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Abstract

The formation of the planets in our solar system is not fully understood. Carbonaceous chondritic meteorites, considered
the most primitive surviving materials from the early Solar System, can contribute to the understanding of how planets
formed from dust through the study of their composition. These relics are mainly composed of chondrules
(micro/millimeter-sized inclusions) surrounded by a matrix of microparticles. The mineralogical composition of the
chondrules and surrounding matrix of these meteorites can be characterized at the microscale using micro-Raman
spectroscopy, while the topography and elemental composition of these relics can be studied at the micro/nanoscale
using SEM/EDS (Scanning Electron Microscopy/Energy Dispersive X-ray Spectroscopy). In this work, we present a
comparative study of the mineralogical and elemental composition of the chondrules and surrounding matrix of
carbonaceous chondritic meteorites using the aforementioned techniques. We examine how these properties vary in
different regions of the chondrules and matrix. In general, Raman spectroscopy results show graphite, pyroxene, and
olivine, both within and outside the chondrules. Well-defined chondrules, rims, and matrix are observed from the SEM
images. The results obtained with EDS show that iron is most abundant in the matrix, while the chondrules are enhanced
in magnesium. Silicon, aluminum, sodium, calcium, oxygen, and carbon are also found in both, chondrules and matrix.
Iron and sulfur rims are observed around the chondrules. These findings contribute detailed information about the
composition of these chondritic meteorites, helping to understand the origin of the found structures and to unravel the
mysteries surrounding the formation of these relics.
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1. Introduction

The formation of the solar system has attracted many scientists from different disciplines for a long time. Even though
numerous theoretical and experimental studies have been conducted to learn about its origin, the whole process of
planet formation is not fully understood. One approach to analyze the origin of the Solar System is to study
carbonaceous chondritic meteorites.® These chondrites are some of the most primitive materials of our Solar System
and are accessible on Earth. They are composed of inclusions, such as chondrules, crystals, calcium-aluminum-rich
inclusions (CAls), and amoeboid-olivine aggregates (AOAs), which are embedded in a matrix that keeps the chondrite
together. Chondrules are formed due to flash melting at high temperature creating a molten droplet making their shape
spherical.> ® CAls and AOAs are refractory inclusions that contain elements or minerals that were unaffected by heat
and wear. AOAs are irregularly shaped and have a high amount of forsterite (Mg-rich olivine), while CAls contain
minerals rich in Ca and Al 3

By studying experimentally several properties of the inclusions and matrix of carbonaceous chondritic meteorites
(e.g. topography, mineralogical and elemental composition, etc.), important information about planet formation and the
secondary processes that affected their parent bodies (such as asteroids and comets) can be found. For this, several



techniques, such as Raman spectroscopy, scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), and optical microscopy can be used.! In this work, these techniques were employed to characterize two different
carbonaceous chondrites: Nogoya and Allende. Nogoyé belongs to the CM2 group, where “C” stands for carbonaceous,
“M” stands for “Mighei” (Ukraine) corresponding to the location where the most prominent meteorite with similar
composition originated, and “2” represents its petrologic type corresponding to the least aqueous alteration in the parent
body. Allende belongs to the CV3 group, where “C” stands for carbonaceous, “V” stands for “Vigarano” (Italy) and
the petrologic type “3” refers to the least thermally altered chondrites in its parent body.* ° To the best of the authors’
knowledge, Nogoya has been barely studied with the aforementioned techniques? © thus this study can provide more
information about its composition, and it is compared with Allende which is a better-known carbonaceous chondritic
sample.27

2. Experimental Methods

2.1. Samples

Two different samples of carbonaceous chondritic meteorites were used for this study: Nogoyéa and Allende. Nogoya
is a CM2 type carbonaceous chondritic meteorite which was an observed fall in Nogoya (Entre Rios, Argentina) in
1879.8 Figure 1a shows a very small fragment of Nogoya used for this project which weighs 0.0578 g and has a size of
~8.9 mm x 3.5 mm. Allende is a CV3 type carbonaceous chondritic meteorite and was an observed fall in the village
of Pueblito de Allende (Chihuahua, Mexico) in 1969.° Figure 1b shows the Allende fragment used for this work which
weighs 5.1916 g and has dimensions of ~22.3 mm x 20.6 mm. No sample preparation was required for the experimental
techniques employed in this project. Figure 1 also shows the regions selected for each sample, marked in yellow circles,
to be analyzed using different nondestructive characterization techniques.

Figure 1. Photographs of carbonaceous chondrite fragments: (a) Nogoya; and (b) Allende. The yellow circles mark
the selected regions including inclusions and surrounding matrix.

2.2. Raman Spectroscopy

In order to study the mineralogical properties of the sample, a custom-built fiber-coupled micro-Raman system with a
backscattering configuration was used. The Raman system had a 10X objective with a numerical aperture of 0.25 and
300 mm focal length spectrometer (Andor SR-303i-A). Both low- and high-resolution measurements were carried out
using gratings of 600 lines mm™* and 1200 lines mm?, respectively. A 532-nm line of linearly polarized semiconductor
laser (Coherent Sapphire SF 532 nm) was employed for the excitation of the sample. A power of ~5 mW and a focal
spot of diameter ~3 pm were used on the meteorite fragments, producing a low power density on the samples
(~0.707 uWum™) to avoid laser-induced alterations. A thermo-cooled charge-coupled device (CCD) camera (Andor
iDus DU401A-BVF) was used to detect the Raman-scattered light from the same objective. Individual spectra were
taken from the selected spots of the examined regions on the meteorite, using an integration time of 1 second and 1 to
100 accumulations depending on the signal-to-noise ratio.! In order to analyze the mineralogical composition of the
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samples, a commercial software package (OriginPro 2018) was used to fit Gaussian and Lorentzian functions to the
spectrum peaks to determine their peak position, full width at half maximum, and intensity.

2.3. SEM/EDS

In order to study the topography and elemental composition of the samples, a combined system containing an SEM
(JEOL JSM-6510LV) and an EDS detector (Thermo Scientific UltraDry) was used. The sample was treated under high-
vacuum conditions with a beam potential of 15-20 kV. The samples were analyzed using magnifications from 30X to
3000X. Two different types of SEM detection, secondary electron (SE) and backscatter electron (BSE), were used. The
SE detection provides the topographical composition of the surface of the sample up to ~9 nm,*® while the BSE
detection gives sample information from deeper areas than SE and produces composition contrast images where
brighter regions correspond to elements with higher atomic numbers. SEM images and EDS spectra were taken from
the selected regions including those where Raman spectroscopy measurements were performed. From the EDS
measurements, maps of elements of the samples were acquired.

3. Results

3.1. Raman spectroscopy

Figures 2 and 3 show representative low- and high-resolution Raman spectra obtained from selected spots of Nogoya
and Allende, respectively.
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Figure 2. Representative low- and high-resolution Raman spectra of main materials found in Nogoya. Only peaks
corresponding to the respective mineral are labeled. Peaks were fitted using Gaussian and Lorentzian functions:
(a) olivine with a high content of fayalite; (b) pyroxene with a high content of diopside; (c) amorphous carbon; and
(d) unidentified mineral.

Figure 2 shows the Raman spectra of the three main minerals found in Nogoya: olivine, pyroxene, and amorphous
carbon. The highlighted peaks with numbers next to them are the representative peaks of each mineral, while other
peaks that are not labeled are part of other minerals. In Figure 2a, an olivine crystal with a doublet at ~810/843 cm!
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was obtained from the inclusion of region 7 (Fig. 1a). These characteristics are the result of the coupled symmetric and
antisymmetric stretching modes of nonbridging Si-On, bonds in the SiO4 tetrahedra.l: ** The percentage composition
of fayalite (Fe,SiO,) and forsterite (Mg.SiO4) can be determined by looking at the peak positions of the olivine spectra
doublet, thus the olivine crystals found have a high fayalite content.!* Figure 2b shows a high-calcium pyroxene
spectrum obtained from the inclusion in region 10 (Fig. 1a) with peaks at ~1007, 666, 392, 327, and 234 cm™
corresponding to high content of diopside (Mg.CaSi,Og).* The first two peaks are due to symmetrical stretching of the
nonbridging Si-On, and bridging Si-Op-Si bonds, respectively.> > 3 Figure 2¢ shows the characteristic bands of
amorphous carbon which was obtained from the matrix (region 8 in Fig. 1a): the G-band at ~1585 cm™ due to the
stretching of C-C bonds, with a broad shoulder corresponding to the D-band at ~1379 cm™* due to the defects found in
the crystal structure of carbon.! An unidentified spectrum of a mineral was found with the main peaks at ~680, 482,
326, and 210 cm'* (Fig. 2d). This unknown mineral was found in the matrix of regions 5 and 8 (Fig. 1a).
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Figure 3. Representative low- and high-resolution Raman spectra of main materials found in Allende. Only peaks
corresponding to the respective mineral are labeled. Peaks were fitted using Gaussian and Lorentzian functions:
(a) olivine with a high content of forsterite; (b) pyroxene with a high content of enstatite; (c) graphitic carbon; and
(d) quartz.

Figure 3 shows representative Raman spectra of the main four minerals found in Allende’: olivine, pyroxene, graphitic
carbon, and quartz. An olivine doublet at ~824/856 cm, indicating a high content of forsterite!! obtained from inclusion
7 (Fig. 1b), is shown in Figure 3a. High content of enstatite (MgSiOs), low-calcium pyroxene, was found in region 4
(Fig. 1b), which main peaks are at ~1033/1013, 685/666, 401, and 339 cm™ (Fig. 3b).! The Raman spectrum of
graphitic-like carbon shows narrower peaks for D- and G-bands than those ones corresponding to amorphous carbon.
Figure 3c shows the graphitic-like spectrum obtained from the matrix with D-band at ~1355 cm™ and G-band at
~1605 cm*. Quartz (SiO,) was found from region 5 (Fig. 1b) with a main peak at ~461 cm™* (Fig. 3d).*

3.2. SEM/EDS

Figures 4 to 8 show SE- and BSE-SEM images and EDS maps of Nogoya and Allende with distinct topographical and
elemental compositional features that have been observed.

Figure 4 shows the SE-SEM image of the whole region 8 (Fig. 1a) in Nogoya with a crystal and surrounding matrix,
and the BSE-SEM image and EDS map of a distinct structure found in region 8 spot 1 (marked with a red circle in the
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SE figure). From the EDS maps and Raman results, the SE image of region 8 was identified as an olivine crystal. The
magnified BSE image of spot 1 reveals a ~20-um structure which is composed of only C, as the EDS maps of C, Mg,
and Fe clearly exhibit in Figure 4. Figure 5 shows the BSE-SEM image of the whole region 9 (Fig. 1a) in Nogoya with
the EDS maps of Mg, S, Si, Ca and Fe. The BSE-SEM image reveals the topography of an olivine crystal with high
content of forsterite (Mg-rich olivine) determined by the Raman results and EDS maps. The complementarity between
Fe and Mg can be observed with an absence of Fe and abundance of Mg in the inclusion, and vice versa in the matrix.
In some regions, this complementarity with Fe also includes Si in the same spots as Mg. A correlation between S and
Ca is also observed throughout the region. Figure 6 shows the BSE-SEM image of the whole region 6 (Fig. 1a) in
Nogoya with a magnified SE-SEM image and EDS maps of spot 1. Similar to Figure 5, the Fe/Mg complementarity is
observed. In addition, both patches of Al and a correlation between S and Ni can be distinguished.

e L S

Figure 4. SE and BSE-SEM images and EDS maps of Nogoya from region 8 (Fig. 1a) at 140X magnification (SE-
SEM) and region 8 spot 1 at 1800X magnification (BSE-SEM/EDS). SEM/EDS images show the topography and
composition of the inclusion and adjacent matrix. EDS maps show a patch of C.

Figure 5. SE and BSE-SEM images and EDS maps of Nogoya from region 9 (Fig. 1a) at 550X magnification (BSE-
SEM/EDS). SEM/EDS images show the topography and composition of the inclusion and adjacent matrix. EDS
maps show correlations for Mg-Si-Fe and S-Ca.
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Figure 6. SE and BSE-SM images, and EDS maps of Nogoya from region 6 (Fig. 1a) at 120X magnification (BSE-
SEM) and region 6 at 430X magnification (SE-SEM/EDS). SEM/EDS images show the topography and composition
of the inclusion and adjacent matrix. EDS maps show correlations for Mg-Si-Fe, and S-Ni, and patches of Al.
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Figure 7. SE and BSE-SEM images and EDS maps of Allende’s region 4 (Fig. 1b) at 100X magnification (SE-
SEM/EDS) and 75X magnification (BSE-SEM). SEM/EDS images show the topography and composition of the
inclusion and adjacent matrix. EDS maps show correlations between Mg-Fe, patches of Al, and an S rim.”
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Figure 7 shows SE- and BSE-SEM images and EDS elemental maps of region 4 (Fig. 1b) in Allende. In the BSE-
SEM image, a clear contrast between the inclusion and the matrix is observed. The EDS maps show a correlation
between Fe and Mg, and an S rim around the inclusion. A higher concentration of Fe and S can be observed in the
matrix whereas Mg is dominant in the inclusion. In addition, patches of Al can be seen throughout the region. Figure 8a
shows a SE-SEM image of an inclusion found in region 3 (Fig. 1b) in Allende. The region marked with a green circle
is magnified in Figure 8b showing an EDS map of C over the SE-SEM image. Several patches of C can be observed.
In particular, the region marked with a yellow circle is magnified in the SE-SEM image in Figure 8c showing a distinct
flat layer-like structure corresponding to a zone with high content of C, as shown in the EDS map of C in Figure 8d.”

Figure 8. (a) SE-SEM image of region 3 (Fig. 1b) in Allende (45X magnification); (b) SEM close up with EDS C
map (250X magnification) of region marked in (a) with a green circle; (c) SEM close up of a C-rich structure (2500X
magnification) identified in (b) with a yellow circle; (d) EDS C-rich map on SEM image shown in (c).”

4. Discussion

The main purpose of this paper is to study the mineralogical and elemental composition of the barely analyzed
carbonaceous chondritic meteorite Nogoya, and compare its properties with the better-known carbonaceous chondritic
fragment Allende, using micro-Raman spectroscopy and SEM/EDS in the same experimental conditions.

By visual inspection using a white light illumination optical microscope, it was possible to observe that the Nogoya
sample presented less inclusions per unit area than the Allende sample, which is characteristic of the CM and CV
meteorites, respectively.'® From all the employed techniques, the inclusions studied for both samples showed typical
characteristics of chondrules with a circular shape and well-defined boundaries (e.g. inclusions in regions 2, 6 and 10
for Nogoya, and in regions 1, 4-9 for Allende) and potential AOA inclusions with irregular shapes (e.g. inclusion in
region 5 for Nogoya, and in region 3 for Allende). In addition, Nogoya presented olivine crystals, both fayalite and
forsterite (e.g. inclusions in region 7-9), while Allende exhibited a potential CAl due its circular shape and composition
of Caand Al (e.g. inclusion in region 2).37

Both samples showed similar general distinct mineralogical and elemental compositions. The chondrules presented
a higher relative composition of Mg and Si, while the composition in Fe was low. They were also rich in Al, Na and
Ca. Olivine (fayalite and forsterite) and pyroxene (diopside and enstatite) were the dominant minerals in the chondrules.
The matrix presented a relative high composition of Fe, and it was also rich in S and Ni around the chondrules.
Complementarity between Fe and Mg was observed in both meteorites. Other elements such as O, C, Ni, Na, Ca and
Cr were also found in both inclusions and matrix.

On the other hand, the studied samples showed different noticeable features. First, mostly S rims were found in
Allende. In addition, even though the EDS results revealed carbon patches in both samples, they were identified by
Raman spectroscopy as mostly amorphous carbon in Nogoyd, whereas graphitic carbon was seen in Allende. Both
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minerals were dominate materials in their respective samples. Furthermore, numerous olivine crystals were observed
in Nogoya, while the inclusions studied in Allende did not correspond to this kind of structure. Finally, some
unidentified minerals (e.g. shown in Fig. 2d) were only found in Nogoya, and quartz was only observed in Allende.

These results provided detailed identification of the composition of the Nogoya sample and its comparison with the
Allende fragment, contributing to more information about this carbonaceous chondritic meteorite.? ¢

Future work will focus on identifying the unknown minerals by comparing the obtained spectra and EDS maps with
scientific literature and available Raman spectra databases (e.g. RRUFF). In addition, the Raman spectra peaks of the
carbon material found in the meteoritic fragments will be analyzed to study their relative degree of
graphitization/amorphization, and thus to determine the peak metamorphic temperature (PMT) of their parent bodies,
which will provide information about secondary processes that affected them (e.g. thermal metamorphism).” 17-19
Furthermore, these findings will be compared with those obtained from other meteoritic samples (e.g. Bali’, Moss'?),
to understand the origin of the found structures. For example, the chondrule-matrix chemical complementarity observed
in carbonaceous chondrites (e.g. between Fe and Mg) suggests that the formation of chondrules and matrix could have
occurred by similar processes from a single chondritic nebular reservoir;”?% 2! and the S rims could have formed due
to chondrules initially free-floating in solar nebular where rim materials were originally present.?? 2 Therefore, these
findings will help to uncover the mysteries regarding the formation of these primitive bodies.
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