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MARTIAN GLOBAL-SCALE SEASONAL CO2 CHANGE: COMPARISON OF GEODETIC 
OBSERVATIONS AND NUMERICAL SIMULATIONS.  Ö. Karatekin, V. Dehant, O. de Viron, Royal Obser-
vatory of Belgium, 3 Avenue Circulaire, 1180 Brussels Belgium. (o.karatekin@oma.be). 

 
 
Introduction: The Martian atmosphere exhibits an 

annual cycle in the CO2 concentration; as much as 
30% of the atmosphere takes part in seasonal exchange 
of mass between the atmosphere and the seasonal polar 
caps. The signature of this global-scale annual cycle 
can be found in the variation of gravitational field. 
This information can be used to estimate the global-
scale seasonal mass and atmospheric pressure varia-
tions.  With recent Mars Global Surveyor mission, 
global scale C02 change in polar caps has been esti-
mated by several authors [1], [2], [3]. Although similar 
geodetic data are used, the results vary due to the dif-
ferences in the approximations made. In the present 
study, these approaches are discussed and the polar 
mass changes are estimated. The results are compared 
with the values given by two Martian Global Circula-
tion Models (GCM) as well as observations.    

Geodetic observations and Seasonal CO2 
Changes: At seasonal time scales, the distribution of 
mass at the planet’s surface varies because of atmos-
pheric circulation and condensation/sublimation of 
polar caps. Time variation of zonal coefficients of 
gravity field can be estimated from Mars Global Sur-
veyor (MGS) mission [3], [4]. In the present study, 
seasonal variations of the gravity field (expressed in 
dimensionless zonal harmonics of degrees 2 and 3, 
namely, ∆J2(t) and ∆J3(t) calculated from the MGS, 
pathfinder and Viking Lander data according to [3]), 
are employed.  

Any variation in mass distribution gives rise to a 
change in the gravity field. From geodetic measure-
ments, the variation of gravity field coefficients can be 
estimated. Changes in zonal harmonics are directly 
linked to the variations in surface mass density distri-
bution (∆σ) [5] by:  

∫ ΩµΩσ∆−=∆ d)(P)t,(
M
R)t(J

2

ll                    

In the equation above, R ands M correspond to the 
mean radius and mass of the planet, P is the Legen-
dre’s polynomial of degree l , µ is the sine of latitude, 
and Ω is the solid angle representing the colatitude and 
the latitude.  

On the other hand, the mass change on each polar 
cap can be obtained form ∆σ, by using the geometry of 
polar cap and its mass distribution.  

Results: Seasonal polar mass changes and surface 
pressure variations are estimated. The outputs of GCM 
of Laboratoire de Météorologie Dynamique (LMD) [6] 

and NASA Ames [7] are used as a comparison with 
the present results.  

Polar Cap Mass Change Estimation: In figures 1 
and 2, estimated seasonal CO2 mass changes are plot-
ted together with the outputs of GCMs. These prelimi-
nary results show fairly good agreement in general, 
despite the high uncertainties in geodetic measure-
ments and the assumptions made on the geometry of 
polar caps [1]. The most important discrepancy occurs 
on the North Pole, during the summer season 
(90°<Ls<180°). Moreover, the CO2 on the North Pole 
from GCMs starts to accumulate later with respect to 
the results derived from geodetic observations. 

Surface Pressure Estimations: From the estimated 
total mass change in polar caps, global scale atmos-
pheric pressure variation can be calculated. In figure 3, 
estimated mean surface pressure variation by the pre-
sent method is compared with the GCM results of 
LMD. In agreement with the previous results, the 
comparison is fairly good, except for the northern 
summer season.  

Conclusions: Seasonal mass change between the 
polar caps can be estimated by geodetic measurements. 
The preliminary results are in fairly good agreement. 
According to these results, the most important discrep-
ancy occurs on the northern summer season. These 
discrepancies will be discussed in the paper.   

References: [1] Karatekin O., Duron J., Rosenblatt 
P., Dehant, V. (2003), EGS Abstract#06709.  [2] 
Smith D. and Zuber M. (2003) EGS Abstract#07285. 
[3] Yoder C. F., Konopliv A. S., Yuan D. N., Standish 
E. M., Folkner W. M., (2003) Science, 300, 299-303. 
[4] Smith D., Zuber M., Neumann A., (2001) Science, 
294, 2141-2146. [5] Chao B. F. and Rubincam D. P. 
(1990) JGR, 95, B9,14755-14760. [6] Forget F. Hour-
din F., Fournier R., Hourdin C., Talagrand O., Collins 
M., Lewis S., Read P., Huot J.-P. (1999) JGR, 104, 
E10, 24155-24176. [7] Smith D., Zuber M., Haberle R. 
M., Rowlands D., Murphy J. (1999). JGR, 104, E1, pp. 
1885-1896. 
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Figure 1. Seasonal mass change in south polar cap. 
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Figure 2. Seasonal mass change in north polar cap (Leg-

end is given in Figure 1). 
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Figure 3. Mean surface pressure variation (Legend is 
given in Figure 1). 
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ANALYSIS OF ATMOSPHERIC MESOSCALE MODELS FOR ENTRY, DESCENT AND LANDING. D. M. Kass, J. T.
Schofield, Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA, T. I. Michaels, S. C. R.
Rafkin, Southwest Research Institute, Boulder, Colorado, USA, M. I. Richardson, California Institute of Technology, Pasadena,
California, USA, A. D. Toigo, Cornell University, Ithaca, New York, USA.

Each Mars Exploration Rover (MER) is sensitive to the
martian winds encountered near the surface during the Entry,
Descent and Landing (EDL) process. These winds are strongly
influenced by local (mesoscale) conditions. In the absence of
suitable wind observations, wind fields predicted by martian
mesoscale atmospheric models have been analyzed to guide
landing site selection. Two different models were used, the
MRAMS model [1] and the Mars MM5 model [2]. In order to
encompass both models and render their results useful to the
EDL engineering team, a series of statistical techniques were
applied to the model results. These analyses cover the high
priority landing sites during the expected landing times (1200
to 1500 local time). The number of sites studied is limited by
the computational and analysis cost of the mesoscale models.

Four primary statistical measures were computed. They
concentrate on the mean wind speed and on the vertical struc-
ture of the horizontal winds. Both aspects are potentially
hazardous to the MER landing system. In addition, a number
of individual wind profiles from the mesoscale model were
processed into a form that can be used directly by the EDL
Monte-Carlo simulations.

Figure 1. Model Mean Wind Speed Histogram. This
figure shows a histogram of the effective wind speed (m/s)
distribution for some of the landing sites. These are shown
in 0.5 m/s bins as a fraction of the total number of profiles
analyzed. The solid line is for the Meridiani Planum, the dotted
line for the Gusev Crater site, the dashed line for the Isidis
Basin site and the dash-dotted line for the Elysium Planitia
site.

The effective mean wind speed is a measure of the hori-
zontal speed the winds impart on the lander during its descent.
It is computed for each wind velocity component (or direction)
independently and then the two are combined to get the wind

speed. The effective mean wind is a weighted mean between
∼ 300m and∼ 5 km. An exponential weighting function that
peaks at the bottom of the integral and decays with a∼ 2.5 km
scale height is used. The integration range and scale height
are chosen to match the MER landing system. Figure 1 shows
the binned statistics for the four prime canidate landing sites.

The vertical structure was studied in three ways. The
first statistic was used to measure the long wavelength shear.
A spacial Fourier transform of each profile from the surface
to 5 km was performed. The mean ratio to an engineering
standard was calculated for wavelengths between 5 km and
350 m. The second statistic studied was the mean TKE (Tur-
bulent Kinetic Energy) over the tubulent boundary layer. This
scaled and used as a proxy for the higher frequency shear
not reprensented directly in the model profiles. The third and
simplest statistic was to calculate the average thickness of the
turbulent boundary layer at each landing site.

In order for the engineers to use the wind information in
their EDL Monte-Carlo simulation, it was necessary to prepare
actual wind profiles. This was done by randomly selecting
mesoscale wind profiles from within the landing ellipse and
extending them vertically to 50 km by using a profile from the
Ames MGCM [3]. A high frequency turbulence component,
whose magnitude and vertical structure were controlled by the
TKE field of the specific profile, was also added via a Monte-
Carlo type process. This was done to insure the effects of
these higher frequencies would be captured in the engineering
simulations.

The statistical and engineering analyses indicates that the
Meridiani Planum and Elysium Planitia landing sites are prob-
ably safe. While the wind regimes are different at the two sites,
they are equally safe within the uncertainty of the modeling.
The winds at the Gusev Crater and Isidis Basin sites are more
dangerous to the landing system. But they appear to be within
the capabilities of the MER landing system. Finally, while
there are some differences in the two models, the winds at
the Melas Chasma landing site (and presumably other Valles
Marineris landing sites) appear likely to be quite dangerous.

While the statistical parameters selected for these stud-
ies were primarily of engineering and landing safety interest,
the techniques are potentially useful for more general scien-
tific analyses. One interesting result of the current analysis
is that the depth of the convective boundary layer (and thus
the resulting energy density) appears to be primarily driven
by the existence of a well organized mesoscale (or regional)
circulation—primarily driven by large scale topographic fea-
tures at Mars.

References: [1] Rafkin S. and T. Michaels, (in press) JGR.
[2] Toigo A. and M. Richardson, (in press) JGR. [3] Joshi M.
et al. (2000), JGR 105, 17,601-17,615.
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WINTER POLAR CONDITIONS IN THE MARS UPPER ATMOSPHERE AT 
BOTH THE NORTH AND SOUTH POLES 
G. M. Keating, M. Theriot and R. Tolson, George Washington Univ. Campus at NASA Langley, Hampton, VA, USA 
(g.m.keating@larc.nasa.gov), S. Bougher, Univ. of Michigan, Ann Arbor, MI, USA, F. Forget and M. Angelats i 
Coll, Univ. of Paris, Lab. de Meteorologie Dynamique, Paris, Fr., and J. Forbes, Univ. of Colorado, Boulder, CO, 
USA. 
 
 
     The Mars Global Surveyor (MGS) z-axis 
accelerometer has obtained over 1600 vertical 
structures of thermospheric density, temperature, and 
pressure, ranging from 110 to 170 km, between Sept. 
1997 and March 1999, compared to only three 
previous such vertical structures from Viking 1, 2, 
and Pathfinder (Tolson, et al., 1999).  In November 
1997, a regional dust storm in the Southern 
Hemisphere triggered an unexpectedly large 
thermospheric response at mid-northern latitudes, 
increasing the altitude of thermospheric pressure 
surfaces there by as much as 8 km and indicating a 
strong global thermospheric response to a regional 
dust storm (Keating, et al., 1998).  
     From analysis of the MGS accelerometer data, 
enormous planetary scale waves have been detected 
in the Martian thermosphere between 60°N and 60°S.  
Fourier analysis of the wave structure reveals high 
amplitude waves 2 and 3 which appear to remain at 
nearly constant longitude between ± 60° latitude 
when viewed near 3 PM (Keating, et al., 2001, 
Bougher, et al., 2001).  However, measurements near 
3 AM show evidence of essentially a phase reversal 
in wave 2 (Keating, et al., 2001).  Taking into 
account the near sun-synchronous orbit it appears that 
these waves are principally non-migrating tides 
propagating to the east.  Studies by Wilson et al. 
(Wilson, 2002) and Forbes et al. (Forbes, et al., 2002) 
indicate the wave 2 component is principally an 
eastward propagating diurnal wave 1 which rotates 
around Mars in the opposite sense of the sun once per 
day (the wave 1 Kelvin wave, which principally 
results from the interaction of tides and topography).  
Analysis of Thermal Emission Spectrometer (TES) 
MGS data near 30 km (Wilson, 2002) indicates a 
similar phase to this wave at 30 km (Wilson, 2002) 
and thus the wave appears to propagate up from 
below into the thermosphere.  The observed wave 3 
may be a combination of an eastward propagating, 
semi-diurnal wave 1 and the eastward propagating, 
diurnal wave 2 (basically the wave 2 Kelvin wave).  
Both the observed wave 2 and wave 3 maximize near 
the equator.  These results give further evidence of 
coupling between the lower and upper atmosphere.   
     The Mars Odyssey 2001 (M01) Spacecraft was 
placed into orbit about Mars in September 2001.  
Aerobraking was performed from then until January 

2002 to circularize the M01 orbit.  The spacecraft 
carried triaxial accelerometers, which were used to 
safely perform aerobraking and to continue 
exploration of the detailed properties of the upper 
atmosphere, which had begun with the Mars Global 
Surveyor accelerometer measurements.  The 
accelerometers were used to measure atmospheric 
density, and from the vertical structures measured on 
both inbound and outbound trajectories the scale 
height, temperature and pressure were determined.  
Altogether 600 vertical structures were obtained 
ranging from 95 km to above 170 km.  Measurements 
were obtained for the first time near the North Pole 
and also the first measurements were obtained on the 
night-side in the Northern Hemisphere.  
Temperatures near 110 km were discovered to 
increase with latitude maximizing near the North 
winter pole, apparently due to dynamical heating 
(Keating, et al., 2002).  This result is contrary to the 
MarsGram and MTGCM models used for Odyssey 
aerobraking, where model temperatures are predicted 
to minimize near the winter pole.  For example, 
maximum temperatures near the North winter pole at 
100 km were observed to be near 200 K while 
MTGCM temperatures were predicted to be near 100 
K.  However, a winter polar warming is predicted by 
the European Mars GCM (Forget, et al., 1999) at 
both the North and South Poles in local winter at high 
altitudes.  The altitudinal variations and high latitude 
diurnal variations of temperature near the North Pole 
also appear to be in fair accord with the Forget et al. 
model.  Apparently the upper atmosphere North polar 
winter warmings may result from adiabatic heating 
from the subsiding branch of the cross-equatorial 
meridional circulation from the Southern Hemisphere 
summer.  The only measurements of the Southern 
Hemisphere winter polar upper atmospheric 
temperatures were obtained from accelerometers 
aboard the Mars Global Surveyor.  These 
measurements do not show winter polar warmings, 
but minimum temperatures near the winter South 
Pole more in accord with radiative equilibrium, and 
more in accord with the MTGCM model.  Apparently 
the summer-to-winter cell supplying dynamical 
heating to the North winter pole near perihelion is 
much stronger than the summer-to-winter cell 
supplying dynamical heating to the South winter pole 
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near aphelion.  The stronger dynamical heating 
during the North polar winter may result from being 
near perihelion where the closer sun and stronger 
dust activity may strengthen the meridional cell. 
     Previously, intense warming of the winter polar 
atmosphere was observed in the lower atmosphere 
(~25km) by the Infrared Thermal Mapper Instrument 
(IRTM) aboard the Viking orbiters during the onset 
of the 1977b global dust storm at northern 
hemisphere winter solstice (Jakosky and Martin, 
1987; Wilson, 1997). The 2001 global dust storm had 
nearly subsided before the Odyssey aerobraking 
period and occurred closer to equinox than solstice 
and yet North winter polar warming occurred in the 
upper atmosphere (~100km).  Therefore, the 
warmings may be more related to the season near 
perihelion. 
     Figure 1 shows the complementary nature of the 
Mars Global Surveyor and Mars Odyssey 2001 
accelerometer measurements and the measured global 
latitudinal/seasonal and diurnal variations in the 
Martian upper atmosphere at 130 km.  The data 
points in green represent a 35 point running mean of 
the MGS Phase 1 data (fall/winter, Northern 
Hemisphere).  The data points in blue represent MGS 
Phase 2 data (spring/summer Northern Hemisphere 
and fall/winter Southern Hemisphere).  The data 
points in red represent the Odyssey 2001 data 
(fall/winter near North winter pole).  Minimum 
densities at highest latitudes occur in winter near 
aphelion. 
     Table 1 shows various systematic variations which 
we have now detected from the accelerometer 
experiments aboard Mars Global Surveyor and Mars 
Odyssey. 
     Table 2 shows the number of in situ measurements 
which have been made of vertical structures of the 
Mars upper atmosphere. 
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Systematic Thermospheric Variations Detected From 
MGS and Mars Odyssey Accelerometer Experiments

•Latitudinal/Seasonal
•Planetary Scale Waves (Including Wave 1 Kelvin Wave)
•Dust Storm Response
•Northern vs. Southern Hemisphere
•Aphelion vs. Perihelion
•North Winter Polar Warming
•Diurnal
•Global and Vertical Temperature and Density Structure

 
    Table 1 

EXPLORING THE MARS UPPER ATMOSPHERE

Spacecraft Vertical Structures
Viking 1 1
Viking 2 1
Pathfinder 1
Mars Global Surveyor Accelerometer 1600
Mars Odyssey Accelerometer 600

 
Table 2 

Sixth International Conference on Mars (2003) 3282.pdf



PRELIMINARY THICKNESS MEASUREMENTS OF THE SEASONAL POLAR CARBON DIOXIDE 
FROST ON MARS.  N. J. Kelly1, W. V. Boynton1,2, K. Kerry1, D. Hamara1, D. Janes1, I. Mikheeva1, T. Prettyman3, 
W. C. Feldman3 and the GRS team. 1Lunar and Planetary Lab, Univ. of Arizona, Tucson AZ 85721, 2Department of 
Planetary Science, Univ. of Arizona, Tucson AZ 85721, 3Los Alamos National Laboratory, Los Alamos N.M.  

 
 
 
Introduction: 
The exchange of carbon dioxide between the at-

mosphere and the polar caps on Mars creates a sea-
sonal cycle of growth and retreat of the polar caps.  
CO2, the major component of the Martian atmosphere, 
condenses in the polar regions of the planet during the 
winter seasons, precipitating as CO2 frost.  It then sub-
limates during the spring and summer seasons in re-
sponse to solar radiation.  Nearly 30% of the atmos-
phere takes part in this seasonal process [1].  While the 
northern seasonal CO2 frost appears to dissipate com-
pletely, the south pole has a thin, permanent cover of 
dry ice over the residual cap.  The underlying residual 
caps are believed to contain large quantities of water 
ice.  We have attempted here to quantize the time-
dependence, spatial extent, and thickness of the polar 
carbon dioxide frost through the use of gamma-ray data 
measured by the Gamma-Ray Spectrometer (GRS) 
instrument suite on Mars Odyssey.  After launch on 
April 7, 2001, Mars Odyssey reached Mars for orbital 
insertion and began mapping several months later on 
February 18, 2002.  The study discussed here includes 
data received from solar areocentric longitude (Ls) 
329˚ through 135˚ (February, 2003).  Measurements 
and analyses have been done for the north and south 
poles, for latitudes poleward of ±65˚, using the hydro-
gen neutron-capture gamma-ray line at 2.223 MeV. 

The concentration of an element within the top few 
tens of centimeters of the surface is proportional to the 
flux of the gamma-rays emitted at the element’s charac-
teristic energy [2].  Variations in the thickness of the 
carbon dioxide frost over time can be approximated by 
observing the attenuation of this signal caused by in-
creases and decreases in CO2 coverage throughout the 
Martian seasons. 

To first order, we can estimate the seasonal frost 
thicknesses by assuming that the intensity of hydrogen 
gamma-rays at the surface of the regolith does not vary 
with thickness of CO2 frost above it.  This allows us to 
employ the Beer-Lambert Law, which states that the 
radiation absorbed per unit length in a medium depends 
at any wavelength only on the incident radiation inten-
sity: 

dI(λ)/dx = -µ I(λ)   or 
It = Ioe-µt 

 
t: thickness of attenuator (CO2 polar cap frost)  

µ: attenuation/absorption coefficient, dependent on 
wavelength (from photon cross-section database) 
Io, It: initial (incident) and final (transmitted) intensities 
 
The attenuation coefficient (µ) for the 2.223 MeV hy-
drogen line through carbon dioxide is 0.0420 cm2/g.  
Using this value and the gamma-ray flux observed for a 
frost-free versus CO2-covered surface, we obtain an 
approximation of the seasonal polar frost thickness in 
g/cm2.  (Note that depths are given in terms of the mass 
abundance of the column of CO2 above the surface to 
avoid assumptions regarding the density of the col-
umn.)  Additionally, we employ a model of the change 
in atmospheric thickness with time based on the Ames 
Research Center Global Circulation Model (ARC 
GCM), and we correct the hydrogen gamma-ray flux 
for the modeled change in the atmosphere. 

The results can be compared to information about 
the polar environment previously inferred from the 
ARC GCM and to data accumulated one Martian year 
earlier by the Mars Orbiter Laser Altimeter (MOLA) 
aboard the Mars Global Surveyor (MGS) [3]. 

Data Processing and Analysis:  
The process by which we go from counts in the 

GRS instrument [4] to elemental concentrations on the 
surface of Mars and then from concentration variations 
to seasonal carbon dioxide frost thicknesses is some-
what complicated.  The flux of gamma-rays (as well as 
neutrons) depends on the subsurface composition of 
the regolith, and the signal is detected from a median 
depth of approximately 20 g/cm2.  Every 19.2 seconds, 
the GRS returns a gamma spectrum (along with several 
neutron spectra) collected along 59 kilometers of or-
bital arc, or one degree of motion, over the surface of 
Mars.  Statistics are improved by binning the data over 
regions of interest.   

Since converting from gamma-ray counts directly 
to surface concentrations is not possible, we perform a 
series of forward calculations that predict expected 
gamma-ray counts based on a priori assumed planetary 
abundances and compare these model results to ob-
served results to derive a measure of elemental concen-
trations.  We use a Monte Carlo Neutral Particle code 
(MCNPX) to predict the gamma-rays leaving the sur-
face of Mars [5], [6].  These predictive models initially 
assume that Mars has the composition of the soil meas-
ured by the Mars Pathfinder Alpha Proton X-Ray Spec-

Sixth International Conference on Mars (2003) 3244.pdf



trometer (APXS) [7].  We further assume that the sig-
nal comes from a large footprint defined as the circular 
region on Mars from which 99.9% of the signal would 
come when approximating the planet as a sphere with 
uniform atmosphere and no topography.  Within each 
footprint, a grid of 0.5 degree cells is defined over the 
surface to allow the specification of various composi-
tions, altitudes, and atmospheric thicknesses.  On the 
order of 10,000 cells are processed for each spectrum 
yielding expected gamma-ray counts.  We then com-
pare measured counts to predicted counts and deter-
mine relative concentrations for various elements as 
functions of latitude and longitude on the planet.   

From the concentration profiles, attenuation effects 
due to the seasonal CO2 frost can be investigated.  Al-
though we can obtain approximations from the basic 
Beer-Lambert Law calculations mentioned above, the 
effect of the CO2 can increase the flux of thermal neu-
trons [3], and we cannot necessarily assume that the 
flux of gamma-rays under the frost does not vary with 
the frost thickness.  Incorporating various models for 
the flux of hydrogen gamma-rays through a range of 
different thicknesses of CO2 frost covering the regolith, 
we can plot the ratio of flux through a range of thick-
nesses of CO2-frost to that when no CO2 frost is pre-
sent (i.e. intensity ratio) to obtain the equations below.  

 
Northern model:  
Intensity ratio = e-0.042633*thickness  or  
Thickness (g/cm2) = -54.0094*log(intensity ratio) 
 
Southern model:  
Intensity ratio = e-0.048288*thickness  or  
Thickness (g/cm2) = -57.6844*log(intensity ratio) 
 

These models take into account both the efficiency of 
the detector as a function of angle and the effect of 
peaking of the emission in the upward direction with 
thicker CO2 frost, leading to the given relationships 
between carbon dioxide thickness and the attenuation 
ratio.  These relationships hold for all thicknesses up to 
80 g/cm2 after which the gamma-ray flux is essentially 
completely attenuated. 
Spatial and Temporal Dependence of the Seasonal 
Polar CO2 Frost Caps:  

Thickness versus latitude.  Preliminary plots incor-
porating hydrogen gamma-ray (2.223 MeV) flux data 
binned over 5˚ by 360˚ latitude bands at both north and 
south poles are plotted in Figures 1a and 1b using the 
aforementioned procedure.  Column density in g/cm2 is 
plotted for latitudes poleward of approximately ±60˚.  
Lower limit values, given by the triangular data points, 
are employed when error bars become excessively 
large due to near total attenuation of the transmitted 

gamma-ray signal and signify the lowest value within 
the two-sigma range of calculated CO2 seasonal frost 
thickness. 

For the north pole, a weighted average of the hy-
drogen gamma-ray flux seen during the northern sum-
mer (Ls = 90° - 135°) is taken as the basis for mini-
mal/no frost coverage.  The corresponding maximum 
2.223 MeV line strength creates the basis for all at-
tenuation ratio calculations.  Similarly, a weighted av-
erage of data in the time interval: Ls = 345° - 15° dur-
ing the southern summer creates the frost-free basis for 
all southern CO2 frost thickness measurements. 

As sublimation of carbon dioxide to the atmosphere 
occurs on one pole, the growth of the CO2 cap occurs 
on the opposite pole.  During the time period of this 
study, the retreat of the northern seasonal polar frost is 
observed, as the southern CO2 cap continually grows.  
Retreat/growth takes place at a fairly constant rate as 
the seasons progress.  As expected, greater frost depth 
is observed at increasingly poleward latitudes for both 
hemispheres.   

For low values of column density, the most sensi-
tive measurements are obtained from gamma-ray stud-
ies.  As the thickness increases and the signal ap-
proaches full attenuation, epithermal neutrons provide 
the most effective frost measurements (see [3] for de-
tailed CO2 frost depth analysis using neutron data).  In 
any event, the maximum frost depth inferred from GRS 
data before encountering this limit is approximately 75 
g/cm2 in the north, and 65 g/cm2 in the south (lower 
bounds).   

Thickness versus Ls.  The growth and retreat of the 
seasonal carbon dioxide frost can also be plotted at 
specific latitudes as a function of Ls.  Figures 2a and 2b 
show CO2 thickness plotted for latitudes from ±62.5° 
poleward.  Once again, triangular data points represent 
the lower limit within error bars of seasonal frost 
thickness, corresponding to near total attenuation of the 
H gamma-ray signal.  Note that we reach this limit at 
lower column density values in the northern hemi-
sphere than in the southern due to greater atmospheric 
thickness and attenuation over the northern lowlands. 

As shown in the previous plots, frost depth at any 
given date increases as we move poleward.  In addi-
tion, the CO2 cap coverage continually decreases (in-
creases) over time for any specific latitude band begin-
ning at approximately Ls = 0° in the north (south) pole.   

Future work:   
The data shown here represent our understanding 

and evaluation of the seasonal polar CO2 frost cycle at 
the time of abstract submittal.  By the July conference 
date, we expect to have accumulated and analyzed 
three more months of GRS data.   
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It is currently near the end of the northern summer, 
so during this time we anticipate observing the growth 
of seasonal CO2 frost on the north pole of Mars, as well 
as the corresponding sublimation of CO2 from the 
southern cap.   
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CO2 frost thickness in the north polar region
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CO2 frost thickness in the south polar region
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Figures 1a and 1b.  CO2 seasonal frost thicknesses for various time intervals (Ls = 0º - 135º) as a function of northern (fig.1a) and 
southern (fig.1b) latitudes.  Values are derived from gamma-ray flux data (2.223 MeV) from 5˚ by 360˚ latitude bands.  Lower 
limits designated by triangular data points are employed when uncertainty is large due to near total attenuation of the transmitted 
gamma-ray signal and represent the lowest thickness values within the error range.   
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Northern CO2 thickness vs. Ls
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Southern CO2 thickness vs. Ls
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Figures 2a and 2b.  CO2 seasonal frost thicknesses at specific northern (fig.2a) and southern (fig.2b) latitudes for Ls = 0º - 135º 
calculated from 5˚ by 360˚ latitude bands of 2.223 MeV hydrogen gamma-ray flux data.  Lower limits designated by triangular 
data points are employed when uncertainty is large due to near total attenuation of the transmitted gamma-ray signal and repre-
sent the lowest thickness values within the error range. 
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Introduction: Important information hides deep 
below the surface of Mars for planetology and astrobi-
ology. Our knowledge would be greatly improved on 
the planetary evolution with physical and chemical 
informations from the subsurface especially on the 
proposed deep water layer, hydothermal systems, pos-
sible subsurface habitats, volatile reservoire, paleocli-
mate. Because the impossibility of deep drill on Mars 
in the next decades we suppose one unexpensive 
method for the analysis of subsurface environment. In 
this work the theoretical bases and the possible results 
are summerized of the “breathing process”. 

The model of the “breathing”: Our model is 
based on the isothermal volume changes of subsurface 
gases because of climatic variations in the atmospheric 
pressure. This can cause expansion and contraction of 
the subsurface gas and gas currents. We analysed the 
possibility and extent of this “breathing” process with 
the following factors: 

I. Pressure change: We have data on the annual 
surface pressure variations from the Vikling landers, 
and daily variation data from Vikings and MPF. These 
are local observations and differences can take place 
for various latitudie and height. The observed pressure 
changes according to the surface landers are: Viking-1 
6,7-8,8 mbar Viking-2: 7,5-9,7 mbar (annually), MPF 
observed values between 6,4-6,8 mbar (daily) [1]. The 
day to day pressure variability is low during summer 
and high during fall and winter, because of atmos-
pheric fronts [2,3]. During great dust storms the daily 
pressure variation is higher because of the temperature 
increase by the absorbing of dust. 

II. The subsurface porosity: We have only indirect 
informations on the subsurface porosity. Based on the 
martian meteorites we have porosity values: Nakhla 
5,7%, Chassigny 3,2%, shergottites 2,7-2,1%. [3]. 
Based on the waterice estimation from the GRS on 
Mars Odyssey at high latitude there is 60%±20% of 
water ice by volume [4]. The water ice content can hint 
to the porosity of the near surface matters if we sup-
pose that most of the ice is physically bounded in the 
regolith. Viking-1 density estimations for drift material 
without water ice content are suggest 54±6%, for 
blocky material 36±16% of pore volume [5]. The me-
teoritic bombardment during the Noachian have been 
gardened the upper crust. The porosity strongly de-
pends on the later unknown cementation processes 
 which can reduce the original porosity. For the 
“breathing” we can use only effective porosity (vol-

ume of interconnected pores) which could be smaller 
than absolute porosity, see exaples below form the 
Earth:  
 
Rock types Eff. porosity 
Sandstone 0.1-0.35 
Limestone 0.1-0.5 
Shale 0.5-0.8 
Clay 0-0.05 
Silt 0.03-0.19 
Medium sand 0.15-0.32 
Fine sand 0.01-0.35 
Course gravel 0.15-0.30 
Mafic rocks, fissured, weathered 0.01-0.4 
Crystalline rocks 0.0005 

 
 

 
Fig. 1.  

Depth from where gas arrives to the surface 
 

In generally inside unweathered mafic rocks the ef-
fective porosity is around 0.19-2.77% [6]. We used in 
our model different values for the volumes of the com-
municating pores. We marked with FCL (“freely com-
municating layer”) that regolith layer wihich is in free 
contact with the atmosphere (Fig. 1.). 
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III. Volume variations of the gases: We modeled 
the volume variations of the gases width ideal gas low 
and isothermal volume changes under constant tem-
perature taken to be equal to the surface average tem-
perature (temperature changes due to insolation could 
be low below the surface, because of the low heat 
transport capacity especially at the dust covered 
places). The geothermal gradient for Mars could be 
near to 0.015 K/m [7]. We excluded the annually and 
daily temperature variability in the subsurface zones. 

IV. Atmosphere-subsurface communication: We 
suspected that the atmosphere communicates freely 
with the subsurface gas phase (free intergranular con-
tinuous down- and upward tracks) and did not take 
into account any friction between the moving gas and 
the solid intergranular surfaces of the regolith. 

V. Supposed gas currents: Because of the volume 
changes we suppose periodic gas currents exist inside 
the regolith, downward currents during surface pres-
sure increase and upward currents during decrease. 

VI. Possible errors in the model: 1. The vertical 
distribution of the effective porosity has strong effect 
on the velocity of the gas current at certain observing 
point. In the case of homogeneous effective porosity 
distribution the gas current’s velocity is the smallest at 
any point. When the near surface effective porosity is 
low (deep below is greater) gas current’s speed near 
the surface will be substantially higher – although the 
total volume of the wandering gas is the same. 2. We 
have no information on the effective porosity which is 
very important factor. The greatest uncertanties we 
meet at the possible subsurface chemical cementation. 

Discussion: 1. The observed annual pressure 
variation on the surface is around 2.5 mbar. The sub-
surface gas increases its volume up to 1.25 times of the 
smallest volume during one martian year and contracts 
to the original volume. Because the condensing out 
volume of the atmospheric CO2 differs on the two 
hemispheres we have two periods of up- and two 
downward gas currents during one martian year. The 
most intensive currents happen during Mars ap-
proaches perihelium when the upper mentioned change 
realizes during about 100 days. In the case of 1.25 
times expansion or contraction, in homogeneous po-
rosity distribution we can find that during the lowest 
surface pressure the gas arrives to the surface origi-
nated from 80% of the depth of the FCL. The depth 
depends on the FCL’s thickness and not on the effec-
tive porosity. Values for different FCL’s thickness 
values are visible on Fig. 1. The values can be extrapo-
lated to greater and less homogeneous FCLs too. The 
gravity driven compaction probably decreases the po-
rosity about 25-30% of that measured in 200-400 m 
depth, but this is very uncertain. 2. Daily pressure 

variation: Based on the observations the daily varia-
tion is up to 0.5 mbar causing about max. 5% volume 
changes resulting weaker breathing which could not be 
neglected. 3. Long term pressure variation: It is sup-
posed that Mars had underwent strong climate changes 
when gas previously stored in the subsurface out-
gassed into the atmosphere. During this periods the 
existence of the fluctation depends on the asimmetry 
of polar caps in the past which is little known. The 
volume of the gas which takes part in the periodic cur-
rent is visible on Fig. 2. 

 

 
Fig. 2. Volume of gas takes part in the currents 

 
Supposed observing method: We suppose the fol-

lowing in-situ methods for the analysis. All of the 
analysis would be carried out at least at two places at 
the same time: above the surface (at 1-2 cm height) 
and with a drilled probe 60-100 cm below the surface. 
The probe have be able to measure the pressure, tem-
perature, gas composition, oxygen and carbon isotope 
ratios. It is possible that with a special vertical channel 
in the probe to measure vertical gas current speed. The 
measurement should be realized at least two martian 
years for control measurements too. We suggest the 
following places for the analysis where loose and 
weakly confined matter can be present: 1. Ancient 
talus slopes, lacustrine deltas and other water related 
sedimnets, because of their high primary porosity (if 
great cementation have not happened) and the possibil-
ity to find gas producing sediments. 2. Locations with 
low height to get as near as it is possible to any deep 
subsurface water layer. We think the best place is the 
bottom of Hellas where water related sediments could 
be accumulated under relative great geothermal gradi-
ent and have direct contact with the atmosphere. 

Possible results: Theoretically we can account on 
the following phenomena and their observations: 

1. Transport of the oxidants: It is supposed that the 
agressive oxidants in the martian soil are produced 
mainly by solar UV radiation. The downward gas cur-
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rent takes any kind of gas phase oxidants far below the 
surface, producing a thickened weathered layer. 

2. Volatile transport, evaporation and condensa-
tion: during the upward gas current because of the 
geothermal heat the gas arrives into somewhat colder 
invironment. Near to the surface the surface tempera-
ture have effect on the condensation too. During the 
downward track because of the somewhat growing 
temperature of the gas became more and more dry and 
can cause sublimation again. These can cause periodic 
sublimation-condensation and small vertical lifting 
which can take part in the homogenization of chemis-
try. Gas currents dries the upper part of the regolith, 
the transported volatile mass depeds on the tempera-
ture and saturation of the gas which can hint on the 
characteristics of the subsurface sinks [8]. Chemical 
changes because of the migration of differently satu-
rated gas volumes can realize in the subsurface. Based 
on a theory the fotochemically produced CO, O2, H2 
can be the energy source of subsurface habitats [9]. 
The “breathing” can take these downward too. 

3. The composition differences can suggest to sub-
surface differences in the chemistry. It can be sup-
posed that the near surface environment is somewhat 
different in chemistry than the surface becuse of the 
differences in the weathering. 

 

 
Fig. 3. Possible sinks and locations of fractionation 

 
5. Isotop analysis can help in the reconstruction of 

volatile transport, groundwater/ice dating and paleo-
climate. Isotopic fractionation was observed under 
Mars-like p/T laboratory enviroment [10,11]. The sup-
posed repeated climate changes could cause differ-
ences in the isotopic ratio between the atmospheric, 
surface, subsurface ice and possible subsurface liquid 
water. During the vertical gas currents the gas trans-
ports volatiles from differently fractionated reservoirs 
(Fig. 3.). Because of the vertical gas currents in the 
regolith no distinct isotopic layering is probable but 

diffuse, thick layers. The reconstruction of the source 
region is difficult but not impossible because the deep 
regions can taken to be closed system. Differences in 
the oxygen isotope ratios between the atmosphere and 
the gas originated from deep below the surface could 
show to the presence of deep water layer and the depht 
of it – as a very rough approach. It is a basic question 
to determine standard values for isotope ratios like on 
Earth (SMOW, PDB), the current ratio in the atmos-
phere and SNC meteorites could be an impotrant stan-
dard anyway. [12,13,14]. 

Observations in the near future: With the follow-
ing spaceprobes it is possible to try to observe a some 
aspects of the supposed “breathing” 1. On Beagle-2 
the GAP of Mole can analyse the presence of methane 
and C isotopes [15]. 2. The MARSIS radar sounding 
experiment can hint to the subsurface ice dustribution. 
This coincides with the depth analysed by the breahing 
method and help in the better determination of certain 
subsurface ice layers [16]. Observation of the “breath-
ing” could have information on the origin of the vola-
tiles in gullies and dark slope streaks [17]. We suggest 
tests with the current martian soil simulation chambers 
for gas driven transport of the volatiles [19,20]. A long 
term operating subsurface gas analyser with duration at 
least one or two martian years with already tested ex-
periments could be an inexpensive step toward future 
deep drill activity. 
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Introduction: The Mars Express and Begle-2 

lander gives possibility for detailed orbital analysis of 
the subsurface ice at the great basins with GPR, and 
in-situ analysis at the Early-Noachian aged Isidis 
Planitia [1]. In this work we summarize implications 
for the subsurface ice distribution and one possibility 
to use it as indicator of the last great climate change. 
This could hold information on planetary evolution 
[2,3]. 

Basic aspects: Isidis planitia is interesting among 
the great basins on Mars because of the following 
reasons: 1. The basin is closed in the subsurface zone 
based on its contact toward the Northern Plains. 2. 
Isidis is nearly same sized like Argyre but filled with 
basaltic cover. 3. At the edge of the basin two strati-
graphic units are in visible contact: the old cratered 
upland and the younger basaltic lowland. 4. Isidis 
had collected the subsurface and surface runoff water 
from a significant area. 5. Depth of the Noachian 
aged subsurface crust: Argyre’s depth is 5200-4000 
m below its great circular fault, the same value for 
Isidis is around 2900-3900 m (measuring the eleva-
tion difference between the circular fault and the top 
of the basalt infill). These are minimal values because 
Isidis is somewhat greater in size. We can assume 
max. 1-2 km thick basaltic cover at Isidis Planitia. 
Another approach is based on the outcrops of the 
blocks near to the edge of the basin. We had assumed 
that blocks had formed by similar process like ones at 
the edge of the southern uplands north of Isidis. The 
height of these blocks are max. 650-700 m. The dis-
tance of the outcrops of blocks at Isidis are max. 100 
km from the edge of basalt cover. This suggest min. 
1.2º slope angle for the outer part of the basalt cover. 
The max. vertical elevation of “small” peaks around 
Isidis are 1500 m above the surrounding, wich sug-
gest slope angle of 2.6º. This gives important infor-
mation on the thickness of basalt cover near to the 
edge but very uncertain results for the whole basins‘ 
depth which could be smaller than 3-4 km. Taken the 
upper depth values the possible pressure below the 
lava sheet are in the order of 100 atmosphere which 
can cause decomposition of ancient sediments below 
the lava sheet. These sediments could have been 
shielded by the basaltic cover form the aggressive 
atmosphere, and pressure driven chemical alterations 
could have happened. The possible escaping gas 
could be observable with Beagle-2 lander, and the 
suspected mud volcanoes could be the result of this 

process too [4]. Based on analogy from the Earth the 
effective porosity on basaltic lava flows are low ex-
cept between individual flows which cause horizontal 
porous layers as possible sinks of subsurface volatiles 
with great permeability [5]. 

Theory waiting for test: Great question is the 
consequence of the supposed climate changes [6,7,8] 
on the subsurface temperature and pressure. Theo-
retically we can devide into two kinds the global 
warming periods of Mars: the “internal induced” 
warming when subsurface heat source results melting 
of cryosphere and volatile release. In this case the 
cryosphere melts form the bottom toward the top at 
the location of the intrusion. The other one is the “ex-
ternal induced” where the atmosphere gets volatiles 
first from surface sinks (polar cap). In both cases 
global warming begins with atmosphere thickening 
and growing of greenhouse effect. Beside the loca-
tion of any volcanic center, during the global warm-
ing the surface gets warmer, and the heat is slowly 
conducted downward. Because of differences in the 
thermal conductivity of flood basalt and highland 
material (which is basaltoid too) and their ice con-
tent, the isotherms sink with somewhat different 
speed at different locations. There is difference in the 
permeability too: the highland material probably has 
greater while flood basalt has smaller and good per-
meability in horizontal oriented layers. Based on the 
upper mentioned, theoretically we can account on the 
phenomena visible in Fig. 1. Global warming begins 
(A), heat gets below the surface by conduction  and 
isotherms sink while isobars rise, if we account on 
free intergranular gas contact between the subsurface 
and the atmosphere. Liquid water appears at that lo-
cations where the required temperature and pressure 
frontiers overlap (C). The consequences are: 1. liquid 
water first appears below the surface, 2. the aquifier 
is closed from below by the ice filled layer (we sus-
pect non zero value for effective porosity too which 
make the case somewhat different form simple closed 
situation). 3. The final shape of the ice surface de-
pends on the draw down of groundwater flow, on the 
topography and on the effect of the length and tem-
perature of the warm period (E1, E2). In reality the 
process may be far more complicated and several 
other parameters have effect on the shape of the final 
ice surface than mentioned here. 
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Fig. 1. 

 

Conclusion: We suppose that the subsurface ice 
layers’ surface and its relation to the topography hints 
on the characteristics of the last warm period. The 
best locations for this analysis are at undulating to-
pography with great height differences, at great ba-
sins or at the frontier between lowlands and up- 
lands. In the case of Isidis Planitia we can observe 
the effect of regional slopes, a transitional case at the 
contact with the northern uplands, and in-situ surface 
analysis. The differently elevated basins inside the 
southern upland (Fig. 2.) can point out differences in 
the height of subsurface ice layers and help in the 
reconstruction of the offset of the last great warming. 
These can help to answer the following questions: 
Does global climate changes effect the subsurface 
volatiles first – or the surface signs liquid water isthe 
result of release from surface reservoires (polar caps, 
impact location)? Can Mars have two liquid water 
layers during global warming (one is heated from the 
surface, the other is the heated by geothermal heat)? 

Observable signs of subsurface structures: 1. 
GPR and topography correlation would point to the 
style of the last great warming on Mars. 2. Beagle-2’s 
Mole gives the possibility to observe subsurface gas 
enviroments. Any possible fluvial or limnic sedi-
ments below the basaltivc lava cover may contains 
gas/water bearing minerals like clathrates and can 
steam to the surface. On the Earth the upward migra-
tion of the products of hydrate decomposition can 
take part in the mud-volcanism [9]. 
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PALEODISCHARGE ESTIMATION FROM MORPHOMETRY FOR ANCIENT CHANNELS.  
A. Kereszturi1 (1Department of Physical Geography, Eötvös Lorand University of Sciences, Pázmány sétány 1/C, 
Budapest, H-1088, Hungary, E-mail: krub@freemail.hu). 
 

 
Introduction: The mass/volume of water was pre-

sent at or near to the surface of Mars during the plane-
tary evolution is an important question. The runoff 
valleys are thought to have formed by sapping [1,2,3], 
the outflow channels by water or cryoclast flows 
[4,5,6]. The exact style of the flows, the sediment load, 
the discharge and many other factors are not fully 
understood [7,8,9]. In this work we outline a possible 
easy morphology based paleodischarge estimation 
method for martian channel, which is not able to give 
exact values, only row estimations, but could be easily 
used because of its simplicity in many cases as a sec-
ondary method together with other ones. 

 
Bases of the method: It is known based on exam-

lpes from the Earth that with the meandering rivers the 
dimensions of the meanders are determined by the 
maximal descharge [10]. The method could be used for 
ancient riverbeds in the paleodischarge estimation. 
Because on Mars we have only ancient channels (be-
side the newly discovered small gullies at certain 
slopes) the method could be useful in the paleodis-
charge estimation. We had showed in a previous work 
that there are connections between the dimensions of 
the meanders (amplitude, radius, wavelength) and the 
channel width (the later probably proportional to the 
paleodischarge) (Fig. 1.). We analysed meanders of 
120 channels for amplitude, wavelength and radius 
determination.This suggest that there is similar dis-
charge/morphometric relation on Mars like on Earth. 
The currelations for all channels are: R=0.954 (ampli-
tude/width), T=0.736 (radius/width), R=0.935 (half 
wavelength/width); for only runoff channels are 0.875, 
0.672, 0.648 respectively. In the following we would 
like to connect absolute discharge parameters to the 
morphometric data. We measured the horizontal di-
mensions based on images of the Viking orbiters [12], 
channel cross section and slope measurement by 
MOLA results. 

 
Uncertanties and errors: During the process of the 

measurement the following factors caused uncertanties 
and errors: 1. The resolution of the MOLA data was 
high enough but we used only some representative 
values for certain channels not integration and average 
from “all values”. 2. We modelled the shape of the 
channels’ cross sections with triangles or trapezoids 
instead of the real cross section. 3. The hydraulic be-
haviour of the water flows under the surface gravity of 

Mars differs from that we know on the Earth where the 
Manning equarion is used for deisharghe estimation. 4. 
The solid matter content is unknown too which can 
cause differences in the viscosity and flow velocity. 5. 
The greatest errors coulr arise from the unknown water 
depth and later sedimentary infill. This could be great-
est at the case of the oldest runoff channels because 
their channel width are probably equal to the width of 
the valley. 

 

 
Fig. 1.  

Meander/channel width correlations 
 
 

Meandering and the origin of channels: Several 
styles of formation was supposed for the runoff and 
outflow channels. Mo matter what was the original 
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solid matter content of the flows (“clean” water, high 
mud concentration, submarine turbidity flows, CO2 
driven cryosclastis flows etc. the hidraulic behaviour 
can result such morphology which is in connection 
with the discharge of the fluid (or fluid like matter). It 
is known from the Earth that meandering can be ob-
served at not only rivers but turbidity flows or atmos-
pheric currents.  

 
Results: We have estimated the paleodischarge 

values based on the Manning equation modified to 
accound Mars lower gravity [13] with n=0.075 for 
runoff and outflow channels. Fretted channels were 
excluded except that cases where originally the chan-
nel was formed by meandering fluvial erosion obvi-
ously based on the sinous appearance. Some ourflow 
channels was excluded too beacuse their unusual slope 
direction does not coincide with the supposed flow 
direction based on morphology [14]. The correlation 
between the discharge values and the meanders’ pa-
rameters is lower than that ones between the channel 
width and the meanders’ parameters. The discharge 
values computed from Manning equation versus the 
meanders’ radius are visible in Fig. 2. (A: for all ana-
lysed channels, B: only runoff channels, C: circum-
Chryse and circum-Hellas are emphasized, D: correla-
tion for runoff and outflow channels without circum-
Hellas ones) The weaker correlation can be caused by 
the uncertanties of the depth of water had flowed in the 
channel. There are special cases for the channels 
around Hellas. Their discharge values are too lagre 
comparing to the sizes of meanders which could be the 
result of differences in the sedimentation on the bot-
toms’ of the channels and/or in the hydraulic behav-
iour of the fluid. 

 
Conclusions: 1. The strong correlation between 

the width and meandering parameters suggest correla-
tion between the paleodischarge and morphometry. 2. 
The correlation between the estimated paleodischarge 
(based on Manning equation) and meandering parame-
ters is weaker possibly because of the uncertanty in the 
estimation of the original water depth. The correlation 
excluding the circum Hellas channels is R=0.933 and 
including circum Hellas channels is R=0.487. This 
suggest great differences between the circum Hellas 
and circum Chryse channels in the hydraulics and/or in 
the sedimentation. For the runoff channels the esti-
mated discharges are highly variable at the same me-
andering parameters. The meandering method can be 
usefutl in the cases when no topographic data is avail-
able. In the case of buried outflow channels was dis-
covered around Chryse Planitia based on their 
 

 
 

Fig. 2. Meander/paleodischarge correlation 
 
 

Sixth International Conference on Mars (2003) 3039.pdf



gravity anomaly. No obvious meanders are visible but 
done detailed future data may reveal meander like 
phenomena and would be able to estimate paleodis-
charge fot buried channels too. The method can be 
used for the discharge changes at the same channel, 
see Fig. 3. for an example (top: morphology, different 
meander generations marked with numbers, bottom: 
morphometric connection). 

 

 
Fig. 3. Meander generations 

 

References: [1] Carr M. H. 1981. The surface of 
Mars, Yale University Press, [2] Carr M. H. (1986) 
Icarus 65/187-202, [3] Carr M. H. (1999) 5th Interna-
tional Conference on Mars #6030. [4] Skinner J. A., 
Tanaka K. L. (2000) LPSC XXX. #2076, [5] Baker V. 
R. et. al. (1987) Geol. Soc. Of Am. Vol. 2. 403-467, 
[6] Komar P. D. (1983) Geology Vol. 11. 651-654, [7] 
Lee P., Rice J. W. (1999) 5th International Conference 
on Mars #6237. [8] Chapman M. G., Tanaka K. L. 
(2000) LPSC XXX. #1256, [9] Cabrol N. A. (1999) 
LPSC XXIX #1022, [10] Gábris Gy. (1995) Földrajzi 
Értesítő, XLIV. 1-2, 101-109. [12] Planetary Data 
System [13] Carr M. H. (1979) JGR 84. 2995-3007. 
[14] Williams E. M., Phillips R. J. 5th International 
Conference on Mars #6035. 

 
Acknowledgment: This work was supported by 

the Hungarian Astronomical Association and the Po-
laris Observatory. 

Sixth International Conference on Mars (2003) 3039.pdf



GRAVITY EVIDENCE FOR EXTINCT MAGMA CHAMBER SYSTEMS ON MARS. Walter S. Kiefer, Lunar and Planetary
Institute, Houston TX 77058-1113, USA (kiefer@lpi.usra.edu, http://www.lpi.usra.edu/science/kiefer/, (281) 486-2110).

The Mars Global Surveyor mission has vastly improved
our knowledge of the topography and gravity of Mars [1,2,3],
permitting detailed geophysical modeling of subsurface struc-
tures such as magma chamber systems for the first time. In this
work, I describe gravity models for Syrtis Major [4], Tyrrhena
Patera, and Hadriaca Patera as well as preliminary results for
Amphitrites Patera. In each case, flexurally supported sur-
face topography can not explain the observed gravity anomaly.
High density, buried material is required at each volcano, most
likely as dense cumulate minerals in extinct magma chamber
systems. These results provide our first look at the magmatic
plumbing of Mars.

Model
The gravity models are calculated for spherical harmonic

degrees 2 through 50, corresponding to a half-wavelength spec-
tral resolution of 213 km. This ensures that the signal-to-noise
ratio remains high and thus that the observed gravity anomalies
are robustly determined. The RMS uncertainty in the gravity
models is 10-13 mGal [2], which is a small fraction of the
observed peak amplitudes for the study regions. Flexural sup-
port of the surface topography is calculated using a spherical
thin-elastic shell model [5] with elastic constants and a load
density appropriate for basalt.

I model the subsurface structures as buried vertical cylin-
ders. Bounds on the cylinder radius, R, are determined from
the width of the gravity anomaly. The depth of the cylinder,
D, and the density contrast between the cylinder and the sur-
rounding crust, δρ, are adjusted to fit the anomaly amplitude.
Models with multiple cylinders sometimes improve the fit to
the observations. The cylinders are assumed to be uncom-
pensated to set a lower bound on the required density contrast
between the cylinder and the surrounding crust. The density
contrast inside the cylinder is tapered smoothly to zero at its
outer edge to avoid problems with Gibbs phenomenon in the
spherical harmonic expansion. The vertical integration over
the cylinder’s depth is performed numerically using a 1 km
step size. The total model gravity anomaly is the sum of the
contributions from the topographic and buried loads.

Some of the martian meteorites, such as Nakhla and Chas-
signy, are pyroxene or olivine cumulates and provide analogs
for the material that may be present in the magma chambers.
Densities of up to 3300 kg m−3 (pyroxene dominated) or
3600 kg m−3 (olivine dominated) are petrologically reason-
able [6,7]. If the magma chamber is a network of intrusive
material within a matrix of pre-existing crust, the net magma
chamber density would be smaller than these values. Because
D and δρ can not be separately determined, in this work I re-
port minimum values of D based on the petrologically likely
maximum values of δρ.

Results
Syrtis Major: Syrtis Major has basaltic flow morpholo-

gies, a basal diameter of 1100 km, and is about 1 km high
[8]. The topographic caldera is 150x250 km, elongated north-

south, and is up to 2 km deeper than the rim. The gravity
anomaly is 100 mGal at spherical harmonic degree 40 and 126
mGal at degree 50.

I have recently presented a gravity model for Syrtis Major
[4] and showed that the gravity data requires the presence of a
buried, high-density body. The spatial association between the
caldera and the buried structure indicates that the subsurface
structure is most likely due to dense cumulate minerals in an
extinct magma chamber system. The Syrtis Major magma
chamber is approximately 300 by 600 km across, broader than
the topographic caldera but narrower than the overall volcanic
edifice. Like the caldera, the magma chamber is elongated
in the north-south direction. The minimum magma chamber
thickness is 3.6 km (olivine dominated) to 5.8 km (pyroxene
dominated). Assuming a 10% density change from melt to
solid, solidification of the magma chamber can account for
only a few hundred meters of caldera relief. Thus, most of the
caldera’s depth must be accounted for by removal of magma
from the magma chamber and subsequent caldera collapse.
The best fitting elastic lithosphere thickness is 10-15 km for a
crust density of ρ = 2800 kg m−3.

Tyrrhena Patera: Tyrrhena Patera is 215 by 350 km across
with a maximum relief of 1.3 km. The summit caldera complex
is 41 by 55 km across [9]. Tyrrhena is primarily Hesperian
in age, and based on its morphology is interpreted as forming
primarily by pyroclastic flows [10].

Figure 1a shows the gravity anomaly across Tyrrhena.
There is excellent agreement in shape and amplitude between
models MGM1025 and MGS85F, which are based on the same
Doppler tracking data but independent data processing and in-
version. The anomaly is robustly determined, with a peak
amplitude of 145 mGal at spherical harmonic degree 40 and
165 mGal at degree 50. Figure 2 shows an east-west pro-
file through the Tyrrhena gravity anomaly. A model based on
flexurally supported surface topography (lithosphere thickness
15 km, short dashed line) is a poor fit to the observations, so
buried high density material is required in this region.

The long-dashed line is a model with both flexurally sup-
ported surface topography and a buried cylinder (108 East,
22.5 South, R=300 km). The cylinder radius is constrained to
a value between 275 and 300 km by the width of the observed
gravity anomaly. Assuming a maximum density contrast of
δρ = 800 kg m−3 (for an olivine-dominated magma cham-
ber), the minimum thickness of the cylinder is 2.9 km. For a
pyroxene-dominated magma chamber of δρ = 500 kg m−3,
the minimum cylinder thickness is 4.7 km. The buried structure
is roughly twice the diameter of the surface volcanic edifice,
and the total buried mass is roughly an order of magnitude
larger than the mass of the volcanic edifice and its subsur-
face root. Tyrrhena is surrounded by more than 1 million
square kilometers of Hesperian age lava plains [11]. Some of
these plains are explicitly identified as flows associated with
Tyrrhena (units Htf and AHtp of [12], unit HNre of [13]).
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Figure 1: The spherical harmonic degree 50 free-air gravity anomaly at Tyrrhena Patera (left) and Hadriaca Patera (right). The
ellipses shows the location of the volcanic edifices.

Much of the lava in these plains must have been processed
through the magma chamber system imaged by the gravity
anomaly.

Hadriaca Patera: Hadriaca Patera is 330 by 550 km across
with a maximum relief of 1.1 km [9]. The summit caldera is
nearly circular, with a diameter of 77 km. Hadriaca is primarily
Hesperian in age, and based on its morphology is interpreted
as forming primarily by pyroclastic flows [14].

Figure 1b shows the gravity anomaly across Hadriaca. The
peak gravity anomaly at Hadriaca is 141 mGal at spherical
harmonic degree 40 and 154 mGal at degree 50. A model
using just flexurally supported surface topography is a poor
fit to the observations over the volcano (Figure 3, 93 East,
33 South), so a buried high density load is required. The
topographic high north of Hadriaca (Figure 3b, 20-25 South)
is well fit by flexurally supported topography alone with an
elastic lithosphere of 15 km.

An excellent fit to the data can be achieved using two
buried cylinders in addition to the flexurally supported topog-
raphy. Cylinder 1 (93.5 East, 32.5 South, R=250 km) has
a minimum thickness of 4.7 km (olivine dominated) to 7.8
km (pyroxene dominated). Cylinder 2 (98.5 East, 32.5 South,
R=150 km) is about 80% as thick as cylinder 1, assuming that
the two cylinders have the same δρ. As at Tyrrhena Patera,
much of the lava plains surrounding Hadriaca Patera proba-
bly passed through the magma chamber system revealed by
the gravity data. Assessing the volume and hence mass of
these plains is difficult because Hadriaca is located on the

topographic slope into the Hellas impact basin.

Amphitrites Patera: Amphitrites Patera and Peneus Pa-
tera are calderas that form a single volcanic complex on the
southwest rim of the Hellas basin. Lava flow morphologies are
obscured by aeolian mantling, but the caldera morphology re-
sembles Syrtis Major [15]. Each caldera is 120-135 km across.
The overall edifice is 600-700 km across, with a topographic
relief of 0.5-1.5 km [9,15].

The gravity anomaly is 133 mGal at spherical harmonic
degree 40 and 185 mGal at spherical harmonic degree 50,
centered on the Amphitrite caldera at 61 East, 59 South. This
anomaly is one of the largest known in the southern hemisphere
of Mars [2]. Based on its large amplitude and the volcanic
morphology, it seems likely that Amphitrites and Peneus are
another example of a large, buried magma chamber. Detailed
models of this anomaly are presently in development.

Implications
Magma chamber systems have now been observed at three

volcanos on Mars, Syrtis Major, Tyrrhena Patera, and Hadri-
aca Patera. Amphitrites Patera is probably a fourth example.
It is highly unlikely that errors in the gravity field determina-
tion would produce large gravity anomalies over each volcano.
Similarly, it is also unlikely that high density material unre-
lated to the volcanos would occur beneath the each volcano by
chance. Thus, the overall suite of results reported here greatly
strengthens the case for buried magma chamber systems at
each location.

The minimum magma chamber thicknesses inferred in

Sixth International Conference on Mars (2003) 3252.pdf



EXTINCT MAGMA CHAMBER SYSTEMS ON MARS: W. S. Kiefer

100 105 110 115

East Longitude

0

50

100

150
G

ra
vi

ty
 A

no
m

al
y 

(m
G

al
)

Tyrrhena Patera

Figure 2: Gravity profiles across Tyrrhena Patera at 22.5 South Latitude. The solid line is the observed gravity anomaly (model
MGM1025, spherical harmonic degrees 2-50), the short dashed line is a model based on flexurally supported topography, and the
long dashed line is a model that includes both flexurally supported topography as well as the buried, high-density load.

this study range from 2.9 to 4.7 km for olivine-dominated
systems and 4.7 to 7.8 km for pyroxene-dominated systems.
Although olivine may contribute to these cumulate systems, it
is unlikely that the required cumulate mass could be explained
by olivine alone. Thus, the minimum chamber thicknesses
are probably closer to the pyroxene-dominated thicknesses.
However, considerably thicker chambers are permitted by the
gravity data. Because of the large horizontal extent of the
magma chambers and the likelihood that much of the lava in
the surrounding plains flowed through these chambers, thicker
chambers with correspondingly smaller values of δρ are likely.
Because these structures formed as cumulates, probably over
long periods of time, the entire thickness of the system did not
need to be molten at any given time.

Terrestrial Analogs
A number of possible terrestrial analogs exist for these

large-scale magmatic structures on Mars. Several large ig-
neous provinces (the Deccan Traps, Kerguelen, the North At-
lantic Volcanic Province, and Ontong Java) exceed 106km2

in area and range from 6 · 106 to 7 · 107km3 in volume [16].
These are not primarily cumulate structures, although the small
volume Skaergaard layered intrusive complex is a part of the
North Atlantic Volcanic Province [17]. Seismic reflection and
gravity data define a dense, subcrustal intrusive complex be-
neath Hawaii that is 200 km across and up to 6 km thick [18].
Gravity modeling of Iceland has recently been used to infer ab-
normally dense lower crust that is several hundred kilometers
across [19].

Future Observations: Mars Reconnaissance Orbiter
The limiting factor in the spatial resolution of the martian

gravity field is the spacecraft altitude. Mars Global Surveyor
operated at a periapsis altitude of 370 km [2], whereas the
Mars Reconnaissance Orbiter is currently planned to have a
periapsis altitude of 250 km. This should permit roughly a
50% increase the gravity field resolution, with a geophysically
interpretable resolution of about harmonic degree 80. This will
permit tighter limits on the allowed cylinder radii in these mod-
els. In turn, this will also place tighter bounds on the required
magma chamber thickness and density contrast, improving our
overall knowledge of the magmatic plumbing system of Mars.
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Figure 3: Gravity profiles across Hadriaca Patera. Top: East-West across 32 South latitude. Bottom: North-South across 93
East longitude. The solid lines are the observed gravity anomalies (model MGM1025, spherical harmonic degrees 2-50), the
short dashed lines are models based on flexurally supported topography, and the long dashed lines are models that includes both
flexurally supported topography as well as buried, high-density loads.
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BEHAVIOR OF SOLID CO� ON MARS: A REAL ZOO. Hugh H. Kieffer, U. S. Geological Survey [Emeritus], Flagstaff, AZ
86001, USA, (hkieffer@uneedspeed.net).

Observations of the martian polar caps by TES, THEMIS
and MOC have revealed several unexpected things: now in-
formally known as cryptic material, Dalmatian spots, black
spiders, oriented fans and fried eggs. These result from the
characteristics and behavior of solid CO� on Mars, which is
unlike anything on Earth. I will attempt to explain this zoo
qualitatively in terms of the interaction of CO� and dust with
the solar and thermal radiation fields on Mars. Some of these
concepts have been published [11, 10, 14].

1 CO� Surface Condensation Modes

The condensation of the predominant gas in an atmosphere by
radiative cooling yields the prominent seasonal polar caps on
Mars. This process has no terrestrial analogy, which limits our
intuition. This process is difficult to impossible to simulate in
the laboratory because the natural force that allows condensa-
tion at a location other than at the coldest boundary (which sets
the radiation balance) is gravitation, yielding a characteristic
scale-height on Mars of 7 km. A practical laboratory scale
would require a physical barrier that is completely transparent
to thermal radiation,

The altitude at which CO� condenses in the martian winter
has been largely clarified by TES observations. This problem
was studied by Forget et al.[2]. They found that significant
condensation occurs in the atmosphere initially with small
grain sizes, which then rapidly grow to the order of 100 �m.
However, the large grain sizes implied by the TES observations
in many areas in the polar night indicate that most of the
condensation occurs at the Martian surface. TES spectra in the
25 �m region indicate that the “cryptic” regions of cold-dark
polar material consist of a CO� non-scattering slab composed
of indeterminately large grains.

For condensation of a nearly pure gas by radiative loss
there can be two end-member solutions for the form of the
solid. If the abundance of non-condensing gases is negligible,
so that a diffusion gradient of the condensing material is not
involved, then a thick slab can form. This is particularly
true when the amount of gas between the condensation site
and the low-radiation background (space) is large enough that
significant path lengths in the solid are needed to generate
appreciable emissivities outside the bands in which the gas
absorbs. In this case, which holds for Mars, the dominant
radiative loss of the condensate is from inside the bulk material.
Growth perturbations outward from a planar solid interface,
such as a crystal spike growing upward, have a poor conductive
path to the bulk solid which, in turn, can radiate away the latent
heat of condensation. Lacking a diffusion gradient at the tip
of such a spike, the condensation rate is limited by conductive
heat loss, not by abundance of molecules in the gas phase,
and this tip is at a disadvantage for condensation relative to
the bulk solid. Thus these perturbations do not grow, and the
expected steady state form is a thick slab with a smooth surface.
Such slabs are observed to grow in laboratory conditions of

pure condensing gases [8], although in those cases the thermal
gradient internal to the slab results from conduction to a cold
substrate rather than by radiative cooling.

In the presence of some amount of non-condensing gas,
e.g., the 5% of N� plus Ar on Mars, at the micro-physical
level there will be some diffusion gradient of the condensing
gas toward the condensation sites. If one assumes that both
the temperature gradient and the concentration gradient of the
condensate are linear across this layer, as would be expected
for steady state conditions, then, because of the nonlinear de-
pendence of saturation pressure upon temperature, the partial
pressure will be above the saturation pressure throughout this
layer. Under this condition, if there is adequate heat conduc-
tion down the spike into the substrate (from which radiation is
efficient), then spikes sticking up into this diffusion gradient
become the favored site of condensation and they will grow
more rapidly than locations deeper into the diffusion gradi-
ent. The steady state solution for the form of such a growing
deposit is long columnar crystals oriented along the diffusion
gradient. Such deposits also are observed to form in labora-
tory conditions of substrate cooling when small amounts of
non-condensing gas are introduced into the chamber [8, 9].
This process of growth in a diffusion gradient gives rise to the
beautiful H�O hoar frost crystals which can be seen on calm
terrestrial winter mornings.

Although it has been shown that enriched layers of the
non-condensing Martian gases (nitrogen and argon) would be
dynamically unstable [5], this process likely occurs at the
micro-physical level, e.g., at the scale of frost grains. The
requirement to address this process is a model of the stability
of a gravitationally unstable diffusion gradient at the scale of
millimeters or less when the primary gas is condensing with
net flow downward toward the surface.

TES observations indicate that both the slab growth and de-
position of fine-grain CO� condensates occur in the polar night
and that different condensation processes are dominant in dif-
ferent locations. Also, fine-grained CO� condensates (frost)
can undergo rapid metamorphism into a nonporous (and hence
non-scattering for a non-birefringent material such as solid
CO� ) polycrystalline layer[1]. The reason for the geographic
distribution of the cryptic material is unknown.

2 Radiation Balance in a Pure Solid CO� Slab

During the polar night, the radiative balance of surface CO� will
be negative (barring an extraordinarily warm atmosphere).
With the Sun above the horizon, solar radiation penetrates
deeply into pure CO� . The relative absorption lengths for
solar and thermal energy become important.

Using the optical properties of solid carbon dioxide [4],
the penetration of solar energy into a slab of CO� can be
calculated as
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where �� � ���� � ��� ��� ���
� is the sunlight that is

refracted into the slab surface, �� is the Fresnel reflection
coefficient, � is the incidence angle (measured from zenith),
� the heliocentric distance in Astronomical Units, 	 is the
path length from the surface along the refracted path and 
� �
�� ��������� is the absorption length; �� and �� are the real
and imaginary parths of the comples index of refraction.

A similar calculation at thermal wavelengths replacing
����

� with the Planck function (with � � �	Æ to represent
the upper hemisphere) yields the effective visibility of space
to thermal energy within the slab.

For typical polar summer conditions (incidence angle of
65Æ, � � �
), 2/3 of the solar energy penetrates 1m into pure
solid CO� , whereas thermal flux is reduced to 50% in 3.7 mm.
The top 2 mm of the slab are in net radiative loss; below that
absorption of insolation results in net heating.

3 Dirty CO� Ice

Mars atmosphere is generally dusty with particles of radius
on the order of 2 �m[7, 15]. During the CO� condensation
season, atmospheric dust grains probably act as condensation
nuclei; perhaps first for H�O and then for CO�. The pro-
portion of dust in the CO� cap has not been measured, but
is reasonably assumed to be near the average abundance of
dust in the atmosphere. Using an average visual opacity of the
atmosphere of 0.5 yields a dust abundance of about 1.5��	��

kg m�� or roughly 2��	�� by mass. Because the particle
size is smaller than thermal wavelengths, the presence of em-
bedded dust will make little change to the thermal radiation
environment, but will shorten substantially the solar absorp-
tion lengths, narrowing or removing entirely the surficial layer
with net radiation loss.

Using the above values, and densities of dust grains and
solid CO� of 2300 and 1600 kg m�� , respectively, corresponds
to a mean dust grain separation of�130 �m. If a seasonal cap
budget of 1000 kg m�� is adopted [11], the mass of dust in
the cap is 0.02 kg m�� and the geometric opacity of the dust
in the cap is �1.6. The visual opacity of dust in the slab at
sunrise will be roughly the average opacity of the southern
atmosphere during the condensation season times the ratio
of slab to atmospheric mass, or �3.3, in agreement with the
geometric opacity if the scattering efficiency is taken as 2.0, as
expected from Mie theory.

4 CO� Self Cleaning by Entrained Dust Movement

A first approximation is that for a dirty CO� slab, all of the
solar energy is absorbed by the dust grains. However, because
the surrounding CO� is isothermal, this radiation absorbed
by the grains must go into sublimation of solid CO� . If the
local material is impermeable, a high-pressure pocket of gas
will form around the grain and local elastic deformation will
increase the pressure in the solid CO� , allowing some heat to

be absorbed without sublimation; no quantitative calculations
of this process have been done. The warmer grain cannot be
in direct contact with the CO� , but must rest on a microscopic
layer of gas at the bottom of its vapor prison. If the local gas
bubble does not rupture, there will be a downward migration
of the bubble through the solid as vapor re-condenses on the
roof of the bubble, the location most distant from the grain
and hence coolest, and the grain will "burrow" downward as
sublimation continues under the grain. Thus, a sealed finite
vertical columnar hole will travel downward with the grain.
When the grain reaches the bottom of the impermeable layer,
it will be ejected downward. This self-cleaning, self-annealing
process will tend to reduce the amount of dust in the ice through
the spring. Because the net solar flux is greater toward the top
of the slab, the uppermost particles will move most rapidly,
resulting in concentration of dust as a descending "curtain" in
the slab, leaving clean ice above.

A quantitative model of the vertical migration velocity of
a grain and its sealed gas envelope is wanting.

If the environment is permeable, or if the bubble fractures,
the grain may be carried along in the streaming gas. The gas
velocity in a tube must be higher than the regional sublima-
tion wind; that net vertical gas velocity is related directly to
the regional albedo and is easily computed ([11]section 12.2).
Bright (� � 	�) and dark (� � 	�
) regions can loft grains
smaller than �2 and �7 �m radius, respectively. Thus, dust
grains which entered the seasonal cap from the atmospher can
be carried out of a CO� slab.

5 Development of Pathways and Vents

The net positive radiation divergence near the surface of pure
CO� , as described above, will tend to seal small holes in the
surface layer. Porosity will generally be sealed in a region
that grows downward from the surface. Thus, the gas formed
by springtime sublimation generally cannot diffuse upward
through the CO� deposit. The gas resulting from net sublima-
tion below the surface must escape somewhere and will hold
open some set of larger holes. Because the gases in these vents
will have some entrained dust, they can continue to absorb
solar radiation, transfer energy to the vent walls, and remain
open and grow. Also, gas under an impermeable CO� slab
could reach pressures several times the atmospheric surface
pressure. The saturation temperature under a 1000 kg m��

slab would be 162K, enhancing the ability of venting gas to
enlarge the pathways. Because higher velocities are possible
and because of the �� heat flow versus the �� circumference,
larger holes/paths will grow at the expense of smaller ones.

To the extent that solar energy penetrates to the bottom
of the seasonal CO� slab, gas will be released beneath the
slab and must find some path to the open atmosphere. It may
travel laterally underneath the slab to vents, cracks, or even to
the edge of the seasonal deposit. It is difficult to predict the
spacing of such vents, but they collectively must carry the total
sublimation gas flux of about 10 kg m�� /day. It seems likely
that the spacing between major pathways would be no more
than a couple orders of magnitude greater than the thickness
of the slab, or a few hundred meters. This is what is actually
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observed.
As the effective vents are separated by substantially more

than the slab thickness, gas velocities will become far greater
than required to suspend dust particles, and any sub-slab lat-
eral transport may begin erosion of underlying loose material.
Once the velocity exceeds the fluid threshold [3], erosion will
begin, although the details of saltation versus suspension may
be quite different in a thin layer confined both below and above
than for the normal condition of a free upper boundary.

The sub-slab lateral gas velocity will depend upon the
geometry of the flow; the average velocity must initially de-
creases away from the vent. It seems likely that the circularly
symmetric case of gas radially converging to a vent is not sta-
ble and that channels will develop. Because the soil thermal
inertia of the Cryptic region is low, it is likely that the surface
material is incohesive and that channelized flow will develop
by scouring, beginning near the vents and radiating outward.
Although velocities on the order of 10 m/s are required to ini-
tiate transport of fine material by saltation [16, 3], injection of
dust released from the CO� into the lateral flow may initiate
motion and scouring at lower velocities; 2 mm/s vertical ve-
locity is adequate to maintain atmospheric dust in suspension.
Also, the initial gas flow is likely to be diffuse flow through
the soil (versus stream flow above the soil in classic saltation),
and small soil grains may begin to move well before saltation
threshold velocities.

Dark radially converging dendritic patterns are visible in
MOC images of some portions of the spring polar cap, these
have been termed "black spiders" by the MOC team [6]. In
this model, these patterns represent channels formed by sub-
slab channelized flow of the sublimation gas toward the vents.
Increasingly large particles could become entrained closer to
the vent.

The velocity in the vents will be approximately 		
��

m/s, where � is the ratio of vent separation to vent diameter.
For example, for vents 1 m in diameter spaced by 100 m, the
gas velocity would be 50 m/s. When the jets exhaust into
the atmosphere and velocities decrease, the coarser entrained
material will fall out in the prevailing downwind direction. In
this model, the oriented dark fans seen in the MOC images
are caused by this process. This is an exotic model that agrees
with observations thus far. It predicts that the dark fans will
be oriented into the prevailing wind, that they are seasonal and
will disappear with, or shortly after, the CO� is gone, and that
the "black spiders" will be found only in the Cryptic region.

Once a vent has grown to a radius larger than the slab thick-
ness, wall erosion by warm venting gases becomes relatively
less important, and the growth of the dark (hence warmer)
spot by local re-radiation and by warming of the atmosphere
immediately over the bare ground, which can waft over the
neighboring frosts, will cause the defrosted areas to grow,
much as terrestrial spring snow cover recedes by the growth
and combination of many small defrosted spots.

Darks vents are generally, but not exclusively, associated
with dunes. Vents can progress into dark spots (Dalmatian
spots) which grow monotonically until they coalesce. Dark ha-
los commonly develop around the Dalmatian spots; these have
been termed (“fried-eggs” based on their symmetry and pro-
portions. Many MOC images of the seasonal cap in summer-

time show great variegation of reflectance, interpreted to be in-
complete solid CO� cover [13]. Sequences of images show the
development of evenly-distributed circular darks spots, which
may represent the evolution of vents, commonly spaced by
order 100 m, that gradually expand to consume the seasonal
cap.

This model has been supported by a survey of the loca-
tion of “spiders” in MOC imaging which shows that they are
largely confined to the Cryptic region and their centers gener-
ally correlate with the location of fans[12]. Spiders commonly
persist as low relief features through the summer[12].

Most of this story has been developed from observations
of the south polar cap. The north and south caps seem to be
somewhat different in terms of the abundance of these features;
e.g., spiders have not yet been identified in the north.

6 Summary

Deep in the martian polar night, there is some CO� snowfall,
but most of the solid CO� takes the form of a uniform, contin-
uous, non-scattering slab with embedded dust (and H�O ice)
grains. Following seasonal sunrise, in some areas the ice
brightens due to fracture or surficial frosting, but in other areas
the slab persists to form the cryptic regions. The solar energy
is largely absorbed by the dust grains, which either burrow
downward or escape upward, cleaning the CO� slab which
anneals small holes near its surface. Sunlight then penetrates
to the bottom of the slab, warming the soil and subliming ice
from the bottom. Widely spaced vents develop that allow the
gas to escape. As the sub-slab gas converges toward the vents,
it scours the soil surface along ragged channels (spiders). Dust
entrained in the jetting gas falls out downwind to form fans.
The vents enlarge to become Dalmatian spots, some of which
form fried-egg halos; these enlarge to consume the seasonal
cap. Only the topographic ghosts of the spiders persist through
the summer.

Here is a short list of remaining known puzzles, it seems
sure to grow!:
- The basis for the geographic distribution of cryptic terrain.
- Why do cryptic regions repeat year to year?
- The basis for the location and spacing of the fans and spiders.
- The causal process for the dark halo “fried eggs”.
- Quantitative theory of the formation and velocities of dust
bubbles.

THEMIS thermal images of the evolution of this menagerie
are expected to be quite helpful in elucidating the processes.
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Introduction: A first-order requirement of space-

craft missions that land on Mars is instrumentation for 
in situ mineralogical analysis. Mössbauer Spectros-
copy is a powerful tool for quantitative analysis of Fe-
bearing materials. The Athena Mössbauer spectrome-
ter MIMOS II on the martian surface will provide (1) 
identification of iron-bearing phases (e.g., oxides, sili-
cates, sulfides, sulfates, and carbonates), (2) quantita-
tive measurement of the distribution of iron among its 
oxidation states (e.g., Fe2+/Fe3+ ratio), and (3) quantita-
tive measurement of the distribution of iron among 
iron-bearing phases (e.g., the relative proportions of 
iron in olivine, pyroxene, and magnetite in a basalt) in 
rocks and soils. Mössbauer data will also be highly 
complementary with chemical analyses from the 
APXS and the Mini-TES compositional data. Mars is a 
particularly good place to do Mössbauer mineralogy 
because its surface is iron rich (~20% Fe as Fe2O3 [1-
3]). Mössbauer spectrometers that are built with back-
scatter measurement geometry require no sample 
preparation, a factor important for in situ planetary 
measurements. 

The Mössbauer Effect: Iron Mössbauer spectros-
copy makes use of the resonance absorption of 14.4 
kev γ-rays (the Mössbauer effect) by 57Fe nuclei (2.2% 
natural abundance) in a solid to investigate the split-
ting of its nuclear energy levels that is produced by 
interaction with the surrounding electronic environ-
ment. 57Co, which decays to the proper excited state of 
57Fe, is normally employed as the source of the γ-rays. 
In general, the nuclear energy level structure of the 
absorber will be different from that of the 57Co source 
(because of different oxidation states, chemical envi-
ronments, and/or magnetic order), which requires 
modulation of the energy of the source γ-rays to 
achieve resonance. This is done using the Doppler 
effect, by mounting the 57Co source on a velocity 
transducer and moving it with respect to the absorber. 
A backscatter (transmission) Mössbauer spectrum is 
the relative number of γ-rays per second re-emitted 
from (passing through) an absorbing sample as a func-
tion of the relative velocity between the source and 
sample. Phase and oxidation state identification are 
determined from peak locations in the Mössbauer 
spectrum, and peak areas are measures of concentra-
tion. The Mössbauer parameters are temperature de-
pendent, and therefore the Mössbauer spectrum will 

depend on the measurement temperature. In addition 
the properties of the absorber may vary as a function 
of temperature and therefore the MB spectrum. 

The MIMOS Instrument: The MIMOS II Möss-
bauer spectrometer system, which is designed and fab-
ricated at the University of Mainz (e.g.[4]), was origi-
nally developed for inclusion on the Russian Mars 98 
rover mission. Since then, it has gone through several 
generations of evolutionary prototypes, finally emerg-
ing in the built of the flight units for the NASA Mars-
Exploration-Rover 2003 twin-mission and the ESA 
Mars-Express-Beagle-2 2003 lander mission. In prepa-
ration of these missions a prototype MIMOS II instru-
ment was successfully tested (data taken under semi-
real conditions) on the Rocky-7 Mars prototype rover 
during the May, 1997, field tests in the Mojave desert 
[1], and on the FIDO rover during the May 1999 field 
tests at Silver Lake, California. The MIMOS II system 
is intrinsically simple, rugged, and has sufficient radia-
tion shielding to protect personnel and other instru-
ments. For Athena, the instrument is split into two 
parts: the detector head is mounted on a robotic arm 
and the printed circuit board, which has the circuitry 
for the instrument control, data acquisition and stor-
age, and communications, is located in the rover’s 
warm electronics box. The main components of the 
detector head are the 57Co radiation source and shield-
ing, velocity transducer (drive), and silicon PIN diode 
radiation detectors and their pre- and main-amplifiers. 
The 57Co source is embedded in a solid rhodium metal 
matrix which is attached to a titanium holder. The 
drive has a unique miniature double voice coil elec-
tromechanical design. The total weight of the MIMOS 
II is about 500 g (400 g for the detector head and 100 
g for the printed circuit board, not including the har-
ness). The dimensions of the instrument are about 
90mm x 50mm x 40mm for the sensor head, and 
160mm x 100mm x 25 mm for the electronics board. 
The power consumption is in the order of 2 W. The 
instrument has been fully tested over the expected 
temperature range (operating: -120oC to +40oC Sensor 
head; -50oC to +40oC electronics board). 
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Figure 1. Backscatter Mössbauer spectra (~290 K) 

obtained with the MIMOS II instrument for Martian 
surface analogues (after [5]). 

 
The 57Co radioactive Mössbauer source intensity of 

about 300 mCi at launch will give a 6-12 hr time for 
acquisition of a standard MB spectrum on Mars, de-
pending on total Fe content and which Fe-bearing 
phases are present. Measurements will be done by 
placing the detector head against the rock or soil to be 
analyzed. Physical contact is required to minimize 
possible microphonic noise on the velocity-modulated 
energy of the emitted γ-rays. The field of view of the 
instrument is circular (diameter ~1.5 cm). The average 
information depth for Mössbauer data is 200 to 300 
µm, assuming basaltic rock composition. The instru-
ment monitors temperature, and adjusts integration 
periods to assure that the variation in ambient surface 
temperature during acquisition of a single spectrum is 
not larger than about ±10 °C, minimizing spectral 
smearing associated with temperature-dependent 
mode. Figure 1 shows backscatter Mössbauer spectra 
obtained with the MIMOS II instrument in the labora-
tory for five Martian surface analogue samples [5]. 
Figure 2 and 3 show some of the spectra obtained with 
the flight instrument during the Athena payload inte-
grated systems test in May 2000 at JPL.  

 

 
Figure 2. Backscatter Mössbauer spectrum (~290K) of 
a sample of Banded Iron Formation (BIF), obtained 
with the MIMOS II flight unit during APEX system 
test May 2000. The spectrum is dominated by the 
hematite signal (red six line pattern). A minor contri-
bution (close to zero) of a Fe3+ doublet component 
might be present. 

 
Figure 3. Backscatter Mössbauer spectrum 

(~290K) of a sample of a rock composed of 40% Fe-
rich pyroxene, obtained with the MIMOS II flight unit 
during APEX system test May 2000. The spectrum is 
dominated by a pyroxene signal (Fe2+), with a 10% 
(whole spectrum area) contribution of an Fe3+ doublet 
component, also belonging probably to the pyroxene 
mineral. 

 
Calibrations: Comparison of Mössbauer spectra 

(293 K) in backscatter and transmission geometries for 
Martian analogue samples were performed. An exam-
ple is depicted in Figure 4. Backscatter spectra (512 
velocity channels folded to 256 channels) were ob-
tained using a prototype MER spectrometer, and 
transmission spectra (1024 velocity channels folded to 
512channels were obtained using a laboratory spec-
trometer. HWMK600 and HWMK24 are the <1 mm 
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size fractions of palagonitic and jarositic tephra from 
Mauna Kea Volcano (Hawaii). AKB-1 and BCS-301 
are an amygdaloidal basalt (Michigan) and an iron ore 
(Lincolnshire, England). MAN-74-342A is an impact 
melt rock from Manicougan Crater (Quebec, Canada). 
Mössbauer spectra depicted in Figure 4 are adapted 
from Morris et al. [6-9]. 
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Figure 4. Comparison of Mössbauer spectra (293 

K) in backscatter and transmission geometries for Mar-
tian analogue samples.  

Data Analysis: A very specific Mössbauer data 
base were build taking into consideration the needs of 

the Mars Missions. The information published at the 
literature were carefully analyzed. The most relevant 
variables that may lead to changes of the Mössbauer 
parameters of each mineral were reported in the data 
base records. The stored Mössbauer parameters were 
used to train an artificial neural network making possi-
ble a fast and save mineral identification from its 
measured Mössbauer parameters [10, 11]. Before the 
first Mössbauer spectrum being obtained on Mars sur-
face, early in 2004, several and exhaustive tests are 
planed to be carried out. 
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Abstract: 
 
The Micro-End Effectors (MEE) system was developed by The Hong Kong Polytechnic University covers all as-
pects of planetary explorations. 
 
All sampling tools can be divided into six catalogues: 
 
1) Surface sampling 
2) Subsurface sampling 
3) Surface coring 
4) Subsurface coring 
5) Zero gravity sampling 
6) Rind Grinding 
 
It is designed for long hauled missions with low payload. e.g. Titan- Europa Planets with exobiology values and 
Mars Rock Corer is responiable for the world 1 ST planetary rock coring in our solar system for ESA 2003 Beagle 2 
Mars Lander.   
 
For more information,  
please visit http://www.hkmars.net 
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MORPHOLOGY OF THE HIGH-LATITUDE MANTLE IN NORTHERN PLAINS ON MARS.  
V.-P. Kostama1, M. A. Kreslavsky2,3 and J. W. Head2, 1Astronomy, Dept. of Physical Sciences, University of Oulu, 
Oulu, FIN-90014, Finland; 2Dept. Geological Sci., Brown University, Providence, RI 02912-1846, USA; 
misha@mare.geo.brown.edu, 3Astronomical Institute, Kharkov National University, Kharkov, Ukraine. 

 
Introduction: The complex of polar deposits (the 

polar cap, its icy outliers and dune fields) at the North 
pole of Mars is surrounded by vast generally flat geo-
logically homogeneous plains. These plains at high 
latitudes (>~55°) are covered with a thin geologically 
young mantle with specific decameter-scale surface 
texture [1, 2] containing much water ice [3, 4]. High-
resolution MGS MOC images [1] showed many circu-
lar features interpreted to be mantled craters [1] (see 
Fig. 118, 119 there). Our objective is to access geo-
logical processes that occurred in the region during the 
Amazonian, and the relative and absolute time scales 
of these processes, including those related to the origin 
of the shallow subsurface ice. To approach this goal, 
we studied the size-frequency distributions of circular 
features of different morphology, as well as peculiari-
ties of the surface texture. We are carrying out a sys-
tematic survey of the high-resolution MOC images in 
the region. This work is in progress; here we report 
some preliminary observations. 

 

 

 
Fig. 1. Typical textures of the mantle in the northern plains: 
A - basketball texture, B – regular texture, C – wrinkle tex-
ture, D – polygonal texture. Portions of E01/01975, 
E04/00026, E01/01868, and E04/00028, respectively. Sam-
ples are 0.9 x 0.9 km, illumination is from lower left. 

Survey: We systematically overview the mantle 
texture, study morphology and measure diameters of 
the circular features in the northern plains northward 
from 55°N using the narrow-angle MOC images. For 
the systematic survey we use images of 4.8 m/pix reso-

lution. This resolution was chosen because a large 
number of such images were taken during cycles from 
E01 to E05, when observational conditions in the re-
gion were mostly good. For each image, we register 
the morphological types of mantle texture present in 
the image, and classify and measure all circular fea-
tures from 50 m to 1 km. Although we try to do the 
survey as homogeneously as possible, the ability to 
identify the features and textures differ from image to 
image due to the differences in atmospheric scattering, 
illumination geometry, presence of contrasting albedo 
features on the scene, electronic settings of the camera, 
etc. Consequently, analyzing the survey results, we 
should be aware of possible latitudinal (illumination) 
and regional (albedo pattern) biases. Nevertheless, we 
are sure, that in the surveyed images we identified all 
fresh features larger than 50 m that disrupt the mantle. 

Texture: In the northern plains, the mantle has 
very distinctive decameter-scale surface textures seen 
in the images (Fig. 1). The "basketball" texture (A in 
Fig.1; also Fig. 123 D in [1]) is the most typical and 
wide-spread one. The best highest-resolution (1.6 
m/pix) low-sun images show that the knobs are dome-
shaped, with the steepest slopes <6°. In some places, 
the knobs forming the basketball texture are organized 
into highly coherent linear structures (Fig. 1 B, see 
also Fig. 123 E in [1]) forming a regular texture. The 
wrinkle texture (Fig. 1 C) is also very common. The 
polygonal texture (D) occurs rarely and in relatively 
small patches (several km). Spatial scale of the tex-
tures differs from site to site for a factor of 3; often it 
is smaller than shown in Fig. 1. The texture of the 
shortest spacing is often hardly distinguishable in the 
images. The polygonal texture of the mantle differs 
from polygons that are observed in a number of sites in 
the northern lowlands and have typical morphology 
and pattern of the terrestrial permafrost regions (e.g., 
Fig. 123 B in [1]). The latter polygons have an order of 
magnitude larger spacing and different morphology. 

Local variations of the patterns are often modulated 
by kilometer-scale topography. More pronounced bas-
ketball texture tends to occur in local lows. The wrin-
kle texture on slopes of km-scale knobs has a radial 
orientation.  

There are latitudinal variations in the patterns. Lati-
tudinal occurrence of them is illustrated in Fig. 2. The 
regular texture tends to occur at higher latitudes. The 
polygonal texture occurs at high latitudes above 70ºN 

A B 

C D 
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only. Wrinkle texture is rare in this high-latitude zone. 
There are also some regional variations. They can be 
biased because of different observational conditions in 
the regions. 
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Fig. 2. Latitudinal distribution of the mantle texture 
occurence (left) and pits and fresh craters (right). Actually 
plotted is the percentage of the good-quality images having 
given features within the latitudinal zones. 

Erosion: The mantle is surprisingly continuous in 
60-80° latitude zone. At the highest latitudes there are 
several examples where the mantle is eroded on steep 
slopes exposing its layered structure. Below 60° lati-
tude the erosion is ubiquitous and occurs not only on 
slopes, but also on flat surfaces. Often erosion of the 
mantle produced specific dissected patterns described 
and surveyed in [6]. We saw clear examples showing 
that the typical dissection from [6] is dissection of the 
mantle with characteristic basketball texture. In many 
sites, however, the dissection does not take place, and 
the eroded edges of the mantle form lobate scarps. 

Modified circular features: Circular features in 
the northern plains have a wide range of morphologies 
from well-expressed impact craters covered with the 
textured mantle (Fig. 3A) to hardly distinguishable 
circular chains of lineaments and/or arcuate albedo 
markings (Fig. 3B upper left). The ability to distin-
guish features of the latter type strongly depends on 
the observational conditions and the presence and na-
ture of the albedo markings on the surface. In addition, 
for such features it is not clear what should be consid-
ered as the feature diameter. When circular lineament 
chains were observed, we used the outermost circle for 
diameter measurements. If only albedo markings were 
seen, we used the inner arcuate albedo contrast, be-
cause in many cases where both lineaments and mark-
ings are present, the markings were outside the linea-
ments. Impact origin of features of this type is not 

completely clear. They are usually associated with 
local highs (gentle knobs forming the surface of the 
Vastitas Borealis Formation). We found a series of 
transitional morphologies between clearly expressed 
impact craters (Fig. 3A) and the subtle features, which 
can be considered as evidence for their impact origin. 
 

 
Fig. 3. Two portions of E02/01380, 1.4 km wide. Illumina-
tion is from lower left. B has 30% higher contrast than A. A, 
impact crater, covered with mantle. B, subtle circular feature 
in the upper left, fresh small impact crater (60 m) in the 
lower right. 

The size-frequency distribution of all modified cir-
cular features is close to that should be expected for an 
accumulation population of the impact craters [5], with 
some shortage for small diameters, which is natural, 
taking into account strong degradation and alteration 
processes. 

We are not sure, however, that all mantled circular 
features in the region are old modified impact craters. 
In some images they are apparently too clustered to 
represent randomly accumulating population. The 
clustering might result from regional variations of 
mantling and modifications; the clusters can be formed 
with secondary craters from large distant impacts; fi-
nally, the features could have endogenous origin. 

Pits: In the 55°N -70°N zone there is a number of 
examples of small circular or quasi-circular depres-
sions not similar to impact craters in their morphology. 
Some of such features clearly have collapse origin. 
There are several large clusters of pits, some of the pits 
in the clusters are fresh, but the majority of them are 
covered with the typically textured mantle (Fig. 4). 
Many pits have a form of concentric steps (Fig. 4B); 
the steps are probably related to several layers of the 
mantle. There are examples where the pits are covered 
with mantle with characteristic texture, while the small 
patch at the bottom looks fresh, which could mean 
reactivation of the collapse process. The size-
frequency distribution of the pits in the clusters is 
steeper than the impact crater production function. 
This means that the pits can hardly be a result of the 
impact crater degradation.  
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Fresh craters: At the high latitudes (>70°N) the 
mantle is mostly intact, with some erosion and removal 
at the steepest slopes of large (>10 km) impact craters. 
So far, we identified 4 small circular features, almost 
certainly impact craters superposed on the mantle and 
somewhat degraded.  
 

 
Fig. 4. A. Portions of E02/00200. A few pits; the larg-
est one is a fresh collapse feature with steep slopes, 
others pits are covered with the mantle in different 
degrees. B. Portions of E02/01984. Pits covered with 
the mantle. Small sharp feature in the upper right cor-
ner could be a fresh impact crater (40 m). Both images 
are 1.4 km wide; illumination is from lower left. 

Several images at latitudes <70°N contain a set of 
small sharp circular depressions, apparently randomly 
scattered over the image; a few of them sometimes are 
larger than 50 m, other are smaller (see examples in 
Fig. 3B, 4B). This situation is very similar to that 
should be expected for an accumulating population of 
impact craters. There are a few tight pairs of small 
craters in such images, which is natural because of 
probable breakup of small projectiles in the atmos-
phere. The crater density calculated over several im-
ages with such probable impact crater population gives 
an age estimate on the order of 1 Myr, using the Neu-
kum production function recalculated for Mars [5]. 
This estimate is highly uncertain, because (1) this is 
statistics of a few craters; (2) the recalculation of the 
production function is accurate within a factor of 2 [5]; 
(3) the extrapolation of the projectile flux established 
for 100s Myr time scale down to 1 Myr time scale is 
poorly grounded; (4) atmospheric attenuation of the 
projectile flux is uncertain.  

There are many images in the lower latitudes 
(55°N - 60°N), where there are definitely no impact 
features. This observation suggests, that the crater re-
tention age of the mantle in different locations differs 
at least by an order of magnitude. The crater retention 
age difference can be explained in two ways. (1) Man-
tle emplacement age can differ between high and 
lower latitudes, and between different areas at lower 
latitudes. This means that there were many episodes of 
the mantle emplacement. The contacts between man-
tles of different age may not be recognized as such 
because the MOC image coverage is too patchy. This 

question about the presence of such boundaries can be 
addressed with Mars Odyssey THEMIS visible and 
day infrared images. (2) A large part of the mantle 
could be protected from impacts by a decameters-thick 
layer of icy deposits similar to the present polar cap 
outliers and persisted during long part of the mantle 
lifetime span. The polar cap contains much enough ice 
to provide necessary material for this coverage. Rela-
tively recent sublimation of such protecting layer and 
migration of the ice to the northern polar cap can form 
hectometers-thick young layer on the cap and be re-
sponsible for its young crater retention age [e.g., 7]. 
Areas with accumulating population of fresh impact 
craters at lower latitudes can be due to gaps in the pro-
tecting ice sheet at lower latitudes. 

Formation of the high-latitude mantle or its indi-
vidual layers is probably attributed to periods of high 
obliquity [e.g., 2], when atmospheric water abundance 
and mobility were higher, and winds and dust lifting 
were more intensive. The accuracy of age determina-
tion with craters do not allow to distinguish between 
the most recent periods of moderately high (~35°) 
obliquity about 0.3 Ma ago and extremely high (>40°) 
obliquity at earlier periods (>4 Ma ago) [8].  

References: [1] Malin M. C. and Edgett K. S. 
(2001) JGR 106, 23429-23570. [2] Kreslavsky M. A. 
and Head J. W. (2002) GRL 29, 10.1029/2002GL 
015392. [3]. Tokar R. L. et al. (2002) GRL, 29, 
10.1029/2002GL015691. [4] Mitrofanov, I. G. et al. 
(2003) LPS XXXIV, Abstract # 1104. [5] Ivanov B. A. 
(2001) Space Sci. Rev., 96, 87. [6] Mustard, J. F. et al. 
(2001) Nature, 412, 411-414. [7] Herkenhoff, K. E. 
and Plaut, J. J. (2000) Icarus, 144, 243-253. [8] 
Laskar, J. et al (2002) Nature, 419, 375-377. 
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Introduction:  Data from the Mars Orbiter Cam-
era (MOC) and the Mars Orbiter Laser Altimeter (MOLA) 
aboard the Mars Global Surveyor (MGS) mission have pro-
vided important new clues to the past history of the south 
polar layered deposits (SPLD).  There are distinct features 
presented here that have been observed almost exclusively 
with these data sets and are unique to the south polar region 
of Mars.  Crawford et al. [1] have studied these features 
initially and we now present the current perspective on this 
region after a period of detailed study.  We present a descrip-
tive discussion and provide evidence for different possible 
interpretations.  Although we do not conclusively know the 
origin of these features, we consider that subglacial volcan-
ism as well as strong surface winds may have been active in 
forming these features visible today. 

Regional Description:  Enigmatic large-scale 
grooved features, termed here the “Wire Brush” terrain, be-
came evident from the MOLA topographic shaded relief 
map. The precise topography data was better suited to ex-
pose subtle surface features that were poorly resolved in 
visual images.  This region can be identified in Viking cov-
erage of this area (image f307a88) and shows that the 
grooves possibly have a connection with the current residual 
cap. This unusual area of grooved terrain occurs in the region 
190° - 230° W, 85° - 87°S (no MGS coverage south of 87°), 
shown in Figure 1 and Figure 2.  At the poleward tip of 
Chasma Australe is the only other location where we see this 
grooved pattern on Mars.  The grooves are suggestive of 
erosion by an external agent that maintained a coherent pat-
tern over several hundred km scale.   

The overall grooved pattern is continuous for more 
than 300 km, though tracing of individual grooves is difficult 
to do with certainty for more than about 50 km.  The grooves 
do continue linearly across local topography and are several 
hundreds of meters across with vertical relief of only a few 
tens of meters.  The slope over the extent of the wire brush 
terrain is very slight and the grooves to do not seem to be 
influenced by any larger scale topography.  The grooves also 
seem to cut right across smaller topographic features, not 
deflected by them in local areas.  This is shown in Figure 3.  
A feature observed using the MOLA data has been resolved 
in the MOC Narrow Angle (NA), showing how the linear 
grooves cut right over a circular feature (example image 
m1001286). Using the MOC NA images it is also possible to 
observe that individual grooves have undergone significant 
weathering (example image m1200517). 

There are numerous, unique features in association 
with the Wire Brush that may provide other clues to origin 
and timing of formation of the large-scale grooves.  There 
are sinuous positive features cross-cutting the Wire Brush 
which we have termed “Snakes”.  The association of the 
Snakes with the Wire Brush Terrain is highlighted in Figure 
2.  The Snakes are as much as 2 km in width and tens of km 
long, though are only a few tens of meters in relief relative to 

the surrounding terrain.  The presence of such vertical fea-
tures is unusual.  It could imply an episode of deformation or 
fracturing that has been filled subsequently with more resis-
tant material than the surrounding layered deposits.  Individ-
ual snakes have differing structural properties and differing 
appearances in MOC NA image coverage.  Some of the 
Snakes appear to expose many layers on one side and none 
on the other, whereas other Snakes seem to show no layering 
at all.  The Snakes are found primarily within the Wire Brush 
region but do extend out from this region as well.  One 
Snake extends into an adjacent elongated depression and can 
be seen to interact with layering in this adjacent chasma.  
The walls of the chasma are finely layered and these layers 
are continuous, traceable over tens of km through different 
MOC NA frames.  The layers near the location where the 
Snake coincides with the wall of this chasma are highly de-
formed.  MOC NA m1002701 illustrates this deformation of 
the layers by the Snake feature.  This adjacent chasma is 
possibly a significant feature in association with the Wire 
Brush terrain.  Unlike Chasma Australe, this chasma does 
not cut all the way through the layered terrains to the under-
lying basement rock and does not have an outlet.  Given the 
positions of these two chasmas, on both sides of the Wire 
Brush Terrain, it is possible that all of these features have a 
similar origin.    

Another interesting component of the Wire Brush 
and adjacent region is the presence of small, circular pits.   
They are found distinctly in the regions 190° - 230° W, 85° - 
87° S and 135°-175° W, 85°-87° S.  A search of the south 
polar layered deposits using MOC imagery data through 
extended mission 12 (e-12) has been done in the search area 
for impact craters designated by Koutnik, et al.[2].  Out of 
this entire search area, these potholes are found only within 
the two bounds listed above.  Most interesting is that the 
potholes are predominantly found in association with the 
Wire Brush Terrain.   
 The distribution and morphology of these features 
is clear evidence that they are not impact craters.  There are 
no large impact craters near these features and the organized 
clustering of the potholes indicates an endogenic origin.  The 
distribution of these features has been mapped according to 
coverage in MOC NA images.  The potholes are found in 
two distinct regions and can be roughly grouped by mor-
phology and orientation.  All of the individual polar potholes 
in both regions are approximately 50 – 100 m in diameter.  
The density of potholes over a given area in each image is 
variable, though these features are always seen in groupings 
of multiple features, never isolated. The potholes found 
within the Wire Brush region are circular, distinct forms.  
They are often observed with no particular orientation rela-
tive to each other or local topography.  More interesting, 
potholes of the same morphology in the Wire Brush region 
are found to be located in regions of low topography or clus-
tered in local circular depressions.  Figure 4 shows the 
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groupings of potholes in areas of low topography.  Figure 5 
shows the larger circular depressions containing clusters of 
small potholes.  The larger depressions are 150 – 500 m in 
diameter in this image and are not distinct features.  It is 
apparent that some of the larger depressions are made up of 
one or more circular shapes.  The entire population of pot-
holes is found only on the south polar layered deposits and 
these clustered forms are only in the Wire Brush region.   

Interpretations:  The Wire Brush region and as-
sociated features could conceivably be the signature of un-
usual past winds, ancient ice sheet motion, or episodes of 
catastrophic flooding originating from beneath earlier resid-
ual caps.  Each of these possible explanations has strong and 
weak points, though some features are better explained by 
certain processes than others.  The Wire Brush grooves as a 
wind-formed feature offers a straightforward explanation.  
This requires an episode of extremely high winds (many tens 
of m/s) that lasts long enough to carve out these grooves and 
possibly contribute to the formation of the adjacent chasmas.  
A possible problem with the wind theory is the nature of the 
grooves cutting straight over local topography, in a way that 
seems inconsistent with wind action alone.   

Interpretations involving ice motion require a past 
climate episode where higher temperatures would have al-
lowed a process of this nature to occur.  The grooved pattern 
is visually similar to such features on Earth as ice streams, 
though we are unable to determine as of now if the mode of 
formation might be similarly analogous.  Evidence for an-
cient ice streams have been proposed by Lucchitta [3] for 
elsewhere on Mars.   

The influence of water over this landscape could 
also have been important in creating some of the features we 
see in this region today, if there were a past episode where 
water was temporarily stable at the surface or near-surface.  
This could either have been a period of climatic warming or 
possibly a period of sub-surface volcanism.  The presence of 
a number of peculiar mounds north of the Wire Brush Ter-
rain may be supporting evidence for the influence of sub-
surface heating on current topography, as may be the closed 
depressions of the adjacent chasma.  Elsewhere in the south 
polar region, Ghatan and Head [4] have proposed a past 
episode of subglacial volcanism of Hesperian age.  Given 
that characteristic grooves forming the Wire Brush terrain 
also appear at the poleward tip of Chasma Australe, the for-
mation of this feature might have the same origin.  It has 
been proposed by Howard [5] that Chasma Australe is a 
wind-formed feature and has also been proposed by Anguita 
et al. [6] as evidence of a past outburst flood, so there is 
support for both processes which we consider.   

It is possible, perhaps even likely, that several dif-
ferent processes have acted on these unusual features at dif-
ferent times to produce composite results.  We are beginning 
to piece together the connection between all these features in 
this region of the SPLD, in order to understand their origin.  
The unique location of all these features is evidence of a 
significant event in the Martian past that had a considerable 
influence on the SPLD.      

 
References: [1] Crawford, Z., et al. (2002) AGU Fall 
Meeting.  [2] Koutnik, M., S. Byrne, and B. Murray (2002) 
J. Geophys. Res.107 (E11).  [3]  Lucchitta, B. (2001) Geo-

phys. Res. Letters 28, 3, 403-406. [4] Ghatan, G. and J. Head 
(2002) J. Geophys. Res. 107,  E7, 2002.  [5] Howard, A. 
(2000) Icarus 144, 267-288.  [6] Aquita, F. et al. (2000) 
Icarus 144, 302-312. 
 
 
 

 
 
Figure 1.  MOLA shaded relief map of the full extent of the 
Wire Brush Region, 190° - 230° W, 85° - 87°S. 
 
 

 
 
Figure 2.  Further zoomed view of the Wire Brush terrain 
and outlines of the Snakes cutting through this region.  The 
upper left corner is an area where there was no MGS data 
coverage.   
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Figure 3.  Close-up of topographic feature within the Wire 
Brush terrain where the grooves cut straight across.  Also in 
the mid-right of this image is a close-up view of one of the 
Snake features. 
 
 

 
 
Figure 4.  MOC NA m1104171 showing the pothole features 
in the Wire Brush terrain and how they are grouped in re-
gions of lower topography. 
 
 

 
 
Figure 5. MOC NA m1102900 showing another distribution 
of potholes in the Wire Brush terrain that are grouped in 
larger circular depressions. 
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CAN SHORELINE PROCESSES ON MARS CONSTRAIN ITS PAST CLIMATE?  E. R. Kraal1 , E. I. As-
phaug1 and R. D. Lorenz 2, 1Department of Earth Science – University of California Santa Cruz (1156 High Street,
Santa Cruz, California 95064, ekraal@es.ucsc.edu), 2Lunar and Planetary Laboratory, (1629 E. University Blvd,
Tucson, AZ, 85721).

Introduction:  Significant past efforts have been
devoted to the mapping of shorelines in Martian crater
basins [e. g.1, 2-4]  and the use of shoreline morphol-
ogy to interpret the past Martian climate and hydro-
logic cycle[5-7].  If lacustrine geomorphology persists
on Mars, it is a rich key to the Martian past.  Yet, de-
spite the wealth of imagery and increasing data return
from THEMIS on Mars Odyssey, the interpretation of
surface morphology lacks insight from a linked quan-
titative model.  In this spirit, we propose to explore the
geomorphic system of a crater lake on Mars and how it
would respond to climate perturbations (from occa-
sional filling to persistent lake levels and ice cover),
keeping in mind the unique initial conditions of an
impact structure to the extent that the initial lake bed-
rock, breccia and layered deposits can be modeled.
Our ultimate goal is to understand how shorelines
might preserve a quantitative record of Martian cli-
mate.

Methods: Shore erosion is a function of wave en-
ergy reaching the shore and the erodability of shoreline
material.  Wave energy is a function of climatic vari-
ables such as wind speed and variability as well as air
pressure.  While resistance of shore erosion is a func-
tion of bedrock.  Through the use of geomorphic mod-
eling, it may be possible to tease out these two vari-
ables and begin to understand the climate conditions
present during the formation of possible shorelines.

For instance, a shoreline bench of height h and
width w might turn out to be correlated to a lake drain-
age of h over a duration T with significant wave height
A.  In this example h and w are directly measured, and
A is a proxy for wind speed and atmospheric pressure.
The intensity and duration of climatic events may be
recorded in crater lacustrine deposits and erosional
forms.  A primary goal of our forward modeling effort
is, therefore, to determine whether Mars climate his-
tory is clearly captured in these erosional and deposi-
tional forms.

The modeling is separated into two parts.  First, is
the generation of waves.  Second is the interaction of
those waves with the shoreline.

Wave Formation.  The general wave equations pre-
dict expected wave behavior.  The velocity of a wave
scales with gravity while wave height scales with the
inverse of gravity.  Therefore, waves produced in the
lower gravity of Mars can be expected to grow taller
but travel slower.

The energy of a wave is expressed by E=1/8rgH,
where r is the fluid density (gm/cm3), g is planetary
gravity (m/s2), and H is wave height (m).  In order to
estimate the amount of energy in the system over time,
it is also important to know the wave period.

Empirical equations have been developed for the
earth to calculate significant wave height (hs), the aver-
age height of waves in the upper one-third of the wave
energy spectrum, and the average frequency (fm) of the
significant waves.  The two empirical relations are the
Pierson-Moskowitz(PM) equation, which is only a
function of wind speed, and the JONSWAP equation
which is a function of wind speed and fetch [8].  This
abstract will use the PM equation, which assumes a
fully developed sea [9].  The PM equation for signifi-
cant wave height is:

  

† 

PM hs =
0.447g a

p 2 fm
2

Where g is planetary gravity in m/s2, alpha is an
empirical constant equal to 8x10-3, and fm is the peak
frequency.  Peak frequency is a function of gravity and
the wind velocity, u, in m/s

 

† 

PM fm = 0.8772 g
2pu

Ê 
Ë 
Á ˆ 

¯ 
˜ 

Peak period (tm) is 1/fm.   Using these equations it is
possible estimate wave energy arriving at Martian
shorelines and to compare is to energies at equivalent
conditions on Earth.

Shoreline Development. From our wave gen-
eration model we shall compute the amount of force
available to erode a wave cut platform under Martian
conditions.  Waves provide mechanical energy to
erode coastlines by water hammer, abrasion, and quar-
rying [10].  The highest pressures and erosive power
are generally found at the mean water surface [11].  On
Earth, the mean water surface is controlled by tides,
while on Mars tides are negligible.   Trenhaile [12]
modeled formation of wave cut terraces on Earth and
this method will be closely followed with considera-
tion to Martian conditions.

The wave force (Fb) at the point where the wave
begins to break is defined as Fb = 0.5 rwhb  (4), where
rw  is the density of water and hb is the breaking wave
depth. Fb has units of kg/m2.  The wave height (Hb) is
related to hb by the critical ratio Hb = 0.78 hb (5), which
occurs when the water particle velocity at the crest is
equal to the wave phase velocity.  Combining Eqs. (4)
and (5) gives the force at the breakers related to wave
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height.  This wave force at the breakers must be dis-
tributed over the width of the surf zone (Ws).  Assum-
ing a linearly sloped surf zone Ws = hb / tan b (6) where
b  is the slope of the surf zone, the surf force (Sf)
reaching the water line may be approximated using a
decay function Sf = 0.5rw(Hb/0.78) e-kWs (7).  The at-
tenuation rate of energy is represented by the constant
k and is related to the roughness of the bottom.  Even
in some terrestrial situations this constant can be un-
known.  However, Trenhaile (2000) showed that a
range of 0.1 to 0.01 was ample to model high and low
surf attenuation.  The wave platform is eroded using
this wave force.  

Results: As anticipated by the basic wave equa-
tions, waves produced by the same wind speed are
taller on Mars than on Earth.  Waves are slower on
Mars than on Earth, arriving 3 times less frequently.
While gravity varies between the planets, fluid density
is assumed to be that of water (1000 g/cm3) in both
cases.  Because of the larger wave height, a given wind
speed produces more energetic waves on Mars.  Even
though this relationship is slightly mitigated by the loss
of gravitational potential energy on Mars, average en-
ergy per Martian wave is almost 3 times larger than
terrestrial waves.  However, once the wave period (tm)
is converted to number of waves per hour and multi-
plied by energy per wave, the time averaged energy
per wind speed is similar on both planets[13].

Empirical relationships developed on Earth indicate
that, given similar wind speeds, the average energy
arriving at a Martian shoreline could be comparable to
terrestrial wave energy.  This conclusion may, how-
ever, not be entirely accurate as a 1 bar atmosphere is
implicit in the empirical relationship; lower atmos-
pheric density on Mars would make energy transfer
from wind to water less efficient.  At present, wind
wave generation theory based solely on first principles
does not exist.  It is, therefore, necessary to apply the
available tools to make first-order quantitative assess-
ments of the energy available for lacustrine erosion on
Mars.  Future research will focus on constraining the
effects of different planetary conditions on wave field
generation, e. g. how atmospheric pressure could be
decoupled and thus made explicit for the purpose of
general planetary conditions.

The wave fields estimated for various climate con-
ditions (ie wind speed) will be an important input into
the geomorphic model of shoreline erosion.

Conclusions: By applying terrestrial wave field
models, to first order, wave energy on Mars and Earth
may be similar.  This would especially be true in an
early ~1 bar epoch on Mars, when open water might
have existed.  The presence of open water and a rela-
tively dense atmosphere could provide conditions nec-

essary to form lacustrine geomorphic features.  How-
ever, more research on the influence of differing
planetary conditions and modeling the lacustrine geo-
morphic processes associated with wave action is nec-
essary and in progress.

This modeling is highly relevant to understanding
Mars’ water cycle, climate history and geology.  Spe-
cifically, some aspects of the geologic history of Mars
are uncertain because, due to the small size of the im-
pact craters, and the especially small size of potential
shoreline features, age dating via crater counting is
difficult and controversial (e.g. Hartmann 2002).  Al-
though the age of impact crater lakes have been esti-
mated, the error is significant because of their small
surface area [6].  Though this model will not result in
absolute ages of geomorphic features due to the esti-
mated parameters (e. g. rock hardness and wind speed)
we may gain insight into the time of formation; are the
observed features likely formed in tens, thousands, or
millions of years?   The geologic history is inextricably
linked to the climate history.  The geomorphic model-
ing of lacustrine features may offer clues to the dura-
tion of ‘warm, wet’ periods.
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     Introduction: Surface conditions on Mars 
are probably too hostile for life, as we know 
it, to exist [1, 2, 3]. Below the surface, how-
ever, is another matter. If subsurface liquid 
water is present [4, 5], then conditions may 
be conducive to the growth of methanogens. 
Methanogens, members of the domain Ar-
chaea, are microorganisms that are found 
deep below the surface of the Earth as well as 
deep within the oceans [6, 7, 8].  
     Materials and Methods: In an attempt to 
determine if species of methanogens can 
grow (or just survive) under conditions ap-
proaching those at the surface of Mars, we 
inoculated JSC Mars-1, a Mars soil simulant 
[9] with Methanobacterium formicicum, 
Methanosarcina barkeri, and Methanother-
mobacter wolfeii in the Andromeda Environ-
mental Chamber at the Arkansas-Oklahoma 
Center for Space and Planetary Sciences. The 
Andromeda Chamber is a 4 m tall by 1 m 
wide vacuum cylinder that has been designed 
to simulate planetary surface conditions. Cul-
tures were grown in their respective media 
[10, 11], washed and suspended in a standard 
carbonate buffer, and frozen in anaerobic cul-
ture bottles. The frozen cultures were placed 
inverted into the soil simulant that was in a 
stainless steel bucket. The bucket was low-
ered into the chamber, the chamber sealed, 
and the atmosphere replaced with equal vol-
umes of carbon dioxide and molecular hydro-
gen at a pressure of 400 mbar. The atmos-
phere was replaced before the cultures melted 
in order to prevent the methanogens from 
coming in contact with atmospheric oxygen  
(methanogens are strict   
anaerobes). Palladium catalyst boxes were 
mounted on the top of the bucket to help re-

move residual oxygen. In some experiments, 
anaerobic 4.0 mM sodium sulfite solution 
was poured into the soil as an additional 
measure to remove residual oxygen [12].  
     Results and Conclusions: All three spe-
cies survived a week under the described 
conditions, M. wolfeii showing the greatest 
increase and M. formicicum showing the 
smallest increase in methane production. So-
dium sulfite additions resulted in even greater 
methane production. These experiments dem-
onstrated methane production at reduced 
pressure, survival of the organisms after a 
freeze/thaw cycle, and the usefulness of the 
Andromeda Chamber.    
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Photochemical modeling is a powerful tool to study 

the chemical composition of a planetary atmosphere. 
Using densities of just two or three species near the 
surface of a planet, photochemistry makes it possible 
to calculate vertical density profiles for a few dozen 
species and describe chemical and physical processes 
that determine these profiles. 

Weaknesses of the Current Models of Mars 
Photochemistry:  The latest models of Mars photo-
chemistry [1-5] were made a decade ago. There is an 
increasing disagreement between the recent experi-
mental data and those models:  

1) The standard gas-phase chemistry predicts too 
low abundances of CO and ozone; 

2) All modifications in gas-phase chemistry sug-
gested to agree the models with the observations have 
not been confirmed; 

3) Recent measurements [6, 7] give even greater 
CO abundance than that in the modified models; 

4) The detected H2 abundance [8] is far below 
the model predictions; 

5) MGS/TES mean H2O abundance [9] exceeds 
that used in the models; 

6) The observed upper limit to H2O2 [10] is 
smaller than the model predictions by an order of mag-
nitude; 

7) The observed low latitudinal variations of the 
O2(1∆) dayglow at 1.27 µm [11] and ozone [12] dis-
agree with the very strong variations of H2O [9] and 
question the basic concept of Mars photochemistry. 

These facts show that the current models are inade-
quate, incomplete, and needs a significant updating. 

Global, Local, and General Circulation Models: 
One-dimensional global-mean model is a traditional 
tool to solve basic photochemical problems. Eddy dif-
fusion, which is uncertain within a factor of 3, substi-
tutes atmospheric mixing in these models. The models 
reflect the global-mean values and are especially good 
for long-living species H2, O2, and CO on Mars. 

Local models are adjusted to local conditions. The 
lifetimes of H2, O2, and CO are greater than the global 
atmospheric mixing time, therefore these species can-
not be calculated by the local models. These abun-
dances are the basic experimental constraints, and the 
chemistry adopted in the local models should be tested 
by the global models on the consistency with the meas-
ured H2, O2, and CO. 

Photochemical GCMs may appear soon, and that 
will be a significant progress in photochemical model-

ing. However, there are two restrictions to those mod-
els. First, they do not cover atmospheric mixing at the 
scales, which are smaller than the model grid step. 
Therefore, these models either underestimate the at-
mospheric mixing or should adopt small-scale mixing, 
similar to that in the global and local models. 

The second restriction is a very long run for the 
GCMs even with the simplest chemistry. Therefore, 
similar to the local models, the mean abundances of 
H2, O2, and CO are adopted  by  the photochemical 
GCMs, and their chemistry should be tested by the 
global models on the consistency with the measured 
H2, O2, and CO. The models considered below are 
global mean and without nitrogen chemistry. This is 

Table 1.  Reactions of CO2-H2O chemistry on Mars and 
their rate coefficients 
_________________________________________________ 
Reaction   Rate Coefficient  
_________________________________________________ 
1      CO2 + hν → CO + O       - 
2      CO2 + hν → CO + O(1D)       - 
3      O2 + hν → O + O       - 
4      O2 + hν → O + O(1D)       - 
5      H2O + hν → H + OH       - 
6      HO2 + hν → OH + O      1.3×10-4 
7      H2O2 + hν → OH + OH      2.1×10-5 
8      O3 + hν → O2(1∆) + O(1D)      1.7×10-3   
9      O(1D) + CO2 → O + CO2      7.4×10-11e120/T 
10    O(1D) + H2O → OH + OH      2.2×10-10 
11    O(1D) + H2 → OH + H      1.1×10-10 
12    O2(1∆) + CO2 → O2 + CO2      10-20   
13    O2(1∆) → O2 + hν      2.24×10-4   
14    O + CO + CO2 → CO2 + CO2   2.2×10-33e-1780/T   
15    O + O + CO2 → O2 + CO2      1.2×10-32(300/T)2   
16    O + O2 + CO2 → O3 + CO2      1.3×10-33(300/T)2.4   
17    H + O2 + CO2 → HO2 + CO2    1.7×10-31(300/T)1.6   
18    O + HO2 → OH + O2       3×10-11e200/T 
19    O + OH → O2 + H       2.2×10-11e120/T  
20    CO + OH → CO2 + H       1.5×10-13   
21    H + O3 → OH + O2       1.4×10-10e-470/T 
22    H + HO2 → OH + OH       7.3×10-11 
23    H + HO2 → H2 + O2

       1.3×10-11(T/300)0.5e-230/T 
24    H + HO2 → H2O + O       1.6×10-12 
25    OH + HO2 → H2O + O2       4.8×10-11e250/T  
26    HO2 + HO2 → H2O2 + O2       3.2×10-13e580/T  
27    OH + H2O2 → HO2 + H2O       2.9×10-13e-160/T 
28    OH + H2 → H2O + H     3.3×10-13(T/300)2.7e-1150/T 
29    O + O3 → O2 + O2       8×10-12e-2060/T 
30    OH + O3 → HO2 + O2       1.5×10-12e-880/T 

_____________________________________________
Photolysis rates and k13 are in s-1, second and third order reac-
tion rate coefficients are in cm3 s-1 and cm6 s-1, respectively. 
Photolysis rates for all species except CO2, O2, and H2O refer 
to the lower atmosphere, are calculated for λ > 200 nm and 
scaled to half values at 1.517 AU.  
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the case when 

 

Figure 1. Model of Mars upper atmosphere at medium 
solar activity [13]. 

the  production of N in the lower thermosphere ex-
ceeds the production of NO [1]. 

Mars Model Upper Atmosphere and Iono-
sphere: A detailed model for the upper atmosphere 
and ionosphere of Mars was recently developed [13]. 
This model includes 11 neutral (Figure 1) and 18 ion 
species (Figure 2), 32 photon and photoelectron disso-
ciation, ionization, and dissociative ionization proc-
esses, and 54 reactions. Both thermal and nonthermal 
escape processes were considered at the upper bound-
ary of 300 km. Therefore, our current model will cover 
the altitudes below 80 km, and we will apply the fluxes 
of H and H2 at medium solar activity from that model 
at our upper boundary of 80 km. 

Boundary Conditions, Input Data, and Chemi-
cal Reactions: The escape of H and H2 should be per-
fectly balanced by the escape and/or loss of oxygen for 
the surface oxidation in the steady-state models of 
Mars photochemistry. The models diverge if this rule 
is broken. It does not matter for the model if oxygen 
escapes or is lost at the surface, and we assume the 
former. 

The hydrogen escape flux and the H and H2 veloci-
ties at the upper boundary were the input data in the 
previous models [3, 4]. A flux to velocity ratio is den-
sity, and we assign the H and H2 fluxes and the H2 
density from [13] at 80 km in our model. Other bound-
ary conditions reflect the CO2 dissociation of 1.4×1011 
cm-2 s-1 above 80 km and the O2 dissociation velocity 
of 0.16 cm s-1 at 80 km. Conditions at the lower 
boundary correspond to the chemically passive sur-
face. 

The MGS/TES data on the day- and nighttime tem-
perature structure of Mars atmosphere at LS = 0, 90, 
180, and 270° were properly averaged to get a mean 

temperature profile. The global-mean water abundance 
of 15 precipitable µm from the MGS/TES observations 
[9] results in the H2O mixing ratio of 260 ppm up to a 
condensation level at 18 km. 

Table 1 presents a standard set of gas-phase reac-
tions for the CO2-H2O chemistry on Mars. The reac-
tion rate coefficients are taken mostly from the JPL 
compilations [14, 15] and some later publications. The 
photolysis rates have been calculated using the appro-
priate cross sections from the JPL compilations as 
well. 

 
Table 2.  Some Results of Modeling 

Value      Obs       M1       M2       M3        M4 
O2(×10-3)       1.2       1.4       1.5       1.3         2.4 
CO (0 km, ×10-4)    8          0.8       1.0       0.9         2.4 
CO (40 km, ×10-4)  -           1.5       1.1       1.2         2.6 
CO (80 km, ×10-4)  -           66        7.6       7.7         9.1  
O3 (µm-atm)    1.5-3    0.63     0.66     0.52       2.6 
4πI1.27 µm (MR)    ≈4  1.14     1.26     1.04       3.8 
H2O2 (ppb)    <4  20.2     21.3     23.8       3.1 
      See text for explanation.    

 
Results:  Some results of modeling are shown in 

Table 2. The second column (Obs) gives the observed 
values. 4πI1.27 µm (MR) is the O2(1∆) 1.27 µm dayglow 
brightness in megarayleighs. Models M1-M3 are for 
pure gas-phase chemistry with different eddy diffusion 
coefficient K. K is equal to 106 cm2 s-1 for M1, and the 
abundance of CO near the surface, O3, and the O2 day-
glow are much below the observed values, while H2O2 
is far above the upper limit. The CO mixing ratio is 
greater at 40 km than that near the surface by a factor 
of 2. If CO were equal to the observed value near the 
surface, that would occur for K = 105 cm2 s-1. CO is 
very abundant at 80 km because of the low eddy diffu-
sion. 
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Figure 2. Model of Mars ionosphere at medium solar 
activity [13]. 

M2 is for K = 107 cm2 s-1, and it is similar to M1 in 
many aspects. The difference between M1 and M2 in 
H2O2 is small. This difference was a factor of 2 in the 
local model [10], maybe, because the H2, O2, and CO 
abundances were fixed in that model. M3 is a model 
for K increasing from 105 near the surface to 107 at 40 
km and higher [3]. This profile of K is prefer-
able.

 

Figure 3.  Model for Mars photochemistry (M4) with a 
heterogeneous sink of peroxide on ice and ice-covered 
aerosol particles. 

All pure gas-phase chemistry models significantly 
disagree with the observations. However, laboratory 
data and studies of chemistry of the Earth’s atmos-
phere show that ice particles are very effective in scav-
enging of all forms of odd hydrogen. Their sticking 
coefficients may be as high as 1, 0.2, 0.5, and 0.03 for 
OH, HO2, H2O2, and H, respectively [14, 15]. 

According to the MGS/TES observations [16], the 
mean optical depth of ice aerosol is ≈0.05 at 12 µm 
and ≈0.1 in the visible at 2 p.m., i.e., near the diurnal 
minimum. Ice may cover some dust particles, and we 

assume that the altitude distribution of ice and ice-
covered particles is similar to that of dust, which is 
taken from [17]. Model M4 is similar to M3 but in-
cludes a heterogeneous sink of H2O2 on ice with a 
probability of 0.025. The O3 and H2O2 abundances and 
the O2(1∆) dayglow in M4 agree with the observations 
(Table 2), while CO is between the measured abun-
dance and that from the gas-phase models. It is clear 
that the inclusion of heterogeneous chemistry provides 
a distinct possibility to fit all observational constraints. 
The calculated vertical density profiles for model M4 
are shown in Figure 3. 

Our simulations show that a major effect of hetero-
geneous chemistry is produced by the ice aerosol 
above ≈5 km. This aerosol opacity may be propor-
tional to the H2O abundance. Then both production 
and loss of odd hydrogen are proportional to the water 
vapor abundance. This helps to explain the low latitu-
dinal variations of the O2(1∆) dayglow and ozone, in 
spite of the variations of water vapor by more than an 
order of magnitude. 

Conclusions:  (1) There are significant contradic-
tions between the latest photochemical models and the 
observations. 

(2) All these contradictions may be removed by the 
inclusion of heterogeneous chemistry. 

(3) Heterogeneous chemistry is very effective in 
the Earth’s atmosphere. It should exist in the Martian 
atmosphere, and Mars photochemical models are in-
adequate without heterogeneous chemistry. 
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Introduction: The basic data on the chemical com-

position of Mars’ atmosphere were obtained by the 
Viking mass spectrometers a quarter of century ago. 
Spacecraft missions to Mars in the last decade have not 
been aimed to this field, and the current progress is 
related to high-resolution spectroscopy from orbiting 
and ground-based observatories. 

HDO: Deuterated water was detected [1] using 
CFHT/FTS with resolving power ν/δν = 9×104 (Fig. 
1).  Very low humidity (0.5 pr. mm) above Mauna Kea 
and a significant (by a factor of 6) enrichment of water 
in D on Mars facilitated the detection. 

 
Fig.1. HDO lines in the CFHT/FTS spectrum [1]. 

Telluric HDO (*), CH4 (+), and solar (.) lines are also 
seen. 

 

 
Fig. 2. One of ten HDO lines in the KPNO/FTS 

spectrum [2]. Telluric line is much stronger and 
broader than the Martian line. Dashed curve is a model 
fit to the telluric line, 628 is the CO18O line. 

 
Ten HDO lines in the KPNO/FTS spectrum [2] 

were also used to measure the D/H ratio in water on 
Mars (Fig. 2). Despite the better spectral resolution 
(ν/δν = 2.7×105), the HDO lines were less prominent 

because of the much higher humidity (14 pr. mm) 
above Kitt Peak. Both observations agree and result in 
D/H = 5.5 ± 1 times the terrestrial value in the Martian 
water. The KAO observation of HDO [3] is still under 
revision. 

Atomic Deuterium: The D Lyman-α line at 
1215.34 Å is shifted from the H line by 0.33 Å and 
very much weaker than the H line. The Martian lines 
are Doppler-shifted by 0.06 Å maximum relative to the 
telluric lines. All four lines were detected and resolved 
(Fig. 3) in the HST/GHRS observation [4]. The in-
strument resolving power was 1.6×104. The observed  
D-line intensity of 23 ± 6 R at solar minimum corre-
sponds to [D] = 450 ± 120 cm-3 at 250 km. 

 
Fig. 3. Telluric and Martian (subscripts E and M, 

respectively) Lyman-α lines of H and D in the 
HST/GHRS spectrum [4] at five levels of binning. 

 
Molecular Hydrogen: Vibrational and rotational 

transitions are strongly forbidden in H2. Despite the 
low dissociation energy of 4.48 eV, dissociation to the 
ground-state H atoms is parity-forbidden, and H2 ab-
sorbs photons only below 1108 Å where the solar ra-
diation is weak. Therefore, detection of H2 presents a 
difficult problem. Fortunately, three absorption lines of 
H2 coincide with the strong solar Lyman β, γ, and C II 
lines and originate a few comparatively strong emis-
sion lines. These lines were observable (Fig. 4) in the 
FUSE spectrum of Mars [5]. The observation resulted 
in a column H2 abundance of  (1.71 ± 0.13)×1013 cm-2 
above 140 km. The FUSE spectrum of Mars [6] cov-
ered a range of  904 to 1186 Å with spectral resolution 
of 0.2 Å. The spectrum is of high quality and provides 
a detection limit of ≈0.1 R. Many Martian lines and 
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ion species N+, C+, and Ar+ have been observed for the 
first time in that spectrum. For example, two Ar+ and 
eight H lines of the Lyman series are among other 
lines in Fig. 5. 

 
Fig. 4. Fragments of the FUSE spectrum [5] near 

the H2 lines at 1166.76 and 1071.62 Å. 
 

 
Fig. 5. A part of the FUSE spectrum [6]. 
 
Interpretation of the Observed HDO, D, and 

H2: 
Detailed photochemical modeling of Mars’ upper at-
mosphere and ionosphere [7] to fit the observed D and 
H2 abundances results in the HD and H2 mixing ratios 
of 11± 4 ppb and 15 ± 5 ppm, respectively. Then 
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This agrees with the fractionation of D in chemical 
reactions (R ≈ 1.6 [8]), photolysis of H2O (R ≈ 0.4 [9], 
and the HDO depletion above the condensation level 
(R ≈ 0.7 [10, 11])). Finally, R = 1.6×0.4×0.7 ≈ 0.4, and 
the controversial problem of deuterium fractionation in 
Mars’ atmosphere looks solved. The observed HDO, 
D, and H2 require the escape fractionation factor 
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averaged over the solar cycle. 
Implications for Evolution of Water: Combining 

this fractionation factor with the water abundance in 
the polar caps (a global-mean layer of ≈14 m deep [12-
14]) and the D/H = 1.9 [15] at the end of the intense 
impact erosion of the atmosphere 3.8 Ga ago, this re-
sults in a loss of an ocean of water of 30 m deep for 
this period. 

Hydrodynamic escape of H2 released in the reac-
tion Fe + H2O → FeO + H2 could be effective for 0.1-
0.3 Ga after Mars’ formation. Using a fractionation 
factor of 0.8 for this escape [16] and a standard as-
sumption of the terrestrial value for the initial D/H on 
Mars, the total loss of water by hydrodynamic escape 
was 1.2 km. Therefore Mars could initially be even 
more rich in water than Earth. 

Helium: Helium was detected on Mars using the 
EUVE/LW spectrometer [17] that had a capability to 
detect the He 584 Å line against the strong geocoronal 
emission of this line. The observed line intensity of 57 
± 15 R corresponds to the He mixing ratio of 4 ± 2 
ppm [18]. Helium is lost from Mars mostly by electron 
impact ionization above the ionopause and sweeping 
out of the ions by the solar wind. The total loss is 
equal to 7×1023 s-1 and agrees with the Phobos meas-
urements [19]. A source of He on the terrestrial planets 
is the radioactive decay in the uranium and thorium 
chains with subsequent outgassing. It is similar to the 
outgassing of 40Ar formed by the decay of potassium. 
A coupled model for the outgassing of He and 40Ar 
showed that (1) outgassing from Mars is weaker than 
that from Earth by an order of magnitude, (2) out-
gassing of He from Mars covers a third of its loss. An 
additional source of He is required, and that should be 
a capture of the solar-wind α-particles with an effi-
ciency of ≈0.3. This is the first and probably the only 
case when a capture of the solar wind is critical to a 

 

Fig. 6. Model [18] for evolution of 4He and 40Ar  
in Mars interior and atmosphere for outgassing coeffi-
cient δ proportional to Mars volcanism rate from [20]. 
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balance of atmospheric species. Later calculations of 
the solar wind capture efficiency by Mars [21] con-
firmed our conclusion and also gave the value of 0.3 
for α-particles. 

Ozone and O2 1.27 µm Dayglow: Ozone is a 
tracer of Mars photochemistry, and a latitudinal-
versus-season mapping of O3, similar to that done for 
H2O by the Viking/MAWD [22] and MGS/TES [23], 
is the objective of ozone observations. Three tools are 
currently used. Infrared heterodyne spectroscopy at 9.6 
µm [24] gave the first data on the O3 distribution at 
low and middle latitudes (Fig. 6). The instrument re-
solving power was 106 in the published observations. 
Another tool is the HST/FOS UV spectroscopy near 
Mars’ limb [25, 26]  (Fig. 7). 

 

 
Fig. 6. Latitudinal distribution of ozone at LS = 

208° [24]. 
 

 
Fig. 7. Three-parameter fitting to the observed 

HST/FOS spectrum [26] near Mars’ limb. The parame-
ters are ozone column and cloud and dust opacities. 

 
Ozone above 20 km is the most sensitive to sea-

sonal variations of photochemistry at low and middle 
latitudes [27]. It was suggested in [28] to observe the 
O2 1.27 µm dayglow using IRTF/CSHELL to map 
high-altitude ozone. This dayglow is excited by 
photolysis of O3 and quenched by CO2 below 15-20 

km. Therefore it is the best tracer of Mars’ photochem-
istry. The IRTF/CSHELL resolving power is 4×104, 
that is, 7.5 km/s, and the observations are feasible for 
the geocentric velocity ≥ 10 km/s. The dayglow spec-
trum observed at LS = 112° [29] is shown in Fig. 8. 
The retrieved dayglow intensities are corrected for 
airmass, surface reflectivity, and the instrument point 
spread function. (All these corrections are of a factor 
of ≈1.5 and cannot be ignored.) Latitudinal depend-
ences of the dayglow intensity for three seasons [30] 
are shown in Fig. 9. The dayglow maps have a spatial 
resolution of 0.1-0.2 Mars radii. Analysis of the day-
glow observation along one instrument slit was re-
cently reported in [31].  

 

 
Fig. 8. One of 550 spectra of Mars observed with 

IRTF/CSHELL at LS =112° [29]. The main features 
are the telluric absorption and Martian Doppler-shifted 
O2 emission lines and two solar Fe lines. 

 

Fig. 9. Latitudinal dependences of the O2 1.27 µm 
dayglow at three seasons [30]. 

CO Mixing Ratio: Low resolution spectroscopy 
from the Phobos orbiter [32] revealed a significant (by 
a factor of 5-8) decrease in the CO mixing ratio above 
the great Martian volcanoes. This decrease contradicts 
to gas-phase chemistry, which predicts a constant CO 
mixing ratio over Mars’ globe and up to ≈60 km. At-
tempts to check this result by using ground-based ob-
servations were made in [33, 34] using the CO lines at 
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1.3 mm and 2.3 µm, respectively. However, their fields 
of view were large, 1 and 0.5 Mars radii, respectively. 
No significant variations have been observed. A CO 
line shape at 1.3 mm [35] also favors a CO mixing 
ratio, which is constant with height. 

The CO mixing ratio on Mars was mapped at LS 
=112° [36] by observing both CO and CO2 lines at 
1.57 µm (Fig. 10) using IRTF/CSHELL. The measured 
CO mixing ratio does not vary from place to place, 
with local time and elevation (in the range of  -6 to 3 
km) while the variation with latitude is substantial 
(Fig. 11). It is explained by the intense condensation of 
CO2 at the South (winter) polar cap and the low merid-
ional circulation in the southern winter [37]. An alter-
native explanation is the photochemical accumulation 
of CO due to freezing out of H2O. However, it is com-
pensated by the low insolation in winter polar regions 
(polar night) and much smaller than the observed ef-
fect.  The increase in the CO mixing ratio to the South 
and its extent to low latitudes is determined by atmos-
pheric dynamics and should be simulated by GCMs. 

 

 
Fig. 10. One of 520 IRTF/CSHELL spectra at 1.57 

µm [36]. The spectrum consists of the CO, CO2, and 
solar (S) lines. 

 

 
Fig. 11. Latitudinal dependence of the CO mixing 

ratio at LS = 112° [36]. 
 
Upper Limits: The most restrictive upper limit 

was obtained recently for H2O2 using TEXES at 8 µm. 
The instrument resolving power was 7×104, and the 
limit is 4 ppb [38], that is, below the model predictions 

by an order of magnitude. Upper limits of 3 ppb to 
HCl and H2CO were extracted from the KPNO/FTS 
spectrum at 3.7 µm [2]. The limit to HCl shows that 
chlorine chemistry is negligible on Mars. 

Here I do not consider very fruitful and extensive 
MGS/TES observations of temperature profiles, H2O, 
dust and ice aerosol, and ground-based observations of 
water vapor, H2O and CO2 ice, and dust, and micro-
wave observations. 
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Abstract: A map of north-south subkilometer-scale 

slope asymmetry on Mars obtained from statistical 
analysis of along-track MOLA topographic profiles 
reveals well-defined latitudinal bands of north-south 
slope asymmetry at 40-50° in both hemispheres. In 
these bands the equator-facing slopes are systemati-
cally steeper than pole-facing slopes. This asymmetry 
is especially pronounced for the steepest (>20°) 
slopes: equator-facing ones are three times more fre-
quent. We interpret these bands to be related to insola-
tion asymmetry. Particularly, we suggest that transient 
melting of ground ice at pole-facing slopes occurred 
during the periods of very high obliquity (~45°) in the 
past and favored downslope mass movement and 
elimination of steep pole-facing slopes. The map re-
veals also several other areas of pronounced north-
south slope asymmetry. In these areas the asymmetry 
takes place for gentle slopes. It is interpreted to be 
caused by prevailing wind direction during formation 
and modification of surficial deposits. 

Introduction:  The Mars Orbiter Laser Altimeter 
(MOLA) onboard the Mars Global Surveyor (MGS) 
spacecraft produced a large homogeneous data set of 
precise elevation measurements along MGS tracks 
[e.g., 1] with uniform along-track spacing of 0.3 km. 
Except for narrow zones at very high latitudes, the 
gaps between the tracks are often wider than the along-
track spacing. 

Anisotropy of local slopes reflects the properties of 
topography-shaping processes. For example, asymme-
try of opposite slopes is typical for eolian features. 
North-south slope asymmetry is also an important in-
dicator of processes related to insolation and water 
mobility. For example, asymmetric troughs in the polar 
cap deposits have been interpreted to be due to insola-
tion-related sublimation (producing steep equator-
facing slopes) and deposition (producing shallow pole-
facing slopes) [e.g., 2]. In this study we used the 
MOLA data set to map and analyze slope asymmetry 
on Mars. 

Data processing:  The direction of all MOLA 
tracks is close to meridianal except in high-latitude 
regions. The deflection from the meridian is about 5° 
in a wide equatorial zone. Poleward from 60° latitude, 
the deflection slowly, then more rapidly increases, and 
reaches 17° at 80° latitude. Thus, sampling of the Mars 
surface with MOLA is strongly anisotropic. Track-to-
track systematic errors in a wide equatorial zone are 
much greater than the noise of along-track measure-

ments even after cross-over analysis [3]. This means 
that kilometer-scale slopes derived from the gridded 
topographic map are affected by strongly anisotropic 
errors, and the data set does not allow complete study 
of the anisotropy of kilometer-scale slopes. The along-
track slopes, however, are free of these errors, and the 
MOLA data can be used to study the north-south 
asymmetry of the slopes at kilometer- and hectometer-
scale baselines. 

The data processing technique we used was similar 
to that applied in [4, 5]. For each pair of consecutive 
MOLA shots, we calculated the differential slope, and 
noted the slope direction information (a positive sign 
was used for the south-facing slopes, and negative was 
used for north-facing slopes). The differential slope s 
was defined (Fig. 1, left) through slope α at 0.3 km 
baseline (the shot-to-shot distance) and slope β at 0.9 
km baseline as: tan s = tan α - tan β. The use of the 
differential slope instead of the ordinary slope was 
necessary to eliminate the influence of regional topog-
raphy on slope statistics. The present definition of the 
differential slope is slightly different from that used in 
[4] and permits the use of the shortest possible baseline 
length of 0.3 km.  

 
Fig. 1. Left, a schematic MOLA profile shows local along-
track slope α at 0.3 km baseline and slope β at 0.9 km base-
line used to calculate the differential slope. Right, a sche-
matic differential-slope-frequency distribution showing the 
quartiles q1/4 and q3/4, and the median q1/2.  

All calculated slopes were binned into map cells in 
several map projections; for each cell we calculated 
the median slope and the quartiles q1/4 and q3/4 and the 
median q1/2 of the slope-frequency distribution (Fig. 1, 
right). 

The difference between the quartiles r = q3/4 - q1/4 
characterizes the width of the slope-frequency distribu-
tion, and serves as a measure of roughness. It is very 
similar to the median absolute value of the differential 
slope used in [4] as a measure of roughness. Fig. 2 
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shows the roughness map in a simple cylindrical pro-
jection obtained in this way; brighter shades denote 
rougher surfaces. Major geomorphic features are 
clearly distinguishable in the map; the latitudinal trend 
of roughness (smoother terrains at high latitudes) is 
pronounced even more clearly than in [4, Fig. 12], 
because the baseline used here is twice shorter. See [4] 
for further discussion of the roughness maps. 

The median signed slope q1/2 can be used to quan-
tify the deviation of the slope-frequency distribution 
from symmetric. The mean differential slope is almost 
always equal to zero. Nonzero median slope means a 
different balance of steep and gentle slopes for north- 
and south-facing surfaces. If the median slope is posi-
tive, this means that the area covered by south-facing 
slopes is greater than the area covered by north-facing 
slopes; in turn, since the mean slope is zero, this means 
that the north-facing slopes are generally steeper than 
south-facing slopes. Analogously, negative median 
slope means that south-facing slopes are steeper. 

To eliminate roughness and characterize solely the 
distribution shape we normalized the median by the 
quartile difference and calculate the asymmetry pa-
rameter a = q1/2 / r. The map of this parameter is 
shown in Fig. 3; brighter shades denote positive a, that 
is that north-facing slopes are steeper, and darker 
shades denote that south-facing slopes are steeper 

Regions of slope asymmetry:  The map of slope 
asymmetry (Fig. 3) shows clearly that most of the sur-
face does not have any north-south slope asymmetry. 
Several distinctive areas, however, clearly show slope 
asymmetry. We repeated our calculations for 2 and 4 
times longer baselines (0.6 km and 1.2 km) and ob-
tained a spatial asymmetry distribution very similar to 
that shown in Fig. 3, but characteristic values of the 
asymmetry parameter |a| were systematically lower 
than for a 0.3 km baseline. For even longer baselines, 
the calculated parameter a reflects mostly steep re-
gional slopes, like major graben, channel walls, crater 
walls, etc. 

Latitudinal Anomalous Bands.  One of the most 
prominent features of the map is a pair of narrow lati-
tudinal anomalous bands at 40 - 50° in both hemi-
spheres. The signs of the median slope in both hemi-
spheres are opposite indicating that equator-facing 
slopes are steeper in these zones. The intensity of 
asymmetry varies along the bands. The characteristic 
values of the asymmetry parameter a in prominent 
parts of the bands is |a| ≈ 0.8%. 

The low-slope (<1-2°) portion of the frequency dis-
tribution of the differential slopes for the anomalous 
bands is symmetrical, while the asymmetry is observed 
for steeper slopes (Fig. 4). To study the role of steep 

slopes in the anomalous bands, we calculated the total 
number of steeply inclined MOLA profile segments in 
narrow latitudinal zones within typical southern heav-
ily cratered highlands (Fig. 5). The number of equator-
facing slopes steeper than 20° around 45°S latitude is a 
factor of three greater than the number of similar pole-
facing slopes. The sharp decrease in the number of 
steep slopes from low to high latitudes occurs earlier 
for the pole-facing slopes and later for the equator-
facing slopes. (Fig. 6). 

 
Fig. 2. Map of roughness at 0.3 km baseline. Brighter shades 
denote rougher surface. 

 
Fig. 3. Map of the north-south slope asymmetry parameter a. 
Brighter shades denote that north-facing slopes are steeper; 
darker shades denote that south-facing slopes are steeper. 

Anomalies Related to Regional Slopes.  Some even 
weaker but distinguishable deflection of the asymme-
try parameter a from zero is associated with extended 
regional slopes of major volcanic constructs on Mars: 
their northern slopes show some prevalence of positive 
values of a, and their southern slopes show negative 
values. This effect is best expressed in Alba Patera and 
the Elysium rise. It is clear that these long smooth re-
gional slopes do not bias the differential slope values. 
The downslope-facing small-scale slopes are steeper 
here.  

At steep large-scale scarps on Mars (Valles Marin-
eris walls, Olympus Mons scarps) the differential slope 
is unable to filter out regional topography well enough. 
Here the resolution of the MOLA data do not allow 
separation of the scarp topography and scarp face sur-
face roughness. 
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Fig. 4. Frequency distributions of the differential slope s 
plotted against |s| / r. Normalization by r allows to compare 
the distributions for areas of different roughness. Use of |s| 
"folds" the distribution curve around the vertical axis. Letters 
N and S denote distribution branches for negative s (north-
facing slopes) and positive s (south-facing slopes), respec-
tively. Note the logarithmic scale along the frequency axis. 
A, typical equatorial highlands in Terra Cimmeria (20-30°S, 
180-220°W); negative and positive branches coincide within 
the line width. B, the anomalous latitudinal band in Terra 
Cimmeria (43-47°S, 180-220°W); for relatively steep slopes 
|s| > ~1.5r, the positive branch goes above the negative one 
producing the positive median; for much steeper slopes, well 
outside the plot frame, the negative branch would exceed the 
positive one. C, the anomalous area in south-east Arabia 
Terra (250 km around 10°N, 305°W); for relatively gentle 
slopes |s| < ~2r, the negative branch goes above the positive 
one producing the negative median; for steeper slopes, the 
positive branch slightly exceeds the negative one. 

Other Anomalies.  The highest calculated absolute 
values of the asymmetry parameter a ≈ -5% are in a 
compact area at ~80°N 140-160°W (Fig. 3), where the 
MGS track direction deflects strongly from the merid-
ian. This is due to the interference of the MGS track 
orientation with the strongly anisotropic topography of 
the transverse dunes in Olympia Planitia. 

The next strongest asymmetry is observed in a few 
regions in the equatorial zone. The region in south-east 
Arabia Terra (10°N 305°W) just to the west of Syrtis 
Major, and Syria Planum (15°S 95°W) have an asym-
metry parameter a ≈ -2.5%; south-facing slopes are 
steeper in these areas. An anomaly of the same sign is 
observed in north-east Daedalia Planum (20°S 
105°W), and of the opposite sign in south-east Daeda-
lia Planum (30°S 105-115°W). The latter two areas are 
also known to be anomalous in another statistical char-
acteristics of along-track MOLA topography: in this 
region there is a strong prevalence of concave topog-
raphic profiles [5]. There are several less pronounced 
local anomalies. 
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Fig. 5. Asymmetry of differential slopes calculated within 
150-km wide latitudinal zones in Terra Cimmeria (180-
220°W) and plotted against latitude. The measure of asym-
metry is A = (NN–NS) / (NN+NS), where NN and NS are num-
bers of steep N- and S-facing segments in all MOLA pro-
files. Different curves corresponds to different ranges of 
differential slopes in degrees, as shown. 
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Fig. 6. Abundance of N- and S- facing slopes relative to that 
of the typical equatorial highlands plotted against latitude for 
Terra Cimmeria (180-220°W). Actually plotted quantity is 
the proportion of the MOLA profile segments of proper 
steepness and slope direction within given 150-km wide 
latitudinal zone normalized by the same proportion for 10°S 
- 20°S zone representing "typical equatorial highland". Dif-
ferent curves correspond to different ranges of slopes in de-
grees, as shown; black curves, N-facing slopes, gray curves, 
S-facing slopes. 

Fig. 4C shows the differential-slope-frequency dis-
tribution asymmetry for the anomalous areas in Arabia 
Terra. It is seen that the nature of the anomaly differs 
from that of the latitudinal band (Fig. 4B): here the 
difference between north- and south-facing slopes is 
noticeable for gentle slopes, below r ≈ 1°, while only 
the steep slopes contributed to the asymmetry in the 
latitudinal bands. For the other local anomalous areas 
mentioned above the character of asymmetry is similar 
to that of the area in south-east Arabia: the gentle and 
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moderately steep slopes contribute to the observed 
asymmetry. 

Discussion: The slope asymmetry data derived 
from MOLA altimetry presented here (Fig. 3) and 
high-resolution images illustrating individual examples 
of geological processes that might produce the statisti-
cal slope asymmetries, are at substantially different 
scales. This precludes the direct correlation of specific 
slope asymmetry values with individual geological 
features in specific MOC images, although regional 
characterizations and correlations can be made. 

Equatorial Anomalies:  High-resolution MOC im-
ages show that the whole of Arabia terra and the 
anomalous areas in eastern Daedalia Planum and Syria 
Planum are covered with dust or sand deposits [6]. 
Recent modeling of global atmospheric circulation at 
different obliquity [7] showed that Arabia Terra and 
the Tharsis rise are probable regions of dust deposition 
for all epochs in Martian history, which is consistent 
with the morphology observed in high-resolution im-
ages. Asymmetry of gentle slopes in this area could be 
caused by prevailing winds, a factor important in the 
formation of hectometer-scale topography. The fact 
that the asymmetry is observed only in a small part of 
Arabia could be because asymmetry in other parts is in 
an east-west direction or simply absent due to specific 
wind patterns. The anomalous areas in Daedalia and 
Syria are the only areas within Tharsis rise where ex-
tensive coverage of the surface with loose material is 
observed in high-resolution images. 

The weak slope asymmetry at the regional slopes is 
easily explanable. Regional slopes themselves are an 
obvious natural cause of small-scale slope asymmetry. 
The observed asymmetry on the large shield volcanos 
is, at least partly, due to downslope-facing lava flow 
fronts. 

Latitudinal Anomalous Bands.  The approximate 
symmetry relative to the equator strongly suggests that 
the role of insolation was important in the formation of 
the anomalous bands. These bands lie within much 
wider zones in which the difference in the year-
average insolation between pole- and equator-facing 
slopes is high. If the insolation asymmetry were the 
only reason for the effect, we would expect much 
wider zones. 

The anomalous bands are within wider transitional 
zones between smoothed high-latitude to rougher low-
latitude zones (see Fig. 2; also [5]). The same zones 
possess a number of peculiarities, and contain a num-
ber of different morphological features of zonal occur-
rence, including recent gullies [e.g., 6], which prefer-
entially occur on pole-facing slopes. Costard et al. [8] 
have interpreted these gullies to be due to melting of 
ground ice at higher obliquity. Their calculations 

showed that starting from ~35° obliquity, the maximal 
day-average temperature reaches the ice melting point 
at high latitudes; for higher obliquity the day-average 
temperature exceeds 0°C at pole-facing slopes at lower 
latitudes, up to 45° latitude at 45° obliquity at 20-30°-
steep slopes. Transient melting of ground ice in sum-
mer is responsible for formation of gullies and other 
features, promotes downslope movement of material 
and removes steep slopes. At midlatitudes, this process 
preferentially occurs at the pole-facing slopes, making 
these slopes less steep and producing the observed 
strong asymmetry of the steepest slopes. Summer-time 
creep (without melting) of thin sheets of ice-rich mate-
rial on steep slopes can contribute to the observed ef-
fect in a similar way. During periods of moderately 
high obliquity, when the atmospheric water is abun-
dant, but pole-facing slopes are still colder in summer, 
preferential H2O frost and ice accumulation could oc-
cur at pole-facing slopes. This would favor glacial 
modification of these slopes. The latter effect, how-
ever, cannot be solely responsible for the observed 
asymmetry, because it would not have so narrow a 
latitudinal occurrence. 

Our interpretation of the zonal bands of slope 
asymmetry as a result of transient melting at high 
obliquity indicates that transient melting of ground ice 
contributes to the latitudinal trend of roughness on 
Mars. Another obvious contributor is the high-latitude 
ice-rich mantle [5]. 
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Introduction:  The strongest crustal fields are lo-

cated in certain regions in the Southern hemisphere. In 
the Northern hemisphere, the crustal fields are rather 
weak and usually do not prevent direct interaction be-
tween the SW and the Martian ionosphere/atmosphere. 
Exceptions occur in the isolated mini-magnetospheres 
formed by the crustal anomalies. Electron density pro-
files of the ionosphere of Mars derived from radio oc-
cultation data obtained by the Radio Science Mars 
Global Surveyor (MGS) experiment have been com-
pared with the crustal magnetic fields measured by the 
MGS Magmetometer/Electron Reflectometer 
(MAG/ER) experiment. A study of 523 electron den-
sity profiles obtained at latitudes from +67o to +77o has 
been conducted. The effective scale-height of the elec-
tron density for two altitude ranges, 145-165 km and 
165-185 km, and the effective scale-height of the neu-
tral atmosphere density in the vicinity of the ionization 
peak have been derived for each of the profiles studied.  
For the regions outside of the potential mini-
magnetospheres, the thermal pressure of the iono-
spheric plasma for the altitude range 145-185 km has 
been estimated. In the high latitude ionosphere at Mars, 
the total pressure at altitudes 160 and 180 km has been 
mapped. The solar wind interaction with the iono-
sphere of Mars and origin of the sharp drop of the elec-
tron density at the altitudes 200-210 km will be dis-
cussed.  
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Introduction: At the early stage of the martian history, a 
dense thick atmosphere has been suggested to exist. Consid-
ering the present state of thin atmosphere, large amount of 
CO2 should be stored somewhere in the martian crust.  To 
detect, characterize and quantify this volatile reservoir is one 
of the important tasks expected for the geomorphological 
study on the martian surface features. To determine the 
amount of this reservoir and to understand its formation 
process are the direct target of these researches.  

Among several surface features morphology of impact 
craters is expected as an potential measure for the subsurface 
reservoir of the volatiles since excavation process associated 
with cratering efficiently plows the subsurface region. Sev-
eral investigations have been conducted on rampart craters. 
Barlow and Bradley [1] suggest the target properties contain-
ing the volatiles control the lobate structure. Kuzmin[2] 
report spatial distribution of subsurface volatiles based on 
the onset size of rampart crater. Costard[3] focuses on the 
extent of fluidized ejecta to infer the volatile distribution. 
Here we will report results of volumetric/morphometric 
analysis of fresh impact craters in Utopia Planitia and south 
of Acidalia regions with an intention to characterize subsur-
face reservoir of volatiles. 

 
Data set: The basic data sets are MOLA MEGDR(gridded 
1/128 deg/pix data set) and Viking and MOC high resolution 
images. In the volumetric analysis we evaluated how the 
ejecta volume is partitioned around the cavity by subtracting 
the pre-craterinrg topography from the present one. The pre-
cartering topography was estimated by interpolating the 
surrounding topography. We restricted the size of craters for 
the analysis between 8 to 20 km.  8 km is a minimum size for 
reliable estimate of ejecta volume based on the MEGDR 
MOLA data. We selected two regions in the northern hemi-
sphere, region A;Utopia Planitia (225W-275W and 15N-
45N) and region B;south of Acidaliaa ( 30W –75W and 15N-
45N).  Region A has been strongly suggested to stock the 
ground ice because the characteristic features such as poly-
gons are exclusively observed on the surface[4]. Both re-
gions cover the low elevation area where the water from the 
outflow channels could be inevitably ponded. 
 
Results:  
1) crater classification 
In these two regions we could identify two different types of 
morphology as for the fluidized ejecta in the diameter range 
of 8 to 20 km. Fig. 1 represents typical features of these two 
types. Type A covers pedestal type craters and double-lobed 
rampart craters. The key feature of this type is existence of 
well-developed inner lobe with a faint trace of outer lobe. 

The volume of the inner lobe is almost equivalent to the 
cavity volume except for the several cases at the high lati-
tudes. Clear high resolution images indicate almost all pedes-
tal type craters have aureole-like albedo change around the 
voluminous pedestal ejecta, which would be equivalent to 
the outer lobe of the double-lobed rampart craters in these 
regions. High resolution images also show radial stria-
tions/scours on the surface of the inner lobe, which are 
scratches caused by the flow event resulting in deposition of 
the outer lobe. This indicates the deposition sequence of two 
events;the inner lobe formed first and the outer lobe later. As 
a summary for the features of type A craters, double occur-
rence of ejecta deposition with different characteristics by a 
single impact event is a distinct nature. Particularly the exis-
tence of the delayed  explosive event is remarkable. Type B 
on the other hand is basically single lobed rampart crater.  In 
several cases multiple lobes are observed but they lack of 
well developed inner lobe.  
2) Spatial distribution 
We could classify craters into two types ant their  spatial 
distribution was determined.  In the northern and low eleva-
tion regime in region A, Type A is dominant and in the 
southern and high elevation regime, Type B is dominant. 
Similar pattern can be seen in region B.  Fig. 2 shows the 
histogram of crater counts in terms of the elevation. At the 
transition boundary of the elevation of –4000m the dominant 
type changes in both region A and B. It is interesting that 
this value coincides with the elevation of the Contact 1 of the 
paleo-shoreline in these regions proposed by Head et al[5]. If 
paleo-ocean existed, it can be said that Type A craters were 
formed in the region once water covered. 
 
Speculation on the formation of Type A crater: To gener-
ate double deposition events by a single impact in the case of 
Type A craters, a process with time-delayed nature should be 
involved. Formation of vapor plume above the cavity[6] and 
segregation in the ejecta curtain[7]  can explain time-delayed 
vapor-rich explosive event. Formation of striation/scours on 
the surface suggests icy blocks are contained in this gas-rich 
flow. Since Type A is dominant in the paleo-ocean region we 
suspect large and extensive development of subsurface res-
ervoir of volatiles in this region. 
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Fig.1c Topography profile of Type A along the in-
serted lines in Fig 1a. 
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inserted line in Fig 1b. 
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Fig.2a. Histogram of crater counts with elevation in re-
gion A  
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CERBERUS PLAINS VOLCANISM: CONSTRAINTS ON TEMPORAL EMPLACEMENT OF THE
YOUNGEST FLOOD LAVAS ON MARS.  P. D. Lanagan and A. S. McEwen; Lunar and Planetary Laboratory,
University of Arizona, Tucson AZ 85721 (planagan@lpl.arizona.edu).

Introduction: The Cerberus Plains (CP) (Fig. 1)
are located on the southeastern margin of the Elysium
Rise and extend for over 3000-km from east to west
and ~600-km from north-to-south. The plains are
bounded to the northwest by the Athabasca Valles
outflow channel and ridged Elysium lavas, to the
north by cratered, knobby terrains, and to the south
by the Medusae Fossae Formation and ridged plains.
The Marte Valles outflow channel joins the eastern
Cerberus Plains with the lower-elevation western
Amazonis Planitia. A system of WNW-ESE trending
fissures of the Cerberus Fossae cut across the Cer-
berus Plains, the northern knobby terrains, and por-
tions of the ridged Elysium lavas.

Since the Cerberus Plains exhibit smooth surfaces
at Viking image resolutions and few impact craters,
[1] and [2] interpreted this region as being the young-
est on Mars and defined this region as the referent for
Upper Amazonian units. The presence of teardrop
islands in Marte Valles and the smooth character of
the plains led them to interpret the surfaces in this
region as fluvial deposits from floods emanating from
Cerberus Fossae. On the basis of USGS Viking-based
topographic maps which indicate that the plains lay in
a closed basin, Scott and Chapman [3] interpreted
surfaces in the region as pluvial sediments deposited
on top of volcanic surfaces by a paleolake which sub-
sequently debouched through Marte Valles and west-
ward in the southwestern plains. However, Plescia [4,
5] noted the presence of sparsely cratered, lobate,
convex-ridged surfaces with morphologies consistent
with unmodified lava flows and interpreted the sur-
faces to be lava flows filling pre-existing fluvial
channel systems.  MOC images confirmed that these
plains are covered by lava flows, and that they are
very similar to flows in Iceland [6]. Sakimoto [7]
identified several shields, edifices, and lava flows and
argued for a period of plains-style volcanism in this
region.

We examine the spatial and stratigraphic relation-
ships between Cerberus Plains volcanic units and
surrounding units and derive constraints for volumes
of volcanic materials extruded and the duration of
volcanic activity within the Cerberus Plains.

Major Features of the Cerberus Plains: Both
Mars Orbiter Laser Altimeter data and high-
resolution Mars Orbiter Camera (MOC) images were
used in this study. A digital elevation model (DEM)
and shaded relief map of the Cerberus Plains and
Amazonis Planitia were produced from MOLA data

using the natural-neighbor interpolation technique
[8]. Mars Orbiter Camera (MOC) narrow angle im-
ages of the Cerberus Plains and Amazonis Planitia
with resolutions up to ~1.5 m/pixel [9] were also ex-
amined. MOC images, while covering a very small
fraction of the entire Cerberus Plains, are useful for
examining meter-scale morphologies of surfaces.

Lava Plains: The MOLA DEM shows the Cer-
berus Plains exhibits extremely low gradients with
regional slopes on the order 0.025 degrees. In some
isolated locales, knobby terrains with relief on the
order of 200-300 m, rims of large (> 20-km diameter)
craters, and 100-m amplitude wrinkle ridges are visi-
ble. A low amplitude topographic divide trending
roughly NE-SW southeast of Athabasca Valles splits
the CP into the western Cerberus Plains (WCP) and
eastern Cerberus Plains (ECP). In the ECP, surfaces
generally slope downward to the east towards Marte
Valles (MV).

Several shields measure up to ~100-km in basal
diameter and rise up to ~100-m elevation above the
surrounding plains. Linear edifices lie on portions of
the trace of the Cerberus Fossae and measure up to
several 100-km in length and have elevations of sev-
eral 10's of meters above the surrounding terrains.
Extending from many of these shields and linear edi-
fices are large lava flows which extend downslope in
length from 10's of kilometers to over 1000-km and in
width from several kilometers to over 100-km. Sev-
eral of these lobes extend into Marte Valles, truncate
kilometer-wide, 20-m deep dendritic depressions near
the proximal end of MV, and terminate in southwest-
ern Amazonis Planitia (AP). The surfaces of some of
the flow lobes exhibit a central depression down the
long axis of the deposit. Many of these units overlap,
suggesting they were emplaced at different times. The
flow fronts within the ECP and southwestern AP are
as high as 40-m. In the WCP, flow fronts, which often
bound wrinkle ridges, are nearly undetectable in the
shaded relief map; however, there are local variations
of ~5-10-m in topography in places.

Narrow angle MOC images show that many of the
surfaces within the Cerberus Plains are covered by
platy-ridged surfaces, patterned surfaces, and surfaces
exhibiting topography indicative of inflated lava
flows (Fig. 2). Platy-ridged surfaces are comprised of
plates 100-1000-m long which appear to have been
rafted apart. These plates often appear to fit together
like a jig-saw puzzle, exhibit shear structures around
positive relief features, and have ridges ~10-m in
height (as derived from shadow measurements).
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Between plates are smooth areas (at MOC scales)
covered by small-scale polygons approximately a few
10's of meters in diameter. Shading relationships in-
dicate that the edges of the polygons appear to be
depressions and do not show signs of warping up-
wards at their edges, as is typical from cooling and
contraction of ponded lava.

The margins of some of the platy-ridged surfaces
are bounded by surfaces which are composed of
small, positive relief elongated bumps often a few
10's of meters across which exhibit a mottled appear-
ance at MOC resolutions. In many places, the surface
appears to have risen around positive topographic
features such as small knobs, ridges, or crater rims,
like inflated lavas.

Martian platy-ridged surfaces have been inter-
preted as insulated sheet lava flows based on com-
parisons with Icelandic flows with similar platy-
ridged morphologies [6]. According to Keszthelyi et
al. [6], insulated sheet flows initially form as inflated
pahoehoe fields. A surge in the eruption rate forces
more lava to be injected into the flow than the lava
tubes can conduct; as a result, the surface of the pa-
hoehoe flow is disrupted into large (100-m to km long
plates) and rafted downslope. Such lava flows on
Earth often show shear structures where lava flows
around and over obstacles, compressional ridges, and
lobate margins [6]. The martian surfaces in this re-
gion display each of these characteristics.

Patterned surfaces are consistent with chilled
ponded lavas. As ponded lavas cool, tensional cracks
form at the surface, thus resulting in a patterned ap-
pearance to these lavas.  Terrestrial examples of such
lavas occur in former lava lakes such as Kilauea Iki
[10]. As noted previously, patterned morphologies
are noted on the margins of insulated sheet flows.
That suggests that lavas at the margins of the platy-
ridged flows were ponded and stagnant as they
cooled. Patterned lavas are also noted in intra-plate
regions within insulated sheet flows. This suggests
that, in these regions, an initially ponded lava was
allowed to cool to the point where cooling cracks
formed on the surface until a surge in the eruption
rate caused the ponded surface to break into plates
which were subsequently rafted.

The hummocky and mottled appearance of some
surfaces is consistent with those expected of tube-fed
inflated pahoehoe fields. During early emplacement
of such lavas, small topographic barriers dam or di-
vert initially thin lava flows. As the eruption contin-
ues, lava injected under the cooler, hardened surface
via tubes lifts the surface of the flow above the initial
barrier. In the Laki flow, inflated lavas are found near
the margins of platy-ridge flows. A similar relation-
ship is found within the Cerberus Plains.

Medusae Fossae Formation: The Medusae Fossae
Formation (MFF) bounds the southern portions of the
Cerberus Plains and Amazonis Planitia. The maxi-
mum elevation of these units is approximately 1-km
over the CP. Large valleys are noted within the MFF
with elevation excursions of several 100-m. MOC
images of the MFF reveal massive friable deposits
exhibit weak, large scale layering and yardangs. In
several locations, most notably in southern Amazonis
Planitia and south of Athabasca Valles, these friable
materials clearly overlie nearly pristine platy-ridged
surfaces [9]. However, lava flows appear to embay
the lower members of the MFF in the extreme south-
western and southeastern portions of the CP. These
observations suggest that periods of lava emplace-
ment and MFF deposition are interweaved.

The lava surfaces eroding out from under the MFF
are well-preserved and not noticeably eroded, thus
suggesting that the MFF may be made of low density
materials. Additionally, the MFF has been associated
with regions of low radar backscatter, also consistent
with low density materials. Radar-stealthy portions of
the MFF may be reticulite, deposits of high porosity
pyroclastic materials [6].

Fluvial Channels: Streamlined knobs, anasto-
mosing channels, and longitudinal grooves are noted
in both Athabasca Valles and Marte Valles [11]. The
edges of several pristine flow lobes are visible on the
banks of Athabasca Valles. In Marte Valles, while the
channel appears to cut through older lavas, the chan-
nel floor is embayed by platy-ridged lavas.

Discussion: Volume estimates for volcanics: The
areas covered by lava flows which postdate the last
fluvial event in Marte Valles in the western Cerberus
Plains is approximately 1.7x105-km2. Areas covered
by post Marte Valles lavas originating in the ECP is
approximately 9.3x105-km2. The total area of the
Cerberus Plains lavas emplaced after the last Marte
Valles fluvial episode is 1.1x106-km2. Identifiable
individual flows vary widely in area, from several
small flow lobes in the vicinity of the Cerberus Fos-
sae with areas of ~1000-km2 to a flow which termi-
nates in the proximal end of Marte Valles with an
area of ~72000-km2.

Estimates on the thicknesses of individual lava
flows may be obtained through flow front height
measurements, and estimates on the thicknesses of a
package of overlapping lava flows may be obtained
from an examination of craters embayed and partially
filled by lavas. In the WCP, the few recognizable
flow fronts are no larger than 10-m in height. How-
ever, wrinkle ridges with amplitudes of ~90-m disap-
pear under the embaying lavas, so the total thickness
of WCP lavas may be >100-m thick in some places.
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In the ECP, individual flow fronts identified in the
shaded relief map range in heights between 20-40 m.
Based on partially filled craters, Plescia [4, 5] esti-
mated that the average thickness of the eastern Cer-
berus Plains volcanics  was approximately 200-m.
However, as the post-MV flows may have been em-
placed over pre-MV flows, this is likely an upper
bound for total thicknesses of the ECP flow fields.

The 72000-km2 flow identified above has a flow
front thickness of ~25-m, which indicates that the
flow would have a volume of 1800-km3. Assuming
thicknesses of WCP lavas range between 10-100 m,
likely volumes for WCP lavas range between
1.7x103-1.7x104 km3. Assuming the total average
thicknesses of post-Marte Valles flows in the ECP
range from 25-200-m, the likely volumes for ECP
lavas range between 2.3x104-1.8x105 km3. The total
volumes of post MV lavas in the CP would range
between 2.5x104-2.0x105 km3.

Age of Most Recent Volcanism: Statistics of small
craters have indicated that these lava surfaces have
model ages as young as 10 Ma [11, 12, 13]. However,
most of the craters counted in all three of these stud-
ies may be secondary craters from a single 10-km
primary crater [14]. Craters larger than 1-km diameter
are much more reliable for age estimates. Plescia [4,
5] counted 89 craters larger than 1-km diameter over
the plains, suggesting an age of 200-500 Ma. How-
ever, we concur with [12] that many of these large
craters are embayed by the youngest lavas. In fact, we
have not found a single large crater directly superim-
posed over the youngest lavas. There is one 0.5 km
crater superimposed over the lava, seen from MOC
images covering a total of 6600 km2. This single cra-
ter, if it is a primary crater, suggests an age for the
lava of less than 100 Ma according to the chronology
of either Hartmann or Neukum [15].

Time to Emplace CP Volcanic Fields: Modeling
of insulated sheet flows suggest that the average
eruption rates for CP lavas were likely on the order of
104-m3/s [6]. At such a rate, a flow with a volume of
1800-km3 would be emplaced in roughly 6 years. As
this volume applies to one of the larger lava flows,
this suggests that individual lava flows were em-

placed in time periods of less than a decade. Smaller
lavas emplaced at this volumetric rate would corre-
spondingly be emplaced in less time. For the volumes
of all post-MV lava flows calculated in the previous
section, all post-MV flows would be emplaced within
roughly 30-300 years. Crater counts have been inter-
preted to indicate that there is an age difference of at
least several 10's of millions of years between lavas in
Marte Valles and Athabasca Valles [11]. If this is
correct, then it is likely that there were significant
periods of quiescence between volcanic events.

Vent Migration: Vent activity appears to migrate
westward with time. Lava flows originating from
western portions of the CF tend to overlie flows
originating from more eastern portions of the CF.
This trend echoes the conclusion of Burr et al. [11]
that channels in the region tend to be younger the
further west they are located. The migration of loci
for volcanic eruptions, source regions for outflow
channels, and the continued extension of the Cerberus
Fossae suggest that the regional stress field is not
static.
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Figure 1: Shaded relief map of the Cerberus Plains and vicinity. Colors indicate geomorphic provinces. Units de-
scribed in this paper are as follows: red - lavas emplaced after last Marte Valles fluvial episode; blue - fluvial sur-
faces; green - Medusa Fossae Formation; purple - ridged plains; brown - highland remnants. Abbreviations for re-
gions are as follows: WCP - Western Cerberus Plains; ECP - Eastern Cerberus Plains; AV - Athabasca Valles; MV-
Marte Valles; AP - Amazonis Planitia; MFF - Medusa Fossae Formation; RP - ridged Elysium Plains.

Figure 2: MOC image M07/02340 showing different morphologies of lava surfaces. A - platy-ridged lavas; B - pat-
terened lavas; C - inflated lavas; D - cratered terrain.
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Introduction:  Recently two landing sites were
selected for the upcoming Mars Exploration Rover
(MER) missions that will be sent to the surface of Mars in
the summer of 2003 and will land in early 2004..  The cho-
sen locations are Gusev Crater and Meridiani Planum.
This work will focus on characterizing the Meridiani
Planum landing site region using data from the Ther-
mal Emission Imaging System (THEMIS) instrument
aboard the currently orbiting Mars Odyssey spacecraft.

The Meridiani Planum region of Mars is known to host
gray, possibly platy, hematite [1,2] in occurrence with basalt
[3].  The THEMIS instrument operates in both the VIS
and thermal IR wavelengths as a push-broom, mul-
tispectral imager.  THEMIS hosts 5 VIS bands and 10
IR bands.  THEMIS is a spacecraft-mounted, nadir-
looking instrument whose IR and VIS camera focal
planes have 320 and 1024 across-track picture ele-
ments (pixels), respectively.  For additional details
regarding the instrument characterization see [4].

This study utilizes single-band images from the
visible (VIS), daytime infrared (IR), and nighttime IR
data for crater population analyses and also multi-band
daytime IR data for compositional analyses.

Single-band Crater Population Studies:  Numer-
ous crater population studies of various planetary
bodies have been conducted to ascertain the relative
ages of geologic units exposed at the surface [e.g., 5-
13].  Spacecraft images from the Ranger, Lunar Or-
biter, Surveyor, and Apollo missions (as well as the
Soviet Luna and Zond missions) have provided views
of the craters on the lunar surface.  These craters have
been correlated with age dates determined for the lunar
samples that were returned during the Apollo and Luna
missions.  From those and other studies absolute ages
for various lunar surfaces have been determined
[e.g.,14-18].  For other planetary bodies, such as Mars,
from which there has been no sample return from spe-
cific locations on the planet (i.e., within specific geo-
logic units), estimated surface ages are ascertained by
applying the lunar crater production curve using Mar-
tian crater scaling laws.  Scaling laws account for vari-
ous differences between the Moon and Mars, such as
surface gravity, crustal strength, density and structure
of the body, impact velocity, and proximity to the as-
teroid belt or the presence of a Martian atmosphere
that may affect the production of secondary craters
[e.g., 9,14,15,19].

To date, visible images (photographs) traditionally
have been used for crater population studies.  Cur-
rently the Mars Odyssey spacecraft Thermal Emission
Imaging System (THEMIS) instrument is acquiring
images both in the visible (VIS) and thermal infrared
(IR) ranges of the electromagnetic spectrum.  One fo-
cus of this study is the utilization of the recently ac-
quired THEMIS data for determining ages of Martian
surfaces, and especially the viability of using thermal
images, in addition to visible images, to conduct such
counts.  The capability of utilizing the thermal images
for crater population studies is advantageous because
by the end of the Mars Odyssey nominal mission,
THEMIS will provide unprecedented full global cov-
erage at 100-m spatial resolution.  Another focus of
this work is to interpret the THEMIS crater counts in
concert with a few additional Mars Orbiter Camera
(MOC) counts to analyze the geological history of the
Meridiani Planum landing site.

Crater Counting Technique:  The craters in the
THEMIS images used in this study were counted and
their diameters were measured; no distinction was
made on the basis of crater morphology or the possi-
bility of being a secondary crater.  These size-
distribution results were compared to a known pro-
duction function over a wide range of diameters, D.
For this study the production function used was based
on data of Hartmann and Neukum, as analyzed by
[19].  This technique is limited to about 10% accuracy
in crater-count numbers and an estimated factor of 2 to
4 in absolute age [20].  The plots used in this study are
based upon Rbolide of 2.6, where Rbolide = (bolides/km2 ·
yr on Mars) / (bolides/km2 · yr on the Moon) at a fixed
bolide diameter.  This is an average of Rbolide = 2.0
from [19] and Rbolide = 3.15 from Bottke [unpublished
data].  Further discussions related to the determination
of Rbolide can be found in [19-21].

THEMIS Data Coverage:  The data of the Meridi-
ani Planum landing site considered for the crater
population portion of this study consist of orbits 968
through 2778.  These orbits represent areocentric lon-
gitude Ls 336 to 48, respectively, and were collected
from 04 March 2002 to 31 July 2002.  The spacecraft
altitude was approximately 400 km, corresponding to a
nadir data resolution of approximately 100 m/pixel for
the infrared images and 18 m/pixel for the visible im-
ages.  The images used in this study were all VIS-band
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3 (centered at 0.652 µm) and IR-band 9 (centered at
12.57 µm) data because of the better image quality
(e.g., atmospheric transparency).

The overlapping Meridiani Planum landing site el-
lipses (for either launch opportunity) are centered at
2.07 ºS, 6.08 ºW and are approximately 118-km long
and 17-km wide, trending azimuthally at 86 and 88º.
Within these ellipses data have been collected by the
THEMIS instrument in order to support the landing
site evaluation.  This part of the study has focused on
the THEMIS data that occur within the Meridiani Pla-
num landing site to test the viability of using both VIS
and IR images to conduct crater population studies and
to determine the ages of the geologic units therein.

Visible Imaging Data:  Four VIS THEMIS images
were acquired of the Meridiani Planum landing site
area: V01499001, V02585001, V01137001, and V01836001
(Figure 1).  These images were all used for this crater popu-
lation study.  Within each image, only areas that occur
within the landing site ellipses were analyzed in order to
address the landing site characteristics specifically and all
craters were counted.  The crater counts for one representa-
tive area is shown in Figure 2 (crater counts for all four areas
yielded similar results).

Figure 1:  Map of the location of the THEMIS VIS
images occurring within the proposed MER landing
site in Meridiani Planum and related MOC images
utilized in this study.  The lat/lon lines represent 0ºN
and 5ºW.

Daytime Thermal Imaging Data:  The VIS images are
nested within thermal IR daytime images acquired at
the same time; however, the thermal images are 32-km
wide whereas the visible images are only 18.4-km
wide.  Thermal IR daytime images that correspond to
the above-mentioned visible data were analyzed for
this study (i.e., I0498005, I02584004, I01136002, and
I01835005, respectively).  The areas counted in these
data were restricted to the areas defined in the VIS

data discussed above (Figure 2) such that a direct
comparison could be made.

Figure 2.  Crater diameter distributions for the VIS,
daytime IR, and nighttime IR images within the land-
ing ellipse.  Error bars reaching the abscissa occur
when there is only one crater for that size bin.

Nighttime Thermal Imaging Data:  Seven nighttime
images (I0099302, I01692007, I02416002, I02778002,
I01330006, I01667003, I00968006) share areas within
the Meridiani Planum landing site ellipses that are
covered by the above-mentioned VIS and IR daytime
images.  The nighttime data tracks trend differently
from the daytime tracks (i.e., NW-SE versus NE-SW),
hence the single-track data do not exactly correspond
to the restricted VIS and daytime IR areas counted and
shown in Figures 1 and 2.  Because of this difference,
an image mosaic was constructed of the nighttime
thermal IR images that allowed crater counts to be
conducted in areas of the mosaic that do correspond to
the areas covered by the VIS data (and related daytime
IR data) shown in Figure 1.  Nighttime count results
are also plotted in Figure 2 for direct comparison of
the visible/daytime IR/nighttime IR landing ellipse
crater population study results.

Results: In each of the three THEMIS data sets
(i.e., VIS, daytime IR, and nighttime IR) most craters
of all diameters >~63 m have indistinct ejecta patterns
in Meridiani Planum.  There are few exceptions in the
studied images.  The lack of discrete ejecta likely is a
result of physical weathering and degradation of the
craters.  The crater populations derived from the
THEMIS data for the Meridiani Planum landing site
area (Figure 2) do not follow any particular isochron,
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but rather lie roughly horizontally on the plot, crossing
many isochrons, in the diameter range of ~63 m < D <
1 km.  This behavior suggests that the exposed surface
does not represent a pristine, unaltered, single-aged
surface, but rather suggests loss of craters by deposi-
tion and erosion in all but the largest size fractions.
The largest craters (~> 2-km-diameter) on the plots in
Figure 2 approach the 4 Gy isochron.  This relation-
ship agrees with the counts of very old, degraded “fos-
sil” craters in the broader Meridiani Planum area dis-
cussed by [22], which were found to cluster just below
the saturation level.  These data thus suggest that the
landing site in Meridiani Planum is originally an an-
cient surface of approximately that age.  Previous
studies using higher resolution MOC data indicate that
there exists a smaller-diameter (approximately 16 to
90-m), fresh, bowl-shaped crater population in the
broader Meridiani Planum region that does follow the
slope of the isochrons, suggesting a recent exposure
age of this surface of approximately 10 My (perhaps in
the range of 1-40 My) [22-24].  New counts of “fresh”
craters were conducted for this work using MOC data
(E02-00970, E11-02561, E05-00801, and E05-02642)
that occur within the footprints of the VIS images
(Figure 1,2).  These new additional data trend with the
production-function isochrons (between ~1 and 10
My) implying that the smaller, younger craters in the
Meridiani Planum landing site area have remained
fairly pristine and that intense crater degradation was
not occurring in this region in Mars’ recent geological
history.  It is possible that Mars is currently in a low-
erosion era controlled by obliquity/climate variations
as discussed by [25,26].

[5,7,11,13,27,28] discussed mathematical models
of the effects of deposition and erosion on the Martian
crater population, showing that prolonged ero-
sion/deposition removes mid-sized craters and flattens
the size distribution, but if that activity ends or dra-
matically declines, a new production-function size
distribution will be established at small sizes.  The
shapes of the crater population curves generated for
this study using THEMIS and MOC crater counts are
essentially the same (Figure 2) and represent a dra-
matic example of this type of resurfacing history, sup-
porting the early models.

Although the data resolution is different for the
THEMIS VIS and IR images, the determined crater
densities for the overlapping crater size bins in Figure
2 are similar between the visible and daytime IR
counts.  The nighttime IR counts, however, routinely
plot at lower densities than the daytime IR counts be-
cause the number of craters are underestimated due to
some thermal homogeneity of the surface at night;
during the day solar illumination heats the crater walls

and other slopes allowing the warm areas and the
thermal “shadows” to define the crater boundaries.
Not only are some craters not identified using the
nighttime IR data, but also, for several size bins where
craters were identified using the daytime IR data, there
were no craters identified using the nighttime data.
Hence the age of the surface for any given size-
fraction bin are underestimated in Meridiani Planum
using the nighttime IR data.

The early Mars missions, such as Mariner 9 and Viking 1
and 2, provided fairly low resolution images of the planet,
whereas the more recent Mars Global Surveyor mission pro-
vided high-resolution images from specific areas but lacked
global coverage.  By the end of the Mars Odyssey mission,
the planet will be imaged globally in the midinfrared at 100-
m/pixel resolution.  There will be significant coverage at
visible wavelengths, but likely not full global coverage.
Hence the THEMIS images bridge the gap between the
lower-resolution, global and higher-resolution, postage-
stamp data sampled previously by earlier missions.  It has
been shown in this paper that the THEMIS IR data set can be
used in the traditional manner for crater population studies
(especially for the daytime images) and, because the thermal
data set will be globally complete, it will be extremely useful
for crater population studies of mid-sized craters on Mars.
The shape of the crater population curves determined using
THEMIS data show Meridiani Planum to be a dramatic ex-
ample of an area on Mars that has had substantial crater
obliteration (by erosion and deposition), followed by a ces-
sation of crater degradation in the last ~10 My.

Multiple-band Compositional Analyses:  Figure
3 shows a mosaic of daytime IR images from the Me-
ridiani Planum area of Mars.  This mosaicked image is
the result of a decorrelation stretch (DCS) of the data
and assignment of bands 3, 5, and 8 to red, green, and
blue, respectively.

The mosaic shows image-to-image color variations
resulting from the DCS being performed for each im-
age strip individually and because atmospheric correc-
tion has not been performed.

At this preliminary point, spectral emissivity stud-
ies are beginning and the varied colors in Figure 3
show that compositional differences are present.  The
area corresponding to the future landing site of the
Mars Exploration Rover appears to be fairly homoge-
neous.  The eroded, muted craters and other subtle
geomorphic features seen in the Mars Observer Cam-
era and THEMIS visible and daytime IR images of the
landing site region support that this landing site area
does not exhibit dramatic geology.
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Figure 3:  Mosaicked THEMIS daytime IR data of
Meridiani Planum.  The arrow points approximately to
the western end of the Mars Exploration Rover landing
site ellipse.
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1. Introduction:  Planetary neutron spectroscopy 

has proven to be highly successful in remotely detect-
ing and measuring the abundance of water on planetary 
surfaces such as Mars and the Moon [1,2].  Because of 
the central role played by water on Mars and the need 
to make in situ measurements of water abundances for 
landed missions, neutron spectroscopy is also being 
investigated as a technique for quickly determining the 
near-surface water abundance for future Mars missions, 
such as the Mars Smart Lander (MSL) [3,4,5].   

We are currently developing a water- and hydrate-
sensing instrument called “HYDRA” that is being sup-
ported by the NASA Mars Instrument Development 
Program (MIDP).  Previous work has been supported 
by the NASA Planetary Instrument Design and 
Development (PIDDP) Program. A detailed description 
of the science justifications for the HYDRA instrument 
are given as a companion paper in this conference [5].  
Here we focus on summarizing results of modeling 
work that demonstrates surface based neutron spectros-
copy is indeed feasible and can be successfully carried 
for a wide variety of mission scenarios.  In particular, 
we have investigated 1) the effects of mounting a neu-
tron spectrometer (NS) on the body of a rover and/or 
lander; and 2) the effects of making neutron measure-
ments in the presence of a radioactive thermal genera-
tor (RTG) that produces copious amounts of neutrons.  
In both of these situations, we have determined that 
robust measurements of water content can be made 
using the technique of neutron spectroscopy. 

2.  Instrument Modeling  The most straightfor-
ward way to make neutron measurements on the Mar-
tian surface is to use 3He neutron detectors.  These 
detectors are proportional counters filled with 3He gas 
that has a high probability for absorbing neutrons.  
Advantages of 3He detectors include a large efficiency 
for detecting neutrons, low mass (3He sensors can be 
made for <100g), ruggedness (3He sensors have sur-
vived shocks of up to 1500g’s), and extensive space-
flight heritage on NASA and Department of Energy 
based missions.  Figure 1 shows a possible configura-
tion of how a HYDRA instrument might be imple-
mented.  The configuration includes two 3He tubes 
where one is covered in a layer of Sn and the other is 
covered in a layer of Cd.  As with the Lunar Prospector 
NS [6], the Cd covered tube measures epithermal neu-
trons and the Sn covered tube measures both thermal 
and epithermal neutrons.  Thermal neutron measure-

ments are obtained by subtracting the Cd counting rates 
from the Sn counting rates.   

 
 
 
Because HYDRA can be implemented on a variety 

of platforms (lander, rover, penetrator, borehole), the  
configuration of Figure 1 is only a template used for 
modeling purposes.  The exact geometry of a particular 
instrument can be configured to the given application.  
We expect that a HYDRA instrument of the type 
shown in Figure 1 can be built having a mass of 500 g, 
power draw of 500 mW to 1W, and a data rate of ∼1 
bit per second.   

For all portions of this study, we modeled the NS 
and its environment using the Monte Carlo code 
MCNPX [7].  MCNPX is being used extensively for 
the analysis of Mars Odyssey gamma-ray and neutron 
data [1,8].   

3He Neutron 
Detectors 

Electronics 
Board 

16 cm long x 
1 cm dia. 

Figure 1:  Schematic diagram of a rover based neu-
tron detector. 
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glass and 40% epoxy.  For the Martian surface, we 
have assumed a two-layer stratigraphy such that the top 
dry layer has a Pathfinder-type composition [10] and 
the semi-infinite bottom layer has the same soil 
composition with increasing admixtures of H2O.  
Finally, we have modeled the Martian atmosphere as 
having a composition of 70.63 wt.% O, 26.48 wt.% C, 
2.89 wt.% N, and a column thickness of 16 g/cm2.   

3.  Modeling a NS on a rover/lander platform  
While the technique of planetary neutron spectroscopy 
is sufficiently well-developed to make robust meas-
urements of water content from orbit, basic studies still 
need to be done to understand how well in situ neutron 
spectroscopy measurements can be made on the Mars 
surface.  Issues we have studied include: 1)  It is likely 
that any rover-based neutron detector will have to be 
mounted directly on the rover and/or lander.  What is 
the effect of the rover/lander material, including hy-
drogen, on the hydrogen detection capabilities of a 
neutron detector?  Will this material degrade the hy-
drogen detection capabilities of a rover based-neutron 
detector?  2)  What is the expected counting rate for a 
in situ neutron spectrometer?  3)  What is the influence 
of  the Martian atmosphere on the hydrogen detection 
capabilities of a neutron detector system?   

Figure 3 shows modeling results for bare 3He tubes 
on the surface and 3He tubes attached to a rover when 
the surface is bombarded by energetic galactic cosmic 
rays.  Figure 3a shows the epithermal neutron counting 
rate for varying amounts of H2O in soil buried under a 
15 cm thick dry soil layer.  As shown, epithermal neu-
trons are a strong indicator of H2O content such that 
increasing amounts of H2O show a lower epithermal 
neutron counting rate.  Furthermore, the rover mounted 
tubes show a higher counting rate than bare tubes.  For 
the most part, this is the result of neutrons from the 
surface being scattered and moderated by the rover 
material.  Finally, compared to earlier results with no 
atmosphere [3], the absolute counting rates are a factor 
of 2 – 3 higher with an atmosphere than with no at-
mosphere.  The qualitative counting rate profile, how-
ever, is very similar between the atmosphere and non-
atmosphere cases. 

Figure 3b shows the percentage change in counting 
rates for both the rover and bare tubes compared to a 
dry soil case.  As in the previous study, rover based 
tubes show somewhat lower sensitivity to H2O varia-
tions, but the variations are nevertheless significant.  
For example, when the lower layer has an abundance of 
10 wt.% H2O, the rover based counting rate change is 
only 8% lower than the bare case (71% signal change 
for a rover tube compared to a 77% signal change for a 
bare tube).  The rover body, therefore, has a small ef-

fect on the ability of using neutron spectroscopy to 
measure H2O.   

Finally, we can estimate the amount of time needed 
for making high precision measurements with good 
statistics for rover based tubes.  For example, if there is 
a location with 10 wt.% H2O underlying 15cm of dry 
soil, the epithermal neutron counting rate is 2.9 counts 
per second (c/s).  To achieve a counting rate uncer-
tainty of 10% takes 35 seconds (where uncertainty is 

defined as counts/1 ); an uncertainty of 5% is 
achieved in 2.3 minutes, and an uncertainty of 1% is 
achieved in 58 minutes.  These counting rate times are 
a function of the size of the 3He tubes and will scale 
roughly as the volume of the tubes.  Therefore, if 
smaller tubes are used, the required counting times will 
be correspondingly longer. 
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Figure 3:  (a) Modeled epithermal neutron counting rates 
as a function of H2O for a semi-infinite layer buried un-
derneath 15cm of dry soil; and (b) percentage signal
change from dry soil.  The black symbols show results for 
3He tubes attached to a rover/lander; the red symbols 
show results for bare 3He tubes on the surface.  
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der (MSL), it has been stated that the MSL will be 
powered with a radioactive thermal generator (RTG) 
[11].  While such a power source will extend the life of 
the rover mission, the intense radiation environment of 
an RTG-based MSL also raises questions regarding the 
NS measurement technique: 1) Will the background 
radiation from the RTG’s be too intense and over-
whelm the NS sensors, thereby preventing a measure-
ment of surface hydrogen content? 2) Conversely, is it 
possible to use the RTG radiation as a source that en-
ables the measurement of the surface hydrogen con-
tent?   

In order to answer these questions, we have mod-
eled the NS and rover/lander environment in the pres-
ence of a Cassini-like RTG power source, which is 
being considered for the MSL mission [12].   Figure 4 
shows the energy dependent neutron flux emitted from 
such an RTG.  The total energy-integrated flux is 1.2 x 
1011 n/cm-2 s-1.  We note that there is also a substantial 
gamma-ray flux in the vicinity of the RTG.  However, 
we will ignore the gamma-ray component in this study 
for two reasons: 1) gamma-rays are more easily 
shielded than neutrons, thereby decreasing their flux at 
the neutron sensor; 2) 3He neutron sensors are highly 
insensitive to gamma-rays [13], therefore reducing the 
effect of gamma-rays on the neutron measurements.   

 
 
 
 
Figure 5 shows the modeling results for thermal 

versus epithermal neutrons for various H2O contents 
and burial depths.  Figure 5a shows the results for neu-
trons produced by galactic cosmic rays (GCR) and 
Figure 5b shows the results for neutrons produced by 
an RTG.  A number of conclusions from these plots 
can be made.  First, for a given soil composition, H2O 
content and burial depth can be determined with ther-
mal and epithermal neutron measurements for both 
GCR and RTG produced neutrons.  However, the 
counting rate profiles between the two cases are quite 

different.  These differences are mainly due to differ-
ences in thermal neutron fluxes (see Figure 6).  Finally, 
the counting rates for RTG produced neutrons are 
much larger than for GCR produced neutrons.  For 
example, for a soil of 10 wt.% H2O buried under 15 cm 
of dry soil, measurements with 1% statistical uncer-
tainty can be obtained in 1 – 2 minutes for RTG pro-
duced neutrons compared to ∼1 hour for GCR pro-
duced neutrons.   

 

 
 
 
 
 
Figure 6 gives more detail regarding the differences 

in counting rate profiles between the GCR and RTG 
cases.  Figure 6a shows thermal neutrons versus H2O 
content for GCR produced neutrons with both a thin 
(15 cm) and thick (70 cm) dry layer.  As shown, for 
both thicknesses, the thermal neutrons show a decrease 
in the counting rate for increasing H2O content.  In 
contrast, Figure 6b shows thermal neutrons versus H2O 
content for RTG produced neutrons.  Here, for a thin 
layer, there is a strong increase in thermal neutrons 
versus H2O content; for a thick layer, there is almost no 
change in thermal neutrons for increasing H2O content.  
RTG produced thermal neutrons are therefore highly 

Figure 4:  Energy dependent neutron flux that is emitted
from a Cassini-like RTG being considered for the MSL
mission. 

Figure 5:  Thermal neutrons versus epithermal neutrons 
for various H2O contents and burial depths for both (a) 
cosmic ray and (b) RTG produced neutrons. 

b 

a 
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sensitive to near surface H2O.  This sensitivity is due to 
the short penetration depth of RTG primary neutrons 
compared to cosmic rays, and to the large moderation 
of primary RTG neutrons to thermal energies from the 
near surface H2O.   

 

 
 

 
 
 
 
5.  Summary and Conclusions:  Based on these 

modeling studies, we can arrive at a number of conclu-
sions.  1) Mounting a NS on a rover/lander increases 
the neutron counting rate, but does not dramatically 
decrease the hydrogen detection sensitivity.  2) Water 
abundance measurements of moderate precision (5 – 
10%) can be made in minutes using only galactic cos-
mic rays as a source of the neutrons.  High precision 
measurements (<1%) can be made in an hour, again 
only using cosmic rays as the source of the neutrons.  
3) Figure 5a shows that even small amounts of H2O can 
be detected even when buried under 70 cm of dry soil.  
4) In situ neutron spectroscopy at the surface of Mars is 
feasible even in the presence of an RTG power source.  
In fact, RTG-produced neutrons provide a good means 
of measuring the near-surface H2O content with high 

counting rates.  These high counting rates increase the 
operational flexibility for a MSL rover by allowing 
high-precision (<1% statistical uncertainty) to be made 
in minutes.  5) RTG produced thermal neutrons enable 
a very sensitive measurement of near surface (5 –15 
cm) H2O content.   
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et al., 32nd LPSC, Abstract #1293, 2001; [11] Hart-
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2003; [12] Jun I., JPL, pers. comm., 2002; [13] Hahn 
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Figure 6:  Thermal neutrons versus H2O content for (a)
GCR and (b) RTG produced neutrons. 
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Introduction

This paper presents preliminary results of the first three di-
mensional simulations of the Martian photochemistry. Up to
now only one-dimensional models (e.g., [1], [2], [3], [4]) have
generally been used to determine the vertical profiles of trace
constituants in the Mars atmosphere. These models have been
very useful to estimate the globally averaged distribution of
chemical species as a function of height, and have emphasized
the role of water vapor to explain the classical problem of
the stability of the Martian CO� atmosphere. However, one-
dimensional models cannot represent the dramatic meridional
variations of the distribution of trace species caused by the
usually strong pole-to-pole gradient of atmospheric tempera-
ture and water vapor. The effects of the meridional transport of
chemical species are also ignored, and a highly uncertain eddy
diffusion coefficient is used to represent the vertical transport
and mixing. The only two-dimensional simulations published
by Moreau et al. [5] provided a better description of the inter-
action between dynamics, radiation, and chemistry, although
the model did not include a consistent representation of the
water cycle nor a treatment of the dynamics near the surface
where the topographical effects are important.

In the present work, a new chemical model of the Martian
atmosphere has been coupled to the general circulation model
(GCM) developed at LMD for the last 10 years [6]. Trace con-
stituents are tranported by the three-dimensional winds and
convective processes calculated by the GCM. Their chemical
evolution is computed by the chemical module as a function of
the pressure and temperature fields, solar zenith angle, helio-
centric distance, and the amount of water vapor, which is also
affected by condensation and sublimation processes. The evo-
lution of the chemical species is therefore computed in three
dimensions over the Martian globe and is fully interactive with
the GCM dynamics, radiation field, and water cycle. Presently,
we use a rather low horizontal resolution (�����Æ����

Æ), with
32 vertical layers, from the surface up to 120 km.

The photochemical module

The first version the chemical model used in the present work
describes the chemistry of oxygen, hydrogen, and CO. Eleven
species are taken into account and individually transported by
the coupled model (O, O(�D), O�, O�, H, OH, HO�, H�O�, H�,
H�O, CO). Photolysis rates are calculated from the model of
Madronich and Flocke [7] adapted to the Martian conditions.
Calculations are performed off-line at high spectral resolution
(0.1 nm), in spherical geometry, and take into account the ver-
tical distribution of CO�, H�O, O�, and O� to determine the
atmospheric opacity in the UV region. The most recent absorp-
tion cross-section datasets were used and include temperature
dependence for CO�, O�, O�, and H�O�. Once calculated

from 0 to 95° the vertical profiles of photolysis rates are stored
in a three-dimensional lookup table as a function of the solar
zenith angle and the slant columns of CO� and O�. At each
chemical time step of the coupled model, the actual photoly-
sis rate for each sunlit gridpoint is retrieved by interpolating
the value inside the lookup table. Gas-phase reaction rate co-
efficients were in general taken from Sander et al. [8]. Rate
coefficients of three-body reactions are increased by a factor of
2.5 to account for the higher efficiency of CO� as a third body
in comparison with N� and O�. Temperature and pressure val-
ues used to compute the reaction rates are provided for each
grid point by the GCM. In order to reduce the computational
cost of the integration, a family approach was adopted (O� = O
+ O�; HO� = H + OH + HO�), and photochemical equilibrium
is assumed for O�, O(�D), OH, and HO�. The chemical evo-
lution of long-lived species (O�, H�, H�O, H�O� and CO) and
chemical families is solved by the iterative method described
by Shimazaki [9].

Hydrogen peroxyde cycle

Hydrogen peroxyde, H�O�, is an important product of the
odd-hydrogen chemistry in the Martian atmosphere. Being a
very strong oxidizing species, it has been suggested that H�O�

might be responsible for the absence of organic compounds on
the surface [10]. In addition to the large intensities of several
of its fundamental bands in the infrared, H�O� is predicted by
the models to be the most abundant HO� species near the sur-
face, and should therefore be certainly less difficult to measure
remotely than OH or HO�. However, observations have so far
failed to detect H�O� in the Martian atmosphere. Recently
Encrenaz et al. [11] could derive from their observations an
upper limit for the H�O� vertical column of 9x10�� to 1.2x10��

cm�� which appears to be considerably lower than the esti-
mates of previous 1D model simulations. We will report here
preliminary results of the first 3D simulations of hydrogen per-
oxyde on Mars, and will compare the obtained values to the
upper limit given by Encrenaz et al. [11].

Atmospheric hydrogen peroxyde is mainly formed by the
reaction involving two HO�radicals:

HO� + HO� � H�O� + O�

HO� is a indirect product of the H�O photolysis and there-
fore a strong correlation is expected between the water vapor
and hydrogen peroxyde abundances. The main H�O� loss
mechanism occurs by photolysis:

H�O� + h� � OH + OH

with a characteristic time of about 6 hours in the lower
atmosphere. H�O� has therefore a much longer lifetime than
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H, OH, and HO�, and has no loss mechanism at night. This
implies that photochemical equilibrium cannot be assumed in a
model including the diurnal cycle. This species is individually
integrated and transported in our model. Another important
process included in the model is the condensation of H�O�,
which may occur in the regions of very low temperatures. The
calculated number densities are constrained to lie at or below
the local saturation number density given from the expression
by Lindner [12].

Fig. 1 displays the seasonal evolution of the H�O� and
H�O column density zonal means. As expected hydrogen per-
oxyde is clearly correlated with the amount of water vapor
available to produce HO� radicals by photolysis. A strong
seasonal variability of H�O� is calculated by the model: the
column abundance varies by a factor larger than 10 at high
latitudes and a factor of about 3 at low latitudes, in phase with
the water vapor changes caused by condensation, sublimation,
and transport processes. Interestingly the maximum amount of
H�O� (1.8x10�� mol cm�� in late fall at 20N) does not corre-
spond to the absolute maximum of water vapor, reached at the
end of northern spring at high latitudes (about 100 precipitable
microns), in good agreement with the observations. Examina-
tion of the evolution of the vertical distribution of H�O at the
Equator (Fig. 3) reveals that the hydrogen peroxyde maximum
calculated near aphelion is a consequence of the variation of
the saturation altitude of water vapor, leading to the produc-
tion of large amounts of HO� radicals over a domain of altitude
almost twice as high as during the rest of the year.

Fig. 2 shows the calculated H�O� vertical column at the
same solar longitude (L� = 112) when Encrenaz et al. [11]
derived their upper limit of 9x10�� to 1.2x10�� cm�� in the
northern hemisphere. The model distribution shows a strong
hemispheric contrast, linked to the abundance of water vapor
which is maximum in the northern hemisphere at this time of
the year. The topography also plays a significant role in the
longitudinal and latitudinal variations of H�O�, as shown by
the absolute maximum reached in the Utopia Planitia basin,
whereas lower amounts are calculated at the same latitude
over regions of higher elevation. Overall the quantities given
by the model are larger than the upper limit by a factor 5 to
15. Several possible reasons for this overestimation are cur-
rently under investigation: the large uncertainties existing on
crucial processes such as the H�O photolysis in the Martian
conditions, the choice of the rate constants of some key re-
actions involving OH or HO�, as well as the possible loss of
HO� radicals to the surface of Mars. The results of sensitivity
studies on these different parameters will be presented during
the conference.

Ozone cycle

Atomic oxygen is produced in Mars atmosphere through the
photodissociation of CO�. It recombines to form molecular
oxygen, and then ozone. Ozone is lost through photolysis, and
through the reaction with HO� radicals (OH, HO�). Therefore,
it is expected to be in strong anticorrelation with water vapor.
As seen previously, it seems that our model overpredicts the

Figure 1: Seasonal cycles of water, hydrogen peroxyde and
ozone: zonal and diurnal mean column densities as a function
of latitude and days counted from northern spring equinox.

abundance of these radicals. It is therefore not surprising that
when we compare the distribution of ozone obtained in the
model with available observations of ozone column densities
([13], [14], [15]), it seems that our model underpredicts ozone
concentrations by a factor 2 to 5. Nevertheless, this three
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Figure 2: instantaneous H�O� column (10�� molecule cm��)
distribution calculated at L� = 112. The observer is facing the
meridian at 120W longitude (local time = 8PM).

dimensional model allows a close study of the seasonal and
diurnal variations of ozone and other related chemical species,
in relation with the water cycle. We will develop here some
first examples of the possibilities of this tool.

The seasonal evolution of the ozone column density is
shown in Fig. 1, together with water vapor and hydrogen per-
oxyde. The anticorrelation is clear, but the asymmetry between
the southern and northern winters must be noted: related anti-
correlations between ozone and water vapor are strongest for
northern winter. This asymmetry is linked to the hygropause
altitude, which varies significantly as a function of season, in
correlation with the variations of the distance to the sun (aphe-
lion around southern winter solstice, and perihelion around
northern winter solstice) and with the dust load of the atmo-
sphere (which has an impact on temperature). These variations
are shown at equator in Fig. 3, for water vapor and ozone mix-
ing ratios.

The diurnal cycle of ozone also displays remarkable sea-
sonal (L�) variations. To illustrate this, Fig. 4 shows maps of
ozone column density at two opposite seasons: southern win-
ter and northern winter solstices. In southern winter, ozone
abundance is larger on the night side than on the day side, and
therefore exhibits a strong diurnal cycle, with a clear footprint
of the terminator. At the opposite season, the behavior is very
different. The ozone abundance is much lower on almost all
the planet, except around the winter pole, and no diurnal cycle
is visible. These differences are linked to the global abun-
dance of the HO� radicals, in relation with the water vapor
seasonal cycle. In the Northern winter polar vortex, conden-
sation of water vapor on the surface suppresses the source of
HO�, leading to large O� maximum in good qualitative agree-
ment with the observations. At all other latitudes, the increase

Figure 3: Seasonal variations of water vapor, hydrogen per-
oxyde and ozone at equator: zonal and diurnal mean mixing
ratios (log) as a function of altitude and days counted from
northern spring equinox.

of water vapor and the uprise of the hygropause calculated by
the model near perihelion is responsible for the increased loss
of O� species by the HO� radicals and the disappearance of
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the ozone diurnal cycle.

Conclusion

We have developed the first three-dimensional photochemical-
transport model of the Martian atmosphere. A photochemical
module including 11 species and 38 photochemical reactions
has been coupled to the LMD-GCM. Despite our use of the
most recent photochemical data, the model appears to overes-
timate the abundance of hydrogen peroxyde and in the same
time, to underestimate the observed ozone column density.
These biases suggest that the amount of HO� is too large in
the model or/and the HO� chemistry is too efficient at destroy-
ing odd oxygen. We plan to investigate carefully the reasons
for this discrepancy, by analyzing the various sources of uncer-
tainties in the currently recommended reaction rate coefficients
and in our knowledge of absorption cross-sections of CO� and
H�O in the Mars conditions.

Nevertheless this new generation of model allows detailed
studies of the spatial, seasonal and diurnal behavior of the
composition of the Martian atmosphere. It will be applied to
the analysis of the data of the SPICAM instrument onboard
Mars-Express, for which stringent tests of our quantitative
understanding of the Martian photochemistry will be possible
by the comparison of the model results to the simultaneous
observations of ozone and water vapor.

In the following months, we will improve the model along
the following lines:

� the model resolution will be increased,

� the transport scheme for the water ice clouds developed
for the LMD-GCM by Franck Montmessin will be taken
into account to improve the water cycle,

� dust will be included in the UV radiative transfer cal-
culations,

� nitrogen compounds will be added,

� interactions with the surface will be investigated,

� our photochemical model will be coupled with the ver-
sion of the LMD-GCM extended to the thermosphere,
developed by Monica Angelats-i-Coll.
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Figure 4: Instantaneous maps of column ozone (micron-
atmosphere) for southern winter solstice (top) and northern
winter solstice (bottom).
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Introduction:  It is widely assumed that the surface 

of Mars has been exposed to massive flows of liquid 
water.  These flows are supposed to have taken place 
both near the end of the early intense bombardment 
period under a warm wet climate regime and in massive 
outburst floods, mainly around the periphery of large 
low latitude volcanic complexes such as Tharsis.  How-
ever, these scenarios do not adequately account for 
several lines of evidence that point toward a smaller 
role for flowing water and a larger role for wind in sur-
face modification.  With the aim of broadening the 
terms of discussion of martian surface history, these 
lines of evidence are reviewed and interpreted here. 

Thermal Inertia Distribution:  Over a wide range 
of scales, thermal inertia is negatively correlated with 
elevation. Since very high thermal inertia corresponds 
to high rock abundances or bedrock, and very low 
thermal inertia corresponds to fine dust particles, this 
relationship indicates that fine particles have been sys-
tematically transported from low areas to high areas, in 
marked contrast to the usual direction of fine particle 
transport on Earth.  This up-gradient sediment transport 
can be accounted for only by wind action. 

Atmospheric Circulation Models and Dust 
Storms:  General circulation models predict a distribu-
tion of potential erosion and deposition that is remarka-
bly consistent with the distribution of thermal inertia on 
large scales.  The predicted wind erosion pattern also 
coincides well with the observed pattern of dust storm 
occurrences.  Mesoscale models of atmospheric flows 
show a strong tendency for channeling of strong winds 
by topography, in agreement with the observed associa-
tion of thermal inertia with topography on small scales.  
General circulation models also show that the spatial 
distribution of erosion and deposition is stable with 
respect to orbital parameter variations and surface pres-
sure changes.  These models also predict that erosion 
rate would have been much higher than at present with 
as little as 2-4 times the present mean surface pressure. 

Surface Geomorphology:  Very low areas such as 
the northern plains and the floor of Hellas have unique 
surface features suggestive of very rapid resurfacing, 
and of long-term sedimentation and erosion.  These 
include paucity of small craters (diameters < several 
hundred meters), highly degraded large craters and 
“ghost” craters with diameters > 100km.  These fea-
tures are widely assumed to be due primarily to sedi-
mentation, but, in view of the evidence cited above, it is 
likely that erosion is a more important factor than sedi-
mentation for the observed degradation of craters at all 
scales in the northern plains and Hellas.   

Another important piece of evidence is the observa-
tion of widespread surface exposures of sedimentary 
layers.  These layers indicate past sub-aqueous or sub-
aerial sedimentation.  It is equally significant that many 
of these layer remnants appear to be undergoing rapid 
erosion in the present climate regime.  Only wind can 
account for this erosion.  The widespread occurrence of 
partially eroded sedimentary layers also indicates that 
burial and exhumation of surfaces is a common phe-
nomenon that obscures surface modificaton processes 
and sequences. 

Greenhouse Models:  The most recent and com-
plete greenhouse models have not been able to produce 
enough warming of the surface to account for a warm 
wet early climate regime with any plausible combina-
tion of greenhouse gases. 

Surface Minerology:  No large deposits of carbon-
ates that could correspond to the residue of an early 
dense carbon dioxide atmosphere have been identified.  
It is sometimes assumed that such deposits could be 
buried beneath the northern plains, but in view of the 
evidence cited above that these plains are primarily 
erosional rather than depositional surfaces, this is 
unlikely.  Crystalline hematite indicative of weathering 
by liquid water has been identified, but only in a few 
relatively small areas. 

Implications:  Taken together, these lines of evi-
dence suggest that the surface of Mars has been sys-
tematically and massively modified by wind erosion 
and dust redistribution over geological time.  They cast 
doubt on interpretations of surface geomorphology that 
fail to take wind modification of the surface into ac-
count.  These interpretations include deep sedimentary 
layers in the northern plains, lakebeds in crater floors 
and basins, and fluvial origins of some channel features 
that may have been streamlined as well as widened and 
deepened by wind action.   

Wind action, by itself, does not seem capable of ac-
counting for the initial formation as distinct from the 
subsequent modification of channel features, and it 
does not seem capable of accounting for the geomor-
phology of gully features that may be due to the local-
ized release of water from near-surface ice.  However, 
the observational evidence for massive wind modifica-
tion of the surface and the theoretical and observational 
evidence against an early warm climate regime implies 
that Mars may have been cold and dry with only mod-
est amounts of water ice (a few tens of meters) avail-
able at the surface since early in the Noachian period. 
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A high priority objective of the Mars Explora-
tion Program [1] is to “Determine if life exists 
today” (MEPAG Goal I, Objective A). The 
measurement of gases of biogenic origin may 
be an approach to detect the presence of mi-
crobial life on the surface or subsurface of 
Mars. Chemical thermodynamic calculations 
indicate that on both Earth and Mars, certain 
gases should exist in extremely low concentra-
tions, if at all [2]. Microbial metabolic activity 
is an important non-equilibrium chemistry 
process on Earth, and if microbial life exists 
on Mars, may be an important non-
equilibrium chemistry process on Mars. The 
non-equilibrium chemistry of the atmosphere 
of Mars is discussed in this paper. 
 
Chemical thermodynamic equilibrium calcula-
tions indicate that certain trace gases in the 
Earth’s atmosphere, such as methane (CH4), 
ammonia (NH3), nitrous oxide (N2O), and 
carbon disulfide (CS2) should be at atmos-
pheric concentrations many orders of magni-
tude below their actual atmospheric concentra-
tions (Table 1). The role of microbial meta-
bolic activity for establishing this chemical 
non-equilibrium is well known [3,4,5]. 
 
Chemical thermodynamic equilibrium calcula-
tions for certain trace gases in the atmosphere 
of Mars have been performed. As input pa-
rameters for these calculations, the following 
atmospheric composition was used: carbon 
dioxide (CO2): 95.32%, nitrogen (N2): 2.7%, 
argon (Ar): 1.6%, oxygen (O2): 0.13%, carbon 
monoxide (CO): 0.07% [6]. The mean atmos-
pheric surface pressure was assumed to be 6.4 
mb and a surface temperature range from 

148K (polar winter) to 290K (southern sum-
mer) was assumed [6]. The calculated equilib-
rium concentration of methane, ammonia, and 
nitrous oxide in the atmosphere of Mars is 
summarized in Table 2. 
 

Table 1. Some Trace Gases in the Earth’s Atmos-
phere 

Gas Thermo- Measured Atmospheric 
 Dynamic Concen- Enhance- 
 Equilibrium  tration ment 
  (Mole Fraction) 
 
Methane  
(CH4) 10-145 1.7 x 10-6 10139 
 
Ammonia  
(NH3) 2 x 10-60 10-10 1050 
 
Nitrous oxide  
(N2O) 2 x 10-19 3 x 10-7 1012 
 
Carbon disulfide  
(CS2) 0 10-11                               
 
 
Table 2. Calculated Trace Gases in the Atmosphere 

of Mars Based on Thermodynamic Equilibrium 
Calculations (Unit: Mixing Ratio) 

 
Gas T = 100K T = 200K T = 300K 
 
Methane (CH4) <10-100 <10-100   <10-100 
 
Ammonia (NH3) <10-100 2 x 10-89  4 x 10-62 
 
Nitrous oxide (N2O) 6 x 10-54  4 x 10-30 5 x 10-23 

 

Sulfur on the surface of Mars may prove to be 
an interesting raw material for microbial appe-
tites. Viking lander measurements found that 
the surface sulfur concentrations at both land-
ing sites ranged from 10 to 100 times higher 
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than in the terrestrial crust. The source of sul-
fur on Mars is believed to be volcanic emis-
sions in the form of sulfur dioxide (SO2). Mi-
crobial communities on Mars, if they exist, 
could utilize the widespread and readily avail-
able surface sulfur and produce atmospheric 
reduced sulfur species. Chemical thermody-
namic equilibrium calculations indicate that 
reduced sulfur species should not exist in the 
atmosphere of Mars in detectable levels in the 
absence of microbial metabolic activity. 
Chemical thermodynamic equilibrium calcula-
tions of reduced sulfur species in the atmos-
phere of Mars are summarized in Table 3. 
These calculations assume an atmospheric sul-
fur dioxide partial pressure of 10-9 atm. 
 

Table 3. Trace Sulfur Gases in the Atmosphere of 
Mars Based on Thermodynamic Equilibrium Calcu-
lations (In terms of partial pressure of sulfur species 
to partial pressure of sulfur dioxide, assumed to be 

10-9 atm, for T = 200K) 
 
Gas                     Partial Pressure of Gas/ 

 Partial Pressure of SO2 

 
Carbonyl sulfide (COS) 10-83 
 
Hydrogen sulfide (H2S) 10-84 
 
Carbon disulfide (CS2) 10-180 
 
Methane thiol (CH3SH) 10-197 
 
Dimethyl sulfide (CH3SCH3) 10-307 
 
Dimethyl disulfide (CH3S2CH3) 10-364 
 
Based on thermodynamic equilibrium calcula-
tions, the carbon, nitrogen, and sulfur species 
in Tables 2 and 3 should be present in very 
small concentrations and they are expected to 
be destroyed efficiently and rapidly by photo-
chemical and chemical processes. These spe-
cies are destroyed by photolysis by both solar 
ultraviolet radiation and by chemical reaction 
with the hydroxyl radical (OH), which is 
formed by the photolysis of water vapor 
((H2O) (except for nitrous oxide (N2O), which 
is destroyed via reaction with excited atomic 

oxygen (O(1D)), rather than by OH). The pho-
tochemical processes that lead to the destruc-
tion of these gases are summarized in Table 3. 
 
Table 4. Photochemical and Chemical Processes that 

Destroy the Gases in Tables 2 and 3 
[7, 8,9]. 

 
CH4 + hv  CH3 + H (h=Planck’s constant,  
     v = frequency; photolysis threshold wave-   
     length < 272 nm) 
 
CH4 + OH  CH3 + H2O 
 
NH3 + hv  NH2 + H (< 264 nm) 
 
NH3 + OH  NH2 + H2O 
 
N2O + hv  N2 + O  (< 715 nm) 
 
N2O + O(1D)  N2 + O2, or 2 NO 
 
COS + hv  CO + S (< 387 nm) 
 
COS + OH  products 
 
H2S + hv  HS + H (< 313 nm) 
 
H2S + OH  HS + H2O 
 
CS2 + hv  CS + S (< 281 nm) 
 
CH3SCH3 + hv  products 
 
CH3SCH3 + OH  H2O + CH2SCH3 
 
CH3S2CH3 + hv  products 
 
CH3S2CH3 + OH  products 
 
The lifetime of these gases with respect to 
chemical destruction by the hydroxyl radical 
(OH) may be calculated using temperature-
dependent reaction rates given in [8]. For 
these calculations, an atmospheric temperature 
of 200K and a surface OH number density of 
1 x 105 cm-3  [10] were assumed. The calcu-
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lated lifetime against destruction by reaction 
with the hydroxyl radical for some of these 
species is very short, i.e., dimethyl disulfide: 
14 days, dimethyl sulfide: 35 days, hydrogen 
sulfide: 3 months. Given a vertical eddy mix-
ing timescale on the order of 3 months near 
the surface of Mars and a horizontal transport 
timescale on the order of several days [9], 
these gases will not diffuse far from their loca-
tion of origin before they are destroyed via 
reaction with the hydroxyl radical. It is impor-
tant to remember that these very short atmos-
pheric lifetimes are only based on reaction 
with the hydroxyl radical and do not include 
the effect of photolysis by solar ultraviolet ra-
diation on the lifetimes of these species. 
 
Assuming the presence of gases of biogenic 
origin in the atmosphere of Mars, the very 
short atmospheric lifetime of these gases and 
their possible non-uniform source, most likely 
associated with surface and/or subsurface sites 
of liquid water, suggest their detection is a 
very difficult and challenging measurement 
problem. A mass spectrometer on a powered 
and controlled airplane flying 1 to 2 kilome-
ters above the surface of Mars and capable of 
traversing regional scale distances over poten-
tial water sites, is an ideal platform to search 
for the presence of non-equilibrium gases re-
sulting from microbial metabolic activity in 
the atmosphere of Mars. 
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Introduction:  The first 1.5 year of neutron mapping 
measurements onboard Mars Odyssey spacecraft are 
presented based on High Energy Neutron Detector 
(HEND) observations. HEND instrument is a part of 
GRS suite responsible for registration of epithermal 
and fast neutrons originating in Mars subsurface layer 
[4,6]. The scattering of fast neutrons in Mars surface 
caused by primary cosmic rays is strongly sensitive to 
presence of hydrogen atoms. Even several percents of 
subsurface water significantly depress epithermal and 
fast neutron flux [1,2]. It turns orbit neutron spectros-
copy into one of  most efficient methods for finding 
distribution of subsurface water.  

The Mars Odyssey observations revealed huge wa-
ter-ice regions above 60N and 60S latitudes[3-6]. It 
was founded that distribution of subsurface water has 
layered structure at these regions. It is thought that 
more than 50% wt water ice covered by relatively dry 
layer with different thickness[6,9].    

 The mentioned South and North areas are highly 
affected by seasonal CO2 global circulation process. 
Thus the CO2 snow depth varied from tens of cm up to 
~1m at the latitudes above 60 degrees [7]. Taking into 
account that maximal sensitivity of neutrons measure-
ments happened at depths less then 2-3 m one may 
expect significant variations of neutron signal trough 
martian seasons. It occurs because CO2 frost hides 
upper surface layer from the orbit observations. The 
first search of seasonal effects in neutron data reveals 
that possible variation of neutron flux between summer 
and winter time may vary from several percents at 550-
600 latitiudes up to several times for near polar re-
gions[8,9]. In this study we used more large dataset 
gathered for the first 1.5 year successful operation of 
Mars Odyssey mission. It covered time period from 
late winter up to early fall in Northern hemisphere. It 
gives the possibility to follow the history of sublima-
tion process of CO2 frost on the North and its accumu-
lation on the South. 
Instrument:  HEND consists of four detectors to pro-
vide measurements of neutron signal from red planet 
in broad energy range. Three proportional counters 
coated by different thickness of moderator have maxi-
mal efficiency in 1eV- 1keV, 10eV-100keV and 10ev - 
1meV energy ranges correspondingly. The organic 

scintillator created with using stilben crystal guarantee 
registrations of very energetic neutrons from 1MeV up 
to 10 MeV. The spectral shape of signal from this de-
tector is measured with 16-channels resolution which 
allow to select high energy neutrons with energy more 
then several MeV for farther analysis. There is direct 
correspondence between energy of registered neutron 
and depth where it was produced. The production rate 
of fast neutrons has maximum at depths less than tens 
of centimeters while the epithermal neutrons originate 
in layer placed 1-3 m below the surface. Combining 
measurements in proportional counters with counts 
accumulated in different parts of fast neutron spectra 
measured in stilben detector one may reconstruct the 
water abundance distribution at different depths start-
ing from thin subsurface layer and going down to sev-
eral meters depths.  
Data analysis: Using this approach we tried to create 
simple model to describe layered structure of regilith. 
At first step the summer measurements of Mars surface 
on South and North regions were extracted from full 
set of data. It helps to split the task of finding subsur-
face water distribution from task of measuring thick-
ness of CO2 frost. In this study we restrict ourselves 
only by studying regions near Mars poles above 60 
degrees for each hemisphere. It was done because the 
main goal of this research to look at evolution of CO2 
deposits at different near pole areas with time. Deposi-
tion of CO2 below these latitudes is ether absent or so 
thin that counting statistic cannot provide reliable re-
sults. More detail analysis of equatorial regions where 
presence of water was founded surprisingly high will 
be considered in other presentations[10].  

The surfaces of North and South regions were di-
vided into the network of pixels with 5x5 degree. Each 
pixel was treated independently in terms of estimation 
the best parameters of regilith model in given pixel. 
This choice provides the appropriate space resolution 
from one side and the reliable statistic (>10 sigmas for 
each pixel) from another one. 

For describing Mars soil we suggest to use two-
layers model. It consists of upper relative dry(<3% wt 
H2O) layer with variable thickness and bottom semi-
infinite ice-rich (>20% wt H2O) layer. Applying the 
fitting procedure to the real neutron data in wide en-

Sixth International Conference on Mars (2003) 3040.pdf



ergy range the best fit parameters have been estimated 
for this type of model for each selected pixel.  

 
Fig 1a. Map of CO2 deposit at North region of Mars 
for  Ls=345o. 

 
Fig 1b. Map of CO2 deposit at North region of Mars 
for Ls=40o. 

 
 
Fig 1c. Map of CO2 deposit at North region of Mars 
for Ls=95o. 

 
 
 

 
Fig 2a. Map of CO2 deposit at South region of Mars 
for  Ls=125o.  

 
Fig 2b. Map of CO2 deposit at South region of Mars 
for Ls=70o.  

 
Fig 2b. Map of CO2 deposit at South region of Mars 
for  Ls=15o.  
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To take into account scattering and production of epi-
thermal and fast neutrons in the atmosphere the neces-
sary corrections has also been done in this approach. 
Here we fixed the thickness of atmosphere for each 
pixel based on CGM prediction at summer period of 
time. All calculations have been done by help using 
radiation transport code MCNPX. The soil composi-
tion was taken from Mars Pathfinder observation with 
corrections for surface stones distribution and results 
obtained with GRS. 

The best fit model parameters such as thickness of 
upper layer, H2O content in upper and bottom layers 
were implemented for the next step to perform estima-
tion of CO2 frost thickness. Before starting this proce-
dure the whole period of observations was divided into 
episodes with different Ls to follow the evolution of 
CO2 coverage in time. Taking into account that global 
redistribution of CO2 mass causes significant changes 
of Mars atmosphere CGM predictions have been 
added to program to correct the atmosphere thickness 
for particular period of time. The final results are pre-
sented as time sequence of maps for  North and South 
regions. Some of them are shown on fig 1(a-c) and 
fig2(a-c).  

For the previous martian year there were direct 
measurements of CO2 snow depth made at different 
latitudes by MOLA(MGS). It is good possibility to 
perform additional calibration of  suggested regolith 
model. We have done comparison between HEND 
data and MOLA observations for the north latitude 
belts  during the same martian seasons. It was found 
that there is good correlation between two sets of 
data[8]. Using obtained results we have checked two-
layer model of regolith at north near polar latitudes. It 
turned out that subsurface of Mars may be described 
by aproximately 75% wt water ice covered by 10-20 
g/cm2 of dry  soil at this region. This result is in good 
agreement with estimations based on HEND data only.   

Conclusions:  The time sequence of maps of CO2 
snow depth were created at north and south regions 
poleward 60N and 60S latidues. In fact it presents 4-D 
model which describes the space distribution of CO2 
frost and its evolution in time between summer and 
winter seasons. It was found that CO2 caps on south 
and north significantly differ from each other. The 
thickness of CO2 coverage on the north has achieved 
maximal values up to 1.5 m which is more than at 
South pole. It is also observed that the structure of 
carbonate dioxide deposit on north is more smooth and 
regular than in South region.  
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Introduction: We present here some of the scien-
tific objectives which can be achieved by a single 
seismic station on Mars, equipped with a 3 axis VBB 
seismometer and a 3 axis Short Period Seismometer 
[1]. We assume that this station is also equipped with 
meteorological sensors, including infra-sound and 
pressure, in order to perform a complete meteorologi-
cal noise correction. The science objectives are listed 
in order of increasing difficulty. 

 
Seismic source localization: A VBB seismometer 

will allow the detection of seismic waves in the tele-
seismic frequency range (0.05-1Hz), for which diffrac-
tion effects might be reduced, especially at the lowest 
frequencies.  The determination of the polarization of 
these waves will therefore be possible, providing the 
azimuth of the event. Together with the difference of 
arrival times between P and S waves, it will be there-
fore possible to determine an approximate epicentral 
distance and to propose two possible locations. With 
additional hypothesis on the focal mechanism and on 
the Martian tectonics, it will be possible to favor one 
of the two locations. Such information will be crucial 
for the future landing sites of a Long Lived Network. 
 

Receiver function: The crustal thickness is an im-
portant parameter for all Martian geophysical models. 
The joint use of the altimeter and radio-science ex-
periment on MGS allowed the determination of the 
lateral variations of the Martian crust, but no absolute 
determination of its volume was possible due to the 
non-uniqueness of gravity inversions. Indeed, only a 
seismic determination of the crustal thickness can pro-
vide the necessary anchor for such inversions, as dem-
onstrated by recent Lunar models [4]. 

The receiver method technique is based on a spec-
tral ratio between the vertical and horizontal compo-
nents. As such, this ratio allows the cancellation of the 
effect of the seismic source radiation. Moreover, the 
probable regolith structure on Mars will provide a low 
velocity zone near the surface, which will straighten 
seismic rays and reduce therefore the azimuth depend-
ence of the short period data. This method was suc-
cessfully applied to the Lunar Apollo data [2]. 

Local 3D subsurface and crustal structure: By 
using the ‘09 MSL rover, the deployment of explosive 
active seismic sources might be considered. Alterna-
tively, impactors mounted on the MSL carrier and re-

leased a few days before landing can be used. The ac-
tivation of these sources can provide a set of seismic 
profiles, recorded by the Short Period seismometers, 
which can be used to study the subsurface structure, 
especially the existence liquid water [3].  

Water will affect both the seismic velocities and 
especially the attenuation of short period seismic 
waves. Meteorite impacts occurring at a larger distance 
can also be used, if detected, at longer periods. The 
isotropic character of the seismic source, polarization 
of the body waves and travel times of P and S waves 
can indeed be used to provide a determination of the 
position of the impact, while Lg and Rg surface waves 
can be used to constrain the crustal structure. 

 
Gravity Love number determination: To meas-

ure gravity variations, the very long period gravity 
output of the seismometer might be used. Due to con-
tamination with the solar thermal effect at the main 
diurnal and semi-diurnal periods, the Sun tide will not 
be detected. However, the Phobos-induced tides, of the 
order of 0.5 µgal, are subdiurnal with typical periods 
shorter than 6 hours, unrelated to the solar periods.  
Given the much lower noise level at these periods, 
they can be accurately measured by the experiment 
with a stack of about 1 year of data.  The measurement 
accuracies are most likely sufficient to be able to dis-
tinguish between different hypotheses concerning the 
core of Mars, and thus to better constrain the core [5].  
For example, the difference between a solid and a liq-
uid core in the main Phobos-induced tide is about 5 
times larger than the measurement accuracy, taken 
here to be 1 nGal, and a change in the gravity signal 
equal to the accuracy corresponds to a change in core 
radius of about 60 km 

 
Free oscillations: The determination of the free 

oscillations of Mars allow, without the knowledge of 
the source position, the determination of the interior 
structure of the planet [6]. Quakes large enough to 
excite normal modes are expected at a rate of a few 
every Martian year and can therefore be detected if a 
long lived power system is used. These data will pro-
vide a precise model of the Martian mantle, especially 
in term of shear waves.  
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Number 5: In addition to its pathfinder role, the 
seismic measurement onboard MSL might be a poten-
tial number 5 station for a 4-station network, either 
Netlander, if a launch scenario is found for 2009, or 
for a future 2011 mission. It can be shown that this 5th 
station will strongly improve the detection efficiency 
of the network. A 4-station network is able to detect 
the direct P and S waves generated by quakes, distrib-
uted globally on Mars, with an efficiency of ~60%. A 
5-station network can achieve an efficiency up to 90%. 
50% more events will therefore be useful for the de-
termination of the seismic velocities of the mantle. 
This improvement is even stronger for the detection of 
the PKP core-sensitive seismic phases, and allow a 
doubling of the number of events used in the final in-
version of the internal structure. In conclusion, a MSL 
‘09 geophysical station may almost double the science 
return of a 4-station network for seismology in terms 
of quake detection, while decreasing by two the risk of 
failures in the achievement of a network with 3 or 
more operational stations. 
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