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Knowledge of the physical and thermal properties of the South Polar Layer
Deposits (SPLD) is key to constrain the source of bright basal reflections at
Ultimi Scopuli detected by the MARSIS (Mars Advanced Radar for Subsurface
and lonosphere Sounding) radar sounder. Here we present a detailed analysis
of attenuation, based on data acquired by MARSIS at 3, 4, and 5 MHz. We show
that attenuation is frequency dependent, and that its behavior is consistent
throughout the entire region. This suggests that the SPLD are compositionally
homogeneous at Ultimi Scopuli, and our results are consistent with dust
contents of 5 to 12%. Using these values as input, and plausible estimates of
surface temperature and heat flux, we inferred basal temperatures around
200 K: these are consistent with perchlorate brines within liquid vein networks
as the source of the reflections. Furthermore, extrapolation of the attenuation
to higher frequencies explains why SHARAD (Shallow Radar) has thus far not

detected basal reflections within the SPLD at Ultimi Scopuli.

Bright basal reflections detected by the radar sounder MARSIS (Mars
Advanced Radar for Subsurface and lonosphere Sounding) at Ultimi
Scopuli? sparked a heated debate on the nature and thermal proper-
ties of the materials within the South Polar Layers Deposits (SPLD) and
at the base of the ice. Interpretations for the source of the reflections
vary, with some authors proposing basal liquid brines'>, and others
suggesting solid conductive materials, such as saline ice*, hydrated
clays’® or Fe-rich basalt with high contents of ilmenite®. A recent paper
has discussed dielectric theory, extensive literature data and new
experimental results, showing that no lines of evidence support saline
ices or hydrated clays as the source of the bright basal reflections?,
however the critical question of how liquid brines could form and
persist at the base of the SPLD remains. Critics of the brine inter-
pretation argue that, unless an anomalously high geothermal gradient

is assumed’, basal temperatures should not exceed 180K, well below
the eutectic temperatures of the salts likely to be found in the region
(perchlorates and chlorides). Related to the question of the basal
temperatures is the composition of the SPLD, which affects the ther-
mal properties of the deposits and determines the temperature gra-
dients within the deposits themselves, thus influencing by how much
the temperature increases from the surface to the base of the SPLD. It
is generally accepted that the SPLD are primarily an admixture of water
ice and dust. Radar data from MARSIS acquired over the south polar
cap have been interpreted to indicate dust contents of 10%°, while
interpretation of gravity data calculated from observations of Doppler
tracking of the Mars Reconnaissance Orbiter (MRO) spacecraft sug-
gested a dust content of ~15%° and a density of the deposits of
1220 kg/m?>. Lithospheric flexure models of ice cap loading have
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Fig. 1| Mars Orbiter Laser Altimeter (MOLA) topographic map of the investi-
gated area at Ultimi Scopuli. Dotted lines are MARSIS observations. The blue
region indicates the geographic location of the main bright area. The observations
in the light-gray shadowed area have not been used for data inversion, as they cross
high and low basal reflectivity areas and cannot be assigned neither to bright nor to
non-bright datasets. Black dotted lines refer to observations plotted in Fig. 2:
2654(V), 10737(11), 12685(1l), 12780(VI), 14967(1), 19392(IV). Two tracks (Il and III)
across the central part of the main bright area, are shown by the same black dotted
line on the map. The map is created using MATLAB software and MOLA data.

resulted in a best fit density value of 1271kg/m?3, from which relative
proportions of 14-28% dust content were obtained'. Using radar data
to constrain the results of an elastic loading model of the lithosphere
returned a best fit density of 1220 kg/m? which, for dust density values
ranging from 2200 to 3400 kg/m?, corresponds to dust contents
between 9 and 18% (if no CO, is considered)".

The presence of liquid salty water at a depth of ~1.5 km below the
surface of the SPLD in Ultimi Scopuli was first inferred from MARSIS
data' using an inversion method", from which two distinct distribu-
tions of apparent permittivity values were retrieved: a high value dis-
tribution, characterizing the bright area, interpreted as evidence of
basal brines; and a low value distribution, detected for the surrounding
areas, which is typically attributed to dry and frozen rocks or soil'.
Following this study, other bright basal reflections were detected in
the vicinity of the site: Lauro et al.? applied a signal processing tech-
nique commonly used in terrestrial Radar Echo Sounding (RES)
investigations to discriminate between wet and dry subglacial basal
conditions, which reinforced the interpretation that the bright basal
reflections were due to the presence of basal brines. Working inde-
pendently, Carrer and Bruzzone® further showed that a novel
approach, based on the relationship between radar surface and sub-
surface reflections, supports the interpretation of subglacial brines in
Ultimi Scopuli.

The reporting of new bright areas in other regions of the south
polar cap", including in locations where the SPLD are thinner, added a
new puzzling aspect to the debate, while another recently published
paper proposed that volcanic rocks covered by a 1.5 km thick ice sheet
could produce bright reflections consistent with those measured at
Ultimi Scopuli®. It should be noted however, that these two inter-
pretations rely on data processed on board the spacecraft, which are
averages of groups of 100-300 raw echoes after compensating for the
vertical motion of the spacecraft”. This data acquisition process is
different than that utilized by Orosei et al.' and Lauro et al.?, who
acquired raw data targeting the specific area of interest'®. On board

processed observations at Ultimi Scopuli are at least an order of
magnitude more numerous than raw data, but are spaced several kms
along the ground track, and their ratio of surface to subsurface echo
power is potentially affected by small errors in the compensation of
the vertical motion of the spacecraft. Raw echoes, instead, are less than
100 m apart along the ground track and preserve the full information
on echoes acquired from the entire area illuminated by the radar
(Supplementary Fig. 1). Thus, on board processed data are less reliable
than raw data to perform quantitative analysis"*">'¢,

Resolving the controversy about the source of the basal reflec-
tions might require a cross-frequency analysis”. Thus far, MARSIS's
companion, the higher frequency (20 MHz) radar SHARAD (Shallow
Radar), on board MRO, has been unable to probe through the SPLD
down to the base of large portions of the south polar cap. Therefore,
SHARAD observations cannot presently be used to impose additional
constraints on the properties of the material at the base of the ice.
Importantly, MARSIS acquires data at three different frequencies (3, 4,
and 5 MHz) making the investigations of the frequency behavior of the
signals propagating through the SPLD and reflected by the basal
material possible. To date, though, frequency analysis has only been
employed to verify the reliability of the data collected at Ultimi
Scopuli’ but has yet to be employed to characterize the physical con-
ditions in the subsurface.

Here, we analyze information from different MARSIS frequencies
to compute the attenuation of the radar signal, to constrain the SPLD
composition, and to evaluate the possible range of temperatures at the
base of the ice. The results of this work provide new key information to
narrow the range of interpretations on the nature of possible sources
of the bright basal reflections detected in Ultimi Scopuli.

Results

Radar attenuation

Absorption of radar signals propagating through a medium causes
reduction of the signal intensity (attenuation). Attenuation depends on
the frequency of the traveling signal, the length of the path, and the
type of material through which the signal propagates. This parameter
can be computed by two different approaches, which are dictated by
the radar performance and the subsurface properties. In RES studies,
attenuation is usually estimated from the measurements of the
intensity of the signal reflected by internal layering'®". This method
was tested on MARSIS?® and SHARAD? data. Another technique mea-
sures the variation of echo power from a single subsurface interface
observed at different depths**™'. Here we combine the latter method
with a procedure introduced by ref.32, based on MARSIS data
acquired at the three operating frequencies (3, 4, and 5 MHz).

Along the same track, MARSIS simultaneously collects radar data
as 3 MHz and 4 MHz pairs, or 4 MHz and 5 MHz pairs, generating two
radar profiles for each observation (i.e., each radar track). The dataset
used in the present analysis consists of 132 MARSIS raw observations,
acquired at Ultimi Scopuli between 2010 and 2019 (Fig. 1): 36 at 3 MHz,
132 at 4 MHz and 96 at 5 MHz. Such observations have been collected
on a large region, were both bright and non-bright areas were
detected®. Regardless of the location (inside or outside the bright
areas), the echoes collected at the higher frequency have smaller
amplitude than those collected at the lower frequency (Fig. 2). This
frequency-dependent behavior can be due to the properties of the
SPLD, which affect the propagation of the signals, and/or to
the properties of the basal interface, which control the intensity of the
reflection; the latter depends on the interface roughness and
the dielectric contrast between the SPLD and the underlying material
(see Methods). The contribution of the interface roughness can be
evaluated through the computation of the signal acuity, defined as a
parameter that measures the smoothness of the interface’. We found
that the calculated acuity values are uncorrelated (correlation coeffi-
cient <0.1) to the values of the difference in echo power between two
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basal power between frequencies is approximately constant along track and does
not appreciably change between observations, aside from a small segment in
observation III.

frequencies: this implies that the roughness effect on the frequency
behavior of the reflected signal is actually negligible. Furthermore,
because the difference in basal echo power at two frequencies is
constant both within and outside the bright areas (Fig. 2), we can also
exclude a frequency effect due to the basal dielectric contrast. We thus
conclude that the frequency behavior of MARSIS data is primarily
controlled by the properties of the SPLD.

At the MARSIS operating frequencies, the signal attenuation in
water ice is frequency independent®, unless the ice contains
impurities*, such as mineral inclusions, in which case attenuation of
the signal in the mixture reflects the frequency-dependent behavior of
the impurities (solid lines in Fig. 3). Vice versa, while attenuation in
pure water ice is temperature dependent, presence of dust modifies
such behavior, so that attenuation of the radar signal in the mixture
becomes temperature independent at low temperatures. Attenuation,
A, in the ice/dust mixture composing the SPLD is given by two con-
tributions:

_9SPLD

- 7T ,—2mvtan GsppT
= £0¢ SPLD
USPLDAtanﬁsPLD € € ’

A=A ®

where g, =8.85 x 10~2 F/m is the dielectric permittivity in a vacuum, &
is the real part of permittivity of the SPLD, v is the frequency, and T is
the two-way travel time (see Methods). The first exponential gives the
attenuation of the conductivity of the SPLD (4,_, ) (cyan dashed line in
Fig. 3); it is temperature dependent and frequency independent. The

second exponential gives the attenuation due to the polarization
phenomena and it is expressed by the loss tangent of the mixture
(Agans,,,) (Black dashed lines in Fig. 3); it is temperature independent
and frequency dependent.

Loss tangent and dust estimation

The best conditions to invert Eq. (1) and retrieve the loss tangent, are
realized outside of the shadowed area (Fig. 1): here the two-way travel
time T of the basal reflector varies between 13 ps and 25 ps and the
number of samples is large at all frequencies (Fig. 4a); moreover, we
can assume that the dielectric contrast between the SPLD and the basal
material is relatively constant. This assumption is supported by the fact
that dry materials have comparable dielectric permittivities. The cal-
culated tan6gp, , values range between 1.5 <10~ (25th percentile) and
2.6x1073 (75th percentile), with the highest probability density cor-
responding to a loss tangent value 2.4 x10~2 (Fig. 4b). In the dataset
collected in the bright areas (gray shadowed area in Fig. 1) the basal
reflectivity changes abruptly along track (Fig. 2), as discussed in detail
in Lauro et al.?, and the two-way travel time T remains essentially
constant. In these conditions it is not possible to apply the method
described above, however the subset of data collected in the main
bright area (blue region in Fig. 1), where the basal reflectivity is quite
constant, can still be used to estimate the loss tangent from the dif-
ference in echo power at two frequencies®. We found values of the
same order of magnitude to those estimated outside the bright areas
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Fig. 3 | Attenuation in an ice/dust mixture at MARSIS frequencies. Solid lines are
computed using Maxwell-Garnett mixing formula (see Methods) assuming a 12%
dust content and tané,, =1.7 x 1072, admixed with pure water ice. Black dashed lines
are computed using the same mixing formula and negligible ice conductivity. The
cyan dashed line is computed assuming negligible dust loss tangent. All curves refer
to 17.5 ps two-way travel time.

but distributed within a larger range (1.6 x107> to 5.8 x1073). More-
over, we detected a very peculiar radar feature inside the main bright
area (Supplementary Fig. 2): a strong multiple reflection visible in
several MARSIS observations. In terrestrial radar data strong multiple
reflections are caused by very large dielectric contrasts, such as those
between ice and liquid water or brines®. These features cannot be
produced by dielectric contrasts of smaller magnitude, for example at
the interface between water ice and frozen soil or solid rocks***’. The
analysis of such multiple provides similar loss tangent values as those
computed outside and inside the main bright area (Supplemen-
tary Fig. 2).

Assuming a dust loss tangent ranging between 7x1073
and 4x1072 which are typical values for terrestrial and Iunar
basalts and shergottite®®*’, we thus estimate that the amount of
dust in the water ice is between 5% (25th percentile) and 12%
(75th percentile; Fig. 4c) (see Methods). In our calculations we did
not consider any fraction of CO, ice in the SPLD which, even if
present, would have no effect on our estimate of the dust content,
owing to the fact that the CO, ice loss tangent is in the order of 107
(Supplementary Fig. 3).

Basal permittivity estimation

The loss tangent values estimated here are larger than that previously
recognized"? implying a higher attenuation in the SPLD, which requires
new calculations of the values of apparent basal permittivity. In earlier
work!, these were frequency dependent, with medians of 30, 33, 22
inside the bright area and 9.5, 7.5, 6.7 outside the bright area, at 3, 4
and 5MHz, respectively. To calculate the revised values of apparent
basal permittivity, we applied the inversion procedure published by
ref. 12, filtering the data for an acuity value >0.6 to mitigate the effect
of the roughness of the base, consistently with what we discussed in
previous work’. Here, we report the results obtained considering dif-
ferent thermal scenarios for the SPLD and the basal material, assuming
a linear temperature increase inside the SPLD, from a fixed surface
temperature (160K) to a variable value at the base of the ice
(160—270K) (Fig. 5). The permittivity values are generally constant at
temperatures between 160 and -~210K, step slightly upward beyond
210K, and increase abruptly at a T >230K. Outside the bright areas,
the apparent permittivity values range from 7 (25th percentile) to 12
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(75th percentile) with a median of 10, regardless of frequency. Inside
the main bright area (blue region in Fig. 1), the median of the dis-
tribution is ~40 at all frequencies, with values ranging between 20
(25th percentile) and 120 (75th percentile). The attenuation computed
here appears reliable because it corrects the apparent permittivity
values computed at three frequencies and makes those values con-
sistent, as they should be once the frequency effect is accounted for.
This correction works well both inside and outside the bright areas,
and it is evidence that the SPLD are compositionally and thermally
homogeneous in Ultimi Scopuli. Finally, we note that in both areas, the
trend of the apparent permittivity with temperature, diverges at values
larger than 230 K. Above such temperature the attenuation of the SPLD
becomes progressively larger (Fig. 3) thus a higher basal apparent
permittivity is required to produce the same intensity of the echo.
Such high value, estimated outside the bright areas, appears to be
unreliable when compared to those typical of dry and cold rocks. We
thus conclude that the temperatures of the SPLD at Ultimi Scopuli
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cannot exceed 230 K, which can then be taken as the upper limit value
of basal temperatures.

Thermal profile of the SPLD and basal temperature

We calculated the temperature at the base of the SPLD applying the
one-dimensional Fourier’s law of heat conduction ¢ = —kVT with g the
heat flux at the base of the ice deposits, k the thermal conductivity of
the deposits, and VT the temperature gradient (see Methods). We
must also know the temperature at the top of the deposits. None of
these parameters have been directly measured yet, and their estimated
values are model dependent. Published"’"° values for local surface
temperatures are 155K, ~160 K and 162 K (derived from the models by
ref. 40), to which we add an estimated value of ~170K obtained
averaging the summer and winter temperatures calculated from the
thermophysical properties of water ice at these latitudes*. The local
heat flux at the planet surface varies from -22mW/m? to
~28+5mW/m? based on geochemical criteria**** (i.e., abundance of
radioactive elements in the crust and mantle, and bulk planetary
composition), while radar, gravity and topography data applied to a
flexural loading model" suggest values <23.5mW/m?. It is however
worth noting that recent data from the InSight mission suggest that the
Martian upper crust may contain a much higher concentration of
radioactive elements than previously thought**, and therefore models
of global surface heat flow might need to be revised upward.

The thermal conductivity of the SPLD is the least well constrained
parameter, depending strongly on the nature and abundance of the
materials that form the bulk of the deposits, namely water ice and dust.
The thermal conductivity of Martian dust is based on measurements of
terrestrial simulants consisting of fine-grained materials (¢ : 1—-3 pum)
developed by various laboratories**°. A new value of thermal con-
ductivity for Martian dust of 0.015W/mK has been recently reported
for a temperature of 243K and pressure equal to 650 Pa, based on
laboratory measurements conducted on a newly developed simulant
(Jining Martian Dust Simulant: JMDS-1), that very closely resembles
both the mineralogy and grain size of typical Martian dust”, unlike
other simulants used thus far.

The temperature dependence of the thermal conductivity of water
ice is commonly described by** k=12.52 — 6.90 x1072T +1.15x107*T2,
or by a simplified formulation®, as: k=567/T, with T being the tem-
perature expressed as K. Because of the limited quantity of dust in the
deposits, we assumed that dust is uniformly distributed in the ice and

Table 1| SPLD physical parameters for basal temperature
computation

Parameter Set 1 Set 2

Heat flux g (mW/m?) 22 30

Z: Thickness of SPLD (m) 1500 1500

Az: depth increment (m) 1 1

T, (top temperature) (K) 160 170

kgust (W/mK) 0.015 0.015

Kysater ice (W/mK) 4.424 (at T, = 160 K) 41135 (at T, =170 K)
Fraction of dust (%) 5 12

T, (basal temperature) (K) 168 183 (186)*
Corrected for density (K) 176 193

*Calculated using Klinger®.

calculated the thermal conductivity at 1 m increments along the depth
of the SPLD, using constant weighted averages (see Methods). We used
the thermal conductivity obtained for each step to calculate the value of
temperature at that depth and used this value to calculate the thermal
conductivity for the next step, terminating the iterations when a depth
of 1.5 km was reached. The range of values of basal temperatures we
obtained for varying combinations of dust/ice ratio in the range 5-12%
dust (based on our estimates), heat flux and surface temperature, varies
between a minimum of 168 K and a maximum of 186 K (Table 1: Sets 1
and 2, respectively).

The parameter values we used to calculate the basal temperatures
from the heat conduction equation are fully consistent with geological
interpretations and data obtained from decades of observations and
measurements by a variety of instruments. Here, we show that a
modest change in the parameter values returns broadly different
values of basal temperature, without the need to advocate for special
conditions (e.g., an anomalously high heat flux, or different SPLD
materials).

If we consider the effect of the porosity of the ice, which works
toward decreasing the value of thermal conductivity of the SPLD, we can
expect higher temperatures at the base of the ice. Even when com-
pacted at high pressure, the residual porosity of water ice remains high
(e.g., 0.1 at 150 MPa*°). Additionally, inhomogeneities in the ice matrix,
such as those that accommodate dust or other impurities, contribute to
the brittle behavior of the ice sheet, favoring the formation of fractures,
and increasing its relative volume of voids. In the absence of robust data
on the porosity of the SPLD across their vertical extent, we used the
density of pure ice as a proxy, knowing that it varies with temperature
according to the equation® p =917 - [1-1.17 - 10™* 6], applicable within the
temperature (6) interval from 0 °C (273 K) to -140 °C (133 K). When we
account for the variation of density along the thermal profile of the
SPLD, we can determine its effect on the variability of the thermal
conductivity of the pure ice component, using the equation®
k=3.176 x10"3p, — 0.726 where the density of ice p;is expressed as
kg/m?3. This equation was obtained by linear least-square fit (correlation
coefficient = 0.996) from experiments conducted on a broad range of
water ice densities (620—915kg/m?), which we extrapolated to the
density values we calculated for the SPLD (925—929 kg/m?3). For the
same set of conditions shown in Table 1, the basal temperatures range
from a minimum value of 176 K (Set 1, Table 1) to a maximum of 193 K
(Set 2, Table 1).

The temperatures thus obtained could be even higher if we
included a thermally insulating surficial layer of dust, as done
elsewhere’. Furthermore, in our computations of the content of dust,
we did not account for possible CO, ice in the SPLD. Because the
presence of CO, ice would not appreciably change the estimated
amount of dust (Supplementary Fig. 3), even if we were to consider
CO, ice layers in our calculations, the total proportion of water ice
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where the whiskers represent the minimum and maximum values, the box
extremes the lower and upper quartiles, and the center line the median of the data

distributions. The gray bars indicate the range of apparent permittivity values for
proposed basal materials measured at MARSIS operating frequencies®***%53¢;
calcium perchlorate at 196200 K (Supplementary Fig. 5); clays at 200 K; terrestrial
basalts at 300 K; lunar basalts at 200 K; hydrated salts jarosite and meridianite at
200K; saline ices at 200 K-; and basaltic sand at 200 K.

would be reduced, which would lead to further reduction of the
thermal conductivity of the deposits, with consequent further increase
of the calculated basal temperature values. We thus conclude that the
values of basal temperatures so far published in some of the literature,
very likely underestimate the temperature at the base of the SPLD, and
that a temperature ~200K (consistent with 205K reported by ref. 1)
represents a reasonable assumption to further discuss the physical
properties of the SPLD.

Discussion
The attenuation estimated in this work shifted upward the apparent
permittivity values (Fig. 5) retrieved by MARSIS data inversion with
respect to previous calculations'. Inside the main bright area, the
median of the apparent permittivity distribution is 40 and outside is 10,
regardless the frequency (3, 4, and 5MHz). Moreover, in the range
160—-210 K, these values are constant. To identify potential candidates
as SPLD basal materials, we compared the apparent permittivity values
retrieved at 200K with those computed from literature data (Fig. 6)
relevant to subglacial lithologies suggested in recent papers'®. Each
material is represented by a range of values which reflects the variability
of data present in the literature, aside from 300 mM Ca(ClOQ,), brines
which are new data (Supplementary Fig. 5). Where possible, we reported
values collected around 200 K however, terrestrial basalts were mostly
measured at higher temperatures (around 300 K), often with poorly
controlled moisture content™, and must be considered an over-
estimation of the corresponding values for Martian temperatures™. In
fact, in agreement with dielectric behavior of rocks, if such values were
measured at lower temperatures (200 K) the entire range would shift
leftward towards smaller apparent permittivity values®®, <15. The com-
parison clearly highlights that 75% of the apparent permittivity dis-
tribution outside the bright areas is compatible with materials having
apparent permittivity lower than 15, like terrestrial/lunar basaltic rocks
or clay sediments, at Martian temperature. Conversely, 75% of the
apparent permittivity distribution inside the main bright area is only
compatible with the 300 mM Ca(ClO,4), brines, which have reported
values of apparent permittivity larger than 20.

Previously published basal temperatures (e.g., Sori and Bramson’)
fall below the temperatures required for brines to be liquid. In this

paper, however, we have shown that it is possible to calculate basal
temperatures much closer to the eutectic temperatures of perchlorate
brines (~198K), if a broader spectrum of environmental conditions of
dust and ice (fully consistent with the evidence acquired over decades
of Martian observations) are considered. It is therefore not implausible
to envisage specific mechanisms that might further raise basal tem-
peratures beyond those of the brine eutectics, so long as the basal
temperature does not exceed our attenuation-derived modeled max-
imum basal temperature of 230 K. While speculative at this stage, we
hypothesize that salt could be enhanced in the basal unit of the SPLD
via significant sublimation of a paleo SPLD that formed and was lost
during large obliquity variations. Additionally, salts could have been
concentrated in a depositional environment, such as a paleolake that
then dried up during large obliquity variations. Additional raw MARSIS
data over a larger extent of the SPLD will help determine if the
reflectors in Ultimi Scopuli are unique or part of a larger collection of
bright reflectors™.

As an aside, our estimation of the attenuation in the SPLD sug-
gests a plausible explanation as to the reason why SHARAD has thus
far not been able to penetrate through the full depth of the deposits
to detect the basement. Considering a loss tangent of the order of
1.5-2.6x1073, and neglecting the conductive term due to the low
temperature at the base of the SPLD, Eq. (1) can be used to compute
the attenuation at SHARAD frequency (20 MHz), which ranges
between —14 and —25dB. Given such values and the dynamic range
of SHARAD, the presence of any additional scattering loss due to the
structure of the SPLD may prevent the propagation of the signal at
large depth, thus explaining why SHARAD cannot “see” the bright
reflectors at Ultimi Scopuli and, more generally, the basal interface
below the SPLD.

Methods

Ice dielectric properties

Loss tangent is the fundamental parameter retrieved in this work to
estimate the SPLD dust content and signal attenuation. Such para-
meter is given by two contributions that behave differently vs. tem-
perature and frequency. The dielectric response to an oscillating
electric field (e.g., a radar wave) is described by the complex relative
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dielectric permittivity of the medium:

A0\, ,
£=a“—t<£p+w—%>—£(l—ttan6) )

where g, =8.85 x 107 F/m iis the dielectric permittivity in a vacuum, o
is the conductivity, w =2mv is the angular frequency, and v the fre-
quency. The real part of the dielectric permittivity, &, accounts for the
polarizability of the material (energy storage) and the imaginary part
for the energy loss due to heat caused by the polarization process (¢)
and free charge carrier migration (conduction, o). It is common to
define in Eq. (2) the total losses through the loss tangent factor tané
which is the sum of the conductive term tand, =o0/wey€ and the
polarization term tané, =&, /€":
tan§ =tané, +tand, 3)
In water ice admixed dust, atEMARSIS frequencies, tand,, strongly
depends on temperature (« e#r) and decreases with frequency
(<1/v), whereas tan6p is both frequency and temperature
independent.

Radar equation

The relation between loss tangent and basal power measured by
MARSIS describes the forward model used in this work. According to
radar equation in case of a normally impinging wave propagating in a
medium delimited by two interfaces (air/SPLD and SPLD/basal mate-
rial), the ratio between basal and surface echo intensities (P, and P,)
can be written as>:

2
Py _Xo {7(1 —psz)”b] A @)

P Xs Ps

where X accounts for interface roughness, p is the Fresnel coefficient,
the suffixes b and s refer to basal and surface quantities, respectively
and A represents the attenuation factor given by:

H oo Ho(z)\/e H e _OSPLD
A~ e—Zjothan 8(2)dz _ e—Z_IOsz—ZjOthan 8,(2)dz _ e T-wtan 55PLDT,

(©)

where z is the depth, H is the SPLD thickness, 7= % is the two-way
travel time, tandsp p and ogp , are the overall SPLD loss tangent and
conductivity, respectively.

Selecting only MARSIS data with high acuity (>0.6) the roughness
terms can be neglected: X, /xs ~ 1; in addition, as the temperature
expected for the SPLD is very low, conductivity losses are negligible
(Supplementary Fig. 4). Under these assumptions, Eq. (4), expressed in
logarithmic scale, results linearly dependent on frequency v and time
delay r**:

P.(v,T) ~ Pho — Ev tan SgpipT, (6)

N ~ 2
where P,(v,1)=10log;, (’;) £=2m10log;pe, and P,, =10 |ogw(%) .

Loss tangent estimation

Equation (6) was used to estimate the loss tangent using a probabilistic
approach®, defined by the forward model P, =g(m) (Eq. 6) and the
model parameters m= (i’no,loglo(tanc?SPLD)). The estimation was car-
ried out considering the data collected outside the bright areas (Fig. 1),
where the time delay 7 varies between 13 and 25 ps; the dataset P, was
divided in 21 subsets (7 time delay intervals for each frequency) having
2ps width. For each subset (v,7;) the probability distribution p; of

P, ui,rj) was retrieved and the posterior volumetric probability
o,,(m) computed as the product of the probability calculated for each
subset p;;:

D'g,D) -
ou(m)=pym] ][ E LDy, gy, )

where g, is the metric of the model parameters space, g, the metric of
the data space, Dy, =0g;/0m, and p,,(m) the prior probability of the
model parameters.

The loss tangent marginal volumetric probability was computed
as

pltandsnp) = [ oy(midPy, ®

considering that the prior probability on P, is described by a uniform
distribution: p(P,)=const,P,, € [-4,1] dB; the range of P, was
computed assuming a typical rock as basal material (permittivity
values ¢, €[8,12]) and water ice admixed with dust for the
SPLD (gpip € [3.1,3.5)).

Dust volume fraction estimation

In an icy mixture, loss tangent value is strongly affected by the dust
content and can be considered a reliable parameter to estimate the
amount of dust. Given the water ice/dust composition of the SPLD, the
overall complex permittivity &gp, can be written using Maxwell-
Garnett formula®®;

€d — Eice
&gt 2“:ice *fu (gd - Sice)

&spLp =Eice * I vEice

©

where ¢, is the complex permittivity of pure water ice at 200 K*,
£;=8.8x%(1—itand,) is the complex permittivity of the dust and,
f,the dust volumetric fraction. The estimation of f, is based on a
probabilistic approach where the data are described by the estimated
volumetric  probability  p(tandspp),the physical model by
g(m)=Tm{egp p}/Refesppl(Eq. 9) and model parameters are
m=(logyo(f,),log;p(tané,)). The posterior probability is computed as,

det(g,, +D'g,D
7(gdrgt(g ;gd )p(tan6SPLD =g(m)).
m

Given the paucity of dielectric properties measurements on Mars
analogue solid samples, we considered loss tangent values of solid
lunar samples available in the literature® which allow us to establish a
lower and upper limit in the dust loss tangent values. In particular, we
considered a uniform distribution for the prior probability of the dust
loss tangent p(tand,;) = const, tan6, € [7 x10,4 x10~2]. We note that
this range also includes the theoretical value (tan§,=2x10"%) of
shergottite according to Olhoeft and Strangway’®. It follows that the
posterior volumetric probability of f, is given by

Oy (M) =py(m) 10)

p(f,)= /oM(m)dtanﬁd 1)

Thermal profile and basal temperature

The variation of temperature from the top to the base of the SPLD in
Ultimi Scopuli is treated as a one-dimensional problem. We assume: (a)
that the SPLD is a half space having uniform thickness Z, bounded by
two horizontal planar surfaces, S, (top) and S,, (base); (b) that the SPLD
is homogeneous throughout, and no internal heat source exists; and
(c) a steady-state scenario, for which Laplace equation V>T=0 is
satisfied. Under these conditions, the heat flux g, at the base and at the
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top g, of the SPLD is the same, and constant throughout. For each
columnar element of height Z and basal area 1m?2, the condition:
q,=q, =g, is satisfied, with g,, and g, the heat flow through the basal
surface (s,) and the top (s,) surface of the columnar element,
respectively, and g; the heat flow for any generic horizontal surface
element (s;) in between. The thermal profile from the top to the base is
thus controlled by the temperature at the top (7), the planetary heat
flow in the region (g), and the thermophysical characteristics of the
SPLD material. From Fourier’s law we have:

q=—k 12

dz’
where “% is the temperature gradient, and k is the thermal conductivity
of the material, which depends on temperature, and therefore varies

with depth. Considering a volume subdivided into n — 1 discrete ele-
ments of equal height Az, we rewrite Eq. (12) as

YAz

q= -k 13)

where AT;=T; — T,;,, is the temperature difference between the top
(T;) and bottom (T, ) of the i-th volume element, and k; is considered
constant inside the volume element, imposing as a starting condition:
k(T;)=k(Ty) and therefore at the base: k(T,) =k(T,_;). Using this
notation, we can describe the variation of temperature and corre-
sponding variation of k with depth as a simple problem of heat
refraction: we assume that each elemental volume of height Az is a
material with specific thermophysical characteristics (k;,i=1,2...n)
that are distinct and different from those of the elemental volumes
above and below. Therefore:

ATy
Az

ZAZZ o

AT,
" Az,

q= -k (14)

We thus use a finite difference method to describe the variation of
temperature with depth in the SPLD to calculate the basal temperature
T, using appropriate k « 1/T functions.

Data availability
Data used in this study are available in the Zenodo database https://
zenodo.org/record/3948005.
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