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Meteorites and impact glasses have been largely analysed using different techniques, but most studies
have been focused on their geological-mineralogical characterization and isotopic ratios, mainly of a
destructive nature. However, much more information can be gained by applying novel non-destructive

KEJ/WOFfiS-' analytical procedures and techniques that have been scarcely used to analyse these materials. This
i\/lﬂeor}tes overview presents some new methodologies to study these materials and compares these new ap-
mpactites

proaches with the commonly used ones. Techniques such as X-Ray Fluorescence (XRF) and Laser Induced
Breakdown Spectroscopy (LIBS), for elemental characterization, the hyphenated Raman spectroscopy-
SEM/EDS and the combination of them, allow extracting simultaneous information from elemental,
molecular and structural data of the studied sample; furthermore, the spectroscopic image capabilities of

Spectroscopic techniques
Imaging techniques
Combination procedures

such techniques allow a better understanding of the mineralogical distribution.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

A meteorite is a solid natural object originated in the inter-
planetary space, from fragments of asteroids, comets and even
other planets, which arrives through Earth's atmosphere [1].
Depending on the size of the meteorite, some of them can shock the
surface of the Earth or even burst during the entrance through the
atmosphere. Therefore, meteorites are composed of the original
material of its source (i.e. asteroid, comet or planet) but their
mineralogy and composition can vary due to the pressure and
temperature conditions suffered during its travel, as well as even-
tual reactions with the materials at the place of arrival. Impact
glasses or impactites, are terrestrial rocks or sediments that have
been altered by the heat, pressure and shock waves associated with
the impact of an airburst or a large meteorite. Thus, the study of all
these materials is also crucial for the research of the Solar System,
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since fragments of the original bodies remain trapped in the glass.
Besides, as they have been wandering through the space for a long
time, they also may act as historic tracers. This last fact could also
help to understand the origins of the Earth [2].

The human being has been interested in the composition of
these non terrestrial bodies and analogues since the early 1800's.
Around 1820 some works were published [3] containing elemental
analysis of, for example, vanadium, nickel or iron. Even though
their concentrations were obtained by tedious titrations, this kind
of analysis was still carried out until the end of the 19th century [4].
From the molecular point of view, the first studies were performed
in the mid 19th century with not very good results [5].

Fortunately, analytical methods have evolved towards more
reliable and sensitive techniques and, nowadays, they allow per-
forming deeper and sophisticated analyses in order to identify the
elemental and molecular composition. This information is crucial
for the elucidation of many questions that are still unanswered.
Analysis of meteorites and other non-terrestrial bodies are also
very valuable for inferring the composition of the non-terrestrial
body origin (planet, asteroid, etc.), the conditions of pressure and
temperature of the meteorite arrival, signs of water presence and
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more. They could even be very useful in the field of knowledge of
Materials or Geology since in meteorites new minerals [6,7] could
be discovered that could not be formed under terrestrial conditions.
These new minerals could be potentially useful in our lives, for
instance as superconductors [8].

Apart from the study of the origin and composition of the me-
teorites, the last published studies have been focused on the
searching of organic compounds related or not with the life in other
corners of the Solar System [9—12]. In the majority of these cases,
the analyses have been carried out using gas or liquid chromatog-
raphy with their respective sample preparation, which implies
material consumption (both extraterrestrial samples and chem-
icals) in all cases.

Being this the state-of-the-art, the elemental and molecular
analyses are very important in the research of these materials and,
above all, the use of non-destructive techniques, in order to pre-
serve these valuable samples. Unfortunately, destructive analytical
techniques have been used in most of the analyses of meteorites.
Therefore, with this work, the historical analytical procedure for
the analysis of meteorites and analogues is reviewed and, after
identifying the pitfalls and drawbacks of the existing methodolo-
gies, a combined non-destructive analytical procedure for the
exclusive analysis of meteorites is proposed. By means of this
procedure an almost complete characterization of the non-
terrestrial materials can be performed.

2. Destructive techniques used for meteorite analyses

As mentioned before, many of the research works published
during the last decade on analytical techniques applied to mete-
orites analysis are based on the use of destructive or semi-
destructive techniques.

For example, ICP—MS (Inductively Coupled Plasma—Mass
Spectrometry) or ICP—AES (Inductively Coupled Plasma—Atomic
Emission Spectroscopy) have been used in this field for the
elemental characterization. These techniques have been usually
applied to the quantification of rare earths and metals [13], espe-
cially iron, since it is one of the most abundant elements in the
whole Solar System [14]. However, the use of this destructive and
sample consuming method is decreasing. These kind of techniques
are highly sensitive (in the order of ng g~!) and they can be used to
perform routine analyses quantifying as many analytes as are
needed at the same time. This notwithstanding, as in other
matrices, there are many interferences among the elements, and
the analysis have to be optimized to avoid them [14]. Moreover, as
the samples are solid, they must be dissolved and analytes
extracted by using usually aqua regia (HCl and HNOs3) [13,14].
However, it must be pointed out that silicates are not totally dis-
solved, thus, the extraction is not total. Silicates are one of the main
components of meteorites; hence a lot of information is lost. This
could lead to wrong interpretations of the ICP—MS/AES data. In
some works [15] HF is used together with HCl and HNOs3, but this
acid is extremely dangerous and its handling must be carried out
with great care following strict safety protocols. Alternatively,
alkaline fusion can be used for the total dissolution of the matrix.
However, in some cases the pre-treatment still needs a consecutive
acid extraction using HF [16].

Infrared spectroscopy also has been applied in the study of
meteorites and impact glasses. For example, it has been used for the
determination of hydrated mineral forms since it is one of the few
techniques which can detect —OH and HO groups [17]. This
application can be very useful nowadays because the main goal of
most of the upcoming Mars missions is to find water or hydrated
minerals. The results obtained in the works where infrared spec-
troscopy was applied for the searching of water were successful

[18] in the identification and characterization of bound water or
hydroxyl bonds in mineral phases and hydrated compounds in
meteorites.

In some works KBr pellets are prepared for the analyses in
transmittance mode [17] involving the destruction of the original
sample. However, the pellet can be preserved for the future. In
other configuration such as absorbance or ATR, samples have to be
grinded to powder.

Finally, X-ray Diffraction (XRD), which allows extracting mo-
lecular and structural information, has been used for the study of
non-terrestrial samples. For example, it has been used to see dif-
ferences in major mineral phases present in meteorites due to
differences of pressure [19]. This technique is well recommended to
probe the phase transitions that can occur during the impact
ejection, successive impacts through the space or the impact of
arrival of the meteorite. Nevertheless, Tilley et al. [20], described
some disadvantages of using XRD in meteorites. For example, if
amorphous or Poorly Diffracting Materials (PDM) are present in the
sample, there is no diffraction signal or it is so poor that the signal is
indistinguishable from the noise. Besides, this technique requires
prior milling of the sample and its subsequent consumption.

All described techniques are very useful, and important infor-
mation can be obtained from studied samples. Unfortunately, they
consume material or destruct, at least partially, the samples during
the analysis. For this reason, the so-called non-destructive and non-
invasive techniques acquire a great importance since they do not
damage the analysed samples [2]. Due to the high economic and
scientific value of the samples, it is much more appropriate to
preserve their integrity as much as possible.

3. Non-destructive techniques applied to meteorites study

There are many non-destructive techniques used for biogeo-
chemistry research and many of them have been applied to the
study of non-terrestrial bodies. In this section, the most relevant
ones are described.

3.1. Elemental analyses

Several elemental non-destructive techniques have been used
for analysing the composition of meteorites. Particle-Induced X-ray
Emission (PIXE) or micro-PIXE is an elemental technique that does
not need any special sample pre-treatment. It allows identifying
and quantifying in a single analysis several elements. The more
recent works using micro-PIXE in meteorites have been focused on
very diverse objectives [21], such as the characterization of mete-
orites and their inclusions [22,23], which result interesting since in
these little portions of meteorites and impact glasses, important
features such as gases coming from the atmospheres or metallic
inclusions, are trapped. PIXE maps can be obtained as shown by
Bailey et al. [24] in inclusions of impact glasses called Darwin Glass,
although they concluded that PIXE was not easily used to charac-
terize the micro-inclusions, and that the used method was only
qualitative and had poor depth resolution. In fact, its use has
decreased with time as nowadays there are better non-destructive
techniques in the market, despite the fact that last works highlight
the great capability of micro-PIXE [22].

SIMS (Secondary lon Mass Spectrometry) or nanoSIMS has been
often used during the last decade for the study of the Solar System
through meteorites, asteroids and others. Due to the high sensi-
tivity and mass resolution, SIMS and nanoSIMS are appropriate
tools for isotope analysis. Regarding this field, they have been
applied for several aims, such as dating meteorites using different
isotope ratio [25] and searching water in other planets [26,27].
SIMS and nanoSIMS are very useful in this field since they are very
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suitable for trace analysis. Moreover, elemental isotopic ratio im-
ages can be also obtained with SIMS [28]. Actually, the combination
of SIMS with other devices has been applied to perform high pre-
cision isotope ratio imaging of micro-scale with high mass resolu-
tion (isotopography). By this way, it was possible to find a
chemically and isotopically anomalous material (new PCP, Poorly
Characterized Phase) from a meteorite [29].

Another elemental non-destructive technique used commonly
for meteorite analyses is the X-ray fluorescence spectroscopy
(XRF). XRF is an easy-to-handle technique for which no pre-
treatment or a minimum pre-treatment of the sample is needed.
As an example of its applicability, the method developed in 2001
by Wolf et al. [30] for the analysis of small quantities of meteorite
samples can be mentioned. The mentioned method was based on
the preparation of the samples in glass disks, melting them,
quantifying by the standard addition method. This approach was
used later in 2012 by Stracke et al. in order to analyse the Allende
meteorite [31]. The drawback of this method lies on the fact that a
pre-treatment of the sample is needed and, therefore, the non-
destructive nature of the technique is lost. In contrast, one year
before, Aramendia et al. [32] had performed non-destructive p-
XRF analyses of some impact glasses, called Libyan Desert Glass,
carried out directly on the sample without any pre-treatment,
using collimators to analyse areas from 0.2 to 1.5 mm in diam-
eter. In addition, a new work has been recently published with
semi-quantitative data using portable XRF device [33] to charac-
terize an impact glass. Finally, a very interesting work was pre-
sented in the 43rd Lunar and Planetary Science Conference 2012
[34], where a XRF spectra library devoted to meteorites was
presented. In that work, the most characteristic elements for each
different group of meteorites were established, and through che-
mometric analysis, they were able to classify meteorites that were
impossible to identify only by usual examination. Recently, a work
has been published [35] where nanoscopic XRF images were ac-
quired for meteorites study; large sections of meteorites can be
analysed in the search of trace element concentrations plotting
the results as a map in order to see the elemental distribution in
the sample matrix. For instance, the elemental composition
sometimes changes in the matrix depending on their atomic mass,
and some elements can be found concentrated only in inclusions
as occurred in Libyan Desert Glass samples (Fig. 1). For these cases,
XRF images are the most suitable way to present the results. These
images can be constructed using the area of the K, line for each
key element, employing appropriate software (as in the case
shown in Fig. 1, where the Artax software by Bruker was used) and
these values can be plotted using a kriging software to obtain the
image.

More general idea of the sample composition as estimation of
mass balance (%) and element distribution is sometimes needed as
a first step for its characterization. This kind of analysis was carried
out on meteorites by our research group by using an X-Ray fluo-
rescence system. The equipment used allows obtaining elemental
distribution maps performing a fast elemental analysis using a
mechanic collimator of 1 mm X-Ray spot size. The obtained
elemental image of the sample (meteorite or impact glass) has a
size of around 10 mm and is acquired in only 5 h. Besides, the XRF
spectrometer includes a vacuum chamber to be able to perform the
analysis of light elements.

The software implemented in this equipment allows obtaining
an estimation of phases based on the correlation among elements
detected in each pixel of the elemental chemical image. With this
data, the software can build a phase estimation image (see example
on an EETA79001 in Fig. 2), which facilitates largely the further
molecular characterization. Fig. 2 shows that the meteorite is
formed by two different main phases, P1 and P3; the former is

characterized by the presence of Si, Fe and Ca, the latter, in contrast,
is characterized by the presence of Fe mainly.

On the other side, hand-held XRF devices are increasingly used
[33,36]. This kind of devices is very useful because they allow
performing easy and quickly (semi-) quantitative measurements of
the samples. However, the use of these devices is very limited
because it is not possible to perform micro-analysis and XRF images
cannot be acquired.

XRF and PIXE have been used combined in a device so-called
APXS (Alpha-Particle X-ray Spectrometer) [37]. It was developed
for its implementation in some Mars Exploration Rovers (MER),
such as Spirit and Opportunity in 2007 as well as Curiosity in 2011.
APXS together with a camera and other spectrometers (Mossbauer
and thermal emission spectrometer) were the responsible for,
literally said by Campbell et al. [38] “major advances in the under-
standing of the Martian surface, especially as regards the prior exis-
tence of water on that planet”. Actually, such was the success that
APXS is part of the Mars Science Laboratory (MSL) mission,
currently working in Mars since 2012, and some APXS de-
velopments are thought for future missions.

Regarding elemental analysis at micrometric scale, Scanning
Electron Microscopy—Energy Dispersive X-ray Spectroscopy (SEM-
EDS) meets all the needs that are expected for an analytical tool
used in the research of non-terrestrial bodies when searching at
less than 1 pum. It does not destruct neither consume the sample
during the analysis, although sometimes some previous prepara-
tion of the sample is needed for obtaining better images and per-
forming better EDS analysis. It is very common to prepare thin or
thick sections from the sample [39] and coat them with carbon [40]
or gold. However, there are also some cases in which the specimens
are directly analysed, for example, in order to search for bacteria in
meteorites since if the samples are polished, life signs could be
destroyed [41]. If a metallic meteorite is studied by SEM-EDS the
coating is not needed.

This technique allows obtaining high resolution chemical im-
ages of selected areas of the analysed surface and it also provides
semi-quantitative information. Therefore, it is possible to see the
distribution of the elements in the bulk and to semi-quantify them
[42]. All this information is crucial in order to determine the shock
and thermal history, and finally the origin of meteorites. SEM—EDS
has been commonly used following these aims [40,42,43]. This
technique has been used in the search of signs of water in Mars,
characterizing minerals that could have water of crystallization or
possible alteration products that would be formed due to the
presence of water in Mars [26,44]. However this technique is al-
ways used as supporting method to facilitate further analysis or to
confirm them. It has been never used alone in meteorites analysis
because more information than that provided by SEM—EDS is al-
ways needed, such as quantitative determination or molecular
characterization.

Like the EDS, the electron microprobe analyzer (or EPMA)
provides high-resolution elemental analysis on spots of 1—2 um.
This is one of the most important analytical tools in Earth sciences
and it has been used for quantitative analyses of meteorites for
decades [45]. Normally, it is used for characterization supporting
its results with other techniques. However, there are strict re-
quirements regarding sample preparation for obtaining good re-
sults. For instance, very thin preparations should be obtained from
the sample, which means that the sample must be altered.
Moreover, the surface of the preparation must be perfectly
polished.

The non-destructive elemental techniques described are very
useful for meteorite analyses and they have provided important
results to understand better the universe and the Earth. However,
they present an important drawback since most of them are not
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Fig. 1. 1-XRF image of a Libyan Desert Glass surface where the distribution of several elements (Fe, Ti, K, Ca, Si and Mn) is shown. Two XRF spectra of brownish inclusions are also
displayed showing the changes of the relative proportions (area) of Si, K, Ca, Ti and Fe.

very sensitive for light elements [23,46]. Due to this fact, Laser- above is that LIBS is very sensitive for light elements such as H, Li, B,
Induced Breakdown Spectroscopy (LIBS) is becoming a very C, N, and O [47]. For the detection of these elements, and in order to
important tool in the meteorites research field. One of the char- avoid atmospheric input, ideally, the analysis should be performed

acteristics that differentiate this technique with those mentioned under vacuum conditions. However, this is not always possible but

Mass-% Mg Ca K \" Ti Mn Cr Fe Ni Zn Sr S P Si Al
(norm.)
P1 (red) | 0.09 6.77 0.14 0.06 0.42 0.73 051 634 0 0 0.05 054 185 25.01 0.36

P2 (green) 0 2035 839 16 197 222 177 6.02 223 296 953 1.09 039 043 0.01
P3 (blue) 0 566 041 0.11 043 1.09 0.7 80.5 0.06 0.13 037 0.6 119 7.02 0.06

P4 (turgoise) 0 1165 3.31 0.81 153 257 144 505 09 157 379 066 026 1.15 0.18
P5 (pink) 0 103 1.89 035 1.11 234 111 63 0.44 0.88 1.94 0.99 136 4.1 0.26

Fig. 2. Phase estimation image created by M4 TORNADO on a thick sample of the EETA 79001 meteorite specimen.
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it can be solved carrying out a blank and subtracting the atmo-
spheric input.

LIBS offers other benefits such as ease-of-use, no need to pre-
treat the sample, robustness and versatility. Nevertheless, the use
of the laser has also some drawbacks. For instance, it is considered
micro-destructive due to the crater that it leaves after each laser
pulse with the corresponding removal of part of the sample. This
notwithstanding, it only consumes few nanograms of material per
pulse [47] on a surface around 200 pm in diameter.

The LIBS technique also allows performing quantitative analysis
of major, minor and trace elements present in the meteorites
samples. Actually, some studies state that, by means of LIBS, it is
possible to quantify some trace elements which are impossible to
detect or quantify by other techniques such as ICP—MS or XRF [48].
Moreover, the quantification using LIBS differs from others, such as
AAS (Atomic absorbance spectroscopy) or ICP—MS, in the fact that
sample dissolution is not required. Therefore, no reactants are used,
there is no sample consumption, contamination is avoided and all
this makes it an inexpensive and appropriate method for the study
of the meteorites and impact glasses. In addition, Veis et al. [49]
applied a calibration-free method for meteorites based on the
electron concentration and temperature. Calibration-free method
means that no reference standard material is needed and that the
elemental quantification is performed without using calibration
curves. This fact provides more advantages as sometimes finding
the most suitable reference material supposes an arduous work
since the compounds present in meteorites are very diverse [50].

LIBS has become one of the techniques selected for the Mars
exploration missions [50,51]. It was mounted on the Curiosity rover
inside the ChemCam instrument [52], and soon, it will be part of the
next NASA Mars Mission 2020 [53].

There are several reasons for selecting LIBS technique for these
missions. The first one is that the analysis can be performed
remotely without the need of being in contact with the sample. It
can determine the composition of a soil or target rock from more
than 6 m [53]. Moreover, in the Mars surface there is a lot of dust
that can hinder the analysis. However, laser pulses emitted by the
LIBS remove all the dust from the surface and make the posterior
analyses easier.

Although it has been said that it can be considered micro-
destructive, the crater left by the laser pulses in the surface of the
sample results useful because the more that the laser incises on the
sample the deeper the crater is. In this way, depth analysis can be
also carried out as the crater goes down with each pulse. This kind
of analyses are very useful in Mars surface to research on weath-
ering processes that change the surface and to identify the raw soil
and compare it with historic evidences that are reflected in the
different layers of the soil.

In addition, it is possible to perform LIBS analysis under extreme
conditions, for example at low atmospheric pressure [48], which is
interesting to reproduce in the laboratory the conditions present in
the space.

It is worth pointing out that even if most of the ICP—MS are
considered to be destructive, laser-ablation inductively-coupled-
plasma mass spectrometry (LA-ICP—MS is said to be almost non-
destructive. Apart from that, it offers all the advantages of the
ICP—MS, like low detection limits, accuracy and rapidity, without
sample pre-treatment [54]. In fact, it is said to replace XRFE. It is
usually used for isotopic and trace analyses [55] of metals and rare
earths in meteorites.

3.2. Molecular analyses

There are several non-destructive techniques that provide mo-
lecular composition. One of the most popular molecular analytical

techniques for the study of meteorites is Mossbauer spectroscopy.
Mossbauer has been applied since two decades ago, mostly, for the
study of metallic, iron based meteorites or their iron inclusions
because it gives information about the atomic environment of
element nuclei, and therefore, it is possible to identify the
composition of the sample together with the molecular structure
[56]. Moreover, it is also possible to perform quantitative analyses
of different mixtures of iron phases as in an iron meteorite analysed
by the Opportunity rover directly in Mars [57]. Of course, nowa-
days, other non-destructive techniques are able to carry out this
quantification. However, what makes the difference with
Mossbauer spectroscopy, in the special case of meteorites, is that
several Fe—Ni compounds such as taenite (y-(Fe, Ni)) or kamacite
(a-(Fe, Ni)) are difficult to detect or identify with other molecular
techniques such as Raman spectroscopy.

As has been mentioned before, even if sometimes infrared
spectroscopy can be considered destructive, there are several
configurations to perform infrared measurements in a non
destructive way. In recent works infrared imaging analysis of me-
teorites has been carried out [58]. This approach resulted appro-
priate for the study of the compounds distribution in the non-
terrestrial bodies. The distribution of some compounds could give
many clues about the origin and the processes that the sample
experimented [59], therefore, the distribution study could be a key
for elucidating important questions. Besides, the sample is not
consumed and can be used for further analysis.

The upcoming ESA and NASA missions to Mars (EXOMARS 2020
and MARS 2020 respectively) will carry near infrared spectrome-
ters in their respective rovers [60,61]. The final objective of the
infrared devices is to perform mineralogical and organic charac-
terization of the Mars surface and to find water related compounds
(bearing —OH or water) or aqueous alteration clues.

One of the most important techniques for molecular analyses of
non-terrestrial bodies, if we take into account the number of
publications, is Raman spectroscopy [62—66]. Raman spectroscopy
is rather similar to Infrared spectroscopy since both provide
structural and molecular information about the analysed sample.
However, with Raman spectroscopy no pre-treatment of the sam-
ple is required whatever the configuration is. Moreover, there is the
possibility to work with different wavelength lasers, even in the
same device. Each wavelength could fit the sample better than
other, giving better or worse results, depending on the kind of
meteorite or impact glass. For instance, with the 785 nm laser in the
case of vitreous matrices, luminescence phenomena could appear.
This phenomenon appears in silicate glasses with low quantities of
heavy metals or rare earths in the structure. Due to this fact, very
intense and broads bands appear between 1200 and 1800 cm ™.
These bands, considering their size, sometimes shield or overlap
other Raman signals, hiding molecular information. This fact can be
a considerable problem although it is easy to solve changing the
laser wavelength, since with others, such as 514 nm laser, this
phenomenon is avoided (Fig. 3).

Furthermore, sometimes when analysing this kind of materials
fluorescence could be present in the spectrum shielding the sample
characteristic Raman signals. However, as occurred with lumines-
cence, this fact can be solved by changing the excitation laser [67].

Even if Raman spectroscopy is not considered a quantitative
technique, quantitative works on meteorites have been published
by using the position, height, area or other features of Raman bands
[62,66,68]. Quantitative analysis on meteorites was applied by El
Amri et al. [64] for the study of organic molecules using Surface
Enhanced Raman Spectroscopy (SERS). Actually, signal enhance-
ment by using nanoparticles is another advantage that Raman
spectroscopy offers. This modified Raman approach allows inten-
sifying the signal of traces present in the sample by the addition of
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Fig. 3. Raman spectra of the same point of a silicate matrix of a Libyan Desert Glass sample with 785 nm laser (left) and 514 nm laser (right). The difference due to luminescence

phenomenon is clear in the 1200—1800 cm ™! range.

certain nanoparticles. However, SERS has not been widely applied
in this field. Indeed, it has been only used for the identification of
organic compounds such as adenine in meteorites [65]. SERS also
reduces the fluorescence of the sample.

Another advantage of this technique coupled with the confocal
microscopy is the capability to perform depth profiling analysis
without the need of cutting or slicing the sample. In the reviewed
field, this alternative technique is the key for the analysis of bub-
bles, which are cavities in the matrix of the meteoroids filled by
liquid or gases. The characterization of the bubbles present in non-
terrestrial bodies helps in the characterization of other atmo-
spheres and the better comprehension of the procedures that the
non-terrestrial body experiences just before falling on Earth.
Moreover, slicing the meteoroids makes the analysis of the bubbles
difficult since if a bubble is cut, the gases that it contained escape
(Fig. 4) [17]. Therefore, confocal Raman spectrometry is the unique
non-destructive technique able to face this task. In addition, Raman
microscopy allows performing imaging analysis by carrying out
Raman mapping (Fig. 5). This procedure has been largely applied to
the study of meteorites and analogues [59,67,69]. As described for
infrared imaging, the application of this Raman set-up is useful for
the study of the distribution of the different compounds in the

—_—
10 pm

analysed samples and the distribution correlations of the com-
pounds among each other.

As occurred with some of the techniques mentioned in this
work, Raman has been also selected to be used in some of the
missions to other planets. Actually, it will be present in the rovers of
EXOMARS 2020 and MARS 2020 missions. The aims defined for this
device in both missions are to identify and characterize both min-
eral and organic compounds in the Mars surface and always with
the final objective of detecting present or past signs of life [60,70].
In both cases they will be equipped with a 532 nm wavelength
laser, to avoid luminescence phenomena. It must be taken into
account that biological organic compounds or biomarkers such as
carotenoids or oxalates are only identified with that wavelength in
most of the cases [71].

It is worth highlighting that by the exclusive use of a combi-
nation of non-destructive techniques, an absolute complete study
can be carried out, as demonstrated recently by Garcia-Guinea
et al. [39]. In that work, a complete qualitative and semi-
quantitative characterization of a meteorite was performed for
the first time using exclusively non-destructive techniques such as
XRD on flat surface (without the need of grinding the sample),
Raman spectroscopy and EPMA. In this way, for the first time,

Raman Intensity

2000 2800
Wavenumber/cm™

Fig. 4. Raman confocal analysis for the characterization of air bubbles in Libyan Desert Glass samples. Unfortunately, it was a slice preparation and the bubbles were empty.
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Fig. 5. Raman imaging analysis of an impact glass inclusion. On the top, in green, cristobalite signal and silicate signal in red. On the bottom, in green, calcite signal, in red, quartz

signal and haematite signal in blue.

semi-quantitative mineral percentage was defined for the studied
meteorite.

4. Proposed methodology

Taking into account all mentioned above a complete non-
destructive methodology for the deep characterization and study
of this kind of materials will be proposed. This methodology in-
cludes elemental and molecular-structural complete characteriza-
tion, element and compounds distribution study and elemental and
compounds semi-quantification and it is carried out by both
elemental and molecular techniques using image and punctual
configurations.

First of all, XRF and Raman images would be collected to obtain a
general view of the distribution of elements and compounds in the
sample. Regarding Raman spectroscopy, it is advised to use the 532
or 514 nm laser to avoid luminescence phenomena.

Once a general scheme of the sample has been constructed,
point-by-point analyses can be carried out for improving the
resolution both by XRF and Raman spectroscopy. For the light
elements, the employment of LIBS is recommended if micro-
craters of around 200 um in diameter are allowed on the sur-
face of the samples, since, unlike XRF, H, Li, N, O and C can be
detected and quantified if required. Therefore, with the combi-

nation of these two techniques all the important elements would
be covered. In addition, LA-ICP—MS is proposed in order to
perform isotopic analysis, very useful for determining the origin
of the samples, and to quantify traces of metals and rare earths
since the limit of detection of the technique is lower than the
XRFE

Finally, in order to complete these studies, a novel technology
very suitable is introduced.

As has been mentioned above, several techniques are frequently
combined with others for completing the characterization of the
samples. This is the case of the combination of Raman (micro)
spectroscopy) and SEM/EDS (Raman-SEM/EDS), which gives very
successful results in the characterization of meteorites and ana-
logues. However, the simultaneous use of both devices is not al-
ways easy or even possible to perform because once the analysis of
an area of interest by SEM/EDS is carried out, then, to find and
analyse the same microscopic area by means of Raman microscope
is arduous. To avoid this problem, the Raman-SEM/EDS interface
was developed (there is the commercial trademark SCA, Structural
and Chemical Analyzer, from Renishaw that first introduced this
instrument). This technique is so innovative that no publications
regarding its use in meteorites and impact glasses have been found
and it has been applied in only some works with other matrices
[72,73].
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This Raman-SEM/EDS instrument allows performing Raman
spectroscopy analysis together with Secondary Electron (SE) or
Retrodispersive Electron (RE) imaging and EDS analysis inside the
SEM chamber on the same spot areas selected previously. This fact
is possible because the laser light and Raman signal are both
transmitted between the Raman spectrometer and the SCA through
2 m fibre optic cables inside the SEM vacuum chamber. Two laser

43

excitation sources are available at 785 and 514 nm, and variable
power at the sample can be applied.

With this configuration, first, a scanning chemical image of a
micro area of the sample surface using SEM is performed. Then, it is
possible to analyse that area identifying the presence/absence of
chemical elements using EDS. Finally, by the Raman-SEM/EDS
interface it is feasible to focus the laser beam on the point of
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Fig. 6. A) SEM image of an EETA 79001 specimen. B) False colour image of the A SEM image, where the energies of chromium are represented in turquoise, in blue those of iron, in
green the energies of silicon, in dark green the energies of aluminium and, finally, in light green the energies of calcium are represented. C) Distribution images of the different
elements present in the sample. In black, the absence of the element is represented, and in white, its presence. 1, 2 and 3 are Raman spectra obtained from the points labelled with

the same numbers in the SEM image A.
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interest to get Raman spectra without the need of moving the
sample. Therefore, the Raman-SEM/EDS instrument allows getting
elemental and molecular information of exactly the same point.
The interface is useful to attain well defined objectives such as
relating Raman displacements with slight differences in composi-
tion or to help the user identifying rare Raman spectra.

A typical Rama-SEM/EDS instrument has three units. The first
unit is an EVO 40 EDS (Carl Zeiss NTS GmbH, Germany) coupled to
an X-Max Energy-Dispersive X-Ray spectroscopy equipment (Ox-
ford Instruments, UK) that is used for electron image acquisitions
and elemental composition determinations. The SEM images are
acquired at high vacuum employing an acceleration voltage of
20 kV. Magnifications up to 10 000 are reached using an SE de-
tector. The EDS (Oxford Instruments, UK), is used for elemental
mapping, and the analyses are performed using an 8.5 mm working
distance, a 35° take-off angle and an acceleration voltage of
15—20 kV. For the SEM—EDS data collection the program INCA suite
413 (Microanalysis Suite, UK) is used. This software allows per-
forming chemical maps of all elements present in the scanning
image simultaneously. The plots appear in black and white, where
the former represents the absence of an element and the latter its
presence. Besides, there is the possibility to obtain false colour
images of the analysed surface where the energies of each element
are represented in different colours over the SEM image for a better
visualization of the chemical maps.

The third unit is the Raman SCA interface (Renishaw, UK), that
uses in-SEM retractable collection optic to introduce the laser light
and focus it on the sample as well as to collect the Raman signal
through the in-Via micro-Raman spectrometer. This Raman micro-
spectrometer has a Peltier-cooled (—70°C) detector. The spec-
trometer is provided by a 514 and 785 nm laser. The power applied
is set at the source at a maximum of 50 mW, while on the sample is
always less than 20 mW. The spectral resolution is around 1 cm™.,
The software used for the data collection is Renishaw Wire 3.2. In
order to avoid excessive noise in the spectra, the equipment is
installed in an anti-vibratory table and in a temperature controlled

room (around 20°C). In spite of this, the collected spectra by Raman
SCA are usually noisy and, therefore, long measures (up to 40 s and
40 accumulations) are needed to obtain a good signal to noise ratio.
For conventional SEM/EDS analysis, the retraction mechanism of
the Raman SCA is used to quickly move the optic away to a ‘standby’
position. This operation mode is used to set the positions of the
trace elements in order to better focus with the SCA interface.

By using this Raman-SEM/EDS simultaneous combination of
techniques, elemental and molecular information can be extracted
at the same time in a couple of hours at maximum, like it was
demonstrated with terrestrial analogues to meteorites [74]. In
Fig. 6A, a SEM image can be seen, where different types of in-
clusions in a meteoritic matrix can be distinguished. The SEM im-
age was obtained by collecting retro-dispersive electrons, which
allows identifying heavy metals, since they appeared lighter in the
SEM image. With only this information, it could be possible to
detect some areas of interest, such as the inclusions present in the
centre of the image. Besides, EDS analyses were performed to
obtain the elemental characterization of the samples (see Fig. 6C).
With this elemental data, false colour images can be created, where
the energies of each detected elements is represented in different
colours (see Fig. 6B). This representation makes much easier the
interpretation of the results. With this image, the points to be
analysed by Raman spectroscopy were selected.

As can be observed in the false colour image, three main areas
can be discerned and, actually, these three were the areas of in-
terest analysed by Raman spectroscopy (Fig. 6.1, 6.2 and 6.3).
Spectrum 1 corresponds to a chromium oxide and was obtained by
analysing the chromium rich area. Spectrum 2 is an olivine and
corresponds to an iron and magnesium rich silicate. Finally, spec-
trum 3 was collected in aluminium and magnesium rich silicate and
was identified as an augite. Both, elemental and molecular data are
in agreement. By this means, the spatial molecular and elemental
distribution of the meteorites and their heterogeneity was
evaluated.

Fig. 7 shows a resuming scheme of the proposed methodology.
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Fig. 7. Scheme of the proposed technology.
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5. Conclusions

Non-terrestrial samples are unique and each one could provide
very valuable data. It is clear that analytical techniques play a key
role in the Space research field.

Unfortunately, most of the studies performed up to this moment
have been performed employing destructive analytic techniques.
Due to this fact, several important samples have been destroyed
and therefore, disappeared for next generations. An important
effort has been performed to preserve the Cultural Heritage;
however, this is not the case with Natural Heritage.

Clearly, the use of some of these destructive techniques, in
certain cases, is mandatory. For instance, for organics detection and
quantification, for now the most suitable procedure has been to
perform GC—MS analyses. Nevertheless, with the evolution of the
new generation non-destructive analytical techniques, there is no
reason for the destruction of samples. Moreover, the consumption
of chemicals and reactants is also avoided.

In order to solve this problem in the case of meteorites and
analogues, a combination of techniques is proposed to perform
advanced spectroscopic studies on such materials. It consists on
combining Raman-SEM/EDS hyphenated instrument, the micro-
XRF imaging and the LIBS analysis, always taking into account the
advantages of other techniques for very defined purposes. With the
Raman-SEM/EDS device, elemental and molecular microscopic
characterization can be performed. Besides, by means of micro-XRF
imaging, a general idea of the elemental composition of all the
samples can be extracted, since sometimes the information given
by SEM/EDS is very located and from a very small part of the whole
sample. Besides, LA-ICP—MS is proposed for isotopic ratios studies
and traces analyses. Finally, LIBS will be used for the quantification
of elements in general, but specifically, light elements. The com-
bination of LIBS and Raman could avoid the use of GC—MS.

It must be highlighted the importance of choosing the right
wavelength for the Raman analyses. As it has been seen during this
overview, we encourage using the 514 or 532 nm laser to avoid
luminescence effect and to improve the acquisition of organic
signals.

As complementary techniques we suggest to add Mossbauer
and infrared spectroscopies to the proposed list. Mossbauer will be
helpful in the characterization of metallic meteorites where the use
of Raman is useless. In addition, IR would be the key for water or
carbon dioxide search. Following this protocol, all the current ob-
jectives such as petrological characterization, searching water or
water derived compounds, as well as life signals (biosignatures) can
be fulfilled on meteorite and impact glasses.
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