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[1] Previous Mars Global Surveyor Thermal Emission Spectrometer (TES) results have
identified two principal surface compositions onMars; basaltic surfaces are found primarily
in the southern highlands, while andesitic surfaces are found in the northern lowlands and
in smaller concentrations distributed throughout the southern highlands. In 1 pixel-per-
degree composition maps, the exact boundary between the basaltic and andesitic
compositions is obscured by large amounts of equatorial surface dust. In this work, high-
resolution TES surface spectral data are used to identify and characterize isolated regions of
basalt within the equatorial dust regions and northern lowlands (generally between 20�S–
60�N, 0–360�W) in an effort to better understand the nature of the boundary between
the two compositions. The purpose of refining this boundary is to more accurately
determine the relationship of the compositional dichotomy with global surface morphology
and derived crustal thickness. Results show that the basaltic surface composition is closely
associated with the ancient cratered terrain morphology but is not well correlated with
crustal thickness. The northern extent of the TES basalt composition is also established.
With four exceptions, there are no significant concentrations (>�30% surface cover) of
basalt greater than�400 km2 in area within the northern plains. Three are located within or
adjacent to knobby terrain, which has been suggested to be erosional remnants of the
cratered highlands. The fourth exception is in Milankovic crater and may represent a local
basalt flow or basaltic material excavated during crater formation. Results from this work
suggest that there is a stratigraphic relationship between the basaltic and andesitic surface
compositions, with younger andesitic materials overlying older basaltic materials
throughout the equatorial and northern plains regions. INDEX TERMS: 5464 Planetary Sciences:

Remote sensing; 5480 Planetary Sciences: Volcanism (8450); 5470 Planetary Sciences: Surface materials and

properties; 8450 Volcanology: Planetary volcanism (5480); KEYWORDS: Mars volcanics, Mars surface

compositions, Mars basalt, Thermal Emissions Spectrometer, basalt outliers
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1. Introduction

[2] Photogeologic, gravimetric and spectral observations
from the Mariner, Viking, and Mars Global Surveyor
(MGS) missions have shown that Mars exhibits global
dichotomies in the geomorphology [e.g., Masursky, 1973],
crustal thickness [Zuber et al., 2000], and composition
[Bandfield et al., 2000a]. Images from Mariner 9 [Masursky,
1973] and Viking showed that Mars is heavily cratered in
the southern highlands and has smooth plains in the north-
ern lowlands. The smooth plains were most likely formed
by the resurfacing of a heavily cratered, older terrain by
volcanic and/or aeolian processes [Tanaka et al., 1992;
Zuber et al., 2000; Head et al., 2002]. The MGS Mars
Orbiter Laser Altimeter (MOLA) observations have

revealed that there are two major zones of crustal thickness,
with the northern lowlands having a uniformly thin crust,
while the southern highlands have a thick crust [Zuber et
al., 2000]. Unlike the morphology, however, crustal thick-
ness gradually thins towards the north, rather than having a
sharp boundary [Zuber et al., 2000]. The crustal thickness
boundary and the morphologic boundary are not correlated
everywhere. The largest region of divergence between the
two boundaries is Arabia Terra, which has the crustal
thickness of the northern lowlands, but the heavily cratered
geomorphology of the southern highlands. For this reason,
Zuber et al. [2000] suggested that Arabia Terra may be a
region of exposed northern lowland basement. Lastly,
spectral observations from the MGS Thermal Emission
Spectrometer (TES) have shown that a compositional
dichotomy exists as well; the majority of low-albedo
surfaces in the southern highlands are composed of basalt
to low-Si basaltic andesite, while low-albedo surfaces in the
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northern lowlands, as well as several areas in the highlands,
are composed of high-Si basaltic andesite to andesite
[Bandfield et al., 2000a].
[3] In light of the above MGS observations, it is sug-

gested here that references to the ‘‘dichotomy’’ on Mars
should be supported by the appropriate adjective (e.g.,
‘‘morphologic dichotomy,’’ ‘‘topographic dichotomy,’’
‘‘compositional dichotomy’’). In addition, the terms ‘‘south-
ern highlands’’ (referring to topography) and ‘‘cratered
terrain’’ (referring to morphology) are not completely syn-
onymous. In areas such as Arabia Terra, the topography of
the cratered terrain gradually decreases towards the north,
and is �3 km lower than the rest of the ‘‘highlands.’’ To
avoid confusion when referring to morphology, the global
morphologic provinces of heavily cratered terrain and low-
land plains are hereafter referred to in this work as the
‘‘cratered terrain’’ and ‘‘northern smooth plains,’’ instead of
‘‘southern highlands’’ and ‘‘northern lowlands.’’
[4] The rough correlation of basaltic and andesitic surface

compositions with the older cratered terrain and the younger
northern plains, respectively [Bandfield et al., 2000a], raises
the question of whether there has been an evolution of
magma composition with time. In an effort to answer this
question, this work uses high-resolution compositional
information derived from TES observations to determine
the association between lithology and the morphologic
dichotomy on Mars.
[5] To associate lithology with surface geology, it is

imperative that the areal extent of the basaltic and andesitic
surface compositions is known. However, in the low-reso-
lution compositional distribution maps of Bandfield et al.
[2000a], the boundary between the two spectral units is
difficult to resolve owing to large regions of equatorial
surface dust that obscure the composition of the underlying
bedrock. In this work, high-resolution (32 pixel-per-degree)
TES data are used to identify small, isolated regions of
particulate basalt within the equatorial dust regions and the
northern lowlands in an effort to better define the location of
this boundary. If the basaltic materials are derived from the
nearby bedrock, then the isolated regions can be considered
‘‘windows’’ for detecting the bedrock composition beneath
the thick dust deposits. Thus in this study, constraints on the
source of the basalt in each isolated area are especially
important. It is necessary to assess whether the materials are
‘‘local’’ (defined here as the original bedrock source being
within a radius of a few hundred kilometers) or ‘‘regional’’
if they have been transported in from further away (several
hundred to greater than a thousand kilometers) via saltation.

2. Background

2.1. TES Observations

2.1.1. Linear Deconvolution of Thermal Emission
Spectra and Mineral Abundance Determination
[6] Thermal emission spectroscopy has been shown to be

a quantitative analytical technique for remotely determining
the modal mineralogy of geologic surfaces in the laboratory,
in the field, and from airborne and spaceborne platforms. A
measured emission spectrum from a geologic surface can be
modeled as the sum of the spectra of each mineral compo-
nent weighted by the areal fraction of that component [e.g.,
Gillespie, 1992; Thomson and Salisbury, 1993; Ramsey and

Christensen, 1998; Feely and Christensen, 1999; Hamilton
and Christensen, 2000]. Therefore it is possible to compute
the mineral areal abundances of remote surfaces using linear
deconvolution techniques [Gillespie, 1992; Ramsey and
Christensen, 1998; Ramsey et al., 1999]. Taking into con-
sideration the TES spatial resolution, spectral range, signal-
to-noise ratio, and atmospheric removal uncertainties, the
mineral abundance detection limit for TES emissivity spec-
tra has been estimated to be �10–15% [e.g., Christensen et
al., 2000a]. Based on the linear deconvolution technique,
TES data have been used to determine the dominant rock
types found on the Martian surface [Bandfield et al., 2000a;
Christensen et al., 2000a; Christensen et al., 2000b; Hoefen
et al., 2000; Hamilton et al., 2001b].
2.1.2. Effective Emissivity Determination
and Surface-Atmosphere Separation
[7] The thermal radiance spectrum collected from each

TES observation is converted to an effective emissivity
spectrum, which is defined as the ratio of the radiance
spectrum divided by a Planck function that corresponds to
the maximum brightness temperature in the measured
radiance spectrum. Prior to determining the maximum
brightness temperature, a boxcar filter with a 50 cm�1

bandwidth is applied to the radiance spectrum. This reduces
the effect of noise in the temperature determination. The
measured radiance is a combination of radiance from both
the atmosphere and surface throughout the entire TES
spectral range. Two independent surface-atmosphere sepa-
ration techniques have been developed by Bandfield et al.
[2000b] and Smith et al. [2000] specifically for the analysis
of TES data in order to produce surface-only emissivity
spectra. Both techniques are effective for accurately obtain-
ing surface emissivity over varying atmospheric temper-
atures and dust and water ice opacities [Bandfield et al.,
2000b; Smith et al., 2000]. The deconvolution algorithm is
the surface-atmosphere separation technique utilized in the
work presented here because it simultaneously returns sur-
face endmember abundances and can be used on a ‘‘spec-
trum-by-spectrum’’ basis [Bandfield et al., 2000b; Smith et
al., 2000]. The spectral regions used for surface analysis are
reduced to �1300–825 cm�1 and �525–230 cm�1 due to
exclusion of the atmospheric CO2 fundamental absorption
at �667 cm�1 and water vapor/lower signal-to-noise
regions at wave numbers >�1300 cm�1 and <�225 cm�1

[e.g., Smith et al., 2000; Bandfield, 2002]. For a complete
review of TES instrument and data characteristics, see
Christensen et al. [1992] and Christensen et al. [2001a].
2.1.3. Identification and Mapping of Principal
(Basaltic and Andesitic) Martian Surface Compositions
[8] Bandfield et al. [2000a] inspected surface emissivity

spectra from 25 major low-albedo regions on Mars (TES
albedo is measured using the VIS/NIR broadband radio-
meter, which is sensitive to wavelengths between 0.3 and
2.9 mm [e.g., Christensen et al., 2001a]). Upon examination
of the representative surface spectra from each region, two
different spectral shapes were apparent (Figure 1) [Band-
field et al., 2000a]. One is common to Syrtis Major (Type I),
while the other (Type II) is common to Acidalia Planitia.
The surface spectral shapes were then deconvolved using an
endmember subset from the ASU library of mineral spectra
[Christensen et al., 2000c], which consisted of �60 rock-
forming and alteration minerals, with particle sizes ranging
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from 750 to 1000 mm [Bandfield et al., 2000a]. The relative
mineral areal abundances in the Syrtis Major-type spectra
are consistent with a basaltic surface (50% feldspar, 25%
clinopyroxene, 15% sheet silicates); while the abundances
in the Acidalia-type spectra (35% feldspar, 25% high-silica
glass, 15% sheet silicates, 10% pyroxene) are consistent
with a basaltic andesite/andesitic surface (�57 wt. % silica)
[Bandfield et al., 2000a]. The Syrtis Major type surface
composition is hereafter also referred to as ‘‘basaltic sur-
face’’ or ‘‘basalt,’’ and the Acidalia Planitia type surface
composition is referred to as ‘‘andesitic surface’’ or ‘‘ande-
site.’’ Spectra of terrestrial particulate samples of basaltic
andesite and flood basalt also proved to match well with the
martian surface spectra [Bandfield et al., 2000a; Christensen
et al., 2000a].
[9] Using linear deconvolution methods, Bandfield et al.

[2000a] determined the global distribution of basalt and
andesite at a spatial resolution of one pixel per degree (ppd)
(Figure 2). From these global distribution maps (Figure 2),
Bandfield et al. [2000a] concluded that the basaltic compo-
sition is mostly restricted to the southern cratered terrain,
while the andesitic composition has the highest concentra-
tions in the northern smooth plains, with lesser concentra-
tions also distributed in the southern cratered terrain. At low
spatial resolution, the large equatorial dust regions (mostly
represented by either black or blue in Figure 2) make it
difficult to determine exactly where the compositional
boundary is and therefore to establish a precise association
between this boundary and geomorphologic changes.
2.1.4. Interpretation of the Surface Type 2 Spectrum
[10] The determination that large areas of Mars are com-

posed of basalt came as no surprise; previous remote-sensing
and SNC meteorite studies have shown that a basaltic
lithology would be the expected composition of the majority
of martian low-albedo surfaces [e.g. Singer and McSween,
1993; Bell et al., 1997]. However, the considerable abun-
dance of andesite revealed by TES data has been debated
because on Earth, andesite is typically associated with
subduction zones (although rocks of andesitic composition
can also be produced through anorogenic processes) [e.g.,
Carmichael, 1964; Gill, 1981, p. 294]. There is no strong
evidence for plate tectonics or subduction-related volcanism
on Mars [e.g., Carr, 1973]. Thus other explanations for the

Type 2 surface spectrum have been put forth [e.g., Minitti et
al., 2002; Wyatt and McSween, 2002]. Wyatt and McSween
[2002] demonstrate that the Type 2 surface spectrum can be
well-modeled using potassium feldspar (14%), plagioclase

Figure 1. The two surface unit spectra of Bandfield et al.
[2000a].

Figure 2. Global distributions of basalt and andesite
concentrations (1ppd). Only surfaces with thermal inertia
values >190 J/m2Ks1/2 are shown, which corresponds to an
effective particle size of >�100 mm, assuming a homo-
geneous unconsolidated surface [Kieffer et al., 1977;
Presley and Christensen, 1997]. This effective particle size
was chosen because emission spectra of surfaces below the
grain size range of �63–125 mm are not well modeled with
linear deconvolution techniques, when using spectral end-
members of mineral grains between 750 and 1000 mm
[Ramsey and Christensen, 1998]. RMS error is also shown.
The distributions are from Bandfield et al. [2000a].
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(25%), pyroxene (16%), and clay minerals (31%). This
model result only occurs when high-silica glass is excluded
from the endmember set; when high-silica glass is allowed,
model fits are improved [Hamilton et al., 2002]. Wyatt and
McSween [2002] compare the distribution of Type 2
surfaces in the northern lowlands with an area previously
suggested to be the site of an ancient ocean [e.g., Parker et
al., 1993]. They conclude with an alternative interpretation
for the Type 2 spectrum: that it instead represents a basaltic
surface weathered in a submarine environment. The spectral
similarities between high-silica glass and sheet-silicate
weathering products are the cause for the two very different
interpretations [Bandfield, 2002]. Therefore because of the
difficulty in differentiating glass from clays in emissivity
spectra, other lines of evidence must be used to distinguish
glass-rich andesitic surfaces from heavily weathered basaltic
surfaces on Mars.
[11] First, high concentrations of the Type 2 spectrum are

found south of the proposed shorelines, including parts of
Syrtis Major and southern highlands areas south of �40�S
[Bandfield et al., 2000a; Bandfield, 2002] (see also Figure 2).
These include areas where ancient oceans and other water-
related processes have not been suggested to exist and
therefore a second interpretation, in addition to basalt
altered in a submarine environment, would still be required
to explain the Type 2 surface concentrations in both the
lowland plains and the southern highland areas [Hamilton
et al., 2002]. Second, Acidalia Planitia and other regions
that exhibit the Type 2 spectrum consist of sand-sized
particles [Bandfield et al., 2000a; Mellon et al., 2000]. This
includes the north polar sand dunes, which have strong
Type 2 spectral signatures [Bandfield, 2002; Bandfield et
al., 2002]. It is unlikely that significant amounts of sheet-
silicate weathering products would exist on active, saltating
sand grains [Bandfield, 2002; Hamilton et al., 2002]. Third,
the Mars Pathfinder APXS revealed elevated amounts of
silica in the landing site rocks. Although the initially-
reported amounts of silica decreased by �10% after recent
recalibration, the corrected amount of silica (�57%) [Foley
et al., 2000; Brückner et al., 2001] is still on the border
between terrestrial basaltic andesite and andesite fields and
is actually the exact abundance of silica reported by Band-
field et al. [2000a] and Hamilton et al. [2001a] for the Type
2 surface. Finally, near-infrared reflectance observations are
highly sensitive to clay mineralogies and do not show
evidence for significant amounts of clays in the low-albedo
regions of Mars [e.g., Soderblom, 1992]. Based on the
above evidence, presently the simplest explanation for the
spectral shape common to Acidalia Planitia (Type 2) is that
it is glass-rich andesite [Hamilton et al., 2002]; however,
alternative explanations for silica-enrichment are certainly
possible [e.g., Morris et al., 2000]. In this work the Type 2
surface is interpreted as a primary volcanic andesitic
composition, and results are used to understand the relation-
ship between the distribution of basaltic and andesitic
compositions.

2.2. Aeolian Transport of Sand

2.2.1. Previous Work on Martian Sand Transport
[12] The subject of aeolian sand transport on Mars has

been studied extensively by previous authors [e.g., Iversen
et al., 1976; Sagan et al., 1977; Krinsley et al., 1979;

White, 1979; Greeley et al., 1980; Greeley and Iversen,
1985; Edgett and Christensen, 1991; Anderson et al.,
1999], who use methods such as wind-tunnel experiments,
numerical solutions, and photogeologic observations to
predict the behavior of windblown sand particles on the
martian surface.
[13] Because previous experiments [e.g., White, 1979;

Greeley et al., 1980; Edgett and Christensen, 1991] provide
the threshold friction speeds and trajectory path lengths for
varying Martian atmospheric pressures, temperatures, sur-
face friction heights, and particle diameters, it is possible to
calculate transport distances for various grain sizes on Mars.
However, one other, less-constrained factor that must be
accounted for is particle attrition or reduction in particle size
per saltation impact.
[14] Degradation rates for saltating particles have been

studied by Krinsley et al. [1979] and Krinsley and Greeley
[1986]. To perform aeolian abrasion experiments, they use a
Mars Erosion Device (MED), which simulates saltation by
using a rotating ‘‘paddle-wheel’’ to propel sand up against a
surface in the ceiling of the apparatus. They report decreases
in grain size after the sand ‘‘saltated’’ for various periods of
time and confirm that collisions on Mars are indeed more
energetic than on Earth [Krinsley et al., 1979; Krinsley and
Greeley, 1986]. Greeley and Kraft [2001] use the MED to
abrade quartz and basaltic sand between 500–600 mm in
diameter, at 1000RPM (equivalent to �8 m/s). By assuming
that one paddle-wheel rotation equals one saltation impact,
they are able to estimate the number of saltation impacts it
takes to reduce the particle diameter by a certain amount.
2.2.2. Estimated Transport Distance for Basaltic
Sand on Mars
[15] Knowing the previous estimates of particle degrada-

tion [Greeley and Kraft, 2001] and of path lengths, calcu-
lated as a function of particle diameter [White, 1979; Edgett
and Christensen, 1991], it is possible to estimate the
distance that sand can travel before it is degraded into a
size not amenable to saltation transport (<�115 mm). Attri-
tion data from Greeley and Kraft [2001] showed that
basaltic sand grains with an initial average diameter of
550 mm were degraded to 470 mm after 360 minutes of
abrasion at particle speeds of �8 m/s. This rate is equivalent
to the diameter loss of 80 mm per 360,000 saltation impacts
or 1 mm per �4500 saltation impacts. Edgett and Christen-
sen [1991] derive a path length of �30 cm for 550 mm
grains initially at rest, using an atmospheric pressure of 5
mbar, temperature of 240 K, and a particle density of 2.65 g/
cm3. Thus using this path length, 550 mm sand should lose 1
mm per �1.35 km of saltation. Note that this is a minimum
erosion rate per distance traveled since it assumes the full
transport distance in each impact. Table 1 shows the trans-
port distances estimated in this manner for varying grain
sizes. Increasing path lengths with decreasing particle size
are taken into account. These transport distance estimates
are calculated by using the diameter loss rate of 1 mm per
4500 impacts, multiplying by the path length, and adding
that distance to the distance already traveled. Note that the
distances are calculated from a starting grain size of 550 mm
because this is the starting diameter used in the particle
attrition experiments of Greeley and Kraft [2001].
[16] One assumption made in these estimates (Table 1) is

that the particle diameter degrades linearly with each
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impact. However, Greeley and Kraft [2001] show that the
particles degrade faster initially, while the amount of deg-
radation decreases after a number of impacts owing to the
increased rounding of grains. Despite this assumption, these
rough estimates of travel distance for each particle size
should be thought of as conservative upper limits, because
they do not account for the effect of topographic sand
trapping (for example, trapping by craters). This effect has
been shown to influence the distribution of sand on Mars
and is likely to be important in limiting the distance that
sand can travel [Christensen, 1983; Thomas, 1985; Ander-
son et al., 1999].
[17] Supporting evidence for these transport estimates

comes from previous MGS TES results. The existence of
distinct, spatially separated surface units of basalt and
andesite [Bandfield et al., 2000a], crystalline hematite
[Christensen et al., 2000b; Christensen et al., 2001b], and
olivine [Hoefen et al., 2000;Hamilton et al., 2001b] on Mars

is a basic indicator that global mixing of sand-sized particles
has not occurred. As mentioned earlier, the basaltic and
andesitic surface compositions have the spectral contrast and
thermal inertia consistent with sand-sized particles. If
global-scale transport were taking place, it is likely that only
one surface spectral shape, representing a mixture of the two
original compositions, would be detected. (Surface spectra
consistent with mixtures of basaltic and andesitic sediments
have been detected on smaller spatial scales [Bandfield et
al., 2000a], however, suggesting that some degree of trans-
port is occurring). The crystalline hematite regions of Sinus
Meridiani, Aram Chaos, and Valles Marineris [Christensen
et al., 2000b; Christensen et al., 2001b] can also be used to
constrain transport distance of sand on Mars. The regions
consist of basalt and hematite, with hematite abundances
ranging from �10–60%, depending on the actual particle
size of the hematite. Thermal inertia values indicate that the
average particle size of the surface materials in these regions
ranges from 800–900 mm. If it is assumed that (1) the
hematite in each of these regions crystallized in their present
locations, (2) the hematite is associated with the basaltic
sand grains, and (3) the hematite is not acting as a cement,
then the farthest that any basalt-hematite sand could have
been transported is the maximum diameter of the largest
region, Sinus Meridiani, which is approximately 550 km.
This distance is likely an upper limit because the boundary
of the hematite unit is distinct (hematite index values
decrease from high to background level over a distance of
<10 km), suggesting little transport of hematite away from
its source region [Christensen et al., 2001b].

3. Approach

[18] The objectives of this work are to determine the
association of composition with morphology and to more
sharply define the northern extent of the basaltic surface
composition. This study specifically addresses the global
morphologic provinces of ancient, heavily cratered terrain
and less-cratered, northern smooth plains. These terrains
represent large-scale variations in surface age, based on
differences in crater densities [e.g., Strom et al., 1992]. A
correlation of composition with geomorphology (and thus

Table 1. Estimates of Maximum Aeolian Transport Distances for

Varying Grain Sizesa

Dp,
microns

Path Length
1b, cm

Path Length
2b, cm

Transport
Distancec, km

550 30 30 0
500 32 37 7283
400 38 55 243–330
300 42 68 432–636
200 57 108 689–1122
115 90 175 1033–1791
aMaximum transport distances are calculated from a starting diameter of

550 microns (starting average particle diameter in the attrition experiments
of Greeley and Kraft [2001]). A degredation rate of 1 micron per 4500
impacts is used.

bPath lengths are from Edgett and Christensen [1991]. Path length 1 is
for particle ejection from a saltating grain, and path length 2 is for particle
ejection from a bed of grains initially at rest.

cCumulative transport distance from starting size of 550 microns.

Figure 3. The area between the white lines is the study
region (approximately between 20�S–60�N, 0–360�W)
used for high-resolution mapping and identification of small
isolated basalt regions, shown on the basalt concentration
map of Bandfield et al. [2000a]. As in Figure 2, areas with
low thermal inertia values are black. This area was chosen
in order to include the large equatorial dust areas, as well as
the morphologic and crustal dichotomy boundaries. The
dark red line is an approximation of the morphologic
dichotomy boundary.

Figure 4. An effective emissivity spectrum (an average of
30 individual spectra) with low atmospheric dust and water
ice loading compared with the resultant atmospherically
corrected surface emissivity spectrum.
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surface age) could have implications towards a change in
magma composition with time. As mentioned above, it is
difficult to define the exact boundary between the basalt and
andesite on the low-resolution one pixel-per-degree (1 ppd,
equal to �3600 km2/pixel at the equator) maps of Bandfield
et al. [2000a] owing to large amounts of surface dust that
obscure the boundary region (Figure 2). However, by
mapping the surface at a higher resolution (32 ppd, �3.5
km2/pixel at the equator), isolated regions of low-albedo
materials can be located within the surrounding dusty areas
and their composition can be determined. Thus when the
basaltic surface composition is mapped at the highest
possible resolution, small regions of basalt that correspond
to the isolated low-albedo materials can be distinguished.
The basaltic surface type was chosen for the focus of this
study (rather than andesite) because it has a more well
defined distribution in the abundance maps of Bandfield et
al. [2000a] (Figure 2), relative to the andesitic surface
distribution. It is easier to define the northern extent of
the basaltic surface composition, rather than the southern
extent of the andesitic surface type.
[19] The basaltic materials in these regions have been

estimated to have transport distances that are small relative
to the scale of geologic features observable with TES
(Table 1); therefore the materials are likely to be derived

from bedrock within a few hundred kilometers of their
present locations. This allows the isolated regions to be
used to greatly narrow the compositional boundary zone
because they are considered to be representative of nearby
bedrock that is buried under dust.

3.1. Identification of Isolated Basalt Regions

[20] Using the atmospheric-correction and unit-mapping
techniques of Bandfield et al. [2000a, 2000b] (above, section
2.1.3), concentrations of the basaltic surface composition
were computed and mapped at a resolution of 32 ppd,
generally between 20�S–60�N, 0–360�W (Figure 3). These
coordinates were selected in order to find small areal
distributions of basalt within the northern lowlands and large
dusty regions and to focus on areas near the crustal and
morphologic dichotomy boundaries. Only spectra that were
collected from low emission angles (<30�), warm surfaces
(>255 K), and low atmospheric dust and ice extinctions
(<0.18 and <0.10, respectively) were used. The resulting
map was then examined in 20� � 20� areas, in order to find
areally small, elevated concentrations of basalt. Basalt
abundances shown in these concentration maps are not
normalized for blackbody or atmospheric contribution [after
Bandfield et al., 2000a].
[21] When using these unit-mapping techniques, derived

surface-type abundances can sometimes be affected by non-
ideal conditions such as surface fines or the presence of
higher atmospheric water ice and dust loadings. To confirm
the basalt concentrations identified for each region in these
maps, it is necessary to visually inspect the surface spectra
for each region. For example, at longer wavelengths (�20–
40 mm, or �500–250 cm�1), the basaltic and andesitic
spectral shapes exhibit distinctive features (see Figure 1).
There are two concave downward spectral features (local
emission maxima) at �450 cm�1 and �360 cm�1 that are
recognizable in basaltic surface spectra, as well as a general
V-shaped feature centered at �325 cm�1. The long wave-
length range is especially useful because dust opacity is
low within this spectral region. Although each surface
spectrum is examined in its entirety (�1300–825 cm�1,
�525–230 cm�1), the existence of these spectral features
at long wavelengths is the strongest indicator that a basaltic
surface component is present.
[22] To inspect the surface spectra, TES effective emis-

sivity spectra were first retrieved for each candidate region.
The spectra used were from MGS Mapping Phase Orbits
between Ls 104–352 (TES orbit counts 1600–7000), and
taken from warm surfaces (>255 K) and low emission
angles (<30�). Effective emissivity spectra that are from
low-albedo surfaces and that have the least atmospheric
contribution were averaged together for each region. Note
that averaging does not decrease the spatial resolution
because spectra are taken from repeat observations. Any-
where from 6 to 50 spectra were used in each average. The
averaged spectra were deconvolved using the same surface-
atmosphere separation techniques described in Bandfield et
al. [2000a, 2000b]. The resultant surface spectra (Figure 4)
for each region were then visually compared with the basalt
and andesite endmembers to verify the surface composition
of that region.
[23] Although the qualitative approach of visual inspec-

tion is important, it is also necessary to quantitatively assess

Table 2. Mineral Endmembers Used in Deconvolution of

Emissivity Spectra From Each Basalt Regiona

Mineral Nameb Mineral ID

Quartz BUR-4120
Microcline BUR-3460
Albite WAR-0244
Oligoclase BUR-060D
Andesine BUR-240
Labradorite WAR-4524
Bytownite WAR-1384
Anorthite BUR-340
Enstatite HS-9.4B
Bronzite NMNH-93527
Diopside WAR-6474
Augite NMNH-9780
Augite NMNH-122302
Hedenbergite,
Manganoan

DSM-HED01

Forsterite AZ-01
Fayalite WAR-RGFAY01
Hematite BUR-2600
Anhydrite ML-S9
Gypsum ML-S6
Calcite C27
Siderite C62
Actinolite HS-166.4B
Biotite BUR-840
Muscovite WAR-5474
Chlorite WAR-1924
Serpentine HS-8.4B
Serpentine BUR-1690
Nontronite WAR-5108g granular
Kaolinite Kga-1b granular
Illite Imt-2g granular
SiK glass MW-SiK-GLASS
Apatite ML-P1
aFor chemical formulas, please see http://tes.la.asu.edu/speclib/index.

html.
bMineral groups from top to bottom: quartz, feldspar, pyroxene, olivine,

hematite, sulfate, carbonate, amphibole, sheet-silicates/glass, phosphate.
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any possible compositional deviation from the Syrtis Major
type basalt. The averaged effective emissivity spectrum
from each basalt region, as well as representative effective
emissivity spectra from Syrtis Major and Acidalia Planitia,

were deconvolved with mineral and atmospheric endmem-
bers (Table 2). Note that this endmember set is different
than that used by Bandfield et al. [2000a] and therefore
gives slightly different results than those given in Bandfield

Figure 5. Location of small isolated basalt regions identified in this study, superimposed on a combined
MOLA shaded-relief map and basalt concentration map (8 ppd, �56 km2 at the equator). All of the
regions fall in areas originally mapped as 0–0.40 basalt concentrations in the low-resolution (1 ppd)
maps of Bandfield et al. [2000a]. The areal extent of most of these regions is less than a 1� � 1� bin.

Table 3. Basalt Region Locations and Themophysical Characteristics

Region Coordinatesa
General Location

Name TES Albedo
Mean Thermal Inertia,

J/m2Ks1/2b
Area,
km2

1 35–36N, 175–176W N Erebus Montes 0.20 218 �160
2 11–12N, 174–175W Pettit Crater 0.12–0.13 224 �180
3 54–55N, 146–148W Milankovic Crater 0.13 354 �165
4 22–24N, 64–66W Kasei Vallis 0.08–0.14 335 �6500

24–25N, 62–63W
5 20–22N, 55–57W Lunae Planum 0.10–0.16 272 �6500

24–25N, 56–57W
6 22–23N, 35–36W WArabia Terra, Oxia Palus 0.15–0.16 583 �4890
7 24–25N, 27–28W WArabia Terra, S Acidalia Planitia 0.14–0.15 430 �3260
8 21–24N, 20–23W WArabia Terra, Oxia Palus 0.08–0.13 473 �6500
9 24–26N, 18–20W Mawrth Vallis, Arabia Terra 0.11–0.15 340 �4570
10 20–21N, 17–18W WArabia Terra 0.11–0.13 262 �160
11 22–23N, 17–19W Mawrth Vallis, Arabia Terra 0.14 261 �200
12 27–29N, 15–17W WArabia Terra 0.13–0.17 320 �140
13 23–25N, 10–12W WArabia Terra 0.14 356 �160
14 40–42N, 334–336W Deuteronilus Mensae 0.12–0.15 255 �650
15 41–43N, 315–317W Moreux Crater 0.10–0.14 248 �490
16 36–37N, 300–302W Protonilus Mensae 0.10–0.13 248 �1970
17 42–44N, 293–295W N Nilosyrtis Mensae 0.14–0.15 298 �3940
18 27–29N, 283–285W W Nilosyrtis Mensae 0.12–0.13 422 �2840
19 25–26N, 276–277W Peridier Crater 0.12–0.17 287 �250
20 2–3N, 237–238W Nepenthes Mensae 0.13 353 �150
21 5–7S, 222–224W Gale Crater & surrounding area 0.11–0.13 355 �7000
22 8–9S, 216–218W Aeolis Mensae 0.15 285 �900
23 9–10N, 210–211W Cerberus 0.10–0.12 305 �3670
24 12–14N, 198–200W Cerberus 0.13 254 �11000

10–12N, 200–202W
aCoordinates which encompass the basalt region.
bMellon et al. [2000].
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et al. [2000a] for the Syrtis Major and Acidalia type
surfaces. Sheet silicates (clays and micas) and glass were
combined into the same group because of their spectral
similarities [see Bandfield, 2002].

3.2. Characterization of Isolated Basalt Regions

[24] Once the basalt composition was confirmed, other
datasets were then used to further characterize these basalt
regions. TES thermal inertia and albedo datasets were
examined for each region, in an effort to infer a particle
size for the basaltic materials [Kieffer et al., 1977; Presley
and Christensen, 1997; Presley, 2002]. High-resolution
(256 ppd) mosaics derived from Viking orbiter images were
used to determine if the areal distribution of basalt in each
region is correlated with landforms or albedo features. For
instance, many of the basalt regions correspond to intra-
crater dark materials [see e.g., Christensen, 1983]. In
addition, the MGS Mars Orbiter Camera (MOC) database
was searched for high-resolution (<5 m/pixel) images that
cover the basaltic surface spectra coordinates, in an effort to
determine what type of surface corresponds to the detected
basaltic signature in each region (such as lava flows or
dunes).

4. Results

4.1. Distribution of Isolated Basalt Regions

[25] Twenty-four isolated basalt regions have been iden-
tified between 20�S–60�N, 0–360�W (Figure 5). The areal
extent of most of these regions is less than a 1� � 1� bin. All
of these regions are located within larger areas that have
substantial amounts of surface dust. Table 3 shows the
location and thermophysical characteristics of each region,
while Figure 6 shows the distribution of basalt for each
region, superimposed on high-resolution Viking image
mosaics. The majority of the regions are associated with
isolated low-albedo areas, typically located on canyon or
crater floors. The general geographic locations of the basalt
regions are described below.
4.1.1. Arabia Terra (Regions 6–13)
[26] There are few low-albedo surfaces found in Arabia

Terra owing to extensive dust cover; intracrater dark materi-
als comprise the majority of low-albedo surfaces in this area.
Four of the basalt regions found in Arabia are associated
with these surfaces. However there are also high concen-
trations of basalt along Mawrth Vallis (Regions 9, 11). Two
of the basalt regions (Regions 6, 7) are located on the
border between western Arabia and southwest Acidalia.
One MOC image (Figure 7) was found to cover the exact
coordinates of intracrater basalt in Arabia Terra. Small
dunes are visible in this image and are probably contribu-
ting to the basaltic signature measured with TES in this
region. As mentioned above, most of the basalt regions in
this study are likely to be derived from the local bedrock,
based on the limited transport distance of basaltic sand
(Table 1) and the process of sand trapping. Therefore
Arabia Terra bedrock is likely to contain basalt. While it

is possible that the intracrater materials are derived from
other sources, such as consolidated volcanic ash or impact
melt sheets, the regions in this study are similar in compo-
sition to large areas of the southern cratered terrain (Surface
Type I) [Bandfield et al., 2000a]. The extensive areal
coverage of this surface type implies that the composition
is related to the crust lithology. Therefore the preferred
interpretation for these deposits is that they are also derived
from bedrock, rather than localized impact melt sheets or
local/regional volcanic ash deposits.
[27] It is important to note that concentrations of ande-

site (30–65%) are also found in the northwestern part of
Mawrth Vallis (Regions 9, 11), as well as the eastern side
of Ares Vallis. In addition, andesite, along with basalt
concentrations, has been detected in Western Arabia Terra
craters and corresponding wind streaks [Wyatt et al.,
2001]. It is possible that the andesitic materials in Arabia
Terra are locally derived, either from andesite layers
exposed in the crater walls [Wyatt et al., 2001], or from
andesitic flows at the surface. Another possibility is that
the andesitic materials have been transported in from a
separate location. The distribution of basalt and andesite in
Western Arabia Terra craters suggests that the andesite is
finer grained than the basalt in this area [Wyatt et al.,
2001]. This could be evidence that the andesitic materials
have been transported a greater distance and originated
elsewhere.
4.1.2. Lunae Planum/Kasei Vallis (Regions 4–5)
[28] High concentrations of basalt are found in north-

eastern Lunae Planum and in Kasei Vallis. The Kasei
Vallis basalt corresponds to low-albedo materials on the
canyon floor. However, even in the highest resolution
MOC images of these dark areas no distinct landforms
can be resolved.
4.1.3. Fretted Terrain/Crustal Dichotomy Boundary
Zone (Regions 14–22)
[29] The basalt regions in this area are associated with

intracrater dark materials, and in between mesas of the
fretted terrain. No MOC images were found to correspond
exactly with basaltic surfaces.
4.1.4. Northern Lowland Outliers
(Regions 1–3, 23–24)
[30] Four regions of significant basalt concentrations are

found completely isolated within the northern plains. One
is Cerberus (see regions 23–24), a large volcanic plain
that is undergoing active aeolian reworking, as evidenced
by temporal changes in albedo observed between Mariner 9
[Chaikin et al., 1981] and MGS. There are equally high
concentrations of basalt and andesite adjacent to each
other, with no difference in thermal inertia values between
either composition. The second region is adjacent to
Erebus Montes (region 1), located �2300 km north of
the southern cratered terrain. The third is Milankovic
Crater (region 3), located �2800 km north of the cratered
terrain and �900 km northwest of Olympus Mons. The
fourth is Pettit Crater (region 2), located approximately
1300 km north of the southern cratered terrain. Possible

Figure 6. (opposite) Basalt distribution for each of the isolated regions superimposed on high-resolution Viking image
mosaics (256 ppd, �54 m2 at the equator). The white boxes enclose the approximate locations from which surface spectra
were retrieved and averaged. General locations and other characteristics for each region are listed in Table 3.
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origins of the basalt found in these outlier regions are
discussed in section 5.

4.2. Surface Spectra From Each Isolated Region

[31] Figure 8 shows the averaged surface spectrum from
each region. Some of the region spectra have slight
deviations either in the depth or location of spectral
features, when compared to the Syrtis Major surface
spectrum. Shallower spectral feature depth (spectral con-
trast) can be explained by either a finer particle size than
that of Syrtis Major, a thin coating of surface dust, or
patches of surface dust that are mixed with the basalt in a
checkerboard fashion and detected in the TES field of
view. The presence of additional spectral features or the
lack of features that are present in the Syrtis type spectra
can be attributed to either slight changes in the surface
mineralogy, concentrations of andesite mixed in with the
basalt or minor atmospheric features that were not com-
pletely removed in the deconvolution process. Table 4
shows the modal mineralogy for each representative sur-
face spectrum, compared with that of an average Syrtis
Major and Acidalia Planitia surface. Only mineral groups

with abundances commonly �10% are shown. For many
of the regions, differences in abundances are minor and
below the TES detection limit for mineral concentrations
(<10%) [e.g., Christensen et al., 2000a] using current
atmospheric correction techniques. Some regions show a
decreased abundance of pyroxene and increased amounts
of sheet silicates/high-silica glass. The spectral shape that
corresponds with these regions, previously described as
the ‘‘intermediate’’ surface by Bandfield et al. [2000a],
could be explained by either a new surface composition
that is intermediate between the basaltic and andesitic
surface compositions or by concentrations of andesite
mixed in with the basalt. It is difficult to determine
which explanation is correct; however, the majority of
regions with intermediate surfaces are located near the
boundary between the basaltic and andesitic compositions.
For the regions in this study, it is likely that intermediate
surfaces are mixtures of basaltic and andesitic sediments.
Thus all of the regions are considered to be composed at
least partly of the Syrtis Major-type basalt [Bandfield et
al., 2000a] and are probably not local variations in
composition.

4.3. Thermophysical Characteristics

[32] All regions have thermal inertia values (�225 to
>�600 J/m2Ks1/2) indicative of particle sizes within the
range of fine sand to pebbles (�200 to >�15,000 mm);
(Figure 9). None have values that are consistent with bed-
rock (�2400 J/m2Ks1/2) [e.g., Jakosky, 1979].

5. Discussion

5.1. Distribution of Volcanic Surface Compositions
on Mars

[33] Results from this study are consistent with the
previous results of Bandfield et al. [2000a]. Low-albedo
surfaces within the cratered terrain, including Arabia Terra,
are composed of basalt to basaltic andesite, while surfaces
in the northern smooth plains are composed of basaltic
andesite to andesite. The largest areal coverage of andesite
concentrations is located in Acidalia Planitia and the rest of
the northern plains, but smaller areas of significant andesite
concentrations are also distributed throughout the southern
cratered terrain. In addition, four isolated regions in the
northern hemisphere are at least partially composed of the
Syrtis Major-type basalt.

5.2. Local Versus Regional Origin

[34] The effective grain size for these regions ranges
from �200 mm to >�15,000 mm (Figure 9). It is important
to note that particle size mixtures are likely to be present
and that in some cases, measured thermal inertia values
could represent a combination of very fine sand (<100 mm)
and very coarse material (pebble- to cobble-sized)
[Jakosky, 1979]. In general, low-albedo regions have rock
abundances between 6 and 14% [Christensen, 1986].
Many of the basalt regions in this study are located in
crater and canyon floors, while others are associated with
surfaces that are not topographic depressions. The question
of whether the basaltic materials in these regions are of
local origin (derived from bedrock less than a few hundred
kilometers away) or regional origin (derived from bedrock

Figure 7. Southern portion of MOC image SP2-34903
(center coordinates 21.79�N, 22.7�W). The area shown is
located within McLaughlin Crater, Western Arabia Terra,
Region 8. Small, widely spaced dunes can be resolved.
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more than several hundreds of kilometers away) is dis-
cussed below.
5.2.1. Intracrater Deposits/Canyon Floors
[35] The thermal inertia of the basalt regions associated

with crater/canyon floors ranges from�250 to 600 J/m2Ks1/2,
which corresponds to an effective particle size of �280 to
�15,000 mm [Presley and Christensen, 1997]. Most of the
regions associated with topographic depressions have ther-
mal inertia values >�350 J/m2Ks1/2 (effective particle size
>�1200 mm) (Figure 9), which is the average thermal inertia
of dune sand on Mars [Edgett and Christensen, 1991]. This
observation has also been noted by Christensen [1983], who
suggested that the majority of intracrater deposits with a

thermal inertia >�350 J/m2Ks1/2 are likely to be low, broad
zibar dunes or lag deposits, formed by grains that can be
transported into but not out of the craters. It is also probable
that there is impact-related sand and rocky material present.
Most importantly, because of the large number of craters in
the southern highlands, it seems difficult for coarse sand
grains to travel far without becoming trapped. In summary,
basaltic materials found in topographic depressions such as
crater floors are interpreted to be derived from the nearby
bedrock.
5.2.2. Other Low-Albedo Surfaces
[36] Other basalt regions in this study are not associated

with steeply enclosed topographic depressions, such as in

Table 4. Deconvolution Results for Regions 1–24 Compared With Syrtis Major and Acidalia Surfaces

Mineral
Group/Lithologic

Endmember 1 2 3c 4 5 6 7 8 9 10 11 12d 13 14 15 16 17 18 19 20 21 22 23 24
Syrtis
Majore Acidaliae

Mineral Areal Abundances for Regions 1–24 Compared With Syrtis Major and Acidalia Regional Surfaces, %
Feldspar 44 46 30 32 33 40 42 40 43 41 50 28 38 37 45 32 38 37 38 36 35 38 35 42 42 35
Pyroxene 23 31 31 26 19 26 29 29 17 26 24 18 20 34 25 19 16 32 26 32 26 22 25 26 33 (9)f

Sheet Silicates/Glass 18 15 13 28 35 21 10 22 27 19 11 37 31 12 18 33 30 18 19 18 22 23 20 21 15 42
Otherb 15 9 26 14 13 13 18 10 11 13 15 16 10 17 11 16 17 12 17 13 18 17 18 11 10 14
Blackbodyg 68 50 56 38 42 51 50 32 43 53 52 31 27 57 44 49 57 43 31 45 42 44 38 52 30 38

Basalt and Andesite Abundancesh for Regions 1–24
Basalt Abundance 47 51 52 56 57 66 52 59 40 69 56 40 57 43 63 42 33 61 63 64 56 53 66 52 95 26
Andesite Abundance 0 35 20 47 32 7 22 47 60 0 6 35 60 14 20 36 38 13 57 24 26 38 26 28 21 74

aMineral percentages from the deconvolution output are normalized to exclude atmospheric and blackbody components, after Bandfield et al. [2000a].
Abundances are rounded to the nearest whole number. This is why mineral groups do not sum to exactly 100%.

bIncludes the following mineral groups: hematite, sulfate, carbonate, olivine, quartz, and phosphate. Abundances from these individual mineral groups
are present below the detection limit (<10%), except where indicated.

cDeconvolution results for this region also yields 11% carbonate, in addition to feldspar, pyroxene, and sheet silicates/glass abundances.
dDeconvolution results for this region also yields 11% sulfate, in addition to feldspar, pyroxene, and sheet silicates/glass abundances.
eExamples given are for typical Syrtis Major and Acidalia regional surfaces.
fDeconvolution results for a regional Acidalia surface yields 9% pyroxene, which is slightly below the detection limit.
gBlackbody abundance is from deconvolution results of atmospherically corrected spectra.
hFor comparison, results from the deconvolution using three surface endmembers (Syrtis Major type surface, Acidalia type surface, hematite surface),

four atmospheric endmembers, and blackbody are shown. Abundances are not normalized to exclude the blackbody and atmospheric components to
compare with basalt abundance maps in Figure 6.

Figure 9. Thermal inertia and effective particle size ranges for each region. Horizontal tick marks show
the mean values. The thermal inertia values were taken from the exact coordinates recorded for each
surface spectrum that was used in the average surface spectrum for each region (see Figure 8). Effective
particle sizes are approximated by using the thermal conductivity values from Figures 12 and 14 of
Presley and Christensen [1997], for a Martian atmosphere of 5 torr (�6.7 mbar) and a density and
specific heat product of 0.24 cal�K�1cm�3. Asterisks indicate basalt regions associated with intracrater
deposits or canyon floors.
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Lunae Planum (Region 5) and Mawrth Vallis (Regions 9,
11). Thermal inertia values for most of these regions range
from �225 to �470 J/m2Ks1/2 (effective particle size
�200 to �5000 mm [Presley and Christensen, 1997]).
Region 6 has an effective particle size >15000 mm.
Compared with the intracrater basaltic materials, overall
these regions have slightly lower effective particle sizes
and therefore may have farther transport distances. How-
ever, for most of the regions, these estimated distances are
still within the range of a local origin. In addition, low-
albedo surfaces (<0.18) commonly have rock abundances of
6–14% and may be as high as 14–28% [Christensen, 1986].
It is likely that basaltic materials in these regions are locally
derived. Regions with the lowest thermal inertia values
(�200 J/m2Ks1/2, Regions 1–2) could have longer transport
distances and a regional origin cannot be ruled out for these
two areas.

5.3. Association of the Basaltic Composition
With Surface Geology

[37] Figure 10 shows the location of the basalt regions,
superimposed on a MOLA shaded relief map. This map
shows that the basaltic surface composition appears to be
closely associated with the cratered terrain morphology. All
but four of the regions (the two regions in Cerberus, regions
23 and 24, are considered one region) are located within the
cratered terrain and along the cratered terrain morphologic
boundary. With these four exceptions, there are no signifi-
cant (>�30% surface cover) concentrations of basalt >�400
km2 in size within the northern smooth plains. For this
work, a ‘‘significant’’ concentration of basalt was consid-

ered to be 30%. In the 32 ppd basalt abundance maps, all
spatially coherent elevated basalt concentrations (>10%
surface cover) were examined. However, elevated basalt
concentrations that appeared to be associated only with
individual orbit tracks were not examined. Concentrations
that follow the orbit track spatial pattern are likely a result of
relatively high noise levels or increased atmospheric water
ice and dust loadings, rather than representing a real surface
concentration. In general, concentration values that are
associated with this occurrence are <30%; consequently,
this was the value chosen to represent a ‘‘significant’’
concentration. ‘‘Significant concentration’’ values for a
basalt abundance map should not be confused with the
mineral detection limit, which is �10–15% for deconvolu-
tion of individual spectra.

5.4. Association of the Basaltic Composition
With Crustal Thickness

[38] Figure 10 also shows the approximate location of the
crustal thickness boundary of Zuber et al. [2000]. As
discussed in section 1, Arabia Terra exhibits cratered terrain
morphology but has a relatively thin crust like the northern
plains. Eight of the basalt regions in this study are located in
the Arabia Terra province (Regions 6–13). It is likely that
these basaltic materials (�400 to >�15,000 mm) are derived
from Arabia Terra bedrock because they are estimated to
have been transported less than a few hundred kilometers
(Table 1). Therefore Arabia Terra bedrock is at least
partially composed of basalt. The areal distribution of the
basaltic surface composition in this region extends as far as
�3000 km north of the approximate crustal thickness

Figure 10. The isolated basalt region locations from Figure 5, superimposed on a MOLA shaded relief
map (16 ppd). Areas north of the black line generally have a crustal thickness less than 40 km, as shown
by Zuber et al. [2000]; this line is a general approximation of the crustal thickness boundary described in
Zuber et al. [2000]. Arabia Terra is the large region in the center, which has the crustal thickness of the
smooth northern plains but the geomorphology of the cratered terrain.
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boundary, indicating that the global distribution of the
basaltic surface composition is not correlated with crustal
thickness in this region.

5.5. Origin of Basaltic Outliers in the
Northern Lowlands

5.5.1. Cerberus (Regions 23–24)
[39] Cerberus, located �1500 km north of the cratered

terrain, has high concentrations of basalt (>30% up to
100%) and corresponding thermal inertia values of
�250–300 J/m2Ks1/2 (�280–800 mm effective particle
size). It should be noted that there are equally high con-
centrations of andesite intermixed with the basalt through-
out the region. Neither composition appears associated with
a unique thermal inertia range or a particular landform
morphology. Although it is difficult to determine unequiv-
ocally the source of the basalt in Cerberus, there are three
scenarios: (1) the source is the Elysium province (this is
difficult to confirm with TES because of extensive dust
cover); (2) it is derived from a local eruption within the
Cerberus region (this may be supported by the results of
Plescia [1990], who described the Cerberus plains as
Amazonian flood lavas and mapped nine features inter-
preted to be volcanic vents in Western Cerberus), or (3)
basalt has been eroded from the knobby terrain to the
immediate southeast. One previous interpretation for the
knobby terrain unit is that it is remnant cratered terrain
material [e.g., Carr, 1981, p. 73; Greeley and Guest, 1987;
Plescia, 1990]. (In other areas such as Acidalia Planitia and
Isidis Planitia, parts of the knobby terrain unit have been
interpreted as pseudocraters [Frey et al., 1979; Frey and
Jarosewich, 1982; Greeley and Fagents, 2001].) If the
knobby terrain is remnant cratered terrain and the basaltic
surface composition is associated with the cratered terrain, it
follows that some basaltic material may have been eroded
from the remnants and deposited in Cerberus. Although
dominant wind directions in Cerberus are currently from the
northeast, it is possible that paleowind directions were from
the southeast. As with the Elysium province, the knobby
terrain itself is too dust-covered to determine a surface
composition; perhaps the increased spatial resolution of
future infrared experiments such as the Thermal Emission
Imaging System aboard the 2001 Mars Odyssey spacecraft
will help to determine the composition of these areas.
5.5.2. North Erebus Montes (Region 1)
[40] A second basalt outlier is located adjacent to

Erebus Montes (35�N, 175�W). This region has moderate
basalt concentrations and an average thermal inertia of
�225 J/m2Ks1/2 (effective particle size of �200 mm). Erebus
Montes is mapped as undivided units (Hnu), with one
interpretation that these units are erosional remnants of
cratered terrain [Scott and Tanaka, 1986]. Possibilities for
the origin of the basalt in this region are (1) the basalt is
derived from Erebus Montes cratered terrain remnants
(again, these remnants are too dusty to verify a basaltic
composition), or (2) it is derived from a local basalt flow.
The apparent absence of volcanic vents or constructs make
this latter suggestion is less likely.
5.5.3. Milankovic Crater (Region 3)
[41] The third basalt outlier is located on the floor of

Milankovic crater (54�N, 147�W), approximately 900 km
northwest of Olympus Mons. The basalt concentration is

significantly lower than adjacent andesite concentrations;
the average thermal inertia of the basalt is �350 J/m2Ks1/2

(�1200 mm). At �2800 km north of the cratered terrain,
Milankovic Crater is well beyond the estimated maximum
transport distance (Table 1). Thus it is necessary to hypothe-
size other possible sources. Three suggestions are offered
here: (1) the source area is the Tharsis province (extensive
dust deposits make this difficult to confirm with remote
spectral measurements); (2) it is derived from a local basalt
flow (the lack of any visible volcanic constructs or vents
nearby make this explanation less likely); or (3) the andesite
composition in the northern smooth plains is relatively thin,
and basalt was excavated from beneath during impact.
[42] The idea that an impactor may have punched through

a thin andesite layer is supported by recent MOLA obser-
vations of buried impact basins in the northern hemisphere.
The existence of these basins led Frey et al. [2001a] to
conclude that the resurfacing materials in the northern
smooth plains are probably only a thin layer. Milankovic
is one of the few large-diameter (>�40 km) craters in the
northern smooth plains; other large-diameter northern plains
craters have been examined in an initial effort to look for a
possible correlation between basalt presence and crater
depth. Preliminary results show that there are other craters
that have even greater depths but with high andesite con-
centrations and no detectable basalt. One explanation for
this could be that the northern lowland materials are of
variable thickness [Frey et al., 2001b]; another possibility is
that exposed basaltic materials could have been resurfaced
by later andesite flows. Further study is needed to inves-
tigate the potential presence of basalt beneath an andesitic
cover.
5.5.4. Pettit Crater (Region 2)
[43] The fourth basalt outlier is in Pettit Crater (12�N,

174�W). High concentrations of both basalt (30%–80%)
and andesite (30%–90%) are present here in individual
spectra; however overall the areal coverage of andesite is
much greater. Although Pettit is �1300 km north of the
southern cratered terrain, it is located within the knobby
terrain that has been suggested to be erosional remnants of
the cratered terrain [e.g., Carr, 1981, p.73; Greeley and
Guest, 1987; Plescia, 1990]. It is possible that a small
amount of basaltic material has been eroded from the
cratered terrain remnants and deposited in Pettit Crater, or,
as suggested for Milankovic Crater, basaltic materials may
have been excavated from beneath during the impact event
that formed the crater. A third explanation could be a local
basalt flow near Pettit crater, although the lack of any
visible volcanic constructs makes this suggestion unlikely.
Although their present locations within the crater may not
necessarily reflect their origin, it is interesting to note that
basaltic materials in Milankovic crater are clustered around
the central peak (supporting an impact-excavation origin),
while Pettit basaltic material is concentrated in the topo-
graphically lowest part of the crater (supporting an erosion
and deposition origin).

5.6. Implications

[44] The apparent association of the basaltic surface
composition with cratered terrain materials indicates that
widespread basaltic volcanism of the Syrtis Major-type
composition was restricted to Mars’ earlier past and is old
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relative to the andesitic surfaces in the northern smooth
plains. The basaltic outliers in the northern plains may
represent local basalt flows that occurred later than the time
of formation for the cratered terrain basalt. However, it is
important to note that the origin for the basalt in all of these
outliers can also be explained by either erosion of cratered
terrain remnants (knobby terrain) or impact through a thin
andesite layer to expose underlying older basalt. Thus it is
possible that all basaltic bedrock from which basaltic sand
originated is relatively old (Noachian to early Hesperian).
[45] Zuber et al. [2000] hypothesized that Arabia Terra

may be an area of exposed northern smooth plains base-
ment. The fact that Arabia Terra is at least partially basaltic
supports this hypothesis, in that the extent of the basaltic
surface composition does not terminate with the crustal
thickness boundary but rather it extends farther north, at
least as far as the cratered terrain boundary in Arabia Terra.
It is possible that the distribution of cratered terrain basalt
continues north into the lowlands, beneath an andesitic
resurfacing layer.
[46] Results from this work indicate that the relative areal

distributions of basalt and andesite are related to a temporal
process, rather than being controlled by spatial means. This
further indicates that the topographic difference between the
northern lowlands and southern highlands and the forma-
tional mechanism for the crustal dichotomy are probably not
related to spatial differences in crustal density, as suggested
by previous authors [e.g., Hartmann, 1973a; Mutch et al.,
1976, p.210].

6. Conclusion

[47] From this work, the following conclusions can be
made:
[48] 1. With four exceptions, there are no significant

concentrations (>30% surface cover) of Syrtis Major-type
basalt in the northern plains greater than �400 km2.
[49] 2. The compositional dichotomy is closely associated

with the morphologic dichotomy, but is not correlated as
well with crustal thickness. The cratered terrain is known to
be older than the northern smooth plains, because of its
higher crater density [e.g., Hartmann, 1973b]. Thus, it
appears that basaltic volcanism, for the most part, occurred
earlier in Mars’ volcanic history, and was later followed by
a period of andesitic volcanism that resurfaced much of the
northern lowlands. This is consistent with the previous
conclusions of Bandfield et al. [2000a].
[50] 3. Basaltic material in Cerberus (Regions 23–24)

may have originated from the knobby terrain, or may have
been eroded from the Elysium Province lavas or may
represent a local basalt flow. The basalt adjacent to Erebus
Montes (Region 1) is most likely derived from Erebus
Montes, which has been interpreted as remnants of highland
plateau terrain [Scott and Tanaka, 1986]. Milankovic Crater
(Region 3) may represent a local basalt flow, an area of
deposition from Tharsis volcanics, or exposed basalt from
the impact event to form the crater. Lastly, basaltic material
in Pettit Crater (Region 2) may have been derived from the
surrounding knobby terrain, or from impact excavation, as
suggested for Milankovic crater.
[51] 4. The distribution of basaltic and andesitic compo-

sitions is likely to be related to a change in volcanism

through time, rather than controlled by spatial location. This
observed distribution implies a stratigraphic relationship
with younger andesitic smooth plains overlying the ancient
basaltic cratered terrain.
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