
Exploring Drone Utility for Radiation Protection on Martian Ground and Underground

Augustin Tribolet, Crew GreenHab Officer
M.A.R.S. UCLouvain 2023

Abstract

One of the greatest challenges for manned missions to Mars is the high radiation environment that exists in space. Unlike Earth,
Mars has a very weak magnetic field and an extremely thin atmosphere, which does not offer sufficient protection against incoming
radiation. A promising strategy is to use the Martian ground and underground as a natural shield against such level of radiation. To
this end, this project explores the feasibility of using a drone as a valuable tool for locating and analysing potential entrances to the
underground. During the maximum activity of the sun, there are extreme solar events that can also contribute to radiation on Mars.
In particular, coronal mass ejections unpredictably eject large amounts of energetic particles into space. Under certain conditions,
the particles can reach the surface of Mars and could surprise astronauts during an extravehicular activity. The idea here is to use
the drone to see how to make the best use of the terrain to be protected from these unpredictable events.
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1. Introduction

M.A.R.S. UCLouvain1 is an organisation composed of eight
students and PhD students affiliated to UCLouvain. Its objec-
tive is to build a team for the space analogy mission in the Utah
desert (US), the Mars Desert Research Station2 (MDRS). This
desert offers environmental conditions similar to those on Mars.
During their stay, participants are responsible for conducting
personal scientific experiments that could contribute to space
exploration. As part of the M.A.R.S. UCLouvain crew 2023, I

1M.A.R.S. UCLouvain, www.marsuclouvain.be
2Mars Society, https://mdrs.marssociety.org/

present in this report, my experiment conducted inside the sta-
tion during April 2023, in the MDRS.

The main reason why going to Mars is still not possible is
due to the fact that we cannot yet ensure the safety of astro-
nauts. NASA’s Human Research Programme has identified five
major risks for long-duration missions beyond Earth orbit: radi-
ation, isolation, distance, gravity variations and the spacecraft’s
hostile environment (1). These missions bring these five risks
to another level than on the International Space Station (ISS). In
this project, we focus on the radiation exposition on the surface
of Mars.

One of the proposal for a Mars mission foresee 6 months to
go, 13 months on Mars and 6 months to go back to the Earth
(2). Considering the high level of radiation in space, it is diffi-
cult to protect astronauts during so long missions. However, on
Mars itself, current proposals have highlighted the effectiveness
of an underground base (3; 4; 5). Indeed, Mars’ past volcanic
activities could have left caves and underground structures in its
subsurface (6). In this way, it becomes possible to think about
getting a radiation-shielded base on Mars. If the on-site part of
the mission is guaranteed to be radiation-safe, Mars exploration
will only have 12 months left to deal with space radiation. This
would be a major step forward.

NASA’s recent helicopter on Mars have shown successful ex-
perimental flight test, demonstrating rotorcraft flight on Mars
(7). Following this result, the idea behind this project is to
investigate the use of drone to help astronaut deal with ra-
diation. The aim is to demonstrate drone efficiency in find-
ing a radiation-protected zone by generating Martian landscape
model.

This review is organised as follows. Section 2 reviews the
radiation effect on the human body, highlighting the importance
of the radiation challenges in space. Then in section 3, we recap
the main composition of the radiation environment in space we
are interested in. In section 4, we present how it is possible
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to deal with the different type of radiation using the ground and
the underground structure. We present the 3D models generated
with the drone and the information that can be extracted for the
goal of finding a radiation-shielded site.

2. Radiation effect on human

Due to its extremely thin atmosphere and weak global mag-
netic field, Mars is not effectively shielded from space radia-
tion. As a consequence, Mars is subject to a powerful particle
radiation environment. Exposure to space radiation can lead to
four different health risks. It includes an increased possibility
of cancer due to the damaging effects of DNA. In addition, pro-
longed exposure to space radiation can damage the central ner-
vous system, leading to cognitive and neurological disorders. It
also causes degenerative effects on various organs and tissues
in the body. Finally, acute radiation syndrome (RAS) occurs
after short and intense exposure to radiation. This last one can
cause immediate fatal symptoms, such as nausea, vomiting and
damage to the bone marrow and gastrointestinal system. Figure
1 recaps some of the mean health consequences from exposure
to space radiation.

In order to quantify the degree of exposure, astronauts are
limited to a dose equivalent (DE, see (3)) exposition during the
whole career of 0.47 to 1.47 Sievert (Sv), depending on differ-
ent factors such as gender and age (8). These dose limits are set
to ensure the health and safety of astronauts throughout their
careers in space. The NASA design reference mission (2) (360
days in interplanetary space along with 500 days on Mars) cor-
responds to a DE for the whole mission of 1.01 Sv3, based on
the measurement of the detector RAD on the Curiosity rover
(10). We see that the radiation exposure can easily exceed the
career dose limit depending on the subject. The contribution of
the on-site part only, has been estimated in (11). They found for
a 1-year stay on Mars, a total DE of 190.8 to 368.4 mSv depend-
ing on the solar activity, see section 3. This DE corresponds to
a great portion of the limit for young astronauts, especially for
women.

It is therefore essential to mitigate exposure to space radia-
tion on Mars in order to keep astronauts under their DE career
limit4. Radiation shielding strategies and radiation exposure
monitoring are both essential aspects for preserving the health
of astronauts on future space exploration missions. DOSTEL
instrument aboard of the ISS is an example of device aim-
ing at assessing radiation exposure of astronauts during their
space missions (14). More recently, the MARE experiment is
studying the effect space radiation on astronaut for the mission

3For a more concrete comparison, the DOE radiation worker annual limit is
set to 20 mSv (9).

4Since the new objective to come back to the Moon with the NASA’s
Artemis program, it is important to note that the limit cited in (2) is subject
to change. In addition, radiation exposure on human is still not fully under-
stood. For instance, sex may not be as important as it was tough before, see
(12) for more details. Recently, the study (13) has suggested to adopt a univer-
sal limit of 600 mSv, with the goal to keep an astronaut below a 3 percent risk
of cancer mortality.

Figure 1: Health consequences resulting from exposure to space radiation. Fig.
taken from (8).

Artemis (1). We refer to Thomas Stinglhamber’s experiment
for radiation monitoring on Mars5.

3. Space Radiation

In our solar system, we encounter two kinds of radiation
component, the Galactic Cosmic Rays and the Solar Particle
Radiations. They both contribute to the radiation exposure of
astronaut in space and in our case, on Mars. When reaching
the atmosphere of Mars, these particles can interact and pro-
duce secondary particles. Because the magnetic field of Mars
is much weaker and the atmosphere of Mars much tinier than
on Earth, primary and secondary particles can reach the soil and
even the subsoil of Mars. In particular, the neutrons produced as
secondary particles are more challenging to deal with. Indeed,
as neutral particle they can penetrate for long distance without
interacting (15).

3.1. Galactic cosmic ray

Galactic Cosmic Rays (GCRs) are high-energy particles that
originate from outside the solar system and travel through space

5Study on Mars Radiation, https://marsuclouvain.be/study-on-mars-
radiation/
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at nearly the speed of light. They are produced by various astro-
physical processes, such as supernova explosions, active galac-
tic nuclei, and other extreme events occurring outside our solar
system. These events accelerate charged particles to extremely
high energies. GCRs are essentially composed of protons (85
to 90 %), alpha particle (∼ 10 to 13 %) (10). The remaining 2%
are electrons, neutrons and heavier nuclei.

The energy spectrum of GCRs is very broad, ranging from
kiloelectronvolts (keV/nuc) to very high energies of up to 1011

GeV/nuc. Another characteristic of GCRs is their relatively
constant flux towards the solar system, which is due to the con-
tinuous production in the universe. However, these fluxes of
charged particles are modulated inside the solar system by the
solar activity, which directly impacts the heliospheric magnetic
field configuration (16). The GCRS fluxes with energies below
a few GeV/nuc are anticorellated with the solar activity, while
higher energies are less affected.

Due to their high energies, GCRs can penetrate deep into
planetary atmospheres and solid materials, including shields
and the surface of Mars. When reacting, they produced a cas-
cade of secondary particles, which drastically increase the level
of exposure. As a result, GCRs are difficult to shield against and
are the main source of radiation on the surface of Mars and in
its subsurface. We are going to focus on them for the problem
of long duration shielded habitats on Mars, see section 4.1.

3.2. Solar wind

The solar wind is a flow of high-speed plasma emanating
from the outer layer of the Sun’s atmosphere, called the corona.
This plasma is a mixture of charged particles, mainly electrons
and protons, which are expelled from the Sun’s outer layers
due to the Sun’s intense heat and magnetic activity. The So-
lar Particle Radiation can be divided into two components: the
plasma and the Solar Energetic Particles (SEPs). The plasma
consists of the low-energy solar wind particles continuously
flowing from the Sun, while the SEPs are the highly energetic
solar wind particles originating from magnetically disturbed re-
gions of the Sun.

On Earth, the manifestation of photon effects is observed
roughly 8 minutes after their emission. The arrival of relativis-
tic energetic particles to the top of the Martian atmosphere takes
a similar time, around tens of minutes. In contrast, the impact of
plasma requires much more time, typically tens of hours. Mars’
magnetosphere and atmosphere are sufficient to stop the lowest
energetic particle coming from the sun. So, in this project, we
are going to focus on SEPs for which the situation is quite dif-
ferent, see section 4.2.

3.2.1. Strong Energetic Particles
SEPs are bursts of energetic charged particles formed by

high-energy processes such as flares and coronal mass ejections
(CMEs). They are mainly composed of protons, with a minor
contribution of helium ions (around 10%) and heavy ions and
electrons (1%). SEP protons and helium ions with energies be-
low 150 MeV/nuc belong to the ”soft spectrum” events and are
unable to penetrate the Martian surface. For ”hard spectrum”

events, ions can be accelerated to energies well beyond 150
MeV/nuc. Such particles are able to reach the Martian surface.

The 11-year solar activity cycle is characterised by periods
of inactivity during solar minimum, and periods of high activ-
ity during solar maximum. In contrast to GCRs, the number of
SEPs events is correlated with solar activity. In addition, the
most powerful SEPs (several GeV/nuc) are usually seen during
solar maximum. The DE received by such SEPs could immedi-
ately lead to ADS, discussed in section 2, for astronauts in free
space.

3.2.2. Coronal mass ejection
In the context of our Mars project, we are interested in coro-

nal mass ejection (CME) (17; 18). This solar event can indeed
have drastic implications for the space environment, see figure
2. CME consists of a massive release of solar wind and mag-
netic fields from the corona. This phenomenon occurs through
the process of magnetic field line reconnection: The magnetic
field line may realign into a less tense configuration, due to the
Sun’s intense magnetic activity.

When a CME occurs, it releases a shock wave of solar mate-
rial into space (19). This shock wave can accelerate the charged
particles it encounters to very high energies, i.e. SEPs. These
high amounts of SEPs and magnetic energies can then travel
through space and impact planetary bodies. On Earth, such
SEPs have already caused damage in the past. They pose ra-
diation hazards to astronauts, satellites, and even passengers
on high-altitude flights during strong solar events. On Mars,
we encounter the same problems for astronaut and satellite as
as well as any robotic missions exploring the planet’s surface.
CMEs are then of primary concern for future mission towards
Mars. In section 4.2, we explore the case of a production of
CME towards Mars during the on-site part of a manned Mars
mission. Note that future mission to Mars should take place
during solar maximum activity to minimise the contribution of
GCRs (20). However, the occurrence and intensity of CME in-
crease during solar maximum activity. This underlines the need
to consider these unpredictable solar events as possible hazards,
and to be prepared to react to them.

Figure 2: Coronal Mass Ejection on February 27th 2000 observed by the coron-
agraph of the Solar and Heliosheric Observatory. Credit: SOHO ESA & NASA.
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4. Ground and underground protection

Now that we have seen the two components of the radiation
present on Mars, we want to see how drones can be helpful in
helping astronauts to deal with both of them. As we are going
to see below, the ground and the underground are potential so-
lutions. The drone is used to map an area of interest. We used
the free software PIX4D Capture to plan, execute, and moni-
tor the drone flights. Then, we can generate 3D models of the
ground using photogrammetry. This process begins with the
analysis of the images collected by the drones (RealityCapture
and DroneDeploy softwares have been used). It first identifies
common reference points for the calculations of spatial relation-
ships. It can then reconstruct a 3D model’s geometry, which re-
sults in a point cloud representing the object’s surface, see A.11.
Photogrammetry also captures the object’s appearance. It maps
original images onto the 3D model. The point cloud generated
by RealityCapture, for the Marble Ritual region, can be seen in
figure A.12. In addition to photogrammetry, DroneDeploy of-
fer different tools to analyse the 3D model. From the original
model, topographical map can be we obtained. In figure A.13,
we can see the elevation of the North Ridge region and figure
A.14 shows the contour lines of the Candor Chasma canyon.
DroneDeploy allows also surface and volume measurements.

4.1. GCRs and underground protection

Let’s first consider the case of GCRs. As the primary parti-
cles are penetrating the atmosphere of Mars, they start to inter-
act and to produce secondary particles. As a consequence, the
level of radiation exposure increases as we approach the sur-
face of Mars. In addition, near the surface, particles reflected
by the ground contribute to the increase in the radiation level.
On figure 3, we can see the evolution of the equivalent dose
(ED, see (3)) with the altitude. Surprisingly, the ED is maxi-
mum at a depth of 30 cm below the surface. This is due to the
remaining primary particles, that have not lost sufficient energy
through the atmosphere, that are forced to generate secondary
particles when encountering the regolith. In particular, the pro-
duction of neutron increases drastically the ED (3). On figure
3, we can see that bellow 1 meter, the regolith provides already
a good protection against GCRs. The current estimate of natu-
ral radioactivity on Mars is about 1 mGy/day. It indicates that
GCRs are no longer the main source of radiation below a depth
of about 3 metres. Consequently, the effectiveness of protec-
tive materials derived from Martian regolith does not improve
beyond a thickness of around 3 metres (2; 3). Note that during
solar maximum activity, the depth required for radiation protec-
tion decreased, see (3).

The observation of Mars has already shown the existence of
cave skylights. In (6), they found the presence of entrance of
diameter of 100 to 225 m. So it should be possible to find caves
in the subsurface of Mars. In addition, lava tubes and cave-
like features have been identified through orbital imagery and
remote sensing data (5). So both of these structures can be po-
tentially used for radiation protection (3; 4).

Figure 3: Contribution of the primary particle species to the equivalent dose in
a water sphere: hydrogen in blue, helium in orange and heavier primary particle
species in green. Fig. taken from (3).

Ground mapping
The 3D model generated with the drone can be used to find

potential entrance to the underground. On April 6th and April
12th, the drone has been deployed in the Camel Ridge region, in
the South of the station. The 3D model is visible in figure A.21.
This is the only area where skylight entrances were detected
during the mission, see figures 4, A.17 and A.18.

With photogrammetry, it is also possible to estimate volume.
For the research of skylight cave, it could be a powerful tool to
estimate the potential of a site for an underground base. We
have applied the DroneDeploy tool to the 3D model of the
MDRS shown in figure A.16. The volume of the main mod-
ule is of ∼ 330m3 . In figure A.19, the volume below the first
entry’s elevation is represented in blue (it corresponds to fill the
model below the reference level, the entry here). The volume
found is 6.85 m3. Of course, the model is not precise enough
and it does not represent the real volume. The interior of the
caves can in fact be also mapped with photogrammetry (it could
also be done with the drone, see section 5 for more details). In
this case, it means that we could estimate the volume of a cave
and its potential for an underground base.

Having the cave’s depth in the underground, one could also
estimate the amount of material above a given level inside the
cave. In figure A.20, the amount of material above the sec-
ond entry is estimated to ∼ 4801 m3, in red. Geant4 could be
used to predict the level of radiation inside a cave providing the
3D structure, assuming the regolith composition and the type
of radiation involved. In other words, we could estimate the
effectiveness of a cave in absorbing radiation.

4.2. CMEs and ground protection

In ref. (11), it was shown that ground levels with lower alti-
tude have a reduced level of radiation. This is easily understood
as lower altitude leads to a better shielding effect from the at-

4



Figure 4: Skylight caves identified in the Kissing Camel Ridge region, in light
blue and yellow.

mosphere6. The surface of Mars is covered by high mountains
and low-altitude craters, so that the atmosphere thickness can
vary by a factor 10 in this range of altitudes (15). In figure 5,
we can clearly see the typical Martian topography and the cor-
responding elevation variation.

Figure 5: Topographical map of Mars generated by the Mars Orbiter Laser
Altimeter (MOLA). Fig. taken from (11).

On Earth, the arrival of CMEs is first monitored by the Deep
Space Climate Observatory (DSCOVR) satellite. A CME can
be first detected by the sudden emission of X-Rays and radio
wave emission from the sun. When these electromagnetic sig-
nals are detected, it can provide some time to react before the
arrival of the SEPs: 15 to 60 minutes depending on their en-
ergies. The solar plasma, propagating much slower, can arrive

6Note that the behaviour of the radiation approaching the surface is the same
as that discussed above, see figure 3, but with a weaker ground level radiation
due to the increase of shielding effect. Remarque in addition, that a given site
can have daily fluctuation in the radiation level. Indeed, in (10), it was shown
that daily variation in atmospheric pressure and total dose rate are anticorel-
lated.

Figure 6: Example of a typical time scale for a coronal mass ejection reaching
the Earth. Electromagnetic waves are the first to reach the Earth, signalling the
emission of a CME. They are followed shortly by energetic particles, and much
later by solar plasma. Fig. taken from (21).

much after, after around 15h (17). On figure 6, we can see the
time scale of a CME reaching Earth. SEPs are going to increase
the radiation reaching Earth, while the subsequent plasma can
cause magnetic storms. Also, the huge flow of magnetic ener-
gies contract the magnetic field reducing the protection of Earth
against radiation.

Note that the Two-Way Communication Time between Earth
and Mars vary from 6.3 to 44.5 minutes (2). It is therefore im-
portant that future astronauts on Mars can be autonomous in the
detection of such event. We can imagine such a proper satellite
like DSCOVR for the astronaut on Mars. As on Earth, they then
have between 15 to 60 minutes to minimise the risk of radiation
exposure. As seen before, they have several options. The Mar-
tian atmosphere can better shield SEP events since they usually
contain lower energy particles than GCRs (22). This means that
when dealing with CMEs, astronauts can already have a good
protection using the great variability of the thickness of the at-
mosphere, see figure 5. In addition to being at a lower altitude,
enclosed environments with cliffs, such as canyons and craters,
have a reduced angle of view and are therefore less exposed to
radiation. Going in the underground gives the best protection,
but it is unlikely to find an easy entry in such a short interval
of time. As a consequence, when dealing with CMEs, we will
analyse the topography of the 3D model in order to quickly re-
act.

Itinerary planning
On 08th April 2023, the Special Region and the Lith Canyon

have been mapped. The 3D model reconstructed is given in
figure A.24. If we consider the case of a CME, one need to
find the lowest altitude in the local environment. The map can
be used to find the most appropriate way to reach it. In figure
8, we have envisaged two ways to join the canyon, with the
lowest altitude (around 1344 m): One with the most direct way,
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and one with a deviation to the East.

Figure 7: Planned routes to reach the radiation-shielded canyon site in the north,
starting from the southern position.

Figure 8, represents the elevation profiles of both of the path.
The average slope can be roughly estimated for the two paths.
For the first path, the stiff descent to the Lith Canyon is spread
over 100 m for an altitude difference of 12 m. This gives an
average slope of 0.12. While the second one, is spread over
260 m for 17 m. So that, the smoothest way is the second path,
with an average slope of 0.065. If one is confronted to CMEs,
the route will be chosen depending on how we can reach the
canyon. If the astronauts are equipped for climbing, the shortest
route should be considered. Otherwise, if the astronauts have a
rover, the second route is certainly more efficient for reaching
the canyon.

Figure 8: Elevation profiles for the northern road, in orange, and eastern road,
in blue. One can see that the average slope is less steep for the eastern path.

4.3. The presence of water

In their paper (3), they also found that the presence of water
in the composition of the soil can drastically change the pro-
tection against radiation. On figure 9, we can see that a 50%

Figure 9: Equivalent dose in a water sphere as a function of atmospheric and
Martian regolith depth for different regolith composition. Fig. taken from (3).

and 10% water composition reduces the ED at the surface level
by 45% as compared with the previous dry scenario7. In the
context of finding a radiation-protected site during the arrival
of a CME, we also need to look for a water-rich regolith, in ad-
dition to the low-altitude criteria. Going further in depth, we
can also see the effectiveness of water-rich soil to enhance the
regolith’s radiation protection. Consequently, long-term under-
ground bases should be installed in water-rich areas.

The presence of water on the pole of Mars was already
known. On December 2024, NASA’s Insight mission observed
a meteorite impact on the equator of Mars. The satellite obser-
vation detected pieces of ice excavated from the soil, showing
the presence of water at the equator level (23). Nasa’s Mars
EXPRESS mission also detected a large reservoir of liquid wa-
ter deep beneath the surface of Mars (22). In addition, in the
article (24), it was shown that a large quantity of water could
have been fixed in the crust of Mars by interacting with miner-
als. All these results show that the presence of water in regolith
can indeed be taken into account in the search for a radiation-
protected zone. The radiation reflected and absorbed provides
a better shield both above and below the surface.

Surface measurement
On 13th April 2023, we have investigated the region of the

Cowboy Corner, around Monte Tharsis. The 3D model recon-
structed is given in figure A.27. In this area, a water surface has
been identified, see figure 10 in light blue. The measurement
of the area on the model gives around 54 m2, see figure A.26.
Of course, on Mars, such open liquid surfaces are not present.
To detect ice, drone could be equipped with spectral camera.

7This is explained by a drastic reduction of the upward flux of low energy
neutrons, which contains the most biologically impacting neutrons (at 1 MeV).
Indeed, the presence of hydrogen makes neutrons lose energy more efficiently
which can then be captured by hydrogen producing gamma rays, see (3) for
more details.
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In this case, one may estimate the amount of water present in
the regolith, while the surface area containing the water-rich
regolith could be estimated with the 3D model.

Figure 10: Water surface area identified in the nearby region of Monte Tharsis
3D model.

5. Outlook

In addition to the radiation protection benefit, the under-
ground structures also provide several advantages for human
habitation on Mars. Mars experiences extreme temperature
variations, with average temperatures well below freezing.
Therefore, underground structures can help mitigate this high
range of extreme temperatures. In addition, Mars is known for
its frequent dust storms (25), which can pose risks to equip-
ment and human health. Underground structures offer a natural
barrier against the impact of these storms. Moreover, natural
caves and rock formations have already undergone millions of
years of geological processes, making them structurally stable.
This stability provides a secure foundation for developing and
expanding underground habitats (4).

In this article (5), lava tubes were investigated as possible
locations for biological signatures. In other words, when look-
ing for sites protected from radiation, we also find sites that are
most likely to present biological signatures, see also (26) for
more details. We refer to Agnès Dekeyser’s experiment for the
Martian biological signatures8.

It is important to note that the photogrammetry method used
in this project requires the use of GPS telemetry. Such systems
do not exist on Mars. However, the LIDAR camera can be used
as an independent and powerful alternative for 3D mapping. LI-
DAR reconstructs 3D scenes using the reflection of laser light.
Tools have already been developed to get a 3D map generated
in real time.

8Study on the Capacity of Extremophiles to Adapt Under Mars’ Extreme
Conditions: https://marsuclouvain.be/study-on-the-capacity-of-extremophiles-
to-adapt-under-mars-extreme-conditions/.

Finally, we refer to the previous work done on cave explo-
ration as solution to radiation protection. See in particular the
complementary project, pursued by the SETI Institute and As-
trobotic Technology9, of using drones directly inside caves to
scan the interior in 3D. As well as, the CHILL-ICE Analogue
Astronaut Mission10 which explored the fast installation of an
underground based, in a lava-tube, just after the landing of a
manned Martian mission.

6. Conclusion

Radiation is one of the main problems for space exploration.
In this work, we investigated the possibility of using drones to
help astronauts finding radiation-protected sites on Mars. We
found several advantages in using them to deal with GCRs and
SEPs.

GCRs have a constant flux and can reach very high energies.
For these reasons, they are the main source of radiation and are
difficult to shield against. Mars’ underground structures pro-
vide a natural shield below a depth of at least one meter. During
the simulation, 3D reconstruction generated by photogramme-
try enabled us to find two skylight cave entrances in the Kissing
Camel Ridge area. The 3D model was used to estimate the vol-
ume at the entrance of the first cave and the amount of material
above the second entrance level. It can also be used to measure
specific volume, and we applied it to the MDRS main module.

Mars’ atmosphere and magnetosphere offer good protection
against the solar particles. However, this is not the case for
SEPs, with higher energies. The case of CMEs towards Mars
was considered as a second part of the project. The fast prop-
agation of SEP does not give astronauts a lot of time to re-
act. Low-altitude sites, with higher atmospheric column depths,
offer better protection against these events. In addition, en-
closed sites also reduce incoming radiation, making canyons
and craters ideal locations in the case of an incoming CME. In
this scenario, we used drones to study the special region. The
lowest altitude and the most enclosed environment were iden-
tified using the topographic map generated: the Lith Canyon.
Two possible routes were then considered to reach this lowest
altitude. Using the 3D model, we concluded that the easiest way
to reach the bottom of the canyon was the most direct route if
climbing equipment was available, and the eastern part, with
the smoothest route, if not.

Water-rich sites can enhance surface and subsurface projec-
tion. This is due to the radiation reflected and absorbed by the
water-rich regolith. The generated 3D model can be used to es-
timate surfaces. It has been applied for the 3D model around
Monte Tharsis, to highlight the advantage of surface measure-
ment for estimating the surface of water-rich sites.

9Drone Maps Icy Lava Tube in Iceland in Preparation for Cave Explo-
ration on the Moon and Mars: https://www.seti.org/press-release/drone-maps-
icy-lava-tube-iceland-preparation-cave-exploration-moon-and-mars/.

10Construction of a Habitat Inside a Lunar-Analogue Lava-tube,
https://euromoonmars.space/Chillice/main/
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Appendix A. Pictures and 3D models

Figure A.11: Each pixel is obtained by combining the different images. A
different location gives an angle of view different, the 3D model is obtained by
combining all the images.

Figure A.12: Point cloud reconstructed by RealityCapture. The position and
direction of the aerial images are visible in orange. The region scanned is the
Marble Ritual region (38.4036◦ N, 110.7883◦ W).

Figure A.13: Elevation of the North Ridge region’s model (38.4137◦ N,
110.7886◦ W).

Figure A.14: Topographical model of Candor Chasma (38.4078◦ N, 110.7651◦

W).

9

https://www.science.org/doi/abs/10.1126/science.abq7157
https://www.science.org/doi/abs/10.1126/science.abq7157
http://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/science.abq7157
http://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/science.abq7157
https://doi.org/10.1126/science.abq7157
https://www.science.org/doi/abs/10.1126/science.abc7717
https://www.science.org/doi/abs/10.1126/science.abc7717
http://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/science.abc7717
http://arxiv.org/abs/https://www.science.org/doi/pdf/10.1126/science.abc7717
https://doi.org/10.1126/science.abc7717
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JB084iB06p02956
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JB084iB06p02956
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/JB084iB06p02956
http://arxiv.org/abs/https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/JB084iB06p02956
http://arxiv.org/abs/https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/JB084iB06p02956
https://doi.org/https://doi.org/10.1029/JB084iB06p02956
https://doi.org/https://doi.org/10.1029/JB084iB06p02956
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2006GL027494
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2006GL027494
http://arxiv.org/abs/https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2006GL027494
http://arxiv.org/abs/https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2006GL027494
https://doi.org/https://doi.org/10.1029/2006GL027494


Figure A.15: Mars Desert Research Station reconstructed by photogrammetry. Figure A.16: Volume measurement of the MDRS main module using DroneDe-
ploy tool. The volume above the white surface has been flattened for better ac-
curacy. The volume is around 330 m3.

Figure A.17: Drone pictures of the skylight caves found in the Kissing Camel Ridge region.
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Figure A.18: Skylight-like caves found in the Kissing Camel Rigde region, in blue and yellow.

Figure A.19: Volume measurement of the first cave entrance, in blue. In the 3D
model, the volume entrance is of 6.85 m3.

Figure A.20: Volume measurement of the surrounding material above the sec-
ond entry altitude, in red. It gives approximately 4801 m3.
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Figure A.21: Topography of Kissing Camel Ridge Region in the Utah Desert (38.3944◦ N, 110.7952◦ W). The highest altitudes are shown in red, with a maximum
around 1390 m, while the lowest altitudes are shown in blue, with a minimum around 1360 m. The north is oriented towards the left of the page.
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Figure A.22: Drone pictures of the Lith Canyon.

Figure A.23: Lith Canyon identified as the lowest altitude destination, after detection of an incoming CME. Two possible paths to reach the Canyon are represented
in the right figure.
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Figure A.24: Elevation of the Special Region in the Utah Desert (38.4563◦ N, 110.7895◦ W). The highest altitudes are shown in red, with a maximum around 1395
m, while the lowest altitudes are shown in blue, with a minimum around 1345 m. The north is oriented towards the top of the page.
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Figure A.25: Drone pictures of the water area identified around Monte Tharsis.

Figure A.26: Water surface mapped during EVA#10. In the right figure, the water surface is estimated to 53.66 m2.
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Figure A.27: Elevation around Monte Tharsis in the Utah Desert (38.4269◦ N, 110.7838◦ W). The higher altitudes are shown in red, with a maximum around 1380
m, while the lower altitudes are shown in blue, with a minimum around 1365 m. The north is oriented towards the top of the page.
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