
1. Introduction
The search for liquid water below the Martian polar caps is particularly challenging and its presence can only 
be inferred from geophysical methods. The recent evidence of liquid brines below the SPLD (South Polar Layer 
Deposits) at Ultimi Scopuli, is indeed based on MARSIS (Mars Advanced Radar for Subsurface and Iono-
sphere Sounding) radar data inversion, which provided an anomalous high apparent dielectric permittivity value 
(Mattei et al., 2022; Orosei et al., 2018), interpreted as an indication of ponded water below the ice sheet (Lauro 
et al., 2021). However, several alternative interpretations have also been proposed (Bierson et al., 2021; Grima 
et al., 2022; Smith et al., 2021). Among those, it has been suggested that clays, specifically smectites, could 
be the source of such strong radar reflections. Clay-bearing deposits have been detected on Mars by orbiters 
(e.g., Bibring et al., 2006; Murchie et al., 2007) and rovers (e.g., Bristow et al., 2018; Clark et al., 2007; Rampe 
et al., 2020). The visible/near infrared spectrometers Compact Reconnaissance Imaging Spectrometer for Mars 
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(CRISM), and Observatoire pour la Minéralogie, l’Eau, les Glaces, et l’Activité (OMEGA), identified small and 
widespread deposits of these minerals between the latitudes 40°S to 40°N in early Noachian to middle Hesperian 
(4.1–3.3 Ga) terrains (Carter et al., 2013; Ehlmann & Edwards, 2014). Poleward of these latitudes, it is likely 
that the presence of clay deposits is masked by a thin sedimentary layer formed by the progressive desiccation of 
ground-ice rich regolith and polar processes (Kreslavsky & Head, 2002; Mustard et al., 2001), although no direct 
evidence of clay outcrops in the terrains around the SPLD has been reported thus far (e.g., Ehlmann et al., 2011). 
The susceptibility of these minerals to fragmentation and pulverization suggests, however, that these may be 
easily lifted and spread globally by Martian winds. It is thus reasonable to speculate that clay minerals may have 
concentrated in the top regolith layer at the base of the SPLD (Smith et al., 2021).

Clay minerals on Mars include mainly Fe/Mg smectite (e.g., nontronite, saponite) observed at 75% of analyzed sites 
(Ehlmann et al., 2013), chlorite (often found in impact crater deposits) and Al-bearing phyllosilicates (kaolinite, 
montmorillonite and beidellite), with minor amounts of illite, vermiculite and poorly crystalline clays (such as: 
allophane, imogolite and ferrihydrite) (Carter et al., 2013; Ehlmann et al., 2013; Rampe et al., 2012). Smectites 
are a group of highly expandable phyllosilicates that form using diagenetic or hydrothermal processes involving 
isochemical changes of precursor materials or by direct deposition from colloids or solutions (Odom, 1984). 
Structurally, smectites are 2:1 phyllosilicates, in which one octahedral sheet is sandwiched between two silica 
tetrahedra sheets. The octahedral sites are occupied by Al 3+ (with Fe 3+ substitutions) in dioctahedral smectites, 
and by Mg 2+ and Fe 2+ in trioctahedral smectites (Odom, 1984). The interlayer space between two 2:1 layers is 
partially occupied by larger cations (required to balance charges, typically Na + and Ca 2+) surrounded by water 
molecules that form hydration shells around the cations. Depending on the quantity of interlayer water adsorbed, 
which in turn depends on the type of cation present and the amount of water available, the basal spacing varies 
from a minimum of 9.6 Å (fully collapsed state) to a maximum of 19 Å in Ca-montmorillonite (one of the most 
common varieties on Earth) (Odom, 1984). The variability of interlayer cations and quantity of interlayer water 
adsorbed causes high disorder in the stacking of smectites, which are thus particularly friable and prone to frag-
ment into very fine particulate.

The dielectric properties of clays have been investigated in a wide variety of studies, from the behavior of 
vermiculite-confined water (Bergman & Swenson, 2000) to industrial applications (Cadène et al., 2006) and radi-
oactive waste disposal (Meunier et al., 1998), to name a few. Their dielectric behavior is controlled by their struc-
ture and the way water molecules and ions electrically interact with the crystal lattice (e.g., Mattei et al., 2022 and 
references therein). Below the terrestrial ice sheets, clays could be a potential source of bright radar reflections 
(Tulaczyk & Foley, 2020) because at such a relatively high temperature (∼268 K) the water inside the clays 
remains liquid. This is probably not true for the base of the SPLD where the temperature is predicted to be much 
lower (∼200 K, Orosei et al., 2018; Lauro et al., 2022). Under these conditions, any clay-rich deposit present at 
the base of the ice should be completely frozen, regardless of its water content, and from a dielectric point of view 
would behave like a dry material (Mattei et al., 2022; Stillman & Grimm, 2011). In fact, it is well known that 
the dielectric response of clays is strongly frequency- and temperature-dependent (e.g., Lorek & Wagner, 2013; 
Olhoeft, 1981). For example, in the MHz range typical of radar sounders, wet clay complex dielectric permit-
tivity values decrease abruptly at low temperatures relative to those measured at standard temperature (Mattei 
et al., 2022). Therefore, a large part of the experiments reported in the literature, which are usually performed at 
standard temperatures (about 300 K), are not useful to understand the dielectric response of clays below the ice 
at Martian temperatures and would not be further discussed in this work.

Recently, Mattei et  al.  (2022) reviewed the literature relevant to the dielectric behavior of clays at very low 
temperature (around 200 K), highlighting that neither theoretical nor experimental data support the hypothesis 
that frozen clays have a large complex dielectric permittivity consistent with the subglacial basal reflections 
detected by MARSIS at Ultimi Scopuli. Smith et  al.  (2021), however, reported anomalously large complex 
dielectric permittivity values for a smectite sample, mixed with a large amount of water, at ∼230 K. Because 
those values contrast significantly with the results reported at MARSIS frequency by other authors (e.g., 
Stillman et al., 2022), we replicated Smith et al.’s (2021) experiments in an effort to understand the origin of 
such discrepancy. We used the same type of clay (STx-1b) and followed the same general approach described 
by those authors, running experiments over the frequency interval 1–100 MHz and at temperatures between 
200 and 290 K. The experimental setup was designed to accurately control the temperature ramping and to 
monitor the temperature inside and outside the clay sample. Our results support and reinforce accepted theo-
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retical knowledge of the dielectric behavior of clays and propose a possible 
explanation for the reasons behind the high permittivity values reported by 
Smith et al. (2021).

2. Materials and Methods
2.1. Clay Dielectric Properties

Dielectric properties of materials are described by the complex dielectric 
permittivity:

𝜀𝜀 = 𝜀𝜀′ − 𝑗𝑗𝜀𝜀′′ (1)

where 𝐴𝐴 𝐴𝐴′ is the real part of the permittivity and indicates the energy storage 
in the material, and 𝐴𝐴 𝐴𝐴′′ :

𝜀𝜀′′ = 𝜀𝜀′′𝑝𝑝 +
𝜎𝜎𝑆𝑆

2𝜋𝜋𝜋𝜋𝜀𝜀0
 (2)

takes into account the energy dissipation due to polarization losses and migra-
tion of free charge carriers (conduction). In Equation 2 𝐴𝐴 𝐴𝐴0 = 8.85 ⋅ 10

−12
𝐹𝐹∕𝑚𝑚 

is the dielectric permittivity in a vacuum, 𝐴𝐴 𝐴𝐴𝑆𝑆 is the static conductivity, 𝐴𝐴 𝐴𝐴′′𝑝𝑝  the 
imaginary term due to polarization and f the frequency. From Equation 2 we 
can also define the frequency-dependent conductivity as follows:

𝜎𝜎 = 𝜎𝜎𝑆𝑆 + 2𝜋𝜋𝜋𝜋𝜋𝜋0𝜋𝜋
′′

𝑃𝑃 (3)

The dielectric behavior of clays, in particular smectites, can be very complex 
(e.g., Cadène et al., 2006; Lorek & Wagner, 2013; Sposito & Prost, 1982) due 

to the different forms of water: interlayer water, electrostatic double layer water and free porewater (see Wersin 
et al., 2004 for details). These three types of water respond differently to frequency and temperature, and the real 
and imaginary parts combine in the overall spectra in a very complicated manner (e.g., Lorek & Wagner, 2013). 
In general, at each specific frequency, the lower the temperature, the lower the complex dielectric permittivity due 
to a shift in the spectra of the dielectric parameters (ε′, ε″, and σ) toward lower frequencies. From top to bottom 
Figure 1 schematically shows the effect of temperature on σ, ε′, and ε″, considering a single relaxation process 
(Debye-like model). However, it must be highlighted that clays can be affected by more than one relaxation (e.g., 
Maxwell-Wagner, bond water, free water), each following the same general trend with temperature (e.g., Lorek 
& Wagner, 2013; Vasilyeva et al., 2014).

The dielectric behavior of dry and wet smectites as a function of frequency and temperature has been summarized 
elsewhere (Mattei et al., 2022) and will not be discussed here; in general, it is expected that at Martian tempera-
tures (∼200 K) and MARSIS frequencies (3–5 MHz) all relaxation processes are shifted below 1 kHz (Lorek & 
Wagner, 2013).

2.2. Sample Preparation and Measurement Procedure

We applied the same frequency domain approach described in Smith et al. (2021), performing dielectric meas-
urements in a transmission line filled with the test material. We used a custom coaxial-cage line (Figure 2a) and 
measured the scattering parameters of the line, from which the complex dielectric permittivity and magnetic 
permeability of the material were estimated. Coaxial-cage line characteristics and measurement principle are 
described in detail in Appendix A.

We first report the measurement results in terms of real and imaginary parts, from which we computed the appar-
ent permittivity 𝐴𝐴 𝐴𝐴app (Mattei et al., 2022) as follows:

𝜀𝜀app = 𝜀𝜀1

[
1 + |Γ12|
1 − |Γ12|

]2
= 𝜀𝜀1

𝜀𝜀1 + |𝜀𝜀2| +
√

𝜀𝜀2
1
+ |𝜀𝜀2|2 − 2𝜀𝜀1𝜀𝜀

′

2

𝜀𝜀1 + |𝜀𝜀2| −
√

𝜀𝜀2
1
+ |𝜀𝜀2|2 − 2𝜀𝜀1𝜀𝜀

′

2

 (4)

Figure 1. Schematic representation of the effect of temperature on the 
dielectric parameters of a material having a single relaxation. T1 and T2 are 
two different temperatures, and 𝐴𝐴 𝐴𝐴∞ is the high frequency limit of electrical 
conductivity.
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where 𝐴𝐴 𝐴𝐴1 = 3.5 is the SPLD ice permittivity and 𝐴𝐴 𝐴𝐴2 is the complex permittivity of the material under test, 𝐴𝐴 Γ12 is 
the reflection coefficient of a normally impinging plane wave at an interface between two adjacent materials (the 
SPLD ice and the unknown basal material). The apparent permittivity is a single real quantity that accounts for 
both polarization and conductive processes and is the physical quantity that MARSIS measures if a material of 
complex permittivity 𝐴𝐴 𝐴𝐴2 would lay below the SPLD. In Orosei et al. (2018), the median permittivity retrieved 
by inverting anomalous bright MARSIS data, collected at 4 MHz, is 33. In Mattei et al. (2022), this value was 
used as a threshold to assess if a given material could be a potential source of the subglacial bright reflections at 
Ultimi Scopuli.

The sample analyzed in this paper is a Ca-montmorillonite from Texas (Manning formation, Jackson group, 
Eocene) classified as STx-1b and supplied by The Clay Minerals Society (https://www.clays.org/). The STx-1b 
clay is a standard used by several authors to run experiments on the dielectric properties of clays (Brown 
et  al.,  2004; Canan,  1999; Cunje et  al.,  2018; Stillman & Grimm,  2011) and has also been used by Smith 
et  al.  (2021). The baseline characterization, including chemical composition and X-ray spectroscopy, can be 
found in Castellini et al. (2017). Based on quantitative x-ray powder diffraction (XRPD) analysis, the sample 
was composed of montmorillonite (73%), cristobalite (12.8%), tridymite (11.6%), amorphous carbonates and 
sulfates (2%), and quartz (0.12%). We measured the liquid limit (LL = 118) and the plastic limit (PL = 55) of 
the STx-1b sample by the Casagrande cup device and the rolling test (ASTM D-18, 2010), respectively, finding 
values slightly different from previous measurements (LL = 142; PL = 44) performed on a similar sample by 
Kozlowski and Nartowska (2013). We also measured the grain density of the dry clay sample using a Gas (He) 
Displacement Pycnometry System (Micromeritics Accupyc 1340), obtaining a value 2.267  ±  0.001  g/cm 3 in 
agreement with that reported in the datasheet (2.2 g/cm 3) of The Clay Minerals Society. We first dried the clay at 
105°C for 24 hr in a vacuum oven, then poured the clay in the coaxial cell without compaction, obtaining a bulk 
density of 0.52 g/cm 3 (77% porosity); finally, we performed the electromagnetic measurements. A second clay 
sample was dried using the same procedure, transferred to an aluminum container, and distilled water was slowly 
added while mixing with a spatula to produce a lump-free homogeneous and smooth paste. The coaxial cell was 
filled with this paste (Figure 2b) and vibrated with a mechanical plate for 20 min to prevent air bubbles from 
being trapped in the sample and to eliminate any excess liquid water forming at the surface. From an aliquot of 
the sample, we measured final water content of 128% (expressed as the mass of water to the mass of solids ratio) 
for a bulk density of 1.27 g/cm 3 estimated from the sample inside the cell.

We performed electromagnetic measurements on the dry and wet samples over the temperature range 200–290 K 
using a climatic chamber (DY340C - ACS Angelantoni) to accurately control the cooling/warming phases of the 
thermal cycle and thus the temperature inside and outside the sample. A PT100 (Platinum thermoresistance) 
sensor connected to a multimeter (Keithley 2700) was inserted in the sample above the coaxial cage to prevent 
electromagnetic interference (Figure  2c). Two other PT100 sensors, built into the lateral walls of the cham-
ber, were monitored via the chamber software. The climatic chamber performs thermal cycles at user-defined 
rates: we first chose a very slow rate, 0.04 K/min, to ensure that both the dry and wet samples reached thermal 

Figure 2. Experimental setup used to perform the dielectric measurements: (a) Coaxial-cage line mounted inside the Teflon 
cell; (b) Wet STx-1b sample inside the cell before measurements; (c) coaxial cell inside the climatic chamber before starting a 
measurement run. The PT100 sensor was inserted inside the sample, just above the coaxial-cage.
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equilibrium before each dielectric measurement. We then performed the measurements on the wet sample at a 
faster rate (1 K/min) to study how this experimental parameter affects bulk internal temperature during the meas-
urement procedure. Temperature and electromagnetic data were recorded every 5 min. The reported chamber 
temperature represents the average of the two chamber-wall sensors described above.

In addition, because in the results we compare our measurements with those performed at 220 K on the same 
type of clay (STx-1b) by Cunje et al. (2018), which employed the same VNA and similar 15 cm coaxial cell used 
by Smith et al. (2021) but applying a different cooling approach, we describe their methodology in Appendix B.

3. Results
3.1. Slow Thermal Cycle—Internal Sensor

The real and imaginary parts of the relative dielectric permittivity as a function of frequency are reported in 
Figure 3 for the dry clay sample measured at 220 K. Complex dielectric permittivity values of an ideal loss-free 
material (air) obtained by measuring the empty coaxial cell during a similar thermal cycle (same rate) are also 
shown in the plots and represent the lower limits of the experimental setup. The trend of the data versus frequency 
is rather regular and no significant dispersion is present, as expected for a loose (porous and air filled) dry mate-
rial (Olhoeft, 1981). Moreover, no substantial difference is evident in the two phases (cooling/warming) of the 
cycle. The real part varies from 2.4 to 1.7 moving from low to high frequencies, whereas the imaginary part is 
only measurable above 10 7 Hz, where it remains almost constant at about 7 × 10 −2. Complex magnetic permeabil-
ity measurements provide a constant value with a frequency of the order of 1.00 ± 0.01 for the real part and 10 −2 
for the imaginary part, suggesting that the clay is not magnetic. Figure 3 also shows, for comparison, a new set 
of data from measurements by Cunje et al. (2018) on the STx-1b dry clay at 220 K, performed inserting coaxial 
line and cables in a So-Low Ultra-Low freezer to reach thermal equilibrium before measurements (Appendix B). 
The reported values start at 10 7 Hz; the real part is slightly higher, probably due to the larger bulk density (0.79 g/
cm 3) of the sample, whereas the imaginary parts are comparable and only diverge slightly at higher frequencies.

The results of the wet clay (128 wt% of water) measurements at T = 230 K are illustrated in Figure 4, plotted as 
a function of frequency. No significant difference is evident in the data from the cooling and warming phases 

Figure 3. Results from the slow temperature ramping tests conducted on the dry STx-1b dry sample, showing the (a) real 
and (b) imaginary parts of the relative dielectric permittivity as a function of frequency at 220 K. Uncertainties have been 
calculated according to Brin et al. (2022).
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of the cycle. The real part shows a typical dispersive behavior, with values 
ranging from 14 (at 1 MHz) to 5 (100 MHz), while the imaginary part line-
arly decreases from ∼4 (at 1 MHz) to 0.8 (100 MHz). For comparison, we 
have also plotted the (digitized) data collected on the “fully hydrated” STx-1b 
sample at the same temperature (230 K) described by Smith et al.  (2021). 
These values have a real part that is on average 2x that presented here and an 
imaginary part that is an order of magnitude larger.

To focus on the MARSIS frequency, Figure  5 reports the real and imagi-
nary parts of the dielectric permittivity acquired at 4 MHz as a function of 
the temperature measured inside the sample. In these plots, both parameters 
show an abrupt drop around 270 K, due to the water/ice phase transition, 
followed by a monotonic decrease down to 225 K and then a slight slope 
change to the lowest measured temperature of 200 K. Importantly, the phase 
transition occurs at a lower temperature for the cooling phase of the thermal 
cycle, probably due to water supercooling before freezing, and/or to differ-
ences in heat latent release/absorption; other than this difference, data from 
the two phases of the cycle are essentially superimposed. This high level of 
reproducibility during warming and cooling cycles suggests that, excluding 
the temperature interval around the phase transition, the slow cycle allows to 
reach the thermal equilibrium necessary to accurately measure the complex 
dielectric permittivity.

The data presented in Figure  5 have been used to compute the apparent 
permittivity at 4 MHz, shown in Figure 6 as a function of temperature. The 
general trend is very similar to the values reported by Mattei et al.  (2022) 

Figure 5. (a) Real and (b) imaginary parts of the relative dielectric 
permittivity for the wet STx-1b sample at 4 MHz as a function of the 
temperature measured with the internal sensor. Uncertainties have been 
calculated according to Brin et al. (2022) but are not visible in the plots as they 
are smaller than the symbols. The abrupt drop in permittivity values is due to 
water/ice phase transition; black dashed lines indicate the temperature at which 
the transition phase of pure water occurs.

Figure 4. Results from the slow temperature ramping tests conducted on the wet STx-1b sample, showing real (a) and 
imaginary (b) parts of the relative dielectric permittivity as a function of frequency at 230 K. Uncertainties have been 
calculated according to Brin et al. (2022).
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for a set of clay sediments with different water contents. In that work, the 
water contents were given as the ratio between the mass of water and the 
total mass of the wet sample. If we apply the same formulation, then the wet 
STx-1b has 56 wt% water. The plot in Figure 6 also shows that at T < 270 K 
the apparent permittivity drops to 20, and then linearly decreases with a 
decrease in temperature to a value of 8.4 at 230  K (for both cooling and 
warming stages) through to 4.1 at 200 K. We obtain an apparent permittivity 
value of 39 at 268 K during cooling, and 273 K for the warming stage of the 
cycle (Figure 4). These temperatures are ∼40 K higher than the temperature 
(230 K) recorded by Smith et al. (2021) for the same permittivity value.

3.2. Slow Thermal Cycle—Internal Versus External Sensors

Figure  7a shows the variation of temperature inside the coaxial cell and 
outside the sample (inside the climatic chamber) during the cooling phase of 
the slow cycle, while Figure 7b shows the apparent permittivity against the 
temperature measured by the internal and external sensors. The temperature 
sensor inside the cell records the effect of water freezing in the time interval 
between 10 and 15 hr which is not measured by the external sensor. The two 
curves in Figure  7b overlap across the entire investigated interval, except 
during phase transition. This suggests that during the slow thermal cycle, 
the internal and the external sensors reach thermal equilibrium. In fact, the 
internal and external sensors measure almost the same temperature (232 K 
inside, vs. 230 K outside) for an apparent permittivity of 8.4. The apparent 
permittivity of 39 is recorded at 270 K by the sensor inside the sample, and 
268 K by the outside sensor.

3.3. Fast Thermal Cycle—Internal Versus External Sensors

Figure 8 shows the variation of temperature with time inside and outside the 
sample, measured during the cooling segment of the fast cycle (a), and the 
apparent permittivity relative to the temperature measured by the internal and 
external sensors (b). During the fast thermal cycle, the temperature inside 
the climatic chamber (measured by the external sensor) reached 200  K, 
the lowest temperature of the experiment, in only about 2  hr. The sensor 
inside the cell reaches the same temperature after about 4 hr. This discrep-
ancy between the two sensors dramatically affects the apparent permittiv-
ity assigned to each temperature step because the use of the external sensor 
values shifts the curve to much lower temperatures for a given apparent 
permittivity compared to the true temperature of the sample (measured by 
the internal sensor): for example, the apparent permittivity value of 8.4 is 
reached at 229  K if we consider the internal sensor, whereas the external 
sensor records a temperature of 202 K. Similarly, an apparent permittivity of 
39 is measured at a temperature of 253 K using the inner sensor, and 208 K 
by the external sensor. It is also important to note that the climatic chamber 
reaches the minimum temperature (200 K) in approximately 2 hr, when the 
internal sensor measures 𝐴𝐴 ∼ 240 K. Moreover, the chamber remains at 200 K 
for a long time in a steady-state condition, whereas the temperature inside the 
sample slowly decay. The apparent permittivity of 8.4 is reached at 229 K, 
which is very close to the temperature measured for the same value during the 
slow temperature phase (Figure 7).

4. Discussion
The comparison between the dielectric data collected in this work and those 
acquired in a different laboratory (Cunje et al., 2018) on a standard clay sample 

Figure 6. Apparent permittivity of the wet Stx-1b sample measured at 4 MHz 
as a function of temperature (internal sensor) during the slow temperature 
ramp. Note that the apparent permittivity value (39) computed from Smith 
et al.’s (2021) data correspond to temperature around 270 K, suggesting that 
the sample still contains a remarkable amount of liquid water. The apparent 
permittivity at 230 K is 8.4.

Figure 7. Temperature and apparent permittivity measured during the cooling 
phase of the slow cycle: (a) Temperature of the internal and external sensors as 
a function of time; and (b) apparent permittivity as a function of temperature. 
Black dots indicate the temperature measured by the sensor inside the sample 
and blue dots by the sensor outside the sample. In (a), the bump in the 
temperature plot of the internal sensor indicates the water/ice transition phase. 
Note that in the slow cycle, after about 30 hr of cooling (below 220 K), the 
temperature rate appears to change; however, such change is not present during 
the warming phase. In any case, this variation did not affect our results.
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(STx-1b) instills confidence in the reliability of our measurement procedure. 
In fact, despite the difference in the experimental setup and cooling procedure 
(via a cooling/warming cycle in our case and in steady-state configuration in 
Cunje et al. (2018)) once the sample has reached the thermal equilibrium, the 
retrieved dielectric values are comparable in both experiments (Figure  3). 
Moreover, our results on the wet STx-1b sample at low temperatures and 
4 MHz (Figure 5) are fully consistent with previous measurements obtained 
using a similar procedure on six smectite- and chlorite-rich sediments having 
different water contents (cf. Figure 5 in Mattei et al. (2022)). At 230 K, the 
apparent permittivity of those samples ranged between 6 and 10, close to 
the value of 8.4 we obtained here. The wet STx-1b sample measured in the 
present study contains 56 wt% water, which is 2–3 times larger than the water 
content in the samples measured by Mattei et al. (2022). Thus, the similarity 
between the apparent permittivity values at 230 K, regardless of the water 
content, indicates that the water inside the clay is almost totally frozen. At 
200 K, which we expect to be within range of the basal temperatures at Ultimi 
Scopuli, the apparent permittivity drops to 4.1, again in agreement with the 
values (4–6.4) reported by Mattei et al. (2022), and with other experimen-
tal works (e.g., Bittelli et al., 2004; Kułacz & Orzechowski, 2019; Lorek & 
Wagner, 2013; Moore & Maeno, 1993; Stillman et al., 2010).

The reasons for the large discrepancy between our results and those reported 
by Smith et al. (2021) could be related to the different sample preparation and 
experimental procedures followed. First, Smith et al.  (2021) indicated that 
their clay sample was dried at much higher temperatures (200°C) than those 
recommended using soil-testing guidelines, which may have led to structural 
modification of the clay. Second, there are various uncertainties related to 
their description of the sample hydration, such as: (a) the lack of quantitative 

information on the specific water content of the “fully hydrated sample,” despite the fact that highly expandable 
smectites can be saturated over a range of water contents; (b) the description of clay sample shrinkage after the 
addition of a large amount of water, in apparent contrast to the well-known swelling property of smectites; and 
(c) the puzzling fact that the authors declare a bulk density (2.679 g/cm 3) of the “fully hydrated sample” that is 
higher than the grain density (2.2 g/cm 3). Moreover, we have no way of knowing whether the water content of 
the “fully hydrated sample” is significantly different from our experiments. Even so, Stillman and Grimm (2011) 
have measured the complex dielectric permittivity of a similar clay with a larger water content than the one used 
in the present work (80% in volume of a CaCl2 solution, with eutectic temperature <230 K), from which we 
computed an apparent permittivity of about 11 at 230 K and 4 MHz. Therefore, even larger water content in the 
“fully hydrated sample” does not yield the results published by Smith et al. (2021).

Furthermore, Smith et al.  (2021) describe how they used conductive tape to attach the thermal sensor to the 
external part of the metallic coaxial line, then cooling the sample by hosing liquid nitrogen directly on the cell. 
Our experiment shows that the rate of cooling, the position of the temperature sensorand, consequently, the 
thermal equilibrium between the sample and the sensor play a fundamental role in the reliability of the meas-
urements. Selecting a slow temperature cycle and ensuring a direct contact between the sensor and the sample 
is the best procedure to avoid large mistakes in assessing the temperature at which a dielectric measurement has 
been performed. Under these conditions, the cooling and warming cycles return broadly consistent results, except 
at around 270 K, during phase transition. It is clear that during fast temperature cycles, the temperatures inside 
the sample decrease much more slowly than the external temperatures, which may lead to incorrect associations 
between temperatures and measured values of complex permittivity (Figure 8).

We can conclude that the measurements presented by Smith et al. (2021) attribute dielectric permittivity values 
to a temperature of 230 K when they actually were collected on a much warmer sample that was not fully solid 
(frozen). The cooling procedure, involving direct spraying of liquid nitrogen on the coaxial line and positioning 
the temperature sensor on the external part of the line, did not allow a thermal equilibrium to be reached between 
the sensor and the sample, thus preventing a correct correspondence between sample temperature and dielectric 
properties.

Figure 8. Results measured during the cooling phase of the fast cycle: (a) 
Temperature of the internal and external sensors as a function of time; and 
(b) apparent permittivity as a function of temperature. Black dots indicate 
the temperature measured by the sensor inside the sample and blue dots by 
the sensor outside the sample. In (a), the bump in the temperature plot of the 
internal sensor, which lasted about an hour, indicates the water/ice transition 
phase.
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5. Conclusions
It has been claimed that low temperature clays, not briny water, could be the source of the bright reflections 
detected by MARSIS at the base of the SPLD, at Ultimi Scopuli. This interpretation is based on the experi-
ments by Smith et al. (2021), who claimed to have measured a complex permittivity value of 39, higher than the 
MARSIS reference threshold of 33 computed from radar data at 4 MHz, on a wet smectite sample at 230 K. Such 
high apparent permittivity at low temperature is, however, inconsistent with dielectric theory and a large body 
of literature (Mattei et al., 2022, and refs. therein) reporting laboratory measurements obtained on smectites and 
other type of clays. To investigate the reasons for this discrepancy, we replicated Smith et al.’s (2021) experi-
ments. We found that a clay sample with a large amount of water measured at 230 K and 4 MHz yields an appar-
ent permittivity value of only 8.4, which subsequently drops to 4.1 at 200 K; these values are fully consistent with 
the well-established dielectric behavior of wet cold clays. Our results suggest poor control of the temperatures 
inside the experimental clay samples, and rates of cooling probably not conducive to equilibration of the temper-
atures inside and outside the samples, may have caused Smith et al. (2021) to misread the temperatures at which 
the dielectric measurements were obtained. Based on our results, which further corroborate previous studies and 
reinforce knowledge of the dielectric behavior of clays, we conclusively rule out clays as the source of the bright 
reflections detected by MARSIS at the base of the SPLD.

We emphasize the need to determine the dielectric properties of materials only through slow rate experiments 
to enhance confidence that the measurements are conducted in conditions as close to thermal equilibrium as 
possible. Such experiments play a critical role in constraining the geophysical properties of planetary materi-
als detected through satellite missions. To avoid spurious results that may lead to erroneous interpretations, it 
is  thus  essential that consistent standards across all laboratories undertaking measurements of dielectric proper-
ties of planetary materials are applied.

Appendix A
Transmission lines are commonly used to estimate the electromagnetic properties of materials through the meas-
urements of the scattering parameters (Chen et al., 2004). In our experiment, we used a coaxial line consisting of 
a Teflon box (having an internal volume of 146.13 cm 3) containing a cylindrical stainless-steel cage formed by a 
central conductor and eight equally spaced rods (Figures A1 and 2a). The line is connected to a two-port Vector 
Network Analyzer (Agilent ES5071C) via two cryogenic cables (MegaPhase) capable of maintaining unaltered 
dielectric characteristics down to 190 K. We computed the complex dielectric permittivity 𝐴𝐴 𝐴𝐴 and the complex 
magnetic permeability 𝐴𝐴 𝐴𝐴 of the clay samples in the frequency range 𝐴𝐴 1 − 100MHz from the measured scattering 
parameters 𝐴𝐴 𝐴𝐴11 and 𝐴𝐴 𝐴𝐴21 using the Nicolson-Ross-Weir algorithm (Nicolson & Ross, 1970; Weir, 1974):

𝐾𝐾 =

𝑆𝑆2

11
− 𝑆𝑆2

21
+ 1

2𝑆𝑆11

 (A1)

Γ = 𝐾𝐾 ±

√
𝐾𝐾2 − 1 (A2)

Figure A1. Coaxial-cage and schematic of the transmission line. (a) Photo of the disassembled probe with the eight-rods cage on top the Teflon box; (b) sketch of the 
transmission line (in light gray) having a characteristic impedance Zp, connected to the VNA (Port 1 and 2) via cables (in white) having impedance Zc; (c) cross-section 
of the coaxial cage, made by eight equally spaced rods (shield) and a central rod (conductor), all having diameter (3.00 ± 0.03) mm and length (50 ± 0.03) mm. The 
distance between the central conductor and the shield is 9.52 ± 0.03 mm.
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Ψ =
𝑆𝑆11 + 𝑆𝑆21 − Γ

1 − (𝑆𝑆11 + 𝑆𝑆21)Γ
 (A3)

from which the relative complex dielectric permittivity and magnetic permeability can be computed as follows 
(Mattei et al., 2013):

𝜀𝜀𝑟𝑟 = 𝑗𝑗
𝑐𝑐

2𝜋𝜋𝜋𝜋𝜋𝜋
ln(Ψ)

1 − Γ

1 + Γ

1

𝐹𝐹𝑔𝑔
 (A4)

𝜇𝜇𝑟𝑟 = 𝑗𝑗
𝑐𝑐

2𝜋𝜋𝜋𝜋𝜋𝜋
ln (Ψ)

1 + Γ

1 − Γ
𝐹𝐹𝑔𝑔 (A5)

In Equations A4 and A5 𝐴𝐴 𝐴𝐴𝑔𝑔 = 𝑍𝑍𝑐𝑐∕𝑍𝑍𝑝𝑝 is a geometrical factor accounting for the mismatch between the imped-
ance of the coaxial cable 𝐴𝐴 𝐴𝐴𝑐𝑐 and the impedance of the coaxial-cage line in air 𝐴𝐴 𝐴𝐴𝑝𝑝 , 𝐴𝐴 𝐴𝐴 is the electrical length of 
the coaxial-cage line, f is the frequency and 𝐴𝐴 𝐴𝐴  is the velocity of the electromagnetic wave in a vacuum (see 
Figure A1b). We estimated the coaxial line 𝐴𝐴 𝐴𝐴𝑔𝑔 and 𝐴𝐴 𝐴𝐴 parameters as a function of temperature and frequency first 
measuring the probe line empty (air) (Brin et  al.,  2022), then using reference materials like bidistilled water 
and pure ethanol, following the procedure described in Mattei et al. (2013). Moreover, before each set of meas-
urements, a calibration procedure was performed using the SOLT standards (Short, Open, Load, Through) HP 
85032F calibration kit. This calibration allows to account for the influence of the cables and connectors on the 
retrieved properties and to properly correct the values of the scattering parameters.

Appendix B
Here, we describe the method of Cunje et al.  (2018) given the fact that details of their experimental setup 
and procedure are not reported in the cited conference abstract. The new data presented in this work is part 
of a data set measured by Cunje et al. (2018) on the STx-1b dry clay at 220 K, employing the same Agilent 
Technologies E5071C VNA, Maury Microwave Stability SC-35 Microwave/RF cables, and the same model 
General Radio Company GR900-LZ15 15 cm 50 Ω coaxial airline/cell used in Smith et al. (2021) work. In 
Cunje et al. (2018), and for this presented data, STx-1b samples were sieved to <212 μm grain size and dried 
at 115°C for 48 hr prior to measurement to remove moisture. VNA, coaxial airline, and cable TRM (Thru, 
Reflection, Match) calibrations were performed, with the calibration and measurement procedures using the 
experimental setup, software, and the methodology described in Boivin et al.  (2018). We direct the reader 
to Boivin et al.  (2018) for further reading but summarize key points here. To adapt the procedure for cold 
Martian temperature conditions, the VNA calibration measurements and S-parameter measurements of the 
clay samples were conducted following the general cooling procedure of Stillman and Olhoeft (2008), with 
the coaxial airline or calibration standards and adaptors, along with a portion of the cables, placed into a 
So-Low Ultra-Low freezer at 220  K. The temperature of the apparatus was monitored with the use of an 
OMEGA Temperature Controller and resistance temperature detector (RTD) fastened to the exterior of the 
airline. Calibration or S-parameter sample measurements were made only after the apparatus was allowed 
sufficient time to cool to the desired 220 K measuring temperature, with the RTD temperature sensor display-
ing consistent readings for at least 20 min to ensure thermal equilibrium. After the calibrations were complete, 
the airline sample holder was filled with the dried clay sample using the custom funnel, alignment rod, and 
sieve shaker packing method described in Boivin et al. (2018) and then connected to the VNA via the micro-
wave cables for S-parameter measurements. Consecutive measurements were made after initial S-parameter 
measurements of the dried and cooled STx-1b clay sample to ensure the consistency of measurement results 
under the continuous cold conditions, and no variations were observed. Permittivity for the data set reported 
here was calculated from the S-parameter data using the “permittivitycalc” code developed by Boivin and 
Hickson (2018) based on the Noniterative method in Boughriet et al. (1997), without any normalization of 
the bulk density.

Data Availability Statement
Data reported in this paper are available at Cosciotti (2023).
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