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Abstract

The aim of this work is to understand the formation of primary evaporites—sulfates, borates, and chlorides—in Gale crater
using thermochemical modeling to determine constraints on their formation. We test the hypothesis that primary evaporites
required multiple wet-dry cycles to form, akin to how evaporite assemblages form on Earth. Starting with a basalt-equilibrated
Mars fluid, Mars-relevant concentrations of B and Li were added, and then equilibrated with Gale lacustrine bedrock. We
simulated cycles of evaporation followed by groundwater recharge/dilution to establish an approximate minimum number of
wet-dry cycles required to form primary evaporites. We determine that a minimum of 250 wet-dry cycles may be required
to start forming primary evaporites that consist of borates and Ca-sulfates. We estimate that “14,250 annual cycles (725.6 k
Earth years) of wet and dry periods may form primary borates and Ca-sulfates in Gale crater. These primary evaporites could
have been remobilized during secondary diagenesis to form the veins that the Curiosity rover observes in Gale crater. No LiCl
salts form after 14,250 cycles modeled for the Gale-relevant scenario (approximately 106 cycles would be needed) which implies
Li may be leftover in a groundwater brine after the time of the lake. No major deposits of borates are observed to date in
Gale crater which also implies that B may be leftover in the subsequent groundwater brine that formed after evaporites were

remobilized into Ca-sulfate veins.
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Key points:

e Multiple wet-dry cycles were modeled using thermochemical data for a Gale-relevant
scenario to assess the approximate minimum number of cycles to form primary calcium
sulfate and borates.

e Based on the results of the model presented in this work, approximately 250 wet-dry
cycles (~14, 250 annual cycles on Mars; 25.6 k Earth years) are required to start forming
both primary calcium sulfate and borates.

e Primary magnesium sulfates form sooner than calcium sulfate in this model and may

explain the presence of magnesium sulfate in Gale crater.
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Abstract

The aim of this work is to understand the formation of primary evaporites—sulfates, borates, and
chlorides—in Gale crater using thermochemical modeling to determine constraints on their
formation. We test the hypothesis that primary evaporites required multiple wet-dry cycles to
form, akin to how evaporite assemblages form on Earth. Starting with a basalt-equilibrated Mars
fluid, Mars-relevant concentrations of B and Li were added, and then equilibrated with Gale
lacustrine bedrock. We simulated cycles of evaporation followed by groundwater
recharge/dilution to establish an approximate minimum number of wet-dry cycles required to
form primary evaporites. We determine that a minimum of 250 wet-dry cycles may be required
to start forming primary evaporites that consist of borates and Ca-sulfates. We estimate that
~14,250 annual cycles (~25.6 k Earth years) of wet and dry periods may form primary borates
and Ca-sulfates in Gale crater. These primary evaporites could have been remobilized during
secondary diagenesis to form the veins that the Curiosity rover observes in Gale crater. No LiCl
salts form after 14,250 cycles modeled for the Gale-relevant scenario (approximately 10° cycles
would be needed) which implies Li may be leftover in a groundwater brine after the time of the
lake. No major deposits of borates are observed to date in Gale crater which also implies that B
may be leftover in the subsequent groundwater brine that formed after evaporites were

remobilized into Ca-sulfate veins.

Plain Language Summary

Evaporites calcium-sulfate and borates form in dry lakes of Earth due to seasonal wet-dry cycles.
The presence of boron-rich calcium sulfate veins in Gale crater point towards the possibility of
primary evaporites that may have formed during similar wet-dry cycles. In this work we simulate
wet-dry cycles through thermochemically modeling dilution and evaporation in a Gale-relevant
scenario (based on observations made in Gale crater) in order to obtain a constraint on the
approximate duration required to form primary (unaltered) Ca-sulfate and borates. Based on the
results of this work, we find that approximately 250 wet-dry cycles (~14, 250 annual cycles on
Mars; 25.6 k Earth years) could have been required to start forming these primary evaporites in

Gale crater.
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1 Introduction

The rock record within Gale crater consists of an ancient lacustrine sequence that shows
extensive evidence for aqueous activities that are inferred to consist of fluvial and lacustrine
sedimentary deposition and ground-water circulation that took place over multiple generations
(Gasda et al., 2022; Kronyak et al., 2019; L’Haridon et al., 2020). One of the important markers
of aqueous activities in Gale crater are evaporite minerals. These form as a result of fluid
evaporation or freezing and their chemical and physical characteristics are representative of their
parent fluid compositions and surrounding environment (Babel & Schreiber, 2014; Eugster,
1980; Smykatz-Kloss & Roy, 2010). In Gale crater, calcium sulfate, magnesium sulfate, and
halite have been observed (Nachon et al., 2014, 2017; N. H. Thomas et al., 2019; Vaniman et al.,
2018). The Ca-sulfate found in veins also contains highly water-soluble elements boron and
lithium (Das et al., 2020; Gasda et al., 2017). In this work we use thermochemical modeling

techniques to understand the enrichment of B and Li in Ca-sulfate veins of Gale crater.

The presence of B in Ca-sulfate veins of Gale crater is hypothesized to be due to remobilization
of preexisting primary evaporites such as borates and Ca-sulfates (Das et al., 2020; Gasda et al.,
2017; Schwenzer et al., 2016). Clay minerals have been hypothesized to be reservoirs of Li in
acidic fluid conditions (Das et al., 2020). In terrestrial settings, borates commonly intergrow with
Ca-sulfates as aggregates of extremely fine crystalline borates consisting of micron-sized crystals
(as shown in micrographs in (Hunt, 1966) in dry-lake environments that have experienced
multiple wet-dry cycles (Lowenstein et al., 1999; Orti et al., 1998; Swihart et al., 2014). B-rich
fluid or mineral inclusions in Ca-sulfates in terrestrial settings are rarely reported (Karmanocky,
2014; Orti et al., 1998, 2016). Clay minerals in terrestrial dry lake settings are also reported to
show presence of B though mineral surface adsorption in relatively high pH aqueous conditions
(pH 9-11) (Karahan et al., 2006; Li & Liu, 2020; M. Nellessen et al., 2020; M. A. Nellessen et
al., 2023; Rohmah et al., 2020). Lithium is commonly observed as either adsorbed to the surfaces
of clay minerals in the same vicinity as Ca-sulfates (Karahan et al., 2006; Li & Liu, 2020; M.
Nellessen et al., 2020; M. A. Nellessen et al., 2023; Rohmah et al., 2020; Warren, 2006) or as
lithium chloride in solution of dry lake brines (Song et al., 2017; Xiang et al., 2016) in terrestrial
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dry lake environments. LiCl is highly hygroscopic in terrestrial atmospheric conditions and
forms a self-solution through its property of deliquescence (Gibbard & Scatchard, 1973). Li-rich
fluid inclusions associated with Ca-sulfates are also not commonly reported even in Li-rich brine
environments (Ericksen et al., 1978; Yu et al., 2022). A review of the literature on emplacement
of Li in terrestrial dry lake settings by (Warren, 2016) reports that most lithium salts are highly

soluble and tend to stay in solution or can be adsorbed to playa clays.

In this work, evaporites are referred to as either primary or secondary. Primary evaporites
commonly form crusts or crystal accumulates on the brine pool floor (Warren, 2000, 2006).
Freshly precipitated evaporites that have not undergone any burial, replacement, dehydration, or
dissolution are referred to as “primary.” With time and processes such as dissolution with new
fluids, and re-precipitation, evaporites can experience diagenesis. Evaporites that have
undergone any diagenetic processes are referred to as “secondary” (Warren, 2000, 2006). All
evaporites so far observed in Gale crater are interpreted to have formed due to secondary
diagenetic processes that consisted of multiple generations of remobilization of primary

evaporites by groundwater (Gasda et al., 2017; Kronyak et al., 2019; Schwenzer et al., 2016).

(Schwenzer et al., 2016) and (L’Haridon et al., 2020) suggest that the diagenetic evaporites may
have formed from local primary evaporates based on the diagenetic evaporite composition and
morphology. In this study, we simulate the conditions required to form primary borates and Ca-
sulfates using a Gale relevant fluid while reporting the corresponding Li concentration of the
modeled fluid. We do not simulate the secondary diagenetic remobilization processes that are
inferred to have affected the primary evaporites (e.g., (Schwenzer et al., 2016) or the Li or B
adsorption process to clay minerals inferred for Gale crater (Frydenvang et al., 2020; Gasda et
al., 2017). Instead, we focus on establishing a minimum time constraint to form borates and Ca-
sulfates starting with a Gale relevant fluid. We test the hypothesis that multiple wet and dry
cycles consisting of evaporation and sequential precipitation of primary evaporites from Gale
lake (Figure 1, stage 4) followed by remobilization caused by dilution of the remnant late water
during groundwater recharge (Figure 1, stage 3) is required to form the primary evaporitic
assemblage. This process builds up salinity of the lake over time if the lake is a closed basin as is
the case for Gale crater. This eventually leads primary evaporite minerals supersaturation in the

lake. We use thermochemical modeling to test this hypothesis as a continuation of previous
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thermochemical models established for Gale aqueous fluids (Bridges et al., 2015; Schwenzer et
al., 2016; Turner et al., 2021). Determining this minimum number of wet and dry cycles and
placing it in the context of the broader Gale crater timeline established using sedimentological
observations made by the Curiosity rover enables a better understanding of the window of

habitability within Gale.

Evaporation

Evaporation

oo

Figure 1. Illustration of the hypothesized sequence of events occurring in Gale crater and tested
herein. The sequence involves equilibration of lake water with ground water, cyclic dissolution

and evaporation loops. Each component is described in detail in the methodology section.
2 Geologic context of Gale crater

Gale crater is a ~155 km wide crater with a central sedimentary mound (Aeolis Mons, informally
known as “Mount Sharp”) located between the Southern Highlands and Northern Lowlands
division in the northwestern part of the Aeolis quadrangle (Fraeman et al., 2016; Grotzinger &
Milliken, 2012; Milliken et al., 2010). The NASA’s Mars Science Laboratory (MSL) Curiosity
rover landed in Gale crater on Aeolis Palus in 2012 and has since then traversed over 28 km
towards Mount Sharp across outcrops interpreted as eolian, fluvial deltaic, and lacustrine
deposits (Banham et al., 2018; Edgar et al., 2020; Grotzinger et al., 2014, 2015; Milliken et al.,
2010; Stack et al., 2019; Vasavada, 2022; Vasavada et al., 2014).
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The geochemistry and sedimentology of rocks in Gale crater points to the presence of an ancient
stratified habitable closed basin lake with possible varying lake levels (Grotzinger et al., 2015;
Hurowitz et al., 2017) and a long-standing extensive groundwater system (Frydenvang et al.,
2017; Gasda et al., 2017, 2022; Siebach & Grotzinger, 2014). The varying lake levels in Gale are
inferred from observations of features consistent with lake margin and evaporitic environments

(Gwizd et al., 2022; Kah et al., 2018; Stein et al., 2018).

In the lithological unit named the Mount Sharp group in Gale crater, evidence of desiccation and
evaporation are observed in the Hartmann’s Valley though Sutton Island lithologic members and
are interpreted as fluctuating lake margins or a braided river deltaic environment (Fedo et al.,
2018; Gwizd et al., 2022; Stein et al., 2018). The evidence includes presence of evaporites (Das
et al., 2020; Gasda et al., 2017; N. H. Thomas et al., 2019), desiccation cracks (Stein et al.,
2018), altered clay minerals (Bristow et al., 2018), and lithologic facies that are interpreted as
lake margin depositional settings (Edgar et al., 2020; Fedo et al., 2018; Gwizd et al., 2022).

In addition to varying lake levels, evidence for multiple stages of aqueous activity throughout
much of its history are also observed in Gale crater. The inference of multiple stages of aqueous
activity is based on the observation of textures of cross-cutting diagenetic features such as veins.
Vein morphology is heterogeneous: they are observed to be massive, nodular, bowl-shaped,
boxwork, resistant to erosion, and/or sub-horizontal. Thicker veins display toothy, fibrous, or
nodular textures which are interpreted to indicate multiple generations of evaporitic deposition
and remobilization within fractures (Das et al., 2020; Gasda et al., 2017; Kronyak et al., 2019,
2019; Nachon et al., 2014, 2017; Schwenzer et al., 2016). Variations in groundwater conditions
and ionic species emplaced diagenetic feature chemistry, including veins and nodules, also point

to multiple generations of fluids (Comellas et al., 2022; Gasda et al., 2022).
3 Methodology

In this work we used a Gale-relevant fluid and a representative Gale rock composition to
simulate cyclic dissolution and evaporation of lake water (details in section 3.1 and 3.2). Prior to
executing the simulation steps, we have updated the Holland and Powell (2011) based soltherm

thermochemical database of the modeling program used (CHIM-XPT; Reed, 1998) to include
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phases that are relevant for this work (i.e., borates) and tested the updated database using a
terrestrial analog fluid composition (details in 3.3). Following the database update and testing,
we used CHIM-XPT to simulate fluid-rock equilibration, fluid-fluid mixing, and evaporation
(details in section 3.4). We simulated four cycles of wet and dry periods using CHIM-XPT and
based on the composition of the resultant phases, we then extrapolated brine compositions for up
to 250 wet and dry cycles to test the minimum number of cycles required to form Ca-sulfates and
borates (details in section 3.4). Following this step, we used time constraints established for
terrestrial closed lakes to estimate a minimum time constraint for the number of wet and dry
cycles required to form Ca-sulfates and borates for a Gale relevant scenario (details in section 5).
All data tables, figures, and plots in this work can be found in a Zenodo data repository (data
files: Das, 2023, https://doi.org/10.5281/zenodo.7958213; image files: Das, 2023,
https://doi.org/10.5281/zenodo.7958292).

3.1 Thermochemical modeling tool

CHIM-XPT (Reed et al., 2010) is a non-commercial program for computing multicomponent
heterogeneous chemical equilibria in aqueous—mineral—gas systems. This code was chosen
because it has been specifically developed (and the database adjusted) for Mars-relevant basaltic
systems (Reed et al., 2010; Reed & Spycher, 2006) and therefore been used extensively in
modeling aqueous activities on Mars (Bridges et al., 2015; Filiberto & Schwenzer, 2013;
Melwani Daswani et al., 2016; Schwenzer et al., 2012, 2014, 2016, 2016, 2020; Schwenzer &
Kring, 2009; Turner et al., 2021). The modeling calculations take place in steps where each step
calculates the minimum Gibbs free energy of the system to attain equilibrium for fluids and their
potential precipitates in case of evaporation or fluid-fluid mixing and to attain equilibrium
between fluid, precipitates, and dissolved rock in case of fluid-rock rock mixing. The
calculations are done based on a database consisting of thermochemical properties of minerals
and molecular species using a Debye-Hiickel approach (Reed et al., 2010). Step sizes are
determined based on the requirement of the calculation and are independent of the amount of
water in the system as weight ratios (with a base unit of moles) are used for the calculations. The
calculations are based on 1 kg (55.5 mol) of water and the water to rock ratio (W/R) is the ratio

of fluid to reacted host rock. Precipitates are not fractionated out of the system unless stated
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otherwise. No external gas phases are included or replenished in this model. During the modeling

gas phases were allowed to form unless stated otherwise.
3.2 Assumptions and limitations

For this work, we start from the hypothesis that the host of the observed B (i.e., present day) in
Ca-sulfate veins is borate minerals and the host of Li is clay minerals. This is based on the
observation of B in Ca sulfate veins in Gale (Das et al., 2020; Gasda et al., 2017) and that

generally Li is observed in bedrock (Frydenvang et al., 2020).

We start by establishing a relevant fluid composition. First, we take the global Mars relevant
fluid that represents the basaltic crust—Gale Portage Water (GPW; (Bish et al., 2013; Bridges et
al., 2015; Gellert et al., 2015; Schmidt et al., 2014)—and modify it to incorporate B and Li by
adding B and Li in abundances observed in Icelandic stream waters (Section 3.4). This is the best
available estimate for a global Mars relevant fluid, and titration between this fluid and a Gale
relevant rock composition will equilibrate the fluids with local host rock chemistry and can thus
be used to simulate a Gale-relevant groundwater composition (Section 3.4.1). We used the
median bedrock composition from the Hartmann’s Valley member in Gale crater after removing

the observation points that hit diagenetic features (Frydenvang et al., 2020) (Section 3.4.1).

Based on the sedimentological observations, we also assume that the wet-dry cycling process
takes place in a relatively low temperature range (25°C) and exclude high-temperature phases
such as garnet, amphiboles, pyroxenes and high-temperature mica minerals that are known to
form in igneous and metamorphic environments. Besides pyroxene, which is a primary igneous
component in the Gale sediments, these other minerals have not been detected in Gale crater
(Cousin et al., 2017; Morrison et al., 2018, 2018; Rampe et al., 2020; Thorpe et al., 2022;
Treiman et al., 2016). We assume that no high-temperature silica polymorphs form in this

system.

To simplify the problem, we assumed a linear increase of aqueous species in the model, i.e., in
every groundwater recharge step, the same amount of ground water is brought in, and during the
evaporation step, the same amount of water evaporates. We also assume that there is a constant
supply of the fluids involved. We note that in real geological systems, the amount of material

brought into the crater or water evaporated could vary in time, where less recharge occurs during
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arid time periods for example, but this model should provide the average over long time periods.
To determine a specific constraint on the number of cycles required to form Ca-sulfates and
borates in a Gale-like environment, we have minimized the number of processes that participate
in this system to include only water-rock interaction (between established Gale relevant fluid and
Gale relevant rock composition), evaporation (that results in the formation of brine) water-water
mixing (between established Gale relevant fluid and the modeled brine). We also extrapolate the
number of cycles required to form observed evaporites such as Mg sulfate and halite based on

the results from this model and assuming a linear increase of salts in the water with time.

The results of this work are a minimum constraint and act as a baseline requirement for the start
of formation of Ca-sulfates and represent a part of a geologically complex system (i.e., formation
of Ca-sulfates and borates through cyclic dissolution and evaporation). For this modeling, we
assume that in a period when Gale crater hosted lakes, the ambient pressure and temperature was
1 bar and temperature is 25°C. We assume that the system is closed to reaction with the Martian
atmosphere or fluids other than ground water. GPW was equilibrated with Portage soil 185 mbar
CO, (0.62 x 10 mol COy/kg H,0) (Bridges et al., 2015). We assume that one annual cycle on
Mars consists of one dry and wet period and that the relative amount of time for the number of
cycles can be constrained based on comparison with terrestrial closed lake systems. We note that
long time periods can persist between cycles, or that one stage in a cycle could last many years.
But cycles in an early Gale environment may not be shorter than seasonal changes that occur in a
year (Lewis & Aharonson, 2014), and thus this work establishes an approximate minimum time

constraint.

We also assume that in case of evaporation, the lake does not evaporate to dryness. On Earth,
when lakes dry, the water table drops. Some very small amount of surface water does evaporate
leaving a thin layer of evaporite at the surface, but the brine that hosts the majority of the
aqueous species persists underground. A terrestrial example is Estancia Basin, NM where
sulfates form on the surface seasonally, and salty water exists just below the surface during the
dry season (Szynkiewicz et al., 2009). Indeed, thicker beds of evaporites grow bottom up in
water where that salt has reached saturation in that fluid (e.g., (Warren, 2006), and this type of
mechanism is what we model in this paper. Based on terrestrial examples and previous global

Mars water budget models, we expect that as the majority of liquid water on Mars will have been
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sequestered underground after the water on the surface disappeared (e.g., (Scheller et al., 2021).
Hence, we assume that the presence of groundwater prevented Gale crater being fully dry in its
early aqueous history. In practice, we stop the model with 10 moles of H,O remaining (~18% of

the original added) at the end of each evaporation step.
3.3 Thermochemical database update and testing

The version of CHIM-XPT thermochemical database utilized in this modeling was based off
Holland and Powell (2011) and did not include thermochemical parameters for any borate
minerals. The thermochemical database did include LiCI (which can be found in solution in
terrestrial dry lake brines), however it did not include thermochemical parameters for Li-
carbonates or other Li salts. As Li salts are not commonly formed in terrestrial dry lake settings,
for this work we only focus on the formation conditions of primary borates and Ca-sulfates and

report the abundance of Li in the modeled fluids.

To model the behavior of boron in a Gale relevant evaporative environment using CHIM-XPT,
thermochemical parameters of three borates (kernite, borax, and tincalconite) were added to the
existing database before performing the modeling. The database was updated with heat capacity

coefficients of kernite, borax, and tincalconite based on the values experimentally determined by

(Ruhl, 2008).

The updated database was tested by simulating evaporation using a fluid composition from
Searles Lake, in Southern California, as analyzed by (Felmy & Weare, 1986). This area was
chosen due to the presence of borates in a dry lake environment and due to the availability of
brine composition that is known to form borates in the corresponding dry lake system. This test
confirmed that borates formed as products of the updated modeling database if evaporation was

simulated. Table 1 indicates the composition of the fluid used for testing the updated database.

Table 1. Fluid composition from Searles Lake (Felmy and Weare, 1986) used for testing the
updated CHIM-XPT database.

Ions Moles/Kg
Cr 541

SO4 0.75
HCOs5 1.04

Cay” 0.141

10
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Mg, 0.127 E-05
K" 1.01
Na" 7.45
Mn," 0.436 E-07
Li" 0.46
B40;3(OH), 2.60

3.4 Establishing a Gale relevant scenario to model an evaporative environment.

Evaporative cycling in Gale crater was modeled by first establishing a Gale-relevant fluid that
includes B and Li. This ‘modified’ Gale Portage Water (mGPW) was then titrated with a Gale
relevant rock composition to produce the Gale-relevant fluid. In Section 3.4.1, the details about
mGPW and the Gale relevant rock composition is described. In Section S1 (supplementary
material), details about titrating mGPW with a Gale relevant host rock to establish a Gale
relevant fluid is described. Cyclic evaporation and dilution have been modeled using this Gale
relevant fluid and the modeling methodology for evaporation and dilution are described in

Section S2 in the supplementary material.
3.4.1 Global Mars relevant fluid: Modified Gale Portage Water.

The starting fluid used for the modeling is Gale Portage Water (Bridges et al., 2015; Schwenzer
et al., 2016; Schwenzer & Kring, 2009; Turner et al., 2021). GPW was derived from ‘adapted
water’ [a model fluid derived from a Deccan Trap fluid and adjusted to Mars relevant element
ratios (Schwenzer & Kring, 2009)] to represent a global Mars relevant groundwater fluid using
data from the Curiosity rover (Bridges et al., 2015). GPW has been used in other Gale-model
studies (Schwenzer et al., 2016; Turner et al., 2021). Using an established fluid allows us to

compare our results directly with the literature, however GPW does not contain B and Li.

Therefore, we modified the composition of GPW to include B and Li. We chose average
concentrations of B and Li of Icelandic natural waters were used because Icelandic rocks are
fresh basalts and are ideally suited for study as a martian water-rock interaction analog
(Ehlmann et al., 2012; Schwenzer et al., 2016; Thorpe et al., 2022) and thus Icelandic natural
water compositions provide a geologically realistic abundance ratio of B and Li for a Gale-

relevant terrain. The amount of B and Li added to the GPW composition is an average of

11
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Icelandic stream water from Reykjanes from two natural spring water compositions (Spring 1967

and Spring 1918) reported by (Olafsson & Riley, 1978): 11 ppm B and 8 ppm Li, respectively.

When compared to Icelandic fluids, GPW is lower in abundance of SiO», Ca2+, Mg2+, K", Na",
and Mn”" (Table 2). This is due to the extent of weathering in Gale crater based on the
observation of minerals such as (clino)pyroxene, and plagioclase in every rock sample of the
lacustrine bedrock (Bridges et al., 2015; Rampe et al., 2020) indicating that Ca-containing
minerals clinopyroxene and plagioclase were only partially altered (Mangold et al., 2019). The
presence of these minerals in the Gale crater bedrock indicates that Gale experienced enough
weathering to produce smectite clays from olivine but did not fully weather all the igneous

minerals in the sediment (Bridges et al., 2015; Morrison et al., 2018; Thorpe et al., 2022).

The composition of GPW is based on observations made in Gale crater and measurements of
martian meteorites and is different from Icelandic fluids, which are derived from a higher extent
of aqueous alteration. Hence, we will compare mGPW, GPW, and Nahklites, for which there are
B and Li compositions, with the Iceland fluid (Table 2). For soluble species S, B, and Li, the
composition is within an order of magnitude of Nahklite (Table 2). The redox in the system is
controlled by the resultant speciation of sulfur. B and Li are not major rock forming elements in
most igneous minerals and are mobile, i.e., they can diffuse out of minerals due to their small
size. These elements will quickly go into solution during aqueous alteration and the higher
degree of alteration of Iceland has less influence on their concentration in the fluid. Likewise,
these are trace elements and will not form a phase that would deplete their concertation in
solution. Therefore, we expect that B and Li in mGPW is a good estimate for B and Li

concentration in a basaltic fluid on Mars prior to any adsorption to clays.

Table 2: Fluid composition of Gale Portage Water and modification made using Icelandic
natural lakes and groundwater. Composition of fluid are indicated in molar concentration

(moles/kg of water or rock).

Reykjanes Spring [Nakhlite meteorite
water (Lodders, 1998)
Original GPW | Modified GPW [Olaffson and Riley
(1978)
Cr 5.76 E-03 5.76 E-03 7.8 E-01 2.25 E-03
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329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347

SO4 3.97 E-03 3.97 E-03 1.7 E-03 5.41 E-03
HCOs3™ [1.68 E-04 1.68 E-04 - -

SiO,  (3.49 E-05 3.49 E-05 9.3 E-03 8.9 E-00
Ca*" 1.401 E-05 1.401 E-05 5.9 E-02 2.6 E-00
Mg*  |1.27 E-08 1.27 E-08 2.2 E-03 2.9 E-00
K" 5.02 E-04 5.02 E-04 5.3 E-02 1.2 E-02
Na" 9.20 E-03 9.20 E-03 6.1 E-01 7.3 E-02
Mn*"  4.36 E-08 4.36 E-08 6.8 E-05 6.7 E-02
Li’ - 1.15 E-04 1.15 E-04 4.62 E-04
H;BOs3 |- 8.39 E-04 8.39 E-04 5.76 E-04

To establish a fluid relevant to Gale at the time of the lake, prior to diagenesis, we equilibrate the
mGPW groundwater with local Gale bedrock. The results of groundwater equilibration can be
found in Section S1. We selected the Hartmann’s Valley (HV) region for this work as it shows
evidence of dehydration in an environment that is inferred to be that of a lake margin (Gwizd et
al., 2018, 2022) and choose the mean bedrock composition of HV, obtained by the ChemCam
instrument, that is calculated from a dataset where points with obvious diagenetic materials,
soils, and out of focus points, have been removed (Frydenvang et al., 2020). This contrasts with
APXS data, which is representative of the bulk chemistry of the rock and includes a Ca sulfate
component and other diagenetic materials in the rock. The small spot size (100-500 microns) of
ChemCam compared to 4 cm for APXS, enables this type of measurement (Gellert et al., 2013;
Maurice et al., 2012; Wiens et al., 2012). For comparison, the mean CaO composition of HV
without diagenetic points is 1.6 wt% CaO (Table 3) and the APXS measurements of bulk rock
(drill tailings) of Oudam on at the base of HV is 4.03 wt% CaO and 3.54 wt% SO; and Marimba
just above HV is 5.27 wt% CaO and 6.78 wt% SO; (Berger et al., 2020). ChemCam does not
have a quantification for SOj;, but the mean composition of HV sums to ~97 wt% (Table 3),
indicating that there can be no more than 3 wt% of elements not quantified by ChemCam in
Table 3 (e.g., S, P, Cl, H etc.), and we assume based on the clay content of these drill samples
that the majority of the missing composition in HV is water (N. H. Thomas et al., 2020). Given

the low CaO content in the ChemCam composition we use (Table 2), there cannot be any more
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than 2.71 wt% SOs in the rock, but that would not account for any CaO in clinopyroxene or
plagioclase, which we know from the drill data to make up a large proportion of the rock (Rampe
et al., 2020). Therefore, we do not use a S composition from APXS, rather we will estimate it
from Nahklites, which is a better representation of the original unaltered bedrock. Although we
have a quantification of Li in the bedrock (6.8 ppm; (Frydenvang et al., 2020), we also use the
Nabhklite value for B and Li for HV rock in the model (Table 3) to represent the composition

prior to alteration or addition of evaporites.

Table 3. Average bedrock composition of the Hartmann’s Valley target area modified with S, Li,

and B concentrations measured in Nakhlite meteorites (Lodders, 1998).

Oxide Wt%
Si0, 53.6
Ti0, 0.94
ALO; 11.9
FeOr 18.7
MgO 6.5
CaO 1.6
Na,O 2.58
K,O 1.16
MnO 0.05

S 0.02
Li 0.0004
B 0.0005
Sum 97.05

4 Results

We hypothesized that we require multiple wet and dry cycles to form an evaporitic assemblage
that consists of Ca-sulfate and borates. In this work we model four sets of wet-dry cycles (cycle

0-3) and extrapolate cycles based on the trends determined using the modeled cycle results. We
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identify that it takes a minimum of 250 cycles to start forming primary Ca-sulfates and borates.
In order to evaporate an extrapolated fluid that has undergone 250 wet-dry cycles we iteratively
reduce the H,O in the fluid as shown in Figure 2. In this section we summarize the cycling and
extrapolation results and comparison of the resultant minerals with a terrestrial analog area in
Death Valley, California. The methodology and detailed results for cycling and extrapolation can

be found in section S3 and S4 respectively.

100.00 ——dolomite
%0.00 Kernite pyrite
-quartz
80.00 —siderite
—kernite
70.00
——anhydrite
60.00
- 4
g 50.00
40.00
30.00
20.00
10.00 .
Anhydrite

0.00 S

30.00 35.00 40.00 45.00 50.00 55.00
H,O moles

Figure 2. Resultant minerals obtained after evaporating the extrapolated fluid composition that

has undergone 250 wet-dry cycles.

Table 4 shows the resultant minerals formed at every modeled and extrapolated dissolution and
evaporation stage with corresponding abundance of Li" ion in the fluid. The minerals that form

in this system are clay minerals (nontronite and kaolinite), evaporites (borates: borax and kernite;
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sulfate: anhydrite; carbonates: dolomite, ankerite, dawsonite, siderite), Fe-oxide (hematite,
goethite), sulfide (pyrite), chlorites, zeolites, and quartz. Precipitates vary based on the water-

rock reaction, evaporation, or fluid-mixing process as shown in Table 4. The extrapolated

evaporation stages (cycle 5 to 250) resultant minerals consist of evaporites, sulfides, and quartz.

We also note the relative sequence of evaporite formation through the progressive wet-dry cycles

and establish that anhydrite (Ca-sulfate) forms in the later stages of the wet-dry cycle compared

to borates.

Table 4. Minerals formed throughout the modeled steps (titration, evaporation, and fluid-mixing)

with corresponding molar concentration (moles/kg) of Li" ions in the fluid:

Cycle Process Phases Li"

Gale Titration Nontronite, Kaolinite, Hematite,

lake (modeled) Pyrite, Quartz, Zeolites, Chlorite 9.91E-05

fluid

Gale Evaporation Quartz, Borax Dolomite, Pyrite,

lake (modeled) Nontronite, Goethite, Siderite, 1.29E-01

evap Ankerite, Dawsonite

0 Fluid mixing | Borax, Quartz, Kaolinite 1.29E-02
(modeled)

0 Evaporation Kernite, Quartz, Kaolinite, Dolomite, | 1.29E-01
(modeled) Dawsonite, Siderite, Pyrite

1 Fluid mixing | Kaolinite 1.30E-02
(modeled)

1 Evaporation Kernite, Quartz, Kaolinite, Dawsonite, | 1.30E-01
(modeled) Pyrite

2 Fluid mixing | Kaolinite 1.30E-02
(modeled)

2 Evaporation Kernite, Quartz, Kaolinite, Dawsonite, | 1.19E-01
(modeled) Pyrite

3 Fluid mixing | Kaolinite 1.31E-02
(modeled)

3 Evaporation Kernite, Quartz, Kaolinite, Pyrite 8 49E-02
(modeled)

5 Evaporation Kernite, Quartz, Pyrite
(extrapolated) 8.67E-02

25 Evaporation Kernite, Quartz, Pyrite, Siderite
(extrapolated) 9.33E-02

50 Evaporation Kernite, Quartz, Pyrite, Siderite 1.03E-01
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(extrapolated)
75 Evaporation Kernite, Quartz, Pyrite, Siderite

(extrapolated) 1.13E-01
100 Evaporation Kernite, Quartz, Pyrite, Siderite

(extrapolated) 1.23E-01
125 Evaporation Kernite, Quartz, Pyrite, Siderite

(extrapolated) 1.33E-01
150 Evaporation Kernite, Dolomite, Quartz, Pyrite, Siderite

(extrapolated) 1.43E-01
250 Evaporation Kernite, Anhydrite, Dolomite, Quartz, | 1 .83E-01

(extrapolated) | Pyrite, Siderite

In order to ground truth and assess the applicability of the modeling results, the resultant

minerals have been compared with assemblages observed in a dry lake terrestrial analog, Death

Valley, CA (Sarrazin et al., 2005; Baldridge et al., 2004), and with assemblages observed in Gale

crater. In the case of the terrestrial analog, all the minerals resulting from the simulated wet-dry

cycles, except dawsonite, have been observed in Death Valley. In the case of Gale crater, all the

minerals forming in this model have either been observed or are inferred to occur in the crater. A

detailed comparison of these phases to terrestrial and Gale crater observations in addition to the

number of cycles required to form the phases using the model in this work is provided in Table

5.

Table 5. Comparison of minerals resulting from this work to minerals reported in Death Valley

and minerals observed or reported plausible in Gale crater:

Minerals # of cycles | Death Valley Gale crater
required

Clay:

Nontronite | Both form | Observed (El-Maarry et al., 2015; G. | Observed (Bristow et al.,
at titration, | W. Thomas & Coleman, 1964) 2017; He et al., 2022;
evaporation Rampe et al., 2020)

Kaolinite and fluid Observed (Duke, 2020; Kruse et al., | Observed (Treiman et al.,
mixing (0 1993) 2016; Vaniman et al.,
cycles 2014)
required)

Evaporites:

Borates
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Borax 1 Observed (Crowley, 1993; Muessig | Plausible (Das et al.,
etal., 2019) 2020; Gasda et al., 2017)
Kernite 1 Observed (Crowley, 1996) Plausible (Das et al.,
2020; Gasda et al., 2017)
Carbonates
Dolomite 1 Observed (Corsetti & Grotzinger, Observed (Sutter et al.,
2005; Duke, 2020) 2017)
Ankerite 1 Observed (Bouton, 1984; Petterson | Observed (Rampe et al.,
etal., 2011) 2022)
Dawsonite | 1 Not predominantly reported in Death | Plausible (Bridges et al.,
Valley 2015; Schwenzer et al.,
2016; 2020)
Siderite 25 Observed (Klee et al., 2021; Yang et | Observed (Archer et al.,
al., 2005) 2020)
Sulfate
Anhydrite 250 Observed (Crowley, 1993; Knott et | Observed (Vaniman et al.,
al., 2018; Roberts & Spencer, 1998) | 2014, 2018)
Fe-oxides:
Hematite Both form | Observed (Baldridge et al., 2004; Observed (Fraeman et al.,
at titration | Kruse et al., 1993) 2013; L’Haridon et al.,
and 2020)
Goethite evaporation | Observed (Kruse et al., 1993; Plausible (Bridges et al.,
0 cycles Minguez et al., 2012) 2015; Fraeman et al.,
required) 2013)
Sulfide:
Pyrite 1 Observed (Kaufman et al., 2007) Observed (McAdam et al.,
2014; Morris et al., 2015)
Chlorites Forms at Observed (Ericksen et al., 1978) Detected (Borlina et al.,
titration 2015; Ehlmann et al.,
2012)
Zeolites Forms at Observed (Ericksen et al., 1988; Plausible (Buz et al.,
titration Kruse et al., 1993) 2017; Schwenzer et al.,
2012)
Quartz Forms at Observed (Crowley, 1996) Plausible (Frydenvang et
titration al., 2017)
and up to
250 cycles

5 Discussion

5.1 Constraining time for simulated wet-dry cycles using terrestrial analogs.

Lakes in terrestrial settings vary in their characteristics based on climatic variations. There are

broadly three types of lakes based on the ratio of lake inflow and discharge (Langbein, 1961;
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Moknatian & Piasecki, 2020; Van der Meeren & Verschuren, 2021): perennial lakes (high water
content: water never fully evaporates even in drought periods and the system takes a relatively

long time to form evaporites), ephemeral lakes (lower water content compared to perennial lakes
with significantly low water levels during water periods enabling evaporite formation faster than
in perennial lakes), and dry lakes (predominantly dry with sporadic water content which enables

fastest evaporite formation compared to other closed lake systems).

The time required to complete a wet-dry cycle in lakes with high water content is longer than a
system that has lower water content as the time required to evaporate large amounts of water is
higher. In order to form a significant amount of primary evaporites (i.e., more than one thin crust
of evaporite on the surface of a dry lakebed), long periods of wet and dry cycles are required,
which enables salinity to build up in the lake until evaporites can form. In a closed basin such as
Gale crater, this occurs more efficiently than in a lake where there is outflow that can carry the
ions away. In terrestrial settings the average wet-dry cycling time (i.e., the amount of time
required for a closed lake system to complete a cycle comprising of highest water content in a
wet period to lowest water content in a dry period) is approximately 1.5 years for dry lakes with
sporadic water presence, 9 years for ephemeral lakes, and 65 years for perennial lakes. Figure 3
shows an illustration of relative water amounts varying over time with the average cycling time
for dry lakes with sporadic water presence, ephemeral lakes, and perennial lakes (compiled from

Langbein, 1961; Moknatian and Piasecki, 2020; Van der Meeren and Verschuren, 2021).
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Figure 3. Average wet-dry cycling times for three types of terrestrial closed lakes. The x-axis
indicates relative time, and the y-axis indicates relative water amount in the closed lake system
(compiled from Langbein, 1961; Moknatian and Piasecki, 2020; Van der Meeren and
Verschuren, 2021).

In the following section, we apply the knowledge from terrestrial analogues to estimate relative
water levels and lake stages of Gale crater based on the sedimentological observations made by
the Curiosity rover and discuss the possible time constraint of wet-dry cycles in Gale crater

based on the modeling results and comparison to terrestrial closed lake systems.
5.2 Estimating time constraints for Gale crater primary evaporite formation.

Three lake levels are inferred for Gale crater based on HiRISE (High Resolution Imaging
Science Experiment) topographic data collected by the Mars Reconnaissance Orbiter (Palucis et

al., 2016). The highest lake level is inferred to have a mean lake depth of 700 m (for the
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elevation range -3200 m to -3400 m close to the central mound Mount Sharp area) and is
associated with deltaic deposits. The next lake level is inferred to have a mean lake depth of 400
m (for the elevation range -3800 m to -4000 m topographically above the highest elevation
sampled by the Curiosity rover to date). The next lake level is inferred to have a mean lake depth
of 300 m (for elevation range -4000 m to -4200 m which is the current elevation range the
Curiosity rover is measuring) associated with locally sourced water and periods of drying and
rewetting. Based on the HiRISE data it is also inferred that Gale experienced a transition from

relatively wet regional conditions to drier environments with local runoffs (Palucis et al., 2016).

The mean lake level inferred for the topographic area that has been traversed to date by the
Curiosity rover based on HiRISE data is 300 m with intermittent lake level fluctuations (Palucis
et al., 2016). The assumption of fluctuating lake levels is also consistent with the inferences
made based on observations of sedimentological facies by the Curiosity rover in Gale crater
(Hurowitz et al., 2017). The fluctuating lake levels in Gale crater are assumed based on the
observations of both fine-grained deposits that indicate relatively deep lake environments (Fedo
et al., 2018; Siebach et al., 2019) and the observations of desiccation cracks, altered clay
minerals, and presence of higher concentrations of evaporitic elements (e.g., B and Cl) in
secondary veins which indicate lake margin with evaporative environments (Bristow et al., 2021;
Gasda et al., 2017; Nachon et al., 2017; Stein et al., 2018; N. H. Thomas et al., 2019). The
observation by ChemCam that secondary vein chemistry changes with location in the
stratigraphy (e.g.,(Gasda et al., 2017, 2022), rather than measuring the same evaporites
everywhere in the crater, implies that secondary veins were supplied from the local primary
evaporites. The fluctuating lakes levels hypothesis is consistent with the inference that the
chemistry and mineralogy of these primary evaporites changed over time in Gale’s history.
These observations indicate that topography measured to date in Gale crater could have had deep
lake levels (up to 300 m) which dropped down to levels that caused the formation of features
observed in dry lake environments in terrestrial setting. Based on these observations that are
assumed to represent relatively shallow lake levels dropping down to conditions that can form
desiccation cracks in the lakebed, we compare possible terrestrial lake types of either ephemeral
or lakes with sporadic water presence with Gale crater (consistent with the inferences

summarized by (Fedo et al., 2022).
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Given these fluctuations in the lake, a number of annual wet-dry cycles can be estimated for Gale
crater after a lake type is assigned for the different stratigraphic units based on the
sedimentological facies observed in these units (Figure 3). The number of wet-dry cycles are
determined by comparing the assigned lake types for Gale crater to common cycling times for
terrestrial ephemeral and dry lakes and then the minimum annual wet-dry cycles estimated to
form Ca-sulfates and borates from a Gale relevant fluid for this model (Figure 4). We also
assume that each stratigraphic unit hosted local primary evaporites that were later remobilized
into secondary diagenetic features based on the inferences made by (L’Haridon et al., 2020;

Schwenzer et al., 2016)
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Figure 4. Gale stratigraphic record (Mars Science Laboratory Sedimentology and Stratigraphy

Working Group) with minimum annual cycles estimated for forming Ca-sulfates and borates

(middle column) based on water levels inferred using observed sedimentological facies (right

hand side column).

The Pahrump Hills member is interpreted to represent fluvio-deltaic deposits which is associated

with deeper lake levels compared to lake-margin environments (Siebach et al., 2019; Stack et al.,

2019; Sun et al., 2019). Hence, we assign an ephemeral lake level for the stratigraphic unit in this

elevation range. In terrestrial ephemeral lakes, average amount of time required for one wet-dry
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cycle is approximately 9 years (see section 5.1). We estimate that 250 wet-dry cycles in an

ephemeral lake would take 2250 (250 times 9) annual cycles on Mars.

Lake-margin environment with episodic lake drying caused by fluctuating lake levels is inferred
for the Hartmann’s Valley through the Sutton Island members based on the observation of
desiccation cracks, altered clay minerals, and the presence of halite (C. Achilles, 2018; Bristow
etal., 2018; Fedo et al., 2018; Gwizd et al., 2018; Haber et al., 2019; Siebach et al., 2019, 2019;
Stein et al., 2018; N. H. Thomas et al., 2019). Based on the assumption of lake-margin
environment for the members Hartmann’s Valley, Karasburg, and Sutton Island, we assign the
status of sporadic water presence for these members. Based on comparison with cycling times
for terrestrial lakes with sporadic water presence (i.e., approximately 1 year), we estimate that
250 wet-dry cycles in a lake with sporadic water presence would take 250 annual cycles on

Mars.

The Blunts Point, Pettegrove point, and Jura members show low-energy lacustrine environment
based on the presence of fine-grained mudstones which is associated with deeper lake levels

compares to lake-margin environments (Caravaca et al., 2022; Edgar et al., 2020; Siebach et al.,
2019). We assign ephemeral lake levels for these members and estimate that 250 wet-dry cycles

would take 2250 annual cycles per stratigraphic unit.

Based on the relative water levels in Gale estimated using the observed sedimentological facies,
the total minimum number of annual cycles required to precipitate sulfates and borates by a Gale
relevant fluid using this modeling technique is 14,250. One annual cycle on Mars would include
a wet and a dry period and a terrestrial equivalent of this time constraint is approximately 25.6
kyr. This finding is consistent with a wet-dry depositional environment and lake level
fluctuations inferred by (Hurowitz et al., 2017). Comparing the minerals predicted to form in our
modelling work to observations made in a terrestrial dry lake system and to minerals observed
and reported plausible for Gale crater, we find that the minerals in the model are broadly similar

to observations made in Death Valley and Gale crater (as shown in Table 4).
5.3 The fate of highly soluble elements in Gale crater brines
While these timescales (Figure 3) seem short, 25.6 kyr is only the time needed to form the first

sulfates in the sequence; 10° cycles (~107 years) are likely needed to accumulate enough Ca to
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account for all of the Ca sulfate (e.g., 1% of the volume of the lake sediments, assuming an
ephemeral lake) that formed in Gale crater. This value is consistent with timescale of valley and
lake formation on Mars (Hoke et al., 2011). After 10° cycles, the approximate concentration of B
in the fluid (starting with the Gale groundwater composition used in this work) would be 10

ppm and the concentration of Li would be 10 ppm.

In this model, borates form prior to sulfates. This may likely be due to the uptake of the
relatively low amount of the available Ca to form borates earlier in the cycles, while requiring
higher number of cycles for the accumulation of enough Ca to form Ca sulfates. The starting
fluid (mGPW) contains low amounts of CaO based on the observed extent of weathering in Gale
crater (as discussed in Section 3.4.1) and the starting fluid would likely require Ca enrichment

over multiple cycles in order to form high Ca-sulfates.

Table S4.2 (in the supplementary material) shows that the concentration of Li" ion in the fluid
ranges from 9.91E-05 to 1.83E-01 moles/kg (0.7 to 1270 ppm) with 0.7 ppm being the Li"
concentration of the local Gale lake fluid and 1270 ppm being the Li" concentration of the
resultant brine after 250 wet-dry cycles. The concentration of Li in the Gale brine is comparable
to Li concentration of terrestrial dry lakes that have experienced multiple wet dry seasonal cycles
(e.g., an annual average of 1400 ppm in Salar de Atacama and 1062 ppm in Salar de Pastos
Grandes: Munk et al., 2016). The saturation point of Li" to start forming LiCl at 25°C and 1 bar
pressure in 1 kg of water is 1.36 x 10° ppm (Rumble, 2017). Compared to this value, the
concentration of Li" in the Gale brine of is 10° times lower than required to start forming LiCl.
However, this concentration is sufficient to form Li-rich clay minerals that form by adsorption of
Li on the surface of the clay minerals similar to Li-rich clay minerals observed in terrestrial dry
lakes (Warren, 2016; Yu et al., 2022). To start forming LiCl using the starting fluid in this
model, approximately 10° cycles would be required. We infer that the reservoir of Li in close
association with Ca-sulfates of Gale crater are likely clay minerals. However, after 14250 wet
dry cycles (as calculated for Gale crater) the Li" concentration of the resultant brine would be
~6000 ppm (calculated based on the same extrapolation method described in section S1 in the
supplementary material). In Gale crater, the average concentration of Li in veins and sedimentary
rocks measured using the Curiosity rover does not exceed ~50 ppm (Das et al., 2020;

Frydenvang et al., 2020). Based on the large difference between the observed Li concentration in
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Gale crater rocks and Ca-sulfate veins and calculated Li in the remnant brine after simulating
wet-dry cycles in a Gale relevant scenario, we infer that Li rich brines may have formed as a
remnant subsequent to the lake’s disappearance. If this brine was sequestered underground, and
no observations of high concentrations of Li deposits have been made, then this remnant brine

could still be present underground on Mars.

In Gale crater we also observe the presence of Mg-sulfate (Rapin et al., 2019) and halite (N. H.
Thomas et al., 2019). CHIM-XPT is limited by ionic strength of the solution and cannot form
phases like Mg-sulfate that are not included in the model. Thus, we use the saturation points of
Mg and Na at 1 bar pressure and 25°C for the Gale relevant fluid required to extrapolate the
minimum number of wet-dry cycles to form Mg sulfate and halite. We establish that a minimum
of 85 cycles are required to form Mg sulfate and a minimum of 200 cycles are required to form
halite if there were no competing minerals in the system, for example, Ca-sulfate (competing
with Mg-sulfate for the sulfate anion) and nontronite (competing with halite for the Na cation)
(Figure 5 and 6). It is likely that Mg-sulfate and halite required a higher number of wet-dry
cycles for all the relevant ionic components to saturate because of this competition. Hence the
number of wet-dry cycles we have established are a minimum constraint for the number of wet-
dry cycles possible in Gale crater and the observation of Mg-sulfate and halite in Gale crater

point towards the likelihood of a higher number of wet-dry cycles that Gale crater experienced.
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Mg-sulfate using the Gale relevant fluid at 1 bar pressure and 25°C.
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564  Figure 6. Number of moles/kg of Na" for a corresponding amount of CI” to start precipitating

565  halite using the Gale relevant fluid at 1 bar pressure and 25°C.
566 6 Summary and conclusions

567 In summary, we established that minerals such as clays, quartz and Fe-oxides form in water rock
568  reactions before any evaporation (Table 5). For the formation of formation of primary Ca-

569 sulfates and borates, which are inferred to be precursors of Ca-sulfate veins in Gale crater,

570  multiple wet-dry cycles are required. For the specific Gale-relevant scenario we modeled, a

571  minimum of 250 wet-dry cycles are required to precipitate primary Ca-sulfates, while borate

572  forms immediately. When placed in the larger context of Gale crater’s stratigraphy a minimum
573  of ~14000 annual wet dry cycles are required to form primary evaporites consisting of borates
574  and Ca-sulfates with an Li concentration of ~6000 ppm in the resultant brine. Formation of Mg
575  sulfates and halite are also likely in Gale crater at a higher number of cycles than 14000 based on

576  this model.

577  We note that the results of this work add to the assessment of habitability at Gale, as wet-dry
578  cycles have been invoked to be key in the origin of life on Earth (Becker et al., 2019; Hud &
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Fialho, 2019; Marsh, 2022). Thus, the presence of mineral assemblages in Gale crater that
require multiple wet-dry cycles and the estimated duration of over 14k years of those wet-dry
cycles, emphasize on the habitability potential during the early stages of Gale crater’s aqueous
history. Through this work, we present a theoretical geochemical fluid composition and mineral
assemblage and duration of the wet-drying cycling environment relevant for Gale crater’s early
aqueous history which could have resulted in the primary evaporites that are inferred to be

precursors of the evaporitic veins observed in Gale crater today.

In this work we model fluid and precipitate compositions in wet and dry cycles in Gale crater
lakes. The formation of the observed Ca-sulfates and borates in Gale crater require multiple
generations of evaporation and dissolution as indeed evidenced by the sedimentary record. The
water to rock ratios selected throughout the model are a best estimate based on observations of
minerals made using the Curiosity rover. The result of this work shows that a minimum of 250
wet dry cycles are required to start forming Ca sulfates and borates from a Gale-relevant fluid at
a pressure of 1 bar and at 25°C. Comparing this result to terrestrial closed lake systems and
placing the established time constraint in a broader context of Gale’s timeline for aqueous
activity, a minimum of 14,250 Mars annual cycles (~25.6 k Earth years) is established for the
start of formation of primary Ca-sulfates and borates. The result also shows that the
concentration of Li in the resultant brine after 250 wet dry cycles is not enough to start forming
LiCl, however reaches up to ~6000 ppm after ~14000 wet dry cycles as calculated for Gale
crater. Based on the difference between the calculated Li concentration for the leftover brine and
observed Li concentration in sedimentary rocks and Ca-sulfates of Gale crater we infer the

possibility of underground Li-rich brine that are yet to be encountered.

The results of this work are applicable for understanding the evaporative sequence in Gale crater
and indicate that in this specific Gale-relevant model, borates form before Ca-sulfates with the
formation of Ca-sulfate being the key mineral setting the minimum number of cycles. This work
is the first theoretical constraint on fluid composition and mineral assemblages for Gale crater’s
early aqueous history. Through the results of this work, we estimate the fluid composition and
minimum time required to start forming primary evaporites Ca-sulfate and borate (which are
inferred to be precursors for Ca-sulfate veins observed in Gale crater today) for the specific

Gale-relevant scenario that we chose to model. The results of this work are in accordance with
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sedimentological observations that also point towards multiple generations of wet-dry cycles.
The results are a lower-limit time estimate for wet-dry cycles and the lifetime of aqueous activity

is likely longer when late-stage ground water activity is considered.
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