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ABSTRACT: Carbonaceous chondrites are among the most primitive meteorites that escaped extreme
temperatures and melting in their parent bodies and, as such, offer valuable records of the parent body
origins, formation, and evolution. The presence of organic molecules and carbonaceous phases make CM
chondrites invaluable as they may have contributed prebiotic material to early Earth. Fine-grained rims
(FGRs) and organic-rich dark clasts are particularly interesting features, the origin, formation, and
evolution of which are not fully understood. In this study, we aimed to characterize several FGRs and
dark clasts in two CM2 chondrites, Aguas Zarcas and Jbilet Winselwan, using backscattered electron
images, confocal micro-Raman spectroscopy, and nanoscale near-field infrared imaging and spectroscopy.
The nano-FTIR spectra show that the dark clasts and FGRs are chemically heterogeneous at a submicron
scale and those of Aguas Zarcas are composed of organics (such as aliphatics, aromatics, and carbonyls)
as well as alteration phases (such as phyllosilicates, carbonates, and sulfates). The FGRs are
compositionally almost identical and exhibit heterogeneous alteration as well as a lack of fragmentation.
The thicknesses of FGRs positively correlate with the enclosed chondrule diameter regardless of the
chondrule type. The samples appeared to have experienced minimal brecciation after the chondrules were
surrounded by the FGRs. These observations suggest nebular origin for the FGRs. The presence of organics embedded within these
FGRs may further indicate that they may have formed in the solar nebula as well. In comparison, Jbilet Winselwan contains relatively
less organics and exhibits more thermally metamorphosed mineralogy and matrix textures. These features could be the result of
short-duration heating, such as impact heating, which also likely caused shock and dehydration/decomposition of the hydrated
phases.
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Bl INTRODUCTION chondrule), calcium—aluminum-rich inclusions, and miner-
als.>*>?%?%3% Although some differences exist, the FGRs and
the matrices in CM chondrites are compositionally similar,
including low-temperature phyllosilicates and organic materi-
als.?! Indeed, in some cases, FGRs and matrices are
mineralogically indistinguishable.””” On the contrary, their
grainS iize, porosity, presolar grain abundance, and texture can
vary.™”

On the basis of these petrological, compositional, and textural
differences and similarities, several scenarios have been
proposed for the origin of FGRs. The “solar nebula” and “parent
body” origin models are the two main possibilities. In the solar
nebular model, FGRs form via the accretion of dust onto the
surfaces of chondrules.”*"*%*>**~** In the parent body model,
FGRs are formed via processes such as alteration, meta-
morphism, compaction, gardening, etc.2#3%437% Ap alternative

Carbonaceous chondrites are some of the most primitive
meteorites that escaped extreme temperatures and melting in
their parent bodies. The Mighei-type carbonaceous chondrites
(CM chondrites) are especially interesting samples because they
preserve records of their origin, formation, and evolution. Some
of their constituents include primary coarse-grained and high-
temperature phases, such as chondrules, Fe—Ni opaque phases,
and anhydrous silicates. CM chondrites also contain secondary
phases, such as phyllosilicates, oxides, and sulfates,"* that
formed as a result of diverse aqueous alteration processes that
took place in the parent body. The presence of organic
molecules and carbonaceous phases in CM chondrites make
them particularly invaluable for research as they may have
contributed prebiotic material to early Earth. Therefore, many
studies have focused on the petrology, composition, and
spectroscopic characteristics of CM chondrites and provide
important insights into pre- and postaccretionary processes and
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their resulting effects on chemical composition (e.g,, refs 3—20). Systems

Other significant features of CM chondrites are their fine- Received: August 15, 2021
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possibility is formation via the accretion of the dust onto the
chondrules in the solar nebula and aqueous alteration in the CM
chondrite parent body."*******” As such, the origin of FGRs
remains controversial and is a matter of considerable ongoing
debate.

Dark clasts are present in many different types of meteorites
including chondrites and achondrites."*™>" Dark clasts are
usually carbon- and organic-rich and are often foreign to the host
meteorite (i.e., xenolithic clasts in ordinary chondrites®">>>*
and howardites.*”** On the contrary, the organic matter in CM
chondrites is usually present in their matrices and that the dark
clasts in CM chondrites may host more carbon, thus organic
matter, compared to the matrix.

CM chondrites are the most abundant carbonaceous
chondrites and are mostly aqueously altered to different degrees.
They are rich in water and contain abundant secondary minerals
formed through the alteration of anhydrous precursor phases in
the parent body. Thus, many insights into parent body aqueous
alteration processes, as well as the characteristics of alteration
products, have been obtained through the petrologic and
spectroscopic study of CM chondrites (e.g,, refs 12, 13, and 44
Most CM chondrites are classified as petrologic type 2 (CM2),
indicating that their matrices are fully hydrated® and the
primary anhydrous mineralogy is only partially hydrated.*® It is
believed that accreted extraterrestrial ices melted on the parent
body and mediated complex aqueous alteration on the CM
chondrite parent bodies (e.g, ref 56). The oxygen isotopic
composition of water released from phyllosilicates®” and the
clumped-isotope thermometry of carbonates in the CM
chondrites™*” suggest that the aqueous alteration on the CM
parent body occurred at temperatures <100 °C and lasted about
10 Ma (based on carbonate Mn—Cr ages).”’”® On the
contrary, some CM chondrites exhibit evidence of thermal
heating after having undergone aqueous alteration.”*™* In fact,
the produced heating for some CM chondrites was sufficiently
high to dehydrate and recrystallize the alteration products
previously formed through the aqueous alteration pro-
cesses. ¥ In addition, this heating also caused carbonaceous
matter to become graphitic through graphitization and carbon-
ization reactions.’®

Aguas Zarcas is a relatively new carbonaceous chondrite that
fell in Costa Rica in 2019.%” This meteorite is a brecciated and
highly aqueously altered CM2 chondrite comprising several
distinct lithologies. It consists predominantly of phyllosilicates
and is rich in water and organics;m’71 at least five different
lithologies were recently identified by Kerraouch et al.”'
including chondrule-poor, chondrule-rich, metal-rich, and CI-
like lithologies. The metal-rich lithology is dominated by metals,
sulfides, olivine, pyroxene, and carbonate.”" A significantly high
abundance of carbonates (>50 vol %) is found in some Ca, Al-
rich inclusions (CAIs) of Aguas Zarcas.””

Jbilet Winselwan was found in the Western Sahara in 2013
and is also a brecciated CM2 chondrite. However, unlike Aguas
Zarcas, Jbilet Winselwan exhibits evidence of aqueous alteration
followed by significant impact-heating,*>”*~”* evident from the
presence of dehydrated phyllosilicates, recrystallized olivine, and
melted Fe-sulfide.®® Furthermore, the presence of a “spongy”
matrix texture, melted troilite, and partially evaporated sulfur in
some of the lithologies of Jbilet Winselwan suggests that this
CM2 chondrite experienced flash heating at some point in the
parent body.”> On thte basis of the X-ray diffraction (XRD)
patterns of heated carbonaceous chondrites and the heating
stage (I-IV) scheme of Nakamura et al.,”® Jbilet Winselwan was
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classified as a stage-II chondrite, suggesting a heating temper-
ature range of 250—500 °C.”° The findings of King et al,”*
which show the sharp XRD peaks of olivine typical of unheated
CM chondrites, also suggest heating temperatures of <500 °C.

The unique textures, mineralogies, and compositional
heterogeneities of Aguas Zarcas and Jbilet Winselwan make
them valuable candidates for investigating the molecular
functional groups within materials that originate from the
solar nebula and/or parent asteroids. This includes the FGRs
and dark clasts that are characteristic of CM chondrites. Their
characterization is, thus, important for understanding the
chemistry and accretionary history of carbonaceous chondritic
materials in the early solar system. The thickness of FGRs is
typically in the order of 100 ym, which is thick enough to enable
characterization using a variety of bulk analytical techniques;
however, these rims are not always homogeneous. Indeed, the
FGRs in CM2 chondrites are compositionally extremely
heterogeneous.”' This is partly due to the fact that they display
features of both the accretion of well-mixed dust grains (<1 ym)
and subsequent aqueous alteration.”> Furthermore, the
extremely small grain size of FGRs (<1 ym) makes their
characterization difficult and challenging.””*> The majority of
water in CM chondrites is present within phyllosilicates, which
are typically 10—100 nm in size within FGRs.”® Evidently,
analytical techniques with nanoscale spatial resolution are
required to characterize FGRs and dark phases in carbonaceous
chondrites, such as Aguas Zarcas and Jbilet Winselwan. In
addition, the mechanism, timing, and duration of the
metamorphic events that produced the heated CM chondrites
remain poorly constrained.

In this study, we aimed to investigate and characterize several
FGRs and dark phases in pristine samples of Aguas Zarcas and
Jbilet Winselwan using nanoscale Fourier-transform infrared
(nano-FTIR) spectroscopy, which complements studies of
other rimmed chondrules and dark clasts identified elsewhere.

B EXPERIMENTAL SECTION

Samples. Many pieces of Aguas Zarcas were recovered
within a week of the fall. Some of the samples were quickly
recovered such that they avoided rainfall in the fall location. As
terrestrial water contamination would be a serious problem for
our investigation, a prerain Aguas Zarcas specimen was acquired
from a private collection, as was our Jbilet Winselwan sample. A
chip of each meteorite was broken off from the interior of the
larger (~3 gr) specimens and prepared as a polished thick
section. In our scanning electron microscopy (SEM) inves-
tigations, we did not observe grain corrosion or rust, which
suggests minimal terrestrial weathering of the samples.

Electron Microscopy. We used a Zeiss LS-10 EVO SEM
coupled with a backscattered electron (BSE) detector to acquire
the compositional data as well as BSE images of the samples.
Individual BSE images of samples were collected at an
accelerating voltage of 20 kV with a beam current of 20 nA
and a working distance of 10 mm at small (~80—100X )
magnification. Such images were then merged to create the large
size mosaic BSE images of the two meteorites. Utilizing energy
dispersive spectroscopy (EDS), we also collected elemental
spectra of several rims and the matrix.

Nano-FTIR Spectroscopy. Nano-FTIR spectroscopy is
based on scattering-type scanning near-field optical microscopy
(s-SNOM).”” A conductive metal-coated atomic force micro-
scope (AFM) tip, which is illuminated by broadband infrared
radiation, probes and measures the molecular vibrations within
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Figure 1. BSE images of the studied CM2 chondrites, (a) Aguas Zarcas and (b) Jbilet Winselwan. White scale bars are ~0.5 cm long. Rectangles denote
the regions studied via nano-FTIR spectroscopy. Blue and light-red lines outline the different lithologies observed in the samples. The yellow dashed

line in (a) shows the only metal-rich lithology we observed in Aguas Zarcas.

the measurement area with its apex. Thus, the spatial resolution
of the measurements is generally equal to the radius of curvature
of the probing tip.

In this work, we used a commercial s-SNOM nano-FTIR
spectroscopy system (neaspec GmbH) equipped with multiple
mid-infrared broadband lasers to acquire nano-FTIR spectra of
the samples. The spectra were collected from the selected points
within the 1600—650 cm™" spectral range with a ~20 nm spatial
resolution and a 12 cm™ spectral resolution. For each spectrum,
30 spectra (each with 10 ms integration time) were accumulated
and coadded. AFM scans were collected using a commercial
(neaspec GmbH) metalized (Pt-coated) cantilever tip with a
resonance frequency of 250—270 kHz, which was used to map
the surface topography. Each spectrum was automatically
calibrated at the end of spectrum collection with a reference
spectrum obtained on a silicon wafer prior to the sample
measurement.

The nano-FTIR spectroscopy system measures amplitude
(reflectance) and phase (absorbance) spectra simultaneously.
The latter is used here as the infrared absorbance of the studied
samples. During each spectral measurement, the AFM tip scans
the surface and creates multiple images, each representing a
different property of the surface. Mechanical amplitude and
optical amplitude images are among the most commonly used
among scientists and the most meaningful images for
interpretation.”””*~*" These amplitude images represent top-
ography (i.e., the height of the AFM tip relative to the sample
surface) and reflectivity (i.e., broadband reflectivity integrated
across the full wavelength range), respectively. In some cases,
the studied region is better visualized/characterized when the
two amplitude images are overlaid onto each other. This also
helps associate the spatial/petrographic context with the
reflectivity of the considered region.

Confocal Micro-Raman Spectroscopy. Raman spectro-
scopic measurements were conducted using a commercial
confocal Raman microspectroscopy system (WiTec alpha300R)
equipped with a 600 g/mm grating, 532 nm Nd:YAG laser, and a
50X objective (NA = 0.8). We calibrated the spectrograph using
a silicon wafer substrate prior to measurements. Individual
Raman spectra of predetermined spots were acquired with a 1 s
integration time for 60 accumulations within 800—2000 cm ™.
Throughout the data acquisition, the power density of the
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circular ~0.8 um diameter laser beam was ~0.2—0.5 mW/um?
on the sample surface. Upon data collection, we reduced the
collected spectra using the commercial ProjectPLUSv4 (WiTec
GmbH) software package. We first removed artificial
fluorescence background from the spectra by subtracting a
polynomial with a shape size of 200 and a noise factor of 2. To
derive Raman spectral parameters of the first order carbon
bands, we fitted the background-removed spectra with a pair of
Lorentzian functions (e.g, refs 53, 54, 81, and 82).

B RESULTS AND DISCUSSION

Although several regions of interest were identified, we limited
our investigation to the five regions in each meteorite indicated
by rectangular boxes in Figure 1. In the case of the Aguas Zarcas
sample, a distinct lithology (relatively dark in color, indicated by
a blue line in Figure 1a) was observed to be embedded in
another lithology that appeared brighter in the BSE image. This
darker lithology is relatively rich in chondrules. In comparison,
the brighter lithology contains mineral fragments and a smaller
number of chondrules. The entire Aguas Zarcas section appears
to be metal-poor except for a very small (0.2 cm) piece that can
be seen to be completely separated from the main section (on
the far right in Figure 1a).

The Jbilet Winselwan sample also lacks metals. The BSE
image in Figure 1b shows a distinct lithology (enclosed by a
light-red line) with a “spongy” matrix texture. This indicates a
short duration of significant heating (such as flash heating).65
The FGRs within this “spongy” lithology are less abundant and
less distinct compared to those within the main lithology. We
note that the polished sections were imaged by SEM without a
conductive coating, which would otherwise have prevented
subsequent nano-FTIR spectroscopic measurements. The lack
of conductive coating resulted in the accumulation of charges
around the Jbilet Winselwan sample, which was seen as artificial
bright white bands—these bands do not indicate metal.

In Figure 2, we show some of the FGRs and dark clasts
identified in our sections of Aguas Zarcas and Jbilet Winselwan.
Most FGRs completely enclose chondrules, although few
incomplete rims are also present. Those regions labeled as
AZ1-AZS5 and JW1-JWS are selected for nano-FTIR
investigation in this study.

https://doi.org/10.1021/acsearthspacechem.1c00290
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Figure 2. BSE images of various dark phases and FGRs in Aguas Zarcas (left panel, a—I) and Jbilet Winselwan (right panel, m—x). The dashed lines
outline the observed dark phases, and FGRs that enclose different types of chondrules in both CM2 chondrites. The regions studied via nano-FTIR are

labeled as AZ1—AZS and JW1—JWS, respectively.

Nano-FTIR Spectral Results for Aguas Zarcas. Region-
AZ1 (Figure 2d) contains a dark clast set within a brighter matrix
material (Figure 3a,b). The bright and dark regions in the AFM
optical amplitude image (Figure 3c) indicate the presence of
chemically different materials. A total of 16 nano-FTIR spectra
were collected from the central part of the dark phase. The
averaged spectrum exhibits bands at 1615, 1515, 1440, 1350,
1175, and 1045 cm™" due to the presence of organic and
inorganic components (Figure 3f). The bands at 1615 and 1515
cm™! are due to C=C vibrational modes in aromatic

3284

hydrocarbons.®”**** The peak at 1440 cm™ is attributed to
CO,*" ions within carbonates.”*”*® The peak at 1350 cm™ is
due to C—H vibrational modes in aliphatic hydrocarbons. The
averaged spectrum also shows inorganic peaks, such as a weak
shoulder peak at 1175 cm™, which is possibly due to SO,*~
vibrational modes in sulfates®"***” and a more intense and
broader peak at 1045 cm™ due to Si—O vibrational modes in
silicates.”” The individual nano-FTIR curves shown in Figure 3g
show some spectral variation. For instance, a small feature at
1560 cm™" (possibly due to C=C vibrational modes in

https://doi.org/10.1021/acsearthspacechem.1c00290
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Figure 3. (a) BSE and (b) white-light images of Region-AZ1. Blue stars denote the studied location. AFM (c) optical, (d) mechanical, (e) amplitude,
and overlaid images indicate the spots where nano-FTIR spectra were collected. (f) Average and (g) individual nano-FTIR spectra show positions of
bands attributed to organics and minerals. The light-blue area in (f) is the standard deviation of the collected spectra.

aromatics) is present in spectra #1, #5, and #8 (red arrows) but
is absent in the others. Similarly, the sulfate peak at 1175 cm™ is
weak in some spectra but strong in others, indicating varying
sulfate abundance even within a small area. The 1515 cm™" peak
due to aromatic hydrocarbons also varies from point to point,
being weakest in spectrum #4 and strongest in spectrum #6
(Figure 3g).

Figure 4 shows our results for another dark phase (Region-
AZ2, Figure 2e) present in Aguas Zarcas. For this region, both
the dark phase (blue/green star) and the nearby brighter matrix
material (red star) were measured (Figures 4a,b). The
reflectivity is different for the upper and lower halves of the
studied area. Specifically, the upper half is darker whereas the
lower half is brighter. A total of 16 nano-FTIR spectra were
collected from the central part of this dark phase (Figure 4e).
The spectrashowaband at 1515 cm ™" due to C=C in aromatics
that gradually, from the bottom (spectrum #1, blue) to the top
(spectrum #16, green), gets broader and eventually merges into
the band at 1430 cm™, which is attributed to CO,*” ions within
carbonates (Figure 4e). Furthermore, the carbonate band is
negatively correlated with the C—H aliphatic band near 1370—
1360 cm ™" and the sulfate band at 1175 cm™ as these latter two
bands weaken from bottom to top as the carbonate band forms
(Figure 4f). A comparison of integrated band intensities of these
molecular groups clearly shows their correlations (inset in
Figure 4f). The nearby matrix material (red star/spectrum) lacks
individual prominent organic and sulfate peaks. Rather, this
material shows a very weak and broad band centered near 1460
cm™!, which is consistent with small amounts of carbonates. The
red spectrum also shows a broader and smoother silicate band
relative to the dark clast spectra, indicating abundant
phyllosilicates in the matrix.

3285

Regions-AZ3, -AZ4, and -AZS (Figure 2kfl, respectively)
focus on the FGRs around chondrules in the Aguas Zarcas
sample. Figure Sa presents the BSE image of Region-AZ3 where
a dark-gray rim is seen around a porphyritic pyroxene chondrule.
The matrix is shown as the light-gray material surrounding the
chondrule and its rim. Parts b—d of Figure 5 show the optical
and mechanical amplitude images as well as their combined
image. A total of 10 spectra were collected from the chondrule
rim in which organic peaks appear to be much weaker relative to
the dark clasts previously discussed. The observed bands include
a weak C=C aromatic band at 1560 cm™}, a carbonate band at
1455 cm™ !, a sulfate band centered near 1150 cm ™", and a silicate
band centered at 1040 cm™". The aliphatic (C—H) band near
1370—1360 cm™' is completely absent in the rim. Figure 6a
presents the BSE image of another FGR (Region-AZ4) that
surrounds a porphyritic olivine/pyroxene chondrule that has
different texture and grain size than the chondrule in Region-
AZ3. The nano-FTIR spectra of the rim (red star) were
measured as well as a light-gray matrix material (pink star), the
overlaid optical and mechanical amplitude images of which are
shown in Figure 6b,c. The infrared bands for organics,
carbonates, and sulfates are absent in the nano-FTIR spectra
of this rim (Figure 6d). The only prominent band is the main
silicate band centered near 1030 cm ™, shifted ~10 cm™! toward
lower wavenumbers. Similarly, the light-gray matrix material
lacks organics, carbonates, and sulfates, although the observed
silicate bands are broader than those of the rim (Figure 6e). This
indicates the presence of more phyllosilicates in the matrix
relative to the rim (Figure 6e). Unlike Regions-AZ1—4, Region-
AZS surrounds a porphyritic olivine chondrule. The nano-FTIR
spectra of the rim observed in Region-AZS show multiple bands
(Figure 7), at 1127, 1040, and 980 cm™', which suggest
contributions from anhydrous silicates. Additionally, a peak at
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Figure 4. (a) BSE and (b) white-light images of Region-AZ2. Blue/green and red stars denote the locations of dark and gray phases. (c) AFM optical
and (d) mechanical amplitude images indicate the spots where nano-FTIR spectra were collected underneath the blue/green star. (e) Individual nano-
FTIR spectra show the evolution of the carbonate peak. The red spectrum is the average of four spectra collected from the gray material (indicated by
the red star). Two spectra from both extremes as well as the inset plot (f) show the comparison and correlations of the sulfate, aliphatics, and carbonate

bands.

1127 cm™", which is likely due to silica glass, is present in spectra
#1, #2, #7, #8, and #11 but is absent in the others. Note that this
band occurs at a lower wavenumber than sulfates and is better
resolved.

Nano-FTIR Spectral Results for Jbilet Winselwan.
Region-JW1 (Figure 2p) is located at the intersection of two
chondrules and their respective FGRs, which are set within the
matrix (Figure 8a,b). Parts c and d of Figure 8 present the optical
and mechanical amplitude images of the measured area,
respectively. A total of 9 spectra were collected, and nano-
FTIR bands were observed at 1490, 1385, 1127, 1130, 970, 928,
and 890 cm™" (Figure 8e). The band at 1490 cm™ is attributed
to C—C in aromatics, and the band at 1385 cm™! is associated
with C=0 in carbonyls. The silicate region contains multiple
bands, especially below 1000 cm™. These multiple bands are
indicative of the contributions from anhydrous silicates.

Region-JW2 (Figure 2q) contains a rimmed chondrule that is
not easy to discern based on the BSE image (Figure 9a,b) as it is
almost indistinguishable from the matrix. Parts ¢ and d of Figure
9 present the optical and mechanical amplitude images of the
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measured area, in which a total of five spectra were collected.
Bands are present at 1460, 1440,1380, 1300, 1175, 1140, 1010,
and 900 cm™. The band near 1460—1440 cm™" is attributed to
CO;*" ions within carbonates, the band at 1380 cm™ is
attributed C=0 in carbonyls, and the band at 1300 cm™ is
attributed to C—H in aliphatics. Two weak features appear
within the 1220—1100 cm ™" region in spectra #1 and #4, which
appear as a broad singlet in spectra #2 and #3, and are attributed
to sulfates. The silicate band is broader than in the previously
discussed spectra and is centered at 1010 cm™". An additional
weak feature is present at 900 cm™ ! which could be attributed to
olivine.

Region-JW3 (Figure 2w) is a dark phase present within the
matrix material in the Jbilet Winselwan sample (Figure 10a).
The optical and mechanical amplitude images as well as the
overlaid amplitude image (Figure 10b—d) show that this
material appears as vertical teardrop-shaped features. The
nano-FTIR spectra #1, #2, and #3 exhibit a broad band centered
at ~1380 cm ™!, which might be attributed to C=0 in carbonyls
(Figure 9e), although this kind of broad peak is not characteristic
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Figure 6. (a) BSE image of Region-AZ4. The red and pink stars denote
the studied locations. (b and c) Overlaid AFM amplitude images
indicate the spots where nano-FTIR spectra were collected. Individual
(d and e) corresponding nano-FTIR spectra show the positions of the
observed bands. The average spectra are shown in red and pink (with
the standard deviation in light color).

of carbonyls. This band also looks similar to the broad band seen
in the infrared spectra of powdered carbonaceous chon-
drites.*>*” This band might potentially be a convolution of
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multiple features. This region is rather flat in spectra #4 and #5.
The sharp feature at 1300 cm™ is observed in all of the spectra
and can be attributed to C—H in aliphatics. The bands between
1200 and 1110 cm™ are attributed to sulfates, the spectral
profile of which is different from the previously discussed bands,
being quite broad and extending toward much lower wave-
numbers.

Region-JW4 (Figure 2r) consists of a porphyritic olivine-
pyroxene chondrule enclosed by two FGRs (Figure 11a); the
outer rim can be clearly distinguished from the matrix (upper
right corner) in Figure 11b. This region presents vertical vein-
like patches, similar to Region-JW3, as seen in the optical,
mechanical, and overlaid amplitude images (Figure 11c—e). A
total of nine spectra were obtained from the inner rim, which are
relatively featureless compared to the previously discussed
regions. The spectra lack organic and carbonate bands, with only
a silicate band being prominent at 1040 cm™".

Finally, Region-JWS (Figure 2x) contains a coarse-grained
porphyritic olivine-pyroxene chondrule surrounded by two
FGRs (Figure 12a,b). The nano-FTIR spectra of the sampled
rim, the outer rim, show no organic or carbonate bands. Similar
to those of Region-JW4, the spectra only show a silicate band
near 1040 cm™' (Figure 12e). Spectra #3 and #S, in which the
silicate band is much more prominent than in spectra #1, #2, #4,
and #6, also show a weak sulfate band at 1175 cm™.

Raman spectroscopy is complementary to infrared spectros-
copy and is highly sensitive to many molecular functional groups
including carbon-rich structures such as aromatic moieties in
meteorites. The Raman spectra of various FGRs and dark clasts
present in Aguas Zarcas and Jbilet Winselwan exhibit well-
developed first-order carbon bands at ~1370 and 1581 cm™
(Figure 13). These carbon bands are referred to as D and G
bands and are due to disordered sp3 and graphitic-like sp2
carbon bonds, respectively.””~"* Raman spectroscopic inves-
tigation of meteoritic carbon is particularly useful as the thermal
metamorphic grade/history of carbonaceous chondrites can be
roughly estimated through the spectral properties of poly-
aromatic structures in meteorites. By using full-width-half-
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Figure 7. (a) BSE image of Region-AZS. The red star denotes the studied location. AFM (b) optical, (c) mechanical, (d) amplitude, and overlaid
images indicate the spots where nano-FTIR spectra were collected. Individual (e) nano-FTIR spectra show the positions of the observed bands. The

average spectrum is shown in red (with the standard deviation in light red).
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Figure 8. (a) BSE and (b) white-light images of Region-JW1. The red star denotes the studied location. AFM (c) optical and (d) mechanical images
indicate the spots where nano-FTIR spectra were collected. Individual (e) nano-FTIR spectra show the positions of the observed bands. The average

spectrum is shown in red (with the standard deviation in light red).

maxima and 9position of the G band, and expressions reported by
Cody et al.”® and Schmidt et al,”* we calculated the peak
metamorphic temperatures of Aguas Zarcas and Jbilet
Winselwan. The calculation for FGRs and dark clasts yields
68—75 °C for the two CM2 chondrites if the expression by
Schmidt et al.”* was used (Figure 13). The expression by Cody
et al.”” yields higher metamorphic temperatures (146—175 °C).

B DISCUSSION

Many groups have previously identified organic matter within
the matrices of carbonaceous chondrites. CM chondrites
contain, on average, ~2 wt % of bulk carbon, about half of

which is in the insoluble organic matter content.”*"* A diversity

of organics has been found to be distributed within the matrices
of CM chondrites. In Murchison, organic matter appears to be
associated with and interspersed within Mg-rich phyllosilicates
at the nanometer scale.”” Paris (CM2), one of the least altered
CM chondrites,"* has a matrix that contains abundant aliphatic-
type organics.'”’ A comparison of Paris with Murchison using X-
ray absorption near-edge structure (XANES) and scanning
transmission X-ray microscopy (STXM) indicated that the
former meteorite contains two distinct populations of organic
compounds (individual grains and diffuse organic matter) and
has a higher aliphatic/aromatic carbon ratio.'”! Using
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Figure 9. (a) BSE and (b) white-light images of Region-JW2. The red
star denotes the studied location. AFM (c) optical and (d) mechanical
images indicate the spots where nano-FTIR spectra were collected.
Individual (e) nano-FTIR spectra show the positions of the observed
bands. The average spectrum is shown in red (with the standard
deviation in light red).
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Figure 10. (a) BSE image of Region-JW3. Red star denotes the studied
location. AFM (b) optical and (c) mechanical amplitude images as well
as (d) overlaid image indicate the spots whose nano-FTIR spectra were
collected. Individual (e) nano-FTIR spectra present positions of
observed bands.

synchrotron-based infrared spectro-microtomography, Yesiltas
et al.* identified aliphatics and aromatics within a matrix grain
of Murchison in situ in three-dimensional space. In this current
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work, we have identified organic matter within the matrices of
two CM2 chondrites (Aguas Zarcas and Jbilet Winselwan). Our
observations (i.e., identification of organics and their types) are
in good agreement with previous identifications of organics in
CM chondrites. In addition, we have identified organics
embedded within some of the FGRs in Aguas Zarcas. To our
knowledge, this work is the first to identify organic matter within
FGRs.

The origin of organic matter in carbonaceous chondrites is
still not fully constrained. A considerable amount of work is
being done to better understand and constrain the formation
regions and pathways of organics, though whether organics are
nebular and formed prior to accretion,'®>”!0%76,106-109
interstellar,"'°™"'* or solar and formed on the parent body
postaccretion''*~"?° is still an outstanding question. Alexander
et al.”>"*! assessed both possibilities in comprehensive reviews.
Much of the work toward understanding the origin and nature of
organic matter in chondrites is being done on the insoluble
organic portion that is extracted through chemical reactions.
XANES, STXM, TEM, micro-FTIR, and Raman spectroscopies
are among the analytical techniques used for investigating
organic content of chondrites at the micrometer scale, though
chondritic materials such as matrix and rims are composed of
submicron particles. Nano-FTIR spectroscopy is a powerful and
nondestructive analytical technique for the investigation of
samples including carbonaceous chondrites and their fine-
grained components. It offers a spatial resolution of ~20

m.>*”77% This technique does not require powdered or
chemically processed samples nor does it alter samples in any
way, thus fully preserving the petrographic context, and it is
independent of the optical diffraction limit. It was recently used
to detect nanoscale carbonyl compounds in a primitive CO3
chondrite.* In this current work, nano-FTIR spectra of FGRs
and dark clasts show that they are chemically heterogeneous at a
submicron scale, and some rims contain organic molecules in
addition to hydrated minerals. It is currently unknown whether
the organics observed in the Aguas Zarcas FGRs are nebular in
origin; however, it is plausible that organics could have formed
in the solar nebula via surface polymerization in the icy mantles
of dust grains, mixed with dust, and became incorporated—
along with the FGRs—around the chondrules before under-
going planetary thermal processing. In this case, the organics
identified in our samples would predate the postaccretionary
processes. Alternatively, fluid flow during aqueous alteration on
the parent bodies may have deposited organic matter into the
pores of FGRs postaccretion, even though the FGRs generally
have significantly lower porosity than matrix.

The Aguas Zarcas and Jbilet Winselwan meteorite samples
contain numerous chondrules surrounded by FGRs that are
texturally distinct from the enclosed objects. FGRs almost
always continuously enclose the chondrules. This is interpreted
to suggest that brecciation was limited after the chondrules were
surrounded, otherwise more chondrules would have discontin-
uous rims (e.g., ref 25). This is not the case in both of the CM2
chondrites we studied in this work. Specifically, the surrounding
FGRs in the Aguas Zarcas sample were found to be quite distinct
from the enclosed objects. In the BSE images of Aguas Zarcas,
FGRs appear relatively darker than the adjacent matrix, which
appears light gray, indicating a lower atomic number density
relative to the matrix. Our EDS data show that the FGRs in
Aguas Zarcas have nearly identical compositions regardless of
the enclosed chondrule (Figure S1). This similarity could
indicate sampling from the same reservoir.”'** The FGRs and
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Figure 11. (a) BSE and (b) white-light images of Region-JW4. Red star denotes the studied location. AFM (c) optical and (d) mechanical amplitude
images as well as overlaid (e) image indicate the spots where nano-FTIR spectra were collected. Individual (f) nano-FTIR spectra present positions of

the observed bands.
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Figure 12. (a) BSE and (b) white-light images of Region-JWS. Red star denotes the studied location. AFM (c) optical and (d) mechanical amplitude
images indicate the spots where nano-FTIR spectra were collected. Individual (e) nano-FTIR spectra present positions of the observed bands.

matrix are compositionally very similar. This observation is
consistent with previous work on CM chondrites (e.g., ref 1). In
Jbilet Winselwan, the FGRs appear somewhat similar in atomic
number density to the matrix. In some cases, it proved difficult to
distinguish the FGR from the matrix because the interface
between the two materials is not sharp. This difference between
the Aguas Zarcas and Jbilet Winselwan samples likely reflects
significant impact-brecciation in the case of the latter meteorite,
which would have caused shock and dehydration/decom-
position of the hydrated phases (e.g, ref 65).

Severe thermal metamorphism can potentially cause FGRs
and enclosed chondrules to recrystallize and coarsen. In that
case, it would be difficult to differentiate chondrules from rims.
As Aguas Zarcas contains numerous well-defined continuous
FGRs around different types of chondrules, thermal meta-
morphism was not severe. Jbilet Winselwan also shows many
FGRs around chondrules, although the “spongy” texture of

matrix and dehydrated lithologies confirm that this CM2
chondrite was heated, probably not through long-duration
thermal metamorphism but rather through significant but short-
duration heating. Even though the FGRs in this sample are not
as ubiquitous as those in Aguas Zarcas, their presence indicates
that such a short duration heating did not result in the merging
of the FGRs and enclosed chondrules and the formation of a
larger chondrule. In addition, both chondrites were found to
contain abundant organic matter, such as aromatics, aliphatics,
and carbonyls.’> These organic materials would have decom-
posed even under mild thermal metamorphism,** providing
further evidence that both Aguas Zarcas and Jbilet Winselwan
experienced minimal thermal metamorphism, although Jbilet
Winselwan is relatively more metamorphosed.

The thicknesses of the FGRs vary between 5 and 200 ym in
both meteorites, and rim thickness increases with the size of the
surrounded object, indicating a positive correlation (Figure S2).
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Figure 13. (a) Individual (light color) and average (dark color) Raman spectra of organic content within dark clasts and FGRs identified in Aguas
Zarcas and Jbilet Winselwan as well as (b) their corresponding G-band parameters compared with other carbonaceous chondrite groups. The dashed
gray arrow in (b) indicates increasing thermal metamorphism. Estimated peak metamorphic temperatures are shown on top of (b). CV3 and CO3 data
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are from Yesiltas et al.”” CM2 and CR2 data are from Busemann et a
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This relationship seems to be independent of the enclosed
chondrule type, i.e., the texture, chondrule type, or grain size
appear to have no effect on the rim thickness or its correlation
with the chondrule size. In addition, some FGRs contain
anhydrous silicates even though most FGRs are composed
mainly of hydrated phases. Some chondrules in Jbilet Winselwan
were found to contain double and sometimes even triple rims,
such as those shown in Figure 2o,u. In the case of double rims,
the inner rim is usually darker than the outer rim, which, in some
cases, is itself indistinguishable from the matrix. These evidences
suggest that the aqueous alteration of the FGRs was not severe
and did not proceed to completion.”*?'

The FGRs in CM2 chondrites could have formed in the
parent body through a variety of processes. In situ aqueous
alteration of chondrules on the parent body, which would lead to
amore homogeneous degree of phase alteration, is one potential
formation pathway.”**>'*37'2° Regolith gardening in the parent
body has also been proposed as a mechanism of FGR
formation.”*** Regolith gardening is a disruptive process
resulting in FRG fragmentation and rims with homogeneous
elemental compositions and similar bulk compositions in CM
chondrites.”*® However, the Aguas Zarcas and Jbilet
Winselwan FRGs exhibit an absence of homogeneous phase
alteration and rim fragmentation. They exhibit no rim
fragmentation, the majority of rims are completely continuous
and surround chondrules. They also lack chondrule replacement
by rims; most of the FGRs present very similar chemical
compositions regardless of the enclosed chondrule mineralogy.
These observations do not support the parent body alteration or
regolith gardening formation pathways. On the contrary, the
positive correlation between rim thickness with chondrule
diameter, similar FGR compositions that are independent of
surrounded chondrules, and presence of less aqueously altered
rims support nebular origin of FGRs (e.g, ref 5).

Brecciated carbonaceous chondrites, like those investigated
here, contain different types of clasts and lithologies including
those rich in organic matter and hydrated phases. Some of the
clasts could be exogenous, i.e., foreign to the host meteorite.
These clasts and lithologies could even potentially originate
from a previously unsampled/unknown body. Thus, further
comparison of clasts and rims could help better constrain their
origin and formation/evolution histories. Furthermore, thermal
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metamorphism induces irreversible transformations on the
carbon structures. Raman spectroscopy is highly sensitive to
aromatic moieties, and the thermal metamorphic grade/history
of carbonaceous materials can be deduced via Raman spectral
investigation of polyaromatic structures in meteorites. Using
expressions by Cody et al.”” and Schmidt et al,”* we estimated
the peak metamorphic temperatures for FGRs and dark clasts. In
this case, the comparison of the Raman spectral parameters of
the aromatics in both FGRs and dark clasts of Aguas Zarcas and
Jbilet Winselwan shows that the spectral parameters of FGRs
and dark clasts plot very close to each other, indicating similar
thermal metamorphic history for these two types of materials
(Figure 13). The thermal metamorphism appears to have not
caused significant modifications on their respective aromatic
carbon structures, and they are consistent with being petrologic
type 2 chondrites. Jbilet Winselwan is relatively more heated
than Aguas Zarcas, which is in agreement with its observed
textures and composition. The peak metamorphic temperatures
of Aguas Zarcas and Jbilet Winselwan, calculated following
Schmidt et al.,”* are also similar (68—69 + 3 vs 72—75 + 6 °C,
respectively) (Figure 13). Because the latter meteorite
experienced short-term flash heating, it must have experienced
relatively elevated temperatures. Using equations by Schmidt et
al,” its “elevated” metamorphic temperature was calculated to
be 253 + 3 °C. Note that using the expression by Cody et al.”*
yields higher temperatures for the same G band parameters. The
similar metamorphic temperatures of the aromatics within the
FGRs and dark clasts may indicate homogeneity in the
polyaromatic structures in the two material types. At the same
time, this may indicate that the polyaromatic-type organics in
the FGRs and dark clasts may have originated from similar
precursors, accreted at similar times, and/or experienced similar
processes. Aromatic carbon can be processed by UV irradiation
in the interstellar medium. Indeed, abundant aromatic carbon
has been identified in the interstellar medium,"*”'*® where UV
irradiation causes a loss of sp® carbon and modifies amorphous
aromatic carbon toward a more graphitic structure.'*” Thus, the
formation/processing of aromatics in the interstellar medium
cannot be ruled out. More detailed analyses are required to
unambiguously determine the origin of the organics within the
FGRs and dark clasts in carbonaceous chondrites.
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B CONCLUSIONS

Focusing on two CM2 chondrites, Aguas Zarcas and Jbilet
Winselwan, we obtained BSE images showing the presence of
several dark clasts and numerous continuous well-defined FGRs
around chondrules. Chondrule diameters are found to be
positively correlated with rim thickness. Notably, the observed
FGRs show an absence of homogeneous phase alteration and
fragmentation and, thus, appear to have experienced minimal
brecciation after the chondrules were surrounded. The FGRs
have almost identical chemical compositions, and this is
independent of the composition of enclosed chondrules. The
FGRs and matrix are also compositionally very similar, although
they exhibit different textures and grain sizes. These evidence
suggest that the FGRs may have a nebular origin. Owing to its
superior spatial resolution and wavelength independent and
nondestructive nature, nano-FTIR spectra of the dark clasts and
FGRs showed that they are chemically heterogeneous at a
submicron scale. The dark clasts and FGRs in Aguas Zarcas are
composed of organics (i.e., aliphatics, aromatics, and carbonyls)
as well as secondary alteration minerals (i.e., phyllosilicates,
carbonates, and sulfates) and primary silicates. The presence of
organics within the FGRs may indicate that the organics may
have formed in the solar nebula and incorporated around the
chondrules along with the FGRs before undergoing planetary
thermal processing. Organics may have alternatively deposited
into the pores of FGRs due to fluid flow during aqueous
alteration on the parent bodies. The transformation of organics
to carbonates is also observed within a matter of few micronsina
dark clast of Aguas Zarcas, indicating highly heterogeneous
composition. Moreover, the FGRs and dark clasts show
polyaromatic structures with similar thermal metamorphic
temperatures. This may indicate that the organics in the FGRs
and dark clasts originated from similar precursors, accreted at
similar times, and/or experienced similar processes. Our
observations suggest that both Aguas Zarcas and Jbilet
Winselwan experienced minimal thermal metamorphism,
although the latter is relatively more metamorphosed and
exhibits spongy matrix textures, which could be the result of a
short-duration heating event such as impact heating. This
process may also have caused a shock and dehydration/
decomposition of the hydrated phases. More detailed analyses
are now required to unambiguously determine the origin of
FGRs and dark clasts in carbonaceous chondrites.
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