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Publishable Summary

This deliverable presents models of the response of the FlyRattament to different lithological and geonietr
configurations othe Martian subsurfacel he GprMax softwarewas used to mod¢he response of a lavabe,

ice lengs a horizontal layer and an inclined layer. In addition, the effects of surface roughnesalsmere
evaluated. Model results show that each modelled object produces a backscattered sigmabthetaded by

the instrumentThe surface roughness does not alter the quality of the sigr@amodels produced are simplified

cases since thteansmitting ad receivingantennas are not modelled. Similarly, the complexity of geological cases
has been simplified to evaluate only the response of geological objects. This instrument will now have to be tested
in terrestrial conditions.

2. Introduction

The objectve of this deliverable is to demonstrate the capabilities of the FlyRadar instrument to study the geology
of the first 10" of metersof the Martiancrust Previous WP1 documents have shown the geological diversity of
the Martiansulsurface.This diversity is expressed through contrasting lithologies and varied geomélrges.
FlyRadar instrument is expectamproduce data that will improve our knowledge of the planet in an area of major
interess where life potentially occurrenowledge of Martian subsurfaceis also essential since it will be the
place of exploitation of mineralnd water resources in the case of a human midsiomerical modeling as the
method was chosen to assess the efficiency of the FlyRadar instrimdeet, the physics die radar signal is
perfectly described by Maxwell's equationd/drren et al., 2016which explain among other things, the
relationships between the electric field and the magnetic field induced by the propagation of an electromagnetic
wave.Maxwell's eqations present analytical solutions in simple cases and can also be solved by finite difference
numerical methods in cases with complex geometwés.have therefore chosen to use a numerical solver of
Maxwell's equations in complex geometryttis docunent, wedescribe the solver, its usaged its limits, then

we will detail our modeling strategy before presenting 5 families of results illustrating the diversity of Martian
casesThis deliverable ends with a discussion of the potential of the FlyRadar too

3. Method: Numerical modelling

3.1 GprMax Description

GprMax [Warren et al., 2016s an open source solver for modelling the propagation of electromagnetic waves

in heterogeneous media. GprMax solves Maxwell's equations-diraeghsional physical sfge using the finite
difference technique. The space is discretized by regular meshes making it possible to manage complex
geometries.GprMax allows the modelng of basements with complex geometries taking into account the
electromagnetic parameters. Similarlyjstpossible to model the characteristics of sources as well as signal
transmission and reception antennas. The program uses as input a geometric amdagleetic description of
themodelled arega description of the wave soures well as modeling parameters such as the dimensions of the
meshes and the simulated duration.

The time step is determined to ensure the accuracy of the results and to avoid numerical discrepancies. The
boundary conditions of the system are absorbing in order to avoid any reflection of the waves on these boundaries.
The calculations are iterativea&h iteration corresponds to a time step. This time step must respect the conditions
such that a wave will narossmore than the totality of a mesh during a time step.

GprMax has already been used in 3D conditions to simulate the response of a la@lifedin fluvioglacial

and lacustrine sediments (Koyan and Tronicke, 202@j.also used by Eide et al. (2021) and Eide et al. (2022)
to model the Radar response of the possible undergfeandesf the Jezero crater located on Mars and selected
to be invetigated by the Perseverance rover.
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GprMax uses a parameter file as input. These parameters define the geometrydifrtbestonal model as well
as the mesh size, the position of the transmitting antenna and the receiving antenna, the dielegits afthsta
constituent media, the characteristics of the wave emitted, thellewderation. It is possible to obtain results
from a 1D survey (Ascan) or from a 2D profile Bcar) (Phaebua et al., 2022he dielectric parameters are
choseraccording theenvironmentElShafie and Heggy, 2013Jhe source is Broadband Ricker wavelet with
80 MHz center frequency.

The gprMax results were compareith analytical results (fig. 1 The agreement between the two families of
solutions is excellent. This demonstrates the quality of gprMax and its interest in modeling the FlyRadar tool.
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Figure 1 Comparison of the numerical results produced by gprMax compared to an analyticabrsatutine
case of the propagation of a Gaussian wave train with a wavelength centered on 1 GHz.

3.2 Modelling strategy

Five geometries were selected to represent the diyerfsgeological casegossibly encountered on Markhe
effect of geometric paraeters (depth, angle, thickness, cavity radius, exgtested. Likewise, the effect of the
dielectric properties of the materials was evaluated in eas$(Brouet,et al., 2019)Finally, the role of surface
roughness has been modeled in the simpde oda horizontal layer. For each case, estan (vertical sounding)
was modeled directlgelowthe antenna# few B-Scans (cross sectipwere made in the clearly tadimensional
contexts.

The antennas are not accurately modeled in this Wdrd® were considered assimpletransmitter spaced two
meters from the receiver. The gain of the two antennas is not taken into account. However, to simulate this gain,
it was assumed that the receiver could record signals atteressetian150 dB relativeo the source.

4. Results

In all of the following simulations, the FlyRadar instrument is assumed to be flying 3 m above the sutfexe
middle of the modelThe transmitting antenna is located 2 m from the receiving antenna. The wave train emitted
has a Rickert shape (Mexicdmat) with a duration of 4 nasecondsand centered on 80 MHZ he modeled
domain is 15 m longX horizontal axispy 35 m high(Y vertical axis)and 0.02 m thickZ horizontal axis) The
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upper part of the model is occupied blager of atmosphere 8 m thick.similar configuration haalready been
used on Earth with good resulih@kur and Bruzzone, 2019)

4.1 Detection of a lava tulmm Mars

The response of a lavabelocated in a basalt flois modelled The parameters tested are the diameter and the
depth of theube The interior of theubeis made of a material having the properties of vactithe.surrounding
rock has the dielectric properties of a basalt (relative permittivity of 8).

Figure 2illustrates the results. This figurb@vsthe different components dfie electric (V/m) and magnetic

(A/m) fieldsreceived by the instrumemt the case of a lava tunnel 5 meters in diametéch center is located

at a depth of 10m. The horizontal axes mark the time and the vertical axes the intensity of the refledted sign
The first signals that arrive are the most intense. They are produced by reflections on the ground. The median
frequency (f) being 80 MHz, the wavelength=¢/f) is about 3.75 nfc is thevelocity of electromagnetic waves)

Such a wavelength does not allovegise positioning of objects but has the advantage of being very penetrating.
The following wave train marks the reflections on the roof and inside the cavity. Knowing the return time of the
wave and with an estimate of the relativermittivity of the racky mediumiit is then possible to estimate the

depth of the cavity. It is noted that the signal from the cavity is very attenalategithe y component of the

electric field. This depends on the orientation of the antennas. There is also a very sthongtiah of the
magnetic field.

A Scan = Lava Tube 10 m Depth 5 m diameter
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Figure 2: Example of a Ascan above a lava tube with a diameter of %ith a center located at 10 m depth.

Figure 3 shows the Acans for a series of geometric parameters of the lava tube. The diameteris 1, 3 dr5 m an
the depth is 2, 5, 10 or 20 m. The electric and magnetic field strisrgftbwnfor each example. A signal appears

in each case, in particular for the y component of the electric field. When the tube is too shallow, its response
merges with the surfacggnal.
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Figure 3: Ascans of a lava tube in a volcanic layére lava tubes are elongated perpendicularly to the figures
Their diameter varies frorti to 5 m and the depth of the center of the tube varies freor20m. The x and y
components of the electric field and the z component of the mangetic field are presented. The response of the

lava tubes is visible on each x component of the electric field.€Bpemse of the 1 m diameter lava tube
located at 2 m depth merges with surface reflexions.
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4.2Lens of ice

in a lava flow

This example illustrates the potential of the FlyRadar instrument for deteatindarice lenseembeddedn a
basaltidayer. The depths of the center of the lenses are 2, 5, 10 amd@§&pectively. The diameter of the lenses
is 1, 3 and 5 meters respectivefhe effect of the lenses is visible in each case on the y comportkatadéctric

field.

Depth 5m

Depth 10 m

Depth 20 m

Diameter 1 m

- Ice Lens
w Diameter 3 m Diameter 5 m
?:ﬂAv .

Figure 4 Response of the FlyRadar instrument to the presence of an ice lens in a basalt flow. The parameters
are the diameter of the lens and its depth. The lens affects the signal picked up by the instrument. For a lens

located atlow depth the signal merges with the signals reflected at the surface
Page p
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A section of the response of the FlyRadar instrument was calculatedexathple of an ice lens 3imdiameter
whose center is locatetD m below the surface (fig).5A characteistic response with a hyperbois clearly
visible.

Ice Lens — Diameter 3 m — Depth 10m

0 le-7

Figure 5 Section of the response of an ice lens 3 m in diameter located at 10 m depth. A characteristic
hyperbola and its replicas are visible in the image.

4.3Case of a horizontal layer

Thecaseof a horizontal permittivity interface has been modelled. The parameters are the interface depth (2, 5, 10
and 20 m) and the permittivity contrast between the surface layer and the deeper baséatieapérmittivity

contrast of 3/8 and 5/8). The results oftieal soundings are given in figure 6.
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Figure 6: Response of the FlyRadar instrument to the presence of a horizontal permittivity contrast in the
underground. The parameters are the depth of the interface and the permittivity contrast betweendhe surfa
layer and the basement. The interface is visible up to 20 m depth. The slgssintense when the permittivity
contrast islower.
4.4 Case of an inclined layer
The presence of a tilted permittivity interface has been modelled. The parameteesdipeotithe interface (18,
25 and 31°). The permittivity contrast between the surface layer and the deeper bedrock is 3/8. This contrast is the
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most favorable to detection (see detection of horizontal interfaces). The results of vertical soundings éme giv

figure 7. Thel8® dipping interfaceproduces a weakly visible signal. Higher dipping interfaces produce no signal
and are therefore not detectable.
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Figure 7. Response of the FlyRadar instrument to the presence of a tilted permittivity contraest
underground An 18° sloped interface is visible. Higher slope interfaces produce no signal.

A section was made for the 18° dip case. The permittivity interface is visible (Figufa®ying the relative
permittivity, it is possible to estimate tldg of the layer in such case.
Inclined Layer
Relative permittivity contrast 3/8
1

Figure 8: Simulated section of the response of an 18° tilted permittivity interface. The permittivity contrast is
3/8. The interface between the two media is visible all along the section.

4 .5Hfect ofsurfaceroughness

In previous models, the interface between rocks and the atmosphere is considered smooth. However, in nature,
the surface is generally roughat iscovered by different elements of various siaed height This roughness

will backscatter incoming signal which will decrease in intensity. GprMablisto integrate surface rahness

in the calculations. The surfaceaissimilated to a fractal surface whose size it is possible to parameterize for the
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Iargest and smallest objects. Simulations were conducted to assess the role of surface roughness on the response
of the FlyRadar instrumeiftig. 9). The simulation conditions are equivalent to those described in the case of the
detection of a lava tunnel. A circular tunnel 5 m in diameter is located 10 m deep. The minimum roughness takes
the values of 0.01 m, 0.1 nm@& 0.5 m. The maximum roughness takes the values of 0.1 m, 0.5 niNd clear

effect of the roughness is registred in the signal.

Figure 9 Effect of surface roughness on the signal of the FlyRadar instrument. No clear effect is detected. The
frequencyof the radar § low enough that the electromagtjnevaves are not affected by surface roughness in
the range of 0.01 to 1 m.
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