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Soil Diversity and Hydration
as Observed by ChemCam
at Gale Crater, Mars
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The ChemCam instrument, which provides insight into martian soil chemistry at the submillimeter
scale, identified two principal soil types along the Curiosity rover traverse: a fine-grained mafic
type and a locally derived, coarse-grained felsic type. The mafic soil component is representative
of widespread martian soils and is similar in composition to the martian dust. It possesses a
ubiquitous hydrogen signature in ChemCam spectra, corresponding to the hydration of the
amorphous phases found in the soil by the CheMin instrument. This hydration likely accounts

for an important fraction of the global hydration of the surface seen by previous orbital
measurements. ChemCam analyses did not reveal any significant exchange of water vapor between
the regolith and the atmosphere. These observations provide constraints on the nature of the

amorphous phases and their hydration.

inventory of the martian soil constitute an

open record of the igneous history of the
martian crust, its meteoritic bombardment, and
the physical and chemical weathering processes
that transformed primary igneous rocks into sec-
ondary products [e.g., (/-3)]. They reflect the
aqueous history of Mars and the evolution of its
climate. Physical weathering, transport, and sort-
ing processes have redistributed crustal constit-
uents in the soil, thus making its composition
difficult to decipher by remote sensing observa-
tions. However, these processes also make the
crust composition accessible through local in situ
measurements.

From orbital observations (neutron, gamma-
ray, and near-infrared spectroscopy), the martian
surface is known to hold 2 to ~10 weight per-
cent (wt %) of water-equivalent hydrogen at
mid- and low latitudes (4-6). Thermodynamic
models of ice stability [e.g., (7)] and equilibra-
tion models of various hydrous minerals [e.g.,
(8, 9)] have ruled out some simple explanations
for the origin of this water reservoir. Although
hydrated sulfates and clay minerals have been de-
tected from orbit, they cover only a small fraction
of the entire surface (/0—12) and, to the extent of
what can be observed by remote sensing, are
limited to bedrock outcrops (13, 14), whereas the
hydration of the topmost microns of the regolith
probed by the Visible and Infrared Mineralogical
Mapping Spectrometer (OMEGA) aboard the Eu-
ropean Space Agency’s Mars Express orbiter is

The composition, mineralogy, and volatile
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global and usually unrelated to bedrock exposures
(6, 15). Therefore, the nature and origin of this
global hydration remain largely unknown. Deter-
mining its nature is important for understand-
ing the relationship between the regolith and the
atmosphere as well as the aqueous history of
Mars overall.

Before the Mars Science Laboratory mission,
the bulk chemical composition of the soil was
characterized in situ at five different locations
on Mars by Viking 1 and 2 (16, 17), Mars Path-
finder (/8), and the Mars Exploration Rovers
(MERs) both at Meridiani Planum (/9) and in
Gusev Crater (20). Both bright dust and dark soil
deposits on opposite sides of the planet were
found to be very similar (27). The Gamma Ray
Spectrometer (GRS) onboard the Mars Odyssey
orbiter provided data about the elemental compo-
sition of the martian surface (4) and revealed
large-scale heterogeneities, suggesting both local
and regional sources for the surficial materials
(22). Analyses of martian meteorites gave detailed
information on the composition of the martian
crust and interior (23). The composition of the
martian surface was also estimated indirectly
from its mineralogical characterization (24-26),
but the cross section for very fine particles in
these observations is often inordinately small. These
investigations covered very different spatial scales,
but no in situ information on martian soil chem-
istry was available at the subcentimeter scale (in
areal extent), except for its volatile inventory in
organic and volatile inorganic compounds by the
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Viking and Phoenix landers (~100-mg samples
were analyzed by the Viking Molecular Analysis
Experiment) (27, 28). This higher resolution is
crucial to unraveling the chemical and physical
processes that formed the martian soil. Understand-
ing the soil fine-scale chemistry, including its hy-
dration, is an important objective of the ChemCam
instrument onboard the Curiosity rover.

The laser-induced breakdown spectrometer
(LIBS) on the ChemCam instrument (29, 30)
provides insight on martian soil and dust chemi-
cal variability at the submillimeter scale. The
small sampling area of the ChemCam laser (~350
to 550 um depending on distance) allows it to
isolate various soil components and identify mix-
ing trends that bulk measurements might aver-
age together. The spectroscopic measurement
of each individual soil, or “LIBS point” (37), is
typically obtained from a series of 30 to 50 laser
shots. Because each shot produces a LIBS spec-
trum of a deeper portion of the soil than the
previous shot, it is possible to retrieve a profile
of chemical composition to depths of a few mil-
limeters in soils and a few tens of micrometers in
rocks. The uncertainty budget of the LIBS mea-
surements is small enough for such types of analy-
ses to be performed. This yields analyses deeper
than the probing depth of thermal, near-infrared,
and x-ray spectrometers but shallower than GRS
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Curiosity at Gale Crater

nuclear techniques, which can profile a few tens
of centimeters. ChemCam is sensitive to the pres-
ence of hydrogen and can therefore investigate
its spatial and temporal variability, providing
constraints on the H,O budget of the martian
surface.

Results

With 139 LIBS points acquired on soil targets
during the first 90 sols of the mission (~3600
spectra) (Fig. 1A), ChemCam has collected a
data set that is well suited to statistical analysis.
Here, a soil target is defined as a loose, uncon-
solidated material that can be distinguished from
rocks, bedrock, or strongly cohesive sediments
(32). Images taken with the Remote Microscopic
Imager (RMI) show a diversity of soil targets
analyzed by ChemCam that range from homo-
geneous soils made of fine-sand particles (Fig.

1C) to mixtures of fines and pebbles with typical
grain sizes of <4 mm, classified as “fine gravels” in
terms of the Wentworth-Krumbein scale (Fig. 1, B
and D).

Soil Chemical Diversity

A cluster analysis of the spectra based on an in-
dependent components analysis (ICA) (33, 34)
and chemical quantification obtained with a partial
least-squares technique known as PLS2 (34-36)
revealed that the soils observed during the first
90 sols at Gale crater follow a compositional trend
between two major end members: a mafic com-
ponent (cluster 1 or “mafic type”), and an alkali-,
aluminum-, and silica-rich component (cluster 2
or “felsic type”™). Cluster analysis reveals that two
main groups of targets are indeed discriminated
by their Si, Al, and Na components (Fig. 2 and
Fig. 3A). Compositions obtained with PLS2 are

Akaitcho

HUMMOCKY
UNIT.

Crestaurum, Schmutz, Port
Rocknest3_top, Rockneést7,
Epworth, ;

, Coppermine

consistent with this analysis (Fig. 3B). A third
cluster shares a relatively high Mg component
with the mafic type but has a lower H and a
higher Na component. Its composition is inter-
mediate between the two former end members.
The mean composition of cluster 1 is close to the
APXS (Alpha Particle X-ray Spectrometer) com-
position of Portage (a soil target in a rover wheel
scuff measured by both instruments) and to the
composition of the dust measured by ChemCam
on rock surfaces, although the latter was found to
show less chemical variation (Table 1) (37). The
felsic type is similar in composition to the high-Si
minerals measured by ChemCam in neighboring
rocks, such as Stark, a pitted, pumice-like rock,
and Link, classified as a fine-pebble fluvial con-
glomerate (Fig. 3B) (38—40). Felsic-type soil tar-
gets are mostly found in the hummocky region in
the vicinity of the landing site (Bradbury Rise)

Fig. 1. ChemCam soil targets. (A) Rover traverse and location of ChemCam
soil targets for the first 100 sols [image credit: NASA/JPL-Caltech/Univ. of Arizona].
Names appearing in orange correspond to locations where ChemCam points
belonging to cluster 2 (felsic type) were found. Points belonging to cluster 1 (mafic
type) were found in all locations. (B to D) Three examples of soil targets imaged by
the RMI: (B) vertical transect across a trench dug into the Rocknest sand shadow,
covered with ~1-mm grains (Epworth3, sol 84); 15 ChemCam points were acquired

1238670-2 27 SEPTEMBER 2013 VOL 341

from the bottom to the center of the image; the cross hairs only represent some of
the LIBS spots; (C) homogeneous, fine-grained soil (Crestaurum, sol 83); (D) het-
erogeneous soil containing ~3-mm pebbles (Beaulieu, sol 33). The eight points of
target Crestaurum and Beaulieu point #1 belong to cluster 1. Beaulieu points #2,
#3, and #4 belong to cluster 2. Beaulieu point #5, at the intersection between a
small pebble and the surrounding fines, belongs to cluster 3. Some points of
Epworth, on top of the Rocknest sand shadow (B), also belong to cluster 3.

SCIENCE www.sciencemag.org



(Fig. 1A), which reveals a change in local source
composition along the traverse. The composition
of the average martian soil measured by other in
situ missions (4/) falls near the center of the Gale
crater soil data cluster (Fig. 3B), closer to the
mafic type, consistent with Mars Odyssey GRS
data measured in these locations (22).

Relation Between Grain Size and Composition

Integrating physical properties such as grain size
with chemical data is important to better under-
stand the soil composition and its formation
processes (3). Analyses of ChemCam RMI im-
ages and variations of chemical composition and
intensity of the spectra with depth (fig. S1) (34)
reveal a correlation between composition and grain
size. The mafic-type soils comprise a mixture of
grains that are both coarser and finer than the
LIBS spot size of ~400 um (42), the coarser grains
having on average higher SiO, and alkali abun-
dances (Fig. 3B and fig. S3). Conversely, the
felsic-type targets are almost exclusively coarse,
millimeter-sized grains. This explains why cluster
2 is classified with some rock targets in the cluster
analysis (Fig. 3A). The observed compositional
trend, almost continuous, and its spread (Fig. 3B)
could be produced by the mechanical mixing of
different proportions of the two former compo-
nents, from solid solutions or mixing between
subcategories of each cluster, or from the pres-
ence of other chemical extremes falling on the
same trend that could only be revealed by clas-
sification at the subpoint scale. Part of the spread

0.05 £ Si

can also result from the inherent shot-to-shot dis-
persion of the spectra. Cluster 3 is an intermediate
category of targets that is more difficult to define
uniquely, probably as a result of the above pro-
cesses and because the sorting of grains is less
obvious. In some instances, clear mechanical mix-
ing between the mafic and felsic types can be seen
on RMI images of cluster 3 targets (Fig. 1D) or by
looking at profiles of chemical composition with
depth, which reveals the presence of buried coarse
felsic grains (e.g., Epworth2 #3, located in the
sand shadow armor shown in Fig. 1B).

Chemical Variability at Rocknest Site
The Curiosity rover remained for ~45 sols at a
site called Rocknest in the vicinity of an aeolian
bedform. The Rocknest soils, mostly sampled in
the sand shadow, belong almost entirely to clus-
ter 1. They differ distinctly from the iron-rich
mafic rocks identified at Rocknest and are char-
acterized by higher Mg//(Mn,Cr) (43), H, and
Ca ICA components and lower Fe and Ti com-
ponents than the latter (Fig. 3, A and C). The
positive correlation between Mg and Cr suggests
that they contain various proportions of picritic
basaltic material. Although Mn and Cr are posi-
tively correlated with Mg in Rocknest soils, their
concentration is lower than in the Rocknest rocks.
These differences suggest an absence of a genetic
relationship between soils and rocks in this area,
except as noted below.

Spatial chemical diversity as a result of phys-
ical sorting by grain size (44) was readily appar-
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Fig. 2. Characteristic spectra of the three clusters. LIBS spectra of points Beaulieu #1 (mafic type),
Beaulieu #2 (felsic type), and Beaulieu #5 (intermediate cluster), also shown in Fig. 1D. Each row
corresponds to one of the three channels of ChemCam’s Body Unit. An offset has been applied to
separate the three spectra. The inset shows the hydrogen and carbon lines around 656 nm.
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ent in the sand shadow. Analysis points obtained
on top of the bedform, armored with millimeter-
sized grains (Fig. 1B), have on average higher
Si, Na, K, and Al contents than the interior of
the trench dug into the sand shadow, which is
composed of fine-sand particles (fig. S3) (34).
However, none of these points is classified with
either felsic rocks/soils or Rocknest rocks, ex-
cept Kenyon #8 (cluster 2) and Epworth2 #3 (clas-
sified in cluster 3 as a result of mixing between
mafic type and felsic type), which suggests that
they are not locally derived and have been subject
to transport. The presence of the coarse grains
Kenyon #8 and Epworth2 #3 provides evidence,
however, that some local material has been in-
corporated into or on top of the sand shadow.

Low SiO, Abundances in the

Fine-Grained Component

Some points within the mafic type (cluster 1), par-
ticularly its fine-grained fraction, have low SiO,
(as low as ~34 wt %) and a low sum of predicted
oxides (Fig. 3B), averaging from ~87 wt % totals
for the cluster 1 average composition to as low
as ~76 wt % totals for the low SiO, value points.
This suggests that the mafic-type soils contain a
greater abundance of several elements (H, C, N,
P, S, Cl, F) that are not easily detected by LIBS
or quantifiable by PLS2. The low SiO, and total
values may be attributed to the presence of an
amorphous component that has been detected in
the soil by CheMin and quantified by CheMin
and APXS at levels of 27 to 45 wt % (45, 46).
This component is Si-poor (SiO, = 37.2 wt %)
and S-, Cl-, and possibly P-rich (with values of
SO; = 11.0 wt %, Cl = 1.4 wt %, and P,Os =
2.1 wt %) (46). Adding this composition from
CheMin/APXS and 5 to 9 wt % of H,O inferred
from SAM (Sample Analysis at Mars) for the amor-
phous component (47) to the initial ChemCam
totals yields a sum of ~97.5 wt % for the low-silica
samples—a reasonable total given the accuracy
of the PLS2 method (48) and the omission of
other minor oxides in the calculation. It is also
possible that lower SiO, values are associated with
even greater abundances of S, Cl, and P than de-
rived from the bulk values calculated or measured
by CheMin and APXS. This analysis suggests that
ChemCam has probed the soil amorphous com-
ponent incorporated in the mafic type, which was
made possible by the small area of the LIBS
interaction.

It is also noteworthy that the fine-grained tar-
gets belonging to cluster 1 have higher CaO con-
centrations. PLS2 results reveal an anticorrelation
between CaO and SiO, that mimics that between
SiO, and the sum of missing oxides (Fig. 4), im-
plying that a fraction of CaO is associated with an
element that is not predicted by the PLS2 tech-
nique (49, 50). Some of this calcium could be
associated with sulfur, which may be evidence
for incorporation of Ca sulfates from neighboring
areas. SAM and CheMin instruments have not
found evidence for abundant crystalline Ca sul-
fate minerals in Rocknest soil (<150 um fraction),

1238670-3
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Fig. 3. Classification of ChemCam targets and chemical trends. (A)
Schematic dendrogram of the clustering analysis of ChemCam targets (rocks
and soils), based on ICA. The elements driving the division of the clusters are
listed on each branch. The elements appearing in parentheses, although not
sufficient to divide the clusters, show significantly larger signal than the mean
of the whole population or subgroup. (B) Composition of ChemCam soil tar-
gets (the averages of each LIBS point are represented by colored diamonds),
Link and Stark rocks, and dust, derived from the PLS2 technique. The dust
composition is shown with 1o standard deviation. All shot-by-shot data are

Mg//(Cr,Mn) component (x104)

also shown, divided between shots that qualitatively appear to be from “coarse”
grains (in gray) and from “fine” grains (in black). The average martian soil com-
position from (41) and the APXS composition of soil Portage (46) are shown for
comparison. Differences in normalization are described in the supplementary
material (34). (C) ICA classification of soils and rocks measured at Rocknest site
showing a clear distinction between them along the (Fe+Ti) and Mg/(Cr,Mn)
components (43). The point Epworth #5 (B), which represents a class in itself
(characterized by its CaO component), is not represented in the dendrogram for
the sake of clarity. Epworth3 #3 is another calcium-rich coarse grain.

although CheMin reports 1.4 wt % anhydrite, which
is near its detection limits (45, 47). Ca perchlorates
were identified tentatively by SAM at abundances
below the detection limit of CheMin (45, 47). The
largest CaO and lowest SiO, values were obtained
for points Epworth #5 and Epworth3 #3 (Fig. 4),
two coarse grains buried in the Rocknest sand
shadow, whose size (>150 um) probably excluded
them from being analyzed by SAM and CheMin.

Soil Hydration

An outstanding feature in ChemCam LIBS spec-
tra of all cluster 1 soils is a ubiquitous hydrogen
emission peak. ICA analysis reveals a hydration
trend that closely follows the trend in composi-
tion and grain size (Fig. 5). The fine-grained
mafic soil component and the dust (Fig. 6A) are

1238670-4
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enriched significantly in H relative to the felsic-
type component and coarse grains, whose H sig-
nal is similar to that of local rocks and ChemCam
anhydrous calibration targets (Fig. 5 and Fig.
6A). This trend is consistent with the hypothesis
that soils are a mechanical mixture of compo-
nents characterized by different levels of hydra-
tion and that the average hydrogen abundance
present corresponds to the proportion of the fine-
grained component in the soil.

There are multiple potential carriers for this
hydrogen: (i) adsorbed atmospheric H,O, con-
trolled by the soil specific surface area (SSA) and
possibly forming thin grain-surface brines (57); (ii)
hydrated crystalline minerals, including phyllo-
silicates and salts; and (iii) amorphous or poorly
crystalline hydrated phases. CheMin found no

evidence for the presence of hydrated crystalline
minerals in the soil, which suggests that the hy-
drogen detected by ChemCam and H,O measured
by SAM (47) is either adsorbed or corresponds
to the hydration of the amorphous component
detected by CheMin, or both. Adsorbed water
would be preferentially associated with the amor-
phous phase if it is porous.

Three experiments were conducted with
ChemCam to provide additional constraints on
the nature of the observed hydrogen. The varia-
bility of hydrogen in the martian soil was moni-
tored as a function of time and depth at different
scales: (i) an examination of day/night H varia-
tions in the upper millimeter of undisturbed soil;
(ii) observations of H variations with depth,
over the first millimeter and over a few centi-

SCIENCE www.sciencemag.org



Table 1. Soils and dust composition and comparison to previous inves-
tigations. PLS2 mean compositions of clusters 1 and 2 (with standard deviations
in parenthesis), dust (ChemCam first shots) (37), and comparison to the average
martian soil (41) and to the APXS composition of Portage (46). PLS2 root-mean-
square error of prediction (RMSEP) for each element is indicated in the rightmost

RESEARCH ARTICLE

column. Differences in normalization between ChemCam and APXS data, which
are discussed in the supplementary material, can result in slightly greater abun-
dances measured by the APXS (34). ChemCam abundances for Al and Fe are less
reliable, and Fe may be underestimated by a few wt %. Cr and Mn can be
quantified by univariate analysis, but not accurately by PLS2.

Cluster 1 Average Portage Portage soil Dust Dust Cluster 2 PLS2
(mean) martian soil* soil (ChemCam) (APXS) (ChemCam) (MER APXS)t (mean) RMSEP
Si0, 43.5 (3.8) 45.41 45.0 (4.4) 42.88 + 0.47 42 0 (2.4) 44.84 + 0.52 66.0 (5.0) 7.3
Ti0, 0.6 (0.2) 0.90 0.6 (0.2) 1.19 + 0.03 8 (0.2) 0.95 + 0.08 0.1 (0.1) 0.7
AlL03 11.4 (1.1) 9.71 11.9 (1.4) 9.43 + 0.14 10 9 (0.8) 9.32 +0.18 11.6 (1.6) 3.0
FeOy 13.8 (1.1) 16.73 13.6 (1.5) 19.19 + 0.12 13 7 (1.1) 16.961 = 0.74 6.2 (3.7) 5.7
MgO 7.5 (1.5) 8.35 7.8 (1.8) 8.69 £ 0.14 3 (0.8) 7.89 + 0.32 1.4 (1.1) 4.0
Ca0 8.0 (1.4) 6.37 7.7 (1.8) 7.28 £ 0.07 8 (1.1) 6.34 + 0.20 7.5 (2.7) 4.2
Na,0 2.2 (0.4) 2.73 2.3 (0.5) 2.72 £ 0.10 2.0 (0.3) 2.56 + 0.33 4.0 (0.4) 0.8
K;0 0.6 (0.2) 0.44 0.6 (0.2) 0.49 + 0.01 0.7 (0.2) 0.48 + 0.07 2.1 (0.5) 0.9
Cr,03 — 0.36 — 0.49 + 0.02 — 0.32 + 0.04 — —
MnO — 0.33 — 0.41 + 0.01 — 0.33 + 0.02 — —
P,05 — 0.83 — 0.94 + 0.03 — 0.92 + 0.09 — —
SO3 — 6.16 — 5.45 £ 0.10 — 7.42 £ 0.13 — —
cl — 0.68 — 0.69 + 0.02 — 0.83 + 0.05 — —
Sum of oxides 8.36 7.98 9.82
not quantified
by PLS2
Residual$ -3.0 2.4 —4.2
Total 87.6 99 89.5 99.85 85.2 99.2 98.9 11.4
*From (41). tFrom (54). $FeO = 10.42 £ 0.11 wt %, Fe,0; = 7.28 + 0.70 wt %. §Difference, expressed as [(total APXS) — (sum of oxides not quantified)] — (total PLS2), between

adjacent columns. This residual is partly due to the difference of normalization, as APXS data are normalized on a water- and carbon-free basis (34).
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Fig. 4. Chemical correlations in the Rocknest soil. (A) Correlations be-
tween the sum of missing oxides and SiO,, suggesting that the low SiO, values
are associated with missing elements. (B) Anticorrelation between CaO and

Si0,. Shot-by-shot PLS2 values of Rocknest soil are plotted together with shots
from Epworth #5 and Epworth3 #3, two coarse grains found on top of and in
the interior of the sand shadow, showing relatively large CaO abundances.

meters, when a scoop in the Rocknest sand shadow
was excavated; and (iii) observations of H var-
iations with time, over a few days, of a freshly
exposed soil to look for signs of desiccation. The
first experiment was performed on a fine-grained
soil target, Crestaurum (Fig. 1C), at the surface of
an acolian bedform. Day and pre-dawn measure-
ments of H showed very consistent values and no
H enrichment in the first shots, which are most
likely to be affected by diurnal exchange of H,O
or frost deposit (Fig. 6A). The second experiment
was performed on a large set of points, both in
undisturbed soil and in the interior of the ~3-cm-
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deep trench in the Rocknest sand shadow; no sta-
tistically significant variations were seen within the
first millimeter probed or between the different
points (Fig. 6, B and D). This suggests that the HO
content measured by SAM may be extrapolated to
the surface of similar undisturbed soils. In the third
experiment, similar points within the interior of the
trench monitored over a 25-sol period, 11 sols after
the soil was exposed, did not reveal statistically
significant variations (Fig. 6C). These results,
together with preliminary estimates of the sensitiv-
ity of ChemCam measurements (52), suggest that
the diurnal exchange of H,O with the atmosphere

27 SEPTEMBER 2013

leads to variations of H,O abundance of less than
~1.1 wt % for the type of soils we analyzed under
humidity conditions prevailing at Gale crater near
solar longitude L ~200°. Either the equilibration
of the interior of the sand shadow with the surface
atmosphere occurred faster than 11 sols, or the
gradient of water-equivalent hydrogen with depth
was less than ~0.25 wt % over a few centimeters.

Discussion

Origin of the Soils
The abundance and distribution of light-toned
pebbles with high Si, Na, and Al contents along
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the rover traverse suggest that material with felsic
composition is common near the landing site but
limited to the pre-Rocknest hummocky unit. The
surface of Bradbury Rise is characterized by the
presence of fluvial sedimentary conglomerates,
only one of which (Link) was observed by ChemCam
(39). Its clasts have a range of SiO,, Al,Os, and
alkali compositions close to that of alkali feldspar
(38—40), consistent with the composition of some
felsic-type pebbles. This observation supports the
interpretation that loose and cemented clasts in
the hummocky region have a common origin. In
this case, the felsic-type pebbles would have one
of two origins: They could have resulted from in
situ weathering of the sedimentary conglomerates,
or they could have been transported and deposited
from the same source region without being ce-
mented. The abundance of such pebbles reinforces
the view that the hummocky unit could contain
abundant feldspar-rich crustal material that has
not been probed by past instruments (38, 40) and
possibly originates from the crater rim (39). The
pebbles with largest SiO, concentrations may rep-
resent lithic fragments from silica-rich, pumice-like
rocks similar to Stark (38, 40).

The mafic soil component was found not only
in the Rocknest sand shadow and in aeolian bed-
forms, but throughout the rover traverse (Fig. 1A).
It differs chemically from any of the rocks analyzed
in the hummocky unit, supporting the idea that it
is not locally derived at the scale of this geological
unit. Its composition is similar to that of soils and
dust measured elsewhere on Mars. Its presence
in soils at Gale crater must reflect the efficiency
of large-scale processes such as acolian transport
and impact gardening. It could reflect the wide-
spread presence of regions with similar basaltic
composition, possibly characterized by lower re-
sistivity to physical and chemical weathering. On
the other hand, investigations at other landing
sites also found relatively little influence from
local bedrock composition (27), rock composi-
tions found at Gale crater differ from other sites
(38), and Mars Odyssey GRS found large provinces
characterized by different compositions (22, 53);
these findings could indicate that the mafic soil
component in fact represents an average of dif-
ferent compositions as a result of large-scale homog-
enization processes. It was suggested, for instance,
that this ubiquitous material was made of two un-
related components: a component derived from
relatively young olivine-rich basalts degraded under
relatively anhydrous conditions and a component
containing clay minerals, amorphous silica, and
sulfur- and chlorine-rich nanophase ferric oxides
resulting from the alteration of ancient rocks under
hydrous conditions (2). This type of scenario could
be consistent with CheMin characterization of the
Rocknest soil [although CheMin did not detect
the presence of phyllosilicates in that soil (45)] and
with the evidence for the presence of a hydrated
amorphous component.

The dust analyzed by ChemCam is basaltic,
and its composition is similar to that measured by
the MER APXS at the surface of bright soils (54)
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(Table 1). Both its composition (including an
Si0, abundance greater than that of the amor-
phous component) and its chemical homogeneity
(i.e., small point-to-point variability, reflected
in a standard deviation lower than that of clus-
ter 1) suggest that its chemical alteration was
limited, in agreement with previous observations
of the presence of olivine minerals by the MERs
(54-56). Fine by-products of the physical weath-
ering of larger basaltic grains during their transport
(57), or aceolian abrasion of rocks, would be con-
sistent with these observations. On the other hand,
the hydration measured by ChemCam, and the
high S, P, and Cl content probably associated with
nanophase iron oxides inferred from MER APXS
analysis (54, 55), hint at the presence of weather-
ing products, although adsorption could also
play an important role given their small size. The
homogeneity of the dust composition observed
by ChemCam could therefore also reflect the
very small scale of the dust particles with respect
to the size of the LIBS spot.

The fact that none of the points analyzed on
the Rocknest bedform armor is classified with
Rocknest or Bradbury Rise rocks (except Kenyon
#8) suggests that the millimeter-sized pebbles traveled
some distance from another source region before
ending their course at Rocknest. This is consist-
ent with their subangular to subrounded shape,
which is indicative of the mechanical erosion they
have undergone (fig. S2).

0.0010

Hydration of the Amorphous Phase

and Specific Surface Area of the Soil

Although the nature of the amorphous compo-
nent detected by CheMin in the <150-um frac-
tion of the Rocknest soil remains unclear, its
x-ray diffraction pattern resembles that of ba-
saltic glass with some allophane, a short-range
ordered hydrous aluminosilicate (45). Chemi-
cal data, however, suggest that the latter is likely
a surrogate for Fe**-bearing amorphous phases,
such as Fe-allophane, hisingerite (58), or nano-
phase iron oxides (45, 46). Interpretations of
orbital data also suggest the presence of allophane-
like silicate phases and ferrihydrite at the surface
of Mars (26, 59, 60), although Al-rich allophane
is not consistent with APXS chemical data (46)
and requires conditions of moderate pH (=5) to
form (61).

The large fraction of poorly ordered ferric
materials and their association with hydrogen
and other volatile species suggest a similarity
to terrestrial andisols. These soils develop in
volcanic ejecta (such as volcanic ash, pumice, or
cinders) and/or in volcaniclastic materials usu-
ally rich in volcanic glass; they are characterized
by a colloidal fraction dominated by short-range
ordered minerals or noncrystalline phases, espe-
cially allophane, imogolite, and noncrystalline
oxyhydroxides (e.g., ferrihydrite), or Al/Fe-humus
complexes often together with opaline silica
(61, 62). The strong sorption capacity of andisols
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Fig. 5. ICA classification of soils and rocks along Na and H components. A hydration trend
from cluster 2 to cluster 1 soils and going through cluster 3 is observed, away from the rocks (the x and y
axis represent the covariance between each of the spectra and the independent components) (34). It
suggests mechanical mixing between fine hydrated particles and drier coarse grains.
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due to the presence of these amorphous phases
could be relevant to Mars. Sorption of phos-
phate in andisols, for instance, has been shown
to inhibit the crystallization of ferrihydrite to
more crystalline goethite and hematite (67). High
sorption capacities could also make the regolith
an important contributor to the atmospheric
H,O cycle (63, 64). In andisols, allophane and
iron (oxy)hydroxides contain substantial amounts
of adsorbed H,O because of their large spe-
cific surface area (SSA) (65) and the presence
of surface hydroxyl groups that act as strong
adsorption sites through hydrogen bonding (66).
Similarly, the abundance of these hydroxylated
phases may dominate the SSA of the martian
soil and thus the level of atmospheric H,O stored
in the regolith. Laboratory experiments per-

formed on ferrihydrite and on phyllosilicate-poor,
allophane-rich palagonitic dust from the flanks
of Mauna Kea volcano, Hawaii (67, 68), show
indeed that these materials can hold relatively
large amounts of adsorbed H,0 (a few wt %)
under martian conditions, even at low relative
humidities and with relatively fast exchange
kinetics (69).

Some differences with the martian soil are
therefore unclear. Indeed, the average level of hy-
dration of the amorphous phases (5 to 9 wt %),
measured by SAM (47) to a temperature of 835°C,
contrasts with the relatively small amount of
H,0 measured at temperatures less than 150° to
200°C, a typical range of temperatures where
H,0 adsorbed in allophane-rich material is re-
leased (70). This also contrasts with the lim-
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ited time variability of H,O abundance measured
by ChemCam in the near-subsurface and inferred
from orbital observations of the atmospheric
water column (77).

Determining the level of regolith-atmosphere
exchange of H,0, and thus its SSA, is also im-
portant to understand why the D/H ratio of soils,
measured by SAM, is close to atmospheric val-
ues (26). Estimates of the SSA of the martian
soil can be deduced from ChemCam day/night
experiment results (see Materials and Meth-
ods). We find an upper limit for the SSA of the
fine-grained component of 30 to 45 m* g!
(Fig. 7) (34), which does not contradict the only
SSA estimate available to date of 17 m*> g ' de-
rived by the Viking Gas Exchange Experiment
(72). The relatively low SSA suspected for the
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Fig. 6. Temporal and spatial variability of the hydrogen signal. (A)
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Crestaurum target analyzed on sol 74/75 [sol 74, 11:30 a.m. local mean solar
time (LMST), and pre-dawn of sol 75, 4:40 a.m. LMST]. The ratio between the
mean night and day S/B is 1.003, indicating no sign of water enrichment at
night. The average S/B of seven onboard calibration targets, used as a blank, is
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surface. The large error bars for these shots are probably due to differences in
dust coverage. The H S/B profile of Beaulieu point #2 (Fig. 1D), which belongs
to the felsic type, is also shown for comparison. It does not significantly differ
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from the blank. (B) Hydrogen S/B ratio over the first 30 shots and averaged over
62 homogeneous, fine-grained samples. Error bars are +1c (standard deviation
of the N averaged samples). (C) Variations of the hydrogen S/B ratio in the
interior of the trench as a function of the sol number (the trench was dug on sol
61). Each black point represents the average S/B of one of the LIBS points
acquired on the target. The standard deviation around the mean of each target
is ~0.2. (D) Histograms of the two populations of spectra acquired in the in-
terior of the trench (green) and in undisturbed surfaces (yellow), and charac-
terized by the same Na component. The x axis represents the H component of
the ICA analysis.
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noncrystalline fraction of the soil, deduced from
the low content of exchangeable H,O and com-
pared with the much higher values measured
for terrestrial allophane and ferrihydrite, suggests
that such strongly hydroxylated silicates may in
fact not be a very adequate analog for the mar-
tian soil, or that their porous structure has been
modified.

Conclusion

ChemCam and APXS instruments show that
the fine-grained soil component measured at Gale
crater is likely representative of widespread mar-
tian soils, owing to chemical similarity with the
soils of other landing sites. It has been sampled
not only in undisturbed soils along the rover
traverse but also at some depth in Rocknest
sand shadow. This component and the dust are
found to possess a ubiquitous H emission line
in ChemCam spectra. The corresponding hydra-
tion, quantified by SAM at Rocknest at a bulk
value of ~2.25 wt % (47), relatively consistent
with H,O abundances of 1 to 3 wt % measured
by Viking 1 and 2 (73) and shown by CheMin to
be likely carried by amorphous phases (45, 46),
could therefore account for an important frac-
tion of the global budget of the water-equivalent
hydrogen measured from orbit at mid- and equa-
torial latitudes by Mars Odyssey GRS and Mars
Express OMEGA, in particular the lower limit
of ~2 wt % (4-6, 15). Because the hydration of
the amorphous component is ~5 to 9 wt % (47),
the spatial variations seen from orbit may be part-

ly explained by the presence of different propor-
tions of this hydrated amorphous component in
the soil.

Materials and Methods

Constraints on the Specific Surface Area
of the Martian Soil at Gale Crater

The SSA of a soil is the primary parameter that
controls the amount of H>O adsorbed onto it.
Determining the SSA and the adsorption capacity
of the soil is important to better understand the
gaseous exchange between the regolith and the
atmosphere, and it is also useful to constrain
the nature of the hydrated amorphous phases mea-
sured by CheMin. As an illustration, in allophane,
characteristic of andisols, H,O molecules are bound
strongly to hydroxyl functional groups such as
Si-OH and AI-OH-AL, if those are accessible to
H,0 molecules (66). Hydroxyl functional groups
thus increase the ability of this material to adsorb
water even at low relative humidities (RHs). Typ-
ically, allophane at RH = 30% can adsorb twice as
much H,O as its structural hydroxyl content (70).
This is also the case for the popular allophane-rich
martian analog JSC Mars-1 (74).

For a given SSA, the amount of water vapor
adsorbed depends on the RH, as expressed by
adsorption isotherms. On sol 74/75, the dates of
the day/night experiment described above, the
RH observations by the REMS-H device (Rover
Environment Monitoring Station—-Humidity Sen-
sor) (75) in the early morning before sunrise gave
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Fig. 7. Amount of adsorbed water as a function of SSA and relative humidity. The two curves
represent linear fits through the experimental data (adsorption isotherms) measured by (67) on six
geological samples at 243 K, for two values of RH (0.1% and 30%) corresponding to the conditions
prevailing approximately at Gale during the day/night Crestaurum experiment. Note that although
there is some dispersion around the fits, the gaps between the experimental values and the fits (which
matter here) are very similar. The double-sided arrow represents the upper limit of the difference of
H,0 abundance estimated by ChemCam between the two local times, which translates into an upper
limit for the SSA. By increasing order of SSA, the samples are as follows: dunite (2.83 m? g7%),
volcanic tuff + Mg sulfates (11.3 m? g™%), volcanic tuff (13.7 m? g™?), smectite SWy-2 (52.7 m* g™?),
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available at low RH). See supplementary material for more details.
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a preliminary value of ~20% at an altitude of 1.5 m
above the surface. This corresponds to an RH
value of 25 to 35% at the ground level because
early-morning ground temperature is 1 to 3 K lower
(76) than the atmospheric temperature at the MSL
boom level. Noontime RH at sol 74 was approx-
imately 0 to 0.05% because of the noontime high
atmospheric temperature.

Estimates of the SSA can be obtained using
adsorption isotherms obtained on martian analogs.
Adsorption isotherms were measured for several
geological samples under martian conditions (7=
243 K, RH = 0 to 70%), together with kinetic
parameters (67, 69). Figure 7 shows that to first
order, the amount of H,O adsorbed is approxi-
mately linearly related to the SSA. The relative
insensitivity to mineralogy for geological materials
was also shown by (77). To hold <1 wt % of
adsorbed H,O at RH = 0.001, the SSA should be
<13m* g ", Similarly, to hold <1 wt % of adsorbed
H,0 at RH = 0.3, the SSA should be <24 m* g .
Between RH = 0.001 and RH = 0.3, the differential
amount of adsorbed water is ~0.033 wt %/(m” g 1),
corresponding to the different slopes in Fig. 7.
Because ChemCam did not observe diurnal var-
iations greater than ~1.1 wt %, the SSA should
be lower than ~30 m* g'. Extrapolation of the
adsorption isotherms from 243 K to tempera-
tures measured at Gale crater at night is not be-
lieved to significantly affect this upper limit, either
making it a safe upper limit or possibly increasing
it to ~45 m* g ', depending on the isosteric heat
of adsorption considered (34). Using the de-
sorption branch of the isotherms published by
(67) gave very similar results.

Spatial and Temporal Variability of
the Hydrogen Signal
In order to investigate the variability of the H
signal at different time and depth scales, three
types of ChemCam experiments were conducted.
First, we checked whether there was any gradient
with depth within the first 30 shots, correspond-
ing roughly to the first few millimeters of the
subsurface. For that, a sample of 62 individual
LIBS points has been analyzed. The choice of
these specific points was dictated by the need to
compare relatively similar, fine-grained soils. All
were selected from cluster 1. The profile of each
point was checked for the presence of any ob-
vious “coarse” grains, and when it occurred, the
corresponding shots were removed from the depth
profile. Figure 6B shows the depth profile of the
average signal-to-background (S/B) ratio of these
62 points. Within the uncertainty of the measure-
ment (Fig. 6B), no trend with depth is observed.
To check whether the interior of the trench
had a larger hydrogen signature than the exposed
surface, given the lower maximal temperatures
reached during the day, two sets of individual spec-
tra were selected and compared: ~1000 spectra
acquired on undisturbed soils and ~700 spectra
acquired in the interior of the trench. Given the
size of the data set, we preferred to perform an
ICA analysis of the H component. However, it
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was shown that all points plot on a mixing line
between (high Na, low H) and (low Na, high H)
(Fig. 5). Thus, to be comparable, the samples
should have a similar Na component. The spectra
corresponding to the fine-grained soil samples were
selected in a range of low Na component values
[the Mg//(Cr,Mn) component was also tested and
gave exactly the same result]. The histograms
showing the distribution of the H component for
these two populations are presented in Fig. 6D. A
Kolmogorov-Smirnov statistical test showed that
there was no significant difference between the
two populations. Therefore, we conclude that the
interior of the trench does not show evidence of
an H,0O enrichment compared to the undisturbed
surface, within the sensitivity of the measurement
(34). This has an implication with regard to the
relevance of the extrapolation of the SAM results
to a more global scale. It means that the hydrogen
content measured by SAM is comparable to the
hydrogen measured over an exposed surface, typ-
ically seen by orbital measurements. We do not see
evidence for a two-layer model at this scale (a few
centimeters). Nonetheless, this analysis does not
rule out the possibility that the interior of the
trench was more hydrated when it was excavated,
and it lost its additional H,O in the 11 sols be-
tween the scooping and the first measurement by
ChemCam on sol 72.

Finally, we have monitored the evolution of
the H signal of a freshly exposed soil (the trench in
Rocknest ripple) over a 25-sol time span, 11 sols
after it was scooped. The intent was to detect a
possible desiccation of the exposed material. The
average hydrogen S/B ratio of each LIBS point
obtained for a series of four targets is plotted in
Fig. 6C as a function of time, the x axis represent-
ing the sol at which the targets were measured:
Schmutz (9 LIBS points, on sol 72), Kenyon (10
LIBS points, on sol 81), Epworth3 (12 first LIBS
points, on sol 84), and Kenyon high albedo (10
LIBS points, on sol 97). Again, for each point,
spectra attributed to “coarse” grains were removed.
No statistically significant variation of the H signal
was observed with time.
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