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ARTICLE INFO ABSTRACT

Keywords: We present new mineralogical, chemical and spectral analysis of an alteration profile on the Ferrar dolerite (Dry
Antarctica Valley, Antarctica), complementing a previous study (Chevrier et al., 2006a). The whole profile is about 5 cm long
Ferrar dolerite and subdivided into three different layers: a brown surface rind inferior to 1 mm in thickness, followed by a
r:;mh brownish-grey discoloration zone from 1 to 5 mm depth and finally a dark fresh core. Mineralogical (X-Ray
Weathering Diffraction), chemical (EDAX, LIBS), and spectral (FTIR) measurements indicate the formation of iron (oxy)-hy-

Reflectance spectroscopy droxides (maghemite) in the very top millimeter of the alteration profile, resulting from the destabilization of
LIBS ferromagnesian minerals (pyroxene). This zone also exhibits strong hydration features as evidenced by LIBS
hydrogen signal and the 2.80 pm water band in reflectance spectra. Below this alteration zone (around 5-mm-
deep), spectral measurements indicate a discolored zone characterized by an enrichment in pyroxene (1.00
and 2.00 pm bands), possibly due to the dissolution of the glass component in the matrix. However, despite these
spectral changes, the overall chemistry and mineralogy of the sample remains largely unaffected. This suggests
that recent cold and dry weathering on the surface of Mars may spectrally modify surfaces of basaltic rocks, by
forming iron (and manganese) (oxy)-hydroxides, but essentially in the very uppermost millimeter and that the

underlying mineralogy should remain intact.

1. Introduction

The surface of Mars is globally covered by an oxidized regolith made
of fine dust particles mixed with basaltic sands, rocks, and salts (Goetz
et al., 2010). Spectroscopic observations from orbiters and landers
showed an abundance of ferric iron nanophase (oxy)-hydroxides in the
Martian regolith (Bell I et al., 2000; Poulet et al., 2007). Various phases
may describe the spectroscopic properties including nanophase red he-
matite (Morris et al., 1989), goethite (Morris and Golden, 1998), ferri-
hydrite (Bishop et al., 1998) and iron-rich clays (Banin et al., 1993;
Bishop et al., 1995). Mossbauer analyses performed by the Mars Explo-
ration Rovers (MER) indicate the presence of abundant paramagnetic and
poorly crystalline (oxy)-hydroxides in the Martian regolith (Morris et al.,
2004) mixed with several percent of a strongly magnetic phases such as
magnetite or maghemite (Goetz et al., 2005). X-Ray Diffraction (XRD)
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analyses of the Martian soil in Gale crater revealed the presence of a few
percent of magnetite and hematite (Bish et al., 2013). Both minerals are
mixed with an abundant amorphous component of yet unknown nature,
which is enriched in volatile species (Blake et al., 2013; Leshin et al.,
2013; Meslin et al., 2013) and whose composition is compatible with the
presence of hisingerite (or silica + ferrihydrite) and nanophase ferric
oxides (Dehouck et al., 2014).

Various mechanisms may explain such a coexistence of strongly
colored and magnetic iron phase(s), including palagonitisation by hy-
drothermal or surface liquid water (Newsom et al., 1999), weathering by
atmospheric components (Chevrier et al., 2004; Dehouck et al., 2012),
direct oxidation of the basaltic surface (Bibring et al., 2006; Salvatore
et al.,, 2014), and impact-induced alteration of iron-rich clay deposits
(Gavin and Chevrier, 2010). Depending on the mechanism, the strongly
magnetic phases can be inherited from the primary bedrock or
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newly-formed during the alteration process. Beyond the mechanism(s)
leading to the regolith formation, the environmental conditions such as
temperature, pressure and particularly the amount of liquid water can
strongly affect the outcome of the alteration. Metastable phases, which
are rapidly converted into more stable minerals in warm and wet cli-
mates, could be preserved in colder conditions, and concentrate during
weathering (Bender Koch et al., 1995).

Antarctic basaltic samples have become naturally appealing as ana-
logues of alteration in the present-day cold and dry Martian environment
(Allen and Conga, 1991). Previous studies on Antarctic basaltic material
showed the formation of minor clays and iron (oxy)-hydroxides resulting
from weathering by thin layers of liquid water (Dickinson and Rosen,
2003). For example, Chevrier et al. (2006a) demonstrated that alteration in
dry and cold climate for up to 10 Myr remained very limited. Their study
also showed that alteration products were dominated by metastable
maghemite which progressively transformed into hematite, providing a
simple pathway for the coexistence of strongly magnetic and colored
nanophases in the Martian regolith. Other studies using multiple miner-
alogical, chemical and spectral analyses (Salvatore et al., 2013, 2019)
demonstrated that mineralogical changes using XRD remained very
limited, especially for basaltic rocks, while spectral properties significantly
changed between altered surfaces and fresh samples. In the present study,
we propose to pursue the analysis of a single continuous weathering profile
of the Antarctic Ferrar dolerite by focusing on the mineralogy and chemical
composition, using different analytical techniques, as well as spectral
properties. The aim is to identify the weathering products encountered on
the Martian surface, as well as to improve the knowledge of the conditions
in which the Martian surface was altered.

2. Materials and methods
2.1. Sample description and preparation

The Ferrar dolerite sample presented in this study (Fig. 1A) was
collected specifically for rock varnish study by A. Meloni (INGV Roma)
about 20 years ago during a PNRA expedition on the northern side of the
Priestley Glacier, Antarctica (Lat: 74°S, Long: 163°E, altitude around
3000 m above sea level) and has been described by Chevrier et al.
(2006a). In this area, the Ferrar dolerite outcrops on top of the granitic
basement just above the ice sheet. Thus, they have been exposed at the
surface without disturbances for a very long time. Exact sampling con-
ditions are not known, but being conducted during rapid helicopter
surveys, it is very likely that a top mountain flat crest was chosen. The
subsequent experiences of one of the co-authors (P. Rochette) during
three PNRA expeditions on Ferrar dolerite bearing nunataks of this area
(e.g. Merchel et al., 2010) or in the Dry Valleys, revealed similar looking
weathering crusts on Ferrar dolerite samples. Exposure ages measured on
such surfaces are of the order of 1 Myr or more (Folco et al., 2008, 2016;
Schafer et al., 1999). Based on the altitude and sampling setting, the
weathering of the rock surface must have occurred either on contact with
the atmosphere or with temporary snow cover. Air temperature above
the ground is always much below zero (at most about —20 °C), and
contact with liquid water may have been exceptional. This situation may
have occurred only when the sun heats a dark rock surface, reaching
positive temperatures, and melting a thin snow cover. Note that the
dolerite block was showing a single well-developed weathering varnish
side that was likely the most exposed surface (i.e. exposed to the sun).

The Ferrar dolerite presents geochemical and mineralogical similar-
ities with Martian igneous rocks (Bandfield et al., 2000), despite being
more silica-rich than averaged Martian basalts. This similarity of modal
mineralogy makes these andesitic basalts interesting to study possible
alteration processes in the present-day Martian climate. The petrologic
study of this sample shows that it is a fine grained tholeiitic to andesitic
basalt composed of 55-60% of randomly oriented laths of feldspars
(plagioclase), 15-20% of both coarse ortho- and clinopyroxene and <5%
of Fe and Ti oxides, cemented by a 20-25% dark glassy or

~- 50 mm

Il Surface varnish [l Brownish layer [ ] "Fresh" zone

Fig. 1. A) Ferrar dolerite macroscopic sample showing the brownish surface
rind and the fresh core. As shown by the sketch of the apparent structure of the
weathering profile, samples characterized by XRD, SEM and infrared spectros-
copy were extracted from the drill core cylinder at different depths. B) Plane-
polarized light (PPL) image showing the texture and rock-forming minerals of
the Ferrar dolerite sample.

microcrystalline matrix (Fig. 1B, Gunn, 1962). The weathered surface is
characterized by a 1 mm-thick brownish surface rind (Fig. 1A), followed
by a discolored zone down to about 5 mm deep and then the apparently
dark fresh core. The original drill core (1 cm in diameter) prepared in our
previous mineralogical and magnetic characterization has been used for
this study (Fig. 1A, Chevrier et al., 2006a). The drill core had been pre-
viously sliced in order to get materials representative of different depths
(i.e.0to1,1t03,5,9, 13,17, 21, 25, 29 and 33 mm), allowing the
analysis of the alteration profile from the surface rind to the fresh rock
core. Following our previous study, all the slices were crushed to a grain
size of ~200 pm. In addition, the surface rind was sampled separately by
abrading approximately 0.5 mm of materials using a Dremel drill tool.
The original thin section which was prepared along the drill core for
microscopic observations was also used (Fig. 1B). A rough section of the
sample (~5 cm in diameter) was prepared to be scanned with a hyper-
spectral (HySpex) camera. Thus, all profiles and results presented by this
study can be directly compared to the results obtained by Chevrier et al.
(2006a).

2.2. Sample characterization

2.2.1. X-Ray Diffraction analyses
The X-Ray Diffraction (XRD) analyses of the fresh rock core and the
weathered rind (<0.5 mm thick) were performed with a Philips PW 3710
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6/26 diffractometer using a Cogy (k =1.79 A) radiation with a secondary
flat graphite monochromator. The diffractometer optics used to analyse
all samples was a front fixed slit of 1°, a scattered-radiation slit of 1° after
the sample and a detector slit of 0.2 mm. The X-ray tube operating
conditions were 35 kV and 30 mA. The 26 range was 5-80° in 0.02° steps
and a counting time of 13 s per step, resulting in a total counting time of
13 h and 45 min per sample. All powder samples were spread on a
crystallographically oriented silicon plate (no Bragg peaks) and homog-
enized with alcohol to obtain a thin and homogeneous layer. 50 wt% of
finely powdered quartz were added to both core and surface rind samples
in order to calibrate the spectra and control any possible instrument drift.
Therefore, the presence of quartz in the XRD patterns is not related to the
mineralogical composition of the Ferrar dolerite and can’t be used for
mineralogical characterization of the wathering profile.

2.2.2. Scanning Electron Microscopy analyses

Scanning Electron Microscopy (SEM) observations were completed
using a Philips XL 30 ESEM (Saint Charles Faculty, Marseille, France)
coupled with an EDX analytical system (EDAX) for semi-quantitative
chemical analyses. This system allowed the generation of elementary
maps showing the spatial distribution of elements over a zone of 1.2 mm
width and 6.7 mm length along the thin section. Eight images, acquired
along the weathering profile, were stitched together to generate a mosaic
image or elementary map. A counting time of 30 s was used to analyse
each element (e.g. Si, Al, Fe, Mg, Ca, Na, Cl). Additional observations
were performed using a JEOL JSM-6320F (CRMCN, University of Aix-
Marseille III, Luminy, Marseille, France) with an accelerating tension of
15 kV.

2.2.3. Laser-Induced Breakdown Spectroscopy analyses

Chemical analyses were obtained with a Laser-Induced Breakdown
Spectroscopy (LIBS) technique at the IRAP (Toulouse, France), using a
replica - the Engineering Qualification Model (EQM) - of the ChemCam
instrument that is currently onboard the Curiosity rover (Maurice et al.,
2012; Wiens et al., 2012). An optical system is used to focus a 1067 nm
Nd:KGW pulsed laser on the target (with an energy on target of 10 mJ and
a pulse width of 5 ns), which produces a short-lived plasma with atoms or
ions in an excited state. Each laser pulse produces a spectrum of emission
lines, which, in our case, is integrated over 3 ms and recorded over three
spectral ranges: 240-342 nm, 382-469 nm and 474-907 nm. Spectral
analysis of the atomic or ionic emissions lines allows identifying elements
present in the sample as major elements (e.g. O, Si, Fe, Na, K, Mg, Al and
Ca) and a large series of minor and trace elements (such as H, Ti, Mn, Li,
C, N, F, P, S, Cl, Cr, Ni, Cu, Zn, Sr, Rb, etc.).

Two series of 600 laser pulses (i.e. 600 spectra) were acquired at two
locations on the edge of the dolerite section, from the fresh surface to the
core of the sample, to obtain chemical depth profiles. Over this range of
shot number, each laser shot typically ablates ~0.3 pm of sample mate-
rial in basaltic rocks (Cousin, 2012). The spatial scale of the analysis is
~425 pm (Chide et al., 2019). The analyses were performed under a ~7
mbar CO5 atmosphere, which is representative of Martian conditions, but
also optimal for LIBS measurements (Cousin et al., 2011; Effenberger and
Scott, 2010; Sallé et al., 2006) except to measure carbon and oxygen
(Dequaire et al., 2017). This technique used with ChemCam’s EQM under
representative Martian conditions has the potential to provide a direct
basis of comparison between laboratory data and possible Mars obser-
vations done by ChemCam.

Absolute elemental quantification of diverse geological samples using
LIBS requires the use of a large calibration set of standard samples.
Nevertheless, relative analyses of elemental abundances are much
simpler to obtain, using either univariate or multivariate analytical
techniques. Multivariate analyses take advantage of the large spectral
range by considering that the observed spectra are linear combinations of
pure element sources and that the simultaneous analysis of several
emission peaks gives a better statistical sampling of the proportion of a
given element compared to the analysis of individual peaks. In this study,

the chemical variations in depth are investigated using an Independent
Component Analysis (ICA) technique (Forni et al., 2013), which is a
multivariate statistical and computational technique for revealing hidden
factors that underlie sets of random variables, measurements, or signals
(Comon, 1994; Hyvarinen et al., 2001). Each spectrum was decomposed
into 10 components (or spectra) that are mutually independent from each
other and which were derived from the analysis of the ChemCam Martian
dataset (Clegg et al., 2017). These components happen to be dominated
by emission lines from different elements (Si, Ti, Al, Fe, Mg, Ca, Na, K, H
and Li in the case of the present study). The weight or contribution of
each component to each measured spectra, hereafter called “ICA score”,
is computed by calculating the correlation coefficient between both. The
ICA scores vary monotonically with abundance (Clegg et al., 2017).
Comparing the ICA scores provides a way to analyse chemical variations
that are closely tied to the information contained in the spectra (as can be
seen by comparing spectral regions in Fig. 5 with ICA scores in Figs. 6 and
7), albeit not in an absolute quantitative way.

2.2.4. Infrared spectroscopy

2.2.4.1. Powder sample spectra. The reflectance spectra of the powder
samples collected at different depths were measured at the LPG Nantes
(University of Nantes, Nantes, France) using a Nicolet 5700 FT-IR spec-
trometer (Thermo Nicolet Corporation, USA). The spectral readings were
performed using a Smart Diffuse Reflectance accessory at room condi-
tions (T = 20 °C and P ~ 10° Pa). An Infragold reflectance standard was
used to derive the absolute reflectance of each sample. A quartz-halogen
source was employed for two beam-splitter/detector configurations to
obtain spectra in two different spectral ranges. The quartz/silicon
configuration covered the 0.70-1.10 pm wavelength range (.e.
~15,000-9000 cm V) while the CaFo/DTGS (Deuterated Triglycine
Sulfate) configuration acquires spectra from 1.00 to 4.70 pm range (i.e.
~10,000-2100 cm™1). The spectral acquisitions were set to measure the
average of 100 and 200 stacks respectively. Spectra acquired in those two
different spectral domains were stitched together by using the silicon
detector as a stable reference and finding a linear relation in the over-
lapping spectral range (i.e. from 1.00 to 1.10 pm). The measurements
were done with a spectral resolution of 4 cm™!. Each spectrum was then
resampled at a resolution of 3.5 nm in order to have a uniform sampling
interval in wavelength and to reduce the noise.

The shifts in wavelength of key absorption bands as well as the var-
iations of both the absorption band-depth and/or the band-area can be
computed in order to quantitatively estimate the compositional miner-
alogical changes on a sample (Chevrier et al., 2006b; Clark and Roush,
1984; Nolin and Dozier, 2000). Two spectral parameters have been
defined to analyse the sample spectra at three different wavelengths
ranges (see Table 1). The analysis of the ~1.00 and ~2.00 pm bands
diagnostic of the iron present in pyroxenes (Hunt and Salisbury, 1970)
was done using the 0.75-1.20 pm and the 1.60-2.60 pm spectral range
respectively. Note that the absorption band of the ferric iron of (oxy)--
hydroxides occurring near 1.00 pm overlap the pyroxene features and
can also be analysed using this same spectral parameter. The hydration
band, occurring at 2.80 pm, was studied within the 2.60-4.00 pm spectral
range. Spectra have been continuum removed using the technique pro-
posed by Clark and Roush (1984) to enhance the differences in shape and

Table 1

Wavelength ranges used to remove the continuum and to study the evolution of
the clinopyroxene and the plagioclase absorption bands as well as the hydration
bands.

Continuum removal intervals Analysed spectral processes

(pm)

0.75-1.20 Evolution of the 1.00 and 2.00 pm clinopyroxene
1.60-2.60 bands

2.60-4.00 Evolution of the 2.80 pm hydration band
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to isolate the absorption features. The depth of an absorption feature D is
defined relative to the continuum p, by the following equation:

DZPC — P

Pe

(€Y

where py, is the reflectance at the band bottom and p. is the reflectance of
the continuum at the same wavelength A (Clark and Roush, 1984). The
position in wavelength for an absorption feature is defined by the
wavelength where the reflectance is minimal after the continuum
removal. The integrated band area of an absorption feature (Sgs) is ob-
tained by adding the reflectances over the spectral range (d;) that defines
the considered absorption feature after continuum removal (Nolin and
Dozier, 2000) as follows:

Dmax

Z (1=p;)-d;

A=bin

(2)

Sabs =

2.2.4.2. Hyperspectral image of the sample. The Ferrar dolerite sample
was scanned using three HySpex hyperspectral cameras (LPG Nantes,
University of Nantes, Nantes, France). The Vis-NIR range was covered
with a VNIR-1600 camera equipped with a Silicon CCD detector array.
This device acquires a full spectrum with a spectral sampling interval of
3.7 nm between 0.40 and 1.00 pm in 160 bands. Two cameras were used
to cover the SWIR. The SWIR-320i covers the wavelength range from
0.90 to 1.70 pm in 147 bands with an InGaAs (indium-gallium-arsenide)
detector while the SWIR-320m camera is equipped with an HgCdTe
(mercury-cadmium-telluride) detector array that measures the light
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between 1.30 and 2.50 pm in 239 bands. Both SWIR cameras have a
spectral resolution of 5 nm. The distance between the cameras and the
sample is 30 cm. The scanning speed is synchronized to the speed of the
spectral acquisition of each line to achieve a final image with a spatial
resolution of about 0.2 mm/pixel with the Vis-NIR camera and 0.85 mm/
pixel for both SWIR cameras.

The laboratory measurements were done using a halogen lamp giving
energy up to 2.50 pm. A white standard panel made of Spectralon® was
used in the scene as a reference material to convert the obtained spectral
data into reflectance data. Spectral correction was done in two steps: i) a
radiometric correction of photon counts in radiances, including factory
calibration between columns for each hyperspectral cameras separately,
and ii) a reflectance conversion which is given in the scan direction by
dividing each pixel by the mean of the Spectralon® digitized spectrum
present in each image and multiplied by the Spectralon® factory spectra.
The spectral domains covered by the three cameras were merged using
the CCD detector as a stable reference and finding a linear relation in the
overlapping spectral range (i.e. from 0.90 to 1.00 ym and from 1.60 to
1.70 pum). For this process, the Vis-NIR hyperspectral image was resam-
pled to the spatial resolution provided by the SWIR cameras. Two color
composites images were defined and two band ratios were calculated
from the hyperspectral data cube to highlight the mineralogical varia-
tions as well as to map spectral heterogeneities of the sample from the
sample surface rind to the fresh zone.

3. Results and mineralogical interpretations
3.1. Mineralogy and chemistry

The analysis of the XRD patterns for the fresh core and the weathered
rind shows significant differences. The fresh core sample has a relatively
simple composition, largely dominated by anorthite, with clinopyroxene
and minor orthoclase (Fig. 2). The weathered sample shows a similar
composition; however, the maximum intensity is much lower (i.e. ~480
counts s’l, see Fig. 2A) than the one observed for the fresh sample (i.e.
~1300 counts s’l, see Fig. 2B). This is mainly due to the decrease in
intensity of the anorthite, while the two other phases present similar
intensities in both samples. Despite its likely presence in the sample
(Elliot et al., 1995), characterizing the presence of quartz was not
possible due to its use as a control for peak position. However, previous
analyses have shown that quartz should account for ~5% of the mineral
modal abundance in the dolerite (Zavala et al., 2011). The other signif-
icant feature in the weathered sample is the presence of a major peak at
20 = 42°, and a second peak or lower intensity at 20 = 68° (Fig. 2A). The
peak at 20 = 42° is also present in the fresh sample, albeit with a lower
intensity. These peaks are best matched by maghemite y-Fe;Os, although
the two spectra, labelled maghemite-C and maghemite-Q, present a sig-
nificant peak at 20 = 74.5° that is not observed in the weathered sample.
Therefore, a specific form of maghemite may be present, which appears
to be the only phase to fit the 42° peak and still be consistent with the
overall chemistry of the sample. Finally, a single peak observed at 20 =
12° probably indicates the presence of smectite at the surface of the
sample. It is interesting to note that this peak is virtually absent in the
core of the sample.

The XRD results are confirmed by the chemical mapping along the
weathering profile. The Si, (Al + Ca) and Mg elemental maps clearly
identify the three major phases in which these elements are concentrated:
amorphous glass, feldspars and pyroxenes, respectively (Fig. 3). Sodium
appears relatively homogeneous, except in the pyroxenes, where it is
depleted. Iron is an element of major importance when studying aqueous
alteration or weathering, because its oxidation state changes between Fe'!
and Fe' resulting in various minerals that reflect the environmental
conditions. Chevrier et al. (2006a) observed an enrichment in iron to-
wards the surface using bulk chemical analyses. The Fe elementary map
shows a very clear depletion where Al is concentrated (i.e. in the
plagioclase). Alternatively, Fe is slightly concentrated in the mineral

Core 6.7 mm Surface

abew

Q

Fig. 3. Image and elementary maps of the weathering profile, determined using
a SEM coupled with an EDAX. Each map is the result of the combination of eight
individual pictures, stitched to each other. From top to bottom: SEM image, Si,
Al, Fe, Mg, Ca, Na, and CI maps.

phases where Mg is present (i.e. pyroxenes). Note that Fe does not seem
to concentrate on the very top surface of the profile (Fig. 3). This suggests
the absence of a surface varnish or a coating that it is too thin to be
observed at the resolution of the ESEM (Campbell and Claridge, 1987;
Cannon et al., 2015; Salvatore et al., 2013). The last and most interesting
observation is the presence of a thin vein connected to the surface that
shows a strong enrichment in Fe, but also a depletion in Si and a slight
enrichment in Cl (Fig. 3). The chemical composition of this vein indicates
that it most probably results from weathering. The presence of chlorine is
typical of marine aerosol contribution that is commonly observed in
Antarctic surfaces even far from the ocean (here distant from the outcrop
by about 80 km). Chloride crystals have also been previously observed on
the surface of the sample (Chevrier et al., 2006a).

The ESEM analysis of the vein exhibits a plasma structure and
concentric accumulations within its interior (Fig. 4). Elemental analysis
of the accumulated product indicates the presence of iron with minor
manganese (Table 2, shots number 1, 3 and 4). Therefore, the products
filling the vein are interpreted as being an iron (oxy)-hydroxide. How-
ever, there is no certitude that this phase is equivalent to the maghemite
identified in the XRD spectra and by the previous magnetic analyses
(Chevrier et al., 2006a). The morphology rather suggests nanophase iron
(oxy)hydroxides. But this is very distinct from the well-defined crystals of
primary inherited titanomagnetite (Fig. 4, Table 2, shot number 6).

The LIBS depth profiles exhibit various relative correlations between
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Fig. 4. SEM picture of the Ferrar dolerite (mosaic done using two images) showing the vein identified on the chemical maps (see Fig. 3). The vein is filled with iron
(oxy)-hydroxides showing plasma structure. The bright crystals are iron sulphides. The crosses and numbers indicate EDAX individual analyses (shown in Table 2).

Table 2
EDAX analyses of various minerals in the Ferrar dolerite sample (points shown on
Fig. 4).

Shot # 1 2 3 4 5 6 7
Wt%

S 1.4 0 2.8 0.99 NA# 0 NA#
Ti 0.94 5.34 0 0 44.38

Cr 0 0 0 0 0

Mn 0.7 0 1.8 1.18 1.66

Fe 95.64  93.8 94.84 932 53.36

Co 0 0 0 0 0

Ni 0 0 0 2.83 0

Al 1.32 0.86 0.56 1.81 0.6

Total 100 100 100 100.01 100

At%

S 2.38 0 475 1.68 0

Ti 1.06 6.12 0 0 47.9

Cr 0 0 0 0 0

Mn 0.7 0 1.79 1.17 1.56

Fe 93.2 9213 9234  90.88 49.39

Co 0 0 0 0 0

Ni 0 0 0 2.62 0

Al 2.66 1.75 1.12 3.66 1.15

#0Only qualitative spectra were acquired and showing pyroxene composition.

elemental peak intensities. There is a strong positive correlation between
Si and Al (Figs. 5 and 6A), Na (Fig. 6B) and K (Fig. 5, Fig. 6C). Note that
the second depth profile is not shown but gives similar results. These
results suggest the presence of feldspar in the measured samples. More-
over, the surface data (i.e. colored points on Fig. 6, corresponding to the
first shots of the depth profile) align on the same trend as the deeper
measurements (i.e. black points on Fig. 6). This indicates that the
composition of the feldspar does not significantly change in the altered
front, although the surface measurements are slightly enriched in Na and
K, while depleted in Al. The fact that Al is not exactly aligned with the
rest of the data suggests incongruent dissolution of feldspar, possibly
accompanied by a migration of Na and K to the surface (Cannon et al.,
2015; Salvatore et al., 2013). Moreover, LIBS measurements exhibit a
strong anticorrelation between Si, Mg (Figs. 5 and 6D) and Ca (Figs. 5 and

6E). Such results indicate that Ca and Mg are carried by a phase that is
Si-poor and mixed with the Si-rich phase (itself correlated to Al), and
therefore that Ca and Mg are probably carried by mafic minerals, most
likely pyroxenes. Therefore, the overall signal shows mixing of mafic and
alkaline silicate phases, combining enrichment in feldspar and depletion
in pyroxene towards the surface of the sample at the ~400 pum scale of the
LIBS depth profile.

Iron shows a more complex behaviour. There is a significant increase
of Fe towards the surface (Figs. 5 and 6F), combined with an increase of
hydrogen (Fig. 7A). This is particularly visible when comparing the in-
dividual signals for Fe and H as a function of shot number (Fig. 8A and B).
Fe and H are particularly enriched in the first 30-40 shots, as well as
deeper (i.e. around 150-200 shots). The deeper shots have most likely
sampled the edges of the LIBS crater, and thus the fresh surface as well
(probably due to a small jitter of the laser beam in between each burst of
150 shots). This strong correlation between Fe and H (Fig. 7A) suggests
the presence of iron (oxy)-hydroxides close to the surface of the sample.
Therefore, the positive correlation between Fe and Si (Fig. 6F) is prob-
ably the result of enrichment in feldspar and iron (oxy)-hydroxides near
the sample surface. On the other side, in the deeper shots, hydrogen
becomes independent from iron, suggesting the signal from iron (oxy)-
hydroxides become negligible. Finally, the strong correlation observed
between Fe and Ti (Figs. 5 and 6B) suggests that iron is partly carried by
Fe-Ti-rich phases, most probably titanomagnetite or its oxidized coun-
terpart titanomaghmemite (Chevrier et al., 2006a).

Another significant element in the weathering profiles is manganese.
LIBS measurements do not show any clear correlation between Mn and Fe
(Fig. 7C), although Mn is slightly decreasing from the surface to the core
(Fig. 8C). This demonstrates that although Mn is affected by surface
weathering, it is not concentrated in iron (oxy)-hydroxides.

Fluorine is also detected at the surface of the sample (Fig. 9), through
the emission of a CaF molecular band at ~603 nm, resulting from the
recombination of Ca and F in the plasma. Particulate fluorides usually
include cryolite (NasAlFg), chiolite (NasAlsFq4), calcium fluoride,
aluminum fluoride and sodium fluoride (Lewandowska et al., 2013). The
lack of Al or Ca enrichment (Fig. 6A, E) and the increase of Na in the first
shots of the depth profile (Fig. 6B) suggests the presence of sodium
fluoride. Correlation between F and Na was used to point out a contri-
bution of fluoride from sea salt in precipitation samples collected from
marine, coastal and inland sites in India (Mahadevan et al., 1986).
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3.2. Reflectance spectroscopy and hyperspectral imagery

The VIS-NIR reflectance spectra of the samples corresponding to the
depths 1, 3, 5, 9, 13, 17, 21, 25, 29 and 33 mm are shown in Fig. 10.
Several characteristic absorption features dominate the spectra. A deep
absorption band centred at 1.00 pm is present and seems to be correlated
to another one between 2.10 and 2.20 pm. Both absorptions are diag-
nostic of ferrous iron in clinopyroxene (Hunt and Salisbury, 1970). The
exact position in wavelength of the 1.00 pm and 2.10-2.20 bands suggest
the presence of augite as the dominant clinopyroxene endmember
(Fig. 11). A very strong and round shaped feature at 2.80 pm indicates the
presence of adsorbed and structural water in the samples (Milliken and
Mustard, 2007a, b; Pommerol and Schmitt, 2008). Finally, two very
shallow absorption bands at 3.41 and 3.50 pm appear in the spectra
(Fig. 10). These two shallow bands are most likely related to contami-
nants originating from organic material from the sampling site (prox-
imity to the ocean) or from compounds used during sample handling and
preparation prior to analysis.

The surface rind is clearly visible on the color composite image that
covers the visible range of the hyperspectral image (Fig. 12A). The rind
penetration is around 1-2 mm, followed by a discoloration zone that
penetrates down to about 5-10 mm and it is characterized by a lighter
color than the fresh core that appears greenish grey. The footprint of the
surface rind is even more evident on the Vis-NIR color composite
(Fig. 12B). The oxidized rind appears blue-green, the transition zone
shows orange-yellow colors and the fresh core is dark brown.

The spectral profile derived from the hyperspectral image of the
macroscopic sample (Fig. 13) shows a similar behaviour to the spectra
collected on the powder samples (Fig. 10). However, the amplitude of the
absorption bands at 1.00 and 2.00 pm and that of the shoulder at 0.75 pm
are much more attenuated than those observed on the powder spectra.
These differences are related to the surface state created by the sample
preparation methods (i.e. powder v/s sawn surface). The spectral
response obtained with the hyperspectral camera in the Vis-NIR shows a
truncated band near 0.51 pm and 0.95 pm (Fig. 13). Both features are
stronger near the sample surface and tend to disappear towards the fresh
core. Both phenomena can be characterized by calculating the ratio be-
tween the band shoulders (750 nm) and the band centre (510 and 950
nm). Therefore, the ratio R950/R750, shown in Fig. 12C, highlights the
discoloration zone (darker indicates deeper 950 nm band) while the ratio
R750/R510, displayed in Fig. 12D, characterize the surface rind and
associated veins (darker indicates deeper 510 nm band).

Although all spectra from the fresh rock core to the surface rind

285.2
Wavelength (nm)

_g this figure legend, the reader is referred to
E the Web version of this article.)

2854 2856

appear relatively similar at first sight (Figs. 10 and 13), they exhibit
subtle variations of the spectral properties with depth, probably related
to the weathering gradient previously characterized in this core (Chev-
rier et al., 2006a). Previous mineralogical observations showed the for-
mation of iron (oxy)-hydroxides towards the surface. Two possible
candidates have been identified: maghemite and hematite, the former
being metastable with respect to the latter (Chevrier et al., 2006a). The
maghemite spectrum shows an overall flat response in the Visible
Near-Infrared (Vis-NIR) region (from 0.80 to 2.60 pm in Fig. 11). How-
ever, this mineral could be responsible for the change in shape of the
spectra near 1.10 pm and 2.50 pm (Figs. 10 and 13). The spectral
response of maghemite could also explain the attenuation of the
maximum of reflectance of clinopyroxene near 1.60 pm, the disappear-
ance of the 2.00 pm feature, and the smoothness of the 2.75 pm band of
augite (as shown in Fig. 11), especially for surface samples. Moreover, a
more pronounced rounded shape of the 2.80 pm band towards the sur-
face could also be related to the presence of maghemite.

3.2.1. Spectral evolution of the 1.00 and 2.00 ym range

Fig. 14 presents the evolution of the 1.00 and 2.00 pm continuum
removed bands between two intervals: 0.75-1.20 pm (Figs. 14A) and
1.60-2.60 um (Fig. 14B) respectively. Although the first absorption band
is centred at 1.00 pm, the 2.00 pm-band is centred at 2.15 pm (Fig. 14B),
suggesting a mixture of clinopyroxene with a small amount of ortho-
pyroxene (Adams and McCord, 1972).

The band area parameters shown by Fig. 14C, which correlates the
1.00 pm versus the 2.00 pm band areas, will be discussed in the following
sections. Fig. 14C shows that there is a clear correlation between the 1.00
and 2.00 pm bands area in all the samples and indicates that a significant
component of pyroxene is present (Fig. 11). The fresh core samples are
characterized by lower values of 1.00 pm and 2.00 pm bands, which
increase towards the discolored zone. The maximum values are for 3 and
5 mm deep samples. The 1 mm deep sample occupies an intermediate
position. Both pyroxene bands do not correlate with the overall spectral
albedo (the average albedo is 0.09 and values range from 0.08 to 0.12).
This lack of trend demonstrates that the spectral parameters used in this
study and compared to other chemical analyses are not artefacts.

The evolution of both the 1.00 pm and the 2.00 pm band area with
depth has been compared to the chemical profiles for various major el-
ements (e.g. FeO, MnO, MgO, CaO and SiO; in Fig. 15) that were pre-
viously measured by Chevrier et al. (2006a). Except for the 1 mm deep
sample, the evolution of the 1.00 pm and 2.00 pm bands area is positively
correlated with the MnO and FeO contents (Fig. 15A), suggesting an
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Fig. 6. LIBS measurements of Ferrar dolerite. Depth profile ICA score plot: A) Si v/s Al, B) Na, C) K, D) Mg, E) Ca and F) Fe. Points colored in brown tones were
measured near the surface while the black points correspond to the measurements done deeper in the sample. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

increase in pyroxene abundance in the discolored zone.

3.2.2. Evolution of the 2.80 ym hydration band

Fig. 16A shows the continuum removed spectra of samples between
2.60 and 4.00 pm, emphasizing the 2.80 pm hydration feature. The depth
and width of this feature decrease from the surface to the inner fresh
core, indicating a stronger hydration of the surface materials. Fig. 16B
compares the 2.80 pm band area evolution with depth to the H,O content

(after heating the samples to 110 °C) and Lost On Ignition (LOI, volatiles
lost at about 900 °C) as measured by Chevrier et al. (2006a). There is a
moderate to strong correlation between the band area and the LOI
(Fig. 16C). The correlation with HyO is weaker and mostly limited to the
increase close to the surface, related to increased hydration in the more
porous surface (e.g. presence of veins as in seen in the element maps, see
Figs. 3 and 4).
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Fig. 8. LIBS measurements of Ferrar dolerite (Depth profile #1). ICA score as a
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after continuum removal. The sudden jumps in signal for Fe, H and Mn at shot
number 150 and 300 correspond to a jitter in the laser beam which resampled
the fresh surface around the first crater. No such discontinuity is observed at
shot #450.
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Fig. 10. Reflectance spectra acquired between 0.75 and 5.00 pm of the Ferrar
dolerite samples collected at different depths along a weathering profile. Spectra
have been offset by 0.5% for clarity. The centre of the main absorption bands
is indicated.

4. Discussion on mineralogy and spectral correlations

There is a significant spectral change in the sample between the 3 mm
and 9 mm depths which is consistent with the evolution of the main el-
ements that have been analysed. From the sample surface to the core: i)
the drop-off of reflectance is less steep in the near infrared and the po-
sition of the maximum moves from 0.77 to 0.82 pm, ii) the slope between
1.2 and 2.5 pm decreases and iii) the pyroxene bands are more
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Fig. 11. USGS spectra showing the absorption features of the minerals showing
a response in both Vis-NIR and SWIR ranges and that were identified in the
Ferrar dolerite: Augite WS592 and Maghemite GDS81(Kokaly et al., 2017)).

pronounced in the discoloration zone (3 and 5 mm deep, Fig. 12C and D
and 14C). The spectral measurements done in the discolored zone be-
tween 3 and 5 mm (e.g. in the dark zone on Fig. 12C) exhibit an increase
of the hydration and pyroxene bands (Figs. 14 and 16), which are
probably due to the relative increase of the pyroxene and feldspar con-
tent as a result of the dissolution/alteration of the glass matrix, as evi-
denced by the slight decrease of SiO, (Fig. 15B). This confirms the
existence of a transition zone between the fresh rock core and the surface
rind, where elements are remobilized.

This trend seems to be only inverted in the first millimeter of the
sample where the pyroxenes feature area decreases (Fig. 14C) and the
water band area does not increase anymore (similarly to the measured
H>0 but contrary to the LOI, e.g. Fig. 16B and C). The destabilization of
pyroxene is confirmed by the decrease of Ca and Mg (Fig. 15B), which
corroborates the migration of divalent cations observed by previous
studies (Salvatore et al., 2013). The behaviour of the first sample (i.e. 1
mm deep) is consistent with the presence of an iron and manganese oxide
surface rind, which spectrally attenuates the absorption features of cli-
nopyroxene. All these observations are also confirmed by LIBS mea-
surements (Section 2.2), which are sampled at a depth inferior to 1 mm
(so only in the surface rind and maybe slightly below), and indicate a
decrease of ferro-magnesian component in the first 100-200 pm of the
surface LIBS measurements show that plagioclase is fairly resistant to
alteration, while pyroxene is progressively replaced by iron (oxy)--
hydroxides, thus explaining the loss of Ca and Mg, concomitant to the
increase of Fe in the first millimeter. The strong enrichment in hydrogen
in the first shots, e.g. close to the surface (Fig. 8B), and the correlation
between iron and hydrogen (Fig. 7A), also suggest replacement by iron
(oxy)-hydroxides. The first LIBS profile also shows a decrease of Mn with
depth (Fig. 7C), but the lack of a clear Fe-Mn correlation (Fig. 7C) sug-
gests that the two elements are not carried by the same phase, and that
they have different distribution with depth. The second LIBS depth
profile (not shown) also shows a clear Fe-enrichment in the first shots,
but no Mn-enrichment, which indicates that the Mn-rich patina is prob-
ably patchy at the surface of the sample, unlike the iron
(oxy)-hydroxides.

However, these small element fluctuations do not have a significant
impact on mineralogical and chemical changes at a larger scale as evi-
denced by the relatively homogeneous elemental maps (Fig. 3). Although
spectroscopically and visually distinct, the surface rind and underlying
discolored zone are mineralogically very similar and subtle changes in
mineralogical content (e.g. the formation of relatively scarce iron (oxy)-
hydroxides) can explain relatively significant changes in spectroscopic
properties.

Based on IR spectra alone it is difficult to determine the exact nature
of the ferric iron bearing phases occurring in the alteration layer. The
alteration products seem to hide the Fe>* absorption band as there is no
apparent response near 0.86 pm. Such results are in accordance with the
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Fig. 12. Ferrar dolerite sample scanned with the HySpex hyperspectral cameras: A) true color composite (red: 0.65 pm, green: 0.55 pm, blue: 0.45 pm), B) false color
composite (red: 0.51 pm, green: 0.73 pm, blue: 0.93 pm). Spectra collected along the profile highlighted by a rainbow color bar are presented in Fig. 13 C and D, Band
ratios maps calculated to highlight the spectral differences between the surface rind and the fresh zone of the Ferrar dolerite sample: C) R950/R750, D) R750/R510.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

presence of maghemite as identified by XRD, rather than common he-
matite (Clark et al., 1993). The presence of maghemite in the Ferrar
dolerite sample was previously inferred from magnetic measurements
(Chevrier et al., 2006a). This “maghemite” may be a specific variety,
probably nanocrystalline, as it could not be identified using electron
microscopy. But considering that infrared or XRD measurements were
done on powders of the bulk rock, this suggests that maghemite con-
centrates in the rock matrix. The strong correlation between iron and
hydrogen in the surface rind suggests the presence of a (oxy)-hydroxide
phase, thus different from pure maghemite or hematite which are both
devoid of hydroxyl groups. Our results suggest the possibility of hydro-
maghemite, which has been suggested as an intermediate between fer-
rihydrite and hematite (Barron et al., 2003; Liu et al., 2008). This phase
destabilizes fairly quickly into hematite in the previously studied hy-
drothermal environments, but could be metastable at much longer
timescales due to the much colder and arid environment prevailing in
Antarctica. This phase would also be different from the titanomaghemite
previously observed (Chevrier et al., 2006a), which is essentially
oxidized titanomagnetite inherited from the primary basaltic rock, and is
probably responsible for the correlation between iron and titanium
observed by LIBS (Fig. 7B). The increase of such correlation close to the
surface is probably due to the preferential dissolution of the glass matrix
and the pyroxenes in the first few hundred microns. ESEM observations
suggest that the same iron (oxy)-hydroxides also concentrate in discrete
veins open to the atmosphere (Figs. 3 and 4). Even with a 1 mm-thick
sample, and considering that the rind is probably extremely thin as a
result of slow alteration and aeolian erosion, the bands of pyroxene are
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significantly attenuated.

Previous studies showed that phyllosilicates are often present in
desert coatings and varnishes (Potter and Rossman, 1977). Despite their
presence in the surface rind XRD analyses (peak at 20 = 12°, Fig. 2), no
well-developed phyllosilicate absorption band such as 1.40, 1.90 and
2.20-2.30 pum features could be observed on the Ferrar dolerite infrared
reflectance spectra. This could be due to a cryptocrystalline nature of
these weathering products (i.e. grain size lower than the analytical
wavelength). Another explanation would be that due to the slow
weathering kinetics, aeolian activity can effectively remove the phyllo-
silicates from the surface which would explain the presence of an
extremely thin varnish on top of the weathered rind and the presence of
clay minerals in soils derived from the Ferrar dolerite alteration (McA-
dam et al., 2004; Salvatore et al., 2013). However, we did not observe
any phyllosilicate in the alteration veins, yet they are filled with iron
(oxy)-hydroxides. Therefore, an important characteristic of recent cold
weathering is that it does not produce substantial phyllosilicates coatings
or varnishes, at least in the alteration profile we have characterized.

Together with the detection of chlorine by EDAX and the presence of
sodium chloride on the surface and in the connected veins of the sample
(see Fig. 3 and also Fig. 3H in Chevrier et al., 2006a), the detection of
fluorine by LIBS measurements (Fig. 9) indicates a chemical overprint
originating from the oceanic environment (Bao et al., 2008). This surface
enrichment, only seen in the first depth profile, probably results from the
(non-uniform) deposition of marine aerosols, which constitute one of the
major natural sources of airborne fluoride, after volcanic eruptions and
geysers (Lewandowska et al., 2013; Mahadevan et al., 1986). The
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Fig. 13. Spectra collected on the hyperspectral data cube along a profile from
the surface rind (red) to the fresh rock zone (blue). Spectra have been offset by
0.5% for clarity. The location of the spectra on the hyperspectral image is
indicated by the rainbow color bar presented in Fig. 12A and B. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

presence of fluorine may indicate a quite recent deposition or a very dry
environment, as degasification of hydrofluoric acid (HF) from marine
aerosols occurs readily when they react with acids, and F is expected to
be depleted in aged marine aerosols at high relative humidities (Brim-
blecombe and Clegg, 1988). Altogether, these results indicates a chemi-
cal overprint probably originating from the oceanic environment (Bao
et al., 2008) and partially responsible for the alteration at the surface of
the sample or in the interior veins connected to the surface (e.g. presence
of chlorine and fluorine). However, the general mineralogical trends
observed along the weathering profiles are largely explained by oxidative
“dry” weathering, as indicated by the presence of metastable maghemite
in the interior of the rock.

5. Conclusions and implications for Mars exploration

The present study shows that alteration/weathering, in cold and dry
climate relatively similar to what is expected on Mars, produces only
subtle changes in chemistry and mineralogy, essentially characterized by
the formation of iron (oxy)-hydroxides at the expense of ferromagnesian
minerals (e.g. pyroxene). A strong spectral correlation was observed
between the spectral properties and the mineralogy/chemistry. The 1.00
and 2.00 pm bands are good indicators of FeO contents. The anti-
correlation observed in the first millimeter (i.e. where the band areas are
slightly lower while the iron content increases) could be related to a
change in oxidation from FeO to Fe;O3 resulting from the accumulation
of ferric (oxy)-hydroxides. The strong correlation with the LOI

12

12

1.00

0.95

0.90

0.85

Reflectance - Continuum
B
U N SN T N SN TN TN T AN T Y SN S NN SO ST S

0.80

1.00

L 1 n
0.90
Wavelength (um)

T T

1.00

0.98

0.96

33 N/

0.94

Reflectance - Continuum

0.92

0.90

N
[0}
S

1 L 1 L
2.00 2.20
Wavelength (um)

" 1 "
1.80

N
(o]
o

-
o]

R? = 0.8420 N

-
o]

e
~

[TT T T[T T T T[T T T T[T T T T[T TTTT]

2.00 ym band area

Lo bvww o by w b bvwa Bya o N

6 AT ST SN T N SN SN ST T NN SN ST SR S NN S ST ST SR N S S
6 7 8 9 10
1.00 um band area

11

-
N

Fig. 14. Continuum removed spectra between 0.75 and 1.20 pm (A) and
1.60-2.60 pm (B) showing the evolution of the 1.00 and 2.00 pm bands
respectively. Scatterplots showing the band depth v/s band area (C) and the
1.00 pm v/s 2.00 pm band area (D). The numbered labels indicate the sample
depth (in mm) for each powder spectra.

(hydration) suggests that the 2.80 pm band could be used as an alteration
index of the rock surface. Nevertheless, this study demonstrates that the
very thin rind covering the rock in such environments can alter the
spectral signature of the primary rock, while the overall mineralogical
and chemical composition remains relatively unaltered. Considering the
small variation of concentration of different elements between the core
and the surface (less than 4%), the spectral results presented by this study
show that the spectroscopic properties are sensitive to slight but signif-
icant composition variations, and therefore to the degree of alteration of
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Fig. 15. Evolution of both the 1.00 pm (A) and the 2.00 pm (B) band area (the
black cross profile refers to the left Y axis) and the relative concentrations of
various major elements (right Y axis) as a function of depth along the drill core
(from Chevrier et al., 2006a). Element percentages are normalized to the value
of the core as (Xcore-Xdepth)/Xcore- The reference values are provided in Chevrier
et al. (2006a) (Table 1). But as an example, iron values vary from 10.51 wt%
Fe;03 at 33 mm to 13.08 wt% Fe,O3 in the first mm.

rocks. That said, this study confirms the results of previous studies con-
ducted in Antarctica (Salvatore et al., 2013, 2014) and on Mars (Hur-
owitz and McLennan, 2007; Salvatore et al., 2019). They show that
weathering in cold and dry environments proceeds at almost constant
mineralogical and geochemical composition. One of the most significant
mineralogical by-product of such alteration pathway is the formation of
red and magnetic nanophase iron (oxy)-hydroxides, most probably
(hydro)maghemite, accompanied by titanomagnetite/titanomaghemite
inherited from the parent rock, very similar to what has been previously
observed on Mars (Goetz et al., 2005). Further aeolian erosion of the even
micrometer-sized alteration varnishes would probably be enough to
produce the red dust covering the entire planet and exhibiting these
unusual magnetic properties. The scarcity of igneous rocks found in Gale
crater, where rocks are predominantly sedimentary rocks (mudstones,
fine-grained sandstones) altered by diagenetic fluids, and conglomerates
eroded by fluvial transport, does not make it the most ideal place on Mars
to identify the signature of such an alteration pathway. However, in other
locations with greater access to igneous lithologies, it would be inter-
esting to compare the infrared spectral signature of altered rocks with the
spectral response acquired in recent impact craters where alteration and
dust have not affected the signature of the basaltic rocks which remain
unaltered. The payload of the forthcoming Mars 2020 “Perseverance”
rover will include the use of DRX, LIBS, infrared and Raman spectros-
copy. In particular, the SuperCam instrument might prove very diag-
nostic to go one step further compared to previous analyses. It will
provide the possibility to acquire collocated measurements of LIBS
(typically performing rasters of 1 x 5or 1 x 10 points containing 30 laser
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shots each, or depth profiles with up to 600 collocated shots), Raman,
and passive infrared spectroscopy covering for the first time in situ on
Mars the very diagnostic 1.30-2.60 pm wavelength range, in areas where
the dust will be removed by the LIBS laser shots. It has also the capability
to analyse the inner walls of drill holes and the interior of rocks broken by
the wheels of the rover. Looking for chemical gradients between the
surface of rocks and their interior, or within depth profiles as done in the
current study, could reveal how cold and dry weathering modified the
chemical and mineralogical composition of Martian igneous rocks.
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