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1. Introduction
Anomalously bright basal reflections have been detected at the South Polar Layered Deposits (SPLD) of Mars by 
the Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) onboard the Mars Express space-
craft (Lauro et al., 2020; Orosei et al., 2018). Bright radar returns are typically produced by materials of high per-
mittivity, leading to the initial interpretation that liquid water could be present at the base of the SPLD, whether in 
a water bearing material or through a coherent water body (Lauro et al., 2020; Orosei et al., 2018, 2020). Orosei 
et al. (2018) used the assumption of a non-conductive material to invert the basal relative permittivity from re-
flectivity measurements. They found that the permittivity to be in the range of 4–15 outside the bright area, which 
is a conservative range encompassing most of the sedimentary and igneous rocks that could be encountered on 
Mars or Earth (Campbell & Ulrichs, 1969; Telford et al., 1990). In contrast, this number for the bright area inside 
the SPLD is deduced to be 𝐴𝐴 𝐴 15 with a median at 33 when accounting for various assumptions for the overlying 
ice properties Orosei et al. (2018).

Basal liquid water is thought to be hardly sustainable at the present-day Martian geothermal conditions, even 
with a large amount of salts that would depress the ice melting point (Sori & Bramson, 2019). Only local heat 
anomaly could ultimately melt the ice (Arnold et al., 2019; Sori & Bramson, 2019), but bright basal radar returns 
appear to be ubiquitous through the SPLD by contrast with the spatially confined early detection (Khuller & 
Plaut, 2021). Alternative basal composition that do not necessarily require liquid water have been proposed to 
produce such strong radar returns. By contrast with the assumption in Orosei et al. (2018), most rely on conduc-
tive materials such as clay, metal-bearing minerals, or saline ice (Bierson et al., 2021; Smith et al., 2021; Tulaczyk 
& Foley, 2020). However high electrical conductivity contrasts are not the only possibility, a structural setting 
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from alternations of thin layers of H2O, CO2 or possibly pure smectite, at the surface and/or the base of the SPLD 
could produce bright echoes through constructive interference of the radar signal (Lalich et al., 2021; Mouginot 
et al., 2009; Smith et al., 2021).

The main metric that has been used to assess the reflective strength of the SPLD/bedrock interface is the rela-
tive basal reflectivity defined as the power ratio of the subsurface echo against the surface echo Pss/Ps (Lauro 
et al., 2010). At the location where the bright radar return is, Pss/Ps at 4 MHz is consistently measured higher 
than 0 dB with a median at about 2.5 dB. It exhibits excursions above 5 dB but rarely exceeds 10 dB (Lauro 
et al., 2020; Orosei et al., 2018, 2020). Under the assumption of a 205 K SPLD ice with 10% dust content, Orosei 
et al. (2018) have discussed that a Pss/Ps > 0 dB corresponds to a basal permittivity 𝐴𝐴 𝐴 15, indicative of the pres-
ence of liquid water below polar deposits on Earth (Oswald & Gogineni, 2008; Peters, 2005). The relative basal 
strength then increases with the liquid water content at the base.

Usually, analytical methods, numerical models, or laboratory/field analogs are used to search for materials that 
could produce such strong basal reflections (Bierson et al., 2021; Lauro et al., 2020; Smith et al., 2021). How-
ever, MARSIS also provides planet-wide surface reflectivity measurements that consequently span the most 
exhaustive range of terrains that could be geologically produced on the planet, with the acknowledged caveat that 
their composition is not as well known as laboratory-investigated materials (Mouginot et al., 2010). We propose 
a forward approach with the aim to infer what would be Pss/Ps if the existing Martian terrains, as measured by 
MARSIS, were covered by an ice sheet with a thickness similar to the SLPD at the location of the bright basal re-
flector. We use the surface reflectivity measured by MARSIS to infer the reflection coefficient of today’s surface 
if it was overlaid by an ice deposit. We then derive Pss/Ps values across a range of transmission and attenuation 
losses to deduce what would be the relative basal reflectivity of a globally ice-covered Mars, and we compare it 
with the one measured at the SPLD by other authors (Lauro et al., 2020; Orosei et al., 2018). Finally, we use the 
current assumption that SPLD ice contains 10% of impurities in volume to map what type of Martian terrains 
could be responsible for a bright basal echo.

2. Data
MARSIS is a multi-frequency radar sounder on board the European Space Agency Mars Express spacecraft 
(Picardi et al., 2005). Its linear antenna transmits 1-MHz-wide chirped signals centered at 1.8, 3, 4, and 5 MHz. A 
portion of the radiated power is reflected back to the antenna by each geologic dielectric gradients until signal ex-
tinction. The strength, phase, and time delay of each echo is recorded by the radar while empirical measurements 
demonstrate a penetration depth up to 4 km in the ice of the SPLD (Plaut et al., 2007).

MARSIS is still operating today, providing about 15 years of quasi-uninterrupted measurements. In this study, 
we use the surface reflectivity data set derived by Mouginot et al. (2010). Arguably, the time series is much more 
limited than the up-to-date MARSIS data products. However, this is overcome by several assets making it suffi-
cient and suitable for our purpose: (1) It is readily available to the authors without additional data processing; (2) 
it is corrected from ionospheric distortion (Mouginot et al., 2008; Safaeinili et al., 2007); (3) It already provides 
a quasi-global coverage of Mars; (4) It is validated for science application through its use in several publications 
(Mouginot et al., 2009, 2010, 2012).

Mouginot et al. (2010) provide processed surface reflectivity for the 3, 4, and 5 MHz bands. Here, we use ex-
clusively the 4-MHz band as it has the largest spatial coverage. It is also the main frequency used by Orosei 
et al. (2018) and Lauro et al. (2020) to illustrate and quantify the bright basal reflector at the SPLD. Data are 
binned into a spatial grid made of 0.5° × 0.5° cells. The median of the linear surface reflectivity power is con-
sidered for each cell.

3. Method
A propagation medium can be characterized through its complex permittivity ɛ = ɛ′ +  iɛ′′. The signal atten-
uation within the medium can be derived from the loss tangent tan  δ = ɛ′′/ɛ′. Our base model considers three 
propagation media with their own respective permittivity: the Martian atmosphere (ɛ1 ≈ 1), the ice-sheet material 
(ɛ2), and non-ice sheet materials (ɛ3). The cross-section in Figure 1 illustrates the relative emplacement of those 
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media. The signal strength reflected at normal incidence by each interface 
is described by the reflection coefficient between two non-magnetic media 
subscripted i and j, respectively, such as:
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R13 defines the surface power reflection coefficient of the various Martian 
terrains across the planet as provided by Mouginot et  al.  (2010) from the 
reduction of the surface echo strength P13 recorded at the antenna. If one let 
Mars be covered by a fictive global ice sheet, the basal reflection coefficient 
between the existing terrains and the overlying ice would be:
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It is noteworthy that this expression given for 𝐴𝐴
√

𝜀𝜀3 makes the assumption of a quasi non-conductive material (i.e., 
a dielectric with tan  δ ≪ 1) for the geologic terrains making up the Martian surface (Tulaczyk & Foley, 2020) in 
order to test the hypothesis in Orosei et al. (2018). It is also a convenient assumption in order to produce a simple 
transfer function between the measured surface reflectivity R13 and the hypothetical basal reflectivity R23 associ-
ated to it. However, by contrast with Orosei et al. (2018), the assumption of non-conductivity is not used here to 
invert a permittivity from the measured signal strength. Should a material at the surface violate our assumption by 
being highly conductive, the balance between the real and imaginary part of its permittivity has to vary to accom-
modate the reflectivity recorded by MARSIS, but the latter does not change as it is an empirical measurement.

Finally, the relative basal reflection coefficient Pss/Ps for a global ice sheet is proportional to the ratio between R23 
and the surface reflection coefficient of the ice R12 (Orosei et al., 2020)

𝑃𝑃𝑠𝑠𝑠𝑠

𝑃𝑃𝑠𝑠
= 𝑅𝑅23

𝑅𝑅12
𝑇𝑇 2
12𝐴𝐴2 (3)

where T12 = 1 − R12 is the transmission coefficient through the ice surface. The two-way signal attenuation in 
the ice is given by A2 = exp(−2πfτ  tan  δ2) where f is the radar frequency and τ is the one-way propagation time 
through the ice.

3.1. Application

Our aim is to calculate Pss/Ps for an ice-covered Mars through Equation 3 by using the observed MARSIS surface 
reflectivity as a proxy to estimate the basal reflection coefficient R23 (Equation 2). To this end, we substitute R13 
in Equation 2 by 𝐴𝐴 𝐴𝐴13 = �̃�𝐴13𝐴𝐴12 . 𝐴𝐴 �̃�𝑅13 is the measured MARSIS surface reflectivity normalized so that a value of 
unity equals the surface reflectivity at a reference zone above the SPLD bright reflector (discussed in the next 
paragraph). The losses due to signal propagation in the ice are conveyed into Equation 3 by assumptions on ɛ2 and 
tan  δ2 that are used to obtain the terms R12, T12, and A2 thanks to the relationships provided through Section 3.

In our application, we bound the reference zone by 192–194°E and 80–82°S. It is an area of fairly homogeneous 
surface reflectivity centered on the bright SPLD basal reflections (Lauro et al., 2020). Noteworthily, this area 
overlaps the reference zone considered by both Mouginot et al. (2010) and Grima et al. (2012) for MARSIS and 
the Shallow Radar (SHARAD), respectively, for surface reflectivity analysis (180–200°E and 81.5–84.5°S). It 
accounts for one of the flattest region of Mars with root-mean-square heights 𝐴𝐴 𝐴 0.3 m at SHARAD wavelength 
(15 m), ensuring a strongly coherent and specular surface (Grima et al., 2012). Our choice of a reference zone 
restricted over a tight and bright area is conservative by comparison to other similar studies. For example, Khuller 
and Plaut (2021) produced a Pss/Ps map from the bed returns measured at the SPLD by considering the average 
power of the SPLD surface. However, the surface at MARSIS wavelength can produce faint surface returns from 
superficial CO2 ice deposits (Lalich et al., 2021; Mouginot et al., 2009) that would contribute to lower the average 
surface returns across the cap and consequently increase Pss/Ps.

Figure 1. Considered geophysical setting. Subscripts 1, 2, and 3 refer to the 
atmosphere, the ice, and other terrains, respectively.
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Pss/Ps curves resulting from the above methodology are presented in Figure 
S1 in Supporting Information S1 as a function of �̃13 as well as different   tan  
δ2 and for a fixed ɛ2 = 3.4. For reference, a map of �̃13 , the normalized reflec-
tivity measured by MARSIS at 4 MHz, is provided in Figure S2 in Support-
ing Information S1. It is highly similar to Figure 5A in Mouginot et al. (2010) 
since their reference zone overlaps ours.

4. Results
Assuming a relatively homogeneous coverage of Mars by our dataset, the 
surface fraction that would produce a positive relative basal echo strength 
is shown in Figure 2 for a range of ice dielectric properties. Solutions exist 
for   tan  δ < 0.010. The SPLD bright basal returns have also been measured 
with excursions above Pss/Ps > 5 dB (Orosei et al., 2018). The corresponding 
surface fractions for this threshold are shown in Figure S3 in Supporting 
Information S1.

These results have to be put into perspective with our current knowledge of 
the electrical properties of the ice at the SPLD. The volumetric impurity rate 
of the SPLD has been assessed by MARSIS measurements to be about 10% 
(Plaut et al., 2007; Zuber et al., 2007). This translates to a relative permittivi-

ty of ɛ2 = 3.4 using the volume mixture model of Looyenga (1965) with an inclusion permittivity of 7 to represent 
dust of igneous origin (Campbell & Ulrichs, 1969) into a water ice matrix. The corresponding loss tangent at 
4 MHz is rather poorly constrained but is estimated to be 𝐴𝐴 𝐴 0.001–0.005 (Orosei et al., 2020; Plaut et al., 2007). 
We consider tan  δ2 = 0.001 as it also matches the theoretical derivation of the loss tangent for a 10%-impure 
ice (Orosei et al., 2020). As stated before, τ is set to 17 μs to match observations (Lauro et al., 2020; Orosei 
et al., 2018), which is equivalent to ∼1400 m of ice thickness. Under these conditions, about 2% (resp. 0.3%) of 
the surface would produce a positive (resp. 𝐴𝐴 𝐴 5 dB) relative basal return Pss/Ps (Figures 2 and S3 in Supporting 
Information S1), equivalent to the radiometric signature observed for the bright basal reflectors at the SPLD. This 
makes a reasonable argument for considering current Martian terrains as possible materials responsible for the 
bright SPLD detection.

We localize those bright terrains by mapping the calculated Pss/Ps using Equation 3 with the ice dielectric prop-
erties derived from the 10% volumetric impurity fraction described above. Four insets in Figure 3 highlight some 
of those regions where a positive Pss/Ps signature is consistent across longitudes instead of just being confined 
locally along an orbit (an indicator of possible data glitch).

According to the literature summarized below, most of those regions are related to terrains of igneous origin, but 
all volcanic terrains do not exhibit such a strong signal. Of note, these regions do not share a common geological 
epoch but are spread over a large timescale from late Noachian to late Amazonian. Their spatial extent is also 
usually larger than the bright basal area reported by Orosei et al. (2018). The strong basal reflections in Arabia 
Terra are in a confined spot that is located south of friable-layered deposits related to an ancient highland igneous 
construct produced by a Noachian-early Hesperian long-lasting volcanic activity (Michalski & Bleacher, 2013; 
Whelley et al., 2021). Some bright reflections are gathered within Cerberus Palus, a subset unit of the largest 
Elysium Planitia interpreted to be Amazonian flood basalt plains resulting from some of the most recent Martian 
volcanic events (Cassanelli & Head, 2018, and references there in). A broad region of strong reflections is identi-
fied East of the Uranius Tholus interpreted as a shield volcano resulting from effusive eruptions of low viscosity 
lavas during the Hesperian-Amazonian transition (Plescia, 2000). The late Hesperian Solis Planum collects bright 
reflections over the largest area. It is located south-east of the volcanic Tharsis bulge and characterized by wrinkle 
ridges attesting for horizontal crustal shortening (Montési, 2003).

Whatever material composition is responsible for these bright reflections, it does not have to lie at the very top of 
the surface since constructive interference from a buried interface can also enhance the MARSIS signal. MAR-
SIS reflectivity is sensitive the vertical slice below the surface, the so called near-surface, that is related to the 
vertical resolution of the radar. For basaltic-like permittivity, the near-surface approaches 60 m depth (Mouginot 
et al., 2010).

Figure 2. Curves indicating the surface fraction that would produce a relative 
basal echo strength greater than 0 dB, as a function of ice dielectric properties 
(ɛ and   tan  δ2). For ice consistent with SPLD ice (star), about 0.02 of the 
surface will generate the appropriate reflection coefficient.
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5. Discussions and Conclusions
We proposed and applied a forward approach to assess the relative basal reflection of Mars if it was covered by a 
global ice sheet. The electric bulk properties of this fictive planetary-wide ice cover are derived from a 10% ice 
impurity rate (tan  δ = 0.001, ɛ2 = 3.4), in accordance with current estimates for the ice of SPLD where bright 
basal reflections have been measured by Orosei et al. (2018) and Lauro et al. (2020). We adopt a conservative ap-
proach by not accounting for basal scattering losses due to roughness that would ultimately strengthen the derived 
relative strength if filtered out from the signal. We acknowledge that the presence of volume scattering, which is 
not taken into account in this study, would have the opposite effect. Still, those assumptions are identical to what 
is considered by Orosei et al. (2018), thus providing a common ground for comparing their results at the SPLD 
with our assessment of the Martian surface capability to produce similar signals. MARSIS recordings synthesize 
the effect of complex permittivity into a single scalar. As a consequence, our method cannot discriminate on the 
conductive nature of the observed terrains, but it is still valid to locate what unit at the surface could produce the 
signal strength reported by Orosei et al. (2018) at the base of the SPLD.

0.3%–2% of the Martian surface could produce reflections analogous to the SPLDs’ if covered by ice. The surface 
rapidly ceases to produce basal reflections similar to the SPLD detection for tan  δ2 > 0.010. It draws attention that 
the brightest terrains across the planet would produce basal echoes with a radiometric character in the range of the 
brightest ones observed at the SPLD by Orosei et al. (2018) and under similar assumptions for the composition of 
the overlying ice. This radiometric similarity (or continuity) is indicative of the likelihood for a non-wet generic 
material currently available at Mars to be responsible for the bright basal SPLD reflection.

Our results provide insights into what current terrains existing at the surface of Mars could be responsible for the 
SPLD bright basal reflections. Most of those bright regions are subdivisions of larger units geologically related 

Figure 3. Relative basal echo strength of Mars if the surface was entirely covered by an 1.4-km dirty ice sheet (10% volume impurity rate). Bottom inserts display only 
positive values for better identifications relative to the regional landforms. The maps are shaded with the Mars Orbiter Laser Altimetry (MOLA) data.
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to volcanic constructs but not restricted to a specific geologic epoch as they are dated regional studies from the 
late Noachian to late Amazonian by regional studies.

Orosei et al.  (2018) determined permittivity 𝐴𝐴 𝐴 15 for the bright basal SPLD reflectors with the assumption of 
negligible conductivity. Because we use similar assumptions for the ice dielectric properties, one can expect the 
bright volcanic regions detected in this study to exhibit a similar range of permittivity. The possibility for igneous 
material to be that bright is sparsely documented, but the literature suggests that it could be achieved from the 
combination of both a dense and Ilmenite-rich material (an Iron-Titanium oxide mineral, FeTiO3). Permittivity 
increases with density, and values of ∼20 have been measured at 4 MHz for dry-volcanic samples from Mount 
Meager, British Columbia, Canada, with bulk density of 2.4 g/cm3 (Rust et al., 1999). Likewise, Analysis of lunar 
samples demonstrates that basalt permittivity can strongly increase with Ilmenite content (Chung et al., 1970; 
Hansen et al., 1973), especially since Ilmenite has a real permittivity ranging from 30 to 80 (Parkhomenko, 1967). 
Ilmenite-rich terrains have been extensively outlined in volcanic plains on the Moon by both the UV-VIS obser-
vations of the Clementine probe (Lucey et al., 2000) and signal absorption reported by the Lunar Radar Sounder 
(LRS) on the SELENE spacecraft (Pommerol et al., 2010). Yet, an integrative study convolving the positive effect 
of density and Ilmenite content on the permittivity at MARSIS frequency has yet to be done.

Mouginot et al. (2010) used radar simulations to filter out scattering effects from the surface reflectivity meas-
urements in order to outline first-order permittivity variations at planetary scale. Noteworthily, it can be observed 
that this inversion also leads to relative permittivity reaching 20 at local scales (Mouginot et al., 2010, Figure 7). 
Together with our present study, it highlights the potential benefits of considering MARSIS’ surface reflectivity 
for local analyses.

The bright Martian terrains outlined in this study are not a-priori expected to host water-bearing materials at their 
surface of within their near-surface. They provide well outlined regions with reflection properties similar to the 
bright polar basal reflector, and they are readily accessible to further remote sensing investigations. Their better 
characterization would help assessing the likelihood of the various compositional hypotheses for the basal mate-
rial producing the strong radiometric signatures recorded at the SPLD. The similar geological setting of the de-
tected bright terrains suggest that such set of hypothesis should also consider the possible production of a highly 
reflective deposit in a volcanic context, possibly through a high density igneous material with metallic inclusions.

Data Availability Statement
The MARSIS Experiment Data Records (EDR) are available through the Geosciences Node of the NASA's 
Planetary Data System (PDS) archives (https://pds-geosciences.wustl.edu/missions/mars_express/marsis.htm). 
The relative surface reflectivity 𝐴𝐴 �̃�𝑅13 used in this study have been previously derived from the EDR by Mouginot 
et al. (2010) and are available on the Texas Data Repository (https://doi.org/10.18738/T8/HMNDH1).
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