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Abstract To unequivocally discover the actual presence of life or even of near surface liquid water on
extraterrestrial planetary bodies would be a key scientific breakthrough for humankind. For this reason,
studying similar environments on Earth is essential to understanding the processes shaping such extraterrestrial
objects. The Yungay area in the Chilean part of the Atacama Desert is deemed to be particularly suitable as a
terrestrial analog of Mars (TAM). In this study, we deployed multi-frequency ground penetrating radar (GPR)
and a six-coil electromagnetic induction (EMI) system with a maximum depth of investigation of 1.8 m over an
area of 0.66 hectares (110 x 60 m). By applying a LOWESS algorithm to the GPR envelope data, we aimed to
extrapolate the strongest amplitudes indicating physical contrasts to 3D. The results were constrained with two
existing pits 100 m apart. Whereas clay content was mostly responsible for GPR signal attenuation, changes

in texture and stratigraphy were linked with strong amplitude reflections. EMI showed very low apparent
electrical conductivity (ECa) values between 0 and 5 mS/m. The ECa variability could be linked to changes

in clay content with depth. This agreed with the surface obtained from the LOWESS algorithm. Although soil
samples are still necessary to constrain the measured signals, we showed the benefits of applying geophysics
for large-scale characterization and can conclude that these two methods are suitable for such hyperarid TAM
environments. A similar routine if applied on the surface of Mars could deliver promising results for similar
characteristics.

Plain Language Summary Recently, NASA sent the Perseverance rover to Mars (see https:/
mars.nasa.gov/mars2020/spacecraft/instruments/), which is equipped with subsurface radar and other tools

to measure surface and subsurface features. The Zhurong Mars rover was also launched by the Chinese
government as part of its Tianwen-1 mission (see https://www.planetary.org/space-missions/tianwen-1). Such
missions apply geophysical methods to noninvasively and indirectly measure the physical properties of the
subsurface on a large scale. However, real soil core or profile information is needed to validate the measured
signals. In this study, we used ground-penetrating radar and electromagnetic induction to investigate the
hyperarid site of Yungay, Atacama, Chile, which is reported to be similar to certain regions of Mars. Our goal
was to provide a case study that can be used to calibrate and validate the geophysical data measured on Mars in
the near future. We were able to correlate the geophysical data with two excavated pits 100 m away from each
other and to upscale this information to an area of 110 x 60 m. As in the case of Yungay, we expect geophysical
methods to be primarily influenced by changes in soil particles, compaction, and layering when employed on
Mars.

1. Introduction

To unequivocally discover near surface liquid water or the actual presence of life on extraterrestrial planets, as
well as understanding their geology and dynamics, would be a huge scientific breakthrough (Arrhenius & Mo-
jzsis, 1996). Most of the current planetary research has been directed toward Mars, mainly due to its similarities
and relatively short distance to Earth. Many of these studies have been focused on exploring the atmosphere and
the surface of Mars (e.g., Klein, 1979; Holmberg et al., 1980; Glassmeier et al., 2007; Grotzinger et al., 2012;
Castaldo et al., 2017). Space missions require significant financial and technical resources, and thus happen on
a rather infrequent basis. Therefore, complementary research is undertaken on Earth itself, mainly in Mars-like
environments, to improve our understanding of the Red Planet.
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Commonly, direct sampling methods such as augering, pit excavation, and rock/soil sampling are used to analyze
and understand the distribution of sediments and aggregates, and ultimately to link the results with the climate
history (Six et al., 2004; Ewing et al., 2006; Schulze-Makuch et al., 2018). These methods also make it possible
to detect the presence of microorganisms (e.g., bacteria) associated with specific subsurface features and/or grain
size distribution (Navarro-Gonzalez et al., 2003; Schulze-Makuch et al., 2018). Despite the conclusive results
obtained with such field-based methods, they are restricted to a small sampling volume and are laborious and
expensive. Remote sensing techniques, meanwhile, can measure over large areas in a concise time period, but
with relatively limited spatial resolution and without the possibility of providing information from the subsurface
(Engman, 1991; Lillesand et al., 2014). To bridge the gap between small-scale excavations or augering on one
side, and regional-scale measurements from remote sensing on the other side, noninvasive geophysical methods
such as ground penetrating radar (GPR) and electromagnetic induction (EMI) have shown significant potential to
image the variations in subsurface physical properties in a fast and inexpensive way in a wide range of environ-
ments (e.g., Altdorff et al., 2016; De Benedetto et al., 2012; Brogi et al., 2019; Dal Bo et al., 2019). Indeed, link-
ing geophysical signals with processes and stratigraphic variations observed at different depths in the soil pits or
with auger information enables a large-scale characterization and paves the way for the use and linkage of remote
sensing methods (e.g., Planke et al., 2015; von Hebel et al., 2018). For example, time-domain electromagnetic
induction (TDEM) in combination with drilling was successful in detecting standing freshwater in the hyperarid
desert of Central Oman due to the presence of clay lenses, which block the downward flow of water (Young
et al., 2004). Clay content and, in some cases, the hydraulic conductivity of soils were estimated using GPR and
EMI over well-developed desert pavements (Meadows et al., 2006). Due to the low electrical conductivity in dry
sandy environments, GPR allows deep signal penetration with the capability of imaging inner structures (e.g.,
Bristow et al., 2007; Jol & Bristow, 2003).

As many of these studies have shown, geophysical methods have a huge potential to characterize subsurface
structures and to bridge the gap between point and remote measurements. The next logical step is to harness this
potential for the exploration of extraterrestrial planets. Recent research has focused on applying hydro-geophys-
ical methods to terrestrial analogs of Mars (TAMs) to propose optimal methods for extraterrestrial geophysical
exploration (Farr, 2004). It should be noted that most of this research focuses on electromagnetic geophysical
methods such as GPR because they are easy to employ in the field and have minimal logistical requirements. For
instance, one particular research question centered on the detectability of lava tubes, since these structural ele-
ments have been detected by satellite imaging on the surface of Mars and could potentially host living organisms
(Léveillé & Datta, 2010). Miyamoto et al. (2005) were able to detect lava tubes at Mount Fuji Volcano in Japan
using GPR, with both high spatial resolution and large penetration depth, suggesting the potential for the deploy-
ment of GPR to map the same structures on Mars. Similarly, Esmaeili et al. (2020) investigated the potential of
GPR to detect and map the geometry of the lava tubes at Lava Beds National Monument in California (USA) and
suggested by forward modelling that GPR could be similarly successful on the Moon or Mars. Other studies also
focused on applying GPR in terrestrial volcanic environments, proving the suitability of this geophysical method
in such settings (Kruse et al., 2010; Courtland et al., 2012; Esmaeili et al., 2017). As significant areas of Mars are
covered by ice (e.g., Castaldo et al., 2017; Orosei et al., 2018), Arcone et al. (2002) tested low-frequency GPR
systems in Alaska and Antarctica to image the ice and bedrock stratigraphy up to a depth of 80 m, suggesting that
these systems could also deliver good results on Mars. Furthermore, the potential presence of brines has been
reported on the Red Planet (Zent et al., 1990), which were also highlighted in Antarctica by extensive GPR meas-
urements (Dugan et al., 2015; Forte et al., 2016). Promising GPR results were also obtained by the WISDOM
test on the Svalbard islands, where reflectors representing stratigraphic units were imaged down to 6 m depth
using a stepped-frequency transmitting antenna with a broad frequency range of 500 MHz to 3 GHz (Ciarletti
et al., 2011). Moreover, the integration of autonomous GPR mounted on rovers has been proven to be successful
and useful with existing rover technology (Barfoot et al., 2003), with recent tests in the Atacama Desert showing
positive results for this application, which could be used on the Red Planet (Gunes-Lasnet et al., 2014).

In the 1970s, GPR was first used during the Apollo 17 mission on the Moon to characterize the surface and
interior using frequencies of 5, 15, and 150 MHz (Porcello et al., 1974). Since the beginning of the 21* century
especially, we have seen a new push toward the exploration of the Moon. Different expeditions have applied GPR
to investigate the lunar surface, thus showing the potential of imaging the shallow regolith (Fang et al., 2014),
and have allowed the identification of a complex geological and stratigraphic history along an ~110 m measured
transect (Fa et al., 2015; Xiao et al., 2015; Lai et al., 2016). The Chinese Chang'e 3, 4, & 5 missions demonstrated
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the ability to obtain detailed images of the stratigraphy and geologic properties of the Moon regolith, as well as
the ground properties, showing the possibility of investigating the far side of the Moon (Dong et al., 2021; Leong
& Zhu, 2021; Li et al., 2021; Song et al., 2021; Qian et al., 2021; Zhang et al., 2021). In view of the difficulties
in retrieving ground truth data in such interplanetary missions, care has to be taken not to interpret ambiguous
signal artifacts as real reflections (Li et al., 2018). Given the distance to Mars, the first expeditions only became
possible in the last decade, first with orbiting radars and then with surface missions. Orbiting sounding radar has
already been deployed on Mars for example by the SHARAD mission (Seu et al., 2007) to image the stratigraphy
of the north and south poles (Plaut et al., 2007; Phillips et al., 2008), as well as to distinguish and estimate the di-
electric properties of volcanic depositions within sedimentary bodies (Campbell et al., 2008; Carter et al., 2009).
Additionally, the possible presence of water bodies has recently been detected at the base of the Martian ice
caps using orbiting MARSIS instruments (Orosei et al., 2018). Here, GPR profiles measured between 2012 and
2015 showed relatively high dielectric permittivity (higher than 15), which is compatible with water-bearing
materials. The first applications on the surface of Mars have become effective since the year 2020, with meas-
urements and processing still ongoing as of 2021. The Mars 2020 mission has been using the RIMFAX radar
system with frequencies ranging between 150 and 1200 MHz mounted to the Perseverance rover, with the main
objective of detecting visible layers and assessing the extent and depth of the regolith (Hamran et al., 2015). In
the Chinese Mars mission Tianwen-1, started in July 2020, GPR frequencies ranging between 35 and 1800 MHz
have been deployed through the Zhurong rover, with a focus on detecting potential ground ice (Zhou et al., 2016,
Mallapaty, 2021; Mellon and Sizemore, 2022). Additionally, the WISDOM GPR onboard the Rosalind Franklin
rover, which will land on Mars in 2023, is tasked with searching for biological material and is capable of drill-
ing up to 2 m in depth (Ciarletti et al., 2011; Oudart et al., 2021). This system was successfully tested both in
dry environments (Atacama Desert and Mount Etna) and in cold environments (glaciers in the Alps) (Ciarletti
et al., 2017; Oudart et al., 2021). Finally, possible scenarios of electromagnetic wave propagation and attenuation
in the subsurface of Mars have already been studied, taking into account the use of different system frequencies in
the presence of electric and magnetic losses as well as heterogeneities within the regolith (Pettinelli et al., 2007;
Hamran et al., 2020; Barkataki et al., 2021; Eide et al., 2021).

As all of these successful studies have demonstrated, for low electrical conductivity environments, geophysical
methods—and in particular GPR—show great potential for subsurface imaging and have the ability to correlate
the obtained physical parameters with both subsurface properties (Dal Bo et al., 2019; De Benedetto et al., 2012)
and geochemical indices (Braun et al., 2009). However, difficulties usually arise in obtaining ground truth data
in hyperarid and desert environments due to the compactness of the soil (sediments) and bedrock, which makes
the interpretation of geophysical data nontrivial (Jol & Bristow, 2003). Therefore, in this paper, we examine the
applicability of EMI methods in hyperarid environments as a complementary method as well as their link with
GPR data (André et al., 2012). EMI is not often deployed in such settings due to the low electrical conductivity
regime, which could potentially lead to unreliable results due to the weak secondary magnetic field generated
by the subsurface (e.g., Altdorff et al., 2017). The correlation of depositional patterns and stratigraphy is crucial
for the identification of the presence and location of water (past and present). Furthermore, the ability to predict
point-scale chemical and physical information is essential to understanding where microbial communities could
be located (Navarro-Gonzalez et al., 2003).

The hyperarid Atacama Desert in Chile is perceived to be a typical Mars-like environment (Navarro-Gonzélez
et al., 2003; Warren-Rhodes et al., 2006; Wettergreen et al., 2005). Within it, the Yungay area near Antofagasta
(Figure 1) has been defined as one of the driest places on planet Earth, with an extreme landscape evolution
(Hartley & Chong, 2002), climate (less than 2 mm of precipitation per year: Berger & Cooke, 1997; McKay
et al., 2003), aggregate distribution (Ewing et al., 2006), and other evidence all pointing to the unsustainability
of life (Wierzchos et al., 2006; Wierzchos et al., 2012). However, even in such extreme conditions, traces of life
exist and can respond to changes in environmental conditions (Jones et al., 2018; Schulze-Makuch et al., 2018),
which suggests the potential of life on other planetary and celestial objects, such as Mars. In particular, the region
is a prime example of the type of microbial activity present on the surface of Mars, due to its extreme aridity and
long-term climate stability (Wierzchos et al., 2006; Kuhlman et al., 2008). Furthermore, infrared measurements
showed how the soil spectra in Yungay are very similar to the bright soil regions on Mars (Preston et al., 2013).
The comparability of the analogy between the area of Yungay and the Red Planet can therefore be assumed with
regard to the appearance of the soil, the stratigraphy, geology, and the presence of perchlorates. Therefore, an un-
derstanding of how soil formation and sediment deposition have evolved in Yungay could be used as a proxy for
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Figure 1. a) Location of the Antofagasta region (Chile) marked in red. b) Study area within the Antofagasta region.
c) Antofagasta and surrounding area (Bing Maps ©). d) Details of the study area, where the yellow lines indicate the
geophysical profiles.

similar environments on Mars. Specifically for Yungay, Ewing et al. (2006) showed how aggregate distribution
with depth is related both to climate variation (i.e., small vs. large precipitation events) and grain size distribu-
tion. Ewing et al. (2006) also highlighted the abrupt increment in clay content that could form an impermeable
layer for water infiltration, which in turn could influence salt deposition at a certain depth found in the profile.
Furthermore, they detected other changes with depth, such as bulk density, caused by compaction and aggregate
accumulation.

In this study, we therefore deployed complementary geophysical methods such as GPR and EMI in a TAM con-
text (the hyperarid Atacama Desert). We compared the obtained results with available ground truth data, enabling
upscaling from the point scale toward larger local or regional area-based geophysical information, in an effort
to shed light on the stratigraphy and geology of the regolith. Specifically, we demonstrated the potential of geo-
physical methods for hyperarid environments, allowing optimal ground truth sample locations to be defined for
detailed point-scale characterization. In particular, we used profile information from the Yungay area published
by Ewing et al. (2006) and reported information on depth-related aggregate distribution, extrapolating this point
information to a wider area (~110 x 60 m) surrounding the sampling pit. To enable further validation of the
geophysical signals, an additional second pit was excavated 100 m away from the Ewing pit and sampled in the
framework of the Collaborative Research Project (CRC1211) “Earth — Evolution at the dry limit”.

2. Study Site and Background
2.1. General Study Site Information

The Atacama Desert spans more than 1500 km between the latitudes of 18° S and 28° S, covering 128,000 km? of
Chile between the Pacific Ocean and the Andes (Rundel et al., 2007). The yearly average temperature is between
14.5 and 21 °C (Dillon & Hoffmann, 1997), with an average precipitation of less than 2 mm per year (Ewing
et al., 2006; Houston & Hartley, 2003). This study focuses on the area of Yungay, Antofagasta (Figure 1). Here,
the narrow desert strip located between the Andes on the east and the coastal ridge on the west is known to be
one of the driest places on Earth (Amiran & Wilson, 1973; Navarro-Gonzalez et al., 2003; Ewing et al., 2006).
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Figure 2. a) Sketch of Ewing’s pit (E-pit) with described layers and element distribution. The soil mass and volume change of elements with depth are given for
the most soluble elements (b and c), the intermediately soluble salts (d), and finally the total mass (7) and volume (E) changes, using Zr as an immobile element (e).

Modified from Ewing et al. (2006).

The evolution of this hyperarid environment in the Atacama is caused by the (dual) rain shadow effect (Houston
& Hartley, 2003; Hartley et al., 2005). Moreover, at 1000 m above sea level, a temperature inversion is generated
by the cold Humboldt current that limits the inland influence of ocean moisture (Moreno & Gibbons, 2007). All
these characteristics severely reduce the amount of precipitation in the central plateaus to such an extreme extent
that some locations can be considered to be “Mars-like” (Navarro-Gonzalez et al., 2003). The soil of the Ata-
cama Desert is known to have the highest nitrate accumulation on Earth and is rich in many other rare minerals
(Dunai et al., 2005; Ericksen, 1983). The origin of nitrates and sulfites in the soil has been proven to derive from
atmospheric sources (Michalski et al., 2004). Their accumulation over the desert is due to the absence of water
denitrification and their limited translocation to deeper zones by percolating water (Dunai et al., 2005; McKay
etal., 2003). The study area lies on an alluvial fan surface with a gentle slope (~1%; Ewing et al., 2006) developed
between Quaternary and Pliocene (Marinovic et al., 1995; Sernageomin, 1982). The soil surface is steady over
time and is mostly composed of sand and small amounts of stones (McKay et al., 2003). Visually, the open pits
show an alternation of sand and more clayey layers (Ewing et al., 2006).

2.2. Ewing Pit Profile Description

The Yungay pit excavated by Ewing et al. (2006) was used as one of the two reference locations for our geophys-
ical measurements (see Figures 1d and 2). Briefly, between the surface and a depth of 146 cm, massive sandy
and gravelly layers are present with a small percentage of clay at certain depths (15% between 0 and 2 cm and
11% between 26 and 39 cm). Cracks are visible mainly in the upper part up to a depth of 12 cm and from 122 to
146 cm. Beneath this sandy-gravelly facies, the percentage of clay increases to 29% between 146 and 232 cm in
depth and thin layers of 1-2 mm thickness are detectable. The bulk density has an average value of 1.0 cm™ in the
upper 12 cm, from 1.2 to 1.5 g cm™ between 12 to 102 cm, and below 102 cm the bulk density increases to 1.5 to
1.7 g cm™. The excavated pit shows that gypsum exceeds anhydrite in the upper 39 cm, whereas below this depth
anhydrite exceeds gypsum, which hints that the subsurface is extremely dry. These deposits overlay a zone of
halite and nitrate. Sulfates decrease with depth in the upper 122 cm. Chlorides and nitrates increase sharply at 122
cm and below 146 cm only a small amount of salts have accumulated, which is possibly related to the significant
increase in clay content below that depth in the profile.

2.3. The Jiilich Pit Sampling

Soil samples in the Jiilich pit (see location in Figure 1) were taken every 10 cm up to a depth of 120 cm. The
fraction above 2 mm (gravel) was separated by sieving. Subsequently, the soil samples were dried for 24 h at a
temperature of 105° C. Afterward, the sand fraction between 2 mm and 63 pm was determined by wet sieving,
and the silt and clay fractions were estimated by the pipette method according to the DIN ISO 11277 standard
(determination of particle size distribution by sieving and sedimentation, DIN ISO 11277 (2002)).
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3. Geophysical Methods
3.1. Electromagnetic Induction

EMI tools are equipped with at least one coil, which can act as a transmitter (7x) and receiver (Rx,) alternatively,
or with multiple coils, where Tx and Rx, are separated. A primary magnetic field Hp is generated by a current
I at a frequency f (which can be fixed or variable) in the kHz range from the transmitting coil. The diffusion of
Hp in the subsurface generates an eddy current that triggers a secondary magnetic field, Hs. The ratio between
primary and secondary magnetic fields is measured at the receiving coil. This is directly proportional to the
ground electrical conductivity o [mS/m] in the case of a homogeneous half-space layered model (McNeill, 1980;
Fitterman, 2015). The measured quantity is a bulk value for a particular depth range depending on the distance s
between Tx and Rx, frequency, and orientation of the coils (horizontal- (HCP) or vertical-coplanar loop (VCP);
see McNeill, 1980),’which is known as apparent electrical conductivity, ECa.

4 H;

ECa = —,
os?po Hp

e))

where w is the angular frequency [rad/s] and g is the magnetic permeability [H/m] of the free space. For the raw
EMI data processing, a MATLAB® script was used according to von Hebel et al. (2014) in several steps. First,
a histogram filter was applied to the data, which were further filtered for lateral variation of more than 1 mS/m
between adjacent points. Finally, a moving average filter was applied and the filtered data were interpolated us-
ing an inverse distance weight filter IDW) in SAGA GIS (Conrad et al., 2015). We chose a grid size of 1.5 m,
selecting a quadratic equation for the weights, with a maximum distance of 60 m and a maximum number of 50
points per cell of the grid, which produced a smooth result by filtering the remaining local outliers (Hengl, 2009).

3.2. Ground Penetrating Radar

GPR systems are typically equipped with a transmitting antenna and a receiving antenna. Electromagnetic waves
propagate from 7x and a reflected signal is measured by Rx whenever an electromagnetic contrast is present in
the physical properties of the subsurface (Annan, 2005; Jol, 2008). There are three main types of GPR: impulse,
stepped frequency, and frequency-modulated continuous wave. Here, we focus on impulse GPR systems. The
main physical parameters that influence the GPR signal are the relative dielectric permittivity e, (ratio between
the medium dielectric permittivity, ¢, and the free space dielectric permittivity, £,) and the electrical conductivity
o [S/m], whereas the magnetic permeability ;2 [H/m] can often be assumed to be equal to the permeability of the
free space, and therefore neglected (Jol, 2008). Dielectric permittivity and electrical conductivity are associated
with two key wave field properties, velocity v [m/s] and attenuation « [dB], which can be approximated for high
frequencies and for low-loss and non-magnetic media with:

v= N= @)

and
u
-, 3

where c is the velocity of light in the free space [m/s]. The transmitted EM wave of impulse GPR systems has a
dominant central frequency f, with a certain bandwidth, while commercial antennae have a range of 20 to 2000
MHz (Jol, 2008). This is directly related to the wavelength of the emitted signal, which can be approximated in
free space as 4 = v/f. At higher frequencies, the resolution obtained is higher, whereas the signal penetration is
shallower. Therefore, a trade-off between penetration depth and resolution is necessary depending on the envi-
ronment and on the study goals (Jol, 2008). For surface GPR applications, two types of measurement setup are
commonly applied. Common offset profiles (COPs), where the Tx and Rx are moved along the surface with a
fixed offset between them, can detect spatial variations of reflectivity and hence subsurface structures. This sur-
vey geometry can be applied quickly at field scale to derive structural information. To link the COP to depth, in-
formation on the velocity of the medium needs to be known or identified, either by using hyperbolic events in the
COP data or by performing point GPR measurements, which are time intensive to measure manually. Such point
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measurements are either called common-midpoint (CMP) or wide-angle reflection/refraction (WARR) measure-
ments and collect multiple offset gathers, which allow propagation velocity in the subsurface to be determined.
While CMP measurements increase the distance between the T'x and Rx stepwise with a common midpoint, with
WARR measurements the Tx is fixed at one location and the distance of the Rx antennae is increased stepwise, re-
sulting in a different midpoint for each measurement. It should be noted that WARR measurements are simpler to
collect than CMP gathers, which are in contrast more accurate when dealing with complex subsurface structures.

We performed both GPR measurements using COPs to detect spatial variations and WARR measurements to
obtain point-scale velocity distribution at numerous locations. The GPR data were processed using MATLAB®.
For COP GPR profiles, a standard routine was applied, including dewow, time-zero correction, a frequency fil-
ter, an energy decay recovery function, a median filter, and time-to-depth conversion (Jol, 2008). For the depth
conversion, we used the estimated velocity provided from the WARR data. We further calculated instantaneous
attributes (envelope, cosine of the phase, and instantaneous frequency) for each COP to enhance the interpretation
of the signal (Gross et al., 2003). In particular, we used the instantaneous amplitude (envelope), which gives a
quantitative estimate of the subsoil reflectivity independently of the phase (Forte et al., 2012). The calculated
analytical signal (u(?)) from the measured trace is given by:

u(t) = A@t)e’*®, “4)

where A(t) is the envelope and 6(¢) is the instantaneous phase. The WARR data were analyzed using a normalized
semblance approach (Heincke et al., 2006; Van der Kruk et al., 2010), which is a very common method for per-
forming a velocity analysis of the signals (for more details, see Dal Bo et al. (2019)). Both linear and hyperbolic
moveouts were combined to infer the velocity of the ground wave and reflections, respectively.

In order to extrapolate the strongest amplitudes of the GPR data in 3D, we used the envelope data starting from
the GPR COPs in a similar approach to De Benedetto et al. (2012) and André et al. (2012). First, the envelopes
of all measured GPR COPs were calculated using Equation (4). The air and ground waves were then muted, and
an amplitude threshold was applied to the normalized envelope data. Amplitudes below this threshold were re-
moved. Each point passing the threshold was assigned a set of x, y, and z coordinates, where the latter represents
the distance calculated using the average velocity from the WARR data. A surface was then fitted through the
3D cloud of points using a locally weighted nonparametric regression method with a number of points k = 50 at
each regression step (LOWESS; Cleveland, 1981). The mean square error was used to determine both the ideal
number of points k and the final surface. The unsupervised point extraction method is less time consuming and
less subjective to errors than handpicking the points in a supervised fashion, although it might only be indicative
of where the main dielectric permittivity boundary is located, as the envelope only indicates locations of strong
reflectivity, and not the precise onset of the reflection. Therefore, the reliability of the surface obtained needs to
be tested. For this reason, the onsets of the high-amplitude reflections were handpicked in each GPR COP to cali-
brate the defined threshold in the unsupervised method. Pearson’s correlation coefficient r was used to determine
whether the amplitude threshold was acceptable. By maximizing r, we assumed that no noise was picked up in
the unsupervised approach, and hence the extrapolated surface was accepted. Otherwise, the threshold filter was
adjusted, and the unsupervised surface was calculated again.

3.3. EMI and GPR Setup

EMI and GPR methods were deployed on a 110 x 60 m (0.66 hectare) grid of inlines (southwest to northeast)
and crosslines (southeast to northwest) including the positions where the two pits were excavated (Figure 1). SW
to NE profiles were measured every 3.5 m, while the crossing lines (SE to NW) had a spacing of 5 m. In total,
25 profiles were measured with EMI and GPR. For the EMI measurements, the MiniExplorer (GFinstruments,
Brno, Czech Republic) equipped with a transmitting coil with a frequency of 30 kHz was used. The instrument
has 3 receiver coils at distances of 32, 71, and 118 cm from the transmitter, respectively. The same transects were
measured in both HCP and VCP modes, which delivered depths of investigation (DOIs) of 0-1.5x and 0-0.75x
the distance of the coils, s, respectively. For the GPR measurements, 500 MHz and 1000 MHz pulseEKKO
antennae (Sensors & Software Inc, Mississauga, Canada) in COP were used. These antennae emit a pulse with
the above-mentioned center frequencies in air. It should be noted that the center frequency of the measured data
in the soil is lower than the emitted one. Additionally, WARR measurements were performed at three positions:
near the E-pit (Ewing et al., 2006), in the middle of the grid, and near the J-pit (Figure 1). For the 500 MHz
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Table 1 measurements, we used a time window of 100 ns, a step size of 5 cm, and a
Grain Size Distribution of the J-Pit at the Yungay Study Site. Note that the sampling rate of 0.2 ns; while for the 1000 MHz measurements, we used 40
Gravel Content Was Estimated by Sieving (>2mm) ns, 2 cm, and 0.1 ns, respectively. This enabled us to detect possible lateral
Depth Clay Silt Sand Gravel variations of velocity, convert time into distance in GPR COPs, and estimate
the dielectric permittivity (Equation 2). The geophysical tools were equipped
[m] [%] [%] [%] [%] . . . . . : . .
with a high-precision differential GPS (DGPS, with a maximum horizontal
0-10 14 13 49 25 precision of 2 cm and a maximum vertical precision of 4 cm, Trimble). The
10-20 12 13 46 29 horizontal and vertical precisions reached were 3 and 7 cm, respectively.
20-30 8 14 46 31
30-40 7 14 45 33 4. Results
40-50 5 35 28 3 I R
4.1. Particle Size Depth Distribution in the Jiilich Pit (J-Pit)
50-60 e e i 44
6070 15 14 26 45 The J-pit contained between 25 and 55% gravel, except at a depth of between
70-80 21 21 47 10 70 and 100 cm, where only 10-14% gravel was detected. Sand, silt, and clay
content were relatively stable up to 40 cm depth with 45-49%, 13-14%, and
80-90 4 12 70 14 7-14%, respectively. Between 40 and 50 cm, the silt content increased to 35%
90-100 4 10 71 14 and the sand content decreased to 28%. From 50 to 80 cm, the clay and silt
100-110 3 8 33 55 content increased to 21%. The sand content between 80 and 100 cm depth, at
110-120 3 8 46 43 ~70%, is the dominant grain size fraction. Clay, silt, and sand all decreased

Note. * indicates depth intervals for which the fraction size could not be

estimated due to flocculation.

to approximately 4%, 10%, and 40% of the total mass, respectively. An over-
view of the grain size distribution in the J-pit is provided in Table 1.

The comparison of the grain size distribution between the E-pit (Figure 2)

and the J-pit shows lateral changes in grain size and stratigraphy in the in-
vestigated 6000-m? area. In the E-pit, the bulk density and gravel content change between the uppermost 100 cm
and below. In the J-pit, just 100 m apart, gravel and clay content (and likely also bulk density) change between
50 and 80 cm. These textural differences within the study area might affect the measured geophysical properties,
especially as in both cases the clay content increases, whereas the gravel content decreases. Furthermore, the
identified interface between the B and C horizons, which appears at different depths in the two pits, could also
generate a distinct signal in the geophysical data. At the E-pit, it is described at 146 cm, whereas for the J-pit it
was delineated at 90 cm depth.

4.2. EMI and GPR Results

In general, low values of electrical conductivity up to 5.5 mS/m were measured by EMI, which are due to the
hyperarid environment (almost absent water content) in the study area. Although this might limit the reliability
of EMI measurements, relative ECa values can provide qualitative information about the subsurface patterns
(Figure 3). Furthermore, the EMI data show an increase in ECa with depth of investigation (DOI). Here it should
be noted that the first row in Figure 3 shows the EMI measurements in a VCP orientation, while the second row
shows the measurements in HCP mode. For each orientation and coil distance, the DOI is also provided in the
plots. Therefore, the apparent electrical conductivity measured is influenced more by deeper structures when
moving from left to right. As can be seen for the VCP118 (Figure 3c), HCP71 (Figure 3e), and HCP118 (Fig-
ure 3f) configurations, a relatively higher conductive area (4 to 5.5 mS/m) is present around the E-pit (Figure 3)
compared to the location of the J-pit (1 to 4 mS/m). As the DOI increases from Figure 3a and ¢, and from d to f,
the ECa range has more variability for deeper investigation depth and more local heterogeneities will be present
(e.g., Figure 3c, e, and f). This is probably due to changes in the subsurface physical properties, both over depth
and laterally.

The detected variability in subsurface physical properties also influences the GPR measurements. Figures 4a
and 5a show the amplitude variability along a 109-m-long transect (profile 02 in Figure 1) measured with 500 and
1000 MHz GPR COPs from the E-pit to the J-pit. In the radargram, high-amplitude regions are visible for both
frequencies at different times (depths) along the profile. High-amplitude reflections (sometimes continuous) in
the interval 15 to 25 ns between positions 0 and 25 m (SW) can be detected dipping up and attenuating toward the
end of the profile at positions between 80 and 109 m (J-pit). By acquiring WARR measurements at the beginning,
middle, and end of profile 02 (Figure 4a, b, and c, respectively), clear reflections could be found at earlier times
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Figure 3. Measured ECa values after inverse distance weight (IDW) interpolation for VCP (a—c) and HCP (d-f) configurations. The DOI is indicated above each plot.
The red dots indicate the positions of the E-pit (SW) and the J-pit (NE). The red line indicates profile 02 (Figure 1).

(shallower depths) toward the J-pit, indicating changes in the subsurface physical properties between the two
positions. In particular, the upper reflections probably represent the onset of the strong amplitudes visible in the
profiles. However, discrepancies between COPs and WARRs arise from the relative position of the transmitter
and receiver in the latter measurements, especially when the physical interfaces are not fully horizontal. For this
reason, the direction of the WARRs is indicated at the top of Figures 4a and 5Sa.

The same trend of stronger amplitude attenuation and earlier velocity transition is also visible in the 1000 MHz
GPR COPs and WARRs moving from the E-pit to the J-pit (Figure 5). However, while in the 500 MHz GPR data
the penetration depth is most likely hampered by global attenuation processes (Jol, 2008) due to the presence of
clay in the regolith (Ewing et al., 2006 and Table 1), in the 1000 MHz GPR data the resolution plays a major
role in the attenuation, as both ohmic and scattering losses are higher (intrinsic attenuation; see Jol, 2008). The
crossline data for the two pit positions (Figures 4e and f, Figures Se and f) agree with the reflections visible in the
inline measurements (Figures 3a and 5a). Especially in profile 04, high-amplitude reflections are present between
15 and 25 ns, which gently dip up from the transect position between 15 and 5 m (Figure 4e). Reflections are also
visible in profile 10 (Figure 4f). Here, earlier travel times (at about 10 ns) can be found with weaker amplitudes
compared to those of profile 04. Generally, the combination of all the measured COPs shows a common trend
with stronger attenuation in the GPR amplitude values toward the northeast part of the area (J-pit) as reflections
are found at earlier travel times.

By applying a LOWESS algorithm to the GPR envelope of the 500 MHz (Figure 6a) and 1000 MHz (Figure 6b)
measured data, we aimed to extrapolate the high-amplitude signals in 3D. Here, the two pits are indicated with
blue (E-pit) and orange (J-pit) dots. In both cases, the depth scale of the surface spans between 70 and 110 cm.
Both reflecting layers are deepest in the vicinity of the E-pit, whereas the shallower values were detected at the
position of the J-pit. In between the two pits, the reflection layer shows different features between the two fre-
quencies used. The 500 MHz reflection layer (Figure 6a) shows a smooth transition to a peak (at about 40 to 60
m along the east) and a trough (at about 60 to 80 m along the east direction), before dipping up toward the J-pit.
On the contrary, the reflection layer calculated from the 1000 MHz data (Figure 6b) shows an abrupt transition
to shallower depths (at about 40 cm along the east direction), and the trough is not as evident as for the 500 MHz
data (here at about 60 m along the east direction). Generally, the two reflection layers calculated greatly resemble
the amplitude variations already visible in the GPR COPs and envelope profiles, with an obtained R? and RMSE
of 0.23 and 0.16 for the 500 MHz data and 0.21 and 0.17 for the 1000 MHz data.
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Figure 4. a) GPR COP profile 02 measured with 500 MHz GPR antennae and corresponding WARR measurements at b) the E-pit, ¢) the middle of the grid, and d) the
J-pit. The direction of the WARR measurements is indicated by yellow (transmitter) and green (receiver) dots. Blue lines indicate the picked air wave, ground wave, and
reflections visible in the semblance, where the corresponding velocities are indicated. Crossing GPR lines are shown e) at the E-pit and f) at the J-pit, where profile 02

crosses profile 04 and profile 10, respectively (see Figure 1). Note that the air wave has been muted.

5. Discussion

5.1. Comparison Between Geophysical Observations and Ground Truth Data

As shown above, EMI and GPR displayed variability in ECa and amplitude, respectively, in the Yungay area (see
Figures 3, 4, and 5). While EMI showed that there are differences in the apparent electrical conductivity within
the study site (Figure 3), GPR was able to quantify these differences by analyzing the reflectivity patterns in 3D.
In general, changes in horizontal and vertical apparent electrical conductivity were attributed to differences in
subsurface clay content between the two pits (E-pit and J-pit, see Figure 2 and Table 1). At the same time, the
amount of fine material (especially clay content) is also responsible for the attenuation of the GPR signal (Jol &
Bristow, 2003). By comparing Figure 2 (Ewing et al., 2006) and Table 1 with the profiles measured with 500 and
1000 MHz GPR (Figures 4 and 5), it can be clearly seen that the increasing clay content at shallower depth at
the J-pit (50 to 70 cm) compared with the E-pit (120 to 146 cm) limits the penetration of electromagnetic waves.
On the other hand, the amplitude contrasts in the GPR profiles can be interpreted as being caused by changes in
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Figure 5. a) GPR COP profile 02 (see Figure 1) measured with 1000 MHz GPR antennae and corresponding WARR measurements at b) the E-pit, ¢) the middle of the
grid, and d) the J-pit. The direction of the WARR measurements is indicated by yellow (transmitter) and green (receiver) dots. Blue lines indicate the picked air wave,
ground wave, and reflections visible in the semblance, where the corresponding velocities are indicated. Crossing GPR lines are shown e) at the E-pit and f) at the J-pit
where profile 02 crosses profile 04 and profile 10, respectively (see Figure 1). Note that the air wave has been muted.

grain size distribution, bulk density, and layering. To gain a deeper insight into the subsurface from GPR data,
we proposed an approach to extrapolate the strong amplitudes measured by applying an LOWESS algorithm to
the 500 and 1000 MHz filtered envelope data (Figure 6a and b, respectively; see André et al., 2012; De Benedetto
et al., 2012). This resulted in two calculated reflection layers, which were in good agreement with those detecta-
ble in the GPR profiles (Figures 4 and 5). However, although the trend obtained mirrors the changes in grain size
distribution and stratigraphy obtained from sampling and visible inspection of the pits, the LOWESS interfaces
are slightly off the real depth of the layers delineated in the pits. This shift is most likely due to the applied work-
flow, as the sampled envelope data could differ from the real maxima visible in the GPR profiles. Furthermore,
the emitted wavelet is not a pulse but a signal with a specific wavelength (Jol, 2008), and therefore the reflection
layers on GPR profiles are visible as intervals of positive and negative amplitude peaks rather than as single
points in the time/depth domain (Jol, 2008). This can introduce further uncertainties in linking soil physical
properties to geophysical signals. The LOWESS algorithm applied was also used to generate a smooth result in
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Figure 6. Reflection layer obtained from a) 500 MHz GPR and b) 1000 MHz GPR measurements using an amplitude
threshold on the envelope data. The depth spans between 0.7 and 1.1 m for both reflection layers. The two dots indicate the
E-pit (blue) and the J-pit (orange).

order to avoid overfitting (Cleveland, 1981). Consequently, the data from the 500 and 1000 MHz measurements
along profile 02 (see Figure 1) were interpreted to analyze the differences between the reflections visible in the
GPR radargram and the inferred reflection layers derived from the envelope (Figures 7a and b). As stated earli-
er, the reflection layer from the radargram (black line) and the LOWESS approach (cyan line) show a common
trend along profile 02 between the two pits (Figure 7). However, local differences between the two approaches
are present, as the interpreted lines (black dashed lines) better resemble the ground truth variability detectable
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Figure 7. Comparison between interpreted reflection layers (black dashed line) and inferred LOWESS reflection layer (cyan dashed line) in a) 500 MHz and b) 1000
MHz measured GPR data along profile 02 (see Figure 1 for profile location).
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Table 2 in the two pits. This is mainly true for the 500 MHz measured data, where
Correlation Analysis of Geophysical Results. Correlation Analysis of the a good trade-off between resolution and penetration depth can be observed
Obtained Unsupervised GPR Reflection Layer With the Supervised GPR (Figure 7a). On the contrary, the 1000 MHz measured data along the profile
Reflection Layer and EMI Data. The EMI Data Were Correlated Using (Figure 7) show very detailed features in the upper 50 cm but stronger signal

3 Coil Offsets for Horizontal and Vertical Orientation. Note That the
Nomenclature of the EMI Data Indicates the Depth of Investigation. Strong
Correlations Are Highlighted in Bold

attenuation at greater depth. For example, at the position between 30 and
70 m, there are differences between the two approaches up to 20 and 50 cm

Geophysical data

Pearson’s statistic of the unsupervised

depth for both the 500 MHz (Figure 7a) and 1000 MHz (Figure 7b) measured

i) G ol Doy data. Unfortunately, no soil information is available to constrain or verify

the visible signals between the two pits. Overall, establishing a link between

Supervised inferred GPR surface
HCP32 ECa data (DOI ~0-48 m)
HCP71 ECa data (DOI ~0-106 m)
HCP118 ECa data (DOI ~0-177 m)
VCP32 ECa data (DOI ~0-24 m)
VCP71 ECa data (DOI ~0-53 m)
VCP118 ECa data (DOI ~0-88 m)

500 MHz 1000 MHz geophysics and ground truth data at the point scale seems to be fundamental
0.96 0.79 for the interpretation and extrapolation of subsurface features using nonin-
045 0.56 vasive methods as previously stated by Jol and Bristow (2003), Miyamoto
051 0.70 et al. (2005), and Meadows et al. (2006). We tested the difference between

the reflection layers obtained with the LOWESS algorithm and the inter-
057 075 preted reflection layers picked from the radargram (cyan and black dashed
0.09 0.13 lines, respectively; see Figure 7). In the case of both the 500 and 1000 MHz
0.38 0.54 data, there is a strong correlation between the two methods, as the Pearson’s
0.50 0.72 coefficients are 0.96 and 0.79, respectively (Table 2). This indicates that the

unsupervised approach is reliable.

5.2. Extrapolation of Soil Data Toward the Large Scale

As shown above, GPR and EMI can provide suitable maps of subsurface

variations that can be used to define optimal positions for ground truthing, for
example by digging pits or augering (Ciarletti et al., 2011). On the other hand, the classic approach is based on
sampling the subsurface randomly or along grid points, which could mean that not all of the range of subsurface
properties within the study area will be explored, especially if these features are smaller than the grid spacing
of the sampling. Further on, if a link between ground truth data and geophysics is established at the point scale,
a large-scale characterization can be performed, as shown by von Hebel et al. (2014). Obtaining soil cores is a
crucial point for future missions on Mars that deploy GPR, as similar to Yungay, it might be challenging to obtain
ground truth constraints (Hamran et al., 2015; Zhou et al., 2016) despite the fact that drilling devices will be
available on the rovers (Ciarletti et al., 2011).

We used GPR and, secondarily, EMI as proxies for ground truth information, attempting to link the geophysical
data to variations in grain size and stratigraphy in two excavated pits and to determine whether this information
could be extrapolated over the 0.66-ha area measured (De Benedetto et al., 2012). In particular, a surface resem-
bling strong reflection layers was obtained from the 500 and 1000 MHz GPR envelope data by applying a LOW-
ESS algorithm (Cleveland, 1981). As GPR signals could be related to changes in grain size distribution, layering,
and bulk density at the two pits, the delineation of the reflection layer will be a fairly good approximation of these
property changes in depth. To further constrain the result, we compared the unsupervised delineated reflection
layer from the 500 and 1000 MHz measured GPR data with each ECa slice. For deeper depths of investigation
(DOIs), the correlation between the specific coil configuration and the reflection layer deduced from the 500
and 1000 MHz GPR data is stronger (Table 2). In particular, for VCP118 (Figure 3c), HCP71 (Figure 3e), and
HCP118 (Figure 3f), values of 0.50 and 0.72, 0.51 and 0.70, and 0.57 and 0.75 were obtained for the Pearson’s
correlation coefficient for the 500 and 1000 MHz reflection layer depth, respectively. Therefore, the ECa values
for deeper DOIs in the EMI were more evidently influenced by the differences in subsurface properties generating
the reflection layer. One can speculate that the use of larger EMI coil separations and, accordingly, deeper DOIs
will result in higher Pearson’s correlation coefficients between the reflection layer depth derived from EMI and
GPR. This is due to the fact that the changes in soil properties measured at the E-pit and the J-pit would have a
stronger impact on the measured ECa due to both coil separation and configuration sensitivity (McNeill, 1980).
As we have shown, using geophysics prior to drilling will help to determine the most suitable and interesting lo-
cations of changing medium properties, guiding the position for drilling but also minimizing the total number of
drills, and therefore helping to save costs and rover resources. Finally, we showed that the use of complementary
geophysical methods can help to correlate limited point-scale information from only two pits to the EMI and GPR
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signals and to extrapolate the subsurface properties to a larger scale. As a result, this case study could be of help
in terms of applying the same methods to future missions studying the subsurface of Mars.

5.3. Application Limitations of Geophysical Methods on Other Planets

GPR has been successfully applied on several planetary missions, both on the Moon and on Mars; however, EMI
methods are still an uncharted territory in this regard. Despite showing good results on Earth, there might be
several issues with the application of EMI methods on another planet. Firstly, to reach a DOI that allows a good
ECa estimation, very long and bulky tools need to be deployed. Secondly, as rovers are made of metals, interref-
erences between EMI tools and the rovers themselves might be dominant and not negligible if compared to the
signal coming from the subsurface. Lastly, very resistive materials might be present in the shallow soil, similar to
what has been seen in Yungay, which would result in very weak generated currents and, in turn, weak secondary
magnetic fields (Gromov 1999; Khan et al., 2007; Pettinelli et al., 2007).

Another possible issue with geophysical tools mounted on rovers is the capability of carrying out WARR/CMP
measurements. This would require either moving the receiver toward the fixed transmitter or moving both receiv-
er and transmitter toward a middle common point, which seems a daunting job for a rover. For these reasons, the
only feasible way of estimating subsurface velocity in this instance is to use scatterers (i.e., hyperbolas visible in
GPR profiles); although these are less precise than WARRs/CMPs, they do not require additional measurements
(Jacob & Urban, 2015). Another option would be to employ novel approaches based on simultaneous multichan-
nel multi-offset GPR systems (e.g., Kaufmann et al., 2020), which combine the benefits of COP and WARR/CMP
acquisition strategies but require more space on a rover.

6. Conclusions

In this study, we used complementary noninvasive, near-surface GPR and EMI measurements in the Atacama De-
sert, which is known to be an extreme Mars-like environment and proved their suitability for exploring subsurface
changes in grain size distribution and stratigraphy. This study confirms the findings of previous measurements
in dry environments, where GPR showed enormous potential and enabled extensive imaging of the subsurface.
It is well known that the surfaces of the Moon and Mars—depending on the position—have the same character-
istics, and therefore it is likely that GPR will continue to be the to-go tool for reconstructing the stratigraphy of
other planets. In particular, GPR allowed us to fit a surface to GPR envelope data, which made it possible to infer
high-amplitude trends in 3D over the study area. These features were connected at the pit scale to variations in
grain size distribution (changes in clay content) and stratigraphy. By comparing the obtained reflection layers
from different approaches and with ground truth data, we were also able to prove the reliability of the method.
Despite the highly resistive environments, the EMI data showed lateral and vertical ECa variations that could be
interpreted and linked with the GPR and ground truth data. In particular, increased ECa with depth of investiga-
tion (DOI) was interpreted as an effect of increasing clay content over depth. This was more evident at the E-pit,
where the percentage of clay was higher than that at the J-pit and where the clay-rich layers were found at deeper
depths. However, we believe that, where technically possible, EMI should only be used as an auxiliary method.
This study showed that GPR and EMI geophysical methods could successfully be applied in a TAM environment,
potentially opening up applications on the surface of Mars, where similar conditions could be expected.

Data Availability Statement

The data used in this manuscript can be found online (https://teodoor.icg.kfa-juelich.de/geonetwork/apps/
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