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THE PASCAL MARS SCOUT MISSION.  R.M. Haberle1 and the Pascal Team. 1Space Science Division, MS
245-3, NASA/Ames Research Center, Moffett Field CA, 94035, Robert.M.Haberle@nasa.gov.

Introduction: Pascal is a Mars Climate Network Mis-
sion that is being developed for NASA's Mars Scout
Program. The mission would establish a network of 18
science weather stations distributed across the entire
surface of Mars that operates for 3-10 Mars years (5.6-
18.8 Earth years). Pascal’s instrument suite combines
entry data from accelerometers and descent cameras,
with landed data from pressure, opacity, temperature,
wind speed, and water vapor to create a detailed global
picture of Martian climate and weather. A panoramic
landed camera system acquires images every 30 Sols
to monitor changes in the landing environment due to
winds. Analysis of data from the science stations,
taken as often as once every 15 minutes, will provide a
depth of understanding that will vastly increase our
knowledge of Mars, and significantly impact site se-
lection for future NASA missions. Pascal is the first
mission ever to sample - in situ - the full global diver-
sity of Mars and provide a continuous long-term pres-
ence on its surface.

Science goals and objectives: Pascal’s primary sci-
ence goal is to characterize the Martian climate system
and ho(Fig. 1). This goal naturally includes the nature
of aeolian processes, the role of global and small-scale
circulations, and comparative planetary meteorology.
Pascal’s science objective is to measure the seasonal
cycles of dust, water, andCO2; measure the near sur-
face signature of global and small scale circulation
systems; relate those measurements to understanding
how these circulation systems control the climate sys-
tem and modify the surface; and provide a basis for
comparative meteorology.
Mission design: The Pascal carrier spacecraft delivers
its 18 Probes on direct approach using three separate
release events, and propulsive time-of-arrival adjust-

ments to facilitate global coverage. The probes utilize
an areoshell for thermal protection and initial decel-
eration; a parachute and an air bag provide final decel-
eration for the 9 kg stations. Accelerometers record the
deceleration history throughout the entry, descent, and
landing phase (Fig. 2), while a descent camera acquires
images every 5 seconds while on the parachute. On the

ground, the science stations orient and deploy the cam-
era system and begin autonomous operations. Pascal's
long life is enabled by its power system: a lightweight
radioisotope-heating unit coupled to a thermoelectric
converter. Communication with the Pascal landers oc-
curs through the telecommunication infrastructure of
the Mars Exploration Program. A sample network
achievable for the 2007 opportunity is shown in Fig. 3.

With this kind of a robust long-lived global net-
work, Pascal will be the first mission ever to sample -
in situ - the global diversity of Mars and provide a
continuous long-term presence on its surface. In this
sense, Pascal is a true “Scout” mission. Humans have
long been fascinated with the prospect of an extended
stay on Mars, and NASA’S MEP has identified a sam-
ple return mission as its ultimate near-term goal. Pascal
can provide the information needed to enable such
missions. Questions such as where should we land,
what are the expected environments, and how can we
adapt to them, are all readily addressed by this mission.

Pascal Science Station
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PRESERVATION OF ANCIENT GLACIAL ICE BELOW SUBLIMATION TILL IN THE DRY VALLEYS 
OF ANTARCTICA: IMPLICATIONS FOR MARS.  A. V. Pathare1, D. R. Marchant2, and J. W. Head3,
1Division of Geological and Planetary Sciences, California Institute of Technology (avp@gps.caltech.edu),
2Department of Earth Sciences, Boston University (marchant@bu.edu), 3Department of Geological Sciences, Brown 
University (James_Head@brown.edu).

Introduction:  Recent observations of circumpolar 
Martian terrains by the Gamma Ray Spectrometer are 
most consistent with the presence of widespread water 
ice in the uppermost meter of the near-surface blan-
keted by a thin dusty mantle [1]. A key question for 
Martian climatology concerns the stability of this bur-
ied ice: most models presume that the rate of exchange 
with the atmosphere is primarily a function of near-
surface and atmospheric temperatures [e.g., 2]. 

However, the preservation of buried glacial ice in 
the dry valleys of Antarctica suggests a more complex 
mantle-dependent process. Within Beacon Valley, a 
thin till layer known as “Granite drift” that is less than 
one meter thick overlies stagnant Miocene glacier ice, 
the minimum 8.1 Ma age of which is derived from 
40Ar/39Ar analyses of volcanic ash deposits within 
Granite drift that appear to lie conformably above the 
ice [3]. Furthermore, the concentration of cosmogenic 
3He in dolerite cobbles within the till exhibits steadily 
decreasing values that are most consistent with drift 
formation via sublimation of underlying ice [4].  

If Granite drift is a layer of sublimation till, then 
the Antarctic paleoclimate has likely been relatively 
stable for several million years, since any significant 
climatic fluctuations would probably have melted the 
underlying remnant ice. Moreover, the long-term sta-
bility of Antarctic ice would suggest that much colder 
Martian ice could persist beneath similarly thin layers 
for even longer periods of time. Thus it is important to 
fully understand the reasons for Antarctic ice stability. 

Sublimation of ice through an overlying mantle 
can be expressed as a combination of Fickian diffusion 
of concentration gradients and pressure-driven Darcian 
transport [5]: 

C
z
pk

z
CbDqv

where qv is the vapor flux, C is the gas concentration, 
D is the diffusion coefficient,  is the porosity, b is the 
tortuosity (which provides a measure of the complexity 
of transport paths within the mantle), k is the perme-
ability,  is the viscosity of the atmosphere, and p is 
the atmospheric pressure. Boundary conditions at the 
ice- mantle interface can be derived from saturation 
vapor pressure curves, while those at the surface are 
dictated by atmospheric humidity.  

Hindmarsh et al. [5] showed that for typical Ant-
arctic ice and till conditions, the sublimation flux into 
a dry atmosphere is qv = 10-3 m/yr,  which is three or-
ders of magnitude greater than the 10-6 m/yr required 
to preserve Miocene ice in Beacon Valley. They also 
showed that the near-saturation conditions proposed by 
[3] to inhibit sublimation should result in water ice 
condensation throughout the overlying till layer; such 
widespread icing is not observed in Granite drift [4]. 
Therefore, Hindmarsh et al. [5] concluded that the ice 
beneath Granite drift could only be over 8 Myr old if 
the porosity or tortuosity of the till layer is signifi-
cantly lower than the combined value of b  = 0.2 
suggested by laboratory analogues. 

Salinity: We propose that the presence of salts—
which are particularly prominent in Antarctic soils 
[6]—may reduce sublimation rate in the dry valleys. 
Salt has two potential inhibiting effects, both related to 
brine formation due to the lowering of the melting 
point.  First, the saturation vapor pressure of a solution 
decreases linearly with salt content as per Raoult’s 
Law (indeed, this decrease is what lowers the melting 
point).  Secondly, tortuosity varies inversely with liq-
uid water content; hence, formation of thin briny films 
at temperature well below the pure ice melting point 
could greatly impede water vapor flow.  

We will test this hypothesis by incorporating the 
effects of salt solutions into a finite difference vapor 
transport model similar to that of Hindmarsh et al. [5], 
and comparing our results to profiles of salt content 
through Granite drift that we obtained earlier this year 
in Beacon Valley. 

Martian Implications: Interestingly, Mars may 
also provide a test of our hypothesis, for if the Gamma 
Ray Spectrometer detects a correlation of near-surface 
water ice content to the constitiuent elements of salts 
suchs as sulfates and nitrates, then this would strongly 
suggest that a common process is occurring in both 
Mars and Antarctica. GRS correlations observed in 
equatorial regions would be especially important, since 
the stability of non-polar ice deposits is difficult to 
explain with standard Martian diffusion models [2]. 

References: [1] Boynton W. et al. (2002) Science, 
297, 81. [2] Paige D.A. (1992) Nature, 356, 43. 
[3] Sugden D.E. (1995) Nature, 376, 412. 
[4] Marchant D.R. (2002) GSAB, 6, 718. [5] Hind-
marsh R.C. et al.  (1998), Geog. Ann., 80A, 209. [6] 
Claridge, G.G. et al. (1977), Soil Sci., 123, 377. 
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THE SUBLIMATION AND RELAXATION OF TROUGHS AND SCARPS WITHIN THE MARTIAN 
NORTH POLAR LAYERED DEPOSITS.  A. V. Pathare1 and D. A. Paige2. 1Division of Geological and Plane-
tary Sciences, California Institute of Technology (avp@gps.caltech.edu), 2Dept. of Earth and Space Sciences, Uni-
versity of California, Los Angeles, CA (dap@ucla.edu).

Summary: The kilometer-scale topography of the 
North Polar Layered Deposits (NPLD) is dominated 
by troughs and scarps: Fig. 1 shows both (a) the ubiq-
uity of troughs throughout the NPLD, and (b) the en-
hanced steepness of scarps at the margins of the NPLD 
(e.g., along the inner wall of the channel-like reentrant, 
Chasma Boreale). Although the surface slopes and 
total depths of NPLD troughs and scarps are widely 
presumed to result from surface ablational processes, 
here we propose that an alternative mechanism, vis-
cous relaxation of subsurface water ice, governs the 
morphological evolution of NPLD troughs and scarps. 

Topography: Using the 64 pixel/degree MOLA 
altimetry grids, we constructed eight radial profiles 
spaced at 45  longitudinal intervals through the North 
Polar Dome. Along each profile, we have identified all 
interior troughs and marginal scarps with depths 
greater than 200 m located between 80 N and 87 N.
Fig. 2 plots maximum 1.6-km baseline surface slopes 
observed along the equatorward-facing (EWF) walls 
of troughs and scarps, as well as upon the poleward-
facing (PWF) walls of troughs. 

As previously noted [1], most NPLD troughs are 
asymmetric: our measurements (Fig. 2A) indicate that 
maximum EWF slopes ( ) are on average 75% 
steeper than maximum PWF slopes ( ). Although 
primary scarps at the periphery of the NPLD are gen-
erally at least twice as steep as interior troughs, we 
find that there is no significant dependence of trough 
slope (Fig. 2A) or depth (not shown) upon latitude. 
Interestingly, the slopes and depths of NPLD troughs 
and scarps are strongly correlated with one another 
(Fig. 2C). 

Sublimation: The most widespread theories of 
PLD evolution [1,2] presume that the asymmetrical 
slopes of most NPLD troughs (  > ) result from 
preferential H2O sublimation from EWF trough walls. 
However, our modeling indicates that there is no long-
term sublimation advantage of EWF trough walls, due 
to the effects of obliquity upon the slope dependence 
of sublimation rate (Fig. 3). We define a parameter R
comparing the sublimation rates from the mean EWF 
and PWF trough wall slopes of  = 5.4  and  = 
3.1 , respectively; at the present obliquity (  = 25.2 ),
the relative sublimation ratio R = 1.33.

However, the sublimation enhancement of EWF 
slopes is limited to lower obliquities, since as obliquity 
increases and the average solar zenith rises, the benefit 
of being tilted towards the sun close to local noon is 

Fig. 1. Overlay of an NPLD Viking image mosaic upon MOLA 
topography, created by the GSFC Scientific Visualization Studio 
and the MOLA Science Team. Vertical exaggeration ~ 300x.  

Fig. 2. Dependence of the maximum surface slopes of NPLD 
trough and scarp walls upon (a) latitude and (c) depth. Surface 
slopes are calculated over an approximate 1.6-km baseline. 
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SUBLIMATION AND RELAXATION OF NPLD TROUGHS AND SCARPS:  A. V. Pathare and D. A. Paige.

offset by the disadvantage of being tilted away from 
the sun during the now brighter nighttime hours. Thus 
at obliquities of  = 32.1  / 37.5  / 45.0 , the relative 
sublimation ratio R = 1.06 / 1.00 / 0.98. (Note that sub-
limation is actually slightly enhanced from PWF 
trough walls at near-maximum obliquities).  

Since 80% of NPLD sublimation over the last 10 
Myr takes places at obliquities above the median  = 
32.1 , our calculations demonstrate that EWF trough 
wall sublimation, when integrated over an obliquity 
“cycle”, is not much greater than that from PWF 
trough walls (R = 1.02 since t = 10 Ma). Hence we 
conclude that, contrary to expectations, the steeper 
EWF slopes of NPLD trough walls do not result from 
long-term preferential sublimation driven by insolation 
variations.   

Relaxation: But then what causes the slope asym-
metry of opposing trough walls? We propose that vis-
cous relaxation of subsurface water ice—which we 
have previously shown to be important to South PLD 
crater morphology [3]—may also govern NPLD 
trough and scarp evolution. Although [2] suggested 
that the continued presence of troughs argues against 
PLD flow, our trough simulations of NPLD troughs 
with the finite element model Tekton [4] predict 
trough closure times of approximately several million 
years.

Furthermore, Fig. 4 shows that if the EWF half of 
the trough is just 2 K warmer than the PWF half—
which is consistent with the slope-dependent tempera-
ture variation over the last few Myr predicted by our 
subsurface thermal modeling—then maximum EWF 
slopes will become significantly steeper than maxi-
mum PWF slopes (Fig. 5), due to the slower rate of 
uplift of the inner PWF trough walls (which can be 
attributed to the increased subsurface viscosity below 
the colder PWF slopes). Additionally, we show that 
relaxation of NPLD trough and scarps can readily ac-
count for the correlation of surface slope and total 
depth (Fig. 2C), an observation that is particularly dif-
ficult to explain via sublimation or eolian erosion.   

Conclusions: (1) The slope asymmetry of PLD 
troughs does not result from preferential sublimation 
but rather from differential relaxation of opposing 
trough walls. (2) Present-day NPLD troughs have 
formed since 5 Ma, and are not sites of long-term 
deposition. (3) Glacial flow probably governs the 
large-scale evolution of the North PLD. 

References: [1] Thomas P. et al. (1992) in Mars,
Ed. H. Kieffer et al., Univ. Arizona Press, Tucson, 
767-795. [2] Clifford S. et al. (2000) Icarus 144, 210-
242. [3] Pathare A. V. et al. (2002) LPSC XXXIII, Ab-
stract #1972. [4] Melosh H. J. and Raefsky A. (1980) 
Geophys. J. Royal Astron. Society 60, 334-354.

Fig. 4. Relaxation history at time steps of t =  0 / 1 / 3 Myr for 
baseline simulations of an North PLD trough characterized by Tsav

= 162 K upon the EWF wall and Tsav = 160 K upon the PWF wall.  
A total PLD thickness of Z = 2 km is assumed. 

Fig. 5. Temporal dependence of maximum 1.6-km surface slopes 
for both EWF and PWF trough walls, derived from baseline 
North PLD trough simulations for differential thermal conditions 
shown in Fig. 4. 

Fig. 3. Dependence of sublimation upon EWF surface slope, 
expressed relative to the net annual sublimation rate at  = 0 ,
for four different obliquities and nominal North PLD conditions.
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USING MARS ORBITER LASER ALTIMETER DATA TO DETECT SUBGLACIAL FEATURES AT 
THE RESIDUAL NORTH POLAR ICE CAP.  M. C. Payne1 and J. D. Farmer1, 1Department of Geological Sci-
ences, Arizona State University (PO Box 1404, Tempe, AZ, 85287, USA, mcpayne@asu.edu, jfarmer@asu.edu).

Introduction:  Digital Elevation Models (DEMs) 
constructed from Mars Orbiter Laser Altimeter 
(MOLA) data are a valuable tool in the analysis of 
surface geomorphic features.  When formatted for use 
in a Geographical Information Systems (GIS) software 
package, such as ESRI’s ArcView, MOLA data can be 
used to compose DEMs.  In turn, the DEMs can be 
used to create contour maps, to create profiles through 
features of interest, and to generate hill-shaded views 
that provide an image-like perspective of selected ar-
eas.  Furthermore, DEMs eliminate many problems 
associated with photographic images, such as over- or 
underexposure, sun angle, and high albedo. 

In this study, we examined an area near the mar-
gins of the north polar cap in Olympia Planitia, using 
MOLA DEMs. We show that in marginal glacial areas 
where the ice is thin, MOLA detects variations in sub-
glacial land surface topography, including a variety of 
distinctive geomorphic features (e.g. impact craters, 
fluvial channels, coniform features of probable vol-
canic origin, etc.). We offer a simple model to explain 
why MOLA is sensitive to subglacial geomorphology, 
and then demonstrate the potential for determining 
important aspects of the geologic history of polar re-
gions obscured by surface ice and snow, using super-
positional relationships apparent in MOLA DEMs. 

Study Area: The region of study is located along 
the margin of the Martian north polar cap.  This broad 
area, named Mare Boreum, consists of a perennial po-
lar cap of H2O ice, underlying CO2 ice [1], surrounded 
by four distinct polar sand seas [2, 3] and a remnant 
polar cap margin extending from ~ 80 -75  N latitude 
and ~ 105 -255  W longitude. 

The site discussed here is centered at ~77  N, 183
E.  A feature resembling a small volcano, and a bifur-
cated valley, are visible in Viking images of this area.  
MOLA data for the site were used to test hypotheses 
for the origin of these features.  In the process of that 
work on surface features, a number of subglacial geo-
morphic features were also detected in DEMs. 

Methods: MOLA data points were input into 
ESRI’s ArcView GIS software to create digital eleva-
tion models (DEMs) that offer an image-like view of 
the study site (Figure 1).  The craters visible in the 
DEMs are actually subglacial features not visible in 
Viking or MOC images (Figures 1).  Clearly, these 
subglacial features were detected by MOLA, establish-
ing that DEMs can be used to see the geomorphology 
of the sub-ice features in this marginal region of thin 

ice (average ice thickness at the site ~100-300 m).  
Furthermore, the DEMs allow geomorphic measure-
ments (such as topographic profiling) of the observed 
features, further facilitating their characterization. 

Figure 2 explains why MOLA data is sensitive to 
sub-ice features in polar cap margin environments.  As 
ice and snow accumulate over a topographical surface, 
the surface topography of the ice mirrors the underly-
ing topography.  As ice/snow cover increases in thick-
ness, the underlying topography is progressively 
damped out, becoming more subdued.  When the ac-
cumulated ice/snow cover has reached a significant 
thickness relative to the total relief of the underlying 
topography, sub-ice topography is no longer expressed 
at the surface.  Altimetry data and DEMs of the surface 
of the north polar cap revealed that MOLA is indeed 
very sensitive to subglacial topographic features, such 
as the craters and channels shown in Figure 1.  The 
form of the features is easily discernable in DEMs, as 
are superpositional relationships of the features.  We 
conclude that the technique of using MOLA data to 
study subglacial features in marginal polar regions 
where ice thicknesses are less than the relief of the 
buried surfaces, provides a new way of mapping geo-
morphic units in such regions, and for reconstructing 
geologic history. 

Age relationships/Geologic history: The subgla-
cial craters and channels documented in the present 
study lie within the “mantled smooth plains material” 
mapped by Dial [4], which was assigned the age of 
mid-Amazonian.  More recently, Herkenhoff and Plaut
[5] used crater-counting techniques to derive an age 
for the north polar-layered deposits and residual cap of 
between 74 ka and 147 ka.  Therefore, it may be con-
cluded that the features discussed here are certainly 
younger than mid-Amazonian, and may be much 
younger. 

Cross-cutting relationships of geomorphic features 
observed in the hill-shaded DEMs suggest that the 18 
and 44 km diameter craters are the oldest features ob-
served in the study area.  Although glacial advances 
and retreats of the north polar ice cap are likely to have 
substantially modified the overall morphology of these 
craters, their characteristic form is obvious.  Cross-
cutting relationships suggest that the channels that 
breach these craters are younger.

Subglacial fluvial activity (e.g. basal melting envi-
ronments of Clifford [7]) typically creates positive-
relief, ridge-like features (e.g. eskers). However, most 
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of the channels observed in the region of study are 
interpreted to be pre-glacial and could have been 
formed by either: 1) fluvial systems associated with 
impact-generated hydrothermal systems (e.g. [6]) or 2) 
surface flows unrelated to impact hydrothermal proc-
esses.  It may be noted that the northern channel has a 
more pristine appearance than the sinuous channel to 
the south and therefore may be younger. 

A sinuous ridge found at the study site is the 
strongest candidate for an earlier period of subglacial 
fluvial activity and could be as young as the last gla-
cial advance in this area.  A pristine impact crater ap-
pears to be superimposed on this feature and is likely a 
post-glacial occurrence.  This impact crater (and sev-
eral nearby impact craters) overlie all other features in 
the region, and thus, are the youngest features ob-
served.

Coniform features in the study are interpreted to be 
small volcanoes. This interpretation is supported by 
the presence of summit craters in profiles of these fea-
tures.  The concentration of these features in one area 
may indicate the presence of a single volcanic field.  
The timing of observed coniform features is difficult to 
assess.  They predate the pristine impact craters, but 
post-date the heavily degraded 18 and 44 km diameter 
craters.  However, their age relationship to the chan-
nels is ambiguous.  It is possible that their formation 
overlapped with the channels, although they could also 
be younger. 

Summary: The analysis of MOLA DEMs of ice-
covered regions marginal to the north polar cap has 
proven useful for interpreting the geologic history of 
the region beyond that based on imaging alone.  Su-
perpositional relationships suggest that an ancient cra-
tered terrain, formed during a pre-glacial era, underlies 
the area of the remnant north polar ice cap. 

To summarize the characteristics of the region of 
study, the presence of subglacial channel-forms re-
vealed by MOLA data almost certainly indicates that 
the surface underlying the remnant cap was modified 
by flowing surface water in the distant past. The pres-
ence of a sinuous ridge interpreted to be an esker sug-
gests that subglacial fluvial activity continued in the 
region through the most recent glacial advance.  Coni-
form features in the area are interpreted to be of vol-
canic origin, suggesting that subsurface magmatic 
sources could have sustained subsurface hydrothermal
systems and surface outflows for some time. 

The valley forms observed in DEMs suggest that 
they formed by surface flows of water during a pre-
glacial epoch subsequent to the formation of the oldest 
craters.  The coniform features, interpreted to be vol-
canic constructs, likely formed around the same time. 

An analysis of the geomorphic features in this area 
(utilizing MOLA data) suggests that liquid water has 

existed in this region for a long time.  This observation 
is particularly relevant for NASA’s exploration strat-
egy to “follow the water” as a basis for understanding 
the potential for past of present habitable environments 
for Martian life. 

Figure 1. The study site is shown above using a) MOC wide angle visible 
image data, and b) a hill-shaded view of a DEM constructed from MOLA 
point data.  The scales and areas of figures a and b are identical.  It is obvi-
ous that the MOLA data provides a wealth of geomorphic information 
(such as the revelation of craters (red arrow), channels (blue arrows), and 
other landforms such as a possible esker feature (yellow arrow)) which is 
obscure or invisible in camera images.

Figure 2. Graphical representation of how ice mimics topography allowing 
detection of subglacial features by MOLA. 

References: [1] Thomas P. et al. (1992) Polar deposits 
of Mars, in Mars, H.H. Kieffer et al., Editors, 767-795. [2] 
Tsoar H. R. et al. (1979) JGR, 84, 8176-8180. [3] Lancaster 
N. and Greeley R. (1990) JGR, 95, 10,921-10,927. [4] Dial 
A. L. (1984) Geologic map of the Mare Boreum area of 
Mars; scale 1:5,000,000, United States Geological Survey.
[5] Herkenhoff K. E. and Plaut J. J. (2000) Icarus, 144, 243-
253. [6] Brakenridge G. R. et al. (1985) Geology, 13, 859-
862. [7] Clifford S. M. (1987) JGR, 92, 9135-9152.
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ELECTROMAGNETIC PROPAGATION MODELLING FOR GPR EXPLORATION OF MARTIAN 
SUBSOIL.  E. Pettinelli1, P.Burghignoli2, A.Galli2, A.R.Pisani1, F. Ticconi2, D. Del Vento3 and  A.Cereti3,
1Università Roma Tre - “E.Amaldi” Physics Department - Via della Vasca Navale, 84 00146 Rome, Italy, e-mail: 
pettinelli@fis.uniroma3.it, 2Università La Sapienza – Electronic Engineering Departement – Via Eudossiana, 18 
00184 Rome, Italy, 3 IFSI-CNR, Via del Fosso del Cavaliere, 100 00133 Rome, Italy.  

Introduction:  The use of GPR for Mars explora-
tion has been suggested by several authors in the past 
ten years [1-5]. Some of the instruments proposed in 
the late 90s were designed to investigate the subsur-
face at great depth (thousands of meters)[1,2,4] and 
therefore implemented a measurement technique quite 
different from traditional GPR [6,7]. The interest to-
ward a detailed investigation of the first few meters of 
Mars subsurface, linked to the exploration of past or 
present life on the planet, requires, however, the use of 
such a traditional technique, which is well established 
and has been widely applied on the Earth [7].  

It is well known that GPR performance is maxi-
mized when it is applied in a very ‘resistive’ environ-
ment, like that expected in a cold and dry planet. Very 
little is known on the electromagnetic properties (per-
mittivity, permeability, and conductivity) of the Mar-
tian soil [8], but the absence of liquid water on surface 
and in the shallow subsurface should in principle as-
sure a good penetration of the signal.  

Both Viking and Pathfinder missions have shown, 
however, that strongly magnetic mineral phases are 
present in the Martian dust [9,10] and therefore highly 
magnetic phases are also expected in the soil. More-
over, measurements from the Gamma Ray Spectrome-
ter (GRS) experiment onboard the Mars Odyssey
spacecraft [11-13] support the existence of significant 
quantities of shallow subsurface water ice in certain 
parts of the planet. The highest concentrations occur 
pole-ward from about 60° N and 60° S, as interpreted 
on the basis of the specific patterns of detected neu-
trons and spatial correlations with regions where 
ground ice has been predicted to be stable. The pres-
ence of both icy soil and magnetic materials may sig-
nificantly affect the attenuation values and thus the 
achievable GPR penetration depth.  

The main scope of the present work is to predict 
GPR propagation and attenuation features at 225 MHz 
and 900 MHz in Martian-like materials on the basis of 
the electromagnetic parameters measured in the labora-
tory, and also to evaluate the effect of volumetric scat-
tering for possible in homogeneities (intrusions) in the 
planetary subsurface. 

Laboratory measurements  Dielectric measure-
ments on different soil samples and mixtures have been 
performed in the frequency domain (20 Hz – 1 MHz) using a 
capacitive cell [8], while magnetic measurements have been 
performed in the same frequency range using a toroid. Table 

1 summarizes the results at 1 MHz for the materials used in 
the simulations. 

Note that CO2 powder and CO2 powder plus vol-
canic sand have also been included because they are 
common materials in the Martian polar caps, whereas 
the sample with magnetite has been considered in or-
der to investigate the effect of a soil having a high iron 
oxide content. 

Table 1 
Martian soil simulants ’ ” ’ ”  (S/m)
CO2 Powder 1.4 0.002 1.0 - 1.0x10-7

CO2 Powder+Volcano 
Sand

2.1 0.018 1.0 - 1.0x10-6

Dry Volcano Sand 3.0 0.018 1.01 0.00056 1.0x10-6

Icy soil (20% wt ice) 5.0 0.540 1.0 - 3.0x10-5

Basalt 6.2 0.026 1.0 - 1.0x10-6

Glass beads+Magnetite  
(15% wt) 

4.54 0.043 1.3 0.006 2.4x10-6

It should be underlined that the values at 1 MHz
might represent an overestimation of both permittivity 
and permeability with respect to the values obtainable 
at hundreds of MHz, while the values for conductivity 
may be underestimated. However, these materials have 
shown a rather nondispersive behaviour at lower fre-
quencies, and their values at 1 MHz were not very dif-
ferent from those measured at higher frequencies with 
a TDR (time domain reflectometry) technique [8]. 

Attenuation of GPR signals   In order to evaluate 
the attenuation of the electromagnetic waves in the 
first few meters of the Martian soil, taking into account 
both the presence of the ice and the iron oxides, some 
calculations have been developed. Table 2 summarizes 
the attenuation and the skin depth obtained in the ma-
terials   presented in Table 1 at two different frequen-
cies.

Table 2 
225MHz 900MHz

Martian soil simulants Attenuation 
(dB/m)

Skin
depth
(m)

Attenuation 
(dB/m)

Skin
depth
(m)

CO2 Powder 0.02 357.1 0.10 89.4 
CO2 Powder+Volcano 
Sand 0.51 16.9 2.06 4.2 

Dry Volcano Sand 0.65 13.3 2.61 3.3 
Glass beads+Magnetite 
(15 wt%)* 0.81 10.7 3.25 2.7 

Magnetite grains 
(100%)* 5.51 1.6 22.06 0.4 

Icy soil (20 wt%  H2O
ice) 5.23 1.7 20.92 0.4 

Basalt (dry) 0.21 40.6 0.86 10.2 
*Grain size range: 200-500 m
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In addition to the intrinsic attenuation of the in-
volved media, the effect of scattering by small parti-
cles randomly distributed inside a host material has 
also been considered. In particular, a model of com-
posite materials with spherical inclusions has been de-
veloped, and the resulting attenuation has been calcu-
lated on the basis of Mie theory of plane-wave scatter-
ing by dielectric spheres. Typical behaviours of total
attenuation as a function of particle dimensions are 
shown in Figs. 1(a) and (b), for basalt spherical inclu-
sions embedded in dry volcano sand and in CO2 pow-
der, respectively. It can be observed that maxima and 
minima may occur in the attenuation curve, especially 
at high frequencies, connected with free resonances of 
the inclusions.

Fig. 1a 

Fig. 1b 

Maximum penetration depth The maximum
depth of a detectable interface has been calculated us-
ing the radar range equation [6] and the PulseEkko Soft-
ware version 4.2 (Sensors and Software Inc., Mississauga,
ON, Canada). Table 3 shows the L values obtained for 
rough interfaces between different materials, where a 
two-layered soil model has been considered.

Table 3 
Material interfaces Lmax (m)

225 MHz
Lmax (m)
900 MHz

CO2 Powder+Volcano Sand/ Vol-
cano Sand 

13.6 3.4

Glass Beads+Magnetite 
 (15 wt%)/Icy soil 

7.7 1.9

Magnetite grains (100%)/Icy soil 3.6 0.9
Icy soil/Basalt 2.7 0.7
Dry Volcano sand/Icy soil 12.5 3.1

Finally Figs. 2(a) and (b) show the maximum penetra-
tion depth achievable respectively with 225 and 900 
MHz antennas as a function of the magnetite content
(with a basalt as a bottom layer). 
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THEMIS VISIBLE IMAGING OF THE SOUTH POLAR LAYERED DEPOSITS, MARTIAN SOUTHERN
SPRING, 2003.  J. J. Plaut1, P. Christensen2, K. Bender2, J. Bell3, L. Cherednik2, A. Ivanov1, H. Kieffer4, T.
McConnochie3, M. Richardson5, and T. Titus2, 1Jet Propulsion Laboratory, California Institute of Technology, Mail
Stop 183-501, 4800 Oak Grove Dr., Pasadena, CA 91109, plaut@jpl.nasa.gov, 2Department of Geological Sciences,
 Arizona State University, 3Department of Astronomy, Cornell University, 4U. S. Geological Survey, Flagstaff, AZ
 5Division of Geological and Planetary Sciences, California Institute of Technology.

Introduction: The polar layered deposits (PLD) of
Mars have attracted considerable attention since their
identification in Mariner 9 images, largely due to the
possibility that these finely layered, volatile-rich depos-
its hold a record of recent eras in Martian climate his-
tory. The PLD have been a target of imaging and other
sensors in the last several decades, but only recently has
it been possible to obtain a moderately high resolution
image map, using the visible sensor on 2001 Mars Od-
yssey’s Thermal Emission Imaging System (THEMIS).
We report here on the acquisition of a 36 meter/pixel
contiguous single-band visible image data set of the
south polar layered deposits (SPLD), obtained during
early southern spring in 2003. The data will undoubt-
edly be applied to many problems in Mars polar studies.
We will discuss here, and in more detail at the Confer-
ence, the use of these images to further characterize the
population of impact craters on the SPLD, and the im-
plications of the observed population for the age and
evolution of the SPLD.

Data: An imaging campaign with the goal of ob-
taining complete coverage of exposures of SPLD during
early southern spring began in late April, 2003, just
prior to the southern vernal equinox (LS = 180). Most of
the SPLD during this time of year is covered with CO2

frost, giving a uniform albedo, and a view of the land-
forms that is dominated by local topographic slope.
While this remained the case on surfaces close to the
pole, higher latitude SPLD exposures showed surpris-
ingly early changes in albedo, particularly in the so-
called “cryptic” region [1,2]. The visible camera mode
chosen was single band (0.654 microns) at 36 m/pixel
resolution, which is twice the minimum pixel size of the
visible camera. This allowed collection of a nearly con-
tiguous data set in just two 30-sol Odyssey near-repeat
orbital cycles. Each image is approximately 18 km by
260 km. Figure 1 shows the coverage after about 50
sols. The final data set consists of about 1000 images.
Images were targeted at all longitudes between –78° and
–87° latitude (areas poleward of –87° are inaccessible to
THEMIS in the nadir-pointed attitude). The sector con-
taining the Ultimi lobe, between longitudes 130° and
230° E was also targeted up to –70° latitude. At high
latitudes, the Odyssey orbit track “walks” ~15 km every
two sols, allowing collection of adjacent swaths closely
spaced in time. Selected images are retargeted every 30

sols, to monitor changes associated with the retreat of
the seasonal CO2 frost. Simultaneous THEMIS infrared
images are also acquired with selected visible images to
monitor surface temperatures associated with the visible
changes in surface albedo.

Impact Craters: One key objective of the SPLD
imaging campaign was to obtain a new inventory of the
population of impact craters on the SPLD. Studies using
Viking orbiter images [3] and Mars Global Surveyor
laser altimeter data [4] determined that the SPLD con-
tained ~10 to 100 impact craters with diameters >800 m.
These crater abundances are consistent with a surface
age ~10s of My [5]. The THEMIS visible data set at 36
m/pixel allows identification of impact craters as small
as about 200 m (~6 pixels). Many such craters have
been identified in the THEMIS data. Current models of
the size frequency distribution of martian impact craters
predict that craters with D>200 m should be at least an
order of magnitude more abundant than craters with
D>800 m on a surface purely in crater production. Pre-
liminary examination of the new SPLD images suggests
that the small craters are not as abundant as expected for
a production surface, implying efficient processes of
small crater removal, as postulated by [4]. A complete
inventory of impact craters on the THEMIS SPLD im-
ages will be presented at the Conference.

References: [1] Kieffer, H. et al. (2000) JGR, 105,
9653. [2] Titus. et al. (2003) this volume. [3] Plaut, J. J.
et al. (1988) Icarus 75, 357-377. [4] Koutnik, M. et al.
(2002) JGR 107, doi:10.1029/2001JE001805, [5] Herk-
enhoff and Plaut (2000) Icarus 144, 243-253.

             (See next page for Figure 1)
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THEMIS VISIBLE IMAGES OF SPLD:  J. J. Plaut et al.

Figure 1. The south polar region of Mars, showing coverage of THEMIS visible im-
ages (blue outlines) after ~50 sols of the springtime imaging campaign. Background im-
age is MGS MOLA topography. Latitude rings are 10 degrees. The area poleward of –87°
is not accessible to THEMIS.
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PROBING THE SUBSURFACE OF THE MARTIAN POLAR REGIONS WITH MARSIS ON MARS
EXPRESS. J. J. Plaut1, G. Picardi2, and the MARSIS Team. 1Jet Propulsion Laboratory, California Institute of
Technology, Mail Stop 183-501, 4800 Oak Grove Dr., Pasadena, CA 91109, plaut@jpl.nasa.gov, 2INFO-COM De-
partment, University of Rome “La Sapienza”, Via Eudossiana, 18, 00185 Rome, Italy.

Introduction: The European Space Agency (ESA)
is currently conducting a mission to Mars known as
Mars Express. The orbiter carries an instrument called
the Mars Advanced Radar for Subsurface and Iono-
spheric Sounding (MARSIS). The MARSIS experiment
is a joint project between NASA and the Italian Space
Agency, and is being carried out by the University of
Rome, the Jet Propulsion Laboratory, Alenia Aero-
spazio, and the University of Iowa. This paper describes
the science objectives of the experiment, the instrument
characteristics, and applications of the MARSIS investi-
gation to studies of the martian polar regions.

Science Objectives: The primary objective of the
MARSIS experiment is to detect, map and characterize
subsurface material discontinuities in the upper portions
of the crust of Mars. These may include boundaries of
liquid water-bearing zones, icy layers, geologic units
and geologic structures. Secondary objectives include
characterization of the surface topography, roughness
and reflectivity, and passive and active ionospheric
sounding. Detection of water and ice reservoirs will
address many key issues in the hydrologic, geologic,
climatic and possible biologic evolution of Mars, in-
cluding the current and past global inventory of water,
mechanisms of transport and storage of water, the role
of liquid water and ice in shaping the landscape of Mars,
the stability of liquid water and ice at the surface as an
indication of climatic conditions, and the implications of
the hydrologic history for the evolution of possible
Martian ecosystems.

Instrument Description: MARSIS is a multi-
frequency, coherent pulse, synthetic aperture radar
sounder/altimeter. The instrument features flexibility in
frequency selection for adaptation to the Mars environ-
ment, and a secondary, receive-only antenna and data
channel to minimize the effects of surface “clutter” on
subsurface feature detection. The instrument will ac-
quire echo profiles of the subsurface of Mars at a lateral
spacing of approximately 5 km and a vertical (depth)
resolution of 50-100 m. Four frequency channels will
be available for use: 1.8, 3.0, 4.0 and 5.0 MHz. The
lower frequency channels, which are likely to penetrate
more deeply, will be used during night-side operations,
when the ionospheric plasma frequency is lowest. The
primary antenna consists of a simple dipole with a total
length of 40 m. An impedance matching system is used
to improve antenna efficiency across the range of fre-
quencies. The secondary antenna is designed with a null
in its pattern at the spacecraft nadir, and will therefore

primarily detect echoes from off-nadir surface structure
(clutter). On-board digital processing will generate co-
herently summed echo spectra for both the primary and
secondary receive streams, at two frequencies. When
data bandwidth is limited, or clutter cancellation is not
needed, single frequency and/or single antenna data can
be acquired. Post-processing on Earth will include con-
volution of the primary and secondary antenna profiles
for surface clutter cancellation, and compilation of map
products showing, for example, the depth to detected
interfaces.

Detection of Subsurface Interfaces: A number of
factors affect the ability of a radar echo sounder such as
MARSIS to unambiguously detect a subsurface inter-
face. A boundary must separate two materials of con-
trasting real dielectric constant, occur over a lateral
length scale at least comparable to the sounder footprint
(5 km), and over a vertical length scale smaller than the
vertical resolution (50 m). The portion of the crust that
lies between the surface and the interface must be suffi-
ciently transmissive to allow a round-trip of the radar
signal that is still detectable at the receiver on orbit.
Scatterers comparable in scale to the radar wavelength
(50-150 m) will disperse energy away from the nadir
direction; these scatterers may occur at the surface,
within the intervening crust, and at the subsurface inter-
face. Larger-scale roughness (100s of m to km) of the
terrain can introduce “clutter” that can mask the echo
from a subsurface interface. Such topographic undula-
tions (e.g., crater rims, cliff faces, etc.) may contribute
echoes from off-nadir positions that correspond in time-
delay to the subsurface region being probed. To mini-
mize the effects of off-nadir scattering, a synthetic ap-
erture approach is applied to isolate echoes in the along-
track direction (effectively narrowing the footprint), and
the secondary, nadir-null antenna is used to identify (and
subsequently remove) off-nadir echoes.

A model of surface and subsurface scattering is de-
veloped to evaluate the depths and types of interfaces
that may be detected. Crustal rocks are represented by
two end-members: a low-loss, moderate dielectric ande-
site, and a lossier, higher dielectric basalt. The porosity
is assumed to be filled by one of three materials: martian
atmosphere, water ice or liquid water. Near-surface po-
rosity values of 20% and 50% are used, with an expo-
nential decay with depth. The surface roughness is de-
scribed by a two-scale model, to take into account
wavelength-scale scattering and quasi-specular effects.
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MARSIS ON MARS EXPRESS:  J. J. Plaut et al.

Model results show that substantial penetration of
the signal can be expected for many reasonable cases of
surface roughness, crustal composition and volatile
content. The primary “noise” factor above which a sub-
surface reflection must rise is competing signals from
off-nadir. Use of the secondary antenna can lower the
off-nadir clutter by 10 dB or more. At the lowest fre-
quency (1.8 MHz), an interface between ice-saturated
and water-saturated basaltic crust is detected at depths of
4 km, except for the roughest surface models. In the
andesite crust, detection is expected at depths > 5 km.
At the higher frequencies, detection depths are less (1-2
km in basalt at 5.0 MHz). An interface between dry
rock and ice-saturated rock, which might be expected at
moderate depths at low latitudes, is more difficult to
detect than an ice-water interface, due to smaller dielec-
tric contrasts between the pore-filling material. How-
ever, under favorable conditions of roughness and rock
composition, such an interface should be detectable in
the upper several kilometers of the crust.

If aquifers occur only at great depth (> 5-10 km) in
the martian crust, they may elude detection by MARSIS.
However, shallower reservoirs of liquid water, perhaps
associated with thermal anomalies or an insulating upper
stratigraphy, should detectable. Many other strati-
graphic and structural boundaries are expected to be
identified by the radar sounding, providing a view into
third dimension of the geology of Mars.

Applications in Polar Regions: Data from
MARSIS can potentially address several critical issues
in Mars polar studies. Of particular interest is the depth
and character of the “bed” of the polar layered deposits.

If attenuation of the signal by the layered materials is
not too great, it may be possible to map the base of the
deposits, and detect basal melting zones, should they
exist. Detection of pockets of liquid water beneath the
layered deposits would be a dramatic result, with impli-
cations for possible ecosystems, and regional or global
hydrologic systems. Strong discontinuities in dielectric
properties may also be detected within the layered de-
posits, and may be indicative of major climate shifts. It
may be possible to measure the thickness and electrical
properties of the residual ice (high albedo unit thought to
be water ice in the north and CO2 ice in the south). Re-
cent observations by the 2001 Mars Odyssey gamma
and neutron detectors indicate the presence of ice-rich
soil in the upper meter of the surface poleward of about
60° latitude. Analysis of the initial reflected pulse in
MARSIS profiles should provide an estimate of the bulk
dielectric constant of the upper ~50 m, possibly con-
straining the thickness of the ice-rich zone. If this zone
extends to depths of 100s of m, MARSIS profiles may
show its base. The thickness of the low-latitude desic-
cation zone may also be measurable. Properties of other
high latitude terrains will be studied, including the
thickness of the north polar erg, and possible subsurface
stratigraphic contacts among sedimentary and volcanic
units in both polar regions. Detection of shallow (< 5
km) aquifers would revolutionize our ideas on the cur-
rent state of water on Mars, and provide targets for fu-
ture biologic searches and a possible sustained human
presence.
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MODEL FOR FORMATION OF SPIDER PATTERNS IN THE CRYPTIC REGION.  G. Portyankina and 
W.J. Markiewicz,  Max Planck Institut für Aeronomie, Max-Planck-str., 2, Katlenburg-Lindau, 37191, Germany

Introduction:  The cryptic region is one of the 
most dominant albedo features in data from Thermal 
Emission Spectrometer (TES) onboard of the Mars 
Global Surveyor (MGS). It is situated between lati-
tudes 73�S and 81�S and longitudes 175�W and 
225�W. Its main characteristic is that it remains cold 
well after it attains an albedo similar to the Martian 
soil. This low albedo is in contradiction with the low 
temperature that is close to that of CO2 ice. One possi-
bility to resolve this paradox is to assume that a large 
fraction of the solar flux passes through a surface layer 
of CO2 ice and is absorbed by the dust underneath it. 
This is possible if the ice is slab CO2 ice. Within this 
cryptic region Mars Orbiter Camera also onboard of 
MGS has taken images of radially converging dendritic 
patterns example of which is shown in Figure 1.

Fig. 1 MOC image showing an example of spider ravins. 

These spiders are unique patterns of South Polar 
Regions. They have never been seen before neither in 
other regions on Mars nor on other Solar System bod-
ies. A descriptive model for formation of such a pat-
terns was proposed by [1]. The winter condensation of 
CO2 includes atmospheric dust in roughly its average 
atmospheric mass fraction. The CO2 slab ice is virtu-
ally transparent to solar radiation with 72% of solar 
energy reaching the bottom of a 1 metre thick layer [2]. 

Dust will modify the depth of penetration of sun light 
but can not influence the basic aspects of the model as 
long as the solar penetration is greater than the thermal 
flux attenuation length [1]. Dust grains embedded in 
the CO2 slab will absorb solar radiation on a time scale 
of less than one second [3] and form individual gas 
pockets around themselves. The grains will rest in a 
gas layer, continue to sublime the ice underneath it, and 
“sink” downwards.  Net result should be clean CO2 ice 
with dust accumulating at the bottom. The transparent 
layer of the slab CO2 ice will have low temperature and 
the underlying dust low albedo - the situation observed 
in the cryptic region. With increasing solar radiation 
flux during spring, the temperature of dust in and under 
the ice will increase raising the sublimation rate of CO2

ice. The gas formed during sublimation at the bottom 
of the slab layer cannot diffuse through the CO2 deposit 
and localized escape pathways should develop. Those 
of them large enough to carry adequate warm gas from 
the sub-layer to remain open will grow into vertical 
columnar vents. Mixture of fine dust grains and CO2

gas can be ejected through them and redistributed ac-
cording to wind direction to form patterns of spiders. 
In this model these patterns represent channels formed 
by sub-slab channelized flow of the sublimation gas 
towards the vents. 

Model of cleaning CO2 ice: The modeling of spiders’ 
formation should include mechanism of cleaning dusty 
CO2 ice to produce an ice slab transparent for most of 
the solar radiation that can reach the surface of Mars 
through its atmosphere. As a first step we calculated 
the timescale for this cleansing process. We consiered 
two types of shapes for dust grains: spheres and cylin-
ders with the ratio height/radius = 1/10. Dust grains 
receive Solar radiation amount of  which depends on 
time of day, season and and latitude of the place inside 
cryptic region. All radiation received by the dust grain 
is assumed to go into sublimation of the ice underneath 
it; the grain sinks to the bottom of sublimed volume – 
and in such a way moves downward inside the ice. 
Time needed for cleaning of 1-meter thick CO2 slab ice 
by such a process was calculated for different particle 
shapes and orientations. Plots in Figure 2 show dis-
tance from the top of slab to the dust grain center 
(grain radius is 2.5 µm) versus time (starting with the 
southern spring at Ls = 150o) for spherical grains and 
differently oriented cylinders. Curves are: cylindrical 
dust particle tilted by 10o from vertical (1), 30o (2), 60o

(3), 90o (5), and spherical dust particle (4). 
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Figure 2 Depth to wich particles sink as a function of 
time 

As the CO2 ice evaporates, the boundary atmos-
phere-ice will move downward as well as dust parti-
cles. The comparison of the rates of two processes is 
shown at Figure 3. The dashed lines show the depth of 
boundary atmosphere-ice, curves are shown for several 
values of albedo, line 1 – depth of cylindrical dust par-
ticle tilted by 10o from vertical and line 2 – depth of 
spherical dust particle.  
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Figure 3 The comparison of particles sinking rate and 
the rate of ice sublimation.

Our initial estimates of the time scales critical for 
the cleaning process show that this aspect of the model 
is feasible. 

Future work:  We plan to create a physical model 
for the formation of spiders including elements such as: 

absorption of solar flux by dust imbedded in the CO2

ice, sinking of the dust particles, and build up of pres-
sure at the bottom of the CO2 slab. 

References:
[1] Kieffer, H.H. (2000) International Conference 

on Mars Polar Science and Exploration, p. 93. [2] Han-
sen, Gary B. (1997) JGR, 102, 21569-21587.  
[3]  Kieffer, H.H. ; et al. (2000)  JGR, 105, 9653-9699.  
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SEASONAL ADVANCE AND RETREAT OF MARS' SOUTH POLAR CAP AS MEASURED BY THE
MARS ODYSSEY NEUTRON SPECTROMETER.  T. H. Prettyman,1 W. C. Feldman,1 J. R. Murphy,2 H. O.
Funsten,1 D. J. Lawrence,1 R. R. Linn,1 S. Maurice,3 and R. L. Tokar,1 1Los Alamos National Laboratory, Los Ala-
mos, New Mexico, 2New Mexico State University, Las Cruces, New Mexico, 3Observatoire Midi-Pyrenees, Tou-
louse, France.

Introduction:  The Martian seasonal polar caps
consist of CO2 frost deposits that advance towards
lower latitudes during fall and winter and retreat to-
ward the poles during spring and early summer in re-
sponse to seasonal changes in insolation [1].  Because
a large portion of the atmosphere is cycled in and out
of the seasonal caps during the year, the frost deposits
play a significant role in regional and global atmos-
pheric circulation. Surface thermal properties as well
as local atmospheric temperature and pressure influ-
ence the onset of frost deposition. The presence of dust
in the atmosphere affects the polar energy balance, and
can influence the rate of deposition and sublimation of
frost [2].  During southern summer, the south polar cap
is covered by residual CO2 frost [3].

In this study, we determine the spatial distribution,
areal density, and total inventory of the seasonal CO2
frost in the southern hemisphere using neutron spec-
troscopy.  In contrast to telescope observations and
orbital photography, neutrons provide a direct meas-
urement of the areal density (with units of g/cm2) of
CO2 surface ice, which we refer to as "thickness" in
this abstract.  However, the surface spatial resolution
that can be achieved by neutron spectroscopy is
coarse, on the order of 600 km full-width-at-half-
maximum. Nonetheless, the regional-scale resolution
of neutron spectroscopy is sufficient for validation of
circulation models and for comparison with previous
observations.

Results reported in this abstract were obtained
using data acquired by the neutron spectrometer sub-
system of the Mars Odyssey gamma ray spectrometer
while in mapping orbit during the years 2002 and
2003, from LS=330  through LS=180 .  This period of
time includes the advance of the seasonal frost in the
south.  By mid-September (LS=260 ), the frost will
have fully retreated, exposing the residual terrain.
Consequently, we will report details of the advance
and retreat of the frost at the conference.

Advance of the seasonal frost: A map of thermal
neutron count rates in the high southern latitudes ob-
tained during southern summer (330 <LS<0 ) is shown
in Fig. 1. Thermal neutrons are the portion of the
population of neutrons produced by cosmic ray inter-
actions with Mars that achieve thermal equilibrium
with the surface. The relatively low count rates pole-
ward of -55  observed during summer correspond to a
terrain rich in water-equivalent hydrogen that was re-
cently discovered by Mars Odyssey [4,5].

Fig. 1. Map of thermal neutron count rates in the southern
high latitudes (poleward of -45 ) during late summer.  The
units are counts per second.

Fig. 2. Map of thermal neutron count rates in the southern
high latitudes (poleward of -45 ) during late winter. The
units are counts per second.

The population of neutrons in thermal equilibrium
with the surface is very sensitive to the presence of
CO2 frost, which is an excellent neutron moderator that
is also a poor thermal neutron absorber. Consequently,
the seasonal deposition of frost causes the output of
thermal neutrons to increase.  For this reason, the
south polar residual cap, which is covered by CO2 ice,
is associated with enhanced thermal neutron count
rates relative to the surrounding water-rich terrain,
which can be seen in Fig. 1 [6]. The residual cap is
centered at about -50  east longitude and is offset ap-
proximately 3  from the pole.

As the southern winter progresses, CO2 frost de-
posits form and advance equatorward.  Fig. 2 shows
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the thermal neutron map late in the southern winter
(140 <LS<180 ) as the frost is approaching its maxi-
mum coverage.  Note that the region of enhanced
count rate has expanded around the residual cap to
produce an irregular boundary that extends equator-
ward beyond -60 . The maximum count rate, which
corresponds to maximum frost thickness, is roughly
centered on the location of the residual cap.

Thickness of the seasonal frost: We developed
an algorithm to determine the distribution and thick-
ness of the seasonal CO2 frost from thermal neutron
count rates.  The neutron output observed during
summer was used to minimize the sensitivity of the
thickness determination to variations in the composi-
tion of the underlying terrain.  The effect of possible
enrichment of N2 and Ar, which are strong thermal
neutron absorbers, in the polar atmosphere during
winter was ignored in the present analysis [7]. Conse-
quently, lower bounds on frost thickness are presented.

The time-evolution of CO2 frost thickness deter-
mined from longitudinally-averaged thermal neutron
count rates is shown in Fig. 3.  The time interval for
each measurement was 5  of LS.  The measurements
can be compared to frost thicknesses calculated by the
Ames Research Center General Circulation Model
(ARC-GCM). The ARC-GCM is a comprehensive
model of the Martian atmosphere that treats the sea-
sonal condensation and sublimation of CO2 frost to
and from the surface, taking into account the dynamics
of the atmosphere, surface thermal properties and the
effect of atmospheric dust on the rate of frost deposi-
tion and sublimation [8.9]. Calculated frost thicknesses
are shown in Fig. 4 for latitudes that fall within four of
the zones defined in Fig. 3.  When comparing Figs. 3
and 4, note that the LS scales are different.

Predictions of frost thickness by the ARC-GCM
are similar in magnitude and shape to the measured
values. The measurements indicate that frost forms
later and achieves maximum thickness earlier at lower
latitudes than near the poles, which is predicted by the
model. The measured times of peak frost thickness,
however, are slightly later than predicted and the frost
recession is not as rapid as modeled. The relatively
slow frost recession may be caused by increased at-
mospheric dust compared to the model.  The measured
inventory of CO2 frost in the southern seasonal cap
achieves a maximum value of 8 1018 g between 160
and 170 LS, which is slightly more than 30% of the
established value for total atmospheric mass (2.5 1019

g).
This comparison demonstrates the utility of ther-

mal neutron count rates for determining absolute frost
thickness with high temporal resolution.  Further work
is being carried out to improve the spatial resolution
of   the  measurements  using   forward  models  of  the

Fig. 3. Seasonal CO2 frost thickness determined from
longitudinally-averaged thermal neutron count.  Latitude
ranges for each zone are shown in the legend.

Fig. 4. Seasonal frost thickness in the southern latitudes pre-
dicted by the ARC-GCM for four latitudes (-82.5°, -67.5°,
-60°, and -52.5°).

instrument response, and spatial deconvolution tech-
niques. Corrections for atmospheric composition will
also be implemented.  A comparison of our measure-
ments to the ARC-GCM and observations of the sea-
sonal frost in previous years will be presented.

References: [1] Neugebauer, G., et al., Astron. J. 76, 719-749, 1971.
[2] James, P. B., et al., JGR 84 (B6), 2889-2922, 1979. [3] Kieffer,
H. H., JGR 84 (#SI), 8263-8288, 1979. [4] Boynton, W. V., Science
297 (#5578), 81-85, 2002. [5] Feldman, W. C., Science 297 (#5578),
75-78, 2002. [6] Tokar, R. L., et al., GRL 30 (#13), 1677,
doi:10.1029/2003GL017316, 2003. [7] Feldman, W. C., et al., JGR
in press, 2003. [8] Pollack, J. B., et al., JGR  95 (#B2), 1447-1473,
1990. [9] Haberle, R. M., JGR 104 (#E4), 8957-8974, 1999.
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PLANETARY PROTECTION FOR POLAR MARS MISSIONS.  J. D. Rummel, Office of Space Science,  
Code S, NASA Headquarters, Washington, DC  20546 USA, <jrummel@hq.nasa.gov>. 

Introduction:  The picture of Mars that is emerg-
ing from the Mars Global Surveyor and Odyssey re-
sults (1,2) contrasts markedly from that portrayed 
shortly after the Viking missions ended (cf., 3).  Par-
ticularly intriguing is the abundance of water ice seen 
both in the polar caps themselves, and in lower lati-
tudes outside of the polar regions.  Along with the new 
data comes a heightened consideration of the potential 
for biological contamination that may be carried by 
future missions, and its possible effects.  Particularly 
challenging are scenarios where missions carrying 
perennial heat sources of high capacity and longevity 
(e.g., Radioisotope Thermoelectric Generators) could, 
by non-nominal landings or other mission operations 
be introduced to close contact with water ice on 
Mars—-potentially forming Earthlike environments 
that could accommodate the growth of contaminant 
organisms.   

Standards and Consequences: The likelihood of 
impinging on those environments and situations, and 
the potential mitigations available to mission planners, 
are of critical importance to the future success of Mars 
polar science and exploration.  Recently, the ICSU 
Committee on Space Research (COSPAR) has pub-
lished an international consensus planetary protection 
policy (4) that provides a standard to address the pre-
vention of biological contamination in sensitive areas 
on Mars.  As Mars exploration proceeds, new data will 
drive future planetary protection concerns, and a 
framework for assessing required contamination con-
trol measures will need to be developed to be respon-
sive to the evolving understanding of the planet. 

References: [1] Christensen P. R. (2003) Nature, 
422, 45–48. [2] Mitrofanov I. G. et al. (2003) Science, 
300, 2081-2084. [3] Horowitz, N. H. (1986) To Utopia 
and Back, W. H. Freeman [4] COSPAR (2002) 
COSPAR Planetary Protection Policy, Paris. 
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VOLATILE-RICH CRATER INTERIOR DEPOSITS IN THE POLAR REGIONS OF MARS: EVIDENCE
FOR ICE CAP ADVANCE AND RETREAT Patrick S. Russell1, James W. Head1, Michael H. Hecht2, 1Geology.
Dept., Brown Univ., Providence, RI 02912 USA, 2JPL, Pasadena, CA, USA.    Patrick_Russell@Brown.edu.

Introduction: Many craters on Mars are partially filled by
distinctive material emplaced by post-impact processes. This
crater fill material is an interior mound which is generally sepa-
rated from the walls of the crater by a trough that may be con-
tinuous along the crater circumference (i.e. a ring-shaped
trough), or which may only partially contact the crater walls
(i.e. a crescent-shaped trough). The fill deposit is frequently
offset from the crater center and may be asymmetric in plan
view. Populations of such craters include those in the circum-
south polar cap region, in Arabia Terra, associated with the
Medusae Fossae Formation, and in the northern lowlands
proximal to the north polar cap. We focus on those craters in
circum-polar regions and assess their relationship to polar cap
advance and retreat, especially the possibility that fill material
represents remnants of a formerly larger contiguous cap.

Motivated by assessment of the martian hydrological cycle,
especially the groundwater system, we have previously exam-
ined northern lowlands craters for signs that the impacts may
have interacted with the groundwater system [4]. Given the
physical and thermal disruption of the ground associated with
impact, disruption of the subsurface cryosphere could have
allowed effusion of sub-cryosphere confined groundwater into
the crater under artesian-like conditions [4,5]. In a globally
interconnected hydrosphere-cryosphere system [5], this process
would be favored in the northern lowlands, where hydraulic
pressure head of groundwater should be greatest [4]. Such a
scenario presents an alternative hypothesis for volatile-rich
crater fill in northern lowlands craters, but impacts into high-
elevation circum-south polar terrain would not be expected to
have accessed subsurface water. In addition, the only large
craters in the northern lowlands containing significant fill mate-
rial (e.g., Korolev) are those closest to, but isolated from, the
north polar cap [6]. Unless these impacts were very recent,
such that the volatile fill had not yet sublimated away [7], this
non-random clustering near the north pole suggests that there
has been either preferential deposition by polar-like processes
in isolated craters, or deposition contiguous to, or part of, a
formerly more extensive polar cap [e.g., 3] and subsequent
preferential removal of material in intercrater plains. Fill depos-
its in some craters around the south pole are contiguous with
south polar layered material [1], which argues for a similar
process of deposition with possible later exhumation or flow
into the crater [2].

Volatile-rich deposits have the property of being modifi-
able by the local stability of the solid volatile, which is gov-
erned by local energy balance. Here we test the hypothesis that
asymmetries in volatile fill shape, profile, and center-location
within a crater result from asymmetries in local energy balance
within the crater, due mainly to variation of solar insolation and
radiative effects of the crater walls over the crater interior.
Model profiles of crater fill are compared with MOLA topog-
raphic profiles to assess this hypothesis. If asymmetry in mor-
phology and location of crater fill are consistent with radiative-
dominated asymmetries in energy budget within the crater, then
1) the volatile-rich composition of the fill is supported (this
process should not be effective at shaping volcanic or sedimen-
tary deposits), and 2) the dominant factor determining the ob-
served shape of volatile-rich crater fill is the local radiative
energy budget (and erosive processes such as eolian deflation
are secondary or unnecessary).

We also use a geographic and energy model approach to
specifically test the idea that material in partially filled craters
around the south pole may once have been contiguous to the
cap and may have been sustained and modified by radiative
processes specific to the crater environment (as opposed to the
surrounding plains) as the cap retreated.

Korolev Crater: Korolev crater (~80 km diameter; [6,8])
is superposed on Amazonian mantle material surrounding north
polar terrain [1]. While the crater is circular, rim height is not
uniform around its circumference. The smooth-surfaced,
roughly circular fill deposit within Korolev does not extend
completely to the interior walls of the crater, leaving an inter-
vening ring-shaped trough. Relative to the crater’s center, the
fill deposit is displaced to the north and east, where it reaches
closer to and higher up the crater walls. The highest point of
the fill deposit is also displaced in the same sense. Based on
rim-to-floor depths expected at a fresh, unfilled crater of
Korolev’s diameter [8,9] the actual deepest point of the crater
is not much deeper than the observed elevation. The maximum
thickness of the fill mound is then ~1.5 km [8].

Circum-South Polar Craters: There are many craters
with fully or partially visible rims within the polar layered ter-
rain of the south polar cap, especially on the half oriented to-
wards 180° (e.g., Fig. 1). Around the fringes of the cap, north-
ern parts of crater rims are fully exposed, while on pole-ward
sides crater fill material is still clearly contiguous with polar
material (e.g., Fig. 2; [10]). Up to ~ 12° of latitude from the
edge of the polar layered terrain are craters with fill material
isolated from polar material (e.g., Fig. 3). This isolated fill
appears to become less circular and symmetric at greater dis-
tances, often located in the northern portions of the crater (e.g.,
Fig. 4). These materials have been mapped as extensions of
polar layered material (Apl; [1]) or as ice and fine dune mate-
rial possibly derived from polar layered terrain and possibly
covering polar layered terrain material deposited in areas of
low wind velocity (Ad; [1]).

Based on morphologic and topographic similarity, and in
some cases contiguousness, of crater fill with polar layered
deposits, we hypothesize that fill material either 1) was depos-
ited preferentially in craters rather than on surrounding plains,
or 2) was once present in the plains as well, as part of a larger
continuous polar cap, and preferentially remains in the craters
today as polar material has retreated from the plains. Fill mate-
rial in craters partially visible around the edges of the polar
layered terrain appears to be maintained by the same conditions
as the surrounding, extra-crater polar layered terrain, unless
both materials are being deflated and the craters are being ex-
humed. In some cases there is evidence that physical flow of
polar layered material contributed to crater fill deposits [2,10].
Further north, craters not physically connected to the polar
layered terrain contain less fill, and this is generally in the form
of a circular mound. Yet further north, crater fill is significantly
less, occurring only locally within craters. The observed trend
of decreasing fill amount with increasing northerly latitude
suggests that either deposition and equilibrium-amounts of fill
are less at more northern latitudes, or erosive, sublimation, or
ablation processes have been more severe at more northern
latitudes.

Energy Balance Model: Our approach to determine where
and how much modification of an assumed existing water-ice
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VOLATILE-RICH CRATER FILL IN POLAR REGIONS: P. S. Russell et al.

crater-fill occurs is to calculate the main energy input and out-
put pathways for a patch of the surface and assume any excess
input energy is available for sublimation. The main processes
involved are as follows: 1) solar insolation, including shadow-
ing effects of the crater walls, 2) temperature-dependent re-
radiation from the surface, including the geometric effects of
the crater walls on reducing emittance to the sky, 3) diffusion
of heat into or out of the body of ice below the surface, and 4)
energy, if any, available for phase change and sublimation of
CO2 and H2O [11]. By iteratively calculating the energy bal-
ance of these processes at different points within the crater, we
determine the relative amount of sublimation at each point. The
same is done for a point in the plains, outside a crater environ-
ment. As an observed proxy for evolution of the modification
process, we use characteristic fill morphologies at increasing
distance from the south polar cap terrain. If actual fill shape is
largely consistent with these modeled processes, then 1) the
deposit is likely largely ice-rich, 2) radiative effects likely
dominate over wind effects, for example, in the size, location,
and shape of such fill, and 3) the retreat (in the plains) of a
formerly larger polar cap is supported.

We are interested in timescales less than those of eccentric-
ity and obliquity variations, given the rapid rates of sublimation
expected on Mars [7], so we hold orbital parameters constant
during each trial. However, the stability of ice changes drasti-
cally at different orbital configurations [e.g., 12], so we test
several combinations of obliquity and eccentricity. The sensi-
tivity of the model and resulting crater-fill morphology and
asymmetry is assessed with respect to physical and geometric
parameters such as albedo, emissivity, slope angle, atmospheric
scattering (based on [13]), proximity to the crater wall, and
crater wall height.

The relative role of incident solar radiation on differently-
facing slopes is dramatic. As expected at the high northern
latitude of Korolev, south facing slopes receive more total
yearly insolation, yet the maximum daily insolation occurs on
north-facing slopes due to obliquity effects. With a nominal,
non-dust storm, atmospheric optical depth of 0.5, incident inso-
lation is reduced by 10-30% when the sun is more than 10°
above the horizon [13]. Albedo can vary by a factor of 4 [11],
which directly effects absorbed insolation. The latter two ef-
fects affect the total amount of insolation, while the first, and
the geometry of the crater, affect the relative distribution of
insolation. Asymmetry in insolation is clearly a candidate for
being the major control on volatile fill asymmetry, which is
supported by observation in a north-south profile across
Korolev showing a strong asymmetry in which fill is concen-
trated to the north, consistent with more yearly energy input
from southerly insolation [6].

A nearby high rim, however, will also decrease radiative
heat loss by reducing the angle of sky seen by a surface [11].
Due to a thin atmosphere that is ineffective at convecting heat,
the sky on Mars is very cold relative to these crater walls. Thus,
the greater the visible angle of sky, the more energy can be
radiated away, and the more the crater wall fills the field of
view, the less the effective emissivity [11]. This concept of
effective emissivity is summarized in the following equation:
radiated energy = :

(EsTsurf
4 -sTsky

4 ) * skyfraction +
(EsTsurf

4 -sTcwall
4 ) *cwallfraction (1)

where E is emissivity of the surface, s is the Stephan-Boltzman
constant, and T is the temperature of the surface, sky, and crater
wall, respectively. The hemisphere centered on the normal to

the surface is divided into that fraction which is open to the sky
and that which is filled, or “blocked” by the crater wall.

Conduction of energy into the subsurface is represented
simply by a one-layer slab the thickness of the skin depth. It is
assumed that, at each iteration of time, this slab changes tem-
perature based on its heat capacity and the difference between
its temperature at the previous time iteration and the tempera-
ture at the surface.

The amount of CO2 deposited and sublimated each season,
which we take to be a relatively thin cover over the H2O ice-
rich fill material, is tracked over the interior of the crater based
on the latent heat available and assuming the surface tempera-
ture never drops below the CO2 frost point of 148K.

At current orbital configuration, significant energy for sub-
limation of water ice is not available, thus evolution of deposits
may not be currently active. If outlier fill material between
~150° and 240° W longitude was once part of a larger contigu-
ous southern cap, we estimate that on the order of 0.5-2 x 106

km3 of material has since been removed. We are further testing
a variety of orbital configurations which will reveal under what
conditions, when, and for how long, evolution of ice-rich crater
deposits will occur. This will help constrain the relationship of
fill material to polar cap material over geological history.

References: [1] Tanaka, K.L., and D.H. Scott (1987) USGS Map
I-1802-C. [2] Head, J.W. (2001) JGR 106, 10075-10085. [3] Fish-
baugh, K.E., and J.W. Head (2000) JGR 105, 22455-22486. [4] Rus-
sell , P.S., and J.W. Head (2002) GRL 29 , 17,
doi:10.1029/2002GL015178. [5] Clifford, S.M. (1993) JGR 98, 10973-
11016. [6] Russell, P.S., et al. (2003) LPSC XXXIV, #1249. [7]
Kreslavsky, M.A., and J.W. Head (2002) JGR 107, E12,
doi:10.1029/2001JE001831. [8] Garvin, J.B. et al. (2000) Icarus 144,
329-352. [9] Pike, R.J. (1988) in Mercury, F. Vilas et al., eds., Univ.
Arizona Press, 165-273. [10] Pratt, S., and J.W. Head (2002) LPSC
XXXIII, #1866. [11] Hecht, M.H. (2002) Icarus 156, 373-386. [12]
Mellon, M.T., and B.M., Jakosky (1995) JGR 100, 11781-11799. [13]
Pollack, J.B. et al. (1990) JGR 95, 1447-1473.

Figure 1. Crater rims visible, or partially visible, through the south
polar layered terrain. 75°S, 120°W. All figures at roughly same scale:
~200 km wide. Figure 2. Crater mostly exposed, but still half sur-
rounded with south polar layered terrain. Fill material is still contigu-
ous with polar terrain. 80°S, 124°W. Figure 3. Crater isolated from
south polar layered terrain, with circular fill material. Nearby fringes of
polar layered terrain visible at top. 78°S, 126°W. Figure 4. Craters
with local, isolated, irregularly-shaped fill material. These craters are
furthest from the polar layered terrain. 74°S, 131°W.
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Martian North Polar Impacts and Volcanoes: Feature Discrimination and Comparisons to Global Trends.  S.
E. H. Sakimoto1 and S. L. Weren2,1, 1 GEST at the Geodynamics Branch, Code 921, NASA Goddard Space Flight
Center, Greenbelt, MD 20771, sakimoto@geodynamics.gsfc.nasa.gov, 2Geoscience Department, Franklin and Mar-
shall College, P.O. Box 3003, Lancaster PA, 17604, serena.weren@fandm.edu.

Introduction:  The recent Mars Global Surveyor
and Mars Odyssey Missions have greatly improved our
available data for the north polar region of Mars. Pre-
MGS and MO studies proposed possible volcanic fea-
tures [e.g., 1, 2] , and have revealed numerous volca-
noes and impact craters in a range of weathering states
that were poorly visible or not visible in prior data sets.
This new data has helped in the reassessment of the
polar deposits [e.g. 3, 4, 5] From images or shaded
Mars Orbiter Laser Altimeter (MOLA) topography
grids alone, it has proved to be difficult to differentiate
cratered cones of probable volcanic origins from im-
pact craters that appear to have been filled. It is im-
portant that the distinction is made if possible, as the
relative ages of the polar deposits hinge on small num-
bers of craters, and the local volcanic regime originally
only proposed small numbers of volcanoes. Therefore,
we have expanded prior work on detailed topographic
parameter measurements and modeling for the polar
volcanic landforms [e.g. 6-10] and mapped and meas-
ured all of the probable volcanic and impact features
for the north polar region as well as other midlatitude
fields, and suggest that 1) The polar volcanic edifices
are significantly different topographically from mid-
latitude edifices, and have steeper slopes and larger
craters as a group, 2) the impact craters are actually
distinct from the volcanoes in terms of the feature vol-
ume that is cavity compared to feature volume that is
positive relief, and that 3) there are actually several
distinct types of volcanic edifices present, and that 4)
these types tend to be spatially grouped by edifice.
This is a contrast to many of the other small volcanic
fields around Mars, where small edifices tend to be
mixed types within a field.

Approach: For topographic measurements, we use
the released MOLA profiles to grid 30 degree regions
at 128 pixels per degree longitude and 256 pixels per
degree latitude (approximately 460 m/pixel by 230
m/pixel) using G. Neumann's crossover correction ap-
proach to gridding [11] and the publicly available
GRIDVIEW software [12]. We measure parameters
such as those in [13-14] and [6] for impact craters and
volcanoes, respectively. For craters, this includes crater
width, depth, rim height, ejecta thickness, rampart
height, cavity volume, ejecta volume, etc… For volca-
noes, this includes height, diameter, mean flank slope,
max flank slope, crater depth, diameter, and volume,
edifice volume, area, basal elevation, and locations.

The volcano modeling includes the hydrostatic head
models used in [7,8].  Examples of some of the fea-
tures measured are shown in Figure 1 and include im-
pact craters with a relatively fresh cavity, impact cra-
ters with filled cavities, cratered cones, steep near-
polar cratered cones, and a field of steep cratered
cones. The features in this region are compared to
those in Tempe Mareotis, Syria, Tharsis, Elysium, the
South Polar region, and others.
Figure 1. High resolution MOLA topography  shown as
shaded relief for A) a fairly fresh polar impact crater, B) a
group of partially filled polar impact craters, a C) large
cratered cone, D) a group of several near polar cap cratered
cones, and E) A field of steeper cratered cones.

  

 
Results:
Polar and Mid-latitude differences.  The higher

resolution measurements support earlier conclusions
that the polar volcanoes are systematically different
than the midlatitude volcanoes in flank slope, crater
sizes, and other parameters, and that their flank slopes
as a group continue the global trend of increasing aver-
age flank slope with increasing latitude [e.g. 7, 8].

Impact Crater or Volcano?? While the cratered
cones of presumed volcanic origin [e.g. 2, 6] have
craters perched above the surrounding plains, local
impact –craters with readily apparent ejects ramparts
also have craters perched above the surrounding plains,
and for those craters with minimal eject ramparts, the
volcano/crater distinction is not always obvious in im-
ages or topographic grids. Additionally, the vol-
ume/diameter versus flank slope that helps differenti-
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ate between volcano types sometimes yields overlap-
ping impact and crater field plots (see Fig. 2).
Figure 2. This plot shows feature volume/diameter versus
average flank slope in log-log axes for Tempe small volcanic
features (in gray for comparison), polar small volcanic fea-
tures (red triangles), and polar impact craters (blue circles).
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However, the readily identifiable impact craters with
remnant ejecta blankets and topographically visible
ramparts have a larger fraction of the landform occu-
pied by the crater cavity than the features mapped as
probable volcanoes do. We use this observation as the
basis of plotting newly identified probable volcanoes
and possible volcanoes with the impact craters in Fig-
ure 3, as crater cavity volume/edifice volume versus
crater diameter. This plot tends to show fairly distinct
impact and volcanism fields may hat help separate en-
igmatic features by most likely origins.

Volcanic Types and Origins. With the higher reso-
lution topographic data, the prior suggestion of several
different volcanic types within the polar volcanic land-
forms [e.g. 8, 10, 15] appears much more robust. The
large cratered cones identified by several authors as
probable volcanics are distinct from the steeper (< 7
degrees flank slope) cratered cones found closer to the
polar cap, and these are also distinct from the cluster of
steep cratered cones found directly between the polar
cap and Alba Patera. The latter features overlap sig-
nificantly, range in sizes, and are quite numerous
within a defined region, while the near polar steeper
cones tend to be more isolated, or are found in small
groupings.

Conclusions: 1) Polar and mid-latitude volcanoes
are fundamentally different in topography, thus  and
presumably eruption style, 2) Careful parameter meas-
urements appear to assist in differentiating between
impact and volcanic features, and there are several
probable volcanic edifice types present in the north
polar region, with the implication that eruption styles
by sub-region tend to be distinct.

References: [1]Tanaka, K. L. and Scott, D. H.
(1987) USGS Map I-1802-C. , [2] Hodges, C. A. and
Moore, H. J. (1994) USGS Prof. Pap. 1534. [3] Tanaka
et al., JGR-Planets, 108 (E4), GDS 24-1, CiteID 8043,
DOI 10.1029/2002JE001908, 2003. [4] K.L. Tanaka,
and E.J. Kolb, Regional Geologic History of the Polar
Regions of Mars, International Conference on Mars
Polar Science and Exploration,, p 168-169, 2000.[5]
Plaut, J. J. et al. (1988) Icarus 73, 357-377. [6] Garvin
J.B. et al., (2000), Icarus, 145, 648-652. [7] Sakimoto
S.E.H. et al., (2002) LPSC XXXIII, Abstr.#1717. [8]
Sakimoto S.E.H. et al., (2001) LPSC XXXII,
Abstr.#1808. [9] Wong, M.P. et al., (2001) LPSC
XXXII, Abstr.#1563. [10] Weren, S.L. and S. E. H.
Sakimoto, Abstract #66446, submitted to GSA Fall
meeting, 2003. [11] Neumann, G.A., et al., JGR, 106
(E10), p. 23573-23768, 2001. [12] Roark, J., et al.,
LPSC XXI, Houston, TX, CDROM, Abstract # 2026,
2000. 13] Garvin, J.B., et al., LPSC XXI, Houston, TX,
CDROM, Abstract # 1619, 2000.  [14] Garvin, J.B., et
al., Icarus, 144 (April), 329-352, 2000. [15] Sakimoto,
S.E.H., et al., LPSC XXI, Houston, TX, CDROM, Ab-
stract #1971, 2000.
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Figure 3. This plot shows crater cavity volume/edifice vol-
ume versus diameter for polar features. Polar impact craters
(filled blue circles), large cratered cones previously mapped
as volcanoes (large open red triangles), small cratered cones
that are probable volcanis features (large filled red triangles)
andsome enigmatic features that appear to be possibly vol-
canic (small filled red triangles) so far tend to be fairly dis-
tinct groupings. We are in the process of adding more com-
plete data.
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INVESTIGATION OF EXCHANGE PROCESSES IN THE MARTIAN WATER CYCLE. K. G. Schmidt, Center for Planetary
Science, University of Copenhagen, Denmark (kgs@gfy.ku.dk).

Introduction

Water is found on Mars in the three reservoirs: The polar
caps, the permafrost, and the atmosphere. We focus on the
processes of mass exchange of water between the atmosphere
and the polar caps as well as exchange with the regolith in
order to investigate the relative importance of the two surface
reservoirs to the present water cycle on Mars.

The polar caps of Mars are believed to consist mostly of water
ice with large amounts of dust in both of them and some CO �

ice. On images from space crafts stripes or layers are seen
on the slopes of the polar caps facing the equator, which may
be related to climate changes in the history of Mars, just as
the climate history of the Earth is captured in the ice caps of
Greenland and Antarctica.

A characteristic feature of the north polar cap is a spiralling
pattern of scarps and troughs organised around the pole. Hor-
izontal or north-facing areas appear white, while the scarps
expose the dark layers. The alternating white polar ice and ex-
posed layers suggest that the cap interacts with the atmosphere
through deposition and sublimation processes and plays an ac-
tive role in the current water cycle on Mars. The spiralling
scarps and troughs are thought to be formed in a combination
of sublimation, wind effects, deposition and ice flow [1,2].

In the northern summer, water may sublimate both from the
North polar cap and from the northern lowlands, which were
recently shown to contain large amounts of water beneath the
surface [3]. This water may be stored as permafrost, adsorbed
water, or water of hydration, depending on the latitude. How-
ever, a surface dust cover would protect subsurface ice from
sublimating, e.g. as observed on terrestrial glaciers. The polar
cap may thus be the dominant source of water vapour with its
white surface and exposed ice deposits.

The spatial and temporal distribution of water vapour in the at-
mosphere has been measured by the Mars Atmospheric Water
Detector (MAWD) on the Viking Orbiters [4, 5] and extracted

from the Thermal Emission Spectrometer (TES) on the Mars
Global Surveyor (MGS) [6].

Results

The model couples a simple atmospheric model with trans-
portation of water by eddy diffusion and a sublimation and
deposition model for the surface.

The sublimation rate of water from the ice surface is controlled
by the saturation pressure of water vapour over an ice surface,
which is a function of temperature, and the partial pressure of
water vapour in the atmosphere, which varies in time. For the
lower latitudes models for permafrost and adsorbed water are
used.

Datasets for temporal and spatial water vapour abundance in
the atmosphere and spatial distribution of water in the surface
reservoirs are combined with model results in order to obtain
understanding of the water exchange and circulation.
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THE FORMATION AND DETECTABILITY OF CO2 CLATHRATE HYDRATE ON MARS.   B. Schmitt, L. 
Mulato and S. Douté. Laboratoire de Planétologie de Grenoble, UJF/CNRS, Bât. D de Physique, B.P. 53, 38041 
Grenoble Cedex 9, France. E-mail: Bernard.Schmitt@obs.ujf-grenoble.fr 

     Introduction:   CO2 clathrate hydrate is suspected to 
be present near the surface of the south polar cap of 
Mars, and covered by seasonnal CO2 frost during winter. 
After sublimation of this frost during summer times, it 
may be locally present at the surface where it may 
eventually decompose [see e.g. 1]. However there are 
currently no direct proof of its existence. Very limited 
laboratory spectral data are available in the mid-infrared 
and none in the near-infrared. Thermodynamical data on 
the formation, stability and decomposition rates are also 
sparse.   
     Clathrate Formation:  Kinetic experiments have 
been performed on the formation of CO2 clathrate by 
direct interaction of CO2 gas with water ice grains at low 
temperature (195-213 K) [2]. We show the effects of 
several gas and solid phase parameters on the clathrate 
hydrate formation rates: temperature, pressure difference 
with dissociation pressure, specific surface area and 
surface stability of water ice, ... . The stability of the CO2
clathrate and its decomposition kinetics have been also 
studied. Microphysical mechanisms for both formation 
and decomposition processes are proposed. 
     CO2 clathrate on Mars. The conditions for CO2 clat-
hrate formation and stability in the atmosphere and at the 
surface of Mars are discussed and the formation rates are 
estimated from the extrapolation of our laboratory data  
to the relevant Mars conditions. 
     Clathrate IR spectrum:  We are currently 
performing laboratory experiments on the spectroscopic 
properties of CO2 clathrate hydrate in the fundamental 
modes region (mid-infrared) and in the combination and 
overtone bands region (near-infrared).  
We will present the result of this study focusing on the 
spectral signatures that may allow us to discern between 
pure CO2 ice and CO2 clathrate in the reflectance spectra 
of the polar caps. 
     Detectability of CO2 clathrate. Using the optical 
constants of water ice [3], CO2 ice [4] and those we 
expect to obtain for CO2 clathrate hydrate  we are 
performing radiative transfer calculations [5] to assess 
the detectability of CO2 clathrate in reflectance spectra of 
Mars polar caps for different microphysical situations: 1) 
“pure” CO2 clathrate; 2) mixed with CO2 frost; 3) 
overlying water ice; 4) with a CO2 frost layer on top; 5) 
thin water ice layer (from clathrate decomposition) 
overlying CO2 clathrate. This study is performed at full 
spectral resolution (1 cm-1) as well as at the resolution of 
the OMEGA spectro-imager (Mars Express mission). 
     References:  [1] Kargel J. and Lunine J.I. (1998) So-
lar System Ices, Kluwer, 97-117. [2] Schmitt B. (1986) 
Thesis, UJF-France, 201-230. [3] Grundy W. and 
Schmitt B. (1998) JGR E, 103, 25809-25822. [4] Quirico 
E. and Schmitt B. (1997) Icarus, 127, 354-378. [5] Douté 
S. and Schmitt B. (1998) JGR E, 103, 31367-31390. 
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SUBLIMATION AND CONDENSATION FLOWS IN CHASMA BOREALIS: A SENSITIVITY STUDY USING A 2-D
ENSEMBLE MESOSCALE CIRCULATION MODEL. T. Siili, Finnish Meteorological Institute / GEO, FIN-00550 HELSINKI,
FINLAND, (Tero.Siili@fmi.fi), A. Määttänen, Division of Atmospheric sciences, FIN-00014 University of Helsinki, FINLAND.

Introduction and background The University of Helsinki’s
2-D Mesoscale Circulation Model (MCM) [1] has been adap-
ted for Martian conditions in early 1990s [2] to create the
University of Helsinki (UH), Division of Atmospheric Sci-
ences (ATM) 2-D Mars MCM (MMCM). The model has since
been used and developed at both UH/ATM and Finnish Met-
eorological Institute (FMI), Geophysical Research (GEO) to
study a number of martian mesoscale circulations, especially
so-called surface-induced phenomena. Among the forcing and
circulation types are [2–5]:

• slope winds,
• (CO2 and H2O) ice edge winds,
• winds driven by horizontal variations in albedo, thermal

inertia and horizontal dust optical thickness.
The model also incorporates a basic H2O transport sche-

me, but no dust transport as of yet. A fairly comprehensive
description of the model can be found in, e.g. [6].

Ensemble approach To our knowledge, until recently this
and other MMCMs have been used in what might be called
single-forecast mode, producing a single simulation result or
a forecast from essentially a single set of initial and boundary
conditions [7]. As those conditions are bound to have errors
and the models are sensitive to initial conditions, ensemble-
type approaches have, however, been and are being introduced
to terrestrial operational numerical weather prediction systems
in the recent years. In these approaches a set of simulations
with varied and disturbed initial or boundary conditions is run
and the forecast and a confidence estimate are derived from the
set of results using, e.g., statistical analyses. These approaches
provide improved confidence in the range of and perhaps better
robustness of the results obtained. Such multi-run approaches
do multiply the requirements for computational resources and
are hence in many cases prohibitively costly, even in terrestrial
operational applications. For an introduction of the ensemble
approaches, see, e.g., the Web site (and links and references
therein) of the European Centre for Medium-range Weather
Forecasts (ECMWF) at http://www.ecmwf.int/.

For Mars research purposes the 3-D MMCMs are much
more realistic, but at least in the near future probably remain
computationally much too expensive for such systematical and
more comprehensive statistical studies. The computational
cost of the 2-D MMCM is only a fraction of a contemporary
3-D MMCM; hence a 2-D MMCM is a much more feasible tool
for use in (at least initial) studies using ensemble approaches
with reasonable set or sample sizes: in this early phase a typical
sample size has been 5–50 runs.

At least two main sub-approaches to the ensemble ap-
proach can be identified: parameter space mapping and Monte
Carlo-approach. Parameter space mapping implies a set of
simulations run using, e.g., systematically and determinist-
ically varied initial or boundary values of some parameters

(essentially using a parameter space grid) to investigate and
analyse — also with statistical methods — the domain and
range of the results. The Monte Carlo approach includes in
addition or in stead introduction of (correlated or uncorrelated)
random variations in selected parameters.

An environment enabling the use of an ensemble approach
with the UH/ATM 2-D MMCM has recently been implemen-
ted and is currently being further developed at FMI/GEO. This
environment comprises simulation preparation (including se-
lection of variables to-be-perturbed as well as perturbation
types and magnitudes) and statistical analysis tools — the
latter providing statistical quantities such as pointwise set av-
erage, range, variance as well as distributions of the solutions
included in a simulation set. Our first application of the system
has been an idealised sensitivity study of mesoscale circula-
tion and water transport phenomena occurring and emerging
in a polar cap region where H2O ice is being exposed in the
springtime from under the wintertime CO2 cover — perhaps
in a patchy and irregular fashion [8].

Case study: influence of sublimation and condensation
flows on regional circulation patterns in the Chasma Bore-
alis area In this work we expand on earlier 2-D simulations
of Martian winds across an idealised valley geometry. The
geographical context is the northern polar terrain — especially
the Chasma Borealis region and its section close to the pole.
In this region the valley axis is directed approximately along
a latitude circle. Our primary interest is in the interactions
between the larger-scale sublimation and condensation flows
and the regional flows up and down the valley walls, with sec-
ondary interest in the influence of the shape and dimensions
of the valley cross section on the ensuing circulation patterns.
In the geographical area of study the sublimation and con-
densation flows are expected to have substantial across-valley
components.

In Chasma Borealis we have a varied topography due
to the valley combined with seasonally varying coverages
of H2O and CO2 ices. The topography drives slope winds
and the ice coverage variations and the associated albedo and
thermal inertia contrasts drive sea-breeze type thermal cir-
culations. Hence, in a configuration and situation such as
this a complex set of circulation patterns is expected to oc-
cur due to the combined slope, sea-breeze type and large-
scale sublimation/condensation flow forcings. Since in our
earlier works the large-scale influences have been studied
less, we have here focussed thereon, corresponding to both
spring/summer/sublimation as well as autumn/winter/conden-
sation situations. Both parameter space mapping and the
Monte Carlo approaches have been used.

Our goals here include: further testing of the feasibility of
the ensemble approach as well as provision of improved (and
perhaps more robust) insight into this type of regional features
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of the Martian mesoscale circulations and the associated water
cycle.

Funding for this work was provided by the Academy of
Finland (project 51441) and is gratefully acknowledged.
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THE APPLICATION OF THE ELECTRIC SOUNDING TECHNIQUE TO THE SEARCH 
FOR WATER AT SHALLOW DEPTHS WITH PLANETARY LANDERS AND ROVERS: 

A SURVEY OF THE RSSD-ESA ACTIVITIES 

Fernando Simoes, Roland Trautner and Rejean Grard 
Planetary Mission Division 

Research and Scientific Support Department 
European Space Agency 

ESTEC, Keplerlaan 1, PO Box 299 
2200 Ag Noordwijk, The Netherlands 

The possible presence of subsurface solid or liquid water can be detected in-situ by measuring the 
electric properties of the soil. The Research and Scientific Support Department (RSSD) of the 
European Space Agency (ESA) has been engaged in the design of dedicated space instruments 
since 1990, when we first proposed a technique for measuring the complex permittivity of solid 
or liquid materials with multipolar arrays. In short, an alternating current is injected in the ground 
by means of two transmitter electrodes and the induced differential voltage is measured by two 
receiver electrodes. Information about the electric properties of the medium is derived from the 
voltage/current ratio, or mutual impedance of the quadrupole.  

We shall review the specificity and complementarity of the various ongoing and planned 
activities, which form this line of research at RSSD in partnership with other laboratories. 

(1) Laboratory characterization of the electric properties of water, and water mixtures, at low 
frequencies
The conductivity and permittivity of any material is strongly influenced by the presence of water 
and by temperature. This feature can serve as an indicator of water but is not well understood.  

(2) Design and realization of space instrument concepts.
Prototype arrays with different configurations are designed and tested for specific applications 
and integration on platform, rover and drill systems. 

(3) Laboratory and field tests:
The purpose of laboratory and field tests is twofold. They provide, on the one hand, information 
about possible planetary soil characteristics, e.g. the properties of Mars simulants as functions of 
temperature and water content. They serve, on the other hand, to validate the performances of 
candidate instruments in given environments. 

(4) Numerical simulation and modeling.
The interpretation of results obtained with a mutual impedance probe in homogeneous media is 
rather straightforward, but deciphering the response of a layered or inhomogeneous environment 
is more intricate. A three-dimensional numerical code, presently under development, will 
simulate the response of composite terrains in general, and the effect induced by the presence of 
buried rocks and cavities, in particular. 

(5) Experiment proposals and development of flight instruments:
Quadrupolar probes are parts of the scientific payloads carried by Huygens, which will land on 
Titan in January 2005, and the Rosetta lander, which will make contact with the nucleus of comet 
Churyumov-Gerasimenko in November 2014. Similar instruments have been proposed for Mars 
missions (e.g. Exomars).    
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LONG DAY'S DRIVE: AN ALTERNATIVE PARADIGM FOR MARTIAN ROBOTIC EXPLORATION.  M. H. Sims1

and C. P. McKay2, 1NASA Ames Research Center, Moffett Field CA, 94035,  Michael.H.Sims@nasa.gov. 2NASA
Ames Research Center, Moffett Field CA, 94035, cmckay@mail.arc.nasa.gov.

Introduction:. The Log Day's Drive proposed Martian po-
lar exploration rover mission represents a different place in
the space of designs from previous missions including MER,
and in part represents an alternative to future deep drilling
missions.  This mission design is characterized by:

-High power and continuous power afforded by the north-
ern polar region in summer sunlight.

-No nighttime operations; small thermal variability over
the day.

-Rapid acquisition of data by virtue of instrument selection
- the full suite of instruments can collect their data in under
an hour.  Stylized transects and previously demonstrated
pattern recognition algorithms (e.g., the recognition of rock
like objects in a terrain) will be used.

-Mobility during a large fraction of the Martian day
-Vehicle self-safing.  This is the fundamental technology

needed for long range mobility.  This ability of the vehicle to
be responsible for its own well being is commonly used on
earth based autonomous vehicles and is the crucial element
for long traverses.

-Sufficient mobility in rover design to allow access beyond
the landing ellipse.  Hence, specific locations are then targe-
table.

-Excellent access to orbital communication facilities
Mission Overview: LDD will investigate the north polar

layered deposits (PLD). The overarching science rationale
for LDD is the belief that the PLD preserve within their
stratigraphy an interpretable record of recent climate and
geologic history for Mars. Our primary goal is to obtain data
that can provide a basis for interpreting that record.  In addi-
tion, we will test the hypothesis that the ice of the PLD con-
tains organics at higher concentrations than the aeolian dust
sampled at the two Viking sites. Finally, we seek to contrib-
ute to the understanding of Mars' total volatile inventory by
detailed determination of the ice content of the PLD over the
traverse

Science Goals: It is widely believed that the Martian polar
layered deposits record climate variations over at least the
last 10 to 100 million years, but the details of the processes
involved and their relative roles in layer formation and evolu-
tion remain obscure.

Variations in axial obliquity and orbital eccentricity are
thought to influence the climates of both Earth and Mars, but
are of greater amplitude in the Martian.

A common presumption among Mars researchers has been
that the polar layered deposits are the result of variations in
the proportions of dust and water ice deposited over many
climate cycles but their density and composition are poorly
constrained.  There is evidence for both topographic and
albedo variations between layers in the north polar layered
deposits, based on analysis of springtime images.

Traversing the PLD over the surface is the most effective
way to collect a long-term record of their variation.  If the
LDD rover traverses 10 km up or down a 5% slope, perpen-
dicular to the layering we could have a record corresponding
to a drill depth of 500 m.  If the nominal deposition rate of
dust on Mars is of order a few microns per year, then the
climate history captured by the layers covered would be
about 10 to 100 M-yr. This time scale is significant because

variations in Mars’ obliquity, eccentricity, and phase of peri-
helion vary significantly on time scales of millions of years.
As the obliquity changes the total radiation received at the
polar regions changes and this changes the amount of CO2 in
the atmosphere and the amount of water vapor released in the
summer from the polar deposits.  Changes in the pressure of
CO2 and the annual water cycle should both change the
amount of dust and ice deposited in the winter in the PLD.
This climate record is preserved in the PLD layering and the
LDD traverse will be able to document this recored.

Organics. detection for organics on Mars would have im-
portant implications for astrobiology and future Martian mis-
sions.  Any future search for organics on Mars must follow
up from the Viking results. The Viking results were puzzling
in three respects. First, was the total absence of organics as
measured by the GCMS.  The second unexpected result was
the rapid release of O2 when soil samples were exposed to
water vapor in the Gas Exchange Experiment (GEx) at levels
of 70 - 770 nanomoles per gram.  The third unexpected result
was that organic material in the Labeled Release (LR) Ex-
periment was consumed as would have been expected if life
was present --- the presence of life being in apparent contra-
diction with the results from the GCMS.

Currently, the most widely held explanation for the reac-
tivity of the Martian soil is the presence of one or more inor-
ganic oxidants.

It has been observed that the level of oxygen release from
the GEx experiment was lower at the northernmost Viking
site and suggested that the oxidant might decrease systemati-
cally toward the poles with a concomitant increase in the
stability of organics. Chemically this might be due to the role
of ice and thin films of water in destroying oxidants.

Thus we hypothesize that organics may be present in the
PLD at concentrations significantly higher than the upper
limit determined at the Viking sites.

Ice content. A recognized goal for Mars exploration is to
map the 3D distribution of water in all its phases. We pro-
pose to contribute to the understanding of Mars' total water
inventory by detailed determination of the ice content of the
PLD over the length of our traverse.

Proposed payload: The proposed payload consisted of
• copy of MER PanCam system
• one shot panoramic camera (fish eye or mirrored sphere

lens for panorama)
• Distant microscopic imager – By using telescopic optics

creating microscopic quality images from a few inches
to a meter or more distant

• Laser Induced Breakdown Spectrometer – Los Alamos
to generate elemental analysis quickly and up to 10's of
meters distant

• Raman spectrometer integrated into above Laser In-
duced Breakdown Spectrometer allows for organic de-
tection

• Neutron spectrometer
• Ground penetrating radar
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THE MASSES OF MARS/SEASONAL POLAR ICECAPS. David E. Smith1 and Maria T.
Zuber2, 1Laboratory for Terrestrial Physics, NASA Goddard Space Flight Center, Greenbelt, MD
20771, e-mail: David.E.Smith@nasa.gov, 2Dept of Earth Atmospheric and Planetary Sciences,
Massachusetts Institute of Technology, 77 Massachusetts Ave., 54-918, Cambridge, MA 02139-
4307, e-mail: zuber@mit.edu.

Introduction.  Radio tracking of the Mars
Global Surveyor spacecraft has revealed tem-
poral changes in the long-wavelength gravity
field of Mars that correlate, to first order, with
the pattern expected for the seasonal re-
distribution of carbon dioxide between the
atmosphere and surface. Detecting these
gravity field changes requires isolating very
small perturbations in the velocity of the
spacecraft and estimating the very low degree
zonal coefficients of the field.  A comparison
of these coefficients determined every 5 days
for a period over 2 Mars years shows annual
and semi-annual variations that are similar to
those predicted by a General Circulation
Model simulation [1].  These changes result
from the redistribution of the mass of the
planet by the exchange of carbon dioxide
between the surface and the atmosphere
through deposition and sublimation of CO2 in
the polar regions.  A simple time-dependent
model for the icecaps enables an estimate to
be made of the mass of carbon dioxide at
each pole as a function of the seasonal pa-
rameter, Ls.

Temporal Variations in Gravity. The
gravity field of Mars is typically represented
by a series of spherical harmonics [2] of
which the largest are the low degree zonal
terms. These terms represent the basic gravi-
tational shape of Mars and, in combination
with the rotational potential, largely define
the long wavelength areoid. The redistribu-
tion of atmospheric material, particularly the
pole-to-pole transport of carbon dioxide on
the surface, causes these low degree terms in

the description of the gravity field to change
with time. In addition, when the CO2 is de-
posited on the surface, the rest of the planet
(mantle, core, etc. that is not changing in
mass) moves slightly in position in order to
maintain the center of mass of the whole
planet in the same position in inertial space.
This motion, and its gravitational effect, is a
C1,0 term in the gravity potential of the solid
part of the planet.  In addition, motion of
material in the atmosphere that is deposited at
the poles causes a change in the flattening of
Mars that is manifest as a change in the C2,0

gravitational coefficient.  Similarly, there are
changes in C3,0 and all the higher degree and
order terms, although the largest changes are
in the first few low degree coefficients.

Fig. 1 The variation in the degree 1 term of
the solid part of the planet (core, mantle, C1,0,
e, crust) that arises because the deposition of
carbon dioxide at the poles is balanced by a
small motion of the rest of the planet.
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TIME-VARIABLE GRAVITY: Smith and Zuber

We have estimated the changes in the first
3 gravity coefficients by analyzing the small
changes in the orbit of the MGS spacecraft
[3].  Figure 1 shows the variation in the de-
gree 1 coefficient of the gravity field of the
solid part of the planet.

Note that the magnitude of the variation
of the C1,0 term is of order 10-9, equivalent to
a few centimeter movement of the solid com-
ponent of the planet from its mean position.

Estimating the Seasonal Mass. If we
make the assumption that the seasonal polar
icecaps can, to first order, be represented as
point masses at each of the poles, then it can
be shown [4] that the mass of the north sea-
sonal polar cap, m(n), can be written

m(n) = (1/2)( C1,0 + C2,0) x M,

and the mass of the south seasonal polar cap,
m(s), as

m(s) = (1/2)(- C1,0  + C2,0) x M,

where C1,0 and C2,0 are the un-normalized
first and second degree zonal coefficients in
the expansion of the gravity field, and M
(=6.42 x 1023 kg) is the mass of Mars.

The results for each pole for approxi-
mately two Earth years (one Mars year) are
shown in Figure 2 where the mass in kg is
plotted vs. Ls. Both datasets have been fit
with annual (Ls), semi-annual (2Ls), and tri-
annual (3Ls) periods.  The annual period
dominates for each pole as a result of the C1,0

variation (Fig. 1) being much larger than the
variation in the planetary flattening, C2,0.
Evident in Figure 2 is the suggestion of slow
sublimation (Ls ~270o -140o) and rapid depo-
sition (Ls ~180o -260o) in the northern hemi-
sphere. In the south the accumulation and
sublimation appear to be of equal length

when measured against Ls.  The pattern of
mass exchange shows differences in compari-
son to the temporal pattern of latitudinal
brightening due to the seasonal changes in
frost deposition [5], suggesting that at least
some aspects of reflectivity change are not
associated with significant mass exchange.

Fig. 2. Estimated seasonal mass at each of
the Martian poles based on a point mass
model for the seasonal icecaps. Note that (1)
sublimation begins in the southern hemi-
sphere as soon as the sun reaches its maxi-
mum northerly latitude (Ls=270o), and (2) the
rapid rise and slow fall of deposition in the
north.

References.  [1] Smith D. E. et al. (1999)
JGR, 104, 1885-1899. [2] Lemoine F. G. et
al. (2001) JGR, 106, 23,359-23,376. [3]
Smith D. E. and Zuber M. T. (2003), submit-
ted to JGR. [4] Zuber M. T. and Smith D.E.
(2003) in prep. [5] Zuber M.T. and Smith
D.E. (2003) this volume.
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THE PHOENIX SCOUT MISSION. P. H. Smith, Lunar & Planetary Lab, University of Arizona, 1629 E. University Ave,
Tucson, AZ 85721, psmith@lpl.arizona.edu.

Introduction: In December 2002, four Scout missions to
Mars, proposed in response to a NASA Announcement of
Opportunity (AO), were selected to proceed to Phase A.
Phoenix was one of the missions selected.  All missions were
required to launch in 2007 and meet a cost cap of $325M
(FY03$) that encompasses all mission costs including the
launch vehicle and a healthy reserve. A Concept Study report
was submitted May 15 after a 5-month Phase A study; it
completely describes the technical approach and manage-
ment plan. The cost plan with reserves ensures that the mis-
sion can meet all its science goals within the cost cap.

This abstract is being submitted prior to the selection an-
nouncement in August 2003.  The strategy and goals for
exploring subsurface ice layers in the northern plains will
still be valid in spite of any negative decision that delays the
mission.

Strategy:  From the beginning our strategy has been to
capture the low cost, low risk, and good science corner of the
proposal range.  Clearly, low cost comes from building on
structures created for previous missions.  The AO allowed
the use of the 2001 lander that was canceled after the loss of
two spacecraft in 1999.  The spacecraft was four months into
final assembly and test (ATLO) and many instruments were
already delivered; the spacecraft and instruments have been
mothballed ever since waiting for an opportunity for flight.
The name Phoenix symbolizes the rebirth of a new project
from the ashes of the canceled mission.

In addition, the Mars Polar Lander with its MVACS in-
strument package failed to land safely after completion of
integrated testing, a Ground Data System (GDS) develop-
ment, and the mission sequences.  The knowledge to rebuild
the MVACS instruments still exists.  The challenge that
faced the Phoenix team was choosing among the wealth of
existing hardware and knowledge to produce a scientific
mission capable of meeting NASA goals for exploring Mars
(MEPAG), a mission exciting both to the public and our
team.  We have succeeded in this goal by virtue of the excit-
ing discovery of abundant ice in the circum-polar regions.

Phoenix science goals. Phoenix truly ‘follows the water’
by landing on an ice-rich region and digging up to a meter
into the icy soil.  The Odyssey Gamma Ray Spectrometer
(GRS) team announced in Spring 2002 the discovery of large
amounts of water ice poleward of -60 degrees latitude within
a few 10s of centimeters of the surface [1,2].  Recently, the
ice abundance in the northern plains during summer has been
measured and mapped [3]; it appears to contain an even
higher abundance of near surface ice than the southern pole.
Mellon and Jakosky [4] and other scientists had predicted for
some time that ice would be stable near the surface in bal-
ance with water vapor diffusion through an overburden of
regolith.  The actual measurement of ice with 3 independent
instruments allowed the GRS team to estimate the depth and
abundance of ice with a simple two-layer model.  The
amount of ice is on the border of being too large for vapor
diffusion appearing more like a dirty-ice layer than icy dirt.

Of all the accessible sources of water on Mars this near
surface icy layer represents the greatest potential for finding
evidence of near surface liquid water.  Recent work has veri-
fied our hopes [5] that periodically, through variations in
obliquity and precession of the polar axis, the temperature of

the ice-soil boundary exceeds –20 C and melting can occur.
The influence of liquid water on the soil chemistry and min-
eralogy should be measurable by Phoenix instruments.
Granted the melting may only produce a monolayer of water
on crystalline surfaces, but this is enough to allow mobility
and maintenance in biologic communities on Earth.  Higher
temperatures will allow reproduction and growth.

Goal #1: Study the history of water in all its phases in
the northern polar region.  Phoenix will land in the northern
near-polar region and dig through the dry regolith searching
for an ice-soil boundary.  Instruments on the deck will re-
ceive samples and analyze the chemistry, the volatile inven-
tory, isotopic ratios, and grain morphologies.  Altered miner-
als created through the weathering of the soil grains in a pe-
riodically moist environment will be measured as a function
of depth beneath the surface.  Samples taken at several
depths will also be mixed with water to test the aqueous
chemistry of the wet soil.   Knowledge of the wet chemistry
allows creating similar environments in Earth laboratories
and at analog field sites to help understand the properties of
the Martian soil.

Even if the ice layer cannot be reached at our landing
site, Phoenix will become the first scientific station in the
important polar regions to return useful data.  Not only will
the soil be trenched and surface features examined for evi-
dence of a freeze-thaw cycle, but the weather throughout the
polar summer and fall will be monitored.  Temperature, pres-
sure, and winds will be measured on an hourly basis.  In ad-
dition, humidity will be tracked using a mass spectrometer.
A lidar will make measurements of the boundary layer for
the first time to be compared with mesoscale models that are
now becoming an important tool in predicting near-surface
weather.

The geomorphology studied over the last 6 years from
orbit will be augmented with Phoenix images and will allow
visualization of the site in an unprecedented manner.  During
descent a wide-field camera will produce a set of nested im-
ages surrounding the landing site.  After landing, these will
be compared to panoramic images so that the exact distances
(and therefore the size) to features of interest can be com-
puted.  The panoramic camera is also stereoscopic and multi-
spectral throughout the sensitive range of the CCD detector;
its resolution is equivalent to the PanCam on MER, about
0.25 mrad/pixel.  A camera on the robotic arm that digs the
trench continues to reduce the scale at which we examine the
scene; closeup images of the trench walls will provide insight
into the layered structure and grain size of the soil.  Samples
will be provided to an optical microscope housed on the
deck; images of the tiny grains in 4 colors will be taken
through focus with a resolution of 4 microns per pixel.  Fi-
nally, an Atomic Force Microscope has been developed to
enlarge our view of selected objects on the microscope stage
to resolve structures at the 10 nm scale.

Goal #2: Assess the biologic potential of the subsurface
environment. Although there are no “life-detection” instru-
ments on board, we suspect that a long term active biological
community will leave observable signatures in the soil hori-
zons and chemical tracers in the ice.  The TEGA instrument
can detect small abundances of organic molecules in the
gases that are driven off of samples as they are heated above
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300° C.  The association of organic compounds with subsur-
face layers will indicate the likely origins of these com-
pounds.  In addition, the wet chemistry of the soils will test
whether any hazards exist that preclude a habitable zone at
these latitudes.

To summarize, our goals are to understand the near sur-
face chemistry, hydrology, climatology, and geology of a
polar landing site.  We will examine the ice-soil boundary for
periodic melting and biologic potential, our goal is to detect
an accumulation of organic molecules.  The hazards to life
that exist in the ice layer, particularly salts and oxidants, will
be quantified.  Finally, we will characterize the polar weather
throughout northern summer and fall with particular attention
to the distribution of water in all its phases.

Implementation.  Phoenix will modify the 2001 lander
according to the recommendation of the Young commission
[6] and the Casani JPL review board [7]; this lander has
probably endured more reviews than any other.  The lander
has been stored for 2 years at the Lockheed Martin Astronau-
tics facility in Denver; they will be responsible for refur-
bishment and improvements along the lines of the review
boards.  Guided entry, a hazard avoidance system, and full
communications during entry and descent will reduce the
risks to an acceptable level.  Communications will include
UHF relay to orbiting assets (MGS, Odyssey, and MRO) and
a high gain antenna for a direct-to-Earth link.

Many of our instruments are already delivered.  The de-
scent imager (MARDI) is already bolted on the lander, the
robotic arm with its camera is in bonded stores at JPL, and so
is the MECA instrument with its wet chemistry cells and
microscopes.  Other instruments are build to print from the
Mars Polar Lander (MPL): the panoramic camera (SSI), and
TEGA.  New instruments include the MET station with a
lidar, and a mass spectrometer.

The Phoenix project is led by Peter Smith as PI with a
25-member science team. Leslie Tamppari has been chosen
as the Project Scientist at JPL. Several of the science team
members are also responsible for instrument performance:
William Boynton for TEGA at the University of Arizona
(UA), Michael Hecht for MECA at JPL, Michael Malin for
MARDI at MSSS, Horst Keller for RAC from the Max
Planck Institute for Aeronomy in Germany, Alan Carswell
for the MET package in Canada, Mark Lemmon for the cam-
era systems at the UA, and Ray Arvidson for the robotic arm
at JPL.

An important aspect of any mission is the Education and
Public Outreach portion.  Two percent of our budget is de-
voted to this part and all activities will be led by a manager at
the UA who reports directly to the PI.  Each member of the
science team will contribute to the EPO activities.  Other
important elements contribute to the training of teachers,
curriculum support, provide exhibits to museums and science
centers, and create exciting visual products that illustrate the
mission.

Mission scenario:  After a launch in August 2007,
Phoenix will land in late May 2008 at Ls=78 (late spring).
The engineering data acquired during descent and the descent
images plus the first panoramic images will be returned im-
mediately.  A successful landing will give the Mars program
a much needed landing vehicle for future missions.  The first
week will be reserved for examination of the landing site

with the remote sensing cameras and calibration of the in-
struments.

The digging phase (first 90 sols).  After surface samples
are collected and verified, trench digging begins.  The sam-
pling strategy requires surface samples, samples from within
the dry regolith and samples from the ice-soil boundary.  If
the robotic arm is capable of digging into the icy soil, another
sample will be collected from within the ice.  To be sure of
getting an ice sample, ripper tines and scrappers are added to
the back of the scoop.  The digging and sampling activities
have been grouped into 8-sol cycles that include 4 days of
digging and monitoring the trench and 4 days of examining
samples with TEGA and MECA.  Seven of these cycles are
baselined with adequate reserve added in case digging is
more difficult than planned.

Polar climate phase.  As the season turns to fall and win-
ter, Phoenix will continue to operate until the Sun is too low
on the horizon to charge the batteries.  This is period when
power must be conserved.  Limited imaging will look for the
first carbon dioxide frost deposits as the seasonal cap ap-
proaches.  The MET instruments will record the decrease in
temperature and pressure as fall turns to winter and humidity
sensors will record the transport of water vapor.  We do not
expect that the lander will survive the winter and have no
plans for its recovery in the spring.

References:  [1] Boynton, W. V. et al. (2002) Science,
297, 81.  [2]  Feldman, W. C. et al. (2002) Science, 297, 75-
78.  [3]  Mitrofanov et al. (2003) Science, 300, 2081-2084.
[4]  Mellon, M. T. and Jakosky, B. M. (1993) JGR, 98, 3345-
3364.  [5]  Jakosky, B. M. et al. (2002) Astrobiology.  [6]
Young, T. et al. (2000) “Mars program independent assess-
ment team (PRIAT) summary report.”  [7]  Casani, J. et al.
(2000) “Report on the loss of the MPL and DS-2 missions.”
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