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Abstract
Parent body thermal metamorphism is an important process that alters the structure of organic mat-

ter in the parent asteroid of meteorites. Increasing and progressing thermal metamorphism results in 
carbonization and graphitization of carbonaceous matter in the parent body. Such modifications in the 
carbon structures can be studied by Raman microspectroscopy, thanks to its high sensitivity to structure 
and bonding within carbonaceous molecules. We have characterized polyaromatic carbonaceous matter 
in a total of 24 Antarctic CV3 and CO3 chondrites using micro-Raman imaging spectroscopy in an effort 
to better understand parent body thermal metamorphism and assess its effects on the carbon structures. 
Raman spectral parameters of the first-order carbon peaks (D and G) were extracted from at least 200 
spectra for each meteorite and were compared to deduce relationships that yield information regarding 
the thermal metamorphism conditions. We also show, for the first time, spectral trends and relations of 
the second-order carbon peaks (2D and D+G) within the 2500–3200 cm–1 with thermal metamorphic 
history. The second-order peaks appear to contain information that is lacking in the first-order peaks. 
Based on the second-order carbon peak parameters, we tentatively classify four CV3 chondrites into 
subtypes, and reclassify another. Peak metamorphic temperatures of the investigated meteorites have 
been estimated based on the width of the D band as well as the calculated Raman spectral curvature. 
Estimated temperatures appear to correlate well with the assigned petrologic types. We have calculated 
higher peak metamorphic temperatures for the CV3 chondrites than for the considered CO3 chondrites 
and further showed that the peak metamorphic temperatures of CV3oxA chondrites are higher than 
those of CV3oxB, indicating possibly different metamorphic conditions for the two oxidized subtypes. 
We observe that there is a relatively larger temperature increase going from CO3.2 to CO3.4 (150 °C 
increase) compared to CO3.4–CO3.6 (20 °C), which may indicate that the graphitization and structural 
ordering of carbon reach a critical temperature regime around petrologic type CO3.3.

Keywords: Carbonaceous chondrites, organic matter, Raman spectroscopy, thermal metamorphism; 
Origins of Our Solar System and Its Organic Compounds

Introduction
Secondary processes such as aqueous alteration and thermal 

metamorphism take place on the parent asteroids of chondrites, 
and, as a result, the asteroidal compositions and components are 
subsequently modified at varying scales and intensities (Brearley 
and Jones 1998; Krot et al. 2003; Huss et al. 2006). Thermal meta-
morphism is a relatively minor effect in carbonaceous chondrites 
with petrologic type 1 and 2, although these meteorites experienced 
sufficient heating to mobilize water, which in return initiated 
the aqueous alteration. Type 3 carbonaceous chondrites escaped 
elevated temperatures in the parent body that would potentially 
equilibrate the chemical compositions, however, they still reached 
relatively higher temperatures than type 1 and 2 chondrites, which 
caused a wide range of compositional modifications, including 
thermal processing of the organic matter (Brearley 2006; Huss 
et al. 2006) On the other hand, type 4, 5, 6, and 7 carbonaceous 

chondrites experienced even higher temperatures such that their 
composition has been equilibrated (Ashworth 1980; Kessel et 
al. 2007).

Some chondrites, especially carbonaceous chondrites, contain 
up to 4 wt% organic carbon in the form of soluble and insoluble 
organic matter, the latter comprising about ~80% of the total 
organic carbon (Remusat 2014). Secondary processes such as ther-
mal metamorphism, aqueous alteration, brecciation, and impact 
shock can modify the organic content of chondrites (Botta and 
Bada 2002; Pizzarello et al. 2006). For instance, organic carbon 
in carbonaceous chondrites include polyaromatic macromolecular 
organic carbon, whose structures are sensitive to heating (i.e., 
thermal metamorphism) and elevated temperatures make them 
more graphitic (Busemann et al. 2007; Cody et al. 2008) Because 
carbonaceous chondrites are not differentiated, signatures of ther-
mal metamorphism are preserved and retained in their chemical 
content (Scott and Krot 2007), thus opening a path for investigating 
the asteroidal thermal metamorphism.

Carbonaceous chondrites exhibit a wide range of chemical 
diversity, and some variations exist as a result of asteroidal sec-
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ondary processes (Zolensky et al. 1993) Ornans-type (CO) and 
Vigarano-type (CV) carbonaceous chondrites are petrologic type 
3, referred to as CO3 and CV3 chondrites (McSween 1977a; 
Greenwood and Franchi 2004; Weisberg et al. 2006). This means 
that they are among the least altered/modified chondrites (Krot 
et al. 2005). The CO3 chondrites contain abundant presolar sili-
cates (Alexander et al. 2018). They show evidence of asteroidal 
metasomatic events, and the presence of melilite, plagioclase, 
nepheline, sodalite, ilmenite, ferroan olivine, and ferroan diopside 
have been identified (Brearley and Krot 2013). The CV3 chon-
drites contain a wide range of secondary anhydrous minerals and 
some hydrous phases (Brearley and Krot 2013). Ferroan olivine 
and diopside-hedenbergite solid solution pyroxenes, nepheline, 
sodalite, phyllosilicates, and fayalite have been identified in most 
CV3 chondrites (MacPherson and Krot 2014).

The CO3 chondrites are reported to be compositionally related 
to the CV3 chondrites. For instance, the CO3 and CV3 chondrites 
have similar bulk chemical compositions and mineralogies (Itoh 
and Tomeoka 2003), although their metal phases are quite differ-
ent (McSween 1977b, 1977c). The CO3 chondrites span a range 
of petrologic types, from 3.0 to 3.9 (McSween 1977a; Keck and 
Sears 1987), and as such, they provide an excellent set of samples 
to study parent body metamorphic processes. On the other hand, 
CV3 chondrites are divided into two subgroups; reduced (CV3red) 
and oxidized (CV3ox) chondrites on the basis of their secondary 
mineralogy and opaque phases such as metal, magnetite, and Ni 
content (McSween 1977c). The oxidized subgroup (CV3ox chon-
drites) is further divided into the Allende-like (CV3oxA) and Bali-
like (CV3oxB) types also on the bases of their secondary minerals 
and magnetite abundances (Weisberg et al. 1997; Krot et al. 1998). 
In addition to the secondary minerals and magnetite abundances, 
thermoluminescence properties of CV3 chondrite subtypes are dif-
ferent as well (Guimon et al. 1995). Another difference among the 
CV3 subtypes is the varying abundances of pure fayalite. Namely, 
the CVoxA subtypes lack pure fayalite (Fa >95 composition) and it 
is rare in the CV3red subtypes, whereas relatively larger amounts 
exist in the CV3oxB subtypes (McSween et al. 1977c; Howard et al. 
2010). While these CV3 subtypes were thought to originate from a 
single parent body, there are mineralogical differences among the 
three subgroups due to varying degrees of alteration (Krot et al. 
1995, 2003). In fact, on the basis of significantly different matrix 
abundances and the distribution of chondrule apparent diameters, 
it was argued that the CVox and CVred chondrites may originate 
from two different parent bodies (Gattacceca et al. 2019). If true, 
it would be interesting to compare their thermal metamorphic 
histories, which can be investigated via Raman spectroscopy of 
the polyaromatic carbonaceous matter within the CV3 chondrites. 
Indeed, due to the relatively low degree of thermal processing in 
the CO3 and CV3 chondrites (Itoh and Tomeoka 2003), the study 
and comparison of their carbon structures may provide valuable in-
formation regarding the parent body metamorphism mechanisms.

To investigate the effects of parent body thermal metamor-
phism on polyaromatic carbonaceous matter and to compare 
these effects across the two chondrite groups, we collected Raman 
spectroscopic data from a set of Antarctic CO3 and CV3 chondrites 
and extracted spectral parameters of the first and second-order 
carbon peaks. The first-order carbon peaks have been previously 
studied, and spectral trends have been presented for various car-

bonaceous chondrite groups (Bonal et al. 2006, 2007, 2016, 2020; 
Busemann et al. 2007; Cody et al. 2008; Quirico et al. 2018), 
however, to our knowledge, the second-order carbon peaks have 
not been investigated. In this work, these second-order carbon 
peaks were strong enough to consider and investigate them, so 
these peaks and their parameters were also taken into account, for 
the first time, in an effort to reveal relations between the organic 
matter and thermal metamorphic histories. We also show that 
spectral trends and parameters of the second-order carbon peaks 
may able to recognize the subtypes of CV3 chondrites. Using such 
parameters, we attempt to tentatively classify four carbonaceous 
chondrites and reclassify another into the CV3 subtypes.

Samples and analytical methods
The CO3 and CV3 chondrites studied in this work were loaned in the form of 

polished thin sections from the Antarctic meteorite collection of NASA Astromaterials 
Acquisition and Curation Office located at Johnson Space Center (JSC). At JSC, each 
sample was first cut dry on a band saw, producing a centimeter-scale thick slab, which 
was then glued on a glass slide using epoxy for further processing using diamond 
paste to make the section ~30–40 μm thin, flat, and smooth. Table 1 lists the studied 
samples and their types. While the subtypes of most samples are known, there are 
four CV3 and three CO3 chondrites whose subtypes are currently unknown. These 
samples are indicated by “?” in the associated figures and tables.

Meteoritic components are susceptible to chemical modifications in the field and 
in the laboratory. For instance, terrestrial weathering may alter the organic matter in 
meteorites, especially those found in hot deserts (Busemann et al. 2007; Alexander 
et al. 2007). Meteorites found in cold deserts such as Antarctica, on the other hand, 
remain relatively more pristine. The samples investigated in this work all have A or B 
terrestrial weathering grades, indicating minimal weathering. Additionally, organic 
contamination in the laboratory may occur during sample preparation, however, 
contaminant organics present Raman peaks that are different to some extent than 
indigenous carbon and are easily identifiable. Epoxy resin used during the sample 
preparation can also give rise to contaminant Raman carbon peaks, however, these 
peaks are quite distinct from those of indigenous carbonaceous matter, therefore they 
can be easily distinguished (e.g., Yesiltas 2018a). Nevertheless, all spectra included in 
the data analyses were checked prior to fitting procedures to ensure all investigated 
spectra are free of contaminant carbon peaks.

Our samples were prepared in the form of thin sections, which involved polishing 
the surface of samples. Such mechanical polishing processes might introduce struc-
tural disruption on the organic matter present on the surface (Beyssac et al. 2003; Fries 
and Steele 2010); however, type 3 chondrites reportedly did not contain structural 
modifications due to the polishing (Bonal et al. 2016). Nevertheless, extra caution 

Table 1. Meteorite samples investigated in this study
Numbera Meteorite Group/subtype
1 ALH 85006 CV3oxB

2 MET 00430 CV3oxB

3 LAR 06317 CV3oxA

4 DOM 10351 CV3?
5 MCY 05219 CV3oxB

6 MIL 13328 CV3?
7 QUE 93744 CV3?
8 LAP 02228 CV3oxA

9 LAP 02206 CV3oxA

10 MIL 07681 CV3red

11 LAR 12002 CV3?
12 GRA 06101 CV3oxA

13 DOM 08006 CO3.0
14 MIL 090152 CO3.?
15 MIL 090128 CO3.0–3.2
16 MIL 11213 CO3.?
17 MIL 07193 CO3.1
18 MIL 05024 CO3.1
19 MIL 090010 CO3.1
20 DOM 10104 CO3.2
21 MIL 07346 CO3.2
22 ALH 82101 CO3.4
23 ALH 83108 CO3.5
24 ALHA 77003 CO3.6
a The numbers denote sample numbers in the legends of figures.
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was taken during the data collection and analysis procedures of this work. To check 
whether polishing causes changes in the Raman spectral parameters, we measured 
a polished thin section, powdered grains, and bulk chip of a type 3 carbonaceous 
chondrite. Spectral results in all cases appear very similar, indicating that the effect 
of surface polishing in this work should be negligible.

Raman microspectroscopy experiments were conducted using a WiTec 
alpha300R confocal Raman imaging system (WiTec GmbH), which was equipped 
with a 532 nm Nd:YAG laser, 600 g/mm grating, and a 50× (NA = 0.8) objective. 
The laser power on the focal plane (sample surface) was ~1–1.5 mW (corresponding 
to a power density of ~0.57–0.85 mW/μm2), which appears to cause no laser-induced 
thermal damage on the sample. Prior to each measurement session, the spectrograph 
was calibrated using a silicon wafer substrate to ensure the Rayleigh laser signal 
was at 0 cm–1 and the signal of silicon was at ~521 cm–1. Following the calibration, 
we collected two-dimensional Raman images from a carbon-bearing region of each 
sample with 0.5 μm spatial step size. The data collection procedure was automatic, 
as the confocal microscope raster scanned the predefined area pixel by pixel and 
acquired a Raman spectrum between the whole spectral range (0–4000 cm–1) from all 
pixels, covering the first and second-order carbon peaks. The resulting hyperspectral 
images consist of thousands of pixels, each with its lateral information and a full 
Raman spectrum. Integration time was between 0.03–0.09 s. These parameters proved 
to generate reproducible spectral data with no laser-induced damage to the studied 
samples (e.g., Yesiltas 2018a, 2018b; Yesiltas et al. 2019)

The collected data were first corrected for cosmic rays and artificial baseline 
(by subtracting a polynomial with shape size of 200 and noise factor of 2). Next, 
carbon distribution maps were generated for each sample to identify the carbon-rich 
pixels. Figure 1 presents these distribution maps for the 24 meteorites investigated in 
this study. We fitted the first-order carbon peaks with a pair of Lorentzian functions 
and extracted width (Γ), intensity (I), and position (ω) of each carbon peak. Such 
a fitting procedure was repeated for at least 200 carbon-rich pixels in each sample, 
which ensures that the spectral data are representative of the whole sample and any 
sampling bias is minimized. The same spectral parameters were also extracted from 
the second-order carbon peaks of average meteorite spectra. The extracted parameters 

were then plotted against each other to obtain spectral trends and relations that could 
help us infer thermal metamorphic history of the parent bodies of the samples and 
relationships across a range of petrologic subtypes of the CV3 and CO3 chondrites.

Results
Average baseline-corrected Raman spectra of investigated 

meteorite samples are shown in Figure 2. Carbonaceous matter 
generally produces first and second-order carbon peaks. The 
first-order peaks occur between 1000–1800 cm–1 and are present 
in spectra of all samples considered in this work. These peaks 
specifically appear near ~1350 and ~1600 cm–1. The former peak 
is referred to as the “D” (disorder) band and is due to sp3 carbon 
bonding (Busemann et al. 2007; Suzuki et al. 2010). It occurs due 
to the breathing motion of sp3 atoms in rings and as a result of 
defects in the carbon structures (Tuinstra and Koenig 1970; Ferrari 
and Robertson 2000, 2001; Starkey et al. 2013). The latter band 
is referred to as the “G” (graphite) band and is due to sp2 carbon 
bonding (Tuinstra and Koenig 1970; Busemann et al. 2007; Suzuki 
et al. 2010). The G band occurs as a result of in-plane stretching 
mode of sp2 atoms in polyaromatic rings, and different types of 
carbonaceous materials can be distinguished using the spectral 
properties of this band (Ferrari and Robertson 2000, 2001; Star-
key et al. 2013). The second-order carbon peaks, which appear 
at higher wavenumbers between 2500–3500 cm–1, are overtones 
and combinations of the first-order peaks (Sadezky et al. 2005; 
Brunetto et al. 2009). The 2D peak appears around ~2700 cm–1 
and is the overtone of the D band (Vollebregt et al. 2012; Ma et al. 

Figure 1. Two-dimensional carbon distribution maps of studied CV3 (top, black panel) and CO3 (bottom, red panel) chondrites. The numbers 
on each image denotes the meteorite sample listen in Table 1. (Color online.)
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2019), whereas the peak near ~2930 cm–1 is called the D+G band 
and is the overtone of the D and G bands (Vollebregt et al. 2012; 
Ma et al. 2019). The vertical dashed lines at 1343, 1600, 2690, 
and 2930 cm–1 in Figure 2 indicate positions of the D, G, 2D, and 
D+G bands observed in this work.

By fitting the first-order carbon peaks with various math-
ematical functions, spectral peak parameters such as full-width 
half-maxima (Γ), peak intensity (I), and peak position (ω) can be 
extracted (e.g., Bonal et al. 2006, 2007, 2016, 2020; Busemann 
et al. 2007; Cody et al. 2008; Quirico et al. 2018). In this study, 
we extracted spectral parameters of the first-order carbon peaks 
from at least 200 Raman spectra for each meteorite by fitting 
the peaks with a pair of Lorentzian functions (Fig. 3). As for the 
second-order carbon peaks, we extracted the same spectral peak 
parameters from the average Raman spectra given in Figure 2. 
The values of individual parameters (given in Online Materials1 
Table OM1) were compared across all of the considered samples 
to obtain useful information to understand the thermal metamor-
phism that occurred on their respective parent bodies and also to 
assess whether the second-order peak parameters provide any 
trend or relation that could be useful for constraining the thermal 
metamorphic history.

Figure 4a shows that the peak intensity ratio (ID/IG) of first-order 
carbon peaks increases with increased thermal metamorphism. 
Namely, DOM 08006 (CO3.0, characterized by the most disor-
dered organic matter) has a ID/IG ratio of 0.77, whereas relatively 
more ordered DOM 10104 (CO3.2) and ALHA 77003 (CO3.6) are 
characterized by ID/IG ratios of 1.0 and 1.34, respectively. This is 
due to the fact that there are two phases of thermal metamorphism: 
(1) a carbonization phase that contributes disordered aromatic 
carbon to the D peak, and (2) a higher temperature graphitization 
phase that reduces the D peak. In addition, the observed trend (in-
creasing ratio as a result of increased thermal metamorphism) has 
been attributed to the transformation of amorphous carbon to rela-
tively crystalline carbon (i.e., nanocrystalline graphitic domains) 
and then to inorganic graphite (Tuinstra and Koenig 1970; Ferrari 
and Robertson 2000, 2001; Busemann et al. 2007). The comparison 
in Figure 4a also shows that the ΓD value decreases with increasing 
petrologic type as expected. These trends are consistent with higher 

petrologic types being the result of increased temperatures in the 
parent body (Huss et al. 2006). Moreover, these trends indicate 
that the considered CO3 chondrites are more primitive with more 
amorphous and disordered carbon, whereas the CV3 chondrites 
appear to have experienced relatively higher levels of thermal 
metamorphism. While some samples show signs of the presence of 
relatively crystalline carbon, the complete transformation to inor-
ganic graphite is not observed in the studied samples because there 
is no Raman spectrum that shows prominently strong G band and 
relatively weak or almost absent D band, which is the indication 
of inorganic graphite (e.g., Busemann et al. 2007). On the other 
hand, the ID/IG ratio does not present any relation with ΓG (Fig. 4b), 
indicating that the transformation of carbon from amorphous to 
nanocrystalline structure may have no visible effect on the width 
of the G band based on the samples studied here.

Figure 5a shows that the position of the D-band (ωD) spans 
a similar range for both groups of meteorites, however, the D-
band width (ΓD) is generally greater for CO3 chondrites than for 
CV3 chondrites. The greater D-band widths for CO3 chondrites 
suggest the presence of relatively disordered carbon and less 
metamorphism than CV3 chondrites. In addition, the three CV3oxA 
chondrites (samples 8, 9, 12) plot at lower ΓD values compared to 
the three CV3oxB chondrites (samples 1, 2, 5), suggesting that the 
former subtypes may have undergone a relatively higher degree 
of thermal metamorphism. Figure 5b presents the same param-
eters (peak position vs. peak width) for the G-band. These two 
parameters, ωG as a function of mean crystallite size and ΓG as a 
function of the distribution of crystallite size, were previously used 
to describe the thermal metamorphism of carbonaceous chondrites 
(e.g., Busemann et al. 2007; Jenniskens et al. 2012; Bonal et al. 
2016). In this work, we see that CV3 chondrites fall toward the 
lower right in this graph, indicating the presence of polycrystal-
line and metamorphosed organic matter in CV3 chondrites. The 
reduced and oxidized CV3 chondrites plot randomly with no 

Figure 2. Raman spectra extracted from carbon-rich locations within 
the measured area of each meteorite. (Color online.)

Figure 3. Lorentzian fit procedure example for a single-pixel Raman 
spectrum. The spectrum contains first-order (D and G) bands as well as 
second-order (2D and D+G) carbon peaks. Gray solid lines are individual 
fits while the black solid line is the actual collected spectrum. Vertical 
gray dashed lines indicate the positions of peaks.
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apparent grouping, indicating that these band parameters are un-
able to differentiate different CV3 subgroups. CO chondrites fall 
below CM chondrites in this figure, showing an agreement with 
the previous work (e.g., Busemann et al. 2007; Jenniskens et al. 
2012; Bonal et al. 2016), but they span a large range such that some 
CO3 chondrites extend into to the CV region, which is indicative 
of material in those CO3s that has been metamorphosed as much 
as the considered CV chondrites.

The width of the D band (ΓD) is positively correlated with the 
width ratio of D and G bands (ΓD/ΓG), as shown in Figure 6a. In-
creasing the degree of thermal metamorphism appears to decrease 
the ΓD value but does not seem to affect ΓG at all. Relatively more 
metamorphosed members of the CO chondrites (types 3.4–3.6) 
fall in the middle of CV chondrites in this graph. Unlike ΓD, the ΓG 
parameter does not seem to have any correlation to the width ratio 
ΓD/ΓG (Fig. 6b), except that the two groups of meteorites cluster 
slightly apart from each other. Moreover, we show that some of 

the spectral properties of the first-order carbon peaks do not pres-
ent any trend. For instance, the position of the D band does not 
seem to be an indicator of metamorphism as the position values 
for all meteorites are scattered randomly (Online Materials1 Fig. 
OM1). Comparisons of peak widths (ΓD vs. ΓG) as well as posi-
tions (ωD vs. ωG) do not reveal any trend that can be related to the 
parent body thermal metamorphism (Online Materials1 Fig. OM2). 
Figure 7 presents the ID/IG ratios for the investigated meteorites. 
CV3 chondrites appear to follow a linear trend; the comparison 
indicates that CV3oxB chondrites have smaller ID/IG ratios than 
CV3oxA chondrites. The ID/IG ratios of CO3 chondrites also appear 
to increase with increasing petrologic types.

Spectral parameters of the second-order carbon peaks could 
be valuable for understanding the maturity grade (Bonal et al. 
2007) Yet to our knowledge, these peaks have not been previously 
studied quantitatively for the purpose of understanding parent body 
thermal metamorphism such as the parent bodies of CV and CO 

Figure 4. Peak intensity ratios of the studied meteorites vs. width of the D (a) and G (b) bands. (Color online.)

Figure 5. Comparison of width and position for the first-order D (a) and G (b) bands. (Color online.)
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chondrites. Average Raman spectra in this work have high enough 
signal-to-noise ratio within the 2500–3500 cm–1 region such that 
we are able to perform fitting procedures to extract spectral param-
eters from the second-order carbon peaks. We investigated these 
second-order peaks to explore their potential for this purpose and 
to check whether they are able to distinguish different petrologic 
subtypes. Figure 8a shows a linear relationship between Γ2D and 
Γ2D/ΓD+G, which is very similar to the trend seen in Figure 6a for 
the same parameters of first-order peaks (ΓD vs. ΓD/ΓG), although 
both meteorite groups span similar ranges with no obvious distinc-
tion between the CO3 and CV3 chondrites in Figure 8a. What is 

additionally observed in Figure 8a is that the width of the 2D band 
for CV3oxA chondrites (samples 8, 9, 12) appears to be similar and 
is located near 75–100 cm–1, however, the value of this parameter 
is much larger (200–275 cm–1) for the CV3oxB chondrites (samples 
1, 2, 5), therefore they are spectrally separated based on the second-
order carbon peak parameters. A similar trend is also seen in the 
right panel of this figure. The CV3oxA chondrites generally have 
higher peak intensity ratios than the CV3oxB chondrites, with the 
exception of LAR 06317 (see text below). Figure 8b shows that Γ2D 
decreases and I2D increases as thermal metamorphism progresses. 
In this case, one must expect a linear relation between Γ2D and ID 

Figure 6. First-order width ratios ΓD/ΓG vs. width of D (a) and G (b) bands. (Color online.)

Figure 7. Petrologic types of the studied meteorites vs. their first-order peak intensity ratios (a) and width of the D band (b). (Color online.)
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as well, which is indeed what is seen in our data (Fig. 9a). Due to 
the second-order peak parameters, we observe that while the ID/IG 
parameter does not present any trend or relationship with ΓG, it 
does have a linear relation with a second-order peak parameter ΓD+G 
(Fig. 9b). Moreover, we observe that the position of the D+G band 
(ωD+G) is linearly correlated with the ΓD value (Fig. 10a), shifting 
to higher wavenumbers as metamorphism increases. This is in 
contrast to the first-order peaks, where increased metamorphism 
does not seem to vary the peak position ωD. We also observe that 
the three CV3 subtypes appear to plot separately when the I2D/ID+G 
values of the considered CV3 chondrites are compared (Fig. 10b), 
revealing that the I2D/ID+G values could potentially be useful for 
distinguishing the three CV3 subtypes (see Discussion).

It has been proposed in the literature that Raman spectral 
parameters of the first-order carbon bands can be used to roughly 
estimate the peak metamorphic temperature (PMT) of parent 
asteroids. For instance, Busemann et al. (2007) investigated 

insoluble organic matter (IOM) that was chemically extracted 
from the matrices of primitive chondrites and reported that the 
D-band parameters and peak metamorphic temperatures are 
strongly correlated, allowing for an estimation of metamorphic 
temperatures using Equation 1 (below). However, this meta-
morphic geothermometer is limited to samples with ΓD values 
smaller than 280 cm–1 because the minimum in the second-order 
polynomial fit occurs at this value (Busemann et al. 2007). Cody 
et al. (2008) reported an alternative geothermometer expression 
for the estimation of metamorphic temperatures based on ΓD (Eq. 
2), realizing that there exists a relationship between ΓD and Raman 
exciton intensity. Cody et al. (2008) also reported a geothermom-
eter thermometer expression based on ΓG (Eq. 3). However, the 
metamorphic temperatures calculated using Equations 2 and 3 
differ significantly, indicating that estimating the parent body meta-
morphic temperature using Raman spectroscopy of polyaromatic 
carbon may be more complicated than previously thought. Bonal 

Figure 8. Comparison of Γ2D (width of 2D band) with Γ2D/ΓD+G (ratio of second-order peak widths) (a) and I2D/ID+G (peak intensity ratios of 
second-order peaks) (b). (Color online.)

Figure 9. Comparison of first-order peak intensity ratios with widths of second-order peaks 2D band (a) and D+G band (b). (Color online.)
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et al. (2016) concluded that the peak metamorphic temperature 
calculations in the absence of a valid and consistent calibration 
procedure would not yield accurate results. In other words, the 
obtained temperatures could simply be underestimated without 
a proper calibration procedure. In addition, the thermometer ex-
pressions of Busemann et al. (2007) and Cody et al. (2008) used 
to estimate the structural order and maturity level of carbon in 
chondrites are based only on one spectral parameter, the width of 
a first-order carbon peak (either D or G band). Recently, Young 
et al. (in review) reported an alternative geothermometer model 
that is based on the calculated spectral curvature (KT) of a given 
full Raman spectrum with D and G carbon bands (Eq. 4). This 
model, therefore, takes into account all parameters of both of the 
first-order Raman peaks at the same time.

PMT (°C) = 931 – 5.10×ΓD + 0.0091×ΓD
2 (1)

PMT (°C) = 899.9 – 3×ΓD + 0.0014×ΓD
2 (2)

PMT (°C) = 1594.4 – 20.4×ΓG + 0.058×ΓG
2 (3)

PMT (°C) = 0.409×(–KT
–0.840) (4)

Even though the peak metamorphic temperatures obtained 
through these geothermometer expressions are somewhat under-
estimated due to their respective limitations, the Raman spectral 
parameters of first-order carbon peaks and obtained temperatures 
nevertheless proved to be helpful for gaining insights into the 
thermal metamorphic history of parent asteroids (e.g., Bonal et 
al. 2016, 2020; Busemann et al. 2007; Cody et al. 2008; Yesiltas 
et al. 2014; Young et al., in review).

We calculated the PMT values of the investigated meteorites 
using the expressions provided by Busemann et al. (2007), Cody 
et al. (2008), and Young et al. (in review) and compared the results 
of these models. The estimated PMT values obtained by different 
models yield similar trends with respect to petrologic types of the 
samples, although each model estimates slightly different PMT 
(Fig. 11). Among the three models, the model by Cody et al. (2008) 
yields the highest temperatures for the same samples. There is an 

average difference of ~93 °C between the Cody et al. (2008) and 
Busemann et al. (2007) models. On the other hand, the Young et 
al. (in review) model estimates slightly higher temperatures for 
the type 3.0–3.2 CO chondrites when compared with the model 
of Busemann et al. (2007). Regardless of the thermometry mod-
els, the CO3 chondrites present a lower range of temperatures 
than the CV3 chondrites. We note that for the PMT calculations 
presented here, the equations based on ΓD were used because the 
petrologic types of the samples present better correlations with 
D-band parameters (e.g., Busemann et al. 2007; Bonal et al. 
2007, 2020; Yesiltas et al. 2014) and the spectral parameters of 
the D band are reported to be more sensitive to annealing in the 
parent body (Busemann et al. 2007; Bonal et al. 2007). We addi-
tionally compared the KT values of our CV3 subtypes in an effort 
to check whether the calculated spectral curvature values for the 
CV3 subtypes plot differently. Figure 12 shows that the KT values 
may potentially distinguish the CV3 subtypes as samples of each 
subtype plot at different locations. In particular, the investigated 
CV3oxA and CV3oxB chondrites are separated as far as their KT 
values are concerned. While the distinctions are not very promi-
nent in our case due to the limited number of samples, it would 
potentially be more prominent when the spectral curvature values 
of a larger number of meteorites from each subtype are compared.

Discussion
Polyaromatic organic carbon structures in meteorites are sensi-

tive to heating as the thermal metamorphism induces irreversible 
structural/compositional transformations in the organic matter 
(Bonal et al. 2006). As a response to thermal metamorphism, the 
Raman spectral parameters of carbon peaks change accordingly 
(Busemann et al. 2007; Cody et al. 2008; Quirico et al. 2003; Bonal 
et al. 2006, 2007, 2016). Previously, several groups focused on 
the first-order carbon peaks and spectroscopically investigated 
the relations between carbon-peak parameters and thermal meta-
morphism for various groups of meteorites (e.g., Busemann et al. 
2007; Cody et al. 2008; Quirico et al. 2003; Bonal et al. 2006, 2007, 

Figure 10. (a) Comparison of ΓD (width of the D band) with ωD+G (position of the D+G band). (b) Comparison of second-order peak intensity 
values (I2D/ID+G). (Color online.)
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2016). First-order carbon peak parameters of some of the samples 
investigated in this work were also studied by other groups in the 
past. Bonal et al. (2016) especially studied the first-order carbon 
peaks of a large number of samples. Our investigation shows that 
increased thermal metamorphism results in a more intense and nar-
rower D band with no change in its spectral position. On the other 
hand, the G-band parameters are observed to be scattered randomly 
regardless of their petrologic types, and they do not vary in any 
systematic manner with thermal metamorphism. This is why the D 
band is favored for the calculation of peak metamorphic temperate 
of chondrites as the G band does not correlate significantly with 
thermal metamorphism (e.g., Busemann et al. 2007; Bonal et al. 
2007, 2016). In short, our first-order spectral peak parameters and 
their trends with thermal metamorphism are in good agreement 

with the literature (e.g., Quirico et al. 2003; Bonal et al. 2006, 
2007, 2016; Busemann et al. 2007; Cody et al. 2008).

To our knowledge, the second-order carbon peaks have not 
been quantitatively explored for the purpose of inferring thermal 
metamorphic history of carbonaceous chondrites. This may be 
due to low-S/N ratio within the 2500–3500 cm–1 spectral region 
where the second-order carbon peaks normally appear (e.g., Bonal 
et al. 2007). Sample type, sample form (powder vs. thin section), 
surface topography of the measured region (presence of voids or 
gaps), and experimental details can contribute to the obtained S/N 
level. We performed Raman imaging experiments on polished thin 
sections and considered hundreds of spectra from void-less regions 
to maximize the spectral quality. In our work, the second-order 
carbon peaks are pronounced with high-enough S/N ratios to 
allow quantitative spectral investigations. Thanks to the high-S/N 
ratio of our Raman spectra, we present spectral evidence, for the 
first time, that the second-order carbon peak parameters may be 
used to infer parent body thermal metamorphism of carbonaceous 
chondrites and also to potentially classify CV3 chondrites into their 
subtypes. The evidence is as follows:

(1) The spectral parameters extracted from the second-order 
carbon peaks show that increased thermal metamorphism results 
in more intense and narrower 2D bands. We also show that the 
second-order D+G peak near 2930 cm–1 does, in fact, present a 
correlation with thermal metamorphism, in contrast to the G band. 
Therefore, we conclude that it might be better to include the second-
order carbon peaks in the thermometric expressions/calculations to 
determine more accurate and better-constrained peak metamorphic 
temperatures.

(2) The second-order peak parameters may also play a role in 
classifying subtypes of CV3 chondrites. For instance, the subtypes 
of CV3 chondrites (CV3oxA, CV3oxB, and CV3red) present a unique 
challenge for understanding the parent body processes. The three 
subtypes may have gone through different extents of thermal 

Figure 12. Calculated KT values of the investigated CV3 chondrites, 
following the method described in Young et al. (in review).

Figure 11. Peak metamorphic temperatures of CV3 and CO3 chondrites estimated using thermometric equations of Busemann et al. (2007), 
Cody et al. (2008), and Young et al. (in review). The top left portion of the data is shown in the inset in the lower left. (Color online.)
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metamorphism (Huss et al. 2006; Bonal et al. 2020). The CV3oxA 
chondrites present evidence of metasomatism, whereas the CV3oxB 
chondrites experienced substantial aqueous alteration (Huss et 
al. 2006). Bonal et al. (2020) reported that the CV3oxA chondrites 
contain higher abundance of metal and lower Ni in sulfides, while 
they have a similar abundance of matrix. The CV3red chondrites 
present signatures of either aqueous alteration or metasomatism 
(Krot et al. 1995; Huss et al. 2006), they contain less matrix, more 
metal and Ni-poor sulfides relative to the oxidized CV3 chon-
drites (Bonal et al. 2020). Moreover, although it is thought that all 
CV3 chondrites originate from the same parent body, Gattacceca 
et al. (2019) argued that CV3ox and CV3red chondrites may have 
originated from two different parent bodies. Bonal et al. (2020) 
also concluded that CV3red and CV3ox may be originating from a 
heterogeneous parent body or multiple parent bodies on the basis 
that the two subtypes present different matrix abundances, altera-
tion products, and opaque mineralogy. Despite the limited number 
of samples, we spectrally compared the three subtypes of CV3 
chondrites based on their Raman spectra and peak parameters. 
Our data suggest that the samples of individual subtypes cluster 
together and appear distant from other subtypes. The color-coded 
groups in Figure 10b correspond to the three CV3 subtypes in this 
work. The cyan group has average I2D/ID+G value of ~1.1 and con-
tains three CV3oxB chondrites (samples 1, 2, and 5), three currently 
unclassified CV3 chondrites (samples 4, 6, and 7), and a CV3oxA 
(LAR 06317, see discussion below). The green group is composed 
of CV3oxA chondrites and presents a higher ratio (an average I2D/ID+G 
value of ~2.6). The only CV3red chondrite (sample 10) falls in close 
proximity to the green (CV3oxA) group, while currently unclassified 
sample 11 presents the highest I2D/ID+G ratio. In this context, we 
can also attempt to anticipate the subtypes of samples 4, 6, 7, and 
11. Based on Figures 8, 10, and 12, the CV3 samples 4, 6, and 7 
can be tentatively classified into CV3oxB, while sample 11 can 
be tentatively classified into CV3red. On the other hand, the only 
reduced CV3 chondrite (sample 10) falls near the CV3oxA group 
in Figure 10 and should be further checked to verify its subtype.

(3) Even though LAR 06317 was classified as CV3oxA (Lunning 
et al. 2016), it always plots together with the more primitive, less 
metamorphosed CV3oxB chondrites in our work when the second-
order carbon peak parameters are compared. While it is currently 
unknown why this is the case, one possibility might be the impact 
history of this particular meteorite in the parent body. In general, 
short-term thermal metamorphism due to impacts and shock heat-
ing can affect the structures of polyaromatic organic matter (i.e., 
ordering of carbon) (Quirico et al. 2018; Németh and Garvie 2020). 
Shock effects of impacts can also convert carbonaceous matter 
to diamond (Németh and Garvie 2020). As a result, impacts can 
complicate the effects of thermal metamorphism in meteorites. The 
parent body of LAR 06317 may have experienced impacts and col-
lisions that caused shock heating of LAR 06317, as evidenced by 
the presence of multiple, few millimeter-long, impact melt clasts in 
LAR 06317 (Lunning et al. 2016). In addition, while LAR 06317 
has a shock grade of S3, Lunning et al. (2016) reported that LAR 
06317 may have been derived from precursors that had experienced 
only low-temperature thermal metamorphism. Despite the impact 
history of LAR 06317, the polyaromatic organic matter appears 
to remain more primitive than other CVoxA chondrites. Another 
possibility could be the misclassification of its subtype. Lunning 

et al. (2016) reported that LAR 06317 is a brecciated, oxidized 
Allende-type CV3.5–3.9 (CVoxA) chondrite, however, Bonal et al. 
(2020) classified it as a CVoxB based on the modal abundance of 
metal and the average Ni content of sulfides. In our work, LAR 
06317 always plots with CV3oxB chondrites in the second-order 
peak parameter domains. Especially in Figure 10b, LAR 06317 
plots together with other CV3oxB chondrites, whereas the CV3oxA 
subtypes plot separately and further up in the I2D/ID+G parameter 
domain. Therefore, we conclude, based on our Raman investiga-
tion, that LAR 06317 is more compatible with CV3oxB chondrites. 
We emphasize that the identification of LAR 06317 as CV3oxB is 
not clear when the first-order peak parameters are considered. This 
can suggest either LAR 06317 is, in fact, a shocked CV3oxA, but its 
polyaromatic organic matter structures remain primitive such that 
its second-order peak parameters still plot with CV3oxB, while the 
first-order parameters are unable to distinguish it from CV3oxA, or 
alternatively LAR 06317 is actually CV3oxB, in which case the sec-
ond-order peak parameters again recognize this misclassification.

The peak metamorphic temperatures of the considered CV3oxB 
are calculated to be between 220–510 °C, however, PMTs for 
CV3oxA vary from 450 to ~636 °C, indicating that the studied 
CV3oxB chondrites are less metamorphosed (thus more primitive) 
than CV3oxA chondrites. This is in agreement with the literature (e.g., 
Bonal et al. 2020). Furthermore, our data show a large temperature 
increase (150 °C) between the CO3.2 and CO3.4 petrologic types, 
but much less difference between CO3.4 and CO3.6 (20 °C), as 
shown in Figure 11. This may indicate that during the thermal meta-
morphism, the graphitization and/or aromatization rate of carbon 
structures in the CO3 chondrites initially proceeds at a higher 
rate, but then the rate slows down perhaps at a critical temperature 
regime/threshold where the carbonaceous matter reaches a certain 
level of maturity and structural ordering of carbon.

Other processes such as ion irradiation in space can cause amor-
phization of carbon as well, and as a result the G band’s position 
moves toward lower wavenumbers (Busemann et al. 2007). This 
may complicate the study of parent body thermal metamorphism 
based on Raman peak parameters of carbon, because the irradiated 
carbonaceous matter in such meteorites would appear closer to 
that of more primitive samples, implying relatively less thermal 
metamorphism. However, our Raman data show that there is no 
meteorite whose G-band position is at such low wavenumbers (i.e., 
no G band is present below 1595 cm–1), therefore our results and 
implications for the thermal history of investigated meteorites are 
free of complications introduced by the external processes such 
as irradiation.

Understanding the effects of asteroidal processes on organ-
ics may be more complex than previously thought. For instance, 
the origin and starting materials of carbon may be different, and 
thermal metamorphism may cause different levels of ordering for 
carbon (Sears 2016). Two of the possible sources for the parent 
body thermal metamorphism are (1) long-term heating (heating 
over a few million years) due to the decay of radionuclides such as 
26Al, and (2) short-term heating (a few days) due to impacts (Rubin 
1995; Nakato et al. 2008). The peak metamorphic temperature 
calculations assume the former, long-term heating in the parent 
body (Busemann et al. 2007). Possible effects of short-term heat-
ing (such as impact heating) on the carbon structures are yet to be 
fully understood and require additional work.
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It is appropriate to note that while our results show trends and 
correlations between the carbon peak parameters and thermal 
metamorphism, they are not representative for the entire CV and 
CO group members. The small number of samples from each of the 
petrographic subtypes could reflect sampling biases. For instance, 
the three carbon thermometry equations yield roughly similar PMT 
ranges even though the models of Busemann et al. (2007) and Cody 
et al. (2008) are based only on ΓD while the model of Young et al. (in 
review) is based on both ΓD and ΓG. In this case, the ΓG may seem 
to be a poor thermal metamorphism tracer; however, this may not 
necessarily be true because our results in this work may be affected 
by the sampling bias. More meteorites of various types should be 
studied to see the differences of the carbon thermometry models 
and how the parameters of the G-band effect the PMT values.

Implications
Constraining meteorite parent body processes is essential for 

understanding the early solar system and its evolution. Detailed 
Raman spectral trends and relationships of polyaromatic carbona-
ceous matter in several CV3 and CO3 chondrites were investigated 
in this work in an effort to (1) infer the effects of parent body 
thermal metamorphism on the organic matter; (2) check whether 
the second-order peak parameters can unravel any spectral rela-
tions with thermal metamorphism; and (3) assess the capability 
and potential of the second-order carbon peak parameters for clas-
sifying the CV3 chondrites into one of its subtypes. We studied at 
least 200 spectra from each type 3 chondrite and extracted Raman 
spectral parameters from both the first- and second-order carbon 
peaks. Comparison of spectral parameters provides information 
about the structure and maturity degree of the carbon (primitive 
and disordered carbon vs. ordered and graphitized carbon). The 
CO3 chondrites appear to be more primitive and less thermally 
altered than CV3 chondrites, although some CO3 chondrites are 
as thermally metamorphosed as the CV3 chondrites. For instance, 
the comparison of ID/IG with ΓD shows that the CV3 and CO3 
chondrites plot at two distinct locations, apart from each other 
(Fig. 4). The ID/IG ratio shows a strong positive correlation with the 
petrologic types of meteorites (Fig. 7), indicating that the intensity 
of the D band is a good indicator of thermal metamorphism, at 
least for the investigated CV3 and CO3 chondrites.

Estimated peak metamorphic temperatures show that the 
studied CO3 chondrites, in general, experienced lower tempera-
tures than CV3 chondrites. The considered CO3 chondrites span 
a range of 220–510 °C, whereas the CV chondrites fall between 
460–636 °C. However, this conclusion applies to the considered 
samples and not to the entire CV3 and CO3 chondrites as some 
CO3 chondrites present higher peak metamorphic temperatures 
than some CV3 chondrite (Fig. 11). Indeed, there exists a CV3 
chondrite (Kaba, non-Antarctic fall) whose petrologic type is lower 
than a CO3 chondrite (Isna, non-Antarctic find) (Bonal et al. 2016). 
We also observed that there is a large temperature increase between 
CO3.2 and CO3.4 (150 °C increase), however, not much difference 
between CO3.4–CO3.6 (20 °C). It may be worth investigating the 
presence of a possible critical metamorphic temperature regime 
where the carbonaceous matter reaches a certain level of maturity 
and structural ordering of carbon, beyond which the graphitiza-
tion and/or aromatization rate of carbon structures in the CO3 
chondrites proceeds at a slower rate.

The oxidized CV3 chondrites (CV3oxA and CV3oxB) plot apart 
from each other when the second-order peak parameters are con-
sidered, indicating their organic matter is different to some degree. 
This suggests a different level of thermal metamorphism for the 
two subtypes in the parent body in the case of a single parent 
asteroid. CV3oxA seems to be more heated than CV3oxB based on 
the samples studied here; their average peak metamorphic tempera-
tures were estimated as ~598–653 °C for CV3oxA and ~490–526 °C 
for CV3oxB. A larger data set with more samples from each subtype 
should be considered for more conclusive interpretations.

The three carbon thermometers available in the literature are 
based on the first-order carbon peak parameters (e.g., Cody et al. 
2008; Busemann et al. 2007; Young et al., in review). Among the 
first-order carbon peaks, the D band was reported to be a better 
tracer for thermal metamorphism. We show that the second-order 
peak parameters present correlations with thermal metamorphism 
as well. Namely, the comparison of Γ2D and Γ2D/ΓD+G presents 
a linear trend, and Γ2D decreases while I2D increases as thermal 
metamorphism increases (Fig. 8). Because the second-order 
carbon peaks are observable, it would be interesting, for future 
work, to create a geothermometer expression that takes into ac-
count the second-order peaks as well. With proper calibration, 
such a geothermometer can potentially yield more accurate peak 
metamorphic temperatures for the parent asteroids.
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