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[1] Radar detection of subsurface ice on Mars has been widely debated in part because
the dielectric signature of ice, as deduced from the dielectric constant, can be confused
with dry-silicate-rich materials. To identify the ice dielectric signature, it is crucial to
estimate the imaginary part of the dielectric permittivity inferred from the dielectric
attenuation after removing the scattering loss. Unfortunately, the latter remains poorly
quantified at both Mars Advanced Radar for Subsurface and lonospheric Sounding
(MARSIS) and shallow subsurface radar SHARAD frequencies. To address this
ambiguity, we conducted multiple-frequency ground-penetrating radar and resistivity
investigations in well-characterized temperate permafrost in Fairbanks, Alaska. The area
shows several geomorphologic similarities to midlatitude and high-latitude terrains on
Mars. This approach allowed us to quantify the dielectric and scattering losses in temperate
permafrost over the 10 to 1000 MHz frequency band. At 20 MHz, our results suggest an
average dielectric loss rate of 0.25 = 0.03 dB/m, whereas the corresponding average
scattering loss rate is 0.94 = 0.37 dB/m. The scattering loss was found to represent ~69%
of the total signal attenuation. Considering this result and the study by Heggy et al. (2006a)
in volcanic environments, we revised the interpretation of the attenuation coefficient
calculated from SHARAD data over the Deuteronilus Mensae region and Amazonis
Planitia; we then used the reevaluated dielectric loss to estimate the imaginary part of the
dielectric permittivity. Our results suggest that even if Deuteronilus Mensae deposits and
the Vastitas Borealis Formation may have similar dielectric constants, their imaginary
parts are different. This implies that the two regions have different bulk compositions, with
the former being ice-rich sediments and the latter being nonconsolidated volcanic deposits.
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1. Introduction

[2] Subsurface water on Mars has been the subject of
numerous hypotheses and debates [Kuzmin, 1983; Fanale
et al., 1986; Clifford, 1993; Mellon and Jakosky, 1993,
1995; Clifford and Parker, 2001; Grimm and Painter, 2009;
Clifford et al., 2010], because it has important implications
for the hydrological and climatic evolution of the planet.
Thus, the study of the actual distribution and state of sub-
surface water is one of the high-priority goals of the Mars
Exploration Program [Clifford, 1993]. In this paper, we
discuss permafrost detection with subsurface radar.
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[3] Radar waves are sensitive to variations in the electrical
properties of rocks and to the presence of water (as a liquid
or solid), whether on the surface or in the subsurface. For
these reasons, radar sounders offer among the most prom-
ising geophysical techniques to investigate the distribution
of subsurface water. Two low-frequency sounding radars
are currently probing the Martian upper crust, exploring
potential evidence of subsurface water. The Mars Advanced
Radar for Subsurface and Ionospheric Sounding (MARSIS),
on board the European Space Agency’s (ESA’s) 2003 Mars
Express spacecraft, operates at four 1 MHz wide frequency
bands between 1.8 and 5 MHz [Picardi et al., 2004]. Addi-
tional low-frequency radar investigations have been conducted
by the shallow subsurface radar (SHARAD) on board NASA’s
2005 Mars Reconnaissance Orbiter spacecraft; SHARAD
probes the subsurface using a single 10-MHz-wide band,
centered at 20 MHz [Seu et al., 2004]. SHARAD’s higher
frequency yields a better vertical resolution than MARSIS
(~10-20 m compared with ~50-100 m for MARSIS), but
its maximum sounding depth is shallower. In 2018, these
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orbital sounding investigations will be followed by another,
higher-frequency investigation of the planet’s surface by a
ground-penetrating radar (GPR) mounted on ESA’s Exo-
Mars rover. The Water Ice and Subsurface Deposit Obser-
vations on Mars (WISDOM) instrument is designed to
operate over a much broader and higher-frequency range
(0.5-3 GHz) to investigate the properties of the Martian
shallow subsurface (top ~1-3 m) and provide information
about potential targets for the rover’s onboard drill [Ciarletti
et al., 2009].

[4] Analysis of several years’ worth of radar sounding
data, acquired by MARSIS and SHARAD, has resulted in
the identification of a number of potentially ice-rich terrains
at low latitudes to midlatitudes. For example, Watters et al.
[2007] analyzed the MARSIS data obtained over the
Medusae Fossae formation (MFF; ~130°E-240°E, ~10°S—
10° N) and found that these deposits have a surprisingly low
mean bulk real dielectric constant, ~2.9 + 0.4, consistent
with either an ice-rich material or volcanic ash deposit. This
result has been confirmed by a similar analysis of SHARAD
observations over this same area [Carter et al., 2009].
Putative large ice-rich masses have also been detected by
SHARAD over the Deuteronilus Mensae area (40°N—51°N,
14°E-35°E), associated with lobate debris aprons (LDAs)
[Plaut et al., 2009]. Those recent results are important for
climate evolution study but remain ambiguous. Indeed,
radar detection of Martian subsurface ice is not trivial and
remains poorly constrained.

[5] The ice dielectric signature, as expressed by the
dielectric permittivity’s real part (~3.15-3.18), cannot be
distinguished from that of porous low-loss silicate materials
such as volcanic ash or loose, dry sediments. Therefore,
analysis of Martian radar sounder data needs to take into
account the dielectric permittivity’s imaginary part to uniquely
identify subsurface ice signature. Moreover, Martian radar
sounder data analyses do not consider scattering pheno-
menon, which depends on the degree of heterogeneity of
the sounded subsurface and accounts for a part of the total
calculated radar signal loss. Hence, the identification of sub-
surface ice in the GPR data is constrained by our under-
standing of the dielectric and scattering losses arising from the
dielectric complexity and structural heterogeneity of the
Martian subsurface.

[6] To better constrain those results, analog terrains need
to be investigated to well characterize the radar signal
behavior on an ice-rich environment. Although some GPR
surveys have investigated these properties in Mars-analog
volcanic terrains [Paillou et al., 2001; Grant et al., 2004;
Grimm et al., 2006; Heggy et al., 2006a, 2006b] and per-
mafrost terrains [Arcone et al., 2002; Leuschen et al., 2003;
Yoshikawa et al., 2006], the complexity of the different loss
mechanisms remains poorly constrained.

[71 To address this deficiency, we conducted multifre-
quency GPR and resistivity investigations in an analog of
Mars permafrost terrain, located ~21 km north of Fairbanks,
Alaska (central interior region of Alaska; Figure la; the
analogy is discussed in section 2.2). Beyond the presence of
frozen ground, the area also possesses several geomorpho-
logical similarities to some regions of Mars, including pat-
terned ground [Boike and Yoshikawa, 2003] and pingos
[Yoshikawa et al., 2006]. The surveys were performed in an
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area known as Vault Creek (north of Fairbanks; Figure 1b).
The site includes a 200 m long mine (Figure 1c) that reaches
a maximum depth of 40 m and provides an opportunity to
visualize the differences in subsurface lithology, composi-
tion, stratigraphy, and structural heterogeneity. We used
four different antennas (at central frequencies of 40, 270,
400, and 900 MHz) to collect data along the same profile,
allowing us to study the frequency dependence of the
attenuation mechanisms over a wide frequency band. The
resulting data have helped characterize and quantify the dif-
ferent frequency-dependent loss mechanisms (mainly scat-
tering and dielectric attenuations) that affect the propagation
of radar signals in temperate permafrost. We conducted this
study and we used other analog investigations [Grimm et al.,
2006; Heggy et al., 2006a] to allow us to remove estim-
ated scattering loss from the measured Martian radar signal
loss. Subsequently, we can obtain a revised dielectric atten-
uation coefficient and infer the imaginary part of the dielec-
tric constant. This, in turn, should assist in understanding
and constraining the ambiguities associated with the low-
frequency GPR identification and mapping of subsurface ice
in the Martian midlatitudes.

2. Site Description and Analogy

2.1. Geology of the Vault Creek Site

[8] The Fairbanks area is in the discontinuous permafrost
zone, which means that 50% to 90% of the subsurface is
frozen. It is located in the central interior of Alaska,
approximately 420 km north of Anchorage (Figure 1a). This
region has a subarctic climate that, in some areas, permits
the survival of temperate permafrost (ground temperature
between —1°C and 0°C) throughout the year, beneath an
active layer that is ~0.5—-1 m deep (i.e., the depth to which
the near-subsurface undergoes seasonal freeze or thaw)
[Arcone and Delaney, 2003; Marchenko et al., 2008]. In the
Vault Creek area (the site investigated in this study), the
permafrost extends to a depth of ~120 m (this depth is
from borehole U63 from the Global Terrestrial Network for
Permafrost), below which the local geothermal gradient
results in subsurface temperatures that rise above freezing.
Our GPR and resistivity surveys were conducted during the
first two weeks of March 2008, when the ground, including
the active layer, was totally frozen.

[s] The field site is along an unvegetated trail above a
gold mine located along Vault Creek, close to the mouth of
Treasure Creek (Figures 1b and 1c). The Vault Creek valley
presents different periglacial landforms, such as collapsed
pingos [Newberry et al., 1996] and possible thermokarst
depressions filled by water. The mine is a 200 m long tunnel
that angles down from the surface and reaches a maximum
depth of 40 m, providing opportunities to conduct sounding
investigations both over and within the mine. Figure 2
shows an inferred stratigraphic column of the Vault Creek
site (obtained from stratigraphy observed inside the tunnel)
down to the maximum depth reached by the tunnel. The
bedrock is composed of eclogite-bearing schist amphibolites
overlain by ~30 m of reworked creek gold-bearing gravel
[Péweé, 1955; Sellmann, 1967]. An ~10 m layer of aeolian
and retransported silt overlies the creek gravel layer. The
composition and lithology of the different layers discussed
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Figure 1. (a) Map of the state of Alaska (© 2007-2011 Daniel Dalet, http://d-maps.com). (b) Enlarge-
ment of the Fairbanks area. The geophysical survey was conducted at the Vault Creek site, north of Fair-
banks (http://seamless.usgs.gov/). (c) 5 m orbital visible image of the Vault Creek site. Google Earth
imagery © Google Inc. and DigitalGlobe, Inc. Used with permission.

below are based on different studies performed in the Cold
Regions Research and Engineering Laboratory (CRREL)
permafrost tunnel, located 9 km southeast of our tunnel.
[10] The Fairbanks silt layer consists of 50%—70% silica
by weight and of 15%—-20% potassium feldspar (e.g., ortho-
clase) [Péwe, 1955; Arcone et al., 2008]. A recent detailed
study of the Fairbanks silt mineralogy [Arcone et al., 2008]
indicates that it is composed of 17% clays (kaolonite, illite,
and montmorillonite). This value is greater than the one in the
study by Newberry et al. [1996], which suggests a clay
content lower than 10%. The presence of clays increases the
total Fairbanks silt-specific surface area (54.7 m*> g ' [Arcone
et al., 2008]) and thus increases the adsorbed water (also
often referred to as unfrozen water) content. The silt contains
a large-volume fraction of ground ice. A precise geologic
study realized in the CRREL permafrost tunnel indicated
54%—79% by volume of ice in the Fairbanks silt [Sellmann,
1967]. The amount of ice in the silts of the Vault Creek tunnel
is likely similar because the mean temperatures of the per-
mafrost are close (—0.6°C and —0.7°C). The ice is in three

forms: (1) small lenses, millimeters to centimeters thick and
meters wide, (2) massive ice wedges up to a few meters in
scale (in the Vault Creek site tunnel, we observed those
cryostructures also in the gravel layer), and (3) disseminated
ice. Thus, even if the silt presents a homogeneous grain size
distribution (from a few micrometers to 100 yum) [Péwé,
1955; Arcone et al., 2008], the presence of ice wedges and
lenses in this layer introduces an important heterogeneity at
different scales. Moreover, adsorbed water migrates toward
ice wedges and lenses in the Fairbanks silt layer. The Fair-
banks silt sampled in the CRREL tunnel contains ~1.5%—
7.5% organic matter [Sellmann, 1967]. As Fairbanks silt is
the same geological entity [Newberry et al., 1996] in the
CRREL tunnel and at the Vault Creek site, we assume that
Vault Creek has the same amount of organic matter. This
organic material introduces dielectric heterogeneities inside
the silt layer and generates scattering on the GPR signal at the
high-frequency bands. Moreover, the Vault Creek site is
covered by vegetation. Nevertheless, the surveys were per-
formed along an unvegetated trail to avoid any clutter on
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Figure 2. Lithologic cross sections of the subsurface at the
Vault Creek site subsurface observed in the 40m deep tun-
nel. The ice-rich Fairbanks silt is composed of 17% clay
minerals [Arcone et al, 2008] and 1.5%-7.5% organic
matter [Sellmann, 1967]. Ice in the Fairbanks silt and gravel
layers is in the form of polarimetric ice wedges and centi-
meter-thick segregation lenses, as shown by symbols
represented in the different layers of the cross section.

the signal, which can be generated by a layer of organic
material. All but the top ~0.5-1.5 m of this stratigraphy is
perennially frozen.

2.2. Analogy of the Fairbanks Area to Martian
Permafrost

[11] Various studies have highlighted the geomorphologic
similarities between some landforms and surface features
present on Mars and those found in ice-rich permafrost and
periglacial environments on Earth; these features include
patterned ground, pingo-like features, LDAs, and evidence
suggestive of the interaction between volcanism and ground
ice [Carr and Schaber, 1977; Rossbacher and Judson, 1981,
Lucchitta, 1981, 1985; Mouginis-Mark, 1985; Squyres and
Carr, 1986; Carr, 1986, 1996; Squyres et al., 1992; Hiesinger
and Head, 2000; Head et al., 2003; Mangold et al., 2004;
Costard et al., 2007]. For this reason, studies of terrestrial per-
mafrost and periglacial environments are of great interest for
understanding the potential physical and electromagnetic
properties of water and ice in the Martian subsurface [Farr
et al., 2001; Farr, 2004]. Alaska hosts a wide variety of
permafrost and periglacial landforms (e.g., glaciers, ice wed-
ges and lenses, polygonal terrains, thermokarst, and pingos),
which has led to its recognition as one of the terrestrial peri-
glacial analogs of Mars [Kargel et al., 1993; Farr et al., 2001;
Farr, 2004; Arcone et al., 2002]. The area around Fairbanks,
Alaska, offers a case study of such terrains, which are readily
accessible with minimum logistical concerns.

[12] While the geomorphic similarities between Martian
cold-climate features and their terrestrial counterparts are
readily apparent, the similarity between their physical and
geophysical characteristics is less clear. Indeed, the range of
mean annual temperatures on Mars, from a high of ~218 K
at the equator to as little as 150 K at the poles, could
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potentially result in a lower volumetric content of adsorbed
water and consequently less radar attenuation by conduction
and dielectric relaxation. However, empirical studies have
demonstrated that such films remain unfrozen on mineral
surfaces down to temperatures lower than the freezing point,
273 K [Anderson et al., 1967; Anderson and Tice, 1973],
particularly in the presence of potent freezing-point-depressing
salts [Banin and Anderson, 1974]. Indeed, compositional
studies of the Martian regolith suggest that it is salt rich,
including freezing-point depressors such as sodium chloride,
calcium chloride, and magnesium perchlorate [Brass, 1980;
Clark and Van Hart, 1981; Burt and Knauth, 2002; Fairén
et al., 2009; Hecht et al., 2009], which have freezing points
at their eutectics of 252, 218, and 203 K, respectively. Thus,
salts in the Martian subsurface could result in the presence
of adsorbed water even at the low Martian surface tempera-
ture [Pommerol et al., 2009; Stillman et al., 2010]. Moreover,
on Mars, the diffusion of water vapor across the regolith
[Clifford et al., 2010] may produce adsorbed films of water
around the soil particles, especially if the soil is salt rich [Zent,
2008]. This hypothesis has been confirmed by a quantitative
study on Martian regolith analogs [Pommerol et al., 2009].

[13] For a specific surface area of ~17 m? g ' for the
Martian regolith, as determined by Ballou et al. [1978] from
the Viking 1 landing site physical properties (indicative of
clays in the Viking 1 soil composition in Chryse Planitia
at 22.48°N, 47.97°W), ice-rich permafrost on Mars would
contain an appreciable volumetric content of adsorbed water,
similar to that of terrestrial temperate permafrost. As men-
tioned in section 2.1, the Fairbanks silt is 17% clays [Arcone
et al., 2008], which are mainly kaolinite, montmorillonite,
and illite. Those phyllosilicates have also been detected at
different places in the Martian regolith [Poulet et al., 2005;
Bibring et al., 2006; Mustard et al., 2008].

[14] Ice wedges that can be observed in the subsurface
of the Vault Creek investigation site (see section 2.1) have
also been directly and indirectly observed on Mars. Indeed,
ice wedges are residues of polygonal fractures filled by ice,
and much polygonal ground has been observed on Mars
[Mutch et al., 1976; Lucchitta, 1981; Head et al., 2003;
Yoshikawa, 2003; Mangold, 2005; Smith et al., 2007; Mellon
et al., 2008; Levy et al., 2009].

[15] In section 6, we consider the implication of our
result on the Martian radar data analysis, especially on the
SHARAD data analysis over the LDAs in the Deuteronilus
Mensae area [Plaut et al., 2009]. The validity and limita-
tion of the analogy between the Vault Creek site and
the Martian area of Deuteronilus Mensae are discussed
below. Deuteronilus Mensae (centered on 40°N and 20°E) is
located in the range of latitude (35°-50°) where ground ice
is hypothesized to be stable at a few meters deep [Squyres
and Carr, 1986]. This hypothesis is supported by radar
sounding observations [Plaut et al., 2009] and by observation
of several morphologies associated with ice-rich subsur-
faces [Squyres, 1978; Mangold, 2003]. Indeed, the formation
of LDAs and fretted terrains observed by the Viking cameras,
Mars Orbiter Camera, and recently the High Resolution
Imaging Science Experiment (HiRISE) have been suggested
to be driven by the sublimation of ground ice (guided by
heterogeneities like subsurface fractures) [Squyres, 1978,
1979; Mangold, 2003; Head et al., 2006]. The amount of ice

4 of 16



E11003

Figure 3. Polygon terrain observed in Deuteronilus Mensae.
Detail of HiRISE image ESP 015944 2225 (resolution:
25 cm/pixel) centered on 42.2°N and 18.4°E (Courtesy:
NASA/JPL/Caltech and the University of Arizona). The loca-
tion of this terrain corresponds to the location of Figure 2
[Plaut et al., 2009].

in the LDAs needs to be higher than ~30% to explain the
deformation observed in this area [Mangold et al., 2002].
Thus, the value could be comparable to one of the Fairbanks
silts (~50%—70%) but the exact amount of ice in LDAs is still
controversial [Plaut et al., 2009]. Bibring et al. [2006] sug-
gested the occurrence of phyllosilicates in the Deuteronilus
Mensae area. Similar to Fairbanks silts, the presence of
phyllosilicates increases the surface-specific area of the
Deuteronilus Mensae subsurface and consequently increases
the amount of adsorbed water that can be stored in the LDAs.
This amount could be increased by the presence of salt in the
subsurface [Stillman and Grimm, 2011], even at the Martian
low temperature (~210 K at Deuteronilus Mensae latitudes)
[Mellon and Jakosky, 1993]. Thus, we can reasonably
hypothesize that the Deuteronilus Mensae subsurface may
generate radar signal dielectric attenuation because of the
presence of adsorbed water in a fashion similar to the Fair-
banks silts.

[16] Other landforms related to an ice-rich subsurface
can be observed on the Vault Creek site, such as collapsed
pingo [Newberry et al., 1996] and possible thermokarst
formations. Those features have been widely observed and
studied on Mars [Costard and Kargel, 1995; Soare et al.,
2007; Burr et al., 2009; Lefort et al., 2010; Séjourné
et al., 2011]. HiRISE images revealed the presence of
pingos [Dundas and McEwen, 2010] and polygon terrains
(Figure 3) in Deuteronilus Mensae. Thus, the Deuteronilus
Mensae subsurface is certainly composed of ice hetero-
geneities like the ice wedges on the Vault Creek subsurface.
The heterogeneity degree of the Deuteronilus subsurface
is also important because the ground is intensely fractured.
[Mangold, 2003].

[17] The above discussion suggests that even if the analogy
is not perfect (different ice content, different composition),
the Vault Creek site has a substantial geomorphological and
geophysical analogy to the Martian midlatitude terrain of
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Deuteronilus Mensae. Hence, terrestrial cold-climate environ-
ments are better analogs of Mars than temperature considera-
tions alone might suggest.

3. Survey Setup

[18] The GPR and resistivity investigations were per-
formed in March 2008, along a trail located above the Vault
Creek gold mine tunnel to allow correlation between the
radar’s loss signal and the ground resistivity.

3.1. Resistivity Survey

[19] A two-dimensional resistivity electrical resistivity
tomography (ERT) profile was performed using the SYSCAL
Pro Switch system manufactured by IRIS Instruments,
Orléans, France. In the ERT method, an electric current (/)
is injected and received between the outer electrodes, and a
potential difference (V) is measured between the inner
electrodes [Yoshikawa et al., 2006]. Then, an apparent
resistivity p, is calculated from

o =2maV/I, (1)

where a is the distance between the electrodes. For the
acquisition along the radar traverse, we deployed 24 elec-
trodes, spaced at 5 m intervals. We selected the Wenner
electrode configuration for its accurate horizontal resolution
[Reynolds, 1997]. For the Wenner measurement protocol,
the SYSCAL Pro Switch unit automatically selects the
injection and measurement electrodes sequence. The mini-
mum electrode spacing was set initially at 5 m and increased
progressively to measure more deeply. Each measurement
was repeated over six acquisition cycles to obtain a standard
deviation (measurement quality factor) lower than 1% of the
measured value. The processing and analysis of the field-
acquired data are detailed in section 5.1.

3.2. GPR Sounding

[20] The GPR surveys were conducted using the com-
mercial SIR-3000 system manufactured by Geophysical
Survey Systems, Inc. (GSSI), Salem, New Hampshire. In
order to understand the frequency dependence of dielectric
and scattering losses over a frequency range wide enough to
cover current and future radar subsurface probing experi-
ments, we used four different radar sounding antennas with
manufacturer-designated pulse center frequencies of 40,
270, 400, and 900 MHz (of which only the 40 MHz is an
unshielded antenna). When the bandwidths of the above-
cited antennas are combined, they provide continuous
radar subsurface backscatter echo measurements from 30 to
1100 MHz. During the acquisition, the antennas had opti-
mized contact with the ground to reduce surface coupling
loss. The 270, 400, and 900 MHz antennas were closely
placed in a single unit and were virtually in a monostatic
mode, whereas the 40 MHz antennas were more widely
separated (1.9 m) in a bistatic mode. For the 40 MHz
antenna profile, the data were acquired in point mode at 1 m
intervals; whereas the 270, 400, and 900 MHz profiles used
a continuous mode and acquired a single radar trace per
centimeter. For the four GPR surveys, data were acquired
with the same time range sampling of 1024 (16 bits). The
sounding echo range was set to 1000 ns (with a time
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Figure 4. (a) Radargram of the 40-MHz antenna survey. As it was acquired in point mode at 1 m inter-
vals, the radargram is displayed with individual traces. The black arrows highlight a reflection that is due
to any features in the time range of 200 ns. (b) 270 MHz, (¢) 400 MHz, and (d) 900 MHz antenna radar-
grams (central frequency has been shifted to 180, 300, and 750 MHz, respectively.) The black dotted line
highlights an interface where the soil temperatures are —2°C < T'< —1°C. Open circles show a local dif-
fractor that generated a hyperbola before migration of the data.

increment of 0.98 ns) for the 40 MHz antenna, 100 ns (with
a time increment of 0.1 ns) for both the 270 and 400 MHz
antennas, and 75 ns (with a time increment of 0.075 ns) for
the 900 MHz antenna.

[21] The survey resulted in four 72 m long radargrams
corresponding to each of the four central frequencies. The
traverse’s start point (designated by S in Figure 1c) is located
at 65°01.747'N and 147°42.263'W, and the end point
(designated by E in Figure 1c¢) is located at 65°01.737'N

and 147°42.164'W. Figure 1c shows the traverse location and
the surrounding field conditions.

[22] Data stacking of eight traces was applied during the
acquisition to increase the signal-to-noise ratio (SNR).
We applied an average-trace-removal filter to the radargrams
to eliminate constant coherent noise. Finally, to remove
hyperbolas generated by punctual scatterers in the subsur-
face, the radargrams were migrated. Figure 4a is the resulting
40 MHz antenna profile. It appears with individual traces
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because it was acquired in point mode (trace taken each
meter), unlike the three other profiles (Figures 4b, 4c, and 4d),
which were acquired in a continuous mode. The black
arrows (Figure 4a) highlight a reflection at 200 ns after the
first arrival. The waveform and the arrival time of this
reflection are constant all along the profile. It is hence dif-
ficult to attribute this reflection to a geologic structure in the
subsurface. However, the unshielded nature of the 40 MHz
antenna implies that the reflection could be generated by any
feature within a time range of 200 ns around the antenna.

[23] Figures 3b, 3c, and 3d are the radargrams for the 270,
400, and 900 MHz antennas profiles, respectively. These
three figures show an interface varying from 1.5 to 1.7 m
(black dotted lines, most likely the bottom of the active
layer). This interface corresponds to soil temperatures
—2°C < T'<—1°C, where the dielectric constant of the frozen
silt increases significantly (see section 4.2) [Delaney and
Arcone, 1982; Arcone and Delaney, 1984; Delaney and
Arcone, 1984]. The depth of this interface as interpreted
from the radargrams agrees with the —2°C < T <—1°C depth
(~1.5 m) observed in the temperature-to-depth profile,
shown in Figure 5 (see section 4.2). This transition depth is
observed more clearly in the 270 and 400 MHz radargrams
than in the one obtained at 900 MHz. This is explained by
the higher dielectric contrast at lower frequencies and the
fact that the depth of this interface is nearly equal to the
maximum depth of investigation for the 900 MHz antenna,
making the reflected signal barely detectable above the
noise. It is important to notice that the central frequency of
each emitted signal is shifted to a lower frequency. Indeed,
the presence of heterogeneities inside the silts generates
scattering and energy losses at a wavelength equal to the
heterogeneity size. This phenomenon acts like a low-pass
filter on the signal. Thus, the spectrum of the 900 MHz
antenna signal is shifted down to ~750 MHz central fre-
quency (it could vary from trace to trace along the profile),
and the spectra of the 400 and 270 MHz antennas signal are
shifted to 300 and 180 MHz central frequencies, respec-
tively. For the 40 MHz antenna profile, the central frequency
of the received signal is approximately the same (~38 MHz)
as the frequency of the emitted signal.

[24] The data processing conducted to analyze the fre-
quency dependence of these results is detailed in section 5.2.

4. Assessment of the Different Radar Wave
Attenuation Mechanisms

[25] The total signal loss includes attenuation caused by
geometric spreading, the intrinsic electromagnetic properties
of the medium, and scattering by embedded interfaces and
objects. Below we briefly describe each of these mechan-
isms as they relate to our quantification of both the dielectric
and scattering components discussed in section 5.2.

4.1.

[26] Geometric spreading results in signal loss caused by
the increased area of the expanding wavefront (i.e., energy
distributed over a growing sphere). It can be described by
the general radar equation [Stratton, 1941; Skolnik, 1990]

Geometric Spreading

E _ Gz)\2§ e—4aR
PT 647’1’3R4

(2)
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where Py is the received power, Py is the transmitted power,
G represents antenna gain, A is the wavelength of the radar
wave in the medium, R is the distance from antenna to target,
and « is the intrinsic attenuation coefficient (detailed further
in section 4.2). The backscattered cross section £ depends on
the target considered. As mentioned in section 2.1, the
Fairbanks silt contains mainly icy heterogeneities. Thus we
consider three models of reflecting target. The first is for an
infinite smooth planar reflector in which & = 7R*?, where r is
the amplitude reflection coefficient [Annan and Davis, 1977,
Reynolds, 1997]. Therefore, the ratio Pg/P7 is proportional to
1/R*. We also considered a model in which the GPR echoes
are integrated over the diameter of the first Fresnel zone;
therefore, & = mARr*/2. This model is also used for a rough
planar reflector. The ratio Pg/Py is thus proportional to 1/R>
[Annan and Davis, 1977; Reynolds, 1997]. Finally, we con-
sidered a third model of Rayleigh scatterers (subwavelength-
scale spheres) for which & = m°d%?/\ ¢, where d is the radius
of the sphere [Stratton, 1941; Annan and Davis, 1977]. Thus,
the ratio Px/Py is proportional to 1/R*.

[27] As the heterogeneities distribution in the Fairbanks
silts below the trail is not known, we assumed that the ice
heterogeneities are randomly distributed.

4.2. Dielectric Attenuation

[28] The dielectric loss is associated with the decrease of
electric field amplitude during propagation into an attenu-
ating dielectric. The signal decay produced by this dielectric
attenuation exhibits an exponential behavior (¢ *a®; see
equation (2)). The dielectric attenuation is commonly
represented by the attenuation coefficient a:

azw\/ugg (\/1+tar12671)7 (3)

where w is the angular frequency, p (= @' — i p") is the
complex magnetic permeability, €, ( = &,/ — i €.") is the
complex effective permittivity, and tan ¢ is the loss tangent
(i.e., the ratio between the imaginary and real parts of the
permittivity [Ulaby et al., 1982]). For frozen silts, there is
insignificant magnetic permeability; hence ¢’ = 1 and p" =
0. Therefore, equation (3) becomes

’ N\ 2
w 13 &
== |1+ () —1 4
a=- 2( +<E;) ) 4)

where c is the speed of light and ¢,’ and ¢,” are the real and
imaginary parts, respectively, of the dielectric constant. The
attenuation coefficient o can be expressed in decibels per
meter: agg = 20 logo(ea) = 8.686a [Grimm et al., 2006].

[29] To quantify the dielectric loss, the frequency depen-
dence of the dielectric permittivity for each subsurface
material has to be identified. To describe the frozen silt
dielectric permittivity, we use the universal dielectric
response model developed by Jonscher [1977] and simpli-
fied by Hollender and Tillard [1998] for the case of the
radar frequencies range:

ge(w)eoxr (wi) " [1 — icot(é—w)} + €, (5)

I
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Figure 5. Average temperature (in degrees Celsius) versus
depth (in meters) dependency for the Fairbanks frozen silt
during March 2008. (K. Yoshikawa, personal communica-
tion, 2010).

where g is the free-space permittivity; y, and w;, are the real
part of the electric susceptibility and the angular reference
frequency, respectively; n is a coefficient that is between 0
and 1 (n =1 for a low-loss dielectric material); and &, is the
real part of the effective permittivity at a very high fre-
quency. For the Fairbanks silt, €, is 3.2 [Arcone, 1984].
It has to be noticed that at the radar frequencies, for a low-
loss medium (e.g., frozen silt at temperatures <—2°C), the
Jonscher law can be simplified by neglecting the o con-
tribution [Bano, 1996].

[30] The Fairbanks silt dielectric permittivity depends on
the soil temperature. Indeed, the dielectric permittivity (both
real and imaginary parts) increases significantly between
—2°C and —1°C from ~7.3 to 11 for the real part at 100 MHz
[Arcone and Delaney, 1984; Delaney and Arcone, 1984;
Arcone and Delaney, 1989]. This is caused by the large
specific surface area of clay minerals included in the Fair-
banks silt, which contains adsorbed water that will increase
the dielectric permittivity [Hoekstra and Delaney, 1974].
When the soil temperature rises above —1°C, the thin films
of adsorbed water thicken appreciably and increase both the
soil’s conductivity and the radar wave attenuation coeffi-
cient [Hoekstra and Delaney, 1974; Arcone and Delaney,
1989; Heggy et al., 2001; Arcone et al., 2002]. Figure 5
presents the average temperature as a function of depth in
the Fairbanks area for March 2008, as measured by geo-
thermal probes (K. Yoshikawa, personal communication,

BOISSON ET AL.: RADAR SOUNDING OF TEMPERATE PERMAFROST

E11003

Table 1. Dielectric Permittivity of the Fairbanks Silts at 100 MHz
(~55%—65% of Water Volumetric Content) for Temperature Below
—2°C and Above —1°C?

Permittivity T<-2°C T>-1°C
e 7.3 11
e" 0.16 0.6

%" and ¢" are the real and imaginary parts, respectively, of the
permittivity [Arcone and Delaney, 1984; Delaney and Arcone, 1984;
Arcone and Delaney, 1989].

2010). We observe that even if the mean surface temperature
is —4.7°C, the mean annual temperature of the underlying
permafrost is warmer at ~—0.8°C. We therefore assume that,
at the Vault Creek site, the soil temperature rises above —1°C
at a depth of ~2 m (Figure 4). The increase in dielectric
permittivity associated with this increase in temperature is
well detected with the GPR at ~30 ns (indicated by the dotted
lines in Figures 4b, 4c, and 4d) and likely corresponds to the
bottom of the active layer.

[31] In order to quantify the different loss mechanisms,
the frequency dependency of the dielectric permittivity
needs to be understood. Hence, we computed the real and
imaginary parts of the dielectric permittivity for each sounding
frequency band using the Jonscher law (equation (5)). We set
the reference frequency in equation (5) at 100 MHz because
the input parameters that we used for applying this equation
were measured at this frequency. The Fairbanks silt dielectric
permittivity was computed for temperatures below —2°C

14 . — 1
12
0.8
10
8 =il - 0.6
8’ — 8”
6 0.4
4
0.2
= — —— — -
0 I L 0
10 100 1000
Frequency (MHz)
—1°C < T:=—= & Frozensilt
., = 1 £'Frozensilt
T < -2°C:—— €'Frozenssilt
. — . €'Frozen silt

Figure 6. Frequency dependence of the real and imaginary
parts of the dielectric constant (computed applying the sim-
plified Jonscher model) [Hollender and Tillard, 1998]. The
bold lines are the dielectric properties of the Fairbanks
frozen silt at 7> —1°C (below ~2 m), and the thin lines are
those of the upper 1.7 m (Fairbanks frozen silt, 7 < —2°C,
upper 1.7 m). The solid lines represent the real parts (y axis
on the left) and the dash-dotted lines are the imaginary parts
(v axis on the right). Permittivity values at the reference
frequency 100 MHz (see Table 1) are from the works by
Arcone and Delaney [1984], Delaney and Arcone [1984],
and Arcone and Delaney [1989].
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Figure 7. (a) Measured and (b) calculated apparent resistivity pseudosections of the Vault Creek site
Wenner ERT survey. (¢) The bottom pseudosection is the result of a least squares inversion of the
ERT data after eight iterations (RMS error of 4.66%).

and above —1°C. Table 1 presents dielectric permittivities
at 100 MHz and for a volumetric water content of ~55% to
~65% [Arcone and Delaney, 1984; Delaney and Arcone, 1984;
Arcone and Delaney, 1989]; the Table 1 values are used herein
as input parameters when applying the Jonscher law.

[32] Figure 6 shows the frequency dependence of the
dielectric permittivity for both the real and imaginary parts,
for the Fairbanks silt at 7> —1°C and T < —2°C, which we
computed using the Jonscher formulation (cf. equation (5)).
For T<—2°C (from the surface to ~1.5 m deep), the real part
¢’ varies from ~7.5 at 10 MHz to ~7 at 1300 MHz, whereas
the imaginary part €” varies from ~0.17 to 0.15. Thus, ' and
" at T < —2°C do not significantly vary with frequency.
However, the dielectric permittivity of the Fairbanks silt
for T > —1°C (below 2 m deep) decreases with increas-
ing frequency, with €' and " decreasing from ~11.9 and
0.67, respectively, at 10 MHz to less than 10.1 and 0.53 at
1300 MHz.

4.3. Scattering Loss

[33] Loss in the radar signal also occurs when waves
scatter from local interfaces between materials having dif-
ferent dielectric properties. Loss can be severe when size

compares with the in situ radar wavelength. The attenuation
that is due to scattering can be calculated by subtracting
geometric spreading (see section 4.1.) and dielectric atten-
uation loss (see section 4.2.) from the calculated total signal
loss [Heggy et al., 2006a].

5. Survey Results and Discussions

[34] In this section, we present the results from our anal-
ysis of the data acquired by the ERT survey (described in
section 5.1) and the GPR surveys (section 5.2). Both data
sets have an SNR to support the loss separation analysis
described above.

5.1.

[35] The ERT method requires sufficient contact between
the ground and the current injection electrodes. During our
survey, the contact between electrodes and the frozen ground
was constrained by the cold weather conditions (—5°C). Thus,
even after six measurement cycles, the standard deviation of
some values exceeded 1% (see section 3.1.). We removed
eight data points (from a total of 84 measurements) for
which the standard deviation of the six measurement cycles
exceeded 2%. The measured resistivity data (Figure 7a)

Electrical Resistivity Tomography
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were processed using a finite difference forward modeling
package to calculate the apparent resistivity cross section
(Figure 7b). A quasi-Newton method was then used to per-
form a nonlinear least squares inversion [deGroot-Hedlin
and Constable, 1990; Loke and Barker, 1996] to determine
geoelectric structure. We used an inverse model composed of
296 blocks, yielding a root-mean-square (RMS) error of <5%
after eight iterations (Figure 7c).

[36] The contrast between the near-surface frozen silt and
the deeper warmer permafrost cannot be observed because
the first 2 m of the ground are not resolvable with the 5 m
electrode spacing we used. The inverse resistivity model
(Figure 7c) shows low-resistivity lenses (600 to 1000 €2 m)
between 2 and 7 m deep. Indeed, even though the silt layer is
frozen, the combination of its small grain size (~10 to 100 pm
[Péwe, 1955], the large specific surface area [Arcone et al.,
2008]) and the warmer (>—1°C) temperatures at greater
depth (>2 m) yield an increase in the amount of localized
unfrozen adsorbed water that causes the local resistivity to
decrease with depth over the 2 to 7 m (see section 4.2.). Those
low-resistivity values agree with values presented in a previ-
ous study on the thermal behavior of the Fairbanks silt resis-
tivity [Hoekstra et al., 1975]. Indeed, the resistivity of the
Fairbanks silt (with varying organic content) at —0.7°C mea-
sured by Hoekstra et al. [1975] varies from 600 to 2000 €2 m.

[37] For depths between 7 and 10 m, Figure 7c shows a
progressive increase in resistivity from 3000 to 15,000 2 m
that can be explained by the transition from silt to gravel,
observed at a depth of ~10 m in the tunnel (Figure 2). Indeed,
the volumetric water content of the gravel layer may be the
same as that of the clay-rich silt, but because of the larger
grain size, the gravel has a much smaller specific surface area.
This, in turn, reduces the gravel’s volumetric content of
adsorbed water, decreases ion mobility, and increases the gravel
layer’s resistivity. The location of this transition between the
silt and deeper gravel is not well resolved by the inversion
because of insufficient vertical resolution of the Wenner con-
figuration, contrary to the case for the horizontal resolution.

[38] In the first 5 m, the average resistivity is ~1200 2 m
(excluding the small, localized low-resistivity lenses). Such
high-resistivity values and their associated dielectric atten-
uation cannot account for all the calculated total loss in the
GPR data (see section 5.2). Therefore, ERT survey data
analysis allows us to confirm that the calculated total loss in
the GPR data is not generated only by the dielectric prop-
erties of the subsurface, as discussed below.

5.2. Ground-Penetrating Radar Results

[39] The GPR data processing we used to study the fre-
quency dependence of the different loss mechanisms is
relatively different than what we used to visualize the
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radargrams in Figure 4 because gains were not used for
the attenuation analysis. The first step was to remove the
gain function that was applied during the field acquisition.
We then removed the coherent noise, except for the data
acquired with the 40 MHz antenna, with an average-trace-
removal filter. Then, we migrated to remove hyperbolas
generated by local scatterers in the subsurface. Finally, to
improve the SNR and remove the incoherent noise, we
calculated the average trace (using the stacking method)
over all traces of each GPR profile (74, 227, 228, and 246
traces for the 40, 270, 400, and 900 MHz antenna profiles,
respectively); we call this the “amplitude-average trace.”
Our signal-loss frequency-dependence analysis is hence
based on four amplitude-average traces corresponding to
the four GPR profiles. For each amplitude-average trace,
the signal amplitude was converted into decibels consider-
ing the absolute value of the amplitude, at a given time,
normalized to the first surface-echo amplitude to eliminate
both surface coupling effects and any instrument or antenna
interference noise. As the energy information is contained
only in the peaks, the total calculated loss curve is computed
considering only the local maxima (which correspond to the
peaks) of the loss. After having computed the total loss for
each trace, we calculated loss generated by the geometric
spreading and by the dielectric properties of the medium.
Considering the shifted central frequencies of the four GPR
surveys (see section 3.2), we applied the radar equation
(equation (2)) for the three reflecting target models (smooth
or rough planar reflectors and Rayleigh scatterers; see
section 4.1). Then, to characterize the frequency behavior of
the different signal-loss mechanisms, we computed spec-
trograms of the total calculated signal loss and those of the
scattering loss (for the three models of reflecting target).
These were constructed using a Gaussian window width of
97, 22, 22, and 18 ns for the radar data acquired at 40, 270,
400, and 900 MHz, respectively (based on the apodization
method). The overlap between consecutive windows is
96.02, 21.2,21.2, and 17.25 ns. The frequency band of each
spectrogram corresponds to the 3 dB frequency bandwidth
of the given antenna.

[40] Figure 8 summarizes the analysis for the amplitude-
average trace corresponding to the 400 MHz antenna GPR
profile. Figure 8a (left) presents the amplitude-average trace
as a function of time and Figure 8a (right) shows the corre-
sponding total calculated loss spectrogram. Figures 8b (left)—
8d (left) present the different loss signal curves, and
Figures 8b (right)-8d (right) show the corresponding residual
loss spectrogram. Figures 8b, 8c, and 8d correspond to the
loss analyses considering three target models for the radar
equation (see section 4.1, equation (2)). The black lines
(Figures 8b (left)-8d (left)) are the total calculated loss

Figure 8. Frequency-dependence analysis of the amplitude-average trace of the 400 MHz antenna profile (Figure 4c).
(a) (left) Amplitude-average trace versus time (in nanoseconds); (right) corresponding total signal loss spectrogram (in
decibels). (left) Graphs of the different loss contributions to the total signal attenuation for (b) the smooth planar interface
target model (1/R?), (c) the rough planar interface target model (1/R%), or (d) the Rayleigh scatterer model (1/R*) and (right)
their corresponding inferred scattering signal-loss spectrograms. The black dashed lines on the graphs (Figure 8, left) are the
polynomial fit (degree 2) of the total signal curve (black thin lines). R is the correlation coefficient. The green dashed lines
are the sum of the signal loss generated by the geometric spreading (see equation (2)) and the dielectric attenuation (see
equation (4)). The red dashed lines are the inferred scattering loss obtained by removing the geometric spreading and
dielectric loss (green dashed lines) to the calculated total loss (thick black dashed lines).
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(considering only the peaks), and the black dashed lines
are their polynomial fits. The radar effective dynamic range
is about 70 dB. The green dashed-dotted lines represent
the theoretical loss generated by geometric spreading and
dielectric attenuation computed from the radar equation
(equations (2) and (4)). The red dotted lines represent the total
calculated loss signal after removing the theoretical loss.
In the absence of other attenuation mechanisms, we assume
that the excess attenuation was generated by scattering. The
black frames correspond to the maximum time (or depth) of
the spectrograms. The comparison of the three graphs
(Figures 8b (left)-8d (left)) shows that the attenuation that
is due to geometric spreading is more important for the
Rayleigh scatterers model (1/R" dependency, Figure 8d) than
for the smooth plane-interface target model (1/R* depen-
dency, Figure 8b). Indeed, the theoretical geometric spread-
ing and dielectric loss reach ~60 dB for the 1/R* model
compared with ~40 dB for the 1/R* model.

[41] The spectrograms of Figures 8b (right)-8d (right)
show that scattering loss decreases as frequency decreases,
which we explain by the fact that heterogeneities generate
energy loss at wavelengths close to the heterogeneities
dimensions. As small scatterers are more numerous than big
ones, the scattering phenomenon acts as a low-pass filter,
attenuating the higher frequency.

[42] We performed an analysis, shown in Figure 8, for
each of the four amplitude-average traces corresponding to
the four GPR profiles. To summarize, we deduced from the
spectrograms the loss rates (slope) at 3 m for each frequency
(at 2 m for the 900 MHz antenna survey data). Figure 9
presents the different loss rates as functions of frequency
(calculated total loss rate, deduced dielectric loss rate, and
scattering loss rates). These three curves clearly show a
relationship of increased loss at higher frequency. Calcu-
lated total loss rates (Figure 9, black dots) and scattering loss
rates (Figure 9, red crosses) were obtained by calculating the
loss rate at 3 m depth at each frequency from the spectro-
gram of total loss (Figure 8a, right) and the spectrogram
of scattering loss (Figures 8b (right)-8d (right)). As men-
tioned in section 4.1, we consider three types of targets to
apply to the radar equation (equation (2)). Thus, the scat-
tering loss rates shown in Figure 9 (red crosses) represent
the mean rates deduced from the scattering spectrograms for
each reflecting target model (Figures 8b—8d). However, to
consider these different models, the error bars of the scat-
tering loss rates (Figure 9, red error bars) account for the
standard deviation of the three loss rate values.

[43] Dielectric loss rates (Figure 9, blue circles) were
computed at each frequency using the imaginary and real
parts of the dielectric constant inferred from the simplified
Jonscher law (see equation (5) and Figure 6) as input
parameters to equation (4) (see section 4.2). Figure 9 shows
a threshold frequency at ~650 MHz where the scattering loss
rate (red crosses, Figure 9) and dielectric loss rate (blue
circles, Figure 9) are of equal magnitudes. Indeed, the higher
the frequency, the higher the dielectric attenuation coeffi-
cient (i.e., a: see equation (4)). Quantitatively, the scattering
loss rate increases from 0.94 + 0.37 dB/m at 20 MHz to
9.9 + 2.35 dB/m at 1000 MHz. The dielectric loss rates at
these same frequencies are 0.25 + 0.03 dB/m and 11.47 +
1.15 dB/m, respectively. Thus, Figure 9 shows that even at
frequencies as low as 20 MHz, the scattering loss rate
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cannot be neglected. Scattering loss represented between
~45% and 69% (at 1GHz and 20 MHz, respectively) of the
total loss rate of a plane wave (i.e., no geometrical spread-
ing), as was the case for both MARSIS and SHARAD.

6. Implication for Ice Identification in Martian
Midlatitude Terrains

[44] Although mean annual temperatures at Martian equa-
torial and midlatitudes average ~50 to 70 K less than in
cold-climate terrestrial environments, the apparent presence
of potent freezing-point-depressing salts, such as sodium
chloride, calcium chloride, and magnesium perchlorate
[Brass, 1980; Clark and Van Hart, 1981; Burt and Knauth,
2002; Hecht et al., 2009], suggest that films of adsorbed
water could remain unfrozen [Pommerol et al., 2009;
Stillman et al., 2010]. Hence, despite an important surface-
temperature difference between our study site and the
Martian midlatitude to high latitude, the radar propagation
characteristics of these two environments may be quite
similar because of the presence of adsorbed water. Con-
sidering only the dielectric attenuation, the results presented
in Figure 6 indicate that ice-rich permafrost can result in
higher-than-expected dielectric loss. This is explained by
the presence of adsorbed water on mineral grain surfaces,
conditions that also appear likely in the salt-rich subsurface
of Mars because salts depress freezing points. The study by
Stillman and Grimm [2011] concerning the different atten-
uation mechanisms that occur on the SHARAD signal
shows that the presence of calcium chloride (concentration
>1 M) increases the attenuation rate of SHARAD signal by
33% (at 208 K). Thus, we expect that Martian permafrost
in these regions may produce higher absorption for the
radar signal than expected if salts are not considered. In this
study [Stillman and Grimm, 2011], the maximum attenua-
tion rate of 0.27 dB/m that experienced the SHARAD signal
is reached for a smectite and ﬁne—grain sand mixture with a
specific surface area of 57.6 mg ~ (14% by volume smec-
tite) and three monolayers of adsorbed water (without cal-
cium chloride). The dielectric loss rate computed for the
Fairbanks silts at 20 MHz (blue circles, Figure 9) is con-
sistent with this result (0.25 £ 0.03 dB/m). Nevertheless, if
the three monolayers of adsorbed water present a concen-
tration of calcium chloride >1 M, Stillman and Grimm [2011]
show that only 9.6% by volume smectite (~38 m* g ') is
needed to reach the SHARAD maximum attenuation rate.

[45] Our GPR investigation of the Mars analog environ-
ment at Vault Creek suggests that even at low frequencies
(10-100 MHz), radar signal loss that is due to volume
scattering cannot be neglected. We found that at frequencies
below ~650 MHz, the scattering loss rate is higher than
the dielectric one, although above this value, the relative
strengths of these loss mechanisms are reversed. Based on
previous GPR surveys of other Mars analog environments
[Grimm et al., 2006; Heggy et al., 2006a], scattering loss
values highly depend on the local structure and composition
of the subsurface. Indeed, at one volcanic environment
(tephra layer of a volcanic cone) investigated at Craters of
the Moon National Monument and Preserve (Idaho), Heggy
et al. [2006a] found that at 16 MHz, the dielectric loss
rate exceeded the loss rate that was due to scattering. Con-
versely, GPR investigations on another volcanic environment,
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Figure 9. Total, dielectric, and scattering loss rates at 3 m
deep (in decibels per meter) as functions of frequency (in
megahertz). Black dots are the calculated total loss rates.
Red crosses are inferred scattering loss rates. Blue circles
are computed dielectric loss rates. Black and red lines are
the polynomial fits of the calculated total loss rates and of
the inferred scattering loss rates, respectively (extrapolated
down to 10 MHz). Black and red transparent areas are
delimited by the polynomial fits of the calculated total loss
rates and the inferred scattering loss rates, respectively, tak-
ing into account the error bars.

conducted by Grimm et al. [2006] in the Bishop Tuff volcanic
plateau (California), showed that at frequencies of 25 and
50 MHz radar attenuation rates that were due to scattering
exceeded those that were due to dielectric loss.

[46] Heggy et al. [2006a] suggested that scattering losses
of the radar signal across tephras (Inferno Cone) at 20 MHz
represent 37% of the total loss, whereas scattering losses
measured by the radar signal across the Vault Creek per-
mafrost (this current study) represent ~69% of the radar
echo at 20 MHz. Those results are important for the inter-
pretation of the Martian radar sounder data. The loss rate
measured by SHARAD over LDAs in Deuteronilus Mensae
by Plaut et al. [2009] and over the Vastitas Borealis For-
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mation in Amazonis Planitia by Campbell et al. [2008] has
been assumed to be driven only by dielectric attenuation,
neglecting the scattering phenomena generated by the het-
erogeneity. This is a questionable assumption because the
Martian subsurface cannot be considered homogeneous,
even at the MARSIS-SHARAD wavelength scale because
of the highly fractured megaregolith.

[47] As mentioned in section 2.2, the Vault Creek site can
be considered a reasonable analog to the Deuteronilus
Mensae area. Thus, with our scattering loss quantified, we
now constrain the imaginary part of the dielectric permit-
tivity, which we inferred from the dielectric attenuation after
subtracting the scattering loss, to identify the ice signature
as measured by Plaut et al. [2009]. In this section, we also
consider the loss rate measured by SHARAD over the
Vastitas Borealis Formation [Campbell et al., 2008]. As this
Martian region is known to have a volcanic origin [Tanaka
et al., 2005], we consider the scattering loss values inferred
from the Heggy et al. [2006a] study over a volcanic terrain.
The estimate of the dielectric attenuation after removing the
scattering component provides a more accurate estimate of
the imaginary part of the dielectric permittivity. This, in
turn, will allow us to constrain the ambiguity on the com-
positions of Deuteronilus Mensae and Amazonis Planitia.
Table 2 presents the revised dielectric loss rate in decibels
per meter after removing the scattering component. We
considered two models for scattering loss (volcanic sub-
surface for Vastitas Borealis Formation in Amazonis and
ice-rich subsurface for LDAs in Deuteronilus) accounting
for 37% [Heggy et al., 2006a] and 69% (this study) of the
total signal for a real part of a dielectric constant of 3.
Deduced imaginary parts of the permittivity are 0.004 in
the region of Deuteronilus Mensae and ranged from 0.011 to
0.018 for Amazonis Planitia.

[48] For Deuteronilus Mensae, the above value agrees
with the range of those inferred from lab measurements for
an ice and tephra powder mixture (¢” ~ 0.006-0.015)
[Phillips et al., 2008, supporting online material] for a
dielectric constant of 3. Those results suggest that the ice
deposit detected by SHARAD over the LDAs in Deuter-
onilus Mensae is more ice rich than originally believed.
LDAs have been hypothesized to be residues of a much
larger glacier protected from sublimation by a thin layer of
debris [Head et al., 2005, 2006; Marchant and Head, 2007,

Table 2. Revised Two-Way Dielectric Attenuation Coefficient Calculated From SHARAD Data Over Deuteronilus Mensae [Plaut et al.,
2009] and Amazonis Planitia [Campbell et al., 2008] Applying 69% (This Study) and 37% [Heggy et al., 2006a], Respectively, of
Scattering Loss for a Permittivity Real Part (Dielectric Constant) of 3*

Fore' =3

Calculated Loss Rate Not
Considering Scattering

Considering 37% Scattering
Loss, Volcanic Subsurface

Considering 69% Scattering
Loss, Ice-Rich Subsurface

Qor(dB/m) e? giel(dB/m) e? giel(dB/m) e?

Deuteronilus Mensae 0.026° 0.012 - - 0.008 0.004
0.061° 0.029 0.038 0.018 - -
Amazonis Planitia 0.036° 0.017 0.023 0.011 - -
0.058° 0.028 0.037 0.017 - -
0.060° 0.029 0.038 0.018 - -

“The quantities oy, (giel, and € are the total calculated attenuation coefficient, the revised dielectric attenuation coefficient, and the imaginary part of

the permittivity, respectively.
From Plaut et al. [2009].
‘From Campbell et al. [2008].
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Plaut et al., 2009]. Our result agrees with this hypothesis,
which implies that the ice content in the LDAs is significant.
It could thus correspond to the hypothesis of debris-covered
glaciers covered by a thin debris lag in which the amount of
ice could be higher than 80% [Head et al., 2005, 2006].

[49] For Amazonis Planitia, the imaginary parts of the
permittivity values are too high to represent an ice-rich
terrain (except for one SHARAD profile). Thus, these
imaginary parts of the material comprising the Vastitas
Borealis Formation in Amazonis Planitia are a closer match
to the one measured in volcanic resistive terrains such as
low-loss basaltic lava flows or ashes mixed with a small
amount of ice. As Amazonis Planitia is located west of
Olympus Mons volcano, this area has been interpreted to be
a volcanic sedimentary basin [Fuller and Head, 2002;
Tanaka et al., 2005]. Our result is consistent with this
interpretation, with a possible small amount of ice in a
basaltic rock matrix.

[50] These results should be considered with caution, as
radar signal loss from volume scattering varies with the
degree and scale of subsurface heterogeneity. The Martian
subsurface may exhibit far greater heterogeneity than the
temperate permafrost environment of interior Alaska and the
volcanic environment of inferno cones (Idaho) because of
the cratering that generates the megaregolith and important
volcanism. This, in turn, may create heterogeneities that are
especially apparent at the lower frequencies employed by
MARSIS and SHARAD. As mentioned in section 2.1,
permafrost on Earth can exhibit high heterogeneity because
of the formation of ice structures like ice wedges or segre-
gation lenses. This is also likely the case for the midlati-
tude to high-latitude ice-rich terrains on Mars. Thus, we
consider that the scattering loss rate deduced in this work
(69% at 20 MHz) and in the study by Heggy et al. [2006a]
(37% at 20 MHz) could be seen as the range end values of
the loss rate generated by scattering phenomena that can
be encountered in the Martian upper frozen regolith at the
SHARAD frequency.

[51] Loss rate values presented herein at higher frequen-
cies (400 and 900 MHz antenna surveys) are relevant to
the potential signal loss that can be encountered by future
GPR experiments planned to probe the Martian shallow
subsurface (e.g., WISDOM GPR experiment planned for the
ExoMars rover mission [Ciarletti et al., 2009]).

[52] To further constrain the range of loss likely to be
encountered by the MARSIS, SHARAD, and WISDOM
GPRs will require the investigation of a considerably broader
range of terrestrial analogs, an effort that we continue to pur-
sue. GPR investigations of Mars analog environments should
survey as wide a range of this characteristic as they do of
comparable variations in analog lithology and composition.
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