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Abstract

We demonstrate nondestructive, three-dimensional, microscopic, infrared (IR) spectral in-situ imaging of an extraterres-
trial sample. Spatially resolved chemical composition and spatial correlations are investigated within a single 45 um grain of
the Murchison meteorite. Qualitative and quantitative investigation through this analytical technique can help elucidate the
origin and evolution of meteoritic compounds as well as parent body processes without damaging or altering the

investigated samples.
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Introduction

Meteorites are samples of asteroids, comets, and other
planetary bodies such as the Moon and Mars. Various extra-
terrestrial processes (e.g., thermal metamorphism, aqueous
alteration, shocks, and weathering) affect chemical compos-
itions of meteorites. Whether they are interstellar, nebular,
or asteroidal processes, primitive meteorites contain signa-
tures of these events in their composition.' The study of
organic matter, their distribution, and spatial relationships
in meteorites are especially of interest. Understanding
these organic-mineral associations is key to understanding
processes and mechanisms for the formation of organic
matter in the early solar system.? Evidence suggests that
organic matter may have been selectively formed on spe-
cific mineral surfaces through catalytic reactions.” '
Therefore, a genetic link between the host mineral species
and the produced organic matter is highly possible.
However, these relations remain poorly understood.
Carbonaceous chondrites, the most primitive meteor-
ites,'* are highly heterogeneous extraterrestrial samples
with up to ~5wt% carbon.'> Their chemical composition
contains a variety of organics and minerals of complex origin
and evolutionary history. Knowledge about formation and
processing of organic matter remains poor.I6 Investigation
of composition and petrology of carbonaceous chondrites

in situ can reveal complex parent body processes and origin
of meteorite constituents. For instance, organic com-
pounds in meteorites may have been modified by thermal
metamorphism.'” The majority of organic matter in
carbonaceous chondrites is insoluble'® and their spatial
associations with minerals may provide insights on their
formation mechanisms.'”

Existing analytical techniques to characterize meteorite
constituents include infrared (IR),2>*' Raman,?*** and
X-ray** spectroscopies, nuclear magnetic resonance,?®
and carbon X-ray absorption near-edge structure spectros-
copy.”*® Among these, IR spectroscopy has been the most
widely employed for investigating chemical composition.
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Sandford et al.* found that organics in comet 81P/Wild 2
samples have a heterogeneous and unequilibrated distribu-
tion. Beck et al.' investigated asteroidal processes through
IR transmission spectroscopy of carbonaceous chondrites.
Using mid-IR spectroscopy, Morlok et al3° compared
achondrites to astronomical observations of dust in proto-
planetary disks.

We previously demonstrated that organics and minerals
can be mapped in situ in meteorites by two-dimensional
(2D) IR spectral microscopic imaging,'*>'* which
revealed organic-mineral relationships with micron spatial
resolution in various meteorites. The observed organic-
mineral associations may suggest possible origin and
formation mechanisms and parent body processes. Three-
dimensional (3D) IR microtomography with high spatial
resolution has recently become possible.** This eliminates
ambiguities due to overlapping pixels in the 2D analysis,
providing a full mid-IR range spectrum for every voxel in
the form of a four-dimensional hyper-data-cube. Indeed,
Ebel et al>® argued that one should seek evidence of
parent body processes from 3D mapping since these pro-
cesses occur in 3D space.

To our knowledge, no study exists to date on 3D IR
microtomography of an astronomical sample. Here we
demonstrate this nondestructive analytical technique in a
single grain of the Murchison meteorite. This synchrotron-
based 3D FT-IR imaging spectro-microtomography has high
potential to reveal detailed information on the origin and
evolution of materials and processes in extraterrestrial
samples, including those to be returned by missions such
as Osiris-REx and Hayabusa-2. Here, distribution and rela-
tionships between silicates, sulfates, carbonates, water, and
aliphatic hydrocarbons are revealed in Murchison.

Samples and Experimental Details

Fourier transform IR spectro-microtomography was
performed at the IRENI (IR ENvironmental Imaging) beam-
line of the Synchrotron Radiation Center, University of
Wisconsin, Madison. Experimental protocols were similar
to the acquisition of 2D FT-IR images of meteorites
described in Yesiltas et al.,'?3'33 except that the meteorite
sample was rotated to obtain a large number of transmis-
sion images. These constitute the tomographic data set.>*

A single ~40 x 50 um pristine Murchison grain was
mounted on the tip of a MiTeGen sample holder** which
was subsequently mounted to the sample rotation stage.
Using a 15X (N.A. =0.5) condenser and a 36X (N.A.=0.5)
objective, the microscope was focused onto the meteorite
grain. Precise rotation of the stage under the microscope
was computer controlled*® The Murchison grain was
rotated in increments of 1.6°. At each angle, an IR trans-
mission spectrum was collected for each pixel in a 2D array
detector simultaneously. A total of 224 2D transmission
images were collected over the 358.4° range of angles.
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Each 2D image had the same 128 x 128 pixel field of
view, providing I.l pm x |.] pm spatial sampling and 8 cm™
' spectral resolution. Thus, the 3D reconstruction of
Murchison consists of millions of voxels, each with
[.1 um x I.I pm x .1 um volume and a full IR spectrum.
Reconstruction of tomographic data is done in soft-
ware.** Using Igor Pro and IRidys, we first analyzed one
of the 224 2D data sets (Figure 1) and identified spectral
signatures of molecular functional groups and their corres-
ponding frequency ranges (Figure 2). Subsequently, we used
tomography scripts from Image] to reconstruct the entire
data set and integrated intensity of each characteristic
absorbance band. Each reconstruction represents the 3D
spatial distribution of a specific functional group within the
grain. Finally, generated reconstructions were visualized
with Avizo, and different colors were assigned to distinguish
them. For purposes of discussing the results, we define a
coordinate system such that the vertical coordinate of each
voxel is x, while y and z are the two horizontal coordinates.

Results
Identification of Functional Groups

Figure | presents both visible (left) and IR (right) micro-
graphs for one of the 2D data sets. The color scale in the IR
image represents absorbance, red being the highest. Note
that within the spatial resolution defined by the 3.5 um
wavelength, the outlines of the grain in visible and IR
images are the same. This indicates that ray deviation
caused by index contrast and irregularly orientated surfaces
is insignificant on a length scale of 3.5 um.

Figure 2 presents the grain-averaged IR spectrum of the
Murchison grain (after masking the sample-free regions).
Distinct absorbance peaks identify the various mineral
and molecular functional groups in the studied sample.
The clear features are due to silicates, sulfates, aliphatic
hydrocarbons, carbonates, water, and carbonyls. Positions
and assignments of observed absorbance peaks are col-
lected in Table |. The spectral region 2800-2000cm™" is
omitted due to artifact absorption from atmospheric CO,.

>

Figure |. Left: visible micrograph of the studied Murchison

grain. Horizontal bar is ~10 um. Right: corresponding IR image

of the grain at 2850 cm™".
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Figure 2. Infrared spectrum of the Murchison grain studied in this work. Vertical lines represent positions of specific

vibrational modes.

Table 1. Integration regions, assignments, and reconstruction labels/colors of functional groups observed in Murchison.

Wavenumber (cm™") Wavelength (1um) Vibrational mode Assignment Labels/colors in Figure 3
1140-850 8.77-11.76 Si—O stretch Silicate algreen

12001140 8.33-8.77 S-O stretch Sulfate bl/yellow

1380-1300 7.19-8.33 CHjs bend/C-O stretch Aliphatics c/pink

1520-1390 6.57-7.19 C=0 stretch Carbonate d/blue (dark)
1690-1520 5.91-6.57 H-O-H bend Water e/red

1790-1690 5.58-5.91 C=0 stretch Carbonyl f/blue (Cambridge)
3000-2800 3.33-3.57 C—H stretch Aliphatics g/blue (light)

3650-3100 2.73-3.22 O-H stretch Water h/gray

The broad and well-defined absorbance band near
1000cm™" is due to Si-O stretching vibrational modes of
SiOy4 in silicates. Although mostly hydrous, silicate content
of Murchison also includes contributions from anhydrous
silicates. These are evident from infrared features at 887
and 1050cm™' due to olivine and pyroxene, respectively.

Two bands give evidence for organic molecules and
hydrocarbons. C—H stretching modes in hydrocarbons
have bands in the 2800-3000 cm™ range. Bending modes
of CHj; in aliphatic hydrocarbons, and C-O stretching
modes of organic molecules®’ give rise to multiple IR fea-
tures in the range 13001380 cm™". The spatial distributions
of C—H stretch and CH3/CO need not be the same.

Two bands give evidence for water. The first is a rela-
tively narrow band near 1630cm™ due to the H-O-H
bending mode, which has been interpreted as due to inter-
layer water indigenous to phyllosilicates.>® The second is a
broad band in the range 3700-3000 cm™" due to the O-H
stretch. Interlayer water in phyllosilicates certainly contrib-
utes to this band, but there also may be contributions from

carboxyls and alcohols. Water may also be present as an
adsorbed terrestrial contaminant.®’

Asymmetric stretching vibrations of C=0O in the carbon-
ate CO5>" ion are responsible for the band near 1427 cm™.
The feature near | 160 cm™" is probably due to S—O stretch-
ing modes in sulfates, consistent with the known presence
of sulfates in Murchison.*® The strong and distinct absorb-
ance band near 1740 cm™' is due to C=0O stretching modes
in carbonyls, such as ketone, also previously identified in
Murchison.*'*?

Three-Dimensional Reconstructions

Based on spectral positions of absorbance bands and their
respective assignments presented in the previous section, we
generated 3D reconstructions of individual molecular func-
tional groups. Concentrations are defined as regions where
that group’s absorbance exceeds its grain average. Figure 3
presents selected 2D projections of these reconstructions.
See the online Supplemental Material for video rotations.
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Figure 3. Images of 3D reconstructions of organics and minerals. (a) Si—O stretch in silicates, (b) S—O stretch in sulfates, (c) C—H bend
| C=O stretch, (d) C=0 stretch in carbonates, (€) O—H bend in water, (f) C=0O stretch in carbonyls, (g§) C—H stretch in aliphatics, (h)

O-H stretch in water.

The upper half of the grain is relatively rich in silicates
(Figure 3a). The connected regions with higher than average
silicate concentration are significantly larger in the upper half
of the grain than in the lower half. Close inspection shows
that none of the connected regions of higher silicate con-
centration has a dimension exceeding about 8 um, i.e., they
are all smaller than the wavelength of the silicate band.
(Although the spatial resolution is of course no better than
the wavelength, there are variations nevertheless in the
strength of every band on sub-wavelength length scales.)

Sulfate-rich material occurs as a dense constellation of
small blobs located along part of the surface on the lower
half of the grain (Figure 3b). There are a few larger blobs of
higher than average sulfate concentration in the upper half
of the grain. The video rotations make clear that the spatial
distribution of sulfate concentrations is well separated from
that of the silicate concentrations.

Aliphatic hydrocarbon concentrations based on CHj;
bends (Figure 3c) appear as coarse blobs, mainly in the
upper half of the grain. Several of these about halfway
down the grain appear in the video rotations as very thin
(<2 pm) platelets of up to 6 um diameter and aligned with
the surface like layers of an onion. The coincidence of sili-
cate and CH3/CO concentrations in the upper half of the
grain, may suggest that synthesis of certain organic mol-
ecules are catalyzed by phyllosilicates, either in the parent
body or in the interstellar medium (ISM).

C-H stretch concentrations (Figure 3g) appear as small
blobs with higher abundance in the lower half of the grain.
The video rotations support that they are spatially distinct
from the CH5/CO concentrations (Figure 3c). Notably, the
C-H stretch blobs halfway down the grain appear on the
opposite side of the grain from the thin platelets of high
CH5/CO concentration. Thus, there appear to be distinct
populations of organic molecules, with the CH3/CO con-
centrations possibly weighted toward the C-O stretch.
Considering the observations made in the preceding para-
graph, it may be mainly those organics that contain oxygen
that are catalyzed by phyllosilicates. Perhaps it is interaction
with the water in phyllosilicates which oxidizes the carbon
in carbonaceous meteorites.

Concentrations of water obtained from H-O-H bends
are distributed roughly uniformly throughout the grain as
small blobs (Figure 3e). Concentrations of O—H stretches
are also located throughout the sample (Figure 3h), but
their distribution differs from that for the H-O—H bend.
That means that some of the O—H stretch in Murchison is
due molecules other than water, such as alcohols and carb-
oxyls. Substantial presence of hydrated silicates (phyllosili-
cates) in Murchison is evident from the partial overlap in
the spatial distributions of silicate and O—H concentrations.

Carbonate concentrations from the C=O stretch
(Figure 3d) are distributed throughout the grain similarly
to the H-O—H bend of water (Figure 3e). They do not
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perfectly coincide, but they appear to be positively
correlated.

The carbonyl concentrations are distinct from the
others, appearing mostly in the lower half of the grain
(Figure 3f). Notably, high concentrations of carbonyl are
separate from high concentrations of silicates and CH5/CO.

In addition to the reconstructions of individual concen-
trations, we consider pair-wise comparisons. Figure 4a
shows that concentrations of silicates and O-H stretch
overlap in the upper half of the grain but much less so in
the lower half due to lack of silicates there. In the upper
half, some silicate-rich blobs appear to be spatially distinct
from the O—H stretch, indicating separated concentrations
of hydrous and anhydrous silicates.

Concentrations of C—H stretch appear spatially distinct
from those of silicates (Figure 4b), overlapping only a little
near the upper regions. This means that a significant popu-
lation of hydrocarbons is unlikely to have origins associated
with phyllosilicates.

Figure 4c shows that C-H stretch concentrations have
considerable overlap with those of carbonates. This is
perhaps due to the accidental coincidence between the
overtones of carbonates*® and the C—H stretch absorption.
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Sulfate and H-O-H bend concentrations appear to
overlap well. Sulfate concentrations are contained mostly
within the relatively wet region (Figure 4d). This may have
implications regarding the formation of sulfates from aque-
ous alteration.

Figure 4e shows relative spatial distributions for concen-
trations of sulfates and silicates. This image, together with
the 3D video rotations, confirm that sulfate and silicate
concentrations are spatially separated, as has already been
noted.

Finally, we generated a superposition of reconstructions
for all of the components in Figure 4f. Note the empty
regions especially around the edges of the grain. These
are voxels for which the absorbance of every group is
below the grain average. The optical path through these
edge regions might be less than the ~I| um spatial reso-
lution, i.e., these voxels are incompletely filled with matter.

Two-Dimensional Versus Three-Dimensional
Correlation Analysis

We have previously published correlation analysis between
different mineral groups and organics for grains of the

(a) (b)
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Figure 4. Images of combined 3D reconstructions of organics and minerals.
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meteorites Sutter’s Mill'” and NWA 852.32 An acknowl-
edged uncertainty in those studies is the possibility of acci-
dental coincidences due to the integration of absorption
from material in a column of voxels that passes from one
side of the grain to the other. In other words, the absorp-
tion of one mineral near the top surface can be superim-
posed on the absorption of material from near the bottom
surface along a given ray of the transmitted IR beam, giving a
false spatial correlation. We argued in those papers that by
looking at a large number of pixels from the 2D spectral
image with high spatial resolution, the impact of such acci-
dental correlations is averaged out. However, to emphasize
the advantage of 3D tomography, we present an example
for the presently studied meteorite grain, which shows that
2D correlation analysis from too few pixels can give results
that differ from conclusions of the 3D investigation. To do
this, we extracted IR spectra from vertical columns of
voxels (x-axis) for fixed z=64 and y=15, 30, 45, 60, 75,
90, or 105. For each column, sample-free voxels were
excluded and the remaining voxels were averaged.
Figure 5 presents these spectra. Vertical lines indicate IR
features of specific functional groups, as in Figure 2.

We performed correlation analyses based on integrated
intensity of the Gaussian-fit bands for the seven columns
sampled. Figure 6 presents the results with correlation
coefficient (r) at a 95% confidence level. Sulfates are posi-
tively correlated with carbonates, which is compatible with
the observation from Figures 3 and 4 that both are corre-
lated with H-O-H bend (and hence with each other).
On the other hand, the correlation in Figure 6 between
silicates and carbonates implies that silicates and sulfates
must also be correlated, which contradicts our earlier con-
clusion. Moreover, the 2D analysis misses some conclusions
previously made from the 3D analysis. These observations
emphasize the uncertainties inherent to correlation analysis
based on limited sampling of pixels from 2D spectral ima-
ging, and they emphasize the advantage of the 3D approach
presented here.

Discussion

Spatial correlation between organic molecules and minerals
in primitive meteorites can provide insights on the origin
and evolution of organic matter. Formation regions, condi-
tions, and pathways of organic molecules found in meteor-
ites can vary. For instance, they can form in the solar nebula
via ultraviolet irradiation of icy grains,44 or in the ISM via
grain surface-gas phase reactions,'' or through catalytic
reactions on grain surfaces in the parent body.'?

Most investigations of organic matter in meteorites have
chemically extracted the organics by demineralizing the
inorganic content.**~ *® This method loses mineralogical
context, may possibly alter organic matter by the acids
used,49 and misses some of the organic matter.>® In con-
trast, our technique maps organic and mineral composition
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Figure 5. Infrared spectra of rows on the x-axis, extracted from
different y-axes for z = 64. Vertical dashed lines show position of
different functional groups.

of Murchison meteorite in situ without chemical treatment,
and it allows us to study organic-mineral associations at
micron length scales.

Supporting the observation of variety and segregation
for different types of organics, Murchison is already
known to be one of the most heterogeneous meteorites,
containing a broad spectrum of organics. Cronin and
Pizzarello>® found that principal components within the ali-
phatics of the Murchison are alkanes including cyclic
alkanes, which means that some aliphatic hydrocarbons
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Figure 6. 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.

contain rings of CHj;. Also, they found that hydrocarbons
were highly branched, which means there are more CHj;
moieties attached to the aliphatic chains. We found absorb-
ance band ratio of CH,/CHjs to be around |, so there is no
significant preference of CH, over CHj3, which is consistent
with aliphatics being highly branched.

On the basis of the remarkably similar IR spectra of
Murchison and ISM in the 2800-3000cm™" region, it has
been suggested®' that some ISM components may have
survived to be incorporated into the meteorite parent
body in the case of Murchison. We measured a series of
Murchison grains in the mid-IR and obtained the CH,/CH;
ratio to be |.10, which is comparable to the published data
for Murchison (1.00)'® as well as ISM (~1.10).°**3 Such a
small ratio points to short and/or highly branched aliphatic
chains, whose formation regions and conditions were per-
haps similar to those in the ISM.

Though the organic matter in Murchison is spectrally
similar to organics in ISM, there is strong possibility that
it was later processed by aqueous alteration in the parent
body to form a higher quantity and variety of organics. It is
usually held that organics are first formed in the ISM and
are then transported to the solar nebula, or to a parent
body, or sequentially to solar nebula then parent body. In
the case of Murchison, it is believed that organics were
formed in the ISM, but the highly heterogeneous compos-
ition suggests formation of some organics in the parent
body through processes such as aqueous alteration, etc.
The broad and symmetric absorbance band near [0um
wavelength in our spectra is indicative of the presence of
phyllosilicates, which must have formed due to aqueous
alteration in the parent body. Phyllosilicates also facilitate
the formation of organics and sometimes they protect
organics from being destroyed or oxidized, which further
supports the likelihood that some organics were formed in
Murchison’s parent body.
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Very few previous investigations exist regarding organic-
mineral associations in meteorites. Pearson et al.> com-
bined osmium labeling, X-ray spectroscopy, and scanning
electron microscopy to show that phyllosilicates are asso-
ciated with organic matter of unknown composition in car-
bonaceous chondrites, including Murchison. Micro-Raman
imaging by Amri et al.>* showed that pyroxene and carbon-
aceous matter spatially overlap in Murchison, indicating
positive correlation of silicates and organics. Guillou
et al.>® utilized secondary ion mass spectroscopy (SIMS),
focused ion beam (FIB), and scanning transmission X-ray
microscopy (STXM) to show that diffuse and granular
organic matter is intimately mixed (intercalated) with phyl-
losilicates in Murchison, suggesting an association of organic
matter with phyllosilicates and carbonates. Our IR spectro-
scopic observations of spatial concentrations of various
groups and organic-mineral associations in Murchison are
in good agreement with these earlier studies by different
techniques.>**~*

Next we consider the possibility that optical artifacts
affect the accuracy of our results. Scattering, diffraction,
and refraction might occur if there were domains larger
than the wavelength with significantly different indices.
Indeed, Figure 3 might be misinterpreted as evidence of
such domains comprising a single pure constituent, e.g.,
low index organics or high index silicates. However, there
is no region larger than our |.I um spatial sampling that is
pure anything. Silicates and organics are distributed con-
tinuously (though with varying concentration) throughout
the grain. Figure 3 comprises binary representations of a
continuous concentration distribution, like a black and
white print with no gray scale, so that, for example, a sili-
cate blob is not a hard-edged silicate rock. The boundaries
of the regions in Figure 3 merely indicate where the absorb-
ance crosses a threshold value, defined as the grain-
averaged absorbance for that mineral group. Silicate
absorbance is found in the spectrum of every voxel. This
applies also to the 2D pixels in the images of other meteor-
ite grains as well, e.g., to Sutters Mill,'” NWA 852,32 Tagish
Lake.*® X-ray fluorescence (XRF) with | um spatial resolu-
tion (Juergen Thieme, SRX beamline, NSLS-Il, Brookhaven
National Laboratory, private communication) on a set of
grains from the same Murchison sample confirms the con-
tinuity of the silicate distribution. Results confirm that there
is no region on the surface of any grain that is free of silicon.
The Si XRF signal, though heterogeneous, never vanishes
on the surface of any grain and all Si XRF intensities signifi-
cantly exceeded the detection limit.

Not only is the grain free internally from strong index
contrasts, but also the length scales for the index variations
that exist are all sub-wavelength. Although Figure 3a shows
a stringy blob stretched diagonally across the upper half of
the grain by more than 20 pum, this is an artifact of viewing
only a single image from the 3D reconstruction at relatively
low spatial resolution and contrast. In fact, no blob of
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silicate-rich material is larger than ~8 um. We suspect that
the true characteristic length scale for index variations is
sub-micron, though our technique cannot show it.

In ray optics, we must average over length scales much
larger than the wavelength.”® The longest dimension of our
grain is only 15 x our smallest wavelength. Thus, the IR
radiation propagating through our meteorite grain is pas-
sing through an effectively homogenous medium described
by effective optical constants. Scattering, diffraction, and
refraction caused by sub-wavelength and low-contrast
internal index variations should be absent. Were the vari-
ations present, they would create the signature artifacts
described in the online version and Supplemental Material
of Martin et al.,** using the same apparatus and 3D recon-
struction software that we used here. A hard-edged, high-
index structure several times larger than the wavelength
can diffract light to cause intensity oscillations in the
image, but only if the wavelength is not strongly absorbed
by the structure. These oscillations are particularly appar-
ent in the geometrical shadow of the structure, causing the
structures to appear hollow and sharpening their edges.
We observe no such intensity oscillations, no hollow con-
centrations, and no sharp edges. The high absorption that
defines mineral concentrations additionally explains why
such signature artifacts are absent.

Strongly scattered rays are not be collected by the spec-
trometer or imaging optics. The well-known spectral signa-
ture of such scattering is a rapid intensity decrease with
increasing wavenumber,>’ but no such effect is observed in
our spectra. Moderately scattered rays (other than by dif-
fraction) that happened to be collected and imaged onto the
detector array would contribute mainly a contrast-lowering
haze (as known for cataracts of the eye). Large and moderate
angle scattering cannot artificially produce well-defined
regions of stronger absorption where none exist.

One might object that the index contrast between the
air and our meteorite grain is not small, so that refraction
at the grain boundaries could be significant. Indeed, our
absorption data suggest that the edges of the sample pre-
sent less of an optical path length than the center. In other
words, each grain might act like a lens, giving very strong
distortion of the 2D image. However, the observations do
not support such a negative situation for our meteorite
grains, presumably because of the small optical paths in
the optically dense medium where all dimensions are not
much larger than the wavelength. Our optical microscope
and IR images for hundreds of different meteorite grains
show that grain outline at visible wavelengths is always well
preserved in the IR within the resolution limits, so that
image distortion is insignificant. Figure | is an example for
the grain considered in this paper. Yesiltas et al.'”*? present
other examples.

There have been many completely independent demon-
strations of IR tomography where the same concerns regard-
ing index gradients apply. For long optical paths with strong
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scattering, as in near-IR medical imaging, the Radon trans-
form (which assumes undeflected beams) does not apply,
and different reconstructions are used.’®’ In the far-IR
(THz), where scattering is weaker, the main effect of index
contrast s a loss of collected signal due to strong refraction at
the air-sample interface.’”*® It can then be difficult to dis-
criminate whether the image contrast is due to absorption
or beam deviation. However, in our experiment, we do
determine that the contrast arises from absorption, and
not deviation, because for each pixel we have a broadband
mid-IR spectrum, and attenuation of light is associated with a
characteristic absorption band which can be unambiguously
associated with a specific mineral or molecular group.

Very recently, Quaroni et al.®' demonstrated 3D mid-IR
tomographic imaging of endogenous and exogenous mol-
ecules in a single intact cell with subcellular resolution using
instrumentation that is very similar to ours. In their work,
they demonstrated the experimental method as well as the
quantitative 3D distribution of molecular components
based on the intrinsic contrast provided by their sample.
In their report, they stated that “the introduction of cellular
IR tomography will be one of the breakthroughs that will
revolutionize IR imaging of biological systems,” and that
“the applicability of the technique is general and not limited
to plant cells, the same protocols described in this work
can be used for benchtop tomographic imaging of any cells
and any other samples accessible by an IR transmission
measurement.”®'

According to Guillet et al.,*? IR transmission images may
be used for tomography by the same procedures used to
acquire and to render 3D images in the optical, IR, or X-ray
regions of the electromagnetic spectrum. Many experimen-
tal reports have demonstrated the successful application of
those procedures. In several cases where the structure is
known in advance, so that the spatial index variations are
known, and where the index contrast is strong and the
surfaces convoluted, IR tomography has confirmed the
structure without distortion.®®¢>*® This gives confidence
to the application of the technique to situations such as
ours, where the structure and index distribution is
unknown in advance, though the index variations are
expected from complementary measurements to be small.

Conclusion

We presented the first ever 3D spectro-microtomography
measurement on an extraterrestrial sample in situ in the IR
with high spatial resolution. This nondestructive technique
reveals spatial relationships between organics and minerals,
elucidating their origins and processing. These spectral data
can be quantitatively interpreted using principle component
and correlation analyses. The technique has significant
potential for the in situ investigation of extraterrestrial
samples, including those returned from missions such as
Osiris-REx and Hayabusa-2 to primitive asteroids.
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The highly heterogeneous chemical composition of
Murchison contains signatures of processes that took
place in the ISM as well as in the parent body, both of
which contributed to the synthesis of organic molecules.
For the considered Murchison grain, the spatial distribution
relative to water identifies hydrous and anhydrous silicates.
Sulfates are found to be surrounded by water. Proximity of
phyllosilicates to CH3 and CO suggests a role for hydrated
silicates in the formation of certain organics. The CH,/CH;
ratio is as small as that of ISM (~1.00), suggesting the same
formation regions and/or conditions for their organic
matter.
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