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Key Points:
e ChemCam analyses of calcium sulfate veins in Vera Rubin ridge (VRR) show the

presence of boron and lithium.

e Boron detection frequency in the Ca-sulfate veins increases in the Jura member of
VRR and is inversely correlated with lithium.

e The relationship between B and Li suggests an evaporative sequence formed during

dehydration on higher elevations of VRR.

Abstract

The NASA Curiosity rover’s ChemCam instrument suite has detected boron in calcium-sulfate-filled fractures
throughout the sedimentary strata of Gale crater including Vera Rubin ridge (VRR). The presence of elevated B
concentration provides insights into Martian subsurface aqueous processes. In this study we extend the dataset
of B in Ca-sulfate veins across Gale crater, comparing the detection frequency and relative abundances with Li.
We report 33 new detections of B within veins analyzed between sols 1548 and 2311 where detections increase
in Pettegrove Point and Jura members, which form VRR. The presence of B and Li in the Ca-sulfate veins is
possibly due to dissolution of pre-existing B in clays of the bedrock by acids or neutral water and redistribution
of the elements into the veins. Elevated frequency of B detection in veins of Gale crater correlate with presence
of dehydration features such as desiccation cracks, altered clay minerals and detections of evaporites such as
Mg-sulfates, chloride salts in the host rocks. The increased observations of B also coincide with decreased Li
concentration in the veins (average Li concentration of veins drops by ~15 ppm). Boron and Li have varying
solubilities and Li does not form salts as readily upon dehydration as B, causing it to remain in the solution. So,
the weak negative correlation between B and Li may reflect the crystallization sequence during dehydration on

Vera Rubin ridge.

©2020 American Geophysical Union. All rights reserved.



Plain Language Summary

Boron and lithium were measured in cracks in the rocks that were filled with whitish, calcium sulfate. These
were found in Gale crater using the ChemCam instrument on the Mars Science Laboratory Curiosity rover. Both
elements are highly water-soluble and may indicate late-stage ground water activity. Boron’s lower solubility
compared to that of lithium means it forms salts relatively easily while Li remains dissolved in the brine with
progressive evaporation. In our study we find that on Vera Rubin ridge, boron detection frequency is inversely
proportional to the concentration of lithium. This finding suggests that, based on their different solubilities,
boron precipitated in the fractures before lithium. Lithium possibly moved away downhill with the remaining

brine; leaving boron behind as precipitates.

1 Introduction

Boron is-a light, soluble element that is found on Earth as borates in evaporite deposits and in clay-bearing
sediments. The high solubility of B (as B(OH)s in acid and B(OH)4 in alkaline water) makes it a good tool for
understanding surface and sub-surface aqueous processes (Hunt, 1966; Lerman, 1966; Couch and Grim, 1968;
Tanner, 2002; Helvaci and Orti, 2004; Grew, 2017; Helvaci and Palmer, 2017). Characterization of borate
phases enables the reconstruction of fluid temperature, salinity, and pH conditions in sedimentary systems
(Frederickson and Reynolds, 1960; Lerman, 1966; Harder, 1970; Perry, 1972; Keren and Mezuman, 1981,

Miranda-gasca et al., 1998; Helvaci and Orti, 2004).
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Figure 1. Overview of Curiosity’s Gale Crater sampling area and summary of boron detections in the Vera
Rubin ridge area. a) Gale Crater with red line indicating Curiosity’s traverse from Bradbury Landing site to the
rover position on Sol 2052. b) Gale Crater stratigraphic column with normalized peak area for each boron
detection plotted as bars versus elevation. c) The rover traverse map showing boron detection locations. Colors
on the filled squares and circles represent the normalized boron peak area according to the color bar. d) MRO
HiRISE image of Vera Rubin ridge indicating the boron detection locations with the same color scheme as

shown in Figure 1C.
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Borates can stabilize ribose, the simple sugar that forms the backbone of ribonucleic acid (RNA) (Kim et al.,
2011; Furukawa et al., 2013; Furukawa and Kakegawa, 2017). Without borate ions, ribose decomposes in water
within a geologically short time (ribose half-life is 300 days at 25°C and pH 7.0) (Larralde et al., 1995).
Although there are numerous hypotheses proposed for the origin of life (Ruiz-mirazo et al., 2013), the most
recent work on prebiotic chemical syntheses of RNA nucleotides proposes wet-dry cycles in the presence of
salts like borates, nitrites, and carbonates, where boric acid is a reagent that assists in the reaction (Powner et al.,
2009; Becker et al., 2016, 2019; Hud and Fialho, 2019). The NASA Curiosity rover detected B in 43 locations
along its traverse in Gale crater (Gasda et al., 2017). These observations, along with the recent discovery of
organic molecules on Mars (Ming et al., 2014; Eigenbrode et al., 2018) and ribose in chondrites (Furukawa et
al., 2019) provide a basis for the possibility of prebiotic chemical reactions involving borates having occurred
on Mars.

The Mars boron observations were made using the ChemCam instrument suite while targeting Ca-sulfate filled
fractures or “veins”. Boron has been primarily detected in veins hosted in phyllosilicate-rich lacustrine
Yellowknife Bay and Murray formation mudstones. The B enrichment likely occurred during a sequence of
events that include initial deposition of B in evaporite layers in stratigraphically higher units, followed by later
groundwater dissolution of the evaporites, transportation to underlying layers, and co-precipitation of borates in
fractures along with Ca-sulfate (Gasda et al., 2017). Concentrations of 154-166 ppm B have also been detected
in clays within Martian meteorites (Stephenson et al., 2013). While remote detection of borates is possible (e.g,
Cloutis et al., 2016), the authors are not aware of borate detections made by orbital remote sensing instruments
or by other in situ Curiosity instruments such as CheMin. Evaporite elements including Cl, Na, and, S are
detected on Mars using ground-based observations (Baird et al., 1976) (evaporite minerals including sulfates
and chlorides detected from orbit :e.g., Glotch et al., 2010; Ehlmann et al., 2016), co-enrichments of Na and ClI
observed with ground-based observations (Thomas et al., 2018, 2019; Rapin et al., 2019) and evaporite minerals
including gypsum, anhydrite, basanite, and chloride salts detected by CheMin (Vaniman et al., 2018; Morris et
al., 2019; Thomas et al., 2018, 2019). Based on the detection of these evaporites, we infer the possible presence

of borate evaporites on Mars.

2 Geologic context

Gale crater is a ~155 km diameter impact crater with a central mound (Aeolis Mons, informally known as “Mt.

Sharp”) (Figure 1A), located in the northwestern part of the Aeolis quadrangle (Grotzinger and Milliken, 2012).

©2020 American Geophysical Union. All rights reserved.



In 2012, NASA’s Mars Science Laboratory (MSL) Curiosity rover landed on Aeolis Palus. The rover has
traversed ~22 km from the Bradbury Rise landing site, across outcrops of fluvio-lacustrine deposits (Grotzinger
etal., 2014, 2015; Vasavada et al., 2014) and local eolian deposits (Banham et al., 2018). The geology of Gale
crater points to an ancient environment with a long duration water body that would have been habitable
(Grotzinger et al., 2015). A stratigraphic column depicting the sedimentary facies encountered is shown in
Figure 1B. The first facies, belonging to the Bradbury group, is a fluvio-deltaic deposit exposed along the crater
floor,interfingered with the Mount Sharp group (Grotzinger et al., 2015). The deposits of this group include
mudstones, sandstones, and conglomerates; low levels of chemical weathering suggesting a relatively cold
climate and minimal water-rock interaction (McLennan et al., 2014). The Mount Sharp group consists of the
Murray formation, which is largely lacustrine in origin and shows more significant indications of chemical
weathering (Mangold et al., 2019). The Mount Sharp group also present features that are interpreted as lake
margin and evaporitic environments (Kah et al., 2018; Stein et al., 2018; Rapin et al., 2019). The Siccar
Point group unconformably overlies the Murray formation of the Mount Sharp Group, and is interpreted as a
younger deposit of basaltic eolian sandstone (Banham et al., 2018; Siebach et al., 2019).

2.1 Mount Sharp Group—Murray Formation
The Murray formation (Figure 1B) is currently divided into seven members (Fedo et al., 2018; Siebach et al.,
2019), representing a series of lake deposits that experienced episodic drying. New members could be defined as
the rover continues to move up-section from VRR. The Pahrump Hills member is interpreted to represent
deposition by density-controlled river plumes in a freshwater lake (Stack et al., 2018; Siebach et al., 2019; Sun
et al., 2019) and shows the dominant presence of thinly laminated mudstones. The Hartmann’s Valley member
is interpreted to have formed in a fluvial environment based on the presence of meter-scale trough cross-bedding
with steep foresets (Fedo et al., 2018; Gwizd et al., 2018; Siebach et al., 2019). The Karasburg member is
interpreted as lake deposits with some interbedded lake-margin facies (Siebach et al., 2019). The Sutton Island
member is made of heterolithic mudstone-sandstone (Fedo et al., 2017; Siebach et al., 2019). The Blunts Point
member formed as low-energy suspension from fallout in a lacustrine environment (Siebach et al., 2019).
Episodic lake drying and desiccation caused by fluctuating lake levels are interpreted in Hartmann’s Valley
through the Sutton Island members based on altered clay minerals found in drill samples (Bristow et al., 2018).
Halite is identified in these members based on correlation between Na and Cl observations in the Quela drill

target in the Karasburg member (Achilles et al., 2018; Thomas et al., 2019). The Sutton Island member also
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shows the presence of dark-toned concretions and desiccation cracks indicative of wet-dry cycles associated
with transient low lake levels (Sun et al., 2018; Stein et al., 2018; Haber et al., 2019; Siebach et al., 2019).

The Pettegrove Point and Jura members comprise Vera Rubin ridge (VRR; Fig. 1A), a nearly 250 m wide linear
topographic feature that runs parallel to the northern foothill of the crater’s peak, Mount Sharp, for nearly seven
kilometers (Fraeman et al., 2013, 2018). VRR was originally identified based on enhanced detections of
hematite by the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) on the Mars
Reconnaissance Orbiter (Fraeman et al., 2013). The stratigraphic members of VRR, Pettegrove Point and Jura,
are compositionally similar to lower Murray formation strata. However, VRR is erosionally more resistant
compared to the underlying Murray members, resulting in the ridge formation (Edgar et al., 2018; Fedo et al.,
2018; Fraeman et al., 2018; Heydari et al., 2018; Rivera-Hernandez et al., 2019; Siebach et al., 2019). The
boundary between the two members is not observed as a clear hiatus, leading to the interpretation that the
morphological differences between the two members are likely due to secondary (diagenetic) processes.

VRR bedrock typically varies from bright to pale red or purple in color. These color differences may correspond
to grain size (Johnson et al., 2019). In situ images from the rover have shown that the topmost member of VRR
(Jura), exhibits distinct color gradients. Decameter-scale gray patches are interspersed among the red bedrock,
suggesting a possible redox relationship between these color units (Horgan et al., 2019). The bulk chemical
composition of VRR mudstones falls within the compositional range of Murray formation rocks, although there
are variations in in situ geochemistry (Frydenvang et al., 2019 and Thompson et al., 2019). VRR rocks show an
overall decrease in Chemical Index of Alteration (CIA; defined as the molar ratio of Al,O3 and the sum of
Al;0s, Ca0, Na0, and K,O; Nesbitt and Young, 1982), strong decrease in Li content, an increase in MnO
content near the contact between the Pettegrove Point and Jura members (Frydenvang et al., 2019), and broadly
elevated Na,O concentrations compared to the underlying Murray formation (Thompson et al., 2019).
Diagenetic iron-rich features, including concretions and nodules, are also reported in VRR (L'Haridon et al.,
2019; David et al., 2019).

Veins in the Murray Formation. Light- and dark-toned veins are observed across all members of the Murray
formation and are found in complex associations with other diagenetic features (Gasda et al., 2017; Nachon et
al., 2017; Fedo et al., 2018; L'Haridon et al., 2018; Stein et al., 2018; Kronyak et al., 2019; Siebach et al., 2019;
Sun et al., 2019). Pahrump Hills shows the presence of light- and dark-toned veins throughout the stratigraphy
(Nachon et al., 2017; Kronyak et al., 2019). The dark-toned veins enriched in Ca show the presence of fluorine

and are interpreted as fluorite veins (Forni et al., 2017, 2019; Nachon et al., 2017). The light-toned veins are
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enriched in Ca and sulfur, and are interpreted as Ca-sulfate veins (Nachon et al., 2017). Boron has been detected
exclusively in light-toned Ca-rich veins and patches (Gasda et al., 2017). Light-toned veins in Hartmann’s
Valley are encountered preferentially along vertical fractures within host rocks, frequently displaying central
gaps within the veins and fibrous textures (L'Haridon et al., 2018), but also displaying a concentration of Fe-rich
and Mg-rich light-toned veins (L'Haridon et al., 2018). The Karasburg member also shows the presence of light-
toned.Ca-rich veins (Gasda et al., 2017) whereas the Sutton Island and Blunts Point members show the presence
of abundant horizontal and sub-horizontal Ca-sulfate veins that are crosscutting finely laminated mudstone and

are dispersed within concretionary bodies (Sun et al., 2019; Rapin et al., 2019).

3 Geochemistry of boron and lithium

3.1 Common borates and their formation conditions

B has a high affinity for oxygen and forms covalent boron-oxygen bonds in borates. On Earth, there are over
230 borate minerals present in the upper crust that originate by igneous, sedimentary, and metamorphic
processes (Grew et al., 2011; Grew, 2017). The type of borate formed is dictated by the amount of dissolved B
in the solution and conditions including pH and temperature of the solution, degree of evaporation, the cations
available in the fluid, and depth of burial of the borate formed (Christ et al., 1967; Birsoy and Ozbas, 2012).
Here we focus on evaporitic borate deposits as they are the most relevant to Gale crater.

Common evaporitic borate minerals include colemanite (CazBsO11-5H20), borax (Na20.2B,03.10H;0), kernite
(Naz0.2B,03.4H,0), ulexite (Na»,0.2Ca0.5B,03.16H,0), probertite (Na,0.2Ca0.5B,03.16H,0), and
hydroboracite (CaMgBsOs(OH)s-3H20). Figure S1 shows a flowchart indicating formation conditions of
common borates, constructed based on thermodynamic stability diagrams and chemical compositions (Christ et
al., 1967; Birsoy and Ozbas, 2012). It shows the chemical compositions, major cation category, deposit types,
formation locations, and structural subdivisions of the common borates found on Earth (Christ et al.,1967;
Birsoy and Ozbas, 2012). Boron may also be present as ions in inclusion fluids within host crystals. Possible
fluid inclusion phases associated with borates and boric acid are discussed in section S4 in the supporting
material. Although high contents of B and Li are commonly associated with hydrothermal activity on Earth
(Seyfried et al., 1984), these elements can also be liberated from relatively low temperature weathering of
typically felsic igneous rocks (Risacher and Fritz., 2009).

3.2 Substitution and adsorption of boron

©2020 American Geophysical Union. All rights reserved.



In addition to forming borates, B is also commonly found adsorbed to clay minerals (Hingston, 1964; Keren et
al., 1981; Keren and Mezuman, 1981; Keren and O’connor, 1982; Palmer et al., 1987; Williams et al., 2001)
and amorphous materials (Biggar and Fireman, 1960; Bingham et al., 1971; Evans and Sparks, 2008; Abu-
Sharar et al., 2014; Goldberg, 1997; Goldberg et al., 1993; 2008). Borate ions can also substitute for other ions
within minerals such as mica and illite (Stubican and Roy, 1962; Hingston, 1964, Couch and Grim, 1968),
calcite; aragonite (Kitano et al., 1978; Hemming et al., 1995; Mavromatis et al., 2015), and ettringite (a minor
Ca-Al-Si sulfate solid solution hydrated evaporite mineral; Csetenyi and Glasser, 1993; Seryotkin et al., 2018).
Under relatively low-temperature conditions, B(OH) 4 anions are adsorbed onto the frayed edges (where Si—O
and Al—O bonds have broken leaving positively charged sites: Couch and Grim, 1968) and between the silica
layers of clay minerals (Stubican and Roy, 1962; Couch and Grim, 1968). This adsorption is rapid and followed
by a slower diffusion of B into the clay structure (Couch and Grim, 1968). Above 60°C, B atoms can substitute
for aluminum (Stubican and Roy, 1962) in clay mineral lattices (Stubican and Roy, 1962; Hingston, 1964). At
the temperature range of 60-120°C, smectites begin to collapse into illite, which allows boron-aluminum
substitution in the clay lattice (Burst, 1957; Eberl and Hower, 1976; You et al., 1996; Williams et al., 2001).
The uptake of B within clay crystal structures depends on concentration, salinity of the solution, temperature,
and interaction duration (Couch and Grim, 1968). Experiments show that B adsorption in clays and amorphous
materials (and therefore the availability of B for incorporation into the mineral lattice) occur only in alkaline
conditions (Keren et al., 1981), at low temperatures (<120°C: Palmer et al., 1987; Goldberg et al., 1993; You et
al.; 1996) and relatively high salinity (Lerman, 1966; Couch and Grim, 1968; Harder, 1970; Abu-Sharar et al.,
2014). Therefore the two ways B can go into solution from clay and amorphous materials are: 1) in high-water
rock ratio conditions where the adsorbed B on clay mineral surfaces can be dissolved by neutral to acidic fluids
and 2) in acidic conditions where B is released from the clay lattice on dissolution of the clay itself.

3.3 Substitution and adsorption of lithium
Li is more soluble than B in water; Li does not form salts as readily upon dehydration (although Li carbonates
[zabuyelite: Miangping et al., 2000] and Li silicates [jadarite: Stanley et al., 2007] are reported associated with
evaporites in playas in China and Serbia) and remains in the brine as dehydration continues (Hamzaoui et al.,
2003). Overall, Li is a conservative element that stays in solution and does not form salts easily (Risacher and
Fritz., 2009). However, lithium is also commonly found adsorbed to or incorporated within the structure of
terrestrial clay minerals (Greene-Kelly, 1955; Vine, et al., 1980). The clays that adsorb Li on their surface and

incorporate Li into their structures can be a notable source of Li (Vine and Dooley, 1980; Greene-Kelly, 1955).
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Similar to the behavior of B, high water-rock ratio can dissolve Li adsorbed on clay minerals due to the high
solubility of Li and dissolution of clays in acids can quickly remove the Li from the clay structure (Dalton et al.,
2016; Huang and Keller, 1971; Hall, 1977; Simon and Anderson, 1990). Although Li is not a universal proxy
for clay content on Mars, it can indicate a relative change in the amount of clays in Gale crater (Forni, et al.,
2015; Frydenvang et al., 2019).

3.4 Terrestrial examples of B- and Li-rich brines
Although boron and lithium are predominantly associated with geothermal inputs on Earth (Li et al., 2019;
Seyfried et al., 1984), terrestrial brines can provide insight into B and Li systematics on Mars as the separation
of the two elements in salt-forming environments appears to be common. In case of Gale crater, it is possible
that the major water body and the groundwater was influenced by a hydrothermal system (or multiple systems)
as large impacts produce long-lasting sources of heat below the surface, so Gale lake may have experienced
early stage of hydrothermal activities (Schwenzer et al., 2012). Systems with multiple sources of B and Li in a
dry lake environment can act as an analog for better understanding the geochemistry of Gale crater.
Saline lake deposits on the Andean Plateaus show presence of B- and Li-bearing brines in internally drained,
evaporative basins (Steinmetz, 2017). The brine composition is associated with local residual brines, solutions
from weathered rocks, and parental lithology in addition to geothermal input (Steinmetz, 2017). However, the
predominant sources of B in this case are reported to be inflow from residual brine and weathering of local
rocks; in contrast, Li is associated with geothermal sources (Steinmetz, 2017). The evolutionary pathway of the
evaporating water composition, in this case study, is interpreted to be determined by the extent of evaporation
and the relative quantities of initial precipitated mineral phases such as calcite and sulfates (Steinmetz, 2017).
Borates, sulfates and Li- and B-containing brines are reported in this region (Steinmetz, 2017). The brines
contain up to 450 ppm of B and 125 ppm of Li (Steinmetz, 2017). Li-micas are also observed in this area;
however, it is also stated these Li-micas are relatively rare findings in playa lake environments (Steinmetz,
2017).
The hyper-arid basins of Salar de Atacama in Chile also show the presence of Li- and B-rich brines in which the
Li and B are determined to be sourced predominantly from varied locations of recharge corresponding to
surrounding sub-watershed regions with possible geothermal inputs (Munk et al., 2018). Mineral precipitation
and brine evolution in this case study is also determined to be dependent on the composition of the source rocks,
extent of brine mixing and evaporation (Munk et al., 2018). Brines of Salar de Uyuni in the Southwest of the

Bolivian Altiplano are also rich in Li and B (Haferburg et al., 2017). These brines are slightly acidic to near-
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neutral pH with Li and B concentrations of up to 2000 and 1400 ppm (Haferburg et al., 2017). The source of B
and Li in this case is also attributed to leaching of ancient evaporite from the catchment area during the
evolution of the basin (Risacher and Fritz, 1991) which acts as a good analog for one of the possible enrichment

methods of B and Li into evaporite veins of Gale crater as discussed in this study in Section 6.

4 Methodology

4.1 Data collection and processing
The ChemCam instrument suite onboard the Curiosity rover consists of a laser induced breakdown spectroscopy
(LIBS) instrument and remote micro-imager (RMI). The LIBS instrument provides atomic emission spectra of
targets (up to seven meters standoff distance) by focusing a pulsed 1067 nm laser, with a 350-550 um diameter
spot size, creating a plasma from the ablated surface (Maurice et al., 2012; Wiens et al., 2012). Together with
color images from the Mastcam imaging suite (Malin et al., 2010) and Mars Hand Lens Imager (MAHLI; Edgett
et al., 2012), the RMI allows for visual identification of features and the geologic context for each observed
point (Le Mouélic et al., 2015). Sampling frequency is dependent on the rover’s resources and its topographic
accessibility to the sampling area. Although efforts are made to collect bedrock and diagenetic features,
including veins, at each rover location, compared to sampling performed for chemostratigraphic studies on
Earth, rover sample sets are less systematic. The Martian data interpretations are therefore subject to some
sampling bias.
ChemCam data are acquired by lasing the area under investigation in either a linear or gridded array with a
typical spacing of 1-2 mrad that spans approximately 15 mrad (Wiens et al., 2015). Each ChemCam analysis
point is typically hit by 30 laser pulses and average chemical compositions are calculated after discarding the
data from the first five spectra due to the pervasive dust coating on the rocks (Wiens et al., 2013; Clegg et al.,
2017). Major element concentrations of Ca sulfate veins and surrounding rocks are determined using
multivariate analytical methods including partial least squares for the ChemCam spectra (Wiens et al., 2013;
Clegg et al., 2017). Sulfur is not typically quantified by the ChemCam team, as its emission lines are weak in
the spectral range covered by this instrument. Because of this, Ca-sulfates are identified by the presence of
strong enrichments of Ca (e.g., > 20 wt. % CaO) along with the identification of a S peak. The calibration for B
is described by Gasda et al., (2017) with a limit of detection (LOD) of ~100 ppm. The calibration for Li is
provided using a univariate model with an LOD of 5 ppm and root mean square error (RMSE) of 5 ppm (Payré
etal., 2017). The data used for plotting the Li concentrations can be found in the PDS Geosciences Node Data

and Services repository (https://pds-geosciences.wustl.edu/missions/msl/chemcam.htm) and the corrected Li
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concentrations can be found in a Zenodo data repository (Das, 2020: http://doi.org/10.5281/zenodo.3877377).
For boron, the presence of iron can limit detection. The majority of ChemCam targets contain >18 wt.% FeO~
(Gasda et al., 2017; Mangold et al., 2017). ChemCam data shows unresolved neutral atomic B emission lines at
249.75 and 249.84 nm. An Fe 11 line interferes with the B feature at 249.96 nm (Sansonetti and Martin, 2005;
Gasda et-al., 2017). Hence, B can only be detected in low-Fe targets, and so far, only in Ca-sulfate veins. New
targets for this study were selected based on low Fe content of the target (FeOr < 13 wt%), reasonable total
emission of the ChemCam spectra (>5 x 103 photons), and targets within four meters. The B peak area (labeled
on Figure 1B) is corrected for the expected peak area +2¢ uncertainty of the very weak Ca |11 emission line at
249.84 nm as determined by method blanks (described in supporting information document by Gasda et al.,
2017,). The detection of B is determined by fitting the B and iron peaks in the feature and identifying targets
with non-zero B peak areas after the calcium Il correction. In Gasda et al. (2017), most of the targets have >3c
certainty of B detection.

4.2 Subtraction of bedrock component from Ca-sulfate veins
The LIBS laser often hits an area consisting of both bedrock and Ca-sulfate (Nachon et al., 2014), resulting in a
mixed composition (Figure S2.1). To understand the trends in soluble elements of the veins, the contribution of
the bedrock must be removed from these mixed observations. The ratio between SiO; in the bedrock and veins
is used to determine the percentage of bedrock contribution in these observations. For each vein or partial vein
target, nearest bedrock targets are identified. The composition of a maximized number of nearest available
bedrock targets are averaged to determine an average bedrock composition. The average bedrock composition
for all the major oxides and Li is multiplied by the vein-observation-to-bedrock SiO; ratio and is then subtracted
from the vein observation. The bedrock-subtracted vein compositions are then renormalized to an average oxide
sum of an ‘ideal” Ca-sulfate target to obtain the corrected oxide and Li values. This method has not been applied
for B, as B cannot be measured in the bedrock due to the high FeO+ content of the bedrock. The ideal Ca-sulfate
targets are compositionally close to anhydrite (Table S2.1), and are chosen based on the lack of SiO,, Al,O3 and
TiO2, as these elements are typically the least soluble in vein-forming fluids and therefore should not be present
in pure Ca-sulfate veins. If the true composition of the veins is gypsum or basanite (presence of basanite veins
has been confirmed in Gale crater by Rapin et al., 2016) , this renormalization method may impart a small error
to the data, increasing the absolute amount of Li detected in the veins by up to 8.5 rel.%, much less than the
expected error due to uncertainty (Table S2.2). The relative amount of Li within a vein is expected to remain

constant. Error is calculated using linear propagation of uncertainty (section S2) based on the RMSE accuracy of
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the major oxide model (Clegg et al., 2009). Since a single bedrock point is used for error propagation rather than
an average of points, this method is the most conservative method of estimating error. As more bedrock targets
are averaged as part of the correction, the error is expected to decrease by the square root of the number of
samples used to calculate the mean. More details about the correction method and error propagation can be

found in section S2 in supporting information.

5 Results

Boron was detected in 21 new vein targets (after detections reported by Gasda et al., 2017) with 33 single-point
observations (with a range of one to four B observations per target). Boron concentrations in the 21 vein targets
range between ~100-150 ppm, which is comparatively lower than the up to ~300 ppm detections in the lower
units described by Gasda et al., (2017). Table S3.1 lists the target names, analysis sol number, ChemCam
observation point number, corrected B peak area, vein type, and the host unit names of all B-containing targets.
Corrected Li concentration of all vein targets vary between 5 and 65 ppm; these results can be found in the
supporting data file named “Corrected-Li-ppm.xIsx”. After correcting for rock content in the vein observations,
Ti, Al, Fe, Na, K, Mg, Sr, Ba, and Rb concentrations are below the quantification limit for the targets. All the
data used throughout this study (ChemCam data collected between sol 0-2311) can be found in supplementary
excel file titled “All data-sol-0-2311.x1sx”.

5.1 Morphology of sulfate veins
On VRR, B is observed in both thick and thin veins and Ca-sulfate patches that are a few centimeters in width
and irregular in shape (patches in some cases appear to be broken or partially exposed veins). Boron is found in
veins that are more erosionally resistant than surrounding host rock as well as in veins exposed flush with the
bedding plane surface (Figure 2C and D). A few thicker, patchy light-toned targets, possibly representing
remnants of eroded veins, also show B presence (Figure 2E). Boron is detected in two different float rock targets
(Figure 2F and G): Askival, which is a silicified feldspathic cumulate rock (Bridges et al., 2019) with a Ca-
sulfate rim (CaO abundance of 30.8 wt % and clear S emission peaks), and Blair Atholl, which is a Ca-rich
(twice targeted with 34.7 and 33.6 wt. % CaO) light-toned float rock. These observations show that B is

detected in light-toned veins with no preference for morphology or rock type.
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Figure 2. Morphologies of light-toned materials where boron has been observed in VRR. &) Thin veins cross-
cutting each other in target Newmachar shown by white arrow (sol 1965 with B detected in point15). MastCam
image ID 1965MR0102770000901670E01. b) Truncation of thin veins against thicker veins shown by white
arrows in Colonsay (left, sol 2012 with B detection in point 6, MastCam image ID:
2012MR0105980000902590C00) and Niddrie (right, sol 2250 with B detection in point 4 and 5 MastCam
image I1D: 2250MR0120360010106377C00). c) Erosionally resistant veins in Lac La Croix shown by white
arrow (sol 2048 with B detection in point 9). MastCam image 1D: 2048MR0108370000903354C00. d) Veins
running across bedding planes in Dram Island shown by white arrow (sol 1641 with B detection in point 5).

MastCam image ID: 1641MR0105920000903652C00. €) Patchy white toned material observed in target White
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Cap Mountain shown by white arrow (sol 1707 with B detection in point 5). MastCam image ID:
1707MR0089010000803320E01. f) Askival, a silicified feldspathic float rock shown by white arrow (sol 2015
with B detection in point 2). MastCam image ID: 2016 MR0106360160902714C00. g) Blair Atholl, a Ca-rich
light-toned float rock shown by white arrow (sol 2235 with B detection in point 2, 3, 4, and 5). MastCam image

ID: 2235MR0118800000106144C00.

Figure 2B shows two sets of textural relationships where, based on the cross-cutting relationship, the veins
hosting B appear to have formed in different fracturing events from surrounding veins. The target Colonsay in
Figure 2B (left) shows that the vein hosting B is cross-cut by another vein in the top-left corner. The thinner
veins on the bottom left truncate against the thicker, boron-containing vein. Although the exact sequence of vein
formation is unknown, the cross-cutting vein on the top left corner likely formed after the one in the middle. In
case of the target Niddrie, (Figure 2B right) a similar observation is made where the thinner veins in the left side
truncate abruptly against the thicker vein. This occurrence may suggest that different fracture and fluid flow
generations brought in fluids with varying composition and may add to the explanation of detecting B in only
some spots, however, the absence of B detection does not indicate complete absence of B due to the ~100 ppm
detection limit of boron. The cross-cutting features seen from the surface only provide a limited picture of the
three-dimensional relationship of the veins under the surface.

Vein textures and crystal habits (Figure 3) can shed light on potential formation mechanisms and crystal growth
histories. Tooth-like textures with a central discontinuity can be observed in the vein in Figure 3A and a fibrous
habit of the white infill material can be observed in Figure 3B. Similar textures observed in veins in lower
stratigraphic units have been interpreted to have formed by a repetitive fracture filling process called crack
sealing (Hilgers and Urai, 2002; Kronyak et al., 2019). In the targets Long Porcupine (Figure 4A) and Milton
Ness (Figure 4B), light-toned veins contain variably sized dark-toned features within their matrix. For target
Long Porcupine, two veins intersect each other orthogonally. Both veins have been analyzed, but only one vein

shows the presence of B. A similar textural setting is observed in Figure 4B where the target shows multiple
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veins with varying morphologies. The B-containing vein (middle) shows the presence of small dark features
(similar to features observed by L’Haridon et al., 2019).

Figure 3. Vein textures observed by Remote Micro Imager. a) Tooth-like texture in target Blackhoof (sol 2045).
Points 3.and 4 show presence of boron. MastCam image ID: 2045MR0108220020903332C00. (b) Fibrous

texture visible within vein (sol 2012). Boron was detected in point 6. Darker material observed in sections of the

Blackhoof Colonsay

Fibrous texture

Tooth:like
texture

Void
or
replacement
by dark material

thick and orthogonal thin veins may be a void formed by erosion of the vein or replacement by dark-toned

features. MastCam image I1D: 2012MR0105980000902590C00.
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Figure 4. Veins containing dark features. a) Light toned veins in Long Porcupine (sol 1552) show an orthogonal
intersection with dark-toned features in one side. MastCam image I1D: 1552MR0079700000800082E01. b)
Light-toned veins in Milton Ness (sol 2218) showing different densities and morphologies of dark-toned
features. Angular features are also observed in the host bedrock of the veins. MastCam image ID:

2218MR0117520000105898C00.
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The intersecting vein in the bottom left area also shows dark features but these are angular in shape and
significantly higher in numbers. Angular features are also observed in the surrounding bedrock. However, the
lack of B observation is not an indicator of the element’s absence; it may be present at a concentration just
below the limit of detection.

5.2 Stratigraphic detections of boron and lithium in veins
Figure 5 shows bedrock-corrected Li concentrations of the Ca-sulfate veins (pink) compared to nearby bedrock
(black). All errors described in this section, unless otherwise stated, are 2¢ standard error. The corrected Li
values in the veins below the contact between the Blunts Point and Pettegrove Point members (Li peak 1
between -4231m to -4221m in Figure 5) have an average of 21 + 5 ppm. Values below the contact between
Pettegrove Point and Jura members (Li peak 2 between -4191m to -4181m in Figure 5) have an average of 21 +
5 ppm). Both locations have a significantly higher average of Li abundance than the average corrected Li
abundance of all the veins in Gale crater (12 + 2 ppm). Lithium has a significantly lower abundance in the veins
of Jura member (with an average of 8 + 2 ppm) compared to the veins in the peak Li locations in Pettegrove
Point and Blunts Point, and slightly lower than the average Li concentration of all Gale veins (11 + 2 ppm). The
concentration of Li is relatively lower in the Jura bedrock with an average of 8 £ 1 ppm compared to the average
Li concentration of all bedrock targets (average of 13.2 = 0.3 ppm). The distribution of corrected Li values in
the veins for each stratigraphic unit is statistically different from the distribution of the measured Li values of
the surrounding bedrock (see section S2 in supplemental information for detailed discussion of error).
The stratigraphic units where ChemCam detected veins (>20 wt% CaO; <13 wt% FeOr) and the frequency of B
detections within vein targets is shown in Figure 6 and Table S3.2. Figure 1 shows B detections throughout the
traverse beginning in Yellowknife Bay formation, but no detections in the remaining Bradbury group or lower
Murray formation. B detections increase through the Pahrump Hills (7 detections), Hartmann’s Valley (11
detections), and Karasburg (27 detections) members and decrease in the Sutton Island member (13 detections).
Although veins were often targeted in the Blunts Point member, the B detection frequency decreases drastically
(one target in this unit was below the 2o threshold for detection). B detection frequency increases in the upper
Pettegrove Point (11 detections) and Jura (16 detections) members. The detections appear to be concentrated
toward higher elevations in VRR in the Jura member (between -4171 to -4142 m). The increased detections in
Pettegrove Point and Jura members contrast in the detection frequency between the Blunts Point member and

both VRR members.
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Figure 6 also shows a comparison between B detection frequency and average corrected Li concentration of the
veins. This plot shows high Li concentration of the veins is only observed at units with low B detection
frequency across the rover’s traverse. This potential link between Li concentration of the veins and relative B
peak area is further illustrated in Figure 7. Figure 7A shows the B observation frequency every 10 m elevation
and possibly has a weak inverse relationship with the corrected Li concentration of the veins. Figure 7B shows a
similarly weak inverse relationship between relative B peak areas averaged over every 10 m elevation and the
average corrected Li concentration of the veins. A curve defined by power law (f(x) = AxB) is fitted through
both scatter plots and illustrates the potential relationship (e.g., that of a phase change, whereas one element
leaves solution through crystallization, and the other is concentrated in the brine) between the two elements. The
R? values suggests the relationship between B and Li weakly follows the power law. These fitted curves are only
for illustrative purpose as they are constructed using only non-zero data. Hence, the power law relationship
shown in Figure 7 does not fully describe the system. The 2o Spearman’s correlation coefficient between B
observation frequency and average Li concentration of veins per 10 m is -0.53 and between B average peak area
and Li concentration of veins per 10 m is -0.48. These values indicate a weak negative correlation between B
observation and average Li concentration of veins and between B average peak area and Li concentration of
veins per 10 m. In summary, the relationship between Li and B is weak in the limited dataset and a power law
relationship only partially describe the system; chemical modeling of all the trace elements is likely required to

build a full picture of the groundwater system in VRR.
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Figure 5. Plot showing the corrected Li concentration of the high-Ca veins against elevation, compared with the
Li concentration of the surrounding bedrock. Pink filled circles show the corrected Li concentration of the veins.
Black filled circles show the Li concentration of the surrounding bedrock. Locations with increased
concentration of Li are visible right below the contact between Blunts Point and Pettegrove Point members
(Peak 1) and below the contact between Pettegrove Point and Jura members (Peak 2). Errors propagated during
the correction calculations are shown as grey bars. Errors associated with the original vein and bedrock

compositions are shown as thin black bars.
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Figure 6. Histogram showing the distribution of Ca-rich veins in Gale Crater throughout Curiosity’s traverse
(sols 0—2311), frequency of Ca-rich veins with boron, and comparison of Li concentration of veins with
relative frequency of boron detections in veins. The orange bars show the number of Ca-rich (>20 wt% Ca)
targets (left axis) in intervals every 10 m elevation (horizontal axis). The purple bars show the number of Ca-
rich veins containing boron. The blue line indicates the percentage of veins with boron out of all analyzed veins
at that elevation (right axis). The average corrected Li concentrations of the veins are plotted as a magenta line
(right axis) and 2o standard errors bars are shown. The vertical dotted lines separate the different stratigraphic
units of Gale Crater. The units shown are the Bradbury group and members of the Murray formation.
Yellowknife Bay formation is a part of the Bradbury group, but it is shown separately because of the boron
observations made there. Ca-rich veins occurred much less frequently in the rest of the Bradbury group, with no
boron observations. Comparison of the pink and blue lines in the plot indicates a negative correlation between

the frequency of B detection in the veins and the concentration of Li.
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Figure 7. Average corrected Li concentration of the veins with B detection frequency and average B peak areas
with 2o standard error bars. a) A weak inverse correlation between B detection frequency every 10 m elevation

(x-axis) and the average Li concentration of the veins (y-axis) with an R? value of 0.43. The Spearman’s

correlation coefficient between B observations frequency and average Li concentration of veins per 10 m is -0.5.

b) A weak inverse correlation, illustrated by the black dashed power law curve based on non-zero data points,
between B peak areas averaged over 10 m elevation bins (x-axis: the B peak area average values are of the order
of magnitude ~10-° which is shown as 1e-5 on the right end of the x-axis of this plot) and average Li
concentration of the veins (y-axis), with an R? value of 0.59. The Spearman’s correlation coefficient between B
average peak area and Li concentration of veins per 10 m is -0.48. For Figure 7B, the average B peak areas
shown at zero are below the detection limit. In some cases, where the average peak areas are more than zero, but

error bars cannot be seen, the error bars are smaller than the plotted data points.

6 Discussion

6. 1 Relationship of boron and lithium in calcium-sulfate veins
We see no direct evidence that indicates the exact sequence of events that resulted in B and Li enrichment in
veins of VRR. We hypothesize a possible sequence of events in Gale crater based on observations made on
Earth and supporting observations made in Gale crater. The sequence of events discussed in the following
sections is only one of the possible pathways and at this stage without geochemical models to support them,
provide a useful working hypothesis but are speculative at best.
In addition to B, the Ca-sulfate veins show the presence and variation in concentration of another fluid mobile
element: Li. The boron-containing Ca-sulfate veins show an increase in Li in Sutton Island, Blunts Point, and
lower Pettegrove Point members (Figure 6) but a decrease in veins of upper Pettegrove Point and Jura members.

Figures 6 and 7 show that with increase in frequency and relative abundance of B, the abundance of Li in the
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veins decreases. This relationship could partially be a result of preferential separation of B from Li during
precipitation of borates based on the power law fitted to data in Figure 7. In the case of a brine, with increasing
dehydration, Li remains in the brine as other salts precipitate out due to the conservative nature of Li (Risacher
and Fritz., 2009; Hamzaoui et al., 2003). In Gale crater, progressive dehydration of the groundwater would
cause B to precipitate as a borate, leaving Li in the brine. The remnant Li-rich brine may have moved down
gradient from the borate-bearing veins along VRR (refer to elevations in Figures 6 and 7), producing the
observed spatial and stratal separation of the elements.

The Li patterns of the veins across the stratigraphy of Gale crater do not follow the Li concentration patterns of
the surrounding bedrock (Figure 5). The average corrected Li concentration in the veins is relatively low in the
lower Murray members (Pahrump and Hartmann’s Valley) and begins increasing in mid-Murray members
(Karasburg, Sutton Island and Blunts Point) with a sharp drop in the Pettegrove Point member (Figure 6). This
pattern of Li concentration corresponds to an opposite pattern in the detection frequency of B across the
traverse. Members with low Li concentration (Pahrump and Hartmann’s Valley in lower Murray; upper
Pettegrove Point and Jura in upper Murray) correspond to a higher detection frequency of B in the veins and
members with high Li (Murray members:; Karasburg, Sutton Island and Blunts Point) correspond to low
detection frequency. For example, in the upper elevations of Pettegrove Point (Figure 6) a sharp drop in Li
concentration is observed over the same elevation range as a sharp increase in the number of B detections.

This inverse correlation of Li concentration of veins and B detection frequency could possibly reflect a classic
progression of evaporation based on relative solubilities of Li and B (Dalton et al., 2016). Li exists in solution
commonly as Li ions; however, it can precipitate as Li chloride when the solution reaches saturation with
respect to Li. Li chloride is two orders of magnitude more soluble than B in solution as boric acid at 0°C (Dalton
et al., 2016).

Terrestrial studies show that Li is adsorbed to clays (Greene-kelly, 1955; Starkey, 1982) and although it is not a
universal proxy for clay content, it can be is used as an indicator of relative clay amount across VRR. The lower
levels of Li in the bedrock (Frydenvang et al., 2019) suggest reduced clay content in the Jura member. This is
confirmed by the relatively low abundances of phyllosilicates detected in VRR bedrock compared to
surrounding units by X-ray diffraction with the CheMin instrument (Bristow et al., 2018; Rampe et al., 2019).
As discussed in Section 3.2 and 3.3, B and Li adsorbed to clays can be incorporated into the clay structure as
well as-adsorbed by on clay surfaces (Frederickson and Reynolds, 1960; Lerman, 1966; Harder, 1970; Perry,

1972; Karahan et al., 2006), although B cannot be detected in the clay-rich bedrock due to its FeOr content and
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interference with the B measurements (Gasda et al., 2017). Boron and lithium can only be re-mobilized from
clays through two ways: 1) adsorbed B and Li on clay mineral surfaces can be dissolved by neutral to acidic
fluids in high water-rock ratio conditions; 2) boron and lithium trapped within clay lattice can be only be
released into solution through dissolution of the host clay minerals. Enrichment of B and Li in Ca-sulfate veins
after recirculation of fluids may have been a result of varying degrees of both these processes. In Figure 7, we
observe only a weak correlation between B and Li, which may suggest that more than one process may have
been responsible for the enrichment of B and Li.
Within the host bedrock, Li is reported to follow the morphology of the ridge rather than the elevation and is
observed to be elevated in the Sutton Island, plateauing in the upper Sutton Island, decreasing towards Blunts
Point, increasing again in the upper Blunts Point and strongly decreasing in the mid-Pettegrove Point to Jura
members (Frydenvang et al., 2019). In the Jura member, the Li concentration of both bedrock and veins drops
significantly (Figures 6 and 7). However, the drop in Li concentration of the veins and the bedrock are likely
caused by different factors. Notably, in terrestrial borate rich evaporites such as salars in the Bolivian and
Chilean Andes (Risacher and Fritz, 2009), Li remains in the brine while B-salts precipitate. Thus, the Li
concentration of veins might reflect the extent of dehydration of the diagenetic fluids beyond the solubility of
Li-salts, while the Li concentration of the bedrock is controlled by the clay content of the bedrock.

6.2 Possible timing and mechanism of boron and lithium emplacement

6.2.1 Murray sections below VRR

In specific locations of the Murray formation, B is detected in light-toned Ca-sulfate veins. The frequency of B
detection does not correlate with the frequency of Ca-sulfate targets analyzed throughout the upper Murray
formation, so there is no fixed percentage of B in the veins. As discussed in Gasda et al. (2017), it is possible
that later groundwater fluids remobilized pre-existing unobserved local B-rich evaporite layers in the immediate
vicinity while they were circulating through the cracks in the Murray to form the Ca-sulfate veins and eventually
redeposit the dissolved B as isolated borate grains in crevices of the veins located close to the primary
evaporites. Based on the observation of truncating veins (Figure 2), fibrous and tooth like textures of vein
fillings (or cements) (Figure 3), and veins containing dark features (Figure 4), it may also be interpreted that
veins formed in multiple stages. More than one fluid flow event could have occurred, moving fluids through the
cracks with varying compositions as (as is interpreted for veins with similar morphologies; Kronyak et al., 2019;
L’Haridon et al., 2019). These events, which may have taken place as stratally isolated events, may have cause

differences in fluid conditions between veins and the diversity of lithology through which the veins have
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formed. These differences may be responsible for the variation of the frequency of B occurrence and its
concentration.
Other studies of Ca-sulfate veins and clay minerals in lower Murray members (Pahrump Hills, Hartmann’s
Valley, and Karasburg) suggest an upper temperature limit of ~60°C (Nachon et al., 2014, 2017; Vaniman et al.,
2014; Schwenzer et al., 2016; Rapin et al., 2016) which suggests that the extent of burial depth in these
members-is relatively minimal. With minimal burial depths, the formation of initial borate phases that require
higher temperature and pressure for their formation can be ruled out.
Increased frequency of B detection in the lower Murray (members Pahrump Hills, Hartmann’s Valley, and
Karashurg, and the lowest strata of Sutton Island) may point towards the initial availability of B-rich evaporites
in the bedrock. Increased frequency of B detection correlates with the detection of chloride salts (eg. Forni et al.,
2017; Thomas et al., 2019), Mg sulfates (Rapin et al., 2019), the presence of desiccation cracks (Stein et al.,
2018), and altered clay minerals (Bristow et al., 2018). These occurrences suggest elevated evaporation and
support the possibility of pre-existing B-rich evaporites in the bedrock. The lack of observation of the B in upper
strata of Sutton Island may suggest that the fluids which emplaced the B in veins were short lived relative to the
timescales of diffusion and circulation rates of borate in the groundwater. The decrease of B detections upslope
into the Sutton Island member may represent the water table level at the time of B emplacement. No evidence
for these local B-rich evaporites in the bedrock have been found yet, however it may be possible that these
evaporite layers were very thin, resembling a crust (Lowenstein et al., 1985), and may have completely
dissolved and been carried away by fluids during the remobilization process. (Borates and associated
temperatures are shown in Figure S1; borate phases in Ca-sulfate veins of Gale crater are discussed in section
S4.)

6.2.2 VRR
Vera Rubin ridge was initially deposited in a lacustrine setting as evidenced by its thin laminations similar to the
Blunts Point unit, which later underwent secondary complex sets of diagenetic events (Edgar et al., 2018; Fedo
et al., 2018; Fraeman et al., 2018; Heydari et al., 2018; Rivera-Hernandez et al., 2019; Siebach et al., 2019).
Presence of minerals such as jarosite and akageneite in VRR suggest that the fluids associated with the
diagenetic events may have been acidic (Morris, et al., 2019; Rampe, et al., 2019). Our hypothesis, explained
below, is that these diagenetic events may have mobilized B and Li out of clays in the VRR host rocks. A later
set of groundwater events took place after the lithification and fracturing of VRR bedrock caused formation of

Ca-sulfate veins (Nachon et al., 2017; Kronyak et al., 2019; Sun et al., 2019). This fluid flow event may have
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recirculated previously liberated B and Li from the clay minerals into the Ca-sulfate veins in VRR, and our
second hypothesis is that the B and Li became separated from each other during the last stages of calcium
sulfate precipitation and groundwater desication. The stages and timing between the initial set of diagentic
events that altered VRR and the later fluid flow events that formed the sulfate veins are unknown.

The observations of the sedimentary facies of VRR suggest that, prior to the diagenetic fluid events that altered
it, VRR was chemically and mineralogically very similar to other lacustrine Murray sediments (Fedo et al.,
2018; Siebach-et al., 2019). Hence, much like the lower Pahrump Hills region, very little B was likely present
within the groundwater prior to the diagenetic event that altered VRR. Directly below VRR, the Blunts Point
member unit does not show any evidence of a lake margin or evaporitic environment; rather, it shows evidence
of a low-energy lacustrine environment. The lack of other evidence such as desiccation cracks, altered clay
minerals, or evaporitic materials (e.g., chloride salts: Thomas et al., 2019) is consistent with a lake rather than a
lake-margin environment. While Pettegrove Point and Jura also show increased presence of chlorides (Thomas
et al., 2019), these observations might be explained by alteration of the bedrock minerals during the diagenetic
event, resulting in formation of Cl-rich crystalline akaganeite in upper VRR (Rampe et al., 2019), rather than
pre-existing layers of evaporites. Moreover, both members of VRR and the Blunts Point member also show
evidence of a low-energy lacustrine environment (Fedo et al., 2018; Siebach et al., 2019) which makes it
difficult to explain the presence of primary boron-rich evaporites. Therefore, we suggest there is not enough
evidence for evaporites near Blunts Point or VRR to be the source of the boron. Rather, the evidence points to B
likely being sourced from the surrounding rocks during the diagenetic event.

Results from the X-ray diffraction instrument CheMin indicate the presence of gray hematite, ferripyrophyllite,
and opal-CT, suggesting that the diagenetic fluids were warm; the presence of minerals jarosite and crystalline
akaganeite observed in two drill holes in VRR suggest that the fluids were acidic (Morris, et al., 2019; Rampe,
et al., 2019) at least at one point in time. Note that acidic events also might be later in time than circumneutral
diagenesis, based on the age dating of the Mojave2 drill core sample at Pahrump Hills (Martin et al., 2017). The
lack of depletion of soluble major elements argues against a strong or prolonged acid interaction (Frydenvang et
al., 2019), but might indicate an ion-exchange process through contact with a saline fluid (e.g., Nir et al., 1986;
Gast et al., 1971). The presence of warm and (at least briefly) acidic conditions on higher elevations of VRR
would explain the decrease in clay content, as acids are known to readily dissolve clay minerals (Huang and
Keller,-1971; Hall, 1977; Simon and Anderson, 1990). The exact timing of the first set of diagenetic events at

VRR and the Ca-sulfate vein forming events and the relationship between the two events is unknown, however,
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it is known that Ca-sulfate vein formation took place after the lithification of the Stimson formation (e.g.,
Frydenvang et al., 2019). Boron and lithium were possibly deposited in the Ca-sulfate veins during the second
set of fluid circulation events and the relative solubilities of the elements defined the sequence of mineral
precipitation and evaporite formation in the veins. Calcium sulfate is one order of magnitude lower in solubility
than boric acid (sassolite) and sodium tetraborate hexahydrate (borax), and three orders of magnitude lower than
solubility of Lichloride at 0°C (Dalton et al., 2016). Calcium sulfate begins to crystallize at fluid temperatures
as high as 40°C-60°C and will continue crystallizing at lower temperatures (Hardie, 1967). After extensive
crystallization of calcium sulfates, the water-to-rock ratio is expected to decrease, which would cause the
resultant fluid to be rich in more soluble elements such as B, Li, and Cl. As the fluid evaporates further, B would
crystallize as borate salts, while Li would remain in solution due to its inherent higher solubility even at low
temperatures (Dalton et al., 2016). Sodium and chlorine precipitate as chloride salts after borates. The acidic
environment in Jura (Morris, et al., 2019; Rampe et al., 2019) may have affected the type of borate that
crystallizes out of the diagenetic fluids in Gale crater. On Earth, sassolite, a borate that forms in acidic
environments, is reported in dry lakes of Southern California (Allen and Kramer, 1957; Smith et al., 1958).
Therefore, it is possible that sassolite may have formed as a secondary borate in acidic conditions on VRR
(Figure S1). After the crystallization of borates, the remaining fluid is still expected to contain Li as it does not
form salts easily. The remaining Li-rich fluid would have moved down gradient to the underlying stratigraphic
units (peaks 1 and 2 labeled in Figure 5) and pooled on top of impermeable layers. This brine is unlikely to
move through lower layers due its extremely low water to rock ratio. This sequence of events is one potential
explanation for the separation between B and Li after prolonged dehydration of the brine resulting after Ca-
sulfate formation. In summary, VRR started out similar to the underlying lacustrine Murray units; however,
VRR underwent a diagenetic event altering its mineralogy and chemistry. This diagenetic event possibly
liberated both B and Li from clay minerals in VRR. A later fluid flow event may have remobilized the B and Li
and deposited them into fractures along with Ca-sulfate. The separation in B and Li would result due to
differences in solubilities of the two elements and movement of the brine within VRR.

6.3 Possible alternative models
Well crystallized akageneite forms from the hydrolysis of Fe3+ in Cl-bearing solutions under acidic pH (Refait
and Genin, 1997; Remazeilles and Refait, 2007; Zhao et al., 2012; Peretyazhko et al., 2016; 2018). Although the
presence of jarosite and crystalline akaganeite indicate an acidic environment, mobilization of iron oxide in

VRR could be suggestive of slightly alkaline and reducing fluids (L"Haridon et al., 2018; David et al., 2019).
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Because of this, a significant possibility is that different generations of fluids could have had different pH
values. Another possibility is that the boron found in the veins in and around VRR was not sourced locally.
Boron has been observed over the 22 km of the rover’s traverse (Gasda et al., 2017). In that case, acidic ground
water need not be invoked to leach the boron out of the phyllosilicates locally. Instead, this step could have
occurred elsewhere, although at least mildly acidic fluids would aid in transporting the boron in solution to its
precipitation sites within VRR. All of these possibilities are consistent with the extensive diagenetic activity for
which there is evidence at VRR. To narrow down the above-mentioned possibilities, studies of terrestrial

analogues as well as geochemical modeling for Martian aqueous solutions are required.

7 Conclusions

We report 33 new B detections in Ca-sulfate veins between sols 1548 and 2052. An increase of B detections are
observed in Pahrump Hills, Hartmann’s Valley, and Karasburg and in VRR (upper Pettegrove Point and Jura
members). Boron detection frequency and its relative peak area show a weak inverse correlation with corrected
Li concentration of the veins. This weak inverse correlation between B and Li is observed across the
stratigraphy of Gale crater and may reflect the crystallization sequence from the diagenetic fluid as a result of
end-stage dehydration of evaporative brines. Boron detection in the Murray members below VRR may be
caused by remobilization of B from pre-existing borate evaporites into the Ca-sulfate rich late-stage veins by
groundwater. The presence of pre-existing thin layers of borates is inferred based on evidence of elevated
dehydration (e.g, desiccation cracks and chlorides) during emplacement the bedrock. The presence of minerals
such as crystalline akageneite and jarosite in VRR indicate that at least one pulse of warm and acidic diagenetic
fluid altered the VRR bedrock. We hypothesize that B and Li were drawn out of the bedrock due to dissolution
of clay minerals by the diagenetic fluids rather than by remobilization of pre-existing evaporites in VRR.
However, another possibility is that these materials originated from a more distant source. The weak inverse
relationship of B with Li may result from the different solubilities of the elements, but more work is needed in
the form of chemical modeling to fully tease out the relationship between these two elements in the
groundwater. B is less soluble than Li and easily crystallizes out of the fluid as borates while Li remains in the
fluid. The increase in Li in the late-stage diagenetic features may be a snapshot of the last vestiges of liquid

diagenetic fluid flowing through rocks of VRR. This study of B and Li contributes to our understanding of the
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diagenetic and dehydration history of VRR and how it may have influenced the geochemistry and habitability of

Gale crater.

The geochemistry of late stage diagenetic features of Gale crater suggests that the subsurface environment was
likely conducive for key prebiotic chemical reactions. Gale crater has undergone multiple episodes of
groundwater activity throughout its history with changing Eh, pH, temperatures, and redox conditions (Nachon
etal., 2014; Lanza et al., 2016; Hurowitz et al., 2017; Frydenvang et al., 2019; L’Haridon et al., 2019). This
changing diagenetic environment could have, at some point in its history, been suitable for reactions between
borates and organic molecules (Eigenbrode et al., 2018; ten Kate, 2018) present in Gale crater. Li and B-rich
brines in Andean salars show the presence of diverse microbial communities and indicate that hypersaline brines
can be habitable (Haferburg et al., 2017). If borate-organic molecules are detected in Gale crater, they would
provide insights on the possibility of life on Mars and origin of life on Earth. Like other elements important for
life (e.g., CHNOPS), searching for B on Mars is a high priority for understanding its past aqueous and habitable

history.
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