental reactor system is

shown in Figure 3.

Motor Moving tray Water bath

1 LY
‘\ \ \
Temperature Heating Sample Reactor
controller resistance powder holder

Figure 3 : Schematic illustration of the batch reactor system used in this study
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Reactive fluids samples were collected regularly using syringes equipped with 0.45
um Polytetrafluoroethylene (PTFE) filters to track the temporal evolution of the chemical
composition of the fluids. The fluid samples for element concentration analysis were
immediately acidified with Suprapur HNOs prior to storage in a refrigerator and further

analysis.

2.4.2. Mixed flow reactor experiments

Four mixed-flow reactors experiments were run in closed 120 ml Savillex reactors.
Each reactor had an inlet and an outlet port. The inlet port injected fluid into the bottom of
the reactor, while the outlet port removed fluid from the top. Each reactor was equipped
with a Teflon suspended stirring bar, allowing fluid-solid mixing and avoiding rock powder
grinding. The reactors were positioned on a multi magnetic stirring plate so that all had
identical stirring rates. A Gilson manifold pump was used to inject the inlet fluid into the
reactors at approximately 0.15 ml min™®. The inlet fluids were stored in polypropylene
compressible bags before their injection into the reactors. The reactor outlets were
equipped with 0.45 um cellulose ester filters to prevent the powder from escaping the
reactor. The complete reactor system was placed in a thermoregulated chamber set at 25+1

°C. A schematic illustration of the experimental reactor system is provided in Figure 4.

Outlet Thermoregulated
Inlet tank syringe filter / chamber

== i ——————————————————————————— -

P e e e e ]

Manifold Stirring Suspended
pump plate stirring bar

Figure 4 :Schematic illustration of the mixed-flow reactor system used in this study
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Two to three grams of rock powder were initially placed in the reactors together with
sufficient inlet fluid to fill the reactors. This leads to fluid-rock ratio of 40 to 60; the lower
fluid to rock ratio was selected for sample B316S3 due to its lower surface area. The inlet
fluid was made from Merck reagent grade HCl and NaCl diluted into DIW to obtain a pH 4
solution with an ionic strength of 0.01 mol kg™*. This fluid composition was selected to match
the conditions of the batch experiments. Once filled, the reactors were sealed and placed in
the thermostatically controlled chamber and the experiment started. The outlet fluids were
regularly sampled to measure pH and major elements. Some gas bubbles formed in some of
the reactors over time. These were removed manually to avoid their potential blocking of

the fluid outlet port.

At the end of the batch and mixed-flow experiments, the solids were recovered by
filtering the reactor’s content using a 0.45 um PTFE filter. The post-experimental powders

were air-dried for several days and stored for further analyses.

2.5.Chemical Analyses
The pH evolution of all sampled batch experiment reactive fluids was measured in situ
using an extended pH probe connected to a MetrOhm pH meter. The pH in the mixed-flow
experiments was measured immediately after sampling in non-acidified outlet fluid samples.
The electrodes were calibrated using NIST pH 4.01, 7.00 and 10.01 buffer solutions, and
replicate analyses of buffers and samples showed analytical accuracy of 0.03 pH units and

precision of £0.02 pH units at room temperature.

Fluid samples were analyzed for Al, Ca, Fe, Mg, and Si concentrations using a Horiba
Ultima Expert Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES), with an
analytical accuracy of 3% and quantification limits of 10 ppb for Al and Fe, and 20 ppb for Ca,
Mg and Si. Potassium was not measured due to its low concentrations in the initial rock
samples and Na was not measured since it was present in the initial solution at 0.01 mol kg

concentration.

2.6. Calculation of fluid saturation index and elemental release rates

Geochemical calculations in the present study were performed using PHREEQC V 3.6.2

(Parkhurst and Appelo, 2013) together with the CarbFix.dat V1.1 database (Voigt et al.,

11
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2018). The saturation index of the reactive fluids with respect to primary and potential

secondary phases were calculated based on the measured pH and element concentrations.

Element release rates from the batch experiments were calculated using two
methods. The first consists of calculating the slope, dn;/dt, of a least squares fit of the total
mass of the /" element released by the rock sample to the fluid as a function of time, as
described in Marieni et al. (2021). The mass of each element released was calculated by
multiplying the concentration of the element by the reactor fluid mass, taking into account
the mass of fluid removed due to sampling over time. Because of large changes in reactive
fluid pH and Si release rates, only concentrations measured in fluids collected after 12 days
of the start of each experiment were used for calculating dn;/dt. This allowed retrieval of

approximately constant element release rates that were calculated using:

dni
_ &)

ij = am (3)

where (dn;/dt) refers to the slope of the least square fit of the mass of the it element
released from the rock as a function of time, A4; refers to the initial specific surface area of
the solid before the experiment, j represents either BET or geometric surface area, and m
designates the initial mass of the solid placed into the reactor. Initial surface areas were
used for this calculation to be consistent with previously published rates and to avoid
ambiguities associated with the contributions to surface areas of secondary minerals that
might have formed during the experiments. The pH was not buffered during the batch

experiments. Consequently, the rates obtained using equation (3) correspond to the reactive

fluid pH from which the slope was obtained.

A second method used to quantify rates from the batch experiments took account of
the change in pH over time following an approach proposed by Blum and Lasaga (1988),
Guidry and Mackenzie (2003) Harouiya et al. (2007), and Zhen-Wu et al. (2016). In this

approach the pH is first fit using:
pH=atF +y 4)

where t designates the elapsed time since the beginning of the experiment and a, fand y
designate fit parameters. The proton activity generated using equation (4) and the measured

Si concentrations in each reactor were then fit by numerical integration using:

12
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r;= dn/dt= (ke/A;m) ag  (5)

where ks refers to a rate constant, ay+ denotes the proton activity and & represents a
reaction order. 4; refers to the initial specific surface area of the solid, j represents either
BET or geometric surface area, and m designates the initial mass of the solid placed into the
reactor. The parameters ks and &£ were estimated using a numerical solver so that the
calculated rates best fit the measured reactor fluid compositions during the experiments.
The resulting parameters can then be used together with equation (5) to estimate the

element release rates at a chosen constant pH.

Steady-state elemental release rates in mixed-flow experiments were calculated

using:

(6)

- C; Q
Lj =
A;m
where ri; refers to the release rate of the ith element normalized to the surface area 4,
where jrepresents either BET or geometric surface area. (;denotes the concentration of the

1M element in the outlet fluid, at steady state and Q designates the flow rate.

3. RESULTS

3.1. Mineral and chemical composition of the altered basalts
The mineralogical compositions of the collected surface weathered basalts are
summarized in Figure 5 and further details are provided in Table S2. The mineralogy of these
samples is dominated by primary phases. More than 88% of the mineral content of each of

these rocks consists of plagioclase, pyroxenes, and an amorphous phase.

13
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Figure 5 : Mineralogy of the surface samples as determined by XRD Rietveld refinement, in
weight percent ordered based on the age of the samples.

Microprobe analyses revealed that the plagioclase in these rocks is mostly labradorite, with
minor andesine and bytownite detected, and that the pyroxenes were of augitic
composition. The secondary phases observed were primarily minor chlorites and zeolites.
These secondary minerals may have been formed during the initial cooling of the molten

basalts.

Two notable trends are evident in the composition of these rocks as a function of
their age. First, as shown in Figure S1, the amorphous phase content of these rocks
decreases substantially with age. The rocks less than 2.2 Myr old have amorphous contents
ranging between 40 to 90%, while the older rocks have amorphous contents of less than

40%.
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Second, the chemical composition of the amorphous phase contained in these samples
exhibits distinct trends with rock age. These compositions, obtained from microprobe
analyses, are listed in Table S3. The amorphous phase in the older rocks have lower Ca, Al,
Na and K contents, but are relatively enriched in Fe compared to younger rocks and fresh
basaltic glass. These observations suggest the continuous alteration of the original glass
through palagonitization as described by Stroncik and Schmincke (2002) and Parruzot et al.
(2015), where basaltic glass is replaced by a heterogeneous microcrystalline solid composed
of different clays, zeolites, and oxides, or mixtures of these (Jercinovic et al., 1990; Zhou et

al., 1992).

The mineralogical compositions of the collected hydrothermally altered basalt

samples are depicted schematically in Figure 6.
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Figure 6: Mineralogy of the hydrothermally altered basalts considered in this study as
determined by XRD Rietveld refinement, in weight percent. Samples are ordered by sample
origin and increasing depth.

The alteration of samples collected from the IRDP core corresponds to the zeolite’s
facies with variable amounts of laumontite and chlorite. Only the two deepest samples from
this core, B261S4 and B316S3, contain epidote. These deepest samples contain no
plagioclase, but a significant amount of quartz. The plagioclases in the IRDP core samples
were all of albitic composition and the pyroxenes had an augite composition. The alteration
of the rocks sampled from the Hellisheidi core was less extensive, with primary phases

better preserved. Plagioclase and pyroxenes are present in significant amounts in the

16



358 Hellisheidi samples, where andesine, labradorite, oligoclase, and albite were detected by
359  microprobe. Pyroxenes were of augitic composition and some Ca-amphiboles were also
360 present in small amounts. The amorphous phase content of all of the hydrothermally altered
361  basalts varies between 0 and 30% with no consistent trend. Four samples from the shallower

362  part of the IRDP core contain from 0.7 to 14.2 wt% calcite.

363 The chemical compositions of the amorphous phase of some of the hydrothermally
364  altered basalts are shown in Table S3. The compositions of these amorphous phases are
365 depleted in Ca, lower in Al and Si, and enriched in Fe compared to basaltic glass, possibly due
366  to the palagonitization of the original basaltic glass (Stroncik and Schmincke, 2002; Parruzot

367 etal., 2015).

368 The measured BET surface areas of all samples are reported in
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Table 1 together with the corresponding calculated geometric surface areas. The BET specific
surface areas of the rock powders used in the experiments varied from 0.3 to 28 m? g*. Part
of this variation can be explained by sample preparation. Most rock samples were prepared
at the CNRS laboratory in Toulouse in an identical manner, with the exception of the volcanic
ash sample (GV_ash) and the four river suspended material samples (00A060, 01A034,
00A059, 98A003). These natural rock powders exhibited BET surface areas among the

highest considered in this study (see

18
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377

Table 1).

19



378  Table 1: BET and geometric surface areas of all the samples. NA stands for not available

Age (MYr) / Geometric
Depth (m)  Size fraction ~ BET surface  surface area

Sample (um) area (m? g*) (m?g?)
@ | Volcanic ash GV_ash 0 Raw <630 0.4 NA
3 00A060 0.3 Raw <630 7.7 NA
8| River 01A034 13 Raw <630 23.6 NA
B | suspended
o ) 00A059 1.7 Raw <630 28.1 NA
o material
£ 98A003 2.1 Raw <630 11.5 NA
g HEOB_17 9.1 40-150 0.4 0.0248
S Surface GRVP_15 10.2 40-150 4.7 0.0248
-{=_'-’ outcrops GOB_14 10.9 40-150 1.6 0.0248
"z VP_13 13.1 40-150 5.0 0.0248

B31S2 187.3 40-150 9.0 0.0248

@ B36S1 214.6 40-150 4.5 0.0248
© B81S2 473.9 40-150 3.6 0.0248
3 B81S4 476.8 40-150 2.7 0.0248
? \RDP B83S3 487.1 40-150 2.5 0.0248
2 core B8754 512.3 40-150 4.2 0.0248
> B130S2 758.4 40-150 1.7 0.0248
Tg B134S1 780.4 40-150 2.3 0.0248
5 B26154 1526.6 40-150 1.5 0.0248
E B316S3 1851.7 40-150 0.4 0.0248
3 HE65_11  1125.3 40-150 1.0 0.0248
T | Hellisheidi | HE65_22 1506.7 40-125 2.0 0.0277

HE65_42 2014.6 40-150 0.3 0.0248

379

380 3.2. Temporal evolution of the reactive fluid pH, elemental concentrations, and mineral

381 saturation states
382 3.2.1. pH and elemental concentrations
383 The temporal evolution of the composition of reactive fluids in all batch experiments is

384 provided in Table S4. The reactive fluid pH evolution of three representative experiments is

385  provided in Figure 7.
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Figure 7: Temporal evolution of the reactive fluid pH during three representative batch
experiments. The size of the uncertainties is smaller than the symbol size.

The reactive fluid pH in all batch reactor experiments increases rapidly during the first
10 days. The highest final pH values, close to 8, were observed in experiments performed on

samples containing significant amounts of calcite in their original composition (see Table S4).

The temporal evolution of the dissolved Si, Ca, Mg, Al, and Fe concentrations during
three representative batch experiments are shown in Figure 8. The concentrations of Ca, Mg,
and Si increased in the fluids of all batch experiments over time. Al and Fe showed a distinct
behavior: Al concentrations decreased over time during most of the experiments and Fe
concentrations were below the detection limit in all experiments where the pH exceeded pH
5. These observations suggest the precipitation of Al and Fe-rich phases such as Al and Fe

oxy-hydroxides during the experiments.
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Figure 8: Temporal evolution of Si, Al, Ca, Fe, and Mg concentrations of three representative
batch experiments. The dashed lines in the Si graph represent Si concentrations obtained

from equation (5) together with the fit parameters corresponding to each experiment. The
size of the uncertainties is smaller than the symbol size.
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3.2.2. Saturation state of the reactive fluids

The saturation indices of the reactive fluids with respect to the phases present in the
initial solids and potential secondary phases were estimated using measured fluid chemistry
and pH with PHREEQC. A complete list of these saturation indices is provided in Table S5.
Numerous phases are found to be supersaturated during the experiments including
smectites, aluminum and iron oxyhydroxides, and quartz. None of these phases, however,
were identified in post experimental XRD analyses or the SEM observations (Figure 2). The
precipitation of Al and Fe oxyhydroxides, however, is likely as the fluid concentrations of
these elements decreased over time during most batch experiments. For some samples,
scattered nanocrystals were observed on the reacted grains. These nanocrystals were too

small to determine their composition with energy dispersive spectrometry.

3.3. Element release rates

3.3.1. Batch reactor experiments

Silicon release rates are often used as a proxy for the dissolution rates of silicate
minerals because Si-O bonds maintain the structure of most of these minerals (Oelkers et al.,
1994; Oelkers, 2001; Brantley, 2008; Schott et al., 2009). Silicon release rates from all
experiments obtained using equation (3), together with the measured slopes of Si mass
versus time are shown as a function of the in situ pH in Figure 9, and provided in Table S6.
Also shown in this figure are Si release rates obtained from the mixed-flow experiments, as
described below. Two observations are evident in this plot. First, the measured Si release
rates obtained from the temporal evolution of the reactive fluid composition tend to be
consistent with the steady-state rates obtained from the mixed flow reactors. Second, the Si
release rates appear to plot as a single function of pH. This latter observation suggests that

there is little effect of the degree of basalt alteration on these Si release rates.
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Figure 9: Logarithm of BET surface area normalized Si release rates as a function of the
corresponding reactive fluid pH. The grey dashed line shows the result of a polynomial
regression of these rates. Error bars indicate a 0.3 log units uncertainty on the Si release
rates. Uncertainties on the measured pH are smaller than the symbol size.

Si release rates generated for pH 4 using equations (4) and (5) are presented together
with corresponding rates for individual silicate minerals in Figure Figure 60. All calculated
rates are reported in Table S7. Silicon release rates at pH 4 are similar for most of the altered
basalts, and many are identical to each other considering the associated uncertainty. Surface
area normalized Si release rates range from 109 to 101*® mol m2 s, except for sample
B261S4, which had a release rate of 10124 mol m? s. These rates are substantially lower
than either those of Ca-rich plagioclase or fresh basaltic glass, but substantially faster than
those of common clay minerals. Although the least altered basalts considered in this study
(based on the relative volume of primary phases present in the rocks) exhibit rates that are
among the fastest rates measured, the Si release rates of surface and core samples are

evenly distributed and no clear trends are evident.
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Figure 60: Logarithm of estimated BET surface area normalized Si release rates at pH 4 for all
studied rock samples. Rates for individual minerals are represented with dashed lines and
were obtained using equations and parameters reported by Hefmanskd et al. (2022). The
rate for crystalline basalt was taken from Gudbrandsson et al. (2011).

3.3.2. Mixed flow reactor experiments
The rock samples used in the mixed-flow reactor experiments were selected to span
a diversity of mineralogy observed in the samples. An example of the temporal fluid
evolution of a mixed-flow reactor experiment is shown in Figure 71; a complete table of the
temporal fluid concentrations in the samples collected from the mixed-flow experiments is

provided in Table S8.
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Figure 71: Temporal evolution of the (a) pH, (b) Al, Fe and Mg, (c) Si and (d) Ca
concentrations of the outlet fluids for the B130S2 mixed-flow experiment. The size of the
uncertainties is smaller than the symbol size.

In all the mixed-flow experiments, the pH, Si, Ca and Mg concentrations peaked
during the first few days before decreasing towards a stable steady state value. During the
early part of the B130S2 mixed-flow experiment, the pH reached values close to 7 before
decreasing to 4. This high initial pH explains why Fe concentrations were below the
guantification limit at the beginning of the experiment; likely due to Fe oxidation and
precipitation (Singer and Stumm, 1970; Morgan and Lahav, 2007). Concentrations of Al did
not exhibit consistent trends across all the experiments. Element release rates were
obtained from the steady-state outlet fluid concentrations using equation (6). Resulting
steady state reaction rates obtained from these experiments are summarized in Table 2.
These rates are also plotted as a function of pH, together with corresponding batch
experiment rates in Figure 9. The steady-state rates obtained from the mixed-flow
experiments are largely consistent with corresponding rates obtained from batch reactors.
One exception is the Si release rate of sample HE65 22, which is close to an order of
magnitude faster than that of the corresponding rate estimated from the batch experiments.
Table 2: Summary of the results of the mixed-flow experiments. Steady state element release
rates are given as logarithms values in units mol m? s. The Log values of Si release rates

from batch experiments were calculated using equation (5) at the final pH value of the
corresponding mixed-flow experiment.

Sample B83S3 B130S2 B316S3 HE65 22
Final pH | 4.3 4.2 4.1 4.4
final fluid molar Ca/Si ratio | 1.91 1.11 1.33 1.71
Molar Ca/Si of the rock sample | 0.16 0.09 0.23 0.24
final fluid molar Mg/Si ratio | 0.23 0.14 0.82 1.35
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Molar Mg/Si ratio of the rock sample | 0.12 0.05 0.11 0.17

Log of Ca release rate | -11.1 -11.1 -11.1 -11.3
Log of Mg release rate | -12.0 -12.0 -11.4 -11.4
Log of Si release rate | -11.3 -11.1 -11.3 -11.6

Log of Si release rate from

-11. -10.7 -11.7 -12.
corresponding batch experiment 3 0 >

3.4 Experimental uncertainties

The uncertainties associated with the reported surface area normalized Si release
rates obtained from the batch experiments were estimated by summing the different
sources of uncertainty. These sources include those associated with the BET surface area
measurements, the measurement of reactive fluid compositions, and the linear regression of
fluid Si masses over time. The combination of these uncertainties suggests that the rates
generated using equation (3) and shown in Figure 9 have uncertainties on the order of 0.3
log units. Rates generated at a constant pH of 4 using equation (5) and summarized in Figure
10 have higher uncertainties due to the extrapolation of measured rates to this constant pH.
The total uncertainty on these latter rates is estimated to be on the order of 0.5 log units. In
contrast, Si release rates obtained from the mixed-flow experiments do not require a linear
regression of fluid Si mass nor were extrapolated to a constant pH of 4. This results in lower
uncertainty in the Si release rates from these experiments, which is estimated to be 0.2 log

units.

4. Discussion

4.1. Surface areas

The BET surface areas of the laboratory prepared basalt powders range from 0.3 to 9 m?
g. The origin of these differences is challenging to determine, but sample mineralogy can
have an influence. Minerals including the chlorites (Malmstrom et al., 1996), zeolites (Yates,
1968; Valdés et al., 2006), and clays (Murray and Quirk, 1990) have been reported to have
relatively high BET surface areas. To illuminate the degree to which the presence of these
minerals influences the surface areas of the laboratory prepared samples, the BET surface
areas of all laboratory-prepared rock powders are plotted as a function of their combined

chlorite and zeolite contents in Figure 82.
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Figure 82: Plot of the BET surface area of the laboratory prepared rock powders used in this
study as a function of the sum of their zeolite and chlorite contents. Open circles indicate
samples observed to contain clay minerals. Error bars represent the uncertainty on BET
measurements. The grey dashed line shows the result of an exponential regression of these
surface areas.

Measured BET surface areas are observed to increase with chlorite and zeolite content. Note
that the mass of clay minerals, such as smectite, was not quantified by Rietveld analysis.
Only their presence or absence was reported. This may likely be the reason for the high
surface areas of the two chlorite and zeolite-free samples that plot on the left side of Figure

82 as they do contain clays minerals.

4.2. Reactivity of altered basalts

Several significant observations can be made concerning the measured Si release rates
determined in the present study. First the Si release rates from all altered basalts are similar,
regardless of their degree of alteration. The differences in rates measured from batch
experiments are largely explained by the pH differences, as seen in Figure 9. When these
rates are recalculated to pH 4, as in Figure 10, the differences between these Si release rates
are low compared to the associated uncertainty. The results from the mixed-flow
experiments performed in this study confirm this observation, with rates measured from

basalts with contrasting alteration profiles falling within 0.5 log units of one another.
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The similarity in these rates likely stems from the mineralogy of these altered basalt
samples. The alteration of basalt rapidly removes basaltic glass and olivine due to their low
thermodynamic stability and high reactivity. After the removal of these phases the most
reactive minerals present in the altered basalts are plagioclase, augite, zeolites and epidote.
Collectively these minerals represent from 25 to 85 wt% of the mass of the studied samples.
The logarithm of Si release rates for these minerals at pH 4 and 25 °C range over a relatively
small range, from 101%° to 101>mol m s. Other minerals in these altered rocks, such as
chlorite, quartz and clay minerals are significantly less reactive than these phases (Brantley,
2008), and likely contribute little to the release of Si to the fluids during the experiments

performed in this study.

A second significant observation is that the BET surface area normalized Si release rates
measured in this study on altered basalts are one to two orders of magnitude slower than
that of basaltic glass, and somewhat slower than those of fresh crystalline basalt. This
observation confirms the impact of alteration on rock dissolution rates. Alteration
preferentially removes most reactive phases decreasing the average dissolution rate of the
overall rock. The slowing of weathering rates of rocks over time due to rock alteration has
been previously explored in a number of studies (e.g. Colman, 1981; White et al., 1996;

White and Brantley, 2003; Reeves and Rothman, 2013).

A third observation is that the measured surface area normalized rates of altered
basalts determined in this study tend to be lower than those of the individual minerals, such
as plagioclase, present in the altered rock samples. The lower surface area normalized Si
release rates determined in this study can be attributed to the formation of high surface
area but slowly reacting minerals during the natural alteration process. The formation of clay
minerals, chlorite, and nanocrystalline Fe and Al-oxides increases the surface area of altered
basalts without changing significantly the rate of Si release. As a consequence, the presence
of such phases lowers the measured surface area normalized Si release rates of altered

basalts.

4.3. Relative release rates of the elements

The temporal evolution of the Ca/Si molar release ratios normalized to the

corresponding ratio of the original rock for some representative experiments is shown in
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Figure 93. The reactive fluid Ca concentration was significantly higher than that of Si at the
beginning of each batch experiment. The Ca/Si molar ratio of the reactive fluids decreased
sharply after the first days of each experiment and tended to stabilize over time. Marieni et
al. (2020) observed a similar behavior reacting altered oceanic basalts in batch reactors. The
initial rapid Ca release could result either from rapid initial cation for proton exchange
reactions (Oelkers et al., 2009; Zhang et al., 2013), consistent with the observation that the
intensity of the observed preferential release of divalent cations is correlated to increased
surface areas of the altered basalt samples, or from the presence of a rapidly dissolving Ca
bearing, Si-free mineral such as calcite, in the original rock samples. Note that although
calcite was not observed to be present with XRD analyses in the solids considered in Figure
13, minor quantities of calcite could have gone undetected as the detection limit for XRD is

on the order of 1%.
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Figure 93: Temporal evolution of the Ca/Si molar ratio of the reactive fluids normalized to that of the
original rock for selected representative batch experiments. The red dashed line represents the Ca/Si
ratio of stoichiometric dissolution.

In some cases, the preferential release of both Mg and Ca persists until the end of the
experiments. To further explore this preferential release, the Ca and Mg to Si release rate
ratios were calculated from a linear regression of the fluid masses during the latter part of
each batch experiment using equation (3). The resulting release rate ratios are provided in
Table 3. Most hydrothermally altered basalt samples exhibited a preferential release of Ca
and Mg, relative to Si over the whole experiment, whereas surface altered samples tended

to approach stoichiometric element release rates over time. This behavior may stem from
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the alteration process itself. The hydrothermal alteration of basalts leads to the formation of
minerals such as zeolites and epidote (Humphris and Thompson, 1978; Kristmannsdottir,
1979). These minerals contain abundant Ca and react relatively fast compared to Ca poor
alteration phases. The alteration of basalts at the Earth’s surface tends to preferentially
remove Ca and to a lesser degree Mg, without the precipitation of divalent metal-rich
secondary phases (e.g.Eggleton et al., 1987). This process does tend to result in relatively
lower quantities of Ca and Mg bearing secondary minerals. The long-term preferential
release of Mg can be explained by the faster dissolution rate of augite/diopside relative to
the whole rock, or by the exchange of Mg from chlorites and smectites.

Table 3: Ratios of the molar Ca and Mg release rates to Si release rates during the final part
of all batch experiments. Values in bold correspond to experiments where the Ca and Mg

release rates were significantly higher than the corresponding original altered basalt
stoichiometry.

Origin Sample Ca/Si  Rock Mg/Si  Rock Rock Rock
release  Ca/Si Release Mg/Si Normalized Normalized
rate rate Ca/Si ratio Mg/Si ratio

B3152* 9.97 0.19 034 0.16 51.8 2.1
B36S1* 032 0.8 010 0.16 1.7 0.7
B81S2 041 0.6 0.08  0.15 2.6 0.6
B8154 078 0.22 031  0.15 3.6 2.1
B8353* 2751 0.16 025 0.12 168.9 2.2
IRDP core | goge NA  0.14 021 020 NA 1.0
B130S2 1.98  0.09 0.07  0.05 21.8 1.3
B134S1 082 0.12 024  0.08 6.6 3.1
B26154 035 0.21 058  0.19 1.7 3.0
B31653 044 023 138  0.11 1.9 13.1
HE65 11 021 031 029 026 0.7 1.1
Hellisheidi | HE65_22 0.19 0.24 058  0.17 0.8 3.4
HE65_42 0.14 030 015 0.3 0.5 0.7

Ri 00A059 055 0.23 016 0.8 2.4 0.9

Ver 1 00a060 013 022 015  0.16 0.6 0.9

suspended | o, ) o3 081 021 035 017 3.9 2.0

material | gg,003 0.14 0.15 0.08  0.19 0.9 0.4

GOB_14 0.64 0.25 010  0.22 2.6 0.5

Surface | GRVP_15 074 0.26 029 0.8 2.9 1.6

outcrops | VP_13 0.15 0.23 024  0.15 0.6 1.6

HEOB_17 0.14 0.3 022 0.8 0.6 1.2

Volcanic | GV_ash 021 021 015  0.17 1.0 0.9

ash

Sample marked with * contained calcite

31



595

596

597

598

599

600

601

602

603

604
605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

The preferential release of Ca and Mg was also observed during the mixed-flow
experiments. The measured elemental release ratios of elements are shown in Table 2. All
four mixed-flow experiments exhibited a preferential Ca and Mg release at steady state,
even after more than 40 days of reaction. In these experiments, an initial maximum of molar
Ca/Si and Mg/Si release ratios was also observed, again consistent with a rapid initial metal
for proton exchange reaction. Similar results were reported by Marieni et al. (2020), who
observed a strong preferential initial and long-term release of Ca compared to Si from
altered mid-ocean ridge basalts collected from the Juan de Fuca Plate and the Mid-Atlantic
ridge.

4.4 Insight into the slowing of basalt weathering rates as a function of age and
alteration

The ages of the surface altered samples investigated in this study ranged from 0.3 to 13
Myr. All samples were void of olivine, and their original basaltic glass variably altered. The Si
release rates from all surface weathered basalt samples are similar considering
uncertainties. This suggests that after a rapid palagonitization of basaltic glass and the
removal of any olivine present, the reactivity of surface altered basalts becomes largely
insensitive to the age or degree of alteration of the rock. Nesbitt and Wilson (1992) came to
similar conclusion in their study of the reactivity of altered basalts from Baytown, Australia,

and so did Gislason et al. (1996) in their study of the weathering of basalt in Iceland.

All the surface altered basalt samples contained a substantial quantity of primary
phases, notably plagioclase and pyroxene. These are among the most reactive minerals after
basaltic glass and olivine. It is likely, therefore, that the Si release rates of altered basalts are
controlled by the presence of plagioclase and pyroxene in these rocks. As these phases
persist in all of the studied Earth surface altered samples, their measured Si release rates are

similar to each other.

Based on such observations, it seems likely that the slowing of basalt weathering rates
in nature is a non-linear function of time. Rates decrease rapidly as the reactive olivine and
basaltic glass are selectively removed. Once these are depleted from the basalts, a slower
longer term but near constant Si release rate is observed due to the persistence of

plagioclase and pyroxene in these rocks. Similar results were suggested by Gislason et al.
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(1996) and are consistent with observations reported by Kennedy et al. (1998) and Chadwick
et al. (1999).

The slowing of element release rates, as a result of the surface alteration of basalts, and
the non-linear slowing of these rates has implications for the drawdown of CO; following
large volcanic events. Although volcanic eruptions emit large masses of CO,, they also emit
large quantities of fresh volcanic rock, which can drawdown CO; due to weathering. A
number of past studies noted that fresh basalts may have a large contribution to drawing
down CO; from the atmosphere after major eruptions (Parnell et al., 2014; Cox et al., 2016;
Shen et al., 2022). The results of the present study suggest this enhanced drawdown due to
the presence of fresh basalts on the Earth’s surface is short lived and will persist only as long

as fresh basaltic glass and olivine in present in these basalts.

4.5. Application to subsurface carbon mineralization

The experiments in the present study were performed at acidic conditions and at
atmospheric CO; concentrations. The direct carbonation of the altered basalts at these
conditions is not observed. The results presented in this study, nevertheless, suggest that
altered basalts could be favorable for subsurface carbon storage by mineralization. The
ability of altered basalts to promote CO; carbonation is favored by the preferential release of
the divalent metal Ca and Mg to the fluid phase and the ability of altered basalt dissolution
to increase fluid pH. Both processes, observed in our experiments, favor the formation of

carbonate minerals in the presence of water dissolved CO,.

The surface area normalized Si release rates of the altered basalts considered in this
study are one to two orders of magnitude slower than the corresponding fresh basalts. Part
of this gap is most probably associated to the increased surface area due to the presence of
alteration minerals with high surface area and low reactivity. The lower Si release rates of
the altered basalts is somewhat compensated by the preferential release rates of Ca and Mg
from these rocks even after the initial phase due to exchange reactions. This was particularly
true for hydrothermally altered basalts and related to the presence of reactive secondary

phases such as zeolites and epidote.

The observation that altered basalts are less reactive than corresponding fresh basalts

agree with the results obtained from mixed-flow reactor experiments at 120 °C in Delerce et
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al., (2023). In this previous study, Si release rates from altered basalts were also found to be
similar to each other and mostly independent of the extent of basalt alteration. Although
basalt alteration slows reactivity, the effect of this slower rate in terms of carbon storage
through mineralization can be overcome by increasing temperature. This is confirmed by the
comparison of the results obtained in this study with those from Delerce et al., (2023) and by
the observations made during the CarbFix project. During CarbFix1, 95% of the CO; injected
into fresh basalt at ~30 °C and 400 to 800 m depth mineralized in less than two years
(Matter et al., 2016). During the CarbFix2 project, more than half of the CO; injected into
hydrothermally altered basalts at ~250 °C and 750 m depth was mineralized within 4 months
(Clark et al., 2020). This illustrates how increased temperature can compensate for the

slower reactivity of altered basalts for mineral carbon storage.

5. Conclusions

This study measured and reported the element release rates of a wide variety of altered

basalts of various ages. The major conclusions of this study include:

- Alteration of basalt at the Earth’s surface tends to rapidly remove reactive basaltic
glass and olivine. This alteration slows the BET surface area-normalized Si release
rates from the rocks by one to two orders of magnitude. Although some of this
decrease in rates can be attributed to the formation of less reactive high-surface-
area minerals during alteration, the slowing of these rates is also evident in natural
systems (c.f. Gislason et al., 1996).

- Once the rapidly reactive phases are removed from the fresh basalt, surface area
normalized Si release rates remain close to constant.

- A preferential release of Ca and Mg is observed during the first days of reaction for all
the altered basalts. A long-term preferential release of these elements is observed
for the studied hydrothermally altered basalts containing secondary phases such as
zeolites and epidote. This preferential release of divalent cations, and the associated

increase in fluid pH could favor the carbonation of altered basaltic rocks.
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7. Appendix A: Supplementary material

The supplementary material to this article contains: the chemical composition of all
the rock samples used in this study, the mineralogy of all the samples used in the study, the
chemical composition of the amorphous phase in selected samples, the temporal evolution
of the pH, the fluid volume present in the reactor, the elemental concentrations for Al, Ca,
Fe, Mg, and Si in batch experiments, the calculated saturation indices for all possible mineral
phases based on fluid chemistry at the end of the experiment, the BET and geometric
surface areas normalized release rates calculated using equation (3), the calculated Si
release rates at pH 4 using the fitting method, the temporal evolution of the pH, the
elemental concentrations for Al, Ca, Fe, Mg, and Si in mixed flow experiments, the last
measured Ca/Si and Mg/Si values for all the rocks, compared to the initial Ca/Si and Mg/Si
ratios of the rocks, and the evolution of the amorphous phase content of the surface basalt

samples as a function of age.
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Abstract

The element release rates from naturally altered basalts were measured in batch
experiments at 27 °C, and in mixed-flow experiments at 25 °C in reactive fluids initially
consisting of pH 3 or 4 aqueous solutions. The basalts reacted in this study consist of 1)
surface weathered basalts ranging in age up to 13 million years, and 2) hydrothermally
altered basalts from zeolite to actinolite alteration zones (temperatures of ~ 50 to 300 °C).
The in situ pH in the batch experiments increased over time with the final pH of the fluids
ranging from to 4 to 8. Most experiments exhibited a preferential release of Ca and Mg
compared to Si from the dissolving basalts, both initially and over the long-term. This
behavior is attributed to the combination of an initial rapid cation-proton exchange reaction
and the relatively fast dissolution rates of Ca-bearing minerals. The BET surface area
normalized Si release rates for all of the altered basalts are within one order of magnitude of
each other, and from one to two orders of magnitude lower than corresponding rates from
fresh basaltic glass and fresh crystalline basalts. This is interpreted to stem from 1) the fast
removal of reactive basaltic glass and olivine from fresh basalts during the natural alteration
of the rocks, 2) the similarity of the dissolution rates of the remaining albitic plagioclase,
pyroxenes, epidote, and zeolites, and 3) the high surface areas of some less reactive
secondary minerals such as clays. Overall, the results suggest that altered basalts will be
effective in consuming CO. during both natural and engineered processes, though at a

somewhat slower rate than unaltered basalts.

Keywords: basalt, alteration, mineralization, CO; storage, weathering
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1. Introduction

The weathering of basalts on the Earth’s surface and the ocean floor plays a critical role
in the global carbon cycle. It proceeds through the dissolution of atmospheric CO; into
aqueous solutions forming a weak acid. This slightly acidic solution dissolves basalts, which
both increases the pH and releases divalent cations, notably Ca?* and Mg?*, to the fluid
phase (Walker et al., 1981; Berner, 1999; Dessert et al., 2003). The released divalent metal
cations combine with bicarbonate ions to form stable carbonate minerals. The weathering
rate of basalts is temperature and runoff dependent (Brady and Carroll, 1994; Stefansson
and Gislason, 2001; Gislason et al., 2009; Li et al., 2016; Deng et al., 2022). This creates a
feedback between atmospheric CO,, global temperature and the CO, drawdown capacity
caused by silicate weathering. This feedback has constrained Earth’s temperature variations
over geologic timescales (Brady, 1991; Falkowski et al., 2000; Colbourn et al., 2015; Penman
et al., 2020). Numerous studies have shown that fresh basalts are particularly efficient at
lowering atmospheric CO> concentrations through Earth surface weathering right after
major volcanic events (Louvat and Allegre, 1997, 1998; Rad et al., 2013; Li et al., 2016;
Galeczka et al., 2018; Liu et al., 2019). It has also been suggested that the weathering rates
of silicate rocks decrease as they are altered (Colman, 1981; Taylor and Blum, 1995; White et
al., 1996; Kennedy et al., 1998; Chadwick et al., 1999; Hodson and Langan, 1999; White and

Brantley, 2003), lowering their CO, drawdown potential over time (Borker et al., 2019).

Similar processes have been observed in the subsurface, notably in geothermal
systems where basalt (Alt and Teagle, 1999; Rogers et al., 2006;-\eise—et—at—2008) and
peridotite dissolution (Kelemen et al., 2011, 2018; Peuble et al., 2018) can provoke the CO,
mineralization. This process has attracted interest as a means to store CO; in the subsurface
(Matter and Kelemen, 2009; Matter et al., 2016; McGrail et al., 2017; Kelemen et al., 2019;
Snabjornsdéttir et al.,, 2020). Efforts are currently under development to optimize this
process, either at Earth surface conditions by enhanced weathering (Harrison et al., 2013;
Renforth et al., 2015; Power et al., 2020; Chukwuma et al., 2021; Lewis et al., 2021; Rinder
and von Hagke, 2021; RemanieHe-etal—2021:-Knapp and Tipper, 2022; Stubbs et al., 2022)
or in the subsurface (Oelkers et al., 2018, 2022; Xiong et al., 2018; Gadikota et al., 2020;
White et al., 2020; Gadikota, 2021; Campbell et al., 2022; Maesano et al., 2022) by injecting
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CO, captured from either industrial sites or directly from the atmosphere. The results
obtained by the CarbFix project in Iceland and the Wallula project in the USA demonstrated
that it is possible to fix CO; through its mineralization in subsurface reservoirs containing
fresh or mildly altered basalts in a matter of years (Matter et al., 2016; McGrail et al., 2017;
Clark et al., 2020; Ratouis et al., 2022). The degree to which CO; mineralization can be
efficient in more altered basaltic rocks is currently unclear. Nevertheless, altered basalts are
more available on Earth’s surface than fresh basalts or other young mafic rocks, which are
primarily limited to active volcanic systems and rift zones (Courtillot and Renne, 2003; Seton
et al., 2020). It is therefore necessary to investigate in detail the degree to which mineral

carbon storage may be possible and effective in altered basaltic rocks.

To date there has been relatively few studies of the reactivity of altered basaltic rocks
and their ability to mineralize CO,. Marieni and Oelkers (2018) compared the dissolution
rates of primary and secondary basaltic minerals and concluded that the carbonation rates
of altered basalts are likely 0.5 to 3 orders of magnitude slower than that of fresh basaltic
glass. Xiong et al. (2017) exposed fractured cores of Columbia River Basalt and of
serpentinized basalt to CO, charged water at 100 and 150 °C and found significant
differences in the resulting carbonation products after 40 weeks of reaction. Taking account
of these results, Liu et al. (2019) suggested that the slower dissolution rates of altered
basalts compared to fresh basalts could be advantageous to better maintain fluid circulation

in the subsurface reservoirs.

The objective of this study is to quantify the reactivity of altered basalts. Towards this
goal we have measured the element release rates of 22 different basalts representing both
surface-weathered and hydrothermally altered basalts, as a function of their age and degree
of alteration in batch reactors at 27 °C. An additional four mixed-flow experiments were
performed to validate the batch experiment results. From the results obtained in this study
we can (i) assess the potential for the subsurface carbonation of altered basalts, and (ii)
illuminate the degree to which chemical weathering rates slow as basaltic rocks alter over

time.
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2. Material and methods
2.1. Sample preparation and characterization

Two suites of altered basalts have been collected and studied; one consisting of Earth
surface weathered basalts of various ages and the other of hydrothermally altered basalts
collected from the subsurface. These samples were selected to span the likely compositions

to be targeted for Earth surface and subsurface mineral carbon storage.
2.1.1. Surface weathered basalts as a function of age

Surface basalt samples were collected from Eastern Iceland and have ages ranging
from 9 to 13 Myr. The samples were collected from the Grjéta olivine basalt group (GOB),
the Vindhals porphyritic group (VP), the Graenavatn porphyritic group (GRVP) and the
Heidarvatn olivine basalt group. The age, formation and composition of these basalts have
been previously described by Oskarsson and Riishuus (2013), Walker (1958), Oskarsson et al.
(2017), and Walker (1963) respectively. Younger basalt samples were originally collected by
Eiriksdottir {2046et al. (2008). These latter samples consist of suspended basaltic material
collected from Eastern Iceland rivers. The ages of these suspended material samples,
estimated from the average age of the bedrock in the river catchment areas, range from 0.2
to 2.1 Myr (Eiriksdottir—20646 et al., 2008). Finally, volcanic ash collected during the 2011
Grimsvétn’s volcanic eruption was also used to represent youngest basalt (Olsson et al.,

2013).
2.1.2. Basalt hydrothermal alteration as a function of depth/temperature

Ten basalt samples were selected from a core originally retrieved in Eastern Iceland
during the Iceland Research Drilling Project (IRDP). The two kilometer long core, drilled near
Reydarfjordur during the summer of 1978 (Fridleifsson et al., 1982; Robinson et al., 1982a)
crossed a succession of lava flows with their corresponding flow tops and breccias (Mehegan
et al., 1982; Robinson et al., 1982b). We selected samples from the brecciated flow tops,
where the alteration is more pronounced (McGrail et al., 2006), rather than from the thick
dense lava flows. Three additional samples were provided by CarbFix and taken from well
HE-65 near the Hellisheidi powerplant (southeast Iceland). A summary of the samples is

provided in Table 1 and the sampling locations are shown in Figure 1.
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Figure 1: Map showing the sampling locations of each altered basalt considered in this
study. The colored areas represent the catchment area covered by each of the sampling
points from which suspended material was collected.

2.2. Preparation of the solids

Core and outcrop samples were first cleaned to remove any evident foreign material.
In cases where outer parts of the samples exhibited distinct differences from the bulk rock
sample, they were removed using a diamond saw. The samples were cut and a
representative part of each rock was selected to prepare 30 um thick thin sections for
microprobe analysis. The remaining rock sample was then crushed by hammer and
subsequently ground using an agate vibrating-disc mill. The resulting powders were dry
sieved to obtain the 40-150 um size fraction with the exception of sample HE65_22 for
which the 40-125 um size fraction was collected. This final sample had a slightly different
size fraction as it was originally prepared for a different study. To ensure that the results of
our experiments are consistent with previously reported rates, the prepared size fractions

were first cleaned to remove fine particles by gravitational settling using ultrapure deionized
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water (DIW) and then further cleaned using an ultrasonic bath with DIW and then ethanol.
Depending on the sample, 5 to 20 cleaning cycles using DIW and gravitational setting and 5
to 10 cleaning cycles using the ultrasonic bath with DIW and ethanol were required to clean
the collected basalt powders. The grains were considered clean when the fluid phase was
clear to the eye after an ultrasonic cleaning cycle. The cleaned powders were finally oven
dried at 50 °C for two days. The suspended material samples collected from rivers and the
volcanic ash were dry sieved to remove particles larger than 630 um, then used directly in
the experiments. SEM images of representative prepared powders before the experiments
are depicted in Figure 2a and b. Grains appear clean with no fine particles present. The size

of the grains corresponds to the selected size fraction.
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Figure 2 : SEM images of the prepared powders before experiment of (a) sample HE65_22
and (b) GOB_14, and after batch experiments of (c) sample HE65_22 and (d) GOB_14. Images
of powders before the experiment are shown at a smaller scale to show the homogeneity of
the grains and the quality of the preparation. Images of powders after reactions have a
larger scale to make it possible to see potential precipitated phases.

2.3. Characterization of the prepared rock powders

The specific surface areas of the prepared rock powders before their use in the
experiments were measured using the Brunauer-Emmet-Teller (BET) method with 11

adsorption points. The measurements were performed using the Quantachrome Autosorb-
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1MP gas sorption system at Géosciences Environment Toulouse. The geometric surface

areas of the prepared powders were also calculated using:

6

o prdyy (1)

Ageo

where p refers to the density of the rock and des corresponds to the effective particle
diameter (Tester et al., 1994). The density of the basalts considered in this study were not
measured directly. Instead, we used the average density of basalt of 2.9 g cm (Philpotts and
Ague, 2009). The variation of sample mineral and elemental composition suggests the
density of our solids should vary by no more than 10% from this value. The effective particle

diameter, de was calculated using (Tester et al., 1994):

(2)

dmax - dmin

dmax
In(7 in)

m

depy =

where dmax and dmin refer to the maximum and minimum diameter of the sieves used to
prepare the powders. The geometric surface area could not be calculated for the volcanic
ash or the river-suspended materials as these samples were naturally ground and the

available mass of these samples was too low to measure their grain size distribution.

The bulk chemical compositions of the prepared rock powders were measured using X-
Ray Fluorescence spectrometry (XRF) using a S2 Ranger Bruker spectrometer (GET, Toulouse,
France). The measured compositions are reported in Table S1. The mineralogy of all solid
samples was determined at Activation laboratories (Canada) using a Bruker D8 Endeavour
diffractometer equipped with Cu X-ray source measuring at 40 kV and 40 mA on a range of 4
— 70° with a step size of 0.02°. The PDF4/Minerals ICDD database was used for mineral
identification. The quantities of the crystalline mineral phases were determined by Rietveld
refinement. The amounts of the crystalline minerals were recalculated based on the addition
of a known percentage of corundum to the sample. The mass of amorphous and poorly
crystalline material was estimated from the difference between the sum of the volume
fractions of the identified crystalline phases and 100%. To further characterize the
mineralogy of the samples, the composition of selected minerals was determined by
microprobe analyses on a CAMECA SXFive electronic microprobe located at the Raimond

Castaing micro characterization center in Toulouse.
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2.4. Experimental methods
Dissolution experiments with all the prepared rock samples were performed in batch
reactors. They were complemented with four mixed-flow experiments at pH 4, as described

below.

2.4.1. Batch experiments

Batch dissolution experiments were run in parallel in closed 750 ml High-Density
Polyethylene (HDPE) reactors immersed in a GFL 1083 thermoregulated shaking bath (Baker
et al., 2009; Zhen-Wu et al., 2016). The temperature of the bath was maintained at 27+1 °C
throughout all batch experiments. Before each experiment, three grams of the selected rock
powder was placed into the reactor together with 300 ml of the initial reactive fluid. This
water to rock ratio was chosen to allow sufficient reaction to characterize rates and
sufficient fluid for sampling over two months while ensuring measurable elemental
concentrations. The initial reactive fluid was made from Merck reagent grade HCl and NaCl
diluted into ultrapure distilled water to obtain a pH 3 solution with an ionic strength of 0.01
mol kg1. This pH was chosen to be close to that of the CO, charged waters that are injected
during subsurface mineral carbonation efforts (Gislason et al., 2010). The ionic strength was
chosen to mimic the salinity observed in the CarbFix injection site (Snaebjérnsdéttir et al.,
2017; Clark et al., 2018), and to facilitate the comparison of the results with previously
reported experimental data. A schematic illustration of the experimental reactor system is

shown in Figure 3.

Motor Moving tray Water bath \

Temperature Heating Sample Reactor
controller resistance powder holder

Figure 3 : Schematic illustration of the batch reactor system used in this study
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Reactive fluids samples were collected regularly using syringes equipped with 0.45
um Polytetrafluoroethylene (PTFE) filters to track the temporal evolution of the chemical
composition of the fluids. The fluid samples for element concentration analysis were
immediately acidified with Suprapur HNO3s prior to storage in a refrigerator and further

analysis.

2.4.2. Mixed flow reactor experiments

Four mixed-flow reactors experiments were run in closed 120 ml Savillex reactors.
Each reactor had an inlet and an outlet port. The inlet port injected fluid into the bottom of
the reactor, while the outlet port removed fluid from the top. Each reactor was equipped
with a Teflon suspended stirring bar, allowing fluid-solid mixing and avoiding rock powder
grinding. The reactors were positioned on a multi magnetic stirring plate so that all had
identical stirring rates. A Gilson manifold pump was used to inject the inlet fluid into the
reactors at approximately 0.15 ml min™t. The inlet fluids were stored in polypropylene
compressible bags before their injection into the reactors. The reactor outlets were
equipped with 0.45 um cellulose ester filters to prevent the powder from escaping the
reactor. The complete reactor system was placed in a thermoregulated chamber set at 25+1

°C. A schematic illustration of the experimental reactor system is provided in Figure 4.

Outlet Thermoregulated
Inlettank syringe filter / chamber

___________________________ -

I
]<—L Reactor
I

Sample
powder

Manifold Stirring Suspended
pump plate stirring bar

Figure 4 :Schematic illustration of the mixed-flow reactor system used in this study
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Two to three grams of rock powder were initially placed in the reactors together with
sufficient inlet fluid to fill the reactors. This leads to fluid-rock ratio of 40 to 60; the lower
fluid to rock ratio was selected for sample B316S3 due to its lower surface area. The inlet
fluid was made from Merck reagent grade HCl and NaCl diluted into DIW to obtain a pH 4
solution with an ionic strength of 0.01 mol kg™. This fluid composition was selected to match
the conditions of the batch experiments. Once filled, the reactors were sealed and placed in
the thermostatically controlled chamber and the experiment started. The outlet fluids were
regularly sampled to measure pH and major elements. Some gas bubbles formed in some of
the reactors over time. These were removed manually to avoid their potential blocking of

the fluid outlet port.

At the end of the batch and mixed-flow experiments, the solids were recovered by
filtering the reactor’s content using a 0.45 um PTFE filter. The post-experimental powders

were air-dried for several days and stored for further analyses.

2.5.Chemical Analyses
The pH evolution of all sampled batch experiment reactive fluids was measured in situ
using an extended pH probe connected to a MetrOhm pH meter. The pH in the mixed-flow
experiments was measured immediately after sampling in non-acidified outlet fluid samples.
The electrodes were calibrated using NIST pH 4.01, 7.00 and 10.01 buffer solutions, and
replicate analyses of buffers and samples showed analytical accuracy of 0.03 pH units and

precision of +0.02 pH units at room temperature.

Fluid samples were analyzed for Al, Ca, Fe, Mg, and Si concentrations using a Horiba
Ultima Expert Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES), with an
analytical accuracy of 3% and quantification limits of 10 ppb for Al and Fe, and 20 ppb for Ca,
Mg and Si. Potassium was not measured due to its low concentrations in the initial rock
samples and Na was not measured since it was present in the initial solution at 0.01 mol kg™*

concentration.

2.6. Calculation of fluid saturation index and elemental release rates

Geochemical calculations in the present study were performed using PHREEQC V 3.6.2

(Parkhurst and Appelo, 2013) together with the CarbFix.dat V1.1 database (Voigt et al.,
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2018). The saturation index of the reactive fluids with respect to primary and potential

secondary phases were calculated based on the measured pH and element concentrations.

Element release rates from the batch experiments were calculated using two
methods. The first consists of calculating the slope, dn;/dt, of a least squares fit of the total
mass of the it element released by the rock sample to the fluid as a function of time, as
described in Marieni et al. (2021). The mass of each element released was calculated by
multiplying the concentration of the element by the reactor fluid mass, taking into account
the mass of fluid removed due to sampling over time. Because of large changes in reactive
fluid pH and Si release rates, only concentrations measured in fluids collected after 12 days
of the start of each experiment were used for calculating dn;/dt. This allowed retrieval of

approximately constant element release rates that were calculated using:

dn;

o)

Y s = ——
t.] Aj m

(3)

where (dn;/db) refers to the slope of the least square fit of the mass of the it element
released from the rock as a function of time, A4; refers to the initial specific surface area of
the solid before the experiment, j represents either BET or geometric surface area, and m
designates the initial mass of the solid placed into the reactor. Initial surface areas were
used for this calculation to be consistent with previously published rates and to avoid
ambiguities associated with the contributions to surface areas of secondary minerals that
might have formed during the experiments. The pH was not buffered during the batch
experiments. Consequently, the rates obtained using equation (3) correspond to the reactive

fluid pH from which the slope was obtained.

A second method used to quantify rates from the batch experiments took account of
the change in pH over time following an approach proposed by Blum and Lasaga (1988),
Guidry and Mackenzie (2003) Harouiya et al. (2007), and Zhen-Wu et al. (2016). In this

approach the pH is first fit using:
pH=atf +y 4)

where ¢ designates the elapsed time since the beginning of the experiment and @, fand y
designate fit parameters. The proton activity generated using equation (4) and the measured

Si concentrations in each reactor were then fit by numerical integration using:
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n; = dni/dt= (k;/A;m) ag+*  (5)

where ks refers to a rate constant, ayz+ denotes the proton activity and & represents a
reaction order. 4 refers to the initial specific surface area of the solid, j represents either
BET or geometric surface area, and m designates the initial mass of the solid placed into the
reactor. The parameters ks and & were estimated using a numerical solver so that the
calculated rates best fit the measured reactor fluid compositions during the experiments.
The resulting parameters can then be used together with equation (5) to estimate the

element release rates at a chosen constant pH.

Steady-state elemental release rates in mixed-flow experiments were calculated

using:
(6)
_GQ
i = A;m

where Ti; refers to the release rate of the ' element normalized to the surface area 4,
where jrepresents either BET or geometric surface area. (i denotes the concentration of the

1™ element in the outlet fluid, at steady state and @ designates the flow rate.

3. RESULTS

3.1. Mineral and chemical composition of the altered basalts
The mineralogical compositions of the collected surface weathered basalts are
summarized in Figure 5 and further details are provided in Table S2. The mineralogy of these
samples is dominated by primary phases. More than 88% of the mineral content of each of

these rocks consists of plagioclase, pyroxenes, and an amorphous phase.
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Figure 5 : Mineralogy of the surface samples as determined by XRD Rietveld refinement, in
weight percent ordered based on the age of the samples.

Microprobe analyses revealed that the plagioclase in these rocks is mostly labradorite, with
minor andesine and bytownite detected, and that the pyroxenes were of augitic
composition. The secondary phases observed were primarily minor chlorites and zeolites.
These secondary minerals may have been formed during the initial cooling of the molten

basalts.

Two notable trends are evident in the composition of these rocks as a function of
their age. First, as shown in Figure S1, the amorphous phase content of these rocks
decreases substantially with age. The rocks less than 2.2 Myr old have amorphous contents
ranging between 40 to 90%, while the older rocks have amorphous contents of less than

40%.
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Second, the chemical composition of the amorphous phase contained in these samples
exhibits distinct trends with rock age. These compositions, obtained from microprobe
analyses, are listed in Table S3. The amorphous phase in the older rocks have lower Ca, Al,
Na and K contents, but are relatively enriched in Fe compared to younger rocks and fresh
basaltic glass. These observations suggest the continuous alteration of the original glass
through palagonitization as described by Stroncik and Schmincke (2002) and Parruzot et al.
(2015), where basaltic glass is replaced by a heterogeneous microcrystalline solid composed
of different clays, zeolites, and oxides, or mixtures of these (Jercinovic et al., 1990; Zhou et

al., 1992).

The mineralogical compositions of the collected hydrothermally altered basalt

samples are depicted schematically in Figure 6.
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Figure 6: Mineralogy of the hydrothermally altered basalts considered in this study as
determined by XRD Rietveld refinement, in weight percent. Samples are ordered by sample
origin and increasing depth.

The alteration of samples collected from the IRDP core corresponds to the zeolite’s
facies with variable amounts of laumontite and chlorite. Only the two deepest samples from
this core, B261S4 and B316S3, contain epidote. These deepest samples contain no
plagioclase, but a significant amount of quartz. The plagioclases in the IRDP core samples
were all of albitic composition and the pyroxenes had an augite composition. The alteration
of the rocks sampled from the Hellisheidi core was less extensive, with primary phases

better preserved. Plagioclase and pyroxenes are present in significant amounts in the
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358  Hellisheidi samples, where andesine, labradorite, oligoclase, and albite were detected by
359  microprobe. Pyroxenes were of augitic composition and some Ca-amphiboles were also
360 presentin small amounts. The amorphous phase content of all of the hydrothermally altered
361  basalts varies between 0 and 30% with no consistent trend. Four samples from the shallower

362  part of the IRDP core contain from 0.7 to 14.2 wt% calcite.

363 The chemical compositions of the amorphous phase of some of the hydrothermally
364  altered basalts are shown in Table S3. The compositions of these amorphous phases are
365 depleted in Ca, lower in Al and Si, and enriched in Fe compared to basaltic glass, possibly due
366  to the palagonitization of the original basaltic glass (Stroncik and Schmincke, 2002; Parruzot

367 etal., 2015).

368 The measured BET surface areas of all samples are reported in
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Table 1 together with the corresponding calculated geometric surface areas. The BET specific
surface areas of the rock powders used in the experiments varied from 0.3 to 28 m? g*. Part
of this variation can be explained by sample preparation. Most rock samples were prepared
at the CNRS laboratory in Toulouse in an identical manner, with the exception of the volcanic
ash sample (GV_ash) and the four river suspended material samples (00A060, 01A034,
00A059, 98A003). These natural rock powders exhibited BET surface areas among the

highest considered in this study (see

18



376  Table 1).
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Table 1: BET and geometric surface areas of all the samples. NA stands for not available

River
suspended
material

Surface
outcrops

IRDP core

Hellisheidi

‘ Hydrothermally altered basalts ‘ Surface weathered basalts

3.2. Temporal evolution of the reactive fluid pH, elemental concentrations, and mineral

Volcanic ash

Sample
GV_ash
00A060
01A034
00A059
98A003
HEOB_17
GRVP_15
GOB_14
VP_13
B31S2
B36S1
B81S2
B81S4
B83S3
B8754
B130S2
B134S1
B261S4
B316S3
HE65_11
HE65_22
HE65_42

saturation states

Age (MYr) /
Depth (m)

0
0.3
13
1.7
21
9.1

10.2
10.9
13.1
187.3
214.6
473.9
476.8
487.1
512.3
758.4
780.4
1526.6
1851.7
1125.3
1506.7
2014.6

Size fraction
(um)
Raw <630
Raw <630
Raw <630
Raw <630
Raw <630
40-150
40-150
40-150
40-150
40-150
40-150
40-150
40-150
40-150
40-150
40-150
40-150
40-150
40-150
40-150
40-125
40-150

3.2.1. pH and elemental concentrations

BET surface
area (m? g*)
0.4
7.7
23.6
28.1
11.5
0.4
4.7
1.6
5.0
9.0
4.5
3.6
2.7
2.5
4.2
1.7
2.3
1.5
0.4
1.0
2.0
0.3

Geometric
surface area
(m*g’)
NA
NA
NA
NA
NA
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0277
0.0248

The temporal evolution of the composition of reactive fluids in all batch experiments is

provided in Table S4. The reactive fluid pH evolution of three representative experiments is

provided in Figure 7.
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Figure 7: Temporal evolution of the reactive fluid pH during three representative batch
experiments. The size of the uncertainties is smaller than the symbol size.

The reactive fluid pH in all batch reactor experiments increases rapidly during the first
10 days. The highest final pH values, close to 8, were observed in experiments performed on

samples containing significant amounts of calcite in their original composition (see Table S4).

The temporal evolution of the dissolved Si, Ca, Mg, Al, and Fe concentrations during
three representative batch experiments are shown in Figure 8. The concentrations of Ca, Mg,
and Si increased in the fluids of all batch experiments over time. Al and Fe showed a distinct
behavior: Al concentrations decreased over time during most of the experiments and Fe
concentrations were below the detection limit in all experiments where the pH exceeded pH
5. These observations suggest the precipitation of Al and Fe-rich phases such as Al and Fe

oxy-hydroxides during the experiments.
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Figure 8: Temporal evolution of Si, Al, Ca, Fe, and Mg concentrations of three representative
batch experiments. The dashed lines in the Si graph represent Si concentrations obtained
from equation (5) together with the fit parameters corresponding to each experiment. The
size of the uncertainties is smaller than the symbol size.
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3.2.2. Saturation state of the reactive fluids

The saturation indices of the reactive fluids with respect to the phases present in the
initial solids and potential secondary phases were estimated using measured fluid chemistry
and pH with PHREEQC. A complete list of these saturation indices is provided in Table S5.
Numerous phases are found to be supersaturated during the experiments including
smectites, aluminum and iron oxyhydroxides, and quartz. None of these phases, however,
were identified in post experimental XRD analyses or the SEM observations (Figure 2). The
precipitation of Al and Fe oxyhydroxides, however, is likely as the fluid concentrations of
these elements decreased over time during most batch experiments. For some samples,
scattered nanocrystals were observed on the reacted grains. These nanocrystals were too

small to determine their composition with energy dispersive spectrometry.

3.3. Element release rates
3.3.1. Batch reactor experiments

Silicon release rates are often used as a proxy for the dissolution rates of silicate
minerals because Si-O bonds maintain the structure of most of these minerals (Oelkers et al.,
1994; Oelkers, 2001; Brantley, 2008; Schott et al., 2009). Silicon release rates from all
experiments obtained using equation (3), together with the measured slopes of Si mass
versus time are shown as a function of the in situ pH in Figure 9, and provided in Table S6.
Also shown in this figure are Si release rates obtained from the mixed-flow experiments, as
described below. Two observations are evident in this plot. First, the measured Si release
rates obtained from the temporal evolution of the reactive fluid composition tend to be
consistent with the steady-state rates obtained from the mixed flow reactors. Second, the Si
release rates appear to plot as a single function of pH. This latter observation suggests that

there is little effect of the degree of basalt alteration on these Si release rates.
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Figure 9: Logarithm of BET surface area normalized Si release rates as a function of the
corresponding reactive fluid pH. The grey dashed line shows the result of a polynomial
regression of these rates. Error bars indicate a #0.3 log units uncertainty on the Si release
rates. Uncertainties on the measured pH are smaller than the symbol size.

Si release rates generated for pH 4 using equations (4) and (5) are presented together
with corresponding rates for individual silicate minerals in Figure Figure 60. All calculated
rates are reported in Table S7. Silicon release rates at pH 4 are similar for most of the altered
basalts, and many are identical to each other considering the associated uncertainty. Surface
area normalized Si release rates range from 10%® to 101 mol m?2 s, except for sample
B26154, which had a release rate of 10'%* mol m? s, These rates are substantially lower
than either those of Ca-rich plagioclase or fresh basaltic glass, but substantially faster than
those of common clay minerals. Although the least altered basalts considered in this study
(based on the relative volume of primary phases present in the rocks) exhibit rates that are
among the fastest rates measured, the Si release rates of surface and core samples are

evenly distributed and no clear trends are evident.
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Figure 60: Logarithm of estimated BET surface area normalized Si release rates at pH 4 for all
studied rock samples. Rates for individual minerals are represented with dashed lines and
were obtained using equations and parameters reported by Hefmanskad et al. (2022). The
rate for crystalline basalt was taken from Gudbrandsson et al. (2011).

3.3.2. Mixed flow reactor experiments
The rock samples used in the mixed-flow reactor experiments were selected to span
a diversity of mineralogy observed in the samples. An example of the temporal fluid
evolution of a mixed-flow reactor experiment is shown in Figure 71; a complete table of the
temporal fluid concentrations in the samples collected from the mixed-flow experiments is

provided in Table S8.
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Figure 71: Temporal evolution of the (a) pH, (b) Al, Fe and Mg, (c) Si and (d) Ca
concentrations of the outlet fluids for the B130S2 mixed-flow experiment. The size of the
uncertainties is smaller than the symbol size.

In all the mixed-flow experiments, the pH, Si, Ca and Mg concentrations peaked
during the first few days before decreasing towards a stable steady state value. During the
early part of the B130S2 mixed-flow experiment, the pH reached values close to 7 before
decreasing to 4. This high initial pH explains why Fe concentrations were below the
quantification limit at the beginning of the experiment; likely due to Fe oxidation and
precipitation (Singer and Stumm, 1970; Morgan and Lahav, 2007). Concentrations of Al did
not exhibit consistent trends across all the experiments. Element release rates were
obtained from the steady-state outlet fluid concentrations using equation (6). Resulting
steady state reaction rates obtained from these experiments are summarized in Table 2.
These rates are also plotted as a function of pH, together with corresponding batch
experiment rates in Figure 9. The steady-state rates obtained from the mixed-flow
experiments are largely consistent with corresponding rates obtained from batch reactors.
One exception is the Si release rate of sample HE65_22, which is close to an order of
magnitude faster than that of the corresponding rate estimated from the batch experiments.
Table 2: Summary of the results of the mixed-flow experiments. Steady state element release
rates are given as logarithms values in units mol m? s. The Log values of Si release rates

from batch experiments were calculated using equation (5) at the final pH value of the
corresponding mixed-flow experiment.

Sample B83S3 B130S2 B316S3 HE65 22
Final pH | 4.3 4.2 4.1 4.4
final fluid molar Ca/Si ratio | 1.91 1.11 1.33 1.71
Molar Ca/Si of the rock sample | 0.16 0.09 0.23 0.24
final fluid molar Mg/Si ratio | 0.23 0.14 0.82 1.35
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483
484
485
486
487
488
489
490
491
492
493
494
495

496

497

498

499
500
501
502
503
504
505
506

Molar Mg/Si ratio of the rock sample | 0.12 0.05 0.11 0.17

Log of Ca release rate | -11.1 -11.1 -11.1 -11.3
Log of Mg release rate | -12.0 -12.0 -11.4 -11.4
Log of Si release rate | -11.3 -11.1 -11.3 -11.6

Log of Si release rate from
corresponding batch experiment

-11.3 -10.7 -11.7 -12.5
3.4 Experimental uncertainties

The uncertainties associated with the reported surface area normalized Si release
rates obtained from the batch experiments were estimated by summing the different
sources of uncertainty. These sources include those associated with the BET surface area
measurements, the measurement of reactive fluid compositions, and the linear regression of
fluid Si masses over time. The combination of these uncertainties suggests that the rates
generated using equation (3) and shown in Figure 9 have uncertainties on the order of 0.3
log units. Rates generated at a constant pH of 4 using equation (5) and summarized in Figure
10 have higher uncertainties due to the extrapolation of measured rates to this constant pH.
The total uncertainty on these latter rates is estimated to be on the order of 0.5 log units. In
contrast, Si release rates obtained from the mixed-flow experiments do not require a linear
regression of fluid Si mass nor were extrapolated to a constant pH of 4. This results in lower
uncertainty in the Si release rates from these experiments, which is estimated to be 0.2 log

units.

4, Discussion

4.1. Surface areas

The BET surface areas of the laboratory prepared basalt powders range from 0.3 to 9 m?
gl. The origin of these differences is challenging to determine, but sample mineralogy can
have an influence. Minerals including the chlorites (Malmstrom et al., 1996), zeolites (Yates,
1968; Valdés et al., 2006), and clays (Murray and Quirk, 1990) have been reported to have
relatively high BET surface areas. To illuminate the degree to which the presence of these
minerals influences the surface areas of the laboratory prepared samples, the BET surface
areas of all laboratory-prepared rock powders are plotted as a function of their combined

chlorite and zeolite contents in Figure 82.
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Figure 82: Plot of the BET surface area of the laboratory prepared rock powders used in this
study as a function of the sum of their zeolite and chlorite contents. Open circles indicate
samples observed to contain clay minerals. Error bars represent the uncertainty on BET
measurements. The grey dashed line shows the result of an exponential regression of these
surface areas.

Measured BET surface areas are observed to increase with chlorite and zeolite content. Note
that the mass of clay minerals, such as smectite, was not quantified by Rietveld analysis.
Only their presence or absence was reported. This may likely be the reason for the high
surface areas of the two chlorite and zeolite-free samples that plot on the left side of Figure

82 as they do contain clays minerals.

4.2. Reactivity of altered basalts

Several significant observations can be made concerning the measured Si release rates
determined in the present study. First the Si release rates from all altered basalts are similar,
regardless of their degree of alteration. The differences in rates measured from batch
experiments are largely explained by the pH differences, as seen in Figure 9. When these
rates are recalculated to pH 4, as in Figure 10, the differences between these Si release rates
are low compared to the associated uncertainty. The results from the mixed-flow
experiments performed in this study confirm this observation, with rates measured from

basalts with contrasting alteration profiles falling within 0.5 log units of one another.
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The similarity in these rates likely stems from the mineralogy of these altered basalt
samples. The alteration of basalt rapidly removes basaltic glass and olivine due to their low
thermodynamic stability and high reactivity. After the removal of these phases the most
reactive minerals present in the altered basalts are plagioclase, augite, zeolites and epidote.
Collectively these minerals represent from 25 to 85 wt% of the mass of the studied samples.
The logarithm of Si release rates for these minerals at pH 4 and 25 °C range over a relatively
small range, from 10190 to 10'*>*mol m= s1. Other minerals in these altered rocks, such as
chlorite, quartz and clay minerals are significantly less reactive than these phases (Brantley,
2008), and likely contribute little to the release of Si to the fluids during the experiments

performed in this study.

A second significant observation is that the BET surface area normalized Si release rates
measured in this study on altered basalts are one to two orders of magnitude slower than
that of basaltic glass, and somewhat slower than those of fresh crystalline basalt. This
observation confirms the impact of alteration on rock dissolution rates. Alteration
preferentially removes most reactive phases decreasing the average dissolution rate of the
overall rock. The slowing of weathering rates of rocks over time due to rock alteration has
been previously explored in a number of studies (e.g. Colman, 1981; White et al., 1996;

White and Brantley, 2003; Reeves and Rothman, 2013).

A third observation is that the measured surface area normalized rates of altered
basalts determined in this study tend to be lower than those of the individual minerals, such
as plagioclase, present in the altered rock samples. The lower surface area normalized Si
release rates determined in this study can be attributed to the formation of high surface
area but slowly reacting minerals during the natural alteration process. The formation of clay
minerals, chlorite, and nanocrystalline Fe and Al-oxides increases the surface area of altered
basalts without changing significantly the rate of Si release. As a consequence, the presence
of such phases lowers the measured surface area normalized Si release rates of altered

basalts.

4.3. Relative release rates of the elements

The temporal evolution of the Ca/Si molar release ratios normalized to the

corresponding ratio of the original rock for some representative experiments is shown in
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Figure 93. The reactive fluid Ca concentration was significantly higher than that of Si at the
beginning of each batch experiment. The Ca/Si molar ratio of the reactive fluids decreased
sharply after the first days of each experiment and tended to stabilize over time. Marieni et
al. (2020) observed a similar behavior reacting altered oceanic basalts in batch reactors. The
initial rapid Ca release could result either from rapid initial cation for proton exchange
reactions (Oelkers et al., 2009; Zhang et al., 2013), consistent with the observation that the
intensity of the observed preferential release of divalent cations is correlated to increased
surface areas of the altered basalt samples, or from the presence of a rapidly dissolving Ca
bearing, Si-free mineral such as calcite, in the original rock samples. Note that although
calcite was not observed to be present with XRD analyses in the solids considered in Figure
13, minor quantities of calcite could have gone undetected as the detection limit for XRD is

on the order of 1%.
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Figure 93: Temporal evolution of the Ca/Si molar ratio of the reactive fluids normalized to that of the
original rock for selected representative batch experiments. The red dashed line represents the Ca/Si
ratio of stoichiometric dissolution.

In some cases, the preferential release of both Mg and Ca persists until the end of the
experiments. To further explore this preferential release, the Ca and Mg to Si release rate
ratios were calculated from a linear regression of the fluid masses during the latter part of
each batch experiment using equation (3). The resulting release rate ratios are provided in
Table 3. Most hydrothermally altered basalt samples exhibited a preferential release of Ca
and Mg, relative to Si over the whole experiment, whereas surface altered samples tended

to approach stoichiometric element release rates over time. This behavior may stem from
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the alteration process itself. The hydrothermal alteration of basalts leads to the formation of
minerals such as zeolites and epidote (Humphris and Thompson, 1978; Kristmannsdottir,
1979). These minerals contain abundant Ca and react relatively fast compared to Ca poor
alteration phases. The alteration of basalts at the Earth’s surface tends to preferentially
remove Ca and to a lesser degree Mg, without the precipitation of divalent metal-rich
secondary phases (e.g.Eggleton et al., 1987). This process does tend to result in relatively
lower quantities of Ca and Mg bearing secondary minerals. The long-term preferential
release of Mg can be explained by the faster dissolution rate of augite/diopside relative to
the whole rock, or by the exchange of Mg from chlorites and smectites.

Table 3: Ratios of the molar Ca and Mg release rates to Si release rates during the final part
of all batch experiments. Values in bold correspond to experiments where the Ca and Mg

release rates were significantly higher than the corresponding original altered basalt
stoichiometry.

Origin Sample Ca/Si  Rock Mg/Si  Rock Rock Rock
release Ca/Si Release Mg/Si Normalized Normalized
rate rate Ca/Si ratio  Mg/Si ratio

B31S2* 9.97 0.19 034 016 51.8 21

B3651* 032 0.8 0.10 0.16 1.7 0.7

B81S2 0.41 0.16 0.08 0.15 2.6 0.6

B81S4 0.78 0.22 0.31 0.15 3.6 21

B83S3* 27.51 0.16 0.25 0.12 168.9 2.2

IRDP core | gggax NA  0.14 021 020 NA 1.0
B130S2 1.98 0.09 0.07 0.05 21.8 13

B134S1 0.82 0.12 0.24 0.08 6.6 3.1

B26154 035 021 058  0.19 1.7 3.0

B316S3 044 023 1.38 011 1.9 13.1

HE65_11 021 031 029 026 0.7 1.1
Hellisheidi | HE65_22 0.19 0.24 0.58 0.17 0.8 3.4
HE65_42 0.14 0.30 0.15 0.23 0.5 0.7

) 00A059 0.55 0.23 0.16  0.18 24 0.9
River 00A060 013 0.22 0.15  0.16 0.6 0.9
suspended | ;7534 081 021 035 0.7 3.9 2.0
material | ggp003 014 0.15 008 0.9 0.9 0.4
GOB_14 0.64 0.25 0.10 0.22 2.6 0.5

Surface GRVP_15 0.74 0.26 0.29 0.18 2.9 1.6
outcrops | VP_13 0.15 0.23 0.24 0.15 0.6 1.6
HEOB_17 0.14 0.23 022 018 0.6 1.2

Volcanic | GV_ash 0.21 0.21 0.15 0.17 1.0 0.9

ash

Sample marked with * contained calcite
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The preferential release of Ca and Mg was also observed during the mixed-flow
experiments. The measured elemental release ratios of elements are shown in Table 2. All
four mixed-flow experiments exhibited a preferential Ca and Mg release at steady state,
even after more than 40 days of reaction. In these experiments, an initial maximum of molar
Ca/Si and Mg/Si release ratios was also observed, again consistent with a rapid initial metal
for proton exchange reaction. Similar results were reported by Marieni et al. (2020), who
observed a strong preferential initial and long-term release of Ca compared to Si from
altered mid-ocean ridge basalts collected from the Juan de Fuca Plate and the Mid-Atlantic
ridge.

4.4 Insight into the slowing of basalt weathering rates as a function of age and
alteration

The ages of the surface altered samples investigated in this study ranged from 0.3 to 13
Myr. All samples were void of olivine, and their original basaltic glass variably altered. The Si
release rates from all surface weathered basalt samples are similar considering
uncertainties. This suggests that after a rapid palagonitization of basaltic glass and the
removal of any olivine present, the reactivity of surface altered basalts becomes largely
insensitive to the age or degree of alteration of the rock. Nesbitt and Wilson (1992) came to
similar conclusion in their study of the reactivity of altered basalts from Baytown, Australia,

and so did Gislason et al. (1996) in their study of the weathering of basalt in Iceland.

All the surface altered basalt samples contained a substantial quantity of primary
phases, notably plagioclase and pyroxene. These are among the most reactive minerals after
basaltic glass and olivine. It is likely, therefore, that the Si release rates of altered basalts are
controlled by the presence of plagioclase and pyroxene in these rocks. As these phases
persist in all of the studied Earth surface altered samples, their measured Si release rates are

similar to each other.

Based on such observations, it seems likely that the slowing of basalt weathering rates
in nature is a non-linear function of time. Rates decrease rapidly as the reactive olivine and
basaltic glass are selectively removed. Once these are depleted from the basalts, a slower
longer term but near constant Si release rate is observed due to the persistence of

plagioclase and pyroxene in these rocks. Similar results were suggested by Gislason et al.
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(1996) and are consistent with observations reported by Kennedy et al. (1998) and Chadwick
et al. (1999).

The slowing of element release rates, as a result of the surface alteration of basalts, and
the non-linear slowing of these rates has implications for the drawdown of CO; following
large volcanic events. Although volcanic eruptions emit large masses of CO,, they also emit
large quantities of fresh volcanic rock, which can drawdown CO; due to weathering. A
number of past studies noted that fresh basalts may have a large contribution to drawing
down CO; from the atmosphere after major eruptions (Parnell et al., 2014; Cox et al., 2016;
Shen et al., 2022). The results of the present study suggest this enhanced drawdown due to
the presence of fresh basalts on the Earth’s surface is short lived and will persist only as long

as fresh basaltic glass and olivine in present in these basalts.

4.5. Application to subsurface carbon mineralization

The experiments in the present study were performed at acidic conditions and at
atmospheric CO; concentrations. The direct carbonation of the altered basalts at these
conditions is not observed. The results presented in this study, nevertheless, suggest that
altered basalts could be favorable for subsurface carbon storage by mineralization. The
ability of altered basalts to promote CO, carbonation is favored by the preferential release of
the divalent metal Ca and Mg to the fluid phase and the ability of altered basalt dissolution
to increase fluid pH. Both processes, observed in our experiments, favor the formation of

carbonate minerals in the presence of water dissolved CO..

The surface area normalized Si release rates of the altered basalts considered in this
study are one to two orders of magnitude slower than the corresponding fresh basalts. Part
of this gap is most probably associated to the increased surface area due to the presence of
alteration minerals with high surface area and low reactivity. The lower Si release rates of
the altered basalts is somewhat compensated by the preferential release rates of Ca and Mg
from these rocks even after the initial phase due to exchange reactions. This was particularly
true for hydrothermally altered basalts and related to the presence of reactive secondary

phases such as zeolites and epidote.

The observation that altered basalts are less reactive than corresponding fresh basalts

agree with the results obtained from mixed-flow reactor experiments at 120 °C in Delerce et
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al., (2023). In this previous study, Si release rates from altered basalts were also found to be
similar to each other and mostly independent of the extent of basalt alteration. Although
basalt alteration slows reactivity, the effect of this slower rate in terms of carbon storage
through mineralization can be overcome by increasing temperature. This is confirmed by the
comparison of the results obtained in this study with those from Delerce et al., (2023) and by
the observations made during the CarbFix project. During CarbFix1, 95% of the CO; injected
into fresh basalt at ~30 °C and 400 to 800 m depth mineralized in less than two years
(Matter et al., 2016). During the CarbFix2 project, more than half of the CO; injected into
hydrothermally altered basalts at ~250 °C and 750 m depth was mineralized within 4 months
(Clark et al., 2020). This illustrates how increased temperature can compensate for the

slower reactivity of altered basalts for mineral carbon storage.

5. Conclusions

This study measured and reported the element release rates of a wide variety of altered

basalts of various ages. The major conclusions of this study include:

- Alteration of basalt at the Earth’s surface tends to rapidly remove reactive basaltic
glass and olivine. This alteration slows the BET surface area-normalized Si release
rates from the rocks by one to two orders of magnitude. Although some of this
decrease in rates can be attributed to the formation of less reactive high-surface-
area minerals during alteration, the slowing of these rates is also evident in natural
systems (c.f. Gislason et al., 1996).

- Once the rapidly reactive phases are removed from the fresh basalt, surface area
normalized Si release rates remain close to constant.

- A preferential release of Ca and Mg is observed during the first days of reaction for all
the altered basalts. A long-term preferential release of these elements is observed
for the studied hydrothermally altered basalts containing secondary phases such as
zeolites and epidote. This preferential release of divalent cations, and the associated

increase in fluid pH could favor the carbonation of altered basaltic rocks.
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