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Abstract This work describes the interpretation of THEMIS-derived thermal inertia data at
the Eberswalde, Gale, Holden, and Mawrth Vallis Mars Science Laboratory (MSL) candi-
date landing sites and determines how thermophysical variations correspond to morphology
and, when apparent, mineralogical diversity. At Eberswalde, the proportion of likely un-
consolidated material relative to exposed bedrock or highly indurated surfaces controls the
thermal inertia of a given region. At Gale, the majority of the landing site region has a
moderate thermal inertia (250 to 410 J m−2 K−1 s−1/2), which is likely an indurated surface
mixed with unconsolidated materials. The primary difference between higher and moderate
thermal inertia surfaces may be due to the amount of mantling material present. Within the
mound of stratified material in Gale, layers are distinguished in the thermal inertia data;
the MSL rover could be traversing through materials that are both thermophysically and
compositionally diverse. The majority of the Holden ellipse has a thermal inertia of 340 to
475 J m−2 K−1 s−1/2 and consists of bed forms with some consolidated material intermixed.
Mawrth Vallis has a mean thermal inertia of 310 J m−2 K−1 s−1/2 and a wide variety of mate-
rials is present contributing to the moderate thermal inertia surfaces, including a mixture of
bedrock, indurated surfaces, bed forms, and unconsolidated fines. Phyllosilicates have been
identified at all four candidate landing sites, and these clay-bearing units typically have a
similar thermal inertia value (400 to 500 J m−2 K−1 s−1/2), suggesting physical properties
that are also similar.
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1 Introduction

The main science objective of the Mars Science Laboratory (MSL) is to explore and quan-
titatively assess the habitability and environmental history of a local region on the martian
surface. This mission will use a variety of instruments carried on a rover platform that are
designed to assess the biological potential, characterize the geology, investigate planetary
processes that influence habitability, and characterize the broad spectrum of surface radia-
tion at the landing site. An ideal MSL landing site would (1) contain evidence suggestive of
a past or present habitable environment; (2) meet or exceed all engineering and safety con-
straints; and (3) allow acceptable operational performance. In addition, it is ideal that the
evidence for habitability, whether geological, chemical, or biological, would be preserved
for, accessible to, and measurable and/or observable by the MSL payload. The MSL was
launched on 26 November 2011 (GMT), and will arrive at Mars on 6 August 2012 (GMT).
The primary science mission is one Mars year (669 Mars sols or 687 Earth days) (Grotzinger
et al. 2012).

The selection of the MSL landing site began in June 2006, when the public was solicited
to suggest locations on Mars for consideration. Over 60 sites were proposed, and over the
course of 5 landing site workshops attended by members of the Mars science and engi-
neering community (June 2006, October 2007, September 2008, September 2010, and May
2011) the list was narrowed to four candidate sites (see Grant et al. 2011 and Golombek et
al. 2012 for additional detail). These four sites, Eberswalde, Gale, Holden, and Mawrth Val-
lis, are discussed in this paper. We are discussing the final four sites, rather than Gale only,
because this work contributed to the process by which the final site was selected (Golombek
et al. 2012) and it is important to report these finding in that context. In addition, each of
these four sites remains an interesting scientific target for future exploration and it is there-
fore worthwhile to share these results with the planetary community. In parallel with these
workshops, the scientific and engineering community investigated the candidate landing
sites through the California Institute of Technology’s Jet Propulsion Laboratory’s Critical
Data Products program. The Critical Data Product investigators generated and interpreted
data sets considered critical for certifying that a location is safe for landing, trafficable by
the MSL rover, and appropriate for the MSL science payload. The results of these investi-
gations were typically presented at the workshops, and helped to inform the discussion and
refinement of the landing site selection. In July 2011, NASA announced that the MSL rover,
Curiosity, will land at Gale crater. Therefore, more emphasis is placed on the results and
discussion of Gale than the remaining three candidate landing sites.

The goal of this work was to improve the understanding of the physical characteristics of
the surface at the candidate landing sites and assess their scientific potential and engineer-
ing safety. This objective was addressed by: (1) creating a qualitative (8-bit) and quantita-
tive (32-bit) Thermal Emission Imaging System (THEMIS)-derived thermal inertia map for
each candidate site; (2) creating THEMIS-derived predicted brightness temperature images
to model surface temperatures for a selected range of seasons and local times to model the
minimum and maximum surface temperatures expected at each candidate site; and (3) iden-
tifying and assessing surface materials using thermal inertia, predicted temperature maps,
and visible images. Thermal inertia and predicted temperature are not standard data prod-
ucts produced by the Mars Odyssey mission, yet these data sets have played an important
role in the selection of the Mars Exploration Rover (MER), and Mars Science Laboratory
(MSL) landing sites (e.g. Golombek et al. 2003, 2005). THEMIS-derived thermal inertia
values were used to interpret the surface characteristics of the sites and identify potential
hazards for lander safety and traversability. Examples include the presence of very dusty (or
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dust dominated) surfaces (thermal inertia <100 J m−2 K−1 s−1/2 and dust thickness greater
than a few mm), which may not be load bearing or trafficable by a rover, and the presence
of hazards, such as rocky and dusty materials. In addition, features, particularly layered ma-
terials observed in high-resolution visible images and regions where phyllosilicate-bearing
surfaces have been identified, were assessed for their scientific importance.

In this manuscript, the results are described in terms of the physical properties of the
surfaces and the impact these surfaces have on potential MSL science investigations, engi-
neering constraints, and rover traversability. We first describe the data sets incorporated in
this study and discuss the techniques used to generate THEMIS-derived thermal inertia. We
then discuss each landing site individually. For each of the four final candidate landing sites,
we provide a brief background and discuss the results of our analysis. We frame the discus-
sion of our results in terms of the surface characteristics and distribution of low, moderate,
and high thermal inertia regions relative to each site. To capture the widest range of surface
materials at each site, the displayed ranges of low, moderate, and high thermal inertia values
are specific to each site and therefore differ between sites. We then summarize our findings.

2 Data Sets and Method

2.1 THEMIS-Derived Thermal Inertia

The THEMIS dataset provides the highest spatial resolution thermophysical data avail-
able (100 m/pixel) and can be used to derive the thermal inertia of the surface materi-
als and assess their physical characteristics. Thermal inertia is defined as I = (kρc)1/2,
where k is the thermal conductivity, ρ is the bulk density of the surface material, and c

is the specific heat, and represents the resistance to change in temperature of the upper few
centimeters of the surface throughout the day. Under martian atmospheric conditions, the
density and specific heat of geologic materials vary by a factor of ∼3, whereas the con-
ductivity 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; Presley and
Christensen 1997). Laboratory-derived relationships between particle size and conductiv-
ity (and thus thermal inertia) have been established (e.g., Woodside and Messmer 1961;
Wechsler and Glaser 1965; Fountain and West 1970; Presley and Christensen 1997) and are
used to infer an effective particle size of the surface from thermal inertia values. Fine par-
ticles have a lower thermal inertia, whereas higher thermal inertia surfaces are composed
of sand, crusts, rock fragments, ice, bedrock, or a combination of these materials. Several
factors 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 crusts, subsurface layering and sub-pixel-scale slopes. The interpreta-
tion 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 par-
ticle size described by the moderate thermal inertia of a surface. In these instances, utilizing
additional datasets such as high-resolution visible images can help constrain the interpreta-
tion of thermal inertia data. In this study, thermal inertia is particularly useful for obtaining
a quantitative measure of surface properties throughout each landing ellipse and for provid-
ing insight into the materials present. Through this assessment, we are able to identify with
confidence exposures of bedrock, the amount of surface dust present, and potential obstacles
for rover trafficability at 100-m scales.

There are seasonal differences in thermal inertia values at all the candidate landing sites,
likely due to atmospheric effects not being accounted for properly in the thermal models,
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and secondarily to inhomogeneities on the surface and at depth (e.g., Putzig and Mellon
2007a, 2007b). When a mixture of materials is present at the surface (e.g., varying parti-
cle sizes or degrees of induration), each different material will conduct heat energy into
and out of the subsurface at a different rate. These different conduction rates result in a
different contribution of surface temperature, which will vary seasonally with the thermal
flux. A detailed assessment of the contribution of these two effects on seasonal differences
between THEMIS images is beyond the scope of this work. In most cases, based on the
lowest thermal inertia values identified within the ellipse, thermal inertia values do not vary
seasonally by more than ∼50 J m−2 K−1 s−1/2. Despite these seasonal effects, the relative
difference between surfaces within a single image is uncertain by only ∼10 J m−2 K−1 s−1/2

(see Appendix and Fergason et al. 2006a for a more detailed description of all uncertain-
ties). To minimize seasonal uncertainties and enable a more straightforward analysis of the
surface properties at these sites, the analysis was focused on images acquired during similar
seasons appropriate for each local site.

In this work, images were selected based on coverage of the ellipse and surround-
ing regions of interest, and images were included that are of high quality (based on vi-
sual inspection) and low instrument noise (Table 1). Nighttime temperatures only were
used because the effects of albedo and sun-heated slopes have mostly dissipated through-
out the night, and the thermal contrast due to differences in particle sizes are at a max-
imum (e.g., Kieffer et al. 1973, 1977; Jakosky 1979; Palluconi and Kieffer 1981). Stan-
dard THEMIS data processing, consisting of decompression, radiometric calibration, and
systematic noise removal was applied to each image (Christensen et al. 2004). Each im-
age was also corrected for the drift and wobble of the spacecraft (Bandfield et al. 2004;
Fergason et al. 2006a). The method of Fergason et al. (2006a) was used to derive thermal
inertia values from THEMIS nighttime infrared data. For additional detail, see Appendix.
The analysis and interpretation of thermal inertia values was confined to the landing ellipse
and surrounding regions of interest. Using ArcGIS 9.3, statistical information (minimum,
maximum, mean, and standard deviation) was derived for each ellipse and surrounding ar-
eas of interest to understand the range of thermal inertia values present. Dusty and other
low thermal inertia areas that might pose trafficability hazards to the rover were identified.
The degree of thermophysical variation, the surface materials present, and the locations of
exposed bedrock were also investigated for each landing site region.

2.2 Thermal Inertia Unit Maps

For the purposes of making equitable comparisons between the four candidate landing sites
from a landability/mobility perspective, thermal inertia unit maps were generated. Using Ar-
cGIS 9.3, THEMIS thermal inertia images were first georeferenced to a Mars Orbiter Laser
Altimeter (MOLA; 128 pixels/degree) base map for each site, with a precision of plus or
minus one pixel. This georeferencing allowed us to accurately correlate the thermal iner-
tia pixels with surface features identified at the Context Camera (CTX, ∼6 m/pixel; Malin
et al. 2007) and High Resolution Imaging Science Experiment (HiRISE, 25–60 cm/pixel;
McEwen et al. 2007) image scales (e.g., dunes, exposed bedrock, indurated materials, or
unconsolidated fines). From this correlation, the relative physical properties of surficial ge-
ologic materials representative of each landing ellipse were determined. THEMIS thermal
inertia values were binned into four units for each site, based initially on established breaks
in thermophysical properties (Mellon et al. 2000). The break points were further refined
such that they correlated with four distinct surface units, as identified in visible images,
while still enabling reasonable comparisons to be made of these materials between the four
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Table 1 THEMIS IR images used in thermal inertia analysis and mosaic generation

Eberswalde Gale Holden Mawrth Vallis

I03216002 I00988002 I02467002 I01580006

I03503019 I01325006 I03216002 I02229002

I04327002 I01350002 I04327002 I05250016

I04714019 I01687003 I06599007 I05300008

I05101005 I04346022 I06624005 I05325010

I06524004 I05020011 I06649009 I05687014

I06549023 I05769008 I06986009 I06386029

I06599007 I06568014 I07011004 I06723009

I07348006 I06593010 I07760011 I06748010

I08047020 I06880008 I10980002 I06798011

I08072011 I06955008 I14287006 I08246027

I08746005 I07242018 I14624013 I10430029

I11529019 I07267013 I17070026 I11391007

I14287006 I07292010 I18605020 I17506018

I14624013 I07317010 I22636006 I18729031

I16708012 I07654010 I25968010 I19016006

I17332015 I07679011 I26592022 I19328003

I17357009 I07704010 I26829012 I19690002

I18892005 I07991013 I26854014 I19952029

I19828017 I08453006 I29487002 I22710014

I25893019 I08790008 I30697003 I23047014

I25968010 I09938003 I31408007 I23072019

I26829012 I14281006 I31645006 I24919025

I27066011 I17376009 I31882009 I26666019

I27977004 I17613014 I31907010 I27240017

I28239002 I17663019 I34627006 I27265012

I30697003 I17950012 I36998004 I27290011

I31146008 I18262008 I27527015

I31383005 I18549006 I27552007

I31408007 I18574010 I28126030

I31645006 I19460021 I31320005

I31882009 I25650026 I35400005

I33666009 I27085019 I37122006

I34577002 I27110019 I38008007

I35201006 I27347016

I36062005 I27372009

I37260005 I27659007

I38720005 I28233006

I28520022

I29119002

I29356002

I29930002

I29955002
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Table 1 (Continued)

Eberswalde Gale Holden Mawrth Vallis

I31140009

I31377003

I31402004

I32325004

I37254007

sites. A relationship was found to exist between the thermal inertia and the physical prop-
erties inferred from both the ∼6 m/pixel CTX images and the 25-cm/pixel HiRISE images.
The criteria used to infer the physical properties of the surface from visible images include
the presence of bed forms, layered (and presumably consolidated) materials, and surfaces
that appear eroded and may be bedrock; the appearance of craters, their rims, and ejecta; and
the amount of bed forms and/or sand sheets present. Generally, the lowest values of thermal
inertia correspond with surfaces represented by sandy or soil surfaces with little cohesion,
such as eolian bed forms and expansive sand sheets. Surfaces with low to intermediate ther-
mal inertia values exhibit recognizable eolian bed forms overlying possible cemented or
indurated soil surfaces or sedimentary rock. Intermediate to high thermal inertia values cor-
relate well with surfaces that appear to be well-indurated sedimentary materials lacking an
unconsolidated eolian cover. The highest thermal inertia values correlate with coherent rock
units or cemented sedimentary surface materials. For Holden and Eberswalde, where the
same THEMIS IR images covered both sites, we used the same break points for these four
thermal inertia categories. For Mawrth Vallis and Gale, the break points fall at lower thermal
inertia values. At all four sites, the thermal inertia breakpoints were selected to match the
four most prominent surface material types recognizable in the images.

2.3 Additional Data Sets and Methods

Many equally plausible scenarios, such as mixtures of different sized particles or the pres-
ence of crusts, can result in surfaces with moderate thermal inertia values, which are com-
mon at these sites. Therefore, as an additional constraint high-resolution visible images,
including THEMIS visible (18 m/pixel; Christensen et al. 2004), narrow-angle Mars Or-
biter Camera (MOC, 1.5 to 12 m/pixel; Malin et al. 1992; Malin and Edgett 2001), CTX
(∼6 m/pixel; Malin et al. 2007), and HiRISE (RED filter; 25–60 cm/pixel; McEwen et al.
2007), were used to more definitively interpret the surface characteristics. This combination
of thermal inertia and visible image data sets formed the basis for describing the surface
characteristics and predicting the surface properties at each location. Visible images were
also used to identify the locations of interesting landforms that may provide compelling ev-
idence regarding past depositional environments, such as layered materials and delta-front
deposits. The thermophysical properties of these landforms were investigated in greater de-
tail. Thermal Emission Spectrometer (TES; Christensen et al. 1992, 2001) thermal inertia,
albedo, and dust-cover index (DCI; Ruff and Christensen 2002) were generally not incor-
porated into this study due to the small size of the proposed landing ellipses (20 by 25 km)
relative to the TES pixel size (maps binned at 8–16 pixels/degree). An effective particle size
(Kieffer et al. 1973) was determined using the method described by Presley and Christensen
(1997) for surfaces with a thermal inertia below 350 J m−2 K−1 s−1/2 and when these sur-
faces may potentially consist of a uniform particle size based on visible image observations
(such as the presence of bed forms).



Surface Properties of MSL Candidate Landing Sites 745

Several terms are used throughout this manuscript, and it is helpful to define these
conventions. Particle sizes are described in terms of the standard Wentworth (1922) sed-
imentology scale. The exception to this standard is our use of the word “dust,” which
refers to the finest-grained materials capable of long-term transport via suspension in the
modern martian atmosphere. In many instances, these particles likely fell out of atmo-
spheric suspension and were deposited on the surface (as has been observed on both the
Mars Pathfinder and Mars Exploration Rover (MER) hardware; e.g., Tomasko et al. 1999;
Vaughan et al. 2010), as opposed being directly related to glacial or impact processes.
Martian dust particle sizes are considered to be less than 10 µm, and are often less
than 2 µm (e.g., Pollack et al. 1995; Tomasko et al. 1999; Wolff and Clancy 2003;
Wolff et al. 2006). The term “bedrock” is used to represent high thermal inertia surface
types that are in situ bedrock or surfaces dominated by rocks > ∼30 cm and thus have a
similar surface temperature to bedrock (Edwards et al. 2009). Typically layers, cliffs, and
other erosion-resistant morphologies are observed in visible images on these bedrock sur-
faces. The term “indurated” is used to describe a surface where some degree of consolida-
tion has occurred. The degree of consolidation of an indurated surface may range from a
weak crust on the surface to surfaces resistant to erosion and approaches the lithification
of bedrock. Although bedrock is by its nature indurated material, not all indurated mate-
rial is bedrock. “Weathered bedrock” refers to bedrock surfaces that have been mechani-
cally or chemically altered such that the thermal inertia value is lower than that expected
of bedrock (Fergason et al. 2006b). The term “soil” is used here to denote the finer frac-
tion of the martian regolith and does not imply organic content (e.g., Squyres et al. 2004;
Bandfield et al. 2011).

3 Eberswalde Crater

3.1 Background

Eberswalde is a degraded crater containing evidence for an ancient drainage system likely
Hesperian in age (e.g., Malin and Edgett 2003; Jerolmack et al. 2004; Lewis and Aharonson
2006; Pondrelli et al. 2008). The proposed landing ellipse is centered at 23.86° S, 326.73° E.
Although fluvial deposits are accessible within the ellipse, the science in the landing ellipse
is secondary to that outside of the ellipse.

To the west of the ellipse is a stratified deposit that has been interpreted as a lithified
delta (e.g., Malin and Edgett 2003). This series of extensive, overlapping deposits has been
interpreted as the exhumed and/or eroded remnant of a fluvial distributary delta (Malin and
Edgett 2003) or an aggradational delta (Lewis and Aharonson 2006). Stratigraphic layers
are present throughout the delta potentially representing a wide range of geologic ages.
These layers would provide the opportunity to study a preserved record of local geologic
processes and the climatic and possibly biologic history of this region. The delta appears to
be an erosional remnant (Malin and Edgett 2003), implying that the original delta may have
been much more extensive (Jerolmack et al. 2004). In addition, phyllosilicate minerals have
been identified in bottom bed sets from each lobe of the delta (Milliken and Bish 2010).
The association of fluvial morphologic features with clay mineralogy indicates the transport
and accumulation of fine-grained material, which can be conducive to preserving organic
material. This association suggests a greater potential for the discovery of past environments
that may have been habitable for life.



746 R.L. Fergason et al.

3.2 Results and Discussion

The mean thermal inertia of the landing ellipse is 575 J m−2 K−1 s−1/2 with a standard de-
viation of 150 J m−2 K−1 s−1/2 (Figs. 1a, 2a, Table 2). At 100 m/pixel scales, the ellipse is
primarily composed of two surface components: dark, less consolidated material (thermal
inertia of ∼290 to ∼360 J m−2 K−1 s−1/2) and bright, consolidated surfaces (thermal iner-
tia of ∼850 to ∼1090 J m−2 K−1 s−1/2). The proportion of dark, likely unconsolidated or
slightly indurated material relative to exposed bedrock or highly indurated surfaces controls
the thermal inertia of a given region. So generally speaking, lower thermal inertia surfaces

Fig. 1 Thermal inertia map of each landing site. The white circle indicates the location of the landing ellipse
and the white box is the location of the primary traverse region assessed in this work. (a) Eberswalde; (b) Gale;
(c) Holden; (d) Mawrth Vallis
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Fig. 2 Thermophyscial unit maps of each landing site. (a) Eberswalde; (b) Gale; (c) Holden; (d) Mawrth
Vallis

Table 2 Summary of thermal inertia statistics

Minimum thermal
inertia
(J m−2 K−1 s−1/2)

Maximum thermal
inertia
(J m−2 K−1 s−1/2)

Mean thermal
inertia
(J m−2 K−1 s−1/2)

Thermal inertia
standard deviation
(J m−2 K−1 s−1/2)

Eberswalde 200 1400 575 150

Gale 205 555 365 50

Holden 275 550 390 25

Mawrth Vallis 140 530 310 55

have more unconsolidated material present, typically expressed as dark deposits that usu-
ally display bed forms. Higher thermal inertia surfaces consist of more exposed bedrock
or the presence of more rocky material. Moderate thermal inertia surfaces do not contain a
unique surface material, and are instead similar to higher thermal inertia surfaces, only with
more unconsolidated materials present, which effectively lowers the overall thermal inertia
(Fig. 3).

The lowest thermal inertia value within the ellipse is 200 J m−2 K−1 s−1/2, primarily
found in the interior of small craters, and is interpreted as unconsolidated material. The
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Fig. 3 Eberswalde moderate thermal inertia surfaces. These examples represent type localities of surfaces
with a moderate thermal inertia. (a) THEMIS-derived thermal inertia mosaic of the landing site region. The
white circle indicates the landing ellipse and letters indicate the location of HiRISE images (b–d)

presence of bed forms observed in visible data supports this interpretation. This low thermal
inertia value is higher than what is expected from dust alone. Therefore, this region does
not have mm-thick (or greater) dust deposits at 100-m scales. Dust could be present as a
thin layer (a few micrometers in thickness), in small regions below THEMIS resolution,
or be slightly indurated. The majority of lower thermal inertia surfaces range from ∼290
to ∼360 J m−2 K−1 s−1/2 (primarily green regions in Fig. 2a) and consist of dark, smooth
material that commonly displays bed forms similar to the material observed in crater inte-
riors (Fig. 4). If this darker material is indeed unconsolidated, and assuming it consists of
uniform particles, then the effective particle size is ∼780 µm (coarse sand). This material
has a thermal inertia higher than expected for active dunes. The sand may either be slightly
indurated or thin enough in places in so that the higher thermal inertia surface below is rais-
ing the overall thermal inertia (Fig. 4). This dark, low thermal inertia material is typically
found within local depressions, such as channels and on the delta surfaces. In some places,
this material is found at the base of channels originating at the crater rim. It is therefore
likely that the low thermal inertia, dark, bed-forming material in the landing ellipse contains
particles that originated, at least in part, from outside Eberswalde.

Thermal inertia values as high as 1400 J m−2 K−1 s−1/2 are observed, signifying exposed
bedrock present at the surface. Eberswalde is the only candidate landing site with 100-m
scale bedrock exposures. This high thermal inertia material is primarily located in the south-
ern portion of the ellipse and consists of exposed bedrock, likely indurated material, and
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Fig. 4 Eberswalde lower thermal inertia surfaces. These examples represent type localities of surfaces with
a lower thermal inertia and primarily include darker, unconsolidated material. (a) THEMIS-derived thermal
inertia mosaic of the landing site region. The white circle indicates the landing ellipse and letters indicate the
location of HiRISE images (b–c)

mesas/buttes with exposed layers (Fig. 5). Sand is associated with the mesas/buttes, but
the bedrock surface areally dominates. In addition, less dark unconsolidated material is ob-
served to the south, which is consistent with higher thermal inertia values in that portion of
the ellipse. The dark material that is present does not typically form bed forms, and may be
indurated, consist of coarser grains, or is not as thick as in the north. All of these scenarios
would effectively raise the thermal inertia to values consistent with the observations.

A proposed region that the rover could investigate is the putative delta front ∼ 15 km
west of the center of the ellipse (Fig. 6). Within the region between the ellipse and the delta,
the highest thermal inertia material surrounds craters (830 to 1060 J m−2 K−1 s−1/2), and
is present at the edge of the delta lobes (815 to 1075 J m−2 K−1 s−1/2). These higher ther-
mal inertia values are associated with layered materials. The lowest thermal inertia material
is confined to channels (235 to 330 J m−2 K−1 s−1/2), and is typically associated with per-
vasive bed forms. The majority of the delta itself has a moderate thermal inertia (290 to
681 J m−2 K−1 s−1/2), suggestive of well-indurated materials with varying amounts of un-
consolidated materials intermixed.
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Fig. 5 Eberswalde higher thermal inertia surfaces. These examples represent type localities of surfaces with a
higher thermal inertia. (a) THEMIS-derived thermal inertia mosaic of the landing site region. The white circle
indicates the landing ellipse and letters indicate the location of HiRISE images (b–d). The large mounds in
(b) are regions identified as having a high phyllosilicate spectral signature. The white line across image (c)
represents the location of the landing ellipse

Two higher thermal inertia regions (Figs. 5b, 6d), one located within the ellipse and one
within the delta area, are associated with clay-bearing materials (Milliken and Bish 2010;
Rice et al. 2011). Within the ellipse, the clay-rich signature corresponds to exposed bedrock
that has some of the highest thermal inertia values in the ellipse (thermal inertia values
of 875 to 1165 J m−2 K−1 s−1/2). This outcrop forms ridges and contains many layers and
relatively bright material (as observed in visible images). Smooth material is also observed
and suggests a mantle of unconsolidated or loosely consolidated material. Based on CRISM
data (Milliken and Bish 2010; Rice et al. 2011), the clay-bearing material is pervasive in
this region, making it difficult to determine the specific morphologic features with which the
clays are associated. Thus, clays could be present as relatively bright layers, in the bedrock
itself as alteration products, as a coating, or in the unconsolidated material.

Clay-bearing units identified in the delta deposits to the west of the ellipse have a thermal
inertia of 545 to 730 J m−2 K−1 s−1/2 (possibly as high as 860 J m−2 K−1 s−1/2), and this ther-
mal inertia range is more consistent with other clay-bearing surfaces observed at the MSL
candidate landing sites. The physical properties of this clay outcrop, as viewed in HiRISE
images, are significantly different than described above. Based on CRISM data, the clay sig-
nature is clearly associated with bottomset beds on the edge of the delta (Milliken and Bish
2010). The clay-bearing material is relatively bright and sometimes covered by darker, likely
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Fig. 6 Proposed Eberswalde traverse. These examples represent the range of materials observed along a
proposed traverse route to the delta front region. (a) THEMIS-derived thermal inertia mosaic of the delta
front region. The white box indicates the analysis area and letters indicate the location of HiRISE images
(b–d). The bright layers in (d) are regions identified as having a high phyllosilicate spectral signature

unconsolidated material (Fig. 6d). The darker material is likely analogous to the dark, aeo-
lian material found adjacent to the clay outcrops that fill more than one THEMIS pixel, and
if one assumes it has the lowest thermal inertia in the region, it has a thermal inertia of 400 to
450 J m−2 K−1 s−1/2. This thermal inertia range is higher than expected for unconsolidated
material, so either this material is indurated/cemented or, more likely, there is sub-pixel
mixing at 100-m scales between the aeolian material and adjacent consolidated outcrops.
Because of this sub-pixel mixing, it is challenging to determine the actual thermal inertia
of these materials and get a clear picture of the physical properties of these clay-bearing
surfaces. Therefore, the observed thermal inertia values of 545 to 730 J m−2 K−1 s−1/2 for
clay-bearing units in the delta are likely an underestimation.

4 Gale Crater

4.1 Background

Gale is a Late Noachian to Late Noachian/Early Hesperian-aged crater (Thomson et al.
2011) on the dichotomy boundary between the heavily cratered southern highlands and
northern lowlands, and has been selected as the landing site for MSL. A prominent mound
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in its interior is ∼5 km high and is similar in height to the south rim and up to sev-
eral kilometers higher than the north rim of Gale. The landing ellipse is centered at
4.5° S, 137.4° E and is located to the northwest of the mound. This mound is exten-
sively layered and is broadly considered to be sedimentary in origin (Malin and Edgett
2000). The origin of these layers has been interpreted as aeolian (Greeley and Guest 1987;
Scott and Chapman 1995), volcanic airfall ash (Scott and Chapman 1995), interbedded lava
flows (Greeley and Guest 1987), lacustrine (Cabrol and Grin 1999; Cabrol et al. 1999; Malin
and Edgett 2000), spring mound (Rossi et al. 2008), and ancient polar deposits (Schultz and
Lutz 1988). In addition, these layers contain alternating sulfate- and phyllosilicate-bearing
beds that indicate changing aqueous environmental conditions throughout Gale’s history
(Milliken et al. 2010). The science potential within the landing ellipse is generally consid-
ered secondary to that within the mound material.

Gale is similar to many partially filled craters on Mars and can potentially help us to better
understand the family of craters with layered mounds in their interior, including Henry (e.g.,
Malin and Edgett 2000; Fergason and Christensen 2008), Becquerel (e.g., Malin and Edgett
2000; Lewis et al. 2008), and Terby (e.g., Malin and Edgett 2000; Wilson et al. 2007). The
layers in Gale’s central mound provide an opportunity to study an extensive sedimentary
stratigraphic section that records the local geologic, climatic, and possibly biologic history.
In addition, these layers may also record the transition from an environment favorable to
clay mineral formation to one more favorable to forming sulfates and other salts (Milliken
et al. 2010), which may represent global transitions in aqueous and climactic conditions on
Mars (such as those described by Bibring et al. 2006).

4.2 Results and Discussion

The mean thermal inertia in the Gale landing ellipse is 365 J m−2 K−1 s−1/2 with a standard
deviation of 50 J m−2 K−1 s−1/2 (Figs. 1b, 2b, Table 2). The majority of the ellipse has a
moderate thermal inertia (250 to 410 J m−2 K−1 s−1/2). The surface texture within this mod-
erate range is consistent throughout the majority of the ellipse, and a standard deviation of
50 J m−2 K−1 s−1/2 further supports the interpretation that this surface is relatively uniform.
This typical, moderate thermal inertia surface appears extensively degraded in visible im-
ages and is hummocky in places, likely indurated, possibly layered, has varying amounts
of dark, unconsolidated material intermixed, and in places has a smoothed appearance sug-
gestive of a surface mantle (Fig. 7, primarily yellow regions in Fig. 2b). Outcrops of higher
standing material are observed throughout the ellipse (Fig. 7b, 7d), and suggest that this area
was once covered by a layer of material that was more extensive. It is therefore possible that
this observed surface degradation was caused by the burial and removal of mound material
that previously filled Gale.

The lower thermal inertia material represents a small fraction of the ellipse and is ob-
served in two locations. First, low thermal inertia material is found infilling craters and de-
pressions (205 to 250 J m−2 K−1 s−1/2, corresponding to an effective particle size of 175 µm
to 415 µm; fine to medium sand). This material exhibits bed forms, and is likely uncon-
solidated or weakly indurated (Fig. 8b; blue regions in Fig. 2b). It has a brightness simi-
lar to the surrounding region, suggestive of a thin surface mantle. Second, lower thermal
inertia surfaces are associated with dark, unconsolidated material observed in the south-
ern portion of the ellipse as a prominent NE-SW-trending deposit (250 J m−2 K−1 s−1/2 to
315 J m−2 K−1 s−1/2, corresponding to an effective particle size of 415 µm to 1110 µm;
medium sand to very coarse sand; Fig. 8c). This value is consistent with particle sizes cal-
culated from other studies (Hobbs et al. 2010). This thermal inertia value was determined
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Fig. 7 Gale moderate thermal inertia surfaces. These examples represent type localities of surfaces with
a moderate thermal inertia and represent the majority of surfaces within the ellipse. (a) THEMIS-derived
thermal inertia mosaic of the landing site region. The white circle indicates the landing ellipse and letters
indicate the location of HiRISE images (b–d)

from rare areas where the dark material filled the entire THEMIS field-of-view and repre-
sents the lowest thermal inertia value in the area. This value suggests that these bed-forming
materials are coarser grained than expected for mobile sand (Sullivan et al. 2008). The re-
gions sampled are typically between bed forms and may have a relatively thin sand cover
where bedrock beneath the sand is raising the overall thermal inertia. It is common for the
sand and exposed bedrock to both contribute to the thermal inertia at THEMIS scales. This
sub-pixel mixing makes it difficult to determine an accurate thermal inertia of the dark, un-
consolidated material, and is likely causing the thermal inertia value reported to result from
the contribution of many sources.

The highest thermal inertia value observed in the Gale ellipse is 555 J m−2 K−1 s−1/2.
Therefore, there are no bedrock exposures present at 100 m-scales. Bedrock exposures
could be present at scales below the resolution of the THEMIS instrument. However,
to remain consistent with observed thermal inertia values below 600 J m−2 K−1 s−1/2,
those exposures must be relatively small. The higher thermal inertia surfaces (∼450 to
555 J m−2 K−1 s−1/2) typically have a scoured appearance with little dark, unconsolidated
material present (Fig. 9, red surfaces in Fig. 2b). Therefore, dark, unconsolidated mate-
rial is not lowering the thermal inertia of this surface. In addition, other data sets, such as
CRISM and TES DCI, are affected by a dusty component. A thin layer of dust (microns
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Fig. 8 Gale lower thermal inertia surfaces. These examples represent type localities of surfaces with a lower
thermal inertia. (a) THEMIS-derived thermal inertia mosaic of the landing site region. The white circle indi-
cates the landing ellipse and letters indicate the location of HiRISE images (b–c)

in thickness), would affect spectroscopic data from CRISM and TES, yet have a mini-
mal effect on thermal inertia values. Since the surface brightness as observed in visible
images is consistent over much of the ellipse region, this thin dust layer may be perva-
sive. However, the dust layer within the ellipse is likely quite thin. In addition, the ther-
mal inertia range and degraded appearance of the surface suggest the presence of bedrock
material that may be heavily weathered (Fergason et al. 2006b). The degree of indura-
tion/weathering, the amount of dark, unconsolidated material, and the variable thickness
of the surface mantle are likely responsible for the range of observed thermal inertia val-
ues. This interpretation of thermophysical data sets is also consistent with previous stud-
ies using TES thermal inertia and THEMIS temperature data (Pelkey and Jakosky 2002;
Pelkey et al. 2004).

Figure 9c illustrates one boundary between high and moderate thermal inertia surfaces.
There is a difference in surface texture, where the moderate thermal inertia surface is
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Fig. 9 Gale high thermal inertia surfaces. These examples represent type localities of surfaces with a higher
thermal inertia. (a) THEMIS-derived thermal inertia mosaic of the landing site region. The white circle in-
dicates the landing ellipse and letters indicate the location of HiRISE images (b–d). A typical boundary
between a higher and moderate thermal inertia surfaces is illustrated in (c), where the smoother surface has a
moderate thermal inertia and is suggestive of a surface mantle

smoother than the higher thermal inertia surface. As previously discussed, this smoothing
may be caused by a mantling material that is present over much of the ellipse. To produce
the degree of smoothing observed, this mantling material is likely several cm to decime-
ters thick, and may be moderately indurated to remain consistent with the thermal inertia
values observed. It is likely that the majority of the ellipse is a complex mix of materials
where the crater floor material (“bedrock”) is overlain by a mantling material that may be
moderately indurated, then a thin (few microns) dust layer is present as the top-most layer.
This scenario would explain the observed thermal inertia values, the smooth surface, and the
uniform brightness. Therefore, the primary difference between higher and moderate thermal
inertia surfaces may be due to the amount of mantling material present. This relationship
suggests that the mantling material likely formed in a similar way, and the post-emplacement
modification of this material is the primary distinguishing factor.

In the western portion of the ellipse, an ancient fan deposit emanates from the mouth of a
channel and encompasses approximately one-third of the ellipse. The fan is roughly divided
in half by a lower thermal inertia (275 to 380 J m−2 K−1 s−1/2) portion to the north and a
higher thermal inertia (395 to 555 J m−2 K−1 s−1/2) portion to the south. The fan boundary,
as observed in HiRISE images, strongly suggests that both portions are indeed part of this
ancient fan yet they have distinct thermophysical and morphological features. The entire
fan is similar in brightness, suggesting a consistent albedo and possibly a very thin layer of
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dust or other fine-grained mantling material. This observation is consistent with the bland
spectral features observed in CRISM data (Milliken et al. 2010). The southern portion of the
fan contains the largest single exposure of high thermal inertia material in the ellipse and
is therefore a region of high interest to both the science and engineering communities. The
higher thermal inertia material to the south contains layers, sinuous ridges, fractures (typ-
ically polygonal), boulders, appears scoured, and has little dark, aeolian material present.
The lack of darker, aeolian material indicates that this fan is not currently accumulating new
material from the crater walls.

The lower thermal inertia portion to the north is smoother, and may have a thicker, pos-
sibly indurated, mantle of material on its surface. This mantle is likely thin, as craters 1–
2 meters in diameter are observed in HiRISE images. Generally, the smoother the surface,
the lower the thermal inertia, suggesting that the mantle thickness is the primary control
on thermal inertia. This observation also suggests that the higher thermal inertia surface
observed to the south is present beneath the mantle to the north.

A proposed traverse ranges ∼12–20 km from the center of the ellipse towards the south
and onto the lower portions of the central mound (Anderson and Bell 2010). Along the tra-
verse up the mound individual layers are distinguished in the thermal inertia data (Fig. 10).
Thus, Curiosity could be traversing through materials that are compositionally diverse with
distinct surface properties associated with individual units. The mound has been previously
divided into a Lower and Upper formation (Milliken et al. 2010). In this work, the Lower for-
mation was further divided into five thermophysical units that correspond to morphological
and mineralogical boundaries (Fig. 10). The lower most unit (TU1) is actually on the crater
floor, contains the full range of thermal inertia values observed (265 to 490 J m−2 K−1 s−1/2),
and corresponds to the presence of Fe-oxide. This Fe-oxide is only one component of the
surface and its distribution is patchy, as observed in CRISM data (Milliken et al. 2010). The
lower thermal inertia values correspond to the previously discussed dark materials in which
bed forms are observed. These dark material bed forms occur both as a NE-SW trending
deposit at the southern margin of the ellipse (represented by this unit) and within canyons
and topographic depressions throughout the Lower formation of the mound. The higher
thermal inertia values correspond to surfaces that have ridges, minimal dark material, and
a scoured appearance. These observations suggest resistant, well-consolidated surfaces that
should pose little difficulty in traversing.

The next unit (TU2) has a thermal inertia ranging from 330 to 420 J m−2 K−1 s−1/2. Both
the thermal inertia values and the morphology suggest a mixture of materials including un-
consolidated materials, boulders, and indurated/cemented surfaces. Some exposed bedrock
may also be present, but these exposures must be small to be consistent with the thermal in-
ertia values observed. The composition of these materials remains poorly constrained (Mil-
liken et al. 2010). The next unit (TU3) has a slightly higher thermal inertia ranging from
355 to 485 J m−2 K−1 s−1/2 and corresponds to Fe-rich clays (Milliken et al. 2010). Units
TU2 and TU3 are similar in morphology. The primary difference is likely the amount of
unconsolidated material present, which results in slightly different thermal inertia ranges.

The next unit (TU4) is not a continuous layer, but is instead roughly circular and has the
highest thermal inertia value in this region (520 to 605 J m−2 K−1 s−1/2). This material is
topographically higher than the surrounding surface and has little to no dark, presumably
unconsolidated material present. The surface texture consists of layers and ridges and has a
rippled appearance, which suggests the presence of ancient bed forms (Anderson and Bell
2010). Anderson and Bell (2010) suggest that this circular outcrop is a portion of a more-
extensive unit that skirts the mound. The composition is fairly unconstrained, although there
is a weak pyroxene signature in CRISM data (Milliken et al. 2010). We are interpreting
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Fig. 10 Proposed Gale traverse. (a) THEMIS-derived thermal inertia mosaic of the landing site ellipse and
potential traverse to provide context for figures (b) and (c). (b) THEMIS-derived thermal inertia mosaic of
the region immediately surrounding (c) to illustrate the thermophysical diversity observed within the mound
material and along a potential traverse. The white box indicates the approximate outline of the HiRISE image
in (c). (c) HiRISE image illustrating the morphological diversity that corresponds to the thermophysical
variation in (b). The white line in image (a–c) indicates a potential traverse route

this surface to be well indurated, representing an ancient surface that was once buried and
has been exposed. In this region, slopes commonly exceed 30° further indicating that this
surface is well-indurated (Golombek et al. 2012).

The last unit in the Lower formation (TU5) has a thermal inertia of 260 to
420 J m−2 K−1 s−1/2. This unit is extensively layered and these layers are laterally con-
tinuous and are commonly exposed in channels (which typically have dark, unconsolidated
material present; TU1) and mesas. This spectrally dominant phase in this unit is sulfate
(Milliken et al. 2010). The combination of extensive layers and complex compositional re-
lationships indicates that these layers record a complex geologic history that is difficult to
unravel solely from orbital data. In summary, the Lower formation of the mound contains
an abundant variety of materials from a thermophysical, morphological, and compositional
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perspective, and further investigation by Curiosity will help to better understand the geologic
and climate history in this region.

In the mound, the Upper formation is separated from the Lower formation by an uncon-
formity (Milliken et al. 2010) and has a thermal inertia of 120 to 260 J m−2 K−1 s−1/2, which
suggests the presence of fine-grained, loosely consolidated material and a significant portion
of dust mantling the mound. In addition, this region lacks absorptions indicative of hydrated
minerals and its composition is similar to that of typical martian dust (Milliken et al. 2010),
which further supports this interpretation. However, thermophysical variations in the Upper
formation correspond to specific layers and terraces observed in the mound. These varia-
tions may be caused by differing amounts of dark, unconsolidated material and dust present,
which may be controlled by topography. The Upper formation has likely been formed by
non-aqueous processes (Milliken et al. 2010). This unit typically erodes into yardangs, and
similar morphologies elsewhere on Mars have been interpreted to be indurated dust (e.g.,
Fergason and Christensen 2008; Lewis et al. 2008). Further investigation by Curiosity may
help to better understand similar intracrater deposits observed elsewhere on Mars.

5 Holden Crater

5.1 Background

Holden is a ∼140 km diameter impact crater of Noachain age (Scott and Tanaka 1986;
Grant and Parker 2002) that interrupted the previously through-flowing Uzboi-Ladon-
Margaritifer outflow channel system (Grant and Parker 2002). Water ponded in Uzboi Val-
lis by the Holden impact overflowed, breaching the crater rim (Grant and Parker 2002).
The landing ellipse is centered at 26° S, 325° E, in the southeastern portion of the crater
just to the north of the Uzboi Vallis breach. In addition, phyllosilicate-bearing (Milliken
and Bish 2010) bright layered deposits (Grant and Parker 2002; Malin and Edgett 2000;
Moore and Howard 2005) and coarse-grained alluvial fans (e.g., Grant et al. 2008; Pondrelli
et al. 2005) were deposited in Holden. The clay mineral deposits are consistent with the
presence of either smectite or mix-layer smectite/chlorite (Milliken and Bish 2010). These
layers would provide an opportunity to study a preserved record of the regional geologic
history of Margaritifer Terra, and provide insight into the climate of a wetter Mars. The
continuity of the layers and their flat-lying nature further supports an origin related to de-
position in standing water or a low energy fluvial environment (Grant and Parker 2002;
Grant et al. 2008). An evaluation of the stratigraphy and geomorphology suggests that
Holden may have contained water multiple times in its history (Pondrelli et al. 2005;
Grant et al. 2008). Holden is a compelling landing site because it may preserve evidence
of a closed fluvial-lacustrine system, an environment that may have been habitable (Sum-
mons et al. 2011).

5.2 Results and Discussion

The mean thermal inertia within the Holden landing ellipse is 390 J m−2 K−1 s−1/2 with a
standard deviation of 25 J m−2 K−1 s−1/2. As indicated by the low standard deviation, the
majority of the ellipse has a consistent thermal inertia and there is little variation in surface
properties within the ellipse (Figs. 1c, 2c, Table 2). The vast majority of the Holden ellipse
has a thermal inertia of 340 to 475 J m−2 K−1 s−1/2 and consists of bed forms with some
consolidated material intermixed (Fig. 11). The thermal inertia is greater than that expected
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Fig. 11 Holden moderate thermal inertia surfaces. These examples represent type localities of surfaces with
a moderate thermal inertia. (a) THEMIS-derived thermal inertia mosaic of the landing site region. The white
circle indicates the landing ellipse and letters indicate the location of HiRISE images (b–c)

for eolian dunes on Mars (e.g., Edgett and Christensen 1991) and may indicate that the
bed forms consist of a predominant grain size larger than sand, are indurated and no longer
active, or that the thickness of the unconsolidated material is thin enough in places that the
thermal inertia is influenced by underlying, well indurated material or bedrock. In addition,
at THEMIS scales, the consolidated material is sometimes intermixed with the sand, thereby
increasing the thermal inertia value.

The minimum thermal inertia value within the ellipse is 275 J m−2 K−1 s−1/2, which cor-
responds to an effective particle size of ∼620 µm or medium to coarse sand. This value
is higher than what is expected for dust, and suggests that the surface is relatively dust-
free. The lower thermal inertia material is limited to the interiors of some craters, where
there are always bed forms present (Fig. 12, blue regions in Fig. 2c). The maximum thermal
inertia value within the ellipse is 550 J m−2 K−1 s−1/2, signifying that there are no 100-m
scale bedrock exposures. These high thermal inertia instances are rare and are found pri-
marily in the southeastern portions of the ellipse (Fig. 13; red regions in Fig. 2c). These
surfaces are associated with indurated material and exposed bedrock that is extensively lay-
ered. Sub-pixel mixing between layered and unconsolidated material is lowering the overall
thermal inertia from that of the layered material itself. Mechanically or chemically weath-
ered bedrock may also be present, which could have a thermal signature lower than that of
bedrock (Fergason et al. 2006b). Therefore, it is impossible to isolate the physical properties
of the layered bedrock material using orbital data sets alone.

A potential traverse route exists to the south of the ellipse that includes (a) layered de-
posits 10 km from the center of the ellipse; (b) Uzboi flood deposits 13 km from the center of
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Fig. 12 Holden lower thermal inertia surfaces. This example represents a type locality of surfaces with
a lower thermal inertia, which are found almost exclusively in the floors of craters. (a) THEMIS-derived
thermal inertia mosaic of the landing site region. The white circle indicates the landing ellipse and the letter
indicates the location of HiRISE image (b)

Fig. 13 Holden higher thermal inertia surfaces. These examples represent type localities of surfaces with
a higher thermal inertia. (a) THEMIS-derived thermal inertia mosaic of the landing site region. The white
circle indicates the landing ellipse and letters indicate the location of HiRISE images (b–d)

the ellipse; and (c) bedrock outcrops 18 km from the center of the ellipse (R. Irwin, Notional
traverses and science targets in Holden crater. 3rd MSL Landing Site Workshop, Mon-
rovia, CA, http://marsoweb.nas.nasa.gov/landingsites/msl2009/workshops/3rd_workshop/

http://marsoweb.nas.nasa.gov/landingsites/msl2009/workshops/3rd_workshop/program.html
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Fig. 14 Potential Holden traverse. These examples represent the range of materials observed along a pro-
posed traverse route. (a) THEMIS-derived thermal inertia mosaic of the landing site and traverse region. The
white circle indicates the landing ellipse, the white box indicates the traverse area, and letters indicate the
location of HiRISE images (b–d).; (b) layered deposits 10 km from the center of the ellipse; (c) Uzboi flood
deposits 13 km from the center of the ellipse; and (d) bedrock outcrops 18 km from the center of the ellipse

program.html (2008). Accessed 16 August 2011) (Fig. 14). Portions of the bright layered
deposits have a high thermal inertia (450 to 600 J m−2 K−1 s−1/2) and are mixed with signif-
icant amounts of sand. These deposits are similar to those found within the southern portion
of the ellipse and may have been formed by the same depositional mechanism. These de-
posits also contain clay-bearing minerals (Milliken and Bish 2010). Due to the sub-pixel
mixing of materials and the small size of the layers relative to a THEMIS footprint, it is not
possible to isolate the thermal inertia of this clay-rich material with confidence. The highest
thermal inertia values are ∼600 J m−2 K−1 s−1/2, which suggests that the layers themselves
are well-indurated. In addition, slopes in this region are greater than 30°, further indicating
well indurated materials (Golombek et al. 2012). The layers are the brightest material in the
region, are possibly fractured (with dark aeolian material filling the fractures), erode to form
boulders and ridges, and appear to be relatively smooth at HiRISE scales. The layers are ap-

http://marsoweb.nas.nasa.gov/landingsites/msl2009/workshops/3rd_workshop/program.html
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parent based on brightness differences. However, these differences may be due to differing
amounts of dark aeolian material accumulating, rather than the properties of the indurated
material itself.

The Uzboi flood deposits have thermal inertia values ranging from ∼345 to
∼480 J m−2 K−1 s−1/2 and are likely well indurated with some unconsolidated material
present at the sub-pixel level. These materials may also be weathered, as is reflected in the
moderate, rather than high, thermal inertia range. Likewise, the exposed bedrock outcrop has
a thermal inertia of 530 J m−2 K−1 s−1/2 to 785 J m−2 K−1 s−1/2. Unconsolidated material is
observed in visible images, lowering the observed thermal inertia values at 100-m scales. In
addition, this material could be heavily weathered bedrock, but it is unlikely that weathering
alone can explain the lower thermal inertia over such a large area, while remaining well pre-
served. Therefore a combination of weathering and the presence of unconsolidated materials
is likely resulting in a lower than expected thermal inertia for this bedrock outcrop.

6 Mawrth Vallis

6.1 Background

The landing site region consists of the Mawrth Vallis channel and the surrounding ancient
cratered plains dissected by the channel, and provides an opportunity to explore Noachian-
age materials and probably the oldest preserved rocks at the four candidate sites. The loca-
tion of the proposed landing ellipse is between a north-south segment of the channel and
the crater Oyama, centered at 24° N, 341° E. A diverse set of surface materials is present
within the ellipse, including bright and dark rocks and an intermediate unit. All units ap-
pear well consolidated from visible image observations (Michalski and Noe Dobrea 2007;
Michalski and Fergason 2009; Michalski et al. 2010) and were likely emplaced and mod-
ified by multiple geologic processes. On the basis of infrared spectroscopy, the dark and
intermediate units are composed of chemically weathered mafic materials. The intermediate
surfaces are more chemically weathered than the dark unit and may also contain surface dust
(Michalski and Fergason 2009).

The region in and surrounding Mawrth Vallis contains one of the largest exposures of
phyllosilicates on the martian surface (Poulet et al. 2005; Bibring et al. 2006). Phyllosili-
cates are found within these layered, bright rocks (Poulet et al. 2005) and the environmental
conditions that formed the clays may be representative of global conditions on Mars in its
ancient past. Additionally, Mawrth Vallis contains Al-rich clays, which do not commonly
occur on Mars (Wray et al. 2008; Milliken and Bish 2010). There are several proposed
mechanisms for the origin of these layered materials, including volcanic ash fall/flow de-
posits, eoilian transport, fluvial transport, or impact ejecta (e.g., Michalski et al. 2010). The
geology of Mawrth Vallis is complex, with little consensus regarding the depositional setting
or the potential mechanism(s) for the origin of phyllosilicates. Thus, understanding the em-
placement environment(s) and formation mechanism(s) for the material in this region may
be an intractable problem using orbital data alone.

6.2 Results and Discussion

Within the Mawrth Vallis landing ellipse, the mean thermal inertia is 310 J m−2 K−1 s−1/2

with a standard deviation of 55 J m−2 K−1 s−1/2 (Figs. 1d, 2d, Table 2). A wide variety of
materials contribute to the moderate thermal inertia surfaces, including a mixture of bedrock,
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Fig. 15 Mawrth moderate thermal inertia surfaces. These examples represent type localities of surfaces with
a moderate thermal inertia. (a) THEMIS-derived thermal inertia mosaic of the landing site region. The white
circle indicates the landing ellipse and the letters indicate the location of HiRISE images (b–c)

indurated surfaces, bed forms, and unconsolidated fines (Fig. 15). It is also possible that the
degree of physical weathering of bedrock varies throughout the region.

The lowest thermal inertia value is 140 J m−2 K−1 s−1/2 and likely contains some compo-
nent of dust mixed (either horizontally or vertically) with unconsolidated material. The ther-
mal inertia value indicates that this dust layer is not thick enough to mask the contribution
from underlying materials, so if present it is likely less than a few mm thick. The lower ther-
mal inertia material is found within craters and is likely unconsolidated (Fig. 16, blue regions
in Fig. 2d). The highest thermal inertia value found in the ellipse is 530 J m−2 K−1 s−1/2 and
signifies that 100 m-scale exposures of bedrock are not present at the surface. Instead, the
higher thermal inertia material likely consists of smaller exposures of bedrock, indurated
material, or pyroclastic deposits (Fig. 17, red regions in Fig. 2d). Minimal unconsolidated
material is present on the surface in the high thermal inertia regions. So, while some bedrock
is likely present, the lower thermal inertia value observed is likely due to the lower porosity
of a majority of these surfaces (Fergason et al. 2006b) rather than the sub-THEMIS-pixel
mixing of fine-grained material and bedrock.

Clay-bearing materials are present at this site, and this is one of the primary reasons
Mawrth was considered as a potential landing site. There are two distinct clay signatures
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Fig. 16 Mawrth lower thermal inertia surfaces. These examples represent type localities of surfaces with a
lower thermal inertia. (a) THEMIS-derived thermal inertia mosaic of the landing site region. The white circle
indicates the landing ellipse and the letters indicate the location of HiRISE images (b–c)

within the landing ellipse: Fe/Mg-smectite and Al phyllosilicate (Poulet et al. 2008), and
these signatures have distinct thermophysical properties. The thermal inertia of the Fe/Mg
smectite-bearing material ranges from 400 to 470 J m−2 K−1 s−1/2 and has some of the
highest thermal inertia value in the landing ellipse (approximately corresponds to yellow
surfaces in Fig. 2d). There are some values as low as ∼370 J m−2 K−1 s−1/2, but these re-
gions have dark aeolian material present that is lowering the thermal inertia as observed in
THEMIS data. The Fe/Mg-smectite clays are the brightest materials in the landing ellipse
and form sinuous ridges and contain fractures and polygons filled with dark, probably aeo-
lian material. This dark material is lowering the overall thermal inertia value interpreted from
THEMIS data. Therefore, the bright material is likely very well indurated. The region with
Al-phyllosilicates has a variable thermal inertia ranging from 210 to 390 J m−2 K−1 s−1/2

(roughly corresponds to green surfaces in Fig. 2d). This material is also layered and rough,
but has significantly more dark, aeolian material present on the surface. It is also not as
bright as the Fe/Mg-smectite area. The variable thermal inertia and difference in brightness
may both be related to the amount of unconsolidated material present and its distribution.
Variable degrees of bedrock weathering may be present, affecting the thermal inertia ranges
as well.
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Fig. 17 Mawrth higher thermal inertia surfaces. These examples represent type localities of surfaces with
a higher thermal inertia. (a) THEMIS-derived thermal inertia mosaic of the landing site region. The white
circle indicates the landing ellipse and the letters indicate the location of HiRISE images (b–d)

7 Implications

7.1 Phyllosilicates at the MSL Landing Sites

Phyllosilicates are present at all four candidate landing sites (e.g., Poulet et al. 2005; Wray
et al. 2008; Milliken and Bish 2010; Milliken et al. 2010), and there are several similari-
ties across these deposits. The clay-bearing units are typically bright, layered material, and
often have fractures and polygons present, thus the physical nature of these deposits are
assumed to be similar. The similarities are also apparent in the thermal inertia data as all
clay-bearing units have a thermal inertia value ranging from 400 to 500 J m−2 K−1 s−1/2,
suggesting similar physical properties and surface characteristics. We interpret this moder-
ate thermal inertia value to be consistent both with well-indurated soil or altered bedrock. In
the lower Columbia Hills at the MER-A landing site, heavily altered, in-place bedrock was
observed (Arvidson et al. 2006). The average thermal inertia of the in-place bedrock was
∼620 J m−2 K−1 s−1/2 (Fergason et al. 2006b), which is slightly higher than the majority of
values observed at the candidate landing sites. At the landing sites, there is dark, aeolian
material intermixed with most of the clay deposits at 100-m-scales. It is therefore likely that
sub-pixel-mixing is lowering the apparent thermal inertia of these phyllosilicate materials
and the physical characteristics may indeed be similar to deposits observed in the Columbia
Hills.
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There are many different formation and post-modification environments that are consis-
tent with the inferred physical properties. These environments include, but are not limited
to, bedrock that has been substantially altered by mechanical and/or chemical processes, in-
teraction between bedrock and subsurface aquifers, ponding of water and subsequent chem-
ical alteration of bedrock, or adsorbed water vapor forming alteration rock coatings (e.g.,
Gooding 1978). In addition, three out of the four candidate landing sites (i.e., Eberswalde,
Gale, and Holden) are basins. Phyllosilicates may have accumulated in basins by fluvial
transportation of clay material, implying that the clay material may not have formed in-situ
and clay-bearing materials instead may have been transported and collected in these basins
where they were later lithified (e.g. Milliken and Bish 2010). Further analysis through MSL
experiments may help determine if the observed clays at Gale were formed in-situ or were
transported from another location.

The single exception to the above generalization is the clay-bearing material within the
Eberswalde ellipse; it has a much higher thermal inertia (875 to 1165 J m−2 K−1 s−1/2) than
observed at other landing sites. The higher thermal inertia indicates a further degree of
lithification (as compared to the other sites) or localized alteration of bedrock. In this case,
we argue that the clay-bearing material at Eberswalde is altered bedrock and may indicate
localized alteration at this site, possibly from water ponding in the Eberswalde basin or in
an aquifer.

8 Conclusions

The thermal inertia of all these sites is higher than those observed at either MER landing
site from orbit (Golombek et al. 2003, 2005; Fergason et al. 2006b). Therefore MSL will
likely land on a site with fundamentally different thermophysical properties than observed
in situ previously. All sites contain morphologic, mineralogical, and thermophysical vari-
ability. This work has described the physical properties of the surface at these sites and
determined how thermophysical variations correspond to morphology, and when applicable
mineralogical diversity. The additional insight gained through the analysis of thermophysi-
cal data sets and the integration of thermal inertia with morphological and chemical infor-
mation has enabled further exploration of the physical characteristics of the surface and why
these characteristics vary.

Eberswalde

• At 100 m/pixel, the proportion of dark, likely unconsolidated or very slightly indurated
material relative to exposed bedrock or highly indurated surfaces controls the thermal in-
ertia of a given region. So generally speaking, lower thermal inertia surfaces have more
unconsolidated material present, typically expressed as dark deposits that typically in-
clude bed forms. Higher thermal inertia surfaces consist of more exposed bedrock or the
presence of more rocky material.

• Eberswalde is the only candidate site whose thermal inertia values are consistent with
bedrock (thermal inertia values of 875 to 1165 J m−2 K−1 s−1/2) exposed at the surface at
scales larger than 100 m. Interestingly, this exposed bedrock is also clay-bearing.

• Clays within the delta to the west of the ellipse have a thermal inertia of 545 to
730 J m−2 K−1 s−1/2, and this thermal inertia range is more consistent with other clay-
bearing surfaces observed in the MSL candidate landing sites. The clay-bearing material
is relatively bright, layered material with darker, likely unconsolidated material inter-
mixed.
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Gale

• The majority of the ellipse has a moderate thermal inertia (250 to 410 J m−2 K−1 s−1/2),
which is likely an indurated surface with unconsolidated materials present. The surface
texture within this moderate material range is consistent throughout the majority of the
ellipse and appears extensively degraded in visible images.

• The primary difference between higher and moderate thermal inertia surfaces may be due
to the amount of mantling material present. This relationship suggests that the mantling
material was likely formed in a similar way, and the post-emplacement modification of
this material is the primary distinguishing factor.

• In the western portion of the ellipse, an ancient fan deposit originates in the mouth of a
channel and encompasses approximately one-third of the ellipse. The fan is roughly half
lower thermal inertia (275 to 380 J m−2 K−1 s−1/2) and half higher thermal inertia (395
to 555 J m−2 K−1 s−1/2). The southern portion of the fan has the largest single exposure
of high thermal inertia material in the ellipse, and is therefore a region of high interest.
Although this material is likely well indurated, the many sinuous ridges may be difficult
to traverse.

• Outcrops of higher standing material are observed throughout the ellipse and suggest that
this region was once covered by a layer of material that was more extensive in the past.
One possible interpretation is that this surface is degraded, possibly caused by the removal
of mound material that was once more extensive and potentially filling Gale crater.

• Individual layers in the mound are distinguishable in the thermal inertia data. Thus, the
MSL rover could be traversing through materials that are compositionally diverse with
distinct surface properties associated with individual units. The mound has been previ-
ously divided into a Lower and Upper formation (Milliken et al. 2010). In this work, the
Lower formation was further divided into five thermophysical units that typically cor-
respond to morphological and mineralogical boundaries. The entire lower mound has a
thermal inertia ranging from 265 to 490 J m−2 K−1 s−1/2.

• The Upper formation of the mound has a thermal inertia of 120 to 260 J m−2 K−1 s−1/2,
which suggests the presence of fine-grained, loosely consolidated material and a signifi-
cant portion of dust covering the mound. However, thermophysical variations in the Upper
formation correspond to specific layers and terraces observed in the mound. These vari-
ations may be caused by differing amounts of unconsolidated material and dust present,
which may be controlled by topography.

Holden

• The mean thermal inertia within the Holden landing ellipse is 390 J m−2 K−1 s−1/2 with
a standard deviation of 25 J m−2 K−1 s−1/2. As indicated by the low standard deviation,
the majority of the ellipse has a consistent thermal inertia and there is little variation in
surface properties. Holden has the least thermophysical diversity of the sites considered.

• The vast majority of the Holden ellipse has a thermal inertia of 340 to 475 J m−2 K−1 s−1/2

and consists of bed forms with some consolidated material intermixed. The thermal inertia
is higher than expected for bed forms on Mars and may indicate that the bed forms may
be indurated, consist of a predominant grain size larger than sand, or that the thickness of
the unconsolidated material is thin enough in places that the thermal inertia is influenced
by underlying, well indurated material or bedrock.

• In the far southern portion of the ellipse and along a potential traverse route, brighter
layered deposits and dark sand have a high thermal inertia (450 J m−2 K−1 s−1/2 to
600 J m−2 K−1 s−1/2). These deposits also contain clay-bearing minerals (Milliken and
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Bish 2010). Due to the sub-pixel mixing of materials, and the small size of the bright
layered outcrops relative to the THEMIS field-of-view, it is not possible to isolate the
thermal inertia of this clay-rich material with confidence. The highest thermal inertia val-
ues observed are ∼600 J m−2 K−1 s−1/2, which suggests that the layers themselves are
well-indurated sediment or weathered bedrock.

Mawrth Vallis

• Mawrth Vallis has the most thermophysical diversity of any of the proposed landing sites.
Within the Mawrth Vallis landing ellipse, the mean thermal inertia is 310 J m−2 K−1 s−1/2.
A wide variety of materials contribute to the moderate thermal inertia surfaces, includ-
ing a mixture of bedrock, indurated surfaces, bed forms, and unconsolidated fines. It is
also possible that the degree of bedrock weathering varies throughout the region (e.g.,
Fergason et al. 2006b).

• There are two distinct clay signatures within the landing ellipse: Fe/Mg-smectite and Al-
phyllosilicate, and these signatures have distinct thermophysical properties. The thermal
inertia of the Fe/Mg smectite-bearing material ranges from 400 to 470 J m−2 K−1 s−1/2,
the highest thermal inertia value in the landing ellipse. The Fe/Mg-smectite clays are also
the brightest material in the landing ellipse, form sinuous ridges, and contain fractures and
polygons filled with dark, probably aeolian material. This dark, aeolian material is lower-
ing the overall apparent thermal inertia value interpreted from THEMIS data, therefore,
this clay material is likely very well indurated.

• The Al-phyllosilicate-bearing material has a variable thermal inertia ranging from 210 to
390 J m−2 K−1 s−1/2. This material is also layered and rough, but has significantly more
dark, aeolian material present on the surface. It is also not as bright as the Fe/Mg-smectite
area. The variable thermal inertia and difference in brightness may both be related to this
additional unconsolidated material present and variations in the degree of weathering.
Therefore, it is impossible to obtain accurate information regarding the physical proper-
ties of the phyllosilicates from the data available.
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Appendix: Thermal Inertia Derivation

The Thermal Emission Imaging Spectrometer (THEMIS) infrared (IR) data have an im-
proved spatial resolution (100 m/pixel) over previous datasets, such as Mars Global Surveyor
Thermal Emission Spectrometer (TES) or Viking Infrared Thermal Mapper. The THEMIS
data set enables the modeling of surface physical characteristics to determine particle size
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information and identify surface exposures of bedrock, and allows these physical proper-
ties to be correlated to morphologic features. This data set can also facilitate an improved
understanding of geologic processes that have influenced the Martian surface.

To derive thermal inertia from THEMIS data, we used the method of Fergason et al.
(2006a). The brightness temperature of the surface is first determined by fitting a Planck
curve to band 9 (centered at 12.57 µm) calibrated radiance that has been corrected for in-
strumental effects. This wavelength range was chosen because it has the highest signal to
noise ratio and is relatively insensitive to atmospheric dust. The THEMIS band 9 tempera-
tures are converted to a thermal inertia by interpolation within a 7-dimensional look-up table
using latitude, season, local solar time, atmospheric dust opacity, thermal inertia, elevation
(atmospheric pressure), and albedo as input parameters.

The look-up table includes a thermal inertia range of 24 to 3000 J m−2 K−1 s−1/2, and
values exceeding 1800 have been observed (e.g. Edwards et al. 2009). 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. This
extended thermal inertia range was required because of: (1) the higher spatial resolution of
THEMIS; (2) initial results from THEMIS nighttime temperatures suggesting the presence
of bedrock (e.g. Christensen et al. 2003); and (3) the fact that many regions on Mars were
saturated at the maximum value of thermal inertia in the TES model (Fergason et al. 2006a).

This look-up table is generated using a thermal model developed by H. H. Kieffer, which
was derived from the Viking IRTM thermal model (Kieffer et al. 1977) with several mod-
ifications, the most significant being an improved atmospheric component. This improved
atmospheric component consists of a one-layer atmosphere that is spectrally gray at so-
lar wavelengths with the direct and diffuse illuminations computed using a 2-stream delta-
Eddington model. The effects of 3-dimensional blocks on the surface, condensate clouds,
and the latent heat of water ice are not considered (Kieffer 2011). This model can incorpo-
rate the effects of a radiatively-coupled sloping surface at any azimuth, but for the nominal
thermal inertia calculations, slopes are not considered. Generally, slopes below 10° at all
azimuths have a small effect on the nighttime surface temperature, and therefore the thermal
inertia. Higher slope angles may be problematic, but this conclusion is dependent on the
slope azimuth and the season. Due to the potential for slopes to be a factor, surfaces with
slopes greater than ∼10° were interpreted with caution (Fergason et al. 2006a).

Model parameters appropriate for the THEMIS image and the measured band 9 surface
temperatures are then used to interpolate the thermal inertia between the calculated look-up
table node values. Interpolation is performed on a pixel-by-pixel basis using season, latitude,
and local solar time from spacecraft ephemeris. The remaining model input parameters are
obtained from external datasets. The albedo of features in the THEMIS image is determined
from the TES albedo binned at 8 pixels per degree (Christensen et al. 2001). Elevation
information is ascertained from Mars Orbiter Laser Altimeter (MOLA) elevation (Zuber et
al. 1992; Smith et al. 1999, 2001a) binned at 128 elements per degree. Finally, the opacity
is inferred by using the THEMIS image season to select a TES dust opacity value from data
binned at 0.3 pixel per degree in latitude and 0.13 pixel per degree in longitude for every
15° Ls during the first Martian year of MGS mapping (e.g. Smith et al. 2001b).

Uncertainties in the THEMIS derived thermal inertia values are primarily due to (1)
instrument calibration; (2) uncertainties in model input parameters, including albedo and
opacity, at the resolution of the THEMIS instrument; and (3) thermal model uncertainties.
Random and systematic errors in the THEMIS surface measurements result in an absolute
calibration accuracy of THEMIS nighttime temperature between 1.8 K and 2.8 K (Fergason
et al. 2006a), and a relative precision of 1.2 K (P.R. Christensen, THEMIS calibration re-
port, http://themis-data.asu.edu/pds/calib/calib.pdf, (2005) Accessed 15 August 2011). TES

http://themis-data.asu.edu/pds/calib/calib.pdf
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albedo, TES atmospheric dust opacity, and MOLA elevation values are incorporated as
model input parameters at a coarser resolution than that of the THEMIS temperature data,
and thus may not be adequately taking into account the effects of these parameters on the
thermal inertia derivation. TES atmospheric dust opacity is used for the first Martian year
of MGS mapping when there were no global dust storms (Smith et al. 2000, 2001b). We as-
sume 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; Smith 2004). To avoid dusty atmospheric conditions, we do not determine ther-
mal inertia when the atmospheric opacity is greater than 0.40 (visible wavelength). Elevation
(used to determine the atmospheric pressure) has a minor effect on the thermal inertia, and
the atmospheric dust opacity does not vary significantly over the area of a THEMIS image
(Clancy et al. 2000; Smith et al. 2001b), so these two approximations are likely adequate.
However, sub-TES-pixel variations in albedo that affect the nighttime surface temperature
in THEMIS data likely affect the accuracy at which thermal inertia values can be calculated,
and regions where albedo is varying over short distances (less than 3 km) are interpreted with
caution. Considering the uncertainties in both the THEMIS instrument calibration and input
parameters, the absolute accuracy of the THEMIS thermal inertia is ∼20 % (for additional
detail, see Fergason et al. 2006a).
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