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Abstract

Both high and low calcium pyroxene minerals have been detected over large portions of the martian surface in addition to
widespread salts in martian soils and dust. Calcium pyroxenes in martian meteorites are associated with secondary evaporite
phases, including sulfates, chlorides, and perchlorates, suggesting the pyroxene may have been altered in saline solutions.
Therefore, understanding pyroxene mineral weathering in high salinity brines may provide insight into past aqueous alter-
ation on Mars. This study examines both solute-based dissolution rates and qualitative assessments of weathering textures
developed during pyroxene-brine alteration experiments to link dissolution rates and textures and aid in interpreting weath-
ering features observed in Mars meteorites and future pyroxene samples returned from Mars. Batch reactor dissolution exper-
iments were conducted at 298 K to compare diopside (a high Ca-pyroxene) dissolution rates in water (18 MQ cm™" ultrapure
water (UPW); activity of water (aH,O) = 1.0), 0.35 mol kg~! NaCl (aH,O = 0.99), 0.35 mol kg~! Na,SO,4 (aH,O = 0.98),
2 mol kg~! NaClO, (aH,O = 0.90), 2.5 mol kg ! Na,SO, (aH,O = 0.95), 5.7 mol kg~! NaCl (aH,O = 0.75), and 9 mol kg™
CaCl, (aH,O =0.35) brines at pH 5-6.6 to determine how changing solution chemistry and activity of water influence
pyroxene dissolution. Aqueous Si release rates and qualitative textural analyses indicate diopside dissolution rates are influ-
enced by both solution chemistry and activity of water, with diopside weathering increasing along a trend from: 9 mol kg™
CaCl, < UPW (—9.82 £ 0.03 log mol m 2 s~") ~ 2 mol kg~' NaClO, ~ 0.35 mol kg~' Na,SO, (—9.80 + 0.07) ~ 5.7 mol kg~
NaCl (=9.69 +0.04) <0.35molkg™' NaCl (=9.45+0.34) <2.5mol kg Na,SO, (—8.99 +0.09). Dissolution rates
increase in sodium sulfate brines with increasing salinity. In contrast, Si-based dissolution rates in 0.35 mol kg~' NaCl are
faster than those measured in 5.7 mol kg_1 NaCl and UPW. However, all of the Si-based rates measured in the chloride
and sulfate salt solutions are likely affected by precipitation of Si-rich secondary clay minerals, which removed Si from solu-
tion. Qualitative textural analyses indicate similar degrees of dissolution occurred in UPW and 2 M NaClOy4; however, no
aqueous rate determinations could be made in perchlorate brines due to explosion hazards. Aqueous Si was below detection
limits in the 9 mol kg~! CaCl, experiments, but textural analysis suggests limited diopside dissolution occurred. Therefore,
despite low water activity, diopside dissolution proceeds in both dilute to high salinity brines, readily forming clay minerals
under a wide range of conditions. This suggests that outcrops on Mars containing pyroxene preserved with sulfate, chloride,
perchlorate, and/or clay minerals likely record relatively short periods (<1 million years) of aqueous alteration. Si-rich spher-
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ules similar to those observed in SNC meteorites were also observed in the 5.7 mol kg ™! NaCl brine experiments, indicating
that silicate mineral alteration in chloride brines may lead to Si-rich alteration products and coatings.

© 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Pyroxene minerals have been detected on Mars by both
orbital and rover observations (e.g. Christensen et al., 1998;
Mustard et al., 2005; Bibring et al., 2006; Mustard et al.,
2007; McSween et al., 2008; Blake et al., 2013; Vaniman
et al., 2013) and within SNC meteorites (e.g. Treiman,
2005; Velbel and Losiak, 2010; Velbel, 2012). Compact
Reconnaissance Imaging Spectrometer for Mars (CRISM),
Thermal Emission Spectrometer (TES), and Observatoire
pour la Mineralogie, 1’Eau, les Glaces et 1’Activité
(OMEGA) data indicate pyroxenes are present in ancient
and volcanic terrains in the southern highlands as well as
in polar dune fields on Mars (Bandfield et al., 2000;
Bibring et al., 2005, 2006). Pyroxene was inferred from geo-
chemical measurements of basalts by Pathfinder’s Alpha
Particle X-ray Spectrometer (APXS, McSween et al.,
2004) and identified in rocks and soils by the Mdssbauer
Spectrometer on Spirit and Opportunity (Morris et al.,
2004, 2006, 2008). Opportunity also detected 5-15% pyrox-
enes in weathered soils at Meridiani Planum by mini-TES
(Christensen et al., 2004; Klingelhdfer et al., 2004). Pyrox-
ene minerals have also been detected in both modern eolian
sediments and ancient sedimentary rocks in Gale crater by
the CheMin X-ray diffraction instrument on the Mars
Science Laboratory rover (Blake et al., 2013; Bish et al.,
2013; Vaniman et al., 2013; Treiman et al., 2016; Achilles
et al., 2017; Rampe et al., 2017; Yen et al., 2017; Bristow
et al., 2018; Rampe et al., 2018).

Martian pyroxenes have diverse chemical compositions
(Mustard et al., 2005); from orbit low-calcium pyroxenes
(LCP) are primarily associated with Noachian-aged expo-
sures; however, high-calcium pyroxenes (HCP) are typically
detected and are common in Hesperian-aged terrains where
both LCP and HCP are observed in 40:60 mixtures
(Mustard et al., 2005). High-calcium pyroxenes are
enriched in martian dune features (Mustard et al., 2005;
Langevin et al., 2005), Syrtis Major, upper layers of Juven-
tae Chasma and Coprates Chasma (Mustard et al., 2005),
and the southern highland regions (Bandfield, 2002). Active
eolian sands in the Bagnold Dune Field in Gale crater con-
tain variable amounts of augite and pigeonite (Achilles
et al., 2017; Rampe et al., 2018), and augite, pigeonite,
and orthopyroxene have been reported in drilled sedimen-
tary rock samples from Gale crater (Blake et al., 2013;
Bish et al., 2013; Vaniman et al., 2013; Treiman et al.,
2016; Achilles et al., 2017, Rampe et al., 2017; Yen et al.,
2017; Bristow et al., 2018; Rampe et al., 2018).

The SNC meteorites represent basaltic and ultramafic
composition igneous rocks derived from Mars, and all con-
tain pyroxene (e.g. Nyquist et al., 2001). Similar LCP:HCP
ratios are also common in SNC meteorites (McSween,

2002). Shergottites consist primarily of pyroxene and pla-
gioclase minerals, reflecting their basaltic and lherzolitic
compositions (McSween, 1994; Harvey et al., 1993). The
nakhalites are clinopyroxenite meteorites consisting primar-
ily augite and pigeonite (Gooding et al., 1991; Bridges and
Grady, 2000; Treiman, 2005; Bridges and Warren, 2006). In
contrast, Chassigny meteorites consist primarily of olivine
with minor (~5%) pyroxene (Floran et al., 1978).
ALHS84001 is significantly different than the rest of the
SNC meteorites as it contains approximately 96% orthopy-
roxene (Mittlefehldt, 1994).

In addition to pyroxene minerals, chloride and sulfate
salts have been detected in several Mars meteorites. Sulfate
and chloride salts occur as coatings on fracture surfaces and
as discontinuous veins in primary minerals, including
pyroxene, in Chassigny (Wentworth and Gooding, 1994)
and MIL 03346 (Ling and Wang, 2015) meteorites. While
some salts may be of terrestrial origin, sulfate salts are
intergrown with smectite in Nakhla and have been inter-
preted to represent water-rock interactions on Mars
(Gooding et al., 1991) and S and Cl are adsorbed to sec-
ondary clay minerals and Fe-oxides in Lafayette (Treiman
et al., 1993). These data suggest, in some instances, episodic
weathering of pyroxene minerals in circum-neutral to high
pH saline waters on or near Mars’ surface (Lee et al.,
2015; Velbel, 2012; Treiman et al., 1993; McSween, 1994).

Chloride and sulfate salts have also been observed in
association with pyroxenes in a variety of different terrains
on the surface of Mars. For example, martian soils are com-
posed of loose silicate-salt matrices, with variable chloride
and sulfate enrichments (Archer et al., 2014; Amundson
et al., 2008). In many instances pyroxenes have been
observed with salts, including LCP associated with sulfate
salts in Meridiani Planum (Squyres et al., 2004) and HCP
associated with sulfate minerals observed in drill powders
collected from John Klein and Cumberland in Gale crater
(Vaniman et al., 2013). In addition, weathered basalts are
associated with high concentrations of sulfate and chlorine
in Gusev Crater (Haskin et al., 2005). OMEGA data indi-
cate pyroxene is associated with sulfate salts in dunes in
the north polar region (Bibring et al., 2006). XRD analyses
of Murray mudstone samples in Gale Crater also show
both pyroxene and secondary weathering products (primar-
ily hematite, calcium sulfates, and clay minerals, as well as
halite in Quela), but the presence of mafic primary minerals
appears to be anticorrelated with the secondary products,
suggesting chemical weathering occurred (Bristow, 2018).
Chloride salts appear to be associated with phyllosilicates
(Osterloo et al., 2008, 2010) in Noachian terrains, and have
been observed in several martian meteorites.

The abundance of salt deposits combined with the low-
atmospheric pressure and low temperature conditions at or
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near Mars’s surface suggest that many post-Noachian chem-
ical weathering processes likely occurred in briny solutions.
The presence of salts associated with HiRISE observations
of recurring slope lineae indicates ephemeral melting of ices
and the formation of high ionic strength brines may occur on
the surface of Mars today (e.g. Mitchell and Christensen,
2016; Ojha et al., 2015, 2014; McEwen et al., 2014, 2011).
HiRISE images show surface features including dark spots
on dunes (Martinez et al., 2012) and flow-like features
(Mo6hlmann and Kereszturi, 2010) that also indicate the
presence of ephemeral liquid brines. Perchlorate (Rennd
et al., 2009; Kounaves et al., 2010a) and sulfate (Kounaves
et al., 2010b) salts were also observed in the subsurface by
the Phoenix lander. Perchlorate has also been detected in
many samples in Gale crater by the Sample Analysis at Mars
(SAM) instrument (e.g., Sutter et al., 2017). These brines
(NaClO4-CaCl,-NaCl-H,O0) likely remain liquid at tempera-
tures below —50 °C, which would promote chemical weath-
ering at or near Mars’s surface (e.g. Hausrath and Brantley,
2010; Niles et al., 2017, Toner and Catling, 2017).

However, despite the likely importance of brines to
weathering on Mars, previous research investigating pyrox-
ene dissolution rates has focused primarily on dilute solu-
tions. Pyroxene dissolution is dependent on pH and T in
dilute solutions (Chen and Brantley, 1998; Hoch et al.,
1996; Knauss et al., 1993; Schott et al., 1981; Golubev
et al., 2005). The effect of pyroxene composition on mineral
dissolution rates is difficult to study due to their widely
varying compositions (see Brantley, 2003; Bandstra and
Brantley, 2008; Chen and Brantley, 1998; Eggleston et al.,
1989; Hoch et al., 1996; Knauss et al., 1993; Schott et al.,
1981; Golubev et al., 2005). However, trends in the behav-
ior of different elements in dissolution suggest that Ca and
Fe-containing pyroxenes would likely dissolve more rapidly
than Ca/Mg or Ca-dominant pyroxenes which would dis-
solve more rapidly than Mg-dominant pyroxenes
(Brantley, 2003; Brantley and Olsen, 2014). Oxidation of
Fe within the pyroxene mineral structure is also expected
to enhance dissolution rates; however this factor is greatest
at low pH (White and Yee, 1985; Hoch et al., 1996). Diop-
side (CaMgSi,Oy) dissolution rates have also been shown to
be unaffected by pCO; up to ~1 atm, and the presence of
carbonate and bicarbonate ions (CO%", HCO3) at 0.1 M
concentrations (Golubev et al., 2005).

Prior studies have demonstrated that initial pyroxene
dissolution is incongruent, leading to preferential release
of cations into solution and the formation of a constant-
thickness, cation-depleted surface layer (Schott et al.,
1981; Schott and Berner, 1985). This model predicts that
the dissolution rate is linked to the activity of the leached
cation(s) in solution (Oelkers and Schott, 2001). Daval
et al. (2010) demonstrated that increased aqueous silica
concentration resulted in slower diopside dissolution rates.
In silica-undersaturated solutions, cations are leached from
the surface forming an amorphous Si-rich layer, which is
unstable and dissolves (Daval et al., 2013). This process
continues until Si-saturation is reached in the solution.

In addition, other background electrolytes also influence
silicate dissolution rates. Previous studies of mineral disso-
lution in brines indicate mineral dissolution rates in chlo-

ride brines often decrease with decreasing activity of
water (Elwood Madden et al., 2017; Miller et al., 2016;
Steiner et al., 2016; Olsen et al., 2015; Pritchett et al.,
2012). However, previous studies of quartz and carbonate
mineral dissolution at circum-neutral pH indicate both
cations and anions present in solution influence mineral dis-
solution rates and rate trends (Phillips-Lander et al., 2018;
Ruiz-Agudo et al, 2009; Gledhill and Morse, 2006;
Arvidson et al., 2006; Dove, 1999; Dove and Nix, 1997).

This study seeks to measure pyroxene dissolution rates
as a function of brine composition and water activity. To
investigate these relationships, we reacted diopside, a
calcium-rich pyroxene relevant to HCP on Mars, with
ultrapure water (UPW); low salinity brines including
0.35 mol kg~! NaCl (¢H,0 = 0.99), 0.35 mol kg~' Na,SO,
(aH,0 = 0.98), and 2 mol kg~ NaClO,4 (¢H,O = 0.9); and
near-saturated 5.7 molkg™' NaCl (¢H,O =0.75), 2.5M
Na,SO; (aH,0=0.95), and 9molkg™' CaCl,
(aH,O = 0.35). Experiments were conducted at 25 °C for
approximately 60 days. Calcium, magnesium, and iron
released from the pyroxene were measured with atomic
absorption spectroscopy (AAS). Silicon release was mea-
sured using UV-visible (UV-Vis) absorption spectroscopy.
Solid reaction products were analyzed with X-ray diffrac-
tion (XRD) and provide insights into the association
between salts and secondary weathering products on Mars.
Alteration textures were observed using scanning electron
microscopy (SEM) and clay precipitates analyzed with
energy dispersive X-ray microanalysis (EDXA).

2. METHODS
2.1. Pyroxene Characterization

A sample of diopside (Cag.o6,Nag.04.F€0.33,Mgo.65,Al0.04)
Si; 9Os, a Ca-rich pyroxene, was obtained from Wards Scien-
tific (#466474, Phillips-Lander et al., 2017). The diopside was
crushed to <1 mm grain size using an agate mortar and pestle,
then ground to ~30 micron-sized particles using a McCrone
mill, sonicated in ethanol to clean mineral surfaces prior to
reaction, and air-dried. Unreacted pyroxene particle size
was verified by scanning electron microscopy. Specific surface
area was measured using a Quantachrome Nova 200e BET
surface area analyzer using nitrogen adsorption following
degassing at 50 °C for 12 h. The surface area of the crushed
diopside starting material was 0.49 + 0.05 m? g\

Bulk mineralogy of the powdered sample was deter-
mined using a Rigaku Ultima IV X-ray diffractometer,
Cu tube at 40 kV and 44 mA, diffracted beam monochro-
mator monochromator, and MDI Jade 2010 software for
data interpretation. Whole pattern fitting of the XRD data
indicated the presence of minor biotite, amphibole, and
zeolite (~1% each) with diopside in the unreacted material,
which was not observed in previous electron probe analysis
(Phillips-Lander et al., 2017).

2.2. Dissolution rate experiments

Batch experiments were conducted in triplicate with 1 g
diopside per L solution using 18 MQ cm™" water (UPW),
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low-salinity brines 0.35molkg™! NaCl (a¢H,O = 0.99),
0.35 mol kg~! Na,SO, (aH,O = 0.98) and near-saturated
5.7mol kg™! NaCl (¢H,O = 0.75), 2.5mol kg~' Na,SO,
(aH,0 = 0.95), and 9 mol kg ' CaCl, (aH,O = 0.35) brines
at 25 °C, using the same reactors and methods employed by
Elwood Madden et al. (2012). These batch experiments
approximate closed-system alteration environments and
may therefore be relevant to weathering conditions observed
similar martian environments including Yellowknife Bay,
Gale Crater (Vaniman et al., 2013; McLennan et al., 2013).

We used Na-salts to ensure we would be able to measure
Ca, Mg, and Fe cations released from diopside to solution.
We included CaCl, brine experiments as a reference point
for solutions with low activities of water and because recent
studies have shown CaCl,-brines are associated with water
tracks in the McMurdo Dry Valleys, a Mars analog (Gough
et al., 2016). Similar brines have been included in a variety
of Mars analog weathering studies (e.g. Hausrath and
Brantley, 2010; Pritchett et al., 2012; Phillips-Lander
et al., 2017; Phillips-Lander et al., 2018). Each experimental
batch reactor contained 0.1 g of powdered pyroxene and
100 mL of solution, which were stirred with a Teflon-
coated stir bar on a stir plate operating at 120 rpm to keep
the mineral powder suspended for 60 days. We measured
the pH in a subsample of the initial experimental solution,
since initial dissolution rates may vary with initial solution
pH, but did not measure pH in subsequent samples due to
challenges measuring pH accurately in small samples of
high salinity brines.

We retrieved a 10 mL aliquot of mineral solution slurry
at weekly intervals. We filtered the solution slurry through
a 0.2 pm acetate syringe filter into a sample tube. After col-
lection, samples were acidified with 1 mL of 50% v/v high
purity nitric acid and stored in a refrigerator at 4 °C until
analysis. This method of filtering, then acidifying the sam-
ples is commonly used in mineral dissolution studies, but
can result in variations in the observed ‘“‘solute” concentra-
tions due to colloids <0.2 pm passing through the filter,
then dissolving due to acidification. Therefore, the solute
data presented likely represents both solutes and colloidal
material <0.2 pm. At the end of each experiment, we fil-
tered the remaining solids onto 0.2 um acetate filter paper
and rinsed the solids with ultrapure water 3 times while vac-
uum filtering the samples.

Dissolved Ca, Mg, Fe, and K were measured in each ali-
quot using a Perkin Elmer AAnalayst800 flame AAS.
Matrix-matched standards were used to construct calibra-
tion curves. Absorbance was measured three times and
averaged. Because measuring solutions that contain such
high concentrations of salts is technically challenging, we
took a variety of steps to both enable the analysis and pro-
tect our instrumentation — we detail these steps here for
others who might wish to perform such analyses. To ensure
accurate analyses, we diluted each sample with ultrapure
water to prevent clogging of the AAS nebulizer. We further
ensured maximum analytical accuracy by flushing the sys-
tem with ultrapure water between each sample analysis
and 0.1% Triton-X detergent between each sample set. At
the end of each day, we removed the burner head, thor-
oughly rinsed and soaked it overnight. We flushed the

AAS drain tube with ultrapure water to prevent salt accu-
mulation in the system.

We measured dissolved Si in solution using UV-Vis
adsorption spectroscopy following Steiner et al.’s (2016)
methyl-blue method modified for use with brines. We
attempted to measure dissolved Al using UV-Vis; however,
we could not construct useful calibration curves in the high
salinity brines.

2.2.1. Dissolution rate determination

We first subtracted a matrix blank from the solution
concentrations to correct for any background cations in
the brines. The data in Supplemental Table 1 represent
the concentration data after the background concentration
for each experiment was subtracted. We determined the sur-
face area-normalized dissolution rate (mol m™2 s™') by
dividing the concentration of each cation by the measured
BET surface area and then plotting these data versus time.
We determined the initial dissolution rates for each experi-
ment by fitting the first five data points of the surface area
normalized dissolution data versus time plots using a linear
regression and calculating the slope of the line to determine
the dissolution rate.

Due to the presence of minor biotite (<1-2 wt%o) observed
during XRD analysis, we measured aqueous K to assess the
potential impact of biotite dissolution on measured Si-based
dissolution rates. While most of the K released to solution is
likely due to cation exchange reactions, without wholescale
biotite dissolution, we calculated the amount of Si released
from biotite due to congruent dissolution based on the K
release rates. Our analysis indicated that even the maximum
potential Si-contribution from biotite dissolution was mini-
mal (Supplemental Table 1). In addition, amphibole
(Schott et al., 1981) and zeolite (Ragnarsdottir, 1993;
Savage et al., 2001; Cotton, 2008; Glover et al., 2010) disso-
lution rates are significantly slower than diopside dissolution
rates and likely did not contribute significantly to aqueous Si
release. Therefore, we elected to report the rates as the total
Si released to solution.

2.3. Microscopy-based qualitative assessment of pyroxene
dissolution

We conducted a second set of experiments to qualitatively
assess diopside weathering textures on larger particles using
scanning electron microscopy. These experiments also
allowed us to examine dissolution in 2 molkg~' NaClO,4
brine, which we could not use for aqueous analyses due to
the explosion risks in the flame AAS. We crushed, sieved
(2-4 mm size fraction), sonicated in ethanol, and air-dried
diopside before adding the pyroxene to each experimental
solution at a 1 g L™' ratio. We used the same experimental
solutions used in the aqueous dissolution experiments (i.e.
UPW, 0.35molkg™! NaCl, 0.35molkg™' Na,SO,,
5.7 mol kg~! NaCl, 2.5 mol kg~! Na,SO,, and 9 mol kg™!
CaCl,) in addition to 2 mol kg~! NaClO, (aH,O = 0.90).
We placed each batch reactor on an orbital shaker table at
120 rpm for 60 days. Upon completion of the experiments,
we collected the solids and triple rinsed them in ultrapure
water, then left them to air-dry for 24 h. Samples were
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mounted on SEM stubs and iridium-coated for SEM analy-
sis. We collected images of the unreacted diopside, as well as
diopside dissolution textures from the weathering experi-
ments using a Zeiss Neon FEG-SEM located at the Univer-
sity of Oklahoma’s Sam Noble Microscopy Laboratory.
We evaluated the degree of weathering by examining no
fewer than 20 images from each weathering experiment at
10-100 nm scales and comparing them to SEM images of
unreacted grains. Qualitative weathering was ranked using
a (—) to (+++) scale which indicates the extent of dissolu-
tion based on observations of etch pits, denticles, and clay
minerals. We also estimated percent clay mineral coverage.

2.4. Reaction products characterization

Upon completion of aqueous dissolution experiments,
the remaining solutions were decanted, filtered through a
0.2 um filter, acidified to 1% v/v, and stored at 4 °C. Remain-
ing solid material was rinsed with 18 MQcm ™! water to
remove any salts and air-dried. The reaction products were
analyzed using powder X-ray diffraction on a Rigaku Ultima
IV with a Cu-tube at 40 kV and 44 mA, with a diffracted
beam monochrometer and scintillation detector. Data inter-
pretation was conducted with MDI Jade (2010). We also
assessed the chemistry of reaction products observed during
SEM analysis using the Zeiss NEON FEG-SEM, which is
equipped with an INCA Energy 250 Energy Dispersive X-
ray (EDXA) microanalysis system. We normalized the Ca,
Fe, Mg, Al, and Si data to 100% and plotted them on a tern-
ary plot to compare the chemical composition of the clay
minerals with the starting material.

3. RESULTS
3.1. Aqueous analyses

Si, Mg, and Fe concentrations in the 9 mol kg~' CaCl,
experiments were below detection limits and, as previously
noted, we did not analyze the solutes in the NaClO,4 exper-
iment due to explosion risks. Therefore, we only report
aqueous data from the UPW, NaCl, and Na,SO, experi-
ments. Ca, Mg, Fe and Si concentrations varied slightly
between experimental trials (Supplemental Table 1) but fol-
lowed similar trends; representative dissolution data from
each experimental condition are shown in Fig. 1.

Based on the initial Si-release rates (Fig. 2, Table 1), we
observe that pyroxene appears to release Si to solution fast-
est in the 2.5 mol kg ™' Na,SO, brine (—8.98 + 0.09 log mol
m~2 s7Y), followed by 0.35 mol kg™ NaCl (=9.15 + 0.06
log mol m~2 s71). Si-release rates were slower, but similar
in UPW (—9.82+0.03), 0.35molkg™" Na,SO, (—9.80
+0.07), and 5.7 mol kg~! NaCl (=9.69 + 0.04). Therefore,
Si-release rates increase with increasing Na,SO4 concentra-
tion, but decrease with increasing NaCl concentration.

Non-stoichiometric dissolution is observed in the aque-
ous solutes produced in all experiments (Figs. 1 and 3).
Ca:Si ratios measured in each experiment are generally
greater than would be observed if the pyroxene dissolved
via congruent dissolution (elements released in the stochio-
metric ratios observed in the starting material shown as the

lines Fig. 3). However, Ca:Si ratios are similar to stoichio-
metric proportions in the 0.35 mol kg~! NaCl experiments.
Mg:Si ratios are generally similar to or lower than expected
for congruent dissolution in all the solutions. Fe:Si ratios
also indicate incongruent dissolution in all experiments,
producing ratios lower than expected for congruent dissolu-
tion in all the experiments except samples from the
5.7 mol kg’l NaCl, where Fe:Si ratios are greater than
expected for stoichiometric dissolution (Fig. 3C).

3.2. Microscopy-based comparative qualitative dissolution
rates in high salinity brines

Unreacted diopside surfaces were examined for compar-
ison with reaction products. While some fines are present
on the initial diopside surfaces, the surfaces appear largely
unaltered (Fig. 4A; see also additional images in Phillips-
Lander et al., 2017). In general, qualitative assessments
show that diopside dissolved forming etch pits and denticles
along edges in each of the solutions tested (Table 2; Fig. 4).
Significant clay formation on the pyroxene surface is also
observed in each solution. Notably, clay minerals and den-
ticles were also observed in both the 2 molkg™! NaClO,
and 9 mol kg~' CaCl, brine experiments (Fig. 4B1). Clay
minerals observed in SEM largely demonstrated the “corn-
flake” texture (Fig. 4) noted in previous studies of clay min-
erals on pyroxene surfaces (Velbel and Barker, 2008 and
references therein).

In UPW experiments (¢H,O = 1), incipient etch pits
lined with nanoscale denticles are observed (Fig. 4C2).
Curved platelet-shaped features are observed on the diop-
side surface in some places (Fig. 4C1). Clay mineral cover-
age of the diopside surface is estimated to be approximately
10% based on SEM analysis (Table 2). Similar dissolution
textures are also observed on diopside surfaces reacted with
0.35mol kg~! Na,SO, (aH,O =0.98) brine. Etch pits
formed in 0.35 mol kg~' Na,SO, are more common than
in UPW but remain small in scale and are lined with incip-
ient denticles measuring less than 1 um in length (Fig. 4;
Phillips-Lander et al., 2017). Clay coverage remains mini-
mal (~20%) in dilute sulfate solutions. In contrast, the
greatest degree of dissolution is observed in 0.35 mol kg™
NaCl (aH,O = 0.99) solution, where large portions of the
diopside surface are covered in etch pits and denticles
(Fig. 4D1-2). However, the percent of clay coverage
(~20%) mirrors other experimental solutions with high
activities of water (Table 2).

The extent of dissolution textures increased in concen-
trated 2.5 mol kg~! Na,SO, brine (¢H,O = 0.95) relative
to dilute (0.35 mol kg~ ') Na,SO, (Fig. 4G). Clay minerals
cover roughly 40% of the observed diopside surfaces in
the concentrated 2.5 molkg™! Na,SOy4 brine (Table 2).
Fewer etch pits were observed in the 2.5 mol kg~' Na,SO,
samples, but they were larger and more well-developed with
generally longer denticle lengths (Fig. 4G) than those
observed in the 0.35molkg' Na,SO, (Fig. 4E). Similar
dissolution etch pit sizes and densities were observed on
diopside minerals weathered in 2molkg™' NaClO,
(aH,0=09) (Fig. 4B) and 0.35molkg' Na,SO,4
(Fig. 4E). Approximately half of observed surfaces reacted
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Fig. 1. Representative aqueous data for each experimental trial, including Ca (black circles), Mg (dark grey circles), Fe (striped with black
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NaCl. CaCl, aqueous data were below detection limits; aqueous data were not collected for NaClO, experiments.

with 2 mol kg™' NaClO, were covered in clay minerals
(Table 2). Etch pit densities decreased in 5.7 M NaCl
(aH,O =0.75); however well-developed denticles were
observed (Fig. 4F). In addition, clay minerals cover approx-
imately 40% of observed mineral surfaces and in places
SiO, spherules are also observed (Fig. 4F). Small (<1 pm)
etch pits, lined with denticles are observed on the surface
of pyroxene weathered in 9molkg™'  CaCl,
(aH,0O = 0.35) (Fig. 4H). In CaCl, brines, diopside surfaces
appear to be converted to clay minerals in some places,
leading to ~40% of observed surfaces covered in clay min-
erals (Table 2).

3.3. Reaction products
Both SEM and XRD analyses indicate the presence of

clay minerals in brine weathering experiments. In general,
SEM analysis indicates the amount of mineral surface cov-

ered by clay minerals increased in higher salinity NaCl and
Na,SOy solutions (Fig. 4; Table 2). XRD analysis of UPW
experiment reaction products indicated only the presence of
diopside and biotite (<1%), which suggests clay minerals
observed in SEM were too low in concentration to be
detected with bulk powder XRD or represent altered biotite
edges (Fig. 5). Indeed, EDXA analysis of apparent clay
minerals observed in UPW experiments yielded chemistries
consistent with altered biotite (Fig. 6, Supplemental
Table 2), with Fe/Mg depleted relative to other cations
and potential Al-enrichment of the altered biotite.
Diopside chips from the 2mol kg~' NaClO, experi-
ments were analyzed with SEM, but we did not have
enough material for XRD analysis. We observed that clay
minerals covered approximately half of the diopside surface
reacted with 2 mol kg~' NaClO, based on SEM analysis.
EDXA analyses of these reaction products displayed a
compositional trend between altered biotite and Fe-Mg-
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Fig. 2. Summary of Si-based pyroxene dissolution rates. (A) Log pyroxene dissolution rates as a function water activity. Circles represent
UPW rates, triangles represent NaCl rates, and squares represent Na,SO, rates. (B-F) Pyroxene dissolution rates determined based on a
linear fit (grey, black and dashed lines for each replicate) of the Si released to solution (grey, black, and white circles, representing each
replicate) during the first 2 million seconds (~23 days) in ultrapure water (B), 0.35 mol kg~! NaCl (C), 5.7 mol kg~! NaCl (D), 0.35 mol kg
Na,SO, (E), and 2.5 mol kg~! Na,SO, (F). Uncertainties in the individual measurements are smaller than the size of the symbol.

rich clay mineral chemistries also observed in the other
brine weathering experiments, with increasing Fe-
enrichment relative to other cations (Fig. 6).

No secondary reaction products or biotite were
observed with XRD in 0.35molkg™' Na,SO, brines
(Fig. 5). However, SEM analyses demonstrated the pres-
ence of both clay minerals and biotite (Fig. 4). Some of
these clay minerals follow the general Fe/Mg-enrichment
trend observed in the other brine weathering experiments
in this study, but two points lie near the biotite composition
(Klein and Hurlbut, 1985) which suggest some areas of bio-
tite remain (Fig. 6). In 2.5mol kg~ Na,SO,4 brine sec-
ondary clay minerals were detected with XRD, based on
a major peak at 12.34 A (Fig. 5). SEM with EDXA analyses
of Na,SO, brine samples demonstrate these clay minerals
follow the enrichment trend in Fe/Mg observed in other
brine experiments.

Secondary clay minerals were also detected with XRD in
both 0.35 mol kg™ and 5.7 mol kg~! NaCl brines, based on
a major peak at 14.94 A, which suggests the presence of ver-
miculite (Fig. 5). SEM with EDXA of the NaCl brine
weathering products indicate clay minerals associated with
pyroxene dissolution are Fe-rich, which supports aqueous
data which shows relatively little iron in solution in the

0.35mol kg~! NaCl experiments. This suggests Fe-rich
reaction products formed during dissolution in the dilute
NaCl solution (Fig. 6, Supplemental Table 2). Clay miner-
als were detected in 9 mol kg™' CaCl, brines using SEM
and EDXA, however, no secondary phases were detected
in 9mol kg~' CaCl, reaction products with XRD. Clay
minerals observed via SEM in the 9 mol kg~ CaCl, exper-
iments are compositionally similar to those formed under
other brine weathering conditions, with high Fe-Mg con-
centrations (Fig. 6, Supplemental Table 2). EDXA data
indicate the clay minerals observed are generally Al-poor
(1-3 wt%), suggesting the majority of clays are derived from
diopside dissolution. There are a few clays with Al contents
of 5-10 wt%, however, they are the minority (Supplemental
Table 2).

4. DISCUSSION

Our study is the first to examine the effect of circum-
neutral, high salinity brines on pyroxene mineral dissolu-
tion rates and directly compare these results with more
dilute solutions. Based on the aqueous solute data, incon-
gruent dissolution was observed in all of the experiments
and significant secondary precipitation of clays and silica
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Table 1

Diopside dissolution rates (mol m2s™1).

T (°C) pH aH,0 Solution Log rate Si release (mol Sim™2s7!) Source

298 - 0.35 9 mol kg~! CaCl, - This study

298 - 0.35 9 mol kg~! CaCl, - This study

298 - 0.35 9mol kg~! CaCl, - This study

298 6.2 0.75 5.7mol kg~ NaCl —9.82+0.14 This study

298 6.2 0.75 5.7 mol kg~ NaCl —9.94 4+ 0.09 This study

298 6.2 0.92 2.5mol kg~! Na,SO, —8.90 +0.11 This study

298 7.1 0.92 2.5mol kg™! Na,SO, -9.11+0.13 This study

298 6.2 0.92 2.5mol kg~! Na,SO, —8.93+0.08 This study

298 5.5 0.99 0.35 mol kg ™! Na,SO4 —9.80 £+ 0.04 This study

298 5.5 0.99 0.35mol kg ! Na,SO, —-9.67£0.10 This study

298 5.5 0.99 0.35 mol kg ' Na,SO, —9.60 £+ 0.07 This study

298 5.2 0.99 0.35 mol kg~! NaCl —9.08 +0.06 This Study

298 5.2 0.99 0.35 mol kg~' NaCl -9.15+0.15 This study

298 5.2 0.99 0.35 mol kg~' NaCl -9.22+0.09 This study

298 6.5 1.00 UPW -9.85+0.04 This study

298 6.6 1.00 UPW —9.80 +0.08 This study

298 6.0 1.00 phthalate —10.83 Knauss et al. (1993)
298 6.5 1.00 NaOH —10.99 Golubeyv et al. (2005)
298 7.7 1.00 NaOH + Na,CO; —11.03 Golubev et al. (2005)
298 8.0 1.00 KOH —-10.97 Knauss et al. (1993)
298 8.0 1.00 NaOH + Na,CO; —11.00 Golubev et al. (2005)
298 8.3 1.00 NaOH + Na,CO; —11.02 Golubeyv et al. (2005)
298 8.5 1.00 NaOH + Na,CO; —11.03 Golubev et al. (2005)
298 8.6 1.00 NaOH —11.10 Golubeyv et al. (2005)
298 8.7 1.00 NaOH + Na,CO; —11.09 Golubev et al. (2005)
298 5.5 1.00 HCI —10.86 Golubeyv et al. (2005)
298 5.3 1.00 HCl —11.03 Golubev et al. (2005)

spherules were also observed. Cation:Si ratios (Fig. 3) and
the presence of secondary clay minerals indicate pyroxenes
dissolve incongruently; therefore, the Si-based rates repre-
sent minimum dissolution rates. Despite the precipitation
of secondary phases, Si-based dissolution rates observed
in all of the experiments are slightly faster than Si-based
diopside dissolution rates observed in other studies at sim-
ilar pH and temperature conditions (Table 1). However,
dissolution rates are difficult to directly compare between
different laboratories to due to different experimental meth-
ods but can be compared within a single laboratory with the
same experimental conditions (Arvidson et al., 2003).
Previous studies of mineral dissolution in brines indicate
sulfate, silicate, and clay mineral dissolution rates often
decrease with decreasing activity of water and higher salt
concentrations (Elwood Madden et al., 2017; Miller et al.,
2016; Steiner et al., 2016; Olsen et al., 2015; Pritchett
et al., 2012). However, the minimum Si-based dissolution
rates combined with SEM images of reacted grains col-
lected in this study suggest that pyroxene dissolution rates
increase as the concentration of Na,SO, increases, despite
significantly lower water activities. Based on the SEM
images, significant pyroxene dissolution also occurred in
high salinity NaCl, CaCl,, and NaClO, solutions. There-
fore, this study demonstrates that pyroxene dissolution at
circum-neutral pH is dependent on both solution chemistry
and activity of water. Similar effects have also been
observed in previous studies of quartz and carbonate min-
eral dissolution at circum-neutral pH that indicate both
cations and anions present in solution, as well as water

activity influence mineral dissolution rates and rate trends
(e.g., Phillips-Lander et al., 2018; Ruiz-Agudo et al.,
2009; Gledhill and Morse, 2006; Arvidson et al., 2006;
Dove, 1999; Dove and Nix, 1997).

4.1. Solution chemistry effects

The minimum diopside dissolution rates measured in
UPW (—9.82 + 0.03 log mol m~? s™!) based on Si-release
rates in this study are similar to dissolution rates observed
in 5.7 molkg~! NaCl and 0.35 mol kg~! Na,SO, but are
significantly slower than the minimum dissolution rates
observed in both 0.35molkg™' NaCl and 2.5 mol kg™
Na,SO, solutions. In addition, significant pyroxene dissolu-
tion and clay formation was also observed in SEM images
of 9mol kg™"' CaCl, and 2 mol kg~ NaClO,4 experiments.
Therefore, background electrolytes have a significant effect
on diopside dissolution rates. The effects of solution chem-
istry are well-documented for Si-release from quartz and
amorphous SiO, (Dove, 1999); however, diopside contains
Ca, Mg, and Fe cations as well. Therefore, the formation of
aqueous Ca-Mg-Fe-SO4-Cl complexes and changes in
redox conditions (in the case of Fe) may also influence
cation-based diopside dissolution rates (Hoch et al.,
1996). In our experiments, we observed that the addition
of sulfate to solution increases Ca,q) release from diopside
relative to UPW (Figs. 1 and 3). Indeed, the highest Ca,q):
Siaq) ratios are observed in the sulfate brines (Fig. 3). We
suggest diopside dissolution rates increase in sulfate brines
due to Ca-SO4 complex formation (logKca.s04 =2.23;
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Fig. 3. Ratios of cations released to solution indicate diopside
dissolution are incongruent in all experimental solutions. Ca is
preferentially released in all the experiments, while Fe/Si ratios are
less than would be expected in all the experiments except the
5.7mol kg~' NaCl solution (C) where both Ca and Fe are
preferentially released compared to Si. Mg is preferentially released
relative to Siin the UPW experiments (A), while near-stochiometric
ratios are observed in the other solutions. These patterns likely
reflect both preferential leaching and precipitation of secondary
minerals following dissolution.

Hogfeldt, 1982). Mg-mobilization is also higher in sulfate
brines relative to chloride brines and UPW, likely due to
the formation of Mg-SO, complexes (logKnig-sos = 2.43;
Hogfeldt, 1982), resulting in preferential Mg release in sul-
fate solutions as well. Similar increases in Ca- and Mg- car-
bonate dissolution rates in Na,SO, brines at circum-neutral

pH have been also been attributed to the combined influ-
ence of water-exchange rates at the mineral surface and
Ca-SO4 or Mg-SO, complex formation (Phillips-Lander
et al., 2018; Ruiz-Agudo et al., 2009). In contrast, decreas-
ing Ca- and Mg-based dissolution rates observed in solu-
tions with higher NaCl concentrations are likely due to
the decreasing activity of water in higher concentration
chloride brines, as H,O may be more effective at complex-
ing Ca and Mg compared to Cl™ in chloride solutions when
sulfate is absent.

Our experiments also indicate Si-based dissolution rates
increase in sulfate brines with increasing salinity and
decreasing activity of water. While Si-based dissolution
rates also increase in dilute NaCl solutions, Si-release rates
in the near-saturated NaCl brine are similar to those
observed in the UPW experiments. These results suggest
Na™ jons in solution likely increase Si-release rates as has
been documented in several previous studies of silicate dis-
solution (Tanaka and Takahashi, 2005; Icenhower and
Dove, 2000; Dove, 1999), but this effect is offset by
decreased water activity. Increased quartz dissolution rates
in the presence of Na™ have attributed to the formation of
Na-SiO3 complexes in NaCl solutions ranging from 0.001
to 1 M, which is significantly more dilute than our near-
saturated 5.7 mol kg~! NaCl brine (e.g. Karlsson et al.,
2001; Icenhower and Dove, 2000; Dove, 1999; Dove and
Nix, 1997; Dove and Elston, 1992). Dove (1999) also
demonstrated cations, particularly Na and Ca, increase
Si-mobilization from silica glass, but Mg reduces the Si-
mobilization rate. In our solutions, all of the cations
released via diopside dissolution (Ca, Mg, and Fe) are sig-
nificantly lower in concentration than Na; therefore, Ca,
Mg, and Fe likely have little influence compared to Na in
our experiments. Based on these experiments and previous
studies. our results suggest Na-brines also increase diopside
dissolution rates.

Similar apparent Si-based dissolution rates in the
5.7 mol kg~! NaCl experiments and UPW experiments are
likely due to precipitation of secondary silicate phases,
including both smectites detected in XRD and SEM and
SiO, spherules detected in SEM. Tanaka and Takahashi
(2005) demonstrated aqueous silica concentrations are dif-
ferent in solutions containing > 0.5M Na depending on
whether the counter ion present is CI~ or SO3~. Silica con-
centrations decreased in the chloride solutions due to silica
polymerization and the formation of cyclic silicate com-
plexes which “salt out” of solution (Tanaka and
Takahashi, 2005). In contrast, aqueous silica concentra-
tions increased in higher salinity sulfate solutions, likely
due to partial hydrolysis of the sulfate ion, which produces
OH  ligands that further solubilize silica (Tanaka and
Takahashi, 2005). A similar “salting out” process may
occur in our 5.7 mol kg~! NaCl brine experiments, where
measured Si(,q) concentrations are highly variable (Fig. 3)
and we observe precipitation of SiO, spherules on dissolved
diopside surfaces with SEM (Fig. 4F.1). Hence, the aqueous
Si variability we observe in the high concentration NaCl
brine experiments may be due to precipitation of these sec-
ondary SiO, spherules and clay minerals, which compli-
cates rate measurements. Based on the textures observed
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B.2 2 mol kg NaCIO,

E.10.35 mol kg' Na,SO,

H.19 mol kg™ CaCl,

Fig. 4. Comparison of unreacted pyroxene chips (A.l and A.2) with pyroxene chips weathered in UPW (C.1 and C.2) and brines including (B)
2molkg~' NaClO,, (D) 0.35molkg™' NaCl, (E) 0.35molkg~' Na,SO,, (F) 5.7molkg™" NaCl, (G) 2.5mol kg~ Na,SO,4, and (H)
9 mol kg~ CaCl,. Pyroxene weathering in perchlorate results in the formation of some clay and altered biotite (B.1) and dissolution of the
pyroxene surface (B.2) The greatest degree of dissolution was observed in 0.35 mol kg~! NaCl, where clay minerals cover weathered pyroxene
surfaces in some areas (D.1) and most pyroxene surfaces are display significant dissolution and denticle formation (D.2). Altered biotite was
observed in UPW (C.1), which supports XRD data. Both (C.2) UPW and (E) 0.35 mol kg~ ' Na,SO, appears less dissolved than 0.35 mol kg !
NacCl, which supports aqueous rate determinations. The scale of denticles for B.2 and E.2 are shown in the inset images. Concentrated
(2.5mol kg~!) Na,SO,4 appears more weathered than (C) UPW and (E) 0.35 mol kg~' Na,SO,, which also supports our rate data. Clay
minerals are common in etch pits (G.1). These pits are common on some surfaces (G.2); however, on other surfaces denticles appear to be
transforming to clay in situ (G.1 inset). Large denticles, comprised of smaller denticles typify dissolution in 5.7 mol kg~! NaCl (F.2). Both clay
minerals and SiO, spherules are detected in 5.7 mol kg~' NaCl, which may explain the differences in Si(aq) between experimental trials (F.1).
Minimal dissolution was observed in 9 mol kg~! CaCl,, including few etch pits on mineral surfaces (H.2) and alteration of the pyroxene
surface to clay (H.1). Together these data suggest aH,O does not solely control pyroxene dissolution.

Table 2

Qualitative assessment of diopside weathering.

Condition aH,O Etch pits Denticles Clay coverage
UPW 1.00 ++ ++ 10%

0.35 mol kg~! NaCl 0.99 +++ +++ 20%

0.35 mol kg™ Na,SO4 0.98 et ++ 20%

2.5 mol kg™! Na,SO4 0.95 ++ ++ 40%

2 mol kg~ NaClO, 0.90 ++ ++ 50%

5.7 mol kg~! NaCl 0.75 + ++ 40%

9mol kg~! CaCl, 0.35 + + 40%

in these high concentration NaCl experiments, including 0.35 mol kg ™! NaCl solution. In addition, the precipitation
some etch pits with moderate denticle formation and of SiO, spherules in these experiments may provide an addi-
moderate-high clay coverage (Table 2), dissolution likely tional mechanism for explaining Si-rich coatings observed

occurs at rates similar to those observed in the on some rocks on Mars (Kraft et al., 2003; Milliken
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contains a 12.34 A clay. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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= Diopside (unreacted) © Na,SO, (aw=0.98) o NaCl (aw=0.99) X CaCl, (aw=0.35)

— UPW (aw=1) ® Na,SO, (aw=0.95) + NaCl (aw=0.75) X NaClO, (aw=0.93)
O Potential Phase Compositions from Webmineral

Ca +Na+K
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O Potential Phase Compositions from Webmineral

Fig. 6. (A) Ternary plot of wt% Ca + Na + K, Fe + Mg, and Al based on EDS data collected in conjunction with SEM analysis indicates
most experiments track along a continuum line between diopside and clay minerals, with an enrichment in Fe and Mg relative to Ca. B) Clay
minerals observed on Mars (Ehlmann et al., 2011) are also Fe/Mg rich, and fall between the potential diopside and biotite weathering trends in

terms of Al content.

et al., 2008; Squyres et al., 2008). Therefore, at circum-
neutral pH, the effects of electrolytes on diopside dissolu-
tion are pronounced.

Fe:Si ratios observed in the 5.7 mol kg~' NaCl experi-
ments are approximately one order of magnitude greater
than in any of the other experiments. This stark increase
in Fe-release in the near-saturated NaCl experiments may
be linked to both the formation of Fe-Cl complexes and/
or the decreased Fe oxidation in high salinity chloride
brines. Variations in observed Fe concentration could also
be due to variations in iron(hydr)oxide colloid particle
sizes, as smaller (<0.2 pm) secondary precipitates could

pass through the filter and subsequently dissolve due to
acidification, while larger colloids would be trapped on
the filter. Pritchett et al., (2012) also observed increased
Fe-mobilization during jarosite dissolution in 5.7 mol kg™
NaCl and 9 mol kg~! CaCl, brines, which they attributed
to Fe complexation by the chloride ion. Similar results were
recently observed in siderite (FeCO3) dissolution experi-
ments as well, where faster dissolution rates were observed
in high salinity 3 mol kg~! MgCl, (¢H,O = 0.73) than in
1.9 mol kg~! MgSO, (aH,O = 0.95) brines (Cullen et al.,
2017). Iron oxide minerals also dissolve faster in chloride
brines compared to perchlorate solutions (Sidhu et al.,



C.M. Phillips-Lander et al./ Geochimica et Cosmochimica Acta 257 (2019) 336-353 347

1981), suggesting strong Fe-Cl complexation. Indeed, we
and many other geochemists commonly rely on Fe-Cl
complex-driven dissolution when we use HCI to clean our
iron-oxide-stained glass and plastic ware. However,
Millero et al., (1995) found that FeCI*" (log K = 0.57)
and FeClJ (0.13) complexes are significantly less likely to
form than FeSO; (2.58) and Fe(SO4); (3.54) in solutions
up to seawater concentrations (I = 0.72 M), which suggests
Fe-Cl complex formation may not be the sole driver of
greater Fe-mobilization rates in brines. Despite these pre-
dictions, aqueous Fe concentration data and dissolution
rates observed in this and other studies (Sidhu et al.,
1981; Pritchett et al., 2012) suggest Fe-Cl complexation is
an important mechanism for dissolving Fe-bearing
minerals.

However, decreased oxygen solubility in solutions with
increasing salinity and decreasing activity of water (Geng
and Duan, 2010) may also result in higher apparent
Fe-release rates. Decreased oxygen solubility in the
near-saturated NaCl brine could lead to higher aqueous Fe
concentrations since the Fe** ions released from the diopside
are less likely to oxidize to form less soluble Fe". While sim-
ilar quantities of Fe>" may have been released to solution in
the other solutions, it likely oxidized quickly and reprecipi-
tated in a secondary reaction product due to higher oxidation
states in the solution, resulting in slower apparent Fe-based
dissolution rates and highly incongruent aqueous ion ratios.

Finally, a third possible explanation for elevated Fe:Si
ratios in Cl versus sulfide brines relates to the possible role
of the anion in oxidation kinetics. Fe*" has been shown to
oxidize more quickly in sulfate-rich solutions compared to
solutions containing chloride or nitrate (Le Truong et al.,
2004). Peroxide (H,O,) is produced during the sequence
of reactions following Fe(II) oxidation by O,; therefore
the presence of sulfate in the brines may have accelerated
Fe oxidation and removal through precipitation in our
experiments. On the other hand, previous studies suggested
chloride or sulfate had little impact on iron oxidation under
conditions where H,O, may also have formed (e.g., Craig
et al., 2009). Since O, solubility also decreases in chloride
brines, ferrous iron may remain in solution for longer peri-
ods of time, resulting in higher aqueous Fe concentrations
since Fe’' is significantly more soluble than Fe*"
(Morgan and Lahav, 2007). Therefore, the combination
of increased chloride complexation, decreased O, solubility,
and slower oxidation rates in the 5.7 mol kg™' NaCl brine
likely contributes to the increase in aqueous Fe:Si observed
in these experiments. This suggests redox processes also
play a role in Fe-mobilization in high salinity brines. How-
ever, the effects of chloride complexation, O, solubility, and
oxidation kinetics cannot be fully disentangled based on
these experiments. Experiments directly comparing dissolu-
tion rates in chloride brines with varying levels of O, would
be required to determine the independent roles of O,(,q) and
chloride complexation in high salinity brines.

4.1.1. Activity of water influences aqueous dissolution rates

Based on our results, solution cation and anion chem-
istry clearly influence diopside dissolution at circum-
neutral pH. Water activity likely also plays a role, however,

the effects of varying activity of water are more difficult to
discern from these experiments. Very slow diopside dissolu-
tion was observed in the lowest water activity experiments
(9 mol kgf1 CaCl, brines, aH,O = 0.35), as cations were
below detection limits and SEM analysis revealed little evi-
dence of diopside weathering (Fig. 4). Conversely, the near-
saturated 5.7 mol kg~' NaCl brine (aH,O =0.75), UPW
(aH,0 = 1), and 0.35 mol kg~! Na,SO, (aH,O = 0.99) all
have similar Si-based dissolution rates. In addition, Si
spherules observed in SEM images from the 5.7 mol kg~
NaCl dissolution products suggest Si likely precipitated
from solution, thus lowering the observed dissolution rate.
Therefore, pyroxene likely dissolved faster in both the near-
saturated 5. 7molkg™! NaCl (aH,0=0.75) and
2.5mol kg™' Na,SO,4 (aH>O =0.9) brines than in UPW.
Overall, these observations demonstrate that activity of
water does not strongly influence diopside dissolution rates
in near-neutral solutions until solutions reach extremely
low values of water activity (<0.75); instead, ion chemistry
and/or O, solubility have stronger effects on dissolution
rates. In particular, the varying effects of CI~ and SOz~
on Ca, Mg, and Fe released from the diopside structure
underscore the role of specific ion-ligand interactions in
moving atoms from the mineral surface to solution. The
slow rate of diopside dissolution in 9 mol kg~! CaCl, may
also be due to the common ion-effect with Ca in both the
mineral and abundantly in solution. This suggests water
molecules act as relatively weak ligands in facilitating diop-
side dissolution in near neutral solutions compared to chlo-
ride and sulfate complexes.

4.2. Pyroxene dissolution textures reflect dissolution rates

Previous textural studies of pyroxene dissolution have
focused primarily on quantitative textural analyses
(Phillips-Lander et al., 2017; Velbel and Losiak, 2010;
Velbel, 2007; Schaetzl et al., 2006; Mikesell et al., 2004;
Hall and Horn, 1993; Argast, 1991; Hall and Michaud,
1988), including statistical analyses of measurements of
the apparent apical angle and length of denticles, tooth-
like structures formed on the margins of etch pits. In a
meta-analysis of previously measured apparent angles,
Velbel and Losiak (2010) noted these quantitative measures
of weathering textures do not vary systematically with min-
eral composition. Phillips-Lander et al., (2017) extended
this work to show denticle apical angle also does not vary
systematically with solution chemistry; however, denticle
length does generally correlate with extent of aqueous alter-
ation (i.e. reaction progress) regardless of solution condi-
tions. While these previous quantitative assessments have
focused on a fairly narrow-range of dissolution parameters,
qualitative assessments of mineral weathering can include
grain shape, etch pits, grooves, fractures, and clay mineral
surface coverage to assess weathering (Phillips-Lander
et al., 2014; Ando et al., 2012; Velbel, 2007). These weath-
ering textures can be observed at a variety of scales from
sub-micron to cm that indicate progressive dissolution
(Velbel, 2007; Ando et al., 2012).

Our qualitative assessment of pyroxene dissolution tex-
tures supports our aqueous dissolution rates, suggesting
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the extent of diopside weathering and reaction products
follows the following progression from least to most
weathered: 9 mol kg~! CaCl, < 5.7 mol kg~ NaCl < UPW
~ 2molkg™! NaClO, =~ 25molkg™' Na,SO,<
0.35 mol kg~! Na,SO4 < 0.35 mol kg~! NaCl. These rela-
tive comparisons in qualitative weathering textures gener-
ally follow the same relative relationships observed in the
dissolution rate data (when available), with the exception
of the 2.5molkg™' Na,SO, experiments which showed
the fastest Si-based dissolution rates. Therefore, we can
infer relative minimum diopside dissolution rates in the
9 mol kg~' CaCl, and 2 mol kg~' NaClO, based on these
qualitative assessments of weathering textures. Based on
the textural observations, we predict diopside dissolves rel-
atively slowly in near-saturated CaCl, brines, likely due to a
combination of both low activity of water (~0.35) and high
Ca activity which inhibits release of Ca and other cations
into solution from the diopside surface. Likewise, we infer
diopside dissolution rates are moderate in NaClOy4 brines,
comparable to rates observed in UPW and dilute Na,SO,,
based on moderate etch pit and denticle formation com-
bined with significant clay mineral coverage. Our qualita-
tive data indicate minor dissolution and secondary clay
formation occurs in perchlorate brines, on par with
UPW. This supports interpretations that perchlorate essen-
tially acts as an inert ion in solution (Gowda et al., 1984)
and that aH,O governs pyroxene dissolution in perchlorate
brines. Phillips-Lander et al. (2017) indicated perchlorate
may enhance denticle lengths, which could mislead esti-
mates of the duration of aqueous alteration on Mars and
in martian meteorites. However, when these data are placed
in a broader qualitative context that accounts for dissolu-
tion textures and formation of secondary clay minerals, it
becomes clear dissolution rates in perchlorate are slow.

4.3. Pyroxene weathering products in chloride and sulfate
brines

Both limited pyroxene and biotite alteration occurred in
UPW, as no clays were observed in XRD in addition to
the biotite; biotite was also evident in the SEM and EDS
data (Figs. 5 and 6). However, more rapid aqueous alter-
ation in sulfate, chloride, and perchlorate brines resulted in
clay minerals forming on the diopside surface during disso-
lution (Figs. 4 and 5; Velbel and Barker, 2008). Likely, these
surface-associated neoformed clays were not detected by
XRD. The variation in d-spacing and sharpness of peak pro-
files of the clay minerals observed in the XRD analyses of the
chloride and sulfate brine experiments can be explained by
progressive alteration of biotite. The ~15 A d-spacings are
consistent with complete conversion to vermiculite, while
the ~ 12.3 A spacing seen in the more concentrated brine
matches expectations for hydrobiotite, a mixed-layer
vermiculite-biotite that forms through progressive biotite
alteration (e.g., Brindley et al., 1983). Peak height increases
with increasing alteration generally follow expected trends
for the expected increase in X-ray scattering from a similar
number of biotite and vermiculite 2:1 phyllosilicate layers.

While clay mineral d-spacing varies between chloride
and sulfate brines (Fig. 5), clay mineral chemistry is gener-

ally similar in all the experimental conditions (except
UPW), suggesting clay mineral composition is not diagnos-
tic of solution chemistry or activity of water. Biotite alter-
ation may also be observed, particularly in the UPW and
NaClO, experiments, where biotite appears to have lost
Fe/Mg. Additional measurements with significantly ele-
vated Al may also be the products of biotite alteration in
NaCl and NaSO, brines. The series of low Al, high
Fe/Mg composition analyses may represent diopside alter-
ation, where Ca, Na, and K have been leached from the
diopside and/or neoformed clays containing higher concen-
trations of Mg and Fe and slightly more Al precipitated on
the surface (Fig. 6). Increasing pH conditions within the
experiment over time may have also affected the formation
of secondary clay minerals. While we did not measure pH
directly in the experiments over time, reaction path model-
ing suggests that pH conditions likely evolved towards pH
7-9, where silica solubility begins to increase, thus facilitat-
ing neoform clay precipitation from solution. Overall, the
precipitation of secondary clay minerals on diopside sur-
faces suggests significant diopside dissolution occurred,
even in high salinity experiments with very low water activ-
ity. In addition, the increased clay coverage observed in the
higher salinity experiments suggests that diopside dissolu-
tion in high salinity brines may result in “‘salting out” of
abundant clay minerals due to the high ion concentrations
in solution. As the diopside dissolves and adds ions to the
already near-saturated brine, the solution quickly becomes
saturated with respect to clay minerals (and potentially
other mineral phases), resulting in secondary mineral
precipitation.

4.4. Implications for Mars

Previous studies of mineral dissolution in high salinity
brines have focused primarily on dissolution in near-
saturated chloride brines, which lead to a clear correlation
between dissolution rate and activity of water (Olsen et al.,
2015; Steiner et al., 2016; Miller et al., 2016; Pritchett et al.,
2012). More recent studies of mineral dissolution in chlo-
ride and sulfate brines (e.g. Phillips-Lander et al., 2018;
Cullen et al., 2017) have demonstrated that both solution
chemistry and water activity can influence carbonate disso-
lution rates. This study shows diopside dissolution rates are
more strongly affected by ion chemistry than water activity,
as Si-based dissolution rates increase with increasing Na,-
SO, concentration, likely due to increased Na-SiOj;, Ca-
SO4, and Mg-SO4 complexation at the mineral-solution
interface. Abundant weathering textures observed in both
dilute and near-saturated NaCl suggest that significant
diopside dissolution also occurs in NaCl brines. Si-release
rates in 9 mol kg~! CaCl, brines were lower than the detec-
tion limit, suggesting activity of water may have some effect
on diopside dissolution rates, but these effects are weaker
than other variables until the activity of water drops below
0.75. However, high aqueous Fe concentrations observed in
the 5.7 mol kg~' NaCl brine experiments are likely due to
Cl-complexation and/or low oxygen solubility.

Our experiments demonstrate that diopside dissolution
and secondary clay precipitation are amplified in NaCl
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and Na,SO, brines likely due to the effects of sulfate on Si-
polymerization, formation of Na-SiO3 complexes, low O,
solubility, as well as the formation of aqueous Ca-, Mg-,
and Fe- complexes with sulfate and chloride. These com-
bined effects lead to relatively fast dissolution rates in Na,-
SO, and NaCl solutions, even as the activity of water
decreases. Therefore, the persistence of pyroxene minerals
associated with alteration phases (salts and clay minerals)
on the surface of Mars and in SNC meteorites indicates
aqueous alteration either occurred in very low aH,O brines
(e.g. near-saturated CaCl,) or was very brief. The presence
of opal-A nanoparticles (Lee et al., 2015; Thomas-Keprta
et al., 2000) and halite (Gooding et al., 1991) in the Nakhla
meteorite may indicate weathering in high salinity chloride
brines where SiO, may salt out even at circumneutral pH.
This interpretation supports the assessment that dissolution
within the Nakhla parent-rock occurred in circumneutral
pH saline solutions over a geologically short time interval
(Lee et al., 2015; Bridges and Schwenzer, 2012; Bridges
et al., 2001).

Both pyroxene and sulfate minerals are also present in the
John Klein and Cumberland drill samples in the Yellowknife
Bay formation, Gale Crater (Vaniman et al., 2013). Pyrox-
ene weathering in both chloride and sulfate brines preferen-
tially releases calcium to solution relative to magnesium
(Fig. 3), which may explain the prevalence of calcium sul-
fates in secondary veins observed in Gale Crater and Merid-
iani Planum. Sulfate minerals likely formed via diagenesis
are commonly preserved as nodules along fractures in the
Cumberland outcrop and occur as veins throughout Yel-
lowknife Bay (Nachon et al., 2014). More recently, basaltic
minerals have been also been detected in association with
sulfate minerals in the Murray Formation, which was attrib-
uted to aqueous alteration (Rampe et al., 2017). Given the
rapid pyroxene dissolution rates observed in high-salinity
sulfate brines, post-depositional alteration within Gale Cra-
ter was likely limited in duration and/or restricted to areas
directly associated with fractures to preserve pyroxene in
the sediments. During these limited alteration events, high
salinity sulfate brines interacting with Ca-bearing pyroxenes
may have leached sufficient Ca from the minerals to precip-
itate the Ca-sulfate veins and nodules observed in the Gale
Crater rocks (Hausrath et al., 2017).

More broadly, similar studies of carbonate dissolution
(Phillips-Lander et al., 2018) in conjunction with this study
on diopside dissolution, indicate rapid mineral dissolution
occurs in circum-neutral pH sulfate brines even as activity
of water decreases. These weathering reactions release
cations to solution, which may precipitate as secondary sul-
fate or clay minerals. Therefore, the presence of sulfate min-
erals alone is not indicative of acidic weathering conditions
on Mars. Additional lines of evidence, including the pres-
ence of minerals known to form only under acidic condi-
tions, such as alunite and jarosite, are required to infer
acid-sulfate weathering occurred in a given location. Diop-
side weathering in brines on Mars also has important impli-
cations for habitability because the dissolution of pyroxene
could release redox-sensitive elements into solution (e.g.,
Fe, Mn), which are energy sources for chemolithotrophic
organisms (Gomez et al., 2012).
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