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Introduction: The study of polycyclic aromatic hy-
drocarbons (PAH) in meteorites, specifically from a
spectroscopic standpoint, has received a great deal of
attention [1, 2, 3] primarily due to the effects of tem-
perature on the spectral properties of PAHs. The main
Raman spectral features of PAHs are the disordered
and graphitic (D and G) carbon bands, which are the
representations of vibrational modes resulting from
edge defects in a graphene/PAH structure and C—C
bonds within a PAH molecule respectively. The D and
G bands occur at ~1350 cm™ and ~1575 cm™, in a Ra-
man spectrum, respectively. The exact positions of
these bands, as well as other spectral parameters such
as the band full-width half maxima (FWHM), are sensi-
tive to structural and compositional changes associated
with the thermal metamorphism of their host chondritic
parent bodies. Thus it stands to reason that portions of
a chondritic parent body’s thermal history can be
gleaned from observing the spectral features of PAHs
in collected chondrites [4, 5].

The study of the thermal history of chondritic mete-
orite via Raman spectroscopy in the recent past has
mainly focused on the spectral characteristics of PAH
contents in various carbonaceous chondrites, specifical-
ly those in the petrologic type range of 3.0-3.9
[4,5,6,7]. This is due to the relatively large carbon con-
tents of those meteorites. Unequilibrated ordinary
chondrites (UOCs) have also received particular atten-
tion. UOCs only include the ordinary chondrites of pet-
rologic type 3 that have experienced low thermal met-
amorphism. However, there has been little study of the
equilibrated variety of ordinary chondrites (petrologic
type 4-7), likely due to a markedly lower carbon budget
than UOCs and their carbonaceous chondrite counter-
parts. Due to being the majority of collected falls [8],
and measurable PAH contents, ordinary chondrites
present an opportunity to conduct a comprehensive
study of the thermal alteration of meteorites as record-
ed by the spectral properties of their PAH contents. As
such, the purpose of this study is to observe the spec-
tral properties of PAH materials in ordinary chondrites
via Raman spectroscopy. Through these observations,
we should be able to better understand the link between
spectral parameters, petrologic type, and peak meta-
morphic temperature.

Methods: This study was conducted using a
WITEC alpha300R confocal Raman imaging system,
coupled with a 512 nm Nd:YAG laser. A 50x (NA .80)

objective was used to view samples. Several spatially
separated 2-D intensity distribution maps were collect-
ed from each sample. These intensity distribution maps
were spatially separated in order to gauge the homoge-
neity of carbonaceous components within a given sam-
ple. This was done in order to avoid possible bias
stemming from heterogeneity within the overall popula-
tion of carbonaceous materials in a chondrite sample.
These maps were collected using laser power of 1.3
mW, image areas of 50x50 um and an integration time
of 0.1 s in order to minimize the occurrence of sample
damage by heating. For a collected 2-D intensity distri-
bution map, each pixel has an associated Raman spec-
trum. In order to gain an accurate understanding of the
bulk spectral features of the carbonaceous component
of the sampled chondrites, several hundred spectra as-
sociated with pixels of high intensity for the Raman
bands of interest (D & G) were extracted from the
maps. These raw spectra were then fit using the 2-
Lorentzian band fitting method in order to extract use-
ful spectral parameters (peak position, FWHM, and
band intensity). Collected spectral parameters from
these pixels were then averaged to yield a bulk value
for a given sample, as shown in Figure 1.
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Figure 1. FWHMp vs. Ip/lg for individual pixel
spectra; Average bulk sample value also plotted

Samples: We analyzed ordinary chondrites sam-
ples that encompass the known lithological types (H, L,
and LL) and have petrologic types with a range of
3.15-6. The meteorites sampled are: Bishunpur
(LL3.15), Krymka (LL3.2), GRO 95658 (LL3.3),
ALH 78119 (LL3.5), DAV 92302 (LL3.6), QUE
93050 (LL4), ALH 78109 (LL5), ALH 84081 (LL6),
Mangwendi (LL6), Hallingeberg (L3.4), ALH 85070
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(L3.6), Khohar (L3.6), Mezo-Madaras (L3.7), ALH
85033 (L4), Mckinney (L4), Tennasilm (L4), ALH
81017 (L5), Barwell (L5), ALH 85017 (L6), Bruder-

heim (L6), Clovis (no. 2) (L6), Colby-Wisconsin (L6),
WSG 95300 (H3.3), ALH 77299 (H3.7), ALH 77221
(H4), Ranchapur (H4), ALH 77012 (H5), Limerick
(HS), ALH 77288 (H6) Kernouve (H6), Tieschitz
(H/L3.6), and Bremervdrde (H/L3.9)

Results: The average spectra of PAH materials
from each of the chondrite samples have been normal-
ized to the amplitude (intensity) of the G-band. This is
done to better compare the similarities of spectral line-
shapes with large disparities in spectral intensity. This
removes biases in collected spectra arising from varia-
tion in the number of observed PAH molecules counts
in differing chondrite samples. Normalizing the ampli-
tude of the D-band by the G-band gives way to the
parameter Ip/I; . This parameter can be used as an indi-
cator of the bulk structure of the observed carbona-
ceous materials. Decreasing values of the Ip/lg ratio
are the result of a strengthening of the G-band relative
to the corresponding D-band, which can be an indica-
tion of an increasingly graphitic nature of the carbona-
ceous material. Therefor the Ip/Ig may be a useful trac-
er of alteration history. As such, Ip/Ig values have been

nlatted acainet netralaoic tyne in Fionire D

16
. A Average Value
® Sample Value
1.4 | Std. Deviation
5
1.2 L1
0 (1] L]
1r A o 0
Q 3 F's P
= T 0
0.8 “ o
. ry
b L1 °
06 [ 1 - ]
L1
0.4 ®
0.2 . \ \ ,
3 4 5 6

Petrologic Type

Figure 2. Ip/Ig vs. Petrologic type; Individual sam-
ple values plotted with average values for petrologic
types 3-6

Individual values of the Ip/Ig ratio vary widely with-
in a given petrologic type, which makes it difficult to
discern any existing trend. The average values of the
samples in a given petrologic type (Figure 2), show a
trend of decreasing Ip/Ig values with increasing petro-
logic type from type 3 to type 6. Other spectral
parameters, namely FWHMp FWHMg, op, and og

were also collected and will be likewise be used in or-
der to uncover spectral changes associated with altera-
tion.

Discussion: As the petrologic type of the ordinary
chondrite class increases it is widely held that the nature
of the carbonaceous material within a given ordinary
chondrite becomes more graphitic. As carbonaceous
materials are progressively heated and bonds are bro-
ken due to relatively high thermal energy, carbon rings
of PAHs are more likely to form the most stable miner-
al phase of carbon under those conditions. In the con-
text of a chondritic parent body setting, low pressures
and high temperatures make graphite and multi-ringed
graphene-like PAH derivatives quite stable. As seen in
Figure 2, petrologic type averages for Ip/Ig ratio de-
crease with increasing petrologic type. This suggests
that on average, thermal alteration can be tracked by
understanding how graphitic a population of carbona-
ceous molecules is. However, high variability in Ip/Ig
values within a given petrologic type makes it difficult
to understand the thermal history of individual chon-
drite samples. This is made evident by the observation
that several samples belonging to petrologic type 3
have Ip/Ig values equivalent to or lower than bulk val-
ues for petrologic types 4-6. Similarly, many samples
are belonging to types 4-6 register values above the
average value for petrologic type 3 samples. The ob-
served variation in individual values with respect to the
average petrologic type value may be the result of vary-
ing degrees of thermal alteration. However, it may also
be dependent on the oxidation-reduction environment.
Graphene has been observed to have relatively large
values of the Ip/I parameter when oxidized. Converse-
ly, Ip/Ig values are markedly lower in reduced graphene
derivatives [9]. Variable chemical compositions, result-
ing in variable oxidation environments, of fluids that
interacted with ancient chondritic parent bodies, may be
the root cause of the variability observed in Ip/Ig within
this study’s sample set. The observation of heteroatom
carbon ring species within PAH materials corroborates
the idea that precursorial parent materials of PAHs had
variable oxidation states, which could complicate our
understanding thermal histories of chondrites. If ther-
mal history has been convoluted in this way, any effects
due to chemical interaction need to be resolved in order
for Ip/Ig to be a useful thermal alteration tracer.
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