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ABSTRACT

Relationships between organic molecules and inorganic minerals are investigated in five
carbonaceous chondrites, Northwest Africa 852 (CR2), Tagish Lake (C2-ungroupped), Orgueil
(Cl1), Sutter’s Mill (CM), and Murchison (CM2), with micron spatial resolution using
synchrotron-based imaging micro-FTIR spectroscopy. Correlations based on absorption strength
for various constituents are determined using statistical correlation analysis. Silicate band is
found to be positively correlated with stretching modes of aliphatic hydrocarbons in NWA 852
and Tagish Lake. The former is highly correlated with the hydration band in all meteorites.
Negative correlation is observed between water+organics and carbonate bands in all meteorites.
Two dimensional infrared maps for NWA 852 and Orgueil show that carbonates are spatially
separated from water+organic combination, silicates, OH, and CH distributions. Overlapping of
the latter three in NWA 852 and Tagish Lake suggests a possible catalytic role of phyllosilicates
in the formation of organics. Additionally, spectroscopic analyses on Sutter’s Mill meteorite
fragments present multiple distinct mineralogies. Spatial and spectral evidences on this regolith
breccia suggest mixing of multiple parent bodies. Ratios of asymmetric CH, and CH3 band
strengths for NWA 852, Tagish Lake, and Sutter’s Mill are similar to the average ratio of
interplanetary dust particles and Wild 2 cometary dust particles, however significantly exceeds
that of interstellar medium objects and several aqueously altered carbonaceous chondrites such
as Orgueil. This suggests distinct formation regions and/or parent body processing of organics
for these meteorites. Our infrared spectro-microtomography measurements on Murchison
meteorite, representing the first such measurement on any kind of meteorite, comprise of three-
dimensional reconstructions of specific molecular functional groups for understanding the spatial

distributions of these groups.
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CHAPTER ONE: GENERAL INTRODUCTION

1.1 Meteorites

Meteorites are extraterrestrial samples of the solar system. The great majority of them
originate from asteroids. A small fraction comes from comets, Mars, and the Moon.
Carbonaceous chondrites are the most primitive meteorites and are probably fragments of either
primitive asteroids or comets [1]. Their uniqueness is that they still contain and carry records and
signatures of prebiotic chemistry as well as processes occurred during the early solar system [2].
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 to 6).
Nevertheless, they still carry records of presolar materials as well as solar nebula and post-
accretional processes. Carbonaceous chondrites are rich in carbon (C), some proportion of which
is organic C and the rest is inorganic. This group of meteorites contain up to ~6 wt% C [5], and

higher concentrations and varieties of organic molecules than other meteorite types [4].

1.2 Organics

Compositions of carbonaceous chondrites are highly C-rich. Organic carbon content of
Cl, CM, and CR chondrites amounts to at least ~4 wt% [3]. Organic molecules consist of carbon
atoms in rings or long chains, where other atoms (e.g. hydrogen, oxygen, and nitrogen) are
attached. Examples include hydrocarbons, polymers, amino acids, aliphatic-, aromatic-, and
alicyclic- compounds. The synthesis and provenance of organic molecules are highly relevant to

the question of how life arose on Earth. In some cases organic matter of interstellar origin
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survived processing and remained intact within meteorite parent bodies [6]. Some species may
arise during alterations [7, 8], for example, melting of ices would hydrate simple organic
molecules, producing organic compounds of higher complexity. Delivery of these prebiotic
organic compounds may have contributed to the origin of life on early Earth [9-15].
Understanding how organic compounds are formed in extraterrestrial matter is therefore
important to the question of how life arose on Earth [16]. 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.

Many species of organic molecules have been identified in interstellar and circumstellar
regions in gas phase or condensed on dust, e.g. poly-aromatic hydrocarbons (PAH). Most of the
molecules containing more than 4 atoms in such regions include carbon. Simple organic
molecules may be formed in dense interstellar clouds directly via gas phase homogeneous
reactions. It was suggested that organic molecules in space may form through catalytic reactions
on dust grains [17]. In addition, much carbon is found on cosmic dust grains [18], and dust may
be considered as a chemical catalyst [19, 20]. Icy mantles form on dust particles by accretion
and reaction with the surrounding gas. At the typical 10 K temperatures of interstellar clouds,
atoms H, C, O, and N are mobile on grain surfaces and may find reaction partners. Formation of
small molecules is aided by the exothermic nature of the required reactions and the absence of
formation barriers for those molecules. Abundant CO; ice forms on grain surfaces by oxidation
of CO, whereas gas-phase CO- is rare. Observation of OCN spectra in interstellar regions
indicate that acid-base reactions occur on dust grains. Due to reaction barriers, formation of

larger molecules, e.g. CH3OH, requires reaction pathways that must be assisted by UV, cosmic



rays, or elevated temperatures. Such complex and energetic chemistry is clearly possible on dust

grains in the interstellar environment.

Collapse of molecular clouds to form stars and protoplanets processed meteorite source
material by aqueous alteration, thermal metamorphism, and energetic impacts. Such processing
may have combined simple organics into complex ones [21], thus organic species found in
meteorites record reactions that occurred in a variety of distinct environments [22]. Aqueous
alteration forms second-generation complex organics such as amino acids. For instance,
presence of SiC grains in carbonaceous chondrites, and absence in the ISM emphasizes the
importance of processing. In addition, PAHs are synthesized by non-aqueous high temperature

processes [23], such as combustion.

For a given number of carbon atoms, there is complete structural diversity among classes
of organics found in meteorites. Abundance of organics with different numbers of carbon atoms
is determined according to growth by addition of individual carbon atoms. This is consistent
with formation on cold dust-grain surfaces, where the mobility of atoms is due to tunneling

between stable surface sites.

1.3 Mineral — organic connection

Understanding the chemical interaction of organic molecules with minerals in
extraterrestrial materials is very important for understanding the origin of life on Earth [24].
Main processes responsible for the formation of organic molecules are Miller-Urey (MUT) type

and Fisher-Tropsch (FT) type reactions [25]. The former makes use of energy in the form of UV



and/or electric discharges for reactions, while the latter uses host surfaces (e.g., phyllosilicate
surface) for catalytic reactions to concentrate organic molecules. Both of these reaction types are
responsible for specific meteoritic compounds. For instance, majority of organic hydrocarbons
(aliphatic and aromatic) found in meteorites have been formed through FT type reactions,
whereas MU type reactions are responsible for most of the amino acids however fail to produce
hydrocarbons [26, and references therein]. Additionally, solar nebula had conditions that are

appropriate for FT type reactions but not for MU type reactions [26].

Host surfaces are necessary in FT type reactions for the production of organic matter
[10]. Minerals are suggested as providers of the host surfaces [16, 27, 28]. Clay minerals have
been experimentally shown to be successful catalysts for FT type reactions [29, 30]. Indeed,
among the natural catalysts in the solar nebula is phyllosilicates [26]. On the other hand, the
nature and characteristics of mineral surfaces affect reaction rates, so that particular organic
molecules may preferentially concentrate on particular mineral surfaces. In other words,
selective formation of organics occurs on specific mineral types depending on such mineral
surfaces. Therefore, a genetic link between organic matter and mineral products of aqueous
alteration such as phyllosilicates is highly possible. Indeed, those carbonaceous chondrites with
abundant aqueous alteration product minerals such as Cl and CM chondrites have the most
organic matter [28]. Although there are laboratory evidences on the relationships between
organic matter and mineral species, it has been only poorly understood or indirectly shown for
meteorites [2, 28]. Complex organic synthesis has been linked with minerals [16, 28], but the

actual types and phases involved are still in question.



Several evidences indicate partial segregation of organic matter among specific minerals
in heterogeneous meteorites. The degree to which specific organics can be concentrated by
specific minerals depends on factors such as cationic exchange capability, ion-dipole and
coordination interactions, hydrogen bonding, and physical forces such as Van der Waals forces
[16, 31]. In this context, clays are best candidates and examples for absorbing organic molecules
where organic cations replace inorganic cations, thus forming organic-clays [2]. Carbon chains
are found to be longer when clays are present during the synthesis of organics in chemical
reactions in laboratory experiments [32]. Kaolinite was found to be more effective catalyst than
montmorillonite for the production of organic polymers from organic-kaolinite mixtures [33].
Indeed, [34] pointed out the importance of clay minerals in condensation reactions, and they
showed that certain organics form in the presence of kaolinite, but not in its absence. Organic C
has been found in discreet grains in primitive type 3 carbonaceous chondrites, and chemically
altered organics were found suspended in fluid veins of moderately altered meteorites [35].
Carbon of unknown chemical form has been identified preferentially at the surface of metal and

troilite grains in ordinary chondrites [36, 37].

Phyllosilicates are hydrated layered silicates produced by the interaction of liquid water
and rock-forming minerals. Clays are especially important type of phyllosilicates. Organics may
be bound within the layers of clay minerals, increasing the effective surface area for catalyzing
the formation of primitive biopolymers [16], and protecting them from destruction by later
processing [2, 38]. [39] reported that clay minerals are highly capable of absorbing organic
molecules by exchanging cations between organic and inorganic compounds. Adsorption and

retention of organics by clay minerals has been studied by several groups [e.g., 16, 27, 28, 40,



41, 42]. Indeed, organics and clay minerals are found together within the chondrule rims in
Murchison [28]. [43] experimentally showed that organic molecules were not only synthesized
by clay minerals such as smectite and montrmorillonite, but also protected from destructive
events. [2] showed that clay minerals in Cl chondrites and Tagish Lake meteorite played a
catalytic role for the production of meteoritic organic molecules, and additionally protected
organic C in Tagish Lake from oxidizing conditions. To date, no correlation between organic

matter and sulfide minerals or metals has been found.

During early biological evolution, mineral surfaces played the role of gathering organic
compounds [10], but whether specific minerals adsorb only certain types of molecules remains
unknown. However there does exist some evidence to support the hypothesis of partial
differentiation of organics among specific minerals in heterogeneous meteorites. Very little is
known about the spatial distribution and mineralogical relationships of organics in meteorites.
Any relationships between minerals and organics should be known to understand the evolution

of organic material in early solar system.

1.4 Work in this dissertation

As discussed above, there are evidences to suggest that certain minerals may be
associated with, and play a role in the formation of specific organic molecules. Though,
conditions in space differ from those in the laboratory, such relationships seem likely in
heterogeneous meteorites, for which mineral-organic correlations have been very little
investigated to date. Knowing whether the organics exist as separate blobs or coat pre-existing

mineral grains, and whether specific organics associate with specific kinds of minerals can



provide clues about which came first and could tell us if the mineral grains played a role in the
formation of the organics [Scott Sandford, private communication]. A little work is being done
in this area, yet it takes highly advanced analytical instrumentation since we need to search for
the organics in situ on micron and submicron scales. The experimental approach employed for
this work has this unique capability to spectrally interrogate large areas at micron spatial
resolution to identify and locate organic molecules simultaneously within the local mineralogy of

the sample.

Organic molecules and minerals have characteristic vibrational absorption bands in the
mid-infrared between 3 and 15 pm wavelengths, which is an important region for remote
characterization of cosmic dust and meteorite source objects [e.g., 44, 45], where interpretation is
facilitated by laboratory measurements on both pure phases and heterogeneous meteorites [46].
For the work presented in this dissertation, large amount of spectroscopic data have been
acquired from meteorites in situ with high spatial resolution. Chapter 2 describes these meteorite
samples as well as experimental techniques employed for this research. Chapter 3, 4, and 5
present results for organic — mineral correlations in Northwest Africa 852, Tagish Lake, and
Orgueil meteorite grains, respectively. Chapter 6 presents micro-infrared and micro-Raman
spectroscopic results of multiple Sutter’s Mill meteorite grains, and discusses origin of this
meteorite as well as parent body processes. Finally, chapter 7 presents an application of a new
experimental technique to meteorites: three-dimensional infrared spectro-microtomography

measurements on Murchison.



CHAPTER TWO: SAMPLES AND EXPERIMENTAL DETAILS

2.1 Meteorite samples

Meteorite samples studied in this dissertation are five carbonaceous chondrites,
Northwest Africa 852 (CR2), Tagish Lake (C2 ungroupped), Orgueil (CI1), Sutter’s Mill (C
ungroupped), and Murchison (CM2). All of these meteorites experienced different types of
processing at varying degrees on their respective parent bodies, which is evident from their

infrared and Raman spectra.

Chips of these samples were ground down to ~10 — 30 micron sized powders with an
agate mortar and pestle set. Subsequently, a sparse layer of non-overlapping grains were placed
on a diamond window for micro-FTIR transmittance spectroscopy, and on a silicon substrate for
micro-Raman measurements. Spectra of individual grains were collected after regions of interest

were defined under the optical microscope.

Contamination can affect meteorites and change their spectra [e.g., 56]. It was reported
by [57] 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.
These contaminations usually give rise to C-H stretching features between 2800 — 3000 cm™,
which makes the identification of indigenous C-H stretching features difficult. We note that
meteorite samples studied here are free of any contamination. 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 phyllosilicate-rich carbonaceous chondrites
were stored in this way, and their infrared spectra show no C-H stretching features in the region

2800 — 3000 cm™. Therefore, we conclude that our sample preparation protocol is



contamination-free, and the organic matter observed in our experiments is indigenous to the
meteorite samples. Terrestrial weathering might affect infrared spectra of meteorites. For
instance, as a result of terrestrial weathering, oxidation may occur in iron-rich meteorites,
however iron-oxides have absorption features in the visible region, therefore does not affect our
investigations. Additionally, terrestrial weathering seems to have little or no effect on bulk C
content of meteorites [58]. NWA 852 itself has experienced very little terrestrial weathering and
is classified as weathering grade W1 [1]. Murchison has weathering grade of W1-2. Other

samples’ weathering grade is currently unknown.

FTIR microspectroscopy and micro-Raman spectroscopy have been considered as
nondestructive techniques for in situ investigation of meteorite samples [59, 60]. 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. This crushing process does not alter the samples,
chemically or physically. Some of the petrographic context may be lost as a result of crushing
the sample, i.e. information on chemical and mineral distributions over lengths scales of several
mm may be lost. However, we retain it on lengths scales of ~10 microns, and we can preserve it
over length scales of several mm by crushing different samples from different portions of the
parent meteorite. In fact, not only the two spectroscopy techniques are useful and practical for
the investigation of chemical compositions of meteorite samples at a micron and submicron
scale, they have significant advantage over other techniques such as chromatography,
combustion, TEM, SIMS and ICPMS, all of which alter the chemical composition of samples

and are considered to be destructive [e.g., 60].



2.2 Micro-Raman spectroscopy

Microscopic analysis and examination of materials such as minerals and polymers via
their vibrational modes were performed as a complementary study by micro-Raman
spectroscopy. Micro-Raman spectra of meteorite samples were collected in situ at the Material
Characterization Facility of University of Central Florida with Renishaw RM 1000 micro-Raman
spectrometer coupled to a Leica DMLM microscope, a CCD detector, and Ar ion CW laser
excitation at 514.5 nm wavelength. Total laser power of 20 mW was focused to a 4 um? spot, so
that the intensity on the sample was 5 mW/um?. Experimental setup is shown in Figure 1. For
data collection, small amount of meteorite powders were placed on a silicon substrate, then the
substrate was placed under the microscope. A 50X objective was used for collecting spectrum
after meteorite grains were located on the substrate using a 5X objective. The spectrometer was
calibrated using a silicon substrate with a well characterized Raman band at 521 cm™. All grains

were measured 3 times with an integration time of 30 seconds between 800 — 2200 cm™.

Figure 1: Micro-Raman spectrometer at Material Characterization Facility of UCF (left) and
meteorite powder on a silicon substrate (right) for measurements.
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2.3 Synchrotron-based FTIR microspectroscopy

Fourier transform infrared (FTIR) microspectroscopy is an analytical technique for in situ
identification of organic and inorganic functional groups within samples. Each absorption band
in a spectrum corresponds to specific vibrational mode of a molecule, which is used for
compositional identification. Especially mid-infrared region of the electromagnetic spectrum,
4000-800 cm?, provides helpful information through infrared absorption bands of organics and
minerals, most of which appear in the 1700 — 800 cm™ region called “fingerprint region” [e.g.,

59, 61, 62-66].

Table 1: Synchrotron flux advantage (reprinted from [68]).

Source Pixel size (um?) Flux photon / pixel Integration time (ps)
300 K Thermal background 40 X 40 10t 300
Globar 6.25 X 6.25 10%2 50
Synchrotron 0.54 X 0.54 108 3

Advancements in infrared spectroscopy include replacement of thermal globar light
source with synchrotron radiation, and replacement of single-element detector with a focal plane
array (FPA) detector [67]. The former increased the signal-to-noise ratio as well as the spatial
resolution significantly since synchrotron radiation is up to 1000 times brighter than regular
thermal radiation sources, whereas the latter enabled and improved acquisition of simultaneous
data from samples [67]. Advantage of synchrotron radiation is also pointed out in Table 1 [67].
Figure 2 presents signals of both light sources. As seen from the figure, synchrotron radiation has
significantly higher signal to noise ratio. For further comparison, a ~30 um size Orgueil
meteorite grain was measured consecutively with both light sources. Figure 2 presents infrared

spectra of the meteorite grain. Absorbance bands are more pronounced and better resolved in the
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case of the synchrotron radiation. For instance, bands near 1000 cm™ due to hydrated minerals,
and features near 2900 cm™ due to aliphatic organics are some of the observed features in the
spectrum collected with the synchrotron radiation; however these absorbance bands, especially
the latter, are difficult to observe in the spectrum collected with the globar source. Similarly,
absorbance band near 3650 cm™ due to structural OH in phyllosilicates is clearly observed in the
spectrum collected with the synchrotron radiation; however this band is lost in the noise in the
spectrum collected with globar light source. Furthermore, Figure 2 presents the same meteorite
grain’s visible micrograph and infrared image at 2850 cm™. Synchrotron light source yields
much higher spatial resolution, which reveals concentrations of molecular functional groups
within the meteorite grain, however these the infrared image collected with the globar light

source fails to reveal these functional groups.
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Figure 2: Spectrum of an Orgueil grain with both globar and synchrotron light sources for
comparison. Top: Signal of both light sources (left), and mid-infrared spectrum of Orgueil
meteorite grain collected with both light sources. Bottom: Visible micrograph (left), and infrared
image of the Orgueil meteorite grain at 2850 cm™ with globar light source (middle) and
synchrotron radiation (right).

Therefore, synchrotron-based Fourier transform infrared microspectroscopy (micro-
FTIR), which gives information on the organic and inorganic content in single chondrite grains
with micron spatial resolution, is employed for this work. Infrared spectroscopic measurements
were performed at Synchrotron Radiation Center (SRC), University of Wisconsin in Madison.
The experiment is installed on the IRENI (Infrared Environmental Imaging) beam line [67-70].
Multiple fans of radiation extracted from a bending magnet are collimated, and rearranged with
mirrors into a 3 x 4 matrix of beams, which homogeneously illuminate a 52 pm x 52 um sample
area (see Figure 3 for beam path illustration) in the commercial focal plane array (FPA). The
endstation of the beamline is a Bruker Vertex 70 FTIR spectrometer connected to a Bruker

Hyperion 3000 IR microscope equipped with an FPA detector of 3850 — 800 cm™? spectral range
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(2.5 — 12.5 pm). The microscope operates in transmission mode with a 74x magnification
Schwarzchild-Cassegrain objective with numerical aperture (NA) of 0.65. The geometric
effective area at the sample plane of 0.54 um x 0.54 pum pixel imaged onto 40 um x 40 pm
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 pixels x 96 pixels. A detailed review of the instruments is presented in [67]. Spectra were
recorded with 4 cm-1 resolution using 128 co-added scans. A clean, sample-free region of the

diamond window was used for reference spectra.

Sample ¥

FPA
Spectrometer
.

8 nn "
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nnnn

Figure 3: Schematic of IRENI. a) Optical arrangements of IRENI showing mirrors which direct
the beam path from the bending magnet, to the spectrometer through the condensing onto the
sample, through the objective and onto the detector. b) Defocused illumination of the IR beams
onto the FPA detector. ¢) Conventional image of the visible portion of the focused synchrotron
beams. d) Visualization of the beam path through the M3 and M4 mirrors by a photo generated
by scattering the visible portion of the beams. Reprinted by permission from Macmillan
Publishers Ltd: Nature Communications [68], copyright (2011).
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Grain heterogeneity and correlations between different spectral features are revealed by
investigating spectral and spatial relationships between organics and minerals studied in situ
without chemical extraction. The sample to be analyzed is placed on a diamond window which
is mounted onto a motorized, programmable mapping stage (see Fig. 4). After having defined the
mapping parameters, an infrared spectrum at each pixel within the defined area is simultaneously
collected within just minutes. Throughout the experiments, infrared spectra were recorded with 4
cm™ resolution using 128 co-added scans. These raw spectra were later divided by reference
spectra collected at a sample-free and clean region of the diamond substrate to obtain

transmittance.

Figure 4: Experimental setup and instruments at the Synchrotron Radiation Center. Left: Optics,
spectrometer, and the microscope. Right: Microscope with a joystick controlled sample stage.

Using IGOR Pro and IRidys software packages [69], a spatially averaged IR spectrum of
a grain is obtained by masking out the sample-free regions of the image and averaging the
spectra for all pixels in the unmasked region. Using these software packages, we also obtained
line profiles across a 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.
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These integrated intensity maps were used to obtain the spatial distribution of the various mineral
and organic types within the grain. Correlation coefficients were obtained using the descriptive
statistics function of the OriginPro software package. Certain ratios and their statistical

distribution were analyzed to infer primitiveness of samples.

2.4 Three dimensional imaging with synchrotron FTIR spectro-microtomography

IRENT’s capability of acquiring two dimensional high spatial resolution infrared images
is described above. Recently, the instrumentation has been upgraded and three-dimensional FTIR
spectro-microtomography made possible for the first time [71]. We measured three-dimensional
synchrotron-based infrared spectro-microtomography of Murchison with the upgraded
instrumentation. The experimental procedure is similar to what is discussed above for the
acquisition of two dimensional infrared images, except that this time the meteorite sample of
interest was rotated in time as its numerous projected two dimensional images are collected, after
which four dimensional reconstructions are generated: three dimension for the spatial
representation of a sample, and one for the full mid-infrared spectral dimension [e.g., 71]. Using
this technique, the chemical composition of samples, spatial distributions of different molecular

functional groups are revealed in three dimensional space [71].

FTIR spectro-microtomography experiments were conducted at IRENI beamline at the
Synchrotron Radiation Center, University of Wisconsin in Madison. Single 50 um X 50 pm
sized grain of a pristine Murchison sample was mounted on a MiTeGen sample holders (e.qg.,
[71]). This holder consists of a stainless steel rod and a tip. The tip is a 10 micron thick

polyimide loop, which may introduce interference to the spectrum of the meteorite sample [71].
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Nevertheless, spectral differences such as absence of CH stretching modes in spectrum of
polyimide allow us to acquire data in the mid-infrared region from the meteorite sample itself

[71].

The meteorite grain was mounted to the loop of the sample holder, and the sample holder
was subsequently mounted to the sample rotation stage. Using 15X (N.A. = 0.5) condenser and
36X (N.A. = 0.5) objective [e.g., 71], the microscope was focused onto the meteorite grain. The
rotation of the stage was computationally controlled for precise rotation of the sample under the
microscope [e.g., 71]. The meteorite sample was rotated in increments of 1.6 degree, and spectral
image of each orientation was collected, totaling to 225 two-dimensional transmission
measurements over the 360 degree of rotation, each image with field of view size of 128 X 128
pixels spanning the field of view and giving 1.1 pm X 1.1 um spatial resolution and 8 cm-1
spectral resolution. Thus, each three-dimensional reconstruction consists of millions of voxels,

each with 1.1 um X 1.1 um X 1.1 pm size and a specific full mid-infrared range spectrum [71].

Reconstruction of these datasets is done by using software packages [71]. Integration
wavelength range of each chemical component was determined from the grain averaged infrared
spectrum from one of the 224 datasets. Namely, specific infrared absorbance bands are due to
specific species present in the sample, and therefore peak positions of these bands are used for
determining the frequency ranges for integration. Therefore, different frequency regions can be
reconstructed for representation of amount of a particular component present within the sample.
Moreover, any two or more frequency ranges can be reconstructed together, which would
represent spatial distribution of combination of those species present in the sample [e.g., 71],
revealing relative distributions of components. Different colors are assigned to reconstruction of

different components such that these components are distinct within the reconstructed image.
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CHAPTER THREE: ORGANIC AND MINERAL CORRELATIONS IN
NORTHWEST AFRICA 852

3.1 Introduction

Northwest Africa 852 (NWA 852) was found in 2001 in Morocco. It is classified as a
CR2 chondrite. It has large, millimeter size chondrules in addition to carbonates, aromatic and
aliphatic organics. Additionally, NWA 852 has hydrous as well as anhydrous silicates, the latter
being relatively in lesser amount. Significant amount of presolar grains have been identified in

NWA 852, and considerable amount must have been lost due to aqueous alteration [1].

NWA 852 is a CR2 carbonaceous chondrite with low weathering grade (W1), 1.3 Fa
(mol%), and 4.3 Fs (mol%) [117]. It reportedly presents low chondrule/matrix ratio and Fe-rich
olivines [117]. Furthermore, NWA 852 presents high presolar grain abundances. Reported by [1]
are 24 presolar silicates, 7 presolar oxides, and 8 SiC grains in NWA 852. However, to date no

study exists on organic and mineral inventory of NWA 852.

3.2 IR spectral signatures

Figure 5 presents the spatially averaged mid-infrared spectrum for an NWA 852 grain
that nearly fills a 34 um x 34 um field of view and which comprises the sum of individual
spectra from ~3964 pixels (Fig. 6, right). Lettered arrows in Figure 5 indicate the location of

distinct and identifiable absorbance bands.
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Figure 5: Average absorbance spectrum of NWA 852 (CR2) grain.

The symmetric band A near 1018 cm™ is due to the Si-O stretch of hydrated silicates [60,
72]. The broad band E near 3400 cm™ is a stretching mode of interlayer and/or adsorbed water
[64]. Together these two bands indicate the presence in this sample of phyllosilicates, possibly
clay minerals. This is consistent with the identification of clay in CR2 chondrites [e.g.,73]. On
the other hand, the signature band of structural OH near 3650 cm™, as would be observed in
some phyllosilicates, and which we have observed for grains of Orgueil and Tagish Lake is

absent in this spectrum (see text).

An asymmetric broad band B shown in Figure 5 occurs within 1300 — 1500 cm™, which
identified as the carbonate region [e.g., 60, 64, 72, 74]. This band is simply due to the C=0

stretch of COs? in carbonate minerals.

The broad band C in Figure 5 occurs within 1500 — 1800 cm™, and due to a combination
of organics and water. Shoulders appearing between 1520 - 1600 cm™ and at 1632 cm™ are due

to the C=C bond in aromatics [e.g., 60, 75]. [3, 76] reported a C=C stretch at 1590 cm™*, which is
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indistinct in our spectrum. The band at 1650 cm™ is due to bending vibrations of water [59, 64].
Shoulders at 1660 cm™ and at 1700 cm™ are stretching modes of C=0 in carbonyl/carboxyl
functional groups [3, 76]. The latter band has been attributed to the C=0O stretch in saturated
aliphatic ketone by [60]. The weak shoulder that we observe at 1715 cm™ is due to saturated
aliphatic ketones. Shoulders and together indicate the presence of aliphatic ketones. The more
distinct shoulder at 1738 cm™ can be due to C=O stretching mode in saturated aliphatic
aldehydes and/or esters, except that aldehyde should also have a feature near 2730 cm™ [e.g., 77],

which is lacking. These identifications agree with the discussion of carbonyls by [78].

The sharp and distinct features comprising band D in Figure 5 are characteristic of
aliphatic hydrocarbons. Features at 2854 cm™ and at 2923 cm™ are due to symmetric and
asymmetric stretching modes of CH, while those at 2873 cm™ and at 2952 cm™ are due to

corresponding modes of CHg, respectively [59, 60, 79].

Although there is no clear identification for the weak broad band observed in Figure 5
between 1800 and 2130 cm™, this may be due to overtones of strong silicate band (A). Narrow
spikes near 2360 cm™ are artifacts due to atmospheric CO,. Table 2 collects the observed bands,

their positions, and their interpretations.

Table 2: Positions and assignments of the observed bands.

Label  Position (cm™) Mode Possible assignments
A 1018 Si—O stretch @ Phyllosilicates
B 1440 C=0 stretch Carbonates
C 1650 H-O-H bend ¢ Water
D 3000-2800 C-H stretch & ¢ d Aliphatic hydrocarbons
E 3400 H-O-H stretch Interlayer/adsorbed water

*[60], ° [64], ° [79], * [59]
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3.3 Spectral cross section of the grain

Figure 6 presents visible micrograph of the NWA 852 grain, and the infrared image at
2921 cm, where the 16 level color scale in rainbow sequence indicates absorbance, red being

the highest. The vertical lines define spectroscopic line profiles.

Figure 6: Visible micrograph (left), and infrared image of the NWA 852 grain at 2921 cm'*
(right).

The spectroscopic line profile across the grain is obtained for the slices indicated by the
vertical line on the infrared image in Figure 6. Each line drawn consists of 63 pixels, each with
an associated full mid-infrared range spectrum. Alternate pixels were selected for data analysis
with 1 um separation. As representative, the spectra of the rightmost slice shown in the infrared
image are presented in Figure 7 with the ordering of the curves bottom to top following a bottom

to top scan across the grain.
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Figure 7: Spectral line scan of the rightmost cut indicated in Figure 9 (right). Each successive
spectrum is offset vertically by 0.4 absorbance units for clarity.
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Figure 8 presents a comparison of integrated intensities of bands A, B, C, D, and E. Total
of 202 spectra obtained from the spectral cuts, shown in Figure 6. Integrated absorbance and
widths of the various bands change with position across the grain. Absorbance is the product of
absorption cross section, concentration, and thickness. If the changes were due simply to the
non-uniform thickness of the grain, then all of the absorbances would change together. We see
from Figure 7 and Figure 8 that they have different spatial dependences, indicating that the
relative concentrations are spatially non-uniform. The most noticeable effect is that band B
appears to be negatively correlated with band C. Furthermore, band D seems correlated with
band E, dropping near six regions that correspond to the upper edge of the meteorite grain, and

otherwise staying flat across the grain.

Integrated Intensity (a.u.)

#Br

120 140

Pixels

Figure 8. Comparison of integrated band strengths for the line scan across the grain. Letters in
the legend represent the absorbance bands in Figure 5.
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3.4 Pearson correlation coefficients

Although Figure 7 and 8 give insights of relationships of among functional groups within
the grain, it is difficult to make any conclusion based on these graphs. More conclusive
interpretations require quantitative statistical analysis methods such as Pearson’s correlation
coefficients. This method determines relationships among variables in a dataset [e.g., 80].

Mathematical calculation of such coefficients is as follows;

Let X represents the integrated area of one of the bands and let Y be the same for one of the

other bands. The variance Sy? of X is calculated from

5 2 — LXOE-X) (1)

X n-—1

Eq. 1 is positive definite. The covariance (Sxy) is then calculated from
Y(X-X)(Y-Y
Sxy = ¢ n—)g ) . (2)

Eqg. 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 Eq. 1, we obtain the correlation coefficient

r= -2 @3)

SxSy

The values of r lie between -1 and +1. Negative values indicate anti-correlation and positive

values indicate positive correlation. The strength of coefficients, as described by [47], given in
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Table 3. Namely, the closer a coefficient is to +1, the stronger is the correlation or

anticorrelation. Although these limits are arbitrary and may vary in the context of meteorites.

Table 3: Correlation coefficients and their strength.

Coefficient Strength of relation
[0.1-0.3 Weak
|0.3-0.5] Moderate
05-1.0] Strong

For each spectrum in Figure 7, characteristic absorbance bands were linear-baseline
corrected between the end points, and their intensities were integrated via equation (4)

individually to obtain band area of each absorbance band in each spectrum.

Apana = fband Ld, 4)
where |, is intensity, and Anand IS integrated intensity (or area) of a band. These integrated
intensities comprise the dataset for correlation analysis. Integration regions were 850-1200 for
band A, 1200-1500 cm™ for band B, 1500-1750 cm™ for band C, 2800-3000 cm™ for band D,

and finally 3000-3700 cm™ for band E.

Pearson correlation method makes several assumptions, some of which are i) variables
must be interval measurements, ii) variables must be normally distributed, iii) variables must
have equal variances. Visual inspection of the dataset confirms that all of these assumptions are
satisfied. Commercial software OriginPro was used to calculate the correlation coefficients as
well as their respective significance levels, which are collected in Table 4. A small value for
significance indicates high confidence. Coefficients with “*”are significant at the 95%

confidence level. In other words, possibility of a correlation being due to chance is 5% or lower.
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Table 4: Pearson correlation coefficients for NWA 852. Letters represent the absorbance bands

in Figure 5.
B C D E
A Corr. - 0.35* 0.48* 0.48* 0.52*
B Corr. 1 - 0.28* - 0.24* - 0.05
C Corr. 1 0.50* 0.63*
D Corr. 1 0.66*
E Corr. 1

A: Silicates, B: Carbonates, C: Organics+water, D: Aliphatic hydrocarbons, E: OH

We observed that band D (due to aliphatic hydrocarbons) is strongly correlated (r = 0.66)
with band E (due to OH). Band A (silicates) is also strongly correlated with the OH band E (r =
0.52) and also with the aliphatic hydrocarbon band D (r = 0.48), however negatively correlated
with the carbonate band B (r=-0.35). A negative correlation (r = - 0.28) was found between
carbonates (band B) and organic+water combination (band C). Band C shows a strong positive
correlation with D (r = 0.50) and E (r = 0.63). Since B and C are negatively correlated, and C is
positively correlated with D and E, one may intuitively expect B to be negatively correlated with
D and E. This is indeed the case, as shown in Table 4 that B is negatively correlated with D and

E, though with relatively low confidence.

3.5 Infrared spatial distribution maps of organic and mineral compounds

Infrared images give the spatial distribution of absorbance at a particular wavenumber.
Such maps may be used to infer the relative amounts of organic molecules or inorganic minerals

present at particular locations within a grain. The high spatial resolution, broad spectral
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coverage, and simultaneous data acquisition over the entire field of view allows us to acquire
detailed spatial maps of composition for many grains in reasonable times. These maps are
obtained by integrating the infrared image (Figure 6) over the frequency range of the spectral
band of interest. This integration is done after a linear baseline is subtracted from the absorption
band in the same range. Figure 9 presents these integrated absorbance maps of the bands
indicated in Figure 5. The integration range for each map was same as integration of individual

bands for correlation analyses.

Figure 9a 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
pm, 20 um). Figure 9e presents the spatial distribution for OH, which also has prominent
absorption in the region near (20 um, 20 um). The spectral overlap for these two plots is less in
other spatial regions. Thus, the region near (20 um, 20 pm) may have abundant hydrous silicates
(e.g., phyllosilicates) while the other regions of strong absorption in Figure 9a may correspond to
anhydrous silicates (e.g., olivine). Note that the olivine shoulders at 873, 925, and 956 cm™ are

within the band-A integration range.

Figure 9b is the carbonate map, which indicates high absorbance along the outer edges of
the grain and none within the center. In particular, the carbonates overlap little with silicates

(Figure 9a) or OH (Figure 9e).

Figure 9c presents the map of absorbance due to both organics and water, where the
organics are mostly carbonyls with aromatic contributions. The islands of strong absorbance do
not overlap with the carbonate concentrations (Figure 9b). As in [64], organics and water appear

to be interleaved with carbonate regions.
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The map for the C—H stretching in aliphatic hydrocarbons (Figure 9d) overlaps with OH
(Figure 9e) more than it overlaps the silicates map (Figure 9a). This is consistent with the

association of organics with phyllosilicates [e.g., 28, 64].
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Figure 9: Integration maps of NWA 852 grain for characteristic absorbance features. a) Silicates,
b) Carbonates, ¢) Carbonyls and water, d) Aliphatic hydrocarbons, €) O—H, The color scale in
rainbow sequence indicates absorbance in 16 levels, red being the highest.
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3.6 CH» / CHj3 ratios and comparison to astronomical objects

Aliphatic hydrocarbons give rise to infrared features between 2800 and 3000 cm™ (Figure
8), whose peak positions and chemical assignments are collected in Table 2. Aliphatic chain
length and degree of branching can be inferred from the CH2 / CH3 absorbance ratios [64, 81,
82]. A high ratio indicates long aliphatic chains and/or a low degree of branching [60]. Hence, a
high ratio suggests primitiveness and low parent body alteration. We baseline corrected the band
D region (2800-3000 cm™) by subtracting a straight line that is tangent to either end-points of the
region in the grain-averaged spectrum (Fig. 5). After linear baseline correction, the CH; / CHs
absorbance ratio for NWA 852 was determined to have the average value 2.53, which is
compared in Table 5 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 particle. It exceeds that of DISM and
several carbonaceous chondrites of petrologic type 1 and 2, indicating that such chondrites have
experienced a higher degree of aqueous alteration than has NWA 852. In other words, the grain-

averaged ratio suggests that NWA 852 is comparable to more primitive and less altered objects.
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Table 5: Astronomical objects and their CH2 / CH3 ratios.

Objects lchz/ lcHs
NWA 852 (CR2) 2.53%
Wild 2 particles 2.50°P
IDPs (anhydrous) 2.46 ©*

IDPs (hydrous) 2.31%*
DISM 1.17492 1,072
Paris (CM) 1.80°¢
Bells (CM2) 1.40°
Murchison (CM2) 1.007
Orgueil (CI1) 1.40f
2 This study, ° [62], ¢ [83], ¢ [84], © [85], ' [64], ¢ [72], 2

Average.

On the other hand, the ratio shows strong variability across the grain, ranging in value
from 1.7 to 3.7 for the rightmost line scan in Figure 6. The variation in ratio values suggests that
the grain contains a mixture of very primitive and strongly altered material. The distribution of
ratios for nearly 250 pixels from the central part of the grain is presented in Figure 10. The mean
value is 2.34. The difference between this determination and that given in Table 4 for the grain-

averaged spectrum (Figure 5) indicates a ~10% uncertainty for the average ratio value.

In principle, the ratios may depend on the strength of the absorption. For instance, it
could happen that as the total concentration of CH increases, one component might increase
faster than another, i.e. that the ratio depends physically on the concentration of organic material.
To test this, ratios were binned, averaged, and plotted together for three ranges of integrated area
for the CH band “D” (Figure 11). The CH2 / CHa ratios decrease from 2.74 to 2.10 with
increasing band strength, suggesting that while overall CH band area is increasing, and the CH3
band grows faster than CH> band. This suggests that CHz is favored over CH> by high organic

concentrations. On the other hand, the standard deviation of binned ratio values, also plotted in
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Figure 11, exceeds the differences in average ratio values, suggesting that their decrease with
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Figure 10: Histogram of the CH2 / CHsrratios.

One expects the uncertainty in the ratio values to be larger for the weaker bands. Indeed,

Figure 11 shows that the standard deviation is higher for the weaker bands, but only slightly so.

Thus, “extreme” values of the ratios are not artifacts due to inclusion of weak bands. Hence, the

possibility is real that NWA 852 contains a fraction of non-primitive or heavily altered material.
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Figure 11: Mean and standard deviation of the CH> / CHzratios.

3.7 Discussion

In this chapter, we showed a correlation between aliphatic type organics and silicates in
NWA 852. Infrared maps show that the silicate concentration overlapping with aliphatic organics
also overlaps with the OH concentration. This indicates that hydrated silicates are closely
associated with organics in NWA 852. Therefore, our results indicate that such silicates may

have played an important role for production of organics in NWA 852,

Presolar grains previously have been found in meteorites and IDPs. [87] reported
abundant presolar grains in CR3 chondrites, Meteorite Hills (MET 00426) and Queen Alexandra
Range (QUE 99177). Presolar grains in IPDs have been reported by [118]. Parent body
processing such as aqueous alteration and thermal metamorphism tend to alter/destroy presolar
grains, therefore resulting in less presolar grain abundances [e.g., 1, 120, 119]. Namely, presolar
grain abundance goes from higher to lower in type 3 to type 1 carbonaceous chondrites,
respectively. NWA 852 is unique among CR chondrites with abundant presolar 'O and §'°N
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enriched grains [e.g., 1], which indicates parent body alteration at a lesser extent. Thermal
metamorphism may particularly modify aliphatic type organics such that the CH>/ CHs would be
lower. For instance, irradiation by energetic particles may break — CH2 — CH3 bonds, and
heating may aromatize aliphatic molecules. Both processes shorten chain lengths and result in
lower CH> / CHz3 ratios [72]. Raman features for insoluble organic matter show that CR
chondrites are more primitive than Cl and CM chondrites based on their D and G band profiles
(e.g., [86]). We observed that NWA 852 lacks an infrared band due to aromatics near 3050 cm
which has been observed in altered meteorites with low CH>/ CHjs ratios, e.g., Murchison [89]
and Paris [72]. The broad CH2/ CHs ratio distribution (Fig. 10) suggests that NWA 852 is far
from uniformly primitive, and there exists considerable amounts of altered material concentrated

within the individual grain studied. This is consistent with previous reports discussed here.

IDPs and Wild 2 cometary dust particles have similar mid-infrared spectral profile near
the C-H stretching region of aliphatic hydrocarbons [62, 90]. We see similar spectral profile in
terms of peak shapes and CH2/CHs ratios in NWA 852. For instance, NWA 852 and Wild 2
samples have the same CH2/CHs band strength ratio (~2.5), which is clearly larger than that of
other primitive carbonaceous chondrites such as Orgueil and Murchison (~1.1) and of diffuse
ISM objects (~1.2) (Table 5). This indicates longer (or less branched) aliphatic hydrocarbon
chains for Wild 2 particles, IDPs, and NWA 852 than those in the diffuse ISM material and
several other carbonaceous chondrites, suggesting that the organic matter in these two different
group of astronomical samples may have formed in different locations (or under different

conditions) [90].

Based on the evidences presented here, 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
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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;
a nebular signature is the high ratio of CH2/ CHs. The question is whether regions of high ratio
(primitive) are spatially distinct from regions of high carbonates (altered) and regions of low
hydration (metamorphosed). In case of NWA 852, visual inspection of Figure 9 suggests that
carbonate-rich regions have lower CH> / CHs ratios compared to values for regions that are
relatively carbonate-poor, suggesting a negative correlation between carbonates and aliphatic

type organics.

Agueous 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 (I0OM) ranges from 70 to 99% of the total in carbonaceous chondrites
[76, 87]. Although there has been no report of the percent IOM in NWA 852, the soluble fraction
is in any case a minority. Even then, dissolved materials stay close to their source in CR
chondrites [73]. In highly altered grains, characteristic ~100 pum migration distances are two
orders more than 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.

Few reports exist on infrared spatial mapping of meteorites. For instance, [59] reported
absorbance maps of Murchison and Orgueil using synchrotron based FTIR microspectroscopy

with relatively low spatial resolution. Additionally, Spatial mapping at single wavelengths in
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Bells meteorite by near-field infrared microspectroscopy was reported by [64], however less
information is provided than by characterization over the full mid-IR range, and spatial mapping
by step scanning is time consuming. 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 micron length
scales.

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 HCI [e.g.,
3, 76]. After demineralization, the remaining material is the IOM residue. Whether chemical
alteration of organic matter through acidic demineralization occurs [88, 89], or not [90], is
controversial. [89] 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

CH. / CHjs ratios (giving shorter chains or more branching) and increase in aromatic CH content.

3.8 Conclusions

We investigated relationships among organics and minerals by mid-infrared synchrotron-
based imaging micro-FTIR spectroscopy of the CR2 chondrite NWA 852. 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 micron length scales. Statistical analysis shows that the silicate-band
is positively correlated with OH and CH bands, which are correlated with each other. However,

the spatial overlap of silicate and OH is imperfect, due probably to a heterogeneous mixture of
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anhydrous and hydrated silicates. Strong negative correlation has been observed between
carbonate bands and the carbonyl-water combination band, and the two have clear spatial

separation within the grain.

The average CH2 / CHs ratio for NWA 852 indicates a predominance of CH, over CH3
that is comparable to that in IDPs and Wild 2 cometary dust particles. The ratio exceeds that for
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. Spatially resolved ratios indicate a considerable distribution, with a sizeable

fraction of strongly altered material despite the petrologic classification of 2.
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CHAPTER FOUR: ORGANIC AND INORGANIC CORRELATIONS IN
TAGISH LAKE

4.1 Introduction

Tagish Lake meteorite (“Tagish Lake” hereafter) fell in January 18 2000 in British
Columbia, Canada. Some fragments fell and landed on Taku Arm of the Tagish Lake. First
fragments were recovered on 25 January 2000 from the surface of a frozen lake. Further
expeditions collected more fragments within the region, most of which were on the frozen lake
surface and some below the surface [51]. Interaction of specimens with melted water might have

altered them at varying extends.

Tagish Lake is thought to be the most pristine carbonaceous chondrite among all
recovered meteorites [120]. It is a petrologic type 2 ungrouped carbonaceous chondrite with
affinities to Cl, CM, and possibly CR chondrites [120, 121]. It is a breccia with matrix that
consists of olivine, phyllosilicates, carbonates, and sulfides, however bulk composition consists
of phyllosilicates, carbonates, olivine, magnetite, calcium- aluminum-rich inclusions (CAls),
sulfides, and presolar grains [51]. It is C-rich aqueously altered meteorite. In Tagish Lake,
nearly 3.7 wt.% C derives from carbonates and the rest from organics, while this is different than
Cl and CM chondritic carbon distribution, in which ~0.35 wt.% C derives from carbonates [51].
Soluble organic C in Tagish Lake is only about 1 %, and the rest is insoluble organic matter
(IOM) [50]. P- and D-type asteroids, and extinct comets have been suggested as candidates of
parent body of Tagish Lake based on compositional properties and characteristics such as
abundant carbon, aqueous alteration, abundant presolar grains, abundant carbonates with varying

compositions, low abundance of chondrules and CAls [51, and references therein]. Spectroscopic
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data also points to a D-type asteroids [52]. Density of bulk Tagish Lake is measured as 1.66 +

0.08 g/cc [53].

Two different Tagish Lake lithologies have been reported, carbonate-rich, and carbonate-
poor, where the former has a lower abundance of magnetite and a higher abundance of calcite,

and almost no CAl than the latter [53, 54].

Here we present results of infrared spectra, correlation coefficients, and spatial
distribution maps of two Tagish Lake grains. Spectral signatures shown here suggest that the
Tagish Lake sample studied here belongs to the carbonate-rich lithology. Grain-averaged
infrared spectra of Tagish Lake show prominent absorbance bands that are signatures of silicates,
carbonates, aliphatic and aromatic organic matter, and water. Total of 200 spectra obtained from
the meteorite grains were studied for correlations of organic and inorganic materials that are
present within the grains. Infrared images of both Tagish Lake grains were integrated between a
set of frequencies for the identification of relative concentration regions, and two-dimensional

spatial maps were obtained.

4.2 IR spectral signatures

Figure 12 presents the spatially grain-averaged mid-infrared spectra of two Tagish Lake
meteorite grains. Grains were enumerated as #3 and #24 to distinguish them in the field of view.
The size of the former grain is almost 34 um x 34 um, while the latter nearly fills 68 um x 34
pm field of view. Lettered arrows indicate the position of distinct and identifiable absorbance

bands.
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Figure 12: Average absorbance spectra of Tagish Lake (C2ung) grains. Spectra were offset for
clarity.

In general, infrared absorbance spectra of Tagish Lake presented here have similar
spectral profile to that of NWA 852. Absorbance band identifications in Tagish Lake are as
follows. Band A centered near 1000 cm™ is due to Si-O stretch in silicates. Note that grain #3
presents somewhat sharper silicate band relative to grain #24. Carbonate region (band B)
presents a strong and broad absorbance band centered near 1450 cm™. This band is due to C=0
stretching of COs? in carbonates. Band C is due to combination of organics and water, and
centered near 1680 cm™. Note that the shape of this band is significantly different than the one
seen in NWA 852. Band D is comprised by sharp and distinct features between 3000 — 2800 cm’
1 and these features are due to symmetric and asymmetric stretching modes of CH, as well as
CHjs in aliphatic hydrocarbons. Finally, the broad band E centered near 3400 cm™ is due to
stretching mode of interlayer and/or adsorbed water. Although not as prominent, the broad O-H

band is accompanied by a small feature at 3660 cm™ due to structural O-H in phyllosilicates.
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Finally, small structures near 2360 cm™ are artifacts due to atmospheric CO,. These

identifications are in well agreement with reported works [60, 76].

4.3 Spectral cross section of grain

Figure 13 presents visible micrographs of the grain #3 and grain #24, as well as their
corresponding infrared images at 2921 cm™. The 16 level color scale in rainbow sequence
indicates absorbance, red being the highest in infrared images. The blue color lines in the two

infrared images define spectroscopic line profiles considered for this study.

Figure 13: Visible micrographs (top), and infrared images (bottom) of the Tagish Lake grain #3
(left) and grain #24 (right) at 2921 cm™.
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The spectroscopic line profiles were obtained for the slices across the grains indicated by
the blue lines in the infrared images. (Figure 13, bottom). Each line drawn consists of pixels,
each with an associated full range mid-infrared range spectrum. Alternate pixels were selected
for data analysis with 1 pm separation. As representative, spectra extracted from the infrared
image of grain #3 (forth slice from top in Figure 13) are presented in Figure 14 with the ordering

of the curves bottom to top following a left to right scan across the grain.
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Figure 14: Spectral line profile of the fourth slice from top in the infrared image of the Tagish
Lake grain #3 shown in Figure 13 (left). Each successive spectrum is offset vertically by 0.7
absorbance units for clarity.
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Integrated intensity of each absorbance band in each spectrum was calculated
individually. Figure 15 presents a comparison of these integrated intensities of bands A, B, C, D,
and E. The most noticeable relation is the negative correlation between band B due to carbonates
and band C due to certain organics and water in Tagish Lake, similar to the relation seen in
NWA 852. Namely, integrated intensity of band B increases with decreasing intensity of band C,
or vice versa. It is evident from Figure 14 and Figure 15 that each component has different
spatial dependences, indicating that the relative concentrations are spatially non-uniform in

Tagish Lake.
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Figure 15: Comparison of integrated band strengths for the line profiles across the Tagish Lake
grains. Letters in the legend represent the absorbance bands in Figure 12.

4.4 Pearson correlation coefficients

Across the meteorite grains, behavior of each component varies and these variations are
presented in Figure 15. Statistical correlation analysis was performed in order to obtain

relationships of organics and minerals quantitatively in the Tagish Lake dataset which consists of
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integrated intensities of bands A, B, C, D, and E obtained from 200 infrared spectra. For this
dataset, Pearson correlation coefficients were calculated following the procedure presented in
Chapter 3. These correlation coefficients as well as their respective significance levels are

collected in Table 6. Coefficients with “*”are significant at the 95% confidence level.

Table 6: Pearson correlation coefficients for Tagish Lake. Letters represent the absorbance bands
in Figure 12.

B C D E
A Corr. 0.40* -0.04 0.35* 0.41*
B Corr. 1 -0.26* 0.03 0.03
C Corr. 1 -0.07 -0.05
D Corr. 1 0.39*
E Corr. 1

A: Silicates, B: Carbonates, C: Organics+water, D: Aliphatic hydrocarbons, E: OH

Correlation coefficients for Tagish Lake meteorite are presented in Table 6. A positive
correlation (r=0.40) between band A (due to silicates) and band B (due to carbonates) is found.
Note that this is opposite of what is found for NWA 852. Band D (due to aliphatic hydrocarbons)
is correlated (r = 0.39) with band E (due to OH). Band A (silicates) is also correlated with the
OH band E (r = 0.41) and also with the aliphatic hydrocarbon band D (r = 0.35). A negative
correlation is found between absorbance bands B and C (r = - 0.26). This confirms what was
noted in the qualitative discussion regarding Figure 18. Although with low confidence, band C
shows a negative correlation with D (r = -0.07) and E (r = -0.05). Since B and C are negatively

correlated, and C is positively correlated with D and E, it is intuitively expected that B is
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negatively correlated with D and E. This is indeed the case in Tagish Lake, as shown in Table 6

that B is positively correlated with D and E.

4.5 Infrared spatial distribution maps of organic and mineral compounds

The infrared maps for Tagish Lake grains were obtained by integrating the infrared
images shown in Figure 13 over ranges of frequencies wherever the spectral band of interest
happens to be. These integrations were done after a linear baseline tangent to either endpoints of
a band was subtracted from absorbance bands. Figure 16a-i presents these integrated absorbance
maps of the Tagish Lake grains for the bands indicated by letters in Figure 12. The integration
range for each map is as follows: Silicates: 850 — 1200 cm, carbonates: 1200 — 1500 cm™, water
+ organics combination: 1500 — 1800 cm, aliphatic hydrocarbons: 2800 — 3000 cm™, and

finally O—H: 3000 — 3700 cm™.
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Figure 16: Integration maps of Tagish Lake grain #3 (left) and grain #24 (right) for characteristic
absorbance features. a,f) Silicates; b,g) Carbonates; c,h) water + organics combination; d,i)
Aliphatic hydrocarbons; e,j) O-H.

Silicates (band A) seem to be located within the centers of both grains. Carbonates (band
B) partially overlap with silicates, and has a proportion which shows no overlapping but in close
proximity. Carbonates also seem to be distributed adjacent to carbonyl and water combination
(band C) with minor overlapping. Aliphatic C-H (band D) and O-H (band E) concentration seem
to be distributed in a very similar way. They are distributed across the grain and almost

uniformly. Both components therefore show overlapping with silicates for the most part.

4.6 CH> / CHas ratios

Sharp features due to C-H stretching modes in aliphatic hydrocarbons (band D) were
observed in both Tagish Lake grains. We baseline corrected this region (3000 - 2800 cm™) by
subtracting a straight line that is tangent to either end-points of the region in the grain-averaged
spectrum of each grain (Figure 12). After linear baseline correction, the CH. / CH3 absorbance
ratio of both Tagish Lake grains were determined to have the average value of 2.57, which is

compared in Table 5 (Chapter 3) to values reported for other meteorites, interplanetary dust
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particles (IDPs), diffuse interstellar medium (DISM) objects, and cometary dust particles. The
CHz/ CHzsratio for Tagish Lake is similar to those of NWA 852, IDPs, and Wild 2 cometary dust
particle. It exceeds CH./ CHzs ratios of DISM and several carbonaceous chondrites of petrologic
type 1 and 2. The grain-averaged ratio suggests that Tagish Lake is comparable to more primitive

and less altered objects.

4.7 Discussion
4.7.1 Spectral signatures

Tagish Lake has two lithologies, carbonate-rich and carbonate-poor [53]. [60] studied
carbonate-rich lithology of Tagish Lake, and reported presence of aliphatics, ketone or
carboxylic group, and polyaromatic compound mainly composed of C=C. [75] reported, on the
other hand, that carbonate-poor lithology contains aliphatics, esters, and aromatics. Based on
these identifications as well as signatures we observed in both grains (e.g., abundant
phyllosilicates, aliphatic organic matter, and water + organic combination), the Tagish Lake

grains studied here belong to the carbonate-rich lithology of the meteorite.

A weak band near 1700 cm™ is observed in spectra of both Tagish Lake grains. This band
is due to C=0O stretching in carbonyl compounds such as aldehyde and ketone. In general,
presence of aldehyde is confirmed by an additional absorbance band near 2700 cm™, which is
absent in the spectra presented here. This indicates absence of aldehyde, however note that

ketone abundance must also be minor since the band near 1700 cm™ is weak.
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4.7.2 Spatial relations

Tagish Lake is known to have multiple lithologies, two of which are carbonate-rich and
carbonate-poor. These two lithologies were distinct and easily recognized in Tagish Lake
samples, suggesting that carbonates in Tagish Lake may be unique and different than in other
meteorites. In previous studies of Tagish Lake, carbonates were found to rim phyllosilicates in
some cases, and in others they were found to be intergrown with phyllosilicates [e.g., 53]. In
terms of spatial relationships, the former (non-overlapping phyllosilicates and carbonates) would
yield a negative correlation between the two, while the latter (overlapping phyllosilicates and
carbonates) would yield a positive correlation. In our data, we found a positive correlation
between phyllosilicates and carbonates. This correlation is somewhat small (0.40), which can be
due to presence of non-overlapping regions of phyllosilicates and carbonates. It is evident from
spatial distribution maps (Figure 16) that carbonates mostly overlap with silicates in both Tagish
Lake grains, however there are concentration regions where carbonates do not overlap with
silicates. Carbonates spatially appear to be concentrated adjacent to carbonyl concentration with
minor overlapping. Aliphatic organic material seems to be distributed across the Tagish Lake

grains. Similar is also true for O-H concentration (Figure 16a,j).

Spatial maps of organic matter in Tagish Lake studied here suggest highly homogeneous
distribution of organics in this meteorite. This is consistent with the absence of bands near 2980

and 2990 cm™ that are due to volatile organics [e.g., 89, 60].

Band C is due to combination of water and carbonyls with unknown proportions. No
correlation between band C and band E was observed in Tagish Lake. Unlike Tagish Lake,

NWA 852 and Orgueil shows strong positive correlations between band C and band E (see
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chapters 3 and 6). Furthermore, band C and E are mostly due to water in Orgueil. This suggests
that band C in NWA 852 is probably dominated by water with carbonyl contribution at lesser
extent, and in Tagish Lake by carbonyl with water abundance at a lesser extent. This is also
evident from the infrared spectra of meteorites, for instance band C is quite different in NWA

852 relative to the band in Tagish Lake.

4.7.3 CH ratios

[60] compared infrared spectral features of aliphatic organic material in Tagish Lake with
those of organic material chemically extracted from Orgueil and Murchison, and found that
Tagish Lake presents different spectral profile than Orgueil and Muchison, but similar to those of
IDPs. Diffuse ISM spectra were found to be similar to the spectra of Murchison and Orgueil [85,
112]. Several groups obtained CH. / CHs ratios for IOM chemically extracted from meteorites
through demineralization procedures. It was shown that acid treatment of meteorites alter the
organics [89]. Therefore, we compare our results with those obtained from measurement of
samples insitu and were not exposed to chemical processing. The CH> / CHs ratio for both
Tagish Lake grains in this study was found to be 2.57. Although this is lower than what was
found (4.3) in [60], it is still quite higher than the ratio ~1.17 for DISM [84], 1.40 for Orgueil
[64], and 1.00 for Murchison [64]. On the other hand, ratio for Tagish Lake is very close to the

ratio 2.53 for NWA 852 [65], ~2.40 for IDPs [83].
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4.8 Conclusions

We presented relationships among organics and minerals in Tagish Lake, an ungroupped
C2 chondrite, with mid-infrared synchrotron-based imaging micro-FTIR spectroscopy.
Spectroscopic line profiles for two Tagish Lake grains studied here show that the relative
intensity of the characteristic absorbance bands varies across the grain on 1 micron length scales.
Statistical correlation analysis shows that the silicate band is positively correlated with OH and
CH bands, which are also correlated with each other. Negative correlation is observed between
carbonate band and the water + organic combination band. Concentrations of these two

components have clear spatial separation within the grains studied here.

Carbonate bands in Tagish Lake are positively correlated with silicate bands. This is
opposite of what is seen in NWA 852 (Chapter 3) and Orgueil (Chapter 5), and perhaps due to

unique nature of carbonates and/or formation conditions in Tagish Lake.

The average CH> / CHa ratio for Tagish Lake indicates a predominance of CH2 over CH3
that is comparable to that in IDPs and Wild 2 cometary dust particles. The ratio exceeds that for
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 Tagish Lake, NWA 852, IDPs, and Wild 2 particles, but rather different than

diffuse ISM organic matter.
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CHAPTER FIVE: ORGANIC AND INORGANIC CORRELATIONS IN
ORGUEIL

5.1 Introduction

Orgueil meteorite fell on 14 May 1864 in France. It is classified as a CI1 chondrite. Its
petrology and mineralogy shows signatures of extensive aqueous alteration. Aqueous alteration
in Cl chondrites occurred at temperatures no higher than 50 — 100 °C [49].1t is believed that the
lack of chondrules in Orgueil is due to such extensive alteration. CI chondrites show similar but
not exclusively same infrared spectra to CM chondrites [91]. Orgueil spectra show presence of
abundant phyllosilicates (mostly serpentine, saponite, and montmorillonite), carbonates, aliphatic
and aromatic organic matter, and abundant water. It is known to be the most volatile-rich
meteorite to date, and contain more than 3 wt% carbon [6, 48]. Using gas chromatography mass

spectroscopy, [92] found that Orgueil contains only aromatic acids and not aliphatic acids.

Here we present infrared spectral signatures, correlation coefficients and spatial
distribution maps of organic as well as inorganic material present in an Orgueil grain. Grain-
averaged infrared spectrum of Orgueil shows prominent absorbance bands that are due to

silicates, carbonates, aliphatic organic matter, and water (Figure 17).

5.2 IR spectral signatures

Single 34 um x 68 um size Orgueil grain was studied. Figure 17 presents the spatially
grain-averaged mid-infrared spectrum of the grain. Lettered arrows indicate positions of distinct
and identifiable absorbance bands due to specific functional groups present in this particular

grain.
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Figure 17: Average absorbance spectrum of Orgueil (CI1) chondrite grain.

Band A is due to the Si-O stretch of silicates. Sharp and distinct band at 3690 cm™ is due
to OH in phyllosilicates, possibly serpentine and saponite. Presence of this band indicates high
abundance of phyllosilicates in this particular Orgueil grain. Band A, therefore, is due to
phyllosilicates. Band C and E are due to bending and stretching vibrations of interlayer and/or
adsorbed water in Orgueil, respectively. Band B is due to carbonates with minor contribution
from bending mode of C-H. Symmetric and asymmetric stretching modes of aliphatic C-H are
represented by weak but distinct structures between 2800 — 3000 cm™, labeled as band D. Small

structure near 2360 cm™ is an artifact due to atmospheric CO».
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5.3 Spectral cross section of the meteorite grain

Figure 18 presents visible micrograph of the grain as well as the infrared image at 2921
cm™. The 16 level color scale in rainbow sequence indicates absorbance, red being the highest in

infrared images. The blue color vertical lines define spectroscopic line profiles.
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Figure 18: Visible micrograph (left), and infrared image of the Orgueil grain at 2921 cm™ (right).

The spectroscopic line profile across the grain is obtained for the slices indicated by
vertical lines on the infrared image in Figure 18 (right). As seen from this figure, there are parts
of the vertical lines that correspond to sample-free regions in the field of view, however pixels
that correspond to these grain-free regions were eliminated, and remaining pixels were selected
for data analysis with 1 um separation. As representative, the spectra of the second slice from
left shown in the infrared image are presented in Figure 19 with the ordering of the curves

bottom to top following a bottom to top scan across the grain.
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Figure 19: Spectral line scan of the second cut from left in the infrared image of the Orgueil
grain shown in Figure 18 (right). Each successive spectrum is offset vertically by 0.7 absorbance
units for clarity.
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Figure 20 presents a comparison of integrated intensities of bands A, B, C, D, and E. As
in NWA 852 and Tagish Lake, the most noticeable effect in Orgueil is the negative correlation
between band B due to carbonates and band C due to water in Orgueil. Band A seems to be
correlated with band E. Their integrated intensity also drops near four regions that correspond to
the upper edge of the meteorite grain. Band D, due to aliphatic organics, seems to stay flat across
the grain. Further interpretation of bands from Figure 20 is somewhat challenging, however, as
in NWA 852 and Tagish Lake, it is evident from Figure 19 and Figure 20 that each component
has different spatial dependences, indicating that the relative concentrations are spatially non-

uniform in Orgueil.
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Figure 20: Comparison of integrated band strengths for the line scans across the Orgueil grain.
Letters represent the absorbance bands in Figure 17.

5.4 Pearson correlation coefficients

Our dataset for the Orgueil grain consists of integrated intensities of bands A, B, C, D,

and E obtained from 99 spectra. For this dataset, Pearson correlation coefficients were calculated
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following the same procedure shown above in Chapter 3. Obtained correlation coefficients as
well as their respective significance levels are collected in Table 7. A small value for
significance indicates high confidence. Coefficients with “*”are significant at the 95%

confidence level.

Table 7: Pearson correlation coefficients for Orgueil. Letters represent the absorbance bands in
Figure 20.

A B C D E
A Corr. 1 -0.67* 0.75* 0.08 0.75*
B Corr. 1 -0.60* 0.04 -0.53*
C Corr. 1 0.02 0.73*
D Corr. 1 -0.04
E Corr. 1

A: Silicates, B: Carbonates, C: Water, D: Aliphatic hydrocarbons, E: OH

Correlation coefficients for Orgueil are presented in Table 7. A strong negative
correlation (r = -0.67) was observed between silicate band (band A) carbonates (band B). This is
similar to the case in NWA 852, however opposite of what is observed in Tagish Lake. Silicate
band is also positively correlated (r = 0.75) with OH (band E). Similar to NWA 852 and Tagish
Lake, a negative correlation (r = - 0.60) is found between carbonates (band B) and water (band
C). The latter is also strongly negatively correlated (r = -0.73) with OH (band E). Note that band
D is due to aliphatic organics, and it is not correlated with any of the bands. This could be due to
lack of absorption from aliphatic organic matter near 3000 — 2800 cm, evident from the infrared
spectrum of the Orgueil in Figure 17. Another reason could be the origin of these aliphatic type

organics. Since carbonate and water bands are negatively correlated, and water band is positively
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correlated with OH band, it is expected that carbonate band is negatively correlated with the OH
band. This is indeed the case in Orgueil, as shown in Table 7 that carbonate band is negatively
correlated with OH band. It is important to remark that, unlike NWA 852 and Tagish Lake, band
C in spectra of Orgueil is merely due to water, and it is not surprising that C is positively
correlated with E. Similarly, it makes sense that silicates (band A), water (band C), and OH

(band E) are all positively correlated with each other.

5.5 Spatial distribution maps of organic and mineral compounds

Infrared maps were used here to infer the relative amounts of organic molecules or
inorganic minerals present at particular locations within the Orgueil grain. The infrared maps
were obtained by integrating the infrared image shown in Figure 18 over the ranges of
frequencies of the spectral bands of interest. Similarly, these integrations were done after a linear
baseline was subtracted from between the endpoints of each band. Figure 21 presents these
integrated absorbance maps of the Orgueil grain for the bands indicated be letters in Figure 17.
The integration range for each map is as follows. Silicates: 850 — 1200 cm™, carbonates: 1200 —
1500 cm™*, water: 1500 — 1800 cm, aliphatic hydrocarbons: 2800 — 3000 cm™, and finally O-H:

3000 - 3700 cm™,
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Figure 21: Integration maps of Orgueil for characteristic absorbance features. a) Silicates, b)
Carbonates, ¢) Water, d) Aliphatic hydrocarbons, e) O—H.

Spatial distribution maps presented in Figure 21 show that silicates (Fig. 21a) are
concentrated within the center of the meteorite grain. Water (Fig. 21c) and OH (Fig. 21e)
concentrations also seem to be distributed near the center of the grain, with slightly more
concentration towards the upper-half of the grain. Nevertheless, these three components have
significant overlapping. On the other hand, carbonates (Fig. 21b) are distributed only around the

outer edges of the grain, and have no overlapping with any of the components. Spatial
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distribution of aliphatic CH (Fig. 21d) is somewhat homogeneous across the grain, and its

significantly low concentration is consistent with the infrared spectrum shown in Figure 17.

5.6 CH2 / CHs ratios

In order to obtain CH> / CHs ratio of Orgueil, we baseline corrected the band D region
(2800-3000 cm™) by subtracting a straight line that is tangent to either end-points of the region in
the grain-averaged spectrum of Orgueil (Figure 17), after which the CH2 / CHz absorbance ratio
was determined to have the value of 1.33. This value is compared in Table 5 to values reported
for other meteorites, interplanetary dust particles (IDPs), diffuse interstellar medium (DISM)
objects, and cometary dust particles. Orgueil presents one of the lowest CH, / CHs ratios among
the objects listed in Table 5. As opposed to NWA 852 and Tagish Lake, Orgueil’s CH2 / CH3
value is similar to DISM objects and several type 1 and 2 carbonaceous chondrites, however

clearly lower than those of IDPs, and Wild 2 cometary dust particle.

5.7 Discussion

Infrared spectrum of Orgueil is different than those of NWA 852 and Tagish Lake in
several ways. For instance, Orgueil has a sharp and distinct band near 3690 cm™. This band is
absent in NWA 852, and almost completely absent in Tagish Lake. This difference is simply due
to composition of phyllosilicates that are present in the chemical composition of the meteorites.
As seen from the infrared spectra of these meteorite samples, they all present different spectral
profile for the silicate band. Additionally, this compositional variety between the three meteorites

is probably due to parent body aqueous alteration processes and their extents. In fact, Orgueil is
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petrologic type 1 whereas NWA 852 and Tagish Lake are type 2 carbonaceous chondrites.
Moreover, absorbance band near 1650 cm™ in spectra of Orgueil is due to only water, however
this band includes additional features in spectra of NWA 852 and Tagish Lake due to presence of

organic compounds.

Carbonates (band B) in Ogueil shows strong negative correlation with water (band C) and
OH (band E). Although carbonates are secondary products of aqueous alteration, this negative
correlation is perhaps due to extent, type, temperature, and duration of aqueous alteration in the
parent body of Orgueil, which spatially affected the distribution of carbonates. The fact that
aliphatic CH stretching (band D) has no relation of any kind with any of the other components in
Orgueil is may be due to low concentration of aliphatic organics, however the statistical analyses
is independent of the range of variables, therefore this is not plausible. Another reason could be
the origin of aliphatic hydrocarbons in Orguil, as well as processing they may have undergone

(i.e., interstellar origin vs. nebular origin).

The CH2 / CHzs ratio of Orgueil studied here is 1.33. This value is in agreement with
previous reports of Orgueil’s CH2/ CHaratio, value of 1.5 by [112] and 1.4 by [64]. This ratio is
very similar to ratios of other astronomical objects such as Murchison and DISM objects, (Table
5). Additionally, [72] found CH2 / CHs ratio of Paris meteorite (CM chondrite) as 1.8, and
showed that composition of Paris may have interstellar organic material. Perhaps, Orgueil
preserved an interstellar aliphatic organic matter that gives rise to a CH ratio of 1.33. We also
note that CH2 / CHs ratio of Orgueil is also significantly lower than those of NWA 852 (2.53),
Tagish Lake (2.57), IDPs (2.31, 2.46), and Wild 2 cometary particles (2.5), whose aliphatic

organic matter may be of nebular origin, and not interstellar. Nevertheless, CH> / CHs ratio of
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1.33 suggests more complicated branching and/or shorter aliphatic chains in Orgueil compared to

others discussed above.

5.8 Conclusions

In this chapter, | presented infrared spectral signatures as well as correlations of organics
with minerals in an Orgueil grain. Infrared spectrum of the grain suggests abundant
phyllosilicates and water, carbonates, and aliphatic hydrocarbons (although very little). Unlike
other meteorite samples studied here, the band near 1650 cm™ is merely due to water with no
contribution from organics. Spatial distribution maps of Orgueil suggest that silicates are
strongly positively correlated with water and OH bands, but strongly negatively correlated with
carbonates. Additionally, aliphatic hydrocarbons in Orgueil has no correlation with any of the
components, most likely to be due to origin and/or processing history of aliphatic organic matter
in this particular grain. The CH2 / CHzs ratio of Orgueil is in well agreement with previous
reports. This ratio is similar to those of DISM object, Murchison, and Paris, however
significantly lower than NWA 852, Tagish Lake, IDPs, and Wild 2 cometary particles. This
suggests perhaps Orgueil contains aliphatic organic matter of interstellar origin. This also
suggests different type of parent body processing in these objects. In any case, aliphatic
hydrocarbons in Orgueil are shorter in length and/or more branched than those of objects

discussed above.
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CHAPTER SIX: INFRARED IMAGING SPECTROSCOPY WITH
MICRON RESOLUTION OF SUTTER’S MILL METEORITE GRAINS

6.1 Introduction

The Sutter’s Mill (SM) meteorite is a regolith breccia composed of a variety of CM1 and
CM2 clasts in a CM type matrix [55, 95]. The meteorite is officially classified as "C" chondrite.
The material is of interest because it represents surface material from a primitive asteroid, the
target of upcoming space missions OSIRIS-REx and Hayabusa 2. The meteorite fell in El
Dorado County in California on 22 April 2012, and the first three meteorites were found before
rains hit the area (now numbered SM1, 2 and 3). In total, 77 meteorites were recovered from this
fall. Meteorite SM12 was collected from the field during a volunteer search coordinated by

NASA Ames Research Center.

An initial study by members of the Sutter's Mill meteorite consortium found that
individually recovered meteorites showed a range for the signatures of aqueous alteration and
thermal metamorphism [55]. Based on Raman spectra of macromolecular carbon and using the
method of [94], Marc Fries and coworkers found that parts of SM2 experienced temperatures no
higher than 153 £ 27 °C, whereas SM12 reached up to 268 + 42 °C. As part of this study, Monica
Grady and coworkers found that SM contains the lowest known 8'°N (ratio of stable isotopes
1®N/¥N) among CM2 chondrites, which may mean that SM has N-bearing organic molecules

whose compositions are different than those in other CM2 chondrites.

These temperature history and compositional differences immediately raise questions
about how they occurred and what they may tell us about the formation and evolution of the CM

chondrite parent body. For example, individual clasts may sample different temperature and
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aqueous alteration histories on the surface of the parent body. Another possibility is that the
Sutter's Mill meteorite is an aggregate of fragments that originated from different parent body

asteroids, or perhaps even of comets [55].

In this paper, we investigate the thermal and aqueous alteration history of the materials
further using synchrotron-based Fourier transform infrared (FTIR) microspectroscopy in the
range of 3850 — 900 cm™ and micro-Raman spectroscopy in the range of 2200 — 800 cm™.
Spectral signatures and spatial distribution of organics as well as minerals are investigated in-situ
in multiple grains from SM2 and SM12, mapping the different functional groups with micron
spatial resolution. This work compliments the infrared study by [95] and [96], which investigated

differences among SM meteorites on a larger spatial scale.

6.2 Samples and Experimental Details

We received samples of SM2 (pre-rain fragment) and SM12 (post-rain fragment) in the
form of chips through the Sutter’s Mill meteorite consortium. SM2 was found by Peter
Jenniskens in fragmented form on the surface of a parking lot, likely crushed by a car [55]. It was
collected in aluminum foil and stored in a freezer at NASA Ames prior to rain hitting the area,
but it may have been contaminated to some extend by the asphalt of the parking lot surface and
any other organic material that came in contact with the meteorite, such as a car tire and
compounds in the air. Nevertheless, [93] reported finding oldhamite in a small chip of SM2, a
mineral very sensitive to water. Our sample of SM2 came from an internal part of the rock,

which had no direct contact with the asphalt surface. Studies of amino acids [97], which are

64



present in the meteorite at only very low level, showed that SM2 and SM12 may contain amino

acids of terrestrial origin, but the extent of the contamination is ambiguous.

The fully crusted SM12 was recovered after the heavy rain [55]. It was found stuck on a
narrow side path in (dried up) muddy soil, from which the porous meteorite may have picked up
contaminants. It was briefly touched, then collected in aluminum foil and stored in a freezer at
NASA Ames Research Center. The SM12 chip studied here came from the center of a stone, at

least 0.5 cm from the nearest fusion crust.

We ground each sample in a mortar and pestle down to tens of micrometer size grains.
These grains are expected to represent the different lithologies in the chips studied here.
Subsequently, these grains were placed on a diamond window, which was placed under the
infrared microscope for transmission measurements, or on a silicon substrate for micro-Raman
measurements. Detailed procedures for these experiments are described in Chapter 2 of this

dissertation.

6.3 Results
6.3.1 Micro-Raman spectroscopy

The structural order of the carbonaceous material in each grain was inferred from the
Raman peak positions, intensities, and widths of D (disordered) and G (graphite) bands, which
are located near 1370 and 1600 cm™, respectively [86]. The D band is due to disordered sp®
carbons, whereas the G band is due to graphite-like sp? carbon bonds [98]. The spectra of 5
grains from each SM fragment in the region of 2200 — 800 cm™ are presented in Figure 22.
Spectra are offset vertically from each other for clarity. Vertical lines indicate the positions of the
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D and G bands. A linear baseline was subtracted from each spectrum, which was then fit to a pair
of Lorentzians to determine peak characteristics such as peak centers, widths, and relative

intensities of the D and G bands.

2000 L 1 " 1 " 1

2400

1800 -

1200

" w
1600 - w
)
)
o]
E
- 800
g SM12
& 3000 w
c)

N

800 1000 1200 1400 1600 1800 2000 2200

Raman shift (cm™)

Figure 22: Micro Raman spectra of multiple SM2 and SM12 grains from the Sutter’s Mill
meteorite.

Figure 23 presents the Full Width at Half Maximum (FWHM) of the G band versus its
center frequency. Our results for SM2 and SM12 grains are in good agreement with data from
Fries and coworkers presented in [55]. The trends marked by arrows characterize the degree of
thermal metamorphism and disorder of the carbon [55, 86]. According to Figure 23, the G-bands

of SM2 grains are all wider and redder than those of the SM12 grains studied here. Increasing
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disorder of C is known to red shift the G-band [86]. Thus, we confirm from different parts of the
meteorites SM2 and SM12 than studied by [99] that the macromolecular carbon in SM2 is
relatively more disordered and SM12 is thermally more metamorphosed. SM2 and SM12 show
evidence of heating to an intermediate degree while CR1, CR2, and CM2 chondrites show

relatively less thermal alteration, unlike CV3 chondrites (Fig. 23).
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Figure 23: FWHM of G-band versus the G-band center for SM2 and SM12 grains from this
study plotted with data by Marc Fries (from [55]).

[94] proposed a thermometry, which combines Raman spectroscopy with thermometric
relationship by [86], and obtained the following relationship between effective metamorphism

temperature (Terr) and Raman G-band FWHM (7'G),

Terr (°C) = 1594.4-20.4 I + 5.8 X 1072162 ..o eeeeeeeeeieiee, (5)
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Raman G-band FWHM of our SM2 grains varies from 87 to 100 cm™, and from 82 to 85
cm for SM12 grains. Using these parameters and equation (5), we obtained Terr = 134° - 259°C
for SM2 grains, and Terr = 279° - 312°C for SM12 grains. These values are in good agreement

with the values of 153° + 27°C for SM2 and 268° + 42°C for SM12 reported earlier [55].

6.3.2 Micro-FTIR spectroscopy

The spatially-resolved infrared spectra of SM2 and SM12 grains show variations due to
the compositional heterogeneity. Figure 24 presents representative infrared spectra of different
SM2 and SM12 grains, each ~15 - 30 um in diameter. Labels enumerate the individual grains
that appear in our field of view. Our assignments of the observed IR absorption bands, following
[100], are summarized in Table 8. The strongest feature in all spectra (except SM12 grain #1) is
a broad band centered around 1080 — 900 cm™ due to Si-O stretching vibrations within silicate
minerals. Most spectra also exhibit a broad band centered around 1500 — 1400 cm™ due to
asymmetric stretching vibrations of the CO3? ion within carbonate minerals, a band at 1640 cm™
due to the H-O-H bending modes of water, and a broad band around 3700 — 3000 cm* due to O-
H stretching modes. Some spectra reveal weak but sharp structures in the range 3000 — 2800 cm”
! due to the C-H stretching vibrational modes within aliphatic hydrocarbons. Most of the bands
tend to be broad in these spectra because each such band represents the average over the grain of

different minerals from the same group (e.g., different carbonates).
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Table 8. Positions and interpretation of the observed infrared bands.

Position (cm™) Mode Assignment
870-910 Si-O Olivine
950 — 1000 Si-O Olivine + Pyroxene + Phyllosilicates
1070 - 1080 Si-O Pyroxene
1150 -1180 SO4 Sulfates
1240 Unknown Unassigned
1410 - 1480 COs3 Carbonates
1625 C=C Aromatic
1640 — 1650 H-O-H Water
2350 CO2 Atmospheric
2800 — 3000 C-H Aliphatic
3000 — 3700 O-H Water
3650 O-H Phyllosilicates

In Figure 24, there are three main peaks observed within the Si-O stretching region of
SM2. These appear at 1080 — 1070 cm™, 1000 — 970 cm™, and 900 cm™, which are assigned to
pyroxene, pyroxene + olivine, and olivine, respectively. Unlike SM2, infrared spectra of SM12
grains present a single band at ~1000 cm™, and a small structure appears near 3650 cm™ due to
O-H. These are typical features of phyllosilicates. The presence of a phyllosilicate O-H feature at
3650 cm™? in spectra of SM2 grains is more ambiguous, suggesting lesser phyllosilicate

abundances.
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Figure 24: IR absorbance spectra of individual SM2 and SM12 grains. Labels enumerate the
grains in the field of view. Each spectrum is offset for clarity.

Shape and position of the carbonate band varies with carbonate species. For instance, the
band center in dolomite appears at higher frequencies than in calcite. Absorbance bands in the
spectra of SM2 and SM12 grains near 1450 cm™ suggest an abundance of carbonates. Compared
to the spectra of SM12 grains, SM2 grains have broader absorbance bands with more spectral
variations near the carbonate region, which indicates a greater variety of carbonate species in

SM2 grains than in SM12.
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All Sutter’s Mill meteorite grain spectra show absorbance bands between 3700-3000 cm™
and at 1640 cm™ due to H-O-H stretching and bending vibrational modes of water, respectively.
A weak feature at 3650 cm™ is observed in spectra of SM12 grains due to structural O-H in
phyllosilicates, as already noted. We remark that the contribution of telluric water absorbed by
minerals in SM12 meteorite should be very low, because the absorbed water evaporates very
quickly from the small grains. The band at 1640 cm™ likely also includes significant
contributions from carbonyl (C=0) and aromatics (C=C) which appear near 1700 cm™ and 1600
cm?, respectively. The carbonyl band near 1700 cm™ [64] amounts to only a small bump or
shoulder in some spectra, so that its comparatively insignificant contribution will be ignored in
the subsequent discussion. Spectra of a few SM2 grains show aliphatic C-H stretching peaks
between 3000 and 2800 cm™ due to organics, but these peaks are very weak in spectra of SM12

grains.

Some spectra in both SM2 and SM12 show a band centered at 1180 — 1150 cm™. The
origin of this band is currently unknown, but it is within the range of sulfates [100]. Some SM12

spectra show a large band at 1240 cm™, which is also currently unidentified.

6.3.3 Spatial distributions

Absorbance maps of specific infrared absorption bands reveal the spatial distributions
and relationships between different minerals and organic molecules within individual meteorite
grains [e.g., 65,66]. We present such maps for one grain each of SM2 and SM12, whose grain-
averaged spectra were presented in Figure 24. We integrated the spectrum for each individual

pixel over ranges given in Table 9 and indicated in Figure 24 (for the two grains studied) by
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horizontal lettered bars. Infrared absorbance maps of specific functional groups for SM2 grain

#40 and SM12 grain #12 are presented in Figures 25 and 26, respectively.

Table 9: Integration ranges for spatial distribution maps.

Group Integration range (cm™)
OH 3750 — 3000
Aliphatic CH 3000 — 2800
H.O + aromatics 1750 — 1500
Carbonates 1500 - 1380
Silicates 1170 — 850

For instance, for carbonates we integrated from 1500 to 1380 cm™. In these spectra of
individual pixels, the carbonate bands can be narrower than the full 120 cm™ width of the
integration window. However, this window insures that we catch the carbonate band, wherever
its center frequency happens to be. This allows the automatic analysis of thousands of spectra,
without having to separately inspect each one, with good confidence that the result represents

carbonate intensity.

Figure 25a presents the visible microscope image of SM2 grain #40. The other parts of
Figure 25 are infrared images giving spatial distributions for different compounds in this grain.
The negative correlation between carbonates (Fig. 25c) and H20 + aromatic C=C (Fig. 25d) is
very strong. The negative correlation between carbonates and CH (Fig. 25e) is also strong.
There is no significant correlation between H>O+aromatic C=C stretch (Fig. 25d) and OH (Fig.
25f), which should be due to both water and phyllosilicates. This confirms the significant
contribution from aromatic C=C, besides the H»O, in the 1750 — 1500 cm™ integration range.
There exists a somewhat positive correlation between aliphatic C-H (Fig. 25e) and silicates (Fig.

25b). There is no significant correlation between aliphatic C-H and OH (Fig. 25f).

72



Mm

Figure 25: Spatial distributions of characteristic absorbance in SM2 grain #40: a) Visible
micrograph; b) Silicates, c) Carbonates, d) H.O + aromatic C=C stretch, e) Aliphatic C-H
stretch, f) OH.

Figure 26a presents a visible microscope image of SM12 grain #12 together with infrared
images giving spatial distributions of different compounds in SM12 grain #12. Here, too, the
carbonates (Fig. 26¢) and H>O+aromatic C=C (Fig. 26d) have a very strong negative correlation,
and the negative correlation between carbonates and aliphatic CH (Fig. 26e) is also strong. In

contrast with SM2, here H.O + aromatic C=C (Fig. 26d) are negatively correlated with OH (Fig.
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26f). Unlike SM2 grains, SM12 grains present a weak infrared band near 3650 cm™ due to

phyllosilicates, but its contribution to the integrated absorbance is minor.

Km

Figure 26: Spatial distributions of characteristic absorbance in SM12 grain #12: a) Visible
micrograph; b) Silicates, c) Carbonates, d) H.O + aromatic C=C stretch, e) Aliphatic C-H
stretch, f) OH.

6.3.4 CH2/ CHsratios

The C-H stretching vibrational modes of aliphatic hydrocarbons are responsible for the
weak but comparatively sharp infrared absorbance bands between 3000 — 2800 cm™. There are 4
peaks in this region, two for CHz, (at 2854 and 2917 cm™) and two for CHs (at 2870 and 2952
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cm™).  After subtracting a linear baseline in the 3000 — 2800 cm™ region, we obtained the
CH2/CHs ratios from the peak heights for SM2 (grain #40) and SM12 (grain #12) to be 4.00

0.06 and 2.44 £ 0.07, respectively.

6.4 Discussion
6.4.1 Thermal metamorphism and aqueous alteration

SM2 shows IR signatures of pyroxene, olivine, and carbonates. In contrast, SM12 shows
mainly carbonates and phyllosilicates with hardly any evidence for pyroxene and olivine. These
observations are in agreement with [97, 98]. Typical CM2 chondrites lack significant carbonate,
pyroxene, or olivine IR signatures. Instead, they are dominated by phyllosilicates [45, 93, 101].
Only the unusual CM2 chondrite Bells, and the ungrouped C-chondrite Tagish Lake have
significant infrared carbonate and phyllosilicate features [60, 79, 102]. On the basis of
carbonates, SM2 and SM12 are more like Bells and Tagish Lake than they are like typical CM2s.

However, on the basis of phyllosilicates, SM2 is not like Bells or Tagish Lake.

The Raman spectra reveal that organic matter in SM2 is more primitive and less
thermally metamorphosed than in SM12 (Fig. 23). The mean G-band FWHM for SM2 grains
falls close to the value for CO3 chondrites, while the mean G-band FWHM for SM12 grains falls
between the values for CO3 and CV3. As pointed out before, these results imply that the Sutter’s

Mill meteorite was heated more than typical CMs [55].

Some CM chondrites have been heated more than others, e.g. the so-called “heated-CM
chondrites”, whose aqueous alteration was followed by heating above 500 °C [113]. These

exhibit evidence of secondary olivine produced by dehydration of phyllosilicates (e.g., [103]).
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SM2 is less thermally metamorphosed than SM12, according to the analysis of our Raman
spectra. Yet SM2 is dominated by the anhydrous silicates olivine and pyroxene while SM12 is
dominated by phyllosilicates. Hence, the anhydrous silicates in SM2 are unlikely due to simple
heating of material that was originally like SM12. This suggests different mineralogical history
and precursor material for SM2 and SM12. In fact, [93] suggested physical mixing of C and E
type asteroids based on the abundance of oldhamite, phosphides, and enstatite in Sutter’s Mill.
Our observations provide additional evidence and support the possibility that SM2 and SM12 are

not both CM chondrites.

Olivine in SM2 grains might be the dehydration product of phyllosilicates. However,
secondary olivine cannot be formed at the temperature lower than ~500 C [103]. On the other
hand, even such heating events as experienced by the heated-CMs, does not change Raman G-
band characteristics significantly from non-heated CMs, in comparison to the thermally
metamorphosed COs and CVs. For example, the G-band FWHM of Yamato 86720 (a CM
heated over 750 C) is 96.0 + 0.2 cm™, which falls within the range of values of for non-heated
CMs [86]. Therefore, the Terr of 134 — 259 C obtained from G-band FWHM of SM2 grains
might be underestimated. This possibility is due to the assumption for the Terr calculation that
isothermal heating of a parent body occurred for ~107 years, which may not be the case in the

Sutter’s Mill meteorite parent body or bodies.

Raman spectra show that heating in SM was more severe than for CMs but less severe
than for heated-CMs. Heating events in the latter are considered to be short-duration events
[104], as might be due to impacts. Heating of regular CMs is considered to be long-term at much
lower temperatures [114]. It is reasonable to suppose that the duration and temperature of

heating for SM was intermediate between usual CMs and heated CMs.
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Sutter's Mill entered Earth's atmosphere at high speed (28.6 km/s) and broke at a high
altitude [55]. Based on the uneven fusion crust on most of the SM meteorites, they continued to
fragment on the way down. Thermoluminescense (TL) measurements by Derek Sears and
coworkers (consortium study, [55]) showed that SM2 was heated to 300 + 20 C to a depth of 5-6
mm below the fusion crust, without the ~0.2 Ma needed for TL to recover. This heating could
have been due to the entry, or because of solar heating near perihelion in the past <0.2 Ma [55].
In either case, it is unlikely that such heating could cause the degree of thermal metamorphoses
inferred from the Raman spectra, since this would require more prolonged (> 1 Ma) heating at

these relatively low temperatures.

Some Sutter’s Mill meteorites were exposed to heavy rain for several days. Generally,
rain quickly oxidizes the iron content. Rain may hydrate anhydrous minerals, but this takes
significantly longer and requires higher temperatures than was possible for those SM samples.
Thus, SM12 hydrated silicate bands near ~1000 cm™ (Fig. 24) cannot be attributed to hydration

of anhydrous silicates by rain.

The OH stretching band for SM2 grains is systematically different than for SM12 grains.
Specifically, the band center for SM2 grains appears near 3380 cm™ while that for SM12 grains
appears near 3450 cm™. This is in agreement with [105] that the OH band in olivine- and

pyroxene-rich meteorites appears at lower frequencies.

Differences in linewidths are also potentially interesting, since differences in
inhomogenous broadening may indicate differences in parent body processing history.
Vibrational lines are broader in amorphous solids than in crystals of the same chemical

composition. For grain-integrated spectra (Fig. 24) widths of characteristic bands tend to be
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broad, but there are clear differences between different grains. Bands in spectra from individual
pixels tend to be sharper. To compare our band widths with those from independent
measurements, we note that [106] presented infrared transmittance spectra with spot size of 7 um
X 7 um for SM20 and SM30 meteorites. We converted their spectra to absorbance so that
quantitative full width at half maxima could be obtained independent of absorption strength.
Next, we obtained from our data a number of infrared spectra for different 7 um x 7 um areas of
one SM12 grain for comparison. The results for five spectra in [106] and for five of ours show
full width at half maxima for the carbonate band of 91 + 18 and 99 + 11, respectively. These

widths are the same within the statistical uncertainty.

6.4.2 Spatial relationships

Our investigation of spatial relationships between different compounds is preliminary and
qualitative, since just two grains were analyzed. Future work will perform quantitative
numerical correlation analysis on the ~20 grains for which we have already collected a large
amount of data for both meteorites. Nevertheless, the preliminary results presented here allow a
few notable observations and demonstrate the potential of the technique. A sense of the
correlations is most easily obtained by viewing rapidly alternating pairs of images, while
watching the blinking of concentration hot spots. The most prominent observation is the strong
negative correlation between carbonates and HO+aromatic C=C for both grains. Similarly, the

spatial correlation of carbonates and aliphatic C-H is negative.

Association of aliphatic organic matter with phyllosilicates is shown in Bells [64], in

NWA 852 [65], in CI1, CM2 chondrites as well as Tagish Lake [28, 107]. We observed in SM2
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grain #40 that the spatial distribution of aliphatic C-H only partially overlaps with that of
silicates, while the overlap between aliphatic CH and OH is even less. Thus, aliphatic organic
matter is not strongly correlated with phyllosilicates in SM2 grain #40, in contrast to Bells,

NWA 852, and Tagish Lake.

In SM12 grain #12 the overlap between silicates and aliphatic CH is even less than in
SM2 grain#40. If significant, it suggests that the aqueous alteration history for SM12 differs
from that of SM2, supporting the hypothesis that the parent body of the Sutter’s Mill meteorite is

combination of multiple parent bodies.

Spatial distributions of silicates and OH in SM2 grain #40 only partially overlap, which is
probably due to the abundance of anhydrous silicates indicated by the infrared spectrum (Fig.
24). In contrast, for SM12 grain #12 the correlation between silicates and OH seems somewhat
stronger, consistent with the abundant phyllosilicates indicated by the infrared spectrum (Fig.

24).

6.4.3 C-H stretching intensity ratios

Peak intensity ratio of asymmetric CH> to CH3z bands can be used to roughly infer
aliphatic chain lengths and/or branching levels [81], which are affected by processing. For
instance, energetic particles may break bonds, and heating may aromatize aliphatic molecules,
both of which shorten chain lengths and give lower CH2/CHz ratios [72]. Fewer aromatics and
higher CH>/CH3 ratios suggest dense clouds and/or protosolar nebular processes [108]. The
higher ratio for SM2 than for SM12 suggests that the aliphatic organics in these materials may

have different origins and/or have undergone different parent body processing. Our results
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suggest that SM12 was subjected to higher metamorphism temperatures (Terr =279 - 312 C) than

SM2 (Terr=134 - 259 C), which is consistent with the lower CH2/CHs ratio for SM12.

The aliphatic type organic matter in Sutter’s Mill is largely different from that in CM and
Cl chondrites. The CH2/CHs ratios of various astronomical objects were previously reported
(Table 10). The measured ratio is close to 1.0 for CM chondrites, but around 2.5 for cometary
dust and interplanetary dust particles. The high ratios for SM2 and SM12 are closer to those of
interplanetary dust and cometary matter, as well as to some other carbonaceous chondrites. The
ratio for Tagish Lake (3.0) is in between that of SM2 and SM12. We note that the CH2/CHj3 ratio
of Tagish Lake IOM was recently re-evaluated after IOM extraction via solvents to be in the
range 1.2 — 1.9 [115]. However, CHa-rich material in the bulk Tagish Lake may be lost during
the 10M purification processes, causing ratios determined using this procedure to be

systematically underestimated in comparison to those determined by analysis of organics in situ.

The high CH2/CHz3 ratios in SM2 and SM12 are consistent with reports that organic
matter in Sutter's Mill is unique among typical CM and other primitive chondrites. First,
laboratory hydrothermal treatment of Sutter's Mill caused release of complex polyether- and
ester-containing alkyl molecules which were never before detected in meteorites [109]. Second, a
bimodality in the C release suggests a combination of volatile-rich and volatile-poor organic
components [55]. Third, C and N isotopic ratios vary widely between different SM fragments

[55].

The similarity to cometary organics is of particular interest, because the pre-atmospheric
orbit of Sutter's Mill, like that of CM chondrite Maribo, was very similar to that of a Jupiter-

family comet 2P/Encke, having a Tisserand parameter on the border of the comet and asteroid
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fields [55]. It has been argued that these meteorites may originate, in fact, from Jupiter family

comets [110].

A possible source of uncertainty regarding CH2/CHjs ratios is contamination, to which the
spectral region of the C-H stretch is susceptible [57]. This may be a particular issue for SM2,
which was recovered from an asphalt surface. The C-H stretch absorption is in fact stronger for
some of the SM2 grains than for any of the SM12 grains that we studied here. However, we
remind that all grains studied in this paper were extracted from the interior of the meteorite,
while it was the exterior that contacted the asphalt surface. Also, the amino acid analysis [97]

suggests a higher contamination for SM12 than for SM2.

A second source of uncertainty in the ratios is that overtones of the strong absorption
bands at lower frequencies overlap the aliphatic C-H stretching bands in the 2980 — 2870 cm
region [95]. However, the low frequency bands, which include contributions from many
different chemical moieties and mineral species (Table 8) are very broad, and overtones should
reproduce the general shape of those fundamentals. There is no evidence of such in Figure 24
for SM2 grain #40 or SM12 grain #12. In particular, the CH stretch modes are much sharper
than any possible overtone band, so that the latter would mainly affect the baseline, which has
been subtracted off. Moreover, if the aliphatic C-H bands had significant contribution from, say,
carbonate overtones, their spatial distributions (Fig. 25c,e and Fig. 26¢,e) would be more similar

than observed.
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Table 10. The CH2/CHs ratios of SM meteorites and various astronomical objects.

Objects CH,/CHgs band strength ratio Source

SM2 (grain #40) 4.00 £ 0.06 [116]
SM12 (grain #12) 2.44 + 0.07 [116]
Comet Wild-2 coma dust 25+£0.1 [62]
Anhydrous IDPs 2.46 £0.01 [83]
Hydrated IDPs 2.31+0.01 [83]
NWA 852 (CR2) 2.53+£0.05 [65]

Tagish Lake (C) 2.57+£0.04 this work
DISM 1.17 + 0.2} [84]
Paris (CM) 1.8+0.2 [72]
Orgueil (CI) 1.4+£0.1 [64]
Bells (CM, anom.) 1.4+0.2 [64]
Murchison (CM) 1.0+£0.1 [64]
¥ Average.

6.5 Conclusions

Synchrotron-based micro-scale FTIR spectroscopy of Sutter's Mill meteorites SM2 and
SM12 shows that the spatial distributions of carbonates and both aromatic and aliphatic
hydrocarbons are negatively correlated. The spatial distribution of aliphatic organic matter and
OH relative to the distributions of silicates in SM2 differs somewhat from that in SM12,
supporting a hypothesis that the parent body of Sutter’s Mill is a combination of multiple bodies.
From the micro-Raman spectra, we confirm that SM12 experienced higher thermal
metamorphism than did SM2, although SM2 contains a greater proportion of olivine. The
CH2/CHs ratio in Sutter's Mill is higher than found in bulk CM and CI chondrites, but it is
similar to that of interplanetary dust particles and comets. These differences may indicate a
different origin and/or parent body processing of the aliphatic organic matter in SM2 and SM12

than in other CM and CI chondrites and diffuse ISM objects.
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CHAPTER SEVEN: THREE DIMENSIONAL IMAGING OF MURCHISON
WITH SYNCHROTRON FTIR SPECTROMICROTOMOGRAPHY

7.1 Introduction

Hitherto, we have investigated spatial relationships of organics and minerals that
constitute carbonaceous chondrites. This investigation took advantage of a highly analytical
instrumentation installed at the IRENI beamline at Synchrotron Radiation Center, University of
Wisconsin in Madison that allows acquisition of two-dimensional high resolution infrared maps.
Such maps present distribution of concentrations due to specific molecular functional groups in

meteorite samples, therefore allowing us to study their spatial and spectroscopic relations.

Upgrades to the instrumentation at the IRENI beamline has made spectral imaging with
synchrotron FTIR spectro-microtomography possible [71]. This technique offers investigation of
spatial distributions of chemical components in samples of interest in three-dimension and with
full color [71]. To our knowledge, no study exists on three-dimensional spectro-

microtomography of any astronomical sample in the infrared range.

Study of carbonaceous chondrites in three-dimension is particularly interesting due to
their organic and mineral abundances as well as relationships of these components. Three-
dimensional distributions of such components would reveal mineralogical and chemical
heterogeneity as well as petrology of meteorites in the mid-infrared region in three-dimension,
which would help better understand processes that the meteorite parent body might have

undergone.
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Recently we studied a carbonaceous chondrite, Murchison (CM2), with this highly novel
technique. Here we present our results of the measurements. We remark that analysis of this kind

of data is quite new and results presented here are preliminary.

7.2 Results

Figure 27 presents the visible micrograph as well as the infrared image of the Murchison
grain studied here. Due to its rough surface, some parts of the grain always out of focus under the
microscope, as seen in the visible micrograph, however this does not effect the acquisition of the

spectral data.
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Figure 27: Visible photomicrograph (left) and the infrared image of the Murchison grain. Bar is
~10 pm

In order to identify molecular functional groups present in the studied sample, infrared
spectrum of the Murchison grain was obtained after masking the sample-free regions. Figure 28

presents grain-averaged mid-infrared spectrum of Murchison, in which distinct absorbance peaks
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are visible. These peaks are due to silicates, sulfates, aliphatic hydrocarbons, carbonates, water,
and carbonyls. Positions and assignments of observed absorbance peaks are collected in Table 1.
Spectral region between 2800 — 2000 cm™ is omitted in the spectrum since this region presents

no infrared feature except artifacts such as features of atmospheric COx.
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Figure 28: Infrared spectrum of the Murchison grain studied in this work. Vertical dashed lines
represent positions of specific vibrational modes.

These positions of specific infrared features were used for the reconstruction of the
respective components after a linear baseline that is tangent to either end-points of a peak was
subtracted. Table 11 lists these integration regions for different compounds present in

Murchison.
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Table 11. Integration regions, assignments, and reconstruction labels/colors of functional groups
observed in Murchison.

Integration Region (cm™) Assignment Labels/colors in Fig. 3
1140 -850 Silicate a/green
1200 - 1140 Sulfate b / yellow
1390 — 1200 Aliphatics c / pink
1520 — 1390 Carbonate d / blue (dark)
1690 — 1520 Water e/ red
1790 - 1690 Carbonyl f / blue (cambridge)
3000 - 2800 Aliphatics g/ blue (light)
3650 — 3100 Water h/ grey

Figure 28 presents reconstruction images of these components in the Murchison grain
studied. These three-dimensional reconstruction movies can be viewed online at
“http://myesiltas.net/tomography-videos.html”. Silicates seem to be concentrated mostly in the
upper parts of the grain, however there are smaller blobs of these material near the lower portion
of the grain as well. Contents due to H-O-H bending and OH stretching vibrational modes seem
to be distributed throughout the grain. This particular grain of Murchison has only small amount
of aliphatic hydrocarbons, and its spatial distribution is somewhat different than others (mostly in

the upper and lower portions with a gap in between).
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Figure 29: Images of three-dimensional reconstructions of organics and minerals. a: Si-O stretch
in silicates, b: S-O stretch in sulfates, c: C-H bend in aliphatics, d: C=0 stretch in carbonates, e:
O-H bend in water, f: C=0 stretch in carbonyls, g: C-H stretch in aliphatics, h: O-H stretch in
water.

Additionally, any two or more of these components can be combined for pair-wise
comparison of their spatial distributions in three-dimensional space. For instance, Figure 30
shows tomographic reconstruction of multiple components. Silicate + OH combination shows
that they are spatially overlap up to some extent. Namely, the upper portion of the grain has more
overlap than the lower portion since silicates lack in the lower portion (Fig. 30a). Combination of
silicates and aliphatic hydrocarbons (stretching mode) appears to have little overlapping and they
are both distributed around the “right” side of the grain (Fig. 30b).. Finally, Figure 30c presents

spatial distribution of all components together, making up the whole meteorite grain.
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Figure 30: Images of combined three-dimensional reconstructions of organics and minerals.

The fourth dimension in our dataset is the infrared spectra. In addition to visual
investigation in three-dimensional space, different regions of the grain can be studied spectrally
since reconstruction of the whole Murchison grain investigated here consists of more than two
million voxels, each with associated full mid-infrared spectrum. Molecular compounds are
distributed quite heterogeneously in Murchison, therefore the strength of absorbance bands
varies with varying locations. In this work, we studied infrared spectra obtained from different
regions of the Murchison grain in order to see spectral variations and perform quantitative
analyses. Namely, we extracted infrared spectra from rows along the x-axis for a fixed z-axis
location (z=64), and varying y-axis locations. Corresponding pixels are y=15, 30, 45, 60, 75, 90,
105, and 120. For each row, spectra from all pixels along the raw were extracted, those of

sample-free regions were removed, and the remaining ones were averaged. Figure 31 presents
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extracted infrared spectra in the fingerprint region. Vertical lines indicate infrared features of

specific functional groups studied in this work and shown in Figure 28.
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Figure 31: Infrared spectra of rows on x-axis, extracted from different y-axes for z=64. Vertical
dashed lines show position of different functional groups.

Since FTIR spectro-microtomography provides rich spectral information (i.e. millions of
spectra), variety of quantitative analyses can be performed, such as principal component analyses
and correlation analyses for further spectral characterization of the sample. Here in this study, we
performed a quantitative analyses, correlation analyses of chemical components identified in
Murchison, in order to study possible interdependences of different molecular functional groups.
Using a Gaussian fitting procedure, we integrated intensity of each absorbance band in the
fingerprint region for rows y=15, y=30, y=45, y=60, y=75, y=90, and y=105, after which

correlations of these integrated intensities were investigated. Our quantitative analyses show that
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silicates and sulfates appear to be positively correlated with carbonates. Figure 32 presents these
relations as well as corresponding correlation coefficient (r) values obtained with 95%

confidence level.

We remark that these three components are products of aqueous alteration, therefore their
positive correlations are reasonable and expected. Namely, the silicate content of Murchison is
mostly hydrated silicates. Similarly, sulfates and carbonates form in the presence of water. We
acknowledge that our correlation analysis shown here is based on very limited data points, and
therefore only preliminary, however more work is currently in progress for investigation of many

more data points, which will yield much more meaningful correlations.
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Figure 32: Variations of band areas of silicates and sulfates relative to that of carbonates. Straight
lines indicate linear fits with corresponding r values obtained with 95% confidence level.
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7.3 Conclusions

We presented the first-ever three-dimensional spectro-microtomography measurement on
an extraterrestrial sample in the infrared with high spatial resolution. This highly novel non-
destructive technique has the advantage of locating specific organics and minerals within
samples of interest in three-dimensional space and reveals their relationships. Study of meteoritic
organics and minerals can reveal information about their origin as well as processes they may
have undergone. Additionally, infrared spectra obtained from voxels offer spectral
characterization of meteoritic constituents within their local mineralogy. These spectral data can

be used for quantitative analyses such as principle component analyses and correlation analyses.

Work presented here extracts qualitative and quantitative information from a single
Murchison grain. Spatial distribution of silicates relative to that of structural and interlayer water
reveals where hydrous and anhydrous silicates are located within the Murchison grain. Sulfates
are distributed in a way that water surrounds them. Spectral and statistical study of Murchison

indicates that carbonates are positively correlated with silicates (r = 0.94) and sulfates (r = 0.80).

Three-dimensional FTIR spectro-microtomography is a remarkable advancement and has
significant potential for the investigation and characterization of extraterrestrial samples
including samples returned from missions such as Osiris-REx and Hayabusa-2, which are going
to bring samples back to Earth from the surface of primitive asteroids. From curation to in-depth
investigation of returned samples, three-dimensional FTIR spectro-microtomography can

provide vast amount of information without damaging and altering the studied samples.
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CHAPTER EIGHT: CONCLUDING REMARKS

Meteorites have long been studied through variety of techniques, yet relationships of
organics and minerals in meteorites have not been fully understood. Work in this dissertation
provided relations of organics with minerals in carbonaceous chondrites both qualitatively and

quantitatively.

Formation of organic molecules through catalytic reactions on mineral surfaces has been
suggested. Phyllosilicates have been shown to be appropriate catalyst minerals for such
production. A genetic relation between minerals and organics is highly likely, and can be studied

into detail within the mineralogical context of meteorites.

We have utilized two nondestructive, highly analytical techniques for our experiments,
micro-Raman spectroscopy and FTIR microspectroscopy. Two-dimensional infrared spatial
distribution maps with significantly high resolution have been obtained for meteorites and
presented in this dissertation. Such maps are used to infer spatial relationships of different
chemical constituents in meteorites studied here. Additionally, we performed three-dimensional
spectro-microtomography measurements on a carbonaceous chondrite. To our knowledge, this is

the first study ever in any kind of meteorite.

As presented in this work, infrared spectra of NWA 852, Tagish Lake, and Orgueil show
signatures variety of organics and minerals. In the case of NWA 852 and Tagish Lake, silicates
and aliphatic type organics are positively correlated, however this relation is not observed in
Orgueil, perhaps due to presence of different aliphatic type organics within the measured grains

of these meteorites. Possible reason for this difference is origin, and processing of organics in the
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parent body (i.e., interstellar vs. nebular origin). In all meteorites, silicates are positively
correlated with OH content. This is most likely due to presence of phyllosilicates in these
carbonaceous chondrites. Note that the correlation coefficient varies for the three meteorites due
to contribution from anhydrous silicates at varying abundances. Furthermore, Tagish Lake has

different silicate-carbonate relation.

Carbonate content of Tagish Lake is distinct among meteorites, which is one of the
reasons why Tagish Lake is considered to be a member of the “unusual CM” chondrites. In fact,
first lithologies that were discovered in Tagish Lake were “carbonate-rich” and “carbonate-poor”
lighologies. We have showed that unlike in NWA 852 and Orgueil, silicates are positively
correlated with carbonates in Tagish Lake. Also shown in this dissertation is that carbonates are

always negatively correlated with water+organic combination in all meteorites.

In Chapter 6, we presented results of our experiments on the Sutter's Mill meteorite. By
investigating two fragments, SM2 and SM12, we provided further evidences which indicate that
parent body of Sutter's Mill meteorite is combination of multiple bodies. These evidences
include distinct infrared spectra, mineralogy, and relative spatial distributions of organic and
inorganic molecules. For instance, SM2 is dominated by anhydrous silicates, while SM12
presents abundant hydrous silicates. CH2/CHz ratio of SM2 and SM12 are 4.00 and 2.44,

respectively, indicating different origin and/or processing of organics.

To our knowledge, there is no study exists on three-dimensional FTIR spectro-
microtomography of meteorites. We have studied Murchison with this highly novel technique,
and in Chapter 7, we presented results of our three-dimensional experiments on a Murchison

grain. Relative distributions of organics and minerals show highly heterogeneous state of the
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meteorite grain. These reconstructions in three-dimensional space allow us to study spatial
distributions of specific molecular functional groups within the local mineralogy of the meteorite
sample. Infrared spectrum of voxels as a forth dimension additionally not only provides spectral
investigation on the mineralogy of Murchison but also allows us to quantitatively study mineral-

organic relations.
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