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[1] Thin coatings of atmospherically deposited dust can mask the spectral characteristics of
underlying surfaces on Mars from the visible to thermal infrared wavelengths, making identification
of substrate and coating mineralogy difficult from lander and orbiter spectrometer data. To study the
spectral effects of dust coatings, we acquired thermal emission and hemispherical reflectance
spectra (5–25 mm; 2000–400 cm�1) of basaltic andesite coated with different thicknesses of air
fall-deposited palagonitic soils, fine-grained ceramic clay powders, and terrestrial loess. The results
show that thin coatings (10–20 mm) reduce the spectral contrast of the rock substrate substantially,
consistent with previous work. This contrast reduction continues linearly with increasing coating
thickness until a ‘‘saturation thickness’’ is reached, after which little further change is observed. The
saturation thickness of the spectrally flat palagonite coatings is �100–120 mm, whereas that for
coatings with higher spectral contrast is only �50–75 mm. Spectral differences among coated and
uncoated samples correlate with measured coating thicknesses in a quadratic manner, whereas
correlations with estimated surface area coverage are better fit by linear functions. Linear mixture
modeling of coated samples using the rock substrate and coating materials as end-members is also
consistent with their measured coating thicknesses and areal coverage. A comparison of ratios of
Thermal Emission Spectrometer (TES) spectra of dark and bright intracrater and windstreak
deposits associated with Radau crater suggests that the dark windstreak material may be coated with
as much as 90% areal coverage of palagonitic dust. The data presented here also will help improve
interpretations of upcoming mini-TES and Thermal Emission Imaging System (THEMIS)
observations of coated Mars surface materials. INDEX TERMS: 6225 Planetology: Solar System
Objects: Mars; 3934 Mineral Physics: Optical, infrared, and Raman spectroscopy; 5470
Planetology: Solid Surface Planets: Surface materials and properties; 5464 Planetology: Solid
Surface Planets: Remote sensing; KEYWORDS: Spectra, thermal infrared; coatings; remote sensing;
Mars; spectra, thermal emission

1. Introduction

[2] The masking effect of aeolian dust coatings on rock and soil
surfaces hampers remote-sensing investigations in visible to ther-
mal infrared wavelengths on both the Earth and Mars. Visible/near-
IR spectroscopy from the Mars Pathfinder and Viking landers and
the X-ray mode of the Pathfinder alpha proton X-ray spectrometer
(APXS) suggested that soil-like coatings are present on most
surfaces at these landing sites and may be responsible in part for
the observed paucity of significant rock and soil spectral variations
[Arvidson et al., 1989a, 1989b; Guinness et al., 1997; Smith et al.,
1997; McSween et al., 1999; Bell et al., 2000; Rieder et al., 1997;
Crisp, 1998]. In the thermal infrared (TIR), relatively thin silicate
coatings (<50 mm) can obscure the spectral character of underlying
materials and significantly reduce spectral contrast, making min-
eral identification more difficult compared to dust-free surfaces
[Van Tassel and Salisbury, 1964; Crisp and Bartholomew, 1992;
Salisbury et al., 1994; Johnson et al., 1998; Cooper and Mustard,

1999]. Discriminating spectral features in remotely sensed data sets
related to such fine-particle coatings from those attributable to the
underlying rock is difficult. Previous attempts relied on compar-
isons of ‘‘clean’’ and variously weathered or dust-coated regions to
understand and compensate for the spectral effects of coatings
[Mustard and Sunshine, 1995; Moersch et al., 1997].
[3] TIR spectroscopy of the Martian surface can determine the

composition and distribution of minerals, rocks, soils, and ices
[Sinton and Strong, 1960; Hanel et al., 1972, 1992; Christensen et
al., 1992, 1998, 2000a, 2000b, 2000c; Bandfield et al., 2000a,
2000b; Kieffer et al., 2000]. This information helps constrain the
formational environments of surface materials and improves our
knowledge of the styles, extent, and evolution of geochemical
weathering and climate on Mars. Identification of minerals indi-
cative of specific igneous rock types can help focus studies of
Martian volcanism and crustal petrogenesis related to planetary
geological evolution [e.g., Hanel et al., 1972; Christensen et al.,
1992; McSween et al., 1999; Bandfield et al., 2000a]. Detection of
salts or alteration minerals (e.g., carbonates, sulfates, ferric oxides,
clays) might be indicative of regions where past aqueous or
hydrothermal activity resulting from different climatic or crustal
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thermal conditions led to environments that would provide candi-
date sites for exobiologic studies [e.g., Farmer and Des Marais,
1999].
[4] Significant progress has been made in modeling the effects

of atmospheric dust, surface temperatures, particle size, and the
deconvolution of mineral mixtures necessary to interpret remotely
sensed TIR spectra of Mars [e.g., Moersch and Christensen, 1995;
Mustard and Hays, 1997; Ramsey and Christensen, 1998; Chris-
tensen et al., 1998, 2000a, 2000b, 2000c; Bandfield et al., 2000b;
Smith et al., 2000; Hamilton and Christensen, 2000]. However, the
effect of dust coatings on rock surfaces is an additional complicat-
ing factor that must be better understood to identify more precisely
the mineralogy and chemical compositions and variability of rocks
and soils on Mars.
[5] Using laboratory directional hemispherical reflectance and

emission spectroscopy (5–25 mm; 2000–400 cm�1), we inves-
tigate here the spectral effects of fine-grained coatings of variable
thickness deposited on basaltic andesite rock substrates. These
effects are relevant to interpretation of TIR spectra of the Martian
surface provided by the Thermal Emission Spectrometer (TES)
aboard Mars Global Surveyor (MGS) [Christensen et al., 1992,
1998, 2001], to future Mars spectra from the mini-TES instrument
[Squyres et al., 1999] and the Thermal Emission Imaging System
(THEMIS) [Christensen et al., 1999], as well as to TIR images of
Earth provided by instruments such as the Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) [e.g.,
Ramsey and Lancaster, 1998]. These types of laboratory measure-
ments are more directly comparable to remotely sensed data such
as those from TES, as opposed to transmission, absorption, or
biconical reflectance spectra, which do not measure as precisely the
total radiation detected by TES-like instruments. The spectra
presented here provide additional end-member spectra to linear
mixing models [e.g., Thomson and Salisbury, 1993; Ramsey and
Christensen, 1998; Feely and Christensen, 1999] that could be
used to identify and determine mineral abundances from TES
spectra of both the dust coating and the obscured substrate. The
data also will contribute much-needed laboratory spectra to con-
strain models of layered or coated surfaces [e.g., Emslie and
Aronson, 1973; Aronson and Emslie, 1973, 1975; Henderson
and Jakosky, 1997; Johnson and Grundy, 2001].
[6] Large amounts of dust (<40 mm particles) can be moved

during major dust storms on Mars. Christensen [1986] concluded
that global storms could deposit as much as �250 mm per year
throughout geologic time in the equatorial region. White et al.
[1997] suggested that dust coatings are more easily lifted from
rougher rock surfaces than from smooth soils, implying that the
fine-particle coatings on rock surfaces could be relatively transitory
deposits. Narrow-angle Mars Orbiter Camera (MOC) images have
revealed surfaces that are dark compared to their immediate
surroundings which are interpreted to represent areas where dust
coatings have been scoured by dust devils and small landslides,
demonstrating current dust mobilization [Edgett and Malin, 2000;
Sullivan et al., 2000; Metzger et al., 1999]. The ability to
quantitatively track regional dust coatings across Mars from TES
spectra would improve mineralogical analysis of both the dust and
underlying materials. It would also contribute additional con-
straints to models of wind dynamics, aeolian activity, and global
circulation models [e.g., Haberle, 1999; Rafkin et al., 2001].

2. Background

[7] The spectral effects of fine-grained particles have been
studied extensively in the TIR both theoretically and in the
laboratory using a variety of materials in absorbance [e.g., Pechar-
roman and Igelsias, 1996], reflectance [e.g., Salisbury et al.,
1991b; Christy et al., 1993; Salisbury, 1993; Mustard and Hays,
1997; Cooper and Mustard, 1999], and emission [Moersch and

Christensen, 1995; Henderson and Jakosky, 1997]. Most silicate
mineral absorption bands exhibit a decrease in spectral contrast
with decreasing particle size in the >8 mm (1250 cm�1) spectral
region owing to the increased number of surface scattering facets
per unit volume. Conversely, spectral contrast tends to increase
with decreasing particle size at wavelengths <8 mm because of
volume scattering [Salisbury et al., 1991b; Salisbury, 1993].
Carbonates and sulfates tend to exhibit the opposite trends [e.g.,
Hunt and Vincent, 1968; Salisbury et al., 1987; Salisbury and
Wald, 1992].
[8] We concentrate in this paper on dust coatings on rocks

rather than weathered surfaces such as desert varnish found on
rocks on Earth. Such thin film layers on substrates have received as
much attention for engineering and industrial purposes [e.g., Xu
and Shen, 1992; Ho and Ma, 1997] as for geologic surfaces [e.g.,
Emslie and Aronson, 1973; Hapke, 1993]. Weathered/varnished
surfaces in particular already have been studied extensively in the
visible/near-IR and TIR for their relevance to terrestrial and
Martian spectral interpretation [Roush, 1982; Christensen and
Harrison, 1993; Rivard et al., 1993; Younis et al., 1997; Eby
et al., 1998; Shelfer and Morris, 1998; Shepard and Arvidson,
1999]. Thin films of terrestrial varnish reduce spectral contrast of
the substrate rock in a manner somewhat similar to dust coatings.
However, lower porosity surfaces (such as varnish films or
indurated crusts) have greater spectral contrast than porous surfaces
(such as air fall-deposited dust coatings) in the reststrahlen region
[Salisbury et al., 1991b; Johnson et al., 1998; Cooper and
Mustard, 1999], which could provide a means to differentiate
between dusted and varnished surfaces.
[9] Previous laboratory investigations of the spectral effects of

dust coatings have dominantly exploited the visible/near-IR to
replicate the brightening effects of dust deposition in these wave-
lengths [cf. Singer and Blake, 1983]. The methods of deposition
and thickness measurement have varied with each study. Singer
and Roush [1983] deposited palagonitic soil onto a basalt substrate
using differential settling in a methanol suspension and measured
the coating thickness using thin sections of epoxy-coated samples.
Wells et al. [1984] and Thomas et al. [1984] deposited fine-grained
(<5 mm) palagonitic soil onto larger size fractions of volcanic soil
and basalt powders using an enclosed cylinder in which the
palagonite particles settled onto the samples after being elevated
by blasts of compressed air. By estimating the coating density and
calculating its mass per unit area, they computed a coating thick-
ness. Fischer and Pieters [1993] and Hiroi and Pieters [1992]
deposited powders (<25 mm) onto a basaltic substrate using the
differential settling method in ethanol and measured coating thick-
ness directly using a vertically calibrated microscope. Lindstrom
and Lindstrom [1998] deposited the JSC-1 Martian regolith sim-
ulant [Allen et al., 1998] onto several rock type substrates and
estimated the coating thickness using the mass/area method.
[10] Henry [1948] obtained TIR transmission spectra of quartz

and zinc sulfate powder films deposited onto rocksalt disks using a
differential suspension method and noted a reduction in spectral
contrast with increasing powder thickness. Van Tassel and Salis-
bury [1964] and Hunt and Logan [1972] noticed similar effects in
thermal emission spectra of fine-grained minerals of variable
deposited thickness. Crisp and Bartholomew [1992] obtained
biconical TIR reflectance measurements of palagonite coatings
(<20 mm Pahala ash) hand-sifted onto basalt and quartzite sub-
strates. This method resulted in clumps of particles of highly
variable thickness covering the substrate, which they measured
using a calibrated microscope to obtain an average thickness. They
found that the reflectance of coated rocks is linearly related to the
surface area coverage and thickness of the coatings and that a small
amount of palagonite can reduce the spectral contrast of the
substrate significantly. However, their use of biconical reflectance
is not directly applicable to emittance obtained from TES-like
instruments, as it undersamples the diffusely and specularly scat-
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tered radiation by a factor of �2.5 [Salisbury, 1993]. It is also
subject to low incidence angle grazing of the illuminating radia-
tion, which can have a significant effect on the spectra of fine
particles because of forward scattering, particularly in the region
near the mineralogically diagnostic Christiansen feature (�8 mm;
1250 cm�1) [Salisbury, 1993; Salisbury et al., 1991a, 1991b].
These problems are resolved by using an integrating sphere to
obtain directional hemispherical reflectance [e.g., Salisbury and
Walter, 1989; Salisbury et al., 1991a, 1991b, 1997; Johnson et al.,
1998] and/or an emission spectrometer [e.g., Lyon, 1963, 1964;
Conel, 1969; Ruff et al., 1997; Christensen et al., 2000b] as is done
in this work.

3. Methodology

3.1. Samples

[11] The substrate used in these experiments was a basaltic
andesite from the SP Mountain Flow, Arizona [Ulrich, 1987], that
exhibited little vesicularity. A basaltic andesite was chosen to
represent the dominant igneous rock type thought to comprise
much of the Martian bedrock as interpreted from analysis of APXS
and TES data [e.g., McSween et al., 1999; Bandfield et al., 2000b].

The sample was cored, cut into 3.8 cm diameter disks, and polished
using 400-grit (�22 mm particles) [cf. Fischer and Pieters, 1993].
[12] Five coating materials were used in this work: (1) the Mars

regolith simulant JSC-1 (a palagonitic soil [Allen et al., 1998]) wet-
sieved to a grain size fraction <45 mm); (2) a palagonitic soil
collected from South Point on the island of Hawaii (Pahala ash [cf.
Crisp and Bartholomew, 1992]), wet-sieved to <53 mm; (3) a loess
sample from Ellensburg, Washington, wet-sieved to <53 mm; (4)
the ceramic clay powder ‘‘Redart’’; and (5) the ceramic ball clay
powder ‘‘OM-4,’’ both with grains sizes <30 mm. Palagonites
describe a large class of poorly crystalline, variably weathered
basaltic glasses. Their visible/near-infrared spectral properties are
analogous to those observed for Mars [e.g., Bell, 1996]. They tend
to have subtle, high-emissivity (low-reflectance) spectral features
in the TIR [cf. Roush et al., 1991; Roush and Bell, 1994; Roush
and Orenberg, 1994; Roush et al., 1994; Hamilton et al., 2001] that
mask underlying surfaces well. The loess and ceramic clays were
used to provide nonbasaltic materials that exhibit different and
stronger spectral features in the TIR compared to the JSC-1 and
Pahala ash coatings [cf. Salisbury et al., 1991b].

3.2. Dust Deposition

[13] In order to mimic the air fall deposition of dust onto rocks
on Mars, the simple deposition technique of Wells et al. [1984] was
used to coat the basaltic andesite samples (Figure 1). The coating
material was placed in a cup in an enclosed bell jar. The coating
was elevated by a pulse of compressed air and allowed to settle
onto the rock sample, which was placed on a pedestal above the
cup to limit deposition of large dust aggregates. The amount of
material deposited on the sample was varied by placing different
amounts of dust in the sample cup. This air fall deposition method
is preferable to suspension/settling techniques because cracked
surfaces can result after the drying process. These surfaces do
not imitate air fall-deposited surfaces well and introduce unwanted
textural effects that can influence the TIR spectral response.
[14] The deposition was conducted on-site at both spectrometer

sample preparation facilities directly prior to acquisition of TIR
spectra. Transport of predeposited samples would not have pre-
served the desired air fall surface textures, nor would have affixing
the samples with an infrared-transparent epoxy. Samples were
prepared at thicknesses from 0 to 150+ mm to cover the range
over which fine-grained coatings have been estimated to obscure
the spectral signature of the substrate [e.g., Crisp and Bartholo-
mew, 1992; Christensen and Harrison, 1993].
[15] Coating thicknesses were determined using a vertically

calibrated microscope to measure the focus distances between the
substrate and the coating at 25 locations on the sample within the
region sampled by the spectrometers. We chose this method over
the mass/area method [e.g.,Wells et al., 1984] because the thickness
can be determined without requiring estimates of deposit density.
The standard deviations on our measurements of coating thickness
were not due to the precision of the microscope stage (1 mm) but
rather due to the partial clumping of small particles into larger
aggregates (�10–50 mm) that was observed in all dust deposition
experiments [cf. Lyon, 1964; Crisp and Bartholomew, 1992]. Such
aggregate particles likely formed because of a combination of
electrostatic and hygroscopic effects, resulting in an uneven thick-
ness distribution of deposited particles. Laboratory experiments of
dust aggregation and deposition also have shown that such ‘‘stick-
ing’’ behavior is common for small particles, especially those with
irregular shapes [Blum and Wurm, 2000; Banerjee and Mazumder,
2000]. We believe that air fall deposition on Mars likely results in
aggregates of particles as well. Although particulates in the Martian
atmosphere have been modeled to be �1–2 mm [e.g., Clancy and
Lee, 1991; Tomasko et al., 1999], estimates of surface dust grain
sizes from the Sojourner rover electrostatic charging and wheel
track experiments were 20–40 mm or less [Ferguson et al., 1999;
Moore et al., 1999].

Figure 1. Dust deposition apparatus used in this study. A 4 liter
bell jar was placed over a cup containing the dust sample. The dust
was elevated by bursts of compressed air delivered to the sample
cup via an air hose. The rock sample to be coated was placed on a
pedestal above the cup to reduce deposition of large particle
aggregates.
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[16] Digital photomicrographs of the coated samples obtained
with the focus at the substrate level are shown in Figure 2 for
samples coated with thin (19 ± 8 mm) and thick (106 ± 34 mm)
coatings of JSC-1 soil. Such images also were used to estimate the
areal coverage of a given dust deposit by using a variance operator
on the digital image [e.g., Jähne, 1995] to determine those regions
that were in focus (high-variance regions, i.e., uncoated) versus
those out of focus (low-variance regions, i.e., coated). Masks were
created from the variance images using an empirically determined
threshold value that provided a good match of the observed
distribution of grains and grain aggregates. The bottom images
in Figure 2 show examples of the resulting ‘‘maps’’ of deposited
grains (in black) and uncoated substrate (in white) for a thin and
thick JSC-1 coating. Using these maps, percentages of areal
coverage were computed at two different locations per sample
for comparison to the thicknesses estimated using the microscope.

3.3. Spectroscopy

[17] Fourier transform infrared (FTIR) spectrometers at the
University of Hawaii (UH) and Arizona State University (ASU)
were used to obtain directional hemispherical reflectance and
emissivity spectra, respectively. Acquisition of spectra using both
UH and ASU instruments permitted comparison of reflectance and
emission techniques and provided checks on the reproducibility of
the results [cf. Mustard and Hays, 1997].
[18] The UH operates a Nicolet 5SXC FTIR spectrometer

capable of providing directional hemispherical reflectance
(�3–14 mm, �3300–715 cm�1) similar to the arrangement of
Salisbury et al. [1991a, 1994], in which the spectrometer’s

external port is fitted with an integrating sphere, coated inside
with a diffusely reflecting gold surface, and a liquid nitrogen-
cooled Hg-Cd-Te (MCT) detector, covering a sample spot size of
�1.5 cm [Johnson et al., 1998]. The spectrometer was configured
to provide 8 cm�1 resolution with 1000 scans co-added per
sample spectrum. Radiance spectra were ratioed to the spectrum
of a diffusely reflecting gold plate obtained directly prior to each
measurement to provide a reflectance spectrum. To avoid water
and CO2 absorptions at short wavelengths, spectra are presented
here from 5 to 14 mm (2000 to 715 cm�1).
[19] Until mid-1999, ASU operated a Mattson Cygnus 100

FTIR spectrometer equipped with an uncooled deuterated trigly-
cine sulphate (DTGS) detector adapted for emission spectroscopy
[Ruff et al., 1997]. This instrument was configured to provide
4 cm�1 resolution from �6 to 25 mm (�1670 to 400 cm�1) with
180 interferograms co-added per sample spectrum and was used
for the majority of the emission measurements presented here.
Additional spectra were obtained using a new Nicolet Nexus 670
spectrometer with optics that extended the wavelength coverage to
50 mm (200 cm�1). This instrument also was configured to provide
4 cm�1 resolution with at least 180 interferograms co-added per
sample spectrum. The spot size for both instruments was �1 cm
[Ruff et al., 1997]. Because some spectra were more affected by
water absorptions shortward of �7 mm (�1400 cm�1) than others,
and because the Mattson Cygnus spectra extended to only 25 mm
(400 cm�1), spectra are presented here from �7 to 25 mm (1400 to
400 cm�1).
[20] For both ASU spectrometers the samples were first heated

to 80�C in an oven. That temperature was maintained during spectra

Figure 2. (top) Photomicrographs of (left) thin (19 ± 8 mm) and (right) thick (106 ± 34 mm) coatings of JSC-1 soil
deposited on SP basaltic andesite samples, with the focus at the substrate. (bottom) Areal distribution maps of coated
samples (rock substrate, white; JSC-1 particles, black) computed using a variance operator on each image (thin
coating, 28 ± 7% coverage; thick coating, 94 ± 1%). Field of view is �630 mm.
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Figure 3. Emission and (1-hemispherical reflectance) spectra of uncoated SP basaltic andesite, Redart clay, Pahala
ash, JSC-1 soil, and loess. JSC-1, Pahala ash, and loess were wet-sieved to provide the grain size fraction shown,
while Redart grain size is <30 mm. JSC-1 spectra have been offset by �0.1 for clarity. Reflectance spectra are
available only to 14 mm (715 cm�1). SiO2 contents are SP basaltic andesite (57% [Ulrich, 1987]), Redart clay (64%
[Smyser, 1988]), Pahala ash (48% [Singer, 1982]), JSC-1 (44% [Allen et al., 1998]), and loess (64% [Meinert and
Busacca, 2000]).

Figure 4. Representative emissivity spectra of the SP basaltic andesite samples coated with (a) JSC-1, (b) Pahala
ash, (c) Redart clay, and (d) loess. Measured thicknesses and standard deviations are shown. For clarity, only every
third point in the coated sample spectra are symbolized. Note that substantial increases in emissivity occur even with
<20 mm coating thickness for all samples in the �8–25 mm (1250–400 cm�1) region. Coating thicknesses of
�100 mm are required to completely obscure the underlying rock for the JSC-1 and Pahala ash, whereas the loess and
Redart require only �50–65 mm.
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Figure 4. (continued)

2 - 6 JOHNSON ET AL.: THERMAL IR EFFECTS OF DUST COATINGS



acquisition by placing the sample on a heated copper block. Once
placed into a Plexiglas glovebox adjacent to the external port of the
spectrometer, the energy from the heated sample was collected by a
parabolic mirror and directed toward the interferometer. Black-
bodies at 70�C and 100�C were used for radiometric calibration. An
emissivity spectrum was calculated by dividing the radiance spec-
trum of the sample by the Planck blackbody radiance spectrum
calculated for the maximum brightness temperature, which was
computed by assuming that the spectrum had an emissivity equal to

1.0 at some wavelength (usually the Christiansen feature, near 8 mm
(1250 cm�1) in these samples) [e.g., Conel, 1969; Ruff et al., 1997;
Christensen, 1998].

4. Results

[21] Figure 3 shows emissivity and reflectance spectra for the
uncoated SP basaltic andesite and four of the five coating

Figure 5. Representative hemispherical reflectance spectra (converted to emissivity) of the SP basaltic andesite
samples coated with (a) JSC-1, (b) Pahala ash, (c) Redart clay, and (d) loess. Measured thicknesses and standard
deviations are shown, as are average surface area coverage and standard deviation. For clarity, only every third point
in the coated sample spectra are symbolized. Note that substantial increases in emissivity occur even with <20 mm
coating thickness for all samples in the �8–25 mm (1250–400 cm�1) region. Coating thicknesses of �100 mm are
required to completely obscure the underlying rock for the JSC-1 and Pahala ash, whereas the loess and Redart
require only �55–75 mm.
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materials used in this study. The reflectance spectra were con-
verted to emissivity via Kirchhoff’s law (1-hemispherical reflec-
tance [e.g., Nicodemus, 1965; Salisbury et al., 1994]). The OM-4
ball clay coated sample spectra are not shown here because of
their similarity to Redart clay, although OM-4 spectra were used
in the analyses below. The JSC-1 and Pahala ash samples exhibit
high emissivity and are nearly spectrally flat between 8 and 18
mm (1250 and 555 cm�1). The Redart clay and loess exhibit
spectral features indicative of quartz (�8.5–9.0 mm; �1175–
1110 cm�1), sheet silicates (�9.2–9.6 mm; 1090–1040 cm�1,
18.5–22.2 mm; 540–460 cm�1), and carbonates (�11.2–11.6 mm;
890–860 cm�1). Slight offsets between the emissivity and
reflectance spectra result from the requirement that emissivity
be equal to 1.0 at some wavelength.

[22] Figure 4 shows representative emissivity spectra (7–25
mm; 1400–400 cm�1) of the SP Flow samples coated with various
thicknesses of JSC-1, Pahala ash, Redart clay, and loess. Relative
to the dust-free rock, substantial increases in emissivity occur in
the �8–25 mm (1250–400 cm�1) region even at coating thickness
<20 mm for all samples. This trend continues with increasing
coating thickness until �100 mm, where the JSC-1 and Pahala
ash coatings completely obscure the underlying rock. Thinner
coatings (�50–65 mm) of loess and Redart materials obscure the
substrate because these materials have more pronounced spectral
features than the palagonitic soils. The thickest Redart clay coating
(93 mm) exhibits higher emissivity in the 9–10 mm (1100–
1000 cm�1) and 20–23 mm (500–430 cm�1) regions than the
spectrum of the clay itself. This likely occurs because the clay

Figure 5. (continued)
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powder was slightly compacted during its preparation, which can
increase spectral contrast of particulate materials in this spectral
region [e.g., Salisbury et al., 1991b]. At wavelengths shorter than
�8 mm (1250 cm�1) (i.e., near the Christiansen feature), emissivity
of the coated samples and pure dust is often lower than the basalt,
particularly for the Pahala ash spectra. This spectral contrast
reversal is observed more clearly in the wavelength region <6 mm
(1667 cm�1) afforded by the hemispherical reflectance spectra.
[23] In Figure 5, hemispherical reflectance spectra (5–14 mm;

2000–715 cm�1) converted to emissivity are shown for samples
coated with the same materials as Figure 4. Shown alongside the
measured thickness for each sample is the estimated areal coverage
calculated using digital images as described above. These spectra

also demonstrate that the thinnest coatings increase the emissivity
of the substrate substantially in the �8–14 mm (1250–715 cm�1)
region and that �100 mm coatings of JSC-1 and Pahala ash obscure
the underlying rock completely. The Redart clay and loess coat-
ings again require only �55–75 mm thickness to obscure the
substrate. However, though the thickest coatings mimic the pure
dust spectrum in the �8–14 mm (1250–715 cm�1) region, they
do not at wavelengths less than �7 mm (1428 cm�1), where the
emissivity of the dust spectrum is lower than that of the thickest
coatings. Normally, decreased emissivity in this spectral region
indicates very small particle sizes [e.g., Salisbury et al., 1991a,
1991b; Mustard and Hays, 1997]. It may be that the aggregate
particles observed to populate the coated sample surfaces (Figure 2)

Figure 6. Differences in emissivity between uncoated and coated basaltic andesite samples at two wavelengths for
combined (a) JSC-1 and Pahala ash palagonitic coating spectra and (b) Redart and OM-4 ceramic clays and loess
coating spectra. Legend shows correlation coefficient for quadratic fit (rq) and linear fit (rl) to each data set. Solid
curve is quadratic fit to each data set, where the local maximum corresponds to the saturation thickness. Error bars
represent standard deviations in thickness measurements for each sample.
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are sufficiently larger than those in the ‘‘pure’’ dust spectrum itself
to cause this effect, although this conflicts with the above notion
that the pure dust sample was more compacted than the deposited
dust coatings. Alternatively, the residual rock substrate patches still
visible to the spectrometer even at thick coatings could cause the
observed higher emissivity, although it also appears from the
spectra in Figure 5 that even thicker coatings would not necessarily
decrease the emissivity to match a given coating material spectrum
in this spectral region.
[24] Crisp and Bartholomew [1992] found that the biconical

reflectance of their palagonite-coated basalts were nearly linearly
correlated with exposed surface area of the substrate at several

wavelengths. This is consistent with the linear mixing nature of TIR
spectra as demonstrated experimentally for mineral mixtures and
rocks by several workers [e.g., Lyon, 1963, 1964; Aronson et al.,
1967; Thomson and Salisbury, 1993; Ramsey and Christensen,
1998; Feely and Christensen, 1999; Hamilton and Christensen,
2000]. We also observe that with increasing deposit thickness
emissivity linearly increases in the 8–25 mm (1250–400 cm�1)
region and linearly decreases in the <8 mm (1250 cm�1) region until
the thickness becomes great enough that little further change is
observed.We refer to this value as the ‘‘saturation thickness,’’ which
ranges from �50–75 mm for the ceramic clay and loess coatings to
�100–120 mm for the palagonitic JSC-1 and Pahala ash coatings.

Figure 7. Differences in reflectance between coated and uncoated basaltic andesite samples at three wavelengths for
combined (a) JSC-1 and Pahala ash palagonitic coatings and (b) Redart and OM-4 ceramic clays and loess coatings.
Legend shows correlation coefficient for quadratic fit (rq) and linear fit (rl) to each data set. Solid curve is quadratic fit
to each data set, where the local maximum corresponds to the saturation thickness. Error bars represent standard
deviations in thickness measurements for each sample.
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[25] Figure 6 illustrates the difference in emissivity between
uncoated and coated samples at two wavelengths: the lowest
emissivity position in the reststrahlen band at 9.86 mm (1014
cm�1), and one of the longer-wavelength absorptions attributable
to pyroxene in the basaltic andesite at 18.48 mm (541 cm�1) [e.g.,
Hamilton, 2000; Hamilton and Christensen, 2000; Ulrich, 1987].
Although linear fits to these difference values provide good
correlation coefficients (rl values shown in Figure 6), quadratic
equations provide better fits (rq values in Figure 6) for the JSC-1
and Pahala ash coatings because of the additional data available for

coatings greater than the saturation thickness. As such, the quad-
ratic fits are overlain in Figure 6 to help emphasize where the
emissivity differences reach the saturation thickness (i.e., at the
local maximum of the fit). The downturns in the fits after reaching
the saturation thickness are a consequence of the quadratic function
and do not imply that emissivity differences decrease after that
point.
[26] Figure 7 shows reflectance differences between coated and

uncoated samples at the 9.86 mm (1014 cm�1) band in addition to
the reststrahlen band shoulder at 12.38 mm (808 cm�1) and the

Figure 8. (a) Comparison of measured coating thicknesses and associated standard deviation bars for 50 samples
compared to their fractional area coverage computed using digital photomicrographs of each sample (see text). A
quadratic fit to the points (solid curve) has a better correlation coefficient (rq = 0.911) than a linear fit (rl = 0.893). (b)
Differences in reflectance between uncoated and coated samples at three wavelengths for combined JSC-1 and Pahala
ash palagonitic coatings compared to fractional area coverage, demonstrating a more linear trend (solid lines) than
when compared to coating thickness (Figure 7a). Correlation coefficients for linear (rl) and quadratic (rq) fits shown.
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shortest-wavelength region at 5.00 mm (2000 cm�1). Here the
palagonitic coatings again exhibit better correlations for quadratic
fits (Figure 7a) whose local maxima correspond to a saturation
thickness near 100–120 mm. The availability of more samples with
ceramic clay and loess coatings greater than the saturation thick-
ness results in nearly equal correlations between the linear and
quadratic fits (Figure 7b). Although the relatively high emissivity
of the 12.38 mm (808 cm�1) shoulder in the uncoated rock provides
less dynamic range with which to observe the effects of dust
coatings, the overall trend is still discernible in the difference plot.
The negative slope of the 5.00 mm (2000 cm�1) region fits results

from the contrast reversal relative to the longer-wavelength
regions, as discussed above.
[27] The linearity of spectral mixing in the TIR is normally

considered a function of surface area coverage by respective model
end-members [e.g., Ramsey and Christensen, 1998] rather than the
thickness of deposited materials. Because air fall deposition of
fine-grained particles does not result in equal surface area coverage
at the scale of the grains (Figure 2), the relation between areal
coverage and deposit thickness should be nonlinear. Figure 8a
demonstrates that the correlation between coating thickness and
average areal coverage (computed using methods given above) is

Figure 9. (a) Comparison of measured thickness of coated samples and their modeled coating abundances [cf.
Ramsey and Christensen, 1998]. Solid curve is quadratic fit to the points, where the local maximum in modeled
abundance occurs near the saturation thickness (100–120 mm). Error bars represent standard deviations of measured
thicknesses and a 10% uncertainty in the modeled abundance of coating material. (b) Abundances derived from
deconvolution model compared to derived fractional area coverage of each sample, with a 1:1 correlation line shown
for reference.
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indeed nonlinear and can be fit better with a quadratic (rq = 0.911)
than with a linear (rl = 0.893) function. The lack of data at
fractional areas <15% is likely due to small crystals and vesicles
on the bare portions of rock substrate which were considered as
low-variance regions by the variance operator and thus classified as
coating material. When the reflectance differences for the palago-
nitic soils in Figure 7a are plotted as a function of areal coverage
instead of coating thickness, the observed trends become more
linear. This is shown in Figure 8b, where the correlation coef-
ficients of linear and quadratic fits are very similar.
[28] An alternative test of the linearity of the coated sample

spectra is to use the rock and coating spectra as simple end-
members in a spectral deconvolution algorithm. A version of the
Ramsey and Christensen [1998] model was used to determine the
abundances of each end-member for a given coated sample
spectrum. The model performs a numerical least squares fit using
chi-square minimization to determine the percentage of each end-
member fraction, constrained by the requirement that the fractions
must sum to unity. In general, the resulting abundances are
accurate to within 10–15% uncertainty using this model, depend-
ing on the spectral library used and complexity of the input
spectrum. In this particular case the input spectra are known to

be composed solely of the rock and coating end-members, which
lowers the model uncertainty estimates to a few percent.
[29] All spectra of coated samples for which photomicrographs

were acquired were run through the deconvolution model for
comparison to both the measured thickness and derived areal
coverage for each sample. Root-mean-square (RMS) errors on all
model runs were <0.01%, and residual error spectra were observed
to check for spurious model results. Although the emissivity data
obtained shortward of �7.2 mm (1400 cm�1) are more affected by
water absorptions compared to the reflectivity data in this region, it
was determined that inclusion of this spectral region did not affect
the RMS errors by more than 0.003%. As such, for consistency the
5.0–14.3 mm (2000–700 cm�1) region was used for both reflec-
tance and emissivity spectra here. Figure 9a shows that the
measured thicknesses correlate well with the modeled coating
abundances until near the saturation thickness (as illustrated by
the local maximum of the quadratic fit), at which point a plateau of
>90% coating abundance is reached. Figure 9b shows that the
modeled abundances compare very well to the estimated fractional
area coverage for each coated sample. In particular, samples with
dense areal coverage correlate well with the highest modeled
coating abundances. Intermediate coverage values (0.35–0.65)

Figure 10. Mars digital image map produced from Viking Orbiter data of Radau crater (17.3�N, 4.7�W; 115 km).
Polygons represent the following regions from which TES spectra were acquired on orbit 2795, with TES ICK (time
interval) ranges given: (a) bright crater interior, ICKS 1917–1921; (b) plains south of crater, ICKS 1886–1892; (c)
dark crater interior, ICKS 1907–1910; (d) dark windtail, ICKS 1896–1902.
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are underestimated slightly from a 1:1 correlation line, whereas the
lowest areal coverage values (<0.35) are overestimated somewhat.
This is an indication of the limitations of the area estimation
technique and its dependence on the threshold used on variance
images. At sparse coverage the technique is sensitive to smooth
(low-variance) regions on the rock substrate in addition to any out
of focus grains. At intermediate coverage the technique is depend-
ent on the degree of grain aggregation and shadowing. The result is

that the technique’s uncertainty is �20% at low and intermediate
areal coverage (<0.65) but �10% at higher values (>0.65).

5. Application to TES

[30] To provide an example of the spectral effects of dust
coatings observed in TES spectra, we examined Radau crater
(17.3�N, 4.7�W; 115 km), one of the large impact craters in the

Figure 11. (a) TES emissivity spectra of regions outlined in Figure 10 for Radau crater region. Each spectrum
represents an average of n spectra (each smoothed using a 1� 3 triangular filter) with an average maximum brightness
temperature BT: bright crater interior (n = 30; BT = 272�K); dark crater interior (n = 26; BT = 289�K); dark windtail
(n = 36; BT = 282�K); plains south of crater (n = 39; BT = 276�K). Data acquired from TES orbit 2795 (LS = 151�).
Note deeper 9.3 mm (1075 cm�1) band for darker materials. (b) Emissivity ratio spectrum of dark/bright crater interior
deposits compared to Type 1 Mars surface derived by Bandfield et al. [2000a]. Also shown is a ratio spectrum of (dark
windtail/bright plains) compared to mixtures of the dark/bright crater interior ratio spectrum plus (1) an emissivity
pahala ash spectrum and (2) a blackbody spectrum. See color version of this figure at back of this issue.
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Arabia Terra region that exhibits dark intracrater dunes and a dark
wind streak associated with bright plains [Thomas and Veverka,
1979, Thomas and Veverka, 1986; Christensen, 1983; Thomas
et al., 1981, 1984; Thomas, 1984; Wyatt et al., 2001]. All TES
mapping phase orbits through orbit 3947 were searched in the
Radau region that occurred between Ls = 0� and 200� (to avoid the
onset and decay of the dust storm season [e.g., Martin and Zurek,
1993]). TES orbit 2795 (Ls = 151�) was chosen because it provided
data with low dust opacity and low water ice cloud coverage in
order to minimize atmospheric contamination [e.g., Curran et al.,
1973; Smith et al., 2000; Pearl et al., 2001], and it offered good
coverage of the dark and bright interior crater deposits, the dark
wind tail, and the nearby plains (Figure 10).
[31] Ideally, emissivity is computed by dividing the calibrated

radiance by the Planck function at the kinetic temperature of the
surface. For our analyses the surface kinetic temperature was
approximated by deriving the brightness temperature from the
measured calibrated radiance at each wave number and setting
the kinetic temperature equal to the maximum brightness temper-
ature within a wave number internal from 300 to 1350 cm�1. This
method assumes that the surface materials have unit emissivity at
the point of maximum brightness temperature within this spectral
range [Christensen and Harrison, 1993; Ruff et al., 1997]; this
assumption has been demonstrated to be valid to within �3% for a
wide range of minerals, rocks, and soils [Salisbury et al., 1991b;
Ruff et al., 1997]. Each TES calibrated radiance spectrum (�3 �
6 km spatial resolution; 6.1–41.6 mm (1640–240 cm�1) used here)
was converted to emissivity in this fashion.
[32] Between 26 and 39 emissivity spectra were averaged for

each region using all six TES detectors, and the results are shown
in Figure 11a. No compensations were made for the slight differ-
ences in band center and spectral resolution among the six
detectors [cf. Christensen et al., 2001]. All spectra show deep
bands indicative of atmospheric dust (�9.3 mm; 1075 cm�1) and
atmospheric CO2 (e.g., 15 mm; 667 cm�1, hot bands at 12.7 mm;
790 cm�1, 18.2 mm; 550 cm�1). However, there are additional
features related to the differences in albedo between the units. For
example, the ‘‘dust’’ band is deepest for the dark intracrater
materials and shallows successively from the dark windtail to the
bright plains. This trend is also observed at longer wavelengths
past the main CO2 band but is reversed at wavelengths <7.5 mm
(1333 cm�1). Because this trend is consistent with the spectral
effects of dust deposition observed in the laboratory experiments
described above, one explanation for this effect could be that the
dark intracrater deposits are least contaminated with dust, while the
windtail and bright materials are more contaminated.
[33] TES spectra represent complicated mixtures of atmospheric

dust, water ice, and surface components that can be rigorously
untangled only through the use of radiative transfer and spectral
deconvolution techniques [Christensen et al., 1998, 2000a, 2000c,
2001; Smith et al., 2000; Bandfield et al., 2000b]. However, for
illustrative purposes, simple ratioing techniques are adequate to
investigate the potential effects of dust coatings [e.g., Pollack et al.,
1990; Moersch et al., 1997; Ruff and Christensen, 1999, 2002]. In
this method, spectra from the same orbit and in the same vicinity
and elevation are compared under the assumption that the atmos-
pheric constituents do not vary appreciably between the regions of
interest. A ratio between two spectra reduces the atmospheric
contribution, leaving a combination of the spectral properties of
both surfaces plus residual effects due to differences in surface
temperature (e.g., CO2 hot bands [Maguire, 1977; McAfee and
Kirkland, 2000]). However, it is often assumed that the spectra of
bright materials exhibit near-unity emissivity (as suggested by the
palagonitic soil spectra above [cf. Christensen et al., 2000c]), such
that a ratio between very dark and bright materials should provide a
first-order estimate of the dark surface spectrum, particularly in the
reststrahlen band region (8–14 mm; 1250–715 cm�1). Thus ratios
of the dark/bright intracrater deposits and the dark windtail/bright

plains spectra can offer further insight into the nature of dust
coatings on these surfaces (Figure 11b). The dark/bright intracrater
ratio exhibits an overall spectral shape that is very similar to the
Type 1 Mars surface (a region in Cimmeria Terra similar to a
terrestrial flood basalt) derived by Bandfield et al. [2000a]. This
implies similar composition, dust coating thickness, and/or dust
areal coverage between the dark intracrater deposits and the Type 1
surface. For comparison, the dark windtail/bright plains ratio
exhibits reduced spectral contrast consistent with greater dust
deposition. We note that a slight difference in the position of the
Christiansen features near 7.7 mm (1300 cm�1) between the dark
and bright deposits (Figure 11a) may result from differences in
composition [e.g., Conel, 1969; Salisbury and Walter, 1989] or
atmospheric absorptions related to brightness temperature differ-
ences [e.g.,McAfee and Kirkland, 2000]. Because these differences
are exaggerated in the ratio spectra (Figure 11b), the position of the
sharp features near 7.3 mm (1370 cm�1) should not be compared
directly to the position of the Christiansen feature in the Type 1
surface spectrum.
[34] If one considers the dark/bright intracrater ratio to represent

to first order the emissivity spectrum of the dark materials, a
mixture of 10% of this ratio spectrum and 90% of a Pahala ash
spectrum (convolved to match the TES sampling of 10 cm�1)
matches the windtail/plains ratio spectrum well in the 8–14 mm
(1250–715 cm�1) region but less well in the <8 mm (1250 cm�1)
and >18 mm (556 cm�1) regions. The poorer fit in these regions
could result from particle size differences between the Pahala ash
soil and the dust coating the windtail deposit, or slight residual
variations in atmospheric dust between the windtail and plains
locations.
[35] We also note in Figure 11b that a slightly better fit to the

windtail/plains ratio spectrum can be obtained by mixing the dark/
bright intracrater ratio spectrum with a simple blackbody spectrum
in a 30:70 proportion. This might imply that the differences
between the dark and bright materials in the Radau windtail arise
dominantly from variations in particle size of the same material, as
suggested by Ruff and Christensen [1999, 2002] in their studies of
dark/bright intracrater materials. The relatively higher emissivity
values for the dark deposits in the <8 mm (1250 cm�1) region in
Figure 11a also likely are caused by relatively larger particle sizes.
The ratio spectra in Figure 11b further demonstrate this effect
where the dark/bright material ratio values are highest in the <8 mm
(1250 cm�1) region [cf. Johnson et al., 1993].
[36] Constraints on particle sizes for Radau crater materials

are available from thermal inertia values derived by combining
TES nighttime surface temperature data with daytime albedo
measurements [Pelkey et al., 2001; S. Pelkey, personal commu-
nication, 2000]. These values (and their corresponding particle
size estimates from Presley and Christensen [1997]) are
�300–340 J m�2 s1/2 K�1 (�1000 mm) for the dark intracrater
deposit, �190–210 J m�2 s 1/2 K�1 (�130 mm) for the bright
intracrater materials, �235–265 J m�2 s1/2 K�1 (�350 mm) for
the windtail, and �135–155 J m�2 s1/2 K�1 (�30 mm) for the
southern plains (Figure 10). Similar thermal inertia values are
quoted for the deposits associated with the Pettit wind streak by
Christensen et al. [2001] and Mellon et al. [2000]. These data
suggest progressively finer particle sizes from the relatively
uncoated (dark intracrater material) to nearly completely coated
(plains) materials. If the grain sizes derived for the dark intra-
crater materials and the plains are mixed in the same proportions
as the dark materials:blackbody mixture above, the result more
closely matches the windtail grain size than does a mixture using
the dark materials:Pahala ash proportions. This again suggests
that grain size variations may dominate over mineralogical differ-
ences between the coated and uncoated materials or that the
coating material on Mars is even more spectrally flat (i.e.,
blackbody-like) than the palagonitic soils studied here. Finally,
we note that while the effects of vesicularity can increase
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emissivity (and decrease thermal inertia) in a somewhat similar
fashion to the effects of coatings [e.g., Robertson and Peck, 1974;
Ramsey and Fink, 1999], it is unlikely that these aeolian, fine-
grained, intracrater deposits are highly vesiculated.

6. Conclusions

[37] Important insights to the thermal infrared spectral effects
of fine-particle coatings that obscure rock and soil surfaces on
Mars have been provided here by systematically combining (1)
the techniques of air fall deposition of Mars analog soils and
other coatings onto basaltic andesite rock surfaces; (2) micro-
scope measurement of coating thickness; (3) surface area cover-
age estimation using digital photomicrographs; and (4)
acquisition of TIR directional hemispherical reflectance and
emission spectra. The spectra acquired here are unlike previous
transmission or biconical reflectance spectra of dust coatings
[e.g., Crisp and Bartholomew, 1992] in that they fully sample
the material’s thermal radiation, allowing more direct comparison
to TIR spectra of Mars. We showed that even very thin coatings
(10–20 mm) can reduce the spectral contrast of the main rest-
strahlen bands (8–14 mm; 1250–715 cm�1) of the rock substrate
substantially and superimpose the spectrum of the coating mate-
rial. This spectral contrast reduction continued in a linear fashion
with increasing coating thickness until a saturation thickness was
reached, after which little further spectral contrast reduction was
observed. Using the shorter wavelength coverage afforded by the
hemispherical reflectance spectra, we also showed that this effect
occurs in the <6 mm (1667 cm�1) region, albeit reversed from
that observed in the >8 mm (1250 cm�1) region (Figure 5). This
is a potentially important spectral region not well sampled by
TES but where other data sets of Mars are available that could
provide additional information on such minerals as carbonates
and sulfates [cf. Erard and Calvin, 1997].
[38] The saturation thickness varied for different coatings

because of the spectral contrast differences observed in the coat-
ings themselves (Figure 3). As such, the saturation thickness of the
spectrally flat palagonite coatings (JSC-1, Pahala ash) was �100–
120 mm, whereas that for the higher contrast clay coatings (Redart
and OM-4 ceramic clay, terrestrial loess) was only �50–75 mm. In
comparisons of coating thickness versus differences between
coated and uncoated samples at several wavelengths, quadratic
fits provided better correlation than linear fits (Figures 6 and 7).
However, comparison of measured coating thicknesses with esti-
mated surface area coverage using digital photomicrographs was
also best fit by a quadratic relation (Figure 8a). As such, when the
(coated-uncoated) differences were compared to areal coverage,
linear and quadratic fits provided nearly equal correlations
(Figure 8b).
[39] The linear nature of mixture modeling in the TIR [e.g.,

Ramsey and Christensen, 1998] provided the means to test the
laboratory results by comparing the measured coating thickness
and estimated areal coverage of a sample to the modeled areal
abundance (Figure 9). Again, the comparison to coating thickness
was better fit by a quadratic function, whereas the comparison to
coating areal coverage was better fit by a linear function. Moderate
scatter in the trends was indicative of the uncertainties of both the
thickness and areal coverage estimation techniques.
[40] A comparison of TES data of dark and bright intracrater,

windstreak, and plains materials associated with Radau crater
(Figure 10) offered an example to study the potential effects of
dust deposition as applied to TES data. Even when using TES data
uncorrected for atmospheric effects, spectra obtained from the
same orbit for locations in close proximity and elevation exhibited
spectral contrast patterns consistent with the deposition of dust
deposits. A ratio between dark/bright intracrater deposits resulted
in a spectrum that matched the basaltic Type 1 Mars surface spectra

of Bandfield et al. [2000a] relatively well in the reststrahlen region.
A ratio between dark windtail and surrounding bright plains
resulted in a spectrum with much lower contrast. This latter ratio
spectrum was modeled relatively well by an areal combination of
either 90% Pahala ash and 10% dark/bright intracrater ratio
spectrum or 70% blackbody and 30% dark/bright intracrater ratio
spectrum. This suggested that the observed contrast reductions in
the windtail deposit could result from either the effects of dust
coatings or an overall smaller particle size population than the dark
intracrater materials.
[41] The data presented here improve the ability to discern

underlying lithologies that would otherwise be obscured by the
dust coatings as well as the mineralogical identification of the dust
coating components themselves, all of which is relevant to deci-
phering the geologic, weathering, climate, and possible biotic
history of the Martian crust and surficial materials [e.g., Bell,
1996; Farmer and Des Marais, 1999]. The capability to estimate
coating thickness or areal coverage could be useful in tracking and
modeling the aeolian erosion and deposition of dust particles on the
surface of Mars [e.g., Thomas and Veverka, 1979] as well as
measurements of dust properties and deposition rates at past and
future landing sites [e.g., Landis and Jenkins, 2000; Jenkins et al.,
1999]. It will also provide relevant constraints for theoretical
scattering models of coatings of various thickness on substrates
[e.g., Hapke, 1993; Henderson and Jakosky, 1997]. These data will
be useful for improving interpretation and modeling of not only
TES spectra but also data from rover simulation field tests [e.g.,
Johnson et al., 2001] and future TIR instruments such as THEMIS
and the mini-TES [Christensen et al., 1999; Squyres et al., 1999].
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Figure 11. (a) TES emissivity spectra of regions outlined in Figure 10 for Radau crater region. Each spectrum
represents an average of n spectra (each smoothed using a 1 � 3 triangular filter) with an average maximum
brightness temperature BT: bright crater interior (n = 30; BT = 272�K); dark crater interior (n = 26; BT = 289�K);
dark windtail (n = 36; BT = 282�K); plains south of crater (n = 39; BT = 276�K). Data acquired from TES orbit 2795
(LS = 151�). Note deeper 9.3 mm (1075 cm�1) band for darker materials. (b) Emissivity ratio spectrum of dark/bright
crater interior deposits compared to Type 1 Mars surface derived by Bandfield et al. [2000a]. Also shown is a ratio
spectrum of (dark windtail/bright plains) compared to mixtures of the dark/bright crater interior ratio spectrum plus
(1) an emissivity pahala ash spectrum and (2) a blackbody spectrum.
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