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a b s t r a c t

Laser Raman Spectroscopy has been proposed and is under extensive development for surface
exploration missions to planetary bodies of our Solar System. It reveals information on molecular
structure and chemistry. The spatial distribution of molecular species in natural geological samples and
planetary materials has significance for the geological processes by which they formed. Raman imaging
is the best way to combine the molecular identification and characterization of geologic materials with
their spatial distribution. This paper reports Raman imaging studies of five types of extraterrestrial
materials and three terrestrial samples using a state-of-the-art Raman imaging system. The Raman
spectral features of major, minor, and trace species in these samples, together with their spatial
correlations revealed by these Raman imaging studies indicate the genetic relationships and the
geological processes that these materials have been experienced. For robotic planetary surface
exploration mission, a simple yet very useful molecular map of a sample can be generated by using
line-scan or grid-scan of an in situ Raman system with tightly focused laser beam.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Laser Raman Spectroscopy has been proposed and is under
extensive development for surface exploration missions to plane-
tary bodies of the Solar System (Wang et al., 1995, 1998, 2003;
Wang and Lambert, 2013; Rull and Martinez-Frias, 2006). A laser
Raman spectrum presents the inelastically scattered light photons
from a sample when irradiated with an excitation laser line of
wavelength λ0. The wavelength shifts of the spectral peaks in a
Raman spectrum relative to the excitation laser wavelength
(Δλ¼λmeas7λ0, expressed in cm�1) reveal the energies of vibra-
tional modes of chemical bonds (or molecular species) in the
sample. A Raman spectrum can be excited by laser lines in IR, VIS,
and UV spectral ranges, because it observes the wavelength
differences. Thus ordinary Raman spectrometers would allow
information about molecular structure and chemistry, whose
energies of transitions are in the mid-IR spectral range, to be
observed in the visible spectral range. This instrumentation con-
cept allows the usage of highly matured opto-electronics devel-
oped for the visible spectral range to be used in flight Raman
system development.

In normal cases, Raman measurement is non-destructive bec-
ause the laser does not vaporize the materials, but caution should
be taken for heat-sensitive samples. Raman measurement gets
information on the as is status of organic and inorganic molecular
species in solids (crystalline and amorphous), liquids, and gases. The
laser Raman measurements can be non-invasive because the laser
beam and Raman scattered photons can penetrate through optically
transparent materials, such as laboratory reaction vials, through a
window on the process line of an in-situ resource utilization (ISRU)
platform on a planetary surface (e.g., Moon or Mars), or through a
window on a descending vessel to a planetary surface (e.g., Venus).

During the robotic investigation of a rock on a planetary surface
(e.g., Mars) or laboratory study of a sample with an extraterrestrial
origin, it is desirable to obtain both information on the molecular
species and the spatial distribution of the species in the sample.
Raman imaging is the best way to realize this combined analysis. A
Raman imaging system generates a molecular map on the basis of
characteristic Raman spectral features of molecular species in the
analyzed sample. The method of generating a Raman image can be
very simple and straightforward for robotic exploration (e.g., line-
scan or grid scan, Haskin et al., 1997), or can be more sophisticated
and detailed in the laboratory (Nasdala et al., 2012). This paper
reports results of a set of Raman imaging studies of extraterrestrial
materials using a state-of-the-art Raman imaging system. Five types
of extraterrestrial materials were selected for this preliminary Raman
imaging investigation: Apollo samples from the Moon, lunar meteor-
ites, martian meteorites, achondrites, and carbonaceous chondrites.
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2. Raman imaging and its application to extraterrestrial
materials

In a Raman imaging measurement, we obtain a Raman data
“cube” from each sampling spot on a 2 dimensional sample surface
with the 3rd dimension of data cube being the Raman spectrum.
Recently on transparent (relative to laser wavelength used) or
semi-transparent sample, 4D Raman image data cube can be
obtained with one Raman spectrum from each sampling spot in
a 3D volume of the analyzed sample. Using this data cube, one can
generate multiple Raman images that reflect the spatial distribu-
tion of molecular species, as well as the spatial distribution of a
specific property of a molecular species, in the analyzed sample.
For example, one can (1) use the major Raman peak positions and
spectral patterns of the minerals olivine, pyroxene, plagioclase,
ilmenite, and other trace phases to generate a map, i.e., spatial
distribution of all minerals in lunar rocks; (2) use the Raman peak
intensity (or peak area) to generate the abundance distribution
and the map of the degree of structural ordering of reduced carbon
in martian meteorites (Steele et al., 2007, 2010, 2012a, 2012b) or
carbonaceous chondrites (Fries and Steele, 2008); (3) use the shift
of a Raman peak central position to generate a map of chemical
zoning [e.g., Mg/(MgþFeþCa)] in a pyroxene grain of a lunar or
martian meteorite (Seddio et al., 2015); and (4) use the change in
Raman peak position or the change in peak width to generate a
map of structural distortion, crystallinity variation, or mechanical
stress in an Si sample (Gogots et al., 1999). In these maps, spatial
correlations of the different phases and the compositional and
structural variations in a single phase can reveal evidence of past
physical, chemical, and biological processes, and thus demonstrate
potential genetic relationships.

Extraterrestrial samples are keys to understanding the properties
of other objects (planets, satellites, asteroids, comets) in the Solar
System and of the building blocks during different periods of Solar
System formation and stellar evolution. Characterizations of the
atomic, isotopic, and molecular species in such samples are essential.
Examples of some of the processes affecting extraterrestrial samples
that may differ from processes on Earth include the impact and space
weathering of surface materials on airless bodies like the Moon and
asteroids; the physical and chemical weathering of surface and
subsurface materials on Mars and Venus under very different atmo-
spheric and environmental conditions; the cryogenic tectonic pro-
cesses on icy satellites (e.g., Europa and Titan) in a high radiation
environment; the violent degassing and loss of surface layers of a
comet when approaching the Sun; and the wide range of metamorph-
ism with temperature and chemical changes (sometimes involving
hydrous and organic species) during the formation of meteorites; and
the atomic/isotopic differentiation and molecular formation in IDPs
within the early solar nebula. These processes, and the physical and
chemical conditions that stimulated and sustained these processes, are
all crucial for understanding how the Solar System and life began and
evolved. Together with atomic and isotopic imaging, molecular ima-
ging generated by Raman imaging studies of extraterrestrial samples
can help to answer these questions.

2.1. Various Raman imaging methodologies

Different methodologies exist to collect a Raman imaging data
cube; these can be classified in two basic approaches. One approach
uses a spatially broad (normally defocused) excitation laser beam to
stimulate a large area in a sample, and then to have the Raman
photons from all sampling spots in that area pass simultaneously
through a series of wavelength windows, thus forming a full-range
Raman spectrum at each spot. Filter technologies are used in this
type of Raman imaging in which the Raman photons of selected
wavelength are allowed to reach the detector by tuning the band

pass of a single filter or multiple filters, such as an Acoustic Optical
Tunable Filter (AOTF) or wheel-filter(s) with adjustable incidence
angle. An alternative method in this approach is a non-filter
technology that also benefits from a broad excitation beam. It uses
a Raman probe made of an optical fiber bundle that contains
hundreds to thousands of individual optical fibers to collect Raman
photons and to use a conventional spectrograph to generate a
Raman spectrum for each fiber. The positional information of all
spots in an analyzed sample is stored in the position of each optical
fiber in the fiber bundle. The advantage of this Raman imaging
approach is fast image acquisition. The disadvantage is the low
Raman signal strength (because the laser beam is defocused) and
the potentially significant interference from fluorescence in some
samples. This approach is suitable for imaging materials with large
Raman-scattering cross sections but with little or no fluorescence,
such as synthetic pharmaceutical samples.

Most natural geological materials are medium to weak Raman
scatterers and fluorescence interferences occur in many terrestrial
geological materials. Therefore, the more efficient Raman imaging
methodology for geological samples is to use the second approach.
It uses a tightly focused excitation laser beam to generate a Raman
spectrum with good S/N at a single spot in the sample, then to use
a scanning mechanism to move to another sample spot and
sequentially build a Raman image data cube. In other words, the
first Raman imaging approach scans in wavelength space and the
second Raman imaging approach scans in X-Y-Z space.

For the second Raman imaging approach, a variety of X-Y-Z spatial
scan technologies has been developed, as follows. (1) A highly
accurate translational microscopic stage can be used to sequentially
position the spots of a sample (along a line or a 2D & 3D grid) under a
tightly focused laser beam. (2) A 2-D galvanometric motor can be
used to scan a tightly focused laser beam onto the spots of a small
sampling area (a few tens of micrometers) covered by the field of
view (FOV) of a microscopic objective used for the Raman measure-
ment, and then moving in the X-Y directions of a microscopic stage to
enlarge the imaged area (mm to cm). (3) A slightly defocused laser
beam can be used to irradiate an elliptically shaped area on the
analyzed sample and then the Raman spectra can be collected from
all spots in this elliptical area simultaneously. The microscopic stage
can then be moved in the direction perpendicular to the long axis of
the ellipse and to collect the Raman data cube of a large area. (4) A
combination of laser optics, high accuracy stage motion, and syn-
chronized CCD readout can be used for fast Raman imaging of a large
sampling area (details in following paragraph). The advantage of the
second Raman imaging approach is a generally high Raman signal
strength. The disadvantage is longer acquisition time for an image
than the first approach, especially when using a grid scan [i.e., (1)
above]. However, this disadvantage has been greatly reduced by new
designs of state-of-the-art Raman imaging systems, which can per-
form type (2), (3), and (4) scans in mm to cm distance scales
(depending on spatial resolution) in hours on geological samples.

2.2. Raman imaging system used for this study

We built a new Raman imaging laboratory at Washington
University in St. Louis and installed an inVias Raman System
(Renishaw Company) in December 2011. The system consists of a
spectrometer capable of collecting Raman spectra stimulated by
five excitation laser lines. The system is also an imager using
methodologies (1), (3), and (4) described above to make high
quality Raman images. When using methodology (1) in a high-
spatial-resolution mode, the laser beam is focused to reach the
diffraction limit (o1 mm using a 50x objective for 532 nm line);
the stepping motor of the microscopic stage has �100 nm
accuracy and precision. The combination of these two aspects
can produce an “over-sampling” in Raman signal collection that
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can generate a Raman image data cube with spatial resolution of
�250–300 nm in the X-Y plane and �500 nm in the Z direction,
variable at different excitation laser wavelengths.

An imaging methodology [(4) above] of the inVia system is
called StreamLine™; this method achieves both high spatial
resolution (mm) Raman imaging and short data acquisitions from
geological samples. This imaging mode combines three functions
at the same time. First, an elliptical-shaped laser beam spot is used
and Raman photons from all sampled points in this ellipse are sent
to an area on the CCD camera. In that area, each column of CCD
pixels corresponds to all spots irradiated by the elliptical laser
spot, and each row of CCD pixels records a Raman spectrum from
one of the sampling spots. Second, the microscopic stage moves
along the long-axis of the ellipse, thus each spot within the ellipse
on the sample is repeatedly irradiated by the laser beam during
the scan. Third, during the whole period of this stage-scan, the
data readout of the CCD camera is synchronized, i.e., it continu-
ously reads out the data from each row of pixels during stage
movement. The spectral data from a single spot within the
sampling ellipse is collected (e.g., 10–30 times) and co-added
based on the synchronization of stage motion and the CCD read-
out, which improves the S/N in the Raman spectrum from each
spot. The width of the elliptical laser beam and the step size of
stage motion determine the spatial resolution of the Streamline™

Raman imaging (can be mm to sub-mm). The continuous CCD
readout shortens data acquisition (i.e., shutter open-close only
once in an imaging measurement), thus the StreamLine™ imaging
data cube collection is extremely fast. Many high quality Raman
imaging data cubes (with 1.3 mm spatial resolution) presented in
this manuscript were collected in less than one hour.

Because laser Raman spectroscopy can be stimulated by various
wavelengths, such as IR, VIS, and UV, our inVia Raman imaging system
has five laser wavelengths: 785 nm line of a, diode laser; 632.8 nm
line of a, He-Ne laser; 532 nm line of a, diode-pumped solid-state
laser, and 442 nm line and 325 nm line of a He-Cd laser. A Raman
systemwith multiple excitation laser wavelengths facilitates the study
of a wide variety of materials because Raman cross sections of
materials change with excitation wavelength. Some laser wavelengths
enhance Raman signals by inducing Raman resonance effects

(Marshall et al., 2007). Some laser wavelengths help to avoid the
interference of fluorescence generated by specific species in terrestrial
samples. Up to now, the green laser excitation (e.g., 532 nm) has been
demonstrated to be the most efficient one for the characterization of
general mineralogy and biomarkers such as carotenoids (Marshall et
al., 2010; Marshall and Wang, 2010), whereas UV (o400 nm) and IR
(785 nm) laser excitations have been suggested to have advantages for
the detection of DNA, RNA, and proteins (Edwards et al., 2005a, 2005b,
2007; Villar et al., 2005, 2006).

Rock chips with flat-cut surfaces, thin sections of geological
samples and sections of biological samples, mineral powders or
soils, liquid samples in capillaries, reaction vials or petri dishes
made of fused silica glass, as well as liquid and gaseous species in
fluid inclusions of rock samples (see below) can all be analyzed
using this new Raman imaging system.

3. Demonstration of Raman imaging capability on terrestrial
samples

We first use three terrestrial samples to demonstrate the
capability of state-of-the-art Raman imaging.

3.1. Raman imaging of a species in three dimensional space – CH4

inclusions in quartz matrix

A quartz crystal with thousands of fluid inclusions was studied. The
size of fluid inclusions varies from o1 to 300 μm, with a highly
heterogeneous distribution in the quartz matrix (Fig. 1a). A white-light
image shows that the fluid inclusions occur along fractures (not shown
in Fig. 1a) in X-Y-Z space of the quartz matrix. For example, many of
the small fluid inclusions occur in groups that have a planar distribu-
tion. The fluid phase in all these inclusions is gaseous methane. Fig. 1b
shows the Raman peak of CH4 collected from one of these fluid
inclusions. The Raman peak position of CH4 occurs at 2914 cm�1.

The collection of Raman signals in the X-Y plane was made by a
grid scan of the microscopic stage, thus a tightly focused laser spot
(wavelength λ¼532 nm) would interrogate sequentially the spots
on a pre-selected grid at the focus plane of the laser beam (at the

Fig. 1. Three-dimensional Raman imaging of CH4 fluid inclusions in a quartz matrix.
a. B/W image of fluid inclusions in a zone at middle Z depth of a quartz rock chip.
b. Typical Raman spectra of CH4 from inclusion and Qtz matrix.
c. Spatial distribution of CH4 fluid inclusions in this zone – Raman imaging data cube collection using 532 nm excitation laser line, 50x long-working distance microscopic

objective, 3D volume imaging mode with 2�2�2 mm steps, that correspond 2208 spots analysis per layer for 50 layers that covers a 100�110�100 mm volume in
quartz matrix. The colors represent the CH4 Raman peak intensity at each spot (White¼higher intensity, gray¼ lower intensity) (please see on-line version for color
images) (please see on-line version for color images).
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surface of quartz, or beneath), in a 100 mm�110 mm area (2208
spots per layer, 2�2 mm grid). Collection of Raman signals in the Z
dimension was made by moving the microscopic stage at 2 mm
steps through a 100 mm distance (a total of 50 layers), thus the
inclusions at different depths in the quartz matrix were inter-
sected with a laser beam focused at that depth. The Raman image
generated from the Raman peak position and peak intensity of CH4

gas correctly represents the spatial distribution of these CH4 fluid
inclusions in the quartz matrix, including their sizes and their
spatial relationships (Fig. 1c, in comparison with Fig. 1a, a photo of
the mid-section of the analyzed volume). Currently, the high-
confocal mode cannot be used in collecting the Raman signals
through the volume, which affects the shape of fluid inclusions in
the Raman image, but this effect is correctable by software.

The Raman image in Fig. 1c was built on the basis of the CH4

Raman spectrum, by first using a curve-fitting procedure to
generate a smooth Raman peak pattern of CH4 from a raw
spectrum. This smooth pattern was then used as the component
spectrum in a Direct Classical Least Squares Component Analysis
(DCLS) map-building procedure that searched through all
110,400 spectra in the collected Raman image data cube and
built up the molecular image of CH4-bearing inclusions in the
SiO2 matrix.

3.2. Raman imaging of a property – crystallinity of reduced carbon
in a chert

Among carbon-bearing phases, reduced carbon is of special
interest in planetary sciences because it might be the only remain-
ing evidence of ancient life forms onMars. The harsh environmental
conditions (i.e., extremely dry, low temperature, large temperature
swing cycles, high levels of UV light and galactic cosmic ray, and
frequent dust storms) in the Amazonian period (Pavlov et al., 2012)
may have destroyed the molecular forms of biomarkers at most
locations at surface and shallow subsurface, with only reduced
carbon remaining. We need to know how well reduced carbon can
be detected and characterized (structural ordering reflects the
thermal environment) within geological context.

For this study, we used a carbonaceous chert from the Onverwacht
subdivision, Swaziland supergroup, Barberton greenstone belt, Sou-
th Africa (Walsh and Lowe, 1985; Walsh, 1992). Three types of
carbonaceous chert occur there: black-and-white banded chert, mas-
sive black chert, and laminated black chert. Thin section MW9-6 was
used for this Raman imaging study. Previous Raman studies on the
same sample were done using a microbeam Raman spectrometer
(�6 mm laser beam diameter) and demonstrated a 50 ppm detection
sensitivity for carbonaceous materials in this chert (Wang et al., 2001).

Fig. 2. Raman imaging showing the distribution of carbon crystallinity in a South African (SA) chert.
a. B/W image of thin section of SA chert. A red rectangle marks the area for Raman imaging study.
b. Typical Raman spectra from this sample: quartz and carbonaceous material.
c. Raman image generated from peak area of G band – the abundance is expressed by brightness of the green color.
d. Raman image generated from peak area of D band – the abundance is expressed by brightness of the red color.
e. Raman image generated from the peak area ratios of G to D band– the differences in crystallinity of these carbonaceous materials are shown in rainbow colors.
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Fig. 2a shows the white-light image of thin section MW9-6 and
Fig. 2b shows typical Raman spectra of the quartz matrix and the
reduced carbon in this chert sample. The strong Raman peak (G
band) near 1595 cm�1 is from the first order E2g2 fundamental
vibration of graphite. Another major peak near 1350 cm�1 (D
band) and in some cases a shoulder �1620 m�1 are induced by
structural disorder in the carbonaceous material. The relative
intensities of G and D bands vary according to the level of
structural distortion, i.e., the crystallinity of carbonaceous materi-
als. Previous Raman studies (Nemanich and Solin, 1979; Wang
et al., 1989; Pasteris and Wopenka, 1991; Wopenka and Pasteris,
1993) have established a quantitative correlation between the
ratio of the peak area of G and D bands and in-plane crystallite size
La in the structure of carbonaceous materials. Some studies have
related this ratio and other Raman parameters to the metamorphic
grade of the rock in which the carbonaceous materials reside
(Pasteris and Wopenka, 1991).

A Raman image cube was collected in a darker area in thin section
MW9-6 (marked by a black square in Fig. 2a), using the 532 nm laser
line, 50x objective, Streamline™ imaging mode, with 33,087 data
points (269�123) collected at 1.3 mm per step. In order to generate a
map of the variation in crystallinity of carbonaceous materials, we
first used the spectral curve fitting procedure to get the smooth
Raman peak patterns of the G and D bands. These two spectral
patterns were then used as component spectra in a DCLS mapping
procedure that searched through all 33,087 spectra in the collected
Raman image cube and generated two images: one based on the
peak area of the G band (Fig. 2c) and one based on the peak area of
the D band (Fig. 2d), in which the intensity of colors (red or green)
correspond to the peak area values, i.e., the abundance of carbonac-
eous materials. By ratio of these two images, the spatial distribution
of a derived property (Fig. 2e), i.e., the variation in crystallinity of
carbonaceous materials in the studied area, was generated. The
central portion of the mapped carbonaceous grains appears to have
a slightly higher structural order than the rims. The heterogeneity in
the structural ordering of carbonaceous materials in this chert

sample can be linked to the conditions during its formation and
the subsequent metamorphic process that it experienced.

3.3. Sub-micrometer Raman imaging – Huttenlocher intergrowths in
plagioclase

To demonstrate that sub-micrometer spatial resolution can
actually be achieved by the inVia Raman imager, we collected a
Raman image cube from an area of intergrowths of two chemically
distinct types of feldspar with extremely tight spatial occurrence. A
thin section of Nordland anorthosite from SW Greenland, OGG-145,
contains plagioclase with Huttenlocher intergrowths (Fig. 3a). The
intergrowth appears as two sets of lamellae (thickness of individual
lamellae is �1–2 mm) with different spatial orientations. The
separation of lamellae is caused by a slightly different Ca/(CaþNa)
ratio (different An content) in the feldspar that corresponds also a
structural change related to a coupled substitution of Al and Si in
tetrahedral sites. The Huttenlocher intergrowths would normally
appear in the An range of 65–85 in slowly cooled rocks. In this
sample, the An range is 70–82 (Dymek and Owens, 2001).

Fig. 3b shows two typical Raman spectra taken from individual
spots along a line crossing the Huttenlocher intergrowth lamellae
(indicated by a black arrow in Fig. 3a). Feldspar of various
compositions have major Raman peaks in the 540–460 cm�1

spectral range (Freeman et al., 2008). In this sample, the major
Raman peak near 510 cm�1 consists of two component peaks.
Between the two typical Raman spectra throughout the Hutten-
locher lamellae (Fig. 3b), the changes are the relative intensities of
these two component peaks and the central position of the second
Raman peak near 485 cm�1. Based on these two spectral features
that distinguish the sets of intergrowth lamellae, we generated a
Raman image of the Huttenlocher intergrowth (Fig. 3c) in which
red and green colors distinguish lamellae with different Raman
spectral features wherein the shades of red (or green) (Fig. 3c)
represent the Raman signal strength. Fig. 3d shows details of a
red-colored area in Fig. 3c, circled by a white rectangle, in which

Fig. 3. Raman imaging with sub-micrometer spatial resolution of Huttenlocher intergrowths in a plagioclase grain.
a. Optical image of an area of Huttenlocher intergrowths in a feldspar grain in thin section OGG-145 thin section, Nordland anorthosite from SW Greenland, where Raman

spot analyses were made (marked by a dark arrow) and the Streamline™ High-Resolution Raman imaging data cube (marked by dark rectangle) was collected.
b. Typical Raman spectra from two sets of lamellae, which show the spectral feature differences representing zoned mineral chemistry (An70-82) and structure.
c. Raman image of the two sets of Huttenlocher intergrowth lamellae in OGG-145 based on their difference in Raman spectral features. The red and green colors distinguish

the lamellae with different Raman spectral features, the shades of red (or green) represent the Raman signal intensity of one of the two different plagioclase
compositions.

d. Details in the Raman image (circled by a white rectangle in Fig. 3c) in which the different reddish shades were replaced by rainbow colors to emphasize the differences in
Raman spectra and Raman signal strength. The size of features (red, green, and blue colored) demonstrate that sub-micrometer spatial resolution is obtained from this
measurement.
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Fig. 4. Raman imaging of an Apollo rock fragment, 14161,7062.
a. Transmitted light optical image of thin section 14161,7062. Two regions investigated by Raman imaging were marked by white rectangles. Black circular spots to the right

of area B are ion microprobe pits.
b. White-light image of mesostasis area A.
c. Typical Raman spectra of phases in this sample.
d. A low spatial resolution Raman image generated from a Raman imaging data cube collected using the grid imaging mode, 442 nm laser line excitation, 50x objective, and

220 spectra to cover an area of 400�300 mm with 20 mm step.
e. A white-light image of mesostasis area B.
f. Map of two types of feldspars and two types of pyroxenes generated from a high spatial resolution Raman image cube collected using the Streamline™ imaging mode,

532 nm laser line excitation, 50x objective. A total of 10,980 spectral data points cover a 110�170 μm area with 1.3 μm per step.
g. Map of two types of phosphates (apatite and merrillite), baddeleyite, and ilmenite generated from the same Raman image cube.
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the different reddish shades were replaced by rainbow colors to
emphasize the differences in signal strength. The features (red,
green, and blue colored) in Fig. 3d demonstrate that sub-
micrometer spatial resolution is achieved by this measurement.

4. Raman imaging of five extraterrestrial materials

Five extraterrestrial samples of different types were selected
for this preliminary Raman imaging investigation: a lunar impact-
melt rock from Apollo 14 (14161,7062); a lunar meteorite found in
Oman (Dhofar 1672); a martian meteorite found in Antarctica (MIL
03346); an angrite NWA 2999 found in Oman as one rare type of
achondrite; and a carbonaceous chondrite, Murchison.

4.1. Raman imaging of a lunar rock chip from Apollo 14, 14161,7062

Sample 14161,7062, is a 26-mg fragment of a clast-free, KREEP-rich
impact-melt rock (Fig. 4a). The bulk chemical composition and
mineralogy is reported in Jolliff et al. (1991). As determined by modal
petrography and electron microprobe analysis of the entire thin
section, the principal mineral of the rock is plagioclase of composition
An86–95. Plagioclase grains are blocky to lath-like in shape, with laths
up to 1 mm in length. Intergranular material is mainly pyroxene, but
ilmenite and areas of fine-grained mesostasis also occur interstitially.
Pyroxene grains are zoned, ranging in Mg0 (mole percent Mg/
(MgþFe)) from 82 to 5 and in Wo content from 3–32mol%.

We chose twomesostasis areas in this sample for Raman imaging,
marked by white rectangles in Fig. 4a. In area A (Fig. 4b), we used a
grid imaging mode with a point-focused laser spot (λ¼442 nm), 50x
objective, and 220 spectral points at 20 mm per step to cover a
400�300 mm area. The generation of Raman images and the spatial
distribution of five minerals is based on their characteristic Raman
spectra, Raman peak positions (Fig. 4c), and the peak intensity over
baseline. This imaging measurement was accomplished in less than
10 min. Although this Raman image has low spatial resolution
(Fig. 4d), it reveals the distribution of the two major mineral grains,
plagioclase and pyroxene, and the coexistence of three minor mineral
grains (ilmenite, baddeleyite, and merrillite), as well as the spatial
correlation of their occurrence in this mesostasis area.

In mesostasis area B (Fig. 4f), we used the Streamline™ imaging
mode with an elliptically focused laser spot (λ¼532 nm), 50x
objective, and 10,980 spectral points at 1.3 mm per step to cover a
110�170 mm area. This measurement was accomplished in 2.5 h.
Nine mineral phases were encountered in this mesostasis area
(typical spectra shown in Fig. 4c), with two types of feldspars
(plagioclase and K-feldspar), two types of pyroxenes with different
Mg/(MgþFeþCa) ratios, two phosphates (apatite and merrillite),
baddeleyite (ZrO2), ilmenite (FeTiO3).

The Streamline™ Raman image data cube was pre-processed in
three steps, which include spectral range truncation (120–1200 cm�1),
the removal of intensity spikes in spectra when cosmic rays hit the
CCD on rare occasion during Raman imaging measurement, and a
baseline correction using a 2nd order polynomial. Furthermore, in
order to extract the spectral differences of three mineral pairs (e.g.,
two feldspars, two pyroxenes, and two phosphates) and to distinguish
them in Raman imaging, spectral curve fitting was conducted on the
typical Raman spectra of these pairs in order to generate a smooth
Raman peak pattern for each phase. These spectral peak patterns were
then used as the component spectra in a DCLS mapping procedure
(WiRE 3.4, Renishaw Company) that searched through all 10,980
spectra and generated two sets of Raman images (Fig. 4f and g).

Fig. 4f shows the distribution of two feldspar and two pyrox-
enes, as major phases in this area. This figure demonstrates a clear
spatial correlation between two pyroxene phases: the one with
high Mg/((MgþFeþCa) values occurs in the cores of mineral
grains and the one with lower values occurs at the rims of grains.
This spatial correlation is consistent with crystallization sequence
of pyroxene from basaltic magma (impact melt in this case) and
normal phase relationships. For the feldspars, plagioclase forms
part of a large grain bounding the area of mesostasis, whereas K-
feldspar forms in the interstitial areas bounded by coarser

Fig. 5. Raman imaging of lunar meteorite Dhofar 1627.
a. Optical image of the rock chip with a flat sawn surface. The area for Raman

imaging study is marked by a white rectangle.
b. Typical Raman spectra of minerals in the studied area.
c. A Raman image shows the spatial distributions of four major mineral phases

(based on their characteristic Raman peak positions and peak intensities) in an
area marked by white rectangle in Fig. 5b. The StreamLine™ imaging mode was
used with 532 nm excitation, 20x objective, 122�353¼43,066 spectra, at
3.2 μm per step. Regardless of the uneven surface of this rock chip, the spatial
correlation of these phases is clearly shown. The area without color has either
weak Raman peaks or no signal.

d. A combination of two Raman images taken on large areas that shows the
spatial spreading of calcite (based on 1086 cm�1 Raman peak) in a vein system.
The StreamLine™ imaging mode was used, with 532 nm excitation, 20x
objective, a total of 273,356 spectra, and 3.2 μm per step.
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plagioclase and ilmenite, consistent with the formation of K-
feldspar from late-stage interstitial melt.

Fig. 4g shows the distribution of two phosphates, baddeleyite,
and ilmenite. In this area, merrillite occurs as individual grains, but
also coexists with apatite. The major Raman spectral peak near
967 cm�1 (of apatite) in the area marked by dark blue color
(Fig. 4g) commonly has a shoulder on the low wavenumber side
or appears as an asymmetric peak indicating mixing (overlap)
with the major Raman peak of merrillite at 950 cm�1 (Fig. 4c). A
clear grain boundary between merrillite and apatite can be seen in
high resolution back-scattered electron (BSE) images, but not
distinguishable in this Raman image. The spectral peaks of
baddeleyite shown in Fig. 4c are actually the fluorescent emission
from REE elements in this mineral, thus they do not appear in the
Raman spectrum excited by the 442 nm laser line (not shown).
These sharp fluorescence peaks are, however, very useful for
generation of the map of this phase in mesostasis area B.

4.2. Raman imaging of a lunar meteorite, Dhofar 1627

Dhofar 1627 is an impact-melt breccia from the Moon found in
Oman in 2010. Crystalline phases are approximately 75% plagio-
clase, 15–20% pyroxene, and 5–10% olivine, but the breccia has a
glassy matrix and veins and voids contain terrestrial evaporate
minerals. The studied sample chip has a flat sawn surface, but is
not polished. The studied area is marked by white rectangles in
Fig. 5a.

We used Streamline™ imaging mode with an elliptically
focused laser spot (λ¼532 nm), 50x objective, and 43,066 spectral
points at 3.2 mm per step to cover a 390�1130 mm area. This
measurement was accomplished in 2.5 h. Four mineral phases
were encountered (typical spectra in Fig. 5b), olivine, feldspars,
pyroxene, and calcite CaCO3. Fig. 5c clearly shows the spatial
distribution of these phases, irrespective of the uneven surface
of this rock chip. Fig. 5d combines two Raman images using a
larger excitation laser spot (λ¼532 nm excitation, 20x objective,
StreamLine™ imaging mode, a total of 273,356 spectra, at 3.2 mm

per step). The image reveals the vein system filled by calcite in this
grain that starts from the grain surface and spreads through the
main veinlets and fine fractures. The vein system was likely
formed during the impact that launched the meteorite from the
Moon. The calcite is a precipitated phase from fluids during
exposure of the meteorite on the desert surface in Oman
(Korotev, 2012). ”Missing” calcite in a few veins could be caused
by later events, such as on-site weathering, human collection
activities, and sample preparation. We noticed some calcite grains
also occur in the matrix of this rock (near a vein, marked by a
white rectangle in Fig. 5d). The current hypothesis is that is due to
smearing from calcite filling veins during the sample preparation
process, likely sawing.

4.3. Raman imaging of a Martian meteorite, MIL03346

MIL03346, which belongs to the nakhlite group (orthopyroxenite)
of martian meteorites, was collected from the Miller Range in
Antarctica. It has been intensively studied owing to its unique
properties, especially for its importance as an indicator of geologi-
cally hydrothermal alteration as part of its martian aqueous interac-
tion history (Day et al., 2006; McCubbin et al., 2009; Changela and
Bridges, 2011). MIL 03346 is among the most oxidized and least
equilibrated of the nakhlites and displays the largest amount of
intercumulus phases. The low-temperature vein alteration assem-
blage in MIL 03346 is reported to have smectite, iddingsite, jarosite,
gypsum, Ca-phosphates, and residual glass (Herd, 2006; Sautter et al.,
2006; Vicenzi et al., 2007; Hallis and Taylor, 2011; Stopar et al., 2013).
The martian origin of the vein fillings in nakhlites has been
established because the veins in Nakhla and Lafayette are seen to
be truncated by the fusion crust (Gooding et al., 1991; Treiman et al.,
1993). Recently, Hallis et al. (2012, 2013) conducted a deuterium/
hydrogen (D/H) ratio analysis of MIL 03346 to distinguish between
terrestrial and martian secondary alteration phases. Elevated δD
values in alteration veins relative to terrestrial materials suggest that
the veins have a martian origin.

Fig. 6. Raman imaging of a martian meteorite MIL03346.
a. Optical image of the thin section from a rock chip of the MIL03346 meteorite. Fractures with filling materials occur mostly in the upper portion of the rock chip. The

studied area is marked by a black rectangle.
b. White rectangles show where the Raman image was taken.
c. Typical Raman spectra from fracture filling phases of this meteorite, in comparison with standard spectra of bassanite and gypsum. The phase with a 1026 cm�1 peak

suggests another sulfate whose identification was interfered by epoxy peaks.
d. Raman image of sulfate(s) as the filling in a vein, obtained based on Raman peaks of gypsum and bassanite. The StreamLine™ imaging mode was used, with 532 nm

excitation, 50x objective, 59�180¼10,620 spectra, and 1.3 μm per step.
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A thin section, MIL03346,168, from this meteorite was used for
this Raman imaging study (Fig. 6a). We note that many fractures
with filling materials occur mostly in one side of the rock chip. A
black rectangle in Fig. 6a shows the zones of this Raman study.
White rectangles in Fig. 6b-1, b-2 mark where Raman spot-
analyses and a Raman image data cube were collected.

Our study of MIL03346 concentrated on the vein-filling phases.
The detailed study is still ongoing, so we present here only one
Raman image to show the richness of information that can be
obtained. Fig. 6c shows the typical Raman spectra of three sulfate
phases that were identified in a single vein shown in Fig. 6b-2. When
compared with the standard Raman spectra, we confirmed that the
two major phases are bassanite CaSO4 �½H2O and gypsum
CaSO4 �2H2O. The third phase has a major Raman peak
(1026 cm�1) that matches with γ-anhydrite (CaSO4) (Chio et al.,

2004), alunite KAl3(SO4)3(OH)6 (McCollom et al., 2014), and para-
coquimbite Fe2(SO4)3 �9H2O (Wang et al., 2012). Its definitive identi-
fication, however, is impaired by the interference of Raman peaks
from the epoxy used to prepare the thin section. A major challenge in
collecting Raman spectra from this meteorite is that it is heavily
fractured, thus epoxy is exposed at the surface of this thin section
during sample mounting (epoxy impregnation) and polishing. The
epoxy contributes many Raman peaks of its own and produces a high
spectral background. The interference of Raman peaks from epoxy
prevents definitive identification of the third sulfate in the vein.

The Raman image of vein-filling sulfates (Fig. 6d) was obtained
based on the peak intensity over baseline of the gypsum Raman
peak at �1008 cm�1 and basanite, �1015 cm�1. The StreamLine™

imaging mode was used, with 532 nm excitation, 50x objective,
59�180¼10,620 spectra, at 1.3 mm per step. We are investigating

Fig. 7. Raman imaging of achondrite angrite NWA2999.
a. Optical image of a rock chip of NWA2999. Hollows and veins with fillings spread across the entire rock chip. The studied areas are marked by a white rectangle.
b. Areas #1 and #4 (white rectangles) on a rock chip where Raman spot analyses and a Raman image data cube were collected.
c. Typical Raman spectra from NWA2999.
d. Raman image of matrix and vein-filling phases in area #1.
e. Raman image of Fe-bearing phases.
f. Raman image of matrix minerals, olivine and pyroxene in area #4.
g. Raman image of goethite (þhematite), lepidocrocite, and FeNi-sulfide in area #4.
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approaches to overcome the interference of epoxy Raman signals
to obtain the spatial distribution of all of the sulfates from a Raman
image data cube obtained from this meteorite (Ling and Wang,
2015).

4.4. Raman imaging of meteorite northwest Africa 2999

NWA2999 is an angrite meteorite found in Morocco or Algeria
in 2004 (Fig. 7a). The meteorite consists mainly of olivine,
pyroxene, plagioclase, and iron metal that has partially oxidized
with exposure in the desert (A. J. Irving et al. in Connolly et al.,
2006). Hollows and veins with fillings are spread over the entire
rock chip. The studied area near the upper edge is marked by a
white rectangle in Fig. 7a.

Fig. 7b shows the details of a studied area (marked as a white
rectangle in Fig. 7a), in which Raman images from four regions

(Area 1, 2, 3, 4) were taken. The StreamLine™ imaging mode was
used in the measurements of these areas, with 532 nm excitation,
50x objective, and 1.3 mm per step. We found that in this meteorite
the vein-filling phases have the most variations in molecular
forms. The major mineral phases in the matrix are olivine,
pyroxene, and plagioclase (typical Raman spectra in Fig. 7c).
Fractures pass along boundaries between mineral grains (Fig. 7d)
and through mineral grains (Fig. 7f). With reflected-light optical
microscopy, the vein-filling materials show two types of reflec-
tance (Fig. 7f). The bright phase near the vein-wall has a Raman
spectral pattern that matches best with FeNi-sulfides (typical
spectra in Fig. 7c). The less reflective phase, occurs in some cases
in the center of veins and consists of a mixture of goethite, FeOOH,
and hematite, Fe2O3. In three of four areas where Raman images
were taken, abundant tiny hematite grains spread over the matrix
and vein area (Fig. 7e). We also found a new crystalline FeOOH

Fig. 8. . Raman imaging of a rock chip from the Murchison meteorite.
a. Raman spectra of three types of olivine grains (peak shifts marked by two dotted lines) in the examined area of this Murchison sample.
b. A Raman image shows the distribution of olivine grains with different Mg/(MgþFe) ratios (olivine-1,–2, �3).
c. Raman spectra of carbon, calcite, and pyroxene.
d. Raman image shows the distribution of carbonaceous material, calcite, and pyroxene.
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phase, lepidocrocite, coexisting with the mixture of goethite and
hematite in the center of a large vein of Area 4 (Fig. 7g, i.e., there
are three chemical and structural distinct phases filling the vein),
which is near the edge of this meteorite grain. The occurrence and
the spatial distribution of these Fe-rich species reflect the chem-
istry of vein-filling fluids; and the changes of environmental
conditions during the formations of these species.

4.5. Raman imaging of a carbonaceous meteorite, Murchison

The Murchison meteorite is a CM2 carbonaceous chondrite, one
that experienced extensive alteration by water-rich fluids on its
parent body before falling to Earth. It is rich in carbon and contains
over 15 amino acids. The studied sample has a fine-grained black
matrix with embedded light-toned chondrules in which the major
phases are olivine and pyroxene.

The StreamLine™ imaging mode was used to obtain a Raman
image from a small area of a flat-sawn piece of the meteorite. The
image cube was taken with 532 nm excitation, 50x long working
distance objective, 170�172¼29,240 spectra, and 1.3 mm per step.

The major mineral phase in the meteorite, olivine [(Fe,Mg)2SiO4]
shows a wide variation in Mg/(MgþFe) ratio. Fig. 8a shows three
Raman spectra of olivine grains in the meteorite with an obvious
position shift of the olivine doublet peak which represents approx-
imate Mg/(MgþFe) ratios of 1.0, 0.8, 0.3 (type-I, -II, -III) respectively.
When using the positions of these olivine doublets to build a Raman
image, we obtained the spatial distribution of three types of olivine in
the studied area (Fig. 8b). The central grain is Mg-rich type-I olivine
(4100 mm, colored in red). The type-II olivine has much smaller grain
size (30–40 mm, colored in blue). The Fe-rich (type-III) olivine appears
only as a tiny grain (o10 mm, colored in green) at the corner of the
imaged area. This image provides qualitative information on the
modal proportions of three olivine types.

We obtained spectra for 2–4 calcite grains in the meteorite
(spectrum shown in Fig. 8c). These calcite grains have grain size
o10 mm and are clustered together (Fig. 8d, colored in light-blue).
Fig. 8d also shows the occurrence of carbonaceous material
(colored in yellow) with very low crystallinity (shown as broad
Raman peaks in Fig. 8c) that envelope the type-I and type-II
olivine grains. The occurrence of pyroxene grains (colored in
purple) apparently corresponds with type-II olivine.

The spatial distribution of these mineral species in this carbo-
naceous chondrite indicate the aggregation of major silicate
phases with a large range of chemistry formed at different
temperatures and in different parts of the solar nebula. Mixing
with carbonaceous materials occurred during this accretion,
shown as the envelopment of C-materials on olivine and pyroxene
grains (Fig. 8d).

5. Summary

The results from Raman imaging studies of three terrestrial
samples and five extraterrestrial samples demonstrate the cap-
ability of this technique to extract molecular species information
with spatial correlations. From these data, one can infer the
processes that produced or affected these species. This study
shows the strength of Raman imaging for the investigation of
precious samples returned by planetary missions. It also demon-
strated that even by using a simplified Raman imaging technology,
e.g., grid scan (Fig. 4d, Haskin et al., 1997; Wang and Lambert,
2013) or on a roughly prepared surface of planetary materials
(Fig. 5c, e.g., using a Rock Abrasion Tool during Mars Exploration
Rovers mission), extremely useful information on the properties of
molecular species and their genetic relationship can be extracted

from a short duration of measurement. These information will add
significant value to the science return of a planetary mission.
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