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Abstract The Curiosity rover conducted the first field investigation of an active extraterrestrial dune. This
study of the Bagnold dunes focuses on the ChemCam chemical results and also presents findings on the
grain size distributions based on the ChemCam Remote Micro-Imager and Mars Hand Lens Imager images.
These active dunes are composed of grains that are mostly <250 μm. Their composition is overall similar to
that of the aeolian deposits analyzed all along the traverse (“Aeolis Palus soils”). Nevertheless, the dunes
contain less volatiles (Cl, H, and S) than the Aeolis Palus soils, which appear to be due to a lower content of
volatile-rich fine-grained particles (<100 μm) or a lower content of volatile-rich amorphous component,
possibly as a result of (1) a lower level of chemical alteration, (2) the removal of an alteration rind at the
surface of the grains during transport, (3) a lower degree of interaction with volcanic gases/aerosols, or (4)
physical sorting that removed the smallest and most altered grains. Analyses of the >150 μm grain-size
dump piles have shown that coarser grains (150–250 μm) are enriched in the mafic elements Fe and Mn,
suggesting a larger content in olivine compared to smaller grains (<150 μm) of the Bagnold dunes.
Moreover, the chemistry of soils analyzed in the vicinity of the dunes indicates that they are similar to the
dune material. All these observations suggest that the olivine content determined by X-ray diffraction of the
<150 μm grain-size sample should be considered as a lower limit for the Bagnold dunes.

Plain Language Summary The Curiosity rover, which is exploring the Gale Crater onMars, has been
investigating a dune field. This is the first time an active and extensive dune field is explored by a rover on
Mars, and therefore, Curiosity used all the instruments on board in order to better understand how the dunes
can form and with what processes and also to assess their chemistry. This in situ investigation was a great
opportunity to compare with orbital data. Our work is focusing on chemical data from the ChemCam
instrument, as well as on grain size distributions from the image analyses of two cameras. We show that,
overall, the dunes are similar in chemistry to the soils analyzed along the traverse, but they are depleted in H,
Cl, and S, suggesting that they contain less fine-grained particles or less amorphous component (which is
known to be enriched in such elements). This could be due to several processes that we try to investigate.
Also, we show that the coarser grains of the dunes (150–250 μm) are enriched in Fe and Mn, probably due to
an enrichment in olivine.

1. Introduction and Context
1.1. MSL Overview (Payload and Traverse)

The Mars Science Laboratory (MSL) rover Curiosity landed in August 2012 in Gale Crater, located at the
northern edge of the Noachian highlands on Mars. This crater is 154 km in diameter [Anderson and Bell,
2010] and contains a central mound informally called “Mount Sharp” (official IAU name: Aeolis Mons) that
is known to have exposed phyllosilicates and sulfates based on orbital observations [Milliken et al., 2010].
As of November 2016, Curiosity has driven ~15 km. The journey started at the Bradbury landing site, in the
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hummocky plains of Aeolis Palus, located north/northwest of Mount Sharp. The rover crossed these
hummocky plains during the first 60 sols (Martian days) and then entered a region named Yellowknife Bay,
where exposed sedimentary rocks, namely, mudstones and sandstones, were interpreted as fluvio-
lacustrine deposits [Grotzinger et al., 2014; McLennan et al., 2014]. After leaving Yellowknife Bay, the rover
started a long traverse across Aeolis Palus to the other main mission objective, the basal layers of Mount
Sharp, which were reached at Pahrump Hills, on sol 750 [Grotzinger et al., 2015].

In order to access higher layers of Mount Sharp, Curiosity had to cross a large active dune field informally
called “Bagnold dunes.” As seen from orbit, these dunes show both barchans and longitudinal morphologies
and appear enriched in mafic components [Rogers and Bandfield, 2009; Milliken et al., 2010]. Moreover, Seelos
et al. [2014] have shown the existence of active grain sorting processes in the dunes, as the barchans appear
enriched in olivine compared to the longitudinal dunes that are more pyroxene-rich. Lapotre et al. [2017]
have found evidence for composition and grain size sorting within the dune field and have hypothesized that
multiple sand sources (with different travel distances) may be mixed in the Bagnold dunes.

The Mars Exploration Rovers Spirit and Opportunity investigated small ripple and dune fields at Gusev and
Meridiani [Sullivan et al., 2008; Chojnacki et al., 2015], but the crossing of the Bagnold dunes by Curiosity pro-
vided the very first opportunity for in situ characterization of an extensive, active dune field on another pla-
net. Thus, a dedicated campaign (between sols 1181 and 1254) was conducted in order to investigate these
dunes. The main objective of this campaign was to acquire chemical, geomorphological, and textural data on
these active dunes in order to increase the understanding of past and current aeolian processes on Mars
[Bridges and Ehlmann, 2017].

This campaign was organized in several main steps starting with an approach from the north (Figure 1). The
first step was to perform a mobility test [Arvidson and Maimone, 2016], which was executed on a sandy patch
associated with High dune, and to acquire opportunistic science measurements. The second step was the
detailed investigation of Namib dune. The rover first stopped in front of the main Namib dune slip face to
perform remote-sensing observations, then moved to a secondary slip face in order to perform in situ inves-
tigations at a site referred to as “Gobabeb.” The overall Bagnold dune campaign is described in more detail in
Bridges and Ehlmann [2017], and geomorphological observations are presented in Bridges et al. [2017].

The entire Curiosity payload was used during this campaign. The Dynamic Albedo of Neutrons (DAN) instru-
ment performed neutron spectroscopy along the traverse to obtain H and Cl content of ground beneath the
rover [Mitrofanov et al., 2012]. At Namib dune, before leaving the workspace, the rover was reoriented in
order to get the best estimate of neutron flux from the dune material. The imagers, including MastCam

Figure 1. (A) Localization of High and Namib dunes (in red) in the Bagnold dune field. ChemCam targets investigated in
High dune are indicated in blue. The Gobabeb stop is located as well as the ChemCam targets sampled at this place (in
grey). Soil targets in the vicinity of the dunes are indicated in black. (B) View of the Gobabeb stop from Curiosity’s front
hazardous avoidance camera (image credit: NASA/JPL-Caltech).
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[Malin et al., 2010; Bell et al., 2012],
Mars Hand Lens Imager (MAHLI)
[Edgett and Yingst, 2013], and the
ChemCam Remote Micro-Imager
(RMI) [Maurice et al., 2012] were used
to look for sand movement between
several sols, as well as to better con-
strain the geomorphology of the
dune field, and to obtain statistics
on grain sizes and colors. The
MastCam multispectral analysis cap-
abilities and ChemCam passive
visible/near-infrared spectroscopy
capabilities were also used [Johnson
et al., 2017]. In situ investigations at
Namib dune consisted of trenching
and scooping some of the dune
material, with different size fractions
separated by sieving <150 μm,
>150 μm, 150 μm to 1 mm, and
>1 mm fractions. The <150 μm and
150 μm to 1 mm size fractions were
then delivered to Sample Analysis at

Mars (SAM) for measurement of volatile elements, and the smallest size fraction (<150 μm) was also
delivered to CheMin for mineralogy quantification. Chemical data were acquired by both the Alpha-
Particle X-ray Spectrometer (APXS) and ChemCam instruments on different parts of the Namib dune: on
the crest, in a trough, in a trench (scuff), and on piles of processed samples that were dumped to the
ground after being sieved. See Mahaffy et al. [2012] for a detailed description of the SAM instrument,
Blake et al. [2012] for CheMin, Campbell et al. [2012] for APXS, and Wiens et al. [2012] and Maurice et al.
[2012] for ChemCam.

This study focuses on data from the ChemCam instrument, which uses the laser-induced breakdown spectro-
scopy (LIBS) technique (see next section) to determine the chemical composition of the targets. Owing to its
remote sensing ability (up to 7 m from the rover), ChemCam has been intensively used during the mission; as
of November 2016, it has performed 116 observation points on soil targets. It is therefore interesting to
compare the composition of the active Bagnold dunes with those of the soils encountered along the traverse.
These analyses can better constrain soil chemistry, delineate any possible relationship between the soils and
active dunes, and elucidate both formation pathways to address whether the soils and active dunes are
made of the same type of material and whether they have experienced the same level and type of
chemical alteration.

1.2. Data Set Used for This Study

Within the Bagnold dune field, ChemCam sampled 12 targets (Figure 1 and Table 1). At High dune, two trench
targets (Awasib and Hoanib) were analyzed, as well as two undisturbed ones: Barby_ccam3 near a crest and
Kibnas in a nearby trough. This was on sols 1182 and 1184. At Namib dune, ChemCam analyzed three scuffed
targets (Doros, Husab, and Gosser_Schofenstein), one undisturbed target (Dwyka), and four dump piles, i.e.,
small piles of sand made by the Sample Acquisition/Sample Processing and Handling subsystem of the rover
[Anderson et al., 2012]: dump A (<150 μm), dump B (>150 μm), dump C (150 μm–1 mm), and dump D
(>1 mm). All the samples analyzed by ChemCam are reported in Table 1, with the corresponding observation
sol and parameters.

In the present study, data obtained in the northern vicinity of the Bagnold dune field are also taken into
account. They correspond to six dark and sandy patches encountered between sols 1155 and 1177, just
before arriving at High dune. These targets are hereafter referred to as “nearby soils.”

Table 1. List of Targets Analyzed by ChemCam in the Bagnold Dune Field
and in Their Vicinity

Aeolian Deposits in the Vicinity of the Dunes

Target Name and Type Sequence ID Sol Number

Pinckney—aeolian ccam02155 sol 1155
Arris_Drift—aeolian ccam01162 sol 1162
Fish_River ccam02167 sol 1167
Abbabis ccam01169 sol 1169
Sinclair—aeolian ccam01174 sol 1174
Karibib—aeolian ccam01177 sol 1177
High Dune Data
Hoanib disturbed ccam01182 sol 1182
Awasib disturbed ccam02182 sol 1182
Barby_ccam undisturbed ccam01184 sol 1184
Kibnas undisturbed ccam02184 sol 1184
Namib Dune Data
Dwyka undisturbed ccam07232 sol 1232
Doros—wall scuff ccam02225 sol 1225
Husab—floor scuff ccam04235 sol 1235
Gosser_Schrofenstein wall disturbed ccam02239 sol 1239
Dump A ccam03228 sol 1228
Dump B ccam04228 sol 1228
Dump C ccam06232 sol 1232
Dump D ccam06232 sol 1232
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Data from the Bagnold dunes and nearby soils are compared here with all the previous fine-grained soils
previously analyzed by ChemCam along the traverse [Meslin et al., 2013; Cousin et al., 2014b], including the
soils analyzed using the “blind target mode” [Cousin et al., 2014a]. This automatic mode consisted of pointing
ChemCam to �42° on the right side of the rover after a drive. This procedure allowed for a good LIBS
performance (constant distance to target ∼3 m) and an unbiased sampling of soils. These fine-grained soils
encountered up to Pahrump Hills are hereafter referred to as “Aeolis Palus soils.” This is a data set of 34 targets
corresponding to 116 observation points.

2. Methods
2.1. ChemCam Instrument: Small-Scale Analysis

The ChemCam instrument uses the laser-induced breakdown spectroscopy (LIBS) technique, which consists
of focusing a pulsed laser on a target in order to ablate it. The ablated material forms a high-temperature
plasma, which contains all the elemental species present in the sampled target. When excited ions and atoms
from the plasma relax to their ground state, they emit photons at a characteristic wavelength typical of the
element. Analysis of this plasma by optical spectroscopy with proper calibration leads to the chemical
composition of the target. ChemCam has three spectrometers, from the ultraviolet to the near infrared
(240–900 nm). This technique, which is new in planetary exploration, enables analyses of targets that are
up to 7 m from the instrument and without any preparation. This ability leads to more data acquisition than
contact instruments and a larger variety of rock and soil targets.

One unique feature of the LIBS technique is the small spatial scale of its analyses, with a diameter between
350 and 550 μmdepending on distance [Maurice et al., 2013]. This enables the sampling of pure phases when
minerals are large enough (>LIBS spot size). Multiple observation points are commonly performed on each
target (from 5 to 16 points) in order to determine the bulk composition. Each observation point consists of
at least 30 shots, which gives the possibility to investigate potential chemical variation with depth (typically
a fewmillimeters in soils). Averaging these 30 shots, on the other hand, provides a better signal-to-noise ratio
for elements with lower sensitivity, including some minor and trace elements [Wiens et al., 2013].

2.2. Quantification of Major and Minor Elements

The LIBS technique is sensitive to most chemical elements. The quantification of major element oxides (SiO2,
TiO2, Al2O3, FeOT, MgO, CaO, Na2O, and K2O) is performed using a combination of two multivariate techni-
ques: the “partial least squares” (PLS) and the “independent component analysis” (ICA). An improved calibra-
tion was completed in 2015, expanding the standard database from 65 to 450 standards and enabling a
better determination of major elements [Wiens et al., 2015; Clegg et al., 2017]. The PLS method uses different
emission lines of a given element and compares them to known standards analyzed in a test bed on Earth
[Clegg et al., 2009; Wiens et al., 2013]. This technique has been updated by using submodels depending on
the range of compositions for each element [R. B. Anderson et al., 2017]. The ICA technique used to classify
ChemCam data [Forni et al., 2009, 2013; Lasue et al., 2011] is derived from blind source separation research
[Hyvarinen, 2001] and identifies different statistically independent components, allowing spectra to be sorted
from these components. Regression curves are obtained for each element, between the ICA score and the
known compositions of the reference spectra.

The accuracy of ChemCam major-element compositions is estimated by calculating the root mean-square-
error of prediction (RMSEP) for a representative test set of geostandards for each major element. This
RMSEP varies as a function of abundance and is calculated by observing the errors of the test-set standards
over the range of abundances. In this work, typical accuracies and precisions are reported in Table 2. This
precision is determined from the standard deviation of multiple observations performed on the shergottite
calibration target from sols 271 to 357 [Blaney et al., 2014]. The shergottite calibration target [Fabre et al.,
2011] is a homogeneous glassy target onboard Curiosity that has a chemical composition similar to the
shergottite meteorites [McSween, 1994]. The Yellowknife Bay mudstone, a fine-grained and homogeneous
type of target, provides an upper limit for this precision, allowing for some slight variation in the mudstone
compositions [Mangold et al., 2015]. These are generally consistent with precision from Blaney et al. [2014].

MnO is quantified using a univariate technique comparing the MnO content of a dedicated suite of samples
with the LIBS signal of the Mn emission line [Lanza et al., 2014]. Its accuracy is 2.2 wt % for MnO < 10 wt %
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[Lanza et al., 2014]. Nevertheless, targets in this study contain much less MnO (<3 wt %), and therefore, the
accuracy for MnO quantification should be better than 2.2 wt %. S and Cl are not yet quantified with
ChemCam. They both suffer from matrix effects; the S main emission lines overlap with those of other
elements within the ChemCam spectrometer ranges, and the Cl detection limit is low [D. Anderson et al.,
2017]. Therefore, we mainly use qualitative observations for these elements, such as the peak area of the
line of interest after normalization of the spectrum. Regarding hydrogen, its quantification in soils is still in
progress [Rapin et al., 2017], and here we present the H signal from the ICA multivariate analysis [Forni
et al., 2013].

2.3. Grain Size Determination From RMI

In addition to LIBS spectra, ChemCam also collects images using the Remote Micro-Imager (RMI). The RMI has
a pixel angular size of 19.6 μrad and produces 1024 × 1024 pixel panchromatic images with a circular field of
view of 20 mrad [Le Mouélic et al., 2015]. The RMI has a spatial angular resolution of ~2 pixels at best focus
[Langevin et al., 2013; Le Mouélic et al., 2015], which will be rounded to ~50 μrad for this work. For each ana-
lysis, at least 2 RMIs are taken: one before and one after the laser shots. When the observation spans a wide
area, additional RMIs are inserted between the LIBS analyses to ensure that the images fully cover the
sampled area. The RMI mosaics presented in this paper provide the textural context that is therefore relevant
for interpreting the LIBS chemical data.

To aid in understanding the soils’ variability, we conducted a survey of grain sizes using RMI mosaics. The RMI
has a narrow depth of focus (~1 cm at a 2 m distance) [Maurice et al., 2012] that limits grain resolution outside
of the best focus field in the mosaics. Each target was evaluated by determining the range of grain diameters
and grain size distribution of the resolvable grains.

To determine the scale of each image, we used the known pixel scale (θ) of the RMI (19.6 μrad) and the
distance to the target (d) to calculate the size of a pixel (x) at that distance: x = d tan θ. Distances recorded
for each RMI in a mosaic are, in most cases, only slightly different from each other (average distance
~2.8 m, with only a few centimeters of differences between two images of a mosaic)—therefore, the size
of a pixel in one mosaic is constant, as the d value does not vary significantly.

Grain size was measured by hand in each ChemCam target using the National Institute of Health software
package ImageJ [Schneider et al., 2012], which is a program for image processing and analysis. Particle size
analyses of RMI images were performed for each target using a photographic grid-by-number sampling
approach [Graham et al., 2005]. This conventional method would set the grid spacing at twice the maximum
grain diameter [Graham et al., 2005]. However, this aspect of the grid-by-number sampling approach is not
feasible for RMI images with a narrow depth of focus because the range of grain sizes in a given RMI image
could encompass 1–2 orders of magnitude. This greatly reduces the number of smaller diameter grains mea-
sured when the grid spacing is set at twice the maximum grain diameter [Graham et al., 2005; Karunatillake
et al., 2014a, 2014b] and thereby defeats the purpose of the measuring campaign, which was to assess the
average grain size in RMI images.

A grid with 15 mm2 dimensions was overlaid on the RMI mosaics to allow an unbiased method to measure
the variety of grains at every grid intersection without the need to measure every grain in the mosaic, which
was not feasible. Additionally, maintaining a 15 mm2 grid over each RMI target was key to keep measure-
ments between different RMI images consistent and was appropriate, as RMI images in the Bagnold Dunes
Campaign were taken at similar standoff distances (range 2.3 m to 3.6 m). Target images ranged from

Table 2. Average Accuracy (in wt %) Obtained on All the Targets Used in This Study and Precision (in wt %) of the
ChemCam Quantificationa

SiO2 TiO2 Al2 O3 FeOT MgO CaO Na2 O K2 O

Average accuracy of the study (wt %) 5.2 0.5 3.4 4.2 2.1 2.4 0.6 0.6
Average precision of ChemCam data (wt %) 1.5 0.14 0.57 1.8 0.49 0.42 0.49 0.14

aThe accuracy represents the error on the quantification for eachmajor element and is calculated from the root-mean-
square error of prediction (RMSEP) computed from the geostandard database. The precision represents the reproduci-
bility of the quantification, performed on the ChemCam calibration target shergottite, between sols 271 and 357 [from
Blaney et al., 2014].
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single frames to multiple mosaicked frames (see Figure 2), with mosaicked frames inherently containing a
greater number of grains than single frame images. Because of the nonuniform nature of the RMI images
(i.e., single versus mosaicked frames), the conventional node placement of a 20 × 20 grid [McGlynn et al.,
2011] was not appropriate. Maintaining the 15 mm2 grid allowed for the most comparable data between
RMI targets, and grids ranged from 29 × 17 to 14 × 14 nodes. The 15 mm2 grid yielded on average 318
(range 196 to 493) individual points of measurement (i.e., nodes), comparable to other studies of
extraterrestrial sediments [McGlynn et al., 2011]. Lastly, although poorly and very poorly sorted sediments
may not be fully characterized by the use of mean grain sizes, the approach is demonstrated to broadly
distinguish between groups of sediments (i.e., dust, sand, and pebbles) [McGlynn et al., 2012], and sample
targets with more well sorted sediments, such as those in the Bagnold dunes, should be comparably or
better characterized with mean grain sizes.

Grain size was determined by measuring the longest axis of the grain at the grid intersection point, which
may be underestimated if the grain is oriented such that the long axis is not visible [Yingst et al., 2013].
Without optimal grain reflectance contrast, grains that were smaller than 0.5 mmwere difficult to consistently
measure, even though this is 3 or 4 times more than the spatial resolution. Therefore, in this study, the lowest
measurable grain size is set to 0.5 mm and grains smaller than 0.5 mm were all characterized as “fines.” Grain

Figure 2. RMI images of some of the Bagnold dune targets sampled by ChemCam. (A) Doros (trench); (B) Barby_ccam3
(undisturbed); (C) Abbabis (soil located north of Bagnold dune field); (D) dump A corresponding to the <150 μm sieve
size. The red crosses in mosaics A, B, and C correspond to the exact location of each point analysis.
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sizes greater than this cutoff limit were binned according to the Wentworth scale [Wentworth, 1922]
(pebble = 4–64 mm, granule = 2–4 mm, very coarse sand = 1–2 mm, coarse sand = 0.5–1 mm). The size of
very small grains may be overestimated with 2-D grain size analyses due to erratic grain size frequencies in
small grains, the blurring of grain edges due to pixelation, and the inability to measure grains that are smaller
than the pixel size [Friday et al., 2013]. To mediate this potential concern, the method of Yingst et al. [2008]
was utilized, requiring all measurable grains to be composed of at least 5 pixels.

The grain size distribution was determined for each RMI mosaic acquired on Bagnold dune samples. From the
total number of nodes, points that were not resolvable (i.e., out of focus, overlying pore space, or shadowed
region) were subtracted from the total. Then the percentage of grains <0.5 mm (called “fines”) was calcu-
lated. The percentage of remaining grains larger than 0.5 mm was binned according to grain size, as
described above. In this way, the percentage of each grain size class was quantified in each RMI mosaic.

2.4. Grain Size Determination From MAHLI for Dump Piles

Grain size distributions were measured for four sieved dump piles at Namib dune: “A” (<150 μm fraction), “B”
(>150 μm fraction), “C” (<1 mm fraction), and “D” (>1 mm fraction). MAHLI images collected from a ~1 cm
standoff distance provide a spatial resolution better than 19 μm per pixel for each dump pile, allowing smal-
ler grains to be resolved. Particle size analyses of MAHLI images were performed for each pile by hand using a
grid-by-number count. A regularly spaced grid with a spacing twice that of the largest grain diameter was
superimposed on a MAHLI image of each discard pile, and the maximum and intermediate (the second long-
est of the three principal grain axes) diameter of the grain at the intersection of each grid point was recorded,
yielding several hundred grain measurements per discard pile. The grid spacing was selected to minimize the
number of intersections that fell on the same or adjacent grains while maximizing the number of grains
counted. Portions of the images that were out of focus due to vertical relief were not included in the count.
The images were histogram normalized to account for different lighting conditions; color and translucence
were identified visually. Counts were performed over approximately the same area for each pile, and the
grains were assumed to have settled such that the intermediate and maximum axes were orthogonal to
the viewing geometry. Uncertainties in the measured particle size distributions stem from uncertainties in
the MAHLI depth of field, which is used to estimate the pixel scale of each MAHLI image [Yingst et al., 2016].

3. Results
3.1. Grain Size Distribution

For this study, images acquired on dump piles, disturbed and undisturbed dune material, and on nearby soils
have been taken into account.

We measured grain sizes in RMI images of 12 named targets from the Bagnold dune area, including nearby
soils (sols 1155–1234). The RMI images contain mainly loose grains reducing the likelihood of different grain
sizes in the out-of-focus areas (Figure 2). Overall, the dunes and nearby soils are mostly composed of grains
smaller than coarse sand (<0.5 mm), thus not measurable by our method. These grains, which represent
more than 50% of the grains in all mosaics (Table 3), are hereafter referred to as “fines” following the termi-
nology used in previous studies of soils with ChemCam [Meslin et al., 2013; Cousin et al., 2014b]. Considering
only the measurable grains (>0.5 mm), they range in size from coarse sand to pebble; the largest grain was
25.1 mm (Table 2). The presence of several granules on the Abbabis target mosaic explains its much higher
average grain size (3.8 mm) compared to other targets (0.5—0.7 mm), but these granules were not sampled
with LIBS.

MAHLI images of the sieve dumps (Figure 3) have been analyzed using the methodology described in
section 2.4. Each of the dump piles contains a mixture of opaque or translucent grains. Concerning the color
of the grains, when the difference between black, brown, and dark green grains was too difficult to distin-
guish, we classified the grains as “dark” rather than giving a precise color. Grains of all colors and transparency
are present in all four dumps, but only those with abundance >1% are discussed and included in Figure 4.

Dump A (from the<150 μm sieve) contains grains with an average intermediate andmaximum axis diameter
of 103 μm (±1 μm) and 142 μm (±2 μm), respectively, and the distribution ranges from ~50 to ~200 μm if the
single-grain outliers are not considered (Figure 4a). Dark grains are most abundant (42%; Figure 4a).
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Dump B, from the sieve>150 μm, has an average grain size between 203 and 262 μm (see Figure 4b), with a
distribution between 100 and 450 μm. Also, more than half (55%) of the observed grains are dark;
yellow/brown grains are the next most abundant (30%), followed by red (9%) and white (8%) grains
(Figure 4b). A subtle correlation is observed between grain size and color for piles A and B. In particular, dark
grains in dump A are, on average, smaller than the other grains, with the opaque light grains being the
largest. The color distribution of dump B seems to skew more toward dark grains compared to dump A.
The image of dump B was taken at night and illuminated with white LEDs and histogram equalized to the

Figure 3. MAHLI images of the four dump piles: (A) dump A (<150 μm sieve size); (B) dump B (>150 μm sieve size);
(C) dump C (150 μm–1 mm sieve size); (D) dump D (>1 mm sieve size). Count areas highlighted in yellow correspond
to the areas used for the grain size estimation and color observations.

Table 3. Summary of the Grain Size Results From the RMI Analysesa

Target
Name Sol

Average
Grain

Diameter
(mm)

Maximum
Grain

Diameter
(mm)

Percent of Grains
>0.5 mm in
Diameter

Percent of Grains
<0.5 mm in

Diameter (Fines)

Number of Grains
>0.5 mm
Measured

Pinckney 1155 1.38 8.360 45.8% 54.2% 11
Arris_Drift 1162 0.70 1.167 20.0% 80.0% 6
Fish_River 1167 0.67 0.896 28.0% 72.0% 7
Abbabis 1169 3.76 25.116 52.8% 47.2% 19
Sinclair 1174 0.65 0.879 47.1% 52.9% 8
Karibib 1177 0.67 1.126 44.8% 55.2% 39
Awasib 1182 0.57 0.690 6.0% 94.0% 3
Hoanib 1182 0.58 0.578 8.0% 92.0% 1
Barby 1184 0.62 0.712 46.7% 53.3% 14
Kibnas 1184 0.64 0.872 19.7% 80.3% 12
Doros 1225 0.58 0.593 2.8% 97.2% 2
Dwyka 1232 nd nd 0.0% 100.0% 0

aThe average grain diameter takes into account only grains that are>0.5 mm (see section 2.3 for more details). When
the target is only composed of material lower to 0.5 mm in size (which is the lowest measurable grain size with RMI), the
assessment of the grain diameter has not been possible, and therefore, “nd” refers to “not determined.”
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Figure 4. Analysis of grain size for the four dumps based on MAHLI images, with distributions of intermediate and long
axes plotted on the left (from a grid-by-number approach) and the distribution of grain colors on the right. (A) Dump A;
(B) dump B; (C) dump C; (D) dump D.
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other images to remove any skew in the color characterization of this image resulting from its lighting
conditions.

Dump C (nominally 150 to 1000 μm) has an average size of 191 μm, with a distribution between 70 and
420 μm (Figure 4c). In this dump, like in the others, the dark grains are the most frequently observed
(46%), but the yellow/brown grains are found in greater proportions than in the other dumps (34%;
Figure 4c). Another particularity of this dump is that there is a clear correlation between the grain size and
their color: the dark grains (~167 μm) are, on average, smaller than the yellow/brown grains (~179 μm)
and the white/gray grains that are coarser (~243 μm).

Finally, dump D (from the >1 mm sieve) is similar to dump C. In fact, a discrete dump pile was not created at
the expected dump D location, likely due to the fact that no grains>1 mm in size are present [Ehlmann et al.,
2017]. At the dump D location, the average grain size (likely derived from dump C sample) is ~176 μm
(ranging from 70 to 350 μm; Figure 4d). The significant difference between the sieve size and measured grain
size may be due to clumped grains that did not pass through the>1 mm sieve. The dark grains are the major-
ity (52%), 32% are yellow/brown, and 12% are gray and white grains (Figure 4d). The same kind of trend as
dump C is observed between the size and the color, the dark grains being the smallest (~155 μm on average)
and the gray/white ones being the largest, around 228 μm on average. Note that all of these grains, whatever
their color, are <500 μm, and therefore, they all are smaller than the laser spot size.

In summary, Bagnold dunes and nearby soils contain grains that range from smaller than the laser spot size
(<0.5 mm) and up to coarse sand, except dump A that corresponds to finer particles<150 μmonly. This grain
size investigation from the RMI and MAHLI images shows that the Bagnold dunes have few grains larger than
0.5 mm, and the MAHLI images also revealed that the dunes are depleted in <100 μm size fraction. The
average size of the intermediate axis is 170–200 μm for dumps B, C, and D and only 100 μm for dump A,
whereas the maximum axis measures on average 240–260 μm for the coarsest grains (dumps B, C, and D)
and only 142 μm for dump A. The investigation of the MAHLI images for the dump piles has shown a distri-
bution between 70 and 250 μm on average, which is similar to the results of Ehlmann et al. [2017]. Thus,
ChemCam LIBS data are expected to sample multiple grains with each laser shot.

3.2. Chemistry
3.2.1. Comparison Between Average Composition of the Bagnold Dunes and Previous Soils
The major element composition of the Bagnold dunes, obtained by averaging all the data acquired by
ChemCam in this area (including disturbed and undisturbed parts of the dunes, as well as dump piles), is simi-
lar to the average composition of the Aeolis Palus soils (Figure 5). Overall, the dispersion of the Bagnold dune
data is lower for all oxides. TiO2 contents, which tend to be quite variable in Aeolis Palus soils, are clearly

Figure 5. Histogram of average chemical composition for the Namib dune (blue) and Aeolis Palus soils (beige). For clarity,
SiO2, Al2O3, FeO, MgO, and CaO contents are displayed on the left plot and TiO2, Na2O, and K2O contents on the right
plot. The error bars correspond to the dispersion for each data set (standard deviation). These data are not normalized to
100% (i.e., the percentage of missing elements corresponds to the abundance of elements not yet systematically quantified
by ChemCam).
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much less variable in the dunes compared to the Aeolis Palus soils, even though the mean values
approximate each other. Na2O and K2O abundances measured in the dunes are in the upper half of the
range observed for Aeolis Palus soils but still well within it. In fact, the only significant difference in bulk
composition between the Bagnold dunes and the Aeolis Palus soils is the slight enrichment of the former
in FeOT. This difference can be better demonstrated by plotting all data points by category and
chronological order (Figure 6a). On this figure, FeOT content clearly increased (and dispersion decreased)
after the Aeolis Palus soils as the rover approached the Bagnold dunes. This difference is significant, as
observed in Figure 6a with the average FeOT.

Another difference between the Bagnold dunes and the previously observed soils concerns the sum of
oxides. The ChemCam quantification method [Clegg et al., 2017] does not force the total of major-element
abundances to be equal to 100 wt %, allowing the indirect measurement of a “missing” chemical component,
which is the sum of oxides/elements that are not individually quantified. Mission experience has shown that a
low sum of oxides is usually associated with targets enriched in volatile and moderately volatile elements
such as H, S, Cl, and P (e.g., the purest Ca-sulfate veins sampled by ChemCam have sum of oxides as low
as ~40 wt %, in agreement with the calcium oxide mass fraction of calcium sulfates) [Nachon et al., 2017].
Figure 6b shows that the sum of oxides is less scattered and clearly higher in the Bagnold dunes than in
the Aeolis Palus soils. This difference is statistically significant, as also demonstrated in Figure 7, as the

Figure 6. (A) FeOT content; (B) sum of quantified oxides; (C) MnO content—along the traverse for Aeolis Palus soils, soils in
the vicinity of the Bagnold dunes, and in the Bagnold dunes samples. Within each of these categories, targets are displayed
by chronological order in order to highlight the variation when approaching the dunes. The right part of each plot
shows the average for FeOT (part A), sum of oxides (part B), and MnO (part C) for the Aeolis Palus soils and for the
Bagnold dunes. The standard deviation is displayed in pink for the Aeolis Palus soils and in blue for Bagnold dunes; the
uncertainty of the mean is displayed in brown for the Aeolis Palus soils and in light blue for Bagnold dunes. Average of
FeOT, sum of oxides, and MnO are higher in the dunes compared to the Aeolis Palus soils, with a smaller dispersion and a
smaller uncertainty of the mean.
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average sum of oxides of the Bagnold dune data is above the third quartile of the Aeolis Palus soils. As
mentioned above, the higher sum of oxides suggests that the dunes contain less volatiles than the soils
encountered along the traverse. This is confirmed in Figure 7, where we compare the S, Cl, and H signals
from the spectra acquired in the dunes and in the Aeolis Palus soils. The S and Cl signals are presented in
terms of peak area, as these elements are yet to be quantified by ChemCam [Wiens et al., 2013]. Both
elements show an average intensity lower in the Bagnold dunes, and the Cl signal is clearly less dispersed
in the dunes. The H signal is significantly lower in the Bagnold dunes, with an average and third quartile
lower than the first quartile obtained from the Aeolis Palus soils.

Finally, compared to Aeolis Palus soils, the Bagnold dunes and nearby soils present similar abundances in
minor elements, except MnO. Indeed, MnO contents significantly increased when the rover arrived at the
Bagnold dunes and remained higher and less scattered within the dune field (Figure 6c), although this differ-
ence is less significant than that of the sum of oxides and FeOT content.
3.2.2. Intradune Observations
When looking at the data from the Bagnold dunes’ targets only, some variations can be highlighted, even
though they show an overall similar chemistry (Figures 5 and 6). Some of them such as Awasib and Doros
show a correlation between their alkali and their silica and aluminum contents; all these elements being
enriched compared to other targets (Figure 8). These samples are scuff targets from High and Namib
dunes, respectively.

Mineralogical mixing trends can also be observed using the shot-to-shot data (where spectra corresponding
to 30 individual laser shots within each observation point are investigated separately instead of being aver-
aged), as the grains are overall smaller than the laser beam. Figure 9 shows the Na2O versus MgO content and
the Na2O versus Al2O3, for dump A (the finest grain size, <150 μm in Figure 9a); dump piles B, C, and D that
are coarser-grained (average comprised between 170 and 260 μm in Figure 9b); and Barby_ccam3 and Doros
targets in Figure 9c. Barby_ccam3 is part of the undisturbed crest of High dune and is one of the coarsest tar-
gets analyzed by ChemCam (see section 3.1), with only 53% of grains smaller than 0.5 mm. Doros is a dis-
turbed soil from Namib dune and one of the finest-grained targets analyzed during the campaign (97% of
the grains are <0.5 mm). Data points from dump A plot in a relatively tight cluster, resulting in a low disper-
sion compared to the other dumps and suggesting an intimate mixture of fine-grained phases at the LIBS
scale. In contrast, data points from dumps B, C, and D (in blue) show a mixing trend involving a Na2O- and

Figure 7. Boxplot distribution of the sum of major elements (expressed as oxides), of the H ICA score, and of Cl and S peak
areas measured in the Aeolis Palus soils (beige) and in the Bagnold dunes (blue).
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Al2O3-rich component. This suggests that, for coarser grain sizes approaching the scale of the laser beam
such as dumps B, C, and D, ChemCam can observe the heterogeneity of a mixture of different
mineralogical components, such as felsic and mafic. However, no pure end-member has been sampled,
which implies that the grains, although closer to the size of the laser beam, are still smaller. Concerning
Barby_ccam3 and Doros, we observe for both targets (in more extent for Barby_ccam3), as for dumps B, C,
and D, a mixture between felsic and mafic components. A negative correlation is also observed between
Na2O and MgO, which is less obvious for dumps B, C, and D. Therefore, the chemical analysis also reveals
indirectly that all dune samples containing grains larger than 150 μm—i.e., all unsieved targets, as well as
dump piles B, C, and D—are equivalent in term of grain sizes, despite slight differences in the coarsest size
fractions (as revealed by the analysis of RMI images; Table 3). In contrast, dump A is really a different type
of sample with a significantly lower grain size resulting in a more intimate mixture. Dump A is also
depleted in FeO and MgO but enriched in Al2O3 and thus seems to be enriched in a feldspar-rich
component (and conversely depleted in mafic phases) compared to the other dumps and dune materials.
This seems consistent with the results from the MAHLI image analyses, where the white and brown/yellow
grains (which could correspond to felsic phases) are more abundant than the darker grains in dump A
compared to the other dumps (Figure 4). This observation seems also consistent with the mineralogy
obtained from CheMin for the <150 μm size fraction (same material as dump A), where the most
abundant phase corresponds to feldspars (37%), followed by olivine (26%) [Achilles et al., 2017].

Minor elements also show some variations among the dune samples as a function of their grain sizes. Figure 7
has shown that the dunes contain overall less S, Cl, and H than the Aeolis Palus soils, despite a higher varia-
bility toward high values of S signal in the dunes. Indeed, dump A shows a slightly stronger S signal than all
the other dune samples (Figure 10). This could partly explain the overall lower sum of oxides observed in
dump A (Figure 6). Moreover, the dunes contain more MnO than Aeolis Palus soils, except dump A
(Figure 6c). MnO is positively correlated with FeO and MgO, showing that the coarser grains (dumps B, C,
and D) are more enriched in these mafic elements.

4. Discussion

The comparison of the Bagnold dunes with the Aeolis Palus soils has shown that they are overall similar in
composition. Nevertheless, the Bagnold dunes present a lower dispersion in composition than the Aeolis
Palus soils (Figures 5 and 6). Three hypotheses could explain this: (1) Aeolis Palus soils are sourced from a
greater diversity of geological units, or conversely, that the Bagnold dune material originates from a more
restricted geological area; (2) a mineralogical sorting that reduces the chemical variability within the dunes;
or (3) a smaller grain size of the dunes compared to Aeolis Palus soils, small enough to measure only an aver-
age of several grains. The third hypothesis is more difficult to verify, as MAHLI images have not been acquired
for each soil analysis along the traverse. However, Figure 4 shows that a majority of the grains correspond to
dark grains, which tends to favor the second hypothesis, with a mineralogical sorting within the dunes

Figure 8. (A) Na2O + K2O versus SiO2 and (B) Na2O + K2O versus Al2O3 for Bagnold dune targets. Awasib and Doros, two
scuffed targets, are enriched in alkali and SiO2. Dump A and some points from dump B are clearly different from the other
data, with less alkali.
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compared to Aeolis Palus soils. This mineralogical sorting seems to have affected other aeolian deposits
studied in Meridiani Planum [McGlynn et al., 2012] and Gusev crater [McGlynn et al., 2011; Sullivan et al., 2008].

In addition to the compositional dispersion, the most striking difference is the larger sum of oxides in the
dunes. As mentioned earlier, this reflects the lower abundance in the dunes of some elements not quantified
by ChemCam, which include some volatile elements like H, S, P, and Cl. The lower H, S, and Cl signals
observed in the Bagnold dunes are thus consistent with this interpretation. This is also consistent with the
measurements made by the DAN instrument, which indicate a water content of ~0.8 wt % in the dunes,
which corresponds to at least 50% less than the average value of water abundance measured along the
Curiosity traverse by this instrument (between 2 and 3%) [Ehlmann et al., 2017]. SAM also found a low

Figure 9. (left) Na2O versus MgO and (right) Na2O versus Al2O3 for several types of targets: (A) dump A, the finest grain size
fraction (<150 μm); (B) dumps B, C, and D made of coarser grains (170–250 μm); (C) Barby_ccam3 and Doros, where
Barby_ccam3 represents the coarsest dune sample (but still <0.5 mm) and Doros represents one of the finest (but still
>150 μm).
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water content in the dunes (~1 wt %), which is about half the content measured at Rocknest sand shadow
[Sutter et al., 2017]. The lower S and Cl LIBS signals are in agreement with the lower S and Cl abundances
measured by the APXS [O’Connel-Cooper et al., 2017] and the smaller release of sulfur dioxide measured by
SAM [Sutter et al., 2017].

The analysis of the Rocknest sand shadow early in the mission revealed the presence in the Aeolis Palus soils
of an abundant amorphous component [Blake et al., 2013; Bish et al., 2013]. SAM and ChemCam analyses
showed that this amorphous component was volatile-rich [Leshin et al., 2013; Meslin et al., 2013]. Results
obtained in the Bagnold dunes could be interpreted in different ways. First, it is possible that an amorphous
component of similar volatile content is present in lower abundance in the dune material. However, the
proportion of amorphous component estimated from CheMin data at Gobabeb is the same, within uncertain-
ties, as at Rocknest sand shadow, i.e., 35 ± 15% versus 27 ± 14% [Achilles et al., 2017; Bish et al., 2013]. But the
Bagnold dunes may also contain more anhydrous volcanic or impact glass, which would account for a frac-
tion of the amorphous component seen by CheMin. The second possible explanation (not incompatible with
the previous one) is that the amorphous component present in the Bagnold dunes is less hydrated than
Aeolis Palus soils (note that both the composition and hydration level of Aeolis Palus soils and fine-grained
Rocknest targets are very similar) [Meslin et al., 2013; Cousin et al., 2014a]. In both cases, this interpretation
suggests that the dune material has undergone less chemical alteration than Aeolis Palus soils. Another
hypothesis would be that the <100 μm size fraction, possibly including dust [Ehlmann et al., 2017; Yen et al.,
2005], which is depleted in the dunes material (Figure 4), is the main carrier of this volatile-rich amorphous

Figure 10. Boxplot distribution of the S signal measured in the dune material: all the dump piles as well as disturbed and
undisturbed portions of the dunes.

Figure 11. (left) MgO + FeOT versus MnO content predicted in dump A and dumps B, C, and D at Namib dune. The dia-
mond represents the average for each population (grey: dump A, blue: dumps B, C, and D), and the dashed error bars
represent the standard deviation. (right) MgO + FeOT versus MnO content in dump A and dumps B, C, and D, displaying
only the average for each population (grey: dump A, blue: dumps B, C, and D), with orange error bars representing the
uncertainty of the mean. This shows the difference of dump A from dumps B, C, and D more easily.
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component and was removed by
physical sorting during dune forma-
tion and transport. Also, the lower
sulfur and chlorine signals could
reflect lower abundances of sulfates,
reduced sulfur phases, and perchlo-
rates, which were identified by SAM
in Rocknest samples [Leshin et al.,
2013], although at levels that were
below CheMin’s detection limit.
Sulfur and chlorine could also be
adsorbed onto soil grains, as a result
of volcanic aerosol deposition or
interaction with volcanic gases, in

which case their lower abundance could be related to a smaller specific surface area of dune grains. Since
the dunes are active, it is also possible that mechanical alteration of these grains has removed a volatile-rich
coating, the conditions for its renewed formation not having been met since.

The enrichment in mafic minerals in the Bagnold dunes’material, evidenced by a small enrichment in olivine
in the CheMin analysis (26 wt % of the crystalline phases [Achilles et al., 2017] versus 22 wt % seen in
Rocknest) is thus observed in the global ChemCam data set through the enrichment seen in FeO and
MnO (Figures 6a and 6c). When restricting the analysis to the Bagnold dunes material, MgO is seen to
correlate with FeO and MnO, confirming the presence of ferro-magnesian phases in the dunes such as
olivine (Figure 11).

The enrichment seen in MgO, FeO, and MnO in the coarser grains (not analyzed by CheMin) suggests the pre-
sence of a greater proportion of mafic phases such as olivine in this material. This is consistent with the
increase in olivine normative content calculated from the ChemCam data (Figure 12). This is also consistent
with the previous conclusion about the lower abundance of volatile-rich amorphous component in the
coarse grain size fraction. This suggests that the small olivine enrichment seen in the CheMin analysis
(+4 wt % in the crystalline phases compared to Rocknest) actually provides a lower limit to the olivine content
of these grains. MAHLI images have also revealed that dump A contains less dark grains (possibly olivine
grains; see section 3.1) than the other, coarser-grained dumps. Moreover, these dark grains are the most
abundant in the dunes, even if they have an average size somewhat smaller than grains of other colors.
This could partly explain the strong olivine enrichment of High and Namib dunes (and other barchans within
the Bagnold dune field) seen from orbital spectroscopy (olivine content ~15–22 wt %) [Rogers and Bandfield,
2009; Lane and Christensen, 2013; Seelos et al., 2014; Lapotre et al., 2017]. Such an enrichment in olivine is in
agreement with the hypothesis that the material forming the dune (at least its coarser fraction) has experi-
enced less chemical alteration than Aeolis Palus soils or that themost altered size fraction was partly removed
by physical sorting. It is noteworthy that Sullivan et al. [2008] have suggested that olivine may be more resis-
tant to mechanical weathering compared to other minerals under Mars climate, which could explain the
enrichment in olivine in such active dunes. Although olivine is clearly observed in the dunes, feldspar phases
are also detected: either as coarser grains when looking at the shot-to-shot analyses or due to their higher
proportion in the finer-grained soils.

Soils located north of the Bagnold dune field are similar to the dunes in terms of grain sizes and compositions
(Table 3 and Figure 6), which is consistent with the passive observations as well [Johnson et al., 2017]. This
seems to show that these dark soils are isolated patches of sediments that (1) could have been left behind
by the migrating dunes or (2) are being incorporated in the dunes. Thus, the similarity of the nearby soils pro-
vides clues about the provenance and/or transport of the dune material.

5. Conclusions

The Bagnold Dunes Campaign represents the first in situ characterization of an active dune field on another
planet. Curiosity carried out an extensive investigation at two locations: a sand patch near High dune and
Namib dune. The ChemCam instrument analyzed 12 samples in total of various target types, including

Figure 12. Normative olivine calculated in the different dumps, based on
ChemCam analyses.
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undisturbed surfaces of the dune (ripple crests or troughs), disturbed materials (wheel scuffs), and piles of
sieved sands produced by the rover sampling system. With its small footprint (<500 μm), ChemCam is well
suited to analyze fine-grained soils and mineralogical mixing trends can be recognized in coarser size
fractions. The data acquired from the Bagnold dunes are compared to the Aeolis Palus soils analyzed by
ChemCam along the traverse, which correspond to a data set of 116 observation points.

Based on MAHLI images, the Bagnold dune field has been shown to be composed of fine grains, mainly
around 170–220 μm, which implies that the ChemCam laser beam always sampled a mixture of grains, as
revealed by the chemical trends betweenmafic and felsic phases seen in the ChemCam data set. The analysis
of the MAHLI images from the sieved samples (dump piles) has revealed the lack of grains >1 mm and of
<100 μm size fractions.

The overall composition of the Bagnold dunes is similar to that of Aeolis Palus soils. Nevertheless, a few
differences have been observed and detailed in this study. The material from the Bagnold dunes, mainly
the coarser grains (i.e., all except dump A), is lower in volatile elements compared to the Aeolis Palus soils,
suggesting that (1) they have experienced less chemical alteration than the soils analyzed along the traverse,
or (2) they have lost their alteration rind during their transport, or (3) they have interacted less with volcanic
gases or aerosols because of their possibly larger specific surface area, or (4) physical sorting, which led to a
depletion of small-sized grains (<100 μm) in the dune material, also reduced the proportion of the most
altered size fraction. These observations suggest that the Bagnold dunes contain less volatile-rich amorphous
component than the Aeolis Palus soils. The CheMin instrument finds the same proportion of amorphous
component in the Bagnold dunes as at Rocknest sand shadow. However, CheMin sampled only the
<150 μm size fraction, corresponding to the dump A target, which was shown to be enriched in S compared
to other dune material. Moreover, the amorphous component detected by CheMin could also contain some
anhydrous volcanic or impact glass.

In the Bagnold dunes, no pure mineralogical end-members were sampled due to the small size of the grains.
However, a correlation between FeOT, MgO, andMnOwas observed, revealing an enrichment in olivine in the
coarsest dune material (i.e., >150 μm). The same correlation between grain size and mineralogy was
observed at Gusev in the El Dorado ripple field, probably due to stronger mechanical behavior of olivine
[Sullivan et al., 2008]. This would imply that the small olivine enrichment observed by CheMin in the smallest
size fraction (<150 μm) in fact corresponds to a lower limit of the olivine enrichment in the dunes. Moreover,
the analysis of the MAHLI images is consistent with a higher proportion of dark grains interpreted as olivine,
rather than the presence of olivine grains of larger size.

The soils located north of the Bagnold dunes sampled a few sols before entering the dune field are similar to
the dunes in both grain size and composition. This observation suggests that they correspond to patchy soils
left behind during migration of the Bagnold dunes or that they represent a source region for the material
incorporated in the dunes.
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