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Martian meteorites are excellent study materials for understanding the present
and past of Mars, as they are important historical astrophysical artifacts because
they possess information about Martian geological evolution and physical and
chemical characteristics. In our case, we analyzed the NWA 6963 Martian
meteorite classified as basaltic shergottite because of its chemical structure. A
computerized microtomography (μCT) study in the NWA 6963 Martian
meteorite provided us with 2D and 3D images that were extremely useful for
ascertaining the internal structure of the analyzed sample and gave us the
opportunity to find a crumpled material with a very peculiar structural format.
In addition, it was possible to observe through the μCT that this encrusted
material also has a completely different density of the meteorite. Calcium,
strontium, and potassium were detected qualitatively, among others through
the technique of X‐ray fluorescence.

1 | INTRODUCTION
Mars is a rocky planet very similar to Earth. In this way, if
we can understand how their planetary evolution
occurred, through comparative analysis, we could generate generalizations of physical processes in the formation
between the planets and also obtain possible hints of how
could been the initial history of our planet and also of the
red planet.[1,2] Although most of the geological records
have been destroyed, just as happened on Earth, the geological evolution of the Martian surface, its physical information, and chemical characteristics can still be studied
through the Martian meteorites.[3,4]
Fundamentally, we can see meteorites as rocks of
great importance because of the vast amount of information they can give us about the primordial material that
formed the planets of our solar system.[5,6] Thus, through
the objects ejected from the Martian surface, such as
NWA 6963, it is possible, through analytical techniques,
X‐Ray Spectrometry. 2017;1–6.

to investigate chemical, physical, and geological information, which can help, for example, to define requirements
for missions to Mars.[7,8]
Finally, another interest very special related to Mars is
the possibility that the planet has been habitable, that is,
have had the conditions necessary for life to have
established itself in the past. Thus, to search for these
types of information, the Martian meteorites are of
extreme relevance because through them are made
research related to the interior of the planet.[9] It also
studied the possible presence of water by analyzing the
composition of volatile chemical elements in Martian
meteorites[10] and the origin and age of the Martian
crust,[11–13] and there are researches related to the search
for fossils, bacteria, or traces of organic compounds in
Martian meteorites.[14–17]
Thus, we will try to emphasize and demonstrate in
this work the discovery we made and the importance of
using nondestructive analytical techniques such as μCT
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and X‐ray fluorescence (XRF) in the preliminary analysis
to obtain information on fragments of meteorites. For
this, we will demonstrate the efficiency of both techniques
by the findings that were made by combining the XRF
analyses with the imaging results of the μCT technique.

2 | MATERIALS AND METHODS
2.1 | Martian meteorite NWA 6963
The sample analyzed and studied in this research was a
fragments of about 4 mm of the Martian meteorite NWA
6963, which is considered an igneous rock of basaltic origin, due to its mineralogical composition and texture
characteristics. This meteorite was found in September
2011 in Morocco, more precisely in Guelmim‐Es Semara
and is classified as an achondrite belonging to the group
SNC (Shergottites, Nakhlatite, and Chassignites), being
recognized more specifically such as a shergottite among
the groups of meteors from red planet because of its
chemical structure and attested as a meteorite from Mars
due to the oxygen isotopes.[18,19]
For the development of this project, a fragment of this
meteorite was acquired with Paulo Anselmo Matioli, geologist and curator of the Museu Joias da Natureza, which
confirmed its mineralogical correspondence and textured
description in the Meteoritical Bulletin.[19]

2.2 | Micro‐CT
The images were obtained through the Skyscan/Bruker
apparatus, model 1173. The samples were verified in all
three spatial planes through the apparatus model 1173,
composed of a microfocus X‐ray tube with high‐voltage
source, an acrylic sample port, in which the NWA 6963
meteorite was fixed inside the equipment to prevent
movement during the image acquisition process, and a
CMOS‐based flat panel detector (2,240 × 2,240 pixels)
connected to a control computer, both used in the reconstruction of the images.
The scanning of the NWA 6963 Martian meteorite was
obtained from the following parameters; 50 kV of voltage,
160 μA, isotropic pixel size of 5.70 μm, angular pitch of
0.4°, 1,000 ms of exposure time, using an aluminum filter
of 1 mm thickness and with an acquisition time of 1 hr
35 min.
After the scanning, the data are quantitatively
analyzed using CTAn (porosity and density); the
tomographic projections are then reconstructed using
the InstaRecon® software Version 1.3.9.2. This program
generated the 3D images, which were formed from the
two‐dimensional slices of the sample generated during
the acquisition process and which were converted into
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an orderly stack, thus generating a 3D image. The
DataViewer Version 1.5.2.4 program was used for visualization and evaluation in 2D (linear measurements) of
the coronal, transaxial, and sagittal axes. Then, the
software CTVox Version 3.2 was used for the three‐
dimensional visualization and for the external and internal anatomical analysis of the materials obtained after
the rendering process. All software used were proprietary
from Bruker microCT.

2.3 | X‐ray fluorescence
The determination of the qualitative chemical composition present in the NWA 6963 Martian meteorite was
obtained through the portable model ARTAX 200, with
a molybdenum anode and with a collimation aperture of
200 μm. The first result containing the first elements Si,
Ca, Ti, Cr, Mn, Fe, and Zn was detected from a spot beam
at a randomly chosen location, because the initial objective was to obtain the best voltage, current, and time
parameters to detect as many elements as possible with
better quality and with the lowest background noise
possible in the spectrum.
In the development of the analysis of this sample, it
was empirically verified that the parameters that best fit
were 400 μA of current and 50 kV of voltage. In this
way, XRF scanning in the NWA 6963 Martian meteorite
was made shortly after we acquired these parameters that
followed as patterns throughout the scan of the sample
analyzed. Fundamentally, the scanning was done by
changing the spot beam to different areas, in which the
measurements of a locally chosen spot were first taken.
Subsequently, the beam was moved a second point in
another region in which a new measurement was performed. This procedure was then repeated so that we
could sweep point‐to‐point to a vast region of NWA 6963
meteorite.
Thus, we were ableto obtain the qualitative elemental
chemical composition of the Martian meteorite NWA
6963 , in which theelements Si, K, Ca, Ti, Cr, Mn, Fe,
Ni, Cu, Zn, Sr, Y, and Z were detected through this methodology. These being placed here in order of atomic
radius of the periodic table. The obtained X‐ray fluorescence spectra were evaluated by the AXIL software of
the QXAS package for peak deconvolution and subtraction from the radiation background.[20–22]

3 | R ESULTS A ND DISCUSSION
The imaging results that were generated from the NWA
6963 Martian meteorite were extremely satisfactory
because they provided us with images of inclusions in
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the meteorite, which we hoped to obtain through this
technique. However, it also provided us with a surprising result of images of certain structures with very peculiar shapes encrusted inside the NWA 6963 Martian
meteorite. This finding was made from a 3D image
model (Figure 1a), obtained through the image reconstruction feature. In addition, through the acquisition
of the images and the 3D reconstruction feature, we
were able to obtain additional information related to
the density (Figure 2a), porosity (Figure 2b,c), and the
internal structure of the analyzed Martian meteorite
(Figure 1a–d).
It was possible to obtain an estimate of the chemical
composition of NWA 6963 Martian meteorite (Figure 3).
We were able to obtain results that provided us qualitative
information of the chemical elements that are present in
the sample analyzed and collect this information locally
through the variation of a point beam in different areas
of our interest in the meteorite NWA 6963.

3.1 | Imaging
By means of imaging research, we are able to analyze
internal cuts of the material, that is, hundreds of
microtomographic cross sections are made that allow
the internal three‐dimensional visualization of samples
that would otherwise not be observable. With this, we
are able to obtain various sample data such as the
proportions of materials, quantify particle volumes,
and/or areas in an automated manner.[23] In general,
these technological instruments are based on the X‐ray
attenuation equation, thus having the same operating
principle, in which the object is positioned between an
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X‐ray source and an X‐ray detector, in a system of
rotation.[24]
Through the image acquisition process and with the
aid of the rendering feature to reconstruct a 3D image
model, we were able to obtain information of materials
that were embedded inside the NWA 6963 Martian meteorite with higher quality and definition, indicating in
which region these materials were specifically found.
These encrusting materials attract a lot of attention
because of their rather peculiar structural shape because
they are not spheroidal structures such as the chondrules
generally found in some types of known chondrite
meteorites or filamentary structures that could be
characterized as grooves, vessels, or possible differentiation between geological materials. In fact, the encrusted
material presents a differentiated structure, because it
appears to have a well‐behaved formation, even
possessing a distinct density in relation to the rest of all
the material of the NWA 6963 Martian meteorite. Thus,
all analysis of density, porosity of the meteorite NWA
6963, and the encrusted material were made through
images that had distinct color shades, in order to provide
a better understanding and facilitate the differentiation of
analyzed elements (Figure 2) we have, for example, the
image of density (Figure 2a), in which the elements were
differentiated by different colors, the elements of blue
being those of lower density, red of intermediate density,
and yellow of the elements of higher density. Furthermore, the total porosity was also calculated in relation to
the total volume of the analyzed material, which is
2.38%, with the total volume of the analyzed material
being 4.75 mm3. Finally, we try to show how the
encrusted material differs from the rest of the NWA
6963 Martian meteorite (Figure 2d).

FIGURE 1 Generation of images by micro‐CT of material embedded in the Martian NWA 6963. (a) Reconstructed three‐dimensional image
by stacking several two‐dimensional images similar to images (b), (c), and (d) that were generated during the acquisition process
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FIGURE 2 Composition of comparative images made by micro‐CT of the material encrusted in the Martian meteorite NWA 6963. The
image (a) is a 3D model generated by the reconstruction method that illustrates the density of materials, where the scale is increasing from
blue to yellow. The image (b) configures the porosity analysis of the analyzed material volume. The image (c) shows the same porosity analysis
but leaving only the material of higher density. The image (d) is the generated 3D model in which the encrusted material differs from the rest
of the meteorite and served as one of the comparative analysis bases with images (a), (b), and (c)

FIGURE 3

A typical X‐ray fluorescence spectra chemical
elements of Martian meteorite NWA 6963 obtained from XRF
spectrometer (model: ARTAX 200, made: Bruker, Germany)

3.2 | Chemical composition
The qualitative determination of the chemical elements
present in the NWA 6963 Martian was done in a

nondestructive way, that is, it did not result in the characterization of the sample or in the possible loss of some
future information, if it is analyzed again. Essentially,
the analysis performed was based on simple and well‐
known physical principles that chemical elements emit
characteristic radiations when subjected to an appropriate
characteristic excitation and that is specific for each atom
of the periodic table, thus not having the possibility of
having two atoms with the same characteristics.
The analysis of the chemical composition of the NWA
6963 Martian meteorite generated initially through the
first local beam spot in a specific region detected Si, Ca,
Ti, Cr, Mn, Fe, and Zn elements. Later, when conducting
the meteor sweep NWA 6963, other elements such as K,
Ni, Cu, Sr, Y, and Zr were also detected. Among the
detected elements, Ti, Mn, Cu, Zn, Sr, and Zr are considered in meteorites by the literature as moderately and
highly volatile trace elements.[25] Moreover, the chemical
composition of the NWA 6963 Martian meteorite is
remarkable because it has been detected the yttrium element, which is considered a rare earth element and is
usually found in meteorites of carbonaceous chondrites.[26] In general, yttrium, in terrestrial rocks, is found
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associated with minerals such as xenotime, which is a rare
earth phosphate mineral, whose main component is
yttrium orthophosphate (YPO4).[27,28] Essentially, these
rare earth minerals are generally found in association
with alkaline igneous complexes in pegmatites associated
with alkaline magmas or associated with carbonatite
intrusions. Finally, we call attention to the detection of
the elements Ca, K, and Sr on the surface of the region
in which the peculiar structure well embedded in the
NWA 6963 Martian meteorite is embedded. Although
these compounds are commonly found in chemical analysis of fossils and microfossils in archeology and paleontology.[29–31] However, it is important to emphasize that
Ca is an element that here on Earth can be linked to minerals such as calcite. Calcite is a calcium carbonate, and
its formation comes mainly from biochemogenic processes or forms through chemogenic processes when in
aqueous media and presence of water.[32] Furthermore,
by combining the possible presence of xenotime, that is,
associated with carbonatite intrusions, there appears to
be consistency in suggesting a likely combination of calcite and xenotime as part of the NWA 6963 meteorite
structural composition, as the mantle‐derived melted
carbonatites may be carriers of rare lands. In addition,
xenotime may also be associated with apatite, and in this
case, the relationship between these minerals would be
associated with hydrothermal fluid environments bound
to alkaline magmatism that contain a variety of minerals
of rare earths.[33] All of these information are of extreme
relevance to astrobiology, because according to
Blumberg,[34] astrobiology aims to investigate not only
the origin and evolution of life on Earth but also the distribution and future of life in the universe, and these
results as it suggests the possibility that in the Mars' past,
there were habitable conditions in which life could have
been established.

4 | CONCLUSION
Essentially, we seek to develop in this research a
methodology capable of analyzing the meteorite NWA
6963 from Mars, through the performance of nondestructive techniques with the objective of characterizing
a standard model of preliminary analysis and with that,
to demonstrate the possible information, discoveries,
and results that could be obtained through the of this
methodology.
We concluded that the micro‐CT has a huge potential
to be considered in the future as one of the essential techniques preliminary analysis of fragments of meteorites.
Within this standard model we are looking for, perhaps
the micro‐CT should be the first to be used in preliminary
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meteorite analyzes. Fundamentally, for being a nondestructive technique and also for having provided us with
innumerable information of extreme relevance, which
without it, we would not have accessibility in this work.
Thus, through the imaging results from micro‐CT, we
were able to detect structures encrusted in the NWA
6963 Martian meteorite, one of them possessing differentiated characteristics due to its material being well organized and structured. Furthermore, this technique has
generated important information about the density,
porosity, and how the internal structure of the object
found in the meteorite is distributed.
We also concluded that the X‐ray fluorescence technique was employed, although other complementary
techniques were needed to provide more complete information on the chemical composition present in the
encrusted material and also to provide more accurate
and detailed information on the chemical components
present in the NWA 6963 meteorite. It was able to generate results of the chemical present in the sample, also
without causing any kind of de‐characterization of the
meteoric material or the encrusted material. In this way,
XRF may also have to be seen as one of the essential techniques for preliminary meteorite analysis.
Finally, we believe that this research has a character
of originality because it is an analysis of a new and newly
discovered meteorite, as well as being a work that
demonstrates to have relevance and implications for a
relatively new area, that is, astrobiology, besides contributing to the geoscientific understanding of the planet
Mars. However, deeper analysis and the use of additional
techniques will be required to obtain more specific information about its chemical composition and structural
and molecular arrangement of the encrusted material,
including whether there is any relationship of this
material with the elements Ca, Sr, K, and the others
detected. In addition, to understand as the rare element,
the minor, moderately, and highly volatile trace elements
detected are related to the history of the NWA 6963
Martian meteorite and especially the possible relations
with the history of the planet Mars.
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