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[1] Thermal inertia values at 100 m per pixel are determined using nighttime temperature
data from the Thermal Emission Imaging System (THEMIS) on the Mars Odyssey
spacecraft, producing the highest-resolution thermal inertia data set to date. THEMIS
thermal inertia values have an overall accuracy of �20%, a precision of 10–15%, and are
consistent with both Thermal Emission Spectrometer orbital and Miniature Thermal
Emission Spectrometer surface thermal inertia values. This data set enables the improved
quantification of fine-scale surface details observed in high-resolution visible images. In
the Tharsis region, surface textures and crater rims observed in visible images have no
corresponding variation in the THEMIS thermal inertia images, indicating that the dust
mantle is pervasive at THEMIS scales and is a minimum of a few centimeters and up to
1–2 m thick. The thermal inertia of bed form material indicates particle diameters
expected for aeolian sediments, and these materials are likely currently saltating.
Variations in the thermal inertia within interior layered deposits in Hebes Chasma can be
distinguished, and the thermal inertia is too low to be consistent with bedrock or a
lava flow. Thus a secondary emplacement of volcanic material or a volcanic ash deposit is
a more likely method of formation. Higher-resolution THEMIS thermal inertia enables
the identification of exposed bedrock on the Martian surface. In Nili Patera and Ares
Vallis, bedrock material corresponds to distinct compositional and morphologic surfaces,
indicating that a specific unit is exposed and is likely currently being kept free of
unconsolidated material by aeolian processes.
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1. Introduction

[2] The Thermal Emission Imaging System (THEMIS)
on the Mars Odyssey spacecraft [Christensen et al., 2004]
acquires daytime and nighttime infrared images at 100 m
per pixel, and provides thermophysical information at the
highest spatial resolution to date. THEMIS nighttime tem-
perature images are used to derive thermal inertia values
that quantify the physical properties and average particle
sizes of surface textures and morphologies observed in
high-resolution Mars Orbiter Camera (MOC) [Malin et
al., 1992; Malin and Edget, 2001] and THEMIS visible
images. This data set allows the comparison between similar
features, such as intracrater deposits, bedrock exposures, or
layered morphologies, observed in different localities on the
planet and in images acquired at different local times or
seasons. Understanding the processes that created surfaces
at local scales allows these observations to be extrapolated
to regional and global scales.

[3] Thermal inertia is a valuable aid to understanding the
surficial geology and recent processes that are potentially
still active today. To demonstrate the insight into Martian
geologic processes provided by this high-resolution data set,
we will: (1) describe an algorithm that calculates thermal
inertia values from THEMIS nighttime temperature data;
(2) discuss the uncertainties in this method and how these
uncertainties propagate into errors in thermal inertia calcu-
lations; (3) compare THEMIS-derived thermal inertia val-
ues to previous data sets, including orbital values from the
Thermal Emission Spectrometer (TES) onboard the Mars
Global Surveyor (MGS) [Christensen et al., 1992, 2001]
and surface data from the Mars Exploration Rover (MER)
Miniature Thermal Emission Spectrometer (Mini-TES)
[Christensen et al., 2003b] experiments; and (4) investigate
examples of dusty surfaces, bed form morphologies, interior
layered deposits, and exposed bedrock.

1.1. THEMIS Instrument Description

[4] The Mars Odyssey spacecraft is in a near-polar sun
synchronous orbit with a drifting equator-crossing local
time, ranging from 3 AM and 3 PM to 6 AM and 6 PM.
The orbit has remained between 5 and 6 AM/PM since July
2003, and will remain in this orbit until the end of the first
extended mission (August 2006). This orbit is good for
observing nighttime temperatures at the mid to equatorial

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 111, E12004, doi:10.1029/2006JE002735, 2006
Click
Here

for

Full
Article

1School of Earth and Space Exploration, Mars Space Flight Facility,
Arizona State University, Tempe, Arizona, USA.

2Celestial Reasonings, Carson City, Nevada, USA.

Copyright 2006 by the American Geophysical Union.
0148-0227/06/2006JE002735$09.00

E12004 1 of 22

http://dx.doi.org/10.1029/2006JE002735


latitudes, provided the surface temperature is not below CO2

condensation temperatures (about 148 K), because at this
time the effects of albedo and slopes on surface temperature
have largely dissipated while effects due to the physical
properties of the surface remain [Kieffer et al., 1973, 1977;
Christensen et al., 2001].
[5] THEMIS infrared data are acquired using a multi-

spectral microbolometer array with 320 cross-track pixels
and 240 down-track pixels. It has an instantaneous field of
view (IFOV) of �100 m per pixel and an image width of
�32 km. Spectral differentiation in the infrared is achieved
with 10 narrowband stripe filters that produce �1-mm-wide
bands at nine separate wavelengths from 6.78 to 14.88 mm.
These bands include nine surface-sensing wavelengths
(bands 1–9), and one atmospheric wavelength (band 10)
[Christensen et al., 2004]. Two filters (bands 1 and 2) cover
the same wavelength range (centered at 6.78 mm) to
improve the signal to noise in that spectral region. Standard
THEMIS data processing consists of decompression, radio-
metric calibration, and systematic noise removal. Images
can also be geometrically corrected, and multiple images
can then be mosaiced together [Christensen et al., 2004].

1.2. Thermal Inertia Background

[6] Thermal inertia represents the resistance to change in
temperature of the upper few centimeters of the surface
throughout the day, and is independent of local time,
latitude, and season. It is defined as I = (krc)1/2, where k
is the thermal conductivity, r is the bulk density of the
surface material, and c is the specific heat (units are J m�2

K�1 s�1/2 throughout this work; a scale factor of 41.86
converts to Viking-era 10�3 cal cm�2 K�1 s�1/2 units).
Under Martian atmospheric conditions, the density and
specific heat of geologic materials vary by factors of �3,
whereas the conductivity varies by 3–4 orders of magnitude
and therefore has the strongest influence on the thermal
inertia [e.g., Wechsler and Glaser, 1965; Neugebauer et al.,
1971; Wechsler et al., 1972; Presley and Christensen,
1997a]. The bulk conductivity of a material is a function
of the solid, radiative, and gas conductivity. At Martian
surface temperatures, radiative conductivity is a small
contribution compared to the solid and gas conductivity
[Wechsler et al., 1972]. The solid and gas conductivity is
largely controlled by the relationship between the particle
size and the pore size relative to the mean-free-path of a gas
(�5 mm at Martian pressures). When the pore size is
comparable in size or smaller than the gas mean free path
(relatively small grains), gas molecule collisions with the
grains become less frequent, resulting in an inefficient
transfer of heat. Decreasing the particle size also increases
the number of grain-to-grain contacts per unit length, and
further decreases conduction [Jakosky, 1986; Presley and
Christensen, 1997b]. As a result, the thermal inertia is
strongly controlled by particle size, and can be related to
an effective particle size, assuming unconsolidated, homo-
geneous spheres to a depth of �5 thermal skin depths
[Kieffer et al., 1973; Presley and Christensen, 1997b].
[7] Laboratory-derived relationships between particle size

and conductivity have been established [e.g., Woodside and
Messmer, 1961; Wechsler and Glaser, 1965; Fountain and
West, 1970; Presley and Christensen, 1997b, 1997c] and are
used to infer an effective particle size of the surface from

thermal inertia values. Fine particles have a lower thermal
inertia, whereas higher thermal inertia surfaces are com-
posed of sand, duricrust, rock fragments, or a combination
of these materials. Several features can complicate the
modeling of thermal inertia and make interpreting thermal
inertia results challenging. These include, but are not limited
to, the mixing of different particle sizes, the presence of
duricrust, subsurface layering, sub-pixel-scale slopes, dust
in the atmosphere, and water-ice clouds. The interpretation
of thermal inertia as an effective particle size is less
ambiguous if the thermal inertia is low (dust) or very high
(bedrock), but many equally plausible scenarios can result
in a particle size described by the moderate thermal inertia
of a surface. Thus thermal inertia does not provide a unique
characterization of the surface physical characteristics
[Christensen, 1982], but does provide significant insight
into the physical nature of the surface and is uniquely
related to an effective particle size [e.g., Kieffer et al.,
1973; Fergason et al., 2006].

1.3. Previous Work

[8] Thermophysical data of Mars were collected by
Mariners 6, 7, and 9 [Neugebauer et al., 1971; Kieffer et
al., 1973], and the first thermal inertia maps were made
using temperatures from the Infrared Thermal Mapper
(IRTM) during the Viking Mission [Kieffer et al., 1977].
The initial thermal inertia models were intentionally con-
servative, assuming a homogenous, flat-lying, unlayered
surface. The model did allow CO2 to condense and subli-
mate, and modeled atmospheric radiance as 2% of the
noontime insolation [Kieffer et al., 1977]. The IRTM data
showed that thermal inertias range from 67 to about 460,
and recognized regions of low thermal inertia and inter-
preted these areas to be covered with fine material and few
exposed rocks. A strong anticorrelation between thermal
inertia and albedo was also identified [Kieffer et al., 1977].
Palluconi and Kieffer [1981] extended the work of Kieffer
et al. [1977] to include a global map of thermal inertia at
2 pixels per degree using diurnal temperature measure-
ments. They discussed the observed relationships between
thermal inertia, albedo, and elevation, and confirmed the
anticorrelation between albedo and thermal inertia. They
also identified the basic global distribution of thermal inertia
and albedo, and interpreted low thermal inertia/high albedo
regions to be mantled in a layer of fine dust, and speculated
on several scenarios, including a mixture of rock and fine
sediment or the presence of crusts, to explain higher thermal
inertia surfaces.
[9] Christensen and Moore [1992] presented Viking

thermal inertia data using the same modeling technique as
Kieffer et al. [1977], but used individual nighttime obser-
vations, rather than binned diurnal temperatures [Palluconi
and Kieffer, 1981] allowing higher-resolution (30 km per
pixel) mapping. This inclusion of additional data revealed
the presence of small-scale (�30 km) thermal variations in
all terrains, and fostered the identification of four global
units based on thermal inertia and albedo. These units
include: (1) active dust deposits; (2) active, coarse materials;
(3) possible indurated surfaces; and (4) mixed coarse and
dust materials, and these describe the majority of observed
surfaces on Mars. In addition to these global thermal inertia
maps, several regional studies have been performed using
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Viking IRTM data in which the resolution and accuracy of
the thermal inertia data set and the understanding of the
local geology was improved [e.g., Christensen and Kieffer,
1979; Zimbelman and Kieffer, 1979; Zimbelman and
Leshin, 1987; Bridges, 1994; Hayashi et al., 1995].
[10] Haberle and Jakosky [1991] studied the effects of the

atmosphere on thermal inertia calculations, and refined the
atmospheric correction of Kieffer et al. [1977] by including
a 16-layer atmosphere allowing a sensible energy exchange
between the surface and the atmosphere. This improved
atmospheric component resulted in reducing the thermal
inertia values relative to those calculated by Kieffer et al.
[1977] by as much as 25%, and further verified that low-
inertia regions are likely mantled in dust deposited from the
atmosphere. Jakosky et al. [2000] developed a model to
calculate the thermal inertia using temperature data from the
TES instrument. This model incorporates the atmospheric
correction technique developed by Haberle and Jakosky
[1991], and includes modifications to better account for the
presence of CO2 ground frost. Thermal inertia values range
between 24 and 800 and results are typically within 50 units
of those calculated with IRTM [Jakosky et al., 2000].
Mellon et al. [2000] present a nighttime TES-derived
bolometer-based thermal inertia map at 15 km per pixel
resolution, with approximately 63% coverage between 50�S
and 70�N latitude. They also divided the surface into three
thermophysical units based on TES thermal inertia and
albedo measurements, which include low thermal inertia
and high albedo; high thermal inertia and low albedo; and
moderate-to-high thermal inertia and intermediate albedo,
and speculated on their origins. These divisions correspond
well with those of Christensen and Moore [1992], and
confirm the complex nature of Martian surface materials.
[11] Putzig et al. [2005] refined the work of Mellon et al.

[2000] by including data from the entire MGS primary
mapping mission, improving the spatial resolution to 3 km
per pixel, and extending the global coverage to between
80�S and 80�N latitude. Putzig et al. [2005] also further
subdivided the planet into seven thermophysical units,
including the three units from Mellon et al. [2000]. A
low-to-intermediate albedo unit is found exclusively in the
south polar region, and is interpreted as a low-density
material caused by the desiccation of near-surface ice. Very
low albedo material is primarily observed in Syrtis Major,
Acidalia, and part of Vastitas Borealis, and may indicate a
lack of unconsolidated surface material in these regions.
Very high thermal inertia surfaces are consistent with very
coarse-grained material, highly indurated surfaces, or ex-
posed bedrock. Finally, very high albedo regions likely
represent areas composed of very fine surface dust [Putzig
et al., 2005].

2. Methodology

[12] Thermal inertia values from the THEMIS data set are
derived using a single temperature measurement similar to
previous orbital data sets, including Viking [Kieffer et al.,
1977; Christensen and Moore, 1992] and TES [Jakosky
et al., 2000; Mellon et al., 2000]. Nighttime temperatures
only are used in this study because the effects of albedo and
sun-heated slopes have dissipated throughout the night, and
the thermal contrast due to differences in particle sizes are at

a maximum [e.g., Kieffer et al., 1977; Palluconi and Kieffer,
1981; Christensen, 1982]. The brightness temperature of the
surface is determined by fitting a Planck curve to band 9
(centered at 12.57 mm) calibrated radiance that has been
corrected for instrumental effects. Band 9 brightness tem-
peratures are used to approximate the surface kinetic tem-
perature and define the target temperature because this
wavelength range has the highest signal to noise ratio and
is relatively transparent to atmospheric dust. Changes in the
instrument response function during launch and orbit inser-
tion were minimal [Christensen et al., 2003a, 2004], and the
nighttime temperatures are calibrated to within a precision of
1.2 K and an absolute accuracy of�2.8 K at night (at 180 K),
as determined in this work. These temperature accuracies
are similar to the �1–2 K accuracy measured with the
Thermal Emission Spectrometer (TES) infrared bolometer
on the Mars Global Surveyor (MGS) [Christensen et al.,
2001].
[13] The thermal model used is derived from the Viking

IRTM thermal model [Kieffer et al., 1977, Appendix 1],
with the primary modification being the replacement of a
constant atmospheric thermal radiation with a one-layer
atmosphere that is spectrally gray at solar wavelengths,
and the direct and diffuse illuminations are computed using
a two-stream delta-Eddington model; the dust single-scat-
tering albedo is set at 0.9 and the Henyey-Greenstein
asymmetry factor is set at 0.5. The atmosphere is radiatively
coupled to the surface using an appropriate thermal capac-
ity, and the thermal radiation is assumed to be gray and
isotropic with a fixed ratio of 2.0 for the visible-to-infrared
opacity. Because the atmospheric opacity has a minor effect
(less than 5%) on thermal inertia at night, the atmospheric
correction adequately takes into account the effect of the
atmosphere. An explicit forward finite-difference scheme
calculates surface and subsurface temperatures by solving
the heat conduction equation while satisfying a surface
boundary condition that includes upward emission and
downwelling thermal radiation, direct and diffuse insola-
tion, and the latent heat of CO2 if its saturation temperature
is attained. The local CO2 frost point is determined at each
input using the local partial pressure computed for a specific
elevation, season, and latitude. This model assumes lateral
surface homogeneity and a Lambertian surface reflection.
Subsurface layers increase in thickness exponentially with
depth and are scaled to the diurnal skin depth, but in this
work all layers are uniform in both composition and
conductivity. The surface emissivity is assumed to be unity
and the lower boundary is assumed to be insulating. The
effects of three-dimensional blocks on the surface, conden-
sate clouds, and the latent heat of water ice are not
considered. This model can incorporate the effects of a
radiatively coupled sloping surface at any azimuth, but for
the nominal thermal inertia calculations, slopes are not
considered.
[14] The THEMIS band 9 temperatures are converted to

a thermal inertia by interpolation within a look-up table.
An individual table was generated for each framelet (256
lines) by selecting values appropriate for the THEMIS
framelet for six input parameters: latitude, season, local
solar time, atmospheric dust opacity, elevation (atmospheric
pressure), and albedo. Thermal inertia was varied from 24 to
3000 in each case. These input parameters were then used to
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calculate the model-derived surface kinetic temperature for
the specified conditions and thermal inertia range using the
thermal model described above, resulting in a table of
model-derived surface temperatures as a function of ther-
mal inertia. This table and the measured band 9 surface
temperatures are then used to interpolate the THEMIS
thermal inertia. Interpolation is performed on a pixel-by-
pixel basis using season, latitude, and local solar time from
spacecraft ephemeris. The remaining model input param-
eters are obtained from external data sets. The albedo is
determined from the TES albedo binned at 8 pixels per
degree [Christensen et al., 1992]. Elevation is ascertained
from the MOLA elevation [Zuber et al., 1992; Smith et al.,
1999; D. E. Smith et al., 2001] binned at 128 pixels per
degree. Finally, the opacity is determined from the TES
atmospheric dust opacity binned at 0.5 pixel per degree
every 30� Ls. Data gaps in albedo, elevation, and dust
opacity maps were filled using a linear interpolation
between neighboring bins weighted by distance. TES
atmospheric dust opacity was used for the first Martian
year of MGS mapping when there were no global dust
storms [Smith et al., 2000; M. D. Smith et al., 2001]. We
assume that the amount of dust in the atmosphere is
repeatable from year to year; this has been shown to be
a reasonable approximation during seasons devoid of
major dust storms [Clancy et al., 2000; M. D. Smith et
al., 2001]. To convert the TES IR atmospheric dust
opacity to the equivalent opacity at visible wavelengths
(the input requirement of the thermal model), the IR
opacity was multiplied by a visible/9-mm extinction opac-
ity ratio of 2.0 [Clancy et al., 1995].
[15] The look-up table includes a thermal inertia range of

24 to 3000, and values exceeding 1800 have been observed
thus far in the mission. This thermal inertia range is
significantly larger than that used in the TES standard
model (maximum of 800), and allows the detection of
exposures of consolidated materials or bedrock on the
surface. The higher resolution of THEMIS, the fact that
many regions on Mars saturated at the maximum value of
thermal inertia in the TES model, and initial results from
THEMIS nighttime temperatures suggesting the presence of
bedrock [e.g., Christensen et al., 2003a] required this
extension of the thermal inertia range.
[16] Thermal inertia can be used to interpret an effective

particle size of the surface [Kieffer et al., 1973], and this
particle diameter is determined using laboratory-derived
relationships between conductivity and the particle size of
homogenous spheres [Presley and Christensen, 1997b]. The
effective particle diameter (d) is given by substituting

Equation 17 from Presley and Christensen [1997b] that
describes the relationship between conductivity and particle
size

k ¼ CP0:6
� �

d �0:11 log P=Kð Þ ð1Þ

into the thermal inertia equation, I = (krc)1/2, where C and
K are the constants 0.0015 and 8.1 � 104 torr (to convert to
mbar, multiply 1 torr by 1.333 mbar), respectively [Presley
and Christensen, 1997b], P is atmospheric pressure in torr,
and d is the particle diameter in mm. An atmospheric
pressure of 3.9 torr (Mars average surface pressure of
5.2 mbar (520 Pa) at an Ls = 0� [Smith and Zuber, 1998])
is used, and rc is assumed to be 1 � 106 J m�3 K
[Neugebauer et al., 1971]. Equation (1) is valid for
thermal inertia values less than �350, and errors in
deriving particle sizes with this method are expected to be
less than 10–15% [Presley and Christensen, 1997b].

3. Thermal Inertia Uncertainties

[17] Sources of uncertainties in thermal model determi-
nations include: (1) uncertainties in THEMIS nighttime
temperatures; (2) model sensitivities due to uncertainties
in surface parameters, such as albedo, obtained from exter-
nal data sets; (3) look-up table interpolation residuals; and
(4) atmospheric, surface, and subsurface physics not
accounted for by the thermal model. Uncertainties are
inherent in any model used, and important insight can be
gained from these uncertainties as they provide the bound-
aries within which the model results can be interpreted.
Uncertainties in THEMIS temperature measurements and
derived thermal inertia values are discussed in detail in
sections 3.1; relative differences between thermal inertia
values within a single image have precision of 10–15% and
the absolute value of thermal inertia is �20%. A summary
of the discussed uncertainties is listed in Tables 1 and 2.

Table 1. THEMIS Nighttime Temperature Calibration

Band 9 1-s Noise
Equivalent

Spectral Radiance
NEDT

(at 180 K)

Signal-to-noise 2.72 � 10�6 W cm�2 str�1 mm�1 1.15 K
Column-row

correlated
1.06 � 10�6 W cm�2 str�1 mm�1 0.5 K

Time-dependent
change in focal
plane temperature

4.3 K

IRF slope 4 K
Offset �2 to +6 K
RSS total 2.8 K

Table 2. Thermal Inertia Image Uncertaintiesa

Precision
Assigned
Uncertainty

Percent
Contribution

Nighttime temperature 1.2 K 6%
Albedo 0.03 6%
Elevation 100 m 0.5–1%
Slopes 1� 3%
Interpolation n/a 1–2%
Visible/9-mm extinction opacity ratio 1.5–3 K 10%
Unit emissivity 1.2 K 6%
Total 11.5%

Accuracy
Assigned
Uncertainty

Percent
Contribution

Nighttime temperature 2.9 K 16%
Albedo 0.03 6%
Elevation 100 m 0.5–1%
Atmospheric opacity 0.1 3%
Slopes 1� 3%
Interpolation n/a 1–2%
Visible/9-mm extinction opacity ratio 1.5–3 K 10%
Unit emissivity 1.2 K 6%
Total 21%

aBecause model parameters are uncorrelated, these values are combined
using a Root Sum Square method. This result is then added to the average
nighttime temperature calibration to acquire the total image uncertainty.
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3.1. Measurement Uncertainties

3.1.1. THEMIS Nighttime Temperatures
[18] To quantify temperature uncertainties and establish

the precision and accuracy of the THEMIS instrument
calibration at night, the procedure used by Bandfield et al.
[2004] for THEMIS daytime measurements was repeated
for THEMIS nighttime temperatures. The THEMIS temper-
atures are determined from the difference between the
radiance of the scene and the internal reference calibration
flag measured in scaled, eight-bit ‘‘data numbers’’ (DN).
There are several random and systematic factors that com-
plicate the calibration of THEMIS data, and each one will
be discussed individually in terms of its relevance to
nighttime temperatures, and specifically the 12.57-mm-
wavelength region (band 9).
3.1.1.1. Signal-to-Noise
[19] The 1 s noise equivalent spectral radiance (NEDR)

for band 9 is 2.72 � 10�6 W cm�2 str�1 mm�1,
corresponding to a noise equivalent delta temperature
(NEDT) of 1.15 K at 180 K (P. R. Christensen, THEMIS
calibration report, 2005, available at http://themis-data.
asu.edu/pds/calib/calbi.pdf) (hereinafter referred to as Chris-
tensen, Themis calibration report, 2005). This error can be
reduced by averaging pixels in an area when analyzing
image data, increasing the signal-to-noise ratio.
3.1.1.2. Column-Row Correlated Noise
[20] Column-row correlated noise is caused by small

changes in both the detector response relative to the
prelaunch response function and minor fluctuations in
detector readout bias voltage, and is identified as variations
of ±1 DN along a row. This error corresponds to a NEDR of
±5.31 � 10�6 W cm�2 str�1 mm�1 in band 9 and an NEDT
of ±2.2 K at 180 K, and is detected and reduced during
standard image calibration to <0.2 DN [Bandfield et al.,
2004] (NEDR of ± 1.06 � 10�6 W cm�2 str�1 mm�1 in
band 9 and an NEDT of ± 0.5 K at 180 K), and can be
further reduced by averaging pixels when analyzing image
data.
3.1.1.3. Time-Dependent Change in Focal Plane
Temperature
[21] The THEMIS focal plane substrate is temperature

controlled to ±0.001�C (Christensen, Themis calibration
report, 2005). However, the active surfaces of the micro-
bolometer detectors change temperature in response to
radiance from the surface. Temperature changes of
�0.001�C result in signal changes of 2 to 3 DN (‘‘drift’’).
In addition, there are higher-frequency (1–5 s) variations in
the output signal due to the actions of the focal plane
temperature controller (‘‘wobble’’). These effects are
reduced by assuming that the atmospheric temperature is
constant throughout an image and that band 10 (centered at
14.88 mm, the fundamental CO2 absorption) should there-
fore be constant. Changes in band 10 are assumed to be due
to ‘‘drift’’ and ‘‘wobble’’ and these effects are removed from
all other bands. The magnitude of this effect is typically
±5 DN at night [Bandfield et al., 2004]. When the post-
image calibration observation of the internal shutter/calibra-
tion flag is acquired within 120 s after the completion of the
image, the total error after correction is estimated to be
<2 DN for the first line of the image and zero for the last

line of the image [Bandfield et al., 2004], corresponding to
an absolute error of 4.3 K at 180 K.
3.1.1.4. Instrument Response Function Slope Errors
[22] The THEMIS instrument response function (IRF)

was defined prelaunch using measurements of blackbody
targets at a range of temperatures in a vacuum chamber, and
is constant over expected operational instrument temper-
atures [Christensen et al., 2004; Christensen, Themis cali-
bration report, 2005]. The accuracy of the IRF slope
is within �2% and was determined using comparative
TES data, space observations, and CO2 polar cap images
[Bandfield et al., 2004]. Using a surface temperature of
180 K and an instrument temperature of 270 K, errors in the
IRF result in a maximum IRF slope error of 4 K.
3.1.1.5. Offset Errors and Shutter Closing Image
[23] Typical offset errors range from �1 to +3 DN

[Bandfield et al., 2004], which result in offset errors
between �2 and +6 K at 180 K. In addition, a calibration
image is acquired of the shutter/calibration flag after image
acquisition to assess the temperature of the instrument; this
value is used to set the instrument offset during calibration.
Ideally, the calibration flag image is taken immediately
following the planet image, but owing to software and data
buffer constraints, it is typically delayed by �60 s for
nighttime data, resulting in a 1–2 DN error and a temper-
ature error of 2.3 K at 180 K.
3.1.1.6. Absolute Calibration of Nighttime Images
[24] To assess the quality of THEMIS nighttime cali-

bration considering all the above uncertainties, we calcu-
lated the surface temperature at 60 locations within
nighttime THEMIS images over the southern CO2 polar
cap, and assessed if the measured temperatures are
consistent with the expected saturation temperature of
the latent heat of CO2 (148 K). The difference between
the expected temperature and the measured temperature
ranged from 0.2 K to 18 K, and the X2 of this difference
was 7.5 K at 148 K. This result is consistent with a 1.8 K
difference at 180 K. Considering the calibration factors
discussed above, a reasonable estimate of the absolute
accuracy of the THEMIS temperature calibration at night
is between 1.8 K and 2.8 K. To assess the precision of the
THEMIS instrument, we also determined the 1-s NEDR
within each location and converted that value to an NEDT at
180 K. This precision is 1.2 K, and corresponds well with
the signal-to-noise value of 1.15 K reported by Christensen
(Themis calibration report, 2005).
3.1.2. Model Sensitivity and Error Propagation
[25] A study was performed to determine the sensitivity

of the thermal model to variations in albedo, elevation,
dust opacity, and slopes and how these sensitivities
propagate into uncertainties in the resulting thermal iner-
tia values. In this assessment, one input parameter of the
model was systematically varied for a range of latitudes
and seasons, while all other parameters were held con-
stant (sensitivity study input parameters are listed in
Table 3). Only results where latitude was varied will be
discussed, but similar uncertainties were calculated vary-
ing season as well. Because nighttime data alone were
used in this work to calculate thermal inertia values, only
errors for nighttime conditions (5 H) are reported, and are
similar for all local times observed by the THEMIS
instrument (3 to 6 H).
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3.1.2.1. Albedo
[26] Albedo primarily affects the average surface temper-

ature and the phase of the diurnal temperature curve [Kieffer
et al., 1977], and is generally found to be inversely
correlated to thermal inertia on Mars at all spatial scales
[e.g., Kieffer et al., 1977; Palluconi and Kieffer, 1981;
Zimbelman and Leshin, 1987]. Uncertainties in the surface
albedo are caused by differences between the true surface
albedo as a function of wavelength and incidence angle and
the model input value. This discrepancy can be due in part
to uncertainties in the TES albedo data set, or from
variations in albedo below TES resolutions affecting THE-
MIS surface temperatures. Error can also result from the
assumption of a Lambertian surface in determining the TES
albedo from a fixed viewing geometry and the fact that the
Martian surface likely has a more complex photometric
behavior.
[27] Higher-resolution THEMIS or MOC visible images

may be helpful in identifying the presence of sub-TES-
resolution variations in albedo, but quantifying these varia-
tions is difficult. Model sensitivities associated with thermal
inertia as a function of albedo are illustrated in Figure 1a.
An uncertainty in albedo of 0.03 for an albedo of 0.2, results
in an error in thermal inertia of 6% to 10% for thermal
inertias of both 80 and 600. Albedo has a larger effect
on surface temperature at latitudes closer to the equator
because in those regions the sun is above the horizon longer
and later into the evening resulting in less nighttime hours to
dissipate the effect of albedo on surface temperature, and
thus thermal inertia.
3.1.2.2. Elevation
[28] Elevation is used to derive the atmospheric pressure,

which is important for determining the average surface grain
diameter from thermal inertia because of the pressure
dependency of gas conductivity in small pores in the soil.
Elevation also affects the relative amount of atmosphere
above the surface, and thus the absorption of infrared
energy and attenuation of energy through the atmosphere
[e.g., Kieffer et al., 1973; Zimbelman and Kieffer, 1979;
Haberle and Jakosky, 1991; Bridges, 1994]. A correction
for atmospheric pressure is included in the thermal model,
and the uncertainties due to elevation are therefore small.
The primary uncertainty is due to the spatial scale of the
gridded MOLA topography relative to an individual THE-
MIS pixel. Model sensitivities of thermal inertia associated
with elevation are illustrated in Figure 1b. Assuming an
uncertainty of 100 m (MOLA binned at 128 ppd) at an
elevation of 0 km, errors associated with elevation range
from 1% for a thermal inertia of 80 to 0.5% for a thermal

Table 3. Sensitivity Study Parameters

Minimum Maximum Increment Value

Latitude �90� +90� 10�
Season 0� 360� 30�
Albedo 0.0 0.5 0.05
Elevation, km �8.0 +8.0 1.0
Atmospheric dust opacity 0.0 1.0 0.05
Slope 0� 30� variable
Slope azimuth 0� 360� 90�

Figure 1. Thermal model input parameter sensitivities.
Plots of the sensitivity of thermal inertia to variations in
(a) albedo; (b) elevation; and (c) atmospheric dust opacity
for a range of latitudes, a local time of 5 H, and an Ls = 0�.
The curves with symbols are calculations for a thermal
inertia of 80, the solid lines represent thermal inertia values
of 600, and different colors represent different latitudes.
Uncertainties for thermal inertia values between 80 and 600
can be approximated by linearly interpolating between these
curves. To determine the uncertainty due to any input
parameter, move across the x axis to the input parameter
value that best characterizes the surface of interest. Then
move vertically until the line best representing the thermal
inertia and latitude is intercepted. Then move horizontally to
intercept the y axis; this value is the partial derivative with
respect to thermal inertia. Multiply this derivative value by
the amount of uncertainty in the input parameter. The
resulting value is the corresponding error in thermal inertia.
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inertia of 600, depending on the latitude. The influence of
elevation on temperature is larger for low elevations.
3.1.2.3. Atmospheric Dust Opacity
[29] The primary effect of additional dust in the atmo-

sphere is to block solar energy from being incident onto the
surface, increase the downwelling atmospheric thermal
emission, and insulate the surface by preventing energy
from escaping through the atmosphere [Pollack et al.,
1979]. Dust in the atmosphere damps the amplitude of the
diurnal temperature variation, mimicking a higher thermal
inertia surface [Haberle and Jakosky, 1991]. Overall, how-
ever, atmospheric dust opacity has a relatively small effect
on thermal inertia calculations for several reasons. First, at
night the surface and atmospheric temperatures are similar,
and therefore small variations in the atmospheric tempera-
ture induce only small changes in the surface temperature.
Increasing the amount of dust in the atmosphere increases
the nighttime surface temperature by less than 1 K per 0.1
increase in visible opacity at a thermal inertia of 200
[Fergason et al., 2006]. In addition, at relatively low
opacities the atmosphere only absorbs a small percentage
of solar energy, and small changes in opacity produce minor
changes in the amount of energy incident upon the surface
(periods of relatively high opacity (t > 0.4) are not used to
determine thermal inertia). Finally, dust opacity does not
vary dramatically spatially, and variations are largely sea-
sonally repeatable from year to year [Clancy et al., 2000;
M.D. Smith et al., 2001]. Uncertainties in the thermal inertia
due to opacity errors occur when the actual opacity at the
time the THEMIS image was acquired differs from the
opacity at the season of image acquisition for a typical Mars
year. An uncertainty in dust opacity of 0.1 at an opacity of
0.2, results in an error in thermal inertia of �1% for thermal
inertias of 80, and 2% to 7% for thermal inertias of 600,
depending on the latitude (Figure 1c). The uncertainties are
symmetrical about the equator, and increase towards the
north and south poles.
3.1.2.4. Local Slopes
[30] Local slopes are not considered in the nominal

method for determining thermal inertia with THEMIS data
because high-resolution slope maps are not available to
incorporate these data in an automated fashion. However on
a larger scale, slopes can be incorporated on a framelet (256
lines) basis in the derivation of thermal inertia when
necessary. Slopes are important because a sloped surface
receives a different amount of incident thermal energy
relative a horizontal surface. In addition sloped surfaces
radiate onto a hemisphere that includes surface materials,
rather than to a hemisphere of only sky for a flat-lying
surface. The effect of slopes on thermal inertia was deter-
mined for slopes of 5�, 10�, 20�, and 30� at azimuths of 0�,
90�, 180�, and 270� (0� is North) (Figure 2). Assuming an
uncertainty in slope of 1�, errors in thermal inertia range
from 3% to 20%, depending on the slope and azimuth
(Figure 2). Slopes facing west and east typically have a
larger uncertainty than slopes facing north or south, primar-
ily because more (or less) thermal energy is absorbed by
surfaces at this orientation during the afternoon. However
north or south-facing slopes can also be problematic
because the sun can be incident on the surface for a
dissimilar amount of time before and after 12 H, depending
on the season and the latitude.

[31] To further investigate the effect of slopes on temper-
ature, and thus thermal inertia, we analyzed 12 surface
nighttime temperature pairs along the walls of Valles
Marineris, craters, and mesas with slopes ranging from
10� to 30� and at a range of azimuth orientations. THEMIS
nighttime temperatures of opposite facing slopes were
compared for each feature to determine the temperature
difference, in order to quantify the residual effect of slopes
at night. With only one exception out of these 12 examples,
the temperatures of slopes with different orientations
were the same to within �3 K, which is about twice the

Figure 2. Thermal model slope input parameter sensitiv-
ities. Plots of the sensitivity of thermal inertia to variations
in local slopes for a range of latitudes, a local time of 5 H,
and an Ls = 0�.
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NEDT of the instrument. In some cases, differing geology
such as more rocky material on one wall complicated the
measurement and made confirmation difficult, but these
results suggest that any additional heat absorbed by the
sloped surface during the day has sufficiently dissipated at
night to have little effect on the derived thermal inertia.
Generally, slopes below 10� at all azimuths had a small
effect on the surface temperature, and therefore the thermal
inertia at night. Higher slope angles may not be problematic,
but this conclusion is dependent on the slope azimuth and
the season. Owing to the potential for slopes to be a factor,
surfaces with slopes greater than �10� should include slope
measurements in the thermal inertia derivation and be
interpreted with caution.
3.1.2.5. Additional Uncertainties
[32] Additional uncertainties include errors in interpola-

tion within the look-up table, assuming a constant visible/
9-mm extinction opacity ratio, and assuming a surface
emissivity of unity. When creating the look-up table, the
node values were intentionally selected to minimize the
errors due to interpolation; these errors are less than 1–2%.
[33] A constant visible/9-mm extinction opacity ratio of

2.0 was used in this work, but this ratio may vary between
�2.0 and �2.5 for visible atmospheric dust opacity con-
ditions below 1.0 [Clancy et al., 1995]. Increasing the
visible/9-mm extinction opacity ratio increases the modeled
temperature at all times of day with a greater effect at night.
Varying visible/9-mm extinction opacity ratio from 2.0 to
2.5 changes the modeled surface kinetic temperature �1.5 K
at night for low opacity conditions (t = 0.2) and �3 K at
night for high opacity conditions (t = 0.6), producing an
uncertainty of �10% in thermal inertia.
[34] Finally, a constant unit emissivity is assumed for this

work. Any constant emissivity used is an assumption
because different surface materials have different emissivity
values. A unit emissivity was chosen because it is the
simplest case and is a reasonable assumption in most
instances. This effect is not significant as changes in the

emissivity from 1.0 to 0.96, which is typical for Mars at
12.57 mm (band 9) [e.g., Bandfield, 2002], only changes the
surface kinetic temperature 1.2 K, which translates to a
�6% change in thermal inertia.

3.2. Repeatability of THEMIS Thermal Inertia
Determinations

[35] Considering the uncertainties and conditions that
may affect the reliability of thermal inertia calculations, it
is instructive to compare multiple images of the same
location to quantify the repeatability of THEMIS thermal
inertia measurements and to determine how well the thermal
inertia model is correcting for seasonal, local time, and
atmospheric dust opacity differences in data acquisition.
Many areas on the Martian surface, especially those of high
scientific interest such as the candidate MER landing sites,
have been observed multiple times at night with the THE-
MIS instrument over a range of conditions. Thermal inertia
images from regions in Meridiani Planum, Gusev Crater,
Arabia Terra, and Isidis Planitia were selected for compar-
ison (Table 4). To increase the signal to noise ratio, several
hundred pixels were added together in each comparison. Of
the images selected, the thermal inertia differences for the
same location ranged from 12 to 120, with an average
difference of 65, corresponding to an overall agreement
between images of �35%.
[36] The difference between THEMIS thermal inertia

values is likely due to a combination of model input
parameter uncertainties and an incomplete understanding
and incorporation of surface-atmospheric interactions. The
image-to-image variation is higher than the estimated accu-
racy of the THEMIS thermal inertia calculation (Table 2),
and thus it is also probable that some of these differences
are due to real variations in nighttime surface temperature
caused by day-to-day variations in haze or near-surface
winds, or surface and subsurface heterogeneities not
accounted for by the thermal model. It should be noted,
however, that although image-to-image comparisons have

Table 4. Comparison of THEMIS Thermal Inertia Measurement of the Same Location

Location Latitude Longitude Image ID
Thermal
Inertia Season (Ls) Local Time Albedo

Dust Opacity
(Visible) Elevation (km)

Meridiani Region 1 3.6�S 352.5�E I11216001 210 52 4.9 0.15 0.2 �1.92
I12439002 130 96 5.3 0.14 0.14 �1.63
I06935007 245 218 5.4 0.14 0.56 �1.08

Meridiani Region 2 3.2�S 352.5�E I11216002 275 52 4.9 0.14 0.2 �1.73
I12439002 185 96 5.3 0.15 0.28 �1.68
I06935007 310 218 5.4 0.15 0.56 �1.35

Meridiani Region 3 0.5�N 352.0�E I01018006 450 339 3.1 0.23 0.42 �1.92
I11216002 320 52 4.9 0.23 0.2 �1.55
I12439002 310 96 5.3 0.23 0.24 �1.69
I06935007 420 218 5.4 0.23 0.56 �1.92

Meridiani Region 4 5.6�N 351.6�E I01018006 270 339 3.1 0.22 0.40 �1.95
I01717002 180 8 3.4 0.22 0.22 �1.95

Gusev Region 1 11.3�S 174.9�E I01511006 255 360 3.4 0.26 0.38 �1.78
I08589007 140 303 4.3 0.26 0.34 0.59

Gusev Region 2 9.5�S 174.7�E I01511006 130 360 3.4 0.26 0.40 0.59
I08589007 55 303 4.3 0.26 0.38 �1.48

Arabia 2.9�N 26.4�E I01229007 75 348 3.2 0.26 0.56 0.21
I07895014 120 267 4.8 0.27 0.94 0.12

Isidis Region 1 12.8�N 84.5�E I06732011 255 207 5.4 0.23 0.30 �3.9
I09815012 210 358 4.2 0.23 0.28 �3.9

Isidis Region 2 17.2�N 83.9�E I06732011 270 207 5.4 0.24 0.22 �3.79
I09815012 210 358 4.2 0.24 0.28 �3.79
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errors of �35%, relative differences within a THEMIS
image are 10% to 15%. Relative differences in a single
image are calibrated to within �1.2 K, and any uncertainties
in data calibration affect the entire image in a consistent
manner.

3.3. Summary of Uncertainties

[37] The accuracy of THEMIS-derived thermal inertia
values is separated into two categories: (1) the absolute
accuracy of THEMIS-derived thermal inertia values and
(2) the relative precision of thermal inertia values within a
single image. The calibration of the THEMIS instrument is
the largest factor in determining the absolute accuracy of
thermal inertia calculations. Knowledge of model input
parameters such as albedo, elevation, and local slopes also
play a role, but the combined contribution of all these errors
is roughly equal to that of the instrument (Table 2). Factors
such as assuming a visible/9-mm extinction opacity ratio of
2.0 and a surface emissivity of unity may also be contrib-
uting to the thermal inertia uncertainties, but their presence
and contribution is difficult to quantify. Overall, absolute
accuracy of THEMIS-derived thermal inertia is �20%
(Table 2). The precision of temperature measurements
within an individual THEMIS image is �1.2 K. The relative
differences between thermal inertia values within a single
image have a precision of 10–15% (Table 2). Individual
thermal inertia images are important for determining varia-
tions in thermal inertia between small-scale surface features,
and thermal inertia variations across these images represent
true differences in the physical properties of the surface.

4. Comparison with Previous Orbital and
Lander Data

4.1. Comparison with the Thermal
Emission Spectrometer

[38] Differences between the TES- and THEMIS-derived
thermal inertia values are expected, and are caused by
several factors including differences in the capabilities of
the instruments, the method of calculating surface temper-
ature, and the thermal models employed. The TES instru-
ment measures the surface temperature of Mars using both
an infrared spectrometer (5.8 to 50 mm) and a broadband
thermal radiometer (5.1 to �100mm) [Christensen et al.,
1992, 2001]. For the TES spectrometer, the radiance at each
wavelength is converted to brightness temperature assuming
an emissivity of unity. The maximum brightness tempera-
ture (away from the CO2 band) is assumed to be the surface
kinetic, or target, temperature [Christensen et al., 2001].
Planetary (top of the atmosphere) brightness temperatures
are calculated using the TES bolometer by measuring the
total emitted radiance from the Martian surface and deter-
mining the temperature of an ideal blackbody corresponding
to this total radiance. At night, the planetary temperature is
typically 3–4 K lower than the target temperature due to the
presence of the 15-mm CO2 absorption band that reduces the
integrated radiance when the atmosphere is colder than
the surface. Despite larger calibration uncertainties with
the TES spectrometer than the bolometer, the target temper-
atures are likely the most accurate measurement of surface
temperature because the effect of the atmosphere on the
target temperature is well understood. Jakosky et al. [2000]

and Mellon et al. [2000] derived thermal inertia values from
both spectral and bolometric temperatures. Rather than
using target temperatures measured by TES to calculate
spectrometer-based thermal inertias, they use a Viking-
IRTM-equivalent 20-mm-band temperature. This method
was chosen to avoid interference from atmospheric dust or
clouds and to allow easily comparable results with IRTM-
derived thermal inertia values [Mellon et al., 2000]. The
bolometer-based thermal inertias were calculated using
brightness temperatures, correcting for the 15-mm CO2

absorption band [Mellon et al., 2000].
[39] THEMIS uses a microbolometer detector with a

smaller wavelength range than TES, and this instrument
design requires a different method for deriving surface
temperature than discussed above. A look-up table of
Planck curve temperatures is calculated for the wavelength
region of each band, and this look-up table is used to
calculate the brightness temperature measured by THEMIS
for each filter. Rather than defining the surface kinetic
temperature as maximum brightness temperature of all
wavelength bands as with TES, at night band 9 (centered
at 12.57 mm) has the highest brightness temperature and
provides the best approximation of the surface kinetic
temperature [Christensen et al., 2004]. However, the surface
emissivity at this wavelength is likely to be less than unity,
and this temperature does not directly correspond to either
temperature used in the analysis of TES data.
4.1.1. Comparison of Thermal Inertia
Modeling Techniques
[40] In addition to differences in the instruments and

methods for deriving surface temperatures, different thermal
models are also utilized when deriving the TES and THE-
MIS thermal inertia values. The primary difference between
these models is in the treatment of the atmosphere. Both
models account for radiation through a dusty CO2 atmo-
sphere and allow for heat exchange with the surface.
However, the thermal model used in this work incorporates
a one-layer atmosphere that is spectrally gray at solar
wavelengths, and direct and diffuse illuminations are com-
puted using a two-stream delta-Eddington model. The
thermal model used in the derivation of TES thermal inertia
values includes a 16-layer atmosphere [Haberle and
Jakosky, 1991], and incorporates the vertical transfer of
energy through the atmosphere due to convective over-
turning within the boundary layer [Jakosky et al., 2000;
Mellon et al., 2000]. The different atmospheric corrections
produce slight differences in the amount of thermal energy
incident on the surfaces, and the models may respond
differently to atmospheric dust.
[41] To understand these differences in the thermal mod-

els used for TES and THEMIS, we compared the two
thermal models as directly as possible. The TES thermal
inertia production look-up table was replicated using the
thermal model used in this work by using the same input
parameter nodes (season, local time, latitude, elevation,
thermal inertia, albedo, and atmospheric dust opacity) in
the thermal model and comparing the resulting temperature
values with those in the TES thermal inertia production
look-up table. The thermal model temperatures agree to
within �3 K for a range of typical surfaces, dust opacities,
latitudes, and seasons (Figure 3), indicating that any differ-
ences between the thermal models does not significantly
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contribute to differences between TES and THEMIS-
derived thermal inertia values.
4.1.2. Comparison of Thermal Inertia Maps
[42] The comparison of TES and THEMIS-derived ther-

mal inertia values ±40� from the equator, due to sparse
THEMIS coverage between �40� and 60� latitude, and
binned at 2 pixels per degree, is shown in Figure 4.
THEMIS thermal inertia values are compared to TES
bolometric thermal inertia values, because these TES values
incorporate TES surface temperature measurements and are
therefore believed to be the most accurate representation of
the physical nature of the surface as measured by TES. To
construct the global THEMIS thermal inertia map, THEMIS
thermal inertia data were averaged in a single image every
256 lines (framelet, effectively 32 � 26 km) and this infor-
mation was stored in a database along with longitude,
latitude, and information about the image calibration and
processing quality. Nighttime images selected for this map
have a high quality of calibration, have emission angles less
than 30�, are from a period where there are no global dust
storms, and have no surface CO2 frost present. The average
thermal inertia for each framelet was binned at 2 pixels
per degree and gaps in the data were filled using a
linear interpolation between neighboring bins weighted by
distance.
[43] To create the TES thermal inertia map, the TES

thermal inertia data were constrained to have incidence
angles greater than 95�, emission angles less than 30�, a
high quality of thermal inertia derivation, and only seasons
with a low dust opacity and no equatorial water-ice clouds
were included. This TES thermal inertia map is similar to
the published TES global maps of Mellon et al. [2000] and
Putzig et al. [2005], but the effect of H2O-ice clouds in the
low inertia equatorial regions has been reduced and the

elevated thermal inertia values in the northern polar region
have been excluded. The THEMIS and TES-derived global
thermal inertia maps agree to within 25–30%, and the
familiar thermophysical features, such as the low thermal
inertia areas of Tharsis Montes, Elysium Planitia, and
Arabia Terra and the higher thermal inertia regions of the
southern rim Isidis Planitia and Valles Marineres, are
consistent. A scatter plot and histogram (Figures 5a
and 5b, respectively) of THEMIS and TES thermal inertia
values both illustrate that THEMIS-derived thermal inertia
values are typically higher than those derived with TES data
for an individual location. In addition, there is more
variation in thermal inertia values in the low thermal inertia
regions in the THEMIS data set. To ensure global coverage,
the THEMIS thermal inertia map incorporates data spanning
an entire Mars year, whereas the TES map only includes
data from Ls 30� to 60�, when the presence of global
atmospheric dust and H2O-ice clouds in the equatorial
regions are minimized. Seasonal variations in surface tem-
perature or atmospheric conditions, including the presence
of H2O-ice clouds, may be causing the variation in the low
thermal inertia regions observed in THEMIS data. Time of
day effects not accounted for in the thermal model may also
be present, since THEMIS and TES data incorporated were
acquired at local times ranging from �3.5 H to �5.5 H and
�2 H, respectively.
[44] The highest thermal inertia areas found in Valles

Marineris, the southern rim of Isidis Planitia, the outflow
channels of Xanthe Terra, and Acidalia Planitia are similar
in two data sets, but THEMIS shows less areal abundance of
high thermal inertia material (Figure 4). This difference is
more pronounced because of the stretch applied to the data,
and actual differences are �15%. This is likely due in part
to a lower than unity emissivity in these regions. Most high
thermal inertia areas on Mars have a lower albedo, and these
lower albedo surfaces can have an emissivity as low as
�0.97 in THEMIS band 9 (12.57 mm). The THEMIS
thermal model assumes an emissivity of unity, and this
discrepancy will result in a lower estimation of the thermal
inertia in these regions by �6%. The TES thermal model
also assumes an emissivity of unity, but this issue is not a
problem with the bolometer data. Different atmospheric
conditions and local times may also be contributing factors.
[45] In addition, image-to-image variations in thermal

inertia due to seasonal atmospheric variations not accounted
for in the thermal model are also present in the THEMIS
map resulting in a ‘‘stripy’’ appearance. Because the sea-
sonal range used to create the TES map is more narrowly
constrained and TES collects data continuously whereas
THEMIS images are targeted, there is more consistent
nighttime coverage of the planet with the TES data set
resulting in a cleaner, less ‘‘stripy’’ thermal inertia map.
Both the thermal models used and the thermal inertia values
produced agree to within 25–30%, and this discrepancy
is caused by a variety of factors, including differences in
the: (1) instrument, and thus the temperature measurements;
(2) thermal model; (3) seasonal atmospheric conditions;
and (4) local times the data were acquired. The classifica-
tion of surface particle sizes used in geologic interpretations
is often divided based on the Wentworth Grade Scale
[Wentworth, 1922], and this dissimilarity in thermal inertia
values is sufficiently small to allow one to differentiate

Figure 3. KRC replica table temperatures compared to
TES production table temperatures. The thermal model
utilized in this work (KRC) was used to replicate the TES
thermal inertia production look-up table to allow a direct
comparison between the thermal models. These data are
compared for a representative thermal inertia of 248, albedo
of 0.25, atmospheric dust opacity of 0.50, all seasons, and
latitudes from 40�S to 40�N. The red line indicates a perfect
agreement between the thermal models. Other thermal
inertia and albedo values produce similar results.
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these common particle size classes (such as silt versus
sand). Therefore this difference does not effect the discrim-
ination of major surface types (i.e., dust, sand, rock) or the
interpretation of the physical nature of the Martian surface.

4.2. Comparison with Mini-TES Surface
Measurements

[46] Surface temperatures obtained by the Mini-TES
instrument at the MER-Spirit landing site region at Gusev
Crater were used to derive thermal inertia values [Fergason
et al., 2006], and provides an opportunity to corroborate the
THEMIS-derived thermal inertia data. Along the traverse
from the Columbia Memorial Station landing site to Bonne-
ville crater, the thermal inertia in both the Mini-TES and
THEMIS data sets increased from 175 ± 20 to 380 ± 20 and
280 ± 40 to 330 ± 40, respectively (Figure 6). This increase
is likely caused by additional centimeter-sized rock frag-
ments and a higher rock abundance in the Bonneville crater
ejecta [Golombek et al., 2005; Fergason et al., 2006]. From
Bonneville crater to the Columbia Hills, the THEMIS and
Mini-TES thermal inertia values show similar thermal
inertia patterns; Mini-TES values being on the average

20% lower and showing greater variation [Fergason et al.,
2006]. Larger variations in the Mini-TES data are expected
as the spatial resolution is typically 100-fold higher than
THEMIS. The lower Mini-TES thermal inertias may also be
due to a data bias, as the rover avoided obstacles, such as
rocks or bed forms, during the traverse and the Mini-TES
observations were acquired directly in front of the rover
[Fergason et al., 2006].

5. Applications

[47] THEMIS-derived thermal inertia permits the charac-
terization of the physical nature of surface materials ob-
served in high-resolution images. Features observed in
MOC and THEMIS visible images can often be uniquely
associated with a distinctive thermal inertia at THEMIS
resolution, and thus the physical nature of the surface
materials can be determined. Dusty surfaces, bed form
material, interior layered deposits, and exposures of surface
bedrock have been examined to: (1) identify the thermal
inertia and effective particle size of landforms and features
in THEMIS and MOC images to aide in the interpretation of

Figure 4. Global thermal inertia maps. (a) TES-derived thermal inertia (30 km per pixel; 2 pixel per
degree resolution). (b) THEMIS-derived bolometric thermal inertia (30 km per pixel; 2 pixel per degree
resolution).
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these regions; and (2) combine this information to better
understand the geologic history and processes that have
affected the Martian surface.

5.1. Dust Mantled Surfaces in Tharsis Montes

[48] Tharsis Montes is one of the classic low thermal
inertia regions on Mars and is interpreted to have a surface
layer of unconsolidated air-fall dust less than �2 m thick
[Christensen, 1986]. Tharsis was first identified as having a
very low thermal inertia in Viking IRTM data [Kieffer et al.,
1977; Zimbelman and Kieffer, 1979; Palluconi and Kieffer,
1981] at a resolution of �120 km per pixel. The improve-
ment in resolution of the TES data set confirmed the
pervasive nature of this low thermal inertia material at a
resolution of 3–5 km per pixel [Mellon et al., 2000]. As a
type example of dust-covered surfaces on Mars, a region

600 km � 1120 km in Tharsis Montes centered at 260.5�E,
7�N (Figure 7) was studied using THEMIS thermal inertia
values and THEMIS and MOC visible images. This region
was analyzed to determine if this dust mantle is also
homogeneous at 100 m per pixel resolution or if features,
such as individual lava flows, observed in high-resolution
visible images can be distinguished thermally.
[49] This region has both a uniform THEMIS (90–115)

and TES (60–80) thermal inertia and a TES albedo of
0.29–0.30, indicating the presence of a surface layer of dust
greater than a few centimeters thick. The dust cover index
(DCI; 0.93–0.94) also indicates that a surface layer of fine,
unconsolidated material is present [Ruff and Christensen,
2002]. In visible images individual lava flow fronts and
wrinkle ridges are observed, and distinctive lava flow
textures and the level of surface degradation suggest that
individual flows are from different eruptive events. Topo-
graphically lower layers often have a more uniform texture,
indicating that they are likely older and more degraded. This
region displays erosional surfaces both at THEMIS and
MOC resolution, such as the lack of crater ejecta, the
erosion of lava flow fronts, and knobby lava flow textures,
suggesting that a surface layer has been removed. In some
cases, the surface morphology appears smoothed, particu-
larly at MOC resolution, indicating the likelihood of a dust
mantle on the surface.
[50] Despite the presence of visible lava flow fronts and

differences in lava textures on these surfaces, there are no
thermal inertia variations at THEMIS resolution associated
with individual lava flows or the distinctive surface textures
observed in visible images. The homogeneous nature of
THEMIS thermal inertia values in this area indicates that the
dust layer must have a minimum thickness sufficient to
mask the thermal signature from underlying material (a few
centimeters), but is still thin enough to be able to distinguish
small craters (10–500 m in diameter) and surface textures at
the resolution of MOC visible images. Assuming a depth:
diameter ratio of 1:5 to 1:3 for simple craters [Melosh, 1989,
p. 126], the smallest craters observed are 2–3 m deep; thus
more than a few meters of dust would obscure these
features. Also, in THEMIS visible images (18 m per pixel)
it is difficult to discern the presence of a dust mantle, but in
MOC images (�3 m per pixel) surface morphologies often
appear smoothed or mantled, further indicating that the dust
mantle is less than several meters thick. These observations
indicate that although unconsolidated dust is present on the
surface, it cannot be more than 1–2 m thick, and is likely
thinner in many localities. Dust may currently be depositing
in this region [e.g., Zimbelman and Kieffer, 1979; Palluconi
and Kieffer, 1981; Christensen, 1986; Christensen and
Moore, 1992], but likely some process, such as dust devils
or wind erosion [Christensen, 1982], is allowing for the
removal of that dust so that over time there is a net balance
of dust accumulation and removal in this region, preventing
tens to hundreds of meters of dust accumulation.

5.2. Bed form Material

[51] The Martian surface is currently dominated by aeo-
lian activity [e.g., Malin and Edgett, 2001], and aeoilan bed
forms are observed in visible images in a variety of terrains
and geologic settings on Mars. Within a crater centered at
63�E, 26.5�N, surfaces that have eroded into mesas, knobs,

Figure 5. Global thermal inertia scatterplot and histogram.
(a) Two-dimensional scatter plot of THEMIS and TES
thermal inertia values. The while line indicates the x = y line
of perfect agreement between the data sets. Red indicates a
high frequency, whereas purple indicates a frequency of 1.
(b) Histogram of THEMIS and TES derived thermal inertia
values.
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and ridges (Figure 8, A units) have a THEMIS thermal
inertia of 420 to 465 in contrast to the lower thermal inertia
of aeolian material (Figure 8, B units). Isolated areas of this
higher inertia unit are too small to be resolved in the TES
thermal inertia data set. The higher THEMIS thermal inertia
and the presence of features resistant to erosion indicate that
this surface is consolidated or lithified, and may be bedrock
material intermixed with varying amounts of unconsolidated
sand, resulting in a lower thermal inertia than is expected for
exposed bedrock. There are at least four layers of material
observed in MOC and THEMIS visible images, further
indicating that these layers have been eroded or stripped to
expose underlying units.
[52] The aeolian material (Figure 8, B units) has three

morphologic expressions: (1) a low albedo material with

bed forms (B1); (2) a low albedo sheet that does not have
bed forms at THEMIS visible resolution (18 m per pixel)
(B2); and (3) material present between consolidated surfaces
(B3). The bed forms and the sheet (Figure 8, B1 and B2

units) have a THEMIS thermal inertia of 230 to 270
(particle diameter of 290 to 575 mm corresponding to
medium to coarse sand), and have a TES albedo of 0.11
to 0.12 and a DCI of 0.98. The particle size range implied
by the thermal inertia is consistent with grains that can
saltate under current atmospheric conditions [e.g., Greeley
et al., 1980], and the albedo and DCI indicate that little or
no dust is present on the surface. The grain diameter,
albedo, and DCI all suggest that these materials are active.
[53] The material present between mesas, knobs, and

ridges (Unit B3 in Figure 8) has a TES thermal inertia of

Figure 6. Comparison of THEMIS-derived orbital and Mini-TES-derived surface thermal inertia
values. (a) THEMIS thermal inertia map (100 m per pixel resolution) overlaid onto a THEMIS visible
image (18 m per pixel resolution) from Columbia Memorial Station (CMS) to Bonneville crater to the
Columbia Hills at the Gusev crater landing site region. (b) Comparison of THEMIS-derived orbital and
Mini- TES-derived surface thermal inertia values plotted. Modified from Fergason et al. [2006, Figures 8
and 13].
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300 to 330 and a THEMIS thermal inertia of 230 to 340
(particle diameter of 290 to 1500 mm corresponding to
medium sand to granules), and has an albedo comparable to
the surrounding material. In addition, lighter toned bed
forms that resemble transverse aeolian ripples (TARs)
[Malin and Edgett, 2001; Wilson and Zimbelman, 2004]
are often observed in topographic valley regions. The higher
thermal inertia range may be indicative of a larger grain
size, the subpixel mixing of unconsolidated grains with
small amounts of consolidated material, or a crust on this
surface, which would raise the thermal inertia relative to
unconsolidated material of the same grain diameter. When
the darker bed forms (B1) and lighter toned material (B3) are
adjacent to one another, the darker bed forms cut the lighter-
toned material bed forms, indicating an age relationship in
which the lighter-toned material was in place before the
darker bed forms were deposited. This relationship also
suggests that the smaller, lighter bed forms are inactive
material, and the darker bed forms have been more recently
active [Malin and Edgett, 2001; Wilson and Zimbelman,
2004].

[54] Evidence for current aeolian activity on the Martian
surface has been observed in the form of wind streak
variability [e.g., Sagan et al., 1972; Arvidson, 1974;
Veverka, 1975; Veverka et al., 1977; Thomas and Veverka,
1979; Thomas et al., 1981], dust devil activity [e.g., Thomas
and Gierasch, 1985; Greeley et al., 2003; Fisher et al.,
2005], and the movement of sand-sized particles at the
MER-Spirit landing site in Gusev Crater [e.g., Arvidson et
al., 2006; Greeley et al., 2006]. In the absence of
direct observations of dune migration in visible images
[Zimbelman, 2000; Edgett and Malin, 2000; Malin and
Edgett, 2001], it is difficult to determine with confidence
the current activity of bed forms. However, there are other
characteristics, such as lineations on dune slip faces and a
lower albedo than the surrounding surfaces, that can help to
establish the level of activity of Martian bed forms [Edgett
and Malin, 2000]. The low TES albedo and DCI value
indicate that there is little dust on the surface of these bed
forms. The active migration of bed form features would
prevent dust accumulation on their surface, and thus these
dark bed forms currently may be saltating. Slip faces may
be present on the low albedo dunes in MOC images,
indicating particle movement, but they are at the limit of
the image resolution and cannot be identified with confi-
dence. In addition, the particle diameter inferred from
thermal inertia data and the well-sorted nature of this
material is consistent with active bed forms on Earth and
is further evidence for current bed form activity in this area.
[55] This region consists of mesas, knobs, and ridges

indicative of consolidated or lithified units that have been
eroded (A). Three types of aeolian material are also present
(B), and the different morphologic characteristics may
represent variable degrees of bed form activity and different
ages. The close proximity of actively saltating grains to the
consolidated material suggests a feedback relationship be-
tween these units. The actively saltating grains may scour
the consolidated unit, further eroding this material and
exposing the observed layers. Unconsolidated sediment
eroded from the consolidated material (A) may then be
additional source material for either the dark or lighter-
toned bed forms or the dark sand sheet. The erosive nature
of the consolidated unit (A), and the thermal inertia, albedo,
and DCI index of the unconsolidated material (B) all
indicate that this region is dominated by aeolian activity.

5.3. Hebes Chasma Interior Layered Deposits

[56] Knowledge of the physical and chemical properties
of layers on Mars is an important step toward understanding
the evolution of Martian environments and climates. Hebes
Chasma (centered at 284�E, �1�N and �310 km wide) is
part of the Valles Marineris canyon system and contains a
sequence of layered deposits that is �5000 m in total
thickness in its central plateau. Many possible emplacement
environments for these layered materials, including effusive
lava flows [e.g., Komatsu et al., 1993; McEwen et al.,
1999], aeolian deposition [Peterson, 1981], lacustrine
deposits [e.g., Peterson, 1981; Nedell et al., 1987; Komatsu
et al., 1993; Lucchitta et al., 1994;Malin and Edgett, 2000],
subice volcanism [Chapman and Tanaka, 2001], and pyro-
clasic flows [e.g., Peterson, 1981; Lucchitta et al., 1994;
Komatsu et al., 1993; Hynek et al., 2003], have been
suggested on the basis of morphologic characteristics

Figure 7. THEMIS visible image V10264011 of dust-
mantled lava flow features in Tharsis Montes. In this region,
the variation in TES albedo ranges from 0.29–0.30, and
thus light and dark patterns are primarily a result of the
stretch applied to the image, rather than true differences in
albedo.
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observed in visible images. The major layered units are
resolvable by THEMIS infrared data, and sharp thermo-
physical boundaries correspond to changes in the morpho-
logic characteristics observed in MOC and THEMIS visible
images. Thus the thermal inertia is related to the underlying
material and in most cases sediment mantles are not
dominating the thermophysical properties; high-resolution
thermal inertia data may help to constrain these depositional

environments. Local slopes were included in the thermal
inertia calculations, improving the accuracy of the thermal
inertia estimates of these materials.
5.3.1. Unit Description
[57] The sequence presented below is a type example for

the interior layered deposits exposed in the central plateau,
consisting of five broad units (Figures 9 and 10). The
presence of fine layers below THEMIS resolution is sug-

Figure 8. Sand in unnamed crater centered at 63�E, 26.5�N. THEMIS thermal inertia (100 m per pixel
resolution) overlaid onto THEMIS visible image mosaic (18 m per pixel resolution) showing surfaces that
have eroded into mesas, knobs, and ridges (A; yellow to red) and aeolian material (B; blue). The aeolian
material has three morphologic expressions: a low albedo material that forms bed forms (B1); a low
albedo sheet that does not have bed forms at THEMIS visible resolutions (B2); and material present
between consolidated surfaces (B3).

Figure 9. Hebes Chasma context. THEMIS daytime temperature mosaic of Hebes Chasma. The black
box indicates the location of the THEMIS thermal inertia mosaic from Figure 10a.
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gested in MOC images for all the units, implying multiple
episodes of deposition within each unit, and possibly a
repeated process. The layers appear to be continuous where
exposed around the central plateau, however, landslide
deposits obscure some areas. Beginning at the base of the
central plateau, a �2400-m-thick unit (A) has a thermal
inertia of 290 to 420 (particle diameter of 780 mm (medium
sand) and larger). This unit is eroding into a massive fluted
morphology resembling yardangs that may be the precursor
to spur-and-gully-type terrain [e.g., Lucchitta, 1979], and

the presence of these erosional features on Unit A implies
that it is indurated. Darker material is present within
erosional grooves, has a thermal inertia of 270 to 290
(corresponding to a particle diameter of 575 to 780 mm;
coarse sand), and is likely unconsolidated material derived
from either Unit A or the above layers.
[58] Directly above Unit A is a �600 m thick unit (B) that

has a thermal inertia of 260 to 300 (particle diameter of 490
to 900 mm; medium to coarse sand), consistent with
unconsolidated sand, suggesting that material has eroded

Figure 10. Hebes Chasma interior layered deposits. (a) THEMIS thermal inertia mosaic (100 m per
pixel resolution) overlaid onto a THEMIS visible image V10052001 (18 m per pixel resolution) of Hebes
Chasma, centered at 284 E, �1 N. (b) THEMIS visible image V10052001. Capital letters represent layer
units. (c, d, e) Enlargements from MOC Narrow Angle image M0900284, courtesy of Malin Space
Science Systems (MSSS/NASA/JPL), of each layer unit.
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from layers above and talus has preferentially accumulated
in this region. Directly above Unit B, is a �1000-m-thick
unit (C) that has a thermal inertia of 275 to 385, which
corresponds to a particle diameter of 620 mm (medium sand)
and larger. This material is eroding into a fluted morphology
[Lucchitta, 1979; Peterson, 1981; Nedell et al., 1987;
Komatsu et al., 1993] in which the flutes are narrower
than those observed in Unit A. The preservation of this
fluted morphology indicates that this material is indurated,
but the fine nature of the flutes suggests that it is not
strongly resistant to erosion [Komatsu et al., 1993] and is
less competent than Unit A. The lower thermal inertia of
Unit C relative to Unit A is also consistent with a less
competent material than Unit A, as suggested by the
morphology. Unit C may underlie Unit B in places because
fluted material characteristic of Unit C is observed to poke
through the unconsolidated material within Unit B.
[59] Above the fluted morphology of Unit C is a �800-m-

thick unit (D), which has a thermal inertia of 190 to 250
(particle diameter of 130 mm to 415 mm; fine to medium
sand). The unit has a distinctive erosional pattern, forming a
wavy, sinuous configuration suggestive of soft sediment
deformation. Within Unit D, the albedo is dark toward the
top of the plateau, and dark material is trapped in the scoured
grooves toward the bottom of the unit. The peculiar erosional
pattern further suggests that this unit is distinctive from those
below it, and likely formed under different geologic con-
ditions than the lower units. In the Melas Chasma interior
layered deposits, material with a similar erosional pattern is
observed at the top of the layered sequence with a sharp
lower boundary and along the chasma floor, and is locally
covered by dark sand dunes. These curved structures are
interpreted to be due to lacustrian sedimentation within a
local depression [Quantin et al., 2005] or as block debris
derived from the erosion of the interior layered deposits
[Weitz et al., 2003]. The erosional characteristics of Unit D
are strikingly similar to the Melas Chasma material, and the
possibility that Unit D was deposited in a fluvial environ-
ment cannot be ruled out. In addition, subice volcanic
eruptions could form morphologic features similar to those
found in Unit D [Chapman and Tanaka, 2001], and is
another possible interpretation. The surface of the flat-lying
central plateau (Unit E) has a thermal inertia ranging from
125 to 180, corresponding to �100 diameter particles (very
fine sand), and is some of the lowest thermal inertia material
in Hebes Chasma. This material probably consists of a
higher thermal inertia substrate and air-fall dust is currently
accumulating on the flat surface, thereby lowering the
apparent thermal inertia.

[60] Mafic materials have been previously identified in
Valles Marineris layered deposits using Viking Orbiter color
images [e.g., Lucchitta, 1987; Geissler et al., 1990;
Komatsu et al., 1993] and Thermal Emission Spectrometer
(TES) data [e.g., Christensen et al., 1998]. The individual
layers cannot be resolved, but the three-color Viking spectra
of the Hebes Chasma deposits indicate a mafic composition
that it is relatively unoxidized and presumed to be of
volcanic origin [Komatsu et al., 1993], and the TES spectra
are consistent with basalt [Christensen et al., 1998]. The
thermal inertia of these layers is not high enough to be
consistent with an effusive lava flow, but the mafic signa-
ture does indicate a volcanic origin. The lower thermal
inertia suggests the secondary deposition of volcanic mate-
rial as a weakly indurated sedimentary deposit or a volcanic
ash deposit. This is in agreement with strength character-
istics derived for interior layered deposits throughout Valles
Marineris, which are consistent with softer sedimentary
rocks and nonwelded tuffs [Schultz, 2002]. Unconsolidated
sediment is present throughout these units and the subpixel
mixing of lithified materials and unconsolidated sediment is
likely lowering the apparent thermal inertia of these units.
However, the morphologic characteristics observed in high-
resolution MOC and THEMIS visible images indicate that
the lithified material dominates the layered units. The strong
correlation between the thermal inertia and the morphology
of these layers is an additional indication that the lithified
material, rather than the unconsolidated sediment, is dom-
inating the thermophysical signature.
5.3.2. Interpretation
[61] The thermal inertia of the interior layered deposits

in Hebes Chasma is too low to be consistent with an
effusive lava flow. The highest thermal inertia of these
deposits is 420, and unaltered basalt is expected to be
�2800 (Table 5). In addition, lava flows would likely be
too well lithified to erode in the fluted pattern observed in
Units A and C, and therefore is not a likely formation
mechanism for these materials. A secondary emplacement
of volcanic material in an aeolian environment would have
a mafic signature and is likely to produce a lithology
similar to sandstone found on Earth, which has a thermal
inertia comparable to effusive basaltic lava (Table 5). The
thermal inertia values are lower than expected for a
sandstone-type material, but these layers could consist of
a finer-grained precursor material or be weakly indurated.
With the data provided, aeolian deposition of unconsoli-
dated material cannot be ruled out as potential source
material for the interior layered deposits.
[62] A lacustrian emplacement of the layers has been

suggested for interior layered deposits observed in Hebes

Table 5. Thermal Inertia of Materialsa

Density, r, kg m�3
Conductivity, k,
J s�1 �K�1 m�1

Specific Heat, c,
J kg�1 �K�1

Thermal Inertia,
J m�1 �K�1 s�1/2

Sandstone (quartz) 2500 2.6 to 5.0 795 2270 to 3100
Basalt 2800 2.1 840 2215
Granite 2600 2.7 to 3.1 670 2180 to 2340
Rhyolite 2500 2.3 670 1960
Obsidian 2400 1.3 710 1465
Tuff (welded) 1800 1.2 840 1330

aDensity, conductivity, and specific heat table values from Kahle [1980, Table 8.1].
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Chasma and other localities [e.g., Peterson, 1981; Nedell et
al., 1987; Komatsu et al., 1993; Lucchitta et al., 1994;
Malin and Edgett, 2000]. Horizontal layering is common
for a lacustrian environment, and this type of layering is
observed in Units A and C. Hebes Chasma does not have a
well-developed fluvial system by which materials could be
brought into the chasma. In addition, there is no observed
outlet for removing water in the enclosed Hebes Chasma
basin [e.g., Chapman and Tanaka, 2001]. The fluvial
surface characteristics and outlet could have been obscured
either by erosion or the deposition of additional material,
but it seems unlikely that this obscuration would be
pervasive throughout the chasma. Owing to the lack of
fluvial features and outlet, a lacustrian environment is not a
favored hypothesis for the formation of these deposits. The
wavy, sinuous erosional pattern of Unit D is suggestive of
soft sediment deformation and may be the result of plastic
deformation of fluidized sediment rather than the deposi-
tion in a lacustrian environment.
[63] A volcanic ash deposit would have a lower thermal

inertia than that of effusive lava, and could erode into the
fluted pattern observed in Units A and C. Unit C appears
less resistive to erosion and has a lower thermal inertia,
implying a less indurated material than Unit A. Unit A
could be a moderately welded tuff and Unit C may be a less
consolidated volcanic ash deposit. This type of deposition is
consistent with the observed mafic signature, derived rock
strengths, the thermal inertia, and the erosional style of this
deposit. The closest potential source is Tharsis Montes, and
has previously been suggested as a source of volcanic ash
[e.g., Edgett, 1997; Hynek et al., 2003], and as a specific
source for the interior layered deposits in Hebes Chasma
[Hynek et al., 2003].
[64] Aeolian deposition or a volcanic ash fall are the

favored depositional mechanisms for the interior layered
deposits in Hebes Chasma, as described in this work. The
sharp thermophysical and morphologic boundaries between
these layers strongly suggests a transition of depositional
environments between these units, and a different deposi-
tional mechanism for each layer. Units A and C both erode
in a fluted pattern, indicating that the material is weakly
indurated yet resistive to erosion. Because of the similar
morphologic features in these units, they likely formed by a
similar process. The fluted morphology of Units A and C is
consistent with a weakly indurated material or a fine-
grained precursor material, and a weakly cemented sand-
stone or volcanic ash deposit is most likely to produce this
type of morphologic pattern. Unit A is more lithified than
Unit C as evidenced by the erosional morphology present
and higher thermal inertia. Unit D exhibits a unique
erosional pattern that is strikingly different from Units A
or C, suggesting a significant change in the depositional
environment and possibly the climate. This erosional pattern
is suggestive of soft sediment deformation requiring some
liquid medium. Our favored scenario for the deposition of
the layered deposits in Hebes Chasma includes multiple
episodes of volcanic ash or aeolian sediment deposition
followed by lithification, resulting in the formation of Units
A and C. Then the deposition of additional material in a
fluidized medium occurred, but did not necessarily include a
standing body of water.

5.4. Exposed Bedrock

[65] The identification of bedrock on Mars is important
because it provides an opportunity to identify the chemical
and physical characteristics of in situ material, and better
constrain ancient environments or climates. The thermal
inertia of a variety of common volcanic materials ranges
from �1300 to �2800 (Table 5), and we use a value >1200
to define the thermal inertia of bedrock on Mars. High
thermal inertia surfaces corresponding to exposed bedrock
have been identified with THEMIS data, and these surfaces
are found to range in size and to be exposed in a variety of
geologic settings, such as crater interiors, channel walls,
chaotic terrain, and the Martian plains [e.g., Rogers et al.,
2003; Hynek, 2004; Hamilton and Christensen, 2005;
Edwards et al., 2005]. Two focused studies of bedrock
material identified using THEMIS data include Nili Patera
[Christensen et al., 2005] and Ares Vallis [Rogers et al.,
2005], and we compare our thermal model results with
conclusions from those works.
5.4.1. Nili Patera
[66] One example of high thermal inertia material is

found in Nili Patera (centered at 67�E, 9�N), which forms
the northernmost caldera on the summit of a volcano in
Syrtis Major. In this work, the Nili Patera region has been
mapped (Figure 11) into four units: (A) high thermal
inertia material; (B) volcanic cone; (C) lower thermal
inertia material; and (D) aeolian material. The high thermal
inertia material (Unit A) is found on both the western (410
to 610) and eastern (560 to 1180) portion of the caldera

Figure 11. Nili Patera. THEMIS thermal inertia mosaic
(100 m per pixel resolution) overlaid onto a THEMIS
visible mosaic (18 m per pixel resolution) of Nili Patera,
centered at 67�E, 9�N. Units A–D are discussed in the text.
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floor, and was previously recognized by Christensen et al.
[2003a] as very high thermal inertia material. Both regions
of Unit A have a similar surface morphology and TES
albedo (0.11 to 0.12), and were likely formed by similar
processes. This material is interpreted to be a relatively
fresh lava flow surface, consistent with Christensen et al.
[2005]. The eastern exposure of this unit has a gradational
thermal inertia that increases towards the west with the
highest thermal inertias found closest to the aeolian sand.
The highest thermal inertia material is consistent with
bedrock (1180), and the lower thermal inertia (560 to
930) is interpreted to be bedrock with minor amounts of
unconsolidated material that lower the observed thermal
inertia, consistent with Christensen et al. [2003a, 2005]. It
is likely that bed form movement across this surface has
inhibited the accumulation of unconsolidated materials and
air-fall dust and further exposed the high thermal inertia
surface.
[67] The volcanic cone (Unit B) and the lower thermal

inertia material north of the cone (Unit C) have a thermal
inertia of 310 to 405. Unit B corresponds to a unique
compositional unit in the caldera, characterized by a
dacitic composition [Christensen et al., 2005]. Although
the thermal inertia of Unit B is lower than that of Unit A,
it is also likely to be bedrock, because it exhibits a strong
correlation between the thermophysical and morphologic
boundaries. Superposition relationships suggest that Unit B
postdates Unit A, but both units have similar crater
densities indicating that they are similar in age [Christensen
et al., 2005]. The lower thermal inertia is likely caused by a
thicker layer of locally derived loose material on the
bedrock surface than Unit A, which may be several
centimeters thick. Alternatively, Unit B may be a more
porous material than Unit A, consistent with the interpreta-
tion of a dacite. Unit C has a similar morphology to Unit A,
but a lower thermal inertia and is consistent with a bedrock
surface overlaid by unconsolidated material. This layer of
unconsolidated material is likely a few cm thick as it must
be thick enough to lower the thermal inertia, but not
completely mask the thermophysical properties of the
underlying bedrock. The lower thermal inertia and the
interpretation of a thicker layer of unconsolidated material
present also suggests that the dunes did not recently (or
ever) migrate across this surface.
[68] The aeolian material (Unit D) in Nili Patera is in the

form of transverse dunes in the middle of the aeolian deposit
and barchan dunes on the edges of the deposit. Both dune
forms have a thermal inertia of 200 to 325, consistent with
particle diameters of 160 to �1 mm (fine to very coarse
sand). The primary wind direction is from the northeast, as
inferred from the location of the sand deposit in the
southwestern portion of the caldera, the orientation of
the barchan dunes, and the orientation of wind streaks to
the east of the caldera. The sand likely migrated across the
caldera floor, scouring loose sediment and leaving a surface
of high thermal inertia.
5.4.2. Ares Vallis
[69] Another example of exposed bedrock detected by

THEMIS is in Ares Vallis, centered at 340�E, 7�N. Rogers
et al. [2005] identified three materials (described here as
materials A–C) in the upper Ares Vallis region based on
thermophysical, topographic, morphologic, and composi-

tional evidence (Figure 12). The highest thermal inertia
material (A) is an olivine-rich cliff-forming material that
stands 10–250 m above the surrounding channel floor and
typically has either a pitted or scoured appearance. Rogers
et al. [2005] derived an average thermal inertia of 755 for
this material using a thermal model provided by H. H.
Kieffer, and interpreted this material to be in-place rock
because of its sharp contacts, association with layered
channel wall material, and little correlation with lower
thermal inertia areas which are presumably unconsolidated
aeolian material. Using the technique described here, the
thermal inertia of this bedrock material is 950, higher than
that derived by Rogers et al. [2005], and in agreement with
the material interpretation. The intermediate thermal inertia
material (B) primarily occurs in the channel floor, and is
found in the lowest albedo regions. Rogers et al. [2005]
derived an average thermal inertia for material B of 570 to
725, and interpreted it to be unconsolidated sand, a mixture
of sand and coarser materials, or sand overlaying higher
thermal inertia bedrock material. We calculate the thermal
inertia to be 550 to 820, in good agreement with the values
derived by Rogers et al. [2005]. They derived an average
thermal inertia of 415 to 530 for layered wall materials (C);
we calculate this material to have a thermal inertia of 440 to
560, in agreement with values derived by Rogers et al.
[2005].
[70] The small differences between the thermal inertia

values reported by Rogers et al. [2005] and those calculated
here is primarily the result of a different visible/9-mm
extinction opacity ratio used in each analysis. Another
disparity is that we likely did not select exactly the same
location as Rogers et al. [2005] when calculating the
thermal inertia and may be incorporating slightly different
material than was done in their study. However, the thermal
inertia differences are not large enough to modify the
interpretation of the surface characteristics or the under-
standing of geologic surfaces and processes.

6. Conclusions

[71] THEMIS infrared data have an improved spatial
resolution (100 m per pixel) over previous data sets. Use
of global thermal models to derive thermal inertia enables
the quantification of surface physical characteristics to
determine particle size information and identify surface
exposures of bedrock. This new data set provides an
improved understanding of geologic processes that have
influenced the Martian surface. The overall accuracy of
THEMIS thermal inertia is �20%. The precision of the
THEMIS thermal inertia values is 10–15%, and thus
variations within a single THEMIS image closely represent
differences in the physical properties of the surface.
[72] Despite differences between the TES and THEMIS

data sets and the methods of deriving thermal inertia, the
thermal inertia values are consistent with one another in
terms of interpreting the physical surface properties and the
surficial geology. THEMIS derived orbital thermal inertia
values were compared to Mini-TES surface measurements
with an average discrepancy of 10%, and this consistency
lends confidence in the thermal inertia values derived from
THEMIS.
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[73] THEMIS thermal inertia enables an improved quan-
tification of fine-scale surface detail observed in high-
resolution THEMIS and MOC visible images, and also
has near-global coverage at 100 m per pixel resolution.
Dust surfaces, bed form material, interior layered deposits,
and local outcrops of bedrock were studied to illustrate the
improved understanding of surfaces provided by THEMIS
thermal inertia data. In many cases, previously unknown
stratigraphic relationships between thermal inertia and mor-
phologic features were identified.
[74] 1. Although variable surface textures and individual

lava flow fronts are observed in high-resolution visible
images of Tharsis Montes, the thermal inertia at 100 m
per pixel is uniform and indicates a layer of unconsolidated,
likely air-fall dust that is a minimum of a few centimeters
and up to 1–2 m thick. Individual features in visible images
have no corresponding variation in the THEMIS thermal
inertia images, indicating that the dust mantle is pervasive at
THEMIS scales. Dust may currently be depositing in this
region, but likely some process is allowing for the removal
of that dust so that over time there is a net balance of dust
accumulation and removal in this region.

[75] 2. Bed form material (centered at 63�E, 26.5�N) has
a thermal inertia ranging from 230 to 340, indicating
particle diameters expected for aeolian bed forms on Mars.
The low albedo and well-sorted nature of this material is
consistent with currently saltating material.
[76] 3. In Hebes Chasma, high resolution thermal inertia

can distinguish variations in the physical nature of layers
observed in the interior plateau. The thermal inertia of this
material is too low to be consistent with bedrock or an
effusive lava flow, and thus a secondary emplacement of
volcanic material or a volcanic ash deposit is a more likely
method of formation.
[77] 4. THEMIS thermal inertia enables the positive

identification of exposed bedrock on the surface of Mars.
Outcrops of bedrock have been identified in both Nili Patera
and Ares Vallis. The thermal inertia boundaries correspond
to distinct compositional and morphologic boundaries,
suggesting that specific bedrock materials are exposed.
The thermal inertia and morphology of adjacent terrain
suggest that these bedrock surfaces are exposed by wind
erosion and kept relatively free of dust and other unconsol-
idated material by aeolian processes.

Figure 12. Ares Vallis. THEMIS thermal inertia mosaic (100 m per pixel resolution) overlaid onto a
THEMIS visible image mosaic (18 m per pixel resolution) of the upper region of Ares Vallis, centered at
340�E, 7�N. Units A–C are discussed in the text.
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