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[11 Low-frequency sounding radars should be able to probe the Martian subsurface layers
down to varying depths, depending on the geoelectrical properties of the sounded sites.
We present in this work four frequency-dependent geoelectrical models of the Martian
subsurface in the 1-20 MHz frequency band, based on laboratory electromagnetic
characterization of Martian soil analogues. Those models correspond to local Martian sites
that we considered to be of particular interest in the search for water using mainly the
Ground-Penetrating Radar (GPR) instrument of the Netlander mission. Results and
discussion are also valid for both sounding experiments MARSIS and SHARAD. The four
models of the Martian subsurface are designed to represent terrains where recent fluvial-
like features suggest the presence of near-subsurface ground ice and probably liquid
water. We performed measurements on volcanic and sedimentary materials that may be
present on these sites under the appropriate geophysical conditions that may exist in those
terrains. We then simulated the backscattered radar echo arising from each site in the 2
MHz frequency band, using the Finite Difference Time Domain (FDTD) algorithm, in
order to evaluate the instrument performances to probe the subsurface stratigraphy of each
site. Our results confirm that the near-subsurface rich iron oxide mineralogy controls the
instrument performances in terms of penetration depth and signal-to-noise ratio in the 2
MHz frequency band. We finally discuss the geophysical and geoelectrical sounding
conditions that could lead to an ambiguous detection of shallow subsurface water on Mars
for the Netlander GPR. INDEX TERMS: 3210 Mathematical Geophysics: Modeling; 1794 History of
Geophysics: Instruments and techniques; 5144 Physical Properties of Rocks: Wave attenuation; 5109 Physical

Properties of Rocks: Magnetic and electrical properties; KEYWORDS: Mars, hydrology, GPR, sounding,

simulation, FDTD
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1. Introduction

[2] Models of the thermal structure of the Martian crust
suggest that the thickness of frozen ground (the depth at
which the local temperature rises above the ice fusion point)
range from ~2.5—5.0 km at the equator to ~6—12 km at the
poles [Clifford, 1993; Clifford and Parker, 2001]. Recently,
high-resolution images from the Mars Orbital Camera
(MOC) on board the Mars Global Surveyor (MGS) orbiter
reveal the possible presence of water layers in the near
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subsurface of Mars, at a depth of few hundreds meters.
Water could flow out from an underground ice rich satu-
rated layer covered locally by volcanic altered materials
[Malin and Edgett, 2000al].

[3] Efficient sounding methods are required in order to
detect the water present in the Martian subsurface a hundred
meters or a few kilometers deep. One of the best suited is
based on sounding radars. Water, even if still present on
Mars at shallow depth (less then 300 m), will be difficult to
detect using drilling and seismographs. Radar sounding
methods, either from orbit or from surface based systems,
represent the adequate geophysical tool to inform us about
subsurface water abundance and distribution, a parameter of
primary importance to understand the history of the planet
[Ori and Ogliani, 1996; Berthelier et al., 2000; Clifford et
al., 2001].

[4] Three radar instruments are planned in the current
decade to probe the Martian subsurface and detect the
presence and distribution of subsurface water layers. In
2003, the Mars Advanced Radar for Subsurface and Iono-
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Figure 1. Top: the Viking image of the Hadriarca Pateraa
volcano (31 S, 267 W). The arrow on the image shows
Amazonian fluvial features formed by interactions of lava
with water. Bottom: the proposed geological profile for a
shallow aquifer associated with local geothermalism that
might exist for similar sites.

sphere Sounding (MARSIS) experiment onboard the Mars
Express ESA orbiter will be the first instrument to perform a
global vertical sounding at the 2 MHz frequency [Picardi et
al., 1999]. It will be followed by the Ground-Penetrating
Radar experiment; the Netlander mission in 2007, which
will land four autonomous geophysical stations at different
sites [Berthelier et al., 2000]. These two experiments will
mainly focus on the deep water detection, while a third
instrument focused on Shallow Radar sounding (SHARAD)
is planned for 2005 onboard the NASA Mars Reconnais-
sance Orbiter (MRO) will operate at a higher frequency
around 20 MHz, in order to detect probable water Layers at
shallow depth [Beaty et al., 2001].

[s] The performances of all of these radar systems are
strongly dependent on the petrology and mineralogy of the
Martian subsurface [Olhoeft, 1998; Heggy et al., 2001],
which define the electrical behavior of each geological layer
of the sounded sites. Most of the Martian surface presents a
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volcanic context and is covered by an iron oxide-rich dust
layer, more probably constituted of altered basalts [Pinet
and Chevrel, 1990], hematite [Christensen et al., 2000],
maghemite and other ferromagnetic minerals [Hargraves et
al., 1977]. This dust material is overlaying volcanic layers
of fractured basalt and lava flows, with a geographically and
stratigraphically variable component of massive and inter-
stitial ice [Clifford, 1993; Clifford and Parker, 2001].
Deeper subsurface material could be mainly constituted of
fractured ground ice [Clifford and Johansen, 1982]. If we
assume this configuration to be representative of the Mar-
tian subsurface, then materials present in the first few
hundred of meters of the subsurface could significantly
attenuate the probing radar signal, due to electric and
magnetic losses, thus limiting the penetration depth to few
hundreds of meters at the 2 MHz frequency [Heggy et al.,
20017.

[6] Radar sounders should then operate at specific sites
where the geoelectrical context is locally less conductive
and where local geothermal conditions could lead to the
presence of liquid water at shallow depths [Clifford and
Parker, 2001]. In this paper, we present the geoelectrical
modeling of such favorable sites in order to define future
potential landing sites for the GPR experiment of the Net-
lander mission, and derive some criteria for optimal sound-
ing sites for future radar experiments. Numerical simulations
of the radar echo for the selected sites are presented and
discussed.

2. Geological Models

[7] Four geological models of Martian subsurface are
proposed in order to highlight the effect of several compo-
nents such as liquid water, magnetic minerals and sedimen-
tary deposits. The presence of fine grained or coarse
deposits of different petrology (especially with varying
porosity and permeability) may substantially affect the ice
content in the subsurface and the radar signatures. These
models correspond to possible local stratigraphy on Mars
but large uncertainties exist about the composition and
nature of the subsurface material. Examples are given to
illustrate each proposed model refers to locations on Mars
where the subsurface could correspond to the model, but
detailed thickness and composition of the layers are spec-
ulative. These models do not take into account the regional
variability of the selected geological unit. The possibility of
finding shallow aquifers in the Martian near-surface is low
due to cold temperatures, and liquid water should not be
present at less than 1 km according to realistic thermal
gradients [Clifford, 1993]. Nevertheless, we detail three
examples where local residuals of subsurface water could
be found at shallow depth. These locations would corre-
spond to regions of high geothermal flow (2.1), outflow
channels (2.2), or ice-rich northern plains (2.3). The last
case (2.4) does not consider liquid water but sediments
formed by desiccation of an ancient lake.

2.1. Shallow Aquifers Associated With Local
Geothermal Anomalies

[s] Large geothermal gradients may occur within or near
areas of recent volcanic activity. For example, the Hadriarca
Patera volcano (31°S, 267°W) shows Amazonian fluvial
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features formed by interactions of lavas with water as
shown in the upper part of Figure 1 [e.g., Allen, 1979].
Lavas are likely filled by interstitial ice at several hundred
meters deep because ground ice may not have been com-
pletely desiccated at the latitude of this volcano. Liquid
water still could exist in the subsurface of the volcano if the
thermal gradient is unusually high like in similar regions on
Earth and if the subsurface material is not too thermally
conductive to be frozen deeply due to the low surface
temperatures. Such conditions would imply a subsurface
stratigraphy such as in the bottom part of Figure 1: (1) 10
meters of dust covering the surface, (2) 50 m of eroded
basalt corresponding to the porous part of basalt eroded by
surface processes, (3) 100 m of basalt filled by interstitial
ground ice and (4) a layer of wet basalt above the melting
point. In this model we do not include magnetic minerals
like maghemite in the subsurface layers.

2.2. Outwash Plains

[¢] This model can correspond to a typical situation where
outflow channels converge into the northern plains. A few
billion years ago, large bodies of water could have been
formed at the ends of the large outflow channels (Chryse and
Acidalia Planitiae, Utopia Planitia, East of Hellas Planitia).
This unit occupies the lowest areas within the channels and
may contain volatile materials. According to the study of
rampart craters, the thickness of the volatile rich layer of
sedimentary deposits is estimated to be less than 800 m
[Costard and Kargel, 1995]. In the proposed model, differ-
ent layers are interpreted to be fluvial sediments up to 500 m
in thickness. These sediments (both acolian and fluvial
deposits) are considered as an uncemented ground with
porosity from 40% to 50%. These estimations are based on
the bulk porosities of Martian soil as analyzed by the Viking
Landers [Clark et al., 1976; Gooding, 1978], as well as from
model of the megaregolith proposed by Clifford [1993].
These outwash plains occupy a latitudinal band between
20° North and 45° South, which corresponds to a ground ice
thickness of several kilometers. According to theoretical
models [Squyres et al., 1992; Clifford, 1993] as well as
morphological analysis [Costard, 1989; Kuzmin et al.,
1988], a first zone extending down to 300 m is supposed
to be desiccated (sublimation process). It corresponds to
fluvial and volcanic episodes, as shown in Figure 2. The
second zone, starting at 300 m, is assumed to be basaltic and
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filled with ground-ice down to 2500 m where the melting
point is reached and liquid water is present. This region of
fractured basaltic rock may persist to depths of 10 km or
more [Clifford, 1993; Clifford and Parker, 2001]. Several
investigators have emphasized magmatic activity in these
areas in relationship with the Tharsis activity [Tanaka and
Chapman, 1990]. It may have been responsible for the
generations of liquid water by melting ground ice trapped
in the underlying megaregolith [Zimbelman et al., 1992].

2.3. Ejecta Deposits

[10] This model shown in Figure 3, corresponds to differ-
ent geological units overlaid by ejecta deposits from impact
craters. The uppermost part of the stratigraphy is a dry
material made of aeolian deposits (dust layer). A second
zone results from impact processes with a 50 m thick ejecta
deposit. This value takes into account the thickness (from 40

Figure 2. Top: the Outflow channel emerging from
chaotic terrain (1 S, 43 W) (Viking image P-16983).
Bottom: proposed geological model for this type of terrain
where the presence of outflow channels may be interpreted
by a rapid release of water from buried aquifers or the
melting of ground ice by volcanism.
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Figure 3. Top: the traverse across crater (30.3 N, 251.3 W)
(MOC image M12-00506). Bottom: the corresponding
geological model.

to 80 m) derived from MOLA profiles along some ejecta
deposits [Barlow et al., 2000]. The materials are interpreted
to be impact-brecciated rocks at least for the upper layers.
The porosity can be high and include a mixing of large
amounts of substrate material into the ejecta deposit
[Melosh, 1989] In the proposed model; these ejecta deposits
overlay different layers of sediments and basaltic materials.
These sedimentary deposits and, in particular locations,
volcanic flows or deeper layers, may already contain ice.
The lower limit of these layers is believed to be in the range
of a few hundred of meters to 1 or 2 kilometers. As indicated
above this is supposed to be an average situation, but current
conditions may be very different from site to site.

2.4. Layered Deposits

[11] Layered deposits have been found in many regions
with the Mars Global Surveyor camera [Malin and Edgett,
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2000b]. The composition of layers is still unknown and a
lot of speculations propose different compositions depend-
ing on whether the deposits have an aeolian, volcanic,
fluvial or lacustrine origin. Interesting is a model contain-
ing evaporites that could correspond to layers formed by
the drying of a stagnant lake like Sebkhas in terrestrial
desert. Such conditions could correspond to the layers
observed in closed depressions of Valles Marineris such
as Melas Chasma (9°S, 77.5°W) (cf. MOC image MOS§-
04367 in the top of Figure 4), or to layers inside craters
like Gale or Henry. The layering proposed for such kind of
geological setting is described in the bottom of Figure 4.
The layer of mudstone is under erosion at the present time
and could correspond to the eroded layers as shown by the
arrow in the corresponding MOC image in the upper part
of Figure 4. It is chosen to be mainly composed of
kaolinite. This mudstone layer of 30 m thickness is
underlain in the model by 30 m of gypsum (CaSOQy,
2H20) and 30 m of aragonite (CaCO;) lying over a
basaltic basement. The chosen composition and thickness
of the layers is one configuration among many different
possible, but could likely correspond to Sebkha like
deposits.

3. Electromagnetic Characterization and
Geoelectrical Modeling

[12] Once the geological models are set and well defined,
we investigated representative laboratory samples, in terms
of mineralogy and porosity, for each layer of the above-
discussed models. In our analogy, the electromagnetic
properties of each layer of a geological profile are reduced
to the electromagnetic characterization of the representative
laboratory sample. Samples are compositionally homoge-
neous, with different porosities, temperatures and a varying
amounts of iron oxide-rich minerals (hematite, maghemite,
magnetite) for samples representing volcanic layers. It must
be kept in mind that this is a simple approach that does not
reproduce the heterogeneous composition of rocks and
their complex porosity. However, as we are mainly inter-
ested in the permittivity of the samples to build geoelec-
trical models to evaluate losses in wave propagation,
homogenous mixtures of minerals and ice are relevant.
For the permittivity measurements, we used two capacitive
cells. The first one characterizes powder materials ( poros-
ity ranging from 30 to 50%) and the second one measure
pellets of compacted powder (porosity ranging from 15 to
30%) or machined from a rock sample. For the perme-
ability measurements, we used a self-magnetic cell. More
details concerning the measurement procedure and samples
preparation have been described in earlier paper [Heggy et
al., 2001]. Each layer analog is described in terms of the
real and imaginary part of its dielectric constant (e = ¢’ —
ic"), its conductivity o in S/m and its relative magnetic
permeability p (in this work we only considered the real
part of the magnetic permeability, as mineral mixtures used
to simulate the subsurface layers in the four models are not
highly magnetic). It is important to note that the choice of
analog materials to construct our samples is a first order
approximation to illustrate the variation in the sounding
radar performances in various possible Martian geoelectri-
cal configurations.
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Figure 4. Top: MOC image of the Melas Chasma region
9 S, 77.5 W) (MOC image MO08-04367). The arrow
indicates what could represent a dry mudstone eroded layer.
Bottom: the suggested model for this type of layered terrain.

[13] Tables 1, 2, 3, and 4 present the geoelectrical profiles
for the geological models shown in Figures 1, 2, 3, and 4,
respectively. In those models we assumed that the layers are
homogenous and parallel according to the observed stratig-
raphy on the exposed wall rock of Valles Marineris [McE-
wen et al., 1999]. The interfaces between layers have a step
periodic roughness function with maximum amplitude of 1
m, which means that the shallow interfaces are relatively
smooth compared to the wavelength inside the materials for
2 MHz radars. We introduced also a fuzzy level at each
interface to take into account a short material transition
gradient between each layer and possible unfrozen water

concentration gradient [Anderson and Morgenstern, 1973].
[14] According to the surface chemical analysis of the

Viking Landers and the Pathfinder mission suggest that the
dust layer that covers the Martian surface can be assumed to
be chemically homogenous [Reider et al., 1997] for the
major part of the planet. Thus we considered for the three
models of Hadriarca Patera, ejecta deposits and outwash
plains, the presence of a thin layer of dust (10 m). To
simulate this dust layer, we mixed a dry basalt powder with
a mass percentage of 7% of hematite, 7% of maghemite
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[Hargraves et al., 1977] and 2% of magnetite, thus using a
mean value of 15% of iron oxide concentration in the
Martian surface dust layer. Its relative low dielectric value
is due the high porosity around 50% (even if it is rich in iron
oxides). Samples representing the dust layer have a grain
size of 50 pm, which is the observed value for hematite
grain size at the Martian surface [Bell and Morris, 1998].
For the samples representing the subsurface material, we
considered a larger grain size (200 to 400 pm). This
parameter is very important specially in measuring the
sample magnetic permeability for iron oxide-rich materials,
and it also controls the samples porosity. Another common
layer for the three volcanic models is the water-saturated
layer denoted by “wet basalt” in Figures 1, 2, and 3, which
was simulated using water saturated basalt powder.

[15] The geoelectrical properties of the Hadriarca Patera
volcano site are presented in Table 1. We simulated the
second layer (eroded basalt) using a rock-machined pellet of
Djiboutian basalt, which presents very similar chemical and
physical properties to the rock analysis provided by the
Viking and Pathfinder landers [Paillou et al., 2001]. To
simulate experimentally the third layer constituting the
ground ice, we mixed a basalt powder to water and we
compacted it to reach the lithospheric pressure at the
corresponding depth in the geological model. The mixture
was then put in a cold room down to the 210°K temperature.
Special precautions were taken to ensure that samples
(volcanic and ice mixed minerals) were free of moisture.

[16] For the outwash plains geoelectrical model presented
in Table 2, we simulated experimentally the fluvial sedi-
mentary layer, by measuring the permittivity of a powder of
basalt mixed with 25% mass percentage of aragonite and
dolomite at a porosity of 40%. For the lava and the ground
ice layers, we used respectively a compacted dry basalt
powder with a porosity of 35% and a basalt rock machined
pellets with a lower porosity of 25% with ice inside the
pores. We can clearly note the difference in their dielectric
constant, which is mainly due to the difference in porosity
between the two samples (which corresponds to a different
lithospheric pressure in the geological profile). At a greater
depth, we have a higher compaction leading to a lower
porosity and thus a higher dielectric constant of the material.

[17] In the ejecta deposits model shown in Table 3, we
used a low compacted basalt powder of 300 um grain size
mixed to the powder constituting the dust layer with 10% of
ice. We mixed basalt and silicate to simulate the regolith
layer. For the eroded basalt layer, we measured the permit-
tivity of basalt mixed with 5% of hematite. As representa-
tive sample of the bottom layer in this geological profile, we
used highly compacted basalt (porosity <20%). The dust
layer and the wet saturated layer have been treated similarly
as in the previous models.

[18] The layered deposits model presented in Table 4
corresponds to a quite different geological context. In this
model, we did not introduce any ferromagnetic materials,
(except at the bottom basalt bedrock) and we mainly used
dry powder of kaolinite mixed to miner amount of materials
described in the dust layer to estimate the permittivity of the
first layer. The second layer was characterized with a
gypsum compacted pellet, and we used an aragonite com-
pacted pellet to simulate the possible presence of a carbo-
nate layer in the Martian subsurface [Fonti et al., 2001].
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Table 1. Geoelectrical Model for a Shallow Aquifer Associated With Local Geothermalism®

¢ e’ 5 10°°% S/m 0
2 MHz 20 MHz 2 MHz 20 MHz 2 MHz 20 MHz 2 MHz 20 MHz
Dust layer 3 2.7 0.25 0.22 28 240 1.5 1.1
Eroded basalt 8 7.2 0.5 0.45 56 500 1 1
Ground ice 7 6.3 0.1 0.07 5 12 1 1
Wet basalt 36 32 12 10.5 1344 11724 1 1

Similar material can have different dielectric properties as the geophysical conditions (porosity, temperature, grain size) in each layer are different.

Finally for the basalt basement we used a compacted
Djiboutian basalt powder.

4. Radar Echo Simulation

[19] The final step in our approach, to monitor the
variations in the ability of the 2 MHz sounding radar
instruments to detect the possible presence of shallow
subsurface water in the Martian upper crust, is to simulate
backscattered radar temporal response for each of the
described sites. We used the Finite Difference Time Domain
(FDTD) technique to solve the Maxwell equations and to
obtain the magnitude of the backscattered electric field at
each point inside the geoelectrical profile. Few electro-
magnetic methods can be adapted to describe properly the
wave propagation in such relatively conductive materials.
The advantage of the FDTD algorithm is its generality in
terms of material, geometry and frequency [Kunz and
Luebbers, 1993]. The method is a transient marching in
time approach, in which time is divided into small discrete
steps [Yee, 1966], and the geoelectrical model is built with
elementary cubic cells in the simulation space. Each cell
describes the relative permittivity, conductivity and relative
permeability of the occupied volume. Once excited by the
radar pulse, it gives the three-dimensional components of
the electric and magnetic fields at each time step corre-
sponding to the wave propagation across the geoelectrical
model. We set the elementary cell dimension to be 5 m, in
order to get the typical value of 10 cells per wavelength in
the most conductive material in the profile (excluding the
wet basalt layer), to obtain sufficient temporal accuracy and
respect the algorithm stability conditions. To reduce the
simulation noise, we used the Perfect Matching Layers
(PML) algorithm as an electromagnetic absorbent around
the simulation space.

[20] We simulated for each geoelectrical model presented
in Tables 1 to 4 the case of 30 m mono-static monopole
antenna in a perfect contact with the surface layer, which
roughly corresponds to an ideal configuration of the Net-
lander GPR instrument. The emitted pulse is a spherical
wave with maximum amplitude of 10 V/m. The emitted

waveform is a modulated Gaussian vertically polarized,
with a central frequency of 2 MHz and 2 MHz bandwidth.
The same antenna measures the backscattered electric field
echo E in the two cross polarizations Ex and Ey.

[21] We mainly considered the backscattered electric field
in the X-directed polarization at the surface for each geo-
electrical model. We used the Y-directed component of the
backscattered field as an additional information source to
distinguish between interface signal and simulation noise
for low dynamic ranges (—150 to —200 dB). Simulations
were performed in the time domain to observe reflections at
each interface and thus evaluate the radar ability to penetrate
down to the water-saturated layer for each of the volcanic
model.

[22] Figure 5 shows the backscattered radar echo simu-
lated for the four previously described geoelectrical models,
at a 2 MHz frequency corresponding to the Netlander GPR
characteristics. The results for each site are presented in two
graphs. The upper graph indicates the losses in decibel
versus the wave round trip time across the geoelectrical
model. This informs us about the penetration depth corre-
sponding to a given dynamic range. The lower graph shows
the X component of the received electric field versus time,
which illustrates the wave reflection at each geological
interface. The dotted lines indicate the location of each
subsurface interface calculated from the mean wave velocity
inside each layer.

[23] The top left of Figure 5 (denoted by 2.1) presents the
simulation of the geoelectrical model of a shallow aquifer
associated with local geothermalism shown in Table 1 and
Figure 1. We can see that the first three thin layers act as a
single thick layer that absorbs exponentially the radar
signal. The thickness of the first layers not being important
compared to the wavelength inside the material, none of the
interfaces could been identified on the backscattered echo.
Even in the presence of a sufficient dielectric contrast, it is
quite difficult to distinguish the second layer from the
surface response at this frequency. The eroded basalt and
the ground ice interface can be hardily distinguished by the
mean of the backscattered electric field because of the low
dielectric contrast at this interface. We can only note in this

Table 2. Geoelectrical Model for Outwash Plains in the Northern Hemisphere®

¢ e’ 0107 S/m 0
2 MHz 20 MHz 2 MHz 20 MHz 2 MHz 20 MHz 2 MHz 20 MHz
Dust layer 3 2.7 0.25 0.22 28 240 1.5 1.1
Fluvial sediments 5 4.4 0.5 0.46 56 513 1 1
Lava flow 7 6.2 0.5 0.3 56 335 1.5 1.3
Wet basalt 36 32 12 10.5 1344 11724 1 1
Ground ice 9 8 1 0.6 112 670 1 1

Similar material can have different dielectric properties as the geophysical conditions (porosity, temperature, grain size) in each layer are different.
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Table 3. Geoelectrical Model for the Fluidized Crater Ejecta Deposits®
¢ g’ 5 10°°% S/m 0

2 MHz 20 MHz 2 MHz 20 MHz 2 MHz 20 MHz 2 MHz 20 MHz
Dust layer 3 2.7 0.25 0.22 28 240 1.5 1.1
Ejecta deposit 4 3.7 0.5 0.45 14 500 1 1
Regolith 14 12 0.7 0.6 71 670 1.2 1
Eroded basalt 9 8.1 0.2 0.2 22 220 1 1
Wet basalt 36 32 12 10.5 1344 11724 1 1
Basalt + ground ice 11 10 1 0.7 224 780 1 1

Similar material can have different dielectric properties as the geophysical conditions ( porosity, temperature, grain size) in each layer are different.

case the important reflection that occurs between the ground
ice and the water-saturated layer, due to the strong dielectric
contrast between the two materials. This is also visible in
the corresponding reflection of the electric field plot, and
corresponds to an attenuation of —50 dB that is in the
detection range of the Netlander GPR and the MARSIS
instrument too.

[24] For the outwash plains shown in the right upper part
of Figure 5 (denoted by 2.2), we have a different situation
where the interface between the dry sediments and the
compact lava can be identified on the attenuation and
electric field graphs, while even in the presence of a high
dielectric contrast, it is difficult to distinguish between the
compact lava layer and the water saturated basalt, because
of the low dynamic at this depth (Figure 5, top right). An
attenuation of —90 dB is still in the range of the Netlander
GPR, but is behind the detectability limit for the MARSIS
orbital experiment. After the water saturated layer, we can
observe the decay in the radar signal as the wave travels in
the ground ice and reaches a low dynamic point which is
below the instrument limit.

[25] Results for the ejecta deposits site are presented in
the bottom left part of Figure 5 (denoted by 2.3). The peaks
on the attenuation (in dB) curve identify each geological
interface. The thin water saturated layer does not show a
strong signal as in the shallow aquifer case (Figure 5, top
left), although being around the —60 dB level. This is due to
a larger number of upper geological layers, causing strong
multiple reflections, and then leaving less energy available
at level of the water saturated layer. An important fact to be
noted from these three previous simulations is the presence
of the broadened region in the attenuation curves, which
characterize the presence of water.

[26] The last case presented in the bottom right part of
Figure 5 (denoted by 2.4) corresponds to the layered
deposits terrain. This case presents geoelectrical properties
very favorable for radar penetration, since materials con-
stituting the first three layers contain no iron oxides. We
have then there low dielectric losses and no magnetic losses.
The first three layers are thin compared to the wavelength,
and as they present no important dielectric contrast, we can

Table 4. Geoelectrical Model for the Layered Deposits Terrain®

hardly identify the location of each interface. Only the
basalt basement can be distinguished. Such a geological
model, even if it does not contain a water-saturated layer,
suggests that low losses due to the low permittivity of the
first subsurface layers could reflect the presence of carbo-
nated material (in a geological context presenting adequate
evidences of past hydrological sedimentary processes).

5. Discussion

[27] Numerical simulation of a 2 MHz electromagnetic
wave propagating in the described geological models shows
the variation in the radar ability to detect and distinguish the
presence of a water saturated layer in terrains where we
expect discontinuities in the ground ice thermal properties
that might lead to the presence of liquid water in the first
few hundred of meters of the Martian subsurface. We can
mainly distinguish three cases:

[28] The first case corresponds to a volcanic context in
which the radar pulse penetrates down to the water saturated
layer, but due to the near subsurface stratigraphy, we cannot
distinguish reflection on different geological interfaces and
the one arising from the water-ground ice interface. This is
the case of the radar echo simulation representing the ejecta
deposits site. This is due to the presence of an important
dielectric contrast between the other dry volcanic layers,
which contains different amounts of iron oxides under
different compaction levels (decreasing the porosity
increases the dielectric constant and the conductivity).

[29] The second case is represented by the shallow
aquifer associated with local geothermalism and the out-
wash plains. We observe here an exponential attenuation of
the radar wave when propagating into the first subsurface
layers, without any sharp reflection at the interfaces of the
geological layers since they show low dielectric contrast. A
stronger reflection can then be observed on the water-rich
layer, producing a broadened region in the attenuation
curves. It constitutes a kind of ideal case to detect and
probably identify subsurface water, if the signal is not too
attenuated by the first geological layers, as it is the case for
outwash plains.

¢ " 0 107°% S/m m
2 MHz 20 MHz 2 MHz 20 MHz 2 MHz 20 MHz 2 MHz 20 MHz
Dry mudstone 32 2.8 0.2 0.1 24 120 1.2 ~1.1
Gypsum 4 3.8 0.6 0.5 67 560 1 1
Carbonates (aragonite) 6 5.7 0.1 0.1 12 110 1 1
Basalt basement 8 7.6 0.5 0.4 56 450 1 1

Similar material can have different dielectric properties as the geophysical conditions ( porosity, temperature, grain size) in each layer are different.
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Figure 5. The 2 MHz radar echo simulations corresponding to the four geoelectrical models. Figures

present the normalized losses in decibel (plain line)
round trip time (dash line). The dotted lines indicate

and the backscattered electric field versus the wave
the location of each subsurface geological interface;

high-resolution structures in the normalized loss curves represent the signal modulation and simulation
noises. Top left: (2.1) shallow aquifer associated with local geothermalism. Top right: (2.2) outwash
plains. Bottom left: (2.3) ejecta deposits model. Bottom right: (2.4) layered deposits terrain. The linear ¥
axis scale of the electric field plots has been reduced to visualize reflections from the third interface.
Arrows indicate the signal peak corresponding to the water-saturated layer.

[30] The third case corresponds to a geoelectrical model
free of water and iron-rich materials, such as the layered
deposit terrains. Although the radar response from the basalt
basement could be misinterpreted as a water-rich layer as
the case of the outwash plains (compare the last peak in
Figure 5, top and bottom right) a lower attenuation than the
one observed in volcanic context (compare the attenuation
slope in Figure 5, top and bottom right) could help detecting
past hydrological sedimentary deposits (carbonates).

[31] In the simulation corresponding to the ejecta deposits
model where the water-saturated layer is 260 m deep, the
radar echo gives strong evidence of the presence of the

subsurface-layered structure. Without a known first order
geoelectrical model it is difficult to distinguish the signal
corresponding to water interface. While in the case corre-
sponding to the outwash plains the backscattered echo
shows a clear response of the subsurface water interface
at a deeper location (310 m), but with a strong attenuation of
the first subsurface layers, leading to a poor signal-to-noise
ratio. The most favorable case is represented by the
Hadriarca Patera volcano site, for which volcanic materials
presenting a reasonable attenuation factor cover a water-rich
layer at a depth of 160 m. The radar signal associated with
the wet basalt can be clearly observed, and remains in the
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—60 dB attenuation range. Among the previous discussed
models, terrains similar to the Hadriarca Patera site seem to
be the most interesting sites for optimal subsurface water
detection using sounding radar techniques, for both landed
systems such as the GPR of the Netlander mission and
orbital ones such as the MARSIS instrument. We then
strongly recommend similar sites for radar shallow subsur-
face investigations.

[32] Further simulations at a 20 MHz frequency show
similar capabilities for mapping the subsurface water pres-
ence in such favorable sites, but one should consider here
possible additional losses due to volume scattering effect
caused by rocks and fractures distribution in the superficial
layers [Beaty et al., 2001; Heggy et al., 2002]. Criteria of
radar detection of subsurface water in a similar context
should not be limited to the depth at which it may be
present. In particular, ejecta deposits terrains could be
unfavorable cases for a 20 MHz orbital sounder, where
the high dielectric constant of the first volcanic layers will
decrease the wavelength to a critical value, that might then
increase considerably the volume scattering effect, and
perhaps totally screen a shallow ice-water interface. Similar
phenomena have been observed in sounding temperate
glaciers [Watts and England, 1976]. Thus we expect the
performances of 20 MHz radar sounder to be more sensitive
to the near subsurface petrology than for the 2 MHz case.

6. Conclusion and Perspectives

[33] We have investigated four models of the Martian
subsurface that describe examples of sites presenting poten-
tial interest in the application of low frequency sounding
radars to the search for water on Mars. We used laboratory
measurements on sample analog and numerical FDTD
simulations of the radar pulse propagation, to derive what
might be an appropriate site to detect the possible presence
of shallow water saturated layer using landed and orbital
sounding radars. We suggest that regions such as the
Hadriarca Patera volcano could present a potential type of
terrain for future radar sounding of shallow aquifers. Sites
representing possible subsurface hydrothermalism com-
bined with a rather low attenuation factor of overlaying
volcanic layers constitute a favorable site for sounding
radar techniques. A reasonable penetration depth of hun-
dreds meters at 2 MHz could allow the detection of liquid
water at specific sites. Our simulations also showed that
several geological interfaces in the Martian subsurface can
present important dielectric contrasts due to different con-
centrations in iron-rich minerals and to variations in poros-
ity and could give a similar radar response to the one
expected from an ice-water interface at shallow depths. It is
important to note that even using simple models, the radar
echo simulation shows complex behaviors that could be
interpreted since we know where geological interfaces are
located. Working with future real data from the Netlander
GPR instrument or similar sounder will imply a “blind”
inversion process that will certainly be more complicated. It
will in particular be very difficult to interpret the presence
of any interface appearing on the radar echo without a
preliminary study of the geological context for each site.
We expect ambiguities to increase with increasing the depth
of investigation.
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[34] The reader must keep in mind that there is no unique
description of the Martian geoelectrical properties, thus any
sounding radar whether orbital or ground located cannot
have a unique evaluation of performances, results will be
strongly depending on the investigation site.

[35] The validity of the geological models presented and
hence geoelectrical modeling and simulations is mainly
related to our present-day knowledge of the Martian upper
crust mineralogy and stratigraphy. We expect data from the
Gamma Ray Spectrometer (GRS) and the Thermal Emis-
sion Imaging System (THEMIS) onboard the Mars Odyssey
mission and future chemical and mineralogical analysis of
the Martian soil to be performed by the 2003 Mars Explo-
ration Rovers (MER) to provide the missing information
concerning the chemical and mineralogical composition of
the Martian surface. We should then be able to improve the
modeling of a more realistic case of the Martian subsurface.
Such work is crucial for preparing the interpretation of data
that will be produced by the future radar instruments.

[36] Acknowledgments. The authors would like to thank J.P. Parneix
for measurement and simulations facilities, J.J. Berthelier and the Netlander
team for useful discussions.
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