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LAYERED OUTCROPS ON MARS.  Michael C. Malin, Malin Space Science Sys-
tems, P.O. Box 910148, San Diego CA 92191-0148 (malin@msss.com). 
 
 
Layered and massive outcrops on Mars, some as thick as 4 km, display the geomorphic 
attributes and stratigraphic relations of sedimentary rock.  Sequences in some locations 
imply a dynamic depositional environment during early martian history.  Subaerial (such 
as aeolian, impact, and volcani-clastic) and subaqueous processes may have contributed 
to the formation of the layers.  Affinity for impact craters suggests cominance of lacus-
trine deposition,  alternatively, the materials were deposited in a dry, subaerial setting in 
which atmospheric variations mimicked a subaqueous depositional environment.  The 
source regions and transport paths for the materials are not preserved. 
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DUCTILE DEFORMATION IN HELLAS FLOOR: SALT DIAPIRS OR CRUSTAL DOMES? N. Mangold1, 
and P. Allemand2.  1Orsay-Terre,  FRE2566, CNRS et Université Paris-Sud, Bat. 509, 91405 ORSAY Cedex, 
France, mangold@geol.u-psud.fr, 2Lab. Dynamique de la lithosphere, Univ. CB Lyon, France. 

 
Introduction: Periodic concentric features named 
“honeycomb terrains” are observed in the North-
Western part of Hellas (Fig. 1). These terrains cover 
the lowest part of the Hellas basin at elevations of –7 
to –5 km, thus also the lowest points on Mars. Each 
“honeycomb cell” is about 5 to 10 km large. At MOC 
scale these features shows lot of deformed materials. 
Some authors speculate about possible ice blocks and 
soft muddy deformation to explain the formation of 
these concentric features [1]. In this study we show 
that the structural analysis of MOC images favors a 
ductile formation by doming inside a soft medium. 
Structural patterns typical of ductile shear zones are 
also observed. We discuss if this doming better corre-
spond to salt diapirs or lower crustal tectonism. We 
propose that these features could correspond to ductile 
deformations similar to those observed on outcrops of 
the lower crust of the Archean period on Earth. 
 

Fig. 1: Honeycomb terrains in Hellas at Viking resolu-
tion. Each circular feature is about 5 to 10 km large. 
 
 
Observations of structural domes: Figure 2 is lo-
cated in the middle of the honeycomb terrains. The 
two concentric patterns correspond to two of the circu-
lar cells observed at larger scale. Their geometry can 
not be explained by the erosion of horizontal layers. 
Deformation in the zone T is on a flat surface. Patterns 
must be explained by structural deformation. The con-
centric feature in the lower part of the image shows 
foliation typical of flattening in the central part. This 
especially visible on E that may result from a sub-

horizontal cross-section through the vertical axis of a 
dome. These concentric patterns correspond to a round 
shaped deformation of layers like those due to the in-
trusion of plutonic domes on Earth cut by erosion. So, 
in the following, by referring to “dome” we consider 
the structural pattern and not the topographic feature. 
Triangle zones are specific areas at the intersection of 
three or more circular patterns due to the interference 
of several domes (Fig. 3). The triangle zone T on fig-
ure 3 is composed by strongly deformed layers that 
could correspond to the material deformed between 
diapirs. Other MOC images of other triple zones bor-
dering concentric patterns shows that the layers inside 
these triple zones are strongly folded with an apparent 
sub-vertical axis. The occurrence of vertical folds and 
highly deformed materials in triple junctions are typi-
cal of deformation involving the sinking of material in 
response to doming [2,3]. Figure 2 may thus corre-
spond to sub-horizontal cross-sections inside domes 
and belts similar to the region Y of figure 3 where the 
triangle zone are submitted to downward deformation 
in response to strong doming.  
Observations of shear zones: Figure 4 shows a kind 
of soft deformation different from doming. This image 
is located close to the images of domes at same eleva-
tions. The highly folded material is not tighten be-
tween two domes like on figure 2 despite that the folds 
also show sub-vertical axes. The material inside the 
apparent shear zone is highly and heterogeneously 
deformed like rocky materials at high temperatures 
near melting point. Indeed, many layers show dishar-
monic deformation at various wavelengths with fre-
quent variations of the thickness of layers. Areas with 
small blocks are located inside channels (C on figure 
4) in which the material seems to have partially 
melted, or, at least, which had a viscosity strongly 
lower than the blocks during deformation. The sig-
moïdal geometry suggested by the MOC image is usu-
ally observed in terrestrial shear zones whatever the 
scale from the size of minerals to mountain ranges [3]. 
Such interpretation is consistent with the occurrence of 
vertical folds. Transcurrent shear zones are typical of 
horizontal deformations like those due to plate tecton-
ics on Earth; such observation is thus very unexpected 
on Mars. On the other hand, the center axis E of the 
diapir on figure 3b is shifted from the central position 
of the dome. This geometry involves non-coaxial dom-
ing, i.e. a transcurrent component in the doming. Non-
coaxial doming could show the coexistence of sub-
vertical transcurrent shear zones with diapirism at 
same period.  
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DUCTILE DEFORMATION ON HELLAS FLOOR: N. Mangold and P. Allemand 

 

 
Fig. 2: MOC image in West Hellas (2 km large). T 
represents zone of strong ductile deformation with 
vertical folds. E represents the center of a circular pat-
tern interpreted as structural domes cut by erosion. 
 

 

 
Fig. 3: Structural patterns of domes intruding soft lay-
ers [figure in 3]. Figure 2 is very similar to zone Y of 
this structural scheme. 
 
Interpretations: Deformation typical of vertical tec-
tonism with diapirs is observed on 8 MOC images 
separated by several hundreds of kilometers in NE 
Hellas whereas 4 MOC images show possible shear 
zones. Several other images shows the occurrence of 
soft deformation but they are difficult to interpret be-
cause the size of the images is not sufficient or because 
the deformed terrain is only partially visible under 
blankets of younger material. 
Diapirism and related tectonic features are due to re-
versed density gradient, i.e. dense rocks over a lighter 
medium, combined with the viscous behavior of the 
lower layer. The regular spacing produced by diapirs is 
usually related to the thickness and the viscosity of the 
material involved. Diapirs of 5-10 km large usually 
imply thicknesses of 2-3 km of layers involved in the 
deformation [e.g. 4]. On Earth, diapirism at this scale 
is usually observed in two contexts: salt layers buried 
under denser sediments and plutons of the lower crust 
[e.g. 3]. Such kind of deformation rules out processes 
of formation by mass wasting or glacier deformation 
which both produce horizontal displacements at the 
surface and not structural domes. 
Large accumulation of sediments, including salts, were 
possible during periods of thicker atmosphere in the 
Noachian epoch [5]. Layers of 2 or 3 km of salt may 
be possible assuming long period of lacustrine activity 
in Hellas. However, structural observations are better 
explained by crustal rocks than salt diapirs. First, the 
soft deformation of salt deposits occurs at temperatures 
of only 100°C or less, so the layers of the overburden 
over diapirs should display brittle deformation as it is 
the case on Earth [4]. On the contrary, these layers are 
softly folded without any faults typical of brittle de-
formation (Fig. 2). The soft deformation of both up-
welling and downwelling material is usual in doming 
inside the lower crust. The presence of possible partial 
melting in shear zones is also more typical of lower 
crust rocks near anatexis (Fig. 4). The alternation of 
bright/dark material (Fig. 2, Fig. 4), looks like migma-
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tite gneiss, i.e. mixing of acid and basic material typi-
cally observed in the lower crust at anatexis [6]. The 
apparent high albedo and smooth texture of most of 
the surface in all images may not correspond directly 
to rocks because of an apparent mantling of cemented 
dust or duricrust like in many places on Mars. Never-
theless, the dark spot at the top of figure 2 may be due 
to a fresh outcrop of material. It could show that the 
material under the dust mantling, here inside the belt 
between domes, could be dark like mafic lava flows. 
Discussion and conclusion: Vertical tectonism on the 
Earth is observed especially on the Archean crust in 
Dharwar, India and Pilbara, Australia, where it is 
named dome-and-basin or dome-and-keel. These re-
gions show granite or gneiss domes surrounded by 
greenstone or greenschist belts corresponding to meta-
morphic rocks of volcanic origin [7]. Their geometry is 
very similar to what is observed on the MOC images. 
Fold axes in triple junctions of the greenstone belts are 
always sub-vertical like in figure 3.  
Archean vertical tectonism is supposed to result from 
the large accumulation of ultramafic lavas, known as 
komatiites [e.g. 3]. These lavas are triggered by a man-
tle plume that produced a strong heating of the lower 
crust. The piling of lavas induces an increase of the 
crustal temperature by thermal blanketing. The result 
of these conjugated heatings is a widespread anatexis 
of the sialic crustal material which reduces considera-
bly the strength of the substrate [8]. Numerical models 
show that the piling of 5 to 10 km of dense lavas can 
produce their sinking, also named sagduction, inside 
the molten lighter sialic crust where plutons grow [7]. 
Hellas floor could thus represents the remnant of such 
early tectonics likely resulting of a kind of tectonism 
consequent to the impact of Hellas. The exhumation of 
this material would permit to have this window inside 
the lower crustal rocks of Mars. On the other hand, we 
can not exclude that the presence of permanent lake 
inside Hellas at that time would have lead to unex-
pected style of layers with a muddy soft rheology of 
unconsolidated sediments. More data are needed to 
conclude definitively because the salt hypothesis re-
mains attractive in the understanding of the evolution 
water on Mars.  

References: [1] Moore and Wilhelms, LPSC, #1446, 
2001. [2] Brun and Pons, J. Struct. Geol., 1981 [3] 
Choukroune, Déplacements et déformations dans la 
croûte terrestre, 1994 [4] Turcotte and Schubert, Geo-
dynamics, 1982 [5] Lorenz and Beyer, LPSC, #1276, 
2000 [6] e.g. Brown, Proc. Geol. Ass., 84, 371-382, 
1973 [7] e.g. Bouhallier, Chardon and Choukroune, 
Earth Planet. Sci. Letters, 135, 57-75, 1995. [8] 
Collins and VanKranendonk, J. Struct. Geol., 20 
(9/10), 1405-1424, 1998. 
 

 
 
Fig. 4: MOC image of highly deformed zone. The sig-
moidal shape and the presence of strongly mixed verti-
cal folding favors hypothesis of shear zones similar to 
terrestrial shear zones in lower crust outcrops. 
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FORMATION OF GULLIES ON MARS: WHAT DO WE LEARN FROM EARTH? N. Mangold1, F. Co-
stard1, F. Forget2, D. Baratoux3, 1Orsay-Terre,  FRE2566, CNRS et Université Paris-Sud, Bat. 509, 91405 ORSAY 
Cedex, France, mangold@geol.u-psud.fr. 2LMD, Jussieu, Paris, France 3Observ. Midi-Pyrénées, Toulouse, France. 

 
Introduction: The observation of gullies on Mars in-
dicates the presence of liquid water in recent times [1]. 
They have been proposed to result of subsurface seep-
age of water [1], geothermal activity [2] or brines [3], 
near-surface ice melting at recent periods of high 
obliquity [4], snowmelt in more recent periods [5] or 
liquid CO2 breakout [6]. In this study, we describe 
how terrestrial studies help to understand better the 
formation of Martian gullies. We show that all charac-
teristics of Martian gullies are consistent with some 
external process triggered by seasonal melting at high 
obliquity. 
Debris flows in French Alps: Best analogs to Martian 
gullies are debris flows from Greenland [4] and Can-
ada [7] which occur over a permafrost. Debris flows in 
the Alps sometimes occur over a permafrost but this is 
not the case usually. They nevertheless consist of good 
analogs for the properties of the flow and the geome-
try. The two examples shown fit the association of 
alcove at the gully head and channel with levees. They 
have been triggered by snow melting in the springtime 
or strong showers in summer, thus external processes 
only. The debris flows of the Izoard do not show any 
springs at the head (Fig. 1). One spring has been ob-
served in the valley 400m in elevation under the gully 
head and no debris flows alcove is observed at this 
location. The debris flows of Izoard formed in 1985 
and they have overflow the road located at mid-slope. 
They are typically 10 m large with 2 m high levees.  

Fig. 1: Debris flows in Izoard location named "Casse 
déserte" in Queyras, French Alps. The length of the 
flow on image is about 500 m. Channels are about 10 
m large. The main alcove is about 100 m large. Eleva-
tion is 2400 m at the gully head. A main thrust fault 
crosses these terrains with a tilt of 20° to the east 
(right).  

Comparison to Mars: These examples in the Alps 
document some characteristics of debris flows that also 
exist on Mars: 

1. Association with layers. It has been argued that 
gullies all head at the same layer [1]. The examples of 
Nirgal Vallis and  Dao Vallis have especially been 
documented [1]. The head of debris flows is mainly 
controlled by the angle of the slope and the availability 
of debris. Navier-Coulomb law gives: τ=C+(σ-P)tan 
φ ; where τ is the critical shear stress at failure, C the 
cohesion,  σ the normal stress, P the pore fluid pres-
sure and φ the coefficient of internal friction. As the 
fluid pressure increases, the critical shear stress de-
creases and failure may occur. This process is very 
efficient if debris lay over steep slopes because the dry 
material is already near the critical shear stress before 
the incorporation of water. This property explains why 
debris flows usually start at the most elevated point of 
debris aprons. The observation that Martian debris 
flows start at the same level underneath scarps may 
therefore be explained by such criteria. The debris 
flows of Izoard region are controlled by the thick de-
bris accumulation at the foot of the summit cliff (Fig. 
1). No springs are observed at this place and layers are 
tilted to the NE at about 20° impeding any subsurface 
seepage in the direction of the hillslope where debris 
flows formed. The head of gullies takes place here due 
to the large accumulation of debris in their steepest 
position. This geometry is similar to gullies observed 
on the central peak of Hale crater where the layering is 
also tilted. On the other hand, many MOC images on 
Mars shows that gullies can head at different levels. In 
this case, this is due to the existence of more than one 
strong layer under which debris accumulate. 

2. Regional cluster: MOC observations show that 
gullies occur in regional clusters poleward of 28° of 
latitude. These clusters could be evidence for regional 
subsurface aquifers [8]. However, terrestrial debris 
flows are also not homogeneously distributed. This 
distribution depends on many parameters involving 
climate (meteorology, local winds, global change), 
topography (slope, total elevation, insulation), pedol-
ogy (presence of soil or vegetation) and geology (rock 
composition, fracturation, tectonic patterns). Debris 
flows are more frequent in the southern Alps because 
the climate is drier than in northern Alps [9]. When the 
climate is wet, erosion is dominated by runoff erosion 
in rills and rivers. When the climate is dry, quick snow 
melting or summer storms can produce floods and as-
sociated debris flows if the proportion of water does 
not reach about 40-50% of the rock-water mixture. 
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The cluster of debris flows in the massif of the Izoard 
(Fig. 1) is especially developed. The explanation is 
especially the large accumulation of rocky debris on 
the hillslope, known by the name "Casse déserte" 
which is one of the largest debris accumulation in this 
mountain massif. These debris are accumulated just 
over a main thrust fault which had strongly fractured 
the rocky limestones visible on the cliff (Fig. 1). The 
large amount of debris is thus a consequence of the 
strong fracturation of the rocks. On Mars, as debris are 
usually covered by dust, it is difficult to estimate the 
amount of debris available. Dust itself is likely also 
involved in the flow. Nevertheless, some examples 
exist where wrinkle ridges crosscut craters [10]. At 
this place, gullies are especially developed (Fig. 2). 
Rocky layers are likely strongly fractured due to both 
impact and faulting, explaining the large alcove above 
the gullies. Thus, these Martian gullies could be due to 
these local effects of debris formation due to fractura-
tion while others could be due to many other effects 
such as local topography, freshness of the cliffs, etc. 
More detailed studies of MOC images should be done 
to document these relationships. 

 
 

 
Fig. 2: MOC image of deeply incised gullies (about 
200-300 m large alcoves). The context image shows 
the coexistence of a wrinkle ridge and a crater. 
 
 

3. Temporal evolution: Gullies are young features 
on Mars but are not uniformly young [11,8]. MOC 
images show gullies blanketed by dust or even few 
ones with small fresh craters. MOC images show also 
gullies of different aspects at same place documenting 
an evolution with time at the same location. This is 
also observed on Earth because gullies are depending 
on climate variability and availability of debris. Return 
periods in Europe can vary from several years to sev-
eral hundreds of years [9]. For example, the formation 
of a new debris flow can clean the hillslope of its de-
bris. Subsequent debris flows can therefore not form 
until debris are progressively deposed again on the 
slope. On the contrary, a new debris flows can also 
create an instability in the slope which increases the 
number of subsequent debris flows until a new equilib-
rium is reached again. This aspect of debris flows re-
search is not well understood on Earth [9]. On Mars, 
we miss any timescale to estimate return periods of 
debris flows but they should depend on both debris 
availability and climate effects like on Earth [9]. On 
the other hand, no new gullies have been observed 
during last two years of MOC mapping [8] in agree-
ment with processes involving formation at higher 
obliquity several hundreds of thousand years [4].  

4. Occurrence of levees: Levees on each sides of 
the channels are typical of a particular kind of flows 
with a yield strength [12]. The yield strength corre-
sponds to the minimal shear strength the material 
needs to reach before to flow. They are typically asso-
ciated to flows containing 50 to 90% of solid particles 
(silt to pebble size) [12]. In Izoard, levees are 2 m high 
for a 10 m large channel, a size comparable to gullies 
observed on several MOC images. The existence of 
levees implies the incorporation of meltwater in the 
debris over a significant thickness of material. This is 
possible only if thawing of the ground occurs over a 
significant thickness (several tens of cm), on the con-
trary to the model of snowmelt proposed by Christen-
sen [5] under present conditions. The ratio of water to 
sediment of 10:1 proposed by Christensen (so 10% of 
rock) is also not in the range of debris flows with lev-
ees which are characterized by a proportion of more 
than 50% of rock [12]. Nevertheless, if existing during 
high obliquity periods, the presence of snowpacks 
would favor the process of debris flows because 
snowmelt can efficiently fill the porosity of debris as 
observed in cold regions in Greenland [4] or North 
Canada [7].  

5. Lack of terminal deposits for dune gullies: It 
has been argued that the absence of terminal deposits 
is against the process of gullies formation by debris 
flows [8]. Gullies without terminal deposits are espe-
cially visible on the flank of dunes in Russell craters 
(Fig. 4) [13]. Nevertheless, mountains above Allos 
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lake (Fig. 2) shows gullies without terminal deposits. 
These gullies were formed by debris flows with only 
terminal levees but no strict terminal deposits. Such 
case seems relatively common for narrow debris flows 
which depose material inside levees progressively. 
Dune gullies are similar to this case of debris flows 
and thus can be include in the understandings of Mar-
tian gullies. These dune gullies present sinuosities and 
connections with a geometry that allows the calcula-
tion of flow properties like the viscosity [13]. The 
range of magnitude found for viscosity is of 10 to 
10,000 Pa s which is consistent with value of debris 
flows on Earth [13]. This is more than 1000 times 
more viscous than pure liquid water. Thus, surface 
runoff and erosion of pure liquid water can not explain 
the properties of the flows observed. 
Conclusion: The association of gullies with layers, the 
regional clustering and the variability of ages of the 
Martian gullies are consistent with observations of 
terrestrial debris flows which have the same character-
istics. These variations are controlled by both external, 
surface and internal processes which can create a com-
plex distribution. This spatial distribution over Mars 
should be better studied taking terrestrial examples in 
account. On the other hand, snow melt is possible dur-
ing periods of high obliquity but the properties of gul-
lies, especially the existence of levees, strictly focus 
the formation of gullies by quick flows of rock-water 
mixture with high rock proportion inconsistent with 
the slow erosional process described by Christensen 
[5]. An external process due to episodic melting re-
mains the most likely process to explain recent gullies 
[4]. 
References: [1] Malin, M. C. and K. S. Edgett, Sci-
ence, 288, 2330-2335, 2000 [2] Hartmann, W. K., 
Space Sci Rev., 1-6, 2000 [3] Knauth, L. P. and D. M. 
Burt, Icarus, 267-271, 2002 [4] Costard, F. and F. For-
get, N. Mangold and JP Peulvast, Science, 295, 110-
113, 2002 [5] Christensen P. R., Nature, doi10.1038-
01436, 2003 [6]  Musselwhite, D. S., T. D. Swindle 
and J. I. Lunine, Geophys. Res. Let., 28, 7, 1283-1285, 
2001 [7] Lee, P. et al., LPSC, #1809, 2001 [8] Edgett, 
K. S. and M. C. Malin, LPSC, #1038, 2003 [9] Van-
Steijn, H., Geomorphology, 259-273, 1996. [10] Co-
stard, F. J.P. Peulvast and N. Mangold , LPSC, 2001 
[11] in Costard et al, Science, 2002, note 4 [12]e.g. 
Allen, Earth Surface Processes, 1997 [13] Mangold, 
N. F. Costard and F. Forget, J.G.R., in press. 
 
 
 
 
 
 
 

 
 
Fig. 3: Debris flows in Allos Lake, Mercantour, South 
Alps. No deposits are observed at the termination of 
gullies. Channels are about 5 meters large. Elevation is 
approximately 2500 m.  
 

 
Fig. 4: MOC image in a dunes field of Russell crater. 
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NUMERICAL SIMULATIONS OF THE EVOLUTION OF THE CO � ATMOSPHERE OF MARS: 4.53 GA TO THE
PRESENT. C. V. Manning, Department of Astronomy, U. C. Berkeley, CA 94720-3411, (cmanning@astro.berkeley.edu), C. P.
McKay, K. J. Zahnle, Space Science Division, NASA-Ames, Moffett Field, CA 94035.

In this paper we approach four key questions that are cen-
tral to our understanding of the nature of climate change on
Mars,� By what mechanism has the evolution of the CO � atmo-
sphere, dominated at early times by violent processes, been
guided to the moderate quantities present today?� How do obliquity cycles affect the migration of CO � between
the various reservoirs of CO � , and what effect does this have
on the bulk atmosphere of the planet in time?� Is the geophysicalevidencethat the last few Myr experienced
periods that are substantially wetter than the present (eg, [8, 2,
1, 3]) attributable to a substantially more massive greenhouse
atmosphere?� Is the current atmospheric pressure determined primarily by
the partial pressure of CO � in cold ( � �����

K) ice caps [12],
or is it because disequilibrium water, and hence weathering,
ceases at pressures below the triple point of water [10]?

We approach these problems by assembling a detailed nu-
merical model of the bulk atmosphere of Mars, incorporating
functional representations of every source, sink, and reser-
voir of CO � we have found in the literature, or have thought
of ourselves, within a physically realistic picture of evolving
insolation, EUV flux, and obliquity variation.

The reservoirs we track are,�
	��	����
�����
�������
���������
���! #"
the gas mass, frozen CO � , adsorbed, and fixed as carbonates,
respectively. The atmosphere mediates all changes between
reservoirs. We keep track of the following atmospheric sources
and sinks;$�% �$'& �)( $�%$'&+* �-,. �/( $�%$'&+*�0 �12. �/( $�%$'&+* ��	�3 �( $�%$'& * �!354 �6( $�%$'& * ���7� �/( $�%$'& * ��� �6( $�%$'& * ���! 98
thermal decomposition at depth of carbonates, volcanic out-
gassing of lava, atmospheric sputtering and photochemical
losses, impact erosion, gas adsorbed to the regolith,CO � frozen
at the poles, and fixed carbon.

The first three terms are independent of pressure and tem-
perature::

We initially use the Carr method [4] of calculating the rate
of burial by lava, which asserts that a fixed fraction of the
total heat transport is carried by convection ( ; .<�= 0 ,. �?>A@ �7B

).
Because of the lack of plate tectonics and the thickness of the
lithosphere, we have also introduced an (arbitrary) exponential
decline, ; .<�= 0 ,.��C>D@ ��B�EGF 	IHKJ "
where L is on order 1300 Myr. Carbonates buried below a
depth at which the temperature is 950 K are returned to the
atmosphere.

:
The lava produced by volcanism is a source of volatiles,

though to our knowledge this source has not previously been
factored into simulations. We use the average gas mass frac-
tion of carbon oxides noted by [6], ; �NM � @2OQP � > FSR

. The
volumentric rate of lava production is calculated directly from
the convective heat transport using Carr’s argument [4].:

Sputtering and photochemical losses are estimated using
[13], where the variation of the EUV flux with time is ap-
proximated with a power law representation from [17]. The
sputtering component is given an arbitrary exponential damp-
ing (

�+TUE F 	VHJ ) at early times with a time scale of L M B >W>
Myr, to allow for a geomagnetic field at early times

The next four terms are pressure and/or temperature sensi-
tive. We assume the solar flux, in units of the current flux, has
increased linearly from a value of 0.7 to 1.0 over the last 4.6
Gyr. The mean planetary temperature is based on the Pollack
[16] greenhouse model, but we use the analytical fit of McKay
et al. [15]. We discuss pressure/temperature-dependent fluxes
in order below.:

We follow Melosh & Vickery [14] for impact losses and
gains, but allow that the minimum mass that causes the erosion
of the atmosphere above the tangent plane may exceed the
mass above the tangent plane by on order a few, to account
for subsequent analyses that suggest impact erosion is less
efficient.:

The mass of CO � adsorbed to the regolith is represented in a
form consistent with [7],� ����� �YX ����� E F[ZG\�]_^7` H Zbadcfe "
where we follow [15] in assuming g �+�Yh B

K, i ��>D@ j'O B
and� �����

is consistent with 300 mbar at the present time. We as-
sume the regolith comes into equilibrium with the atmosphere
on a time-scale of � h�>'>'>

yr.:
To determine whether CO � will freeze, one needs an equation

to model the meridional transport of energy to the poles. We
adopt the following form,

g 4��12, � g ,k F 47�12, �ml g 3n,��= T g ,k F 47�12,�o ( jp *mqrWs F[t l cvubc �_._1wox
g 3�,��= is the surface area-weighted mean temperature, us-
ing the Hoffert insolation model [9], which estimates average
annual insolation as a function of latitude. g ,k F 47�12, is the
weighted temperature based on the insolation model applied
to the polar cap only (albedo � >D@ O

). When
c �_.<1A� �7y >

mbar
and z �/>A@2O

, the present pole temperature is reproduced (at
obliquity { �|j B @ j#}

), and also results in a transition to a green-
house environment when { � ~ jWO#@ B }

, as implied by [9]. The
above arc tangent function replaces an exponential form used
in [15]. This alteration helps to maintain a modest difference
between g 47�12, and g 3�,��= even at high pressures, but returnsg ,k F 47�12, when pressures are very small.
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Evolution of Martian CO � : C. V. Manning et al.:
We use the Pollack [16] weathering model, though we also

incorporate Carr’s [4] restriction that the parameter ��� , which
represents the temperature dependency of the weathering rate,
is multiplied by a factor that declines linearly from 1.0 to 0.01
for temperatures between 273 to 250 K, respectively.

Our program uses the Laskar et al. obliquity and eccentric-
ity data [11] as input for the planetary insolation calculations.
This data is presented for each 500 year step over the last 10
Myr. We assume, moreover, that these variations are charac-
teristic of the changes during 10 Myr periods during the entire
last 4.6 Gyr, and that we can apply the data to the past without
a loss of generality. That is, we assume that the sense of the
evolution of the atmosphere is not lost if the specific timing
of obliquity variations is lost. The trends of obliquity suggest
that a complete cycle of 20 Myr can be made by inverting the
data and adding it to an uninverted copy. Such a 10 Myr cycle
is shown in Fig. 1.

Figure 1: The Laskar obliquity data [11] (from 0 to
Tf� >

Myr),
mirrored into the future, to give the semblance of a complete
obliquity cycle. The plus sign represents the present condi-
tions. See text for the rationalè for using this data as charac-
teristic of obliquity variations in the past.

Illustrative Results: Fig. 2 shows the variation of the
various CO � reservoirs in the very early Noachian, when the
starting total is 2.5 bar. The atmosphere is seen to fluctuate
between a runaway “greenhouse” phase and an “ice-house”
phase. During the ice-house, the ice-cap is the largest reservoir,
and in a greenhouse phase most CO � is in the regolith. The
downward tilt in the pressure during greenhouse phases is
due primarily to impact erosion, somewhat moderated at early
times by thermal decompositionof carbonates. The carbonates
initially placed in the regolith are being buried rapidly by lava
and thermally decompose at depth. Fig. 3 shows the entirety
of the Noachian period, where the ice-cap mass is removed for
clarity. In this example, the atmosphere comes to a minimum
at about 4.1 Ga, then gradually begins to build up. Note the
rough correspondence of the cumulative impact erosion and
outgassing from lava.

These early results suggest an answer to the first key ques-
tion posed at the outset. Due to the nature of impact erosion,
which is more effective when the atmosphere is in greenhouse

Figure 2: An early Noachian simulation showing the trend in
the four reservoirs using an initial total reservoir of 2.5 bar
of CO � , in which 1/3 is carbonates in the crust, and the bal-
ance is distributed in equilibrium between the regolith and the
atmosphere.

Figure 3: Same as Fig. 2 but including the entire Noachian,
but where the frozen CO � has been omitted for clarity. We
show the cumulative impact erosion and the cumulative vol-
canic outgassing. Impact erosion can be seen to increase in
“spurts” during greenhous phases.

mode, there is a natural dynamic balance of the atmospheric
pressure between the erosive effects of impacts and outgassing
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Evolution of Martian CO � : C. V. Manning et al.

of CO � if outgassing rates are greater than the combined loss
rates from sputtering, photochemical losses, and weathering.

The obliquity cycles in Fig. 2 (reflected by variations in
atmospheric pressure during the ice-house phase) are shown
to have a profound effect on variations in the atmosphere.
Simulations show that the larger the amount of CO � placed in
the reservoirs, the larger the fraction of time the atmosphere
will be in the greenhouse phase. However the impact erosion
rate is so high at early Noachian times that the atmosphere is
quickly eroded to just a few mbar, at which point the distinction
between ice-house and greenhouse is negligible.

Figure 4: A high obliquity phase in the Hesperian showing the
trend of various reservoirs in time. Even in the Hesperian, im-
pact erosion appears able to significantly erode a greenhouse
atmosphere. The cumulative outgassing from lava is almost
equal to the total impact erosion. The atmospheric pressure at
2149.5 Ma is � h �

mbar.

Figures 4 and 5 show the reservoirs, and sources and sinks
to the atmosphere, respectively, for a mid to late Hesperian
high-obliquity period. Figure 4 shows the log of the mass as
a function of time, while Fig. 5 shows the log of the mass
change per Myr for various terms. This simulation shows the
source, lava outgassing, exceeds impact erosion, sputtering
and weathering. In this case, the sum of the sources slightly
exceed that of the sinks.

Recent observations are suggest of the existence of a very
recent former ice cap [8], of recent lacustrine environments [2],
of very recent floods in Athabasca Valles which experienced a
gradual decline in flow [1]. These, and the sightings of snow
packs on pole-facing slopes [5], and ice and rock glackers, and
terrestrial mudflows [3], all suggest that the environment in the
recent past was warmer and wetter than it is at present. Is this
attributable to a more massive greenhouseatmosphere? Figure
6 shows one the results of a simulation which placed 0.53 bar

Figure 5: Same time period as Fig. 4, but represents the
rate of change of sources or sinks for the atmosphere. The
largest source is lava outgassing, while the sinks, impact ero-
sion, sputtering and weathering, come close to balancing this
source. Note that CO � moves between ice caps and the re-
golith, mediated by the atmosphere. The thermal decomposi-
tion of carbonates is negligible at this epoch.

Figure 6: The possible variation of CO � reservoirs at very re-
cent times. A total reservoir of

j�@ �7� P � > t��
kg was used.

(
j#@ ��� P � > t��

kg) at 10 Ma, distributed in equilibrium between
the ice-cap, the regolith and the atmosphere. It shows that
the most recent obliquity variations (within the last 0.5 Myr)
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result in a runaway greenhouse � h B >A" >W>'>
yr ago, with an

atmospheric pressure of � � >'>
mbar. The mean temperature

of Mars would then have been on order 10 C higher than at
present. At high obliquity, the temperature rise at mid- to
high-latitudes is significantly greater than this.

These simulations seem to support a Leighton and Mur-
ray model [12] in which the partial pressure of CO � at the
coldest pole determines the atmospheric pressure, although
it is essentially by construction, since meridional transport is
designed to be consistent with the current pole temperature
and planetary pressure. But is the Kahn mechanism [10] also
possible? If so, then weathering as a sink must dominate out-
gassing as a source, and the atmosphere must be evolving from
a much higher pressure than the present so that the greenhouse
effect will surpress ice-cap formation and accelerate weath-
ering. This would appear to require that impact erosion was
ineffective at early times. It would also appear to require that
the current CO � ice-cap mass is negligible. While no direct
measurement can disprove this at present, if the CO � ice cap
is small, then it may be difficult to explain the presence of
recent snow-fields, glaciers and mud flows in the highlands of
the southern hemisphere, for a larger obliquity at the current
pressure would do very little to the mean temperature or the
water-carrying capacity of the atmosphere.

Simulation as a Tool: Beyond the present effort to model the
evolution of the CO � atmosphere, the present model can be
enhanced to study the effects of the temperature and pressure
fluctuations on the evaporation rate of water and on the holding
capacity of the atmosphere, required to estimate precipitation
rates.

The rate of fractionation of isotopes is dependent on their
fractional presence in the atmosphere near the exosphere. Ice-
house phases will leave noble gases and nitrogen exposed to
greater rates of sputtering losses. On the other hand greenhouse
phases tend to protect these gases from fractionation. Thus the
extent to which fraction has proceeded is a measure of the
fraction of time in which the atmosphere has been in ice-house
phase.

Discussion: While the uncertainty in each parameter, source
or sink may be large, we would suggest that the atmosphere
was “guided” to its current state by various “coincidences” of
parameter values, rather than its being a highly improbable
state resulting from a unstable or chaotic process. That is, cer-
tain relationships betweeen sources and sinks existed at various
times – such as, for instance, that outgassingdominated weath-
ering and sputtering in the Noachian and the early Hesperian

so that a stable balance with impact erosion is possible. Weath-
ering may in principle provide another stabilizing mechanism
to outgassing. Perhaps a more sophisticated analysis of weath-
ering rates would suggest a more dominating effect, especially
at late times. In any case, a broader “phase space” should
be searched for possible configurations that could explain the
present “end-point”.
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TONGUE-SHAPED LOBES ON MARS: MORPHOLOGY, NOMENCLATURE, AND RELATION TO ROCK
GLACIER DEPOSITS. D. R. Marchant1 and J. W. Head2, 1Department of Earth Sciences, Boston University, Boston, MA
02215 marchant@bu.edu, 2Department of Geological Sciences, Brown University, Providence, RI 02912.

Introduction:  Recent work based upon Mars Global
Surveyor (MGS) data [1,2], in conjunction with previous
analyses of Viking data [3], suggests that rock glaciers, simi-
lar in form to those found in polar climates on Earth, have
been an active erosional feature in the recent geologic history
of Mars.  A wide range of literature exists describing rock
glacier characteristics, form, and distribution, but diversity of
opinion exists on rock glacier nomenclature and genesis.

In this contribution we outline the two-fold genetic clas-
sification of Benn and Evans [4] for terrestrial rock glaciers,
and then propose a non-genetic descriptive set of terms to be
applied to martian features.

Terrestrial Classification: Benn and Evans [4] applied
a simple two-fold genetic classification system to terrestrial
rock glaciers, dividing them into periglacial (Fig. 1) and
glacial (Fig. 2) groups.

Periglacial Rock Glaciers.  These are purely periglacial
features that form by deformation of the lower parts of talus
slopes into bulging lobes, and do not involve the presence of
glacial ice (Fig. 1).  This will yield either isolated or overlap-
ping protalus lobes (‘L’ in Fig. 3), and protalus ramparts, as
seen in the middle left and far right of Fig. 3.

Glacial Rock Glaciers.  These originate from the pro-
gressive burial of a core of glacier ice by a boulder-rich de-
bris mantle, and its subsequent downslope movement and
deformation (Fig. 2), and are considered transitional to de-
bris-covered glaciers.  These are often found in cirque basins
(Fig. 3), where significant amounts of debris are deposited on
glacial surfaces by slope processes and debris is concentrated
by melt-out or sublimation processes.

The contrasting morphology of these types of deposits is
illustrated in Fig. 3.  On the left, overlapping protalus lobes
form at the base of a rock glacier forming at the lower art of
the valley wall, while an extensive, single protalus lobe is
seen at the base of the valley wall in the center right.  In con-
trast, in left center, a valley glacier is seen emerging from an
ice cap on the summit of the plateau.  Earlier advance of this
valley glacier overrode the periglacial rock glaciers, extended
onto the valley floor, and formed a moraine.  Subsequent
retreat to its present position was accompanied by melting
and drainage, locally breaching the moraine.  Because of its
origin from the ice cap at the summit of the plateau, the val-
ley glacier is not covered with debris and has a dominantly
ice-free surface.

In the center, a major cirque disrupts the linear continuity
of the valley wall and provides a local environment for the
accumulation of snow.  Continued accumulation builds a
glacier which becomes covered with debris because of the
steep and active slopes of the cirque walls (Fig. 2).  The ice-
cored glacial rock glacier flows downslope out of the cirque
and down the valley wall onto the valley floor where it
broadens to form a spatulate or Piedmont-type glacial rock
glacier.  In the middle-right, a smaller cirque also forms an
environment of snow and ice accumulation and debris cover
from the cirque walls.  Subsequent melting of glacial ice
within the two glacial rock glaciers has caused a linear de-
pression and stream to form in the tongue-shaped rock gla-
cier.  Melting has caused nicks, a small lake, and streams in
the spatulate rock glacier.

Different processes and environments could produce
similar or gradational landforms and thus the landforms
themselves might not be unequivocal indicators of a specific
origin.  Thus, we follow Whalley and Azizi [1] and suggest
that non-genetic descriptive terms be used for the martian
features.

Martian Features:  We have developed a descriptive,
non-genetic nomenclature for the topography, features and
deposits associated with these structures.

We call on established anatomical morphology for no-
menclature.  The tongue-shaped lobe can be divided into the
tip, or apex, the blade (the flat surface just behind the tip),
the body and its rear part (the dorsum), and the tongue root.
Ridges along the edges are called marginal ridges and those
concave outward ones at the tongue apex are called apical
ridges.  Within the tongue body and in the dorsum area occur
a series of chevron-shaped ridges with the apex of the chev-
rons pointing toward the tongue apex.  The central part of the
tongue is depressed.  The tongue root zones occur in the up-
per parts of crater walls in subdued alcoves.  The tongue
width narrows by at least a factor of two from the root zone
toward the tongue body.  Chevron ridges occur primarily
within this transition zone.  Surrounding the tongue-shaped
lobes are linear to elongate smoothed and subdued ridges and
mounds, some with scalloped margins.  The scalloped mar-
gins occur on the inside and the broad structure often mimics
the tongue shape.  In Fig. 4, subdued channels emerge from
the apices of these broad features.  We interpret these broad
features to be remnants of earlier larger and more extensive
lobes.

Terrestrial Analogs: The Antarctic Dry Valleys offfer a
Mars-like environment in which many of the features shown
in Fig. 2 can be seen.  In Fig. 6, near Pearse Valley, protalus
lobes are being produced.  Water draining from the rock
outcrops in the background is soaking into the ground and
producing gelifluction lobes in the permafrost.  Continued
drainage is dissecting the lobes and forming deltas and fans
between the lobes and the lake on the valley floor.

In Fig. 7, near Beacon Valley, a cirque hosts the accumu-
lation zone of a rock glacier extending for ~2 km down a
steep-sided valley.  On the opposite side, snow and ice are
accumulating in cirques to form glaciers that extend down-
slope, producing distinctive tongue-shaped moraines at their
margins.

In Fig. 8, a tongue-shaped ice-cored rock glacier extends
down a narrow valley into the surrounding valley floor.  Note
that the ridges on the rock glacier continue throughout the
length of the feature, indicating the presence of a surface till
and its deformation into nested ridges.  Compare this rock
glacier morphology to the moraine in the glaciers in Fig. 7,
and to the lobe-like morphology of the protalus lobes of
gelifluction origin in Fig. 6.  The transverse profile of the
rock glacier is also flat to convex, as opposed to the concave
nature of the lobate moraine of the glacial deposits in Fig. 8
once the ice has retreated.

Conclusions: On the basis of the characteristics of the
tongue-shaped lobes on Mars, their associated features, and
comparison to features in the Antarctic Dry Valleys of
known origin, we can reach the following conclusions:
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1) A variety of features on Mars are very similar to fea-
tures on Earth that form in glacial and periglacial
environments.

2) Confusing nomenclature, genetic classifications,
possible form convergence or equifinality, and un-
certain origins of many of the terrestrial examples
all make direct application of general Earth morpho-
logical comparisons to Mars difficult.

3) We therefore have developed a descriptive and non-
genetic nomenclature for these features.

4) Careful comparison of the Mars features to well-
studied Earth analogs in the Mars-like environment
of the Antarctic Dry Valleys can lead to insights into
the origin of these features on Mars.

5) The morphology and characteristics of the Mars fea-
tures examined in this study have been carefully
compared to three types of features in the Antarctic
Dry Valleys: 1) gelifluciton lobes, 2) rock glaciers,
and 3) alpine glaciers.

6) The tongue-like lobate, concave nature of these fea-
tures is very similar to alpine glaciers and debris-
covered glacier deposits. In these cases, the percent-

age of ice in the original deposit was very high, and
sublimation and melting led to retreat, and subsi-
dence and downwasting of any debris cover, leaving
marginal morainal ridges as a main feature.

7) The presence of fainter, broad lobe-like features
with scalloped margins of similar orientation sug-
gest the former wider extent of such activity.

8) The lack of cross-sectional convexity in these
tongue-shaped lobes and related deposits suggests
that the ice involved in their formation is now
largely gone. This suggests that conditions in the
past favored the formation of active glaciers and
glacial landforms, and that the present time is more
equivalent to an interglacial period.

9) The presence of these features on pole-facing inte-
rior crater walls suggests that this micro-
environment is very favorable for the accumulation
of snow and the initiation of local glaciation.

10) This type of glaciation appears to be a significant
process in the modification of crater walls and
floors.
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(E4),8032, doi: 10.1029/2002JE001864. [2] Head J. W. and Mar-
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(1998) Glaciers and Glaciation, Arnold Publishers, London.
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Figure 1.  Skin flow model of periglacial rock glacier forma-
tion.  (From [5])

Figure 2. Model for ice accumulation in rock glaciers.
(From [6])
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Figure 3.  Morphological features associated with each type of rock glacier. (From [7])

Figure 4.  MOC image M04/02881 of a crater wall at
248°W/36°S, Mars.  North is at the top of the image, and
illumination is from the northwest.

Figure 5.  MOC image M18/00898 of a crater wall at 247°W/38.6°S,
Mars.  North is at the top of the image, and illumination is from the
northwest.

Sixth International Conference on Mars (2003) 3091.pdf



Figure 6.  Protalus lobes near Pearse Valley, Antarctica

Figure 7. Beacon Valley, Antarctica.

Figure 8.  Rock glacier extending to the floor of Beacon Valley, Antarctica.
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NASA’s Mars Exploration Program seeks to 
answer the question of whether Mars has ever been a 
habitable world, through study of how geologic, cli-
matic, and other processes have interacted to shape the 
Martian environment.  Alternating orbiter and lander 
vehicles are planned for upcoming biannual launch 
windows, potentially resulting in a surface mission 
once every four years.  This infrequency of surface 
missions makes it important to maximize the potential 
for useful science return of each landed mission 
through carefully directed mission design.  The motiva-
tion for this project arose from the need for a tool to 
rapidly create and compare system-level Mars rover 
designs.  Specifically, the project resulted in a trade 
space design and analysis tool that is able to render 
rover designs applicable to the architecture and design 
selection of the 2009 Mars mission – the Mars Science 
Laboratory (MSL) – and to future robotic surface ex-
plorers. 
 Graduate students2 in the Department of 
Aeronautics and Astronautics at MIT developed a Mars 
rover modeling tool as a semester-long project in a 
space systems engineering course.  The project was 
supported by engineers and scientists from the Jet Pro-
pulsion Laboratory (JPL), who provided insight into 
rover design drivers, information on existing rover 
designs, and suggestions as to the appropriate scope of 
the project.  The project scope was limited to the de-
sign of independent rovers, and emphasis was placed 
on design drivers that are related to surface operations, 
disregarding launch and entry/descent/landing.  Focus 
was placed on architectural and system-level trades, 
rather than on detailed engineering decisions.  Active 
landers were not considered in the trade space, and 
only a very limited set of prior-to-landing considera-
tions was taken into account.   

 Figure 1 depicts the process followed by the 
trade space tool in creating a set of rover designs.  The 
process begins with a user-defined mission scenario 
represented by a set of parameters in the science and 
design vectors.  The science vector includes those pa-
rameters that are held constant for all designs in a par-
ticular trade space.  Examples of science vector pa-
rameters include the science payload (instruments and 
acquisitions tools) and landing site parameters such as 
rock distribution, latitude, and the expected distance 
between interesting samples.  The design vector in-
cludes the set of architectural and system-level parame-
ters that uniquely identify a particular rover design 

within the trade space.  Design vector parameters in-
clude mission duration, power system type, wheel di-
ameter, and several indicators of autonomous capabil-
ity.  The user provides a range of allowable values for 
each parameter in the design vector, and iteration 
through all allowable instances of the design vector 
results in a trade space of rover point designs. 

Figure 1: Trade space analysis process flow. 

 
The design and science vectors are taken as 

inputs by the rover design model, which outputs a cor-
responding system-level rover design.  As shown in 
Figure 1, the rover design model is divided into five 
algorithm modules, and contains two high-level itera-
tive loops.  The environment module models rock fre-
quency and determines the solar energy available to the 
rover.  The rover module models the structural, mobil-
ity, and thermal infrastructure necessary to integrate 
and support the onboard hardware.  The power module 
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sizes the power system components to meet the needs 
of the instruments, communications system, drive mo-
tors, and other electronic systems.  The autonomy 
module determines how many samples can be obtained 
over the mission lifetime based on design vector pa-
rameters such as the levels of autonomy, and consid-
erations such as available power.  Examples of the lev-
els of autonomy are specifications for autonomous 
short and long distance traverse capability:  each of 
these may be described by A1, the level of autonomy 
used by the Mars Exploration Rovers, or by A3, an 
advanced level of autonomous operation identified by 
NASA for possible use in future rovers.  The commu-
nications module sizes the communications system to 
provide appropriate data transfer rates, given the levels 
of autonomy of the rover.  When a design has con-
verged, the data describing that design are saved, and 
the next instance of the design vector is evaluated. 
 When iteration through all allowable instances 
of the design vector is complete, each design in the 
trade space is evaluated for its utility and cost based on 
a pre-determined set of desired mission attributes.  The 
utility describes the ability of the rover design to fulfill 
a set of mission goals – in essence, it is a measure of 
the potential for science and engineering return offered 
by a particular design.   

By varying the values of the parameters in the 
design vector, the effects of both simple and compound 
architectural decisions on mission utility can be shown.  
The ability to identify optimal architectures in a diverse 
trade space will provide insight applicable to future 
mission plans, and will direct mission planners toward 
locally optimal regions of the trade space suitable for 
in-depth study.  As an example, the modeling tool has 
the potential to reveal the benefits of investing in 
higher levels of autonomy, and to make clear the spe-
cific applications in which increased autonomy can 
influence scientific return.  The ability for mission 
planners to design and compare rover architectures 
spanning a diverse trade space will help ensure that 
future surface missions to Mars are cost effective and 
scientifically rewarding.  

 
 
 
2Design Team Members: Babak Cohanim, Edward Fong, Ian 
Garrick-Bethell, Kalina Galabova, Mark Hilstad, Erisa 
Hines, Julien Lamamy, Jessica Marquez, Tsoline Mikaelian, 
Roshanak Nilchiani, Chris Roberts, Stephanie Chiesi, Julie 
Wertz, Barry Willhite 
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Introduction: Within the past 40 years, advances 
in ground-based remote sensing and significant re-
turn of spectral and compositional data from the Mar-
tian surface have led to a rapidly increasing knowl-
edge of the surface mineralogy of the planet. These 
results, combined with progress made in the fields of 
laboratory measurements and simulations, have per-
mitted better-constrained interpretation of the surface 
materials, hence allowing for improved understand-
ing and comparisons of the various evolution proc-
esses, whether these processes are relevant to weath-
ering and alteration or to more climatic-related 
changes. It is expected from future missions to bring 
back a substantial amount of additional composi-
tional data. In particular, the ESA Mars Express 
spacecraft (Fig. 1), due for launch at the beginning of 
June 2003 and for arrival at Mars at the end of De-
cember 2003 [1], will return outstanding, unprece-
dented stereo images, multi-/hyper-spectral visi-
ble/near-infrared data sets, and UV-infrared spectra. 
These will be acquired and delivered by the HRSC, 
OMEGA, PFS and SPICAM instruments (Fig.2), 
with better spatial and/or spectral coverage than pre-
vious Mars missions. The purpose of the investiga-
tions to be done with the data from those experiments 
will be to process and analyze such data sets with the 
broad scientific objectives of: 

• providing additional essential information 
and clarifying the debate about the detection, 
presence, abundance, and mixing degrees of 
surface constituents such as oxides, hydrates, 
silicates, clays, frosts, carbonates, sulfates, 
and palagonitic-like materials. 

• decorrelating the respective contributions of 
the surface and atmosphere. 

• updating the models of evolution of the Mar-
tian surface, in relation with the geologic 
timescales. 

 
The HRSC, OMEGA, PFS, and SPICAM ex-

periments onboard Mars Express: Among the 
main scientific goals of the Mars Express mission 
[2], surface investigations using high-resolution im-
aging and mineralogical detection and mapping will 
play an essential role in the study of the Martian sur-
face composition and evolution. This is ensured by a 
comprehensive set of instruments comprised in the 
Mars Express payload. 

The HRSC camera, a pushbroom scanning in-
strument with 9 CCD line detectors mounted in paral-

lel, has the capability to acquire simultaneously ste-
reo, high resolution, multispectral, and multi-phase 
angle imagery covering extended contiguous regions 
on Mars. It will characterize the surface structure and 
morphology at high spatial resolution (up to 10 
m/pixel), and super resolution using its SRC channel 
(up to 2 m/pixel). During the nominal operational 
lifetime of the mission (1 Martian year), it is ex-
pected that 70% to 90% of global/regional coverage 
will be achieved at >20m resolutions. High-
resolution (10-20m) imaging will cover up to 50% of 
the surface, and super-resolution imaging will cover 
about 1% of the surface. Among many other objec-
tives, the camera will also characterize the surface 
topography at high spatial and vertical resolution, 
perform terrain compositional classification, and in-
vestigate the geologic evolution of the surface and 
the links with the climate history of the planet. 

The OMEGA mapping spectrometer is operating 
in the visible and near-infrared from 0.5 to 5.2 mi-
crometers with 352 contiguous wavelength channels, 
allowing for identification of the major classes of 
minerals. The spectral resolution λ/∆λ is in the range 
70 to 200. It is composed of two grating spectro-
graphs, with an imaging capability of 128 contiguous 
IFOV of 1.2 mrad each and a FOV of 8.8 degrees. 
OMEGA will provide data of the Martian surface 
that will be very complementary of the TES and 
THEMIS data sets onboard MGS and Mars Odyssey, 
respectively. In orbit around Mars, this experiment 
will identify and characterize specific mineral and 
molecular phases of the major geologic and photo-
metric units, map the spatial distribution and abun-
dance of the detected mineral species, achieving 
global mineralogical mapping at a few kilometers 
spatial resolution. High-resolution coverage of se-
lected areas of interest will be obtained at a few hun-
dred meters spatial resolution. 

The Planetary Fourier Spectrometer (PFS) is an 
infrared spectrometer with onboard real-time Fast 
Fourier Transform capability, covering a wavelength 
range from 1.2 to 45 micrometers, separated in two 
wavelength channels, short (SW; 1.2-5 µm) and long 
(LW; 5-45 µm). The spectral resolution is 2 cm-1. 
The FOV is 2 and 4 degrees for the SW and LW 
channels, respectively. The obtained spatial resolu-
tion will be about 10 to 20 km around pericentre. 
Although its main objective is the investigation of the 
Martian atmosphere, with a focus on the global at-
mospheric circulation and on the mapping of the at-
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mospheric composition, the PFS experiment will also 
contribute to surface studies. In particular, it will 
provide spectral data that will inform on the thermal 
inertia, the mineralogical composition of the surface 
layer, the nature and composition of the surface con-
densate and its seasonal variations, and the surface-
atmosphere interactions. 

SPICAM is a UV-Infrared imaging spectrometer 
dedicated to the study of the Martian atmosphere 
circulation and composition. This instrument will 
also investigate surface-atmosphere interactions. It is 
composed of a UV channel (118-320 nm) and an IR 
channel (1.3-4.8 µm). SPICAM measurements will 
provide enough information for modeling the Mar-
tian environment at ground level, allowing for an 
accurate assessment of the effect of solar UV and 
oxidation of the surface materials. The investigation 
of surface-atmosphere chemical interactions using 
SPICAM will be essential to the development of 
models and scientific interpretations relevant to the 
presence and history of water on Mars, in connection 
with geological evidence. In addition, measurements 
of the spectral UV albedo of the surface will permit 
possible discrimination of diagnostic mineral phases, 
and infrared surface spectra will be produced that 
could be cross-compared with data acquired by 
OMEGA and PFS. 

 
Spectral and Compositional Investigations: 

Variations in the chemical composition, physical 
properties, and mineralogy of the soils, dust, and 
rocks are the consequence of various surface proc-
esses acting on Mars over geologic timescales, such 
as weathering and alteration [e.g., 3]. Detailed inves-
tigations of the multispectral and hyperspectral data 
sets to be returned by HRSC and OMEGA, using 
additional correlation with complementary spectro-
scopic data from PFS and SPICAM, will be per-
formed to address the following key issues: The 
quantitative constraint of the physical/chemical com-
position and mineralogy of rocks and soils; the po-
tential genetic connection between rock coatings and 
surface/airborne fines; the extent of the control of 
mixing on the observed composition of soils and 
rocks; the controlling role of weathering or other 
alteration processes in the physical modification or 
the chemical composition of the surface materials; 
the evolutionary stages of the sedimentary (or other) 
geologic processes that created and modified rocks 
and soils. Current (Mars Odyssey 2001, Mars Global 
Surveyor) data sets returned from Mars constitute the 
best information to date against which the consis-
tency of the Mars Express data will be tested, past 
(Mars Pathfinder, HST, Viking) data sets still being 
used for comparisons. Furthermore, in situ data sets 

acquired at the Beagle-2 landing site in Isidis Planitia 
(90.75°E, 11.6°N) or at the Mars Exploration Rovers 
landing sites will be used as additional information 
on the composition and mineralogy of the local sur-
face, providing independent “ground truth” to the 
interpretations made at regional scale. 

The analyses to be performed using HRSC and 
OMEGA data will attempt to accurately characterize 
the full range of spectral, compositional, and minera-
logical diversity of the Martian surface, focusing on 
regional areas selected on the basis of their composi-
tional and/or geologic interest. A comprehensive set 
of analytical tools and methodologies will be used to 
validate the Mars Express data, using the latest ad-
vances made in the gathering and analysis of spectral 
data, images and samples. Existing databases pro-
duced from experimental spectro-imaging studies or 
from laboratory analyses will also be used, allowing 
for improved documentation of the various physical 
and compositional mixing processes involved at 
mesoscale in the integrated remote sensing observa-
tions made at macroscopic scale. Spectral surface 
units will be identified as well as their extension, 
photometric properties will be investigated, and min-
eralogical maps produced. Mineralogic and composi-
tional data from OMEGA will be correlated with 
HRSC geomorphologic multispectral maps, leading 
to a refined classification of soil and dust materials. 

 
Conclusion: OMEGA and HRSC data sets will 

bring important new information on the roles played 
by weathering and/or mixing processes that altered 
the surface materials during both past and present 
climatic regimes. The interpretation of these analyses 
will confirm, complement or challenge the latest re-
sults from Mars Global Surveyor and/or Mars Odys-
sey dealing with, e.g., rock composition variations of 
the volcanic surface materials, the occurrence of 
aqueous mineralization, or the detection of crystalline 
hematite in sedimentary rock formations. 
 

References: [1] P. D. Martin and A. F. Chicarro 
(2002) LPS XXXIII, Abstract # 1495. [2] P. D. Mar-
tin et al. (2001) LPS XXXII, Abstract # 1575. [3] 
Pieters, C.M. and Englert, P.A.J. (1993) Cambridge 
University Press. 

 
 
 
 
 
 
 
 
 

Sixth International Conference on Mars (2003) 3085.pdf



 

Figure 1: Mars Express spacecraft in integration and testing facility in Astrium-Toulouse, France. 
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Figure 2: Same as Figure 1, with a view focused on the payload instruments to be involved in spectral and compo-
sitional investigations of the Martian surface. From right to left: HRSC, OMEGA, PFS, and SPICAM. 
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Introduction: We have developed a process for 

deriving near-surface (~1m) temperatures for potential 
landing sites, based on observational parameters from 
MGS TES, Odyssey THEMIS, and a boundary layer 
model developed by Murphy for fitting Pathfinder 
meteorological measurements. Minimum nighttime 
temperatures at the MER landing sites can limit power 
available, and thus mission lifetime. Temperatures are 
derived based on thermal inertia, albedo,  and opacity 
estimated for the Hematite site in Sinus Meridiani, 
using predictions of 1-m air temperatures from a one-
dimensional atmospheric model. The Hematite site 
shows 9 % probability of landing at a location with 
nighttime temperatures below the –97 C value consid-
ered to be a practical limit for operations. 

Approach one - using TES albedo/thermal iner-
tia maps: Existing maps of albedo and thermal inertia 
derived from MGS TES data provide a ready means of 
predicting temperatures for any location, season, time 
of day, and dust opacity using a thermal model. Here 
we employ Murphy’s boundary layer model [1,2] to 
generate air temperatures at 1 m for input values of A, 
I, opacity, season, and local time. Although the TES 
data are limited in spatial resolution, that instrument’s 
excellent calibration provides reliable temperatures 
consistent with the body of evidence from Viking or-
biter and lander data, as well as Pathfinder air tempera-
tures. 

Approach two - using THEMIS nighttime ther-
mal imaging: The Odyssey THEMIS instrument, 
though not as well calibrated as TES, has 100 m imag-
ing resolution in bands in the 10-12 µm range, and 
thus offers additional information about the spatial 
distribution of nighttime thermal regimes. We have 
explored the transformation required to infer from raw 
THEMIS brightness temperatures nightly minima at a 
differing local time and season. A more accurate ap-
proach would be to use THEMIS-derived inertias, 
once these become available. 

 
Application:  We model the nightly minima ex-

perienced by a MER rover at the Hematite site, near 
the end of the mission when temperatures are of most 
concern. This site also experiences the lowest tempera-
tures, due to low inertia (dust-covered) regions in the 
landing error ellipse.  

We find using approach one a 9% probability that 
the MER rover would land in a site where the tempera-
tures fall below –97 C at Ls 30. Nightly minima can be 
expressed as contours in the albedo/inertia distribution 
(Fig. 1). For the Isidis candidate landing site, note the 
considerably higher inertia places it well beyond the 
region of concern. The minimum temperature map for 
Hematite (Fig. 2) shows the concentration of problem-
atic low temperatures in the west part of the landing 
probability ellipse.  

The THEMIS images are currently of value primar-
ily for their spatial resolution; they show a variance of 
about 2 K across one strip within the Hematite ellipse.  

Discussion:  We believe this approach will have 
other applications, both scientifically in modeling of 
near-surface environments, and technically to aid in 
future mission designs. Among the physical studies of 
interest are the transfer of water vapor and the devel-
opment of daytime turbulence. 

As mesoscale models [3,4] develop further, we ex-
pect them to take over a greater role in providing this 
kind of information. Winds clearly can affect the local 
thermal environment, mixing thermal domains hori-
zontally and also mixing warmer air down from higher 
altitudes during nightly inversions. The THEMIS data 
will permit derivation of a zero-wind baseline for such 
work. 
 

References:  
[1] Haberle, R.M. et al. (1999) JGR, 104, 8957–

8974. [2] Haberle, R.M. et al. (1997), JGR, 102 13301-
13311. [3] Rafkin, S., et al (2001) Icarus 151, 228. 
[4] Toigo, A. and M.I. Richardson (2002),  JGR, 107, 
10,129. 
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 NASA, along with its international partners, has developed a Mars exploration 
strategy, based on robotic missions, that extends well into the next decade.  Because of its 
proximity to Earth, the abundant evidence for water, and the implications that water has 
for the development and persistence of life, Mars is also the next likely target for human 
exploration and colonization.  As such, it will also serve as an important test bed for the 
development of techniques for deep biosphere exploration and resource evaluation for 
other bodies in the solar system. 

 If the early evolution of the Earth and Mars followed similar paths, then it’s 
possible that methanogenic bacteria may have developed in the planet’s early aqueous 
surface and near-surface environment (Max & Clifford, 2000).  During the transition of 
the early Martian hydrosphere to the colder conditions that characterize the planet today, 
such early life may have adapted to subpermafrost conditions similar to the present deep 
biosphere environment of the Earth.  The potential existence of such a deep microbial 
biosphere on Mars has enormous implications for the potential development of life, and 
the availability of methanogenicly-produced resources, elsewhere in the solar system 
(such as the putative deep mantle ocean of Europa).  

On Mars, as on Earth, it is expected that biogenic methane will migrate upward in lithic 
pore water in deep crusts until it reaches the hydrate stability zone (HSZ), is the region  
defined by the temperature and pressure regime where methane hydrate is stable. 
Methane produced by organisms in subsurface sediments is often naturally concentrated 
by buoyant migration and confinement beneath low permeability strata and ice-sealed 
traps.  On Mars, this potential is likely enhanced by the widespread occurrence of 
subsurface permafrost. 

 The methane trapped in these deposits may occur as both gas pockets or, under 
appropriate conditions of temperature and pressure, as a hydrate that takes the form of 
intergrown, poorly-defined ice-like crystals.  Hydrocarbons (mostly methane), as well as 
other gases, are thermodynamically stabilized in gas hydrates by hydrogen bonding (Van 
der Waals weak electrical forces) within a cubic crystalline lattice of water molecules.  
Because not all the guest sites within the lattice are generally occupied, gas hydrates are 
non-stoichiometric compounds of methane and water [CH4 • 6.1 (±0.1%) H2O].  Hydrate 
formation concentrates methane by forcing the molecules into closely packed lattice sites 
in the hydrate crystals (at a molecular density that exceeds that of even liquified 
methane). Typically, 1 m3 of naturally occurring 90% saturated methane hydrate contains 
164 m3 of methane gas (at STP) and 0.8 m3 of liquid water (Kvenvolden, 1993). 
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 The stability field of methane hydrate is constrained by the increase in crustal 
temperature and pressure that occurs with depth.  On Earth, hydrate is found in the 
intergranular pore space of rocks and sediments at depths as shallow as 150-200 m in 
permafrost regions, and in the low-temperature, high-pressure conditions found on the 
deep ocean floor.  Like permafrost, the maximum depth at which hydrate remains stable 
is limited by crustal temperature, although the pressure-temperature fields of water-ice 
and methane hydrate differ considerably (Fig. 2).  The region of the crust that satisfies the 
thermodynamic stability criteria for methane hydrate is called the Hydrate Stability Zone 
(HSZ), whose thickness is governed by the magnitude of the local geothermal gradient 
(i.e., being greater for shallow gradients and thinner for steeper gradients).  

 In practice, determining the absolute depth to which methane hydrate will remain 
stable is complex because of dissolved solids and the local geothermal gradient, the mean 
annual surface temperature and the recent thermal history of the crust.  Beneath this 
depth, methane persists as a gas.  For example, large gaseous methane deposits associated 
with water below the HSZ have been identified off the southeastern coast of the United 
States (Fig. 1).  The low acoustic velocity (Vp) gas beneath the sediment whose porosity 
has been filled to the extent that it reduces permeability and traps the gas beneath it 
(while increasing the seismic velocity of the hydrate-rich sediment, forms a strong 
negative impedance reflector called the Bottom Simulating Reflector (BSR).  This 
stratification of methane hydrate within the HSZ and gaseous methane below, is 
characteristic of hydrate systems on Earth, with the occasional exception of gas pockets 
within the HSZ that have not reacted with water to form hydrate. 

 

 
Figure 1.  From Max, 1999.  Original seismics from W.P. Dillon, U.S. Geological Survey 

Sixth International Conference on Mars (2003) 3160.pdf



 Methane hydrate and water-ice form a compound cryogenic zone.  Water-ice is 
stable from the surface to about 0 °C and hydrate is stable from some depth below the 
surface (depending on average surface temperature, total pressure, and geothermal 
gradient) to some depth below the base of the water-ice stability zone.  In Alaskan 
permafrost, variations in the local thermal properties of the crust can yield maximum 
hydrate stability depths of 600 - 1075 m with associated crustal temperatures of ~285 - 
287 K. 

On Mars, methane hydrate is stable close to, but not at, the surface. Since the dominant 
constituent of the crust appears to be basalt (or basalt-derived weathering products), the 
difference in lithostatic pressure at any depth between Mars and the Earth simply scales 
in proportion to the ratio of gravitational accelerations for the two planets (i.e., ~0.38 g).  
At the 200 K average surface temperature of Mars, hydrate is not stable at less than about 
140 kPa, which corresponds to a depth of ~15 m (assuming an ice-saturated permafrost 
density of 2.5x103 kg m-3).   Given a reasonable estimate of the thermal properties of the 
crust, the base of the Martian HSZ should then extend to depths that lie from several 
hundred meters to as much as a kilometer below the base of the.  Thus, the total thickness 
of the Hydrate Stability Zone on Mars is likely to vary from ~3 km at the equator, to ~8 
km at the poles HSZ (Max and Clifford, 2000). 

 Hydrate formed during the early phases of establishment of the Martian 
cryosphere, however, may still exist as ‘perched’ deposits near the surface of Mars, 
encased by water ice.  If concentrated methane in the form of methane hydrate can be 
found in the near subsurface of Mars or otherwise easily accessible on other bodies in the 
solar system, then all the elements necessary for the human occupation may exist.   
Because hydrate compresses methane (and carbon dioxide hydrate), concentrated 
methane and carbon dioxide may exist in relatively rich deposits. 

 Methane deposits can be primarily considered as a fuel while the water produced 
from hydrate can be expected to be pure and potable with minimal processing.  The 
possibility that fuel and pure water can be found collocated on Mars and other bodies in 
the solar system should cause a review of exploration strategies.   

 Identification of deep biosphere and gas (methane and carbon dioxide) hydrates 
on Mars, therefore, should be considered as a strategic priority for planetary research.  
Exploration techniques that are currently being used or developed to identify and quantify 
gas hydrate on Earth can be used on Mars.  In the first instance, the primary means of 
detecting hydrate is seismic and acoustic analysis.  This common geophysical method 
consists of using well located sound sources and geophones to produce a set of seismic 
data, which can be processed and interpreted to reveal detailed subsurface structure and 
material properties.  Remotely operated seismic exploration techniques on the surface of 
Mars, combining modified geophysical industry equipment and procedures, marine 
science acoustic experimental equipment and procedures, and new processing and 
analysis techniques, can be used to identify hydrate and gas deposits.  

 In addition, remote autonomous drilling can penetrate into the subsurface, where 
the real search for deep biosphere must be conducted.  Technology developed for 
autonomous drilling in the deep seafloor can be extrapolated to Mars. 
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Introduction:  Understanding the role of water in 
the Martian near-surface environment is among the 
highest priorities of NASA’s Mars Exploration Pro-
gram.  Surface fines provide the best opportunity to 
assess the nature of the Martian surface environment, 
because they are sensitive to the action of water.  For 
example, common soils on the Earth are made up 
largely of chemically weathered minerals because of 
the abundance of liquid water.  In contrast, lunar fines 
are produced purely by physical weathering (domi-
nantly meteorite impact), and consist of ground igne-
ous minerals, due to the lack of liquid water on the 
Moon.  Mars’ environment is likely somewhere be-
tween these extremes.  Samples of fines from the Mar-
tian surface are not available for analysis, but their 
return to Earth has been proposed [1].  Through analy-
sis of terrestrial analogs to Martian fines, insight into 
potential Martian surface processes can be obtained in 
advance of returned samples.    

Weathering in Antarctica.  Rocks and soils in Ant-
arctica are exposed to some of the coldest and driest 
weathering environments on Earth.  As a result, physi-
cal weathering processes generally dominate, although 
some significant chemical weathering also takes place.  
The main physical weathering processes that produce 
regolith in Antarctica are the action of water, in the 
form of either ice, liquid or vapor, glacial action, salt 
weathering, insolation and wind action.  Overall, proc-
esses that depend on water are not highly effective in 
Antarctica, in comparison with other physical weather-
ing processes, because of the extreme cold and aridity 
[2-4].  Salt weathering, or weathering and fragmenting 
of rock due to crystallization of salts in pores and 
cracks, seems to be fairly common.  Solar heating of 
soil and rock surfaces is also known to occur.  In addi-
tion, many processes of rock decay and soil formation 
in Antarctica are dependent on wind action, which 
removes and redistributes the products of many physi-
cal weathering processes.  Wind also allows ice frag-
ments, sand and dust to abrade rock surfaces and sur-
face coatings [2]. 

Chemical weathering in Antarctica consists mainly 
of some weathering and decomposition of ferromag-
nesian minerals and subsequent deposition of thin iron 
oxide and silica coatings on more resistant grains and 
on rock surfaces, as well as, in some cases, clay min-

eral formation [2, 3, 5, 6].  The progression from 
amorphous iron oxides to clay minerals is highly sensi-
tive to the availability of water [2, 5].  There are also 
insoluble and soluble salts found in Antarctic soils in 
varying amounts [2, 7].   

Weathering on Mars.  The mineralogy of Martian 
fines has not been directly measured due to limitations 
of in-situ instrumentation and therefore the relative 
proportions and nature of primary and secondary min-
erals  is unconstrained.  As a result, the relative impor-
tance and nature of physical and chemical weathering 
processes in the production of these fines is unknown. 
There are several physical weathering processes that 
may occur on Mars.  Salt weathering could occur on 
Mars; high concentrations of S and Cl detected during 
in-situ measurements of Martian fines are consistent 
with this idea [8, 9].  The abrasion of rock surfaces and 
weathering rinds by windblown dust and ice particles 
likely occurs on Mars.  Impact cratering is another 
Martian physical process.  A dominance of these types 
of processes in Martian weathering would result in 
primary minerals being generally more abundant in the 
Martian fines than secondary ones.  The main studies 
that support the idea that primary minerals are more 
abundant involve remote spectroscopic observations, 
sometimes in combination with in-situ chemical data 
[10-13], and potentially studies of certain terrestrial 
analogs, such as the Antarctic dust being analyzed in 
the current study [14, 15].  For example, recent analy-
sis of Mars Global Surveyor Thermal Emission Spec-
trometer (MGS-TES) spectra of atmospheric dust indi-
cates that it may be partially composed of plagioclase 
feldspar [12].  Also, after examination of corrected 
IRIS Mariner 9 data, [13] proposed that albite is the 
main dust component.  Comparison with the Path-
finder elemental composition for loose soil led those 
authors to suggest a dust composition that involved 
pyroxene, olivine, plagioclase and sulfates.  Very lim-
ited work has been done to date with terrestrial dust 
analog materials produced under cold and arid Martian 
analog weathering conditions [3, 16].   

There are many ideas about chemical weathering 
on Mars.  They can generally be divided into mecha-
nisms that involve different temperature and wa-
ter/rock ratios.  Here, the focus will be on the chemical 
weathering hypotheses that are relevant to comparison 
with Antarctic weathering, i.e. hypotheses that involve 
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chemical weathering under conditions of low tempera-
ture and low water/rock ratios, analogous to the cur-
rent conditions on the surface of Mars.  The major 
relevant chemical weathering mechanism is alteration 
by water vapor and thin liquid water films.  Potential 
products include palagonite, partially weathered sili-
cate minerals, nanophase ferric oxides and oxyhydrox-
ides, clay minerals, and clay-like mineraloids [e.g. 8, 
17-19].  A dominance of chemical weathering proc-
esses on Mars would result in an abundance of chemi-
cal weathering products in the Martian fines.  The 
main studies that support an abundance of chemical 
weathering products are studies of in-situ chemical 
composition data [e.g. 17, 20, 21], studies of certain 
terrestrial analog materials [e.g. 18, 22-24] and remote 
spectroscopic data [e.g. 8, 10].  Palagonitic soils and 
tephras, such as JSC Mars-1, are commonly cited as 
visible/near-infrared (0.3 to 5 µm) spectral analogs to 
Martian bright regions [e.g. 21, 25] but JSC Mars-1 is 
thought to be “a much closer match to the reflectance 
spectrum than to the regolith composition of Mars” 
[22].  Several Martian weathering models [e.g. 8, 26, 
27] support the idea that Martian fines might exhibit a 
“palagonite-like” composition.  Clay minerals are also 
studied as possible Martian surface materials [e.g. 7, 
19] but detection of clay minerals spectroscopically 
has had varied results [e.g. 8, 28].  The presence of 
sulfate and chloride salts is also supported by several 
lines of evidence [e.g. 8, 18, 20, 23]. 

Approach: In this study, have conducted a pre-
liminary characterization of the <63 µm size fraction 
of a soil produced from weathering of the Ferrar 
Dolerite.  The soil was collected from a bedrock pla-
teau of the Ferrar at Lewis Cliff in the Transantarctic 
Mountains of Antarctica (Fig. 1).  The sample site was 
located at high altitude (above 2000 m) in snow-free 
areas of Antarctica where conditions are considerably 
more severe than those seen in the Dry Valleys.  The 
Ferrar consists of two pyroxenes, two feldspars, and 
iron and titanium oxides and shows mineralogical 
similarities to the basaltic Martian meteorites [14].  
Outcrops and hand specimens of the Ferrar are ex-
posed to some of the driest and coldest weathering 
environments on Earth and show characteristic desert 
weathering features observed in images of Mars, such 
as ventifacts, desert varnish, and cavernous weathering 
[14, 16].  JSC-Mars 1, a Hawaiian palagonitic tephra 
and a commonly used terrestrial analog to Martian 
surface materials, was produced in a very different 
environment than the analog under investigation in this 
study [22].   

In order to apply the results of this study to Mars, 
several reasonable assumptions are necessary.  The 
first is that the Antarctic Ferrar Dolerite is an adequate 
analog to Martian materials, as represented by the 

Martian meteorites [14].  The second is that the cold 
and arid Antarctic environment is an analog to recent 
environments on the surface of Mars [14].  Given this 
framework, an analogy can be drawn between proc-
esses that produced the Antarctic dust and Martian 
surface weathering processes.  In the absence of sam-
ples or in-situ mineralogical measurements of Martian 
fines, the results of detailed analyses of these Antarctic 
fines with equipment available in terrestrial laborato-
ries can be used to make inferences about the extent of 
Martian surface weathering and the nature of Martian 
weathering environments (chemical vs. physical 
weathering, low vs. high water/rock ratios, etc.). 

 
Figure 1.  A typical outcrop of the Ferrar Dolerite in 
the Transantarctic Mountains [from 14]. 
 

Very limited work has been done on the soils pro-
duced from the weathering of the Ferrar Dolerite in 
Antarctica.  In [2] and [3], several soil profiles of soil 
derived from the Ferrar are described and some analy-
ses of samples from different depths in the profiles are 
discussed.  The authors determined the particle size 
distribution and chemical composition of samples of 
several different soil horizons within one of their soil 
profiles, and studied the clay fraction of some of these 
samples with x-ray diffraction (XRD) and electron 
microscopy.  The clay fractions (the <2 um size frac-
tion) of soil horizons above 7 cm depth were not ana-
lyzed because the soil horizons closer to the surface 
did not have enough of the clay fraction to perform 
their analyses.  This study is intended to be a detailed 
addition to these previous analyses that will focus on 
characterizing the mineralogy and spectral properties 
of the fine fraction of the surface soil from the per-
spective of investigating the properties of a Mars dust 
analog.  Detailed studies of the Antarctic dust will al-
low several questions to be addressed, such as: What is 
the relative significance of physical and chemical 
weathering products in the dust?  What is the nature of 
the chemical and physical weathering products?  What 
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are the IR spectral properties of the dust and how do 
they compare with IR spectra of Martian dust?  Some 
preliminary progress on addressing these questions has 
been made and the results are discussed below. 

Methods and Preliminary Results:  Preliminary 
work has involved study of the mineralogy and spec-
tral properties of  the <63 µm size fraction of both the 
Antarctic soil and JSC Mars-1 with a JEOL JSM-IC 
845 scanning electron microscope equipped with an 
IXRF energy dispersive spectroscopy system (SEM) 
and with a Nicolet Nexus 670 infrared (IR) spectrome-
ter (spectral range ~5-45 µm) (Fig. 2, 3 & 4).  Details 
of spectrometer setup and calibration are given in [29].  
The preliminary studies allow several initial conclu-
sions to be drawn.  Based on estimates from SEM 
studies, the Antarctic dust appears to be enriched in 
primary minerals (~77% primary minerals) compared 
to the JSC Mars-1 dust (~19% primary minerals).  This 
suggests that significant non-chemically weathered 
minerals may be present in the Martian dust. The IR 
spectra (~5-45 µm) of the <63 µm size fraction of the 
Antarctic and JSC Mars-1 dust show qualitative differ-
ences from each other, with the Antarctic dust showing 
more spectral contrast (Fig. 4).  Also, the Antarctic 
dust IR spectra show qualitative similarities with Mar-
tian dust spectra recovered from Mars Global Surveyor 
Thermal Emission Spectrometer (MGS-TES) spectra, 
while the JSC Mars-1 dust IR spectra do not.  It is im-
portant to note, however, that further spectral studies 
of a smaller size fraction (e.g. <20 µm) are needed to 
make more conclusive comparisons with TES dust 
spectra.  Mineral types obtained by deconvolution of 
Antarctic dust IR spectra are similar to those estimated 
from SEM studies [30].   

 
Figure 3.  Examples of JSC Mars-1 particles observed 
with SEM and corresponding EDS spectra.  All spectra 
have the same vertical scale.  

Figure 4.  IR spectra of <63 µm  Antarctic and JSC 
Mars-1 dust.  Each spectra is an average of 270 scans 
and the spectra are offset by 0.05 for clarity.  The 
measured radiance spectra were converted to emissiv-
ity as outlined in [29].   

 
Future Work:  Future work will fully character-

ize the mineralogy and spectral properties of a smaller 
<20 µm size fraction of the Antarctic dust, which is 
closer to the average size of Martian atmospheric dust.  
Initial studies of the mineralogy, mineral abundances, 
and IR spectral properties of the dust will be carried 
out with SEM, electron microprobe (EMP), XRD and 
IR spectroscopy.  More detailed study of the dust min-
eralogy will be performed with transmission electron 
microscopy (TEM).  As the characterization of the dust 
continues, the results will indicate the nature of the 
Antarctic weathering that produced the dust, allowing 
inferences to be drawn about Martian surface weather-
ing. 

Figure 2.  Examples of Antarctic dust particles ob-
served with SEM and corresponding EDS spectra.  All 
spectra have the same vertical scale.   
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MARS ODYSSEY THEMIS-VIS: SURFACE-ATMOSPHERE SEPARATION AND DERIVATION OF
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I. Richardson5, P. R. Christensen4, 1Dept. of Astronomy, Cornell University, Ithaca, NY 14853 (mccon-
noc@astro.cornell.edu), 2Space Science Institute, 3Goddard Space Flight Center, 4Arizona State University,
5California Institute of Technology.

Introduction:  Scattering by atmospheric aerosols
can contribute a substantial fraction of the visible-light
radiance observed in any remote sensing of Mars.  Our
objective is to develop techniques to separate this aero-
sol component from the surface-reflectance component
in Mars Odyssey’s THEMIS Visible Imaging Subsys-
tem (THEMIS-VIS) dataset.  The primary purpose of
this study is the production of accurate surface reflec-
tance data in order to allow for reliable color and min-
eralogical unit mapping.  The second principal goal is
to study the feasibility of using VIS measurements to
derive quantitative information about ice and dust
aerosol properties such as particle size and optical
depth.

The Mars Odyssey THEMIS investigation is de-
scribed by Christensen et al. [1].  THEMIS has multis-
pectral imaging detectors that operate in the infrared
(THEMIS-IR) between 6.5 and 15 microns, and in the
visible (THEMIS-VIS).  The THEMIS-VIS instru-
ment, and the goals of visible wavelength reflectance
mapping, have been described by Bell et al. [2].  VIS is
1024x1024 interline transfer CCD camera that acquires
high spatial resolution images (18, 36, or 72 meters per
pixel), through five filters with bandpasses centered at
425, 540, 654, 749, and 860 nm, and bandwidths of
~50 nm.

Motivation:  Surface-atmosphere separation is
necessary for the production of reliable surface reflec-
tance measurements.  Furthermore, the radiative trans-
fer modeling needed to accomplish this separation may
yield new information on the properties of the aerosols
themselves.

Surface Reflectance.  Surface reflectance mapping
in the five bandpasses can provide information on the
composition, distribution, and physical properties of
ferric (Fe3+) and ferrous (Fe2+) iron-bearing rocks and
minerals, and of frosts and ices [2].  However, during
dusty conditions (i.e., near perihelion), aerosol scat-
tering can easily contribute a significant fraction of the
radiance at these wavelengths [e.g., 3-5], particularly
over dark surfaces.  Even in relatively clear atmos-
pheric conditions, dust and/or ice aerosols will be a
significant contribution to the 425 nm band radiance.

Radiative transfer modeling and optical depth
measurements spanning one martian year by Clancy et
al. [6] suggest that this contribution is never less than
15% of total radiance at the equator.  Zonal-mean

broadband visible optical depths of the Martian atmos-
phere, as measured by the Mars Global Surveyor
Thermal Emission Spectrometer (MGS-TES) visible
bolometric channel, span a continuum from 0.1 to
more than 1.0 over the course of a Martian year, with
the highest values occurring at equatorial latitudes near
perihelion, and the lowest values occurring in the
southern highlands near aphelion [6].  Thus, in extreme
circumstances, the Martian surface may well be com-
pletely obscured in all five VIS filters.  More gener-
ally, measured radiances will include a highly variable
aerosol scattering component that would lead to appar-
ent surface reflectances that are quantitatively inaccu-
rate and qualitatively inconsistent.  Moreover, these
apparent reflectances would be biased as a function of
elevation, region, and season.  Therefore, in order to
produce a high quality surface reflectance data set, the
aerosol scattering component of the radiance in each
image must be modeled and removed.

Aerosol Properties.  The current nadir-only view-
ing geometry of THEMIS severely limits the number
of parameters that can be retrieved using multiple-
scattering radiative transfer models.  It is likely that for
many VIS observations, surface reflectance will be the
only parameter that can be derived.  However, given
the importance of aerosols in the Martian climate sys-
tem, it is worthwhile to explore the possibility of
placing some constraints on aerosol properties at the
uniquely high spatial resolution provided by THEMIS.

Method:  We perform radiative transfer modeling
using the discrete ordinate multiple-scattering code
DISORT [7].  DISORT is a one-dimensional model
with vertical discretization of atmospheric properties,
and angular and vertical discretization of radiance.
DISORT computes observed radiance as a fraction of
incoming solar radiation, i.e., I/F, for each bandpass.
The inputs to the DISORT model are the normal re-
flectance and phase function of the surface, the solar
azimuth and elevation angles, as well as, for each at-
mospheric layer, the optical depth, single-scattering
albedo, and single-scattering phase function of the
aerosols.

Solving for surface reflectance.  In the simplest
case, we model the observed radiance of each pixel in
a VIS image independently in order to solve for a sin-
gle parameter, the surface normal reflectance.  With
the aerosol properties and optical depths fixed, we it-
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eratively adjust the surface reflectance until the radi-
ance calculated by DISORT for the given THEMIS
viewing geometry matches the observed radiance.  For
this type of modeling exercise the extinction optical
depth in each VIS bandpass is fixed by coincident
THEMIS-IR and/or MGS/TES measurements of dust
and ice opacities using infrared-to-visible scaling fac-
tors derived by Clancy et al. [6].  The single-scatter
phase functions and albedo values are also fixed in
accordance with Clancy et al. [6].  For computational
efficiency in the case of pixel-by-pixel corrections, we
will be using pre-computed “cubes” of radiative trans-
fer models. With carefully determined limits on the
input parameters (e.g., emergence angles need not de-
viate far from nadir viewing), this approach can pro-
vide several orders of magnitude in required CPU time.

Solving for aerosol properties.  Clearly, in order to
directly retrieve aerosol properties from the THEMIS-
VIS data set, we must identify ways to add additional
constraints to our models.  We are (or will soon be)
exploring the following techniques:

1) Extremely high optical depths.  Careful planning
may allow us to observe localized events where the
aerosol optical depths are greater than unity and the
contribution of surface reflectance is small.  In these
cases, the observed radiance is primarily a function of
the single scattering albedo (SSA) allowing us to fit for
SSA directly.

2) Shadow modeling.  Areas not illuminated by di-
rect sunlight are still illuminated by atmosphere-
surface multiple scattering as well as by surface-
surface multiple scattering [e.g., 8].  If the surface re-
flectance is assumed to be the same across shadow
boundaries, then measurements of the radiance differ-
ence across the shadow boundaries should be diagnos-
tic of the atmospheric scatterers.  A full treatment of
this problem requires a three-dimensional radiative
transfer code.  We have begun this work using a
Monte-Carlo algorithm.  However, in the interest of
computational efficiency, we will look for empirical
simplifications/modifications that might allow us to
apply our one-dimensional DISORT model.  By com-
paring the results of such 1D models to the full 3D
cases, we can directly characterize the uncertainties
introduced with any simplifications.

3) Spatially variable aerosols, uniform surface.  If,
by inspecting a THEMIS-VIS image, we can identify
regions where cloud appears to be the main source of
brightness variation in one or more channels, then we
can fit for the optical depth as well as the surface re-
flectance.

4) Repeated Coverage.  We can observe a region of
the surface at two different times, obtaining two differ-
ent radiances.  Ideally, these two observations will b

made at times of with the greatest possible contrast in
aerosol loadings.  If we assume the surface reflectance
is constant with time, and also fix the optical depth of
the first observation, then we can fit for the surface
reflectance as well as the optical depth of the second
observation.

Obtaining aerosol particle size.   If, by one of the
methods described above, we are able to solve for VIS
optical depth in one or more of the five VIS filters,
then we can use the ratio of the THEMIS-VIS optical
depth to the THEMIS-IR opacity as a highly sensitive
indicator of particle size.  If we have a pair of optical
depths, as in techniques 1 and 2, where we have solved
for one by assuming the other, then by comparing the
assumed VIS / IR ratio to the measured value, we
could also identify changes in the particle size distri-
bution.

Data:  Figure 1 is an example of a VIS image to
which several of our proposed aerosol modeling tech-
niques may be applicable.  For example, the brightest
areas in the blue channel are likely water ice cloud.
Since the surface features appear to be completely ob-
scured in many areas of the blue, the optical depth may
approach unity for the 425 nm region of the spectrum.
As another example, the spatial structure of the clouds
may enable us to make the uniform surface, spatially-
variable aerosol assumption.

Figure 2 shows a dramatic example of the way that
shadows are lit up by the Martian atmosphere.  The
boundary of the primary shadow falls more than 10 km
away from the rim of the crater, and the radiance
within the shadowed region is ranges from 60% to
80% of the sunlit radiance.  The importance of atmos-
pherically scattered light is evidenced by the persis-
tence of morphological detail throughout the interior of
the primary shadow.  Interestingly, the sunward-facing
walls of small craters within the primary shadow are
noticeably brighter.  This may be a manifestation of
the forward-scattering halo that both Viking and Path-
finder observed around the Sun [3,9].
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Figure 1:  Clouds near Arsia Mons.  Subframes of THEMIS
image V05872002. The 425, 540, and 750 nm bands are
shown from left to right.  These data are neither map
projected nor mosaicked.  The horizontal lines are the
boundaries between image segments. Each image segment is
~20 km wide and ~3.5 km from top to bottom.  North is
roughly towards the top of the image.

Figure 2:  Shadows within shadows in Noachis Terra.  654
nm band from THEMIS V04270003, map projected with
north at the top.

425 nm           540 nm          749 nm

3.5 km
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Introduction:  The winter season, westerly cir-
cumpolar flow of the Martian atmosphere, and of the
terrestrial stratosphere, is concentrated into a jet whose
latitude falls between 60 and 80 degrees.  This jet is
known as the polar vortex.  The terrestrial polar vortex
has been understood to be the dynamical controlling
mechanism for ozone depletion in the polar strato-
sphere [e.g., 1] for more than a decade.  More recently,
the earth’s stratospheric annular modes, which are es-
sentially a weakening/strengthening oscillation of the
polar vortex jet, have been shown to be coupled to and
possibly even a driving mechanism for, the tropo-
spheric Arctic Oscillation (AO) / North Atlantic Os-
cillation (NAO) phenomenon [2].  The AO / NAO is a

key player in northern temperate zone winter weather
patterns [3] and an increasing bias towards the positive
(stronger polar vortex) phase in the past 30 years has
been shown to be correlated with global warming
trends [4].

The Martian polar vortex is important not only as
an analog to the terrestrial vortex, but as a possible
controlling factor in key Mars climate processes.  For
example, just as the terrestrial polar vortex chemically
isolates the polar stratosphere, the Martian polar vortex
may act as a barrier to the transport of dust and ice
aerosols towards the winter pole, thus influencing the
water cycle and affecting the composition of the sea-
sonal polar cap.

Figure 1: Potential vorticity on an isentropic surface versus latitude and time for MGS mapping years 1 (top) and 2 (bottom).
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Method:  We study the polar vortex structure both
in the zonal mean sense (e.g., Figure 1) and in a lon-
gitudinally resolved sense (e.g., Figure 2).  In order to
do so, we use two types of data structures.  In both
cases, we vertically sample the temperature field uni-
formly in log-pressure coordinates at one-half scale
height intervals. For the zonal mean, we bin the tem-
peratures in one-degree bins of Ls and in one-degree
bins of latitude.  For the results presented here, the
zonal mean temperatures have been smoothed in Ls

with a 7-degree boxcar average.  For the longitudinally
resolved case, we generate a uniform, four-
dimensional grid, in longitude, latitude, log-pressure,
and time coordinates.  The results presented here have
a sampling interval of one degree in latitude, 10 de-
grees in longitude, and one sol in time.  Once our 4-D
and zonal-mean data structures are in hand we generate
derived quantities such as the geopotential height, the
horizontal wind field, and Ertel potential vorticity.  For
analysis, we usually chose to interpolate these quanti-
ties onto an isentropic vertical coordinate system.

Our temperature data come from the Mars Global
Surveyor Thermal Emission Spectrometer (MGS-TES)
temperature retrievals [5].  To date we have considered
only nadir-pointed retrievals.  We have also incorpo-
rated the MGS-TES column-integrated dust and ice
aerosol retrievals [6,7] into our longitudinally resolved
data structure.  MGS is in a 2pm / 2am sun-
synchronous polar orbit.  MGS ground tracks are sepa-
rate by approximately 30 degrees in longitude and 2
hours in time at a given latitude.  To date we have con-
sidered only the daytime temperature data.

Our gridding procedure smoothes and resamples
data points along the ground track, and then performs a
bilinear interpolation in longitude and time.  We then
vertically integrate the temperature field to derive geo-
potential height.  The temperature and geopotential
height data are then gaussian smoothed to further re-
duce noise in the data set prior to calculating other de-
rived quantities.  The results presented here use gaus-
sians with 50 degrees full-width-half-maximum
(FWHM) in longitude and 5 degrees FWHM in lati-
tude.  We derive our horizontal wind field using the
“balance winds” method suggested by Randel [8].  The
“balance winds” method converges iteratively to a
wind solution using the full horizontal momentum bal-
ance equations, neglecting only the vertical wind com-
ponent and the Eulerian time derivatives.  It is then
straightforward to calculate Ertel potential vorticity
from the wind field.

Results:.  Figures 1 and 2 show Ertel potential
vorticity on isentropic (i.e., constant potential tem-
perature, q) surfaces in the zonal mean and in a longi-
tudinally resolved time series, respectively.  For adia-

Figure 2: Time series of Ertel potential vorticity on an
isentropic surface
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batic flow, potential vorticity and entropy are both
conserved following the motion.  Therefore, to the ex-
tent that diabatic processes are negligible, and to
within the accuracy of our wind solution, the potential
vorticity contours on maps such as Figure 2 are
streamlines.

In Figure 1, the bottom panel shows the year of the
global dust storm.  We can see that the zone of high
potential vorticity that characterizes the polar vortex is,
in the global-dust-storm year, displaced northwards
and intensified in the early winter as compared to the
same season of the preceding year.

Figure 2 shows a time series of the most striking
polar vortex event in the first (global-dust-storm-free)
mapping year.  The normally annular zone of high PV
is broken into a spiral shape for a period of approxi-
mately three days.  This event corresponds with the

early winter onset of regional dust storm activity.
The high-potential-vorticity (PV) zone of the polar

vortex is normally annular in shape.  The global dust
storm period in Figure 1 is an apparent exception to
this, with PV possibly increasing monotonically all of
the way to the pole during the early winter of the dust
storm year.  The terrestrial polar vortex never shows an
annular PV field, and normally PV increases mono-
tonically towards the pole [e.g., 9].

Figure 3 presents a different approach to analysis
of the MGS-TES dataset for polar vortex properties.  It
shows the first four principal components of the tem-
perature field at a single pressure level during the
northern winter of the first mapping year.  Principal
component 1 is primarily the linear time trend in polar
temperatures.  Principal components 2 and 3 represent
a combination of stationary and traveling zonal wave-

Figure 1: Principal Components of temperature variability on a pressure surface for mid-winter in the northern hemi-
sphere of Mars
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number 1 planetary waves, consistent with the fourier
analysis of Banfield et al. [10].  Principal component 4
is an annular mode which may be analogous to the
annular modes of the terrestrial stratosphere and/or the
terrestrial Arctic Oscillation / North Atlantic Oscillla-
tion (AO / NAO).
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SECONDARY CRATERING ON MARS: IMPLICATIONS FOR AGE DATING AND SURFACE
PROPERTIES.  A.S. McEwen1. 1LPL, University of Arizona, Tucson, AZ 85721.

Introduction: Are small (< 1 km diameter) craters
on Mars dominated by primary impacts or by the sec-
ondary impacts of much larger primary craters?  Many
craters are obvious secondaries, closely associated with
the primary crater and with distinctive morphologies
such as irregular shapes and occurrence in chains and
clusters with herringbone patterns.  However, there has
been a longstanding controversy about the relative
abundances of small primaries versus distant seconda-
ries on the Moon.  Distant secondaries are expected to
be more circular and isolated (except when concen-
trated in rays) than the obvious secondaries, difficult to
distinguish from degraded (shallow) primaries.

The answer to this question has implications for age
constraints on young surfaces and implied climate
change, the physical properties of impact-generated
regolith, provenance of surface rocks accessible to sur-
face exploration or sample return, engineering consid-
erations (landing safety and rover trafficability), and
the origin of Martian meteorites.

Background. The size-frequency distribution
(SFD) of craters are commonly described by a power
law of the form N(D) = kD-b, where N is the incre-
mental number of craters in a logarithmic diameter
interval, D is crater diameter, k is a constant depending
on crater density, and b is a power-law exponent.  Pri-
mary craters on the Moon and Mars with diameters
from about 1 to 100 km have b ~2, whereas secondary
craters have a “steeper” SFD with b ~4.  The SFD of
the lunar maria and other plains, excluding obvious
secondaries, show a steeper slope for craters smaller
than ~1 km, which Shoemaker (1965) [ref. 1] inter-
preted as the crossover point from the two distribu-
tions: primaries dominate for craters larger than ~1 km
and distant (or “background”) secondaries dominate at
smaller sizes.   Shoemaker noted that this crossover
diameter should vary as a function of proximity to cra-
ter rays.   Away from known crater rays, Shoemaker
estimated that distant secondaries dominate at crater
diameters smaller than ~200 m.

Shoemaker’s interpretation was accepted by many
workers [e.g., Wilhelms et al. 1978, ref. 2] and applied
to Mars [Soderblom et al. 1974, ref. 3], whereas others
believed that small circular craters are chiefly primary
[e.g., Neukum et al. 1975, ref. 4].   There has not been
any convincing way to distinguish small primaries
from background secondaries on the Moon.  The ob-
servation of a steep SFD (b ~4) for small craters (0.1 to
1 km) on Gaspra, where secondaries must be extremely
rare, has been considered conclusive evidence for a
steep primary SFD for small craters (Neukum and
Ivanov 1994 [5], Chapman et al. 1996 [6]).   The small
craters on Gaspra may be produced by impact ejecta

from other asteroids, but still constitutes part of what is
considered the primary flux onto the Moon or Mars.

Many workers are now convinced that small craters
on the terrestrial planets are dominated by primaries;
secondaries are not even mentioned in recent review
papers [e.g., 7, 8].  However, a steep (b ~4) SFD for
both secondaries and small primaries does not auto-
matically mean that primaries dominate.  There has
been no convincing refutation of Shoemaker's 1965
arguments about expected abundances of secondary
craters, including background secondaries.

Recent Results. Several recent results bolster the
case made by Shoemaker that very large numbers of
secondary craters are possible:

1. Delivery of Martian Meteorites. The discovery
of Martian meteorites requires the existence of many
distant secondary craters on Mars. Head et al. [2002,
ref. 9] estimated that the probability of finding on Earth
a rock ejected from Mars is 10-6 to 10-7, so an impact
event delivering a discovered meteorite to Earth must
eject at least 106 rocks larger than 3 cm diameter at
greater than Mars escape velocity (5 km/s).  Their hy-
drocode modeling indicates that a 150-m impactor
(producing a 3-km diameter crater) into basaltic plains
with negligible regolith will eject >107 fragments larger
than 3 cm.   Many more and larger fragments must fall
back onto Mars.  An event producing a 7 km diameter
crater in basaltic lavas on Mars will (in the hydrocode
models) produce > 106 secondary craters larger than 10
m diameter from fragments ejected from 4 to 5 km/s [J.
N. Head, personal communication, 2003]. Such high-
velocity fragments can land anywhere on Mars [cf.. 10]
and will not be concentrated in identifiable rays.

2. Cratering of Europa. Bierhaus et al. [2001, ref.
11] studied secondary craters produced by the 25-km
diameter crater Pwyll on Europa, which has bright rays
extending for over 1000 km.  Their results (-4.2 power-
law exponent) and a largest secondary crater of 1.25
km diameter (5% of primary; Melosh 1989 [12]) sug-
gests that Pwyll produced ~106 secondary craters larger
than 50 m diameter.   They counted a total of over
29,500 craters on 95 images with resolutions better
than 100 m/pixel (covering just 0.01% of Europa), and
argue that the majority of small craters on Europa are
secondaries based on cluster analyses.  The young age
of Europa's surface, sparse primary cratering, and per-
haps a relative paucity of small cometary bodies, to-
gether make the surface a "clean slate" for identifica-
tion of secondary crater characteristics, unlike the bat-
tered lunar surface.   Mars also has some very young
surfaces and much better imaging data is available.
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3. Discovery of a Large Rayed Crater on Mars.
McEwen et al. [2003, ref. 13] reported the discovery of
a 10-km diameter crater in the young volcanic plains of
Cerberus (SE Elysium Planitia) with rays of secondary
craters (apparent in THEMIS IR mosaics) extending
more than 800 km from the primary crater.  The rays
are associated with ~105 to 107 secondary craters rang-
ing from 15 to 100 m in diameter.  About 75% of the
craters superimposed over Athabasca Valles originated
from this single impact event. This may be the young-
est crater on Mars of this size class, perhaps < 106 yrs
old [14]. Mars meteorite EET79001 (basaltic glass) has
an ejection age of less than 1 Ma and could have origi-
nated from this crater, but more rocks from this crater
should arrive at Earth over the next 20 Ma [9].

The small (15-100 m) bright-rayed craters in the
Cerberus region (Fig. 1) had been puzzling.  They ap-
pear very fresh and well-preserved, with bright ejecta
and fine rays extending up to distances of ~10 crater
diameters.   They are strongly clustered both locally
and globally (most are in the Cerberus region).  The
crater rims are generally circular, but those imaged at
the highest resolution appear more angular and unusu-
ally shallow (compared with primary craters).  Some of
them consist of very tight clusters of craters.  They
range in size from the limits of MOC resolution (~10 m
diameter) up to ~100 m; a few are slightly larger.

THEMIS IR images (day and night) have revealed
exquisite detail in well-preserved impact craters [15].
There are strong variations in thermal inertia (TI) and
albedo, apparent from early morning and late afternoon
temperatures and visible images.  The fresh craters
typically have 3 facies: (1) very high-TI, low-albedo
crater rims and interiors; (2) moderate-/high-TI and
moderate-albedo continuous ejecta, and (3) low-TI and
high-albedo outer ejecta and fine rays.   The high-TI,
low-albedo material is rocky, as expected from lunar
and terrestrial craters.  The low-TI ejecta facies appears
unique to Mars.   The TI and albedo of this material is
similar to that of the ubiquitous Martian dust, but the
fine ejecta may be lightly sintered or cemented.    A
possible origin for the outer facies is atmospheric win-
nowing of fine particles from the expanding ejecta
curtain, producing a turbulent cloud that collapses to
produce radially-directed density currents.  This idea
was proposed by Schultz and Gault [1979, ref. 16] to
explain large fluidized ejecta blankets, but might better
apply to the dusty outer ejecta facies described here.
This fine outer facies must be easily eroded by eolian
processes, so it is likely to be present only on very
young craters, and is likely to disappear more rapidly
from small craters than from larger craters.

Daytime and nighttime THEMIS mosaics of the
Athabasca Valles region were acquired and assembled
to support the study of this region as a candidate land-
ing site for MER [17].  The nighttime mosaic revealed
roughly east-west trending streaks of cold material su-
perimposed over diverse terrains (Fig. 2).  Small bright

(warm) spots could be resolved in some cold streaks.
Comparison to MOC images revealed a 1:1 correspon-
dence between these streaks and the small bright-ejecta
craters.   These are like crater rays composed of clus-
ters and streaks of secondary craters, much like those
observed by Ranger imaging of rays from Tycho and
described by Shoemaker [1].

A larger-scale nighttime IR mosaic of the Cerberus
region was assembled and showed a regional pattern to
the cold streaks: they radiate from a position ~400 km
southeast of Athabasca Valles.  THEMIS daytime IR
images revealed a fresh 10-km crater at this central
location (7.7° N, 166° E), surrounded by swarms, ra-
dial streaks, and clusters of secondary craters.  A
THEMIS visible image at 18 m/pixel shows this pri-
mary crater to be pristine, with no superimposed cra-
ters; it includes flow ejecta.

Unlike typical secondary crater fields [1, 12], this
crater does not have obvious chains of irregular secon-
dary craters within a few crater diameters of the rim.
The great majority of the resolved craters formed from
blocks thrown 10 to 80 crater diameters, impacting
with velocities sufficient to produce at least crudely
circular craters.  Nevertheless there is a strong radial
pattern pointing to this crater as the source.  The sec-
ondary craters extend in all directions from the pri-
mary, although they are more difficult to detect to the
northwest and west of the primary where the dust man-
tle may be thicker and/or eolian processes appear to be
redistributing the fine ejecta.   The rays are roughly
symmetric, not a pattern suggesting a highly oblique
impact.

From crater classifications we concluded that ~70%
to 80% of the craters superimposed over the young
lavas and fluvial deposits on the floors of the Atha-
basca Valles are secondaries from this single impact
event [13].  From crater counts over these and other
images in the Cerberus region we conclude that there
are at least 105 and probably no more than 107 secon-
dary craters from 30-100 m diameter produced by this
event.   There may be many more craters smaller than
30 m diameter, not all identifiable at typical MOC
resolutions (~6 m/pixel) and lighting angles (about 60°
above the horizon at equatorial latitudes).

A global search of the THEMIS and MOC data has
revealed other primary craters that may have produced
large numbers of distant secondaries, but none with
preservation of the fine outer ejecta facies.  This result
suggests that the Cerberus crater is the youngest crater
≥10 km diameter at least in the equatorial half of the
Martian surface.  Polar processes may more rapidly
eliminate or hide the outer ejecta facies.

Morphology of Small craters on Mars.  Many
small craters with sharp rims on Mars have very differ-
ent morphologies than small craters on the Moon, ex-
cept in lunar rays of Copernican age.  The typical crater
seen in NA-MOC images is shallower and less circular
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than fresh lunar craters, and similar to the morpholo-
gies of very recent secondary craters in the Cerberus
region. For example, see Malin and Edgett [2001, ref.
18] for images of the Pathfinder landing region in Ares
Valles (their Fig. 7) and part of Tiu Valles (Fig. 8).
The surfaces appear saturated with small craters, but
only Big Crater (~1.5 km diameter) has a bowl shape
like a fresh primary crater on the lunar mare.  All oth-
ers appear to have much smaller depth/diameter ratios.
There is no obvious correlation between crater depth
and presence of eolian bedforms (e.g. Figure 6 of Ma-
lin and Edgett); if they are shallow due to eolian fill,
then there must have been a very recent filling event
because few or no bowl-shaped craters have subse-
quently formed.

If all of the small craters in the Ares and Tiu re-
gions are primaries, then this region must have experi-
enced impact "gardening" to depths of 3-14 m [Hart-
mann et al. 2001, ref. 19].  The presence of a regolith
several meters thick is not consistent with the Path-
finder team’s interpretations that the surface appears
very similar to what would have been expected soon
after catastrophic floods ~2 to 3.5 b.y. ago [20, 21].   In
particular, a series of troughs and ridges of 1-2 m am-
plitude, visible throughout the Pathfinder scene, have
been interpreted as ancient flood features [22] or as
younger transverse dunes [23].   MOC images show
that they are confined to channel floors and interrupted
by the larger craters, supporting the fluvial interpreta-
tion [18].  However, ancient 1-2 m high features could
not be preserved if the surface has been uniformly gar-
dened to depths of 3-14 m.

An alternative explanation is that the craters seen in
these regions are largely secondary craters.  The shal-
low morphology would be the original form of these
low-velocity (<5 km/s) impacts, and many of them
could have formed simultaneously.  Impact gardening
still must have occurred, but to shallower depths and
with less uniformity, perhaps allowing preservation of
2-3.5 b.y. old meter-scale fluvial features in many ar-
eas.   However, it is very difficult to understand how
imbricated boulders seen by Pathfinder could have re-
mained in place since the catastrophic flooding [21].
The surface rocks seen here and at VL1 are most likely
the result of much more recent impacts, regardless of
whether the impacts were primaries or secondaries.  In
addition, deflation around the Pathfinder rocks must
date back to the cratering that emplaced the rocks
rather than the flooding, so the extremely slow erosion
rate estimates from the VL1 and Pathfinder sites [24,
25] may be orders of magnitude too low.

Crater Age Dating of Young Surfaces:  Hartmann
and Neukum [7] have each published model isochrons
for Mars; the two models are nearly identical for cra-
ters smaller than 1 km diameter.  Several studies [e.g.,
26, 27] have compared crater counts to these models,
concluding that some lava flows and flood channels

have very young ages, probably less than 10 Ma.  Fur-
thermore, the absence of any craters superimposed on
morphologies such as high-latitude gullies and flow
lobes suggest ages of less than ~5 Ma, according to the
Hartmann or Neukum isochrons.  These results have
garnered much attention because they indicate that flu-
vial and volcanic activity and climate change are on-
going, but the age constraints must be reconsidered if
the abundance of secondary craters is greater than or
comparable to that of small primaries.

If the Hartmann/Neukum isochrons are still valid
for the production function, then secondaries from the
Cerberus crater could be eliminated from counts in this
region.  The result would be to reduce the model age of
the floor of Athabasca Valles from ~4 Ma [26] to ~1
Ma or less.  However, secondaries must have contrib-
uted to the Hartmann and Neukum functions, to an un-
known degree.  If secondary cratering were uniform in
space and time, then the isochrons would remain valid
for age estimates.  But secondary craters are highly
clustered spatially and temporally.

What are the uncertainties in these estimates due to
the nonuniformities of secondary cratering in space and
time?  The Cerberus plains include extensive individual
lava flows (large areas at a constant age) that we have
mapped from MOLA shaded relief images [28].  MOC
image M13-01528 crosses both heavily and lightly
cratered regions on one well-defined lava flow; crater
densities differ by a factor of 17 over areas with sig-
nificant numbers of craters (>100) and give model ages
ranging from ~200 Ma to ~10 Ma.  We conclude from
this simple test that the age uncertainty here is at least a
factor of 20, independent of counting statistics. Thus,
the maximum age for areas free of craters in MOC im-
ages (e.g., gullies) may be ~100 Ma rather than ~5 Ma.
Conversely, surfaces with many small craters could be
younger than a few Ma (or <1 Ma in the Cerberus re-
gion).
     But it gets worse for crater counters.  If Head et al.
[9] have the right explanation for the age variations of
Martian meteorites, then impacts into young lava plains
with little regolith must produce many more distant
secondary craters than impacts into older regolith-
mantled terrains.   Hence the secondary cratering rate
in the southern highlands must be less than that in the
northern plains.   We may need different isochrons for
different regions of Mars if secondaries are significant
to the statistics.

Future Studies.   Much can be accomplished with
MGS and Odyssey data to better understand the issues
discussed here.  Full-resolution MOC images can be
used to better constrain the SFD of the Cerberus sec-
ondaries, and MOC and THEMIS data can be used to
identify and map out other secondary crater fields.
Perhaps the greatest future need is for meter-scale to-
pographic data such as that expected from HiRISE [29]
to better distinguish primaries from secondaries and to
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constrain regolith thicknesses.  One of the Mars Explo-
ration Rovers is expected to land in Gusev crater,
which contains a few small bright-rayed craters that are
probably distant isolated secondaries from the Cerberus
crater, so we could get a close-up look at a fresh sec-
ondary crater on Mars.
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Figure 2 (right).  THEMIS nighttime mosaic
showing dark (cold, low thermal inertia) streaks with
interior bright spots.  These are rays if secondary cra-
ters like those in Figure 1.   (Image ~50 km wide.)

Figure 1 (below).  Part of MOC image M2-00581 in
Athabasca Valles, showing part of a ray composed of
secondary craters.   Scene is 3 km wide.
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Introduction: The Mars Reconnaissance Orbiter
(MRO) is expected to launch in August 2005, arrive at
Mars in March 2006, and begin the primary science
phase in November 2006.  MRO will carry a suite of
remote-sensing instruments and is designed to rou-
tinely point off-nadir to precisely target locations on
Mars for high-resolution observations.  The mission
will have a much higher data return than any previous
planetary mission, with 34 Tb of returned data ex-
pected in the first Mars year in the mapping orbit.   The
mapping orbit is nearly polar, 255 x 320 km above the
surface, 12 orbits per day.

The HiRISE camera, described by Delamere et al. [1],
features a 0.5 m telescope, 12 m focal length, and 14
CCDs.  Basic capabilities are summarized in Table 1.

Table 1. HiRISE Capabilities
Ground Sampling Dimen-
sion (GSD)

30 cm/pixel (at 300 km
altitude)

Swath width (Red band-
pass)

6 km (at 300 km altitude)

3-Color swath width 1.2 km (at 300 km)
Maximum image size 20,000 x 65,000 pixels
Signal:Noise Ratio (SNR) >100:1
Color Bandpasses Red: 550-850 nm

Blue-Green: 400-600 nm
NIR: 800-1000 nm

Stereo topographic preci-
sion

~20 cm vertical precision
over ~1.5 m2 areas

Pixel binning None, 2x2, 3x3, 4x4, 8x8,
16x16; each CCD sepa-
rately commanded.

Compression Fast  and Efficient
Lossless Image Compres-
sion System (FELICS)

HiRISE operations and data processing are described
by Eliason et al. [2].  We are encouraging input from
the science community on finding the best locations to
target HiRISE images.  Ideally each target would result
from a mini research effort with analysis of MOC,
THEMIS, MOLA, and other datasets as they become
available (MER, Mars Express, and especially from
MRO).   In spite of MRO’s relatively high data rate,
the very high resolution of HiRISE severely limits the
areal coverage of Mars that we can achieve.  We ex-

pect to cover ~1% of Mars at better than 1.2 m/pixel,
~0.1% at 0.3 m/pixel, ~0.1% in 3 colors, and ~0.05%
in stereo.   Our major challenge is to find the key con-
tacts, exposures, and type morphologies to observe.

We expect to acquire ~10,000 observations in the pri-
mary science phase (~1 Mars year), including ~2,000
images for 1,000 stereo targets.  Each observation will
be accompanied by a ~6 m/pixel image over a 30 x 45
km region acquired by MRO’s context imager, built
and operated by Malin Space Science Systems.  Many
HiRISE images will be full resolution in the center
portion of the swath width and binned (typically 4x4)
on the sides.   This provides two levels of context, so
we step out from 0.3 m/pixel to 1.2 m/pixel to 6
m/pixel (at 300 km altitude).

The HiRISE team is highly motivated to maximize the
absolute science return from this experiment.  We plan
to (1) collect the best possible dataset; (2) process and
analyze the data and publish results in a timely man-
ner; (3) release all data ASAP to the science commu-
nity and public; (4) acquire and analyze observations
to support future Mars exploration; (5) foster the de-
velopment of young scientists; and (6) encourage fu-
ture scientists and public support for science via Edu-
cational and Public Outreach (E/PO).  For more on
HiRISE E/PO plans, see Gulick et al. [3].

The purpose of this abstract is to discuss key issues in
understanding Mars for which we think HiRISE can
make a significant contribution.

Science Objectives and Capabilities.   The high-level
science objectives of MRO are to (1) characterize the
current climate and mechanisms of climate change, (2)
determine the nature of complex layered terrain, (3)
identify water-related landforms, (4) search for sites
showing evidence for aqueous and/or hydrothermal
activity, and (5) identify and characterize sites with the
highest potential for landed science and sample return
by future missions.  Given these objectives, the key
HiRISE capabilities in order of priority are:

(1) Achieve the best possible spatial resolution and
detection of surface features.  With a ground sam-
pling dimension between 25 and 32 cm/pixel
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along with a narrow point-spread function (PSF)
and high signal to noise ratio (SNR) we can detect
most 1-meter-scale objects and begin to charac-
terize objects or landforms with dimensions of 2
meters.   The HiRISE PSF will be less than 2 pix-
els wide at half max when spacecraft jitter is neg-
ligible.

(2) Achieve high-resolution topographic data from
stereo images and Digital Elevation Models
(DEMs).  We expect to achieve a vertical preci-
sion of ~0.2 m over areas of ~5 x 5 pixels  (~1.5
m).   In some cases photoclinometry can be used
to sharpen this topographic mapping to the pixel
scale [4].

(3) Acquire observations in up to 3 colors with high
radiometric fidelity, for photometric studies such
as identification of color/albedo units and photo-
clinometry.  HiRISE color images should be espe-
cially useful for coanalysis with spectral image
cubes acquired by MRO’s vis-IR spectrometer
CRISM [5].  HiRISE color images at sub-meter
scales, correlated to mineralogic signatures of in-
terest in the search for life, may enable identifica-
tion from orbit of specific outcrops of interest for
in situ analysis or sample return.

To achieve the highest spatial resolution and precision
stereo, the layout of CCDs was carefully designed to
enable us to derive 2 types of information: (1) rates of
spacecraft jitter during the HiRISE integration time (up
to ~12 ms) and how it broadens the PSF in the down-
track and crosstrack directions, and (2) geometric dis-
tortions introduced by spacecraft pointing instabilities
over timescales longer than 12 ms. This information
will enable (1) PSF deconvolution to sharpen the im-
ages (and make the resolution more uniform as a func-
tion of time, i.e. down an image); and (2) geometric
reconstruction to subpixel accuracies to enable preci-
sion stereo.   The lack of useful information for geo-
metric correction of MOC images is the major limita-
tion in their usefulness for quantitative topographic
measurements [4].

Landing Site Safety and Trafficability.  A prime
objective of HiRISE is to identify potential hazards to
landed missions.  The size and shape of boulders and
other topographic obstacles considered dangerous var-
ies from mission to mission, but, for example, 0.5-
meter high boulders were considered potentially fatal
to the 2001 lander (which may yet rise from the ashes
as the Mars Scout mission called Phoenix [6]).
HiRISE can detect meter-scale objects and measure
their heights. Furthermore, the hazard may depend on
rock angularity; at least 5 or 10 pixels across an object

is needed to characterize its shape, so HiRISE can
characterize the shape of rocks larger than ~2 or 3 me-
ters.

MOC is able to detect giant boulders or detached
chunks of bedrock larger than ~5 m diameter, but
boulder counts are probably incomplete for objects
smaller than ~10 m.  Such large objects only occur in
limited geologic settings such as near the base of steep
slopes that are less than a few km high or near the rims
of impact craters. For MER landing site studies it has
been necessary to rely on extrapolations based on ob-
served giant boulders using the size-frequency distri-
bution of boulders at previous Mars landing sites and
at Earth analog terrains, along with estimates of rock
abundance from thermal models [7].  The thermal re-
mote sensing cannot distinguish cobbles from boulders
or recognize boulders whose tops are covered by more
than a few cm of fine materials.

Rover trafficability is a function of slopes on scales
larger than the rover and roughness on scales compa-
rable in size to the wheels.   HiRISE can reveal slopes
and roughness to 1-meter scales; estimation of rough-
nesses on smaller scales is at least a smaller extrapola-
tion than is currently required. Surface slopes over 5-
10 m scales are also important to both roving and
lander safety, for which HiRISE DEMs will be more
than adequate.

HiRISE will of course image past landing sites in-
cluding those from Viking, Pathfinder, Beagle 2, and
MER.  These detailed orbital views may resolve mys-
teries and lead to reconsideration of previous interpre-
tations.  These comparisons will provide essential
ground truth to HiRISE interpretations.

Mars Science Issues.  Many fundamental questions
about Mars remain controversial.  These are exciting
times, with a diversity of paradigms churning in the
wind and water.  The value of high-resolution imaging
to addressing these issues (and raising new controver-
sies) has been well demonstrated by MOC [8].

Table 2:  MOC-HiRISE Comparisons
MOC HiRISE

GSD 1.5 m/pixel 0.3 m/pixel
Swath width 3 km 6 km
Typical SNR 50:1 150:1
Colors 1 3
Local Mean Solar Time 2 PM 3 PM
Context imaging 200 m/pixel 6 m/pixel
Stereo vertical precision ? 0.2 m
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HiRISE is intended to enable advances well beyond
MOC results via significant improvements in several
attributes (Table 2).   Below we discuss a sample of the
science issues of importance to future Mars exploration
with an emphasis on astrobiology.

When and where have there been long-lived bodies
of water on Mars?   There is convincing evidence (to
most Mars scientists) that water carved the outflow
channels and valley networks, and must have ponded
in closed basins.  However, it is less certain that bodies
of water persisted at the surface for significant lengths
of time, creating environments favorable to life.    Key
to this debate is the origin of relatively fine layers seen
in many locations [9].   Leading interpretations include
lake sediments or windblown or airfall materials.  Ei-
ther interpretation implies fine particle sizes, far below
HiRISE resolution, but perhaps HiRISE could resolve
sedimentary structures like giant cross-bedding.
HiRISE will provide many new details on these strata,
but it may not provide “imaging at definitive scales” in
this case.  Sedimentological interpretations are often
controversial even when the sediments have been
studied in great detail in the field (by more than 1 re-
search group).  CRISM compositional data in combi-
nation with HiRISE might lead to more convincing
interpretations, at least to the level of whether or not a
long-lived body of water was likely.

Another key issue is when the fine layers were em-
placed, with estimates ranging from Noachian [9] to
Amazonian [10].  Details of how the material is eroded
or on the abundance of embedded craters should help,
but controversy may persist until sample return or in
situ age dating is achieved.

How recently did the mid-latitude gullies form?
Malin and Edgett [11] proposed that the gullies are
young (probably less than 106 yrs) because there are
usually no superimposed impact craters and because
gully materials are superimposed over dunes and poly-
gonally-patterned ground, which are young features on
Earth (103 to 104 yrs).  This leaves open the possibility
that gullies are forming today, and that liquid water
may exist very near the surface, a possibility of great
significance to astrobiology.   HiRISE can search for
changes in the surface topography (compared with
previous MOC or HiRISE images) that would indicate
current activity of gullies.  Evidence for current for-
mation of dunes or patterned ground would also help
address this issue.

Hydrology: How much water was released?   The
outflow channels clearly had enormous peak discharge
rates (Q), but estimates of Q differ by orders of mag-
nitude.  One key morphology that helped to constrain
the hydrology of the Channeled Scablands floods was
the occurrence and properties of subaqueous dunes
(also called “giant current ripples”) [12].  Some excel-
lent candidates for subaqueous dunes have been identi-
fied in Athabasca Valles [13], but it is not yet possible
to prove that these are not eolian dunes.  If HiRISE
detects boulders in the dunes, then we will know that
the transport medium was water, not air.   MOC has
detected very few boulders in Martian channels [8], but
that may be a resolution limit and HiRISE could detect
many boulder deposits.  Slowly-cooled lava flows tend
to quickly disaggregate along joints into ~1- or 2-meter
sized blocks [14].  If there are larger boulders, HiRISE
will enable some characterization of the degree of
rounding, which is related to transport distance.
HiRISE color images could enable tracing boulders
back to their source regions.  In addition to studying
boulders, HiRISE topographic data will enable detailed
hydraulic modeling.

What is the polar CO2 inventory?  The “swiss
cheese” terrain on the residual south polar ice cap has
been observed to retreat 1 to 3 meters in 1 Mars year,
apparently via sublimation of CO2 ice [15].  Continued
monitoring of these changes and high-resolution to-
pographic measurements will enable us to better quan-
tify rates of CO2 loss and the total CO2 inventory
available to facilitate periodic climate change.

Can we trust small craters for age constraints?
Planetary geologists are desperate for constraints on
the relative and absolute ages of geologic units and
their rates of modification.   Geologic history is a
chronicle of past events; history without dates is like
music without sounds.  All of the questions discussed
in this abstract are affected by this issue.  Our only
remote-sensing tools are superposition relations, time-
dependent surface processes like the disappearance of
crater rays, and counts of impact craters.  Crater counts
have been widely used and with great success for large
craters, but for features covering small areas or for
young surfaces, only small craters are present.  Via
counts of small craters it has been concluded that there
was large-scale volcanism and flooding in the Cerberus
region in the very recent past (<10 Ma) [13, 16].

However, there are several major problems with the
statistics of small craters: (1) primary craters may be
confused with secondary craters; (2) small craters are
easily erased or buried, for example by eolian proc-
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esses; (3) small craters may have endogenic origins,
and (4) the atmosphere must screen out small bodies
and affect the crater distribution below some diameter
cutoff.   Small craters (< 1 km diameter) on Mars may
be dominated by secondaries [17], which are highly
nonuniform in space and time and cannot be treated as
independent random events.  The uncratered gullies
and flow lobes could be as old as 100 Ma if most small
craters are secondaries.

The improved spatial resolution and topographic capa-
bility of HiRISE will help address these issues via
better discrimination between primaries and seconda-
ries, improved understanding of eolian processes, and
improved ability to discriminate between impact and
endogenic craters.  Extending crater counts to smaller
diameters may also reveal clear evidence for atmos-
pheric screening of small bodies, perhaps varying with
altitude or time (e.g., climate change).

When and where did volcano-water interaction oc-
cur?   Mars is fundamentally a volcanic planet.   Re-
mote spectroscopic data, in-situ chemical data from
landers, and the Mars meteorites all point to predomi-
nantly basaltic compositions.  Altered mineralogies
(i.e. palagonitic spectra) suggest significant water-lava
interaction, but when and where did this occur?
HiRISE should make major contributions via images
and topography of key morphologies such as rootless
cones, and via color images that show precisely where
the altered units reside, such as particular layers in
Valles Marineris and elsewhere.

Were there vast ice sheets?   Kargel and Strom [18]
first proposed that thick, continent-sized ice sheets
were present over the polar regions of Mars.  If correct,
this hypothesis has major implications for paleocli-
mates.  Glacial moraines are characterized by poorly-
sorted mixtures of particle sizes up to large boulders,
so HiRISE should see clear evidence for this type of
deposit.  There is a rich suite of other meter-scale mor-
phologies associated with glaciers, so HiRISE should
have much to contribute to this important debate.

What was the origin of the Vastitas Borealis For-
mation?   The northern plains are covered by poorly-
understood materials interpreted in a variety of ways
by different workers.  One interpretation is that these
are ocean sediments [e.g., 19].  If correct, the sedi-
ments should have fine grain sizes except for widely
scattered ice-rafted boulders.   The detection of abun-
dant boulders in these deposits might favor direct
deposition from floods or mudflow deposits.  How-
ever, the history may be complex and HiRISE can only

sparsely sample these vast plains, so this issue may
continue to be controversial.  HiRISE will certainly
provide a rich set of observations on periglacial proc-
esses in the northern plains [20].
What is the recent climate history recorded in polar
layered deposits?  MOC images resolve beds in the
polar layered deposits (PLD) down to the resolution
limit of the camera [8].  HiRISE images of the PLD are
therefore likely to show stratigraphy at finer scales
than previously observed.  Similarly, higher-resolution
images of the PLD will be useful in studying the de-
formation (faulting and folding) of the PLD [21].  Such
observations may be used to constrain theories of re-
cent climate changes on Mars.

What is the efficacy of current eolian activity?
Dune migration has not been seen in MOC-Mariner 9
comparisons over several decades [22] nor in MOC-
MOC comparisons over a few years [23].  Failure of
slip faces of the dunes has been noted [8].  With higher
resolution, we might very well see dune motion,
thereby providing calibration of the efficacy of aeolian
processes on Mars in the present day.

Summary.   HiRISE will enable us  to address a wide
range of issues about the geologic and climatic evolu-
tion of Mars.   Probably the most significant contribu-
tions will result from unexpected discoveries.

References.   [1] Delamere, W.A. et al., this confer-
ence.  [2] Eliason, E.M. et al., this conference.  [3]
Gulick, V. et al., this conference.  [4] Kirk, R.L. et al.
(2003) LPSC abstract 1966.  [5] Murchie, S. et al.
(2002) LPSC abstract 1697.  [6] Smith, P.H. (2003)
LPSC abstract 1855.  [7] Golombek. M.P. et al (2003)
LPSC abstract 1778.  [8] Malin, M.C. and Edgett K.S.,
Global Surveyor Mars Orbiter Camera: Interplanetary
cruise through primary mission, J. Geophys. Res. 106,
23,429-23,570, 2001.  [9] Malin, M.C., and Edgett,
K.S. (2000) Science 290, 1927-1937.  [10] Cabrol.
N.A., and Grin, E.A. (2001) Icarus 149, 291-328.  [11]
Malin. M.C., and K.E. Edgett (2000) Science 288,
2330-2334. [12] Baker, V. and Nummedal, D (1978)
The Channeled Scabland, NASA SP.  [13] Burr, D.M.,
et al. (2002) Icarus 159, 53-73.   [14] Milazzo, M.P. et
al. (2003) LPSC abstract 2120.  [15] Malin, M.C.,
Caplinger, M.A., and Davis, S.D. (2001) Science 294,
2146-2148.  [16] Hartmann, W.K., and Berman, D.C.
(2000)  JGR 105, 15,011-15,026. [17] McEwen, A.S.,
this conference.  [18] Kargel, J.S., and Strom, R.G.
(1992) Geology 20, 3-7.  [19] Kreslavsky, M.A., and
Head, J.W. (2003) JGR-Planets 107, paper 4. [20]
Mellon, M.T. (1997) JGR-Planets 102, 25617-25628.
[21] Murray, B. C. et al. (2002).  Icarus 154, 80.  [22]
Zimbelman, J.R., Geophys. Res. Lett., 27, 1069-1072,
2000.  [23] Williams, K.K. et al., in press at Geophys.
Res. Lett., 2003.

Sixth International Conference on Mars (2003) 3217.pdf



COMPOSITION AND CHEMICAL EVOLUTION OF THE MARTIAN CRUST AND MANTLE:
INTEGRATING THE DATA FROM MISSIONS AND METEORITES.   Scott M. McLennan, Department of
Geosciences, State University of New York at Stony Brook, Stony Brook, NY, 11794-2100, U.S.A.
(Scott.McLennan@sunysb.edu).

Introduction:  Our understanding of the chemical
composition and chemical evolution of the martian
crust and mantle is now advancing rapidly.  A critical
challenge for the future will be the integration of the
chemical and mineralogical data derived from:
1. Planetary-scale orbital missions that provide imag-

ing, spectroscopic, geophysical and geochemical
data on scales of meters to many kilometers (e.g.,
Global Surveyor, Mars Odyssey);

2. Localized landed missions that provide relatively
good geological context but return limited varieties
of geochemical data (Viking, Pathfinder and the
imminent Beagle-2 and Mars Exploration Rovers);

3. Martian (SNC) meteorites that are comprehensively
analyzed for petrology, geochemistry, and isotopes,
but that have poorly understood geological context.
Among the most important findings over the past

five to ten years, that are especially relevant to under-
standing martian crust-mantle evolution, are the fol-
lowing (by no means comprehensive):
1. Direct chemical measurements of martian rocks and

soils by Mars Pathfinder that have confirmed, re-
fined, and greatly extended previously available
data from Viking [1-4].  Of special interest are the
presence of high silica rocks and surprisingly high
potassium contents in both rocks and soils at the
Pathfinder site.

2. Thermal emission spectroscopy, while mapping the
mineralogical character of the martian surface, has
identified a global-scale mineralogical / chemical
dichotomy approximately coinciding with the to-
pographic break separating the heavily cratered
southern (Surface Type 2) and less cratered north-
ern hemispheres (Surface Type 1) [5].  The spectral
signature of “andesite” that characterizes the north-
ern hemisphere is controversial and has been inter-
preted as reflecting either a primary igneous com-
position [5] or as a consequence of basaltic altera-
tion processes [6].

3. A variety of new geophysical constraints derived
from orbital and landed missions.  For example,
data from Mars Pathfinder for the martian moment
of inertia factor [7,8] constrains mass distribution
(e.g., Fe content and Fe/Si) throughout the planet
and combined gravity and topography data provide
important constraints on crustal thickness [9].

4. Dramatically increased number of finds of martain
meteorites, especially basaltic and picritic shergot-

tites, resulting in more than doubling of the avail-
able collection. Geochemical and isotopic data that
have been obtained from these samples have greatly
improved our understanding of the magmatic his-
tory of Mars.  It is also becoming increasingly clear
that this sampling of the martian near-surface may
provide an incomplete, and perhaps even seriously
biased, view of the geochemistry of the martian
crust-mantle system.

5. Arrival of the Mars Odyssey orbiter and especially
the initiation of the mapping phase of the gamma-
ray spectrometer (GRS).  In addition to the well-
publicized finding of widespread near surface water
[10], preliminary GRS data generally have con-
firmed the very short-lived Phobos-2 GRS experi-
ment [11] in showing an enrichment of the large ion
lithophile elements (K, Th) in the martian crust
[12,13].  Odyssey GRS also has generally con-
firmed the global petrological dichotomy recog-
nized by Mars Surveyor thermal emission data [13].
Accordingly, the purpose of this paper will be to

review and integrate some of these new findings and
place them within the context of improved under-
standing of the composition and evolution of the mar-
tian crust-mantle system.

Martian Mantle: The primitive mantle (present-
day mantle plus crust) of Mars generally is thought to
be enriched in iron and in moderately volatile elements
(e.g., K, Rb) by a factor of about two over the terres-
trial primitive mantle (see Ref [14] for recent esti-
mate).  This model is based largely on the composition
of martian meteorites.  However, a number of recent
results call into question several critical aspects of the
current conventional wisdom about the martian primi-
tive mantle.  For example, the precise measure of the
martian moment of inertia, obtained from the Mars
Pathfinder mission [7], especially when combined with
Global Surveyor gravity and topography that suggests
a crust on the order of 50 km thickness [9], is incon-
sistent with the combination of an iron rich primitive
mantle and a bulk Mars that has a chondritic Fe/Si ra-
tio [8].  Recent experimental studies are also ques-
tioning whether an Fe-rich mantle is actually required
to generate all of the SNC compositions (e.g., Ref.
[15]).

The recent spate of new martian meteorite finds has
also allowed us to begin to evaluate systematic geo-
chemical variations that were simply unrecognizable

Sixth International Conference on Mars (2003) 3099.pdf



when only a handful of martian meteorites were avail-
able.  For example, systematic variations in REE, from
patterns that are very highly LREE-depleted through to
essentially flat, and Nd isotopic compositions of sher-
gottites have been interpreted to reflect an origin by
mixing of magmas derived from a highly depleted
mantle source with an ancient LIL-enriched crustal
component (e.g., Ref. [16,17]).

The likelihood of crust-mantle mixing is also ap-
parent in Fig. 1 where K/Th is plotted against K con-
tent for martian meteorites and orbital GRS data
(adapted from Ref. [18]).  The range of K content in
Pathfinder soils and rocks is also shown for compari-
son.  There is a clear systematic relationship of de-
creasing K/Th ratio with increasing K abundances
(similar trends are seen for K/U and K/La).  The trend
is also consistent with derivation of magmas from a
highly depleted (low K) mantle source, with high K/Th
ratios, and an enriched (high K) crustal source such as
that sampled on the martian surface by Phobos-2 and
Odyssey GRS [11,12] and Pathfinder APXS [3,4].
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 Figure 1.   Plot of K/Th vs. K for martian meteorites and the
martian surface.  Also shown for comparison is the range in
K content for Pathfinder soils and rocks.  The trend for sher-
gottites is consistent with mixing of magmas derived from a
highly depleted (low K) mantle source with an enriched
crustal reservoir.   There is considerable fractionation of the
K/ Th (and K/U, K/La) ratio between depleted mantle and
enriched crust.  Any reasonable mix between these reservoirs
results in a K/Th ratio considerably lower than previously
suggested for the martian primitive mantle.  Adapted from
Ref. [18].

An important implication of these trends is that
there is considerable fractionation among highly in-
compatible elements between crust and mantle.  Ac-
cordingly, great caution is warranted in interpreting
ratios such as K/Th, K/La and K/U in terms of rela-
tively enriched moderately volatile element content of
the primitive mantle.  Indeed, when the orbital GRS,
Pathfinder and martian meteorite data are considered
together, they suggest a martian primitive mantle that

at most is only slightly more enriched in moderately
volatile elements than is the Earth [18].

Although the shergottites appear to be reasonably
well explained, at least to a first approximation, by
mixing of depleted mantle and enriched crust, the mar-
tian primitive mantle may not necessarily fall any-
where along this trend.  Assuming that refractory
lithophile elements are in chondritic proportions, mass
balance among all of the crust-mantle chemical reser-
voirs must be chondritic for these elements.  Although
this appears to be the case for many refractory litho-
phile element pairs (e.g., Th/U, La/Sm) it is not the
case for all (Fig. 2) [18,19].  The element pairs, La/Th,
Sm/Hf and Ba/La, are not readily balanced by the end
member compositions defined by the shergottites.
Mass balance calculations indicate that at least 20-30%
of the REE budget of the martian primitive mantle is
unaccounted for. Mantle sources sampled by nakhlites
(±Chassigny) may represent this complementary man-
tle reservoir but this is not entirely clear (for example,
it is consistent with La/Th and Sm/Hf ratios but not
Ba/La ratios).
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Figure 2.   Plot of La/Th vs. La for martian meteorites.  The
trend defined by shergottites is likely to be related to mixing
between magmas derived from a highly depleted mantle
source and an enriched crust.  No reasonable mass balance
between these reservoirs is consistent with a chondritic
primitive mantle La/Th ratio and another major mantle res-
ervoir with high La/Th is required.  Nakhlites may be sam-
pling this additional reservoir but this is not entirely clear.

Martian Crust:  Although martian meteorites indi-
cate that magmatism has occurred periodically
throughout >4 billion years of martian history, the
crust of Mars appears to be mostly ancient. Essentially
all of the radiogenic isotope systems, including the
short-lived ones, are consistent with very early differ-
entiation of crust-mantle-core (e.g., Refs [20-24]). Re-
cent improvements in understanding the cratering his-
tory of the northern plains further support this notion
[25].  Although there is a clear bimodality in the
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planet’s hypsometry, superficially similar to the conti-
nental crust – ocean crust dichotomy on Earth, in de-
tail, the surface topography differs [26] and on bal-
ance, there is no evidence for anything comparable to
continental crust on Mars.

The bulk composition of the martian crust is of
considerable importance but at present is not readily
obtained beyond the major elements and a few selected
trace elements.  This situation is due to change as Od-
yssey GRS data begin to arrive and accumulate.  Nev-
ertheless, a variety of approaches appear to converge
on a crust that is basaltic in character, but a basaltic
composition that is relatively enriched in incompatible
elements (including heat producing elements), perhaps
similar to terrestrial hot spot volcanism [27].

Soils from the three separated Viking and Path-
finder landing sites have broadly similar composition.
Geochemical relationships among soils and rocks
clearly indicate that a variety of sedimentary processes,
such as sorting, evaporative processes and various
types of alteration, may have affected the soils (e.g.,
[28,29].  Nevertheless, sedimentary processes may
well homogenize upper crustal martian rocks, like they
do on Earth [30], and so it may be possible to extract
an estimate for the exposed crust of Mars from the soil
data.  Since there is no evidence for substantial in-
tracrustal differentiation processes (giving rise, for
example, to granitic rocks), such a composition also
may be broadly representative of the entire martian
crust.

The Pathfinder data are the most reliable and com-
plete and compare favorably with average basaltic
shergottites except that they are more enriched in K
and Na (Fig. 3) [27].  Although the Viking soils appear
to have lower K concentrations (<1,250 ppm), perhaps
suggesting regional variations in detail, the orbital
GRS data (see below) appear to confirm the K-rich
nature of the martian upper crust.

Both Phobos-2 and Mars Odyssey GRS data indi-
cate considerably higher K, Th and U abundances (see
Fig. 1) than seen in the martian meteorite suite. These
data provide very persuasive evidence for a far more
incompatible-element enriched crust than indicated by
the martian meteorite suite.

Modeling of REE and Nd isotope data in martian
meteorites also is consistent with a LREE-enriched
martian crust [16,17].  Accepting that the shergottites
reflect a mixture of magmas derived from depleted
mantle that have assimilated martian crust during as-
cent and eruption, it is possible to constrain the REE
characteristics of the crustal end member through sim-
ple mass balance calculations.  The calculations have a
trade-off between crustal mass and crustal REE content
and are sensitive to the depleted mantle end member

that is adopted.  Nevertheless, within any reasonable
uncertainties, the modeling indicates a LREE-enriched
crust.
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Figure 3.   Comparison of average Pathfinder soil (recalcu-
lated to S and Cl abundances comparable to shergottites) to
average basaltic/picritic shergottite.  “Error” bars represent
one standard deviation.  On average, martian soils have a
bulk composition broadly comparable to typical basaltic
rocks that have erupted on Mars with the exception of being
greatly enriched in the incompatible elements K and Na.
Adapted from Ref. [27].

Although prone to considerable uncertainty, de-
convolution of thermal emission spectra into minera-
logical end members and chemical composition for
both Surface Types 1 and 2 indicate relatively evolved
compositions [31].  Although the interpretation of “an-
desite” for Surface Type 2 (northern plains) remains
controversial, Surface Type 1 is more likely to relate in
a relatively simple manner to martian upper crustal
compositions.  Although the composition may be more
evolved (basalt to basaltic andesite, depending on de-
convolution approach) than suggested by the soil data,
the composition is characterized by high levels of al-
kali elements compared to martian meteorites [31].

Combining insight from these data leads to a very
preliminary estimate for the composition of the martian
crust that is slightly LIL-enriched basaltic in composi-
tion.  Major and minor elements (Mn, P, Cr) are de-
rived from average Pathfinder soil corrected to S and
Cl contents comparable to basaltic shergottites.  Potas-
sium is derived from Phobos-2 GRS, preliminary Od-
yssey GRS and Pathfinder soil data.  Thorium is de-
rived from preliminary K/Th for Odyssey GRS (and
consistent with Phobos-2).  Uranium is taken from a
chondritic Th/U ratio that is seen for all martian mete-
orites unaffected by terrestrial weathering processes
[18].  Lanthanum is derived from a La/Th ratio of 5, as
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suggested from Fig. 2, and the shape of the REE pat-
tern is derived from the modeling of Norman [16,17].

The composition so derived can be characterized
by SiO2 = 50%, K = 4,500 ppm, Th = 1.3 ppm, U =
0.35 ppm, La = 7 ppm, Yb ~ 2 ppm, Cr = 2,000 ppm.

Discussion:  Such a crustal composition is only
modestly enriched in LIL elements and heat producing
elements.  For example, the continental crust of the
Earth has LIL concentrations that are more than a fac-
tor of 2 higher [30]. However, as pointed out by
McLennan [27], because the crust of Mars is such a
large fraction of the martian primitive mantle (3.2% for
a 50 km thick crust), the effects on the mass balance of
LIL and heat producing elements are very large and
>50% (and perhaps much more) of these elements has
been concentrated into the martian crust for most of the
planet’s history (Fig. 4).
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Figure 4.  Comparison of the crust on Mars to the continen-
tal crust on Earth.  The martian crust, at about 50 km thick-
ness, is a much larger fraction of the planet than is the ter-
restrial crust.  Although the concentration of incompatible
elements in the martian crust is significantly less than the
Earth’s crust, a far greater fraction of the planetary com-
plement resides in the martian crust and was differentiated
much earlier.  This contrast has considerable implications
for understanding the geochemical and thermal evolution of
Mars.

Such profound differences in the timing and scale
of LIL and heat producing element transfer into the
outer portions of Mars compared to the Earth have
important implications for the thermal and tectonic
evolution of Mars.  A number of workers have begun
to address such issues in thermal modeling (e.g., Ref.
[32]) but more work is needed.

It is also worth pointing out that because the crust
has such a large component of incompatible elements,
understanding the chemistry and differentiation proc-
esses of the remaining mantle may be very difficult.
For example, the modeling of Norman [16,17] and
others only considers a three-end member crust-mantle
system (primitive mantle – depleted mantle – crust).
However, trace element systematics of martian mete-
orites (e.g., Fig. 2; Ref. [18,19]) indicate an additional

reservoir that may contain up to 30% of the LREE
budget of Mars.  Thus, the depleted mantle sampled by
shergottites, while perhaps being volumetrically domi-
nant, may contain a relatively small fraction of the in-
compatible trace elements of Mars.

A major conclusion that comes from integrating the
data now available from missions and meteorites is
that many aspects of our current understanding of
crust-mantle geochemistry on Mars require revision.
The ever increasing number of martian meteorite finds,
and improved understanding of their petrogenesis,
coupled with the flood of mineralogical / geochemical
data expected from both current and planned missions
is bound to result in major strides in constraining the
composition and evolution of Mars.
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THEORY OF GROUND ICE ON MARS AND IMPLICATIONS TO THE NEUTRON LEAKAGE FLUX.  
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Introduction:  Near-surface ground ice (subsur-
face ice in the upper several meters of the martian sur-
face) is an important component of the global cycles of 
water and the behavior of the martian climate. It repre-
sents a substantial reservoir of water that can dynami-
cally exchange with the atmosphere on timescales 
comparable to that of oscillations in the planet’s orbit 
[Mellon and Jakosky, 1995]. As the martian obliquity 
increases or decreases, the global atmospheric humid-
ity also increases or deceases. In response to this and 
changes in the regolith temperatures, ground ice can 
undergo cycles of sublimation and condensation, such 
that the upper meter or two of the martian regolith can 
become alternately ice-saturated and desiccated. The 
rate of sublimation and condensation is fast enough to 
respond to orbital changes, but slow enough that the 
distribution of ice in one year may not reflect the cli-
mate conditions that year, but instead will reflect an 
average over the previous thousand or so years. There-
fore, the present day distribution of ground ice reflects 
some measure of the longer-term martian climate.  

In this work we present new calculations of the 
geographic and depth distribution of ground ice on 
Mars and draw comparisons with the inferred distribu-
tion of ice from Mars Odyssey Neutron Spectrometer 
observations. 

 
Theory and Observations: Numerous previous 

studies have predicted the stability of ground ice in the 
regolith of Mars poleward of about 40o to 50o latitude 
[e.g., Leighton and Murray 1968; Farmer and Doms 
1979; Fanale et al 1986; Paige 1992; Mellon and Ja-
kosky 1995]. The stability of ground ice in these re-
gions is based on both 1) the thermodynamic behavior 
of the regolith and 2) the diffusive exchange of water 
vapor between the regolith and the atmosphere.  

In general, ground ice is stable geographically 
where the mean annual ground surface temperatures 
are lower than the mean annual atmospheric frost point 
(the temperature at which water vapor will begin to 
condense). The depth at which ground ice is stable 
(also called the ice table) is the depth where the mean 
water vapor concentration with respect to ice in the 
pore space equals that of the atmosphere. If an imbal-
ance were to occur (such as dry soil at temperatures 
below the frost point) a flux of water vapor will occur 
and condensation of ice will fill the regolith voids. 
Above the ice table is ice-free soil and below the ice 
table the soil will become densely ice saturated, similar 
to the configuration of ground ice found in the Antarc-

tic Dry Valleys. All that is required is that the regolith 
is porous. And the only source of water is from the 
atmosphere.  

Recent observations of the martian neutron leakage 
flux by the Neutron Spectrometer onboard the Mars 
Odyssey spacecraft [Boynton et al., 2002; Feldman et 
al., 2002] indicate the presence of substantial subsur-
face hydrogen in the southern high latitudes and polar 
regions of Mars, poleward of about 50o to 60o South 
latitude. The best explanation for the presence of this 
hydrogen is that deposits of ground ice occur in the 
upper meter of the regolith at depths of a few tens of 
centimeters beneath ice-free soil. Generally speaking 
ice buried deeper than about 100 g/cm2 of ice-free soil 
is not observable.  
 

Distribution of Ground Ice:  In this work we 
have revised the models of ground ice stability to ac-
count for 1) the thermal conductivity of ice-cemented 
soil, 2) the effects of surface elevation on the atmos-
pheric humidity, and 3) new observations of thermal 
inertia of the martian surface. With these revised mod-
els we have mapped the theoretical distribution of 
ground ice as it relates to the martian climate. 

The thermal conductivity of the regolith is altered 
by the presence of ice in the soil pore space. Even 
small amounts of ice will dramatically increase the 
bulk thermal conductivity [Mellon et al., 1997]. This 
increase causes heat to be more efficiently wicked 
from the near surface and allows ground ice to be sta-
ble closer to the surface [Paige, 1992].  

Surface elevation effects ground ice stability by its 
effect on the absolute atmospheric humidity. The con-
centration of water vapor in the near-surface atmos-
phere is an important boundary condition to ground-
ice stability as it controls the diffusive flux of water in 
and out of the regolith. For example, at lower eleva-
tions the atmospheric pressure, density, and absolute 
humidity will increase and ground ice is more likely 
stable. 

Thermal inertia is important in that it is a key prop-
erty that controls the surface and subsurface tempera-
ture behavior. It has been previously inferred from 
Viking observations and more recently from Mars 
Global Surveyor observations of the planet’s surface 
temperature. While the large-scale global patterns of 
thermal inertia remain the same, the higher resolution 
results exhibit a wider range of extremes in inertia 
values within a small region. This will result in a wider 
range of ice table depths.  
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Applying these concepts we have mapped the geo-
graphic distribution of ground ice and depth distribu-
tion of the ice table for a variety of atmospheric hu-
midity conditions. Results are shown in Figure 1 for 
the case of a mean annual atmospheric water column 
of 10 pr um, distributed uniformly with atmospheric 
CO2.  

The geographic distribution of the neutron energy 
spectrum is consistent with a presence of ground ice as 
shown in Figure 1. However, as much as 100 pr um or 
as little as 1 pr um of atmospheric water is no longer 
consistent with this distribution. Ultimately, limits can 
be placed on the longer-term atmospheric water con-
tent through a careful comparison of these results with 
neutron data. 

The depths of the ice table given by this model are 
generally on the order of a few centimeters, signifi-
cantly shallower than previous model predictions and 
shallower than those inferred from the neutron data (on 
the order of a few tens of centimeters [Boynton et al., 
2002]).  Reconciling this difference requires 
consideration of the nature of the martian surface and 
departure from an ideal surface.  

 
The Real Martian Surface: Models used to pre-

dict the distribution and behavior of ground ice and 
those used to interpret the neutron data assume a ho-
mogeneous, flat soil surface on Mars. However, the 
martian surface as seen from the Pathfinder and Viking 
landers is covered by a combination of rocks, bedrock, 

and soil in varying degrees. These surfaces also exhibit 
a range of slopes (hills and troughs). 

The relationship between neutron leakage spectra 
and the ice-table depth is quite nonlinear. To best 
compare the neutron observations with the predicted 
ground-ice depth, integration is needed of the neutron 
flux over the depth distribution within the field of 
view. 

The presence of rocks and bedrock can have a 
number of effects on the apparent depth of ground ice. 
Rock possesses little porosity relative to soil and there-
fore would contain little ice. A rock at the surface can 
increase the apparent depth of ground ice by increasing 
the column mass of ice free material above the ice ta-
ble. Rocks, having a high thermal conductivity can 
also effect the ground thermal regime and can increase 
the depth of the ice table. Bedrock will appear as ice-
free zones. The integrated effect over the Neutron 
Spectrometer’s field of view is that, while ground ice 
may be stable closer to the surface for soil surfaces, the 
“average” depth will appear much deeper. 

Surface slopes can also effect the apparent depth 
distribution of ground ice in similar ways. Relative to a 
level surface, for slopes facing poleward ground ice 
will be stable closer to the surface, and for slopes fac-
ing equatorward ground ice will be stable a greater 
depths. If a surface exhibits an even distribution of 
slopes, the integration of the non-linear effects of the 
depth of the ice table will result in a deeper apparent 
depth relative to a uniformly level surface.

  

Figure 1. Depth to the ice table assuming an annual mean of 10 pr um of water vapor. Poleward of 60º latitude most 
depths are between 1 and 10 cm. 
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