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Abstract

The Mars Sample Return (MSR) is a near future mission to return samples
from the surface of Mars to the Earth. The field operations to carry out data
collection, selection of the samples, and sampling procedure, mainly related to
the CanMars MSR analog mission, are well-studied and published. In contrast,
studies related to the methodology implemented to characterize the mineral-
ogy of the returned samples are scarcer and focused on biosignature detection.
This work presents a non-destructive analytical methodology based on Raman
microscopy (single point and imaging), micro-energy dispersive X-ray fluores-
cence imaging analysis, and scanning electron microscopy coupled to energy
dispersive spectroscopy that could be used as a first analytical characterization
for the Martian samples that will be returned to the Earth in the upcoming
MSR mission, before any destructive analysis. The analytical methodology has
been tested on a fragment of the Northwest Africa 1950 Martian meteorite,
which gives us a mineralogical characterization of the meteorite. This method-
ology also allowed to define several chemical reactions taking place in some of
the mineral phases (olivines and ilmenite) of the meteorite. In addition to the
geochemical characterization of the samples, the fact that this methodology
allows to assess the chemical transformations in several minerals gives impor-
tant clues for describing mineral processes and geological evolution that took
place on Mars. This work also shows the advantages and disadvantages that
each of the techniques employed has when performing a mineralogical charac-
terization, the information that each one can provide and the importance of
combining them.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
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1 | INTRODUCTION

The Mars Sample Return (MSR) is a near future proposed
mission to return, for the first time, samples from the sur-
face of Mars to the Earth, planned by the National Aero-
nautics and Space Administration (NASA) and the
European Space Agency.!'! The samples are being
selected and collected by the Perseverance rover (Mars
2020 mission). The first sample was collected on the first
days of September 2021.1"! After the collection of the sam-
ples, the rover from the sample return mission will gather
them and an ascent rocket will put them into Mars orbit.
An orbiter, which is expected to be launched in 2026, will
retrieve the sample container in Mars orbit, and the sam-
ples will be finally taken back to the Earth in 2031.1%!

These samples will be the first Martian samples on
Earth that had not been previously subjected to the ejec-
tion impact and the entrance to Earth atmosphere as the
Martian meteorites are. In this way, the minerals in the
returned samples will not be overprinted by secondary
processes such as impact metamorphism associated with
ejection or terrestrial weathering. Observations of the
non-impacted minerals and their textures will give us
information about processes on Mars. In addition, these
samples will belong to known locations on the surface of
Mars, which will provide ground truth for remote sensing
data. Once on Earth, the analysis campaigns will start
with non-destructive analytical techniques due to the
unique character of these samples and to the limited
amount of each one, around 20 g.[3]

The field operations to carry out data collection, selec-
tion of the interesting samples, and sampling procedure
are very well-studied and published, mainly related to
the CanMars MSR analog mission.*"*! However, the
studies related to the methodology for the analyses of the
samples once on Earth are scarcer and specially focused
on biosignature detection. There is a study related to the
biosignature detection by Mars rover equivalent instru-
ments in samples from the CanMars mission”! and a
few works regarding the stability of life molecules
(e.g., amino acids and nucleosides) on Mars analog min-
erals.""'?! Nevertheless, few are the works dealing with
the analytical methodology to thoroughly characterize
those samples. Some of the possibilities have been sug-
gested by the International Mars Architecture for the
Return of Samples Working Group in their Phase
2 report.m] Some of the non-destructive techniques pro-
posed in that report are expensive as synchrotron sources

are required. In contrast, we have previously proposed a
non-destructive analytical methodology based on the use
of low-cost, micro-spectroscopic measurements such as
high-resolution confocal Raman microscopy (single point
and imaging analyses) and micro-energy dispersive X-ray
fluorescence (LED-XRF) (imaging analysis).!'*! The effec-
tiveness of this analytical methodology was demonstrated
using a previously characterized Martian meteorite,
Dar al Gani 735 (DaG 735).1**! In that work, we were able
to perform the same main mineralogical characterization
of the meteorite that more traditional petrographic ana-
lyses and single-point measurements based techniques
had previously performed. What is more, we were able to
go deeper on its characterization describing the presence
of several compounds not reported earlier for the DaG
735 or even for its paired fragments. In addition, we pro-
posed it as a first quick and cost-effective characterization
to distinguish between some of the original Martian com-
pounds and new formed terrestrial compounds, based on
imaging analyses. Imaging analyses provided information
about the distribution of minerals, and high-resolution
Raman allowed assessing Raman shifts in the signals of
the minerals caused by the effect of temperature and
pressure, provoking shock metamorphism on the
minerals.!**!

Until Mars samples are on Earth, meteorites are the
only samples originally from Mars to test the analytical
methodology proposed in this work, in which the North-
west Africa 1950 (NWA 1950) meteorite was selected. In
January and March of 2001, two stone pieces of 414 and
383 g, respectively, were found in the Atlas Mountain
(Morocco, Northwest Africa),[ls] although the exact loca-
tion of the site of collection is unknown.!*! This meteor-
ite is also called as “Jules Verne” in honor to his novel
“The Chase of the Golden Meteor”. This pseudonym is
also registered in the official Meteoritical Bulletin
N°88.115] Gillet et al.'®! made a petrological characteriza-
tion of the main mineral phases and determined the
cosmic-ray exposure age, and the NWA 1950 was classi-
fied as a lherzolitic shergottite.['>'®! However, nowadays,
it is recommended to use the term poikilitic shergottites
that refers to their texture (as they contain some much
larger grains that enclose many smaller grains of other
minerals)."” This change in nomenclature is because of
the observation that the modal abundances of minerals
in “lherzolitic” shergottites do not fall within the ranges
defined for a lherzolite, according to the classification
scheme of igneous rocks by Walton et al.l'”! Although
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basaltic and olivine-phyric shergottites show wide varia-
tion in mineralogy and petrology, a few number of poiki-
litic shergottites (the former lherzolitic shergottites) show
very consistent characteristics.'*!°! The subtle mineral-
ogical differences that have been defined are probably
because of spatially variable cooling rates during the crys-
tallization of the basaltic area or different degrees of re-
equilibration.!*”! The nearly identical crystallization!'®*!
and the consistent obtained cosmic-ray exposure
ages!'®2%! in poikilitic shergottites indicate a common
original source on Mars, probably ejected from the planet
in the same impact and fell to the Earth as separate falls.
This meteorite has been analyzed in several works
and their results were summarized in the NASA report
on NWA 1950.2"1 Some of those works used Raman spec-
troscopy, and the interpretation of the Raman informa-
tion evoke the high temperatures and pressures
experienced by the meteorite during impact ejection to
account for shifts in the Raman spectrum. Shock effects
including the transformation of plagioclase to maskely-
nite (with anorthite being 40%-57%!%)), the formation of
planar fractures, and development of strong mosaicism in
olivine and strong mosaicism and mechanical twinning
in pyroxene, constrain the bulk shock pressure to have
been >35 GPa but less than 45 GPa. Local shock melting
requires a minimum temperature of 1750°C. Magnesian
olivine, high-Ca pyroxene, and chromite have crystallized
from shock melt, embedded in basaltic glass.""***** van
de Moortele et al.?*?*! made a specific characterization
of the olivines present in the NWA 1950. In the first part
of the work,?*! they concluded that the shock conditions
were not sufficient to cause the melting or the transfor-
mation of the olivines into their high-pressure poly-
morphs. They related the dark color of the olivines to the
presence of Fe,Ni, metallic nanoparticles formed during
the shock.**! However, in the second part of the
work,'?*! Van de Moortele et al. attributed the small iron
nanoparticles in NWA 1950 olivine to a subsolidus trans-
formation of an originally homogeneous magmatic oliv-
ine through a shock-induced reduction process. The
broad bands in the Raman spectrum of NWA 1950 in the
600-750 cm ' range were attributed to the formation of a
new orthosilicate polymorph that formed metastably dur-
ing shock and was preserved.!**! This last observation
agrees with the previous work of Gillet et al.,['®! where
some Raman spectra of distorted olivines were also
observed. Those spectra consisted of broad main olivine
bands and an additional band around 750 cm ™, suggest-
ing the local formation of Si-O-Si bridges. Those bridges
are present in (Mg,Fe),SiO,-wadsleyite, the high-pressure
polymorph of olivine.!'® Shock metamorphism is a
notorious heterogeneous process.*! Therefore, the docu-
mented nanoparticles in olivine and the metastable

transition may be expected to vary between samples of
NWA 1950.

This work aims to be an improvement of the previ-
ously presented non-destructive analytical methodology
based also in high-resolution confocal Raman microscopy
(single point and imaging analyses) and pED-XRF (imag-
ing analysis). However, in this case, we focus on the
Raman imaging analyses. In our previous work, 4!
Raman imaging was only used for describing very small
and specific micrometric areas that were selected accord-
ing to the possible interest based on previous single-point
Raman results. However, in this case, Raman image is
also used to characterize the main mineralogical matrix
of the meteorite as the starting characterization point in
the same way that the pED-XRF is used in the elemental
level. In addition, we added scanning electron spectros-
copy coupled to an energy dispersive spectrometer (SEM-
EDS) as a complementary elemental characterization of
the meteorite to the one previously performed!'* based
only on pED-XRF. The SEM-EDS characterization was
developed without metallizing the surface of the meteor-
ite to completely preserve the non-destructive nature of
the methodology. Finally, in this case, we also tried to
describe the degradation reactions of some of the mineral
phases on the NWA 1950 based on the identification of
different compounds at the same time in the same mea-
suring spot. This measuring spot varies between 1.2 and
2.4 um depending on the employed objective (100X, 50X,
or 20X) for the 785 nm laser of the high-resolution confo-
cal Raman spectrometer used.

2 | MATERIALS AND METHODS

2.1 | Sample description

The NWA 1950 elemental and molecular characterization
was performed on a fragment of 0.081 g with both faces
of the fragment polished. The characterized fragment is
around 6 x 4 cm (Figure S1), which is in the order of the
size of the expected returned samples. The returned sam-
ples sizes will depend on the nature of the sample col-
lected and thus in the method used to collect them.
These samples include interior rock cores, which are
expected to be of 1.3 cm diameter with depth varying up
to 7.6 cm, loose regolith samples (~8 cm3), and witness
materials.*! To the naked eye, two main phases, one dar-
ker and another one yellowish, can be appreciated in
both faces (Figure S1).

According to the description in the Meteoritical Bulle-
tin, the NWA 1950 consists mainly of olivine,
(Mg,Fe),SiO, (~55%), high and low Ca pyroxenes, (Ca,
Mg, Fe, Mn, Na, and Li) (Al, Mg, Fe, Mn, Cr, Sc, and Ti)
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(Si, Al),Os (~35%), and plagioclase  glass
(i.e., maskelynite (Na,Ca)(Si,Al);O0g, a shock-produced
glass of plagioclase composition) (~8%). Other minor
minerals such as phosphates in form of merrillite
(CagNaMg[PO,],), sulfides as phyrrhotite, Fe;.S, chro-
mites (FeCr,0,4), and spinels (MgAl,0,) as inclusions in
olivines and pyroxenes are also present.!'* Other charac-
terization studies collected on the NASA report!*!! also
identified calcite (CaCO;) and ilmenite (FeTiO5).

2.2 | Instrumentation

2.2.1 | Raman spectroscopy

The molecular analyses on the NWA 1950 were per-
formed using high-resolution micro-Raman spectroscopy
in both single point and spectral imaging modes. Both
modes are implemented in the inVia confocal micro-
Raman instrument (Renishaw, UK), provided with
785 and 532 nm excitation lasers and a Peltier-cooled
charge-coupled device detector (—70°C). The instrument
is coupled to a Leica DMLM microscope (Bradford, UK),
implementing a Prior Scientific motorized XYZ position-
ing stage and equipped with a micro-camera for search-
ing the points/areas of interest. For visualization and
focusing, 5X N PLAN (0.12 aperture) and 20X N PLAN
EPI (0.40 aperture) lenses were used. The spectra were
acquired using a 50X N PLAN (0.75 aperture, lateral reso-
lution of 2 pm, and spot size of 2 pm) long-range objec-
tive and in some cases using the 20X PLAN EPI (0.40
aperture, lateral resolution of 5 pm, and spot size of
5 um). The power applied was set at the source at a maxi-
mum of 50 mW, whereas on the sample was always less
than 20 mW. The spectra were mainly acquired in the
range of 100-1400 cm L, accumulating several scans
from each spectrum and modifying the measuring time
of each scan in a range from 5 to 20 s to improve the
signal-to-noise ratio, and different scans were taken
when noise was needed to be reduced in the spectra. The
diffraction grating has 1800 lines/mm, giving an average
spectral resolution of 1 cm™ Y, being around 0.8 cm ™! for
the lowest wavenumbers.

The Raman chemical images were obtained with the
same spectrometer using the high-resolution StreamLine
technology (Renishaw). The inVia's motorized micro-
scope stage moves the sample beneath the lens so that
the line is rastered across the region of interest. Data are
swept synchronously across the detector as the line
moves across the sample and are read out continuously.
In this case, both surfaces of the meteorite were
completely characterized. The measuring conditions
employed were 20 s of exposure time using the 785 nm

RAMAN
SPECTROSCOPY

laser (a reduced power at a maximum of 50 mW at the
source and less than 20 mW on the sample was always
used), 20 pm step size, and the 20X objective. The base-
line was subtracted in the collected spectra and the cos-
mic rays were removed when present. The distribution
images for each compound were created after selecting
the corresponding wavenumber range of the main band
for each detected mineral. Finally, the relative intensity
of that band in each measurement point (represented as
a pixel in the image) is shown on the distribution maps.

The spectrometer was daily calibrated using the
520.5 cm ' silicon line. Data acquisition and treatment
were carried out by the Wire 4.2 software package of
Renishaw. The results were interpreted by comparing the
collected Raman spectra with Raman spectra of pure
standard compounds of the e-VISARCH and e-VISART
Raman spectra databases,”® with the RRUFF data-
base!*” and bibliography.

2.2.2 | Energy dispersive X-ray fluorescence

The elemental characterization of the NWA 1950 meteor-
ite was performed using both the single point analysis
and the hyper map capabilities of the pnED-XRF spec-
trometer M4 Tornado (Bruker Nano GmbH, Berlin,
Germany). The instrument is equipped with two Rh
tubes powered by a low-power HV generator and cooled
by air. The tube used for this research can work at a max-
imum voltage and current of 50 kV and 700 pA, respec-
tively. This tube is connected to a mechanic collimation
system, which allows to focus the X-ray beam into a mea-
suring spot size of 1 mm. The second tube can work at a
voltage between 10 and 50 kV and at a varying intensity
between 100 and 600 pA. This tube is connected to a
polycapillary focusing optics system. The micrometric lat-
eral resolution of the instrument is performed by a poly-
capillary focusing optics and the spot size varies as a
function of the energy being 17 pm at 2.3 KeV and 32 pm
at 18.3 KeV. These small lateral resolutions allow to
obtain the elemental distribution on samples of small
sizes as the piece of the NWA 1950 studied in this work.
The focusing process is supported by two video micro-
scopes, the first explores the sample under a low magnifi-
cation (1 cm? area), whereas the second performs the
final focusing (1 mm? area) where the analysis is carried
out. The instrument was used under vacuum (20 mbar)
to enhance the detection of the lightest elements
(Z < 16). To achieve the vacuum in the sample chamber,
a diaphragm pump MV 10 N VARIO-B was used. The
instrument implements an XFlash silicon drift detector
with 30 mm® sensitive areas and energy resolution of
145 eV for Mn-K,. The elemental distribution maps were
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obtained after a previous assignation of the elements
followed by a deconvolution of the spectra. The distribu-
tions of each element were obtained using the
relative intensity of the K, X-ray lines of the detected ele-
ments. This spectrometer was also calibrated every day
using the K, line of Zr before each measuring session,
and the data were treated using the software M4
TORNADO.

2.2.3 | Scanning electron microscopy
coupled to energy dispersive detector

The elemental characterization of the meteorite was com-
plemented with a scanning electron microscope JEOL
JSM-7000-F (JEOL, Tokio, Japan) coupled to an energy
dispersive X-ray detector (Oxford instruments INCA,
Energy 350, Oxfordshire, UK). The working voltage of
the instrument can vary from 0.5 kV to 30 kV. If the
employed voltage is 1 kV, the obtained resolution is
3 nm; if the voltage is increased to 30 kV, the obtained
resolution decreases up to 1.2 nm. The microscope allows
to focus from 25X to 1,000,000X. The vacuum achieved in
this system is not as low as in more modern devices and
usually requires the metallization of the sample if the
sample is not conductive. In this case, probably because
of the great amount of iron in the NWA 1950, the
meteorite was conductive enough to obtain good quality
images as well as to perform the elemental characteriza-
tion of the previously selected points under the micro-
scope without the need of covering its surface with
carbon or other metals.

3 | RESULTS AND DISCUSION

3.1 | Characterization of olivines

Olivines [(Mg,Fe),SiO,4] are one of the main components
of the igneous lithology of NWA 1950. When using
Raman microscopy for olivine characterization, this min-
eral presents two diagnostic main bands and the position
of these bands varies depending on the Fe/Mg proportion
of the mineral.*®! Fayalite (Fa, 100% Fe olivine) presents
these bands at 817 and 840 cm ™}, whereas forsterite (Fo,
100% Mg) presents its bands at 826 and 858 cm™.1*"! The
different Fa/Fo solid solutions of the olivines present in
the NWA 1950 were obtained according to a previous
developed Raman methodology in our group,*°! varying
from 60% to 77% of Mg (Figure la-e). This observation
agrees with the Fo,s to Fo,, measured by Gillet et al.l*®!
using electron microprobe, as well as with the Fogg to
Fo,s observed by Van de Moortele et al.®* in their

specific study for olivine characterization in the NWA
1950 by means of transmission electron microscopy-
energy dispersive X-ray spectroscopy. This olivine compo-
sitional range is characteristic of igneous lithologies as
the one of NWA 1950. Olivines that have crystallized
from shock melt are distinctly more magnesian (Fosg_g7)
than those in poikilitic or non-poikilitic igneous
lithologies.**!

The olivine with the lowest Mg content (60%) corre-
sponds to the spectrum showed in Figure 1a, whose main
bands appear at 820 and 849 cm . The other olivines
found in this work can be classified into three different
groups according to the three different Mg% ranges
obtained: Group (1) olivines with a Mg content between
63.4-64.6% (e.g., Figure 1b, an olivine with the main
bands at 820 and 850 cm™'); (2) olivines with a Mg
content between 67.9 and 70.6% (e.g., Figure 1c and d,
olivines with the main bands at 820 and 851 cm ™' and
at 821 and 851 cm ™ *); and (3) olivines with a Mg content
between 73.7 and 77.1% (Figure le, an example of an
olivine with the main bands at 821 and 852 cm ™).

This variation in the Fe/Mg content may be explained
because of alterations of the original olivine (probably
the ones with the lowest Mg%, ~60%) as their degrada-
tion implies Fe loss because of the formation of other fer-
rous and ferric compounds and, thus, an enrichment in
their Mg content. In fact, Van der Moortele et al.**! docu-
mented the formation of iron nanoparticles in the NWA
1950 olivines. In our present work, additional bands in
the Raman spectrum acquired from those olivine grains
with the lowest Mg% suggest the presence of another
mineral.

In the first group of olivines with a 63.4-64.6% of Mg,
hematite can also be identified together with the olivine
bands in most of the Raman spectra (Figure 1b). The
hematite that appears together with the olivine presents
its characteristic bands at 224, 290, 406, 495, and
608 cm ™' (Figure 1b), shifted to lower wavenumbers than
the reported hematite bands at 227, 293, 412, 497 and
610 cm ! for standard Earth conditions.*!*?! Taking into
account that the mean resolution of the Raman spec-
trometer is 1 cm™' and even lower in the range of the
hematite bands, ~0.8 cm ™, we can ascertain that there is
a shift in the position of the bands of hematite. This shift
to lower wavenumbers occurs due to a temperature
increase!®!! that may have happened during the impact
ejection from Mars or during the entrance to the terres-
trial atmosphere. It must be also highlighted that the very
wide band at 495 cm ™! (Figure 1b) may also be encom-
passing the signal of vitreous silica, in agreement with
the high temperature event experienced by the meteorite.
The alteration of the original olivine (FogyFa,) to the
olivine with a 63.4-64.6% of Mg can be explained by the
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Raman spectra showing (a) olivine 60% Mg; (b) olivine 63.4-64.6% Mg, hematite (Fe,05), and calcite (CaCOs); (c) olivine

67.9-70.6% Mg, magnetite (Fe;0,), and franklinite (Fe,Mn);0y; (d) olivine 67.9-70.6% Mg, hematite (Fe,05), and vitreous silica (SiO5);
(e) olivine 73.7-77.1% Mg and magnetite (Fe;0,); and (f) hematite Fe,05 [Colour figure can be viewed at wileyonlinelibrary.com]

partial oxidation of Fayalite giving rise to hematite
(Fe,03) and silica (SiO,) according to the reaction
equation (1).

2Fe,Si04 + O, — 2Fe, 03 +2Si0, (qu)
The oxidation of fayalite to hematite at high temperatures
has already been demonstrated in other studies.**! As a
consequence of the oxidation of the fayalite, the olivine

decreases its fayalite content and increases the forsterite
one. Because of the high temperatures needed for the

oxidation of the olivine, to the shifted bands of the hema-
tite to lower wavenumbers and to the band of vitreous sil-
ica, it can be ascertained that this degradation of the
olivine took place on the ejection event or during its
entrance to the Earth atmosphere. Other hematite Raman
spectra were also obtained (Figure 1f) focusing on specific
hematite grains, and their Raman bands appeared once
again shifted to lower wavenumbers than usual as the
effect of the temperature suffered by this meteorite.

In the case of the second group of olivines with a
67.9-70.6% of Mg, their Raman bands appeared together
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with magnetite (Fe*"Fe**,0,/Fe;0,) (Figure 1c) and
also with hematite (Figure 1d) in most of the collected
spectra for that group. In Figure 1c, the band at
663 cm ' shows the presence of magnetite.*****! In
this case, the oxidation of the fayalite also gives rise to
the formation of magnetite according to the reaction
equation (2):

3 Fezsi04 + 02 — 2 Fe304 +3 SIOZ (qu)

The oxidation of fayalite to magnetite at high tempera-
tures has also been proved previously.'**! This reaction is
written for pure iron fayalite; however, in nature, Fe may
be substituted by Mn in this type of minerals.!**! If there
is a small amount of Mn, as detected by XRF in areas
where iron is abundant, then the oxidation of that Fe
could lead to the formation of the mineral franklinite
((Fe,Mn,Zn)*"(Fe,Mn)**,0,/(Fe,Mn);0,), which can be
described as magnetite with an important Mn content.
This mineral was also observed (Figure 1c) with its bands
at 634, 477, and 348 cm ™' together with the magnetite in
the degradation of the olivines present in NWA 1950.
These bands are also shifted in comparison to the bands
for the non-impacted franklinite at 638, 470, and
343 cm 137! These shifted bands may indicate that
franklinite was also subjected to a mixture of high pres-
sure and temperature and therefore suggesting its Mar-
tian origin. The olivines with a 67.9-70.6% of Mg were
also found together with hematite because of the oxida-
tion of fayalite according to reaction equation (1)
(Figure 1d). In this case, the broader band obtained at
470 cm™' was subjected to deconvolution obtaining a
band with its maximum at 457 cm ™" because of the vitre-
ous silica, and a second band at 482 cm ™! because of the
secondary band of the hematite (Figure 1d). The bands of
this hematite are shifted to even lower wavenumbers
than the previous ones. Both, the presence of vitreous sil-
ica and shifted bands of hematite (219, 283, 397, 482, and
598 cm~ ') show again the effect of the high temperatures
on the altered olivines of the meteorite before the meteor-
ite arrived to the surface of the Earth.

Finally, the third group of olivines with 73.7-77.1% of
Mg are the ones with the lowest Fe content and therefore
the most altered ones. These olivines were found together
with only magnetite (Figure 1e) but never with hematite,
suggesting an alteration because of to the oxidation of
fayalite according to the reaction equation (2).

However, metallic iron nanoparticles have also been
detected by high-resolution transmission electron micros-
copy (HRTEM) in the work by Van de Moortele et al.l**!
Metallic iron cannot be detected by Raman spectroscopy,
thus together with the remaining olivine, the magnetite
and the silica, iron nanoparticles can be also present in

the same spot area of analysis. In consequence, other pos-
sible alteration reaction that could have taken place is
the disproportionation of Fe (II) in the olivine, induced
by the shock pressure,[38] according to the reaction
equation (3):

2 (Fe0),.Si0, — Fe® 4 Fe;0, +2Si0, (Eq3)

This other alteration reaction could explain the simulta-
neous presence of all the minerals detected by Raman
spectroscopy plus the metallic iron detected by HRTEM
in the work of Van de Moortéle et al.**! In all the situa-
tions, the minerals should be considered from Martian
alteration processes because of the shifts found in the
iron oxides.

Of course, it is not disposable a terrestrial oxidation of
the Fe(0) nanoparticles also to justify the presence of
hematite in the meteorite but goethite is not present
in the meteorite, being this a very stable phase that
would be expected to be found in this case. This fact,
together with the shift observed for the iron oxides
makes more probable the Martian origin of the iron
oxides.

The distribution of the olivines was analyzed by
pED-XRF and Raman (Figure 2) imaging analysis in
both faces of the meteorite (Faces A and B). In
Figure 2al and 2bl, the Fe distribution obtained by
MED-XRF in each face (A and B), respectively, is
shown. In Figure 2a2 and 2b2, the Mg distribution in
each Face A and B, respectively, is shown. Olivines
appear as the more intense big grains where Fe and Mg
are coincident. The intensity in the pED-XRF map of
Fe is especially higher in the grains of olivines and,
therefore, the big grains are better appreciated because
of the higher proportion of Fe in the olivines with
respect to the Fe content in the rest of the mineral
phases that compose the matrix of the meteorite. This
observation was corroborated by the Raman imaging
analysis performed over a big part of each Face A and
B (Figure 2. a3, and b3). The Raman surface analyzed
is marked over the iron pED-XRF map distributions
(Figure 2al and bl) with a yellow square. The distribu-
tion of the olivines in the meteorite (Figure 2a3) was
performed by representing the distribution of the signal
obtained in the range 806-865cm ' for both faces
(Figure 2b3), encompassing the two main bands of oliv-
ines. As can be appreciated, the olivine grains distin-
guished by Raman imaging on each face correspond
also with the abovementioned olivine grains showed
based on Fe and Mg distributions by pED-XRF imaging.
One of the advantages of the Raman imaging analysis
is its capability to obtain the distribution of the mineral
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(al) pED-XREF distribution of Fe in Face A, (b1) pED-XRF distribution of Fe in Face B, (a2) pED-XRF distribution of Mg in

Face A, (b2) pED-XRF distribution of Mg in Face B, (a3) Raman distribution for olivines in Face A, (b3) Raman distribution for olivines in
Face B, and (c) SEM-EDS image and analysis of an olivine crystal [Colour figure can be viewed at wileyonlinelibrary.com]

phases. In this case, it can be appreciated how the oliv-
ines in Face A (Figure 2al, a2, and a3) and in Face B
(Figure 2b1l, b2, and b3) are distributed all along both
surfaces in a similar way.

The olivine crystals were also measured by means of
SEM-EDS. In Figure 2c, a SEM-EDS image and spectrum
showing the elemental composition of an olivine
crystal is shown. Note that the calcium observed in the
EDS spectrum probably is because of an adjacent
pyroxene.

3.2 | Characterization of pyroxenes

Pyroxenes together with olivines are the main mineral
phases composing the matrix of the NWA 1950 meteorite.
The general formula of a pyroxene could be written as
(Ca, Mg, Fe, Mn, Na, Li) (Al, Mg, Fe, Mn, Cr, Sc, Ti) (Si,
Al),0¢. In this meteorite, different pyroxenes have been
identified by Raman spectroscopy. On the one hand, and
in agreement with the petrological characterization of
Gillet et al,'® low-Ca pyroxenes (Mg and Fe rich
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pyroxenes) were identified. In Figure 3a, a Raman spec-
trum of a low-Ca pyroxene is shown. In this case, the
obtained spectrum presents a very similar Raman spec-
trum to the one of the pyroxene like Eng,Fs;3, an ortho-
pyroxene with a composition of 87% enstatite (En,
MgSiO5) and 13% ferrosilite (Fe, FeSiO5).1*!

On the other hand, Raman spectra corresponding
with clinopyroxenes were also detected as described also
by Gillet et al.l*®! In the mentioned work, the clinopyrox-
ene was identified as the high-Ca clinopyroxene augite
(CaMgFe),(SiAl),0¢ group (e.g., Eny; gWossFsy, 7). In our
case, the best Raman spectrum obtained for the clinopyr-
oxenes is shown in Figure 3b, and the features in its
Raman spectrum matches very well with the one with a
composition EngsFso,Woso>®! This pyroxene, apart
from enstatite and ferrosilite, contains a wollastonite
component (Wo, CaSiOs), and it belongs to the group of
the high-Ca pyroxenes**°! and was not previously
reported by the petrographic analysis performed by Gillet
et al.l'®!

The pED-XRF and Raman imaging analysis showing
the distribution of the pyroxenes in both faces of the
NWA 1950 are collected in Figure 4. The pED-XRF distri-
butions were drawn according to the intensity of the K,
line of the elements (Figure 4al and bl), whereas the
Raman distributions (Figure 4a2 and b2) have been
represented according to the intensity for the signal in
the range 644-704 cm ' for both faces. These ranges cov-
ered in both analyses the range where the main and com-
mon signal for all kind of pyroxenes appears. The slightly
smaller analyzed surface by means of Raman microscopy
is indicated with yellow squares over the complete sur-
face analysis performed by pED-XRF.

Iron is a common element for olivines and pyroxenes,
so it is present all along the surface of the meteorite.
However, as Fe is present in olivines at a higher Fe
proportion than in pyroxenes, the olivine grains appear
with higher Fe intensity, and therefore, the lighter color
in the Fe distribution corresponds to the presence of the
pyroxenes in the meteorite (Figure 4al Fe and bl Fe).
These Fe distributions and the Raman distribution
(Figure 4a2 and b2) for the pyroxenes show how they
form part of the main matrix surrounding the olivine
crystals (with higher Fe intensity in the elemental distri-
butions and with no signal in the selected range for the
Raman distributions).

In this case, the elemental distribution allows to dis-
tinguish between different kinds of pyroxenes. The zones
where no K and Al are observed and the signal where Ca
is low correspond to the low-Ca pyroxenes, as it can be
the orthopyroxene detected by Raman. The zones with a
higher intensity of Ca signal and matching the distribu-
tion of Al could be because of the high-Ca pyroxene
augite detected as the high-Ca pyroxene type by Gillet
et al.’ or to the diopside high-Ca pyroxene detected in
our work. Different pyroxenes can be distinguished based
on a higher or lower Fe/Mg ratio.

3.3 | Shocked plagioclase

As stated before, plagioclase is the third main mineral in
the NWA 1950 meteorite, with a relative abundance
around 8%. Gillet et al.l'®! reported plagioclase as shocked
maskelynite with anorthite in the 40-57% range. Shocked
plagioclases are difficult to detect by Raman
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(a2) Raman distribution for pyroxenes in Face A of the meteorite. (b2) Raman distribution for pyroxenes in Face B of the meteorite [Colour
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spectroscopy,!*! especially when the shocked pressure
has been greater than 35 GPa as reported for this meteor-
ite.?!! Our Raman observations confirm the presence of
weak and broad features in the expected range for

maskelynite (see Figure 7), containing in some cases the
characteristic bands at 508 cm ™' for glassy anorthite as
reported by Sharma et al.l*?! This finding of glassy anor-
thite is in agreement with the suggestion of Gillet et al.l*®!
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(FeCr,0,), and (d1 and d2) SEM-EDS for two different chromites [Colour figure can be viewed at wileyonlinelibrary.com]

3.4 | Ilmenite and anatase

Ilmenite (FeTiO3) was found as an accessory phase min-
eral in the non-poikilitic regions of the NWA 1950 as pre-
viously described by Gillet et al.''®" and on the NASA
report.?!) In Figure 5a, a Raman spectrum obtained over
a grain on the meteorite shows the presence of ilmenite
at 686, 377, 334, and 230 cm~'. However, the normal
Raman signals for ilmenite are expected to be at
681  (Agl), 371 (Ag3), 333 (Eg3), and
226 (Agv4) cm"1**) When ilmenite is subjected to high
pressure, its Raman peaks are shifted to higher

wavenumbers. Specifically, the peaks A,vl, Agr3, and
Egv3 are shifted linearly with the increase of the pressure,
whereas Agu4 increases in a nonlinear way because of
Fermi resonance effects.[**! The changes because of pres-
sure are not completely reversible when ilmenite is back
to atmospheric pressure,[43] and the shift observed in our
Raman spectra may be because of the incomplete return
of an ilmenite, which was once subjected to high pres-
sures. In addition, the meteorite also suffered high tem-
peratures that makes the opposite effect on the peaks,
shifting them to lower wavenumbers!** increases the
complexity to understand the changes on the Raman
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spectra. However, what is clear is that some changes
remained in the spectra we obtained, showing up that
this ilmenite is original from Mars and affected by high
and/or high temperatures and pressures. Because, if the
ilmenite had been formed on the Earth, it would have
never suffered these pressure and temperature changes
and the Raman spectra would have remained
unchanged.

The elemental distributions for Ti and Fe obtained by
means of pED-XRF also corroborate the presence of
ilmenite. The Ti distribution obtained based on its K, line
(Figure S2) shows the abundant presence of Ti particles
in both faces of the meteorite. In this case, the compari-
son with the Fe distribution is not straightforward
because Fe is present all over the meteorite because of its
presence in olivines and pyroxenes. In any case, where Ti
is present, Fe is present as well, which is in agreement
with the presence of ilmenite.

Regarding TiO,, depending on the temperature, it
can be found as different polymorphs. In this meteor-
ite, the TiO, identified by Raman spectroscopy was the
anatase polymorph (Figure 5b). The presence of the
anatase polymorph is indicative that the oxidation
reaction of ilmenite took place below 400°C, as anatase
is the low temperature polymorph. Therefore, the
ilmenite oxidation occurred while the meteorite was
on the Earth's surface. The presence of anatase has
not been reported yet for the NWA 1950, only Gillet
et al!l' jdentified the presence of titanium oxide
(TiO,) by means of electron microprobe but the poly-
morph was not identified, as this technique can only
quantify the chemical composition but cannot deter-
mine its structure. Ilmenite can be oxidized to TiO,
and hematite (Fe,O3) according to the reaction
equation (4)1*>):

4FeTiOz + 0, — 2Fe;,03 +4TiO, (eq4)

3.5 | Chromites

Chromites have already been described as a minor
phase in the Meteoritical Bulletin"®! and also in the
characterization performed by Gillet et al.l'® In this
work, we were also able to identify the chromites by
means of Raman spectroscopy. In Figure 5c, a Raman
spectrum of a chromite is displayed with the main
bands at 677, 593, and 495cm L. According to the
Raman study of different spinel structure minerals per-
formed by D'Ippolito et al,*®! the Raman spectra
obtained in this work could correspond to iron

RAMAN _WILEY-22
SPECTROSCOPY

chromite (FeCr,0,), whose main Raman bands appear
at 674, 591, and 493 cm .1**! The main peak assigned
to the vibration mode A, is known to vary its wave-
number position from the ~674 cm ™' in the pure syn-
thetic FeCr,0, to higher wavenumbers up to 690 cm ™t
in natural chromites.!*® This difference can be because
of chemical composition variations in the natural ones.
For example, Lenaz and Lughi*”! showed that there is
a systematic shift of this peak with the increase of the
chromite end-member in the MgCr,0,4- FeCr,0, solid
solution. Another study performed by Wang et al.l*!
described a systematic shift to higher wavenumbers and
a broadening of the main peak (A;;) when increasing
the Al content. Therefore, the slight variation observed
in the natural chromites in the NWA 1950 from the
pure FeCr,0, reported by D’Ippolito[46] can be because
of the presence of Mg and Al. This evidence would be
in agreement with the observations of Gillet et al.l'®
that described the chromites as strongly zoned with
compositions varying from Cr-rich cores to Fe/Al/Ti-
rich rims. We were also able to identify the chromite
particles under the SEM-EDS; in all the elemental spec-
tra obtained for these particles, the chromites presented
slight amounts of Mg and Al (Figure 5d1 and d2) cor-
roborating that the presence of these elements was the
reason of the shift in the Raman spectra. In addition,
two different types of chromites were distinguished in
our work according to the presence or absence of Ti
(Figure 5d1 and d2).

3.6 | Merrillite

Merrillite (CagNaMg[PQ,];) is another mineral phase
identified in the NWA 1950!*>1°! as an accessory mineral.
We have also been able to identify this mineral by Raman
spectroscopy. In Figure 6a0, one of the spectra obtained
for merrillite is displayed where the two main bands for
this mineral can be clearly seen at 958 and 975 cm™ ' in
concordance with the literature.[*”) Moreover, we were
also able to find the distribution of merrillite in both
faces of the meteorite, by means of both pED-XRF and
p-Raman imaging. In Figure 6al and bl, the elemental
distributions of Ca (yellow) and P (red) are displayed
together for both faces of the meteorite, Faces A and B,
respectively. In addition, Figure 6a2 and b2 shows the
Raman distributions obtained for the Raman ranges
954-981 cm ! (Face A) and 950-982 cm ™ * (Face B) con-
taining the two main bands of merrillite. If we compare
the coincident elemental mappings of Ca and P
(in orange) with the Raman distribution of merrillite
(green hotspots), the same distributions and therefore the
presence in both cases of merrillite can be clearly
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appreciated. In addition, the distribution of merrillite
shows that it is in the form of grains inside the matrix of
the meteorite.

3.7 | Calcite
Calcite has also been identified in the NWA 1950 mainly
filling a fracture in Face B. Gillet et al.'® also reported
the presence of calcite filling fractures as the only trace of
terrestrial weathering in the NWA 1950 meteorite. The
terrestrial origin of calcite, formed at atmospheric pres-
sure and temperature, was confirmed because of its main
peak at 1086 cm " was measured in the filling mate-
rial of fractures in NWA 1950, as shown in Figure 7a.
The calcite filling fractures can be seen in Figure 7b (ele-
mental distribution of Ca) and in Figure 7c (Raman
image of calcite) where calcite is filling the main fracture
in the Face B of the meteorite.

However, we were also able to identify several calcite
grains with the main band between 1088 and 1089 cm '

(see Figure 7d1 and d2). This main band at higher wave-
numbers than 1086 cm ' could be because of the pres-
ence of Mg, but according to the XRF distribution of Mg,
there is no Mg in these grains. The other possible reason
for this shift could be because of the pressure and tem-
perature suffered by the meteorite and may suggest the
presence of a Martian calcite. The Raman peak position
of calcite varies irreversibly when calcite is subjected to
high pressurest®! and temperatures.*!! Specifically, the
bands of calcite are displaced to higher wavenumbers
when calcite is subjected to high pressures.!**! What is
more, at pressures above 1.4°" or 1.7 GPa,!*?! CaCO; suf-
fers an irreversible phase transition to the monoclinic
CaCOs-1II, which implies a change in the symmetry that
leads to a shift above 1090 cm ™' for the main band, a
splitting of the 712 band into a pair of modes at 715 and
721 cm ™" and the appearance of two additional external
modes at 133 and 204 cm %! On the other hand, the
effect of temperature in the Raman shifts is not very well
defined yet, although it is known that the Raman bands
become broader and are shifted to lower wavenumbers
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FIGURE 7 (a) Raman spectrum for calcite. (b) pED-XRF image distributions for Ca. (c) Raman distribution for Calcite. (d1 and d2)
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with increasing temperature,'®!! especially affecting the 3.8 | Sulfides

bands at low wavenumbers. As seen, the Raman image
shows the calcite filling the fractures in the NWA 1950 Raman microscopy also allowed us to identify different
meteorite (Figure 7d2). sulfides in the NWA 1950. These sulfides appear as a very
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minor phase on the analyzed surface and in the form of
very small size grains.

A Raman band identified at 475cm™' could be
assigned to the main band of Chalcocite (Cu,S)\**
(Figure 3a). As the chalcocite is a minor mineral, we
were not able to obtain a spectrum with each secondary
bands. However, the presence of this band who may be
attributed to the main band of Chalcocite together with
the observations previously made by Gillet et al.'®! who
described the presence of zones enriched in Cu (up to
11%) within the sulfides makes highly possible the pres-
ence of this mineral in the meteorite.

We were also able to identify another sulfide not
previously reported for the NWA 1950, the acanthite
(Ag,S) by Raman spectroscopy with its main band at
243 cm 1" (Figure 8a). The presence of a silver sulfide
was also observed using the SEM-EDS (Figure 8b). As
can be appreciated in the SEM image, the silver sulfide is
forming a grain inside the matrix of the meteorite, which
may be indicative of its Martian origin. In addition, the
acanthite is stable under 180°C while at higher tempera-
tures the stable compound is the argentite (a-Ag,S). If
the acanthite was original from Mars, argentite would
have been formed because of the high temperatures pro-
duced by the ejecting impact and because of the entrance
in the terrestrial atmosphere but it would have changed
back to acanthite once on the Earth, as this reaction is
reversible.!>*5%

4 | CONCLUSIONS

This work presents a non-destructive analytical method-
ology that could be used as a first characterization for the
Martian samples that will be brought to the Earth in the
upcoming mission MSR. The analytical methodology has
been tested on a fragment of the NWA 1950 meteorite
being able to give us a mineralogical characterization of
the meteorite providing new information of its original
composition and the degradation suffered by this meteor-
ite to the previous studies.'*172?* This work also shows
the advantages and disadvantages that each of the tech-
niques employed has when performing a mineralogical
characterization, the information that each one can pro-
vide and the importance of combining them.

The analytical methodology described in this work
allowed us to characterize the different kind of olivines
as in other works and allowing us to describe the oxi-
dation degradations they suffered. The spot size of
Raman micro-spectroscopy allowed us to detect in the
same spot the original mineral and the alteration prod-
uct, helping us to understand that the mineral phases
found may be related and have a common origin.

Thanks to a previous Raman calibration methodology
developed in our group for distinguishing the Fe/Mg
ratio of the olivines, we were able to identify different
oxidation reactions depending on the %Mg content of
the olivine. In addition, the Raman band shifts of
the oxidation products, hematite, magnetite, and frank-
linite indicate that the oxidation reaction of the oliv-
ines that we describe in this work was already
happening on Mars. Mars atmosphere is an oxidizing
atmosphere; even if the main constituents are CO,, N,,
and Ar, the OH radicals and O atoms produced by
photolysis because of the stellar UV radiation result in
surface oxidation and the formation of O,, O;, and
H,0,.1%¢!

It was observed that the selection of a proper objective
for the analysis of the surface of this type of sample is
critical, because with the selection of a proper objective it
was possible to detect original and altered minerals in the
same spot, which allows to provide more complete
descriptions of the alterations processes that affect the
primary minerals. We suggest performing a deep screen-
ing of the surface under analysis to match grain sizes
with the field of view of the objective. The observation of
Raman signals of original and altered minerals is of great
importance when thinking about not only characterizing
the Martian samples but also about the possibility to
search for alteration processes and the evolution of min-
eral phases that were taking place on Mars.

In the case of pyroxenes, we were able to distinguish
between high and low Ca-pyroxenes already detected and
also to identify some new ones, as the high-Ca pyroxenes.
In this case, we showed one advantage of the pED-XRF
over the Raman microscopy and showed the importance
of performing it. In this case, the distribution of the ele-
ments composing the pyroxenes allowed us to show the
distribution of the two kind of pyroxenes, the high and
low-Ca ones.

Raman observations have confirmed the presence of
shocked plagioclases although their characteristic bands
are weak and broad, in agreement with the shocked pres-
surel?* suffered by the NWA 1950 meteorite.

The detection of ilmenite, previously known for
this meteorite, was complemented with establishing
the Martian origin of this titanium oxide based on the
shift of its Raman bands. What is more, the detection
of anatase (the presence of TiO, was only reported[m]
but not the polymorph) is important to understand the
processes around the meteorite. As anatase is the low
temperature polymorph of TiO,, we propose that this
mineral is coming from the oxidation of ilmenite on
Earth. The identification of chromites already stated
for this meteorite">'®! was also complemented. In this
case, Raman spectroscopy was able to identify iron
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chromites (FeCr,0,), and the Raman peaks were
slightly shifted to the ones observed for pure iron chro-
mite and that was the first sign indicating the possible
presence of Mg and Al. However, SEM-EDS was neces-
sary in this case to confirm the presence of Mg and Al in
the chromite particles as the pED-XRF image analysis
was not useful because Fe, Mg, and Al were present in
almost all the matrix of the meteorite. In addition, SEM-
EDS showed us the presence of two different chromites
based on the presence or absence of Ti on them. In the
identification of merrillite, we were able to observe its dis-
tribution all over the surface of the meteorite in the pED-
XRF with the overlap of Ca and P and in the Raman
image based on the main Raman peaks of merrillite. The
calcite that filled fractures along the meteorite was con-
firmed to be of terrestrial weathering origin, whereas dif-
ferent calcite grains were also identified that may be of
Martian origin, something not reported until now.
Finally, the presence of some sulfides, among them
acanthite (Ag,S) not previously reported, was identified
by Raman and SEM-EDS. In this case, probably because
of the very small size of the sulfide particles, the obtained
Raman spectra were of very poor quality for the identifi-
cation of the sulfides showing only the main peak with
low intensity, and therefore, the identification by
SEM/EDS of these particles containing the expected ele-
ments was crucial to finally identify them.

The present non-destructive analytical methodology,
combining the information from high-resolution Raman
imaging, pED-XRF imaging, and SEM/EDS images, has
been demonstrated extremely useful to characterize min-
erals and obtain their distributions on the meteorite sur-
face. Depending on the matching of mineral grains and
surrounded areas with the field of view of the used
microscopic objectives, several minerals can be identified
in the same analysis, allowing us to describe chemical
reactions taking place on the minerals. This success sug-
gests the use of this analytical methodology as a first
stage for the characterization of samples from the MSR
mission. This analytical methodology is also cost effective
in comparison to the synchrotron radiation installations,
which have been suggested for the preliminary analysis
of such samples. In our opinion, synchrotron-based
methodologies could be used in a more advanced step of
the analysis of the forthcoming Mars samples for specific
analysis.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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