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ABSTRACT

Imaging spectroscopy is a powerful, non-destructive mineral-
ogic tool that provides insights into a variety of geological
processes. This remote measurement technique has been used for
decades from orbital or aerial platforms to characterize surface
compositions of Earth and other solar system bodies. These
instruments have now been miniaturized for use in the laboratory
and field, thereby enabling petrologic analyses of samples and
outcrops. Here, we review the technique and present four exam-
ples showing the exciting science potential and new insights into
geological processes.

INTRODUCTION

Imaging spectroscopy is a technique whereby images are
acquired in hundreds of wavelengths simultaneously, permitting
spectral analysis of each discrete pixel (Goetz et al., 1985).
Compositionally distinct materials reflect and absorb light differ-
ently as a function of wavelength, creating unique spectra that are
used to identify and map compositional units remotely. The appli-
cation of imaging spectroscopy to planetary surfaces has trans-
formed our understanding of surface compositions throughout
the solar system. The Observatoire pour la Minéralogie, ’Eau, les
Glaces et PActivité (OMEGA) and the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) have revealed the
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presence of clays, sulfates, carbonates, and other minerals formed
through interaction with water on Mars, illuminating potentially
habitable past environments (e.g., Bibring et al., 2006; Mustard et
al., 2008; Murchie et al., 2009). The Moon Mineralogy Mapper
(M?) provided new insights into the formation, igneous evolution,
and composition of the Moon and discovered small and varying
amounts of hydroxylated or water-bearing materials in its regolith
(Green et al., 2011; Pieters et al., 2009, 2011). The Near Infrared
Mapping Spectrometer (NIMS) on the Galileo spacecraft (Carlson
et al.,, 1992) detected hydrated salts on Europa (McCord et al.,
1998) and mapped SO, volcanism on lo (Douté et al., 2001). The
Visible and Infrared (VIR) Mapping Spectrometer mapped litho-
logic units on Vesta’s surface (de Sanctis et al., 2012a, 2012b) and
has arrived at the dwarf planet Ceres. The Visual and Infrared
Mapping Spectrometer (VIMS) on the Cassini spacecraft mapped
surface compositions on satellites of Saturn and discovered a large
ethane cloud on Titan (Brown et al., 2006; Griffith et al., 2606).
Closer to home, imaging spectrometers flown on aircraft, such as
the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS)
and HyMap, and in space, such as Hyperion, have mapped miner-
alogies and monitored dynamic changes in ice, vegetation, and
other surface processes on Earth (e.g., Vane et al., 1993; Cocks et
al,, 1998; Green et al., 1998; Painter et al., 2003; Pearlman et al.,
2003; Asner et al., 2004, 2007).

For geological applications, at the typical tens to hundreds of
meters spatial resolutions of these imaging spectrometers (Fig. 1),
regional or global lithologic units can be distinguished, and some
components of the mineral assemblages can be identified. The
highest-resolution airborne imaging spectrometers currently
achieve spatial resolutions of meters, permitting discrimination of
mineralogies at scales of boulders or larger outcrops. However,
spatial resolutions of a centimeter or less are generally necessary
to investigate the mineralogic and petrologic relationships within
rocks—essential to understanding the geologic history—and
airborne and orbital imaging spectrometers cannot achieve these
resolutions. The next revolution is field- and laboratory-based
imaging spectroscopy at sub-millimeter to centimeter resolutions
capable of petrologic analyses (e.g., Fig. 1).

Recently, visible-shortwave infrared (VSWIR) imaging spec-
trometers have been miniaturized and are now commercially
available for use in the field and laboratory (e.g., manufactured by
Headwall Photonics, Inc., Norskk Elektro Optikk AS, and
SPECIM), and prototypes have been deployed and demonstrated
for use on planetary missions (Blaney et al., 2014; Ehlmann et al,,
2014; Van Gorp et al., 2014; Pilorget and Bibring, 2013).
Specifically, the Ultra Compact Imaging Spectrometer (UCIS) is
in development by the Jet Propulsion Laboratory for a future
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Figure 1. Conceptual plot of the relative spectral sampling versus the spatial
scales of observations by various imaging systems and the gap that ground-
based imaging spectroscopy fills (dashed box). Blue text indicates imaging
systems on Earth, red italicized text is for Mars, and gray bolded text is for the
Moon. The number of spectral bands and the spatial resolutions used in this
plot are generally those in the visible-shortwave infrared regions. The Headwall
and Ultra Compact Imaging Spectrometer (UCIS) imagers were used to
acquire data presented in this paper. ASTER—Advanced Spaceborne Thermal
Emission and Reflection Radiometer; AVIRIS—Airborne Visible/Infrared
Imaging Spectrometer; CAO-AToMS—Carnegie Airborne Observatory—
Airborne Taxonomic Mapping System; CRISM—Compact Reconnaissance
Imaging Spectrometer for Mars; M*—Moon Mineralogy Mapper; OMEGA—
Observatoire pour la Minéralogie, I'Eau, les Glaces et 'Activité; HiRISE—High
Resolution Imaging Spectrometer Experiment; MODIS—Moderate Resolution
Imaging Spectrometer; THEMIS VIS/IR—Thermal Emission Imaging System
(visible/infrared).

mission (Van Gorp et al., 2014), and the MicrOmega instrument
will be on the upcoming ExoMars rover and Hayabusa-2 mission
(Pilorget and Bibring, 2013). An orbital VSWIR imaging spec-
trometer has also been selected to fly to Europa. The shortwave
infrared wavelengths are critical for mineralogic analyses
because unique overtones and combination tones of vibrations
within mineral structures occur in this region. The visible wave-
lengths alone cannot distinguish mineralogies. While not the
focus of this paper, similar systems are in development to
measure thermal infrared emissivity in the laboratory (e.g.,
Edwards and Christensen, 2013). There is a steadily growing
suite of literature on the use of imaging spectroscopy of outcrops
and samples, including core scanning, to answer geologically
relevant questions (e.g., Kruse et al., 2012; Kurz et al., 2012;
Murphy et al., 2012, 2014; Butz et al., 2015; Greenberger ct al,,
2015a, 2015b; Yokoyama et al., 2015). Here we highlight some
exciting applications of this emerging, non-destructive tech-
nology and the science discoveries enabled.

EXAMPLE 1: CHARACTERIZING HABITABILITY AND
SEARCHING FOR BIOSIGNATURES IN SERPENTINE-
BEARING ROCK

The serpentinization process liberates molecular hydrogen that
can sustain microbial communities and react through biotic and
abiotic processes to form methane (e.g., Kelley et al.,, 2001, 2005;
Sleep et al., 2004; Oze and Sharma, 2005; Schulte et al., 20065
Cardace and Hoehler, 2009; Etiope and Sherwood Lollar, 2013;
McCollom and Seewald, 2013). The oxidation states and coordi-
nation environments of iron produce diagnostic absorption
features readily detected and mapped with imaging spectroscopy
but not so easily spatially resolved with traditional analysis tech-
niques. In serpentinized bodies, the oxidation state and iron coor-
dination chemistry are related to the volume of hydrogen
produced and the availability of reduced gasses capable of
supporting microbial metabolisms (Marcaillou et al., 2011;
Andreani et al., 2013). Though degrees of serpentinization are not
readily apparent visually, work by Greenberger et al. (2015b) used
imaging spectroscopy in the 0.42-1.1 pm region to map the depth
of an electronic transition of tetrahedrally coordinated Fe'* occur-
ring at 0.45 pm as a proxy for hydrogen production. Using new
imaging data that cover an extended wavelength range (0.40-2.5
pm; Fig. 2), the 0.45 pm feature is shown with the two dominant
minerals, carbonate and serpentine, which exhibit sharp vibra-
tional absorptions mapped through calculation of the depths of
these features (Clark and Roush, 1984) and other spectral param-
eters (data processing algorithms are described in the GSA
Supplemental Data Repository'). Different portions of this sample
have undergone different degrees of serpentinization; those areas
with tetrahedral Fe'* have undergone advanced serpentinization
and are promising areas to search with still higher spatial resolu-
tion compositional or isotopic techniques (e.g., scanning electron
microscopy, mass spectrometry) for microbial biosignatures and
to understand the production of reduced gases.

EXAMPLE 2: HYDROTHERMAL ALTERATION AND
DIAGENESIS OF LACUSTRINE PILLOW BASALTS

Alteration rinds illuminate conditions of water-rock interac-
tions, and progressive changes from interior to exterior reflect
increasing degrees of alteration (e.g., Hausrath et al., 2008). With
sub-millimeter spatial resolutions, imaging spectroscopy
measurements of alteration rinds resolve fine changes in miner-
alogy with alteration. Data from an Early Jurassic lacustrine
pillow lava from the Hartford Basin are shown in Figure 3
(Greenberger et al., 2015a). In this work, coordinated imaging
spectroscopy, electron microprobe, microscopic X-ray diffraction,
microscopic thermal emission spectroscopy, and microscopic
Raman spectroscopy analyses of a thick section across an altera-
tion rind (Fig. 3C) characterized spectral, mineralogic, and chem-
ical transformations. Unexpected key identifications with imaging
spectroscopy include calcic clinopyroxenes interpreted to have
formed through >400 °C hydrothermal alteration (e.g., Bird et al.,
1984; Manning and Bird, 1986), pervasive oxidation, Fe/
Mg-phyllosilicate signatures that increase in strength toward the
exterior, and higher water content of calcites in the rind, either as

'GSA supplemental data item 2015342, imaging spectroscopy methods and calibration, is online at www.geosociety.org/pubs/{t2015.htm. You can also request a copy
from GSA Today, P.O. Box 9140, Boulder, CO 80301-9140, USA; gsatoday@geosociety.org.
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Figure 2. Hyperspectral image of a serpentinite sample with red and green coatings (Nor4-14, described in Greenberger et al., 2015b)
from Norbestos, Quebec, Canada. (A) Photograph of the full rock. (B) Image showing spectral parameters that map calcite (red),
serpentine (green), and a feature at 0.45 um (BD450; blue) due to tetrahedral Fe* within serpentine. The third dimension shows the
reflectance as a function of wavelength for each pixel within the image, with black and purple being low and red high. (C) Plot with
representative spectra of different units within the hyperspectral image. Colors correspond to colors in the spectral parameter image
with locations numbered. Close-up views of the 0.45 pm feature are shown on the right. These images were acquired with Headwall
Photonics Inc. High Efficiency Hyperspec® visible-near-infrared E-series (0.4-1.0 pm, 7 nm spectral resolution, 0.382 mrad
instantaneous field of view) and High Efficiency Hyperspec® shortwave infrared X-series pushbroom systems (1.0-2.5 ym, 12 nm
spectral resolution, 1.2 mrad instantaneous field of view) imaging spectrometers (see GSA Supplemental Data Repository [see footnote 1] for
more information).
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Figure 3. (A) Color composite image from a hy perspectral image acquired with the same imaging system used in Figure 2, approximating the true color of a pillow
lava cross section. (B) Mineral indicator map showing calcite in red, a spectral slope indicative of the rind in green, and Fe/Mg-clay in blue. The cyan box shows
the approximate location of the material on the adjacent cut face from which a thick section was prepared and imaged. (C) Mineral indicator and spectral
parameter image of the thick section using the same parameters as (B). The dashed white outline shows the location of identified datolite. (D) Plot with spectral
transect from the interior through the alteration rind (purple to green; location of transect shown in A). The spectrum of the innermost point (purple) reflects
the oxidized, anhydrous nature of the interior matrix. Spectra of the rind (green) are consistent with an Fe/Mg-clay (chlorite and/or nontronite) and calcic
clinopyroxenes. Guidelines show absorption features due to various molecular vibrations or other key spectral characteristics. A scaled, three-point moving
average spectrum of datolite (black) acquired within the thick section is also shown. This figure is modified from data presented in Greenberger et al. (2015a).
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Figure 4. Image of the Murchison meteorite acquired with UCIS. (A) Near true color composite image of a cut face of the meteorite using
hyperspectral data. (B) Mineral indicator map in which low-calcium pyroxene appears magenta, olivine is green, and water-bearing materials are
blue. Close-up of two interesting regions of the meteorite with a (C) zone of altered olivine and (D) fragment of low-calcium pyroxene. Spectra from
the USGS spectral library are shown in black and gold in (E)-(G) for comparison with meteorite spectra (Clark et al., 2007). (E) Spectra of olivine-
bearing spots with (dark green) and without (light green) spectral features indicative of hydration. (F) Spectrum of low-Ca pyroxene (shown in D),
likely from a chondrule fragment. (G) Matrix materials within the chondritic sample are clearly water-bearing but are distinctive in composition

from typical terrestrial chlorites and serpentines. The light blue spectrum is from (C).

structural H O or fluid inclusions (Greenberger et al., 2015a). In
addition, <2 mm-sized areas of datolite [CaBSiO,(OH)] formed
from boron-rich hydrothermal fluids. While datolite is apparent
elsewhere in this outcrop and has been reported throughout the
Hartford Basin, the areas of datolite mineralization in this sample
were unexpected because they are too small to be distinguished
visually from the abundant calcite. However, they are spectrally
distinct in the ~133 pm/pixel VSWIR imaging data. Imaging
spectroscopy correlates and scales all of these results to the hand-
sample (full cross section of the pillow lava; Figs. 3A-3B) and to
portions of the outcrop characterized by similar green alteration
rinds, and the same spectral features are observed at all scales.
These results are consistent with a scenario in which the pillow
lavas were altered initially after emplacement at high tempera-
tures, overprinted by a progressively cooling hydrothermal
system, and then altered after burial through diagenesis, specifi-
cally albitization followed by calcite precipitation (Greenberger et
al., 2015a, and references therein).

EXAMPLE 3: METEORITES, MAPPING OF PRECIOUS
MATERIALS NON-DESTRUCTIVELY

Analysis of geological samples typically requires preparation of

thin sections or powders for determination of crystal structure

and chemical composition. Simultaneous analysis of small-scale
mineralogy and texture with VSWIR microimaging spectroscopy
requires no sample preparation and can be performed on a rough
or cut surface. This approach is ideal for the survey of a collection
of rare or precious samples to best target locations for follow-up
destructive or high spatial resolution analyses. It is also ideal for
in situ exploration of planetary surfaces when conducting multi-
step sample preparation procedures may be prohibitively complex.
Analyses of the CM2 carbonaceous chondrite Murchison from
the Arizona State University meteorite collection were conducted
with UCIS in micro-imaging mode (~80 pm/pixel; Fig. 4)
(Ehlmann et al., 2014; Van Gorp et al., 2014; Green et al., 2015).
Olivine-rich chondrules (green areas, Fig. 4B) of varying sizes are
observed throughout the sample, and UCIS data permit ready
identification of an atypical area, no more than a few pixels in
size, with a low-calcium pyroxene-rich clast, most likely a chon-
drule fragment (magenta, Figs. 4D and 4F). Chondrules where
olivine is affected by aqueous alteration (dark green spectrum)
versus those unaffected (light green) can be discriminated

(Fig. 4E), and several Fe/Mg phyllosilicate alteration phases are
mapped in the matrix (blue areas in Fig. 4B; blue spectra in

Fig. 4G). In addition, comparisons of the near true color image
with infrared mapping in Figures 4A-4B show that visually
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Figure 5. (A) Color composite image approximating true color of an outcrop along Mills Creek imaged with UCIS. (B) Spectral parameter map.
Red is the band depth of a spectral feature at 2.21 pm (BD2210) due to Si-OH and/or Al-OH combination absorptions. Green is the band depth
of a feature at 2.31-2.32 pm (BD2310-20) likely due to Mg-OH combinations. Blue is the band depth of a feature at 2.34-2.35 pm (BD2340-50)
due to either a C-O combination in calcite or Fe-OH combinations in a mineral such as chlorite or epidote (Clark et al., 1990). (C) Schematic
lithostratigraphic section from area outlined in yellow boxes in (A) and (B) with colors corresponding to the colors in (B). Dark green layers have
weak Fe/Mg/Al clay features. Other colors correspond with minerals names under the stratigraphic section. (D) Example spectra of different
units with colors corresponding to (B) and (C). Locations of each spectrum are numbered on both images. Dashed lines are, from left to right, at

22152

removed and covered with light gray boxes.

similar areas are compositionally quite variable. VSWIR micro-
images acquired in minutes quickly map distributions of mafic
and altered phases while highlighting key compositional varia-
tions, allowing investigators to zero-in on sample locations of
highest interest for more accurate but time-consuming instru-
mental techniques such as electron microprobe, transmission
electron microscopy, or NanoSIMS analyses.

EXAMPLE 4: MAPPING OF SEDIMENTARY ROCKS EXPOSED
AT MILLS CREEK

We imaged an outcrop of sedimentary rocks exposed along
Mills Creek near Mono Lake, California, with UCIS in field
mapping mode (Fig. 5; 0.5-2.5 pm; instantaneous field of view
1.35 mrad, 12 nm spectral resolution). Using spectral parameters,
we mapped specific mineral phases present at the site, including
hydrated silica (opal A), clays (Fe-, Mg-, and Al-bearing), calcite,
illite/muscovite, and epidote (Fig. 5B). From these results, the
stratigraphy of the outcrop lithologies can be inferred (Fig, 5C),
showing variations in the depths of absorption features related to
hydrated silica (red or orange) and clay mineral (green) contents
of the sedimentary layers. The float rocks above the outcrop and
along the creek bed at the bottom of the image have diverse
compositions. Based on the higher proportions of rocks with
significant calcite (cyan) and illite (magenta), we infer the likely
presence of calcite- and illite-rich units higher in the stratigraphy
that are not exposed at this outcrop. Much of this calcite- and
illite-rich talus is located on the left portion of the outcrop near a
small fan and likely is sourced from above the layered section,

2.31, and 2.34 pm, corresponding with the positions of spectral features mapped in (B). Spectral regions with terrestrial atmosphere are

whereas the float rocks to the right are more similar composition-
ally to the exposed layered outcrop.

CONCLUSIONS

Imaging spectroscopy of samples and outcrops enables new
science investigations and yields novel or unexpected mineralogic
and petrologic insights into a variety of geological processes
(Greenberger, 2015). This technique rapidly and non-destructively
maps mineralogies with little sample preparation, showing mineral
associations that might not otherwise be apparent and guiding
further investigations using other, more time-consuming tech-
niques. Other investigations have used imaging spectroscopy at
similar scales to find economically viable deposits of minerals
(Kruse et al., 2012), map carbonate lithologies (Baissa et al., 2011;
Kurz et al., 2012), characterize alteration of basaltic samples from an
impact structure (Yokoyama et al., 2015) and in a cold and arid envi-
ronment (Cannon et al., 2015b), quantify the abundances of iron in
amine wall (Murphy and Monteiro, 2013), map clay layers (Murphy
etal,, 2014), and study the Black Beauty meteorite from Mars
(Cannon et al., 2015a). These types of studies also aid in preparing
for imaging spectrometers on future landed planetary missions.
Imaging spectrometers used herein are currently employed in labo-
ratories such as at Brown University, the California Institute of
Technology, and the University of Winnipeg,
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