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A B S T R A C T

The possibility and feasibility of future drone-based shallow subsurface GPR radar survey for Mars have been examined. SHARAD data indicates shallower features 
are expected to be present, while HiRISE based analysis of outcrops confirm there are several target features, waiting for radar identification. Targets for an airborne 
shallow subsurface radar were evaluated including ice content of indurated dunes, internal layering of fluvial deposits, mid- and high latitude ice containing features, 
former crater lake sediments and lava caves; as well as expected dielectric constant values. The proposed instrument will be able to explore discontinuities in the 
underground to measure thickness, volume and stratigraphic sequence. Airborne GPR is expected to provide such information what is not achievable by rovers with 
limited traverse capability and inability of crossing several terrain types.

The radar penetration will be increased compared to those characteristics on the Earth by the low humidity expected in the Martian subsurface, while the iron- 
oxides could decrease the signal with scattering effect and the normal attenuation due to imaginary part of dielectric constant. As radar signals are strongly affected 
by the presence of liquid water that is very common of Earth, the FlyRadar instrument will be tested mostly in dry areas that are arid hot deserts, karsts or cold arid 
areas where water is frozen. The suggested trade off according to the geology of the investigated areas was found for the survey of the top 50 m of subsurface could be 
done at 20 MHz of bandwidth with 80 MHz of transmitted frequency. The mass of such an instrument could reach kilogram payload. The drone technology is 
available to do survey at 10 km scale distances, what neither an orbiter nor a surface rover could achieve, in order to support next missions for science and ISRU 
activities.

1. Introduction

This work presents the needs and the general characteristics of a 
shallow radar survey deployed on Mars, presenting what type of features 
could be observed by a shallow subsurface ground penetrating radar 
(GPR) together with the observation strategy and instrument charac
teristics. Range of scientific questions on tectonics (shallow deforma
tion, mass movements), volcanism (lava stratigraphy, caves, plumbing 
system, role of volcano-ice interaction), climate evolution (depositional 
and desiccation features from recent climate changes in the Amazonian), 
water and ice (partly identified shallow occurrence) etc. could be 

answered of partly clarified with better knowledge on the shallow sub
surface of Mars [1]. Beyond these general aims, this work is also to 
outline the need for a specific UAV supported GPR system for Mars, 
called FlyRadar.

As the presented geological features hold important information 
for Mars research and in-situ resource utilization (ISRU) activities, 
which are expected to be important targets in the next decade. While the 
top surface is influenced by UV- plus charged particle irradiation, as well 
as heavily oxidized, the few meters deep region is not influenced by 
these effected, thus should be target for the acquisition of astrobiology 
relevant materials. However, it is accessible by shallow drill and 
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excavation. GPR exploration could be a good alternative for ground 
exploration. While meteorological conditions could desiccate the top 
few centimeters to decimeters of the regolith, several meter deep layers 
might hold large water ice masses that have been preserved for millions 
of years, supporting valuable targets and source raw materials. This 
several meter deep weakly modified zone holds important information 
on the Martian past, and can be moderately easily accessible for on-site 
works, especially by the first manned mission.

1.1. Importance of radar observations

Radar observations are important for Mars and based on the former 
MARSIS [2–4] and SHARAD instruments used from orbit, the RIMFAX 
instrument onboard the Perseverance and RoPeR instrument onboard 
Zhurong rovers could provide a range of such discoveries, which would 
have not been possible to be achieved by other methods, including 
remote sensing and on-site techniques. Internal structure of the polar 
caps [5], thickness so some depositional units [6], occurrence of buried 
ice masses [7] have already demonstrated the success of GPR-like 
technology for Mars. The discoveries of shallow subsurface ice on 
Mars ([8], Morgan et al., 2015, [9,10]), and the mapping of these de
posits (Putzing et al., 2023, [11]), which could be used for climate 
reconstruction and ISRU activities, make shallow subsurface region 
especially important for GPR studies. However, these targets in the top 
1–50 m shallow part of the regolith are situated above the upper 
mentioned SHARAD ideal survey depth, and the rovers could not pro
vide wide aerial surveys – despite this top several meter parts will be the 
target of ISRU activities and accessible by drills for the first human 
mission also, as well as targeted sample return in the future. Thus, this 
depth range is important, and it is needed to identify how radar based 
observations could survey and discover features there.

1.2. Earlier radar surveys on mars

Despite these major aspects, the excavations and drills realized until 
now did not penetrate below the top decimeter layer, while sounding 
radar (occasionally also named as orbital based ground penetrating ra
dars) from orbit, such as SHARAD (20 MHz central frequency) and 
MARSIS (1.8–5.0 MHz central frequencies, with horizontal resolution is 
about 10 km while the range resolution is 150 m for MARSIS and 15 m 
for SHRAD in vacuum) have surveyed layers as deep as several 100 m 
and up to 4 km, respectively. Two surface missions used similar capa
bility: the Perseverance with the RIMFAX radar onboard (150–1200 
MHz, [12]), the RoPeR radar onboard the Zhurong rover (450–2150 
MHz, [13]). Perseverance found buried boulders or cavities located in 
the upper 5 m of the subsurface [14]. The produced subsurface map of 
Máaz and Séítah formations shows distinct reflector packets of low-radar 
reflectivity from potential depositional hiatuses inside mafic material. 
This solid material composition is based on permittivity around 9.0 and 
bulk density of 3.2 g cm3 [15]. Measurements have shown a constant-Q 
around permittivity of 7 is 78.8 ± 11.6, for a subsurface propagation 
velocity of 0.113 m/ns, what equals an attenuation of − 2.1 ± 0.4 dB/m 
at the RIMFAX 675 MHz center frequency [12]. Results of the Zhurong 
GPR identified layered subsurface structure at Utopia Planitia with 
buried polygonal terrain below a depth of 35 m [16]. The observed 
permittivity of the regolith within 5 m of the landing zone is 3.6-2.0

+3.1, and 
the average loss tangent is 0.0174-0.0053

+0.0053 [17] with high dispersion of 
both permittivity and loss tangent values indicating heterogeneous 
material distribution. Wisdom GPR [18] is expected to work onboard of 
the Exomars rover. Observations of these two rover missions were useful 
to partly reconstruct the geological history of the terrain. However, the 
analysis was limited to a specific distance, and the lack of an aerial 
survey, with only one stripe profiling, restricted the range of findings 
that could be drawn from the identified features and regional changes.

Beside the scientific aspects, this work aims to provide a compre
hensive overview of the technical possibilities of a drone-based GPR 

method for future implementation. Section 3.1 lists examples of avail
able technology, while Section 3.2 identifies potential targets and dis
cusses measurements already carried out on Mars. The discussion in 
Section 4 outlines the possibilities and strategies that such a mission 
should follow, evaluating the knowledge gaps in Section 4.1 and tech
nology needs in Section 4.2. Using the proposed method, such a GPR 
onboard a Martian drone could survey shallow subsurface water ice 
masses for climate reconstruction and ISRU activities. Additionally, it 
could investigate possible occurrence of shallow water or brine, even at 
the microscopic scale, for astrobiology research and several further 
geological applications can be envisaged. Such a project could identify 
and improve knowledge on subsurface layering and various geological 
features in order to reconstruct geological history. Additionally, it seeks 
to identify the depth of any interesting subsurface feature, assisting to 
identify the optimal drilling location for physical access. Drones on Mars 
with shallow subsurface survey capabilities could ideally support dril
ling rover missions in the near future, including further Mars Sample 
Return activities.

The findings of this paper contribute to paving the way of future 
regional subsurface analysis on Mars using drones. The experience used 
in this research is among others supported by the former test of the 
radar/altimeter for the Entry, Descent and Landing of ExoMars 2016 and 
ExoMars 2020 missions conducted in Erfoud, Southern Morocco, 
managed by Ibn Battuta Center and some authors of this work [19], in 
collaboration with Thales Alenia Space Italia and the European Space 
Agency.

1.3. Background of GPR technology to apply for mars

GPR detects reflections of electromagnetic waves when the signal 
crosses interfaces marked by impedance contrasts (by dielectric 
permittivity, and the distances measured by the time interval between 
the emitted pulse and the received echoes. As the used frequency in
creases, attenuation also increases, leading to a decrease in exploration 
depth. However, these parameters are dependent on the kind of material 
(although the range of variation among rock compositions is not so 
wide). Higher frequency provides improved resolution, while lower 
frequency penetrates deeper. Additionally, an increased electrical con
ductivity decreases the penetration depth. Based on the earlier radars 
systems used for Mars, MARSIS and SHARAD achieved spatial resolution 
on the scale of 50–500 m and maximum penetration depths, whereas 
WISDOM, on the planned ExoMars rover, will be able to survey the top 
3–10 m with a spatial resolution down to few centimeters using the 
current plan (Hervé et al., 2022). However, it is important to note that 
the resolution can be further improved in post-processing using dedi
cated algorithms like noise filtering, interference suppression technique, 
using diffraction curves etc. as demonstrated in various studies on 
Sounder data [20,21] and GPR [22]. Currently, the top 10–30 m of the 
regolith with areal coverage and a resolution down to 0.5–1 m have not 
been targeted yet.

Fig. 1 shows the typical attenuation due to ohmic loss and scattering 
losses of GPR. Ohmic attenuation is inversely dependent on conductivity 
of the medium and the frequency used. Attenuation increases with 
higher water content, not because pure water is not well conductive, but 
because water melts salts in the material by increasing its conductivity. 
If a subsurface water table is present, it will provide a reflection rather 
than absorption when there is a significant contrast in the dielectric 
permittivity between the water and the surrounding material [23]. This 
might occur on Mars both for pure liquid water and brines (Pál 2021). 
However, the behavior also depends on the resolution and wavelength 
of the used instrument. The spatial resolution depends on the trans
mitted bandwidth (B) that is limited to a certain percentage of central 
frequency (f0) (and also on the wide/narrow of emitted wavelength 
range), usually one quarter of the maximal wavelength is a rough 
approach of maximal resolution.

Larger bandwidth, which can be achieved with higher frequencies, 
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allows for better resolution, enabling the identification of smaller de
tails. The resolution is determined by the transmitted bandwidth (B), 
where time resolution is 1B. Spatial resolution can be expressed by the 12

v
B 

relation, where v represents the propagation velocity (in material less 
than light speed). However, the greater is the ratio of B

f (f central fre
quency), the more challenging it becomes to develop the radar system 
(Fig. 1).

A further important GPR based value is the loss tangent (also known 
as the “loss factor”), what is a measure of the efficiency of how a 
particular material converts the electromagnetic energy at different 
frequences and temperatures. The loss tangent represents the ratio of the 
imaginary and the real parts of the dielectric permittivity (Campbell & 
Morgan, 2018).

1.4. Permittivity values of mars relevant materials

The permittivity of materials generally varies with frequency, tem
perature and humidity. On Mars, it is expected that the shallow sub
surface consists mainly in porous basaltic materials together with 
various salts, especially sulfates and iron-oxides, as well as ice. The 
potential target materials and their general characteristics are listed in 
Table 1. It is less probable but might be very important both for scientific 
research and ISRU activities that brines and humidity might be also 
present in the subsurface. The porous voids if filled by brine or ice could 
increase electrical conductivity and cause strong radar reflection [24].

Detailed laboratory analysis was conducted on the permittivity of 
CaCl2 solutions, which heavily depends on temperature. Below − 53 
Celsius, the relative permittivity ranges from 3 to 6, but it increases with 
temperature and concentration of the solution. Similar behavior is 
observed for magnesium perchlorates with increasing permittivity 
above − 64 Celsius, while Ca(ClO4)2 shows an increase between − 85 and 
− 78 Celsius, also depending on the concentration. Brine mixtures in JSC 
Mars-1 regolith simulants also show a range of permittivity values 
depending on temperature and concentration [32].

Based on the data available for Mars, the mineral composition is 
moderately well known, and some data is also available on the porosity, 
which exhibits an elevated value at shallow depths in the regolith, 
especially inside dunes. Using measurements from the InSight mission 
pores are expected to be closed around 9 km depth [33], and close to the 
surface the porosity might be up to about 50–60 % (Grott et al., 2022). 
Some Earth based laboratory tests analyzed the role of porosity in Mars 
and Moon simulants regarding permittivity [32]. In possible future 
surveys, changes in the estimated dielectric constant and porosity would 
support the separation of different subsurface units both in mineral 
composition and structural properties at different spatial locations.

1.5. Former GPR field tests at cold terrains on earth

There is a wide literature about using GPR surveys to understand 
various geological aspects on Earth, including at icy terrains [34]. For 
comparative discussion of these methods see Schennen et al. [35], Guo 
et al. [36], and Healy et al. [37]. There is also a wide range of works 
showing how Earth based results could be applied to Mars (Table 2).

The following specific aspects provide further information to un
derstand the significance of the results listed in Table 2. 

• (a1)The deepest penetration in the Mars analogue Dry Valleys was 
about 40 m. Weak contrasts in ε (relative permittivity) and interface 
roughness may have limited the depth, while the lack of apparent 
penetration may be more a result of the lack of continuous interfaces 
in the reworked silt.

• (a2)The penetration of 70–80 m in the Fairbanks (Alaska) area was 
possible because of the lack of silts or clays, which precludes the 
presence of any significant unfrozen water. Silts and clays, frozen or 
not, afford little penetration to GPR signals.

• (b)The maximum prospected depth is 21 m. The low-frequency 
“ringing” noise obscured some of the ice base returns, possibly 
caused by the presence of ash layers.

• (c)Up-glacier reflectors intersect the surface near subtle ridges at up- 
glacier dips of 25–30◦. These reflectors are interpreted as englacial 
debris bands (with thicknesses <1 m) bounding ice units. Subsurface 
radar velocities of 0.15–0.17 m/ns were consistent with a composi
tion of relatively pure ice.

• (d)Galena Creek is a debris covered ice core that was identified as 
being 20–25 m thick with nested spoons architecture. Sulphur Creek: 
(1) Localized ice deposits <10 m thick at the stagnant ice mid-section 
can be found with estimated ice content >77 %. (2) The lower rock 
glacier was measured at ~30 m thickness, with estimated ice content 
of ~26–50 %. At Sulphur Creek the ice deposits are significantly 
thinner, more localized, and buried by surface debris up to 4–5 times 
thinner than the surface debris at Galena Creek.

• (e1)Sulphur Creek Rock Glacier provided thin debris cover that was 
excavated 90 cm before reaching glacial ice. A notable characteristic 
of the excavated section was the presence of meltwater and a layer of 
ice-cemented debris between the graded debris and the glacial ice.

• (e2)The presence of liquid water in the active layer may be required to 
create the sharp dielectric contrast observed at the terrestrial sites. 
Therefore, with the present-day conditions on Mars, we would not 
expect to see a strong near-surface reflection, but rather a dielectric 
gradient. If strong near-surface reflectors are observed on Mars in 
future missions, this could serve as an indicator that liquid water may 
have played a role in Martian landscape evolution within the time 
scale of the extant glaciers.

Fig. 1. Left: spatial resolution versus frequency for hypothetical wet and dry targets. The planned about 80 MHz system (see later) allows the spatial resolution in 
theory around 1 m. Middle: Decrease of exploration depth with variance of frequency. Right: Connection between attenuation (vertical axis) and frequency, which 
influence exploration depth. In a hypothetical ideal material the attenuation follows a plateau above the transition frequency (dashed lines). However, in real 
environments water and volume scattering cause increasing attenuation with frequency (source: https://www.sensoft.ca/range-of-gpr/).
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Comparing GPR surveys conducted in icy terrains on Earth, the 
frequency range used, typically falls between 50 MHz and 2 GHz, most 
often around 100–200 MHz. The observations revealed the presence of 
ice, typically accompanied by the occurrence of various embedded rocky 
grain layers. Occasionally, the occurrence of a small amount of liquid 
water were also detected, however at many cases no liquid phase was 
identified. The liquid phase can be considered one of the most easily 
observable radar features. Based on the case studies, it has been 

Table 1 
Dielectric relative permittivity of materials anticipated to be found in the 
shallow Martian subsurface at a frequency around 450 MHz (what differs from 
the 80 MHz proposed in this work) * mark that basalt shows a wide range of 
permittivity u to about 40, however the lower range is more abundant [25–27]

Material Dielectric 
permittivity at 
450 MHz

Dielectric 
permittivity at 
35 MHz

Presence on Mars

Air 1 1 Might be decreased 
relatively to Earth- 
measured values because of 
the about 100 times smaller 
gas density on Mars

Granite 4–6 5 Not expected on Mars in 
large volume because of the 
lack of global plate 
tectonism most of the 
planetary history, however 
some indications exist there 
might be granite in limited 
extent on Mars [28–30]

Pumice 2–3 2–3 Present with different 
porosity, the expected weak 
weathering on Mars to 
enlarge porosity, while the 
dryness in general decreases 
porosity during eruption on 
Mars (except very early 
volcanics), e.g. poorly 
known

Basalt 3–4.5 6–8 One of the main target 
materials, which shows a 
wide range of values *

Basalt 
vesicular

5.0 5–6 One of the main target 
materials, which shows a 
wide range of values *

Dry clay ​ 5–40 Phyllosilicates observed 
spectrally at old terrains, 
clay sized grains observed 
by Curiosity in the 
mudstone of Gale crater 
[31]

Dry silt 3–30 3–30 Exists on Mars, mainly in 
the regolith and buried 
sediments

Dry sand 3–5 3–5 Exists on Mars, mainly in 
the regolith and buried 
sediments

Permafrost 4–5 4–5 Exists on Mars, mainly in 
the mid- and high latitude 
regions as a mixture of ice 
+ soil

Wet clay/ 
wet sand

16–32 16–32 Probably rare in wet state 
on Mars

Dry 
sandstone

2–3 2–3 Exists on Mars

Wet 
sandstone

5–10 5–10 Probably rare in wet state 
on Mars

Water ice 3–5 3–5 At low latitude under dust/ 
rock cover

Snow 8–12 8–12 Ephemerally present, but 
mainly under thin dust/ 
rock coverage

Liquid 
water

81 82 Very rare, only in 
microscopic scale or in salty 
solution (brine)

Table 2 
Summary of characteristic GPR survey on Earth targeting icy terrains.

Target name, 
type

Used GPR, 
frequency

Observed ice 
characteristics

Observed liquid 
water 
characteristics

Reference

Permafrost in 
Alaska and 
Dry Valleys 
of Antarctica

50-100 - 
400 MHz

Stratigraphy of 
permafrost. 
-Dry Valleys: 
Stratified silts, 
sands and 
gravels of low 
or little ice 
content, 
virtually no 
water. Glacio- 
fluvial or 
glacio- 
lacustrine 
origin(a1) 

-Alaska: Frozen 
sands with 
possible 
presence of 
water probably 
even within the 
body of the 
permafrost(a2)

Water table at 
depths of 
20–35 m 
produced 
strong 
reflections 
(Alaska), where 
attenuation 
could give 
important 
information on 
target material. 
Wet sediments 
may reflect 
high rates of 
attenuation in 
the signal. 
The contrast in 
dielectric 
properties 
between frozen 
and unfrozen 
water 
undoubtedly 
causes the 
stronger 
diffractions and 
reflections.

Arcone 
et al. 
(2002)

Permanent ice 
cap on the 
summit of a 
stratovolcano 
(Jamapa 
Glacier; 
Mexico)

400 MHz 
(static 
point 
surveying 
technique)

Ice thickness 
(ice base/ 
bedrock) along 
profiles(b)

No liquid water 
phases were 
interpreted.

Brown 
et al. 
(2005)

Galena Creek 
Rock Glacier 
(Wyoming)

100 MHz Stratigraphy of 
debris-bounded 
ice units 
(nested spoons 
type)(c)

No liquid water 
phases were 
interpreted.

Petersen 
et al. 
(2017)

Galena 
Creek Rock 
Glacier; 
Sulphur 
Creek glacial 
system 
(Wyoming)

100 MHz 
(Sulphur 
Creek); 50 
MHz 
(Galena 
Creek)

Internal 
structure, 
thickness and 
purity of the 
ice(d)

No liquid water 
phases were 
interpreted.

Petersen 
et al. 
(2020)

Ice-cemented/ 
ice-cored 
rock glaciers 
(Gilpin Peak, 
Colorado; 
Galena & 
Sulphur 
Creek, 
Wyoming; 
Sourdough, 
Alaska)

200 MHz Glacier 
geometry and 
structure. 
Debris mean 
thickness 
measured from 
GPR (for all of 
the sites): 2 
m(e1)

A film of 
meltwater at 
the debris-ice 
contact was 
observed in 
most of the 
shallow debris 
measurement 
sites(e2)

Meng 
et al. 
(2020)

Permafrost 
tunnel 
(Fairbanks, 
Alaska)

1–2 GHz 
(GPR 
constant 
offset 
profiles)

Ice-frozen loess 
detection 
(seismic data) 
displaying 
relatively large 
Q values (~80; 
indicative of 
low seismic 
attenuation).

Water-ice 
content tends to 
decrease with 
depth below 
the floor of 
Permafrost 
Tunnel. 
Overall, large 
variations were 
inferred.

Lorenzo 
et al. 
(2022)
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observed that elevated electrical conductivity causes loss of signal 
strength. However, it is expected that the moisture content on Mars is 
lower. phenomena, along with conductive areas that absorb micro
waves. These factors should be also considered during the planning of a 
Martian survey as might be important for the regolith.

Experiences from two orbiting GPR instruments are available for 
Mars. The first instrument is MARSIS radar on-board ESA’s Mars Express 
spacecraft, which was designed to investigate the Martian ionosphere 
and the geological and hydrological structure of the subsurface, with a 
particular emphasis on the detection of deep bodies of solid or liquid 
water.

Considering former drone-based activities, the Ingenuity helicopter 
successfully demonstrated how is it possible to fly on Mars despite the 
low atmospheric density (Balaram et al., 2021), and next missions both 
for Mars [38] and Titan as the Dragonfly will exploit further drone based 
research works. Considering Earth based tests, robotic helicopter and 
rover joint architecture operations were teste in Iceland but without 
radar [39]. However, a drone based GPR survey was realized, at Sour
dough, Alaska, and Galena Creek, Wyoming [40]. On the MALA Geo
drone a GPR system was mounted using DJI Matrice 600 Pro. UgCS 
SkyHub terrain-following system with an altimeter and a distance sensor 
for obstacle avoidance and maintenance of a constant speed and alti
tude. Low altitude flight only at 2–3 m above the ground was realized to 
maximize the SNR, using flight speed between 0.5 and 1 m/s. The survey 
could resolve the debris/ice interface, debris thickness and to resolve 
englacial debris bands.

1.6. The need for further radar surveys on mars

There is a knowledge gap regarding the very shallow subsurface of 
Mars, as SHARAD and especially MARSIS produced data of deeper units. 
Such meter – decimeter scale spatial resolution data is challenging and 
could not be gained from orbit, but close to the surface. However, the 
mobility of rovers is limited, and their scanning capabilities are limited 
to thin lines over a moderate distance. In contrast, a drone-based GPR 
survey has the potential to overcome these limitations. It can cover 
larger areas and provide more flexibility in data collection. This paper 
outlines the feasibility and expected target characteristics on Mars of a 
drone base GPR survey, partly including the technical capability and 
needs for the instrument, however the detailed presentation of technical 
aspects are beyond the scope of this paper.

2. Methods

In this study, we have combined a literature overview of Martian 
features and physical background of GPR technology. The new aspects 
and findings presented in this work are the target evaluation and pre
diction of observable characteristics, along with ranking of various 
targets and strategies in order to plan drone based GPR analysis for 
future Mars missions. The possible targets were analyzed using high 
resolution HiRISE [41] optical images, recorded by the MRO mission 
from Martian orbit.

During the discussion of technical possibilities, the current knowl
edge provided the background, however development in the future 
could increase possibilities and modify the findings of this work. The 
general aspects and physical laws of GPR signal behavior are only oc
casionally cited, but further information could be found in Daniel [42].

3. Results

This section provides examples of findings from previous GPR mea
surements using SHARAD observations, which primarily targeted larger 
and deeper subsurface structures than can be targeted from a drone on 
Mars. Then the smaller and shallower subsurface structures are char
acterized using HiRISE images, which will be the targets for a drone- 
based survey. After collecting and characterizing the expected targets, 

the related technological aspects are presented, which should be fulfilled 
by the future missions. Based on these findings, the discussion section 
will outline the optimal approach to realize such a mission and acquire 
scientific results.

3.1. Example targets based on HiRISE images

Surveying about 100 HiRISE images, the examples show the exis
tence of subsurface structures expected to be observable in the top 
10–20 m using the proposed radar technology. In Table 3 some examples 
are listed for the observed structures in the shallow subsurface, exposed 
by erosion and/or at slopes. These features are usually too small to be 
resolved by SHARAD, however could be widespread on Mars, and their 
indications can be found often as exposed layer heads in HiRISE images 
(Fig. 2).

A potential critical but unknown aspect is the permittivity contrast 
between various subsurface layers observable in Fig. 1. Based on theo
retical considerations, a large compositional difference is not expected 
often but still could be present in certain cases, like buried observed 
snow [43] or ice (Harish et al., 2020), dune material [44] layers on Mars. 
However structural differences could contribute more often to permit
tivity contrast production. Subsequent ejecta layers might emerge as 
porosity with contrast between different layers as porosity decreases 
inside each separate ejecta layer (partly similar was identified by GPR of 
Chang-E′3 on the Moon, [45]), while buried atmospheric dust layers, 
former surface exposed sulfate plus hematite cemented duricrust for
mation [46] also produce density and porosity contrast. Examples from 
the Earth indicate even basalt lava layers on the top of each other 
without substantial alteration might results in permittivity contrast. 
GPR surveyed volcanic terrains on Earth and partly analogous to the 
Martian surface contain multiple layers of laterally discontinuous frac
tured deposits that often induce significant scattering loss [47] and their 
heterogeneities might indicate different layers. Separation of different 
lava flows was also possible at Craters of the Moon (Idaho, USA) vol
canic field [48] using 16–100 MHz ranges.

Based on the items listed in Table 3 the following targets are relevant 
for shallow radar survey on Mars: there is abundant layering, mainly 
from recently deposited ice-dust sediments, however there are older 
structures also. Dunes and dust cover at many locations are present at 
the surface, however these do not provide strong reflection based on 
SHARAD observations. If it is possible to establish a connection between 
subsurface layers that are several meters thick and surface exposures or 
stratigraphic levels, it would provide a valuable opportunity for recon
structing the geological history of Mars. This level/depth is also 
important for future manned missions and local ISRU activity there.

3.2. Technology aspects

Calculating with the currently used GPR technology, when aiming 
the top 1–40 m of the Martian regolith one should use the wavelength 
range about 100–200 MHz, considering that the penetration is the 
square root of the frequency as a rule of thumb. The spatial resolution is 
expected to be in the range of meters or tens of meters horizontally what 
is controlled by the pulse frequency and UAV velocity. We can expect a 
horizontal resolution of tHz order of the decimeter, also influenced by 
the flying altitude of the drone, accuracy of flight trajectory, plus an
tenna lobe structure, while the vertical resolution heavily depends on 
the used wavelength. Based on the currently available technology, an 
instrument around several kg mass and energy consumption around 30 
W, and the expected data rate to produce is around 50 Mbytes/s.

Beyond the importance of the scientific aspects, the use of GPR could 
support future missions with the following aspects: mainly to obtain 
information on the geometry at depth, to obtain information on surface 
micro-roughness at the scale of the wavelengths (impossible to obtain by 
classical photometric techniques), provide information on geotechnical 
properties of the regolith, better understand ISRU possibilities in 
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general, especially to provide information on ice occurrence and scien
tific targets.

4. Discussion

In this section we discuss the expected characteristics of GPR signals 
on Mars, the potential usage and performance of the technology, and the 

knowledge gaps that could be addressed by the findings presented in this 
study.

One important aspect related to the state of subsurface units on Mars 
is the composition. It is expected that beneath a shallow (decimeters to 
meters thick) loose regolith layer on Mars which contains duricrust and 
hydration-related mineral filled voids, the deeper regolith might consist 
primarily of air-filled voids (uncemented grains) in its top layers [49]. 
However, air filled pores are expected to be mainly present in the upper 
regions. Using SHARAD (and especially MARSIS) data the identification 
of such small-scale vertical features becomes challenging. However, 
sand dunes can be observed in the SHARAD radargrams [50], appearing 
as weak backscatter signal producing thin features at the surface. In 
areas where no dune coverage was present, a stronger radar signal 
emerged directly at the surface, probably due to the abundant scattering 
sources and the moderate roughness.

The proposed FlyRadar instrument could be used to analyze the 
vertical and horizontal change in empty/filled voids, facilitating the 
reconstruction of earlier existing surface layers. This is particularly 
useful when the regolith was previously exposed and exhibited elevated 
radar scattering, especially if the geological context is known. Earth 
based field studies showed that goethite iron-oxide lowers the electro- 
magnetic wave velocity, however neither electrical conductivity nor 
relative permittivity were altered significantly by iron-oxides, but bound 
water content has an effect here. As a result, iron-oxides’ water content 
can have an influence on GPR signals with controlling permittivity [51]. 
The magnetic properties of iron oxides have not been properly 
accounted for and recent works on Earth based corrosion studies related 
to GPR signal propagation indicate further works are needed to clarify 
the consequences [52]. Iron-oxides can have an effect on GPR signal 
propagation, especially in the Martian regolith different water content is 
expected to occur according to seasons, what should be considered.

Identification of bulk liquids water might be moderately straight
forward [53], as it absorbs the radar signal – but water could be rare or 
absent on Mars today. There is an ongoing debate on the possibility of 
liquid water existence in the subsurface. Recently MARSIS data based 
high basal reflectivity of the South Polar Layered Deposits (SPLD) was 
identified, being consistent with liquid water [54] under 1.7-km-thick 
ice layer, however salty ice as could explain the observation [24]. 
Considering the liquids in the Martian subsurface perchlorate brines 
might form in the shallow subsurface at high northern latitudes [55], 
where grain size related adsorption plays a strong role, producing up to 
0.5-1 wt % adsorbed water in the low and mid-latitudes [56]. Specific 
analysis by the Dynamic Albedo of Neutron (DAN) instrument onboard 
NASA’s Curiosity rover the abundance of water and chlorine Gale crater 
was measured, and Water-equivalent hydrogen (WEH) values showed 
variability between 2 and 3 wt% [57] there. Further indirect indications 
could come from the influence on impact ejecta distribution both 
regarding ejection angles and velocities (Aleksandra et al., 2024), and by 
future seismo-acoustic method to characterize subsurface water on Mars 
[58]. Related subsurface ice distribution was mapped under the SWM 
(SUBSURFACE WATER ICE MAPPING) project [59], and using theo
retical considerations [60], Martian water budget indicates about 30–90 
% of the missing Martian water resides below the surface.

However, considering few or no subsurface liquid water, the radar 
signal could penetrate much deeper on Mars than in the case of the 
Earth. To optimize the methodology for conducting “real deep” surveys 
on Mars, it would be beneficial to perform tests in desert locations or 
wintertime “deep” permafrost regions on Earth. However, the elevated 
abundance of iron containing minerals on Mars could potentially affect 
the interpretability of GPR signal. Some calculations suggest that the 
signal attenuation caused by highly magnetic minerals [61] could still 
be too small to allow the recording of useful data [62] on Mars. Un
derstanding the presence and the amount of magnetic minerals is also 
important to help in paleo-environment reconstruction, and their indi
cation using radar through attenuation and backscattering measure
ments could also be investigated. In general, longer radar wavelengths 

Table 3 
Parameters of the HiRISE images indicated in Fig. 2.

Type HiRISE image no. Coordinates Characteristics Panel 
no

Crater filling 
lava or 
sediments

ESP_069970_1745 5.45S 
67.53E

Roughly 1 Ga aged 
crater filling 
material (lava or 
sediment) with 
exposed subsurface 
layering by a 
smaller impact 
crater along an 
about 380 m high 
slope, probably of 
sedimentary or 
lava flow layering 
origin

a

Mantling 
layer

ESP_069969_2190 38.53N 
88.61E

Recent, some Ma 
old dust + ice 
deposition with 
climatic signatures, 
layer thickness 
based on shadow 
length around 
6–12 m

b

Scalloped 
terrains

ESP_069956_2240 43.74N 
83.20E

Utopia Planitia 
cryokarstic 
terrains, eroded 
recently deposited 
volatiles layers of 
about 2–4 m deep

c

Subsurface 
voids

ESP_069948_2075 27.44N 
302.85E

Collapsed 
subsurface voids, 
which might 
emerge as lack of 
radar echoes, 
however in theory 
at many locations 
might be ice filled 
on Mars

d

Layered 
deposits 
on valley 
floor

ESP_069947_1520 27.95S 
337.84E

Section of a fluvial 
valley with 20–25 
m thin surface 
layer cover, 
possibly formed as 
earlier fluvial 
activity or more 
probable younger 
sedimentary unit

e

Layering in 
Western 
Arabia 
Terra

ESP_069933_1900 9.69N 
355.34E

Erosion exposed 
shallow subsurface 
layering in Western 
Arabia Terra, 
several quasi- 
parallel layers are 
present with about 
meter thickness

f

Dune 
covered 
terrains

ESP_069896_1735 6.54S 
287.46E

Bottom level of 
Candor Chasma 
probably covered 
by ancient 
sediments, but 
recently became 
covered by dunes 
with 1–10 m 
thickness, with 
some exposed 
locations

g
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Fig. 2. Surface exposed shallow subsurface structures on HiRISE images. Lines correspond to lines (and panel no.) in Table 3. First column shows 100 km diameter 
terrain using THEMIS images for context, second column shows about 4 km diameter part of the HiRISE images, while third column shows 1×1 km magnified section 
of the images.
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are more suitable for conducting surveys in targets with magnetic 
minerals like expected on Mars, as lower frequencies are less affected by 
attenuation and can penetrate deeper into the subsurface.

Although several minerals on Mars show widespread hydration 
[63–66], the radar wave attenuation by the hydrates state is expected to 
be minimal in absence of bulk liquid state, making it challenging to 
identify them by GPR. However, this area of research is still poorly 
understood and there could be possible important targets, such as deeply 
buried clays and other minerals that could have retained their hydration 
state for billions of years under the cold Martian environment with 
limited tectonic and volcanic activity.

The following are some interesting materials that are expected to 
occur on Mars and can be targets for GPR analysis. 

• Regolith with loose sand and silt – basaltic bedrock contact is an 
interesting target for GPR survey on Mars. In this scenario, scattering 
is expected to decrease as the grain size become smaller, and the 
bedrock becomes less porous with depth. The GPR signal is expected 
to exhibit possible volume scattering in the near-surface region, 
which may diminish with increasing depths.

• Formerly cemented duricrust (iron oxides filled voids between 
regolith grains or hydrated weathering products) – loose uncemented 
debris. Such setting is expected to occur around the top decimeters in 
the shallow subsurface ([67,68], Souness et a. 2016), or deeper at 
former surfaces that later got covered. These settings might be pro
duced by microscopic water condensed from the atmosphere or by 
water uptake of minerals from surface ice under past climates. Here 
the change of air filled porosity together with ideally observable GPR 
signal change from weathered minerals might occur jointly. Based on 
the tests of Bierson et al. [69], OH bearing clay minerals or saline ice 
can also produce such dielectric permittivity contrast what could be 
observed by GPR using specific wavelength, including the case of 
MARSIS measurements [54,70].

• Snow or ice – dry silicate debris contact from earlier or recent 
climate change deposited snow (partly covered by with driven dust) 
could emerge at many locations in the middle-latitude region. Such 
settings are expected to occur within the top 1 m at latitude depen
dent mantle (LDM) covered terrains or within several meters of depth 
at Viscous Flow Features (VFFs), both from the roofing upper and 
bottom silicate, separated by an ice layer between them. Such set
tings have been partially observed by SHARAD at several locations in 
the middle-latitude region of Mars [71,72]. Considering the presence 
of microscopic liquids, it is possible for small-scale salty liquid 
brine to emerge at ice/mineral interfaces. These brines are likely 
formed under different past climates, where hygroscopic salts bind 
the H2O content, resulting in microscopic brines filling the voids 
between the silicate grains. Lower-frequency radar signals are more 
effective than high frequency signals in identifying changes in fluid 
salinity ([73].)

There is an important aspect to consider regarding the separation of 
buried ice and buried loose porous material where loss tangent value 
could be the same. However, the loss tangent of water ice increases 
much with temperature [74], affecting the attenuation of the radar 
wave. While the loss tangent of pure water ice and water ice - dust 
mixture is quite similar above 230–240 K [75], but show a strong dif
ference below this range. Under the current expected shallow subsurface 
temperatures on Mars, values below 230 K are expected to be around 
208 K, and even lower at higher latitudes. This means the loss tangent 
difference between pure and dusty snow/ice is around the scale is 
0.0001 around the equator, while getting somewhat larger at higher 
latitudes – however the required exact detection might be a challenge.

4.1. Size of geological features

Based on the existing data on various surface features on Mars 

(Hargitai and Kereszturi 2015), Table 4 provides a list of basic observ
able characteristics, while Table 5 indicates the typical physical di
mensions. While the outcrop or collapsed openings of these features are 
sometimes visible on the surface, they extend into the subsurface. These 
deeper buried sections, which are inaccessible to current detectors, 
contain valuable information for paleo-environment reconstruction. 
These regions could be effectively targeted using the proposed FlyRadar 
category instrument.

There is a range of expected geological features in the top 20 m deep 
subsurface region (Table 5), which may be identified for the first time by 
the proposed radar. To ensure reliable interpretation of data, the radar 
survey should cover horizontal distance on the scale of km. This would 
not only enable further confirmation and identification of the features, 
but also facilitate their correlation to the regional context and geological 
history. By conducting traverses along specific features, lateral changes 
can also be identified, revealing variations in fluvial or lacustrine sedi
mentation, preferred regions for snow/ice accumulation, lava cave 
routes Such lateral changes could provide unique information for pale
oenvironmental reconstruction.

In the case of geological structures listed in Table 5, surface traverses 
by rovers are not feasible due to the steep terrains such as fluvial channel 
interior, deposited bars at channel termination, sedimentary delta front 
eroding outcrops surrounded by fallen off boulders, or lava caves. High 
resolution analysis of these hazardous terrain types cannot be performed 
by rovers; it can only be achieved safely through drone based GPR 
methods.

Table 6 summarizes the expected radar-based observations in the 
shallow subsurface of Mars. In terms of spatial resolution at the ground 
level, the selection of the drone flight altitude is crucial. For example, 
considering an altitude of 100 m, the cross-track resolution would be 
around 20–30 m and 5–10 m in along track when applying unfocused 
processing. These resolution values would be sufficient to survey and 
map the target types listed. Considering the general aspects, it is ex
pected that shallow (few meters deep) targets are abundant on Mars. 
Due to the overall aridity and low temperature on Mars, humidity levels 
are expected to be low, enabling deep signal penetration. However, the 
presence of magnetic minerals poses a challenge in GPR analysis. 
Nevertheless, the abundance of ice in the shallow subsurface suggests 
the existence of numerous ideal targets, despite the potential increase in 
attenuation and scattering caused by magnetic minerals.

The targets and their characteristics listed in Table 6 show that 
different strategies could be determined and shaped according to the 
targets, where well selected airborne drone based GPR routes are ex
pected to gain new results. During the design of the strategy, analogue 
structures on the Earth should be tested and routes to be improved 
during field works, as such activities have already been started recently.

4.2. Knowledge gaps to uncover

Fig. 3 below further shows the groups of various target types with 
context, and the “gap” in the middle of the vertical axis. This shallow 
10–50 m subsurface region represents the next logical step in the 
development of in-situ Mars research, and also for the development of 
ISRU possibilities to support the planned human mission.

Radar properties can be utilized to estimate safety aspects related to 
specific terrains on Mars. These include determining the thickness of 
loose aeolian dust on the surface, assessing the stability of the shallow 
subsurface for rover traversing, and identifying the easiest drilling lo
cations in terms of hardness and porosity. In addition to identifying 
important subsurface targets for research, aerial surveys using radar can 
help evaluate access possibilities, particularly for drilling to access water 
ice, by identifying the shallowest occurrences.

4.3. Technology related aspects

Based on the overview presented in this work, there are key future 
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directions for improvement that could be outlined. One crucial aspect is 
the development of modelling approaches and/or the expansion of 
knowledge to enable the estimation of specific parameters beyond what 
is captured in the radar echoes. A significant challenge lies in conducting 
robust geological analysis to estimate the mineralogy and lithology of 
the shallow subsurface. However, this task may be more feasible in the 
targeted 10–50 m shallow layer compared to deeper locations that are 
the focus of SHARAD or MARSIS. A specific Mars relevant feature of the 
surface is the regolith, and its thickness could be estimated by thermal 
inertia (top dm layer e.g. the thermal skin depth) and stratigraphic 

Table 4 
Summary of some general expected properties of various target types on Mars.

Feature Characteristics 
and occurrence on 
Mars

Observable 
properties by GPR

Earth or laboratory 
analogues

Porosity change Downward 
decreasing 
porosity in 
general, poorly 
cemented sand 
layers and possibly 
ones by iron- 
oxides and 
hydrated salts near 
the surface 
(duricrust)

Cavity, air filled 
porous voids 
detection, which 
are good radar 
reflectors 
however difficult 
to interpret as the 
size of voids 
matter much, 
evaluation of 
sediment 
compaction in 
general

Differently 
compacted snow/ 
firn/glacier ice 
(Hickson et al., 
2018)

Compositional 
change

Mineral 
composition 
change at 
sedimentary 
terrains 
(sulphates, 
chlorides, iron- 
oxides, carbonates, 
clay minerals)

Different 
permittivity 
compared to the 
most abundant 
basaltic material, 
although 
expected to be 
small differences 
regarding 
mineralogy, 
texture and 
temperature, but 
and poorly 
quantified

Laboratory based 
dielectric models 
(Brouet et al., 
2019) including 
meteorites [76]; 
temperature effect 
(Stillman 2008); 
analyzing 
propagation using 
simulants [62]

Liquid water or 
brine 
occurrence

At shallow 
subsurface might 
occur only at high 
salt content and at 
proper 
temperature

Velocity of signal 
provides estimate 
of SWE (snow 
water equivalent) 
using Earth based 
experiences [77], 
estimating the 
presence of small 
water inclusions 
[78]

Ground truth 
(Abazagana 2020) 
support to convert 
the measured 
dielectric 
permittivity to 
water content 
using the dielectric 
mixing model [79]; 
recently developed 
methods to 
interpret multiple 
scales 
heterogeneities 
and 3D porosity 
model [80]

OH content 
change

Might increases 
downward at low 
latitude sites, 
elevated at mid- 
and high latitude 
sites even close to 
the surface, 
however buried 
OH containing 
material could 
occur at many 
locations

Using Earth based 
analysis of 500 
MHz center 
frequency pulsed 
radar, the 
variation in clay 
content (main OH 
host mineral 
group) might shift 
of the frequency 
of spectral peaks 
[81], however 
might be difficult 
to identify

Laboratory testing 
with specifically 
selected mineral 
components, field 
tests at clay bearing 
permafrost [82]

Ice occurrence 
change

Same as above, 
might occur at 
small depth if 
buried, definitely 
occurs at mid- and 
high latitudes

Internal 
boundaries at 
density changes, 
water or solid 
sediment content 
could be 
observed; 
permittivity 
contrast between 
ice and liquid 
water, allows the 
identification 
even small 
amount of liquid 
water by altering 

High latitude 
permafrost terrain 
and buried ice 
interbedded with 
sand, including 
niveo-aeolian 
dunes [84] and 
polar caps [85]

Table 4 (continued )

Feature Characteristics 
and occurrence on 
Mars 

Observable 
properties by GPR 

Earth or laboratory 
analogues

the dielectric 
constant [83]

Rock hardness Compaction and 
mechanical 
resistance

Correlation 
between 
mechanical 
properties and 
permittivity 
might exist

See ElShafie et 
Heggy 2013, 
however further 
are tests are needed

Structural 
change

Occurrence and 
orientation of 
micro-fractures

Faults, fractures 
could be 
identified 
however they 
make dispersion 
attenuation and 
related 
uncertainty – 
their proper 
interpretation 
requires 
improved 
algorithms [86]

Field analogues 
analysis of 
fractured rocks on 
the Earth 
(Meideros et al., 
2018)

Heterogeneities Boulders, cavity, 
regolith base etc.

Hyperbolas of 
diffractions

Shallow subsurface 
rock detection [87]

Table 5 
Overview of the size of various potential target features. The second column 
marks the expected origin of the dielectric contrast between the given feature 
and the “average” regolith located below.

Feature Target GPR properties Dielectric 
contrast

Size 
range

Depth 
range

Fluvial 
channel, 
former 
riverbed

Bedload, small grains 
sediment

Moderate 100 x 5 
km

2–20 m

Buried snow/ 
ice layers

Different dielectric 
constant of ice and pores 
also (if exist)

Strong 10–100 
km

1–20 m

Buried dunes Porous, weak scattering 
interior

Moderate 10–300 
m

0.8–15 m

Former 
surfaces 
(duricrust)

Small grains made up, 
but occasionally 
cemented unit

Moderate 10–100 
km

0.5–1 m

Hydrated 
surface 
units

Elevated OH content, 
weakly observable

Weak 10–100 
km

1–2 m

Lava caves Air filled voids, very 
large contrast

Strong 10 x 
0.05 km

1–10 m

Ridges Discontinuities, 
deformed layers, scale 
of displacement

Weak 1–10 m 1–10 m

Volcanic 
products

Ratio and spatial setting 
of lava vs. pyroclastic 
units, lava unit 
sequences

Moderate 0.1–100 
km

1–50 m

Former crater 
lake 
sediments

Different grain size and 
pore filling chemical 
precipitates

Moderate 10–100 
km

1–5 m
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Table 6 
Expected findings and strategy for GPR targets (* marks two possible similar 
features and their properties).

Group Target 
geological 
features

Expected observable 
characteristics

Expected strategy and 
findings by FlyRadar 
category GPR 
observations

Volcanic Lava tubes 
(Qui and Ding 
2023, Crown et 
a. 2022)

Dielectric contrast in 
subsurface voids and 
various objects 
accumulated there 
(like fallen rocks or 
condensed ice)

Aerial survey starting 
from skylight 
openings, where 
beside the existence 
and spatial 
distribution, even 
internal collapse 
features, possible 
climate change related 
shielded ice 
accumulation

Pyroclastic vs. 
lava flow 
products [88]

Large porosity 
difference, shape of 
interfaces, 
stratigraphic 
sequence of units

Separation of 
explosive and effusive 
eruption produces, 
volcanic process 
identification (flow/ 
tephra fall/debris 
surge/ 
autobrecciation), 
volatile estimation of 
magma, surveying 
structures at candidate 
volcano/ice 
interaction regions

Lava flow or 
pyroclast units 
[89]

Lava unit interfaces, 
separation of buried 
subsurface units, 
volume calculation

Eruption volumes, 
episodic/recurrent 
activity, volcanic gas 
content estimation 
from porosity along 
pre-defined “ideal” 
tracks

Icy features Latitude 
Dependent 
Mantle* 
(Schon et a. 
2012)

Thickness of ice-dust 
mixtures, internal 
dust distribution and 
mixing ratio

Confirmation of the 
existence of ice-dust 
mixture, 
reconstruction of 
melting events 
(gullies), cleanness of 
ice, paleo-climate 
proxy, survey at mid- 
latitude zones of LDM 
morphology

Bulk ice in 
VFFs [90,91]

Ice/rock interface, 
bulk ice porosity, 
layering, ice 
thickness at <100 m 
depth

Deposition of ice, 
improve conditions 
necessary for glacial 
creep, origin and 
characteristics of 
debris cover, 
improved 
sublimation/retention 
modelling, paleo- 
climate proxy, by 
survey at glacier like 
forms (GLF), Lobate 
debris aprons (LDA), 
lineated valley fills 
(LVF), concentric 
crater fills (CCF)

Dust covered 
shallow ice at 
middle-high 
latitudes* [92]

Separation of buried 
ice masses, 
estimation of their 
dust content, areal 
distribution

In-situ resource 
utilization (ISRU) 
usage possibilities, 
connection between 
ice distribution and 
surface features plus 
preferred locations, 
paleo-climate proxy, 
should be targeted by 
aerial survey defined 
using surface 
morphology with 
feedback of surface-  

Table 6 (continued )

Group Target 
geological 
features 

Expected observable 
characteristics 

Expected strategy and 
findings by FlyRadar 
category GPR 
observations

subsurface connection 
being revealed during 
the survey

Water related 
features

Gilbert-like 
deltas [93]

Interfaces of topset/ 
foreset structures, 
porosity distribution

Rough grain 
characteristics 
sedimentary facies, 
confirmation of 
ancient standing water 
bodies, cyclicity of 
inflow, paleo-climate 
proxy, by survey 
tracks crossing the 
frontal edge of the 
delta

Subsurface 
source regions 
of chaotic 
terrains

Subsurface faults, 
depth of fragmented 
layer, morphology or 
redeposition

Source of outbreak 
water, process of 
collapse after the 
event, volume of 
released H2O, signs of 
ponding, related 
paleo-climatic 
extrapolation

Bottom of 
former crater 
lakes

Interface and grain 
properties to define 
sedimentary aspects

Separation of former 
lakebed sediments 
from other materials, 
signs of ancient waves, 
shallow sub-lake mass 
movements, by several 
quasi parallel 
traverses from the 
bank toward the 
former lake interior

Possible 
occurrence of 
subsurface 
brine layers at 
salty locations

Strong echo from 
liquids, linking them 
to local stratigraphy

Identification of 
possible shallow brine 
layer, role of 
temperature and salt 
on brine emergence, 
information on local 
context to fit to the 
regional stratigraphy, 
survey to identify the 
spatial extent of 
subsurface liquid

Sedimentary 
features

Interior 
Layered 
Deposits 
(Flahaut et a. 
2010)

Layer interfaces, 
morphology of 
former surfaces

Internal structure, 
erosion and deposition 
characteristics, 
information for their 
origin, signs of former 
surface ice 
condensation by 
surveys crossing 
probable different 
facies

Mass wasting 
features

Interfaces, size of 
slumped blocks and 
debris

Formation conditions, 
linking to climatic and 
other sources, by 
survey perpendicular 
to the movement 
direction

Duricrust and 
cemented 
regolith

Different porosity of 
the regolith, 
separation of 
subsurface layers

Estimation on 
chemical alterations, 
linking to the role of 
possible brines or ice 
deposition driven 
chemical processes, 
ice or microscopic 
brine formation 
locations

Dune interiors Distribution of 
porosity, internal 
inhomogeneity, 
layering, void fillings

Possible ice (or sulfate, 
iron-oxide) 
cementation of dunes, 
deposition conditions, 
climatic proxies
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analysis (by outcrops, regarding the top few m layers probably).
The permittivity estimation has probably the largest uncertainty in 

the interpretation of subsurface reflections. This difficulty might be 
partly overcome by extrapolation using context geology and especially 
stratigraphy, partly at steep outcrops nearby. However, the porosity and 
structural aspect could be difficult to estimate, while the occurrence of 
exposed snow or ice, as well as some specific sedimentary features might 
be more easily identified in favorable cases.

Based on a rough estimate of the average permittivity from 
diffraction hyperbola, in a next step the thickness variation of the 
regolith could be estimated, while in a second step the time delay and 
reflected energy could be used for a finer estimation using the context 
information on stratigraphy. This process would benefit from the 
availability of multiple radargrams from different terrain types on Mars 
(like continuous bedrock based on outcrops, porous tuffs at heavily 
eroded volcanoes, ice cemented material at ice outcrops on slopes etc.), 
to strengthen the interpretation by comparing these end cases to each 
other. It is important to note that this iterative process will require the 
accumulation of more established knowledge as data becomes available. 
Another advantage, compared to Earth, is the expected scarcity of 
moisture in the subsurface, which allows deeper penetration and clearer 
echoes, facilitating the interpretation of such parameters like porosity, 
voids, structural features etc. there. Using permittivity estimation it will 
be possible to have a good estimation of underground geometry.

Despite the challenges related with the interpretation of observa
tions, there are several possibilities for improving the reconstruction of 
the subsurface settings. One possibility is the correlation between the 
porosity and thermal inertia, which can help to estimate the topmost 
porosity (down to the daily thermal skin depth, what is usually <1 m). 
Using this approach, linking thermal based shallow porosity data to 
stratigraphy, gradual improvement could be done during the running of 
the observations. Additionally, the survey of the same targets from 
different directions can also increase the accuracy, especially in identi
fying compositional differences and target shape. A further important 

possibility what could provide new results among the findings is the 
connection between target rock specific mechanical property and GPR 
response. Based on recent works there is a possible connection between 
the dielectric constant and rock hardness [94], however further labo
ratory tests are needed here.

A Mars drone-ready GPR instrument offers several advancements 
compared to existing technologies. It provides enhanced mobility and 
accessibility, allowing access to remote and inaccessible areas on Mars 
that are not easily or dangerous to reachable by rovers. This enables 
exploration and surveys diverse geological settings, make rapid surveys, 
mapping and large areal coverage in a short period. This capability fa
cilitates efficient mapping and surveying of extensive regions. With 
advanced signal processing algorithms and improved hardware, it can 
collect high resolution data subsurface features opening the possibility 
to better reconstruct the geological history. Drones also offer the flexi
bility to allow multi-temporal observations by conducting repeated 
surveys of the same region at different times, including daily and sea
sonal cycles, revealing volatile changes – discovering the dynamical 
nature of Mars.

Ideal trade-off between frequency - spatial (both horizontal and 
vertical) resolution - penetration depth should be further evaluated, 
including larger antenna for larger penetration. The choice of a fre
quency around 100 MHz is due to several practical considerations, 
including the physical size of the antenna, what is inversely proportional 
to the operating frequency. For drones there are limitations on the size 
and weight of the antenna that can be carried. Therefore, a 3 m wave
length offers (100 Mhz frequency) a good balance between resolution 
and penetration depth. Scattering effects, which can influence the 
quality of the GPR signals, what are reduced when compared to higher- 
frequency GPR systems like WISDOM, enabling clearer and more 
interpretable subsurface images.

Additionally, at these wavelengths, the attenuation of the electro
magnetic waves in the Martian subsurface is still acceptable, based on 
the estimation of the attenuation at frequencies of SHARAD and 

Fig. 3. Schematic overview of various subsurface features considering the used (or planned) wavelength of survey (vertical axis) and the geological theme the given 
feature is connected to (horizontal axis).
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MARSIS. Considering that the attenuation is related to the operative 
frequencies, we can expect the GPR signal to exhibit an attenuation (in 
dB) that is about few times higher compared to SHARAD data (in decibel 
scale: K = 27 f tan δ. However, despite this higher attenuation, the 
signal-to-noise ratio (SNR) is expected to be larger, which compensates 
for the increased attenuation. As a result, the maximum penetration 
depth of the GPR signals could be not so far from that of the SHARAD 
system, with the potential to penetrate several tens of meters or even 
hundreds of meters (depending on the loss tangent of the subsurface 
materials) before experiencing significant weakening.

4.4. Technology of the used breadboard

Beside the evaluation of the targets and the expected performance of 
GPR signal on Mars, a breadboard to test drone based GPR on the Earth 
is being developed by the authors of this work. Although the aim of this 
paper is not the technical specification of this breadboard, however a 
short summary is presented below to provide insight the characteristics 
of such a system to orient related future works.

The UAV used for tests is a Tundra built by the Hexadrone Company, 
what is an X-shaped quadricopter modular drone, which allows it to 
adapt to various payloads. The wingspan from motor axis to motor axis 
of the Tundra is 1100 mm with four carbon blades of 280 mm. It is 
capable of lifting a payload of more than 4 kg with a maximum of 8 kg 
including the batteries with a flight duration of 30 min. It utilizes a 
Pixhawk 4, with an Herelink radio system running in the 2.4 GHz band, 
capable of streaming two HDMIs signals. The UAV is equipped with a 
2.4 GHz Wifi transmitter receptor for communication with the base 
station at more than 2 km, allowing to transmit and receive more than 
20 MBit/s. A tension regulator ensures a constant voltage to the radar 
under different fight conditions.

All parts of the electronic hardware are arranged into two units: the 
Ettus E320 board and the R86S mini computer. The Ettus E320 board 
represents the cutting edge of SDR (Software-Defined Radio) technology 
equipment used for the software synthesis real time processing, while 
the R86S computer performs the control and storage functions. The next- 
generation SDR card uses Analog Devices’ AD9361 flexible 2x2 MIMO 
transceiver, which covers frequencies from 70 MHz to 6 GHz and pro
vides up to 56 MHz of instantaneous bandwidth. The open source USRP 
Hardware Driver (UHD) API and RF Network-on-Chip (RFNoC) FPGA 
development framework integrated with standard development tools 
such as GNU Radio. The baseband processor uses the Xilinx Zynq-7045 
SoC and a dual-core ARM CPU and Linux operating system with high- 
speed interfaces of 1 Gigabit Ethernet.

The system utilizes two Yagi-Uda antennas single polarization for 
sounder mode and two log-periodic antenna, two polarization for SAR 
mode. The working frequencies are 80 MHz for sounder mode and 450 
MHz for SAR mode. The total electrical need is 35 W, given by drone 
batteries, and the weight of the antenna is about 0.8 kg each. The total 
envelope for the radar electronic box is 180x110 × 85 mm with a total 
weight of about 1.7 kg. Comparing these values to those suggested for 
the Mars Science Helicopter (MSH) project (Joahan et al., 2022) which 
has two design versions. The smaller one is a coaxial helicopter design, 
planned to realize 2–10 km/sol long surveys up from 1 to 2 km altitude, 
with a payload capability about 1–5 kg. This MSH version is close to the 
one outlined directly above under the project running by the authors of 
this work. The MSH aims a bit deeper subsurface survey, and focus on 
the 10–100 m deep layer, while the above mentioned design, as well part 
of the outlined targets have more focused aspects in a somewhat shal
lower 1–20 m deep zone – however large overlap is present between the 
two concepts. The goals of MSH mission would be to find organics 
associated with clay-bearing or silica-rich units, search for ancient 
sediment contains biosignatures, with mapping geologic units, identify 
sampling locations, and deliver geologic material to the landed platform 
for further analyses. However the concept and targets outlined in this 
work aims more general geological survey that provides background but 

not directly focuses on astrobiology relevant aspects.
Considering technology related limitations, based on the current 

capabilities of batteries, a drone that carries an average capacity battery 
could not fly long distance continuously on Mars but only on the scale 
less than 1 h. During the Ingenuity mission a flight distance of ~17 km 
and during >2 h for comparison [95], however Ingenuity was a very 
light drone. Calculating with the fly speed of Ingenuity around 30 km/h, 
a future drone with similar capacity could survey 10–20 km during one 
flight. Having similar solar panels as Ingenuity, after one flight roughly 
one Martian day is needed to recharge the battery. Thus a 100 km tra
verse could be surveyed by 10–15 Martian days. On this two week scale 
of period, several such surveys could be realized on an average mission 
with around one Martian year lifetime. Considering the size range of 
potential targets listed in Table 5, most of the features could be crossed 
at least one time but more probably 2–3 times during these 10-15 
Martian days, e.g. for a one Martian year mission larger than a dozen 
traverse could be realized for several target structures.

Further challenges for a GPR survey hosting drone could face on 
Mars are discussed below. Interference of surface clutter affects the 
target detection and interpretation of radargrams substantially. Infor
mation on the density of the top few cm thick layer could help to better 
consider and decrease the consequences of surface clutter. The global 
dataset from the THEMIS orbital instrument based thermal inertia (TI, 
[96,97]) provides a rough estimation on the density, and could be used 
to improve permittivity and propagation speed estimations, just like the 
determination of mineralogy from orbital data. High resolution DTMs 
are partly available for Mars and could be used to simulate the surface 
echoes and hence support the clutter related improvement.

As the target depth considered in this work is moderately shallow 
(few meters), high spatial resolution DTMs are needed. Using proper 
HiRISE stereo image pairs, around or somewhat better than 1 m spatial 
resolution could be achieved, but for ideal situations the drone that 
carries the GPR should record stereo image pairs along the target stripe, 
and easily achieve a few cm spatial resolution from the 10–50 m flying 
altitude. Surface roughness could be also better determined by drone 
than orbital data, however it plays a smaller role in the reflectivity and 
signal transmission inside, affecting the estimation of signal power – 
however might have visible impact if the scale of roughness is close to 
the used wavelength. The consequence on clutter emergence is usually 
negligible compared to the coherent clutter reflected from the surface, 
but under specific conditions, the scale roughness could be easily ac
quired and used for the simulations. Finally new possibilities along with 
the improvement of digital technology like clutter removal by neural 
networks (Dun et al., 2022), multi-resolution and multi-directional in
formation, as well as adaptive dictionaries and novel regularization 
strategies support to gain clearer radargrams. However heterogeneity of 
the regolith presents a challenge, what is poorly known for Mars [98].

Another critical aspect is the positioning of the drone, keeping its 
elevation and attitude during the radar survey. The flying altitude of 
the drone could be easily modified and adapted up to 200–300 m 
without expected technical difficulties. Although the emergence of at
mospheric vortex features below the planetary boundary layer (about 
10 km on Mars, [99]) is expected to increase toward the surface, their 
scale and frequency is poorly known yet. Currently dust devils are 
already observed in the lower atmosphere of Mars, which emerge 
frequently around noontime at middle and low latitudes, but do not 
seem to show very high spatial density – however their possible 
automatized avoidance might be useful for future drones for safety as
pects. Lower flying altitude allows a survey to achieve higher spatial 
resolution and better S/N ratio, but covering a more narrow swath. The 
optimal flying altitude should be a tradeoff between energy – safety – 
achievable data quality; and the expected spatial characteristics of the 
target. Here identification of subsurface stratigraphy changes (like edge 
of former lake sediments or fluvial channel cross sectional profiles) 
would favor lower altitude and narrower band to survey, while targets 
with “areal interest” like an extended delta deposit, area of past 
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hydrothermal activity or divergent branches of lava caves) might favor 
larger flying altitude with larger area of covered stripes.

Keeping of attitude requires compensation of side winds produced 
tilting and shaking of a drone, what might require resemble mitigation 
methods like used on the Earth for flying drones under windy conditions. 
In these aspect more theoretical than practical real life solutions have 
been published recently [100], where underactuation (case of manipu
lator which has less actuators than the number of joints) of free floating 
robots [101] seems to be a general aspect waiting for solutions. Algo
rithms that support drone positioning (especially Aerial Manipulator 
control system [102], but also Dynamic Image-based Visual Servo 
Control, Fault Tolerant Control, Finite-time Control, NMPC, Nonlinear 
Optimal Control) are developing fast, might became mature until a GPR 
hosting drone will fly on Mars. Obstacle avoidance is not a main issue at 
moderately flat terrain, however position determination requires a fixed 
ground station with direct radio/WIFI contact toward the drone. Earth 
based drone flying experiences indicate moderately stable attitude is 
expected below 4–8 m/s wind speed [103], what is around the scale of 
the often measured 1–4 m/s by Viking landers, while 15–25 m/s inferred 
from Ingenuity movement [104], while much less in disturbance is ex
pected than on Earth at same wind speed because of the rare atmosphere 
of Mars. Decision on flying on a specific day would require the com
parison of wind resistance of the drone [105] and meteorological mea
surement plus modelling based wind speed forecast.

5. Conclusion

The possibility and feasibility of future drone-based shallow sub
surface GPR radar survey for Mars have been examined. The discussed 
capabilities were found to be relevant for the planning of next missions 
to survey the top 50 m subsurface layer for science and ISRU activities. 
Evaluating SHARAD based somewhat deeper subsurface regions pro
vided a range of useful findings already, while HiRISE based analysis of 
outcrops indicates there are several target features in the shallower 
subsurface region, waiting for discovery.

Sedimentary and volcanic environments are the most common 
geological settings that are expected to show interesting variability in 
the shallow subsurface. Based on the results gained in this work, the 
main scopes and knowledge gaps that should aim an airborne shallow 
subsurface radar survey on Mars, are the following targets: ice content 
of indurated dunes, including those that present nivean features, inter
nal layering of fluvial deposits, including delta like structures, mid- and 
high latitude ice containing features to provide constraints for recent 
climate changes, including GLF, LVF, LDA, CCF [106] as well as shallow 
buried snow/ice layers exposed at steep slopes, former crater lake sed
iments, lava caves and possible ice content there.

The proposed FlyRadar category instrument will have to be able to 
explore discontinuities in the underground to measure thickness, vol
ume and stratigraphic sequence. Evaluating the expected size of various 
geological structures, crossing of 100–1000 m sized geological features, 
it is expected that such information will be gained what is not available 
targeting only the surface. Directions of later buried and poorly visible 
lava flow routes could be determined only using earlier surveys but not 
with a rover of limited traverse capability and inability of crossing any 
terrain type on the surface.

The permittivity of the investigated subsurface units should be esti
mated to get values of porosity and density of the target rocks. This data 
will help to classify the geological environment and the rock nature. 
Moreover, very high resolution images of the Martian surface serve as a 
base to define the possible size and geometry of potential target features. 
As the presence of liquid water is very rare or does not exist in the 
Martian crust currently, the FlyRadar instrument will be able to operate 
over most of the Martian surface.

Radar penetration depth and signal clarity could be increased by the 
low humidity that is expected in the Martian subsurface, while the 
probable abundance of metals mainly in iron-oxides of the regolith could 

decrease the signal with scattering effect. As radar signals are strongly 
affected by the presence of liquid water that is very common on Earth, 
the FlyRadar instrument will be tested mostly in dry areas that are arid 
hot deserts, karsts or cold arid areas where water is frozen.

At high frequencies optimum vertical resolution accompanied with 
low penetration depth, while at low frequencies with worse vertical 
resolution the signal will reach a greater depth. Thus, a tradeoff has to be 
defined according to the geology of the investigated areas. As a result, to 
compromise between the possibilities and moderately easy realization, 
for the survey of the top 50 m of subsurface layer on Mars could be done 
at 20 MHz of bandwidth with 80 MHz of transmitted frequency (B/f = 1/ 
4). The mass of such an instrument should be decreased, however it 
looks realistic that an order of kilogram mass payload could provide all 
the needed capabilities in the near future. The drone technology also 
seems to be realistic and available to do such survey-like research at 10 
km scale distances, what neither an orbiter nor a surface rover could 
achieve, using for example with the planned Mars Science Helicopter 
[107]. The proposed instrument category and capacities would be an 
important next step for Mars research and human exploration.
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