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Abstract The Sample Analysis at Mars on the Curiosity rover analyzed the major volatile content of four
eolian samples at three locations in Gale crater. The Rocknest sample was taken from an inactive sand
shadow with a signiﬁcant component of dust-sized grains, while Gobabeb and Ogunquit Beach samples
were taken from different locations in the Bagnold Dune ﬁeld and had dust-free, ﬁne sand sized grains. All
eolian samples possessed more oxychlorine, carbon, and nitrate relative to sedimentary materials in Gale
crater. Evolved CO2 above 450 °C was consistent with ~0.7 and ~0.4 wt. % carbonate in the Bagnold Dunes
and Rocknest materials, respectively, with a regional source inside Gale crater. The ﬁne-grained phase of
Rocknest was enriched in adsorbed water and perhaps in Fe sulfate and Fe nitrate/nitrite compared to
coarser Bagnold materials and was estimated to contain up to ~0.1 wt. % of organic carbon.

Plain Language Summary

Wind-driven processes have been the dominant force shaping the
landscape on Mars for the last 3 billion years. Sands from a Martian dune ﬁeld were analyzed and
compared to other deposits with smaller, dust-sized grains. Samples were heated to release gases and
determine their composition, revealing that sandy and dusty samples contained more carbon than rock
samples. Sand and dust contained more nitrogen and chlorine bearing molecules made in the atmosphere
and grain surfaces, either because they are sitting on the surface accumulating them or because nitrogen and
chlorine were removed from rocks in the past by water or other processes. Dusty samples had similar
compositions to sandy samples and also contained phases associated only with the small dust grains,
including adsorbed water. Dust appeared to contain simple organic carbon molecules, perhaps due to
atmospheric and surface processes acting to break down more complex organic molecules in rocks. Sand
appeared to contain more inorganic carbon in the form of carbonate, even though the rocks nearby do not
contain carbonate. Because sand can only travel a limited distance, this suggests that carbonate is present in
rocks somewhere in Gale crater that we have not explored yet.

1. Introduction
Orbital remote sensing of the dunes inside Gale crater prior to Mars Science Laboratory (MSL) rover landing
indicated olivine basaltic composition (Rogers & Bandﬁeld, 2009), but the volatile inventory of eolian materials and their potential to be a repository for products of atmospheric chemistry has not been evaluated.
Eolian processes have likely dominated the Martian landscape for the last ~3 Ga, when liquid water was no
longer widespread on Mars (Carr & Head, 2010). Although eolian bedforms have been mapped from orbit
(Hayward et al., 2012) and observed by the Mars Exploration Rovers (e.g., Sullivan et al., 2008), the MSL
Bagnold Dune Field campaigns represent the ﬁrst in situ investigation of an active dune ﬁeld on Mars.
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Eolian samples potentially record information about modern atmospheric processes and deposition of atmospheric species (e.g., H2O, Clx (Ox), N2, and CO2) as well as processes involved in organic matter decomposition.
Atmospheric and grain surface reactions are mechanisms proposed to drive oxychlorine production (Carrier &
Kounaves, 2015; Wilson et al., 2016) and have been implicated in the formation of ﬁxed nitrogen (Mancinelli,
1996; Smith et al., 2014) and methane on Mars (Keppler et al., 2012). Exposure of organic-bearing sediments
to photochemical and surface mediated processes were argued to result in oxidation of complex organics

10,240

Geophysical Research Letters

10.1029/2018GL079059

to simpler species (Benner et al., 2000). Surface materials, particularly those containing signiﬁcant amounts of
dust, which could remain in contact with the atmosphere, may therefore be a repository for the products of
atmospheric chemistry operating over long timescales that are too dilute to directly measure in the atmosphere.
The overall goal of this work was to evaluate the content and sources of volatiles in Gale Crater eolian material
by the Sample Analysis at Mars (SAM) instrument onboard MSL’s Curiosity rover. Speciﬁcally, the objectives of
this work were to (1) compare the concentrations and evolution temperatures of major volatiles from one
dust-bearing and two sand dune eolian samples, (2) compare volatile characteristics of the eolian samples
with sedimentary rock samples, and (3) utilize these results to provide insight into sources of water, chlorine,
sulfur, nitrogen, and carbon detected in these materials.

2. Sample Sites
Eolian samples were acquired from two separate sand dune sites and one dust-bearing sand shadow. The
sand dune material was derived from the informally designated Bagnold Dune Field that consists of an
~30-km-long, 1- to 2-km-wide swath of active dunes. The Bagnold Dunes were characterized by barchan
and barchanoidal dunes (Phase 1) and linear (Phase 2) dunes that unconformably overlay the Murray formation on the lower northwest ﬂank of Aeolis Mons (informally known as Mount Sharp; Lapotre & Rampe, 2018).
Active Bagnold Dunes sands have a narrow grain size distribution representing very ﬁne sand (100–150 μm;
Lapotre et al., 2016; Sullivan & Kok, 2017; Weitz et al., 2018) and lack silt and dust-sized grains (Agnes et al.,
2017; Weitz et al., 2018). Phase 1 occurred in southern fall/winter at a time of low dune activity (Bridges
et al., 2017), while Phase 2 occurred in southern summer coincident with observations of high sand ﬂux
(Baker et al., 2018). In Phase 1, two samples were scooped from the Gobabeb site at Namib Dune, chosen
based on engineering constraints and orbital data, and sieved to different grain sizes. Gobabeb 1 (GB1)
consisted of material <150 μm, which is the same size fraction of most solid samples analyzed thus far,
whereas Gobabeb 2 (GB2) consisted of material 150 μm to 1 mm. Volatile abundances were not quantiﬁed
for GB2 due to difﬁculties estimating the mass of sample acquired by SAM. The Phase 2 Ogunquit Beach
(OG) sample (< 150 μm) occurred ~2 km to the southwest of GB and was acquired downwind from a large
body of windblown sand to minimize contributions from local bedrock. The sample was referred to as OG3
because it was the third sample delivered to SAM due to difﬁculties during previous sample delivery attempts.
Samples from Bagnold Dunes were compared to Rocknest (RN; Archer, Franz, et al., 2014; Leshin et al., 2013),
an inactive eolian sand shadow (Blake et al., 2013). RN displayed a broad, bimodal grain size distribution with
dust-sized grains (<100–250 μm) coating coarser grains (0.5–2.2 mm; Minitti et al., 2013; Weitz et al., 2018).
RN data are reported as an average of four individual analyses.

3. Methods
Data presented here were acquired using SAM’s evolved gas analysis experiment (EGA; Mahaffy et al., 2012). A
scooped sample was sieved (<150 μm or 150 μm to 1 mm) and portioned by MSL’s sample handling system.
The sample was delivered to SAM’s solid sample inlet into a preconditioned quartz cup (heated to ~870 °C
and cooled before delivery) and sealed into one of two SAM ovens. Prior to analysis, the SAM gas processing
system was heated to 135 °C. Samples were heated at ~35 °C/min to ~870 °C under helium ﬂow (~0.8 sccm).
Gases evolved during thermal decomposition of solid samples were continuously sampled by the mass
spectrometer. Mass estimates for delivered sample portions were used to calculate the concentration of
evolved gases in weight percent and part per million. Measurement error was derived from propagation of
errors of both the sample mass estimate and evolved gas analysis. Additional data detailing molar abundance
and quantiﬁcation for all samples are in the supporting information (SI). Additional details of evolved gas
quantiﬁcation were described elsewhere (Archer, Franz, et al., 2014; Franz et al., 2014) while discussion of
instrument background correction can be found in the SI and Glavin et al. (2013) and Freissinet et al. (2015).

4. Results
Water release occurred over a broad range of temperatures in Bagnold materials (~200–800 °C) compared to
RN, which evolved most of its water below 500 °C (Figure 1a). RN contained about twice as much water as the
GB1 and OG3 samples (Table 1). Low-temperature water release at RN is consistent with water adsorbed to
grain surfaces. The broad release of water between 300 and 500 °C and above 600 °C in GB1 and GB2 has
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Figure 1. Evolved gas proﬁles for (a) H2O, (b) SO2, (c) NO, (d) CO and CO2, (e) O2, and (f) HCl. Y axes are scaled to optimize
viewing for each species and vary accordingly. OG = Ogunquit Beach; GB = Gobabeb; RN = Rocknest.

been attributed to mineral or glass inclusions, hydrated salts, and/or hydroxyl-bearing phases (e.g., altered
glass and Fe-oxyhydroxides; Ehlmann et al., 2017; Sutter et al., 2017). The OG3 proﬁle shows the same
broad releases at these temperatures, suggesting the same materials are present.
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Table 1
Abundance of Major Species in RN and Bagnold Scooped Samples

c

CO2
SO3
SO3 APXS
H2O
d
ClO4
Cl-ClO4
Cl-HCl
Cl APXS
H2
H2S
c
NO3
CO

a

b

Unit

RNavg (Sutter et al., 2017)

GB1 (Sutter et al., 2017)

wt. %
wt. %
wt. %
wt. %
wt. %
ppm
ppm
ppm
ppm
ppm
ppm
ppm

0.8 ± 0.2
2.0 ± 2.2
5.5 ± 2.2
2.0 ± 1.3
0.36 ± 0.15
1,288 ± 541
39 ± 53
6,900 ± 2,100
120 ± 30
76 ± 36
263 ± 67
91 ± 15

0.7 ± 0.2
1.2 ± 0.3
3.3 ± 0.5
1.1 ± 0.5
0.21 ± 0.06
731 ± 199
614 ± 378
5300 ± 90
27 ± 8
47 ± 16
277 ± 72
17 ± 4

b

OG3

0.4 ± 0.2
0.3 ± 0.1
3.4 ± 0.1
0.8 ± 0.3
0.15 ± 0.04
528 ± 141
453 ± 230
5700 ± 200
107 ± 36
22 ± 7
168 ± 48
69 ± 16

Note. Selected APXS data included for comparison from Schmidt et al. (2014) for Rocknest (RN) and O’Connell-Cooper
et al. (2017) for Gobabeb (GB). OG = Ogunquit Beach.
a
b
c
Reported as an average and standard deviation of four samples. Error represents instrument precision. Corrected
d
for minor components of instrument background; see SM for details. ClO4 data calculated from oxygen abundance
below 600 °C. Nitrate contribution to oxygen has been removed. Perchlorate (ClO4 ) concentration is presented for simplicity; however, it is noted that chlorate (ClO3 ) may also be present in some samples.

SO2 evolutions vary between samples (Figure 1b), particularly between GB1 and GB2, suggesting differing
distributions of sulfur bearing species amongst eolian materials, possibly correlated with grain size. RN,
GB1, and OG3 had a somewhat similar release between 600 and 800 °C, consistent with Mg sulfate
(McAdam et al., 2014; Sutter et al., 2017). SO2 evolution in GB2 (150 μm to 1 mm) was skewed to slightly lower
temperatures and may represent a mixture of Mg sulfate and Fe sulfate, which thermally decomposes
between approximately 500–650 °C (McAdam et al., 2014; Sutter et al., 2017). Small SO2 evolutions in the
500–650 °C range from RN and OG3 may indicate minor Fe sulfate in those samples in addition to the more
dominant phase evolving SO2 at higher temperature (likely Mg sulfate). SAM abundance data (Table 1) indicate that RN had twice as much SO3 as GB1, consistent with enrichment of sulfate in the dust-sized phase at
RN. OG3 had four times less SO3 than GB1 based on SAM analysis, although APXS data detect similar amounts
of SO3 in both samples (Table 1).
NO evolved between 350 and 600 °C in OG3, similar to GB1 and GB2 (Figure 1c), and was consistent
with the decomposition of Mg nitrate (Gordon & Campbell, 1955; Mu & Perlmutter, 1982; Stern et al.,
2015) or any nitrate salt in the presence of Mg perchlorate and chlorate (Navarro-González et al.,
2018). NO starts evolving at RN at lower temperatures (150 °C) than other eolian samples and may
comprise more than one nitrate species (Stern et al., 2015). Lower temperature evolutions (150–
350 °C) suggest the presence of Fe nitrate (Gordon & Campbell, 1955; Mu & Perlmutter, 1982; Stern
et al., 2015) and/or nitrites (Navarro-González et al., 2018). The early evolution of NO at RN likely associated with the dust phase may represent a different nitrate species (FeNO3) than found in coarser
materials, for which NO evolutions suggest Mg nitrate as the primary nitrate phase. Abundances in
all eolian materials are similar (Table 1).
CO2 release proﬁles in Bagnold Dune materials show one broad peak between 200 and 450 °C and two
sharper peaks above 450 °C (Figure 1d). The RN CO2 release starts at much lower temperatures, potentially due to the greater degree of ﬁne materials here absorbing atmospheric CO2 or due to the presence
of nanophase carbon bearing materials (e.g., carbonates) that evolve CO2 at lower temperatures (Archer,
Lauer, et al., 2014). CO2 evolved from eolian materials could have multiple sources such as carbonate
minerals, combustion products of organics, and products from the thermal decomposition of small
organic salts such as Fe or Mg oxalates or acetates (Sutter et al., 2017) present as decomposition products of larger organic molecules (e.g., Benner et al., 2000).
CO evolutions in OG3, GB1, and GB2 were similar and may be due to the decarboxylation of oxalates or partial
oxidation of other organics in the sample or from instrument background. CO (Figure 1d) evolved below
450 °C, at lower temperatures than the majority of the CO2 in each sample. However, there is some
STERN ET AL.
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overlap of CO evolution with CO2 evolved at RN, GB, and OG below 450 °C,
which may indicate CO and CO2 were derived from a similar source (e.g.,
organics and carboxyls).

Figure 2. Nitrate abundance in eolian materials is greater than in most sedimentary rocks. Elevated values at CB likely reﬂect postdepositional processes. OG = Ogunquit Beach; GB = Gobabeb; RN = Rocknest; WJ = Windjana.

O2 in all Bagnold Dune samples evolved between 400 and 600 °C
(Figure 1e) and was consistent with oxychlorine (e.g., chlorate and perchlorate). HCl evolution at high temperatures (Figure 1f) has been attributed to water vapor reacting with chlorine from decomposition of
chloride salts, which are likely thermal decomposition products of the
oxychlorine phases, as well as chloride salts already present in Gale surface materials (Sutter et al., 2017). Chlorine measured by SAM (Table 1)
was quantiﬁed both indirectly and directly using two products of
perchlorate decomposition. Cl-ClO4 concentration was inferred from
evolved O2, while Cl-HCl produced during this reaction was evolved
above ~600 °C and was directly measured (Figure 1e). Cl-ClO4 and
Cl-HCl were both always lower than total Cl measured by APXS. This is
consistent with the presence of non-oxychlorine Cl associated with the
amorphous and/or a trace crystalline phase, such as NaCl or CaCl2
(Sutter et al., 2017).

5. Discussion
Grain size variation between RN and the Bagnold samples was likely the cause of the differences in the
observed water release proﬁles. RN contained a large fraction of ﬁne-grained material (75% at <100 μm) consistent with dust and silt sized grains (Minitti et al., 2013). The ﬁner grained materials at RN have higher surface area and, therefore, more adsorption potential, which leads to the higher water content and the lower
release temperature. Dust may also have structural water or hydroxylated surfaces that release water at lower
temperatures. The GB and OG3 water releases are consistent with lower surface area materials analyzed in the
laboratory, such as crushed basalt (McAdam et al., 2017).
While SAM detected Mg and Fe sulfates in eolian materials, APXS analyses showed greater SO3 content than
could be accounted for by SO3 derived from SAM evolved SO2 data (O’Connell-Cooper et al., 2017; Schmidt
et al., 2014). This is likely due to the presence of Ca sulfate minerals in these samples (Achilles et al., 2017;
Rampe et al., 2018; Vaniman et al., 2014), which do not evolve SO2 in the SAM temperature range
(Knudson et al., 2018; McAdam et al., 2015; Sutter et al., 2017). Ca sulfate is likely sourced from the pervasive
CaSO4 veins in local bedrock encountered by Curiosity in Gale crater (Nachon et al., 2017). Although CheMin
did not detect sulﬁdes above its detection limit (~1%), Fe sulﬁdes may be present and contribute to the SAM
evolved SO2, for example, pyrrhotite, as suggested for RN (Bish et al., 2013), which releases SO2 in the 500–
600 °C range in the presence of perchlorates (Ming et al., 2014).
Nitrate and oxychlorine concentrations are greater in Bagnold Dunes materials and in RN than in most sedimentary rock materials analyzed so far in Gale Crater (Figure 2). In terms of abundance, eolian samples appear
to have intermediate concentrations of nitrate (150–300 ppm) compared to most samples analyzed by SAM,
which generally have <200 ppm nitrate (Stern et al., 2017). Cumberland, a mudstone from the Yellowknife
Bay unit which was deemed to be a habitable environment (Grotzinger et al., 2014), was the only sample with
a higher nitrate concentration at 681 ± 304 ppm nitrate (Stern et al., 2017). These chemical species vary in the
Murray formation samples and are present at particularly low concentrations (or absent altogether in the case
of oxychlorine) in the nearby Marimba and Oudam sedimentary rock samples (Stern et al., 2017). One reason
for this may be that, although these surface materials are active, their exposure to the atmosphere allows
them to accumulate nitrate and oxychlorine, which at some point in time formed by photochemical and radiolytic mechanisms (Carrier & Kounaves, 2015; Catling et al., 2010; Wilson et al., 2016). Similar to Mars, terrestrial nitrate, chlorate, and perchlorate formation through atmospheric and surface-atmospheric reactions will
permit accumulation of these soluble phases in hyper-arid environments where precipitation is limited
(Jackson et al., 2015, 2016; Lybrand et al., 2016). While the rates of nitrate or oxychlorine production in the
modern Martian atmosphere are unknown, Bagnold dune materials have likely been exposed for millions,
if not billions, of years, and even slow production of these species could result in modest enrichment in
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the surface materials. Another explanation for the absence of these species in nearby bedrock could be
removal by ﬂuvial processes or temporal variations in deposition.
Nitrate and oxychlorine have been shown to be correlated on Mars (Stern et al., 2017) as they are in hyperarid
environments on Earth (e.g., Jackson et al., 2015). When plotted with Gale crater sedimentary rocks (Figure 2),
there is an apparent enrichment in oxychlorine in Bagnold Dunes materials and RN. Eolian samples generally
had 0.3–0.7 wt. % O2 (0.15–0.36 wt. % ClO4 ), while sedimentary rocks (with the exception of Cumberland in
Yellowknife Bay) ranged from having no detectable O2 to 0.46 wt. % O2 (0.23 wt. % ClO4 ; Sutter et al., 2017).
While GB1 and RN had comparable amounts of nitrate, RN appears to have more oxychlorine than GB1 or
OG3 (Figure 2). This is consistent with ChemCam observations of enriched Cl in the dust phase (Lasue et al.,
2018) and is likely due to the large component of dust in RN. This enrichment in oxychlorine over nitrate was
observe at Windjana (WJ), an ancient cross-stratiﬁed sandstone consisting of ﬂuvial sand reworked by eolian
processes (Grotzinger et al., 2015; Treiman et al., 2016). Oxychlorine enrichment in the WJ sample may be due
to subaerial exposure of WJ materials prior to lithiﬁcation and burial. This would suggest that nitrate may not
have been produced at the same rate as oxychlorine at the time of deposition of WJ, or was destroyed
or removed.
Eolian materials differ from sedimentary rocks in Gale crater in both the concentrations and evolution
temperatures of CO2. CO2 evolved from all Bagnold samples at higher concentration (0.4 to 0.8 wt. %)
than local bedrock (0.1 to 0.4 wt. %; Ehlmann et al., 2008; Sutter et al., 2017). In addition, the majority
of CO2 was evolved above 450 °C (Figure 1d) in all three eolian samples, while most sedimentary rocks
investigated thus far released CO2 below 450 °C (Sutter et al., 2017). The Bagnold Phase 2 eolian sample,
OG3, contained less CO2 than other eolian samples but shows the same evolution temperatures as the
GB samples.
Thermal decomposition techniques such as stepped pyrolysis and combustion coupled with gas chromatography and/or isotopic analysis have been widely used in terrestrial (e.g., Gilmour & Pillinger, 1985) and
meteorite studies (e.g., Sephton, 2012) to identify organic and inorganic carbonaceous components. In general, carbonate evolves CO2 from 500 to 900 °C in SAM-like EGA analyses (e.g., Sutter et al., 2012), depending
on mineralogy. However, for in situ EGA experiments on Mars (e.g., Leshin et al., 2013), distinguishing the
source of evolved CO2 has been complicated by the presence of oxychlorine, which provides oxygen to combust low and middle molecular weight organics in the sample below 600 °C. In addition, HCl generated by
decomposition of oxychlorine can drive carbonate decomposition temperatures down by 100 °C or more
(Cannon et al., 2012; see also SI), into the range of temperatures typically expected for combustion of organics. Therefore, assignments of organic and inorganic to our CO2 releases must be considered best guesses.
The CO2 evolution temperatures and lack of corresponding CO peak above 450 °C in GB and OG3 are consistent with CO2 evolutions of Mg and Fe carbonate in the presence of oxychlorine in SAM-like laboratory
experiments (SI). However, other potential interpretations include complete combustion of organic molecules to CO2 by O2 released over this temperature range by perchlorate decomposition, including a small
contribution from combustion of organics from the instrument background (Eigenbrode et al., 2018).
Combustion of instrument background is estimated in the SI, and only makes up a minor component of
the total evolved CO2 (see SI). At RN, the CO2 evolutions between 350 and 600 °C suggest Fe carbonates
(Leshin et al., 2013; Sutter et al., 2017), although some contribution from organic phases cannot be ruled
out, particularly below 500 °C. Furthermore, enriched δ13C values of CO2 evolved above 350 °C compared
to CO2 evolved below 350 °C in RN materials reported in Leshin et al. (2013) have been used to support
the presence of carbonate above 350 °C and organics below 350 °C (Leshin et al., 2013).
A small amount of CO2 was evolved below 450 °C in Bagnold Dunes samples and overlapped with CO
between ~300 and 450 °C, potentially suggesting incomplete combustion of an organic source. This could
include indigenous Martian organics, organics from infall of meteoritic material, or instrument contamination
(or a mixture of these). The ﬁrst SAM derivatization experiment was performed on OG materials (Malespin
et al., 2018) and will provide insight into any complex organics present. In addition, decarboxylation of simple
carboxylic acids such as oxalates has been suggested as a source of evolved CO2 on Mars (Applin et al., 2015;
Benner et al., 2000; Eigenbrode et al., 2014; Sutter et al., 2017). These oxalates could form as a product of
Fenton-like reactions in the presence of UV radiation in the Martian atmosphere or on the surface (Benner
et al., 2000).
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RN = Rocknest.
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If we hypothesize that CO2 evolved above 450 °C was from carbonate, and CO2 evolved below 450 °C was derived from organic
sources, weight percentage of inorganic carbon (e.g., carbonate) and
organic carbon can be estimated in these samples (Figure 3).
Bagnold Dune samples GB1 and OG3 were estimated to have
0.15 ± 0.06 and 0.09 ± 0.03 wt. % inorganic C, respectively. This corresponds to 0.74 ± 0.30 and 0.43 ± 0.17 wt. % carbonate, respectively. RN has 0.08 ± 0.02 wt. % inorganic C, or 0.41 ± 0.11 wt. %
carbonate. These carbonate concentrations are below the detection
limit (~1%) of the CheMin instrument. Carbonate detected on Mars
has been traditionally associated with dust (Bandﬁeld et al., 2003)
but has also been detected in rocks on the outcrop to regional scale
(Ehlmann et al., 2008; Morris et al., 2010). Carbonate detected in Mars
surface materials is not unexpected, although if carbonate primarily
exists in dust, carbonate would be expected to be more abundant
in RN than in GB1 and OG3. If carbonate is present in the very ﬁne
sand (100–150 μm) size fraction of Bagnold sands, this suggests that
the source of carbonate must be sedimentary rock within Gale crater,
and not global dust.

Organic carbon in Bagnold Dunes samples is within the error of the measurement (0.03 ± 0.15 wt. % at
OG3 and 0.02 ± 0.09 wt. % at GB1). RN, in contrast to Bagnold, appears to have organic carbon above
measurement error (0.13 ± 0.08 wt. %), which could originate from combustion or decarboxylation of
small organic salts such as Fe or Mg oxalates or acetates (Sutter et al., 2017), but is unlikely to originate
from the instrument itself (as this has already been subtracted from the total carbon). The difference
between RN and Bagnold Dunes samples may indicate that the dust phase at RN is the reservoir for
the organics in eolian material.

6. Conclusions
Volatile compositions of eolian materials sampled at OG3 in Phase 2 of the Bagnold Dunes campaign are
similar to those sampled in Phase 1, with similar water, nitrogen, oxygen, chlorine, carbon, and perhaps
sulfur bearing species. OG3 is slightly depleted in volatiles compared to both GB1 and RN, particularly
in SO2. Differences in the temperature of volatile evolutions at RN compared to Bagnold Dune Field
appear to be primarily due to differences in dust content. The ﬁne-grained phase of RN is enriched in
adsorbed water and perhaps in Fe sulfate and Fe nitrate/nitrate compared to coarser Bagnold materials,
which are more Mg rich, based on differences in evolution temperatures. CO2 and CO evolve at lower
temperatures in RN, either due to their evolution from ﬁner grained carbon bearing phases or different
carbon bearing phases.
The Bagnold Dune materials likely represent a regional source within Gale Crater, with little contribution from
global dust. These materials are distinct from RN eolian materials, which perhaps represent global contributions. The presence of evolved CO2 above 450 °C thought to originate from thermal decomposition of carbonate sets Bagnold eolian samples apart from sedimentary rocks in Gale crater. This is intriguing because this
carbonate is present in the relatively dust-free Bagnold Dune sands but not in most Gale crater sedimentary
rocks analyzed thus far, suggesting a regional source of carbonate somewhere inside of Gale crater.
Enrichment of CO2, NO, and O2 in eolian materials with respect to sedimentary samples in Gale crater could
be due to accumulation of nitrates, oxychlorine, and organic carbon (e.g., oxalate and organic salts) formed
by photochemical and grain surface processes in the Martian atmosphere. The fact that Bagnold eolian materials enriched in nitrate and oxychlorine are located geographically near other samples analyzed by Curiosity
in which both species are absent suggests either removal of these species from sedimentary rocks or temporal variations in their deposition. The question of whether these species are currently being created by
surface-atmosphere interactions or are the product of relic atmospheric processes motivates the need for isotope measurements such as 15N in nitrates, as well as a better understanding of the exposure ages of
surface materials.
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