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ABSTRACT

To simulate the formation of impact glasses on Mars, an analogue of Martian bright soil
(altered volcanic soil JSC Mars-1) was melted at relevant oxygen fugacities using a pulsed laser
and a resistance furnace. Reduction of Fe** to Fe*" and in some cases formation of nanophase Fe°
in the glasses were documented by Mossbauer spectroscopy and TEM studies. Reflectance
spectra for several size fractions of the JSC Mars-1 sample and the glasses were acquired
between 0.3 and 25 pm. The glasses produced from the JSC Mars-1 soil show significant
spectral variability depending on the method of production and the cooling rate. In general, they
are dark and less red in the visible compared to the original JSC Mars-1 soil. Their spectra do not
have absorption bands due to bound water and structural OH, have positive spectral slopes in the
near-infrared range, and show two broad bands centered near 1.05 and 1.9 pum, typical of glasses
rich in ferrous iron. The latter bands and low albedo partly mimic the spectral properties of
Martian dark regions, and may easily be confused with mafic materials containing olivine and
low-Ca pyroxene. Due to their disordered structures and vesicular textures, the glasses show
relatively weak absorption features from the visible to the thermal infrared. These weak
absorption bands may be masked by the stronger bands of mafic minerals. Positive near-infrared
spectral slopes typical of fresh iron-bearing impact or volcanic glasses may be masked either by
oxide/dust coatings or by aerosols in the Mars’ atmosphere. As a result, impact glasses may be
present on the surface of Mars in significant quantities that have been either misidentified as
other phases or masked by phases with stronger infrared features. Spectrometers with sufficient
spatial resolution and wavelength coverage may detect impact glasses at certain locations, e.g., in
the vicinity of fresh impact craters. Such dark materials are usually interpreted as accumulations
of mafic volcanic sand, but the possibility of an impact melt origin of such materials also should
be considered. In addition, our data suggest that high contents of feldspars or zeolites are not
necessary to produce the transparency feature at 12.1 pm typical of Martian dust spectra.

Key words: Mars, surface, spectroscopy, impact processes, regoliths



1. Introduction

Impact processes probably produced significant volumes of melt throughout Martian history
(e.g., Clifford, 1993). Most impact glasses exposed at the surface have likely been altered,
especially during warmer and wetter epochs. A number of studies suggests that a large fraction of
soils on Mars are erosional products of hydrothermally altered (oxidized) impact melt sheets
(e.g., Newsom et al., 1980; Allen, 1982; Clifford, 1993; Morris et al., 1995, 2000a, 2001,
Hagerty and Newsom, 2003). However, relatively young impact glasses produced under the
prevailing climatic conditions over the last billion years or so could have survived unaltered
(Bouska and Bell, 1993; Lorenz, 2000; Schultz and Mustard, 2004). Impact glasses are much
more likely to be found on Martian surface than on Earth due to the different exogenic conditions
and slower weathering rates on Mars (Bouska and Bell, 1993; Schultz and Mustard, 2004).
Indeed, high-resolution images recently returned by the Optical Microscope (OM) onboard
Phoenix lander (Smith et al., 2008) show abundant translucent and dark particles (50-80 pm) of
glassy appearance, which could be ejected from the nearby Heimdal crater (Goetz et al., 2008).
Impact melts may be present on the surface of Mars both in dispersed and concentrated forms
(Bouska and Bell, 1993; Lorenz, 2000; Basilevsky et al., 2000a; Schultz and Mustard, 2004).
Several types of impact debris are expected on Mars: distal clastic debris (breccias, fall-out-dust),
distal glasses (tektites and microtektites), and proximal melts including glassy impactites
(Schultz and Mustard, 2004).

The question arises whether impact-generated glasses contribute to the optical properties of
Martian dust at a global scale and whether accumulations of impact glasses at certain locations
might be identified spectroscopically and distinguished from volcanic glasses. The first step
towards solving this issue is the investigation of the spectral properties of natural impact glasses
and synthetic glasses produced from suitable analogue materials at relevant conditions. One
should keep in mind that optical properties of glasses may vary significantly as a function of
composition of the target, cooling rate, temperature, and oxygen fugacity (Bell et al., 1977).

Thomson and Schultz (2002), Schultz and Mustard (2004), and Thomson (2006) studied



spectral properties of natural glasses generated by impacts into thick loess deposits in Argentina.
Impact melt products from Argentina loess include not only dispersed tektites but also vesicular
blocks as large as 2 m across (Schultz and Mustard, 2004). The fresh impact glasses have low
reflectance (5-10%) and neutral spectra with few features. Absorption bands, when present, are
broad and weak. The more oxidized samples are brighter and show absorption bands associated
with hematite (Schultz and Mustard, 2004). Similar spectral changes resulting from oxidation
were reported by Morris et al. (1995) for impact melt rocks from Manicouagan (Canada).
However, due to the slow cooling of the thick melt sheet and the resulting crystallization of
individual mineral phases, the samples studied by Morris et al. (1995) showed well-defined mafic
absorption bands. Schultz and Mustard (2004) note that the impact glasses from Argentina
exhibit flat to slightly negative continuum slopes in the near-infrared (NIR) range and that the
spectra between 0.4 and 1.1 um resemble those of rocks from the Mars Pathfinder landing site.
Thomson and Schultz (2002) and Thomson (2006) also studied the spectral properties of the
Argentina impact glasses in the thermal infrared (TIR) range and found that they are spectrally
similar to the Type 2 Martian surface composition, interpreted by the MGS TES (Thermal
Emission Spectrometer onboard Mars Global Surveyor) team as andesitic (Bandfield et al.,
2000).

Morris et al. (2000a) compared spectral properties of impact melt beads produced during the
formation of Meteor Crater (Arizona) to multispectral data (IMP) on soils and rocks, obtained
during Mars Pathfinder mission. The IMP spectra of several rocks from the Mars Pathfinder
landing site are characterized by a negative NIR spectral slope from ~0.8 to 1 pm (McSween et
al. 1999; Morris et al. 2000a). This is consistent with the spectral properties of the impactites
from Meteor Crater, although alternative spectral analogues (SNC-meteorites, some palagonitic
tephras, or thin coatings of bright dust on dark rocks) have also been suggested as the cause of
the negative slope (Morris et al., 2000a).

Morris et al. (2000b) synthesized several glass samples using a mixture of oxides whose

chemical composition was consistent with the major-element composition of Martian soil based



on Viking and Pathfinder analyses. The glasses were characterized by X-ray diffraction (XRD),
magnetic techniques, iron Mossbauer spectroscopy (FeMS), visible and near-infrared (VNIR)
reflectance spectroscopy and the thermal emission spectroscopy (TES). In the visible and near-
infrared spectral ranges the samples showed significant spectral variations as a function of
oxygen fugacity. In particular, reflectivity of the glasses in the visible range decreased with
increasing oxygen fugacity. However, thermal emission spectra were essentially independent
from the oxidation state of the samples and exhibited two broad emissivity minima centered near
10 and 23 um. These bands are located at longer wavelengths and have lower contrasts than
corresponding features in the spectra of more SiO,-rich glasses. It should be noted that various
glasses studied by Morris et al. (2000b) were kept at 1300 °C for 16 hours at different oxygen
fugacities in order to reach chemical equilibrium. Such conditions are very different from impact
melting on Mars surface, where it takes milliseconds to melt the soil and seconds to solidify the
melt. Because of the speed of this process, chemical equilibrium between the melt and the
Martian atmosphere cannot be achieved.

Basilevsky et al. (2000a) used a different approach for their simulation of impact glass
formation from Martian bright soil. The glasses were produced by quickly melting the Martian
bright soil simulant JSC Mars-1 (Allen et al., 1998) using two primary techniques: (a) irradiation
with a pulsed laser and (b) melting in a resistant furnace. Basilevsky et al. (2000a) reported
details of the melting experiments, sample preparation, compositional variations of the produced
melts. Furthermore, Basilevsky et al. (2000a) discussed the visual colors of the experimentally
produced melts and their possible implications for the origin of dark materials from polar layered
deposits on Mars.

In this study we present a detailed study and discussion of the reflectance spectra for the
samples produced and characterized by Basilevsky et al. (2000a). In addition, iron Mdssbauer
spectroscopy and high-resolution transmission electron microscopy (HRTEM) of the samples
were performed to provide further information about the nature of the optical variations

discussed below.



2. Experimental procedures and sample characterization

2.1. Glass production and mineralogy

The glass production procedures are described in detail by Basilevsky et al. (2000a). For
convenience of the reader, we provide a brief description of the experiments and mineralogy of
the samples, which include three different experimentally produced glasses..

The starting material from which the glasses were produced is an altered volcanic soil from
Hawaii known as JSC Mars-1 (Allen et al., 1998). It is a mixture of glassy volcanic ash particles
with alteration rinds and particles consisting entirely of weathered ash (Fig. 1). The chemical

|Figure 1]
composition of the JSC Mars-1 was reported by Allen et al. (1998) and Basilevsky et al. (2000a).

The first two glasses labeled as “S” and “F”, were produced by quickly melting the non-sieved
JSC Mars-1 sample in a resistance furnace under a vacuum of 10" mm Hg. In these conditions,
the partial pressure of oxygen approximately corresponds to that near the surface of Mars. The
samples were heated to ~1650°C for ~60-90 seconds. Two different cooling paths were then
followed for each of the S- and F-glasses. For the S-glass, the solidification temperature was
reached after ~40-60 seconds of cooling due to the slow decrease in the electric current and
resulting slow cooling path. Thus, the samples produced in this regime are labeled as “S” (“slow
cooling”). For the F-glass, the electric current was turned off abruptly after the sample had
reached the temperature of ~1650°C. The solidification temperature of 800-900°C was reached
within few seconds; the glasses produced this way were labeled as “F” (fast cooling). The
experimental products in both cases were sharp-edged fragments of dark glass (Fig. 2b, c). The
scanning electron microscope (SEM)

[Figure 2]
study shows that the S-glass is very homogeneous in composition and appears massive in BSE
images, though the arcuate edges of the fragments indicate that vesicles of hundreds microns in

diameter were originally present in the glass (Fig. 2¢c; 3d). In rare cases, unmelted



|Figure 3]
clasts of olivine and plagioclase along with submicron grains of Fe-Ti oxides are present. The
rare Fe-Ti oxides probably crystallized from the melt.

The F-glasses are darker than the S-glasses and are more variable in composition and texture
(Fig. 3a, b), probably since the material spent less time above its melting point than the S-melt
(Basilevsky et al., 2000a). Sometimes clusters of submicron Fe-Ti oxide grains are seen in the
BSE images. In rare cases, skeletal crystals of plagioclase, olivine, and ilmenite are embedded in
the glass (Fig. 3a). The F-glasses are generally massive but often contain vesicles of 15-30 pm
in diameter, as well as the larger vesicles of 100-200 pm in diameter (Fig. 2b; 3b).

The glasses labeled as “L” (“laser irradiated”) were produced by irradiation with a ND-YAG
pulsed laser with a pulse frequency of 30-40 kHz and pulse duration of 0.5-1 ps. The technique
was similar to that described by Moroz et al. (1996). Before irradiation the JSC Mars-1 sample
was powdered and sieved to particle size of <75 pm. In the first case, “L2”, the starting pressure
in the chamber was ~10" mm Hg. During the irradiation, loss of volatiles from the sample caused
an increase in the pressure to 3 x 102 mm Hg. In the second case, “L4”, the starting pressure was
about 10 mm Hg and reached ~3 x 10~ mm Hg during irradiation. The latter regime was used to
verify whether a pressure two orders of magnitude lower would affect the optical properties and
composition of the produced glasses. The melting products are spheroid droplets (Fig. 2a) and
irregular fragments (Fig. 3¢) containing ubiquitous gas vesicles ranging from ~ 80 nm to ~100-
200 pm in size, according to our TEM and SEM studies. The gas was released from the samples
during the melting and trapped in the melt due to very quick cooling. Basilevsky et al. (2000a)
estimated the total porosity of the laser irradiated glasses at 50-55%. The glass is compositionally
heterogeneous. No noticeable differences in composition and texture between the L2 and L4
glasses were observed.

All the glasses do not significantly differ in chemical composition from each other and from
the JSC Mars-1 soil, except for their obvious depletion in HyO (Basilevsky et al., 2000a). In

addition, the L2 and L4 glasses are moderately depleted in K and Na, probably due to high-



temperature vaporization.

2.2. Oxidation state of iron in the samples

Méssbauer (MB) spectroscopy is an excellent tool to determine Fe*'/Fe’" ratios in minerals,
rocks, and amorphous phases (e.g., Bancroft et al., 1977; Heller-Kallai and Rozenson, 1981;
Mysen et al., 1985; Dyar, 1985, 1987, 2006; Kuzmann et al., 2003). Its usefulness for
characterization of the Fe’/Fe*" ratios and Fe site occupancies in silicate glasses has been
demonstrated by many researchers (see reviews by Kurkjian, 1970; Coey, 1974; Dyar, 1985).
Iron partitioning in a glass depends on many factors: oxygen fugacity; duration, temperature and
pressure of the precursor melt’s equilibration; cooling rate and sample size; temperature and
pressure of the glass during the MB measurement; and composition of the sample (Mysen et al.,
1980; Sack et al., 1980; Dyar and Birnie, 1984; Virgo and Mysen, 1985; Dyar, 1985; Dyar et al.,
1987; Helgason et al., 1989, 1992).

’Fe Mdssbauer spectroscopic studies (FeMS) of the samples were performed at M.V.
Lomonosov Moscow State University (Moscow, Russia) in order to identify the abundances of
iron-bearing species and the oxidation state of iron in the samples. The spectra were analyzed by
performing mathematical fits to separate Fe’", Fe’', Fe;04, and a-Fe from one another. The
fitting procedures were performed using the SPECTR and DISTRI programs (Rusakov, 2000;
Rusakov and Kadyrzhanov, 2005). The MB spectra of selected samples are shown in Fig. 4. The
contents of different iron species are listed in TABLE I.

[Figure 4]
We found that ~ 10% of Fe atoms in the JSC Mars-1 sample are attributable to magnetite.
[Table I]
The rest of iron atoms in this altered volcanic soil are paramagnetic, and about 80% of them are
ferric (Fe*"). Our MB data on the JSC Mars-1 are consistent with those of Carpenter et al. (2003)

who reported the Fe*/Fe*" ratio of ~3.2 in their sample of the Mars soil analogue. A much higher
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Fe*/Fe*" ratio of 16 was reported by McAdam et al. (2004) for the fine (<20 um) fraction of the
JSC Mars-1. This indicates that the largest portion of ferric iron is concentrated in the finest
fraction of the soil.

All the glasses are enriched in Fe*' compared to the JSC Mars-1. This is likely results
from the thermal reduction of iron during glass formation. In the samples produced in the
resistance furnace, 3-17% of the iron atoms belong to magnetite, while only 25-30% of the
remaining iron is ferric. The S-glass is more reduced than the F-glass (TABLE I). It is likely that
iron reduction was more effective in this case, because the S-sample spent a longer time at a high
temperature than the F-melt. However, the glasses produced by pulsed laser irradiation are the
most reduced of all the glasses. About 5% of Fe atoms in these samples are reduced to Fe metal
(0-Fe®), as confirmed by high-resolution TEM studies (see below), and only 2-7% of remaining
Fe atoms are ferric (TABLE I). This may be due to the higher temperatures of the melts produced
by the pulsed laser and/or due to lower oxygen pressure in the vacuum chamber during the
formation of L-glasses compared to the S- and F-glasses. An a-Fe’ sextet has also been observed
in MB spectra of lunar soils (e.g., Hafner et al., 1970; Gibb et al., 1977; Morris et al., 1998).
However, a singlet corresponding to nanophase superparamagnetic metallic iron (np-Fe’)
strongly overlaps with the low velocity peaks of Fe*" doublets (e.g., Housley et al., 1971; Morris
et al., 1998) and has not been resolved in this study. Therefore, if any single-domain np-Fe® is
present in any of our glasses, Mdssbauer spectroscopy is not a suitable technique for its
detection.

It should be noted that the peak centers and widths in MB spectra of Fe’"-bearing glasses
are very similar to those of pyroxenes (particularly the M2 doublet). Pyroxenes have not been
detected in our samples by SEM (Basilevsky et al., 2000). However, pyroxenes have been
detected by MER Mdssbauer spectrometers in the rocks and soils at Gusev crater (Morris et al.,
2006a; 2008) and Meridiani Planum (Morris et al., 2006b). Due to the ambiguity mentioned
above, one cannot exclude that at least some fraction of these pyroxenes may in fact be Fe-

bearing glasses. However, Morris et al. (2008) recently suggested that careful comparison of MB
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parameters of Mars spectra with those of laboratory samples may allow for identification of non-

altered Fe-bearing glasses.

2.3 Transmission electron microscopy

The micro and nano-scale studies of all the glasses were performed using three different

TEMs. A Hitachi H800-NA with a LaBs cathode operated at 200 kV, a JEOL 3010 using a LaBe

_ -1 Comment [CvdBl].: The part
cathode at 297 kV, and a Zeiss LIBRA 200FE with a field emission gun at 200 kVi. The _% | aboutthe encrgy fter is not

,,,,,,,,,,, needed since EELS results are not
being presented.

preparation of the samples using standard thin-sectioning and Ar-ion milling was unsuccessful.
One sample prepared in this way was successfully thinned to electron transparency; however, it
was heavily contaminated with sputtered copper from the grid. Ultramicrotomy was also not
suitable for preparing the samples, since it is nearly impossible to produce smooth thin sections
of brittle glassy particles of this size using the diamond knife. Therefore, we used a Zeiss 1540
XB Focused Ion Beam-Scanning Electron Microscope (FIB-SEM) to cut 15-20 um long lamellae
from the glasses (e.g., Fig. 2a). Various Ga ion beam currents, ranging from 2 nA to 500 pA,
were used to ablate material on both sides of the desired lamellae to a thickness of < 100 nm. No
protective layer of Pt was deposited over the surface of the lamellae, as we were not concerned
about protecting the surfaces of the samples from the effects of the ion beam, since this was not
the focus of the study. After cutting the lamellae, they were lifted out using a manipulator and
attached to a half-circular copper grid. Within each lamella, an area of about 7x10 um’ was
thinned to electron transparency for analysis.

TEM investigation of the FIB lamellae of all the glass samples showed that the bulk of
the samples are indeed amorphous glass. However, small areas containing crystalline phases
were also observed in all the samples. For example, the ion-milled S-glass sample contained
silicate crystals concentrated in discrete areas (Fig. 5), and the F-glass lamella contained a single
small crystal (~180 nm). Although plagioclase laths and Fe-Ti oxides were observed in SEM

images of the F-glasses (Fig. 3a), they were not encountered in the lamellae prepared for TEM
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analysis. The differences between the TEM samples are due to their small size compared to the
larger scale heterogeneity in the bulk glass. In contrast with the S- and F-glasses, the L-glass
lamella exhibited large vesicles and numerous nano-phase inclusions ranging from 25-80 nm in
diameter that were dispersed randomly throughout an amorphous matrix (Fig. 6a). The nano-
phase inclusions were too small and few to be analyzed using conventional selected area and
convergent beam electron diffraction techniques, so high resolution imaging of the inclusion
lattice was required for their identification. The inclusions show clear lattice fringes (Fig. 6). The
orientations of the lattice planes show that the inclusions are not single crystals, but that different
crystal domains are present within individual inclusions (e.g., Fig. 6b, c). The fast Fourier
transform (FFT) of this HRTEM image (equivalent to a diffraction pattern) is consistent with aFe
(bec), and the inter-planar spacings of 0.20 nm are consistent with the {110} planes of aFe (Fig.

6¢).

2.4 Reflectance measurements

Five fractions ranging from silt to medium sand grain sizes (<40, 40-80, 80-125, 125-200,
and 200-380 pm) from each sample were prepared for spectroscopic studies. The samples
included the non-altered Mars soil analogue JSC Mars-1 (marked as ,,P*) and the four glasses: F,
S, L2, and L4. The JSC Mars-1 sample was sieved without comminution, whereas the glasses
were ground before sieving.

Bidirectional reflectance spectra in the range of 0.3-2.5 um were recorded at incidence
angle (i) of 30° and emergence angle (¢) of 0° with the RELAB bidirectional spectrometer
(Brown University) relative to a Halon standard (Pieters 1983). Biconical reflectance spectra
were acquired in a CO,- and H,O- purged environment using two different FTIR-spectrometers.
Bruker IFS 88 (DLR) equipped with a “Seagull™” variable angle reflectance accessory (Harrick
Scientific Co.) was employed for biconical reflectance measurements between 0.5 and 17 um at

i=e=20°. An Si-diode detector was used from 0.55 to 1.1 um, an InSb detector between 0.9 and 5
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pm, and an MCT-detector from 5 to 16 pm. The measurements with the Si-detector were
performed relative to a pressed Halon standard, while the infrared spectra were recorded relative
to gold-plated sandpaper standard. Nicolet 740 FTIR-spectrometer (RELAB, Brown University)
was used for biconical reflectance measurements between 2.5 and 25 um af i=e=30°. The spectra
were acquired using a DTGS-detector relative to a rough gold standard. All the spectra were
measured at ambient temperature. The use of different instruments in two laboratories in
overlapping spectral ranges allowed us to distinguish spectral variations due to
composition/texture from the instrumental effects. In general, good agreement in terms of
absolute reflectivity and spectral shape was observed between the different instruments used in
this study.
3. Reflectance spectra
3.1 Visible and near-infrared spectra

3.1.1. VNIR spectra of JSC Mars-1 soil

The Hawaiian altered volcanic soil JSC Mars-1 is a good though not perfect spectral analogue
for Martian bright regions in the visible and near-infrared (Allen et al., 1998). It is probably
impossible to find a perfect analogue material, since soils from various areas on Mars
demonstrate some spectral, mineralogical, and chemical variations (e.g., Murchie et al., 2000 and
references therein; Bell et al., 2000; Morris et al., 2000a; Yen et al., 2005; 2008; Ming et al.,
2008). The JSC Mars-1 spectra (Fig. 7) show relatively featureless Fe’~ absorption edge between
0.4 and 0.7 um, suggesting an absence of well-crystallized Fe-oxides (Allen et al., 1998). A weak
(1-5%) broad absorption band near 0.9-1 um in the spectrum of JSC Mars-1 is probably due
nanophase ferric oxides with a possible contribution from iron in clay minerals. Although the
reflectance spectra of some bright areas on Mars show evidence for a more significant
contribution from well-crystallized ferric oxides (e.g., “red” hematite) as suggested by
characteristic absorption bands in the extended visible range (Morris et al., 1985; Bell et al.,

1990), some other soils, for example from the Mars Pathfinder landing site (Morris et al., 2000a)
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are more similar to JSC Mars-1 in this spectral range.

The absorption feature at 1.42 um in the spectra of the JSC Mars-1 separates may be both due
to structural OH and H,O bound octahedrally to a cation, while the bands at 1.92 um, ~3 um, and
6 um are due to chemically bound and physically adsorbed water (Eisenberg and Kauzmann
1969; Farmer 1974; Aines and Rossman 1984; Bishop et al. 1994). An additional weak Al-OH
feature typical of Al-bearing clay minerals is present near 2.2 um. This feature is especially
pronounced in the spectrum of the <2 pm separate of the JSC Mars-1 sample studied by
Schiffman et al. (2002), indicating that clay minerals are concentrated in the finest fraction of this
volcanic soil. Analysis of exact wavelength positions and shapes of absorption features in high-
resolution reflectance spectra often allows one to identify minerals containing structural OH
and/or bound H,O (Clark et al., 1990). NIR reflectance spectra of the JSC Mars-1 indicate that it
probably contains Al-bearing smectite clays. The clays in the JSC Mars-1 either have very low
abundance, are very poorly crystalline, or the sizes of the clay crystallites are very small, because
the related absorption features are weak and no clay minerals have been detected in XRD spectra
of JSC Mars-1 samples (Allen et al., 1998, Schiffman et al., 2002).

[Figure 7]
The water-related features are more intense in the RELAB spectra of the JSC Mars-1 (Fig. 7a)
compared to those acquired at DLR, since the samples measured at DLR were heated to 100°C in
the oven prior to the measurements. However, such heating does not make the water features as
weak as those in typical NIR remote spectra of Martian soils. The weak band near 2.2 um due to
Al-OH in aluminous clays is known to be more persistent and its intensity is not reduced by
heating. Some areas on Mars, that are enriched in aluminous smectites and kaolinite, have
recently been identified by the MEX OMEGA (Poulet et al., 2005, 2007; Loizeau et al. 2007)
and MRO CRISM spectrometers (Mustard et al. 2008). Recently the CRISM team detected small
areas with Al-rich micas (illite or muscovite) (Mustard et al. 2008). However, most of the
phyllosilicates recently identified in OMEGA and CRISM spectra appear to be poor in Al (Poulet

et al., 2005; Mangold et al. 2007; Loizeau et al. 2007; Bishop et al. 2008; Mustard et al. 2008;
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Wiseman et al. 2008).

Allen et al. (1998) compared a JSC Mars-1 spectrum to a spectrum of the Olympus-Amazonis
bright region on Mars (Mustard and Bell, 1994) and noted that Martian soils were extremely dry
compared to the simulant, based on the depths of the 1.4- and 1.9-um bands. However, Milliken
and Mustard (2005) recently showed that the latter bands do not provide reliable information on
water (chemically bound and physically adsorbed) content in hydrated minerals and soils. These
authors also demonstrated that only the 3-um absorption band may be used for this purpose,
unless it is saturated. Surface water content on Mars shows significant variations across the
planet (Bibring et al., 2005; Jouglet et al., 2007; Milliken et al., 2007). Milliken et al. (2007)
demonstrate that equatorial regions are the driest ones with ~2-5 wt.% H»O, while hydration
increases with latitude and may be as high as 15 wt.%. Our JSC Mars-1 sample analyzed by
Basilevsky et al. (2000a) has LOI values of ~15 wt.%, suggesting water content comparable to
that of the wettest areas on Mars. Interestingly, phyllosilicate deposits near Mawrth Vallis
(Poulet et al., 2005) probably contain only 7-9 wt.% H,O (Milliken et al., 2007) despite the well-
pronounced 1.4 and 1.9 um bands in the OMEGA and CRISM spectra.

The NIR slopes in the spectra of the JSC Mars-1 separates are relatively neutral and vary as a
function of particle size and packing density. The slope is slightly negative (blue) for the coarsest
separates and somewhat positive (red) for the finest ones (Fig. 7a).

The brightness of the sample is the highest for the finest fraction and significantly decreases
with increasing particle size. This is both due to the particle size effect (decrease in multiple
scattering) and the change in composition. The coarse fractions are dominated by basaltic glass,
while the finest ones are dominated by the brighter weathering products.

Allen et al. (1998) and Basilevsky et al. (2000a) reported chemical analyses of JSC Mars-1 and
compared them to available analyses of Martian soils from Viking (Toulmin et al., 1977; Clark et
al., 1982) and Mars Pathfinder (Rieder et al., 1997) landing sites. Recently soils from Gusev
crater and Meridiani Planum have been analyzed by the APXS instrument onboard Mars

Exploration Rovers (Gellert et al., 2004; 2006; Rieder et al., 2004; Yen et al., 2005; 2008; Wang
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et al., 2008; Ming et al., 2008). In general, the simulant closely matches typical Martian soils for
Si0,, Fe,05 (except for Fe-rich dark hemate-rich soils from Meridiani Planum) and CaO but is
significantly different for other oxides, notably Al,O;, TiO, and MgO. A close match in iron
content is essential for our experiments, since iron content and its oxidation state play crucial role
in controlling the VNIR spectral properties of glasses produced from Fe-bearing samples.

3.1.2. VNIR spectra of glasses

The glasses (S, F, L2, and L4) produced from the JSC Mars-1 soil show significant spectral
variability depending on the method of production, but are characterized by several common
features. All the glasses are darker and less red in the visible than the starting material (Fig. 8a).

|Figure 8]
As expected, their brightness and spectral slopes in the visible range (e.g., red/blue color ratios)
decrease with increasing grain size (Fig 9 a, 10 a, 11 a). Along with the visible absorption edge,
all the glasses show two moderate (band depth of 0.15-0.30) broad absorption bands near
[Figure 9] [Figure 10] [Figure 11]

1.05 and 1.9 pum. These bands demonstrate the short-range crystal order in the glass. The 1.05-
um band corresponds to spin-allowed crystal-field transitions in octahedrally coordinated Fe*"
ions, while the weaker 1.9-um feature is caused by spin-allowed Fe’" transitions in either
tetrahedral (e.g., Burns 1970; Bell et al., 1976; Calas and Petiau, 1983) or, most likely in
distorted octahedral coordination (Keppler, 1992). The positions of these broad bands are
consistent with those seen in the spectra of synthetic low-Ti glasses prepared under reducing
conditions (Bell et al., 1977; Keppler, 1992; Morris et al., 2000b). These two bands are
superimposed by a much broader Fe’* absorption which extends throughout the entire visible and
near-infrared ranges. The latter absorption is responsible for the low albedos and positive (red)
continuum slopes of the S- and F-glasses in the near-infrared. In addition, the spectra of the pure
glasses lack features due to water and structural OH bound to metal cations, indicating complete

decomposition of hydrated phases (Fig. 8, 9, 10, 11).
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The F-glass is darker than the S-glass (Fig. 8) in the visible and near-infrared. This is due to
higher Fe** content in the F-melt (TABLE I) and possibly due to Ti-magnetite dispersed in the
melt. Our TEM studies did not reveal abundant fine opaque inclusions neither in the F- nor in the
S-glasses (see above), therefore, we think that ferric iron dissolved in the glass is the major
darkening agent for these materials. The glasses produced by a pulsed laser (L2 and L4) are the
brightest ones. They exhibit the weakest Fe*-absorptions near 1.05 and 1.9 pm, even though iron
in L-glass is almost entirely ferrous (TABLE I). The relatively high albedo and low band depth
appear to be a textural effect, since this glass contains abundant tiny vesicles (see Fig. 2a, 3c)
which act as internal scatterers significantly increasing multiple scattering. In addition, less
oxidized glasses are known to be brighter than glasses with high contents of ferric iron (e.g., Bell
et al., 1976; Wells and Hapke, 1977; Morris et al., 2000b; Hapke, 2001). Nevertheless, the L-
glasses are darker than the JSC Mars-1 sample at most wavelengths and have slightly reddish
NIR-slope, probably due to formation of metal iron nanoparticles finely dispersed in the melt
(TABLE I; Fig. 6). The Fe° nanoparticles in our L-samples have sizes (25-80 nm), which may
produce both darkening and reddening from UV to NIR spectral ranges (Noble et al., 2007,
Lucey and Noble, 2008). Note that the presence of shock-induced nanophase Fe” in some
Martian meteorites was recently reported (van de Moortele et al., 2007; Pieters et al. 2008).
Ferric iron may also contribute to the relatively dark color and slightly reddish NIR slope of the
L-glasses, but its content in these glasses is very low (<5 at.%). The L-glasses are slightly
brighter than the JSC Mars-1 only at wavelengths shorter than 0.5 pm, most likely due to the
reduction of Fe’* to Fe*" in the glasses. The JCS Mars-1 samples are very dark in this spectral
region due to very strong overlapping absorption bands caused by O*—Fe’" charge transfer
transitions and Fe*" crystal field transitions (e.g., Morris et al., 1985; Sherman, 1982, 1985).
These strong absorption features are not pronounced in the spectra of our most reduced L-glasses
containing only <5 at.% Fe®* (Table I). The O*—Fe*" absorption feature present in the near-UV
and visible regions in the spectra of our L-glasses is weaker than Fe’"-related features mentioned

above, therefore the L-glasses are brighter than the JSC Mars-1 in these spectral ranges.
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The finest fractions of the L-glass (<40 and 40-80 pum) are contaminated by non-melted
volcanic soil. This is evident from pronounced absorption features of H,O and structural OH (Fig
11b).

Near-infrared continua of the L-glass spectra are less red than those of the S- and F-glasses
(Fig 8a). This is consistent with very low Fe*" contents in the L-glasses.

By extrapolating the experimental production of glasses from the Mars analog soil to the
formation of impact glasses on Mars, it appears that impacts into Martian soils should produce
dark glassy materials, with red-sloped NIR reflectance spectra and two broad shallow absorption
bands centered near 1.05 and 1.9 pm. Note that such VNIR spectral properties would be typical
of any fresh (non-weathered) glass containing Fe*" and Fe®" ions, and is not characteristic of the
impact origin of the glass. For example, fresh volcanic (e.g., Minitti et al., 2002; Bishop et al.,
2003a) and impact (Ehlmann et al., 2008) glasses of basaltic composition have similar VNIR
spectral properties. This indicates that VNIR reflectance spectra may be helpful for detecting
fresh glasses on Mars, but can hardly be useful for distinction between glasses of volcanic and
impact origins. The only expected difference between Martian volcanic and impact glasses of
similar chemical compositions could be that fresh impact glasses might be brighter and have
weaker NIR absorption bands compared to volcanic glasses, since Martian impact glasses are
expected to be mechanically weak and enriched in vesicles (due to fast cooling) compared to
volcanic glasses (Thomson, 2006). However, differences in brightness and the NIR band depths
of the glasses on Mars may also be related to their degree of weathering and composition (total
Fe content, Fe*"/Fe’" ratio) of their precursors. For example, impacts into a plagioclase-rich (Fe-
poor) target would form brighter glasses with weaker NIR absorptions (Johnson and Horz, 2003)

compared to basaltic (Fe-bearing) glasses.

3.2. Thermal-infrared spectra
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Thermal infrared spectra of silicates, silicate-rich rocks and glasses show characteristic
features called Reststrahlen bands. Reststrahlen bands are very strong absorption bands with
imaginary part of refractive index £>0.1 at the band center. Very little energy can pass through
the grain boundaries, so that scattering and absorption properties are controlled by surface
scattering. This results in a maximum in reflectance and a minimum in emissivity (e.g., Vincent
and Hunt, 1968). Reststrahlen bands are of certain diagnostic potential (see below), although
their shapes and intensities are strongly affected by grain size, crystal orientation, and degree of
crystallinity (Lyon, 1964; Vincent and Hunt, 1968; Salisbury et al., 1991).

Reflectance minima called Christiansen features (Conel, 1969) occur just prior to each
fundamental vibration band, where the refractive index approaches that of the medium (air),
resulting in a minimum of backscattering. Christiansen features in reflectance spectra and
corresponding emissivity maxima in thermal emission spectra are very useful for characterization
of mineral composition, since wavelength positions of these features do not vary as a function of
grain size, crystal orientation and crystallinity (Conel et al., 1969; Salisbury et al., 1991; Cooper
etal., 2002).

Transparency features are reflectance maxima (emission minima) present in TIR spectra of
fine grains (Conel, 1969) and are caused by change from surface to volume scattering. Their
wavelength positions are controlled by both composition and particle size (Mustard and Hays,
1997), and can be helpful for detection of certain minerals in spectra of a fine dust, where

Reststrahlen bands are very weak.

3.2.1 TIR spectra of JSC Mars-1 soil

The Christiansen minima in the spectra of JSC Mars-1 samples are located near 8 pm and the
corresponding Reststrahlen bands (see below) around 10 pm are weak. Their spectral contrasts
do not depend significantly on particle size, since even the coarsest particles consist mostly of

aggregates of finer grains. This is consistent with previous TIR reflectance (Cooper and Mustard,
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2002; Schiffman et al., 2002) and emission (Ruff and Christensen, 2002) measurements of the
JSC Mars-1 powders. However, only the spectra of the finest (<40 pum) size fraction measured in
this study show a weak but detectable transparency feature centered at 12.05-12.1 pm (825-830
cm'l). This feature was also observed in other reflectance (Cooper and Mustard, 2002; Schiffman
et al., 2002) and emission (Maturilli et al., 2008) spectra of fine JSC Mars-1 separates. Some
published spectra of fine separates of other altered (e.g., palagonitic) volcanic materials also
exhibit a similar transparency feature (e.g., Esposito et al., 2000; Bishop et al., 2002a; 2003a;
2007). The transparency feature at 12.1 um dominates TES and Mini-TES spectra of Martian
bright soils and is likely due to a fine-grained feldspar component (Ruff and Christensen 2002;
Bandfield and Smith 2003; Ruff et al., 2006) or zeolites (Ruff, 2004). Unlike all other available
spectra of fine JSC Mars-1 fractions, the spectrum from the ASU library (Ruff and Christensen,
2002; Bandfield and Smith, 2003; Ruff, 2004) lacks the 12.1 um feature, leading these authors to
conclude that the JSC Mars-1 is a poor match to the TIR spectra of dust and bright regions on
Mars. Bandfield and Smith (2003) emphasize the similarity of the TES spectra from Mars’ bright
region to those of unaltered fine-grained plagioclase-rich rocks such as basaltic andesites and
anorthosites, while Ruff (2004) suggests that zeolites are responsible for the transparency feature
near 12.1 pm. We should note, however, that the 12.1-pm transparency feature dominates the
TIR spectra of many fine-grained altered (e.g., JSC Mars-1; palagonitic tuffs) and unaltered (e.g.,
some basalts - Bishop et al., 2002b) volcanic materials, and therefore is not conclusive evidence
for very high feldspar or zeolite contents in Martian bright soils and dust. Very prominent
transparency features are typical of feldspar fine powders (e.g., Maturilli et al., 2006). It seems
that relatively minor feldspar or zeolite contents may dominate the TIR spectra of fine-grained
materials, due to a very prominent transparency feature in the spectra of feldspars/zeolites, which
may contribute to the TIR spectra of fine dust out of proportion. This effect may be explained by
the fact that spectral behavior of fine grains in transparency spectral region is controlled by

volume scattering, resulting in the non-linear mixing of endmember components.
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3.2.2. TIR spectra of glasses

In the TIR range the glasses produced from the JSC-Mars-1 exhibit a Christiansen feature near
8-8.2 um and a very broad featureless Reststrahlen band centered near 10 pm due to assymetric
Si-O stretching vibrations (Fig. 8b, 9b, 10b, 11b). An additional weaker band due to Si-O
bending is observed near 22-23 pm. The Reststrahlen bands are broad and smooth (without
internal spectral structure), which is typical of glasses (Simon and McMahon, 1953; Parke et al.,
1974) and other non-crystalline phases.

The frequencies of Si-O vibrations, and hence wavelength positions of Christiansen features

and Restrstahlen bands in spectra of silicate minerals and rocks and glasses, depend on Si-O
bond strength which decreases with increasing depolymerization of the silicate framework.
The degree of polymerization is primarily a function of the Si/O ratio and the number of non-
bridging oxygen atoms. Christiansen features and Reststrahlen bands progressively move from
longer wavelengths (low wavenumbers) in ultramafic rocks to shorter wavelengths in felsic
rocks, as the silica content and depolymerization increase (Launer, 1952; Lyon, 1963; Lyon and
Burns, 1965; Conel, 1969; Vincent et al., 1975; Walter and Salisbury, 1989). In addition,
substitution of Si*" for AP’" in tetrahedral sites displaces the Christiansen features and
Reststrahlen bands to longer wavelengths (e.g., Stubican and Roy, 1961). Similar trends hold for
silicate glasses (Wyatt et al., 2001; Michalski et al., 2005; Byrnes et al., 2005, Thomson, 2006;
Minitti et al., 2006, 2007a), although additional factors such as cooling/quench rates and fictive
temperatures may affect frequencies of Si-O vibrations in reflectance and thermal emission
spectra of glasses (Fujita et al. 2003; Thomson 2006).

Positions of the Christiansen features and Reststrahlen bands are similar for all our glasses
regardless oxidation state of iron, and correspond to the positions of similar features in emissivity
spectra of synthetic “Martian” glasses prepared by Morris et al. (2000b). Differences in ALOs
content between Martian soils and the JSC Mars-1 may affect positions of the 10-pm band in the

TIR spectra of glasses produced from these materials. An increase in the Al/Si ratio tends to shift
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this band to longer wavelengths, so that a similar feature in the spectra of glasses formed by
impacts into Martian soils might be located at shorter wavelength. However, the glasses of
Morris et al. (2000b) closely match Martian soils in both Al,0; and SiO,, and nevertheless their
TIR spectra exhibit the 10-um band at the same wavelength as the spectra of our glasses. This
indicates that some enrichment of the JSC Mars-1 in Al,O; has no critical effect on spectral
properties of the glasses derived from this material.

The observed wavelength positions (~10 um) and broad spectral shapes are typical of basaltic
glasses (e.g., Pollack et al., 1973; Crisp et al., 1990; Wyatt et al., 2001; Minitti et al., 2002, 2006,
2007a; Bishop et al., 2003a, Michalski et al., 2005; Thomson, 2006) and differ from those of
more SiO»-rich glasses. Reststrahlen bands in the spectra of SiO,-rich glasses are usually sharper
(V-shaped) and centered at shorter wavelengths (Bandfield et al., 2000; Wyatt et al., 2001;
Michalski et al., 2005; Thomson, 2006). It should be noted that the TIR features in the spectra of
basaltic glasses (including our experimentally produced samples) are very similar to those of
plagioclase impact glasses (Noble and Pieters, 2001; Johnson et al., 2002, 2003, 2006) and other
glasses (synthetic or volcanic) formed from intermediate to calcic plagioclases (e.g., Nash and
Salisbury, 1991; Byrnes et al., 2005).

Only slight differences in band positions, possibly related to variations in composition and
cooling rate, are observed between the TIR spectra of our glasses. The 10-um Reststrahlen bands
in the spectra of F-glass separates are centered at somewhat shorter wavelengths (10.03 um) than
in the spectra of the S-glass separates (10.17 pm), being consistent with higher cooling rate (and
fictive temperature) of F-glass compared to the S-glass (Fujita et al., 2003; Thomson, 2006). The
somewhat longer wavelength positions (~ 10.3 um) of the Reststrahlen bands and Christiansen
features in the spectra of the L-glasses may be explained by the higher Al/Si ratios (Bouska,
1993; Zotov, 2003) of the L-glasses compared to the F- and S-glasses.

In addition, the bands at 10 um and 22-23 um in the spectra of our glasses and other glasses
of basaltic composition are much less intense than the corresponding bands in obsidian glass

spectra. This shows that the detectability of glasses derived from typical Martian soils or mafic
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rocks should be low compared to the more SiO,-rich glasses (Morris et al., 2000b). Band
contrasts in the TIR spectra of our glasses (Fig. 9b, 10b, 11b) are higher for the coarser size
separates, as expected. Spectral contrasts of Reststrahlen bands are known to be low for fine
particle sizes (e.g., Lyon, 1964; Vincent and Hunt, 1968) due to increasing contribution of
photon trapping (Lyon, 1964; Aronson et al., 1966; Salisbury and Eastes, 1985) and volume
scattering (Salisbury and Wald, 1992). Vesicular textures of our L-glasses (Fig. 2a, 3c) also
increase the volume scattering in the spectral region of fundamental Reststrahlen bands.
Therefore, the Reststrahlen bands in the spectra of L-glasses (Fig. 11b) are weaker than those in
the spectra of S- and F-glasses (Fig. 9b, 10b). The L-glasses with their vesicular texture (Fig. 2a,
3c) caused by fast cooling of the melt, are likely better analogues for Martian impact glasses
formed by small-scale impacts into Martian soil, than the F- or S-glasses (Basilevsky et al.,
2000a). Thomson (2006) also emphasized that Martian impact melts should have vesicular
textures. If this is the case, then the bands due to SiO,-poor impact glasses near 10 and 22-23 ym
are likely to be difficult to detect in thermal emission spectra of Martian surface.

Transparency features are very weak or absent in the TIR reflectance spectra of the finest
glass separates (<40 pm), except for the fine separates of the L2 and L4 glasses, which are
contaminated with non-melted JSC Mars-1 soil. The lack of transparency features is typical of
fine separates of glasses (e.g., Nash and Salisbury, 1991; Minitti et al., 2002) and impact melts
(Johnson et al. 2002, 2003; Thomson, 2006). Johnson et al. (2002) suggest that the possible
absence of the 12.1-pm transparency feature in thermal emission spectra of some bright regions
on Mars may indicate the presence of fine-grained impact melt. We should add, however, that in
order to be detected this way, impact melt surfaces must be dust-free. Our TIR spectra of fine
(<40 pm) L2 and L4 glass fractions contaminated with JSC Mars-1 dust fully reproduce the
shape of the spectrum of pure non-melted JSC Mars-1 finest (<40 um) fraction, including the
transparency feature at 12.1 um. This suggests very low detectability of impact glasses in TIR

spectra of Mars bright regions.
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3.2.3. CO; feature in spectra of L-glasses

A weak absorption band near 4.27 um is absent in the spectra of F- and S-glasses, as well as
in the JSC Mars-1 but is well-pronounced in the spectra of all L-glass samples (Fig. 12). This
band is probably due to CO; trapped in the small vesicles (Fig. 3¢) mentioned above. Since the
depth of the 4.27-um CO; feature in the spectra of L-glasses does not depend on the pressure in
the vacuum chamber, we suggest that the source of CO; is the volcanic soil itself. Basilevsky et
al. (2000b) analyzed a sample of the JSC Mars-1 with a CHNS-analyzer and detected ~3 wt.% C.
Another JSC Mars-1 sample was recently analyzed by gasometric method for total C (1.37
wt.%), organic C (1.03 wt.%), and CO, (1.33 wt.%). The analysis shows that CO; is inorganic
and corresponds to <1 wt. % carbonates in the analyzed sample. Bishop et al. (2001)
demonstrated that carbonate content as low as 0.1 wt. % CO, may produce detectable features at
4 and 7 pm, but we should note that band detectability in reflectance spectra of intimate mixtures
depends on many factors including optical properties and grain sizes of all components of the
mixture. In particular, JSC Mars-1 powders are much darker in the 4-um spectral region than the
samples from Bishop et al. (2001). This can explain that as much as ~1 wt. % carbonates is not
detectable in reflectance spectra of JSC Mars-1 samples. An XRD analysis of our sample showed
82.4 wt.% X-ray-amorphous phases, 11.7 wt. % andesine, 3.1 wt. % augite and 2.8 wt. % olivine.
No crystalline carbonates were detected by the XRD method. We suggest that the main source of

CO; in our L-glasses is oxidation of organic and inorganic C in the silicate melt.

[Figure 12]
Interestingly, the CO, feature is more intense in the spectra of the finest fractions of L2 and
L4 glasses and has an appearance of the spectral signature typical of condensed CO,. In spectra
of condensed CO,, the narrow band shape requires that CO, must be in a form which does not
allow molecular rotations (e.g., McCord et al., 1998). Similar narrow features consistent with

trapped CO, molecules are observed in spectra of some minerals, where the CO, molecules may
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be under pressure (in inclusions) and/or electrically interact with neighbor molecules (McCord et
al., 1998 and references therein). In our case, the band might be due to CO, molecules trapped
(under pressure?) in the tiniest vesicles in the glass. It is unlikely that the 4.27-um band is due to
CO; homogeneously dissolved in the glass at molecular scale (Mysen, 1976; Fine and Stolper,
1985), since CO; dissolved in basalt melts produces absorptions near 6.2-7.3 pum, caused by
vibrations of anionic COs* groups without IR signatures of molecular CO, (Fine and Stolper,
1986; Mattey, 1991). The spectra of the coarser L-fractions containing large vesicles along with
the tiny ones, and thus show more complex broad features typical of “normal” gaseous CO,
(Goody and Yung, 1989) which is probably trapped in relatively large vesicles (Fig. 2a, 3c).

A similar 4.27-um absorption feature is present in reflectance spectra of Martian meteorite
ALH 84001 and has been attributed to either OH-bearing phosphates or trapped CO- molecules
(Bishop et al., 1998). However, spectra of synthetic (Rehman and Bonfield, 1997) and many
natural OH-bearing phosphates lack this band, so it is likely that the 4.27-um band in spectra of
ALH 84001 and other minerals, including phosphates, is due to trapped CO, molecules.
Carbonates are abundant in that meteorite, but show absorption bands at shorter wavelengths.
The S and F basaltic glasses lack the vesicles and the CO,-band because of slow cooling of the
melts compared to the L-melts.

In spectra of the Martian surface this feature, if present, would be masked by strong
atmospheric CO, absorption. However, our finding may have other interesting implications. A
narrow CO,; feature at 4.25 pm was found in NIMS spectra of Callisto and Ganymede (McCord
et al., 1998). Basilevsky et al. (2000b) suggested that this feature in the spectra of Galilean
satellites may be caused by vibrations of CO, molecules trapped in small bubbles in silicate glass
formed by high-velocity micrometeorite impacts. Furthermore, Basilevsky et al. (2000b)
suggested that similar features might be found in IR spectra of low-albedo asteroids as well,
since their surfaces undergo micrometeorite bombardment and contain carbonaceous phases
which may be a source of carbon for CO, formation. However, the 4.27 um feature has not been

found in the spectra of an artificial carbonaceous chondrite (Hiroi et al., 2003) and CM2
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chondrite Mighei (Moroz et al., 2004) irradiated with the same pulsed laser as was used in this
study. We suggest that this is due to ultramafic compositions of the latter materials. Ultramafic

melts can release trapped/dissolved gases more easily than viscous basaltic melts.

4. Implications for Mars and conclusions

The mineralogical composition of the Martian crust is very complex and missions to Mars
significantly enriched our knowledge of Mars’ surface mineralogy (Bibring and Erard, 2001;
Bibring et al., 2006; Chevrier and Mathé, 2007). A wide variety of minerals has recently been
detected on Mars’ surface (e.g., Chevrier and Mathé, 2007 and references therein; Mustard et al.
2008). Globally, however, most optical spectra of the Martian surface are roughly consistent with
the mixing of bright red ferric oxide-bearing dust with dark gray sand containing mafic minerals
(Singer and McCord, 1979; Murchie et al., 2000; Poulet et al. 2007).

The bright regions on Mars are relatively homogeneous in the VNIR spectral range due to the
high mobility of fine bright dust particles during dust storms, but show some spatial spectral
variations (Murchie et al., 1993, 2000). Although impact glass fragments should contribute to
these mobile fines (Schultz and Mustard 2004), their spectral signatures do not seem to be easily
detectable in spectra of the soils. Nevertheless, some influence cannot be ruled out. For example,
non-altered impact melt fragments may mask the weak metal-OH feature near 2.2 pm observed
in many spectra of bright areas (e.g., Murchie et al., 1993, Beinroth and Arnold, 1996) and may
contribute to the decrease in depth of the bound water band at 3 um, which also shows significant
spatial variations (Bibring et al., 1989, 2005; Murchie et al., 1993; Calvin, 1997; Jouglet et al.,
2007; Milliken et al., 2007). Recent analysis showed that a broad weak absorption band centered
near 1.8 pum is present in most OMEGA spectra of bright regions (Le Mouélic et al., 2006;
Combe et al. 2008). This feature may be due to minor low-Ca pyroxene component (Le Mouélic
et al., 2006; Combe et al. 2008). Alternatively, this feature can be caused by Fe’" absorption in

impact or volcanic glasses.
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Dark regions on Mars show considerable spectral variability compared to the bright areas
(e.g., Pinet and Chevrel 1990; Bibring et al., 2005; Mustard et al., 2005; Poulet et al. 2007).
Many NIR spectra of the dark areas show two broad Fe** absorptions near 0.9-0.95 and 2.1-2.2
pm which are consistent with low-Ca and high-Ca pyroxenes present in various proportions (e.g.,
Mustard and Sunshine, 1995; Bibring et al., 2005; Mustard et al., 2005). Although broad Fe?'
absorptions are present in NIR spectra of Fe-bearing glasses as well, their wavelength positions
are somewhat different (1.05-1.1 pm and ~1.9 um). In addition, spectra of the dark areas on Mars
are characterized by distinctive negative near-infrared continuum, while the spectra of fresh
glasses tend to be red-sloped in this spectral range.

At first glance it seems that impact glasses do not show significant contribution to VNIR
spectral properties of the Martian surface. However, this does not mean that they are not present,
even in significant quantities. Fe’" absorptions in glass spectra are much weaker than those in
spectra of mafic minerals and thus can easily be masked in the spectra of mixtures of impact
glass with mafic minerals. Although the positions of the Fe*' absorptions in NIR spectra of
glasses are different from those of individual mafic minerals, Fe-rich glasses can spectrally be
confused with Fe-rich or coarse-grained olivines mixed with minor low-Ca pyroxenes. This has
recently been confirmed by Nicholis et al. (2006) who studied glasses produced from olivine-rich
basalt at relevant oxygen fugacity and compared their VNIR spectra to OMEGA spectra of
certain dark areas on Mars interpreted as enriched in fayalitic olivine compared to surrounding
terrains (Mustard et al., 2005). Nicholis et al. (2006) showed that it is difficult to distinguish
between fayalitic or coarse-grained olivines, Fe-rich glass of impact or volcanic origin, and Fe-
rich glass with minor olivine crystals. Recently MEX OMEGA spectra acquired near Isidis basin
on Mars have been interpreted by Mustard et al. (2007) as areas of preserved olivine-rich impact
melt.

Reddish NIR spectral slopes indicative of fresh Fe*'-bearing glasses are not typical of Mars
reflectance spectra. However, oxide/dust coatings (Morris and Neely, 1981; Singer and Roush

1983; Fisher and Pieters, 1993; Johnson and Grundy, 2001, Minitti et al. 2002, 2007b; Ehlmann
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et al. 2008) on the surface of dark glass and influence of atmospheric aerosols (Erard et al., 1994)
may change positive NIR continuum slopes of Mars’ glass spectra to neutral or negative slopes.

In the TIR spectral region the glasses from this study also do not seem to show distinctive
characteristics. Glasses produced from Martian soil may have TIR spectra typical of basalt
glasses and should show weaker TIR spectral features than more SiO-rich glasses such as
obsidian. Moreover, the glasses produced by laser shots (L-glasses), which we consider as a
reasonably good simulation of small-scale meteorite impacts, exhibit subdued TIR spectral
features because of their vesicular textures. Spectra of impact melt samples from Argentina also
show low spectral contrasts in the TIR spectral range (Thomson, 2006). Thus, vesicular texture
typical of impact glasses should further reduce their detectability in the TIR. In addition, it is
difficult to distinguish between basaltic glasses of impact and volcanic origin, as well as between
basaltic and plagioclase glasses, based on their TIR spectra. Furthermore, our results indicate that
the absence of 12.1-pum transparency feature in TIR spectra may help in the detection of glass
accumulations at certain areas on Mars (Johnson et al., 2002), but only if these glass-rich
deposits are free of fine dust. In addition, the presence of a well-pronounced 12.1-um
transparency feature in the spectra of Mars bright dust does not require high contents of feldspars
or zeolites in the dust, suggested by Ruff and Christensen (2002), Bandfield and Smith (2003),
and Ruff (2004).

Two principle spectral types of dark areas on Mars have been identified from the MGS TES
data (Bandfield et al., 2000). The Surface Type 1 (ST1 or Syrtis Type) is consistent with a
basaltic composition, while the deconvolution of the Surface Type 2 TES spectra (ST2 or
Acidalia Type) requires a significant SiO,-rich glass component. The MGS TES team assumed
that the latter glass component was a primary volcanic glass consistent with basaltic andesites
(Bandfield et al., 2000). Many attempts have been made to derive alternative composition for the
enigmatic ST2 spectral endmember (Wyatt and McSween, 2002; Minitti et al., 2002, 2007b;
Kraft et al., 2003; Morris et al., 2003; Michalski et al., 2005, 2006). The composition of ST2

areas still remains a subject of considerable debate (Wyatt, 2007), but chemically altered basalts
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seem to be the most favored explanation. It has been shown by several researchers that SiO,-rich
component is still required for the successful deconvolution of the ST2 spectra but may be just a
secondary product (e.g., silica-rich amorphous coatings), rather than a primary volcanic glass
(Kraft et al., 2003; Morris et al., 2003; Michalski et al., 2005, 2006; Minitti et al., 2007b; Ruff
and Christensen, 2007). The recent orbital detection of opaline silica by CRISM (Milliken et al.
2008) and the recent discovery of opal in Gusev crater by the Spirit rover (Squires et al. 2008)
show that amorphous silica indeed is not an uncommon weathering product on Mars. Our results
do not contribute to the debate regarding the ST2 vs. ST1 compositions, since the TIR spectra of
our glasses are consistent with SiO»-poor basalt glasses. Note, however, that our glasses are not
“true” impact glasses. Schultz and Mustard (2004) suggested that ST2 areas may be enriched in
impact glass, and the recent works of Wright et al. (2004), Thomson (2006), and Wrobel and
Schultz (2007) support this alternative point of view. In particular, Wright et al. (2004) and
Thomson (2006) showed that TIR spectra of natural impact glasses have V-shapes in the
Reststrahlen range, typical of the ST2 spectra and SiO,-rich glasses. Due to the high fictive
temperatures (Fujita et al. 2003) of natural impact glasses, their Reststrahlen bands (emission
minima) may shift to shorter wavelengths, suggesting much higher “spectral” Si/O ratio than
follows from real chemical compositions of the glasses (Thomson 2006). This way, relatively
Si0,-poor impact glasses could be misinterpreted as SiO,-rich glass component in TES spectra of
ST2 terrains. Indeed, Wright et al. (2004) have demonstrated that thermal emission spectra of
impact glasses from the Lonar impact crater in India strongly resemble those of ST2 terrains,
while the target rock (Deccan basalt) is a well-known spectral analogue for the ST1 dark
materials (Bandfield et al. 2000; Hagerty and Newsome 2003). Despite recent efforts to collect
spectral library of various glass endmembers for deconvolution of TES spectra of Mars (Noble
and Pieters, 2001; Minitti et al., 2002, 2006, 2007a; Johnson et al., 2002; Wright et al. 2004,
2006; Byrnes et al., 2005), the list of potentially useful glassy materials is still incomplete.
Spectral variability of the Mars surface is known to increase with increasing spatial resolution

of observations. Therefore, even though impact glasses are not easily detectable on the Martian
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surface at global scale by infrared observations, they might be detected in the future at certain
locations where such glasses can be found in concentrated form. Schultz and Mustard (2004)
discuss the distribution and most probable locations of impact glass on Mars in great detail. It
should be noted that impact glasses on Mars may show significant spectral diversity, since
dispersed impact products may range from vitreous impact glasses (high-silica distal glasses and
low-silica proximal glasses) to crystallized melts (Schultz and Mustard 2004, Wrobel and Schultz
2007). Impact glasses may occur on Mars as: tektite-like strewnfields downrange from young
oblique impacts, dark avalanches emerging from backwasting cliffs of easily eroded
uncomformable deposits, global dispersal of glassy ejecta from large Hesperian and Amazonian
craters, and dark mobile veneers emerging from Noachian craters (Schultz and Mustard 2004).
Schultz and Mustard (2004) emphasize that many dark plains and mobile materials in certain
regions (e.g., Acidalia Planitia) do not show expected absorption features of mafic minerals in
their NIR spectra (Bell et al. 1997; Mustard et al., 2005) and could represent glass accumulations
or lag deposits. Interpretation of MGS TES data is also consistent with high abundance of glasses
in Acidalia (Bandfield et al. 2000), and the cratered highlands provide many traps (e.g., within
craters) where dark impact glasses can accumulate (Schultz and Mustard 2004; Wrobel and
Schultz 2007). Dark deposits trapped within craters are usually interpreted as basaltic sands
(Bandfield et al. 2000; Wyatt et al. 2003; Jaumann et al. 2006; Tirsch et al. 2007; 2008), but may
in fact represent accumulations of impact glass. Indeed, VNIR optical properties of mafic rocks
containing olivine mixed with low-Ca pyroxene can easily be confused with those of Fe-bearing
glasses. OMEGA spectra of many dark intra-crater dunes on Mars show weak broad NIR spectral
features near 1 pm and 1.9 pm, consistent with olivine-pyroxene sand mixtures (Tirsch, 2008;
Tirsch and Jaumann, 2008). Alternatively, these dark dunes may be composed of mafic glasses
(either impact or volcanic). In the TIR spectral range impact glasses also do not show distinct
spectral signatures which could prove their impact origin.

Schultz and Mustard (2004) suggest that rocks at the Mars Pathfinder landing site may be

pieces of impact melt. Some cobbles observed by Opportunity MER on Meridiani Planum may
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be locally derived impact melts (Jolliff et al. 2006; Herkenhoff et al. 2008). Basilevsky et al.
(2000a) proposed that dark sand-sized particles of impact glass may be a source of aeolean
deposits described in the south polar region of Mars (Herkenhoff and Murray, 1990). Wrobel and
Schultz (2004) demonstrated that due to the effects of planetary rotation (Coriolis force) large
impact craters (220 km in diameter and larger) could supply a considerable amount of impact
melt and glass to the opposite pole. This supports the hypothesis of Basilevsky et al. (2000a)
regarding possible impact origin of circumpolar dark deposits. Spectral properties of glasses
produced from JSC Mars-1 are consistent with hypotheses of Basilevsky er al. (2000a) and
Schultz and Mustard (2004).

Despite challenges discussed above, it is possible that spectrometers with sufficient
wavelength coverage and spatial resolution, such as OMEGA on MEX (0.35-5.1 pum; spatial
resolution up to 260 m pixel™; Bibring et al., 2005) and CRISM on MRO (0.362-3.92 um; spatial
resolution up to 12-20 m pixel'l; Murchie et al., 2007), will be able to detect impact glass
deposits on Mars surface. For example, NIR spectral signatures consistent with hydrated volcanic
or impact glass have recently been detected by the CRISM instrument (Swayze et al., 2007,
Milliken et al. 2008). Mars Exploration Rovers (MER) Spirit and Opportunity (Squyres et al.,
2003) are equipped with Mini-TES instruments (Christensen et al., 2003). Although impact
glasses do not show unique spectral signatures in the TIR range, high contents of glass required
for spectral deconvolution may be consistent with vitreous impact melts. This could be the case
for the Watchtower and Clovis classes of rocks (35-50 % glass) at West Spur, Gusev crater (Ruff
et al., 2006). Mini-TES spectra and some other characteristics of Voltaire complex (in particular,
Descartes class outcrops) at Husband Hill, Gusev crater, are consistent with high content of
oxidized, glassy impact breccias or melts (Arvidson et al. 2008; Ming et al., 2008; Yingst et al.
2008) . Van Cromphaut et al. (2007) suggest that MER Mdssbauer spectra of Clovis class rocks
are consistent with the presence of Fe**-bearing glass, while Morris et al. (2008) and Arvidson et
al. (2008) believe that highly-altered Clovis, Watchtower, and Descartes rocks contain only Fe-

free glasses, undetectable by Mdssbauer spectroscopy. A Barnhill outcrop containing ~45 %
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basaltic glass likely of volcanic origin have been investigated by the Spirit MER at Home Plate.
(Schmidt et al., 2008). Farrand et al. (2008) recently reported that Pancam VNIR spectra of
Watchtower and Clovis rocks resemble laboratory spectra of red (oxidized) terrestrial impact
melts from Manicouagan crater (Morris et al., 1995), whereas Descartes class rocks are
spectrally similar to gray (fresher) impact melts from the same crater.

All these recent findings show that glassy materials deserve more attention from researchers
involved in spectroscopic studies of Mars’ surface, and that spectra of different glass
endmembers, including natural and simulated impact glasses, should be included in spectral

libraries.
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ACCEPTED MANUSCRIPT

Table 1

Contents of iron species in the samples

Sample Fe*',at% Fe'',at% Fe;04 at%  o-Fe, at%

JSC Mars-1 24.1£1.0  65.240.9 10.7+4.6 -

F glass 51.942.8 31.3£1.9 16.8+2.6 -
S glass 72.74£2.0  23.9£1.6 3.440.9
L2 glass 89.643.0 4.0+1.5 - 6.412.4

L4 glass 93.0+2.4 4.1+0.8 - 2.9+1.6
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FIGURE CAPTIONS

Figure 1. BSE image of a typical JSC Mars-1 volcanic soil particle, which was the starting
material for the simulated Martian impact glasses analyzed in this study. The margins of
the particles are significantly weathered, while the central parts are only slightly weathered.
The dark rod-like crystals embedded in the basaltic glass is plagioclase (from Basilevsky et

al., 2000a).

Figure 2. SE images of the three glasses: (a) an L-glass spherule, with the FIB lamella produced

for TEM analysis shown by an arrow, (b) F-glass particles, (c) S-glass particles.

Figure 3. BSE images of simulated Martian impact glass particles. (a) A 280 x 90 pm particle of
heterogeneous F-glass with dark lath-like inclusions of plagioclase and smaller bright
particles of Fe-Ti oxides. (b) A 200 x 200 pum particle of F-glass with a relatively large
(~100 pm) gas bubble. The varying brightness of the glass is due to compositional
heterogeneity. (c) A 300 x 400 um ovoid L2-glass droplet with central large gas bubbles.
(d) A 150 x 240 um fragment of massive compositionally homogenous S-glass with

arcuate edges due to large gas bubbles.

Figure 4. Mossbauer spectra of JSC Mars-1 (P-4), F-glass (F-4), and L-glass (L-2). Note the

enrichment in the F-glass of Fe*" relative to the JSC Mars-1 soil and the high abundance of

Fe’" in the L-glass.

Figure 5. Bright-field TEM image of a crystalline area within the S-glass.

Figure 6. (a) Bright field TEM image of the L-glass showing sparsely distributed nanophase

inclusions. (b) HRTEM image of a nanophase inclusion. (¢c) HRTEM image of crystal
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lattice fringes within the inclusion shown in Fig. 6b, including the {110} spacing of 0.20

nm of a-Fe (bcce).

Figure 7. Reflectance spectra of JSC Mars-1 soil particle separates in (a) the visible and near-
infrared, acquired at the Brown University Keck ReLab, and in (b) the thermal infrared.
Figure 8. Reflectance spectra of 40-80 um particle separates of JSC Mars-1 and experimentally

produced glasses in (a) the visible and near-infrared and in (b) the thermal infrared.

Figure 9. Reflectance spectra of F-glass separates (resistance furnace, fast cooling) in (a) the

visible and near-infrared and in (b) the thermal infrared.

Figure 10. Reflectance spectra of S-glass separates (resistance furnace, slow cooling) in (a) the

visible and near-infrared and in (b) the thermal infrared.

Figure 11. Reflectance spectra of L2-glass separates (laser shots at 10” mm Hg) in (a) the visible

and near-infrared and in (b) the thermal infrared.

Figure 12. CO, absorption features in the infrared spectra of L-glasses. (a) CO, feature in the
spectra of the size separates of L2-glass (b) CO, features in the spectra of L2 and L4
separates after the removal of straight line continua. The spectra are offset for clarity. Note
the variations in shape, width and complexity of the CO, absorption features as a function

of particle size.
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