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Abstract

The authors describe the performance of a multi-sensor package designed to measure the electromagnetic properties of the subsurface
during future landing missions to Mars. The package consists of a soil dielectric spectroscopy probe (SDSP), a ground penetrating radar
(GPR) and a time domain electromagnetic measurement (TDEM) system that, using different methods, estimate the electromagnetic
properties of the shallow subsurface at different depths (0—100 m). A data fusion approach is considered to improve the reliability and

accuracy of the measurements.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The reconstruction of the Mars shallow subsurface struc-
ture and the detection of water can be performed with the aid
of different geophysical techniques. The variation in min-
eral composition, porosity, water content, and salinity cor-
respond to variation in the physical properties of the soil or
rock. Because geophysical methods locate boundaries across
which there is a marked contrast in physical properties, they
can supply useful information about the geometry and na-
ture of the subsurface structure.

Among the large variety of well-established geophysi-
cal methods used on the Earth for subsurface exploration,
electromagnetic (e.m.) surveys are, by far, the most suit-
able for a planetary mission, because they are relatively
simple and appropriate to be hosted on a moving vehicle.
These techniques rely on the e.m. parameters of the subsoil
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and are sensitive to the contrast of conductivity, permittivity
and magnetic permeability of the subsurface lithology. The
e.m. techniques can be applied in both time and frequency
domains and can investigate the subsurface at various ranges
of depths.

Usually, when a geophysical survey is required on the
Earth just one technique (the most suitable to solve the spe-
cific problem) is used. This is because here additional in-
formation is easily accessible through outcrop examination
or borehole data. It is important to notice, however, that no
geophysical method by itself provides a unique solution to a
particular geological situation. It is, therefore, of paramount
importance that geophysical data are interpreted within a
physically constrained or geological framework (Reynolds,
1998). In the case of Mars exploration, very few geological
and petrologic data are available, and constraints that can
be imposed to a subsurface model are minimal. To over-
come this problem, the authors have proposed the use of
a multi-sensor tool which can operate in both frequency
and time domains, investigating different depths with differ-
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ent resolutions. Multi-sensor soil electromagnetic sounding
(MUSEYS) is an integrated instrument package, which con-
sists of three sensors: the soil dielectric spectroscopy probe
(SDSP), the ground penetrating radar (GPR), and the time
domain electromagnetic measurement (TDEM) system.

The SDSP operates between 100 Hz and 1 MHz, mea-
sures the complex permittivity down to a depth which
depends on the geometrical dimensions of the probe. It is
particularly appropriate to identify elements characterized
by high polarizability, which indicate the presence in the
soil of water both in solid or liquid form. The GPR operates
in the time domain, using antennas with a frequency range
200 MHz-1 GHz, and detects the geometry of the subsur-
face structures up to a depth of about 10 m. The TDEM
determines the vertical profile of the subsoil conductivity
in a large range of depths, extending from about 3 down to
100 m.

The use of different techniques in the same site will pro-
vide various advantages thanks to the competitive, cooper-
ative and complementary features of the various sensors. In
fact:

(1) If the subsurface is mainly resistive, i.e. low concentra-
tion of conductive minerals and low water content (liquid),
the GPR signals can penetrate in depth. The GPR technique
is, therefore, capable to produce a detailed (high resolution)
imaging of the subsoil in terms of intrinsic impedance con-
trast, which depends on conductivity, permittivity and per-
meability of the material.

(i1) If the subsurface is mainly conductive, i.e. there is
high concentration of conductive minerals and/or high liquid
water content, the TDEM, being particularly responsive to
a conducting medium, provides an accurate vertical profile
of the subsoil conductivity.

(ii1) If the first meter of the Mars subsurface contains wa-
ter ice or liquid water, it can be detected from measurements
of the permittivity by the SDSP; in particular, the water ice
can be detected from its relaxation, which exhibits marked
signatures of the complex permittivity at frequencies of the
order of hundreds of Hz.

(iv) The complex permittivity obtained with SDSP can be
used to determine the e.m. wave propagation velocity and
improve the accuracy of the GPR data inversion.

(v) The fusion of the data collected by the three sensors
yields better physical constraints on the geophysical model
of the subsurface.

The paper is organized as follows. Section 2 describes a
model of the Martian soil at shallow depths (derived from
a preliminary analysis of the Odyssey satellite data), which
is useful to establish the requirements of the various sen-
sors in terms of operating range and performance. Section
3 illustrates the working principles of the SDSP, GPR and
TDEM, and gives some simulation results related to explo-
ration depth, accuracy, resolution and sensitivity. In Section
4, we discuss a data fusion approach capable of improving
the overall accuracy of the observations, and present our
concluding remarks.

2. A Martian shallow subsurface model

To accurately interpret the response of surface-penetrating
e.m. sensors, a geophysical model of the subsurface com-
position and stratigraphy must be first analyzed, to evaluate
the e.m. parameters of the ground at various depths. This
approach helps to identify the properties that can be investi-
gated by each sensor, and to define the baseline performance
and limitations of MUSES.

Stratigraphy provides the variation of the rocks and soils
features vs. depth. From the MUSES perspective, stratigra-
phy does not refer to the physical properties of the rocks and
soils but to the distribution of their e.m. properties: conduc-
tivity, permittivity and permeability. The upper surface of
Mars is largely a result of resurfacing by volcanic, fluvial,
aeolian, periglacial, and impact processes. It is estimated
that a layer of displaced materials may cover the planet with
a thickness up to 2 km. This soil could contain a significant
amount of water ice near the surface and liquid water at
greater depths. On a smaller scale, it is likely that this ejecta
(resurfaced) layer is discontinuously interbedded with vol-
canic flows, weathering products, and sedimentary deposits,
all overlying a heavily fractured basement.

Measurements from the gamma-ray spectrometer (GRS)
experiment onboard the Mars Odyssey spacecraft (Boynton
et al., 2002; Feldman et al., 2002; Mitrofanov et al., 2002)
appear to confirm the existence of possibly large quantities
of shallow subsurface water ice in some areas of the planet.
GRS measures the neutron flux emitted from Mars and the
spectra of gamma-ray emissions induced by neutron cap-
ture reactions. The experiment maps, for the first time, the
global distribution of near-surface hydrogen on the planet.
The abundance of hydrogen varies widely. The highest con-
centrations occur poleward from about 60°N and 60°S and
might reveal the presence of subsurface water ice in re-
gions where ground ice has been predicted to be stable. A
first modeling of the experimental results indicates that the
best fits for the enhanced hydrogen regions are consistent
with a surface made of a “thin and dry” upper layer (i.e.
few tens of centimeters, 1-2 (wt% H,O) over a “thick and
ice-rich” lower stratum (several hundred centimetres, 20—
35 wt%H;0). Information on the thickness of the ice-rich
lower layer is limited by the sensing depth of the neutron
instruments (=2 1 m), and it is not possible to determine
the total quantity of subsurface ice present. However, if the
modeling is correct, then the inferred ice concentration im-
plies an extremely porous, nearly ice-filled regolith at high
latitudes.

3. Description of the MUSES sensors
3.1. SDSP working principle

The SDSP determines the complex permittivity of
the shallow subsoil from measurements of the mutual



G. Vannaroni et al. | Planetary and Space Science 52 (2004) 6778 69

Atmosphere

R, ~_
’
e
o
H, y 69“‘/
~ ot
_1 ~ -
~ H €= ~
~ -
1~ \\ \\ /r P
Soil ~ H,; ] \\8*\/ // P
~ <1 - -
~ N ~ ~ -~ -
~ ~ * S~ -~ -~
~ ] ~ € - -
o~ ~2 -~ - -
>N H I S~ - -
i - P
~ ~ _ _

- ~1 ~ o P _ _
~ ~ * N -~ P
~ Hys ~ &. - -

-
~ ~1 ~ _
W~ -
~ ~ -
~ //
~ -
8*\/
Zy
N

Fig. 1. SDSP electrode square array configuration above a layered soil.

impedance of a four-clectrode system electrically coupled
with the ground. The mutual impedance is defined as the
ratio of the voltage measured across a pair of receiving
electrodes to the current transmitted by a second pair of
electrodes (see Fig. 1). The measurements are performed in
AC regime and the electrodes do not require low impedance
DC contacts with the soil. In fact, the terminals are ca-
pacitively coupled to the terrain and do not require any
galvanic contact. This feature is particularly important in
that the sensors are envisaged to be installed on a moving
vehicle for planetary exploration. The use of a capacitively
coupled system for the electrical survey of soils has been
first studied and proposed by Grard (1990a, b) and Grard
and Tabbagh (1991). The band of frequency is limited to
the range 100 Hz—1MHz. The lower bound is required to
maintain the current injected through the soil at measurable
levels, on the other hand, the upper frequency limits the
range over which the quasi-static approximation can be ap-
plied in the data inversion analysis (Tabbagh et al., 1993).
The SDSP provides information about the water content in
the soil both in liquid and solid phases. In particular, the
moisture in the ground can be estimated as the dielectric
constant of water (& 78) is much higher than that of a dry
soil, which is in the range 2—15. On the other hand, the
identification of water ice is obtained from the response of
the sensor as a function of frequency. In fact, the relaxation
process of ice produces marked variations of the complex
permittivity at frequencies from several hundreds of Hz to
a few kHz, for soil temperatures between —50°C and 0°C,
respectively (Zhadanov and Keller, 1998; Von Hippel, 1988
and references therein).

The general equation, which is at the basis of the SDSP
working principle, is Ohm’s law generalized to dielectric
materials with losses

Jiot = jwege™E, (1)

where the relative complex permittivity is defined as
e*:#—j(a+ﬁ>. 2)
weén

The real part of ¢* is the relative dielectric constant (as-
sociated with the polarizability of the material); the imagi-
nary part represents the effects of the DC conductivity (o)
and the dissipation associated to the polarization process
(Chelidze and Gueguen, 1999). Usually, at operating fre-
quencies < 1 MHz, the term & is negligible with respect
to o/wey, and the imaginary part of Eq. (2) reduces to
&' = o/wey.

The potential difference between the receiver electrodes
Ry and R, (Fig. 1) can be evaluated from the continuity
equation of the electric current and Laplace’s equation solu-
tion (along with the boundary conditions) (Grant and West,
1965).

The interpretation and inversion of the measurements re-
quire some assumptions on the soil stratigraphy. We have
considered two simplified models based on homogeneous
and layered soil, respectively.

For the homogeneous soil, it can be shown that the
real and imaginary components of the mutual impedance
Z*(w) = R(®) + joX(w) are (Vannaroni and Del Vento,
2003)

28//
R=XK —————,
T e
12 112
e“4+e -1
X=-X|1-k—""— ], 3

where K and X, are quantities related to the geometrical
dimensions of the array.

Assuming that the terminals graze the soil (i.e. Hy =0,
see Fig. 1) we obtain, for a square array of electrodes with
sided : K =1and Xo=(2 — v2)/(4nsyod). Egs. (3) can be
easily inverted to obtain, from a given measured impedance,
the real and imaginary parts of the complex permittivity of
the soil (i.e. ¢’ and &").

On the other hand, for the multilayered ground the re-
sponse of an electrostatic quadrupole can be calculated gen-
eralizing the treatment performed by Fechant et al. (1999)
for a three layers, 1-D modeled medium. In such a case, the
mutual impedance can be expressed by a functional relation
of the type

Z/:< :fk(H(),Hl,...,]‘[,-,...,HN,S(),ST,...,S;-k,...,8;:,), (4)

where f is also function of the array geometry. The Z;
expressions contain integrals involving Bessel functions, as
usually found in Geophysical problems characterized by
cylindrical symmetry (Grant and West, 1965). The inver-
sion of Eq. (4) requires a more complex treatment than that
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needed for a homogeneous terrain, and is further compli-
cated by the large number of unknowns (i.e. the complex
permittivity and thickness of the various layers) and by the
integrals that can be calculated only through numerical meth-
ods. However, if the measurements are repeatedly performed
on the same site with different quadrupole geometries, we
obtain several relations (each of the form of Eq. (4)) that can
be solved to determine the permittivity and thickness of the
various layers. This approach requires the arrangement of a
multi-quadrupole system onboard the rover. The various ar-
rangements should exhibit diverse geometries (i.e. different
electrode array extensions) to achieve an independent set of
equations.

In both cases (homogeneous and layered soil), the mea-
surements performed with a quadrupole contain significant
information down to a depth of the order of the separating
distances between the electrodes (& d). Although several
simulations have been carried out to study the inversion of
the impedances measured by a multi-quadrupole probe on
both homogeneous and stratified terrains, in this paper, for
sake of brevity, only the performance achievable for homo-
geneous soils are reported.

3.2. SDSP accuracy on a homogeneous soil

The errors affecting the SDSP measures may be originated
by the uncertainties associated to the mutual impedance mea-
surements, by the discrepancies between the modeled and
actual soil stratigraphy, and by the inaccuracy relevant to
the electrode array deployment above the soil surface. Here
we will discuss only the first type of error, assuming a ho-
mogeneous ground and perfectly known geometric config-
uration of the electrode array (square geometry with a side
d =1 m), which, in addition, grazes the soil (i.e. Hy = 0).

The errors on the impedance rely mainly on the uncer-
tainties associated to the electronic subsystems that perform
the amplitude and phase measurements of the quadrupole
voltages and currents. In this paper, we have supposed
that the uncertainties are typical of commercial labora-
tory impedance analyzers, and we have considered errors
on amplitude and phase A|Z|/|Z] = 02% and Ap =
0.2° = 3.5 x 1073 rad, respectively, where |Z| = v/R2 + X2
and ¢ = tg~'(X/R).

The accuracies on & and &’ have been estimated from
Egs. (3) where ¢’ = a/wey. We have calculated the errors
for soil conditions that could be of realistic interest for Mars
exploration (1077 < ¢ < 1072 S/m, and 1 < ¢ < 80).

The error analysis is summarized in Figs. 2 and 3, as a
function of frequency and conductivity. It has been verified
that the errors are mainly dependent on the operating fre-
quency and soil conductivity, but only weakly affected by
¢ (Vannaroni and Del Vento, 2003). Figs. 2 and 3 refer to
the case ¢ = 3 (typical value for a dry soil); however, the
errors calculated with a fixed dielectric constant can be ap-
proximately extrapolated to higher values (as those expected

Fig. 2. Relative errors A¢’/¢’ as a function of frequency and conductivity
for &/ =3 (the vertical scale is limited to 1 (i.e. error = 100%)). The two
solid lines mark two different soil conductivities 10~° and 1072 S m~!
(the logarithmic scales refer to fo =1 Hz and 6p =1 Sm™").

Fig. 3. Relative errors Ag/c as a function of frequency and conductivity
for ¢’ =3 (the vertical scale is limited to 1 (i.e. error = 100%)). The two
solid lines mark two different soil conductivities 10~ and 1072 S m™!
(the logarithmic scales refer to fo =1 Hz and 6p =1 Sm™").

for soils containing some moisture or magnetite (Pettinelli
etal.,2003)). The errors on ¢’ and o exhibit an opposite trend
vs. frequency and soil conductivity. Indeed, while A¢’/¢’ in-
creases at low frequency and high conductivity, Acg/c en-
hances at high frequency and low conductivity. Anyhow
there is a relatively broad region of soil conductivity where
the errors on both ¢ and ¢ are relatively low and widely
acceptable.

3.3. GPR working principle

GPR technique is a geophysical method, which uses ra-
dio waves, typically in the frequency range 10-3000 MHz,
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Fig. 4. The GPR working principle.

to map structure and features buried in the ground (Annan,
1992). In the basic GPR configuration, a transmitting an-
tenna emits an e.m. impulse, which can be reflected or scat-
tered by an intrinsic impedance discontinuity in the ground,
and gathered by the receiving antenna (Fig. 4). The transmit-
ted pulse length should be short enough (typically < 20 ns)
to provide “resolvable” reflections (see further).

We recall that the e.m. properties of a material can be
described by the following parameters:

(a) The relative complex permittivity, already mentioned
in Section 2 (see Eq. (2)). In this case, however, the &
term, which is the frequency-dependent loss related to
the relaxation and polarization response phenomena, can-
not generally be neglected in the GPR frequency range.
The “low-frequency” loss effect related to conduction of
free-charged particles is also taken into account through the
DC conductivity a.

(b) The relative complex magnetic permeability
o= =i, (%)
where the imaginary part of permeability is related to mag-
netic losses.

The e.m. properties of geological materials can be disper-
sive and dissipative, and affect the propagation velocity and
the attenuation of GPR pulses in the soil.

Considering the propagation of radio pulses in the ground,
as a first approximation, we can refer to the velocity of a
uniform wave in a homogeneous material, which is given
by the relation v = w/f, where f is the wave phase con-
stant corresponding to the real part of the medium complex
wavenumber (or propagation constant) k = w(u*e*)"?:

(0]
p= ﬁwosowef — W(E + ofwse) + |wrlxlet]. (6)

In a low-loss medium, the speed of radio waves reduces to
v=co/(t'e")"/* where cy is the velocity of light in a vacuum
(in fact, in the low-loss case the phase constant f§ can be
written as f§ = ko(u’¢’)"/?, where ky is the wavenumber in a
vacuum).

Some materials, like ice, are virtually transparent to ra-
dio waves while others, like water-saturated clay, are prac-
tically opaque (they absorb or reflect the waves). Due to

the mismatch in the intrinsic impedance of the medium
(n = (u*/e*)"?) between adjacent layers, reflections of the
e.m. incident waves give rise, as described in the well-known
equation for “normally incident” plane waves

R=(n2 —m)/(m2 +m), (7

where R is the reflection coefficient for normal incidence on
a planar surface, and 7; and 7, are the intrinsic impedances
in the first and second layer, respectively.

Various factors affect the radio wave signal propagating
into a medium, e.g.:

(1) Energy loss in correspondence to each boundary be-
tween two layers, due to reflection/transmission process.

(i1) Scattering phenomena, when in the subsurface there
are objects (inclusions) having the dimension typically of
the same order of magnitude of the wavelength (e.g. Mie
scattering for spherical particles). These inclusions scatter
the e.m. energy in a random fashion, causing reduction of
received power and clutter noise in the radar section.

(iii) Geometrical propagation spreading phenomenon of
isotropic radiation (typically proportional to 1/7? as in spher-
ical waves).

(iv) Attenuation and dispersion caused by the e.m. prop-
erties of the medium in which the radio waves propagate.
This parameter is affected by conductivity o, complex per-
mittivity ¢, and complex permeability x*, and is a function
of the frequency (dispersive phenomena).

For a material the attenuation constant o is given by
the imaginary part of the complex wavenumber k and, for
low-loss media, can be described by the equation

_ ko [ e/ /'u/
o= E </,l// ﬁ + 8// ? . (8)

The main factors affecting radar signal range in the ground
are radar system performance, attenuation in the ground and
the reflection properties at boundary where the e.m. prop-
erties vary. The radar signal range can be determined from
the expression (Annan, 1992)

Erér GrGre®goe 4L
6473 /21 :

0o=10 10g< 9)
where Q is the system performance or ratio of the trans-
mitter signal amplitude to the minimum receiver sensitivity
(expressed in dB), & the transmitter antenna efficiency, &g
the receiver antenna efficiency, Gt the transmitter antenna
gain, Gy the receiver antenna gain, L the distance to the tar-
get, o the attenuation in the medium, f the frequency, g the
backscattering gain of the target, and o, the target scattering
cross-section area.

By considering the attenuation in geological materials and
its frequency dependence, it follows that, for a given signal
detection threshold, the maximum depth of investigation de-
creases rapidly with increasing frequency. In fact, many of
the GPR systems are designed to operate at frequencies less
than 1 GHz.
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Table 1
Attenuations values and skin depth calculated for different Martian analogues at two different operation frequencies
Martian soil simulants 225 MHz 900 MHz
Attenuation Skin depth Attenuation Skin depth
(dBm™") (m) (dBm™") (m)
CO, powder 0.02 357.1 0.10 89.4
CO, powder+volcano sand 0.51 16.9 2.06 4.2
Dry volcano sand 0.65 13.3 2.61 33
Glass beads+magnetite (15 wt%)? 0.81 10.7 3.25 2.7
Magnetite grains (100%)* 5.51 1.6 22.06 0.4
Icy soil (20 wt% H,O ice) 5.23 1.7 20.92 0.4
Basalt (dry) 0.21 40.6 0.86 10.2

3Grain size range: 200-500 pm.

Another relevant aspect, which characterizes the GPR
performance, is the vertical resolution, which expresses the
ability of the system to distinguish between two subsequent
signals close to each other in time. The shorter the time
pulse width, the better is the resolution. Note however that,
as the pulse width Atz decreases, the frequency bandwidth
A f increases introducing dispersion effects in the medium
because the ground acts as a low-pass filter.

The upper limit of the resolution is related to the wave-
length in the medium, being in fact limited to about a quar-
ter of the wavelength of the incident radiation. Therefore,
to obtain a detailed imaging of the subsurface the use of
high-frequency antennas is required, although this will re-
duce the penetration depth of the GPR signal. The choice
of the antenna frequency entails an accurate evaluation of
the tradeoff between resolution and penetration depth, taking
into account the main requirements imposed by the aim of
the survey. Indeed, in the determination of the GPR perfor-
mance, we have to consider that MUSES is envisioned for
supporting the decision processes for the sampling-drilling
activity of a system designed for a maximum depth of 1—
2 m. Short prospecting depths and high resolutions have to
be therefore preferred to deeper performance, that, however,
would imply less accurate determination of the target details.

3.4. Attenuation, penetration depth and GPR 1-D
modeling of Mars shallow subsurface

It is well known that GPR performance is maximized
when it is applied in a very “resistive” environment, like that
expected in a cold and dry planet. Very little is known on the
e.m. properties (permittivity, permeability, and conductiv-
ity) of the Martian soil, but the absence of water on surface
and in the shallow subsurface should in principle assure a
good penetration of the signal. It is important to note, how-
ever, as already mentioned in Section 1, that measurements
from the GRS experiment onboard the Mars Odyssey space-
craft (Boynton et al., 2002; Feldman et al., 2002; Mitrofanov
et al., 2002) support the existence of significant quantities of

shallow subsurface water ice in certain parts of the planet.
Furthermore, it has been pointed out (Olhoeft, 1998a, b;
Heggy et al., 2001) that a high iron oxide content in the
Martian subsurface, like the one found by both Viking and
Pathfinder (Morris et al., 2001 and references therein), could
strongly increase both dielectric and magnetic losses, sig-
nificantly reducing the maximum penetration depth.

In order to evaluate the attenuation of the e.m. waves in
the first few meters of the Martian soil, taking into account
both the presence of the ice and the iron oxides, some cal-
culations have been developed using Eq. (8) on the basis
of permittivity and magnetic permeability data collected in
laboratory (unpublished data). Table 1 summarizes the at-
tenuation and the skin depth obtained in some Martian ana-
logues at two different frequencies, whereas Table 2 shows
the nominal resolution achievable in the same Martian ana-
logues with the two operating frequencies.

The maximum depth of a detectable interface has been
calculated using Eq. (9) with the following parameters: sys-
tem performance Q=134 dB; transmitter antenna efficiency
&1 = =20 dB; receiver antenna efficiency g = —20 dB;
transmitter antenna gain Gt = 3 dB; receiver antenna gain
Gr=3 dB. In addition, different backscattering values g have
been used depending on the soil model and frequency. A
rough interface surface has been assumed for all cases. The
maximum depth L (as a function of the attenuation o of the
specific material, calculated with Eq. (8)) has been estimated
for the two antenna frequencies (225 and 900 MHz) using
the PulseEkko Software version 4.2 (Sensors and Software
Inc., Mississauga, Ont., Canada). Table 3 shows the L val-
ues obtained for rough interfaces between different materi-
als, where a two-layered soil model has been considered.

Furthermore, on the basis of the same soil parameters,
synthetic radargrams have been calculated using a 1-D radar
simulator. This simulator generates a synthetic radar trace
by using a series of reflectivity coefficients (which represent
the boundaries between different layers) and by convolut-
ing these values with a wavelet that represents the impulse
transmitted by the antenna. The specific simulator used in
this work (PulseEkko Software) is based on the assump-



G. Vannaroni et al. | Planetary and Space Science 52 (2004) 6778 73
Table 2
GPR vertical resolution calculated at 225 and 900 MHz on the basis of laboratory data
Martian soil simulants & w v A/4 (m)
(m/ns) 225 MHz 900 MHz
CO, powder 1.39 1.00 0.25 0.28 0.07
CO, powder+volcano sand 2.05 1.00 0.21 0.23 0.06
Dry volcano sand 3.00 1.01 0.17 0.19 0.05
Glass beads+magnetite (15 wt%)?* 4.54 1.32 0.12 0.14 0.03
Magnetite grains (100%)? 14.73 4.82 0.04 0.04 0.01
Icy soil (20 wt% H,O ice) 5.00 1.00 0.13 0.15 0.04
Basalt 6.20 1.00 0.12 0.13 0.03
2QGrain size range: 200-500 pm.
Table 3 Om 0m Om
Maximum penetration depth calculated with radar range equation at two S
different frequencies CO-Powder COtander Al
Material interfaces Lmax (m) 0.2m 0.2m 0.2m
225 MHz 900 MHz
CO, powder+volcano sand/volcano sand 13.6 34 0.4m Icy Soil
Glass beads+magnetite (15 wt%)/icy soil 7.7 1.9
Magnetite grains (100%)/icy soil 3.6 0.9 Dry Soil
Icy soil/basalt 2.7 0.7
Dry volcano sand/icy soil 12.5 3.1
1.2 m 1.2 m 1.2 m
. . o Basalt Basalt Basalt
tion that a plane wave is normally incident on a flat-layered
soil model. The code transforms this model, consisting of ) % )
user-defined layers of specified thickness, into an equivalent MODEL 1 MODEL 2 MODEL 3

time-thickness-layered model. Then it computes all reflec-
tion and transmission coefficients using Fresnel equations,
taking into account the ¢, ¢, and o values input for each
layer. Multiples, interlayer reflections and spreading losses
are included. Finally, the model produces the single traces,
plotted 20 times to simulate a radar section.

The adopted soil models are presented in Fig. 5 for three
possible planetary environments (models 1, 2, and 3); in
particular, model 3 has been built based on Odyssey data.
Figs. 6-8 show the synthetic radargrams calculated for each
model, again at the frequencies of 225 and 900 MHz. Notice
that the use of the two frequencies is crucial because it
allows resolving thin layers at shallow depth (with 900 MHz
antenna), as well as ensuring a high penetration in lossy
materials (with 225 MHz antenna).

3.5. TDEM working principle

TDEM is a controlled source, remote sensing, time do-
main method, sensitive to the subsoil conductivity gradient.
The system consists of a transmitting antenna and one (or
more) receiving antenna placed on the surface with respect
to a chosen configuration (see Fig. 9).

The transmitting antenna (a loop, from hereafter TX) is
fed by a square wave current which generates a sharp varia-

Fig. 5. Models of the Martian shallow soil adopted to calculate synthetic
radargrams.

tion in time of the e.m. field (the primary field). The receiv-
ing antenna (a loop or a coil, from hereafter RX) is sensitive
to the time rate of change of the vertical magnetic field. This
is recorded at different time windows (from early to late
time), each window containing the information about the
medium conductivity at different depths (parametric sound-
ing).

The propagation of the magnetic field through the soil is
determined by a diffusion mechanism that is due to the effects
of currents induced (according with the Faraday’s law of
induction) in the soil at various depths. These currents rep-
resent an image, in the soil, of the primary TX loop, which,
once the primary magnetic excitation is ended, starts to de-
cay with a time constant proportional to the local ground
conductivity, generating a secondary field which propagates
in any direction. While the primary field excites progres-
sively deeper and deeper layers of soil, the secondary field,
after a certain delay, is detected back by the RX loop. The
amount of delay, the strength and the shape of the recorded
signal characterize completely the geoelectrical structure of
the medium (from few meters to kilometers).
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Fig. 6. Synthetic radargrams of MODEL 1 calculated for 225 and
900 MHz frequency. Notice that the first interface is detectable only with
900 MHz antenna.

The actual response of the system is in general a complex
function of time, and soil conductivity and structure. The
TDEM working priciple is based on the diffusion inhomo-
geneous Helmholtz equations (tan 6 = ¢’ /¢’ > 1) (Ward and
Hohmann, 1991)

oh ons . .
VX &+ pm = o aj":fjm, V x h = oé@. (10)

The inhomogeneous term j,, is due to the magnetic TX loop
perturbation. Egs. (10) may be solved for the TDEM con-
centric configuration (see details in Filippini, 2002). The
following assumptions hold:

(1) the TX antenna is a loop of area Stx, placed above the
ground surface at (0,0,4), 4 < 0 (by convention the z-axis
is directed downward the surface), and is driven by a current
i(1);

(i1) the RX antenna is a multi-turns (nrx) loop of area
Srx, sensitive to the vertical component of the magnetic
field and placed at (0,0,4"), /' < 0.

The measured signal at the receiver is

0
V()= 3 [,ugnRx/S ho(t,x, y,h',h) dSrx ®; i(2) ], (11)
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Fig. 7. Synthetic radargrams of MODEL 2 calculated for 225 and
900 MHz frequency. Notice that the first interface is detectable only with
900 MHz antenna. Moreover the interface between the glass beads +
magnetite soil and basalt is visible only with the low-frequency antenna,
due to the high attenuation of the magnetic material.

where £, is the impulse response of the magnetic field verti-
cal component and is related to the medium Green function
(Filippini, 2002), which depends on the subsoil conductiv-
ity distribution.

The estimation of the subsoil conductivity is the result
of the data inversion process, which is deeply discussed in
Hohmann and Raiche (1991).

The above expression can be rearranged in order to de-
scribe the TDEM system as a communication channel be-
tween the TX and the RX, thus obtaining an input—output
representation

V(w)

/
I(w) HZ(CO,)C, y,h ,h)dSRx

Srx

=C(w). (12)

= —1WUoNRX

The solution of Eq. (12) is only numerically achievable
with the exception of the homogeneous half-space. In these
conditions, we obtain a simple expression of the transfer
function of the system, which relates the TX current (/1x),
the area of the TX loop (Stx), the subsoil conductivity (o)
and the received signal time delay (¢), to the voltage induced
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MODEL 3
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Fig. 8. Synthetic radargrams of MODEL 3 calculated for 225 and
900 MHz frequency. Notice that the first interface is detectable only with
900 MHz antenna. Again, the presence of a lossy material (icy soil) does
not allow the detection of the deeper interface with the higher frequency
antenna.
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Fig. 9. TDEM working principle.
in the receiving loop RX:
kMg3/?
V() =55 (13)

where V' (¢) is the received voltage, M = Itx - Stx represents
the primary magnetic dipole moment, and % is a constant

(Zhadanov and Keller, 1998; Nabighian and Macnae, 1991;
Ward and Hohmann, 1991).

Eq. (13) shows the received voltage response vs. time, and
even though it is not explicitly indicated, provides informa-
tion on the subsoil conductivity at the different depths. This
allows the identification of the discontinuities, whose depth
can be estimated by considering that the diffusion speed of
the field perturbation through the medium is

va = Quopat) V2. (14)

Once assumed a given conductivity, Eq. (14) can be used to
estimate the time windows needed to sample the RX voltage
in correspondence of a certain depth (the time sample is
calculated by considering the two-way travel path of the
perturbation, i.e. the time integral of (14)). If we assume,
for example, a soil conductivity ¢ = 0.01 Sm™", Eq. (14)
gives times of 0.63 and 63 ps, which correspond to depths
of 5 and 50 m, respectively. Notice that lower conductivities
require much shorter time windows.

By analyzing the time response, it is possible to detect
the presence of targets (e.g. water) embedded in the subsoil.
The simplest target for a TDEM sensor is conceived as a fi-
nite discontinuity within the vertical homogeneous conduc-
tivity profile. The presence of the discontinuity originates a
time response (the perturbed response) which differs from
the uniform model response (the reference model). A way
to enhance any discontinuity within the medium geoelectri-
cal structure is to treat the measured time response with the
Frechet’s derivatives. Through the Frechet’s derivatives it
is possible to define the sensitivity functions of the time re-
sponse with respect to some soil model parameters (for in-
stance, target conductivity) as (Zhadanov and Keller, 1998)

V'ii)y—=V() 1
V(i) Ac’ (5)

where Ag is the conductivity contrast between the target
layer (having given conductivity a,, depth and thickness)
and the background reference soil (Ao =g, — o).

In the numerical simulation (EMMA version 1.1, Hydro-
Geophysics group, Aharus University, Denmark) presented
in Fig. 10, a target discontinuity, embedded in a homoge-
neous reference soil of conductivity 6 =0.01 S m~ ', is con-
sidered. A 100 A m? energizing moment is assumed with
identical TX and RX square loops of area 0.64 m? placed
in concentric configuration. The discontinuity lies at 50 m
below the surface, it is 10 m thick and assumes the values
o,=0.1,0.04 and 0.02 S m~! which correspond to Ag=9a,
30 and o, respectively. Notice that in such simulations the
possible e.m. background noise has been neglected.

Sy(t) =

3.6. TDEM configuration for MUSES

For MUSES, the TDEM system is envisaged with the
RX and TX loops arranged in the concentric null coupled
configuration qualitatively shown in Fig. 9 (Nabighian and
Macnae, 1991). This configuration is the less sensitive to
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Fig. 10. Numerical simulation for a layer (10 m thickness) embed-
ded at a depth of 50 m in a homogeneous half-space of conductivity
6=0.01 S m™!, for three different values of conductivity perturbations
(6,=0.1,0.04 and 0.02 S m~!) (i.e. Ao =90, 30 and g, respectively).

the lateral variations of the medium conductivity and, be-
cause of the reduced dimension, it is the most suitable to be
housed onboard a rover or a mobile robot. Moreover, the
null coupling between TX and RX (by subtracting the com-
mon signal) permits to enhance the reception at very early
time.

The TX multi-turns antenna would permit to amplify the
energizing moment, thus limiting the absorbed power. The
number of turns and the receivers can be configured depend-
ing on the kind of experiment to be conducted (investigation
modes). Two investigation modes have been assumed: shal-
low mode (single turn, low energized, two receivers, early
time recording) and deep mode (multi-turns, high energized,
single receiver, late time recording).

The system performance, in terms of voltage vs. penetra-
tion depth, is shown in Fig. 11, assuming a Gaussian noise
with a white spectrum, and amplitude of 1 nV rms at the re-
ceiver input. The simulation has been performed assuming
1/ =1 and two conductivity values (¢; = 0.001 S m~' and
o2 =0.0001 S m™"). The results shown in Fig. 11 refer to
the two operating modes, deep (time window 1-100 ps) and
shallow (10 ns—1 us). Shallow mode TX is almost a thou-
sand times less energized than deep mode TX. The graphs
have been obtained combining Egs. (13) and(14), consider-
ing that the depth is related to the time through the diffusion
velocity. For the given example, the expected range of in-
vestigation is about 3—-300 m (the upper bound depends on
soil conductivity), as at larger depth the signal is substan-
tially masked by the noise.

Simulations carried out with higher magnetic permeabil-
ity have shown an extention of the TDEM response to the
later times and an increase of the received signal respect
to the purely conductivity effect. Thus, magnetization ef-
fects should be taken into account for a correct TDEM

0 Relative permeability =1
10 T T T T T T

«——SHALLOW, 0.001 S/m

.2
10 __— SHALLOW, 0.0001 Sim

104 e DEEP, 0.001 S/fm ]
— DEEP 0.0001 S/m

Amplitude (V)
-
=]

0 100 200 300 400 500 600 700
Depth {m)

Fig. 11. TDEM performance, in terms of voltage vs. penetration depth,
for a uniform half-space (¢; = 0.001 S m~!, and ¢, = 0.0001 S m~!,
ur = 1) in presence of noise.

data interpretation. A further effect of iron oxide miner-
als is that magnetic relaxation losses can occur due to fre-
quency dependent permeability. This phenomenon is known
as magnetic viscosity or supermagnetism and has been ob-
served in magnetite, hematite and maghemite (Olhoeft and
Strangway, 1974; Grimm, 2002). This phenomenon, which
could be of potential interest in Mars exploration, requires a
specific analysis that, however, cannot be specifically treated
within the limits of this paper.

4. Discussion on data fusion and conclusions

In a data fusion framework, different sensors are arranged
in a multi-level hierarchical architecture (Hall and Llinas,
1997) wherein the information (raw or already processed
data) interacts in:

(i) competitive way (i.e. more sensors give information
on the same object);
(ii) cooperative way (i.e. some sensor observations rely on
the results from other sensors);
(iii) complementary way (i.e. sensors give partial non-
overlapping, independent information).

To improve the target detection-estimation and classifica-
tion-interpretation processes, MUSES, with reference to the
sensor performance summarized in Table 4, implements the
data fusion approach as follows. At features level, the com-
petitive parameters extracted by SDSP and GPR (since they
cover overlapped regions) are recursively processed to re-
duce uncertainty on the final feature vector. SDSP provides
the measured dielectric constant and conductivity to GPR,
which uses them to fine tune its data inversion process (i.e.
to obtain the distance between subsoil interfaces). In turn
the resulting GPR feature vector is fed-back to SDSP, which
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Table 4
General specifications of MUSES sensors

Quantities Frequency Depth range
(Hz) (m)
SDSP e H; 100-10° 0-1
GPR &, H; =~ 107 0-10
TDEM i, H; Time domain 3-100

may refine its local estimation. Once the feature vector asso-
ciated to the first meters (e.g. 10 m) is estimated, it is passed
to the TDEM which uses it in a cooperative way to initial-
ize its data inversion process (the zero step), i.e. setting the
first layers to the values carried out by SDSP and GPR and
estimating the feature vector for the deeper unknown layer.

Following a sequential fusion rule (Geraniotis and Chau,
1990) and by fusing the complementary information (in
terms of depth range, measured parameters, operating con-
ditions) collected by the three sensors, a vertical profile of
the subsoil e.m. discontinuities is obtained. Complementary
operation is also evident when the e.m. sounder works in
unfavorable scenarios, i.e. very conductive or very resistive
subsurface at shallow depths. In fact, while the TDEM is
inadequate for investigation on highly resistive subsurface
soils, since the transient vanishes at very early times and the
results are not detectable by the receiver, the GPR fails when
working in highly conductive scenarios, since the propagat-
ing wave is attenuated and does not penetrate in the subsoil.
The presence of the two sensors prevents from failure in the
case one of the above mentioned extreme working condi-
tions occurs, since the blind sensor is complemented by the
other.

In conclusion, MUSES fusion process results in a
self-improving architecture, capable of reinforcing the over-
all final decision, since each sensor mutually enhances the
other’s performance by using the described cycle of local
feature extraction, tuning and feed-back. SDSP and GPR
cooperate in order to reduce uncertainties on shallow sub-
soil information (1-2 m), which are the most critical for
exobiology research tasks and are of help for a decision
process of sampling-drilling activities on a rover, while
TDEM allows to extend the range of investigation to pro-
vide information on the deeper strata to improve the global
geological knowledge.

Finally, it is important to consider that the e.m. soil param-
eters obtained from MUSES can be used as ground truth by
other experiments that require the knowledge of the shallow
subsoil permittivity to improve the data inversion accuracy
of their observations (e.g. orbiting radar experiments).
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