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Abstract Enceladus is a dynamic icy moon of Saturn and a leading target for future planetary missions
focused on the search for life beyond Earth. For such missions, instruments that can provide geophysical and
geochemical context for ice shell and ocean processes are critical to evaluate whether conditions are suitable for
life and biosignature detection. Radar sounding is a powerful geophysical technique to probe the thermophysical
and chemical properties of icy moons, like Enceladus, and to investigate the subsurface context for the exchange
of material and energy between their subsurface oceans, ice shells, and plumes. To inform the scientific
potential and instrument performance demands of such a radar-sounding investigation of Enceladus' ice shell,
we adapt and extend previous radar attenuation analysis done for Europa to the configuration and conditions of
Enceladus. We also discuss how attenuation (both as an obstacle for the detection of ice shell reflectors and as

a signal itself) can help constrain the thermal, physical, and chemical configuration of Enceladus' ice shell and
reveal the processes governing the moon's ocean/shell/plume system.

Plain Language Summary Enceladus, a tiny icy moon of Saturn, has been attracting attention
since the discovery of its spectacular water jet activity. The jets, sampling the moon's hidden deep ocean,

have revealed conditions favorable for the existence of life below the cold outer ice shell. Understanding the
long-term persistence of the ocean, the jets, and their connection to the ice shell and ocean requires reliable
knowledge of the shell's physical, thermal, and chemical properties. Ice penetrating radar is a powerful tool
for studying ice shells in the planned missions to Jupiter's icy moons. In this paper, we expand and adapt the
radar-based approach to Enceladus in light of the established constraints on the shell's structure and chemistry.
We find that although the shell's chemical composition makes direct radar detection of the ice-ocean interface
challenging, the shell's thermal structure enables constraining the thickness—and potentially chemistry—by
future missions using echoes from water within the shell.

1. Introduction

Enceladus, a tiny moon of Saturn, is the subject of significant recent geophysical and astrobiological interest due
mainly to the distinctive plumes emanating from its south-polar region (SPR). These plumes allowed the Cassini
mission to sample the moon's interior and analyze the chemical composition. This analysis provided compelling
evidence for direct contact between the silicate core and the internal ocean, and also for ongoing hydrothermal
activity (Hsu et al., 2015; Schoenfeld et al., 2023; Waite et al., 2017). Consequently, Enceladus has been identi-
fied as a high-priority target for a search-for-life mission (Hendrix et al., 2019) and as the second highest priority
new flagship-class mission for the upcoming decade (NASEM, 2022). Establishing constraints on the properties
and structure of the ice shell and ocean is especially important in the context of life detection experiments and,
more broadly, in the context of the moon's geophysical and geochemical evolution (Marusiak et al., 2021).

Current knowledge of Enceladus' structure relies on gravity (Iess et al., 2014) and topography (Tajeddine
etal., 2017; Thomas et al., 2007) inversions, which are sensitive to the underlying model assumptions. For exam-
ple, the assumption of hydrostatic equilibrium combined with Airy isostasy initially led to an overestimation of
the ice shell thickness (Iess et al., 2014; McKinnon, 2015). Moreover, it was not possible to prove the existence of
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the (global) ocean without additional geodetic observations. Specifically, the detection and measurement of large
amplitude libration provided the missing piece of evidence to support the existence of the global ocean (Thomas
et al., 2016). The revised models of internal structure using combined topography-gravity-libration data predict a
relatively thin ice shell with an average thickness of 14-26 km (Thomas et al., 2016; van Hoolst et al., 2016). This
inversion also concluded that ice shell thickness varies from a few kilometers at the south pole to ~35km in the
equatorial region. Remarkably, even studies with different assumptions underpinning their interpretations (e.g.,
Beuthe et al., 2016; Cadek et al., 2016, 2019; Hemingway & Mittal, 2019) lead to similar ice-shell geometries.
Based on these inversion models, the present-day image of Enceladus' structure involves a large (possibly uncon-
solidated and dissipative) core, a vast liquid water ocean underneath a relatively thin, most likely nonconvecting
(Barr & McKinnon, 2007a) ice shell with substantial thickness variations and significant thinning at the south
pole.

A large amount of data characterizing Enceladus' interior were collected thanks to jetting activity carrying the
particles from the deep interior and emanating from an active fissure system (informally known as “tiger stripes”)
concentrated near the south pole. The Cassini mission revealed the plume's composition and structure with water as
the main constituent (see Postberg et al., 2018, for a review). Other abundant species include CO,, CH,, NH,, and
H, (Waite et al., 2017). Compositional analysis of the E-ring fed by the plume also revealed salt-rich ice grains and
silica nanoparticles (Hsu et al., 2015). Both the presence of molecular hydrogen and silica nanoparticles point to
ongoing hydrothermal activity connected to the silicate-rich core. The conditions necessary to create nanoparticles
are consistent with pH > 8.5 and temperature >90°C at the core-ocean interface; such conditions suggest a strong
habitability potential (Higgins et al., 2021; McKay et al., 2018). The structure and high-temperature conditions in
the interior are also important indicators of the past evolution, energy budget, and long-term sustainability of the
ocean and hydrothermal activity (e.g., Schoenfeld et al., 2023; Soderlund et al., 2020). Consequently, providing
improved estimates of the ice-shell thickness and its thermal state is of key importance.

On Earth, airborne ice-penetrating radar sounders have been long and successfully used to constrain the struc-
ture and subsurface conditions of terrestrial ice sheets (e.g., Dowdeswell & Evans, 2004; Schroeder et al., 2020).
Recently, orbital radar instruments MARSIS (Picardi et al., 2005) and SHARAD (Seu et al., 2007) have success-
fully investigated Mars' polar caps (Phillips et al., 2008; Plaut et al., 2007) and ice-penetrating radar sound-
ers will also be carried by the upcoming large missions to the icy moons—the RIME instrument (Bruzzone
et al., 2015) onboard ESA's JUICE spacecraft and the REASON instrument (Blankenship et al., 2009; Scanlan
et al., 2021) onboard NASA's Europa Clipper. The main goals of these instruments will be to search for the
ocean interface and to study the distribution of shallow subsurface water as well as the thermophysical structure
of the ice shell.

Although ice-penetrating radars are successful in sounding terrestrial ice sheets and Martian polar caps, one
must keep in mind that they are only a few kilometers thick while the average thicknesses of the shells of Europa
and Enceladus are estimated to be more than ~15 km (e.g., Cadek et al., 2019; Howell, 2021). Full shell radar
penetration for Europa and Enceladus is therefore expected to be extremely challenging, but detectable radar
echoes could be observed from reflective subsurface structures defined by dielectric contrasts (e.g., density/
chemistry/phase interfaces, thermal/crystal structures; Dowdeswell & Evans, 2004). These echoes might
constrain the shells' structures and, since radar signal attenuation is strongly modulated by both temperature
and chemical composition, radar measurements could potentially also constrain these thermo-compositional
characteristics.

While no authors have yet studied radar performance on Enceladus, several studies have investigated the poten-
tial for sounding Europa's ice shell. Initially, only cold conductive shells <10 km thick were predicted to allow
ocean detection (Blankenship et al., 2009; Chyba et al., 1998; Moore, 2000). Later studies investigated pene-
tration through a cold downwelling which would allow the detection of an ocean up to ~15 km deep (Di Paolo
et al., 2014, 2017; Kalousova et al., 2017; McKinnon, 2005). However, the warmest (and therefore most attenu-
ating) ice is nearest the ocean, so the numbers for “direct ocean detection” in this paragraph are conservative in
this respect. Additionally, these studies are for generic radar link budgets, meaning that specific implementations
and performance numbers for existing and future radar sounders can result in lower or higher penetration depths.
Kalousova et al. (2017) showed that the two-way attenuation to the eutectic isotherm is <30 dB providing a
specific robustly detectable (and thermally diagnostic) target for investigation of the ice shell's structure. Reflec-
tivities of eutectic layers within Europa's ice shell were in detail studied by Culha et al. (2020).
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The aim of this manuscript is to build on the work of Kalousova et al. (2017) and investigate the perfor-
mance of a generic radar sounder at Enceladus. While considering the uncertainty in the shell's thermal regime
and chemical composition, we focus on the possibility of directly detecting the ice-ocean interface and two
endmember eutectic isotherms. The structure of this paper is as follows: In Section 2, we provide a brief over-
view of the attenuation and thermal models. Our results are described in Section 3 and discussed in Section 4.
We conclude this study in Section 5, where we give the summary of our results and their implications for the
potential performance of ice-penetrating radar in constraining the thickness, temperature, and chemistry of
Enceladus' ice shell.

2. Methods
2.1. Radar Attenuation

The electromagnetic waves transmitted by radar on an orbiting spacecraft will be attenuated while propagating
through a planetary ice shell and reflected from subsurface interfaces. Using the same approximations as in
terrestrial polar ice sounding (e.g., MacGregor et al., 2007; Matsuoka et al., 2010), the power P (d) (returned
from an interface at depth d) measured by the orbiting radar can be approximated as (e.g., Di Paolo et al., 2017;
Pettinelli et al., 2015) follows:

F.(d) = R(d)Ax(d) P, )]

with R(d) the interface reflectivity, A,(d) the two-way attenuation along the propagation path, and P, the corrected
irradiated power which accounts for the effects of geometric spreading and birefringence, although the latter is
negligible here (see also Kalousova et al., 2017, for more details). Because both the subsurface reflection coef-
ficient and the attenuation depend on the physical properties within the ice shell, the data collected by the radar
receiver can help constrain the properties and structure of the shell interior.

Within the range of HF and VHF frequencies used by radar sounders (Schroeder et al., 2020), the (one-way)
attenuation A, (in dB/km) in ice is proportional to the electrical conductivity ¢ (in pS m~!) (e.g., Matsuoka
et al., 2012):

A1 = 09140. 2)

The electrical conductivity of ice in the absence of brine depends on the concentration of conductivity-enhancing
impurities (e.g., acid, chloride, and ammonium) and temperature and can be evaluated as (see e.g., Corr
et al., 1993) follows:

E (1 1
a:Za?C,-exp[—E<?—F>], 3)

with i = 0 indicating pure ice and i > 0 the added conductivity-enhancing impurities. In Equation 3, 0'8 is the pure
ice conductivity and ¢? are the molar conductivities of the impurities at the reference temperature T, = 251 K, C;
are the molar concentrations (with C, = 1), E; are the activation energies, T is the (absolute) ice temperature, and
ky is the Boltzmann constant. All parameters are listed in Table 1.

Unlike Europa, there are constraints on the composition of Enceladus' ocean chemistry from the plume material
sampled by Cassini (e.g., Glein et al., 2018). Assuming that the composition of the plume material is represent-
ative of the ocean, this suggests that the ocean is dominated by chloride and carbonate salts and that ammonia/
ammonium (NH3/NHI) and silica are also present but at lower concentrations (Fox-Powell & Cousins, 2021;
Glein et al., 2018). Of these species, only chloride and ammonium can contribute to the electrical conductivity of
ice modeled in Equation (3). Plume material implies a lower bound ocean chlorinity of ~50,000 pM and an upper
bound of ~200,000 pM (Glein et al., 2018), although the bulk ocean chlorinity could be significantly higher
if the plumes are sourced from a low salinity water layer beneath the polar ice shell (Kang et al., 2022; Lobo
et al,, 2021; Zeng & Jansen, 2021). Estimates of NH; and NH] concentration, which assume fractional distilla-
tion of gases occurs within the plume vents, suggest the value could be as low as ~1 pM; however, we follow
Fox-Powell and Cousins (2021) and adopt their “mid-range” value of 1,000 pM. Assuming that the ice shell
forms through equilibrium freezing of sodium chloride (NaCl) solution, 0.278% of the chloride will be incorpo-
rated into the ice (Gross et al., 1977). This yields a lower bound ice chlorinity of 130 pM and an upper bound
of 556 pM, where the upper bound exceeds the 300 pM solubility limit for chloride in ice (Moore et al., 1994;
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Table 1
Model Parameters

Symbol Physical property Value Unit

T Conductivity reference temperature® 251 K

7

Ty NH,Cl eutectic temperature® 257.79 K

Tyw, NH, eutectic temperature® 175.45 K

kg Boltzmann constant 8.6173 x 103 eV K-!

Electrical conductivity of pure ice® 7.2 pS m!

Q
S o

0

Auxiliary constant 1 -

o)

Activation energy of pure ice* 0.55 eV

Molar electrical conductivity of CI* 0.43 Sm~'M~!

Q
Stk

Radar effective molar concentration of CI¢ 0, 10, 100, 200, 300 M

SIeY

q Activation energy of CI* 0.19 eV

oy

Thermal conductivity parameter? 651 W m~!

aMacGregor et al., 2007. ®Marion et al., 2012. °Stillman et al., 2013. %Petrenko and Whitworth 2002.

Stillman et al., 2013). When ammonium is present, both chloride and ammonium are incorporated into the ice at
a higher efficiency of 1.37% (Gross et al., 1977). However, because the concentration of ammonium is estimated
to 1,000 pM, this translates to approximately 10 pM ammonium chloride (NH,Cl) in the ice. Given that the molar
conductivities of Cl~ and NHI are of the same order (MacGregor et al., 2007), we neglect the contribution of
ammonium and consider ice shell chlorinities of 100, 200, and 300 pM. We also consider pure ice (0 pM) and a
chlorinity of 10 pM to represent ice shells that are more transparent to radar.

The two-way attenuation A,(d) experienced by the signal during its path to and from a reflecting interface at depth
d is calculated as twice the path integral of A, from the surface (d = 0) to a depth d. In the simplest case, that is,
for a vertical ray, it reads as follows:

d
As(d) = 2/ Ai(s)ds, C)
0

where A, (s) denotes the one-way attenuation at depth s.

We calculate the two-way attenuation to the ice-ocean interface as well as to two possible eutectic interfaces,
where we define the eutectic interface as the depth within the ice shell where liquid water becomes thermodynam-
ically stable (i.e., where the temperature equals the eutectic temperature). Recall that it is the composition—and
not concentration—of impurities that governs the eutectic temperature (Wolfenbarger, Fox-Powell et al., 2022).
Therefore, although NaCl (~252 K) is more abundant, we choose NH, (175.45 K) and NH,CI (257.79 K) to define
our eutectic interfaces (Marion et al., 2012). This decision enables us to represent upper and low end-members
of possible eutectic temperatures while simultaneously considering the effect of oceanic pH, which will govern
whether ammonic nitrogen is in the form of ammonium or ammonia (Fox-Powell & Cousins, 2021).

Although detection of the ice-ocean interface would enable direct measurement of the total ice shell thickness,
detection of liquid water within the shell establishes constraints on the minimum ice shell thickness or allows
one to infer the shell thickness indirectly (see the discussion in Section 4). Because the eutectic interface likely
represents the first ice-water interface that the radar signal encounters as it traverses the ice shell, the two-way
attenuation to the eutectic interface will always be lower than the two-way attenuation to the ice-ocean interface.
As a result, echoes from a eutectic interface could be detected by radar sounders with link budgets that exceed
the two-way attenuation by more than the effective reflectivity of the eutectic interface (Culha et al., 2020). This
detection of a eutectic interface could constrain the local thermal profile if the ice shell composition is known
(e.g., from spectrometer data) or constrain the composition if the local thermal profile and/or state is known
(e.g., from thermal imager or radiometer data). In either case, detectable eutectic interfaces would likely locally
shadow any deeper interfaces including the ice-ocean interface (as observed beneath near-surface water bodies in
Greenland (Culberg et al., 2022)).
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Figure 1. Shell thickness model based on Tajeddine et al. (2017) and Cadek et al. (2019); a global view in Mollweide
projection (left) and a zoom of the south-polar region in stereographic projection (for colatitudes 140°-180°) (right).

2.2. Thermal Structure of Enceladus' Shell
2.2.1. 3D Model

The synthetic temperature structure of Enceladus' ice shell, which is used as an input in this study, is based on the
model from Soucek et al. (2019). The authors developed a 3D finite-element model of Enceladus' ice shell which
involves realistic variations of the shell thickness and shape based on Tajeddine et al. (2017) and Cadek et al. (2019),
see Figure 1. The model also takes into account the local effects associated with tiger stripes (see Figure 1 right).

Ice is described by a viscoelastic Maxwell rheology with temperature-dependent viscosity. The viscosity is
described by a reference value at the melting point, which depends on the properties of the shell such as the
ice grain size. In this study, we consider a model from Soucek et al. (2019) with this reference value taken as
3 x 1014 Pa s—a value shown in Cadek et al. (2019) to be the lowermost possible that is consistent with a dynamic
steady-state shape of Enceladus. The model computes the thermo-mechanical periodic steady state of the ice shell
resulting from periodic forcing induced by the varying tidal potential. Assuming a purely conductive heat transfer
with the thermal conductivity given by Petrenko and Whitworth (2002),

k(T) = % with ko =651 Wm™, )

the model solves for the temperature structure within the ice shell self-consistently with its mechanical state, that is, by
incorporating the mechanical dissipation due to tidal deformation as the heat source and, at the same time, considering
the temperature dependence of viscosity through the Arrhenius formula. An effective surface temperature of 59 K
corresponding to the equilibrium temperature (Beuthe, 2018; de Pater & Lissauer, 2001) and a melting point temper-
ature of 273.15 K are prescribed at the surface and ice-ocean interface, respectively. The model employs a simplified
description of the fault system as narrow zones of negligible mechanical resistance passing through the whole shell,
approximating thus the faults as frictionless and hydrostatically flooded by water from the internal ocean. As a conse-
quence of this simplification, the model does not involve realistic estimates of mechanical dissipation due to friction at
the faults (estimated in Pleiner Sladkova et al. (2021) to be <1 GW). Instead, the temperature inside the fault zone is
prescribed to be at the melting point. For further details on the model and on the numerical implementation in FEniCS
(Alnaes et al., 2015; Logg et al., 2012) finite-element open source library, we refer to Soucek et al. (2019).

2.2.2. Analytical 1D Model

For better insight, we also consider a simplified 1D model of the thermal structure of the shell. This model
is obtained analytically by solving the stationary heat-conduction problem based on the thermal conductivity
given by Equation 5, on a spherical shell with uniform thickness D and outer and inner radii R,,, = 252 km and

Ry =Ry, — D, and with the temperature boundary conditions as in the 3D model:

bot

1 d < 2k()dT
— 2 (2

5 (PREE) = 0r € (Ro Ru). ©)
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D=25 km D=3.9 km (south pole)

— 1d model
— 3d model
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depth [% of D] depth [% of D]

Figure 2. A comparison of the vertical temperature profiles from the 3D model and the analytical 1D model. Left: A point
representative of average shell thickness D = 25 km (8 = 128°, ¢ = 249°). Right: south pole with D = 3.9 km.

T =Top =59 Katr= Ry, @)
T = Too = 273.15 K at r = Ryo. ®)

The solution to this problem (found most easily by reformulating this problem in terms of a new unknown In(7)),
reads

In Tlop —In Tbol

T(r) = Thore? Ron(=Roa)/r where VA >

©))
In regions with small dissipative heating and local shell thickness D, this analytical solution corresponds well to
the temperature profile obtained from the 3D model. The correspondence between the 1D and 3D temperature
solutions deteriorates in locations with enhanced dissipation or other 3D effects, such as the SPR, see Figure 2,
where a comparison at two different locations is shown—a point representative of the mean shell thickness and
the south pole.

3. Results

In Figure 3, we plot the two-way attenuation A, based on the 3D temperature field for the ice-ocean interface
considering five chlorinity values C = 0-300 pM. As an upper bound for the radar detectability, we consider a
threshold value of A7** = 100 dB. This represents a detection threshold comparable to that used by Kalousova
et al. (2017) to represent the potential performance of an ice-penetrating radar instrument like REASON on the
upcoming NASA Europa Clipper mission (Blankenship et al., 2009; West et al., 2017). The attenuation values
correlate well with the thickness variations, where the attenuation maxima and minima coincide with the shell
thickness maxima and minima, respectively (see Figure 1). In the south-polar region, this simple relation is
disturbed by the presence of faults, which serve in the model as heat sources with a prescribed temperature equal
to the melting point. Consequently, this leads to an increase in temperature and thus also attenuation values in
the faults' vicinity. This effect is superposed by the long-wavelength attenuation reduction due to shell thinning,
which results in a relatively complex attenuation pattern in the SPR. In order to suppress the effect of perhaps
questionable temperature conditions specified within the fault zones in our model, we do not show any data there,
plotting black lines at the positions of the fault zones.

The results shown in Figure 3 indicate that even with the lower-end chlorinity estimate of C = 100 uM, the
ice-ocean interface is undetectable except for the thin south-polar region. In contrast, most of the interface would
be detectable globally for chlorinity levels C < 10 pM.

This conclusion is further supported in Figure 4, where we plot the fraction of the shell thickness penetrable by
the radar depending on the considered threshold attenuation value A7*, while considering various chlorinities.
Here, we employ the 1D analytical temperature profile (9) considering three values of the local shell thickness:
D =25 km, D =5 km, and D = 30 km, representative of the mean shell thickness, the south-polar region, and the
equatorial region, respectively. We can see that for D = 25 km and A** =100 dB, the shell is fully penetrable by
the radar only for C < 10 pM, while for D = 30 km, this holds only for pure ice (C = 0 pM). On the other hand,
thin ice with D = 5 km and chlorinity equal to C = 100 pM (and lower) admits full penetration. This implies that,
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Figure 3. Two-way attenuation A, for the ice-ocean interface with chlorinities C = 0-300 uM. Views and projections as in
Figure 1.

in the south-polar region, the ice-ocean interface could be potentially detectable by a radar instrument with such
(100 dB) dynamic range.

Figure 4 also demonstrates that the composition-related uncertainty in attenuation becomes very large for reflec-
tors located in the deep, warm, high-loss part of the shell. For instance, at a location with a shell thickness of
25 km and a reflective interface located 1.25 km above the ice-ocean interface (i.e., the penetration depth of 95%
of the thickness), the two-way attenuation to this reflector for pure ice is about 7.5 dB, for C = 10 pM about
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Figure 4. Fraction of shell thickness penetrated by the radar (in percent) as a function of A} for different composition
models. The three panels correspond to the different local thicknesses of the shell. Top left: D = 5 km, shell thickness
characteristic of the south-polar region, Top right: D = 30 km, shell thickness characteristic of the equatorial region, Bottom
left: D = 25 km, mean shell thickness. The vertical dashed lines correspond to the minimum values of A2** threshold, for
which the whole-shell penetration is reached. )

20 dB, for C = 50 pM about 68 dB, and for C = 100 pM already 129 dB. This also implies that a potential knowl-
edge of attenuation to a well-localized deep reflector could be used to strongly constrain the shell's chemistry,
see also discussion in Section 4. Note that for shallower reflectors, the chemistry-related uncertainty in attenu-
ation becomes smaller. So while being easier to detect, these shallow reflectors would potentially pose weaker
constraints on the shell's chemistry than the deeper ones.

Figure 5 expands the conclusions inferred from the 1D model to the 3D case. It shows the relative penetration
depths (as a fraction of the local shell thickness shown in Figure 1) for the value A7* = 100 dB based on the 3D
temperature field and for different chlorinities C = 0-300 pM. This figure refines the conclusions based on the
1D analytical model with the spatial variations expressing the 3D structural effects and the effect of mechan-
ical heating (not considered in the 1D model). In accordance with the previous two figures, we observe that
detection of the ice-ocean interface might be possible for a chlorinity of C = 100 pM (and lower) in the thinnest
south-polar part of the shell, while the global detection of the ice-ocean interface would require a chlorinity
C <10 pM.

In Figures 6 and 7, we plot the two-way attenuation A, at depth levels corresponding to the eutectics of NH,Cl
and NH,, respectively, considered here as representative candidates for reflective interfaces within the shell. Both
eutectics are defined as isothermal surfaces corresponding to the eutectic temperatures 7’5, HCl = 257.79 K and
Ty = 175.45 K, respectively (Marion et al., 2012).

Considering the same detection threshold as before, that is, AT = 100 dB, the NH,ClI eutectic, shown in
Figure 6, appears to be detectable in the SPR even for the highest considered chlorinity C = 300 pM, even
though in this case only locally in the vicinity of the south pole. For the intermediate value C = 200 pM, a
slightly larger portion of the south-polar eutectic surface is detectable, while for C = 100 pM, a relatively
large portion of SPR, as well as a patch in the northern hemisphere correlating with the local thickness
minima are visible. Finally, for chlorinities lower than 10 pM, most of the eutectic interface would be detect-
able by radar.
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Figure S. Relative penetration depth for attenuation threshold A7** = 100 dB. Views and projections as in Figure 1.
The level of A, attenuation to the NH, eutectic interface, shown in Figure 7, is almost an order of magnitude
lower than that to the NH,CI eutectic due to its significantly lower temperature. Consequently, the corresponding
value of A, does not exceed 20 dB even for the highest considered chlorinity C = 300 uM (note the different color
scales in Figures 6 and 7). The NH, eutectic interface should thus be well detectable irrespective of the ice shell's
chlorinity.
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Figure 6. Two-way attenuation A, to the NH,Cl eutectic. Views and projections as in Figure 1.
4. Discussion
Our results indicate that detection of any of the three considered reflective interfaces, that is, the ice-ocean inter-
face or either of the two eutectics (NH,Cl or NH,), could be used to constrain the ice shell's structure. While
this is clear for the most challenging (and thus the least probable) direct detection of the ice-ocean interface, it
is also true for both of the eutectic isotherms we modeled. Indeed, based on our results, there appears to be a
direct correlation between the eutectic depths and the shell thickness. However, this correlation relies strongly
SOUCEK ET AL. 10 of 16
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Figure 7. Two-way attenuation A, to the NH, eutectic. Views and projections as in Figure 1.

on the assumption that the heat transfer regime within the shell is purely conductive. This is presently a widely
accepted view since the (local) Rayleigh number is almost certainly below the critical one due to low gravity,
small shell thickness, and a relatively high estimate of the basal ice viscosity. Existing thermal convection stud-
ies (Barr & McKinnon, 2007a; Mitri & Showman, 2008) conclude that only a viscosity comparable to or lower
than 10'® Pa s can trigger convection in Enceladus' ice shell. This holds for the shell thickness at the equator
(3540 km) and, for thinner shells, the conditions would be even more unfavorable for convection. Such low
ice viscosity at the base of the shell is, however, inconsistent with the long-term stability of the large ice shell
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thickness variations as predicted today (Cadek et al., 2019). Additionally, such low viscosity values correspond
to grain sizes lower than 0.1 mm, and maintaining such fine grain structure through boundary pinning would
probably require a significant content of impurities (Barr & McKinnon, 2007a, 2007b; Béhounkové et al., 2013).
Additionally, Barr (2008) suggested that convection may be facilitated as a consequence of the finite strength of
ice; however, only for model values lower than the measured yield stress. All these arguments support the premise
of a conductive regime within the shell of Enceladus. If surprisingly, thermal convection takes place in Enceladus'
ice shell, its temperature structure and therefore the estimates of attenuation and penetration depths would be
altered significantly. Quantitative insight into the effect of convection within the shell would require a dedicated
numerical study, similarly as in Kalousova et al. (2017) for Europa, which is out of the scope of this paper. Let us
note, however, that the conclusions of this study would most likely hold in the SPR, where only a few-kilometer
thick crust should remain in a conductive state.

Adopting the assumption of a purely conductive regime within the shell, our finite-element calculations
interestingly indicate that the thermal structure of a 3D shell with realistic shape variations, with Maxwellian
rheology and with the inclusion of dissipative heating, can be reasonably well approximated by a (local) 1D
analytical profile. This holds except for the south-polar region, where the fault system known as tiger stripes
makes the temperature regime more complex. Consequently, for most of the shell, radar sounding measure-
ments from the reflective eutectic interfaces within the shell would provide a unique structure-sampling tool.
In particular, the detection of some or both of the discussed eutectic interfaces could be used to constrain
the shell thickness as follows: The 1D analytical model of the shell's thermal structure (9) can be inverted
for the local shell thickness D if applied to the prescribed eutectic 7™, that is, considering the relationship
T = T(R™ — d) where d is the (measured) depth of the eutectic and with the function 7(-) on the right-
hand side given by Equation (9). This way, detecting the depth of a known (eutectic) isotherm would allow
the determination of the local shell thickness. In this case, the detection (and identification) of echoes from
the eutectic at a given depth is all that is required to map the ice shell thickness. The significantly lower
attenuation to the eutectic isotherms (Figures 6 and 7) compared to the ice-ocean interface (Figure 3) has the
potential to dramatically relax requirements for and increase the robustness of ice-shell thickness estimates
from radar sounding.

In the detection-only analysis approach described above, many potentially complicating factors can be comfort-
ably neglected. This includes carefully constraining, calibrating, or knowing the radar beam pattern, the abso-
lute radiometric calibration of the radar, two-way rough surface transmission losses (Schroeder et al., 2016),
volume scattering losses (Aglyamov et al., 2017), and the effective reflectivity of the eutectic interface (Culha
et al., 2020). However, if these challenging calibration, system, and analysis requirements could be met, the inver-
sion for thickness and (1D) temperature profile described above can be expanded to also constrain the impurity
profile as follows: If the radar instrument would be able to measure the (relative) power of the received signal,
from Equation 1, we see that when given a model for reflectivity R, it would provide the value of associated
two-way attenuation A,(d) to the given eutectic. This value of A,(d) is determined by the depth integral of A| via
Equation 4, where A depends on temperature and composition through Equations 2 and 3. With the local temper-
ature profile known, given by Equation 9 with D determined in the first step, the A,(d) value provides a constraint
on the chemical composition of the shell. Considering only chlorine as the conductivity-enhancing impurity, its
amount (constant or arbitrary one-parametric depth profile) could thus be uniquely determined in the second step
of the inversion. As shown in Figure 4, the compositional sensitivity of attenuation is largest for deep reflectors
located in the warm high-loss portion of the shell (such as the NH,Cl eutectic or the ice-ocean interface itself).
Consequently, while the detection-only localization of shallow reflectors (such as the NH, eutectic) would suffice
to constrain the shell thickness, a robust constraint on the shell's chemistry may require calibration and careful
quantitative analysis of the echos from deep reflectors.

In our study, we considered a homogeneous boundary condition for the surface temperature T, = 59 K (consist-
ently with the underlying simulations in Soucek et al. (2019)), neglecting its latitudinal dependence (Nadeau
& McGehee, 2017; Ojakangas & Stevenson, 1989; Weller et al., 2019). In order to quantify the effect of this
simplification, we used the analytical 1D model, described in Section 2.2, considering the surface temperature
range 48—63 K between the poles and the equator (Weller et al., 2019). We have computed the penetration depths
as in Figure 4, using the values T, = 48 K for d = Skm (representing the south pole) and T, = 63 K for d = 30 km
(representing the equator). We found that the surface temperature effect is more pronounced at the pole where the
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ice becomes easier to penetrate than in the equatorial area. In both cases, the penetration depths change by less
than 5%. We have thus confirmed that the detectability of the three considered interfaces and its sensitivity to the
shell's chlorinity remain unaffected by the simplified surface temperature parameterization.

The temperature field from the model by Soucek et al. (2019) represents a quasi-steady state compatible with the
tidal deformation and associated dissipation of a Maxwell viscoelastic body. Alternatively, an empirical Andrade
viscoelastic model has been proposed for the tidal response of planetary ices (Castillo-Rogez et al., 2011). Using
Andrade rheology instead of the Maxwell model might result in slightly enhanced dissipation, but our estimates
based on the simplified parameterization of Andrade rheology in Soucek et al. (2019) suggest that effects on
the temperature field would be insignificant. At the same time, we have shown that, with the exception of the
south-polar region, the effect of tidal heating itself is rather negligible and the temperature field could be well
approximated locally by 1D analytical profiles without any heat sources. This suggests that our results are insen-
sitive to the choice of ice rheology.

For all calculations, we considered a simple model of the electrical conductivity-enhancing chemical composition
of the shell. In particular, we took into account only one such agent, chloride, for which we considered constant
concentration (chlorinity) throughout the shell. Although neglecting the role of ammonium in governing radar
attenuation is valid for the concentration assumed here, if the true concentration of ammonium significantly exceeds
this estimate, it can no longer be neglected. Considering a constant ice chlorinity is also likely a good assumption,
given that models of ice shell growth suggest the efficiency of salt entrainment is relatively uniform for most of
the shell (Buffo et al., 2020; Vance et al., 2021; Wolfenbarger, Buffo, et al., 2022). Estimates of ice shell chlorinity
could be greatly improved by dedicated experimental studies specifically focused on chloride entrainment in the ice
lattice, particularly for multi-ion solutions containing ammonia/ammonium, sodium, and chloride. One limitation
of the attenuation model implemented here is that it does not consider signal attenuation caused by brine pockets
within the ice shell. For detection of a eutectic interface, neglecting this mechanism of signal attenuation is valid
since brine is not thermodynamically stable above the eutectic interface; however, future work should consider this
to develop improved estimates of radar signal attenuation to the ice-ocean interface.

5. Conclusions

In this study, we investigated the two-way radar attenuation to three potentially detectable reflective interfaces
within the outer ice layer of Saturn's moon Enceladus: the ice-ocean interface and interfaces corresponding to the
NH,CI and NH, eutectics. We considered a realistic shellshape model based on recent topography and gravity
inversions and a purely conductive temperature field consistent with the periodic steady-state tidal deformation of
the shell described by a Maxwell viscoelastic model. Considering a range of compositions in terms of ice chlorin-
ity, we have shown that the ice-ocean interface is globally detectable (for attenuation threshold of 100 dB) only for
low levels of chlorinity of C < 10 uM. In the thin south-polar region, the ice-ocean interface may be detectable for
chlorinities up to C < 100 pM. However, in this region, radar signal interpretation will probably be complicated due
to structural complexities in the tiger stripe fault system, while the polar radar measurement itself is challenging on
its own due to the instability of Enceladus' polar satellite orbit (Ermakov et al., 2021).

Concerning the NH,ClI eutectic, the situation is analogous to the ice-ocean interface because the corresponding
temperature is relatively close to the ice melting point. Consequently, the detection of reflective boundaries
associated with this eutectic point is also mainly limited to the thickness minima in the south-polar region and
potentially also in the northern hemisphere but only for ice chlorinities <100 pM.

The situation is very different for the NH, eutectic, which our model suggests should be globally detectable for
chlorinities up to 300 pM. Assuming a purely conductive heat transfer regime within the shell, attenuation to this
eutectic correlates well with the shell thickness. Consequently, detection of the NH, eutectic depth and knowl-
edge of the associated attenuation could be used to infer both the local shell thickness and potentially constrain
the ice chlorinity as well. While acquiring attenuation to the eutectic would have to be accompanied by precise
evaluation of the radar signal power losses, detecting the eutectic depth is more straightforward. Despite the fact
that direct global detection of the ice-ocean interface would place challenging requirements on any proposed
Enceladus radar sounder, our study has confirmed a great potential of detecting the eutectic interface for mapping
the ice shell structure, and possibly also for constraining its chemical composition.
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Erratum

In the originally published version of this article, the department name “Mathematical Institute” was omitted
from the first author affiliation. The affiliation has been corrected, and this may be considered the authoritative
version of record.
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