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The study of the mineral and organic content of the Allende meteorite is im-
portant for our understanding of the molecular evolution of the universe as
well as the ancient Earth. Previous studies have characterized the magnetic
minerals present in ordinary and carbonaceous chondrites, providing infor-
mation on the evolution of magnetic fields. The interaction of organic com-
pounds with magnetic minerals is a possible source of chemical diversity, which
is crucial for molecular evolution. Carbon compounds in meteorites are of
great scientific interest for a variety of reasons, such as their relevance to the
origins of chirality in living organisms. This study presents the characteriza-
tion of organic and mineral compounds in the Allende meteorite. The struc-
tural and physicochemical characterization of the Allende meteorite was ac-
complished through light microscopy, powder X-ray diffraction with com-
plementary Rietveld refinement, Raman and infrared spectroscopy, mass spec-
trometry, scanning electron microscopy, and atomic force microscopy using
magnetic signal methods to determine the complex structure and the interac-
tion of organic compounds with magnetic Ni-Fe minerals. The presence of
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Liesegang-like patterns of chondrules in fragments of the Allende structure
may also be relevant to understanding how the meteorite was formed. Other
observations include the presence of magnetic materials and nanorod-like
solids with relatively similar sizes as well as the heterogeneous distribution of
carbon in chondrules. Signals observed in the Raman and infrared spectra re-
semble organic compounds such as carbon nanotubes and peptide-like mo-
lecules that have been previously reported in other meteorites, making the
Mexican Allende meteorite a feasible sample for the study of the early Earth
and exoplanetary bodies.
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1. Introduction

The Allende meteorite was formed in the protoplanetary disk and may have
formed at the same time as the solar system [1] [2]. This rock fell near Pueblito
de Allende, a town in the southern area of the state of Chihuahua, Mexico, on
February 8, 1969 [3]. The primary importance of characterizing the Allende
meteorite is to understand the origins of the organic matter and minerals indi-
genous to the meteorite that may have been imported to Earth. The Allende
meteorite is a very complex, heterogeneous rock. Several authors have disagreed
on the characterization of the Allende meteorite, but several studies have shown
that it contains approximately 1% metal, an average of 60% chondrules, and 40%
matrix [3], and is a type III carbonaceous chondrite [4]. Various analyses of this
extraterrestrial rock [5] reveal a fraction of primordial bodies that have been in-
corporated as pre-solar materials [6]. These studies realized that these samples
could be used to understand the processes of organic molecular evolution in the
universe as well as on ancient Earth. Observations of different astrophysical stu-
dies have shown that prebiotic organic synthesis took place in the solar system
billions of years ago [7] [8]. At present, the most well-characterized extraterre-
strial organic and mineral materials are found in meteorites [8]; they allow us to
investigate the ancient co-occurrence of mineral compounds with organic mat-
ter—a cornerstone of some prebiotic experimental work [9]. The magnetic min-
eral content is particularly significant in the context of molecular evolution [10]
[11] as they confer a shielding effect against ionizing cosmic radiation [12]. We
propose that studying the mineral and organic content of the Mexican Allende
meteorite can provide valuable insights into understanding the molecular evolu-
tion of the universe as well as our stellar backyard. A previous mineral analysis

of Allende that gave a general description of its meteorite mineral phases was
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published by Clarke et al [4]. Olivine (forsterite), pyroxene (enstatite), troilite,
and other mineral phases such as Ca-Al-rich aggregates and Ni-Fe magnetic al-
loys were among the distinctive mineral phases identified in the Allende mete-
orite [13]. Other studies on different meteorite classes, including the presence of
magnetic minerals in ordinary and carbonaceous chondrites, have provided re-
levant results with wide ranges for protoplanetary disk magnetic fields, suggest-
ing that there is a significant degree of interaction with magnetic solids at the
molecular scale [14]. Based on some physicochemical considerations, it is sug-
gested that magnetic minerals may influence the chemical activity of organic
material, such as the removal of water molecules from the hydration shell in
amino acids [15]. There are more than 800 different molecular compounds in
carbonaceous meteorites, such as amino acids, macromolecules, and other car-
bon-related materials [16].

A chondrite matrix refers to the fine material that exists between chondrules,
Ca-Al-rich inclusions (CAls), as well as other inclusions or large fragments [17]
that may be intimately entangled with organic compounds [18]. Carbon-containing
compounds in meteorites are of scientific interest for a variety of reasons, pri-
marily in the study of the origins of chirality in living beings [19]. Some organic
compounds found in meteorites are aliphatic molecules with a wide range of
molecular weights (up to 25 carbon atoms), while polycyclic aromatic hydro-
carbons [20] are several orders of magnitude less concentrated in the Allende
meteorite [21] [22]. Other authors have found macromolecules such as carbon
nanotubes and fullerenes in the Allende meteorite [23] [24]. With a wider un-
derstanding of the molecular enrichment of the internal chondrite environment,
it has been proposed that chondritic interactions that encouraged the chemical
linking of amino acids, carboxylic acids, as well as both aliphatic and aromatic
hydrocarbons could be related to the processes of prebiotic synthesis, similar to
how glycine is related with ethanolamine [16] [20] [25] [26] [27] [28].

Previous studies have shown that Allende meteorite samples are enriched in
compounds that may be related to chemical evolution [29] as well as confirmed
the presence of magnetic minerals or other molecules [30]. In this study, we used
improved methods for mineralogy studies to conduct a physicochemical charac-
terization of the Allende meteorite at different scales, improving our knowledge
of its integral organic and inorganic components. Our experimental results, com-
bined with other published data, provide preliminary insights into the descrip-
tion of the organic compounds that occur in conjunction with magnetic miner-
als in the Allende meteorite. This study establishes the substantial role that these
conglomerates play in the context of chemical evolution, including the addition
of structural elements and compounds such as nanostructures and molecules

that have not been previously reported.

2. Materials and Methods
2.1. Light Microscope Characterization of the Allende Meteorite

The meteorite is a CV3, S1, and W1 carbonaceous chondrite and was polished in
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a thin sample and further analyzed using different methods. A light microscope
(Motic BA310 POL, Canada) reveals chondrules of various diameters (4.65 um +
0.11 pm).

2.2. Powder X-Ray Diffraction

X-ray Diffraction (XRD) analyses were conducted by placing the samples on a
flat slab with dimensions of approximately 2.5 x 7.0 cm to preserve the textures
and grains. Standard powder XRD patterns were recorded at room temperature
in an Empyrean diffractometer with a vertical goniometer. A fixed dif-
fracted-beam graphite monochromator (Malvern Panalytical Malvern, UK) and
a PIXcel3D (Malvern Panalytical Malvern, UK) detector were used to measure
the diffracted beam of X-rays produced by a CuKa anode (accelerating voltage of
45 kV and current of 40 mA). The 26" range covered was from 5° to 80°, with a
step size of 0.03° and a period of 40 s [31].

The Allende sample was analyzed via XRD as a complete mounted slab. An
analysis of the reflections from the slab revealed the presence of ferric olivine
(forsterite; (Fe, Mg),SiO.), pyroxene (diopside; CaMgSi,Os), plagioclase (albite;
NaAlSi;Os), kamacite (Fep.09Nio.1), as well as other Ni-Fe minerals. The sample
was further analyzed using the Rietveld method (background adjustment with
Chebyshev function, sample displacement, phase fraction, weight fraction, mi-
crostrain, and preferred orientation employing spherical harmonic model).

Rietveld refinement was improved using the GSAS-II package [32].

2.3. Raman Spectroscopy and Attenuated Total Reflection-Fourier
Transform Infrared Spectroscopy (ATR-FTIR)

No additional preparation was required to acquire Raman spectra from the Al-
lende meteorite samples. Measurements were recorded on an Optosky ATR3000
portable Raman spectrometer (Software Park, Jimei, Xiamen, China) with an ul-
tra-high sensitivity CCD detector (785 nm exciting laser with an operating depth
of 3.0 mm into the sample and a spectral range of 200 - 3500 cm™). The power
of the laser was set to 400 mW and 0.6 match.

The infrared spectra were obtained with an ATR-FTIR instrument (Spectrum
100 FT-IR Spectrometer Perkin Elmer, Waltham, Massachusetts, USA) between
4000 - 650 cm™ (6 scans). The ATR-FTIR was first performed on the ground
sample, acquiring data that revealed the bands typical for the Allende meteorite.
A powdered sample was used to avoid the signals introduced due to the envi-
ronmentally exposed nature of the sample. A second inspection consisted of an
analysis of the second derivative of the signal using the Spectrum software (Per-

kinElmer), version 6.2.0.

2.4. Mass Spectrometry-Electrospray
Ionization-High-Performance Liquid Chromatography

The core and crust of the Allende meteorite were analyzed using this procedure.
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The powdered samples of the Allende meteorite as well as basalt from the Popo-
catépetl volcano (from the Cacaxtla/Xochitécatl Archaeological Site) were placed
in cellulose cartridges and inserted into a Soxhlet Extraction Apparatus. The ba-
salt from Popocatépetl volcano was used to detect the different molecular masses
that may have been introduced due to the weathering of the Allende meteorite.
A mix of acetone-methanol (60% - 40% v/v) was used as a solvent. The extracted
residues were analyzed by the mass spectrometer instrument due to their high
sensitivity with regard to the detection of different organic molecules at very low
concentrations. An HPLC system (515 HPLC pump, Waters Corp.), a single
quadrupole mass detection system (SQ-2 Waters Corp.), and an electronic dis-
tance measurement instrument (EDM) in negative mode (ESI-) were used. The
settings used for the instrument were as follows: 1.95 kV capillary, 39 V at a
temperature of 350°C, and a desolvation gas flow of 650 L/h using a direct infu-

sion system.

2.5. Scanning Electron Microscopy and Elemental Analysis

The morphological and elemental characterization of the Allende meteorite was
conducted using Scanning Electron Microscopy (SEM) and Energy-Dispersive
X-ray spectroscopy (EDS) in a Zeiss EVO10 instrument/Bruker XFlash 6 - 30
detector (15.0 kV). The SEM image was acquired with the backscattering detec-

tor placed at a working distance of 11.3 mm.

2.6. Atomic and Magnetic Force Microscopy Characterization

A more detailed analysis of the structures on the polished surface of the Allende
meteorite and their physical properties were performed using a JEOL JSPM-5200
(Akishima, Tokyo, Japan) scanning probe microscope in tapping mode. A probe
with a nominal resonance frequency of 300 kHz and a constant force of 40 N/m
was used for topographic analysis. A probe with a frequency of 75 kHz and a
constant force of 3 N/m was used to evaluate the sample’s magnetic properties.
The gradients of the magnetic force were acquired with a magnetic CoCr-coated

tip exposed to a static magnetic field of approximately 5000 Gauss.

3. Results
3.1. Matrix Morphology

The Allende meteorite is relevant to studies on meteoritic composition, and can
significantly increase our knowledge of the solar system due to its mineral con-
tent, texture, and magnetic properties [33]. Allende is a CV3 chondrite with a
granular structure that is visible under a light microscope (Figure 1). The Al-
lende chondrite consists of chondrules, CAls, and opaque minerals (iron-nickel
alloys, troilite, and magnetite) surrounded by a fine-grained black matrix. Chon-
drules can be clearly identified under transmitted light and appear to be aligned
(Figure 1(A)). The various shapes and textures of the Allende indicate a com-

plex structure that resembles the Liesegang rings (to wide the eye see the yellow
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lines in Figure 1(B); (Liesegang 1907)). Figure 1(A) highlights the presence of
the semi-circular ring-like ordered chondrules that are possibly formed by accre-
tion named by us as Liesegang-like rings. Figure 1(B) highlights the semi-circular
distribution of the chondrules. The semi-circular lines appear to be sedimentary
ring-like patterns (Figure 1(B)). Figure 1(C) shows the matrix (black regions)
and chondrules of various sizes (the transparent areas), while Figure 1(D) shows

the solid areas inside the chondrules.

3.2. X-Ray Diffraction

The crystalline phases were identified by extracting structural information from
the XRD spectra, revealing the presence of ferric olivine ((Fe, Mg),SiO,), diop-
side (CaMgSi,Os), albite (NaAlSi;Os), and kamacite (Fep.0oNio1). In addition,
other Ni-Fe minerals may be present. Rietveld refinement was carried out using
the GSAS-II software package [32].

Due to the weight fraction of the kamacite and other Ni-Fe phases (such as
whewellite) in the preliminary Rietveld analysis (less than 1%), these minerals
are considered to be rare. The weight fraction of each refined phase was 68.3%
ferric olivine, 18.5% diopside, and 13.1% albite (Figure 2).

Figure 1. The Allende meteorite is a CV3 chondrite with a granular structure visible un-
der light microscopy. (A) Chondrules are arranged in ring-like order, suggesting a forma-
tion by accretion. In this work the proposed name is Liesegang-like rings. (B) The yellow
lines show the semi-circular distribution of chondrules that has a diagenetic ring-like ap-
pearance (scale bar = 2.0 cm). (C) The matrix (black regions) and chondrules (the trans-
parent regions) (scale bar = 500 um). (D) A closeup of the chondrules (scale bar = 100
pm).
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Figure 2. The structural characterization performed on the Allende meteorite by X-ray
diffraction presented the characteristic crystallographic planes of the albite, diopside, and
forsterite olivine minerals (A, D and F in the peaks correspondingly). The XRD spectra as
well as Rietveld refinement conducted on the Allende meteorite are shown. For this pro-
cedure, a complete, polished slab was used to maintain the texture of the mineral phases.
The primary minerals (albite, diopside, and olivine) observed correspond to the gray line,
while the solid black line refers to the calculated minerals. Minor mineral phases were
adjusted to the kamacite reflections. The differences are represented in the zero-line plots;
each corresponds to Bragg reflections in crystalline phases. The black plot at the bottom
describes the difference between the observed and calculated diffractograms.

3.3. Raman and Infrared Spectroscopy

The Raman spectra of the Allende meteorite revealed the presence of numerous
components in the matrix and chondrules, suggesting the possible presence of
carbon nanostructures (Figure 3(A)). The identified signals correspond to nano-
diamonds (~1326, 1600 cm™), glass (~580, 790, 1100 and 1900 cm™) [34], nanotubes
(~1625 cm™) [35], and minerals such as kamacite (https://rruff.info/Kamacite)
and olivine (1800 - 1900 cm™) [36]. Sulfides, in the form of troilite, exhibit active
weak modes at 290 and 335 cm™ [37]. The ATR-FTIR spectra of the Allende
meteorite were obtained directly from the ground material (Figures 3(B)-(E)).
Second derivative ATR-FTIR spectra were obtained after inspection of the FTIR
bands (Figure 3(B) and Figure 3(D)) to increase the sensitivity of the bands.
The Allende samples were collected on location, and thus differential signals
were expected due to the organic compounds from the natural environment. In
other words, the Raman and FTIR signals reflect the contributions of both terre-
strial and extraterrestrial carbon-related compounds. Possible amide II (~1550
cm™) and amide I (~1650 cm™) signals from peptides (vertical bars) as well as
other C=0, C=C, and C=N signals in the region between 1800 - 1500 cm™ were
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Figure 3. (A) Raman spectra of the Allende meteorite showcasing the possible presence of nanodiamond signals (~1326,
1600 cm™), glass bands (~580, 790, 1100, and 1900 cm™), possible nanotubes (~1625 cm™; black arrow), and other minerals
such as kamacite (~300 cm™). (B) The second derivative of the bands in the region between 1900 and 1450 cm™ highlights
the presence of possible small amide II (ca. 1550 cm™) and amide I (ca. 1650 cm™) signals that are characteristic of peptides
(vertical bars). (D) The FTIR spectra of the Allende meteorite, with the (E) second derivative suggesting the presence of A
(3500 cm™) and B (3100 cm™) amide bands (vertical bars in D) in the 3600 cm™ to 3100 cm™! region. (F) Raman spectra
were collected from whole Allende samples using an ATR portable Raman spectrometer (coin dameter ca. 3.0 cm).

identified. In the FTIR spectra, the 3600 - 3100 cm™ region contained the A
(3500 cm™) and B (3100 cm™) amide bands (vertical bars in Figure 3(D)).

3.4. Mass Spectrometry-Electrospray
Ionization-High-Performance Liquid Chromatography

In the mass spectra presented in Figure 4, different masses correspond to the
signals in the analyzed samples. Total ion current peaks at 60 and 90 m/z cor-
respond to the solvent used in the extraction process. The basalt from the Popo-
catépetl volcano has a signal that is very similar to the core and crust of the Al-
lende meteorite (Figure 4). These signals correspond to high molecular weight
organic matter (e.g., 230 and 244 m/z). A more detailed inspection of the Figure
4(C) shows (black arrows) some masses possibly characteristic of the core sam-
ple (ca. 127 m/z and ca. 195 m/z). The characterization of these masses must be a
subject of more accurate analysis and thus confirm the mass differences by means
of an analysis of higher resolution.

3.5. Scanning Electron Microscopy

The diversity of the micro-structures observed by optical microscopy was ana-
lyzed in greater detail by SEM (Figure 5). In the backscattered electron (BSE)
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micrographs, a wide diversity of structures (Figure 5 and Figure 6(A)) and che-

mical compositions (Figures 6(B)-(K)) was observed.

A
70 80 90 100 110 120 130 140 150 160170 180 190 200210 220 230 240 250

Relative intensity

acetone-methanol solvent

70 80 90 100 110120 130 140150 160 170 180 190 200 210220 230 240 250

l 1 1, @
60 70 80 90 100 110120 130 140 150 160 170 180 190 200 210 220 230 240 250
. m/z

Figure 4. Comparison of the mass spectra from extracted samples of (A) the core of
the Popocatépetl basalt volcano rock (obtained from the Cacaxtla/Xochitécatl Arc-
haeological Site), (B) the outer layer of the Allende meteorite, and (C) the core section
of the Allende meteorite. The square brackets indicate the peaks that correspond to
the acetone-methanol solvent (60%/40% v/v).

Figure 5. The BSE micrograph of the Allende mete-
orite CV3 matrix reveals the diverse structures and

compositions due to differences in the dispersion
factor of the atoms that conform to each zone, as
indicated by the gray contrast (scale bar 200 nm).
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Figure 6. The BSE micrographs of the Allende meteorite obtained by SEM showcase the different distributions of Al, Ca, Fe,
Mg, Na, Ni, O, and Si in the barred chondrules in the sample. In these micrographs, lighter colors indicate a higher concen-
tration of elements. The EDS analysis maps the structural features to the chemical composition using a false color composite
(B)-(K). There is a clear contrast in the colors in some areas of (B) and (C), which corresponds to the distribution of carbon.
In addition to these analyzed areas, the EDS signals indicate similar elemental content in chondrules (L) and matrix (M) with
a difference in presence of sulfur and nickel in the matrix (M). Scale bars = 200 pm.

DOI: 10.4236/abc.2023.133007 91 Advances in Biological Chemistry


https://doi.org/10.4236/abc.2023.133007

A. H. Barbero et al.

The elemental chemical composition of the samples was obtained using EDS.
The results were subsequently correlated with the phases identified in the XRD
spectra to obtain the electron microscope images (Figure 6).

The BSE micrographs were taken from multiple areas across the sample show
that there are great differences between zones (Figure 5 and Figure 6), indicat-
ing that there is a significant variation in chemical composition. For instance,
the local heterogeneous distribution of carbon suggests that these differences are
due to the native elemental matter of the meteorite (Figure 6(C)).

EDS analyses were performed on chondrules and matrix zones of the Allende
meteorite (Figure 6). In general, the elemental analysis in the chondrule matrix
showed that it consisted of oxygen (60%), silicon (16.5%), aluminum (~10%),
magnesium (~6.0%), iron (~1.0%), and sodium (~1.0%), with an accuracy of 1
sigma of the atomic content (%). Inside the barred structures, the most abundant
elements were oxygen (~56.8%), magnesium (~28.2%), silicon (~14%), iron
(0.8%), and calcium (0.42%). In contrast, the elemental content of the matrix
was oxygen (57.4%), iron (13%), silicon (12%), magnesium (12.3%), aluminum
(2.0%), calcium (0.98%), sulfur (1.1%), nickel (0.56%), and sodium (0.68%). The
Allende structures are characterized by variable compositions [33] [34] [35]. The
elemental analysis is consistent with the XRD spectra, with a composition com-
posed of kamacite (Feg.o0, Nio.1), pyroxene (CaMgSi,Os), olivine ((Fe, Mg),SiOy),
and possibly glass (the background in Figure 2).

In the matrix of the Allende CV3 chondrite the ferrous olivine with a Fes.q
composition (fayalite) is among the main mineral content. In contrast, the oli-
vine in chondrules is more forsteritic in nature, possessing more Mg than Fe
(Figure 6(F) and Figure 6(G)). It also contains sulfide, some iron-nickel alloy
grains, troilite, sodalite, Ca-rich pyroxene (EnssWoys), and magnetite. The glassy
mesostasis between olivine bars is feldspathic as shown by Figure 6(D), Figure
6(E), and Figure 6(H). The chondrules are surrounded by carbon-rich com-
pounds (Figure 6(C)).

3.6. Atomic and Magnetic Force Microscopy

Atomic force microscope (AFM) images were used to provide further insights
into the complex organization of the samples (Figure 7). A petrographic thin
section was used for this purpose (Figure 1(A)); no further chemical prepara-
tion was required (Figure 6).

Compared with the light microscopy and SEM images, the AFM images al-
lowed for the magnification of the topographical and structural data of the sam-
ples. AFM permitted the exploration of the polished surface through the topo-
graphy, phase, and magnetic images at the nanometer scale (Figure 7(B) and
Figure 7(C)). The varying size and composition of the chondrules make charac-
terization difficult using other microscopy methods; a more detailed analysis is
possible using AFM data. The AFM analysis revealed the presence of some min-
eral structures, but no carbon-related nanostructures were observed. However,

indirect structural evidence suggests the presence of silicate minerals (Figure 7).
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Figure 7. AFM topography (A) and phase (B) images that show the nanoscale structures
in the Allende meteorite (scale bar is the same for the three AFM images). The height
contours in (A) highlight the homogeneity of the flat surface observed in the thin section.
(C) The magnetic signal highlights two nanoscale magnetic domains (black arrow) as well
as unidentified nanorods (white arrows).

The planarity of the surface of the Allende samples helped to identify such struc-
tures and allowed us to acquire magnetic images with no interference from the
topography (Figure 7).

AFM was also used to measure the local magnetic (MFM) properties (Figure
7(C)), revealing the presence of nanoscale magnetic domains (black arrow). The
nanorods embedded in the matrix (white arrows; Figure 7(C)) had similar di-
mensions; they were ~5 nm in diameter and ~250 nm in length. The homogene-
ity in the dimensions of the rods is consistent with structures described as na-
notubes in other studies [38] [39], although only nanorods were observed in
these samples. In addition, the magnetic response in Figure 7(C) may be attri-
buted to the presence of multiple magnetic materials, such as the kamacite iden-
tified using the Rietveld refinement (Figure 2). Magnetic force microscopy also
shows the attractive (black arrow; Figure 7(C)) and repulsive magnetic forces
(Figure 7(C)). These AFM features do not provide enough information to iden-
tify the mineralogy. The AFM images show well-fixed structures instead of mo-
bile ones, indicating that the matrix is dense and well-consolidated; no addition-
al patterns were observed in the phase image (Figure 7(B)), which highlights the
homogeneous, compact nature of the structure. Furthermore, the lines were
created during the preparation of the thin, diamond-cut section in the three im-
ages (Figure 7). These results imply that the observed structures are consolidat-

ed solids in the matrix of the Allende meteorite.

4. Discussion

The analysis of the Allende meteorite presented in this work indicates the pres-
ence of Liesegang-like growths composed of chondrules (Figure 1(A) and Fig-
ure 1(B)) [40]. Previous studies have attempted to describe the patterning and
meteoritic structures in the Allende samples [41]. This study reports on clear
patterns observed in the samples. The novel precipitation process described here
paves the way for an understanding of the formation and consolidation of the
original rock. The described heterogeneous structure of the meteorite reflects the

complex environmental conditions during its formation. The chondrules display
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circular patterns at higher magnifications (Figure 1(C) and Figure 1(D)) that
are dominated by dark regions and white particles comprised of olivine, pyrox-
ene, and albite (Figure 1); this is consistent with previous studies [42]. Rietveld
refinement revealed a presence of other previously reported minerals in the Al-
lende meteorite, such as kamacite and possibly whewellite. The presence of ka-
macite was confirmed by XRD and Raman spectra (~300 cm™); kamacite is also
known to appear in iron meteorites [43]. The local Ni-Fe enrichment of the Al-
lende meteorite provides insights into the diversity of Ni-Fe-based compounds
in carbonaceous chondrites. The diversity of the minerals observed in this study
and confirmed in other analysis [44] indicates that these compounds may be
present in early scenarios of the solar system and in the formation of our planet.
In our study, carbon-related compounds are only detected by Raman spectra
(Figure 3(A)), FTIR (Figures 3(B)-(E)), and mass spectroscopy (Figure 4). The
Raman spectra exhibit a shift that may indicate possible nanostructures (nano-
diamond signals at ~1326, 1600 cm™), glass (ca. 580,790, 1100, and 1900 cm™),
nanotubes (~1625 cm™ black arrow), as well as other minerals. The FTIR spectra
suggest the presence of amide II (~1550 cm™) and amide I (~1650 cm™) signals
that are characteristic of peptides, although the presence of these bands cannot
be used to determine their chemical origins or the nature of the molecules. Si-
milarly, the precise nature of the mass spectra and their chemical origins are still
unknown (Figure 4). For example, similar signals are observed in the mass
spectra of both the Popocatepet]l (Cacaxtla/Xochitécatl) basalt sample and the
Allende sample, making it difficult to determine which fractions of the Allende
meteorite were formed on Earth and which were a modification of the indigen-
ous material. In other words, to improve this analysis, additional studies must be
conducted to gain insight into the molecular origin of the possible peptide sig-
nals as well as the materials identified in the mass spectra such as the ca. 127 m/z
and ca. 195 m/z. This study also shows that terrestrial organics may have conta-
minated the Allende meteorite, as evidenced by the mass spectroscopy similari-
ties between the crust of the Allende meteorite and Xochitécatl/Popocatepetl
sample (Figure 4), the SEM images obtained from Allende’s complex structure
(Figures 4-6), and the elemental analysis (Figures 6(D)-(M)). Future analysis
may wish to acquire mass spectra from the core of the Allende meteorite to de-
termine if the indigenous masses from this region of the meteorite are different
from the Xochitécatl/Popocatepetl basalt rock and the crust of the Allende
meteorite. Furthermore, the variations in the carbon abundance may be depen-
dent on the elemental distribution in the meteorite (Figure 6(C)). The increased
abundance of carbon detected around the chondrules represents a potential site
where prebiotic chemistry and molecular evolution can take place. However, it is
not possible to suggest the mechanism for the distribution of elements—in par-
ticular, carbon-based on these data. Additionally, although the nanoscale car-
bon-related solids in the AFM images (Figure 7(A) and Figure 7(B)) are not

correlated with the SEM topography, these images confirm the structural con-
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densation of portions of the Allende meteorite, which contain magnetic solids
and their interaction with carbon-related compounds. In addition, we wish to
highlight the analysis and exploration conducted by the atomic and magnetic
force microscope methodology. It is possible to recognize nanorods and other
particles; future work should investigate these structures in more detail. Even
with this limited analysis, the Allende meteorite represents the interaction of
different materials and physicochemical conditions and highlights several spe-

cific processes that lead to the formation of meteoritic structures.

5. Conclusions

The characterization of the Allende meteorite in this work reveals Liesegang-like
growth patterns composed of chondrules. This complex, heterogeneous struc-
ture may reflect the environmental conditions that were present during the for-
mation of this rock. Furthermore, the distribution of carbon-related compounds,
although not clear, reflects the heterogeneous origins of the Allende meteorite;
this is substantiated by the different spectra collected in this study. Raman and
FTIR spectroscopy suggest the existence of these carbon-related signals, such as
the presence of amide II and I bands from proteinaceous organic compounds
whereas the mass spectrometry data collected here will be used to spatially re-
solve the distribution of the organic, terrestrial and extraterrestrial, compounds.
However, these data were not sufficient to suggest a mechanism for the dis-
tribution and origin of the elements within the meteorite, especially in the con-
text of organic compounds. The contribution of carbon to the nanostructures,
nanodiamonds, and possibly amino acids could also not be determined. The ex-
perimental work presented reported that the data obtained from the direct anal-
ysis of the agglomeration structures in these meteorites may provide information
about prebiotic chemistry and the formation of the protoplanetary disk. The he-
terogeneous distribution of chondrules, which form rings or Liesegang-like rings,
the diversity of elemental content and its distribution in chondrules in associa-
tion with magnetic minerals, and the nanostructures presented here serve to
complement the structural and magnetic characterization of the Allende mete-
orite. Future work will focus on the characterization of the magnetic properties
of the Allende as well as their possible relevance to the reactivity of organic mo-
lecules in the context of oligomer formation, structural selectivity, and chemical
stability. Similarly, we intend to expand the experimental work to include an
analysis of the mass spectrometry data as well as computer simulations for the
physicochemical molecular reactions associated with the molecular structure
and molecular evolution of the meteorites. The inorganic prebiotic conditions in
the Allende meteorite are of main relevance as to be considered in our future
studies to understand their role on the molecualr evolution towards more com-

plex physicochemical systems.
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