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Abstract: The Sample Analysis at Mars (SAM) instrument on the Curiosity rover has detected
evidence of oxychlorine compounds (i.e., perchlorates and chlorates) in Gale crater, which has
implications for past habitability, diagenesis, aqueous processes, interpretation of in situ organic
analyses, understanding the martian chlorine cycle, and hazards and resources for future human
exploration. Pure oxychlorines and mixtures of oxychlorines with Mars-analog phases have been
analyzed for their oxygen (O,) and hydrogen chloride (HCI) releases on SAM laboratory analog
instruments in order to constrain which phases are present in Gale crater. These studies demonstrated
that oxychlorines evolve O, releases with peaks between ~200 and 600 °C, although the thermal
decomposition temperatures and the amount of evolved O, decrease when iron phases are present in
the sample. Mg and Fe oxychlorines decompose into oxides and release HCl between ~200 and 542 °C.
Ca, Na, and K oxychlorines thermally decompose into chlorides and do not evolve HCl by themselves.
However, the chlorides (original or from oxychlorine decomposition) can react with water-evolving
phases (e.g., phyllosilicates) in the sample and evolve HCl within the temperature range of SAM
(<~870 °C). These laboratory analog studies support that the SAM detection of oxychlorine phases is
consistent with the presence of Mg, Ca, Na, and K perchlorate and/or chlorate along with possible
contributions from adsorbed oxychlorines in Gale crater samples.

Keywords: perchlorates; chlorates; oxychlorines; chlorides; Sample Analysis at Mars; Curiosity Gale
crater; evolved gas analysis; MSL

1. Introduction

The Mars Science Laboratory (MSL) Curiosity rover landed in Gale crater, Mars on
6 August 2012 and has traversed ~23 km of sedimentary strata as of sol 2991 (January
2021). Gale crater is a 154 km diameter crater that formed ~3.6 to 3.8 Ga on sloping terrain
(~5° S, 138° E) between the Noachian southern highlands and the Hesperian lowlands [1,2]
(Figure 1). The crater and surrounding plains possess orbital geomorphological evidence
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of fluvial activity such as valley networks and an alluvial fan [1]. Gale crater has an
interior mound, informally called “Mt. Sharp”, that is over 5 km above the elevation
of the Bradbury landing site [3]. Since its landing, Curiosity has explored hundreds of
vertical meters of layered sedimentary rocks containing minerals indicative of past aqueous
conditions including phyllosilicates and sulfates.

Figure 1. Image showing Gale crater (~154 km diameter) and the landing ellipse in yellow. The
image was created using combined data from the Thermal Emission Imaging System camera on the
Mars Odyssey orbiter, the Mars Orbiter Laser Altimeter on the Mars Global Surveyor orbiter, and the
High-Resolution Imaging Science Experiment camera on the Mars Reconnaissance Orbiter. Image
credit: NASA /JPL-Caltech/ASU/UA.

The primary goal of the Curiosity rover was to characterize the geology and chemistry
of the martian surface in Gale crater in order to determine whether it was ever habitable
for microbial life. Curiosity has accomplished this goal by characterizing martian surface
geology and chemistry using several scientific instruments, some of which intake solid
sample that is either scooped or drilled from the surface. One of the important findings
from Curiosity has been the detection of the volatile decomposition products of perchlo-
rates (C104 ) and chlorates (ClO3 ™), hereon called “oxychlorines”, in Gale crater surface
materials by the Sample Analysis at Mars (SAM) instrument. The presence of oxychlorines
on Mars has implications for past habitability, diagenesis, aqueous processes, future in situ
organic analysis strategies, and hazards and resources for future human exploration.

The presence of oxychlorines in Gale crater was supported by data collected from
the SAM instrument on Curiosity in conjunction with laboratory analog work. Laboratory
SAM evolved gas analysis (EGA) analog experiments are essential for understanding the
complex datasets from SAM because they utilize minerals and phases (e.g., oxychlorines,
phyllosilicates) with precisely known compositions and chemistries. Additionally, ex-
perimental parameters (e.g., furnace pressure, carrier gas, temperature ramp rate) can
affect the results from evolved gas analyses, making it especially important to analyze
Mars-analog phases under the same operating conditions as SAM in order for the results to
be relevant to SAM data from Curiosity. This paper provides a background for the detection
of oxychlorines on Mars and reviews the SAM-EGA laboratory analog work that supports
the presence of oxychlorines in Gale crater and provides constraints on their speciation.
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2. Background
2.1. Oxychlorines on Earth

Terrestrial perchlorates can occur naturally and from anthropogenic sources. Perchlo-
rates have been used as an oxidant in rockets, air bags, pyrotechnics, and other manufac-
tured products, and as a result have been detected in ground and surface water, soils, and
plants [4,5]. Anthropogenic perchlorate can also originate from NO3z ~-rich caliche salts that
are often used in fertilizers [6]. Oxychlorines also occur naturally on the Earth’s surface,
although they are rare, and are often found in extremely arid environments such as the
Atacama Desert, West Texas, and the Antarctic Dry Valleys (e.g., [4,5,7-10]). The Atacama
Desert has the most Mars-like concentration of natural perchlorate, which can be as high as
~0.6 wt.% in veins in nitrate ores [11]. Other locations such as West Texas, the Antarctic
Dry Valleys, the Bolivian playas, central Canada, and New Mexico have much lower con-
centrations of perchlorates compared to the Atacama Desert (<~0.004 wt.%; [4,7,8,12,13].
Chlorates have been reported in comparable concentrations in terrestrial soils such as the
Atacama Desert; Death Valley, California; the Amargosa Desert, Nevada; Antarctica; and
Namibia, Africa (e.g., [9,12]).

2.2. Detection of Oxychlorines on Mars
2.2.1. Phoenix Wet Chemistry Lab

The first in situ detection of perchlorates on Mars came from the Wet Chemistry Lab
(WCL) on board the Phoenix spacecraft, which landed in the northern polar region in
2008 [13]. The WCL utilized ion-selective electrodes (ISE) to analyze the solution chemistry
of excavated icy regolith [13]. The ISE that was originally intended to detect nitrate
(NO3 ™) produced a signal too intense to be attributed to nitrate alone, and Hecht et al. [13]
concluded that this was due to the presence of perchlorate in the soil because the ISE was
three times more sensitive to perchlorate than nitrate. The presence of chlorate was also
plausible because the ISE sensitivity to chlorate was similar to nitrate, both of which would
be overwhelmed by the perchlorate signal [14]. The distribution of cations as detected
by the WCL in addition to laboratory analog experiments suggested that Ca and Mg
perchlorate were the dominant perchlorates present at the landing site [13,15].

2.2.2. Phoenix Thermal and Evolved Gas Analyzer

Soils analyzed by the Thermal and Evolved Gas Analyzer (TEGA) instrument indepen-
dently supported the presence of oxychlorine species at the Phoenix landing site [13]. The
TEGA instrument consisted of eight ovens which heated icy soil samples that were scooped
from trenches surrounding the lander [16,17]. Gases evolved during sample heating were
then sent to a mass spectrometer for identification. The type of gas and the timing of its
evolution were used to identify volatile-bearing minerals and phases in the sample [17].
The Baby Bear surface sample analyzed by TEGA produced oxygen releases ranging from
325 to 625 °C, which supported the presence of oxychlorines at the Phoenix landing site [13].

2.2.3. Viking Landers

A study by Navarro-Gonzalez et al. [18] re-evaluated thermal volatilization—gas
chromatography-mass spectrometry (TV-GC-MS) data from the Viking landers in response
to the discovery of perchlorates at the Phoenix landing site and demonstrated that the
detected chlorohydrocarbons could be the products of indigenous organics reacting with
perchlorates during sample heating. The Viking landers arrived in Chryse Planitia and
Utopia Planitia, Mars in 1976 and each analyzed two basaltic regolith samples (i.e., martian
soil) using TV-GC-MS with the goal of finding organic compounds [19,20]. Both Viking
landers detected chlorohydrocarbons, but these were thought to be terrestrial contaminants
from the solvents used to clean the instruments because they were not expected as the major
organic group and the 3 C1/3°Cl ratios in the chlorohydrocarbons were similar to those
on Earth [19-21]. The Navarro-Gonzalez et al. [18] study demonstrated that perchlorates
could react with organics in sediment samples during heating, causing the release of CO,
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(combustion) and formation of chlorohydrocarbons (chlorination). The results from this
study suggested that the chlorohydrocarbons detected by the Viking landers may have
been the result of organic matter indigenous to the martian soil reacting with perchlorates
during sample heating.

2.2.4. Curiosity Rover’s Sample Analysis at Mars Instrument

The SAM instrument on the Curiosity rover serves to characterize the isotopic and
chemical composition of the martian atmosphere and volatile-bearing phases in Gale crater
surface materials with the goal of understanding past environmental conditions and habit-
ability [22]. Up until sol 1536 (November 2016) drilled or scooped samples were delivered
by the rover’s Collection and Handling for In Situ Martian Rock Analysis (CHIMRA)
device to cups inside SAM’s Sample Manipulation System (SMS), where they were then
transferred into one of SAM’s ovens for heating. After a drill anomaly on sol 1536, rock
targets were drilled using a process called “feed extended drilling”, or FED, where the drill
was fully extended past the stabilizers and the rover’s arm was used to extend and retract
the drill bit from the rock target [23]. Samples were then fed directly into the SAM inlet by
reversing the spin direction of the drill bit while positioned over the inlet [23]. This new pro-
cess, called “feed-extended sample transfer”, or FEST, did not require the use of CHIMRA.
Solid samples were heated from 35 to ~870 °C at a rate of ~35 °C/min [22,24-26]. Volatile-
bearing phases (e.g., phyllosilicates, oxychlorines) thermally decompose and evolve gases
(e.g., HyO, SOy, Oy, HCI) at characteristic temperatures, which through a He carrier gas
(30 mbar, 0.8 sccm) were sent to a quadrupole mass spectrometer (QMS) via a capillary
leak for EGA. The unsampled split of evolved gases were then either directed to enrich
volatiles on a hydrocarbon trap prior to gas chromatography-mass spectrometry (GC-MS)
analysis or sent to the tunable laser spectrometer (TLS).

2.2.5. SAM Detection of Oxychlorines

Oxychlorine compounds were inferred to be present in the first sample analyzed by
the SAM instrument called Rocknest, which was scooped from an inactive, dust covered
sand shadow on sol 84 (October 2012; Figure 2) [24,25,27]. SAM-EGA detected an O,
release with a peak at ~380-390 °C and a high-temperature (>600 °C) HCl release, which
were consistent with the thermal decomposition of oxychlorines [27]. SAM’s GC-MS mode
detected chlorinated hydrocarbons at the same temperature as the O, evolution observed
in EGA data, providing further evidence for the presence of perchlorates or chlorates
in Rocknest [25]. Rocknest fines (<150 um) contained 0.3-0.5 wt.% ClO4~, assuming all
evolved O, resulted from oxychlorine thermal decomposition [24].
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Figure 2. Mast Camera (Mastcam) images depicting some of the diverse environments sampled by
Curiosity. (a) Mastcam mosaic of the Vera Rubin Ridge (VRR) in the Murray formation combining
images acquired on sol 1734 (June 2017). Stoer, Rock Hall, and Highfield were sampled on the
VRR. (b) Image of the “Murray Butte” region of the Murray formation acquired on sol 1434 (August
2016), where Marimba and Quela were sampled by Curiosity. The top of the left butte is ~8 m above
the surrounding plain, for scale. (¢) Mastcam mosaic combining images acquired on sol 992 (May
2015), showing large-scale crossbedding on the Stimson formation, where Big Sky and Greenhorn
were sampled. (d) Mastcam images acquired on sol 751 (September 2014) of the Pahrump Hills
member of the Murray formation, where Confidence Hills, Mojave, Telegraph Peak, and Buckskin
were sampled. Image was taken ~20 m from the Pahrump Hills outcrop, where ~18 m of strata was
exposed. (e) Mastcam image acquired on sol 138 (December 2012) of the Yellowknife Bay formation
where Cumberland and John Klein were sampled. (f) Mastcam image of a wind-blown deposit where
the Rocknest sample was scooped on sol 84 (October 2012). Image credit: NASA /JPL.
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Evolved oxygen, HCl, and chlorohydrocarbons, indicative of oxychlorines, were
detected in subsequently analyzed samples in a variety of depositional environments (e.g.,
lacustrine, aeolian) recorded in the Yellowknife Bay, Stimson, Kimberley, and Murray
formations observed over an elevation change of ~380 m (Figures 2 and 3) [26,28,29]. O,
release peak temperatures attributed to oxychlorines ranged from ~250 to 600 °C [26]
(Figure 4; Table 1). Oxychlorine concentrations were as high as 1.05 wt.% in the Yellowknife
Bay formation, but some of the Vera Rubin Ridge (VRR) samples produced no evidence of
oxychlorines, possibly due to leaching of soluble salts [28-30]. Samples that did not evolve
O, but did evolve HCl (Oudam, Marimba, Quela, Duluth, Stoer, Highfield) may contain
chlorides [29,30]. The presence of multiple O, peaks in some samples such as Big Sky and
Greenhorn suggested that multiple cation phases of perchlorates and/or chlorates were
present (Figure 4) [26,31].

Table 1. O, and HCl release peak temperatures from Gale crater samples and possible oxychlorines or chlorides present.

Oxychlorines were considered possible candidates for O, production in SAM samples if the sample’s O, release occurred

at or below the O, release peak of the pure oxychlorine as analyzed in the laboratory under SAM-like conditions. Mg
oxychlorines were considered possible candidates for O, and HCl production in SAM samples if the sample’s O, and HCl
releases occurred at or below the peaks of pure Mg oxychlorines as analyzed in the lab. Samples that evolved HCI but no

O; likely contained chlorides, which can react with water to produce high-temperature HCI [29].

Sample O; Release Peak (°C)  HCl Release Peak (°C) Possible Oxychlorines Present
Rocknest 377 749 Na, K, Ca perchlorate; Na, K, Ca chlorate
Gobabeb 2 373 763 Na, K, Ca perchlorate; Na, K, Ca chlorate
John Klein 368 749 Na, K, Ca perchlorate; Na, K, Ca chlorate
Cumberland 313 347, 728 Na, K, Ca,. Mg perchl.orate; Na, K, Ca{ Mg chlorate
likely contains Mg oxychlorines
Windjana 418 682 Na, K, Ca perchlorate; Na, K chlorate
Confidence Hills 568 655, 807 Na, K perchlorate
Mojave 415 640, 827 Na, K, Ca perchlorate; Na, K chlorate
Telegraph Peak 403 574 Na, K, Ca perchlorate; Na, K chlorate
Buckskin 410 688 Na, K, Ca perchlorate; Na, K chlorate
Oudam none 722 chlorides
Big Sky 364,478 365, 493, 836 Na, K, Ca, Mg perchlorate; Na, K, Ca, Mg chlorate
Greenhorn 257,345,427 714 Na, K, Ca perchlorate; Na, K, Ca chlorate
Marimba none 839 chlorides
Quela none 634, 731 chlorides
Duluth none 700 chlorides
Stoer none 613 chlorides
Highfield none 823 chlorides
Rock Hall 301 825 Na, K, Ca perchlorate; Na, K, Ca chlorate

Chlorine isotopes measured by SAM’s QMS have also been suggested as evidence
for the presence of oxychlorines in Gale crater [32]. Most terrestrial materials have little
variation in Cl isotopic composition (£3%o.) [33-35], although perchlorates in the Atacama
Desert have Cl isotopic compositions as low as —15%. due to perchlorate’s unique ability
to strongly fractionate Cl isotopes [5,36]. Chlorine isotopic compositions in Gale crater
range from —1 = 25%o to —51 £ 5%o [32]. The unusually light and variable Cl isotopic com-
positions suggest that perchlorate may be a source of HCI in many Gale crater samples [32].
Differences in 53”Cl would not correspond to differences in HCI evolution temperature
because the HCl evolution temperature varies depending on other phases present in the
sample, even with a single Cl source [37].



Minerals 2021, 11, 475

7 of 26

Mudstons

5 Heterolithic mudst
sitel, sandst
Sandstone
- Conglomerate

@  Oill Hole
YE: Yallmaknife Bay
K Kimberey

S 1
o‘}Q d\@é d@@ 65’@
& & o N
-4140— RH % _}-oxychlorines
Jura  [EE@==lHF ; B
N ' 3
ST o
4200 DL
1e
485 . = chlorides
[ip] m
z| £
- =
4300— S| 2
4= Sutton
Island
- Karasburg
-4400 [ S
SHIE MB
|_ o o —
— E| Hatmanns hlori
g = : : BS, GH :I—oxyc.onnes
(] = _}- chlorides
7 Pahrump |- fg=BK 7]
— Hills -
== CH, MJ
= ; K 7 WJ — oxychlorines
=
-4500—] ©
Meters| m :
- YB | Sheepbed —1JK, CB

Figure 3. Stratigraphic column showing lithology, approximate elevation, and presence of oxychlorines or chlorides in
drill holes analyzed by SAM. Oxychlorine and chloride brackets represent their detection in individual drilled samples,
and not necessarily at unsampled locations in between. Scooped samples (Rocknest and Gobabeb) are not included in this
figure. Modified from MSL Sed/Strat working group. Abbreviations: JK = John Klein, CB = Cumberland, W] = Windjana,
CH = Confidence Hills, MJ = Mojave, TP = Telegraph Peak, BK = Buckskin, BS = Big Sky, OU = Oudam, GH = Greenhorn,
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Figure 4. Evolved O, (m/z 32) and HCI (m/z 36) profiles measured by the SAM QMS in counts/sec (cps) during pyrolysis
of Gale crater samples. Samples that did not evolve O, are not included in this figure. Abbreviations: RN = Rocknest,
GB2 = Gobabeb2, JK = John Klein, CB = Cumberland, W] = Windjana, CH = Confidence Hills, M] = Mojave, TP = Telegraph
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ordered stratigraphically, with the stratigraphically lowest sample on the bottom.

2.2.6. Orbital Spectral Detections of Oxychlorines

In addition to landed Mars missions, the Compact Reconnaissance Imaging Spectrome-
ter for Mars (CRISM) on the Mars Reconnaissance Orbiter (MRO) detected spectral features
consistent with hydrated oxychlorine salts on recurring slope lineae (RSL) [38]. Seasonal
brine flows of hydrated salts have been proposed as an explanation for the formation of
RSL’s due to their low eutectic points and hygroscopic nature [39]. Spectral data were
most consistent with the presence of Mg perchlorate, Mg chlorate, and Na perchlorate [38].
However, subsequent studies showed that absorptions attributed to perchlorate salts could
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be an artifact from a filtering step in CRISM data processing [40]. Ongoing studies showed
that CRISM spectral features in Columbus crater were consistent with chlorine salts, in-
cluding oxychlorines, and were not affected by the artifact described in Leask et al. [40,41].
Spectral detection of oxychlorines remains difficult due to data processing artifacts and
interferences by minerals with similar absorptions.

2.2.7. Oxychlorine Detections in Martian Meteorites

Perchlorates and chlorates have also been detected in martian meteorites [42,43]. Con-
centrations of 0.6 ppm ClO4~ and 1.4 ppm ClO3;~ were measured above background in
extracts of the martian meteorite EETA79001 using ion chromatography (IC). Terrestrial
contamination was excluded as an explanation due to the location of the sample within
the meteorite and isotopic ratios [42]. Lower concentrations of ClIO4~ were reported in the
other martian meteorite [44], and terrestrial contamination was also excluded due to dis-
similarities between the soluble geochemistry of the Tissint meteorite and the surrounding
soil in its strewn field [43].

3. Review of SAM-EGA Laboratory Analog Work Supporting the Presence of
Oxychlorines in Gale Crater, Mars

3.1. Perchlorates

Mid-temperature O, releases between ~200 and 600 °C in SAM-EGA data were at-
tributed to the presence of oxychlorines, prompting the need for laboratory SAM-analog
analyses to constrain the types of perchlorates present in Gale crater samples. The thermal
decomposition of perchlorates has long been studied and has provided an important basis
for the study of perchlorates using SAM-analog instruments [45-47]. However, experi-
mental parameters such as furnace pressure and heating rate can alter the decomposition
temperature, making it important to analyze perchlorates under SAM-like conditions.
Perchlorates with different cations (e.g., Mg, Fe, Na, K, Ca) were individually analyzed
using laboratory EGA instruments configured to operate similarly to SAM (30 mbar He,
35 °C/min heating rate), and results were compared to SAM-EGA data from Mars. Differ-
ent flow rates were used to account for volume differences between the SAM oven and the
furnaces on the laboratory analytical instruments; however, the minor differences in flow
rate should not have a significant impact on the EGA results.

The mechanism, thermal decomposition products, and decomposition temperatures of
perchlorates under SAM-like conditions were dependent upon the cation. Mg perchlorate
thermally decomposed into MgO and evolved O, and Cl, (reaction 1). The Cl, then reacted
with water from the hydrated perchlorate to produce HCI [45-48] (reactions 1 and 2). The
O, and HCl releases from Mg perchlorate peaked at ~540 °C (Table 2) [29].

2Mg(ClO4)2tzO — ZMgO + 2C12 + 702 + xH20 (1)

xH,0 + xCl, — 2xHCI + x/20, 2)

Fe perchlorates exhibited 4-5 O, release peaks ranging from ~90 to 280 °C and also
decomposed into oxides [25,45].

Na, K, and Ca perchlorate thermally decomposed into chlorides and evolved O, with
peaks at 578, ~600, and 486 °C, respectively (reactions 3-5; Table 2) Na, K, and Ca per-
chlorate did not evolve HCl release peaks within the temperature range of SAM [45,49,50].
However, some studies suggested that Ca perchlorate starts to evolve HCI at the high end
of the SAM temperature range due to reactions with water [25].

NaClO, — NaCl + 20, 3)

KClO4 — KCl1 + 20, 4)
Ca(ClO4)2 — CaCl, + 40, (5)
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Table 2. O, and HCl release peak temperatures from perchlorates and chlorates analyzed in the
laboratory under SAM-like conditions. n/a = no release detected within the temperature range
of SAM.

O, Release Peak HCI Release Peak

Oxychlorine Temperature (°C) Temperature (°C) Reference
Mg(ClOy); 542 542 [29]
Fe(IIT)(ClO4), ~90, 170, 205, 280 No data [25]
Fe(I)(ClO4), ~140, 205, 277 No data [25]
NaClOy4 578 n/a [29]
KClO4 ~600 n/a [51]
Ca(ClOy), 486 n/a [52]
Mg(ClOs); 377 379 [31]
Ca(ClO3), ~400 n/a [53]
NaClO3 469 n/a [31]
KCIO3 482 n/a [31]

Laboratory analog SAM-EGA results demonstrated that with a few exceptions, per-
chlorates evolved O, at temperatures too high to explain most Gale crater O, detec-
tions [24,54]. While not perfect matches, evolved O, temperatures from Fe and Mg perchlo-
rate closely resembled the O, release temperatures of samples collected at Yellowknife Bay
including John Klein and Cumberland [54]. Additionally, no perchlorates fully explained
the HCl releases observed in Gale crater samples. Thus, chlorates were investigated as
another possible source of the O, and HCl releases detected in Gale crater samples.

3.2. Chlorates

Analyses of pure chlorates using SAM-EGA analog instrumentation demonstrated
that chlorates thermally decompose similarly to their perchlorate counterparts, but usually
at lower temperatures [31,53]. Na, K, and Ca chlorate decomposed into chlorides and
evolved O, releases with peaks between ~400 and 482 °C (e.g., reaction 6; Table 2) [55-57],
whereas Mg and Fe chlorate decomposed into oxides and evolved O, and HCI between
~90 and 379 °C (e.g., reactions 7 and 8; Table 2) [25,31,53]. Mg, Ca, and Fe chlorates are
especially hygroscopic and evolve low-temperature (<200 °C) water if not dehydrated
prior to thermal and evolved gas analysis.

2KCIO; — 2KCl + 30, 6)
2Mg(C103)2-xH20 — ZMgO + 2Cl, + 50, + xH,O 7
xH,0 + xCl, — 2xHCI + x/20, (8)

Although pure chlorates evolved O, at lower temperatures than their perchlorate
counterparts, the O, release peak temperatures were still higher than many O; releases
observed in SAM data from Gale crater samples. Additionally, the HCI releases from
chlorates did not fully explain the HCl releases observed in the SAM data.

3.3. Effects of Mars-Analog Phases on Oxychlorine Oy and HCI Releases
3.3.1. Iron-Bearing Phases

The O, releases from most perchlorates and chlorates occurred at higher tempera-
tures than those observed in data collected by SAM, which led to the suggestion that
other phases in Gale crater samples may catalyze oxychlorine thermal decomposition
e.g., [52,54,58]. Iron-bearing phases (e.g., hematite, ferrihydrite) are known catalysts on
perchlorate thermal decomposition, e.g., [49,55,59]. The Fe cation (Fe?* or Fe3*) in the min-
eral interacts with the unshared electron pair in the perchlorate or chlorate, thus weakening
the CI-O bond and decreasing the thermal decomposition temperature [49,60]. Samples
analyzed by both the Chemistry and Mineralogy (CheMin) X-ray diffraction (XRD) in-
strument and SAM contained a variety of iron-bearing phases (e.g., magnetite, hematite,
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jarosite, amorphous iron oxides) that could potentially catalyze the thermal decomposition
of oxychlorines e.g., [61-64].

Mixtures of iron-bearing phases and perchlorates were analyzed on a laboratory SAM-
EGA analog instrument in order to determine whether iron-bearing phases detected in
Gale crater would catalyze the thermal decomposition of oxychlorines. Aqueous solutions
of Ca and Mg perchlorate salts were added to powdered iron-bearing phases including
hematite, magnetite, ilmenite, pyrrohotite, fayalite/magnetite and palagonite using Mars-
like ratios [52]. These mixtures were desiccated and then analyzed on a SAM-EGA analog
instrument [52]. Evolved gas data from the pure perchlorates were compared to data from
the perchlorate/iron-bearing phase mixtures to assess the effect of iron-bearing phases on
perchlorate thermal decomposition.

Select iron-bearing phases decreased the perchlorate O, release peak temperature by
16-152 °C, and this temperature depression was dependent on the type of iron-bearing
phase in the mixture [52]. Ferrihydrite and palagonite (plagioclase feldspar, magnetite,
minor pyroxene and hematite, basaltic glass, allophane, and nanophase ferric oxide) [65],
both of which contain amorphous iron-oxides, decreased the O; release temperature the
most and produced O, release peaks at similar temperatures as the Rocknest and John
Klein samples analyzed by SAM [52]. This finding suggested that iron-rich amorphous
materials in Rocknest and John Klein, which may contain nanophase iron oxides, interacted
with perchlorates and caused O, release peak temperatures between ~300 and 400 °C [52].
It is also possible that the perchlorates underwent cation exchange with iron-bearing
phases when added by solution, thus producing Fe perchlorate, which has a low thermal
decomposition temperature. Additionally, perchlorate mixtures with magnetite, hematite,
fayalite-magnetite, ilmenite, and pyrrhotite produced O, releases similar to the O, release
observed in Confidence Hills [52]. Although SAM-EGA analog studies of perchlorate/iron-
bearing phase mixtures explained some O; releases in Gale crater samples, the lower
temperature O, releases observed in John Klein (peak 1), Cumberland, and Windjana
remained unexplained. Additionally, mixtures of iron-bearing phases and perchlorates did
not reproduce any of the HCI releases observed in Gale crater samples [58].

Adsorbed CIO4~ onto ferrihydrite and akageneite particle surfaces was proposed
as an explanation for the low-temperature O, releases detected in several SAM samples,
including Cumberland [66]. Synthesized ferrihydrite and akageneite were mixed with HCI
or NaOH solutions in order to reach pH values ranging from 2 to 7.3, and these solutions
were then mixed with a Na perchlorate solution [66]. The iron-phase/Na perchlorate
solutions were equilibrated and then washed using a centrifuge so that perchlorate and
chloride salts were removed, leaving only adsorbed ClO4~ and C1~. These mixtures were
dried and then analyzed on a SAM-analog instrument. Ferrihydrite samples with adsorbed
ClO4™ (pH 2—pH 4.5) evolved O; at lower temperatures than the pure Na perchlorate
salt, and these O, releases were similar to that of the Cumberland sample analyzed by
the SAM instrument [66]. Additionally, these mixtures evolved high-temperature HCI
(>600 °C) releases, which were tentatively attributed to adsorbed Cl~ on ferrihydrite
particle surfaces. The akageneite samples with adsorbed ClO4~ evolved a negligible
amount of O, but did evolve mid-temperature (300-600 °C) HCl releases, which were
attributed to C1~ from collapsing akageneite tunnels during heating [66]. The results from
these experiments suggested that the O, evolution in the Cumberland sample could be
caused by ClO4~ adsorbed onto ferrihydrite surfaces. Additionally, the high-temperature
HCl release observed in Cumberland could be caused by adsorbed CI~ on ferrihydrite.

Pure chlorates and chlorate/iron-bearing-phase mixtures were evaluated to explain
the O, and HCI evolutions in Gale crater samples, which were unexplained by the
perchlorate/iron-bearing-phase mixtures. Mg, Na, and K chlorate were added as solutions
to powdered hematite, magnetite, ferrihydrite, and palagonite [31]. Two chlorate/iron-
bearing-phase molar ratios (~1:1 and ~1:4) were prepared in order to test the effect of
increasing the iron-bearing-phase/chlorate ratio on the chlorate decomposition tempera-
ture [31]. These samples were desiccated and analyzed on a SAM-EGA analog instrument.
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Iron-bearing phases decreased the O, release peak temperature of chlorates by up to
~215 °C, and the temperature reduction depended on the type of iron-bearing-phase in
the mixture and the iron-bearing-phase/chlorate ratio [31]. Mixtures of K chlorate with
magnetite, hematite, palagonite, and ferrihydrite caused an O, release peak reduction
of 112-142 °C [31]. Mixtures of Na and Mg chlorate with the same iron-bearing phases
caused an O; release peak reduction of 72-214 and 35-149 °C, respectively [31] (Figure 5).
The only mixtures that produced HCI releases were those with Mg chlorate. The HCl
release peaks from Mg chlorate decreased by 33-170 °C when mixed with iron-bearing
phases [31]. Similar to Sutter et al. [52], ferrihydrite and palagonite caused the greatest
depression in O; release peak temperature out of all the chlorate/iron-bearing phase
mixtures, and this was attributed to their high surface areas [67]. Additionally, the chlorate
mixtures with the higher iron-bearing phase/chlorate ratios caused a greater reduction
in O, release peak temperature than mixtures with lower iron-bearing phase/chlorate
ratios. This was attributed to the differences in total iron available to catalyze the chlorate
decomposition [31].
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Figure 5. Example showing the effect of iron-bearing phases on chlorate O, release temperature. This example shows
evolved O, and HCI from 24 pmol NaClOj by itself and mixed with 100 pumol magnetite. Data from [31]. ic = ion

current (Amperes).

Iron-bearing phases also consume oxygen during oxychlorine decomposition [52].
Mixtures of chlorates with iron-bearing phases evolved less oxygen than the same amount
of chlorate analyzed without iron-bearing phases [31]. The amount of oxygen consumption
was up to 75%, and was dependent on the type of iron-bearing phase, the iron-bearing
phase/chlorate ratio, and the type of chlorate [31]. Mixtures with a higher iron content
typically experienced more oxygen consumption during thermal analysis. Magnetite
consumed the most oxygen in mixtures with Na and K chlorate, and the second-most
amount of oxygen in the Mg chlorate mixtures [31]. Oxygen consumption in the magnetite
mixtures was attributed to oxidation of Fe?* to Fe3* in the presence of O, from chlorate
decomposition. Oxygen consumption in the other mineral mixtures was attributed to the
presence of oxygen deficient sites on the mineral surfaces in oxides [68,69], which could
complex with oxygen evolved from chlorate decomposition. This finding demonstrated
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that the amount of oxychlorines calculated from SAM oxygen peak integrations could be
an underestimate.

Most oxygen releases from Gale crater that peaked at too low a temperature to be
explained by the presence of perchlorates (e.g., Windjana, Cumberland) could be explained
by chlorate/iron-bearing phase mixtures or ferrihydrite with adsorbed ClO;~ [31,66].
Although laboratory analog work provided an explanation for most of the oxygen releases
detected by SAM in Gale crater samples, they did not explain most of the HCI releases.
The only chlorate or perchlorate/iron-bearing phase mixtures that evolved HCI with peaks
within the range of SAM were Mg and Fe oxychlorines [31,52,53]. However, SAM samples
with high-temperature HCl release peaks >600 °C (e.g., Rocknest, John Klein) could not be
explained by Mg or Fe oxychlorines because they evolve HCI at lower temperatures.

3.3.2. Water-Evolving Phases

HCI releases from Gale crater samples either co-evolved with O, below 600 °C or
occurred at higher temperatures (>600 °C) (Figure 4). Some samples with high-temperature
(>600 °C) HCl releases evolved O;, and some did not evolve O, (Figure 6). These high-
temperature HCI releases were not explained by previous studies involving perchlorates,
chlorates, or oxychlorine/iron-bearing phase mixtures. Adsorbed Cl™ on ferrihydrite
surfaces could contribute to high-temperature HCl releases [66]. Chlorides (original or
from oxychlorine decomposition) can react with water and evolve HCI [70,71], and this
was proposed as a mechanism for the high-temperature HCI evolutions observed in the
SAM datae.g., [26].

Mixtures of perchlorates with water-evolving phases were analyzed in a laboratory
SAM-EGA analog instrument in order to determine whether high-temperature HCl releases
were caused by the interaction between melting chlorides and water [29]. Chloride/water-
evolving phase mixtures were also tested to understand whether HCI could be evolved
from chlorides without the presence of perchlorates. Nontronite, saponite, and basaltic
glass were used as Gale crater-analog water-evolving phases [26,61,62,64,72-74]. Mg
perchlorate, Na perchlorate, Mg chloride, and Na chloride were individually added as
solutions to powdered water-evolving phases (i.e., saponite, nontronite, basaltic glass),
desiccated, and then analyzed on a SAM-EGA analog instrument [29]. The evolved gases
(e.g., HyO, Oy, HCI) from these laboratory mixtures were compared to data from the SAM
instrument on Mars.

All mixtures of Mg perchlorate with water-evolving phases released HCl within the
temperature range of SAM [29]. Mg perchlorate by itself and mixed with water-producing
phases evolved mid-temperature HCI with peaks between 485 and 545 °C, due to the
decomposition of Mg perchlorate to MgO (reactions 1 and 2). Mixtures of Mg perchlorate
with nontronite or basaltic glass evolved mid-temperature HCl releases as expected, but
the Mg perchlorate/saponite mixture produced an additional HCI release with a peak
at 824 °C. The HCl release peak at 824 °C in the Mg perchlorate/saponite mixture was
attributed to melting chlorides reacting with water from saponite dehydroxylation [29].
The chlorides formed on particle surfaces through a reaction between the evolved HCl
and interlayer cations such as Na* and Ca?* (e.g., reactions 9 and 10). The formation of
chlorides during thermal analysis of the saponite/Mg perchlorate mixture was confirmed
using ion chromatography.
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Figure 6. Evolved O, (m/z 32) and HCI (m/z 36) profiles measured by the SAM QMS in counts/sec (cps) during pyrolysis of
Murray formation samples in Gale crater that did not evolve O,. Abbreviations: OU = Oudam, MB = Marimba, QL = Quela,
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Exchange-Ca®" + 2HCI — CaCl, + 2Exchange-H" ©)
CaCl, + HyO — CaO + 2HCI (10)

where “exchange” refers to exchangeable cations in the interlayer of saponite.

Na perchlorate by itself did not evolve HCI within the temperature range of SAM.
However, the mixtures of Na perchlorate with the water-evolving phases did evolve HCI
(e.g., Figure 7) [29]. The HCl releases from these mixtures occurred at the same temperature
as the water release from phyllosilicate dehydroxylation or from water inclusions. HCI
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releases in the Na perchlorate mixtures resulted from the reaction between water and the
NaCl from perchlorate decomposition (reactions 11 and 12).

2NaClO4 — 2NaCl + 40, (11)
2NaCl + H,O — 2HCl + Na,O (12)
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Figure 7. Example showing the effect of water-evolving phases on HCI evolutions from mono-cation
perchlorates. This example shows evolved O,, HCI, and H,O from 24 pmol NaClOy by itself and
mixed with 20 mg SapCa-1 saponite, compared to John Klein (JK) analyzed by SAM. Data from [29].
ic = ion current (Amperes).

Mg chloride by itself and mixed with water-evolving phases evolved HCl with peaks
between ~400 and 600 °C (reaction 13).

xMgCly-xHpyO — xMgO + 2xHC1 (13)

Na chloride by itself did not evolve HCl as expected but it did evolve HCl when mixed
with the water-producing phases. Mixtures of NaCl with saponite and the basaltic glass
both produced HCl releases with peaks at ~800 °C that co-occurred with water releases
(e.g., Figure 8). The nontronite/NaCl mixture evolved two HCI release peaks, one at
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the same temperature as nontronite dehydroxylation and another at the melting point of
NaCl [29]. HCl releases in the NaCl mixtures were attributed to solid or melting chlorides
reacting with water from inclusions or from phyllosilicate dehydroxylation [29].
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Figure 8. Example showing the effect of water-evolving phases on HCl evolutions from mono-cation chlorides. This
example shows evolved O,, HCl, and H,O from 24 pmol NaCl by itself and mixed with 20 mg SapCa-1 saponite, compared
to the John Klein (JK) sample analyzed by SAM. Data from [29]. ic = ion current (Amperes).

The results from these laboratory analog experiments demonstrated that chlorides
(original or from oxychlorine decomposition) react with water in the oven to produce
high-temperature (>600 °C) HCl releases [29]. Many of the HCl releases from Gale crater
samples evolved high-temperature HCl releases similar to those observed in laboratory
mixtures of perchlorates and chlorides with water-producing phases (e.g., Figures 7 and 8).

3.3.3. Carbonates and Sulfates

Carbonates can also interact with oxychlorines during thermal analysis and may im-
pact evolved gas patterns and abundances from samples analyzed by the SAM instrument
in Gale crater. A study utilizing laboratory evolved gas analysis and heated XRD [48]
demonstrated the interaction between hydrated Mg perchlorate and calcite during thermal
analysis. Results showed that when calcite was mixed with Mg perchlorate, there was a
low-temperature CO; release (onset of ~385 °C) in addition to the higher temperature CO,
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release caused by calcite thermal decomposition (onset of ~680 °C; reaction 14) [48]. The
lower temperature CO; release was attributed to an inorganic reaction between calcite and
evolved HCl and water from the hydrated Mg perchlorate (reaction 15). The magnitude
of the low-temperature CO; release increased with increasing Mg perchlorate to calcite
ratio, and thus HCI was consumed in this process. It is possible that low-temperature
CO;, releases observed in SAM data may be the result of HCI from oxychlorine or chloride
thermal decomposition reacting with carbonates.

Mg(ClOg4),-xH,O — MgO + (3.5 + 0.5x)0, + HCl + (1 — x)Cl, (14)

where x < 1.
CaCOj3 + 2HCI — CaCl, + CO, + H,O (15)

Sulfates can react with chlorides (original or from oxychlorine thermal decomposition)
in the sample to produce HCI via “Hargreaves reaction” [75], and this may explain several
of the HCl releases above ~500 °C in the SAM data. Using NaCl as an example, water
reacts with the solid or liquid chloride to produce HCl and Na;O (reaction 16) [70,76].
NayO can then react with SO, gas from sulfate decomposition and produce Na sulfate
(reaction 17) [70,76]. When Na,O is consumed, reaction 16 shifts to the right and HCl
production increases. SAM laboratory analog studies have demonstrated that mixtures
of kieserite (MgSO, - H,O) and NaCl produced high-temperature HCl releases similar to
those observed in SAM data [37].

HzO(g) + 2NaCl(S,1) — ZHCI(g) + Na2O (16)
SO, +1/20; + NayO — NaySOy)) 17)

3.3.4. Evolved O; and HCl in Mars-Analog Materials

The aforementioned effects of martian analog phases (e.g., sulfates, water-producing
phases, iron-bearing phases) were observed in laboratory evolved gas analyses of martian
simulants, which are mineral/rock mixtures designed to mimic natural martian soil for
the purpose of research and equipment testing. The Johnson Space Center Rocknest
(JSC-RN) simulant contained Na perchlorate in addition to Ca sulfate, water-evolving
phases, and iron-bearing phases (e.g., ferrihydrite) [77]. JSC-RN evolved oxygen with
a peak at 312 °C, similar but slightly lower than what was observed in the Rocknest
sample analyzed by SAM on Mars [27]. Na perchlorate by itself evolved oxygen with a
peak at 578 °C (Table 2). The >200 °C decrease in O, release peak temperature from Na
perchlorate thermal decomposition demonstrates how iron-bearing phases catalyze the
thermal decomposition of perchlorates in more complex martian analog mixtures. The
JSC-RN mixture prepared in the laboratory also evolved two HCl releases, both coinciding
with SO, releases [77].

3.4. Implications for Gale Crater Samples

SAM-EGA laboratory analog studies demonstrated that the O, and HCl evolutions
observed in Gale crater samples may be caused by the presence of perchlorates or chlorates,
and that the O, and HCl release temperatures are strongly affected by other phases present
in the sample (e.g., water-evolving phases and iron-bearing phases). Analog work has
demonstrated that high-temperature HCI evolutions may also be caused by chlorides
(original or from oxychlorine decomposition) reacting with evolved water from phases in
the sample. Table 1 shows the oxychlorines or chlorides that may be present in Gale crater
samples based on their O, and HCl release patterns and peak temperatures. Additionally,
these SAM-EGA analog studies showed that the amount of oxychlorines reported based
on SAM O; peak integrations could be an underestimate due to oxygen consumption by
iron-bearing phases such as magnetite or ferrihydrite.
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The presence of chlorate, in addition to perchlorate, in Gale crater surface materials
has implications for understanding the chlorine cycle on Mars. Various mechanisms of
one-way oxychlorine formation have been proposed. Some studies suggest that chlorate,
like perchlorate, is an end-product of oxychlorine oxidation [4,78]. Chlorate can also be pro-
duced in the laboratory by exposing aqueous hypochlorite or chlorite to UV radiation [78].
Quinn et al. [79] suggested that oxychlorine formation is bi-directional (i.e., chlorate forms
from perchlorate and vice versa). Perchlorate could degrade to chlorate by being exposed
to ionizing radiation over time [79]. The presence of chlorate on Mars suggests that chlo-
rate formation is bi-directional or that not all chlorine has been completely oxidized to
perchlorate. Knowledge of the locations and abundances of chlorates and perchlorates on
Mars could help constrain the rates and mechanisms of oxychlorine production.

Knowledge of the abundance and types of oxychlorines present on Mars also has
implications for understanding atmospheric O, and HCI. Trainer et al. [80] suggested
that surface perchlorates may contribute to the seasonal O, variation observed in Gale
crater, although it is currently unknown whether this contribution is significant. Although
O; is a radiolysis product of surface perchlorates salts [79], the O, production rate from
perchlorate radiolysis is too slow to account for the measured seasonal O, variation in
Gale crater [80]. Additionally, atmospheric HCl was detected by spectrometers on board
the Trace Gas Orbiter (TGO) and was present at higher concentrations globally after dust
storms, particularly the strong dust storm during Mars Year 34 [81]. HCI detections by
TGO have been attributed to chlorine-bearing species (i.e., chlorides, oxychlorines) in
atmospheric dust reacting with water [81].

Knowledge of the distribution of perchlorate, chlorate, and chloride species on the
martian surface can provide insights into past aqueous conditions. The solubility of oxy-
chlorines and chlorides is dependent on the anion (Cl1O4~, ClO3 ™, C17) and the cation (e.g.,
Mg, Ca, Na, K, Fe). For example, at 25 °C, Na perchlorate has a solubility of 205 g/100 g
water whereas Mg perchlorate has a solubility of 100 g/100 g water [82]. Additionally,
chlorides are generally less soluble than oxychlorines. For example, at 25 °C NaCl has a
solubility of 36 g/100 g water and MgCl, has a solubility of 56 g/100 g water [82]. Oxychlo-
rine and chloride salts in Gale crater may be stratified based on their solubilities, similar to
salts in terrestrial environments including the Atacama Desert, Chile, and Death Valley,
California [28,83-87]. Several samples in the upper Murray formation showed evidence
for the presence of chlorides (and not oxychlorines) whereas samples in the Yellowknife
Bay, Kimberley, and lower Murray formations did show evidence for the presence of
oxychlorines (Figure 3). One explanation for this trend is that the more soluble species
(i.e., oxychlorines) leached out of the upper Murray formation, leaving behind less soluble
species (i.e., chlorides) (Figure 3) [28]. Alternatively, it is possible that oxychlorines were
not deposited at the sampled locations in the upper Murray formation.

The presence of oxychlorines in Gale crater has implications for past and present
microbial habitability. Microorganisms can use the perchlorate anion as a terminal electron
acceptor under anoxic conditions in terrestrial groundwater e.g., [88]. Approximately
100 strains of oxychlorine-reducing microbes have been identified on Earth, most of these
being Proteobacteria [89]. Most oxychlorine-reducing bacteria grow under neutral pH
and low-salinity conditions. However, there are some halophilic, thermophilic, and hyper-
thermophilic perchlorate-reducing bacteria [89]. On Mars, oxychlorine salts could be used
in microbial respiration, although high activity perchlorate or chlorate solutions are not
favorable to most life.

Furthermore, the thermal decomposition of oxychlorines can result in the partial
to complete oxidation by O, (combustion) or by ClI (chlorination) of some organics in
a sample [18]. Oxidants, including perchlorates, have been shown to decompose or-
ganic molecules in terrestrial organic matter and in terrestrial organic-containing soils
e.g., [42,90-92]. However, the amount of oxidation that occurs, and products formed, will
depend on the chemistry and packaging of organic materials and the oxychlorine phases
in a sample. In some cases organic material survives oxidation during thermal analyses
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as demonstrated by SAM’s detection of organic compounds in samples also containing
perchlorates [93-95]. In particular, aromatic, aliphatic, and thiophenic products evolve
at temperatures higher than oxychlorine O, releases [94]. Nevertheless, laboratory SAM-
analog work has demonstrated that the chlorohydrocarbons detected in SAM samples
(e.g., Rocknest, Cumberland) may be the result of indigenous organics reacting with oxy-
chlorines [93,95], although it is also plausible that they could be natural products of the
radiation of oxychlorines and indigenous organics [96].

Knowledge of the types and abundances of oxychlorine species is important for in-
terpreting organic signals and their implications for habitability in Viking TV-GC-MS,
MSL SAM, Phoenix TEGA, and ExoMars 2022 Mars Organic Molecule Analyzer (MOMA)
data. Additionally, understanding the effects of oxychlorines on organics during sam-
ple heating will be important if future returned samples from Jezero crater, Mars are
analyzed using thermal and evolved gas analysis or other organic analyses that involve
heating. As mentioned previously, oxychlorines are widespread on the martian surface
e.g., [13,25,27,31,38,51] and are likely to be present in Jezero crater. Returned samples from
Jezero crater should not be analyzed for organics using methods that involve heat (e.g.,
pyrolysis-gas chromatography—mass spectrometry (GC-MS)) without removing oxychlo-
rines prior to analysis because the oxychlorines may oxidize some organics in the sample.
Methods such as leaching can be used to rid soil samples of perchlorates prior to organic
analyses [97]. Alternatively, martian surface materials that have an organic carbon to
perchlorate ratio above 4.7-9.6 should be targeted for return-sample collection so that
organics are detectable using pyrolysis GC-MS [92].

Constraining the types of oxychlorines present on Mars has implications for the
presence of liquid brines and thus, present day aqueous processes (e.g., the formation of
RSL’s). Perchlorates and chlorates have low eutectic temperatures and relative stabilities
as liquids. At a relative humidity of <1%, Mg chlorate has the lowest eutectic point
(204 K) compared to Ca, K, and Na chlorate [14]. Mg perchlorate also has a relatively low
eutectic point compared to other perchlorates (~206 K) [15], although Ca perchlorate’s
eutectic point is slightly lower (~196 K) [15]. The Mg oxychlorine detected in Big Sky
and Cumberland was more likely to deliquesce than most other oxychlorines. However,
experimental work demonstrated that measured environmental conditions in Gale crater
were not favorable for the presence of Mg oxychlorine brines on the surface (Primm et al.,
2018). Geochemical modeling by Martin-Torres et al. [98] demonstrated that oxychlorines,
particularly Ca perchlorate, could exist as transient brines in Gale crater surface materials.
The presence of liquid brines will also be investigated in Oxia Planum, the landing site
of the ExoMars platform/rover. The Brine Observation Transition to Liquid Experiment
(BOTTLE) experiment on the Habitability: Brine Irradiation and Temperature (HABIT)
instrument on board the ExoMars platform contains cells with CaCly, Fe;(SO4)2, Mg(ClO4),,
and NaClOy [99]. The cells will be exposed to the martian atmosphere and electrical
conductivity will be used to monitor the deliquescence process. These experiments will
demonstrate which, if any, salts deliquesce under martian surface conditions.

Placing constraints on the types of oxychlorines present in Gale crater samples also has
implications for understanding past geochemical conditions and diagenesis. For example,
Cumberland and John Klein were only separated by a lateral and vertical distance of 2.75 m
and 10 cm, respectively [54]. Mg perchlorate or chlorate was detected in Cumberland
but not in John Klein, indicating that they were exposed to different diagenetic fluids
(Figure 9). The area surrounding the John Klein and Cumberland drill holes exhibited
features indicative of early diagenesis, including raised ridges and sulfate-rich veins
(Figure 9) [61,100]. The difference in oxychlorine composition between John Klein and
Cumberland may have been caused by non-pervasive fluid pathways, where Cumberland
was exposed to Mg-rich diagenetic fluids and John Klein was not. Diagenesis by Mg-
rich fluids was further supported by the possible detection of Mg-OH pillaring in the
Cumberland smectite interlayer [61].
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Figure 9. Mars Han Lens Imager (MAHLI) images of the (a) Cumberland (CB) and (b) John Klein
(JK) drill holes, which were only separated by a lateral and vertical distance of 2.75 m and 10 cm,
respectively. Arrow points to a raised ridge, indicative of diagenesis, near the Cumberland drill hole.
Bottom pane (c) shows evolved O, and HCl from JK and CB as detected by the SAM instrument.

Understanding oxychlorines on Mars is also important for future human exploration
because they could serve as valuable resources and harmful substances e.g., [101-103].
Oxychlorines could serve as a valuable resource by providing H,O and breathable O,.
Approximately 60 kg of martian regolith could provide a daily supply of oxygen for one
astronaut, assuming previously measured ClO,~ abundances for regolith and complete
decomposition through heating or microbial reduction [101]. Additionally, if surface
conditions (i.e., temperature and relative humidity) are conducive to the formation of
oxychlorine brines, they could be utilized as a source of H,O for drinking or for irrigating
greenhouses after processing. H,O can also be split into Hy or O, and used as propellent
or for breathable O,. The BOTTLE experiment on the ExoMars platform will heat and
then re-expose perchlorate salts to the martian atmosphere to demonstrate their in situ
resource utilization (ISRU) potential for obtaining water [99]. Despite the ISRU value of
oxychlorines, they could potentially pose a health hazard to future astronauts. The main
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routes of oxychlorine ingestion by humans on Mars would be through drinking water from
the soil or from ice, eating plants grown in the soil, or inhaling dust [101,102]. Perchlorate
inhibits iodide uptake by the thyroid gland, decreasing thyroidal hormone production.
However, the effects of long-term and high-dose consumption of perchlorate in drinking
water is unknown and is a concern for future human exploration of Mars.

The health effects of other Cl-oxyanions are not as well understood but could pose
a threat to future astronauts on Mars. ClO,~ and ClO, both products of perchlorate
irradiation, are more reactive than perchlorates and can cause additional health issues
such as respiratory illness, headaches, loss of consciousness, and vomiting [101]. The more
reactive C1~ oxyanions may also corrode astronaut suits and other flight materials.

4. Conclusions

Laboratory SAM-EGA analog research has provided further evidence for the existence
of oxychlorines in Gale crater and has provided constraints on their speciation. Laboratory
analog work demonstrated that perchlorates and chlorates evolve O, upon thermal decom-
position, and the O, release temperature is dependent on the anion (ClO4~ or ClO3;7), the
cation (e.g., Na, K, Ca, Mg), and other phases present in the sample. Generally, perchlo-
rates thermally decompose at a higher temperature than chlorates and the decomposition
temperature is in the following order: Fe < Mg < Ca < Na < K. Iron-bearing phases present
in martian surface materials can decrease the thermal decomposition temperature of oxy-
chlorines and consume evolved O,. Water-evolving phases (e.g., phyllosilicates) can react
with chlorides (original or from oxychlorine decomposition) and cause high-temperature
(>600 °C) HCl releases. Although it is still not possible to identify the type of oxychlorine
using SAM-EGA data, it is possible to constrain which species may be present in a sample.
Constraining the speciation of oxychlorines in Gale crater samples can provide a more
complete understanding of past aqueous and diagenetic processes, the chlorine cycle on
Mars, and past geochemical conditions. Additionally, the presence of oxychlorines in
Gale crater has implications for interpreting past and present habitability, the detection of
organics by thermal analysis, and preparing for future human exploration of Mars.
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