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ABSTRACT

In the past decade and in the next decade, several
ground penetrating radar systems have been or will be
launched toward Mars.  GPR systems have been built
or proposed for study of Mars and the Martian
satellite, Phobos, from orbit, balloons, and rovers.
The scientific problems include those of finding
evidence of past or present life on Mars, unraveling
the history of climate change, locating water and
other volatiles, and mapping geohydrologic
stratigraphy in polar caps, sedimentary deposits, and
volcanoes.  The two problems of most interest are the
search for life, and the use of polar ice stratigraphy on
Mars with similar information from the Earth to
separate and understand the solar function of climate
change on both planets.  Environmental constraints
on a radar system include low operating temperatures
and atmospheric pressures, high radiation and g-
forces, and wind driven electrostatic and
magnetostatic dust.  Hardware constraints are small
size, low weight, and low power, especially in
antenna design.  Software constraints are low data
transfer rates and long time delays in communication.
Material properties are, in general, favorable to
ground penetrating radar (low temperatures and low
water contents giving low electrical losses) with
depths of penetration and antenna coupling controlled
mostly by the relatively high iron content of the soil,
possible clay minerals, clathrate hydrates, and
electromagnetic scattering from heterogeneities.
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INTRODUCTION

“Mars has been a subject of wonder since earliest
recorded time.” (Kieffer et al., 1992a) and this
wonder continues today after the success of the Mars
Pathfinder mission (Golombek et al., 1997) and its
rover, Sojourner.  Much of the fascination with Mars
arises as it appears to be so much like the Earth, with
active geology and hydrology, and the possibility that
it may have once harbored life (McKay et al., 1996).

However, for all the success of the Viking (see
detailed reviews in Kieffer et al., 1992b) and
Pathfinder space missions, there is still very little
known about the subsurface of Mars.  Outstanding
scientific problems include those of finding evidence
of past or present life on Mars (Klein et al., 1992;
McKay et al., 1992, 1996), unraveling the history of

climate change (Fanale et al., 1992; Kieffer and Zent,
1992), locating water and other volatiles (Carr, 1996;
Jakosky and Jones, 1997; Mellon et al., 1997), and
mapping geohydrologic stratigraphy in polar caps (Thomas
et al., 1992; Legrand and Mayewski, 1997), sedimentary
deposits (Greeley et al., 1992; Tanaka et al., 1992), and
volcanoes (Mouginis-Mark et al., 1992). Ground
penetrating radar is a possible tool to address several of
these problems (Olhoeft and Strangway, 1974; Grant et al.,
1995; Ori and Ogliani, 1996).

HARDWARE AND SOFTWARE CONSTRAINTS

The hardware constraints for ground penetrating radar on
Mars are those encountered by any space mission.  These
include severe constraints on size, weight (a few payload
kilograms) and power consumption (a few watts) as well as
extremes of temperature, shock (up to 40 g), and radiation
hardness to survive launch, cruise and arrival at Mars.
These constraints are well documented in the literature
(Snyder and Moroz, 1992) and by NASA Announcements
of Opportunity, plus added constraints caused by limited
funding.  As an example, for $150 million, the Mars
Pathfinder mission delivered a 25 kg payload to Mars,
consisting of the scientific instruments, Sojourner rover,
and rover support equipment in a 275 kg lander
(Golombek, 1997).  The rover can carry only a 1.5 kg
payload.  One of the biggest problems in all of these is the
size and weight of the antenna system to operate at low
ground penetrating radar frequencies.

The software constraints include ability to run on the
limited numbers of computer hardware that are radiation
hardened for space travel, the limited data transfer rates (a
few hundred bytes per second) at interplanetary distances,
the limited amount of on board storage, the long
communication delays (tens of minutes), and the
competition for resources from other imaging instruments
(Golombek, 1997).  These all result in requirements for
considerable on board processing of data and compression
of the final results before transmission back to Earth.

ENVIRONMENTAL CONSTRAINTS

Environmental constraints begin with surviving the g-
forces of launch (20 g), the temperature and radiation
(especially from solar activity) environment of cruise, and
the g-forces of landing (40 g).  However once on Mars, the
environment still has a strong influence on performance.
Temperatures vary roughly from 140 to 300 K, depending
upon location (elevation and latitude), time of day and
season of the year (Kieffer et al., 1992a; Zurek et al.,



1992).  Similarly, atmospheric pressures vary from a
few hundred to a thousand Pa (Zurek et al., 1992).

The atmospheric dynamics result in high speed winds
and large quantities of dust in the atmosphere (Zurek
et al., 1992; Kahn et al., 1992).  Such wind blown
dust can create electrostatic and magnetostatic
problems for mechanical and electrical devices as
well as simply coating optical and solar panel
surfaces (Olhoeft, 1991; Kolecki, 1997; Rover Team,
1997a).  One unknown is the level of electromagnetic
noise created by electrostatic charging of wind blown
sand and subsequent discharge as lightning during
sand storms, or from charging and discharge of
objects on the surface of Mars (such as rovers,
Kolecki, 1997).

The ionosphere and the solar wind interaction (Barth
et al., 1992; Luhmann et al., 1992) also provide
sources of electromagnetic noise that have not been
completely characterized.  The ionosphere has energy
absorption below 700 kHz at night, to 3 MHz in
daylight, especially limiting to low frequency
sounding from orbit (from radio-occultation
measurements, summarized in Luhmann et al., 1992).

MATERIAL CONSTRAINTS

Mars has been studied with earth based, orbital
spacecraft, and lander or rover infrared spectroscopy
(Soderblom, 1992; Erard and Calvin, 1997), in situ
alpha proton X-ray spectrometry (Rieder et al., 1997),
radar (Simpson et al., 1992; Harmon, 1997;
Haldemann et al., 1997) and other techniques to
determine the composition and abundance of surficial
materials (Banin et al., 1992; Gooding et al., 1992;
Christensen and Moore, 1992; Rover Team, 1997b).
Most of the materials found should have low losses
and be favorable towards ground penetrating radar
(Olhoeft and Strangway, 1974).  Some regions of
Mars are so unusual as to be characterized as
“stealth” regions (Muhleman et al., 1991; Edgett et
al., 1997) because they return no radar echo above
the noise.

However, there is roughly 18 weight percent iron
oxide magnetic materials found at both Viking
landing sites (Banin et al., 1992) and at the Pathfinder
landing site (Rieder et al., 1997).  The exact
composition of these iron bearing minerals is not
known, but direct measurement has shown them to be
highly magnetic at both Viking landing sites
(Hargraves et al., 1977) and at the Pathfinder landing
site (Hviid et al., 1997).  Arguments from the
combination of magnetic and chemical composition
measurements suggest the iron bearing phase in the
soil to be maghemite (γ-Fe2O3), or a mixture of ferric
oxides, ferric oxyhydroxides and smectite clay

minerals, or titanomagnetites occurring in palagonites
derived from basalts (Hviid et al., 1997; Erard and Calvin,
1997).

Magnetic materials can have a strong influence on the
propagation of ground penetrating radar signals (Olhoeft
and Capron, 1994) and such effects have been seen in
terrestrial soils (Olhoeft and Capron, 1993).  The amount
of magnetic loss is controlled by the amount and magnetic
polarizability of the minerals.  The frequency dependence
of the magnetic loss is modeled by the Cole-Cole equation
(Olhoeft and Capron, 1994)
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breadth of the time constant distribution (α=1 for a single
relaxation) and actually determined by the magnetic grain
size distribution. The time constant of relaxation,τ , may be
given by the Neel model (model choice and details depend
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factors, see Dunlop and Ozdemir, 1997):
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where τ = time constant of relaxation
τo ~ 10-9 s = atomic reorganization time or
interval between successive thermal excitations
µo = magnetic permeability of free space
v = magnetic grain volume
Hc = coercivity
Js = saturation remnance
k = Boltzmann’s constant
T = temperature.

As the coercivity and the saturation remnance also depend
upon the grain size distribution (Hunt et al., 1995; Dunlop
and Ozdemir, 1997), the time constant is most strongly
determined by the magnetic grain size (the volume affected
by domain wall displacement) distribution and
temperature.



Figure 1.  The relative dielectric permittivity and magnetic permeability, and the electric and magnetic loss tangents
for 400 mesh iron particles mixed by weight percent, X, into clean quartz sand and measured at 295 K (derived from
Olhoeft and Capron, 1994).  The smooth solid line passing through the loss tangent plots is the loss measurement
limit of the instrumentation.  Note the higher magnetic than electric losses, and that permeability multiplies times
permittivity in Maxwell’s Equations and in determining the propagation velocity.

For the known Martian temperature range, the time
constant of relaxation will change by many orders of
magnitude over a typical Martian day in the near
surface materials (roughly tens of centimeters depth),
but stabilize at the mean annual subsurface
temperature at greater depths (210 K at the surface,
but unknown at depth as heat flow is unknown and
likely variable).  Exactly how this will happen
depends upon the magnetic mineralogy, but the
magnetic properties of many of the proposed Martian
materials are unknown.  For the fine grained soils
(Kahn et al., 1992) of the surface of Mars,  this can
put significant magnetic losses in the tens to hundreds
of megaHertz frequency range.  Typical Cole-Cole
parameter values for 400 mesh, 20 weight percent
iron mixed into quartz sand (Olhoeft and Capron,
1994) and measured at 295 K (Figure 1) are:

µs = 1.31 µ ∞ = 1.03

τ = 5.x10-10 s α = 0.72.

Clay minerals also can be troublesome to ground
penetrating radar (Olhoeft, 1987).  Engineering size
fraction clays (rock flour) are not a problem as they do not
have the high surface area, active clay-water
electrochemistry of the cation exchange process to absorb
radiofrequency radar energy.  Well below the freezing
point of water and below the lowest temperatures on Mars,
at temperatures of 140 K or less, montmorillonite clays will
retain some unfrozen water and have significant dielectric
losses (Forslind and Jacobsson, 1975; Olhoeft, 1977).

Under Martian environmental conditions, water can only
remain a liquid when saturated with salt brine (Brass,
1980) or when in the immediate vicinity of mineralogical
clay.  In both cases, the electrical forces of the salt ion in
solution or of the clay mineral interface with water cause
significant freezing point depression.  Pressure-
temperature-composition phase diagrams for a variety of
gases mixed with water also indicate the possible existence
of clathrate hydrates.  The salt brines and clay minerals



could produce significant conduction losses through
the unfrozen water, and the wet clay minerals could
produce significant electrochemical relaxation losses
at frequencies up to a hundred megaHertz.  The
dielectric relaxations in water ice and clathrate
hydrates could produce additional losses at
frequencies from the kiloHertz to tens of megaHertz
(Davidson, 1973; Prensky, 1995).

Scattering losses are the result of interactions between
the material spatial heterogeneity on a scale
comparable to the electromagnetic wavelength in the
material.  Such scattering can occur at interfaces
(surface scattering) or within the bulk material
(volume scattering).  Such scattering has been found
to limit the depth of ground penetrating radar
investigation in terrestrial glacier ice studies (Watts
and England, 1976) as well as earth based studies of
Mars and other solar system bodies (Hagfors et al.,
1997).

The details of such scattering losses (and changes in
polarization) depend upon the distribution of surface
roughness (Rover Team, 1997b) and structure of the
Martian regolith (Simpson et al., 1992; Christensen
and Moore, 1992; Greeley et al., 1992).  There exist
observations and measurements about the surface
roughness (Harmon, 1997; Haldeman et al., 1997;
Golombek and Rapp, 1997) already indicating
considerable rough surface scattering, but there are no
comparable observations for the subsurface volume
scattering.

DISCUSSION

Earth-based radar has been used to study the surface
properties of Mars since 1963 (see review in Simpson
et al., 1992).  Some early studies (Olhoeft and
Strangway, 1974) based on material arguments and
the Apollo experience on the moon (Carrier et al.,
1991) suggested Mars would be transparent to
radiowaves and a good target for investigation with
ground penetrating radar.  However, more recent
models which include the material property losses
caused by magnetic materials, partially frozen clay
minerals, concentrated salt brines, clathrate hydrate
dielectric relaxation, and surface or volume scattering
suggest ground penetrating radar needs to be carefully
applied to problems on Mars.  Like the Earth, it is
likely that Mars will have places with material
properties very favorable towards problem solution
with ground penetrating radar.  However, other
locations will not be conducive to good investigation
with ground penetrating radar from high losses that
limit the depth of investigation.

Such variations in radar performance with location as
a function of clay presence, water content, and

scatterer size distributions are not unusual on the Earth.
However, the large variation in frequency dependence for
the magnetic losses will also mean that they will move in
and out of any given radar frequency range of measurement
over the normal temperature variation of a Martian day.
This means a given ground penetrating radar system might
experience considerable variations in performance over the
course of a Martian day, and that the time of best
performance could vary with location on Mars as magnetic
mineralogy and season change.  Depending upon the
regolith depth range influenced by the temperature change
and the distribution and type of magnetic minerals, the
impact on the radar system could range from relatively
minor antenna coupling changes to limitations on depth of
investigation.  Given that magnetic materials exist on Mars
(Hviid et al., 1997), it is likely that a ground penetrating
radar system should also measure both electric and
magnetic fields, instead of just the conventional electric
field only measurement.
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