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Dissertation Summary

The sedimentary structures and mineralogy of the Martian surface record a complex and
inconsistently active hydrosphere throughout the planet’s history (Bibring et al., 2006; Elwood
Madden et al., 2009). Phyllosilicates in particular are useful for interpreting the influence water
has had on the planet, and have been detected using remote sensing, as well as ground-based
lander and rover analyses (Bishop, 2018; Bishop et al., 2008). On Earth, phyllosilicates have
been studied extensively, not only because of their economic value, but also because they are a
product of the fluids they formed in as well as the fluids they have been subsequently exposed to

(Ayari et al., 2007; Kerr, 1952; McKinley et al., 1999).

The fluid chemistry of the Martian hydrosphere likely differed from Earth’s significantly,
thus, interpretations of aqueous alteration derived from common terrestrial analogues may not
fully reflect aqueous alteration on Mars. In the geologic past, Mars likely had a wetter (and
possibly warmer) climate which transitioned into a present-day cold and dry climate (Carter et
al., 2015). As water became increasingly restricted, fluids would have become increasingly
briny. This desiccation would have led to temporally and spatially variable fluid chemistries,
multiple aqueous alteration mechanisms, and therefore multiple pathways for alteration of

phyllosilicates (Bristow et al., 2021).

This dissertation examines aqueous processes which may have influenced and/or continues to
influence phyllosilicates on Mars. Through a series of investigations, techniques including X-ray
diffraction (XRD), Environmental Scanning Electron Microscopy (ESEM), Raman spectroscopy
and elemental fluid composition via Inductively Coupled Plasma — Optical Emission

Spectrometry (ICP-OES) are used to determine the effects of brine exposure to kaolinite
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(Al2Si205(0OH)4), nontronite (Nao sFe"'2(Sis.sAlo.4)010(0H)2), and montmorillonite

(Nao.4(Al1.6Mgo.4)Sis010(OH)2) (Essington, 2015).

Chapter 1 details two sets of experiments which were conducted to investigate how rock-
fluid interactions on Mars could have facilitated precipitation of Ca-sulfate phases such as
gypsum. It was found that brine concentration as well as the specific cation/anion pairing
influenced cation exchange by montmorillonite. Chapter 1 has been published in The Planetary
Science Journal (Geyer et al., 2023). In Chapter 2, ESEM was used to observe cation exchange
facilitated by the deliquescence of a salt. A sample of montmorillonite mixed with a Na>SO4 or
MgSOs salt underwent a cycle where relative humidity was increased from 3% to 100% and
back to 3%. During this relative humidity cycle, in the absence of liquid water, the salt
deliquesced and exchanged Na* or Mg?* with the montmorillonite. As cation exchange occurred,
the Ca?* originally in the montmorillonite grain migrated out of the grain and formed new
gypsum crystals. Chapter 2 has been submitted for publication in Clays and Clay Minerals and is
currently under review. Chapter 3 investigated potential aqueous alteration of kaolinite by
twelve brines at 25°C and 100°. It was found that an interdependent relationship exists between
temperature and brine concentration which significantly influenced kaolinite alteration,
specifically, the preferential Al release from the kaolinite. Finally, Chapter 4 details a similar set
of experiments to those in Chapter 3, except the clays reacted were montmorillonite and
nontronite. Here it was found that both illite formation during dissolution as well as preferential
release of different elements by montmorillonite and nontronite was significantly influenced by

temperature-brine dependent smectite alteration pathways.
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106  Abstract

107 Phyllosilicates on Mars record a complex history of aqueous activity, including at Gale crater
108 and Meridiani Planum, where stratigraphic differences in clay mineralogy have been recorded in
109  outcrops that also contain calcium sulfate minerals. Thus, characterizing associations between
110  phyllosilicates and calcium sulfates may provide constraints useful for constraining the

111 geochemical environments that formed these outcrops. Previous studies have documented

112 calcium sulfate precipitation as a result of clay-salt-atmospheric H2O interactions, but the

113  composition of brines throughout Mars’ history would have depended on the volume of water
114  available on the Martian surface. Variations in brine composition likely influence the type and
115  extent of reactions between the brines and minerals they come in contact with. To better

116  understand how clay—brine interactions affected near-surface mineral assemblages on Mars, we
117  performed two sets of experiments. The first set of experiments examines the effect of differing
118  total brine concentration and the second set explores variations in Na* and SO4 concentrations
119 independently. The results of this study show that gypsum readily forms due to cation exchange
120  between montmorillonite and Na2SO4 brines of any concentration, but only near saturated

121 MgSOs4 brines produced gypsum, and these also produced higher quantities of epsomite.

122 Additionally, we found that the amount of gypsum produced from clay—Na>SO4 brine reactions
123 was more strongly influenced by SO4? than Na* or CI- concentrations. Understanding how

124 rapidly gypsum forms as a product of clay-brine interactions, as well as the influence of SO4> on

125  cation exchange, will aid interpretations of sediments and environments observed on Mars.



126 1. Introduction

127 The spatial and stratigraphic heterogeneity of phyllosilicates and sulfate minerals on Mars is
128 illustrative of a complex relationship between Mars’ rock units and its hydrosphere. Several

129  phyllosilicates have been identified, including different varieties of smectites, namely

130  montmorillonite, saponite, and nontronite (Bibring et al., 2006; Janice L. Bishop et al., 2008;
131  John Carter, Loizeau, Mangold, Poulet, & Bibring, 2015). A variety of sulfate minerals have

132 been observed on Mars including Kieserite, szomolnokite, polyhydrated sulfates consistent with
133  starkeyite, hexahydrite, or rozenite (Janice L Bishop et al., 2009; Murchie et al., 2019), gypsum,
134  bassanite (J. Carter, Poulet, Bibring, Mangold, & Murchie, 2013; S. W. Squyres et al., 2004;

135 James J Wray et al., 2010) and anhydrite (Rampe et al., 2020). Gypsum has been identified at the
136  Olympia Undae North Polar Dunes (Langevin, Poulet, Bibring, & Gondet, 2005), Noctis

137  Labyrinthus west of Valles Marineris (Weitz, Bishop, & Grant, 2013), Gale Crater (D. T.

138  Vaniman et al., 2018), and Meridiani Planum (S. W. Squyres et al., 2004). Terrestrial clay

139  minerals are commonly interpreted as products of aqueous chemical weathering and it is likely
140  similar processes influenced clay mineral formation on Mars (Cornelius, Hurlbyt, & Klein, 1977,
141 Grim, 1968). Noachian age clay-bearing units in Gale Crater and Mawrth Vallis are commonly
142 interpreted as products of authigenic lacustrine diagenesis. Alternative formation mechanisms
143  such as hydrothermal alteration, burial diagenesis, pedogenesis, or detrital (eolian or alluvial)
144  transport have been proposed for the wide variety of phyllosilicates observed across Mars

145  (Murchie et al., 2019) and no single process likely describes the origin of all clay mineral

146  assemblages on Mars (Thomas F Bristow et al., 2015; Thomas F. Bristow & Milliken, 2011;

147  Ehlmann et al., 2011; Grotzinger et al., 2014). Several outcrops on Mars exhibit phyllosilicates
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associated with sulfates, including Gale Crater (Rampe et al., 2020), Mawrth Vallis (James J

Wray et al., 2010), and Noctis Labyrinthus (Weitz, Bishop, Thollot, Mangold, & Roach, 2011).

Spatial and temporal variations in fluid chemistry may also have influenced clay mineralogy
on Mars. There is evidence that aqueous chemistry evolved over time to form high salinity fluids
(brines) due to evapo-concentration, mineral hydration reactions, and freezing, decreasing the
availability of liquid water in near-surface environments. As the total volume of liquid water
decreased, salt concentrations in the remaining water would have increased, progressing towards
hypersaline conditions, and ending with precipitation of the salts (Ehlmann et al., 2011,

Hurowitz et al., 2017; Michalski & Noe Dobrea, 2007).

Reactions between brines and primary rocks, clays, and other secondary minerals have likely
left a detailed, though complicated, record of water on Mars. Part of that record can be
interpreted through investigation of clay-brine reaction products. The close relationship between
clay minerals and hydrated sulfates has been observed across the Martian surface and studied in
detail at locations such as Gale crater and Meridiani Planum (Andrews-Hanna, Phillips, & Zuber,
2007; S. Squyres et al., 2004; D. T. Vaniman et al., 2018; J. J. Wray et al., 2009). It is thought
that brines have also influenced smectite mineralogy after their initial deposition, affecting
smectite stratigraphic distribution (Thomas F Bristow et al., 2015; V. M. Tu et al., 2021) as well
as producing Mg/Ca-sulfate concretions within the rock units (Nachon et al., 2014; S. P.
Schwenzer et al., 2016). For example, Al-rich smectites are commonly observed overlaying
Fe/Mg-rich smectites on Mars; this progression could be the result of alteration by transitory
brines (Janice L. Bishop et al., 2008; T. Bristow et al., 2021; John Carter et al., 2015; V. M. Tu et
al., 2021). While gypsum is considered an evaporite mineral that commonly forms from brines

on Earth, the mechanism(s) and fluids which provided Ca?* to SO4% laden fluids is not uniform



171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

across Mars (Fishbaugh, Poulet, Chevrier, Langevin, & Bibring, 2007; Gendrin, Mangold,
Bibring, Langevin, & et al., 2005; D. T. Vaniman & Chipera, 2006). For instance, sediments at
Gale Crater are thought to have been deposited in a lacustrine environment, but the presence of
Ca-sulfate minerals occurring in the rock matrix, as nodules or as fracture fill, indicates several
different diagenetic environments pre— and post-lithification (T. Bristow et al., 2021; Thomas F
Bristow et al., 2015; S. P. Schwenzer et al., 2016; D. T. Vaniman et al., 2018). Compared to Gale
crater, an even more complex record of water has been interpreted at Meridiani Planum where up
to four short-lived episodes of groundwater fluctuations may have been needed to create the
observed chemically distinct stratigraphic sections (Andrews-Hanna et al., 2007; M. Elwood
Madden, Bodnar, & Rimstidt, 2004; M. E. Elwood Madden, Madden, & Rimstidt, 2009;
Grotzinger et al., 2005; McLennan et al., 2005; Squyres & Knoll, 2005). The effects of different
diagenetic processes may be distinguished by determining the gypsum formation mechanism at

play, including gypsum precipitation as a product of clay-brine reactions (Deocampo, 2015).

Previous studies have shown that clay-brine interactions can readily form calcium sulfate
minerals through cation exchange, even in the absence of liquid water (Chipera et al., 1997,
Wilson and Bish, 2012). In Wilson and Bish (2011) smectite was mixed with a Mg-sulfate salt
prior to XRD analysis as relative humidity was cycled; gypsum was observed to form in these
experiments even in the absence of liquid water (Wilson & Bish, 2011). A later study by Wilson
and Bish (2012), found that besides forming hydrated CaSO4 minerals, H2O exchange between
Mg-sulfate minerals and a Ca-smectite might also buffer relative humidity on Mars. Cation
exchange driven alteration of clays caused by evolving brine chemistry as the prevalence of free
water changed throughout Mars’ history may also explain the heterogeneous nature of Martian

smectites. During Noachian wet periods, acidic weathering of basalt likely liberated Na*, Mg?*,
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Ca?*, SO4% and CI" ions into solution (Thomas F Bristow et al., 2015; Zolotov & Mironenko,
2016). Later, a drier climate beginning in the Hesperian, reduced the volume of lakes and
lowered the water table through evaporation/sublimation; the resulting brine compositions would
have evolved as the remaining free water volume decreased as well as interactions between pore
waters and sediments. Chemical stratification of the water column, caused by intermittent wet

periods, may also have resulted in stratigraphically different clay-brine interactions.

The temporally and chemically transient nature of brines and their reactions with clays could
explain the provenance of gypsum coincident with clay deposits on Mars. Cation exchange has
been previously found to dominate reactions between nontronite (an Fe-smectite) and MgSO4
brine (D. Vaniman, Bish, Chipera, & Rearick, 2011); similarly, exchange of Na* for smectite
bound Ca?* is believed to enrich Ca?* concentrations in hypersaline lake waters in Antarctica’s
McMurdo Dry Values, a terrestrial Mars analogue site (Tu, Ming, & Sletten, 2021). Gypsum
formation has also been observed as a result of cation exchange between montmorillonite and
hydrated Mg-sulfate salts in the absence of liquid H.O (Wilson & Bish, 2011). As brines formed
and became enriched in Mg?* and Na* through evaporation and diagenesis and interacted with
clays, Mg?* would have readily exchanged with clay bound Ca?*. Similarly, as brines became yet
more concentrated, Na* would have also exchanged for Ca*. Thus SO4> laden pore waters may

have become enriched with Ca?* eventually leading to CaSO4 mineral precipitation.

To further test this hypothesis, we investigated the effects of varying cation and anion
concentrations within brines on cation exchange mechanisms and controls on gypsum
precipitation resulting from clay-brine interactions. We focused on smectites because they often

contain exchangeable Ca?* and their specific composition provides detailed information that can
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aid interpretations of both formation fluid chemistry and subsequent diagenetic fluid

composition.
2. Materials & Methods

2.1 Brines

Most aqueous fluids active near the surface of Mars, both in the geologic past and the
present, were/are likely salty (Schwenzer et al., 2016, Wang et al., 2006, Schwenzer et al., 2012).
It is improbable that one singular brine composition is responsible for the spatial and
stratigraphic variability of the mineralogy seen on Mars (Schwenzer et al., 2016, Schwenzer et
al., 2012, Squyres et al., 2004b). Therefore, this study employed MgSQO4, NaCl, and Na;SO4
brines in different concentrations and ratios to study the effects of clay reaction with brines,
representing different diagenetic conditions on Mars. MgSO4 and Na>SQO4 brines were chosen
due to their potential presence on Mars and abundant sulfate, as well as the cations involved.
Cation exchange and selectivity in clays is complex and highly variable even within a specific
clay group the cations and concentrations used in this study were chosen based on the conceptual
model: Na* > Ca?" > Mg?* (Appelo & Postma, 2004; Singh & Turner, 1965; Sposito, Holtzclaw,
Charlet, Jouany, & Page, 1983; Suarez & Zahow, 1989; Tang & Sparks, 1993). Where Na* is the
most likely to exchange into the interlayer from solution, followed by Ca?*, and then Mg?",
which is the least likely ion to move from solution into the interlayer due to a combination of

size, charge, and hydration sphere effects.

To better constrain the factors that influence clay-brine interactions on Mars, two sets of
experiments were conducted. The first investigated MgSO4 and NaxSO4 brine-smectite reactions

at varying total salt concentrations (0.1 M, 0.2 M, and 2.0 M Na SO, as well as 0.1 M, 0.3 M,
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and 3.0 M MgSOsu, see Table 1). These reactions are referred to as “variable brine concentration”
experiments. The second set of experiments, referred to as “variable cation/anion concentration”
experiments, investigated the influence of individual cation/anion concentrations on gypsum
precipitation. We analyzed the resulting solids with Raman and XRD, both of which are

currently available for in-situ analyses on Mars (Marshall & Olcott Marshall, 2015).

Table 1. Molar concentrations for the six brines used in the brine concentration experiments.

Water activities calculated based on Guendouzi et al. (Guendouzi, Mounir, & Dinane, 2003)

Brine MgSO4 (M) Na2SO4 (M) a H20

a 0.1 0 1.00
b 0.3 0 0.99
c 3.0 0 0.91
d 0 0.1 1.00
e 0 0.2 0.99
f 0 2.0 0.91

To investigate the effects of varied individual cation and anion concentrations we also
prepared brines with independently varying Na* and SO4?* concentrations by adding chloride
salts (Table 2). Substitution of Na2SO4 with NaCl was used to manipulate Na* concentrations
independently of SO42 concentrations. NaCl was used because, for the purposes of this study, CI-
can be considered conservative. Of the ten separate brines prepared, Brines 1-5 had constant
S04? concentrations and linearly increasing Na* concentrations, while Brines 6-10 had constant
Na* concentrations and linearly increasing SO4?* concentrations; all had similar water activities

(Table 2).

All brines used in this study were prepared by adding high—purity salts to 18.2 MQ-H>0 in

appropriate quantities to yield the desired concentrations. Brines were allowed to equilibrate for
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>24 hours to ensure complete dissolution before filtering with a 0.45 pm filter and subsequent

reactions with smectite.

Table 2. Molar ion concentrations for variable cation-anion concentration experiments. Water

activities calculated based on Guendouzi et al. (Guendouzi et al., 2003)

Brine Solution Na*(M) SO+ (M) CI° aH20

1 0.6 0.3 0.0 0.99

= 2 0.8 0.3 02 0.98
§ ks 3 1.0 0.3 04 0.98
g 4 1.2 0.3 0.6 0.97
5 1.4 0.3 0.8 0.96

6 1.0 0.1 08 097

2 7 1.0 0.2 06 0.97
8 3 8 1.0 03 04 098
g 9 1.0 04 02 0098
10 1.0 0.5 0.0 0.98

2.2 Smectite

We used Ca-montmorillonite “SAz-1" (Apache County, Arizona USA)
[(Cao.39Nan 36Ko0.02) (Al2.71Mg1.11Fe0.12Mno.01 Tio.03) (Sig) O20(0OH)4] obtained from the Clay Minerals
Society (Mermut, 2001a, Mermut, 2001b, Chipera and Bish, 2001) as our model smectite phase.
While other smectites such as nontronite and saponite are observed in greater abundances than
montmorillonite on Mars (Bibring et al., 2005), SAz-1 was chosen for several reasons. First,
SAz-1 is relatively pure compared to other widely available smectite clay standards and second,
it will allow direct comparisons to previous studies of cation-exchange induced gypsum
formation (Wilson and Bish, 2012, Wilson and Bish, 2011, Garrels and Christ, 1965, Lafuente et
al., 2015). Lastly, SAz-1 is similar in structure and layer-charge to nontronite and saponite
(Grim, 1968, Essington, 2015). While both nontronite and montmorillonite are dioctahedral

smectites, saponite is trioctahedral; however, cation exchange behavior should be similar across
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all three mineral species since it is primarily controlled by the magnitude of the layer-charge and
the ion concentration of the fluid involved, not the source of the layer charge. In addition, SAz-1
exhibits some of the highest cation exchange capacity (CEC) observed in clays- 110-123
cmolekg™? (Essington, 2015; Mermut, 2001), whereas other smectites such as nontronite have

slightly lower CEC values between 75-96 cmolekg™ (Bischoff, 1972).

We saturated the SAz-1 with Ca?* by allowing the clay to react with ~3.5 M CaCl; for 24
hours followed by four cycles of washing with 18.2 MQ H>0, then centrifugation at 10,000 RPM
for 20 minutes and decanting the supernatant. After washing, the Ca-exchanged SAz-1 was

freeze-dried using a Labconco freeze dryer.

2.3 Analyses
Clay-brine pastes were created by mixing 0.5 g of clay with 0.5 mL brine and mixing
thoroughly using a vortex mixer for 30 seconds. We analyzed the samples immediately using

powder XRD and Raman spectroscopy to characterize the reaction products.

We used a Rigaku Ultima IV X-Ray diffractometer (Cu tube, 40 kV and 44 mA, curved
graphite monochromator) to analyze the mineralogy of the samples via powder XRD. XRD
slides were prepared following the smear technique (Moore and Reynolds, 1997) and analyzed
immediately. XRD patterns were interpreted using MDI Jade Pro with the ICDD PDF4+
database; mineral phase weight percent were calculated using FULLPAT (Chipera and Bish,
2002). It is worth noting that one of the key diagnostic XRD peaks for smectites, the 001 basal
reflection, is sensitive to both cation saturation and relative humidity; however, Chipera, Carey
& Bish (1997) demonstrated Ca-exchanged SAz-1 001 spacing to be stable in laboratory

conditions (Chipera et al., 1997, Moore and Reynolds, 1997). Thus, for the time scales involved
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in these analyses (<4 hours), any shift detected in the 001 reflection can be ascribed to a change

in the intercalating cation (Moore and Reynolds, 1997).

We used a Renishaw InVia Raman microscope equipped with a 500 mW 785 nm red laser
and 1200 I/cm grating centered at 900 cm™ to acquire Raman spectra from 300 to 1500
wavenumbers. The laser was set at 1% power to minimize sample heating and possible mineral
degradation. Immediately before Raman analysis SAz-1 and the individual brines were mixed to
a paint like consistency on a glass slide. Spectra were collected for 300 seconds, with repeat

sampling to determine if laser-induced alteration occurred.
3. Results

3.1 Variable Brine Concentration Experiments

Gypsum was observed in all of the variable brine concentration NaSO4 experiments (0.1 M,
0.2 M, and 2.0 M Na2SOs). However, of the MgSOa clay-brine mixtures, only 3.0 M MgSOg4
produced detectable gypsum (~2 wt%) along with 58 wt% epsomite (MgSO4+7H20) (Table 3;

Figure 1).
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309  Figure 1. XRD patterns (A&B) and Raman spectra (C&D) collected from the clay-brine pastes.
310  A) variable MgSOs brine concentration experiments and B) variable Na2SO4 brine concentration
311  experiments; dashed black box in A & B highlighting characteristic gypsum 7.6 A peak observed
312  at~11.7 20. C) Full Raman spectra collected for the 18.2 MQ H20, 3.0 M MgSO4 and 2.0 M

313  Na2SOg brines mixed with Ca-exchanged SAz-1. RRUFF gypsum (dashed line) and epsomite
314  (dotted line) included for reference (Lafuente et al., 2015). Note the broad peak at ~415-450 cm'*
315 and intense peaks observed at ~980 and ~1008 cm™, black box highlighting area shown in D. D)
316  Close up of characteristic vi (S04%) symmetric stretching peak for gypsum and hydrated SO4%.
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318  peak at 980 cm is common for many SO42 compounds as discussed in Section 3.1.
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Table 3. Mineral phases observed in variable brine concentration experiments (wt %).

Brine with SAz-1 Montmorillonite Quartz Gypsum Epsomite
Ca-exch SAz-1 (starting) 98% 2% 0% 0%
18.2 MQ H20 98% 2% 0% 0%
0.1 M MgSOg4 98% 2% 0% 0%
0.3 M MgSOg4 98% 2% 0% 0%
3.0 M MgS0O4 38% 2% 2% 58%
0.1 M NaxSOg4 90% 2% 8% 0%
0.2 M NazSO4 89% 2% 9% 0%
2.0 M NaxSOg4 90% 2% 8% 0%

Raman spectra of Ca-exchanged SAz-1 reacted with 18.2 MQ H>O exhibited peaks typical of
SAz-1, such as the SiO4 and Al,Os structural lattice modes at 435 cm™ and 700 cm™, while
lacking any vibrational modes associated with SO4% (Janice L Bishop & Murad, 2004) (Figure
1c,d). Raman spectra of the 3.0 M MgSO4 and 2.0 M NaxSOj4 clay-brine mixtures clearly exhibit
a v1(S04%) peak at 981 cm™ as well as a characteristic gypsum peak at 1007 cm™* (Ben Mabrouk,
Kauffmann, Aroui, & Fontana, 2013; Lafuente, Downs, Yang, & Stone, 2015; Wang, Freeman,

Jolliff, & Chou, 2006)(Figure 1d).

Epsomite formation was only observed in the 3.0 M MgSO. XRD analysis (Figure 1a).
However, in the Raman spectra, the vibrational modes commonly associated with hydrated SO4*
in epsomite (v2(SO4%) at 450 cm™* and v3(SO4%) at 1100 cm™ (Wang et al., 2006)) were not
observed (Figure 1c,d). Although a peak at ~983 cm™ (Figure 1d) is commonly assigned as
v1(SO4%) for epsomite, the same frequency has been observed in sulfate brines regardless of the
cation (Ben Mabrouk et al., 2013; Mason & Madden, 2022). Therefore, we interpret the ~980
cm* Raman peak as residual aqueous sulfate remaining in the sample since the secondary peaks,

v2(450 cm™) and v3(1100 cm™), indicative of epsomite, are missing. The absence of epsomite in
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the Raman analysis of the 3.0 M MgSO4 clay-brine mixture is confirmed by examining the
relative intensity ratio of the 980 cm™ to 450 cm™ peaks as the experimental sample has a lower

relative intensity ratio (60%) as compared to the RRUFF epsomite reference spectrum.

3.2 Variable Cation-Anion Concentration Experiments

Gypsum formation was observed in all experiments where a brine containing Na* and SO4>
was reacted with Ca-exchanged SAz-1. In the experiments investigating variable Na*
concentrations (SO42 concentrations held constant), the volume of gypsum produced was
relatively constant ~7 wt% (Figure 1c). However, in the experiments investigating varying SOs>
concentrations (Na* concentrations held constant), gypsum increased non-linearly with
increasing sulfate concentration (Figure 1d). Closer inspection of the 10-25 A d-spacings reveals
that varying the Na* and SO+ brine concentrations also influenced the 001 basal reflection
(Figure 3). The swelling observed in SAz-1 reacted with 0.6 M Na* brine to ~19.5 A can be
explained by the presence of an added water layer. Slade et al. (1991) found that in lower
concentration ionic solutions a transition from two to three water layers between the silicate
layers will occur when the hydration enthalpy of the interlayer cations substantially overwhelms

the layer charge deficit (Slade, Quirk, & Norrish, 1991).
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Figure 2. XRD patterns (A&B) and weight percent gypsum (C&D) formed from reacting Ca-

exchanged SAz-1 with Na>SO4 brines containing different concentrations of cations and anions.

A & C: The volume of gypsum produced was relatively constant despite increasing Na*

concentrations (SO4> concentrations held constant). B & D: Gypsum volumes increase with

increasing SO4% concentrations (Na* concentrations held constant). Black box in A & B

highlighting characteristic gypsum 7.6 A peak observed at ~11.7 26.
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Figure 3. View of the 001 basal reflection of Ca-exchanged SAz-1 reacted with Na2SO4 brines

containing different concentrations of cations and anions. A) Increasing Na* concentration with
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constant SO4% concentration; note, with the exception of swelling observed at 0.6 M Na*, a
minor but largely uniform shift toward smaller d-spacing is observed. B) Unlike the experiment
where SO4% was held constant, the 001 reflection consistently progresses towards smaller d-

spacings with increasing SO4> concentration (constant Na*).
4. Discussion

4.1 Effects from brine concentration

Results from these experiments demonstrate that gypsum formation is a function of both the
concentration and composition of the aqueous solution. Gypsum formed in less than one minute,
as observed in our Raman analyses, corroborating rapid gypsum formation rates observed by
Wilson and Bish (2011 & 2012). The amount of gypsum formed in montmorillonite reactions
with all three Na2SO4 brines was uniform at 7-9 wt%; however, gypsum formation was not

observed in reactions involving the lower concentrations of MgSOs brines.

Considering the rapid nature of the reactions, as well as the preponderance of gypsum
formation from Na,SOj4 clay-brine reactions, cation exchange is likely the dominant mechanism
leading to gypsum formation in our experiments. Montmorillonite ion selectivity (retention in the
interlayer) generally follows Mg?* > Ca?* > Na*, but replacement is also dependent on ion
activities, both in solution and at the exchanging sites (Essington, 2015; Garrels & Christ, 1965;

Grim, 1968; Sumner & Miller, 1996).

To complicate matters, it is not only the cation activity that must be considered but also the
anion(s); as shown in Figures 2C and 2D, gypsum precipitation increased with increasing SO4*

concentrations but was mostly unaffected by variations in Na* concentrations.
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4.2 Impacts of evolving brine chemistry

While cation exchange adequately explains reactions between clays, brines, and the resulting
gypsum precipitation, it is unlikely clays on Mars experienced a sudden shift in concentration of
a singular brine. Rather, evapo-concentration, fluid mixing, and an evolving climate likely
altered the chemistry of brines in contact with clays (T. Bristow et al., 2021; V. M. Tu et al.,

2021).

The experiments in this study which include varied concentrations of Na* and SO4* shed
some light on how cation exchange reactions may have progressed as brines on Mars evolved.
The correlation between gypsum precipitation and SO42* concentration seen in Figure 1 is not
unexpected, as SO4?" is a primary constituent of gypsum. And yet, the apparent irrelevance of
Na* concentrations requires some consideration. The constant amount of gypsum precipitated
from the variable Na* brines, in juxtaposition with the variable SO4% brines, demonstrates that
although cation exchange may be the driving mechanism, the anions present in solution also
influence cation exchange beyond just contributing to the ionic strength of a brine. As SO4*
concentrations are increased, a progressive reduction in the 001 reflection d-spacings by 11.9%
is observed (Figure 2). However, as Na* concentrations increase, the shift to smaller d-spacings
is less pronounced (4.0%). We interpret this reduction in d-spacings as evidence that interlayer-
bound Ca?* has been exchanged for Na* originating from the brine, causing collapse of the basal
spacings. Progressive shifts to smaller d-spacings as a function of ion concentration are observed
in both the variable SO4% and Na* brines, however the shift was almost three times greater for
increasing concentrations of SO42 than for the Na*. The substantially larger shift due to cation

exchange in the variable SO4% brines demonstrates that SO4?* concentration influences cation
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exchange considerably more than Na* or CI, at least in the concentrations that were investigated

in this study.

While it is unsurprising that an overwhelming concentration of Na* will displace interlayer
bonded Ca?* in smectites, the increased cation exchange as a response to SO4>” and the apparent
irrelevance of CI" is worth noting. Early studies examining the cation selectivity of smectites
record a history of inconsistent interpretations regarding the influence of CI, SO4? and ClO4 and
the mechanisms driving cation exchange; however, previous studies focused on more dilute
solutions, where ion concentrations were significantly lower (maximum 0.1 M Na*/Ca?*/Mg?")
compared to the present study (Singh, 1982; Singh & Turner, 1965; Sposito, 1991; Sposito et al.,
1983; Suarez & Zahow, 1989; Teppen & Miller, 2006). Some of the aforementioned studies did
observe increased cation exchange in the presence of SO4? as compared to solutions dominated
by CI', NOs™ or ClO4, indicating that cation exchange is more active as SO4? concentrations

increase, given similar brine chemistry.

The variable brine concentration experiments demonstrate that lower concentrations of
MgSOg brines will not induce gypsum formation. As free liquid water availability decreased on
Mars, brines would have become increasingly concentrated, eventually reaching saturation. The
results shown above suggest that gypsum would not have precipitated from clay-brine reactions
until the clays were exposed to brines with significant concentrations of MgSOs and in this case
there would be more epsomite present than gypsum, so the gypsum may not be discernable from
orbit at Mars. However, exposure to brines containing both Na* and SO4% could readily produce

gypsum, even at relatively low concentrations of either ion.
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5. Applications to Mars

Since the discovery of clay minerals on Mars, there has been a focused and concerted effort
to better understand the environments in which they may have formed. Particular attention has
been paid to smectites, since they are both relatively widespread and their chemical variability
strongly correlates to the fluids they were exposed to during and after deposition. The results of
this study may be used to refine interpretations of aqueous alteration where both smectites and
calcium sulfates are observed, such as Gale crater and Meridiani Planum. For example, estimates
for the length of intermittent “wet” periods at Meridiani Planum total less than 1 Ma, possibly
fewer than 10,000 years. This study demonstrates clay-brine reactions can result in near-
instantaneous gypsum formation, making one or more periods of brine-mediated alteration
possible well within that time frame (M. E. Elwood Madden et al., 2009; Squyres & Knoll,
2005). Montmorillonite is not the only smectite observed on Mars; saponite and nontronite are
also abundant, though the three clays do not have exactly the same chemistry or CEC and thus,
additional research to determine the similarities between the three with respect to gypsum
formation via cation exchange is advisable. The influence of SO4> on gypsum formation shown
in this study also provides insight into how clay-brine reactions may have progressed as brine
chemistry changed, such as with the evapo-concentration believed to occur at Gale crater (S.

Schwenzer et al., 2012; V. M. Tu et al., 2021).

6. Conclusions

While the CEC of montmorillonite is well-known, and gypsum precipitation as a result of
clay-brine/salt reactions has been discussed in previous studies, these experiments provide
further context through which we can interpret gypsum formation as brine chemistry evolved on

Mars. The results of this study demonstrate that interactions between montmorillonite and brines
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450  with subsequent formation of Ca-sulfates is rapid, and in fact almost instantaneous with respect
451  to the geologic time scale. Although epsomite was seen to form within 2-3 hours using XRD
452  analysis, Raman spectra reveal epsomite precipitation was not immediate and likely required
453  evaporation. Conversely, gypsum formation from clay-brine reactions was nearly instantaneous.
454 An important observation from the variable brine concentration experiments was that NaSO4
455  brines reacted with SAz-1 would produce gypsum at any concentration; on the other hand,

456  MgSO;s brines only produced gypsum when they were at near saturation.
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Abstract

Models of cation exchange mechanisms and driving forces have proven effective predictors
of clay behavior and chemistry, but are largely theoretical, particularly in complex systems
involving high ionic strength brines or systems where hydration is controlled by relative
humidity. This study examines the effects of relative humidity on clay-salt mixtures using
Environmental Scanning Electron Microscopy to observe the physiochemical effects of salt
deliquescence and desiccation on clay textures and elemental distributions. Our results
demonstrate that even reaction periods as short as a few minutes allow ample time for relative
humidity to affect the clay-salt mixtures. In addition to clay swelling and salt deliquescence, we
also observed changes in element distributions within the clay and new crystal growth in the
presence of high relative humidity. Even in the absence of bulk liquid water, exchangeable
cations migrated out of the clay and formed new crystals at the clay-salt interface. The observed
microscopic changes in elemental distributions indicate that the migration of cations and
resulting secondary mineral precipitation were likely the result of cation exchange within a sub-

micrometer thick layer of water on the clay grains.
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1. Introduction

Clays are ubiquitous across Earth and have also been detected on Mars (Ehlmann &
Edwards, 2014; Tu et al., 2021b) and other planetary bodies (Ammannito et al., 2016; Rivkin et
al., 2006). Clays are also used in many different applications such as environmental remediation
and protection, agriculture and manufacturing, and as additives in drilling fluids and paper
(Schoonheydt, 2016). Clays are known to react with brines and there are many environments
where a complex relationship exists between clays and salts/brines, including evaporitic playa
environments (Rosen, 1994) and cold aqueous systems such as Don Juan Pond in Antarctica and
sediments on the surface of Mars (Rapin et al., 2019; Schwenzer et al., 2012; Tu et al., 20213;
Wilson et al., 2014). In extremely cold environments, free liquid water is uncommon and
increased relative humidity as a result of diurnal or seasonal variations becomes a significant
factor when considering water-rock interactions (Polkko et al., 2023). The hygroscopic nature of
some salts leads to salt deliquescence during periods of sufficiently elevated relative humidity
resulting in interactions between the brines and clays (Brass, 1980; Dickinson & Rosen, 2003;

Gough et al., 2014).

While clays, and associated cation exchange reactions, have been the focus of intense study
for decades, new technology and techniques allow us to observe previously studied phenomena
in new ways. One such application is Environmental Scanning Electron Microscopy (ESEM).
ESEM provides a unique opportunity to observe dynamic reactions in almost real time at
micrometer to nanometer scales. Fundamentally, ESEM is an extension of Scanning Electron
Microscopy (SEM) in which a high level of vacuum is not required within sample chamber
(Danilatos, 1988; Goldstein et al., 2018). In addition, the researcher can often control the

environmental conditions experienced by the sample including precise control of water vapor
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pressure and temperature in the sample chamber. Therefore, ESEM samples also do not
experience desiccation as a result of high vacuum and the sample preparation requirements are
substantially less complex compared to traditional SEM; in some cases no preparation is required
(Baker et al., 1993). While clays are electrically insulating and typically would experience a
charging effect inherent in electron microscopy applications, the presence of water vapor in
ESEM applications reduces this charging effect, allowing higher resolution imaging of clays
without coating. Accessories such as a Peltier cooling stage allow the researcher to modify
experimental conditions in-situ. By modifying conditions inside the ESEM chamber, we can
conduct dynamic experiments while obtaining high quality microscopic imaging of the reactants

and products in situ, as the reaction is occurring.

Since the early 1990s, researchers have used ESEM to investigate the effects of relative
humidity on clay swelling, including studies focused on analyzing fluid-rock interactions within
hydrocarbon reservoirs (Baker et al., 1994; Mehta, 1991; Uwins et al., 1993). Additional studies
have examined the effects of clay-water vapor reactions, including efforts to determine the
mechanism(s) responsible for damage to ancient Egyptian sculptures stored in a museum. By
subjecting sepiolite and palygorskite clays to cyclical wetting and drying cycles, with and
without NaCl salt present, Rodriguez-Navarro et al. visually confirmed that swelling at elevated

relative humidities was amplified in the presence of NaCl salt (Rodriguez-Navarro et al., 1998).

Most clay studies using ESEM and varying relative humidity have overwhelmingly
concentrated on clay swelling (Baker et al., 1994; Carrier et al., 2013; Mehta, 1991; Sun et al.,
2019; Uwins et al., 1993). However, in the presence of sorbed water or brine formed via salt
deliquescence, cation exchange may also occur. Cation exchange is the process by which cations

present in an aqueous solution exchange with labile cations in a clay (Grim, 1968). Acidic
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leaching, cation exchange, and limited mass transport due to low water:rock volumes may have
also played a significant role in the diagenetic history of Mars (Geyer et al., 2023; Vaniman et
al., 2011; Yen et al., 2017). The effects of cation exchange processes on the clay and surrounding
sediments largely depends on the specific conditions present. A series of previous studies
examined relative humidity cycling of clay-salt mixtures in order to better understand the
evolution of Ca- and Mg-sulfate hydrates like those observed on Mars (Vaniman et al., 2011;
Vaniman & Chipera, 2006; Vaniman et al., 2018; Wilson & Bish, 2011). The experiments used
XRD to detect sulfate mineral changes as a result of varied relative humidity and found that
relative humidity cycling not only affected sulfate mineralogy but that the presence of clays also
had an influence. Wilson & Bish (2011) attributed the appearance of hydrated Ca-sulfates to
cation exchange between deliquesced Mg-sulfate salts and calcium bearing smectite in the
absence of free liquid water. While the results of the above-mentioned studies shed light on the
relationship between relative humidity and cation exchange, XRD measurements did not allow
direct observation of the mechanisms driving cation exchange and subsequent secondary mineral
formation at the microscopic level. A conceptual model of angstrom-thick briny films reacting
with minerals at both Antarctica and on Mars has been proposed by Dickinson & Rosen (2003).
By studying ground-ice which formed as pore or fracture filling in Antarctic soils, they
demonstrated that the ground-ice was unlikely a product of meltwater, instead they argued that
relative humidity driven deliquescence of salts was likely the source of the ground-ice seen at
Dry Valleys, Antarctica. While the study performed by Dickinson & Rosen is supported by bulk
chemical analysis and isotopes of ground-ice, as well as static SEM mineral images, direct
evidence linking relative humidity and reactions occurring in Antarctic soils is absent (Dickinson

& Rosen, 2003).
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The purpose of this study was to investigate the physiochemical effects of relative humidity
on clay-salt mixtures at the microscopic scale using ESEM. Understanding the effects of brine-
clay interactions is important for interpreting mineral assemblages and geomorphology formed in
extremely cold aqueous environments, including Don Juan Pond and sedimentary systems on
Mars. This study addresses the dearth of microscale, in situ observations of cation exchange
reactions by examining the effects of relative humidity on clay-salt mixtures via ESEM during

temperature-driven humidity cycles.

2. Materials & Methods

2.1 Experimental Overview

In order to evaluate the effects of relative humidity (RH) on clay particles in contact with
salts and the potential for cation exchange, we observed samples using ESEM to collect high
resolution secondary electron (SE) images and elemental maps of target clay particles before,
during, and after a 100% relative humidity (RH) cycle. We conducted preliminary experiments
to determine optimal sample quantities and imaging parameters, while also defining equipment
limitations. During the preliminary experiments sample quantities were limited to 100 mg so that
we could experimentally determine the point at which free liquid water would be formed. In
subsequent experiments, sample quantities were increased to 2 g, and the time spent at 100% RH

was reduced in order to prevent the formation of free liquid water.

We chose montmorillonite “SAz-1" (Apache County, Arizona USA) from the Clay Mineral
Society as the clay substrate because it has been extensively characterized (Chipera & Bish,
2001; Mermut & Cano, 2001; Mermut & Lagaly, 2001) and allows direct comparison to results

in the previous studies (Wilson & Bish, 2011, 2012). SAz-1 is a 2:1 phyllosilicate dioctahedral
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smectite with a relatively high cation exchange coefficient (CEC) at 123 meq/100g (Borden &
Giese, 2001; Essington, 2015). As with many 2:1 phyllosilicates, SAz-1 exhibits remarkable
swelling when exposed to water, either as free liquid or vapor. This swelling is the result of
water molecules sorbing between two 2:1 layers of the clay; the water molecules may contribute
to hydration of interlayer cations and/or be present as discrete layers of water (Grim, 1968;

Moore & Reynolds, 1997)

To create a consistent starting material, natural SAz-1 was by soaked in saturated CaCl>
solution for >24 hours to replace all exchangeable cations with Ca?*. The SAz-1 was then
separated from the liquid by three rounds of centrifugation for twenty minutes at 10,000 rpm and
rinsed with 18.2 MQ H-0, followed by freeze drying and gentle homogenization in a mortar and
pestle. The clay was mixed with ACS grade (>99.0% purity) Na2SO4 or MgSO4 anhydrous salts
in a 1:10 salt:clay mass ratio. To form direct contacts between salt and clay grains as well as
minimize air-filled pockets within the sample, we developed a 3D printed sample press. The
custom sample press allowed uniform compression of the sample while conforming to the
dimensions of the sample cup; by pressing the air out of the sample during sample preparation,
minimal decompression occurred during the initial vacuum conditions inside the ESEM sample
chamber. In addition, the sample press produced a relatively flat surface on the sample which
made it significantly easier to image the sample in the microscope. After the sample was mixed

and pressed the sample was immediately loaded into the ESEM chamber.

Sodium and Mg- sulfate salts were chosen because 1) they have been observed on Mars
(Hecht et al., 2009) and 2) the deliquescence points of both are well known and is within the
range of relative humidity observed on present day mars. Therefore, they may have served an

important role in Martian rheological and diagenetic processes (Brass, 1980; Méhlmann &
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Thomsen, 2011; Vaniman et al., 2004). Using two different salts also allowed us to compare the
effects of cation chemistry on deliquescence and cation exchange behavior. Generally, for
electrolyte solutions with low cation concentrations mixed with montmorillonite, cation
selectivity preferences of montmorillonite follow Ca?* > Mg?* > Na*; where Ca?* is retained in
the clay interlayer most strongly and Na*, being the weakest is not retained in the clay (Appelo &
Postma, 2004; Sposito et al., 1983a; Tang & Sparks, 1993). However, when the electrolyte
solution is not dilute, but instead the cation in solution is in such high concentration as to be
considered near-infinite, clay cation selectivity plays a less significant role. Instead, the dominant
influence of which cation is adsorbed in the clay interlayer is controlled by the law of mass
action. If for example a Ca?* saturated montmorillonite were mixed with a near-saturated NaSO4
solution, then some of the adsorbed Ca?* cations would exchange with the Na* cations in
solution (Sposito et al., 1983b). Following the exchange, the Ca?*, now in solution, could
complex with the available SO+ potentially leading to precipitation of calcium sulfate minerals

such as gypsum (CaSOs « 2H20), basanite (CaSOs ¢ 12H20) and anhydrite (CaSOa).

2.2 Scanning Electron Microscopy

Imaging and analysis were accomplished using a ThermoFisher Scientific Quattro S field
emission ESEM with a 20 kV accelerating voltage and a probe current of 4.1mA; working
distance varied depending on vacuum conditions. High resolution SE images were collected at a
chamber pressure of 70 Pa with a Gaseous Secondary Electron Detector operating in the
secondary electron mode. Elemental analysis and mapping were accomplished using Energy
Dispersive X-ray Spectroscopy (EDS) in both high vacuum and low vacuum ESEM conditions.
Relative humidity (RH) within the chamber was controlled by holding the chamber water vapor

pressure constant at 800 Pa and cooling or heating the sample to a target temperature using a
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Peltier cold stage. The target temperature for a desired RH% was determined using the Antoine
equation with updated parameters (NIST; Wood, 1970). Starting RH was ~3% and was increased
to 100% RH over a period of thirty minutes, 100% RH was maintained for one hour followed by
a ramp back to ~3% RH over thirty minutes. Three percent RH was chosen as the starting RH
because this RH could be easily maintained in high vacuum mode, allowing high resolution
imaging and X-ray analysis prior to and after exposure to 100% RH. In some cases, images of
the clay particles are only presented after the RH ramp due to movement of the sample and loss

of the original location.

3. Results

3.1 Initial Clay Characterization

The SAz-1 starting material was fine grained with aggregates of clay particles averaging
between 5-12 pum in diameter (Fig. 1). EDS elemental mapping prior to reaction confirms that
calcium was homogeneously distributed throughout the starting material. Magnesium is also
abundant in Saz-1, likely in the octahedral layer as noted elsewhere (Essington, 2015; Mermut &

Cano, 2001; Moore & Reynolds, 1997) (Fig. 2).
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Figure 4. SE image of the unaltered montmorillonite starting material.

Figure 5. Colorized EDS X-ray maps of the unaltered montmorillonite under initial conditions,

from the same area as Fig. 1. Color intensity is proportional to the concentration of the indicated

element at each pixel (Sodium and iron also detected but not shown).
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3.2 Preliminary Experiment

A preliminary test was conducted to determine optimal sample conditions as well as identify
the potential impact of equipment limitations. In the preliminary experiment we used ~100 mg of
Na.SO; salt + clay to test the hypothesis that elevated RH within the instrument chamber would

produce free bulk water in contact with the sample.

As expected, one of the most recognizable processes observed during the relative humidity
cycling was clay swelling. In every experiment we conducted, Saz-1 swelled as relative humidity
increased and shrank as relative humidity decreased. Below 25% RH no clay volumetric changes
were observed; we attribute any apparent sample shifting at <25% RH to thermal equilibration.
Once RH increased beyond 25% clay particles began to swell and shift. While the clay particles
equilibrated quickly (<30 seconds) at any given RH, the salt crystals took much longer to
equilibrate. In many cases, it took >2 minutes for salt crystals to become visibly affected by the

humidity, though the time was highly dependent on the volume of the salt crystals.

Secondary electron images were collected throughout the hydration-dehydration cycles. In
Figure 3a the sample was equilibrated at 25% RH and no bulk liquid water was observed. As the
salt crystal equilibrates at 100% RH, roughening of the terrace surfaces becomes apparent (Fig.
3b), then as RH was held constant at 100% a uniform layer of liquid forms first on the Na;SO4
surfaces and eventually engulfs the clay particles as shown in Figure 3c. The bulbous, nodular
shapes shown on the Na>SOj crystal face in Figure 3c are interpreted as a homogeneous water
layer rather than a solid. As the RH increased, the nodules grew laterally and vertically like a
film. Eventually this nodular film grew to the point where it came into visible contact with the
clay grains and began to cover them. Finally, as RH was brought back down to 25% the film

covering the surfaces shrinks in a similar manner as the growth stage, but in reverse as RH
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decreased. The remaining bulk liquid water flash evaporated or co-precipitated at a point
between 28% RH and 24% RH, leaving behind a network of nano- to microscale material which

likely formed from widespread dissolution-precipitation (Fig. 3d).

25%RH’ ‘ ¢ 100% RH

P ; » X
R B /] ':-. L

B 100% RH 25% RH

Figure 3. SAz-1 on a Na>SOs crystal imaged through one humidity cycle. A) 25% RH prior to
exposure to elevated RH. B) 100% RH after 30 minutes, observable clay swelling and increased
surface roughness of the Na>SOs crystal face. C) 100% RH after 2.5 hours, clay swelling has
ceased, yet clear edges and particle shapes were maintained in the clay particles. No distinct
features of the Na>SO4 crystal remain. Instead the salt is covered with a bulbous, nodular film.
D) Return to 25% RH after 2.5 hours at 100% RH, a network of nano-micro scale crystals

appeared, no further changes were observed after return to 3% RH.

It is important to note the presence of a thick layer of bulbous material, that we interpret as

bulk liquid water, visible in Figure 3c. We hypothesize that the low sample volume and extended
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time at 100% RH in the preliminary experiment allowed a layer of bulk water to accumulate.
However, in subsequent experiments no bulk water was observed, likely due to the larger sample
volumes and reduced time spent at 100% RH. These subsequent experiments were performed

using fresh, unreacted salt-clay mixtures.

3.3 Na-Sulfate Experiments in the Absence of Bulk Water

We identified a clear area with clay particles or isolated aggregates in contact with a Na>SO4
crystal to study clay-salt interactions in situ (Fig. 4). The Na2SOa4 crystal and clay composition
were confirmed using EDS and detailed images collected before and after exposure to 100% RH
(Target Grain 1 - “TG1”, Fig. 4, 5 & 6). As humidity increased to 100% RH, we observed
significant lateral and vertical motion of the sample, which we interpret as clay swelling due to
increasing hydration of the interlayer. However, at no point during the relative humidity cycle
was liquid water observed, even at 100% RH. We did observe significant alteration of both the
salt and clay, most notable was the formation of a salt dissolution pit which formed around a clay

particle shown in Figure 4b.
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Figure 4. SE images of the target site consisting of montmorillonite clay clumps laying on top of
a Na>SOg crystal face, red box in both A & B highlighting TG1. A) Initial conditions. B) After

exposure to 100% RH, severe dissolution etching and crystal formation were observed.

After exposing the sample to 100% RH and then reducing RH back to ~3%, new crystals
appeared where montmorillonite particles were in contact with the Na;SOs salt. It is worth noting
that the new crystals only occurred where the montmorillonite was in direct contact with the salt;
portions of the montmorillonite which were physically distant from the salt showed no signs of
crystal nucleation or alteration other than residual swelling (Fig. 5). Large portions of the
Na>SO; crystal face also appeared to have been etched, particularly around TG1, but also around
some of the other montmorillonite grains. One particularly notable dissolution pit surrounding
TG1 has an indentation which mirrors the growth of the crystal attached to TG1 (just above the
red rectangle in Fig. 4b). Additionally, the vertical topographic trench that crosses vertically

through the field of view is visibly wider after 100% RH exposure.
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Figure 5. Close up of new crystals depicted in Fig. 4b, TG1 present at top right of both images.

A) SE image, green dashed ovals indicate new crystals. B) Color EDS image of calcium for the
same area as Figure 4a. Note the presence of SAz-1 grains visible in the SE image but

undetectable by Ca EDS.

In addition to evidence of etching and dissolution, new crystals also appeared after exposure
to 100% RH. These new crystals exhibit completely different crystal habit relative to the NaxSO4
salt and also have a different chemical composition. EDS elemental mapping (Fig. 6) shows
before and after element maps of TGL1. Prior to the 100% RH ramp calcium is homogeneously
distributed in TG1, however after reaching 100% RH the calcium appears to migrate from the
center of the clay to the new crystals which formed at the contact between the clay and the
Na2SO; crystal. Unfortunately, crystal nucleation and growth occurred too rapidly to directly

capture images of growth dynamics.
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Figure 6. Calcium migration observed by comparing before and after color EDS mapping of
TGL1. The top row of images were collected prior to 100% RH, the bottom row images were

collected after the sample was exposed to 100% RH and returned to ~3% RH.

Clay grains which were isolated away from the Na>SO4 did not produce new crystals and the
calcium distribution remained homogenous throughout the experiment (Fig. 7). However, these

isolated montmorillonite clumps also exhibited signs of swelling.
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Figure 7. An isolated montmorillonite grain located on aluminum sample holder wall away from
any Na»SOs salt. SE image (left) and colour EDS — calcium image (right) collected after the

grain was exposed to 100% RH- note the homogeneous distribution of Ca in the sample.

3.4 MgSOq -clay interactions

When the clay was mixed with MgSOa, changes similar to those observed in the clay +
Na>SOg4, experiments occurred. However, in the MgSO4 experiments, greater movement of the
clay-salt mixture occurred as the relative humidity decreased. This prevented the collection of
images and elemental maps directly comparing the same particle with initial conditions. Luckily,
clay grains which had been in contact with salt crystals during the RH cycle were ubiquitous,
allowing interpretation of reactions which occurred as a result of exposure to elevated relative

humidity.

We again identified a study area with a target grain “TG2” which was in direct contact with
the MgSO4 and collected EDS elemental maps and images before and after RH cycling. Similar
to the Na>SO4 experiments, we observed formation of blade-like crystals that contain high
concentrations of Ca and S, but do not contain abundant Al or Si, indicating that newly formed

calcium rich crystals are related to, but not part of, the clay matrix (Fig. 8 & Fig. 9).
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Figure 8. Elemental distributions in SAz-1 + MgSOs after one RH cycle. The red dashed boxes
highlight crystals which exhibit colocalized Ca and S, but are lacking in Al or Si. Yellow dashed

box in the SE image highlights TG2 shown in Fig. 9.
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Figure 9. Close up on TG2 showing differences in elemental distribution, yellow arrows indicate
the location of crystals on the upper left of the particle, visible in SE, that contain abundant Ca
and S based on the EDS maps, but are absent in the Si EDS map. The yellow dashed polygon

outlines the clay grain as defined by the Si EDS map.

4. Discussion

4.1 Cation Exchange & Elemental Migration

In both the Na2SO4 and MgSO.4 experiments, we observed calcium appeared to be
concentrated in new crystals observed adjacent to clay grains (Fig. 5 & 9), but only when the
clay grains were in contact with salt crystals. We also observed that calcium was homogeneously
distributed within clay grains prior to the relative humidity cycles with salts present (Fig. 2),

while after the cycle Ca was no longer homogeneously distributed within the clay grain (Fig. 6 &
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9). This migration of calcium coincides with a colocalized concentration of sulfur (Fig. 8 & 9),
likely due to growth of calcium sulfate crystals at the interface between the salt and the clay
grains. Similar calcium sulfate precipitation has been previously observed in XRD experiments
investigating clay-salt interactions during relative humidity changes (Wilson & Bish, 2011,
2012). Based on this colocalization of S and Ca, we interpret that the sulfate salts deliquesced
forming a sub-micrometer layer of brine that facilitated cation exchange with the Ca* present in
the clay interlayers. The release of Ca?* from the clay interlayers resulted in saturation and
precipitation of calcium sulfate. Element migration with no liquid water observable, even at the
sub-micrometer scale, also corroborates the work of Wilson & Bish (2011) that indicated cation

exchange can occur even within a molecular-scale surficial water layer.

5. Applications on Mars

Recurring slope lineae (RSL) observed on Mars as well as water tracks seen at Don Juan
Pond, may not only be indicative of fluid transport but also chemical alteration, albeit on a
microscopic scale. While hypotheses differ regarding the cause(s) of RSL, a common
explanation is the deliquescence of salts during periods of high relative humidity (Dickson et al.,
2013; Gough et al., 2017). Studies examining the water source for Don Juan Pond concluded that
flows similar to recurring slope lineae (RSL) observed on Mars are likely due to the relative
humidity controlled deliquescence of salts (Dickson et al., 2013; Gough et al., 2017). Tu et al.
(2021) found that the presence of elevated Ca?* concentrations in brines at Don Juan Pond is also
likely due to cation exchange. When exposed to solutions with sufficient Na* concentrations, the
clay will release Ca?* in exchange for Na* (McBride, 1980; Toner & Sletten, 2013; Tu et al.,
2021a), even though the clays present at that location would theoretically retain Ca?*

preferentially to Na*.
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A common contention to the briny RSL origin hypothesis is that RSL do not correlate
perfectly with conditions conducive to the presence of liquid water (see McEwen et al., 2011,
Toner et al., 2022 and references therein for a review). Toner et al (2022) argues against cation
exchange as the mechanism for RSL at both Don Juan Pond and on Mars due to the preferential
adsorption of Ca?* by clays when exposed to dilute solutions containing the cations in question.
However, as demonstrated by the result in this study, when brine formation is initiated by
deliquescence of salts controlled by relative humidity, calcium can migrate out of the clay

interlayer via cation exchange and even mass transport is possible, albeit on a microscopic scale.

The occurrence of cation exchange outside typical boundary conditions that assume bulk
liquid water must be present, brings with it the realization that Martian sediments may in fact be
undergoing active diagenesis at the microscopic scale, even under traditionally “dry” conditions.
For example, hydrated salts have been detected at several RSL locations on Mars (Ojha et al.,
2015). Heinz et al. (2016) observed that a Mars analogue soil, when exposed to elevated RH,
would only show darkening similar to RSL if salts were present and permitted to deliquesce
(Heinz et al., 2016). Thus observations of RSL on Mars suggests chemical alteration may be
occurring on diurnal and seasonal time scales. Similarly, cation exchange in high salinity fluids
may also have contributed to high calcium sulfate concentrations observed across Mars soils,
including Ca-sulfate-rich veins (McLennan et al., 2014; Rampe et al., 2020). The elemental
composition of sediments at Gale crater suggests limited chemical transport and low water:rock
volumes (Bristow et al., 2015); these observations are consistent with the hypothesis that cation

exchange played a major role in the formation of the Ca-sulfate minerals.
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6. Conclusions

ESEM allows us to observe how minerals are altered or formed as a direct result of exposure
to elevated RH. The results of this study include a before and after set of SE and elemental
images which document the dissolution of salt in the absence of free liquid water which
corresponds with elemental migration consistent with cation exchange between a brine and clay
grains. New crystal formation observed in SE images is further distinguished by colocated
concentrations of calcium and sulfur observed in elemental EDS maps, suggesting the formation
of a Ca-sulfate-rich phase. In the case of both Na>SO4 and MgSOQs salts, after a single RH cycle,
clay grains which had been saturated with calcium and were in direct physical contact with salt
grains no longer exhibit a homogeneous calcium distribution. Instead, calcium appears to migrate
to the edge of the grain and into the newly formed crystals. The results of this study provide
evidence that sub-micrometer thick layers of brine formed by salt deliquescence can facilitate
cation exchange and subsequent mineral formation in extreme environments such as Antarctica

or Mars.
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Abstract

Phyllosilicates on Mars record periods of aqueous alteration when the hydrosphere was
actively altering primary minerals at the surface. Unlike most terrestrial environments, both
ancient and recent aqueous fluids on Mars were likely quite salty, potentially leading to aqueous
alteration processes not typically observed on Earth. In this study we investigate the effects of
different high salinity brines on kaolinite (Al.Si2Os(OH)a4) alteration products to better
understand the effects of salts on clay formation and diagenesis on Mars. We reacted saturated
NaCl, NaSOj4, CaClz, MgClz, MgSOs, and NH4CI brines as well as 10% dilutions of these
saturated brines with kaolinite at 25°C and 100°C, then analyzed the reaction products using
XRD, Raman spectroscopy, and ICP-OES elemental analysis of the remaining solutions. We did
not observe any new secondary minerals in our XRD or Raman analyses; however, Al and Si
compositions of the reacted brines indicated two different non-stoichiometric dissolution
pathways. The diluted brines reacting with the kaolinite produced aqueous solutions with Al/Si
ratios <1, suggesting the formation of Al-rich secondary minerals or preferential leaching of Si
from the kaolinite structure. However, near-saturated brines reacted with kaolinite resulted in the
opposite pattern, with Al/Si ratios >1, suggesting either the precipitation of a secondary Si-rich
phase or preferential leaching of Al. The lack of XRD or Raman detectable of unambiguous
alteration juxtaposed to non-stoichiometric dissolution as evidenced by elemental analysis
suggests that products formed by aqueous alteration of kaolinite may be below the detection
limits of current instrumentation on, or orbiting, Mars. On the other hand, these results have
profound implications for the ability of near-saturated brines to mobile aluminum irrespective of

brine composition or temperature up to 100°C.
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1. Introduction

On Earth the presence of phyllosilicates is synonymous with aqueous chemical weathering
and great effort has been made to investigate phyllosilicate weathering patterns under terrestrial
conditions (Bergaya & Lagaly, 2013; Curtis, 1985; Grim, 1968). Phyllosilicate mineralogy,
abundance, and unique physio-chemical characteristics differ based on several different variables
that influence phyllosilicate alteration pathways, such as primary mineral/rock composition,
fluid-to-rock ratio, fluid chemistry, temperature, and drainage (Bergaya & Lagaly, 2013). Due to
their sensitivity to temperature- and fluid-dependent alteration pathways, phyllosilicate
assemblages are often used in paleoenvironment reconstructions. For example, kaolinite is
commonly the most predominant phyllosilicate in wet, warm, well-drained terrestrial settings
(Bergaya & Lagaly, 2013; Khawmee et al., 2013). However, on planets such as Mars,
phyllosilicate formation and alteration pathways may differ due to the presence of abundant salts.
In this study we document the effects of high salinity brines on kaolinite weathering pathways by
characterizing kaolinite-brine reaction products over a range of experimental conditions. This
work will allow for more accurate interpretation of clay mineral assemblages observed in salty
systems on Earth and other planets, including Mars.

The identification of phyllosilicates on Mars firmly established that it once had an active
hydrosphere (Bishop et al., 2008a; Poulet et al., 2005). Detailed investigations of the Martian
surface by remote sensing, lander, and rover analyses, backed up by Earth-based laboratory
investigations, has revealed that the chemistry of fluids on Mars has changed significantly
throughout the geologic past (Elwood Madden et al., 2009; Kite et al., 2021; Rapin et al., 2019;
Scheller et al., 2022; Yen et al., 2017). Sedimentary units from the Noachian/Hesperian, such as

those in Gale Crater which contain abundant clays, also show evidence of post depositional
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aqueous alteration (Schwenzer et al., 2012). As desiccation of the Martian surface progressed,
fluids in lacustrine settings would have become increasingly saltier, leading to stratigraphically
discrete weathering (Bristow et al., 2021).

Salts detected on the surface of Mars today include NaCl, Na.SO4, MgSOs as well as other
sulfate, chloride, and perchlorate salts (Clark & Van Hart, 1981; Rapin et al., 2019; Vaniman et
al., 2004). Therefore, if aqueous fluids are periodically active on modern Mars, they will likely
be present in the form of brines (Chevrier et al., 2020; Méhlmann & Thomsen, 2011; Zorzano et
al., 2009). These modern brines may form through the deliquescence of salts during periods of
sufficient relative humidity (Gough et al., 2014; Gough et al., 2017; Hecht et al., 2009). To better
understand the past and present environments of Mars, a thorough understanding of the effects of
different brines on phyllosilicate weathering is required.

A range of clays with varying structural and chemical complexity, including kaolinite, have
been identified across the surface of Mars (Bishop, 2018; Bishop et al., 2008b; Poulet et al.,
2005). The various pathways leading to neogenesis of kaolinite are diverse and include low
temperature weathering of smectites, precipitation within magmatic fluids, as well as
hydrothermal alteration of primary silicates (Grim, 1968; Kerr, 1952). On Mars, it has been
theorized that post-depositional aqueous alteration has played a significant role in the formation
and alteration of clays (Bristow et al., 2021; Bristow et al., 2015; Ehlmann et al., 2011; EhImann
et al., 2009; Meunier et al., 2012; Michalski & Noe Dobrea, 2007). Parent materials for
phyllosilicates on Mars are thought to be mafic igneous minerals including pyroxene, feldspar
and olivine as well as volcanic glass (Bibring et al., 2006; Ehlmann et al., 2011; Rampe et al.,
2020). Initial weathering of these minerals likely produced di- and tri-octahedral smectites such

as nontronite and montmorillonite (Bristow et al., 2015; Rampe et al., 2020). In environments
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with acidic fluids and adequate drainage, further weathering of the smectites and parent material
may produce kaolinite. Subsequent weathering of kaolinite may either result in complete
destruction of the clay via homogeneous dissolution or incongruent dissolution forming
additional secondary minerals such as illite or gibbsite (Bergaya & Lagaly, 2013; Essington,
2015; Li et al., 2020).

A preponderance of research on Martian sediments has focused on parent materials and the
possible alteration pathways which may have produced the currently observed distribution of
phyllosilicates on Mars. However, the Martian sediments we have thus far observed merely
provide a snapshot of the diverse paleoenvironments throughout Mars’ history. In locations such
as Mawrth Valley or Nili Fossae, kaolinite and smectite are frequently observed as “mixed-layer
clays”, which in a terrestrial setting indicates the alteration of smectite to kaolinite through
intermediate interstratified kaolinite-smectite phases (Carter et al., 2015; Cuadros & Michalski,
2013; Milliken et al., 2010). While the discovery of mixed-layer clays provides compelling
evidence for aqueous alteration, the assemblage could form via either hydrothermal or low-
temperature chemical alteration pathways. If smectite to kaolinite alteration was occurring, it is
likely any produced kaolinite would also continue to respond to repeated brine-driven alteration
events. Thus, products of aqueous alteration of kaolinite in brines provide a missing piece of the

puzzle when reconstructing Martian paleoenvironments.

By reacting brines with kaolinite at 100°C as well as lower temperatures, we aim to
investigate the effects of temperature, as well as brine composition on phyllosilicate alteration
pathways which may have occurred on Mars. Furthermore, no matter which processes produce

kaolinite, our experiments provide insights towards understanding the mobility of Al and Si
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1257  when clays react with brines of wide-ranging compositions in a range of terrestrial and planetary

1258  settings.

1259 2. Material & Methods

1260 2.1 Experimental Overview

1261 To study kaolinite alteration on Mars, two pairs of experiments were performed using a
1262  kaolinite standard reacted with twelve different aqueous solutions at both 100°C or 25°C in

1263  sealed batch reactor vessels. Kaolinite “KGa-2” was purchased from the Clay Mineral Society
1264  and has been extensively characterized in previous studies (Chipera & Bish, 2001; Keeling et al.,
1265 2000; Kogel & Lewis, 2001; Mermut & Cano, 2001). No pre-processing was performed on the
1266  KGa-2 prior to the experiments. KGa-2 was chosen for this study because kaolinite has been
1267  observed on the Martian surface (Bristow et al., 2018; Ehlmann et al., 2009), and as a reference

1268  standard, it is widely available and allows direct comparison with previous studies.

1269 Experiments conducted at 25°C were performed in 50 mL centrifuge tubes, which were

1270  continuously shaken using an orbital shaker for 150 days. The 100°C experiments were

1271  performed in high-pressure, PTFE-lined Parr vessels (Parr model 4744) shaken manually every
1272  two days and heated in a calibrated oven. In both sets of experiments we mixed 10 mL solution
1273  with 1 g clay. Immediately prior to sealing the vessels the brine was de-oxygenated by bubbling
1274 N gas at 15 mL/min through the solution for 20 min. At the end of the allotted reaction times the
1275  solid portion of the samples was separated from the liquid by four cycles of centrifugation,

1276  decanting and rinsing. Centrifugation was performed at 10,000 RPM for each 20 min cycle. The
1277  brine supernatant from the first centrifuge separation was preserved for ICP-OES elemental

1278  analysis; for the following 3 rinse steps we added 20 mL of 18.2 MQ H-O to the solid sample
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and disaggregated the sample on a vortex mixer before further centrifugation. This rinse water
was decanted, and the final rinsed solids were freeze dried using a Labconco freeze drier. Once
the solid sample was completely dry it was gently homogenized by hand using an agate mortar

and pestle and stored in a centrifuge tube for further XRD and Raman analysis.

2.2 Brines

The brines reacted with KGa-2 are listed in Table 1 below. For each reaction temperature
both a concentrated brine (denoted with a “ns” for “near-saturated” in figures) and a dilute brine
(denoted with a “10%” in figures) were reacted with the clay. Concentrated brines were created
by adding ACS grade (>99.0 purity) salts to 18.2 MQ H»O and allowing the mixture to
equilibrate for 24 hours, this was repeated until the solution was saturated at room temperature
(~298K); the brine was then filtered using a 0.45 pm filter. Dilute concentrations of each brine
were produced by diluting the saturated brine to 10% its saturated concentration. Additionally,

18.2 MQ H,0 was also reacted with the clays.

Saturated Saturated Dilute Dilute
Brine Concentration Water Concentration Water
(mol * kg?) Activity (mol * kg™ Activity

NaCl 6.2 0.79, 0.6 0.98,
Na>SO4 2.0 0.94, 0.2 0.99,
CaCl; 6.7 0.43, 0.7 0.97,
MgCl, 5.7 0.35¢ 0.6 0.97.
MgSO. 2.9 0.92¢ 0.3 0.99.
NH4CI 7.1 0.77y 0.7 0.98p

Table 4. Brines reacted with KGa-2. Water activities calculated using a: (Guendouzi et al.,
2003), b: (Guendouzi et al., 2001), c: (Ha & Chan, 1999). Dilute brine concentrations were 1/10"

that of the corresponding saturated brine.
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2.3 Analysis

Both the unreacted starting material and reacted clay samples were analyzed using X-Ray
Diffraction (XRD) and Raman spectroscopy. A Rigaku SmartLab X-ray diffractometer (Rotating
anode Cu source, 45 kV, and 200 mA) was used to perform XRD powder analysis on the clays.

Mineral identification was performed using MDI Jade Pro with the ICDD PDF4+ database.

Raman analysis was performed using a Renishaw InVia Raman microscope equipped with a
500 mW 785 nm red laser and a 1200 I/cm grating, centered at 660 cm™ to acquire Raman
spectra between 100 and 1100 cm™. A Si wafer was used as a reference to calibrate the
instrument using the crystalline Si Raman band at 520.6 cm™. Laser power was maintained at 5%
to minimize sample heating and potential mineral degradation. As clays are prone to induced
fluorescence, the quality of the spectra were improved when laser exposure time was limited to 1
second with 150 accumulated exposures averaged to produce the final spectra. While it is
common to characterize clays using the 3000-3800 cm range to examine the H,O & OH
vibrations, the objective of this study was to characterize changes in the silica-aluminum
structure of KGa-2 as a result of brine induced weathering. Thus, analysis focused on areas
known for Si-O and metal bond responses, namely <1000 cm™. To ease interpretation of the
Raman data, spectra were processed by first removing baseline noise, then normalized and
smoothed using a Savitzky-Golay filter. Spectra processing was accomplished using the
ChemoSpec package in R (Hanson, 2014). Unsmoothed versions of all Raman spectra used in

this study are provided in the supplemental materials (S1).

Elemental silicon and aluminum concentrations in the reacted brines were quantified using a
Thermo Fisher Scientific iCap Pro Inductively Coupled Plasma — Optical Emission Spectrometer

(ICP-OES). Initial brine Si and Al compositions were also determined and were subtracted from
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1318 the reported values for all samples. During processing of the reacted brines, the sample of
1319  concentrated NH4Cl brine reacted at 25°C was lost, therefore this experimental data is missing

1320  from the results reported here.

1321 3. Results & Discussion

1322 3.1 Raman Spectra
1323  As can be seen in both the 100°C and 25°C Raman spectra shown in Fig. 1, the characteristic
1324  peaks associated with kaolinite (Wang et al., 2015) are discernable in each of the reacted

1325  samples.
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KGa-2 25°C A

10% NH,CI
NH,Cl s

10% MgSO,
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CaCl, g
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Figure 6. Raman spectra for KGa-2 experiments. A) KGa-2 + brines reacted at 25°C. B) KGa-2
+ brines reacted at 100°C. Dashed lines highlighting specific wavenumbers: “a” ~146 cm™, “b”
~397 cm™, “c” ~470 cm-1, “d” ~512 cm-1, “e” ~639 cm-1, and “f’ ~984 cm™L. Intensities at lines

a-e are typical for KGa-2 (Frost et al., 1997; Wang et al., 2015). Intensity at line f is attributed to
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S04? (Ben Mabrouk et al., 2013). Unsmoothed Raman spectra are shown in Fig. Al. Near

saturated brines are denoted with ‘ns’ and dilute brines denoted with ‘10%’, respectively.

In both Fig. 1A & 1B line a (~146 cm™) is the highest intensity peak, commonly assigned to
vz of the AlOg octahedra in kaolinite; a peak at ~146 cm™ is also associated with TiO2 which is a
known contaminant in KGa-2 (Chipera & Bish, 2001; Frost et al., 1997; Shoval et al., 2008).
Lines b and d in Fig. 1 highlight the secondary and tertiary intensities for TiO, at 397 cm™ and
516 cm™?, respectively (Kernazhitsky et al., 2014; Shoval et al., 2008). Line ¢ at ~470 cm™ in Fig.
1 can be attributed to Si-O stretching modes found in both the SiO4 tetrahedron of kaolinite as
well as silica (SiO2), another known contaminant in KGa-2 (Chipera & Bish, 2001; Frost et al.,
1997). Line e in Fig.1 at 639 cm™ is likely the result of the Al-O bonds in AlO6 octahedra in a
sheet formation (Frost et al., 1997; Tarte, 1967; Thomas et al., 1989). A singular peak at ~984
cm highlighted by line f found in both 25°C MgSO4 ns and 100°C MgSOs ns is assigned to SO4
(Mason & Madden, 2022; Wang et al., 2006). The presence of SO4 in both the 25°C and 100°C
MgSOa4 ns Raman spectra indicates that, at least for those samples, not all the brine was removed

by the triple rinsing procedure that was performed on the sample prior to drying.

While the broad Raman spectra in Fig. 1 clearly contain peaks commonly associated with
kaolinite, to acquire a detailed understanding a closer look is required. Figure 2 shows a close-
up of the 100-200 cm region in the Raman spectra, which is useful for differentiating kaolinite

from its polymorphs: dickite, halloysite, and nacrite.
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Figure 7. Close-up of 100-200 cm region of Raman spectra for KGa-2 experiments. A) KGa-2
+ brines reacted at 25°C. B) KGa-2 + brines reacted at 100°C. Dashed line in both A & B

indicates the 145 cm™ peak position for unreacted kaolinite. Some reacted clays produced shifts
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to lower wavenumbers which could be the result of intercalation or the formation of halloysite,

whereas intensities associated with dickite are absent.

Three peak positions commonly associated with dickite are 118, 131, and 141 cm%; in dickite
analyses reported in the literature where 131 and 141 were present, they were roughly equivalent
in intensities with each other, however KGa-2 also has a minor response at 132 (Frost, 1997). As
can be seen in Fig. 2 A & B, no peaks are present at sufficient intensities in the ~130 cm™ region
to indicate the presence of dickite. Nacrite has two intense bands at 179 and 198 cm™, neither of
which are present (Frost & Kloprogge, 2000). Whereas dickite and nacrite formation may be
easily ruled out, halloysite is a more complicated matter; some halloysites have an intense peak
at 141 cm™ which may be responsible for the shift toward lower wavenumbers seen in some
samples (Fig. 2). Of the clay-brine 25°C experiments only 18.2 MQ H>0, saturated CaCl, and
both the dilute and saturated NH4Cl reacted kaolinite exhibited no negative shift in
wavenumbers. The majority of the 100°C experiments also exhibited a negative wavenumber
shift, with the exception of 18.2 MQ H>0, saturated NaCl and both the dilute and saturated

NH4ClI reactions.

To establish the presence of halloysite it is helpful to look at other regions in the Raman
spectra, namely 325-425 cm™ as shown in Fig 3. First, a visual phenomenon is present in Fig. 3A
must be addressed, the high signal to noise ratio seen in 25°C near saturated CaClo. It is known
that clay grain orientation significantly impacts Raman intensities as scattering will reduce signal
intensity (Wang et al., 2015). The high signal to noise ratio seen in Fig. 3A for 25°C near
saturated CaCl, may be the result of a serendipitously oriented sample as no particular effort was
made to orient the samples prior to Raman analysis. An alternate hypothesis for the exceptionally

high signal to noise ratio of 25°C near saturated CaCl> could be the prevalence of long-range
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1377  ordering (if a mixed-layer is present) and reduced stacking disorder; this could be tested by
1378  further analysis by Transmission Electron Microscopy. Typically, halloysite has only one peak in
1379 this region, at 335 cm, whereas kaolinite typically has strong responses at 335, 355, and 397
1380 cm™ (Frost & Shurvell, 1997; Frost et al., 1997). However, as demonstrated by the noise-

1381 dominated spectra in Fig. 3, the complexity of the spectra preclude any concrete identification.
1382  One alternative hypothesis which would account for the complexity of the 325-425 cm region
1383  as well as the shifts observed in the ~145 cm™ peak would be that the clay had become

1384 intercalated or “doped” with the cation provided in the reacting brine. Intercalation of kaolinite
1385 in this context would involve insertion of a cation supplied by the reacting brine between the
1386  individual sheets of the kaolinite, altering some but not all of the OH bonds present in the Si-O4
1387  tetrahedra and Al-Os octahedra (Fu & Yang, 2017). Our results are consistent with a study by
1388  Frost (1997), who reported that intercalation of kaolinite caused a negative shift of the 145 cm™
1389  peak to 143 cm™ as well as increased complexity in the 325-425 cm™ region of the Raman

1390  spectra.
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Figure 8. Close-up of 325-425 cm! region of Raman spectra for KGa-2 experiments. A) KGa-2

+ brines reacted at 25°C. B) KGa-2 + brines reacted at 100°C. Dashed lines indicate

wavenumbers where peaks are common for kaolinite.
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1395 3.2 Mineralogy by XRD
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1397  Figure 9. XRD Patterns for KGa-2 experiments. The ribbon at the base of each graph is for the
1398  primary intensities taken from the ICDD PDF4+ card for Kaolinite (98-000-0261). A) KGa-2 +
1399  brines reacted at 25°C; “Th” = Thenardite, “Ha” = Halite. B) KGa-2 + brines reacted at 100°C;
1400  “Qtz” = Quartz, “Ep” = Epsomite.
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XRD patterns for the 25°C and 100°C clay-brine reaction presented in Fig.4 reflect the
characteristic trace of kaolinite, with little to no deviation in key intensities as compared to the
ribbon from the ICDD PDF4+ standard kaolinite. Several of the brine-clay reactions exhibit
minor trace minerals. In the 25°C experiments thenardite (Na2SO4) was found in the KGa-2
reacted with Na2SOs ns brine and halite (NaCl) was found in KGa-2 reacted with NaCl s brine
(Fig. 2a), despite the triple rinse procedure. For the 100°C experiments epsomite (MgSOa) was
detected in KGa-2 reacted with MgSOs ns brine, and quartz (SiO2) was detected in KGa-2 reacted
with 10% NH4CI brine (Fig. 2b). While the presence of minor contamination from residual brine

is evident, the lack of evidence for kaolinite alteration is equally conspicuous.

The kaolinite polymorph dickite is of particular interest when investigating whether
hydrothermal processes or low temperature aqueous alteration reactions were the principal
mechanisms responsible for clay formation on Mars. Dickite is commonly associated with
hydrothermal alteration of kaolinite at temperatures between 80-160°C (Bergaya & Lagaly,
2013; Cuadros et al., 2014; Palinkas et al., 2009). While dickite shares many of the characteristic
kaolinite XRD peaks, a triplet at 20-24° 20 with a high intensity peak at ~23.4° 26 are
distinguishing features in dickite’s XRD pattern (Chen et al., 2001). As can be seen in Fig. 2,
neither the 25°C experiments, nor the 100°C experiments produced detectable peaks indicative

of dickite.

While it is unsurprising that the 25°C experiments did not produce dickite, the 100°C
experiments were well within the 80-160°C temperature window where alteration of kaolinite to
dickite is expected. Possible explanations for the lack of dickite formation are: 1) the reaction
period used in this study (50 days for the 100°C experiments) was not sufficient or 2) dickite is

frequently, though not always, a product of both elevated temperatures and pressures. The
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pressure maintained in the Parr vessels was generated by water vapor (<10 atm) and thus orders
of magnitude lower than the pressure reported by some for dickite formation (Chen et al., 2001;

Palinkas et al., 2009).

Similar to the alteration of kaolinite to dickite, illitization of kaolinite is a well-known
aqueous alteration pathway which provides useful information regarding burial history of
kaolinite (Lanson et al., 1996). However, the telltale ~9° 20 and 17° 20 of illite are also absent in
the XRD patterns of both the 25°C and 100°C experiments (Fig. 2) (Moore & Reynolds Jr,
1989). This is due to the lack of K* in our experiments, as well as the lack of elevated pressure,
as both are often required for illitization to occur (Bentabol et al., 2003; Mantovani & Becerro,
2010). Fluids on Mars contain(ed) abundant K* and thus, while illite formation was not observed

in this study, it is nevertheless a plausible reaction pathway on Mars (Thompson et al., 2016).

3.3 Silicon and Aluminum Concentrations in Reacted Brines

While additional secondary phases were not detected by XRD or Raman analysis, elemental
analyses of the reacted fluids show elevated concentrations of Al and Si beyond the
concentrations observed in the unreacted fluids in all the experiments, indicating that some

dissolution of kaolinite occurred (Fig. 5).
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Figure 10. Si and Al concentrations observed in the reacted brines. Si and Al concentrations
within the unreacted, initial brine have been subtracted from these values, allowing us to directly
compare the amount of Al and Si added to solutions as a result of the reaction with kaolinite.
Reactions involving 18.2 MQ H-0 yielded Al & Si concentrations below 35 ppb, which is not
visible in the graph above. Concentrated brines are denoted using a “ns” suffix, dilute brines are

noted with a “10%” prefix.

In both the 25°C and 100° reaction conditions, the saturated brines exhibited Al/Si ratios >1
after reaction with the kaolinite, whereas the more dilute (10% of saturated) reacted brines had
Al/Si ratios <1 (Fig. 3 & Table Al). If stoichiometric dissolution of kaolinite were taking place,
an Al/Si =1 would be expected given the composition of kaolinite - Al>Si2Os(OH)4. Only two of
the reactions yielded Al/Si ratios indicative of homogeneous, stoichiometric dissolution:

saturated NaCl and saturated CaCls, both reacted at 25°C.
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Instead, it appears that heterogeneous dissolution and precipitation of new secondary phases,
or incongruent dissolution that preferentially leaches either Si or Al are occurring in the
remaining experiments. Gong et. al. (2019) found that for solutions near equilibrium with respect
to kaolinite at neutral pH, kaolinite dissolution did occur, but the experimental solutions
exhibited erratic Al:Si ratios due to the precipitation of secondary phases such as gibbsite
(Al(OH)3) (Gong et al., 2019). When modeling the aqueous alteration of Martian parent material
into clay minerals, Bridges et al. (2015) found it necessary to incorporate heterogeneous
dissolution mechanisms to constrain conditions required for secondary mineral precipitation.
Heterogenous dissolution and precipitation reactions, such as kaolinite alteration to gibbsite
and/or illite, result in excess Si in the reacted brine and Al sequestered in the solid phase,

yielding aqueous Al/Si ratios <1, similar to those observed in the 10x diluted solutions.

One possible explanation for the discrepancy between the <1 Al/Si ratios seen in the reacted
diluted brines and the absence of new Al or Si minerals observed in powder XRD data is the
small volume of material that would have precipitated. Typical detection limits for XRD are
reported at around 0.1 — 1 wt% for most minerals; however, the detection limit of the ICP-OES
in this study is ~35 ppb. In the context of our experiments, diluted NaCl reacted at 25°C had a
Si:Al ratio of ~6 with an Si-Al discrepancy of ~15 ppm; if all of absent Al had coprecipitated as
gibbsite the expected quantity of gibbsite formed would be 0.04 weight % of the reacted clay, a
value significantly lower than typical XRD detection limits. Likewise, secondary gibbsite is
likely also difficult to detect in such small quantities in the Raman analyses, as the only
significant Raman peak for gibbsite is at ~465 cm™ which at 0.04 wt% would likely be swamped

by the 470 cm Si-O response (Lafuente et al., 2015). Therefore, we posit that the elevated
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Si:Al ratios observed in the dilute brine experiments may indicate formation of an Al-rich phase,

despite the lack of new solid reaction products detected by XRD or Raman.

While precipitation of new mineral phases may explain the results for reactions involving
diluted brines, the same cannot be said for the concentrated brine reactions. Considering only the
Si and Al concentrations observed in the reacted fluids, one might reasonably infer that silica
may have precipitated as a secondary product of kaolinite dissolution, since the average Al/Si
ratio observed in concentrated brines is 2.5 for reactions at 25°C and 6.8 for reactions at 100°C.
If precipitation of secondary Si-rich phases were invoked to explain this deviation from the
idealized 2:2 Al:Si ratio then we might consider quartz or amorphous silica as the most likely
phases. However, calculated saturation indices for quartz and amorphous silica (modelled using
PHREEQC with the pitzer database) indicate that while the saturated reacted brines are
supersaturated with respect to quartz, they are undersaturated with respect to amorphous silica
(Messer et al., 1981; Parkhurst & Appelo, 2013), making quartz the most likely secondary

precipitate.

If quartz had precipitated during the experiment, we would expect to detect the reaction
products in the XRD data, since quartz produces relatively intense XRD peaks even at low wt%.
For example: saturated MgCl> reacted at 100°C had an Al-Si discrepancy of ~17 ppm; if all of
the absent Si had coprecipitated as quartz (SiOz) the expected yield would be 0.36 weight% of
the reacted clay, which is well within the detection capabilities of XRD (Tomaino, 1994).
However, none of the XRD patterns for the concentrated brines show a detectable increase in
quartz intensities at the expected positions (20.8°, 26.7° , and 50.2° 20) (Moore & Reynolds Jr,
1989) (Fig. 2). If silica tetrahedra were breaking down and forming silica, either as quartz or

amorphous silica, we would also expect to see a Raman peak at ~470 cm™. However, comparing
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the relative intensity of the peaks observed at ~470 cm™ to the starting material, there is no
significant increase in the intensity of the Si-O peak observed (Fig. 1), indicating that no

additional quartz precipitated.

Instead, the Al/Si ratios >1 resulting from kaolinite dissolution in concentrated brines may be
the product not of the precipitation of secondary phases, but rather the effect of incongruent
dissolution, where Al is preferentially leached from the kaolinite structure. Of particular note,
concentrated brines reacted at 100°C produced significantly higher Al/Si ratios, as well as higher
total Al abundances than their 25° counterparts. This significant temperature effect indicates that
the non-stoichiometric alteration process is influenced by temperature. Non-stoichiometric
dissolution of phyllosilicates is well documented, and in the case of kaolinite the Al ion is
released preferentially over Si during the initial stages of dissolution when the pH of the reacting
fluid is below 6 and (Carroll-Webb & Walther, 1988; Gong et al., 2019; Khawmee et al., 2013;
Mulders et al., 2018). A possible reason Al-rich secondary minerals in XRD and Al-rich
amorphous signatures in Raman are not observed is that the abundant Al preferentially released
did not form a solid product. Rather, Al complexation with anions provided by the brine (SO4*
and CI) may have formed highly soluble Al-anion aqueous complexes such as Al(SOs)," and
AICl3 (Driscoll et al., 1989). For both the 25°C and 100°C reacted near saturated brines Al

content was significantly higher than their dilute counterparts.

4. Applications to Mars

As the Martian climate progressed from wet to dry the composition of the fluids at the
surface would have become increasingly concentrated brines. The results of this study indicate

that salty fluids, either dilute or concentrated, would have been capable of altering kaolinite in
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Mars’ past or present. All brines used in this study demonstrated some degree of kaolinite

dissolution, even at low temperatures and high concentrations.

As demonstrated by this study, aqueous alteration of kaolinite by dilute brines results in
different reaction pathways as compared to kaolinite alteration by concentrated brines. During
Mars’ early wetter climate, kaolinite weathering likely formed Al-rich phases with Si rich fluids.
As the Martian climate dried, the remaining fluid would have become saturated with respect to Si
and precipitated Si rich phases, which may be reflected in CRISM observations in which
hydrated silica was found co-located with kaolinite (Mustard et al., 2008). In environments
where higher salinity fluids were dominant, incongruent dissolution would be more pronounced,
with additional Al preferentially released relative to Si into the weathering fluid. If the system
were open, Al rich fluids would have then migrated to the subsurface and as the planet
desiccated the fluids would have become saturated with respect to Al. This is consistent with
models produced by Fairén et al. which predict the formation of gibbsite (AI(OH)3) in the
subsurface (Fairén et al., 2017). While the departure of Al/Si ratios from near unity suggest that
equilibrium had not been reached for the closed system experiments in this study, on Mars the

extent of reaction may be expected to be greater due to an open system.

Trace minerals formed in situ by aqueous alteration of kaolinite may be beyond the detection
of instrumentation currently on ground-based rovers and orbiting spectrometers. Investigation
into the 100-200 cm™ and 325-425 cm™ Raman spectral regions generated in this study
demonstrates that it is difficult to differentiate between alteration of kaolinite into halloysite, or
kaolinite intercalation. Orbital and rover based spectral analysis is fraught with interferences

which would likewise make interpretation of such minor intensities difficult. Thus, when
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interpreting Martian environments with sediments rich in phyllosilicates, consideration should be

given to trace minerals that are likely present but beyond our ability to detect.

One difference between this study and likely real-world conditions is the absence of K* in the
brines reacted with kaolinite, as brines on Mars are likely to contain some K* from igneous
parent materials. The availability of K* rich brines concurrent with high temperature
hydrothermal conditions would potentially allow for illitization of kaolinite, whereas in the
brines used in this study K* was not present, thus preventing illitization. Future experiments that
incorporate K* are needed to further study the effects of high salinity brines on the kaolinite-illite

transitions.

5. Conclusions

The results of this study provide a firm foundation for understanding the progression of
kaolinite alteration in salty solutions on Mars. Aside from residual contamination from the brines
reacted with the kaolinite, no alteration or secondary minerals were detected using Raman or
XRD, likely due to the small volume of material produced during the 50 day reactions. It is
possible that negative shifts observed in the ~145 cm™ Raman peak may be due to alteration of
kaolinite to halloysite. However, given the complexity of the Raman spectra it is equally possible
that the observed negative shift can be attributed to kaolinite intercalation by cations present in

the reacting brines.

While neither the low-temperature (25°C) nor elevated temperature (100°C) clay-brine
reactions produced secondary minerals detectable with XRD or Raman, elemental analysis of the
reacted brines did reveal evidence of incongruent kaolinite dissolution at both temperature

conditions. In both temperature conditions dilute brine reactions produce Al/Si ratios <1
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indicating precipitation of Al-rich phase such as gibbsite likely occurred, but in such small
volume that the secondary phases could not be detected in XRD or Raman analyses. In contrast,
the concentrated brine reactions produced aqueous Al:Si ratios >1, with sufficient Si missing
from the brine that any precipitates should have been detectable in XRD and/or Raman. Thus,
the absence of any evidence of silica suggests that kaolinite instead followed a non-
stoichiometric dissolution pathway whereby Al was preferentially released over Si. Additionally,
this incongruent dissolution was more pronounced in 100°C reactions relative to 25°C reactions,
suggesting accelerated kaolinite dissolution in hydrothermal conditions for all the brines we
tested. As demonstrated in this study, incongruent dissolution of kaolinite with the potential for
trace amounts of secondary mineral precipitation is difficult to detect with typical Raman and
XRD bulk analytical methods and must be paired with other techniques such as ICP for a

thorough understanding of the alteration processes.
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KGa-2 25°C KGa-2 100°C

Fluid Si Al Si Al
18.2 MQ H20 31.72 13.21 9.25 24.64
NaCl ns 10,406 11,389 7,382 27,114
10% NaCl 16,691 2,920 7,640 1,829
Na2SO4ns 8,731 12,133 11,427 26,987
10% Naz2SO4 8,800 1,460 8,309 1,923
CaClzns 4,926 6,178 2,645 21,363
10% CaCl; 10,233 2,271 6,294 1,115
MgClzns 3,598 11,175 1,894 25,586

10% MgCl. 9,452 1,229 9,769 789
MgSOg ns 2,200 12,465 2,680 27,361
10% MgSO4 7,046 1,431 9,405 1,468
NH4Cl ns Lost Lost 10,175 31,241
10% NH4CI 18,444 4,691 8,084 1,769

1783  Table Al. Silicon and Aluminum concentrations in ppb of the reacted brines for both low and

1784  high temperature experiments.
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1787  Figure Al. Raman spectra for KGa-2 experiments without a smoothing Savitzky-Golay filter. A)

1788 KGa-2 + brines reacted at 25°C. B) KGa-2 + brines reacted at 100°C.
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1790  Figure A2. Close-up of 100-200 cm™ region of Raman spectra for KGa-2 experiments without a
1791  smoothing Savitzky-Golay filter. A) KGa-2 + brines reacted at 25°C. B) KGa-2 + brines reacted

1792  at 100°C.
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1794  Figure A3. Close-up of 325-425 cm™ region of Raman spectra for KGa-2 experiments without a
1795  smoothing Savitzky-Golay filter.. A) KGa-2 + brines reacted at 25°C. B) KGa-2 + brines reacted

1796  at 100°C.
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Abstract

The interconnected evolution of brines and sediments on Mars have created a convoluted
narrative in which smectites act as a main character. Aqueous alteration of Martian smectites by
high salinity brines may have resulted in elemental partitioning or changes in secondary mineral
formation not typically seen on Earth. This study investigated the aqueous alteration of two
smectites, nontronite and montmorillonite, by a near-saturated as well as dilute NaCl, Na>SOs,
CaClz, MgSO4, MgCl2 and NH4ClI brines at 25°C and 100°C. Solid reaction products were
analyzed using XRD and Raman spectroscopy, liquid samples were analyzed for elemental
concentrations using ICP-OES. The results of this study indicate that both brine composition and
concentration influence incongruent dissolution in smectites. Al/Si stoichiometric ratios for both
nontronite and montmorillonite dissolution had moderate to strong correlation to H>O activity.
Patterns in Al/Si stoichiometric ratios were observed between the same brine reacted at different
temperatures as well as between near-saturated/dilute brines reacted at the same temperature.
The interdependence of brine composition, concentration, and temperature agree with similar
studies that an ion pairing effect strongly influences incongruent dissolution of smectites.
Disparate smectite dissolution pathways influenced by brines would have had an impact on
Martian sediments, and as such should be taken into account when attempting to interpret Mars’

paleoenvironments.
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1. Introduction

Clay minerals, including smectites, provide critical clues informing our understanding of the
Martian paleoclimate (Ehlmann et al., 2011). On Earth, clay alteration pathways and the factors
which influence them are fairly well understood in dilute to saline waters. However, on planets
and planetary bodies where the aqueous geochemical history significantly differs, additional

alteration pathways may also be important (Grim, 1968; Wilson, 1999).

The identification of smectites in sedimentary contexts on Mars strongly implies that at some
point the Martian hydrosphere was actively altering minerals (Bishop et al., 2008; Michalski &
Noe Dobrea, 2007; Poulet et al., 2005). However, the Martian hydrosphere is complex, with a
history of acidic and alkaline fluids, cyclical wetting and drying cycles, as well as geographically
isolated depositional environments (Elwood Madden et al., 2009; Hurowitz et al., 2023; Rapin et
al., 2019; Scheller et al., 2022; Squyres & Knoll, 2005; Yen et al., 2017). For example,
sediments found in Gale Crater have abundant clays, likely deposited in a lacustrine environment
and subsequently subjected to post-depositional aqueous alteration under acidic and arid
conditions (Bristow et al., 2015; Bristow et al., 2021; Grotzinger et al., 2014; Schwenzer et al.,
2012). Whereas, at Jezero crater, it has been inferred that carbonates may have been the result of

alkaline fluids in a lacustrine environment (Horgan et al., 2020; Hurowitz et al., 2023).

Salts are also commonly observed in sediments and soils on Mars, including NaCl, Na>SOs,
MgSOs as well as other sulfate, chloride, and perchlorate salts which have been detected on the
Martian surface (Clark & Van Hart, 1981; Thomas et al., 2019; Vaniman et al., 2004). These
salts are likely remnants of past aqueous systems. As the Martian hydrosphere shrank due to
freezing and/or evaporation and fluids became more saline, their influence on aqueous alteration

of clays would likewise have changed, a progression of alteration likely reflected in smectite
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distribution and composition. In addition, periodic aqueous alteration by active aqueous fluids
may still be occurring on Mars today (Chevrier et al., 2020; M6hlmann & Thomsen, 2011;
Zorzano et al., 2009) via brines formed through the deliquescence of salts during periods of

elevated relative humidity (Gough et al., 2014; Gough et al., 2017; Hecht et al., 2009).

Smectites, including saponite, nontronite, and montmorillonite as well as beidellite and
hectorite, are the most common of several phyllosilicate phases observed on the surface of Mars
and are thought to have formed due to in-situ aqueous alteration of Mars’ basaltic crust (Bibring
et al., 2006; Bishop, 2018; Bristow et al., 2015; Ehlmann et al., 2009; Rampe et al., 2020).
Nontronite and montmorillonite were chosen for this study because they are useful in the
interpretation of paleoenvironments as they are sensitive to the geochemical conditions in which
they formed and/or were subsequently exposed to. For example, in well drained environments,
montmorillonite will weather to kaolinite as soluble silica and base cations are leached from the
soil, whereas in in dryer environments smectites tend to be stable, but slightly acidic soil
conditions will ultimately alter to hydroxyl-interlayered smectite (Bergaya & Lagaly, 2013;
McKinley et al., 1999). Aqueous alteration of smectites is complex, particularly considering that
smectites exhibit high cation exchange capacity, where hydrated cations in the interlayer may
exchange with cations in the fluids the clays are exposed to. For example, brines initially poor in
Ca?* content may have exchanged cations with clay-bound Ca?* as the fluid percolated
downwards, ultimately leading to gypsum precipitation on Mars (Nachon et al., 2014; Schwenzer

etal., 2016).

The interaction between clays and brines is not straightforward, therefore spatially and
temporally variable fluid chemistry may have left a complicated story imprinted within the

sediments of Mars, partially decipherable through the alteration of smectites. For example, Al-
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rich clays such as kaolinite and montmorillonite are frequently observed overlaying Fe-bearing
nontronite in areas such as Mawrth Vallis (Bishop et al., 2008; Loizeau et al., 2007; Poulet et al.,
2005), a stratigraphic relationship that could be the result of aqueous alteration by fluids with
changing chemistry as the fluid percolated downwards. Previous studies suggest that the
relatively fast dissolution rate of nontronite would result in preferential enrichment of
montmorillonite and kaolinite in overlying units which had originally contained all three clays

(Gainey et al., 2014).

In addition to the effects of evolving Martian fluid chemistry is the complex nature of
smectite alteration itself. On Earth alteration of smectites and parent material typically produce
secondary minerals such as illite and/or kaolinite during initial stages of incongruent dissolution
and eventually progress towards more congruent dissolution (Cama et al., 2000; Li et al., 2020;
Marty et al., 2011; Steiner et al., 2016). However, Miller et al. (2012) reported that nontronite
dissolution in a KCI brine at temperatures up to 300°C produced celadonite rather than the
expected illite and hypothesized that abundant Al relative to Fe is required for the formation of
illite (Miller et al., 2012). Gorrepati et al. (2009) reported that brine composition and
concentration influenced silica precipitation, which would influence smectite stability in those

brines (Gorrepati et al., 2010).

Clearly, aqueous alteration of smectites is multifaceted, particularly in the context of Mars.
However, the tools available to study clays on Mars are somewhat constrained compared to the
wealth of analytical techniques available on Earth. Therefore, using a synthesis of analytical
techniques currently available on Mars to analyze clay alteration products, paired with elemental
analyses of brines reacted with smectites is needed to provide comparable data linking

experimental studies and Martian paleoenvironments. This study characterizes secondary
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reaction products formed via aqueous alteration of smectites in near-saturated and more dilute
brines, then analyzes the products with Raman spectroscopy and XRD to better understand clay
diagenesis and preservation on Mars and other salty planetary bodies using techniques currently
available on Mars. By reacting concentrated and dilute brines with smectites at both low and
elevated temperatures and characterizing both the resulting fluid and clay products, we aim to
better understand of how phyllosilicates may have evolved on Mars, informing interpretations of

paleoenvironments and the fate of water on Mars.

2. Materials & Methods

2.1 Experimental Overview

Two sets of experiments were performed using two different dioctahedral smectite standards
purchased from the Clay Mineral Society (CMS), NAu-2 and SAz-1, each reacted with twelve
brines. Nontronite “NAu-2" has been previously characterized as containing less than 6 weight
percent of contaminants including anorthite, quartz, biotite, talc, and ilmenite (Keeling et al.,
2000). We reduced the particle size by crushing the sample received from CMS in a mortar &
pestle, then micronizing and sieving to obtain particles <0.63 um for the experiments. The
montmorillonite clay used in this study was “SAz-1" has been characterized elsewhere and
contains contaminants including feldspar, quartz, and mica accounting for up to 2 weight percent
(Chipera & Bish, 2001; Mermut & Cano, 2001; Mermut & Lagaly, 2001). Minimal processing of
the SAz-1 standard was performed, only sieving to <0.63 pum to ensure particle sizes were
uniform between the clays used. NAu-2 and SAz-1 were chosen for this study because both are
well characterized and readily available, and as discussed previously, montmorillonite and
nontronite are present on Mars. Both nontronite and montmorillonite are dioctahedral smectites
which exhibit characteristic swelling and the ability to exchange interlayer cations. Their main
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difference being the cation substituted for AI** in the octahedral layer; for nontronite it is Fe3+

whereas for montmorillonite it is Mg?* (Essington, 2015).

Each clay-brine pairing was reacted at two different temperatures for different periods of
time. Room temperature (25°C) experiments took place in 50 mL polypropylene centrifuge
tubes, continuously shaken by an orbital shaker for 150 days. Experiments at 100°C were
performed in high pressure PTFE lined vessels (Parr model 4744) and were shaken once every
other day for 150 days and heated in a calibrated oven. We monitored the mass of all the
experiments and noted no loss of material from any of the reactors. In both sets of experiments,
we mixed 20 mL of de-oxygenated fluid with 2 g of clay. We de-oxygenated the fluids
immediately prior to loading the reactors by bubbling N2 gas through the brine at a rate of 15
mL/min for 20 min. At the end of each experiment set, the solid portion of the samples was
separated from the liquid by four cycles of centrifugation (10,000 RPM for 20 min each),
decanting, and rinsing with ultrapure water. The brine supernatant from the first centrifuge
separation was acidified and refrigerated for elemental analysis. For the subsequent 3 rinse steps,
20 mL of 18.2 MQ H.0 was added to the solid sample, the sample was disaggregated on a vortex
mixer, then centrifuged. This rinse water was decanted, and the final rinsed solid sample was
freeze dried using a Labconco freeze drier overnight. Once the solid sample was completely dry

it was gently homogenized by hand using an agate mortar and pestle and stored for later analysis.

2.2 Brines

The brines reacted with each of the clay standards, NAu-2 and SAz-1, are listed in Table 1.
For each reaction temperature both a concentrated brine (denoted with a “ns” for “near-
saturated” in figures) and a dilute brine (denoted with a “10%” in figures) were reacted with each

clay. Concentrated brines were created by adding ACS grade (>99.0 purity) salts to 18.2 MQ

93



1939

1940

1941

1942

1943

1944

1945

1946

1947

1948

1949

1950

1951

1952

1953

1954

1955

1956

H>0 and allowing the mixture to equilibrate for 24 hours at room temperature; this was repeated
until the solution was saturated and the salt no longer dissolved. Once the brine reached
saturation, we filtered the solution using a 0.45 um filter. Dilute concentrations of each brine
were created by diluting the saturated brine to 10% its saturated concentration. Additionally, 18.2

MQ H>0 was also reacted with the clays.

Near-Saturated | Near-Saturated Dilute Dilute

Brine Concentration H20 Activity | Concentration H20

(mol « kg™ (mol « kg™ Activity

NaCl 6.2 0.79 0.6 0.98.
Na>SO4 2.0 0.94, 0.2 0.99.
CaCl 6.7 0.43, 0.7 0.97,
MgCl; 5.7 0.35p 0.6 0.97y
MgSO4 2.9 0.92, 0.3 0.99
NH4CI 7.1 0.77. 0.7 0.98c

Table 5. List of brines reacted with SAz-1 and NAu-2. Water activities calculated using a:
(Guendouzi et al., 2003), b: (Ha & Chan, 1999), c: (Guendouzi et al., 2001). It is pertinent to
note that all dilute brines have a H>O activity >0.95, while all near-saturated brines have H.O

activities <0.95.

2.3 Analysis

Powder X-Ray Diffraction (XRD) and Raman spectroscopy were used to analyze the starting
material and the reacted clay samples. Elemental compositions of the unreacted and reacted
brines were also measured by Inductively Coupled Plasma — Optical Emission Spectrometry

(ICP-OES).

XRD analyses were performed using a Rigaku SmartLab X-ray Diffractometer (Rotating
anode Cu source, 45 kV, and 200 mA) with XRD data subsequently processed using MDI Jade
Pro with the ICDD PDF4+ database. XRD patterns of both the starting material and brine-

reacted SAz-1 and NAu-2 were acquired between 5-70 °20 on oriented samples. For selected
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clay-brine solid reaction products additional scans were collected between 2-35 °26 for an
ethylene glycol solvated and heat-treated (375°C for 24hr) subsample. XRD sample preparations
followed methods described in Moore & Reynolds (1989). XRD patterns presented in this study

are shown with normalized intensities, but no further processing was required.

For Raman analysis, a Renishaw InVia Raman microscope with a 500 mW 785 nm red laser
and a 1200 I/cm grating, centered at 660 cm™ was used to acquire spectra between 100 and 1100
cmL. Calibration was performed using an Si wafer producing a sharp band for Si at 520.6 cm™.
Laser power was maintained at 5% to minimize sample heating and potential mineral
degradation. For each sample, a repeat scan was acquired to ensure potential laser induced
damage did not occur. Clay fluorescence was minimized by averaging 150 accumulated
exposures of 1 second each to produce the final spectra. While clay hydration and interlayer
chemistry are commonly characterized by Raman using the 3000-3800 cm™ range of H2O and
OH vibrations, the focus of this study was to characterize alteration of the SAz-1 and NAu-1
such as changes in the octahedral silicate sheets, therefore we focused our Raman analyses on a
range <1100 cm™, where the peaks are indicative of Si-O and metal bonds. Additionally,
typically x-ray amorphous phases containing Al, Fe or Si commonly have peaks in the <1000
cm® regions. To facilitate interpretation of the Raman data, we processed the spectra by first
removing baseline noise, then normalized and smoothed using a Savitzky-Golay filter. The
ChemoSpec package in R was used for all spectra processing (Hanson, 2014). Unsmoothed

versions of all Raman spectra used in this study are provided in the supplemental materials (S1).

Elemental magnesium, silicon, aluminum, and iron content within the reacted brines were

quantified using a Thermo Fisher Scientific iCap Pro ICP-OES. Initial brine compositions were
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1979  also determined and were subtracted from the reported values for all samples to determine the

1980  solutes changes resulting from clay alteration within the fluid.
1981 3. Results & Discussion

1982 3.1 NAu-2-brine Experiments

1983 Raman spectra produced by NAu-2-brine reactions are shown in Fig. 1. A duplicate figure
1984 that contains the raw spectra without smoothing is also provided in the supplemental material -
1985  Fig. Al. Previous studies characterizing the Raman spectra of nontronite, including NAu-2
1986  specifically in some cases, have identified many of the peaks observable in Fig. 1 (Demaret et
1987  al., 2023; Frost & Kloprogge, 2000a, 2000b; Gibbons et al., 2020) (and references therein).
1988  Within the 25°C reactions two clay-brine reaction products contain significant intensities absent
1989 in the starting material. These reaction products were observed in the near-saturated Na,SO4 and
1990  dilute NazSOa. Strong peaks at 459, 619/638, and 994/1008 cm™ were observed in both of these
1991  experiments, which can be assigned vz, va, and vi/vs vibrations from residual SO+ present in the
1992  reacted clay (Ben Mabrouk et al., 2013). In the 100°C spectra for NAu-2 reacted with saturated
1993  NazSO4, an intense peak at 994 cm™ can be attributed to v vibrations of SO42* (Ben Mabrouk et
1994  al., 2013). The presence of a triplet at ~600 cm™ in both the 25°C and 100°C near-saturated
1995  NaxSOjs reacted NAu-2 samples is indictive of thenardite (Fig. 1).For convenience, RRUFF
1996 reference spectra for minerals of interest in this paper are provided in Fig. 2. As can be seen in
1997  Fig. 2, gypsum, thenardite and anhydrite have their most intense peak at ~1000 cm™ as well as
1998  minor peaks in the 400-600 cm™ range similar to near-saturated and dilute Na2SOa reacted at
1999  25°C and near-saturated Na,SO4 reacted at 100°C (Figs. 1 & 2). While some of the SO4? peaks

2000 inthe NAu-2 samples do not fall exactly on the same line as the reference sulfate minerals, it is
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2001  known that the cation present in the sulfate mineral will alter the peak location, with decreasing

2002 line position as the cation radius increases (Ben Mabrouk et al., 2013).
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2004  Figure 11. Raman spectra for NAu-2 experiments. A) NAu-2 + brines reacted at 25°C. B) NAu-
2005 2 + brines reacted at 100°C. Dashed boxes highlight specific peaks which are not characteristic
2006  of NAu-2; 459, 619, 638 cm™, and the 994 — 1008 cm* range which are all characteristic of

2007  SO4%. For convenience, RRUFF reference Raman spectra for minerals of interest in this paper
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2008  are provided in the supplementary material Fig. 2. Major peaks for goethite (~450 cm™) and
2009  gibbsite (1050 cm™) are absent. We also did not observe any significant increase in the peaks

2010 indicative of SiO2 (~200-500 and 800-1000 cm™) as a result of alteration.

Raman Reference Minerals

A N N Ferroceladonite
P e, —"f\- Gibbsite

'—MA Goethite
—A«—_/\-\_,_/‘/\A N Microcline

Intensity (normalized)

k Opal
s Thenardite

Epsomite

Anhydrite

Gypsum

T T T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000 1100

Wavenumber (cm™)
2011

2012  Figure 2. Raman spectra of some minerals discussed in this study. All spectra were retrieved
2013  from the RRUFF database (Lafuente et al., 2015). Opal is used in this instance to represent

2014  amorphous silica.

2015 Analysis of the broad 5-70 °260 NAu-2 25°C and 100°C XRD patterns confirms the presence
2016  of secondary minerals, notably sulfates (Fig. 3). Secondary minerals present include gypsum
2017  (CaS042H20), anhydrite (CaS0s), hexahydrate (MgSO4+6H20), thenardite (Na2SO)s, and halite
2018  (NaCl). The presence of hexahydrate, thenardite, and halite in samples reacted with MgSOs,
2019  NaxSOg4, and NaCl brines, respectively, indicates that the triple rinsing procedure was not entirely

2020  successful in removing the brine from the sample. However, the presence of Ca-sulfate
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secondary minerals in samples that were reacted with MgSO4 and Na SO brines indicates that
calcium was present during the reaction. In the 25°C and 100° NAu-2 experiments Ca-sulfates
were observed in both near-saturated and dilute MgSO4 and NaSOj4 clay-brine reactions, The
presence of Ca-sulfate secondary minerals can be explained by cation exchange between the

reacting brine and NAu-2 (Geyer et al., 2023).

The conspicuous absence of a diffraction peak at ~12.4 °260 or 25 °20 in Fig. 3 rules out the
possibility of kaolinite formation as a result of the clay-brine weathering at the temperatures and
timescales tested here. Steiner et al also identified goethite (FeO(OH)) as a likely secondary
mineral resulting from incongruent nontronite dissolution (Steiner et al., 2016). However, for this
study, we did not observe any evidence of goethite in either the Raman spectra (goethite peaks
expected ~400 cm™* and ~450 cm™, Fig. 1) or the XRD patterns (goethite peaks expected at

21.26, 36.68, and 33.24 °260, Fig. 3) (Demaret et al., 2023).

NAu-2 is a natural sample and may have some Ca?* in the interlayer as well as known
contaminants including anorthite (CaAl2Si.Os- ~10 wt%) and calcite (CaCOs- ~1 wt%))
(Gibbons et al., 2020; Keeling et al., 2000). The conspicuous peak shifts observed in the low
angle <15 °26 region of the diffraction data for both the 25°C and 100°C reactions (Fig. 3) are
due to changes in the d(001) basal spacings and are likely the result of cation exchange. The 001
basal reflection is significantly influenced by the hydration state of the clay as well as the
specific interlayer cation present. The NAu-2 clays were prepared identically and were exposed
to the same level of relative humidity during analysis, thus the differences in the 001 peak °20
positions are more likely indicative of differences in interlayer cations than changes in the
interlayer spacing due to hydration alone (Chipera & Bish, 2001; Moore & Reynolds Jr, 1989).

Generally speaking, d-spacings of the 001 basal reflection decrease (increasing °20) as the
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2054

hydrated radii of the interlayer cation decreases; with generalized °20 peak positions for a
smectite with a particular interlayer cation as follows: Ca?* ~ 5.7 A, Mg?* ~ 6.0 A, Na* =~ 7.2 A,
and NHs* = 7.3 A (Ayari et al., 2007). The location of the starting material 001 peak suggests the
dominance of Ca?* in the interlayer whereas the 001 peak locations observed in the reacted
samples typically reflect cation exchange with the brine it was reacted with (Fig. 3). In the 20-30
°20 range, complexity arises from varying intensities of peaks typical of contaminant minerals
present in the starting material. Known contaminants in NAu-2 such as anorthite, quartz, mica,
and others are notoriously difficult to remove, and some samples exhibit increased intensities of
peaks associated with these minerals. The increased presence of the contaminant minerals for
some samples and not others may be a result of particle size fractionation during crushing and

weighing out of the individual samples.
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2056  Figure 3. XRD Patterns for NAu-2 experiments. The ribbon at the base of each graph represents
2057  the primary intensities for nontronite (98-000-9945). A) NAu-2 + brines reacted at 25°C. B)

2058  NAu-2 + brines reacted at 100°C. Shifts in the 5-12 °20 are attributed to changes in the interlayer
2059  spacing as a result of cation exchange. Changes observed in the 20-30 °26 are attributed to either
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2073

evaporative minerals from residual brine or heterogenous inclusion of trace phases typically
found in NAu-2. The most intense peaks for the minerals resulting from residual brine
evaporation are indicated with vertical lines. “Gyp” = Gypsum, “Hex” = Hexahydrate, “Th” =

Thenardite, “Anhy” = Anhydrite, “Hal” = Halite, and “An” = Anorthite

Not all the low angle <15 °26 peaks observable in Fig. 3 are clear cut examples of simple
cation exchange-- many exhibit severe peak broadening or double peaks. To elucidate the cause,
several samples underwent ethylene glycol solvation and heat treatment to identify potentially

interstratified clay minerals (Figs. 4 & 5).

NAu-2 Starting Material g 1" Orted
Ethylene Glycol

Heat Treated

Counts

ji S
Jsi) k Feld

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

Figure 4. Air Dried, Ethylene Glycol, and Heat Treated XRD patterns for NAu-2 starting
material. Known contaminants feldspar (“Feld”), talc and quartz (“Qtz”) indicated by arrows.
The basal 001 reflection exhibits a d-spacing decrease (shift in peak from 4.5 to 9 °20) due to
removal of H>O in the interlayers in the heated sample. No illite or kaolinite was detected in the

starting material.
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Figure 5. Air Dried, Ethylene Glycol, and Heat Treated XRD patterns for select NAu-2 clay-
brine reaction products. “I/S” illite/smectite shoulders indicated with arrows for all samples
except 25°C 10% Na>SO4, which showed no indication of I/S. In general, 100°C samples

exhibited more intense I/S shoulders than samples reacted at 25°C.

While the 2-35 °26 XRD patterns for ethylene glycol and heat treated NAu-2 starting

material contained evidence of talc, feldspar, and quartz, known impurities within the clay
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standard, it did not contain other expected impurities- neither illite nor kaolinite were detected in
the starting material (Fig. 4). Of the 25°C NAu-2-brine experiments, 18.2 MQ H-O, dilute
Na>SO4 and near-saturated NH4Cl received ethylene glycol solvation and heat treatment. Of the
100°C experiments near-saturated NaCl, dilute Na,SO4 and near-saturated NH4ClI received
ethylene glycol solvation and heat treatment. The presence of shoulders at ~6.6 °26 and ~26.3
°20 in the ethylene glycol treated samples and a peak at ~18.6 °26 in the heat treated samples
provides evidence of illite in several of the reaction products (Moore & Reynolds Jr, 1989;
Srodon, 1980). Of the 25°C samples which underwent ethylene glycol solvation and heat
treatment, both the 18.2 MQ H>0 and near-saturated NH4CI experiments produced mixed-layer
illite/smectite, however, dilute Na,SO4 did not. All three of the 100°C samples which underwent
ethylene glycol solvation and heat treatment (near-saturated NaCl, dilute Na,SO4 and near-
saturated NH4ClI) produced diffraction patterns indicative of mixed-layer illite/smectite. Moore
& Reynolds Jr (1989) suggest using the reflections at ~10 °20 and ~16.5 °20 and their difference
(°A20) to calculate the percent illite. Unfortunately, the reflections at ~16.5 °20 for these samples
are of such low intensity the accuracy of such a calculation would be questionable. However, the
extremely low response at ~16.5 °26 suggests that the portion of illite in the mixed-layer portion
of illite/smectite is significantly lower than 10%. The significance of temperature is apparent
when comparing the 25°C and 100°C ethylene glycol solvated XRD patterns of dilute Na2SO4
reacted clays, where illite formed in the higher temperature experiment, but is undetectable in the

lower temperature experiment (Fig. 5).

We also monitored smectite dissolution and/or alteration by comparing the Si, Al and other
cations released to solution (Cappelli et al., 2018). Examining the elemental abundances in the

reacted brines confirms that incongruent dissolution is occurring, including alteration of
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2111
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2113

2114

2115

2116

nontronite to illite (K,H3O)(Al,Mg,Fe)2(Si,Al)s010[(OH)2,(H20)] as evidenced by the glycolated
and heat treated XRD analyses. Previous studies have compared the ratios of Fe/Si in the reacted
fluids to their stoichiometric ratio in the clay to determine dissolution rates (Gainey et al., 2014;
Steiner et al., 2016). While we did not collect time series data needed to quantify alteration rates,
these comparisons can help us elucidate different dissolution mechanisms and processes that may
be occurring in the different solutions. To simplify interpretation of elemental ratios we
calculated the “stoichiometric ratio”” which is the ratio of two elements in the reacted brine
compared to their stoichiometric ratio in the clay (Eqn. 1), the results of these calculations for
NAu-2, using the structural formula M*o.72(Si7.55Al0.45) (Fe3.83Mgo.05)O20(0OH)4 from Keeling et al
(2000), where Si/Al = 16.8, are presented in Table 2. “M™” represents cations such as K*, Na*, or
Ca?" present in the interlayer. Keeling et al. (2000) reported a minor K* component in NAu-2

which may provide a source of K* required if illitization were occurring.

Aag
. L. , , B
Equation 1: Stoichiometric ratio = z—7—

Bclay
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2117

2118

2119

2120

2121

2122

2123

2124

2125

2126

2127

2128

2129

25°C 100°C H,0

Brine Fe/Si | Fe/Al Al/Si Fe/Si Fe/Al | Al/Si Activity
182 MQHO | 0.72 | 0.73 0.99 0.03 0.63 0.05 1
NaCl ns 0.04 | 0.01 5.52 0.08 0.00 30.51 0.79
NaCl dilute 0.01 | 0.01 1.01 0.02 0.01 2.57 0.98
Na2S04 ns 0.04 | 0.01 7.50 0.29 0.03 11.22 0.94
Na2SO4 dilute 0.13 | 0.07 1.72 0.03 0.03 0.85 0.99
CaClzns 0.08 | 0.01 11.68 0.06 0.01 9.79 0.43
CaCly dilute 0.01 | 0.00 1.87 0.03 0.07 0.42 0.97
MgClzns 0.09 | 0.01 16.64 0.08 0.00 19.14 0.35
MgCl2 dilute 0.01 | 0.00 1.83 0.00 0.01 0.62 0.97
MgSO4 ns 0.24 | 0.01 17.91 0.02 0.00 5.50 0.92
MgSOg4 dilute 0.01 | 0.00 1.99 0.00 0.00 0.33 0.99
NH4Cl ns 0.03 | 0.01 6.40 0.02 0.00 4.63 0.77
NH4Cl gitute 0.05 | 0.03 1.37 0.00 0.00 0.35 0.98
Spearman's
Coefficient 0.01 0.37 -0.82 -0.44 0.50 -0.82

Table 6. Stoichiometric ratios calculated using Fe, Si, and Al abundances in brines reacted with
NAu-2 at 25°C and 100°C. Green highlighted values are below the stoichiometric ratio, gold
highlighted values are above the stoichiometric ratio, and blue highlighted values are within 5%
of the stoichiometric ratio for NAu-2 raw aqueous concentrations. The Spearman’s coefficients
for each stoichiometric ratio compared to the H>O activity of the reacting brine indicate the

degree of correlation with respect to the activity of water in the initial brine.

Stoichiometric ratios that deviate from 1 indicate either incongruent dissolution or non-
stoichiometric dissolution, or a combination of both. Incongruent dissolution here is defined as
the dissolution of one mineral with the concurrent precipitation of a secondary mineral; non-
stoichiometric dissolution is defined here as the preferential leaching of one element over
another from the mineral structure during dissolution. Stoichiometric ratio values less than 1
indicate either the formation of secondary minerals incorporating element A, or preferential

leaching of element B; while values over 1 indicate formation of secondary minerals containing
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2144

B or preferential leaching of A. All reacted brines for both the 25°C and 100°C NAu-2 reactions
had Fe/Si and Fe/Al stoichiometric ratios less than 1 (Table 2) indicating either the precipitation
of a secondary Fe-rich phase or the preferential leaching of Si and Al over Fe for NAu-2.
Similarly, Steiner et al. (2016) also reported Fe/Si ratios in solution below the Fe/Si nontronite
stoichiometric ratio when reacting nontronite with chloride brines. They interpreted these lower
than stoichiometric ratios as indicating incongruent dissolution and precipitation of Fe-bearing
secondary minerals, as confirmed via synchrotron XRD analyses that found goethite in addition
to nontronite in their reacted samples. However, iron oxide phases were not observed in any of
the reacted clay solids produced in this study with either Raman (226, 292, and 413 cm™) or bulk
powder XRD analyses (21.3, 36.7 and 33.2 °20). Thus, regardless of temperature, brine
composition or concentration, Fe is preferentially retained by NAu-2 over Si and Al during
dissolution in the experiments performed in this study. In addition, Fe/Si or Fe/Al stoichiometric
ratios also appear to be independent of the activity of water, as indicated by the low Spearman’s
coefficients reported in Table 2. Steiner et al. (2016) also observe a linear, negative relationship

between dissolution rates and the activity of water within the brines tested (Steiner et al., 2016).

108



2145

2146

2147

2148

2149

2150

2151

2152

2153

2154

2155

NAu-2

20
R*=049 1

10

Al/Si Stoichiometric Ratio

0.4 0.6 08 - 10
H-0 Activity -

MgCl, Il MgSO, I
Nacl 4  Na,50; i}
cac, @ @ 25°C
NH,Cl 100°C

Near @ 10xO
Saturated  Diluted

Figure 6. Al/Si stoichiometric ratio vs H.O Activity for NAu-2 25°C and 100°C experiments;
blue triangles represent brines reacted at 25°C and orange circles indicate brines reacted at
100°C. The dashed box highlights the range corresponding to the 0.9-1.0 activity of water.
McFadden pseudo R? = 0.49 for samples reacted at 25°C (blue dashed line). McFadden pseudo

R? = 0.32 for samples reacted at 100°C (orange dashed line).

While Fe stoichiometric ratios are uniformly below 1 for all brines reacted with NAu-2 at
25°C and 100°C, the Al/Si stoichiometric ratio was either near 1 or significantly above 1 for all
brines reacted at 25°C and all near-saturated brines reacted at 100°C. Al/Si stoichiometric ratios
above 1 indicate either preferential leaching of Al from NAu-2, or Si removal due to

precipitation of secondary phases. Preliminary modeling using PHREEQC (phreeqc database,
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25°C/100°C, pH =7, balance on CI) predicts that all 25°C reacted brines were saturated with
respect to quartz, but undersaturated with respect to amorphous silica, and all 100°C reacted
brines were undersaturated with respect to quartz and amorphous silica (supplementary material
Table A3.) (Parkhurst & Appelo, 2013). However, none of the clays reacted at 25°C had
significantly increased intensities for peaks associated with quartz in either the Raman (~470 cm’

1 or XRD patterns (20.8°, 26.7°, and 50.2° 20) relative to the starting material.

Incongruent dissolution of nontronite with precipitation of illite, as indicated by the
glycolated and heat treated XRD analyses (Fig. 5), would lead to excess Si in the remaining
solids. Indeed, Al/Si stoichiometric ratios for almost all the 25°C experiments, and all the near-
saturated 100°C experiments are greater than 1, indicating preferential release of Al to solution
and/or precipitation of Si-rich solids. However, a previous study examined smectite dissolution
in 1M KClI solutions at 200°C and found that as illitization occurred Si concentrations in the
reacting fluid also increased, however they did not report Al concentrations (Mills et al., 2023).
Mills et al. (2023) postulated that edge dissolution of the octahedral and tetrahedral layers was
occurring, producing SiOzq) as illite was forming. While Mills et al. (2023) did not report
aqueous Al concentrations, precluding a stoichiometric ratio analysis, the SiO2(q) concentrations
reported in their 200°C experiments are at least two orders of magnitude higher than those
observed in the 100°C experiments reported here. Therefore, as indicated by the Al/Si
stoichiometric ratios, the reaction mechanism for NAu-2 incongruent dissolution may not be

consistent with respect to brines of different compositions and concentrations.

While illite is a common alteration product formed from smectite alteration, ferroceladonite
K(Al, Fe**)(Fe?*, Mg)Sis010(OH). has also been observed forming as a result of dissolution of

nontronite in KCI brines at 250°C and 100°C (Miller et al., 2012). The formation of
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ferroceladonite rather than illite would explain why, in the reacted brines, Fe/Si and Fe/Al
stoichiometric ratios were less than 1 while Al/Si ratios were greater than 1. In ferroceladonite,
considerable Fe substitution for Al in the octahedral layer occurs whereas the tetrahedral layer
consists of Si almost exclusively; therefore, if ferroceladonite were forming we would expect
lower Fe/Al stoichiometric ratios as Fe from the nontronite substitutes for Al in the forming 10 A
clay. The presence of ferroceladonite rather than illite would also explain the rather low intensity
XRD response at ~16.5 °20 as ferroceladonite exhibits a weak 002 reflection owing to the

presence of octahedral iron (Moore & Reynolds Jr, 1989).

Ferroceladonite is traditionally thought to be a product of hydrothermal alteration of basalt
and is occasionally observed with nontronite; however, there is evidence that ferroceladonite
may precipitate directly from solution or transformation of an Fe-smectite such as nontronite
(Meunier et al., 2010; Miller et al., 2012; Polgari et al., 2013) However, the mechanism of
ferroceladonite genesis as well as the methods used for its detection are ambiguous. For instance,
in ferroceladonite XRD patterns, the 060 reflection is typically given as 1.51 A (61.4 °20) and is
linearly correlated with the Fe®* octahedral content, however the use of 060 as an identifying
characteristic of ferroceladonite has been disputed (Buckley et al., 1978; Weiszburg et al., 2004).
Additionally, the characteristic Raman spectrum of ferroceladonite (Fig. 2) exhibits three
primary broad peaks around 300, 400, and 520 cm™. Neither the 25°C nor the 100°C brines
reacted with NAu-2 exhibited significant increases in Raman signal at the aforementioned
wavenumbers with respect to the NAu-2 starting material. Similarly, the low intensity seen at
~16.5 °20 may be the result of ferroceladonite or a result of illite in such small quantities that its

002 intensity is negligible in the XRD patterns acquired in this study. Thus, if ferroceladonite
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rather than illite is present in the reacted NAu-2 solids, additional analyses such as infra-red

spectrometry or electron microscopy would be required for definitive resolution.

The activity of water appears to directly affect Al/Si ratios observed in the solid and aqueous
reaction products for both the 25°C and 100°C reacted NAu-2 brines. Across both temperatures,
the aqueous Al/Si stoichiometric ratios observed in the near-saturated brines are consistently
higher than their diluted counterparts. The significant differences between near-saturated and
dilute Al/Si stoichiometric ratios suggests that preferential Al leaching or Si precipitation is more
intense in concentrated brines. A significantly different reaction pathway may be responsible for
producing the striking difference in Al/Si stoichiometric ratios. The effects of ionic strength on
Al-containing mineral solubilities have been previously studied, and found that AI** mobility
increases with increasing ionic strength NaCl brines (Palmer et al., 2001). On the other hand,
silica precipitation was also found to accelerate in brines, thus removing Si from solution, and
that different salts impacted silica precipitation to differing extents (Gorrepati et al., 2010). Both
Palmer et al (2001) and Gorrepati et al. (2010) posited that ion pairing effects were responsible
for enhanced AI** mobility and silica precipitation in high ionic strength solutions. In our
experiments which produced incongruent dissolution of NAu-2, ion pairing effects could explain
the increased Al/Si stoichiometric ratios in near-saturated brines as well as the complicated
effects of temperature, along with brine composition and concentration on aqueous solute

composition.

In addition, the variations we observed in Al/Si with brine composition and concentration are
also noteworthy. While the linear relationships observed between Al/Si ratios and H20 activity
were found to be statistically significant (o = 0.05) based on the Spearman’s coefficient, the

composition of the brine also appears to play an important role beyond the activity of water
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(Figure 6). If incongruent dissolution and illite precipitation were only dependent on activity of
water and independent of brine composition, then we would expect similar Al/Si stoichiometric
values between brines with comparable H»O activities at the same temperature. In the 25°C
reaction, brines with divalent cations had higher Al/Si stoichiometric ratios than brines with
monovalent cations. However, in the 100°C reaction no clear pattern was apparent between
divalent and monovalent cation brines. The correlation between H.O activity and Al/Si
stoichiometric ratios as well as the presence of illite in some of the subsamples suggests that
brine composition and concentration, possibly through ion pair effects, strongly influence

incongruent dissolution of NAu-2.

3.2 SAz-1-brine Experiments

Raman spectra produced by the SAz-1-brine reactions are shown in Fig. 7; a duplicate figure
showing the results without smoothing is provided in the supplemental material (Fig. A2). These
spectra (Fig. 7) share many of the peaks (~190, 250-300, ~420, and ~700 cm™) associated with
SAz-1 in other studies (Bishop & Murad, 2004; Demaret et al., 2023; Wang et al., 2015). Of the
25°C reactions, only the sample reacted with near-saturated CaCl, contains peaks not typically
attributed to montmorillonite; a peak at 218 cm™ which is commonly attributed to Ca-Cl
vibrations as well as a shifted peak and increase in intensity at 283 cm™ associated with Ca-O
vibrations (Uriarte et al., 2015). Of the 100°C reactions, samples reacted with near-saturated
Na2SOs, near-saturated MgSOs, and dilute MgSO4 had strong peaks at 415 — 495 cm™, 619 — 638
cm™, and 994 — 1008 cm™* which can be attributed to v2, v4, and v1/v3 vibrations from residual
SO4? present in the reacted clay (Ben Mabrouk et al., 2013; Wang et al., 2006). The peaks
indicative of Ca—Cl bonds in the 25°C near-saturated CaCl, reacted SAz-1 as well as the

hydrated SO4> peaks in the 100°C near-saturated Na2SOa, near-saturated MgSQa, and dilute
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2247  MgSOs reacted SAz-1 suggest that the triple rinse procedure was not effective at removing all of
2248  the excess brines prior to drying the sample. Additionally, a small peak at ~513 cm™ can be
2249  assigned to potassium feldspar which is a known contaminant in SAz-1 (microcline is provided

2250  as the reference potassium feldspar in Fig. 2).
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2251

2252  Figure 7. Raman spectra for SAz-1 experiments. A) SAz-1 + brines reacted at 25°C. B) SAz-1 +
2253  Drines reacted at 100°C. Dashed boxes highlight specific peaks which are not characteristic of
2254  SAz-1:in Fig. 7A 218 cm™ (Ca-Cl), in Fig. 7B 459, 619 — 638 cm™ (S04%), and the 994 — 1008

2255  cm™ range (also SO4+%). For convenience, RRUFF reference spectra for minerals discussed in this
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paper are provided in Fig. 2. Major peaks for goethite (~450 cm™) and gibbsite (1050 cm™) are
absent. We also did not observe any significant increases in the intensity in the peaks indicative

of SiO, (~200-500 and 800-1000 cm™).

The 5-70 °26 XRD patterns for the 25°C and 100°C SAz-1 brine reacted SAz-1 samples are
presented in Fig. 8. The unreacted SAz-1 “starting material” strongly resembles patterns obtained
in previous studies of SAz-1, with the notable exception being that the smectite 001 basal
reflection in this study is at 16.0 A (5.52 °20) compared to the typical 13.3 A (6.63 °20) for SAz-
1 (Fi. 6)(Chipera & Bish, 2001). As discussed above in our interpretation of the NAu-2
experiments, the smectite basal spacing is highly sensitive to the interlayer cation present as well
as the relative humidity at the time of analysis. Within the reacted samples, sulfate phases
observed in the Raman spectra are confirmed by several secondary minerals evident in the XRD
patterns, including gypsum (CaSO4¢2H>0), anhydrite (CaSO4), and thenardite (Na2SOs).
Secondary sulfate minerals were only observed in the Na;SO4 experiments at 25°C, which
contained traces of gypsum. However, reactions carried out at 100°C produced considerably
more complex secondary mineral assemblages. Both the near-saturated and dilute Na2SO4 brine
experiments at 100°C contain gypsum. Near-saturated Na,SOs also contained thenardite,
whereas the dilute Na2SO4 products contained anhydrite in addition to gypsum. The presence of
thenardite in SAz-1 reacted with Na>SO4 brine indicates that the triple rinse procedure was not
successful at removing all of the excess brine from the sample. Ca-sulfate secondary minerals
observed in samples of SAz-1 reacted with NaxSO4 and MgSOg brines likely formed as the result
of cation exchange. SAz-1 has a relatively high cation exchange capacity of ~120 meq/100 g

with the major exchange cation being Ca?* (Borden & Giese, 2001).
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2279  Figure 8. XRD Patterns for SAz-1 experiments. The ribbon at the base of each graph shows the
2280  primary intensities for montmorillonite (98-001-0935). A) SAz-1 + brines reacted at 25°C. B)
2281  SAz-1 + brines reacted at 100°C. A peak shift from ~6.2 °26 towards ~9 °26, indicative of

2282  changes in the interlayer spacing, can be observed for near-saturated NaCl, near-saturated NH4Cl
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and dilute NH4Cl in both the 25°C and 100°C experiments. Changes observed in the 20-30 °26
are attributed to either contaminant minerals from residual brine or heterogenous inclusion of
contamination phases typically found in NAu-2. “Gyp” = Gypsum, “Th” = Thenardite, “Anhy” =

Anhydrite, “Qtz” = Quartz.

When comparing the low angle <20 °26 XRD patterns for SAz-1 (Fig. 8) with the data
collected for NAu-2 (Fig.3), two observations stand out: 1) shifts in the 001 basal reflection at
~7°20 observed in the NaCl, Na2SOa, and NH4Cl brines at both 25°C and 100°C, are similar to
those observed in NAu-2, and 2) whereas NAu-2 did not have any appreciable peaks in the 14-
18°20 space (6.3-4.9 A d-spacings), SAz-1 does have a peak which appears to shift from lower
d-spacing to higher d-spacing (~18°26 in the ethylene glycol sample to ~14.5°26 in the heat
treated sample) for both near-saturated and dilute NH4Cl reacted with SAz-1 at 25°C and 100°C.
Additionally, a weak peak in the same 14-18°26 range appears in both the 25°C and 100°C near-
saturated NaCl and 100°C near-saturated Na,SO4 experiments. The broad peaks observed in the
14-18 °26 range are the 003 reflection for smectite. Therefore, we selected several of the reacted
SAz-1 samples for additional ethylene glycol solvation and heat treatment prior to supplementary

XRD scans to further investigate possible interstratification (Figs. 9 & 10).
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— AirDried

SAz-1 Starting Material

Ethylene Glycol

Heat Treated

Counts

2299
2300  Figure 9. Air Dried, Ethylene Glycol, and Heat Treated XRD patterns for SAz-1 starting

2301  material. In the ethylene glycol pattern, peak broadening at ~6 °26 may be the result of more than
2302  one cation present in the interlayer, intermixed illite/smectite layers or partial expansion from

2303  ethylene glycol. Kaolinite was not observed in the SAz-1 starting material.
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2305  Figure 10. Air Dried, Ethylene Glycol, and Heat Treated XRD patterns for select SAz-1 clay-
2306  brine reaction products. “I/S” illite/smectite shoulders indicated with arrows for all samples. In
2307  SAz-1 reacted with Na2SO4at 100°C, gypsum dehydrates to anhydrite in the heat-treated sample.
2308 The results of ethylene glycol and heat treatment on the unreacted SAz-1 starting material are
2309  presented in Fig. 9 and select SAz-1 subsamples which underwent ethylene glycol and heat
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2310 treatment are presented in Fig. 10. All ethylene glycol solvated samples exhibit a illite/smectite
2311  shoulder at ~26.4 °20. When comparing the influence of temperature, 100°C near-saturated NaCl
2312  produced much more intense I/S shoulders at ~6.5 and ~26.4 °20 relative to its 25°C counterpart.
2313  For near-saturated NH4Cl the intensity of the 25°C ~6.5 °26 peak appears similar to its 100°C
2314  counterpart, while the ~26.4 °20 I/S shoulder appears only marginally more intense in the 100°C
2315 sample, in contrast to the behavior of NAu-2. Of the six subsamples chosen for ethylene glycol
2316  treatment, only 25°C 18.2 MQ H>O reacted SAz-1 had peaks at ~10 °26 and ~16 °20 of

2317  sufficient intensity above background to calculate a percent illite. Using the criteria of °A20
2318  between the 001/002 and the 002/003 peaks (illite/EG-smectite) established by Moore &

2319  Reynolds Jr (1989) the 25°C 18.2 MQ H>0 reacted SAz-1 contains up to 6.9% illite.

2320 Similar to the incongruent dissolution observed in the NAu-2 experiments, secondary illite
2321  formation in the SAz-1 experiments is not exclusively dependent on either temperature or brine
2322  concentration. For example, the I/S shoulders for near-saturated NaCl reacted at 25°C are

2323  significantly less intense than for the same brine reacted at 100°C; whereas, when comparing
2324 25°C to 100°C reacted NH4CI the 1/S shoulders are similar in magnitude. Thus, while

2325  temperature clearly influences SAz-1 alteration, brine composition also plays a role. The

2326  persistence of Ca-sulfate minerals is also evident in the ethylene glycol and heat treated XRD
2327  patterns for near-saturated Na>SO4 reacted with SAz-1 at 100°C (Fig. 10); in the ethylene glycol
2328  solvated sample gypsum peaks are clearly visible at ~11.6, 20.7, 23.4, and 29.2 °20, however

2329  upon heating the sample to 375°C, gypsum dehydrates to anhydrite.
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2335

2336

2337

2338

2339

2340

2341

25°C 100°C H20

Brine Al/Si Al/Si Activity
182 MQHO | 1.34 0.09 1
NaCl ns 4.19 1.76 0.79
NaCl giiute 0.17 0.10 0.98
Na2SO4 ns 1.87 0.45 0.94
Na2SO4 dilute 0.39 0.08 0.99
CaCla s 2.45 1.99 0.43
CaCly dilute 0.15 0.06 0.97
MgCl2 dilute 0.26 0.14 0.97
MgSOa ns 3.10 1.20 0.92
MgSOu4 dilute 0.20 0.08 0.99
NH4Cl ns 1.88 1.01 0.77
NH4Cl gilute 0.19 0.06 0.98
Spearman's
Coefficient -0.66 -0.83

Table 7. Stoichiometric ratios calculated using Si and Al abundances in brines reacted with SAz-
1 at 25°C and 100°C using Eqgn. 1. Green highlighted values are below the stoichiometric ratio,
gold highlighted values are above the stoichiometric ratio, and blue highlighted values are within
5% of the stoichiometric ratio for SAz-1. Elemental aqueous concentrations are provided in the
supplementary material Table Al. Spearman’s coefficients for each stoichiometric ratio indicate

a correlation to the activity of water for each brine prior to reaction.

The formation of secondary illite, as observed in the XRD data, indicates that incongruent
dissolution of SAz-1 is occurring, which is also evident based on the concentrations of Mg, Al,
and Si observed in the experimental fluids. Table 3 details the stoichiometric ratios of Al/Si for
both the 25°C and 100°C reacted SAz-1, as well as the Spearman’s coefficient of each of the
ratios compared to the H2O activity within the initial solution. Stoichiometric ratios were

calculated using Eqn. 1, based on the formula unit for SAz-1:
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2342  (Cao.39Nan.36Ko0.02) (Al2.71Mg1.11Fe0.12Mno .01 Tio.03) (Sig) O20(0H)4 yielding Al/Si = 0.34 (Van

2343  Olphen & Fripiar, 1981).

2344 Similar to the application of stoichiometric ratios to the NAu-2 experiments, deviations from
2345  1indicate either incongruent dissolution or non-stoichiometric dissolution, or a combination of
2346  both. Stoichiometric ratio values less than 1 indicate either the formation of secondary minerals
2347  incorporating Al, or preferential leaching of Si into solution; the inverse is true for values

2348  exceeding 1.

SAz-1

R}=0.77

Al/Si Stoichiometric Ratio
(8]

0.2 0.4 0.6 0.8
H,O Activity P

vecl, mm Meso; ]
Nacl 4 Na,sO, i}
cac, @ @ 25°C
NHCl % 100°C "

Near @ 10x O 01
Saturated  Diluted

2349 095 0.96 097 0.98 0.99 1.00

2350  Figure 11. Al/Si stoichiometric ratio vs H20O Activity for SAz-1 25°C and 100°C experiments.

2351  The dashed box highlights the range corresponding to the 0.9-1.0 activity of water. McFadden
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pseudo R? = 0.36 for samples reacted at 25°C (blue dashed line). McFadden pseudo R? = 0.77 for

samples reacted at 100°C (orange dashed line).

With the exception of near-saturated MgCl., all brines reacted with SAz-1 at 25°C had higher
Al/Si stoichiometric ratios than their 100°C counterparts. In addition, the Al/Si ratios for near-
saturated reacted brines were all equal to or greater than 1, while dilute reacted brines were much
lower than 1, regardless of temperature. The Al/Si stoichiometric ratios had Spearman’s
coefficients of -0.66 and -0.83 for 25°C and 100°C, respectively. Both Spearman’s coefficients
were statistically significant (a. = 0.05), which indicates that a relationship between H20 activity
and the Al/Si stoichiometric ratio exists. While a Spearman’s coefficient of -0.92 for 100°C is
clearly a strong negative relationship, a coefficient of -0.66 for 25°C reactions implies that other
factors besides H-O activity may also influence low temperature alteration of montmorillonite
(Fig. 11). Investigations involving a more detailed piecewise approach may be required to fully
delineate the relationships between incongruent dissolution, non-stoichiometric dissolution,

temperature, and brine composition/concentration.

4. Applications to Mars

The results of this study indicate that as near-surface waters on Mars became increasingly
saltier due to evaporation or freezing, different aqueous alteration pathways may have affected
clays at or near the surface. Brines influence clay alteration differently depending on their
composition, concentration, and temperature of the reaction. For example, during wet periods,
relatively dilute fluids would have been prevalent; by comparing the dilute brine Al/Si
stoichiometric ratios for both NAu-2 and SAz-1, it is evident that NAu-2 is more sensitive to

concentration and temperature differences than SAz-1. Additionally, areas on Mars such as
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impact craters likely to be affected by hydrothermal activity, would have experienced different

alteration pathways when compared to lower temperature lacustrine or fluvial environments.

On Mars, Al-rich clays such as kaolinite and montmorillonite have been observed to overlay
Fe-bearing nontronite clays (Bishop et al., 2008). It has been well documented that
transformation of smectite to mixed-layer kaolinite/smectite requires an excess of Al in solution
(Srodon, 1999). However, in this study, kaolinite was not detected in either the NAu-2 or the
SAz-1 experiments even with excess Al present in the reacted brines. The presence of illite
detected in both groups of NAu-2 and SAz-1 subsamples, rather than kaolinite is likely the result
of experimental conditions; the reactions were carried out in sealed vessels, and kaolinization of
smectite requires adequate drainage to proceed (Bergaya & Lagaly, 2013; Essington, 2015).
Restricted lacustrine environments on Mars therefore would likely have increased illite content
relative to well drained environments where kaolinite would dominate. This dependance on
drainage is similar to alteration pathways observed on Earth, however brine composition would

have also influenced the alteration path and products.

In Martian environments where we observe a stratigraphic relationship between smectites
and kaolinite, we would expect that the Al enriched fluids percolating downward would
eventually precipitate Al-rich phases such as alunite (KAI3(SO4)2(OH)s or gibbsite (AI(OH)3)
under acidic conditions (Fairén et al., 2017). Additionally, as Mg- and Na-rich brines exchanged
Mg?* or Na* with the clay interlayer Ca?*, the fluids would have become saturated with respect
to Ca-sulfates, thus providing a mechanism for Ca-sulfate formation, which is found in
abundance at locations such as Gale crater (Nachon et al., 2014; Rapin et al., 2016). Replacement
of interlayer hydrated Ca?* for the larger hydrated Mg?* would also have caused slight localized

swelling of the smectite, possibly creating fractures and veins in the surrounding rock.
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The influence of both temperature and brine composition/concentration on aqueous alteration
of smectites highlights the spatial and temporal variability which must be accounted for when
interpreting clays on Mars. For example, in a closed lacustrine environment on Mars, initial fluid
compositions would have been less salty and smectites would have released Si preferentially to
solution; however, as Mars’ hydrosphere shrank and fluids became more saline, smectite

aqueous alteration would have released Al preferentially to Si.

5. Conclusions

While dissolution and illitization of smectites have been studied extensively over the last 100
years, the results of this study provide further context to interpret phyllosilicates on Mars and
other planets. For both nontronite and montmorillonite, incongruent dissolution via illitization
was observed to be dependent not only on temperature and H2O activity, but also brine
composition and concentration. Detection of illite combined with Al/Si stoichiometric ratios
indicates that besides temperature and pH, brine composition and concentration strongly
influence smectite alteration pathways. For example, when near-saturated NH4Cl is reacted with
nontronite or montmorillonite at 25°C or 100°C the reaction pathways are not consistent between
the two smectites, reinforcing the results of previous studies. For example, Sucha et al. (1998)
performed hydrothermal synthesis of illite at 300°C and reported that the formation of either
NH:- or K-illite was highly dependent on the composition of the starting material. With
nontronite, much more intense illite peaks were observed in the ethylene glycol sample reacted at
100°C relative to its 25°C counterpart (Figs. 5 & 10). However, when montmorillonite was
reacted with near-saturated NH4Cl, XRD peak intensities for illite were similar between the 25°C
and 100°C reactions. It has been previously discussed that different brines effect silica

precipitation more or less strongly, due to ion pairing effects (Gorrepati et al., 2010). We suggest
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that not all smectites are equally affected by a single brine, and that when interpreting sediments
resulting from aqueous alteration by high salinity brines, disparate dissolution pathways should
be considered that are a function of brine chemistry and concentration, as well as the initial clay

mineralogy.

Based on the results of this study, we would expect low temperature aqueous alteration of
nontronite to produce Al-enriched (relative to Si) solutions, especially in near-saturated brines.
However, at elevated temperatures, dilute brines release more Si from nontronite compared to
Al. This reversal in Al vs Si release ratios may reflect a kinetically controlled difference in
dissolution rates between the tetrahedral or octahedral sheets, potentially leading to a solid-state

like transition between individual smectite layers (Amouric & Olives, 1998).

Linear relationships between Al/Si stoichiometric ratios and activity of water were observed.
This relationship may be the result of the dependence of ion pair effects on temperature (Marcus
& Hefter, 2006). An alternative hypothesis is that the slower 25°C reactions allowed time for
secondary minerals to precipitate, causing incongruent dissolution, thereby more strongly
affecting the Al/Si stoichiometric ratio and lessening the direct activity of water effect. However,
the Al/Si stoichiometric ratio of montmorillonite and nontronite reacted at 100°C, as well as
nontronite reacted at 25°C, exhibited a strong relationship (Spearman’s > 0.80) with H.O

activity, indicating that brine composition also affects the Al/Si stoichiometric ratio.

As demonstrated in this study, stoichiometric ratios, when combined with XRD and Raman
data, provide a useful means of interpreting the influence of temperature and brine concentration
on aqueous alteration of nontronite and montmorillonite. Additional studies are required to fully

detail the progression of incongruent dissolution and non-stoichiometric dissolution in smectites.
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Figure Al. Raman spectra without a Savitzky-Golay smoothing filter for NAu-2 experiments.

A) NAu-2 + brines reacted at 25°C. B) Nau-2 + brines reacted at 100°C.
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NAu-2

25°C 100°C

Brine Fe Si Al Fe Si Al
18.2 MQ H20 0.22 | 0.61 | 0.04 | 0.01 | 0.32 | 0.00
NaCl ns 0.02 | 0.92 | 0.30 | 0.02 | 0.50 | 0.91
NaCl gilute 0.00 | 0.59 | 0.04 | 0.00 | 0.22 | 0.03
Na2SO4 ns 0.01 | 0.65 | 0.29 | 0.08 | 0.52 | 0.35
Na2SO4 gilute 0.02 | 0.34 | 0.03 | 0.01 | 0.67 | 0.03
CaClans 0.01 | 0.36 | 0.25 | 0.01 | 0.32 | 0.18
CaCl; dilute 0.00 | 0.24 | 0.03 | 0.02 | 1.43 | 0.04
MgCl2 ns 0.01 | 0.30 | 0.30 | 0.01 | 0.28 | 0.31
MgCI: gitute 0.00 | 0.32 | 0.03 | 0.00 | 1.06 | 0.04
MgSOa ns 0.04 | 0.35 | 0.37 | 0.01 | 0.96 | 0.31
MgSOu4 dilute 0.00 | 0.25 | 0.03 | 0.00 | 1.62 | 0.03
NH4Cl ns 0.01 | 0.87 | 0.33 | 0.01 | 1.19 | 0.33
NH4Cl gilute 0.01 | 0.41 | 0.03 | 0.00 | 1.44 | 0.03

2668  Table A2. Elemental aqueous concentrations in mM for Si and Al in brines reacted with NAu-2.
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Figure A2. Raman spectra without a Savitzky-Golay smoothing filter for SAz-1 experiments. A)

SAz-1 + brines reacted at 25°C. B) SAz-1 + brines reacted at 100°C.
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2673

2674

2675

2676

2677

2678

SAz-1

25°C 100°C

Brine Si Al Si Al
18.2 MQ H»0 0.00 | 0.00 | 1.19 | 0.04
NaCl ns 0.29 | 0.40 | 0.67 | 0.40
NaCl dilute 0.52 | 0.03 ] 0.79 | 0.03
NazSOu4 ns 0.61 | 0.39 | 1.30 | 0.20
Na2SOs4 dilute 0.56 | 0.07 | 0.87 | 0.02
CaClz s 0.17 | 0.14 | 0.19 | 0.13
CaCl2 gilute 0.47 | 0.02 | 0.85 | 0.02
MgCl; ns 0.39 | 0.35 | 0.19 | 0.27
MgCl> gilute 0.48 | 0.04 | 0.68 | 0.03
MgSOaq ns 0.31 | 0.33 | 0.56 | 0.23
MgSOa dilute 0.60 | 0.04 | 1.07 | 0.03
NH4CI ns 0.51 | 0.33 | 0.77 | 0.26
NHCl gilute 0.54 | 0.04 | 1.12 | 0.02

Table A2. Elemental aqueous concentrations in mM for Si and Al in brines reacted with SAz-1.

25°C SiO2(a) Quartz 100°C SiOz(a) Quartz
18.2 MQ H20 -0.5 0.77 18.2 MQHO | -0.78 0.49
NaCl ns -0.32 0.95 NaCl s -0.59 0.68
NaCl gilute -0.52 0.75 NaCl gilute -0.95 0.32
Na2SO4 ns -0.47 0.8 NaxSOuz ns -0.57 0.7
Na2S04 dilute -0.76 0.51 Na2SO4 dilute -0.45 0.82
CaC|2 ns -0.73 0.54 C&Clz ns -0.78 0.49
CaCl2 gilute -0.91 0.36 CaCl2 gilute -0.13 1.14
MgC|2 ns -0.73 0.54 MgClz ns -0.72 0.55
MgCI; gilute -0.78 0.49 MgCl> dilute -0.26 1.01
MgSO4 ns -0.54 0.73 MgSO4 ns -0.25 1.02
MgSOs4 dilute -0.89 0.38 MgSOs dilute -0.08 1.19
NH4ClI ns -0.35 0.92 NH4Cl s -0.21 1.06
NH4Cl gilute -0.67 0.6 NH4Cl gitute -0.13 1.14

Table A3. Saturation Indices modelled using PHREEQC for NAu-2 brine reactions at 25°C

(left) and 100°C (right). “Si0O2 (a)” represents amorphous silica.

137



2679

25°C SiO2(a) Quartz 100°C SiOz(a) Quartz
18.2 MQ H,O | -3.33 -2.07 18.2 MQ H>0O -1 -0.12
NaCl ns -0.82 0.45 NaCl ns -0.82 0.06
NaCl gilute -0.57 0.7 NaCl dilute -1.01 -0.13
Na>SOu4 ns -0.5 0.77 Na>SOu4 ns -0.97 -0.09
Na>SOu4 dilute -0.54 0.73 NazSOu4 dilute -1.25 -0.37
CaClons -1.06 0.21 CaClyns -1.23 -0.35
CaCla dilute -0.62 0.65 CaCla dilute -14 -0.52
MQClz s 07 | 057 MgClz s 129 | -0.41
MgCl> dilute -0.61 0.66 MQgCl; gilute -1.28 -0.4
MgSOa ns -0.71 0.56 MgSOa ns -1.23 -0.36
MgSOu4 dilute -0.51 0.76 MgSOq4 dilute -1.39 -0.51
NH4Cl ns -0.58 0.69 NH4Cl ns -0.84 0.03
NH4Cl dilute -0.55 0.71 NH4Cl gilute -1.17 -0.29

2680 Table A4. Saturation Indices modelled using PHREEQC for SAz-1 brine reactions at 25°C (left)

2681  and 100°C (right). “SiO (a)” represents amorphous silica.
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Dissertation Conclusions

The findings in this dissertation provide needed details on clay-brine reactions on Mars and
other salty environments. In Chapter 1, Ca-sulfate formation resulting from cation exchange
between brines and montmorillonite was discussed. Ca-sulfate formation was found to be rapid,
almost instantaneous, and times required for gypsum or epsomite formation were well within
even the shortest “wet” periods Mars may have experienced. Chapter 2 detailed relative humidity
cycling of clay-salt mixtures and documented rapid cation exchange and migration of Ca?* out of
montmorillonite grains. The exchanged Ca?* rapidly formed new Ca-sulfate crystals in the
absence of free liquid water. Mass transport catalyzed by elevated relative humidity, albeit on a
microscopic scale, is of immediate interest when investigation phenomena on Mars such as
recurring slope lineae and other features which may involve water on present day Mars. Chapters
3 and 4 documented the results of reactions between near saturated/dilute brines and kaolinite,
montmorillonite and nontronite at both room temperature and elevated temperature. In brine-
kaolinite reactions no secondary minerals above detection limits were observed. However, non-
stoichiometric dissolution of kaolinite with preferential release of Al was indicated by elemental
concentrations in reacted brines. The Al/Si ratios in kaolinite reacted brines indicated a
concentration-temperature interdependent dissolution pathway. Chapter 4 results were similar,
with incongruent dissolution leading to the formation of illite in some samples. As with kaolinite,
smectites exhibited concentration-temperature interdependence, with non-stoichiometric

dissolution occurring in almost all smectite-brine reactions.

While there is always room for additional research, the preceding four studies provide a

broad foundation for future investigations. Increasing our knowledge of how clay-brine reactions
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2704  progress in a Martian or salty environment will advance our understanding of the Martian

2705  hydrosphere, perhaps supporting human exploration of Mars and other planets.
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