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Abstract–Relationships between organic molecules and inorganic minerals are investigated in
a single 34 lm diameter grain of the CR2 chondrite Northwest Africa 852 (NWA) 852 with
submicron spatial resolution using synchrotron-based imaging micro-FTIR spectroscopy.
Correlations based on absorption strength for the various constituents are determined using
statistical correlation analysis. The silicate band is found to be correlated with the hydration
band, and the latter is highly correlated with stretching modes of aliphatic hydrocarbons.
Spatial distribution maps show that water+organic combination, silicate, OH, and C-H
distributions overlap, suggesting a possible catalytic role of phyllosilicates in the formation
of organics. In contrast, the carbonate band is anticorrelated with water+organic
combination, however uncorrelated with any other spectral feature. The average ratio of
asymmetric CH2 and CH3 band strengths (CH2/CH3 = 2.53) for NWA 852 is similar to the
average ratio of interplanetary dust particles (~2.40) and Wild 2 cometary dust particles
(2.50), but it significantly exceeds that of interstellar medium objects (~1.00) and several
aqueously altered carbonaceous chondrites (~1.40). This suggests organics of similar length/
branching, and perhaps similar formation regions, for NWA 852, Wild 2 dust particles, and
interplanetary dust particles. The heterogeneous spatial distribution of ratio values indicates
the presence of a mixture of aliphatic organic material with different length/branching, and
thus a wide range of parent body processes, which occurred before the considered grain was
formed.

INTRODUCTION

Carbonaceous chondrites are the most primitive
meteorites (Cloutis et al. 2012) and are probably
fragments of primitive asteroids or comets (Anders
1975). Some carbonaceous chondrites are aqueously
altered to a greater or lesser extent (petrologic types 1
and 2, respectively), while others are thermally
metamorphosed (types 3–6) (Huss et al. 2006). These
meteorites still carry records of presolar material as well
as solar nebula and postaccretion processes. The
organic carbon content of CI, CM, and CR chondrites
amounts to at least ~4 wt% (Orthous-Daunay et al.
2013), and they contain higher concentrations and

varieties of organic molecules than other meteorite types
(Sephton 2002). Although Tagish Lake has the highest
carbon content (as high as 6 wt%), its organic fraction
is only 2.6 wt% (Brown et al. 2000).

In some cases, organic matter of interstellar origin
survived processing and remained intact within
meteorite parent bodies (Martins 2011). Some species
may arise during alterations (Sephton et al. 1998, 2003),
e.g., melting of ices would hydrate simple organic
molecules, producing organic compounds of higher
complexity. Delivery of these complex prebiotic organic
compounds may have contributed to the origin of life
on early Earth (Chyba and Sagan 1992; Owen and Bar-
Nun 1995; Morbidelli et al. 2000; Campins et al. 2010;
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Rivkin and Emery 2010; Licandro et al. 2011).
Understanding how organic compounds are formed in
extraterrestrial matter is therefore important to the
question of how life arose on Earth (Ponnamperuma
et al. 1982). Relationships between organic matter and
mineral species may provide clues to such formation;
however, little is known about the spatial distribution
and mineralogical relationships of organics in
meteorites.

Catalytic surfaces (e.g., mineral surfaces) are
necessary for the production of organic matter (Cleaves
et al. 2012). The nature and characteristics of mineral
surfaces affect reaction rates, so that particular organic
molecules may be preferentially concentrated on
particular mineral surfaces (Lahav and Chang 1976;
Rode et al. 1999; Desaubry et al. 2003). Therefore, a
genetic link between organic matter and mineral
products of aqueous alteration such as phyllosilicates is
highly possible. Evidence is that carbonaceous
chondrites with abundant aqueous alteration product
minerals (CI and CM chondrites) are also significantly
rich in organic matter (Pearson et al. 2002).
Relationships between organic matter (of unknown
nature) and aqueous alteration were recently reported
by Le Guillou and Brearley (2014). However,
relationships between specific minerals and specific
molecules within meteorites remain poorly understood.
Complex organic synthesis has been linked with
minerals (Ponnamperuma et al. 1982; Pearson et al.
2002), but the actual mineral species and crystalline
phases involved are still in question.

Northwest Africa 852 (NWA 852) is a CR2
carbonaceous chondrite with low weathering grade
(W1), 1.3 Fa (mole%), and 4.3 Fs (mole%) (Russell
et al. 2002). It reportedly presents low chondrules/
matrix ratio and Fe-rich olivines (Russell et al. 2002).
Furthermore, NWA 852 presents high presolar grain
abundances. Leitner et al. (2012) reported 24 presolar
silicates (78 ppm), 7 presolar oxides (38 ppm), and 8
SiC grains (~160 ppm) in NWA 852. The latter value is
considered by those authors as the highest known in
primitive meteorites. However, to date no study exists
on organic and mineral inventory of NWA 852.

Organic molecules and minerals have characteristic
vibrational absorption lines in the midinfrared between
3 and 15 lm wavelengths, which is an important region
for remote characterization of cosmic dust and
meteorite source objects (e.g., Beck et al. 2010;
Vernazza et al. 2010). Here we report, for the first time,
synchrotron-based Fourier transform infrared
microspectroscopy (micro-FTIR) of NWA 852 in the
midinfrared region. This analytical technique gives
information on the organic and inorganic content in
single meteorite grains with submicron spatial

resolution. Relationships between organics and minerals
are studied in situ without chemical extraction. Grain
heterogeneity and correlations between different spectral
features are revealed for NWA 852. Preliminary data
from this work were reported in Yesiltas et al. (2013a,
2013b).

SAMPLE AND EXPERIMENTAL DETAILS

Four pieces of NWA 852 were recovered from
Sahara desert, Morocco in 2001, totaling to 174 g. A
~50 mg chip of NWA 852 was obtained from Prof.
Daniel Britt and was ground to ~30 micron-sized
powders with an agate mortar and pestle. After dozens
of similar grinding operations, we observed fine
scratches on the bottom of the mortar, which may have
added agate grains as impurities in the mixture of
meteorite grains. Agate has a hardness of up to 7 on
the Mohs scale, so evidently there are harder grains in
NWA852. However, infrared spectra of such agate
impurity grains would show only the silicate band. We
do not believe that scratching of the hard agate could
result in a film of contamination that would stick to
individual meteorite grains, thus contaminating their
infrared spectra. We note that grinding in an agate
mortar is common and accepted practice in meteoritics.

A sparse layer of nonoverlapping grains was placed
on a diamond window for micro-FTIR transmittance
spectroscopy. Spectra of individual grains were collected
after regions of interest were defined under the optical
microscope. This paper presents data on a single 34 lm
diameter grain to illustrate the technique for investigating
the mineral–organic relations in meteorites in situ.

Contamination and terrestrial weathering can affect
meteorites and alter their spectra (e.g., Botta and Bada
2002). NWA 852 itself has experienced very little
terrestrial weathering and is classified as weathering
grade W1 (Leitner et al. 2012). The C-H stretching
region near 3000–2800 cm�1 is especially susceptible to
contamination. For instance, it was reported by
Kebukawa et al. (2009) that storing meteorite samples
in containers which include silicone rubber, silicone
grease, or adhesive tape contaminated the samples
within very short times with volatile organics. Our
sample handling is free of any of these materials. After
grinding, we stored our meteorite samples in a weighing
paper, which is water and air resistant, and no evidence
of contamination was observed. In particular, several
other carbonaceous chondrites were stored and
prepared in the same way as NWA 852, but these show
very much weaker CH stretching features. Therefore,
the much stronger features we see in NWA 852 cannot
have arisen from contamination due to our sample
preparation protocol.

2 M. Yesiltas et al.



The experiment was installed on the IRENI (Infrared
Environmental Imaging) beam line at the (now-closed)
Synchrotron Radiation Center (SRC), University of
Wisconsin, Madison. Multiple fans of radiation extracted
from a bending magnet were collimated, and rearranged
with mirrors into a 3 9 4 matrix of beams, which
homogeneously illuminates the 34 lm 9 34 lm field of
view used here. The end station of the beam line is a
Bruker Vertex 70 interferometer connected to a Bruker
Hyperion IR microscope equipped with a Focal Plane
Array (FPA) detector of 3850–900 cm�1 spectral range
(2.5–12.5 lm). The microscope operated in transmission
mode with a 749, 0.6 NA, Schwarzschild–Cassegrain
objective and a 209, 0.6 NA condenser. The geometric
effective area at the sample plane of 0.54 lm 9 0.54 lm
pixels imaged onto 40 lm 9 40 lm pixels at the detector
allows spatial oversampling, providing spatially resolved
images that are diffraction-limited at all wavelengths. The
single shot FPA image covers the field of view with
96 9 96 pixels. A detailed review of the beamline is
presented in Hirschmugl and Gough (2012). The sample to
be analyzed was placed on a diamond window which was
mounted onto a motorized, programmable mapping stage.
After having defined the mapping parameters, infrared
spectra from all pixels within the defined area were
simultaneously collected within minutes. These raw spectra
were later divided by reference spectra collected at a sample-
free region of the diamond substrate to obtain transmittance.

Using commercial IGOR Pro and IRidys software
packages (Nasse et al. 2011), a spatially averaged IR
spectrum of the grain was obtained by masking out the
sample-free regions of the image and averaging the
spectra for all pixels in the unmasked region. The same
software also allowed us to obtain line profiles across
the meteorite grain by extracting individual spectra
from adjacent pixels. The integrated absorbance of
individual characteristic spectral features was taken as a
measure of the relative concentrations of specific
minerals and organics at a particular location within the
grain. Correlation coefficients were obtained using the
descriptive statistics function of the OriginPro software
package. Integrated intensity maps were generated and
used to obtain the spatial distribution of the various
mineral and organic types within the grain.

RESULTS

IR Spectral Signatures

Figure 1 presents the infrared image of the
investigated NWA 852 grain at 2920 cm�1 wave
numbers. This wave number corresponds to the CH
stretch band of CH2 moieties in aliphatic hydrocarbons.
The grain nearly fills a 34 lm 9 34 lm field of view,

which contains ~3964 pixels. A separate infrared
spectrum is collected for each pixel. The vertical line
indicates a slice through the grain, and the cross ticks
on this line identify the positions where individual
spectra were collected, plotted, and analyzed below.

Figure 2 presents the spatially averaged midinfrared
spectrum of the same grain. Lettered arrows indicate the
position of distinct and identifiable absorbance bands due
to specific vibrational modes. Assignments are given in
the Fig. 2 caption and in Table 1. Although the peak of
the G band is fairly flat, this band is not saturated in any
of our data. The pixel with the strongest G band had
peak absorbance before baseline subtraction of 1.85, so
that no spectrum had less than 15.7% transmittance at
any wave number. Broad and flat G bands are widely
reported in the meteorite literature, even for very weak
absorbance values (Raynal et al. 2000; Kebukawa et al.
2011; Briani et al. 2013).

The symmetric band A near 1018 cm�1 is due to the
Si-O stretching vibrational modes in silicates (Matrajt et al.
2004; Merouane et al. 2012). The broad band G near
3400 cm�1 is due to stretching mode of interlayer and/or
adsorbed water (Kebukawa et al. 2010a). Together the A
and G bands indicate the presence of hydrous silicates,
possibly clay minerals, in this meteorite sample. This is
consistent with the identification of clay in CR2 chondrites
(e.g., Morlok and Libourel 2013). On the other hand, the
signature band of structural OH near 3650 cm�1, as would
be observed in some phyllosilicates, and which we have
observed for grains of Orgueil and Tagish Lake by the
same technique (Yesiltas, unpublished data), is absent in
this spectrum. The asymmetric band labeled B is mostly
due to carbonates (e.g., Matrajt et al. 2004; Kebukawa
et al. 2010a; Merouane et al. 2012; Sandford et al. 2013).

Fig. 1. Infrared image of the investigated NWA 852 grain at
2921 cm-1 wavenumbers. The 16 level color scale in rainbow
sequence indicates absorbance values, red being the highest.
The vertical cut defines a profile through the grain and the
positions (ticks) where individual spectra were selected for
plotting and analysis.
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The broad band C in Fig. 2 is a combination of
H-O-H bending modes in water (Raynal et al. 2000;
Kebukawa et al. 2010a) and modes of organics such as
aromatics (e.g., Nakamura et al. 2003a, 2003b; Matrajt
et al. 2004) and carbonyls (Kebukawa et al. 2011;
Orthous-Daunay et al. 2013). Sharp and distinct
absorbance lines in the range 2800–3000 cm�1

comprising band F are C-H stretching modes due to
aliphatic hydrocarbons (Raynal et al. 2000; Matrajt
et al. 2004; Kebukawa et al. 2010b). Figure 2 lacks
evidence for the CH stretch of aromatic hydrocarbons,
which would appear above 3000 cm�1.

A weak broad band D is observed in Fig. 2
between 1800 and 2130 cm�1. This band may be due to
bound and free H2O (Raynal et al. 2000) or overtones
of silicates. Narrow spikes labeled “E” near 2360 cm�1

are artifacts due to atmospheric CO2. Table 1 collects
these observed absorbance bands as well as their
positions and interpretations.

Spectral Profile of the Grain

A spectroscopic line profile across the grain is
obtained for the slice indicated by the vertical line on
the infrared image in Fig. 1. This profile consists of 63
pixels, each with an associated spectrum. Alternate
pixels were selected for data analysis with 1 lm
separation. The 33 spectra are presented in Fig. 3 with
the ordering of the curves bottom to top following a
bottom to top scan across the grain (Fig. 1). For each
spectrum in Fig. 3, the integrated absorbance of
characteristic bands was determined by calculating the
area under the curve and above a linear baseline that
connected the end points of the integration range. For
the case of the partially overlapping bands B and C,
the line connecting the high end of band C with the
low end of band B was taken as their common
baseline for their integrations. The shaded boxes in
Fig. 3 indicate those curves for which the integrated
absorbance exceeds the median integrated absorbance.
The widths of the shaded boxes indicate the
integration ranges. The spectral integration limits were
850–1200, 1250–1500, 1500–1750, 2800–3000, and
3000–3700 cm�1 for bands A, B, C, F, and G,
respectively. The boxes suggest good spatial overlap
for bands A, C, F, and G, i.e., between silicates, OH,
and organics. The spatial distribution for carbonates
(B) seems quite different.

Figure 4 compares integrated absorbances of bands
A, B, C, F, and G as a function of position along the
slice indicated in the IR image Fig. 1. The lower axis
gives the pixel number, while the upper axis indicates
the physical location where the spectrum was collected
along the slice from the bottom of the grain to the top.
The integrated absorbance of the various bands changes
with position along the slice through the grain. The
spatial variations in the absorbance are different for
different bands. Absorbance is the product of
absorption cross section, concentration, and thickness
(i.e., photon path length through the grain). If the
changes were due simply to the nonuniform thickness of
the grain, then all of the absorbances would change
together. The absorption cross section is constant for a
given band, independent of position. Thus, the different
spatial dependences for the different bands indicate
different spatial distributions of the responsible minerals

Table 1. Positions and interpretation of the observed
bands.

Label

Band center

(cm�1) Mode Assignments

A 1018 Si-O stretcha Phyllosilicates
B 1411 C=O stretch Carbonates
C 1650/1730 H-O-H bendd,e/

C=O stretcha,b,c
Phyllosilicates/

organics
D 2000 H-O-Hd Water/silicate

overtones

E 2300 C=O Atmospheric CO2

F 2800–3000 C-H stretcha,d,e Aliphatic
hydrocarbons

G 3400 H-O-H stretchf Interlayer/adsorbed
water

aMatrajt et al. (2004).
bOrthous-Daunay et al. (2013).
cKebukawa et al. (2011).
dRaynal et al. (2000).
eKebukawa et al. (2010b).
fKebukawa et al. (2010a).

Fig. 2. Spatially averaged absorbance spectrum of the NWA
852 grain shown in Fig. 1. Letters indicate absorbance bands
due to specific vibrational modes. Assignments (Table 1) are
A: silicates; B: carbonates; C: water/organics; D: water/silicate
overtones; E: artifact from atmospheric CO2; F: aliphatic
hydrocarbons; G: OH due to interlayer/adsorbed water.
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and molecules. In Fig. 4, the strongest correlation is the
evident anticorrelation of bands B and C.

Correlation Coefficients

We employed Pearson’s correlation method to
quantify correlations between absorbance bands
observed in spectra of NWA 852. Pearson’s method
determines relationships among variables in a data set,
e.g., Hopkins (1978). We let X represent the integrated
absorbance of one of the bands and let Y be the same
for one of the other bands. The variance Sx

2 of X is
calculated from

S2
x ¼

PðX� �XÞðX� �XÞ
n� 1

(1)

Equation 1 is positive definite. The covariance (Sxy)
is then calculated from

Sxy ¼
PðX� �XÞðY� �YÞ

n� 1
(2)

Equation 2 may be positive or negative. For
example, if at a given pixel the value of X exceeds its
value averaged over all pixels, while the value of Y is
less than its average, then at that pixel the argument of
the sum is negative. We obtain Sxy by summing over all
pixels, and if this sum is negative, then on average the
X values exceed their average when the Y values are
below theirs, and vice versa. Finally, by normalizing
with Equation 1, we obtain the correlation coefficient as

r ¼ Sxy

SxSy
(3)

The values of r lie between �1 and +1. Negative
values indicate anticorrelation and positive values

Fig. 3. Spectral line scan for cut indicated in Fig. 1. Each
successive spectrum is offset vertically by 0.4 absorbance units
for clarity. Shaded boxes group spectra whose integrated
absorbance within the box horizontal range exceeds the
median.

Fig. 4. Normalized integrated absorbance of bands A-G as a
function of position along the slice indicated in the IR image
Fig. 1. The lower axis gives the pixel number, while the upper
axis indicates the physical location where the spectrum was
collected along the slice from the bottom of the grain to the top.
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indicate positive correlation. The closer a coefficient is
to �1, the stronger is the correlation or anticorrelation.

The integrated intensities determined as for
Figures 3 and 4 comprise our data set for correlation
analysis. A caution is appropriate here, as the physically
interesting spatial correlations are those of
concentration, while we calculate those of absorbance,
which depends on sample thickness. It is easy to show
from Equations 1–3 for a hypothetical sample with just
two regions that a positive spatial correlation of
concentration can be turned into a negative correlation
of absorbance if the sample thickness and mineral
concentration change oppositely, and if the ratio of the
thicknesses is within a certain range. However, our
correlation analysis sums over 33 positions. For a
positive correlation in absorbances to be due only to
thickness variations would require concentrations to
change in going from one point to another mainly
oppositely to the thickness changes. This would be an
unlikely coincidence.

Based on the integrated absorbances, correlation
coefficients as well as their respective significance levels
were calculated and collected in Table 2. Coefficients
with “*” indicate those correlations are significant at the
95% confidence level. In other words, possibility of a
correlation being due to chance is 5% or less. The
“strengths” of correlations are determined according to
the scale known as “Cohen’s rule,” namely 0.1–0.3 is
“weak,” 0.3–0.5 is “medium,” and 0.5–1.0 is “strong”
(Cohen 1988).

We observe that the two bands F and C associated
with hydrocarbons unsurprisingly show strong
correlation (r = 0.54). Band A (silicates) is strongly
correlated (r = 0.59) with band G (OH band),
suggesting significant concentration of phyllosilicates
throughout the grain. Organic bands C and F are
strongly correlated with silicates band A. The aliphatic

hydrocarbon band F is quite strongly correlated with
the OH band G, but the correlation of C and G is
moderate. This suggests that band C is composed more
of organics than of water, as water and OH would be
strongly correlated. Band B (carbonates) shows strong
negative correlation with band C, corresponding to the
anticorrelation between them already noted in Fig. 4.

Spatial Distribution of Organic and Mineral Compounds

Infrared images give the spatial distribution of
absorbance at a particular wave number. Such maps
may be used to infer the relative amounts of organic
matter or inorganic minerals present at particular
locations within a grain. Our high spatial resolution,
broad spectral coverage, and simultaneous data
acquisition over the entire field of view allow us to
acquire detailed spatial maps of composition for many
grains in short times. These maps are obtained by
integrating the infrared image (Fig. 1) over the
frequency range of the spectral band of interest.
Figure 5 presents these integrated absorbance maps of
the NWA 852 grain for the absorbance bands A, B, C,
F, G. The method and spectral range of integration is
the same as for Figs. 3 and 4.

Figure 5A indicates that silicates are distributed
across the grain. The highest absorbance comes from
the central region, presumably where the grain is
thicker, around the coordinates (20 lm, 20 lm).
Figure 4G presents the spatial distribution for OH,
which also has prominent absorption in the region near
(20 lm, 20 lm). The spectral overlap for these two
maps is less in other spatial regions, e.g., in the upper
right corner of the grain where A shows strong
absorption lacking in G. Thus, the region near (20 lm,
20 lm) may have abundant hydrous silicates (e.g.,
phyllosilicates), while the other regions of strong
absorption in Fig. 5A may correspond to anhydrous
silicates (e.g., olivine, pyroxene). Note that the olivine
shoulders at 873, 925, and 956 cm�1 are within the
band A integration range.

Spatial distribution of carbonates is presented in
Fig. 5B. This map shows presence of high carbonate
concentration along the outer edges of the grain and
little within the center. In particular, the overlap of
carbonates with silicates (A), OH (G), or organics (F) is
weak. That the Pearson coefficients do not show strong
negative correlation between band B and bands A, G,
and F is a sampling effect, as few points on the rim of
the grain were included in the analysis.

Figure 5C presents the map of absorbance due to
organic–water combination. Some of the structure in
the spatial distribution seems similar to that of
carbonates. This may be an artifact as the partial

Table 2. Correlation coefficients. Letters represent the
absorbance bands in Fig. 2.

(A) (B) (C) (F) (G)

(A) Corr. 1 0.01 0.41* 0.54* 0.59*
Sig. – 0.96 0.01 0.01 3.02 9 10�4

(B) Corr. 1 �0.51* 0.01 �0.08
Sig. – 0.01 0.98 0.66

(C) Corr. 1 0.54* 0.42*
Sig. – 0.01 0.01

(F) Corr. 1 0.76*
Sig. – 3.38 9 10�7

(G) Corr. 1

Sig. –

(A) Silicates; (B) carbonates; (C) H2O+organics; (F) aliphatic

hydrocarbons; (G) OH. * Indicates the correlation is significant at

the 95% confidence level.
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spectral overlap of bands B and C make their integrals
somewhat interdependent. However, the islands of
strongest B and C absorbance appear spatially distinct.
Kebukawa et al. (2010a) showed that organics and
water tend to be interleaved with carbonate regions in
Bells.

The spatial distribution map for aliphatic
hydrocarbons (F) overlaps more with OH (G) than with
silicates (A). This agrees with the correlation coefficients
0.76 and 0.54, respectively, for the line profile.

Moreover, it is consistent with the reported association
of organics and phyllosilicates (e.g., Pearson et al. 2002;
Kebukawa et al. 2010a).

CH2/CH3 Ratios

Aliphatic hydrocarbons give rise (Fig. 2) to infrared
features between 2800 and 3000 cm�1 due to C-H
stretching vibrational modes. Features at 2850 and at
2921 cm�1 are attributed to CH stretches arising from
CH2 moieties, such as occur in the middle of aliphatic
chains. Features at 2875 and 2960 cm�1 are attributed to
CH stretches arising from CH3 moieties, such as occur at
the free ends of aliphatic chains. Branched aliphatic
hydrocarbons will have more free ends and a higher
proportion of CH3 moieties. Thus, aliphatic chain length
and degree of branching can be inferred from the CH2/
CH3 absorbance ratios (Marshall et al. 2005; Igisu et al.
2009; Kebukawa et al. 2010a). A low ratio suggests that
the chain lengths of aliphatic content were shortened by
some process, such as impacts of energetic particles. Such
processing makes the body less primitive. The longer
aliphatic chains and/or low branching inferred from a
high CH2/CH3 ratio suggest less processing and hence
more primitive (or pristine) material (Matrajt et al. 2013).

We performed a Gaussian-fitting procedure to 30
pixels selected from the organic-rich part of the grain
with strong F bands, having integrated absorbance of at
least 18 cm�1. First, we baseline corrected band F by
subtracting the straight line that connects the end points
of that region at 2800 and 3000 cm�1. The SNR,
defined as the F band peak height relative to the noise,
was 3 for the worst spectra considered and 25 for the
best. CH2/CH3 ratios were determined from the
integrated areas of the fits. Uncertainties were defined
mainly by choice of baseline to be subtracted and not
by the noise. An example spectrum with fitted Gaussian
peaks is presented in Fig. 6, where integrated area is

Fig. 5. Integration maps of NWA 852 grain for characteristic
absorbance features. A) Silicates; B) carbonates; C) organics
and water; F) aliphatic hydrocarbons; G) OH due to
interlayer/adsorbed water. The color scale in rainbow sequence
indicates the integrated absorbance values in 16 levels, red
being the highest.

Fig. 6. Baseline subtracted F-band and Gaussian fit.

Organic and inorganic correlations in NWA 852 7



~25 cm�1 and SNR is about 10. This fitting procedure
yields an absorbance residue of �0.02 (difference
between fit and data), which is comparable to values for
published studies (e.g., Orthous-Daunay et al. 2013).
The residue on the spectrum with the worst SNR
considered was �0.035.

CH2/CH3 ratios and their uncertainties are plotted
as a function of integrated band strength in Fig. 7.
There may be a slight tendency for the ratio to decrease
with increasing band strength, but the uncertainty
shows no significant trend. Furthermore, uncertainty
appears to be uncorrelated with ratio. The uncertainties
in all cases are much less than the values of the ratios,
and they are also much less than the variation in ratio
values. Thus, ratio values as low as 1.5 and as high as 4
are significant, indicating that NWA 852 contains a
mixture of both lightly and heavily processed organic
material. This suggests a wide range of parent body
processes, which must have occurred before the
considered grain was formed.

Figure 8 presents the histogram of the ratios. While
the distribution of the ratios in the small sample
considered is useful to demonstrate the range of ratio
values that occur at high spatial resolution, the grain
average is also interesting. For this, we consider the
ratio for the grain averaged spectrum plotted in Fig. 2,
where the SNR is much higher than for any individual
pixel’s spectrum. This analysis gives the ratio 2.53,
which is compared in Table 3 to values reported for
other meteorites, interplanetary dust particles (IDPs),
diffuse interstellar medium (DISM) objects, and
cometary dust particles. The value for NWA 852 is
similar to that of IDPs and Wild 2 cometary dust
particles. It exceeds those of DISM and several
carbonaceous chondrites of petrologic type 1 and 2.

DISCUSSION

Investigation of organic molecule synthesis may
elucidate processes relevant to the origin, evolution, and
distribution of life on Earth (Gontareva and Kuzicheva
2001). Complex organic molecules may have been
formed via UV irradiation of icy grains in the solar
nebula (Ciesla and Sandford 2012), as UV-irradiated ice
analogs containing H2O, CO, CO2, NH3, and CH3OH
produced a variety of organic molecules in laboratory
simulations (Hagen et al. 1979). Surface-gas reactions
may form organic molecules in the interstellar medium
(ISM) (Ehrenfreund and Charnley 2000). Additionally,
parent bodies of meteorites may provide conditions for

Fig. 7. Distribution of ratios and their uncertainties as a
function of integrated F-band area.

Table 3. Astronomical objects and their CH2/CH3

ratios.

Objects ICH2/ICH3

Sutter’s Mill (SM2) 4.00h

NWA 852 (CR2) 2.53a

Wild 2 particles 2.50b

IDPs (anhydrous) 2.46c,i

Sutter’s Mill (SM12) 2.44h

IDPs (hydrous) 2.31c,i

Paris (CM) 1.80g

Bells (CM2) 1.40f

Orgueil (CI1) 1.40f

DISM 1.17d,i, 1.07e,i

Murchison (CM2) 1.00f

aThis study.
bKeller et al. (2006).
cFlynn et al. (2003).
dSandford et al. (1991).
ePendleton et al. (1994).
fKebukawa et al. (2010a).
gMerouane et al. (2012).
hYesiltas et al. (2014).
iAverage.

Fig. 8. Histogram of the CH2/CH3 ratios for 31 pixels.
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complex organic molecule formation through catalytic
reactions on grain surfaces, e.g., Fischer–Tropsch
reactions (Pizzarello and Shock 2000).

As for the extraterrestrial materials, there is
evidence that indicates partial segregation of organic
matter among specific minerals in heterogeneous
meteorites. For instance, carbon chains were found to
be longer when clays were present during laboratory
prebiotic peptide synthesis (Paecht-Horowitz 1974).
Additionally, kaolinite was found to be a more effective
catalyst than montmorillonite for the production of
amino acids from organic-kaolinite mixtures (Degens
and Matheja 1971). Indeed, Hanafusa and Akabori
(1959) pointed out the importance of clay minerals in
condensation reactions, and showed that certain organic
molecules form in the presence of kaolinite, but not in
its absence. Furthermore, Pearson et al. (2002) reported
that organic material was associated with clays but not
with other hydrated mineral grains in CI and CM
chondrites. Specifically, Pearson et al. (2002) reported
that organics and clay minerals were found together on
the chondrule rims of Murchison.

In this study, we investigated relationships of
organic matter with inorganic material in NWA 852,
and showed that aliphatic hydrocarbons are spatially
correlated with both silicates and OH. This suggests
that hydrated silicates are closely associated with
organics in NWA 852. Therefore, our results indicate
that such silicates may have played a catalytic role for
production of organics in NWA 852.

NWA 852 is more primitive, i.e., less processed,
than several other carbonaceous chondrites. Evidence
from this and other work is as follows.
1. Presolar grain abundances are high in NWA 852

(Leitner et al. 2012), while parent-body processing
by aqueous alteration and thermal metamorphism
reduces such abundances (e.g., Trigo-Rodriguez and
Blum 2009; Leitner et al. 2012; Zhao et al. 2013).
For instance, abundances decrease in going from
type 3 to type 1 carbonaceous chondrites, e.g.,
abundances are high in the CR3 chondrites
Meteorite Hills (MET 00426) and Queen Alexandra
Range (QUE 99177) (Floss and Stadermann 2009)
and in IDPs (Messenger et al. 2003). This suggests
that among CR2s, parent-body alteration for NWA
852 was less. In other words, NWA 852 lies closer
to the CR3 side of the CR2 meteorite distribution,
even though the presolar silicate-to-oxide ratio (~2)
(Leitner et al. 2012), compared with CR3 chondrites
(~22) (Floss and Stadermann 2009; Nguyen et al.
2010) and IDPs (~21) (Messenger et al. 2003, 2005),
suggests aqueous alteration in NWA 852.

2. Bond breaking and chain shortening by energetic
particles and thermal processing may lower CH2/

CH3 ratios of aliphatic hydrocarbons (Merouane
et al. 2012). NWA 852 has a relatively high ratio,
although the broad spatial distribution of this ratio
indicates some processing to higher or lesser degree
in different parts.

3. Raman D and G band profiles for insoluble organic
matter show that CR chondrites (which include
NWA 852) are more primitive than CI and CM
chondrites (e.g., Busemann et al. 2007). This is
consistent with the high CH2/CH3 ratio for NWA
852 compared to CI and CM materials (Table 3).

4. NWA 852 lacks aromatic CH stretch bands above
3000 cm�1, while aromatics have been observed in
altered meteorites with low CH2/CH3 ratios, e.g.,
Murchison (Flynn et al. 2003) and Paris (Merouane
et al. 2012).

5. CR chondrites are considered to contain the most
primitive organic matter (Le Guillou and Brearley
2014).
NWA 852, IDPs (Keller et al. 2006), and Wild 2

cometary dust particles (Keller et al. 2006) all have
similar aliphatic C-H stretching spectral features and
CH2/CH3 ratios, whose values (~2.5) are more than
twice larger than those for other primitive carbonaceous
chondrites such as Orgueil and Murchison (~1.1) and
for diffuse ISM objects (~1.2) (Table 3). This suggests
different formation and/or parent body processing
histories for these two groups of materials (Matrajt
et al. 2005).

We believe that NWA 852 is (on average) on the
low aqueous alteration side of petrologic type 2 with
little thermal metamorphism. It would be useful to
extend our technique to other meteorites to characterize
the effects of parent body thermal metamorphism on
the organic molecules and mineral species. In principle,
our technique could deconvolve the imprints of thermal
and aqueous alteration on the parent body from
nebular signatures based on spatial distributions of
spectral signatures: carbonates are secondary products
that result from aqueous alteration, thermally
metamorphosed material has little or no hydration, and
a nebular signature is the high ratio of CH2/CH3. The
question is whether regions of high CH2/CH3 ratio are
spatially distinct from regions of high carbonates
(altered) and regions of low hydration. In case of NWA
852, Table 2 suggests that carbonates are uncorrelated
with aliphatic hydrocarbons (r = 0.01); however, this
correlation is still uncertain due to the small number of
observations (n = 33). We expect to see a stronger
negative correlation in a larger data set for NWA 852.

Aqueous alteration may have redistributed the
soluble organic material, which would tend to erase the
mineralogical context of the organic molecules present.
However, the insoluble fraction of organic matter
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(IOM) ranges from 70 to 99% of the total in
carbonaceous chondrites (Pizzarello et al. 2006;
Kebukawa et al. 2011). Although there has been no
report of the percent IOM in NWA 852, the soluble
fraction is in any case a minority. Even then, Morlok
and Libourel (2013) showed that dissolved elements stay
close to their source in CR chondrites, and large
organic molecules can be expected to be even less
mobile through a solid matrix than are soluble
elements. In highly altered grains, characteristic
~100 lm migration distances are two orders more than
the length scale of spatial variations we observe in
NWA 852, which agrees with its relatively low
alteration. In other words, alteration in NWA 852 has
not “washed out” the spatial heterogeneity of its
organics.

IOM extracts may give different conclusions than
in situ characterization such as ours. IOM is obtained
by demineralizing the bulk sample in acidic solvents
such as HF and HCl (e.g., Kebukawa et al. 2011;
Orthous-Daunay et al. 2013). After demineralization,
the remaining material is the IOM residue. Whether
chemical alteration of organic matter through acidic
demineralization occurs (Flynn et al. 2010; Matrajt
et al. 2013), or not (Matrajt et al. 2005), is
controversial. Flynn et al. (2010) showed that the
Murchison IOM and in situ organic matter of bulk
Murchison sample are significantly different. Chemical
alteration effects include a decrease in the aliphatic
CH2/CH3 ratios (giving shorter chains or more
branching) and increase in aromatic CH content.

Another remaining question is whether organic
abundances depend on grain size. We have
demonstrated strong variations in organic
concentrations over length scales of microns. At
sufficiently small length scales, one expects eventually to
find pure phases. Thus, a survey of very small grains
(few microns) should exhibit large deviations in organic
abundances from the meteorite average, from none to
heavy concentrations.

Infrared transmittance spectroscopy requires thin
specimens, so that the beam traverses only a few
microns of matter to avoid saturating the strongest
bands. This is most conveniently achieved by crushing
the sample to obtain individual grains. Then, of course,
some of the petrographic context is lost, i.e., we lose
information on chemical and mineral distributions over
length scales of several mm. We retain it on length
scales of ~10 lm, and we can preserve it over length
scales of several mm by crushing different samples from
different portions of the parent meteorite.

Few reports exist on infrared spatial mapping of
meteorites. For instance, Raynal et al. (2000) reported
absorbance maps of Murchison and Orgueil using

synchrotron-based FTIR microspectroscopy with
comparatively low spatial resolution. Spatial mapping
for a set of discrete wavelengths corresponding to
different functional groups in Bells meteorite was
presented by Kebukawa et al. (2010a), but abundances
are more uncertain than those we obtain by integration
over the full band widths spanned by those functional
groups. For instance, our maps based on integrals over
the full water absorbance spectral range 3000–3750 cm�1

should have less uncertainty than a map determined by
the absorbance at (e.g.) the single wave number
3400 cm�1. Furthermore, the near-field infrared
microspectroscopy and spatial mapping by step scanning
of Kebukawa et al. (2010a) is very slow in comparison to
our approach. We presented infrared microspectroscopy
of one grain of a CR2 chondrite NWA 852,
demonstrating high spatial resolution and with high
spectral information. We have also demonstrated
chemically specific heterogeneity on 1 lm length scales.

CONCLUSION

We investigated relationships among organics and
minerals in a CR2 chondrite NWA 852 by a highly
novel analytical technique: midinfrared synchrotron-
based imaging micro-FTIR spectroscopy. These data
constitute the first reported infrared spectra for this
meteorite. A spectroscopic line profile for the particular
NWA 852 grain studied shows that the relative intensity
of the characteristic absorbance bands varies across the
grain on 1 lm length scales. Statistical analysis shows
that silicates, OH, and CH are spatially correlated with
each other. These correlations indicate a possible
catalytic role of phyllosilicates for the formation of
organic matter. However, the spatial overlap of silicate
and OH is smaller, probably due to a heterogeneous
mixture of anhydrous and hydrous silicates. The
carbonate band is spatially anticorrelated with the
water+organic band, however uncorrelated with any
other spectral feature. Average CH2/CH3 ratio for
NWA 852 indicates a predominance of CH2 over CH3

that is comparable to that in IDPs and Wild 2 cometary
dust particles. The ratio significantly exceeds the CH2/
CH3 ratio of DISM and several carbonaceous
chondrites, indicating longer carbon chain lengths and/
or smaller degree of branching. This may also indicate
similar origin, formation, and/or processing of organic
matter in NWA 852, IDPs, and Wild 2 particles, but
rather different than diffuse ISM organic matter.
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