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Introduction: Europa, a Galilean moon of Jupi-
ter, possesses an outer water ice shell 3-30 km thick
that overlays a saltwater ocean ~100 km deep. The icy
surface records a complex history of tectonic defor-
mation, including the exposure of interior ice at ex-
tensional bands and removal of surface material to the
interior at inferred subsumption zones [1, 2]. These
geologic processes are critical for transporting materi-
al through the brittle ice shell exterior [2, 3] and un-
derstanding the redox state and astrobiological poten-
tial of the interior ocean [4]. Some tectonic features
are associated with the exposure of more non-ice ma-
terials than their surroundings [5], indicating spatial
or temporal variations in the distribution of impurities
within the ice shell.

One process driving surface deformation may be
changing ice shell thickness through time, which in-
duces large stresses at low strains [2, 6]. As the ice
thickness changes, the amount of non-ice material
incorporated into the ice from the ocean depends to
first-order on how quickly the ocean freezes [7].
Therefore, the distribution of non-ice materials may
reflect the evolution of the ice shell as it thickened
and new material froze in. Later tectonic processes
may deform the ice shell, sampling compositional
variations and exposing them at the surface.

To understand what compositional variations may
arise from a thickening ice shell and the associated
surface exposure, we numerically model ice shell evo-
lution and deformation [2]. We simulate the interac-
tion between an outer ice shell and a mock interior
ocean to create cross-sectional maps of historical
freezing rate at the time of ice incorporation to the
shell. Using freezing rate as an analog for non-ice
incorporation, we infer the distribution of non-ice
impurities within the ice shell.

Observations: Europa’s young average surface
age (40-90 Myr) indicates recent or extant resurfacing
processes [e.g., 8]. Observations of the cross-cutting
relationships of surface features indicate that defor-
mation style has evolved throughout Europa’s visible
surface history, from forming ridged plains early on,
to tabular bands, and finally to chaos and crack for-
mation [9, 10]. Based on the inferred formation mech-
anisms for each of these terrains [10], the deformation
of the ice shell has progressed from distributed to dis-
crete. This progression of deformation, could indicate
that the ice-shell has thickened throughout its visible
surface history [9, 10]. If ice-shell thickening events

are recurrent throughout Solar System history (e.g.,
due to potential changed in orbital eccentricity) [e.g.,
11] we hypothesize that thickening events may be
recorded in the distribution of non-ice materials with-
in the ice-shell and on the surface.

The distribution of non-ice materials across Euro-
pa’s surface is non-uniform and, in most cases, higher
concentrations of salt occur in discrete regions associ-
ated with geologic structures such as bands and chaos
(Fig. 1) [5]. Therefore, non-ice features on Europa’s
surface may be linked to the exposure of material
originating in the ice shell or subsurface ocean.

Methods: In this study, we focus on the geologic
transport of ice shell material by building on the mod-
eling approach of Howell and Pappalardo (2018). We
extend the finite element code SiStER (Simple Stokes
solver with Exotic Rheologies) [2, 12] to simulate the
visco-elasto-plastic behavior of ice I above a simulat-
ed ocean [Fig. 2]. We include partial melting and
freezing [13] that affects the density and mechanical
behavior of particles within the finite difference mesh.
For particles transitioning from the ocean to the ice
shell, we record the maximum freezing rate ever ex-
perienced as an indicator of potential impurity incor-
poration. Models include internal tidal heat generation
and basal silicate heat flux to the ocean.

i‘ 3 “' e
B OO RN 2 BN
Figure 1: The concentration of non-ice materials is indicat-
ed by the color, where blue is lower and warmer colors are
higher. Note the apparent association of non-ice materials
with band and chaos terrains. Modified from Prockter et al.
(2017) Fig. 2.

Ice Shell Evolution: We investigate 3 scenarios:

Freeze-in. An ice shell freezes in from an ocean
exposed to space. In this case, we predict an impurity-
rich layer at the surface, and a gradational decrease in
non-ice abundance with depth (Fig. 2, top).

Thaw-out. An initial 130 km thick shell thins.
While the lithosphere retains its primitive composi-
tion, a convecting interior may permanently incorpo-
rate ocean material (Fig. 2, bottom).

Varying thickness. A frozen-in ice shell thickens
or thins in response to a change in heating. In this
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case, multiple non-ice horizons are recorded within
the ice shell.

Tectonic Activity: We also investigate the lateral
variations in composition due to extension and com-
pression. A frozen-in ice shell will exhibit extensional
bands with lower non-ice abundances (Fig. 3, top). A
thawed-out shell will exhibit bands with moderate
non-ice abundances. A layered shell may exhibit lat-
eral horizons in non-ice abundances. Compression
thickens the lithosphere, and results in locally thicker
impurity layers for a frozen-in shell (Fig. 3, bottom).

Geological Implications: In the extensional bands
scenario, assuming the ice shell undergoes freeze-in,
models predict less salt in the ice at the band center
than in the surrounding terrain. This is contradictory
to observations of Europa’s surface (e.g., Fig. 1).
However, sputtering and radiation effects on the older
surface may be hiding the saltier material we would
expect to observe. If this is the case, the planned
NASA Europa Clipper spacecraft’s REASON radar
instrument may be able to observe changes in electri-
cal conductivity associated with changes in salt con-
tent. For example, an extensional band may exhibit a
lower inferred salt content (lower dielectric constant)
in the ice shell beneath the band center than beneath
the immediately surrounding area. At subsumption
zones, a thicker layer of inferred salt concentration
within the ice shell compared to the surrounding area
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Figure 2: 2-D model predictions of (left) viscosity
structure and (right) freezing rate at the time of
incorporation into the ice shell for a case in which the ice
shell froze in from 500 m initial thickness (top) and a case
where the ice shell thawed out from 130 km initial
thickness (bottom). Rates vary from 1% to 10% change in
melt content per thousand years.

may indicate deformation of salt-rich interior layers
from past thickening events.
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Figure 3: To: Extension in the freeze-in model. Note the
change in composition (freezing rate) and age in the ex-
posed ice. Bottom: Compression in the freeze-in model.

Conclusions: We infer spatial and temporal
changes in Europa’s ice shell composition from mod-
els of freezing rate of ocean water at the time of in-
corporation into Europa’s ice shell. As tree rings pro-
vide an insight into the seasonal environment at the
time of wood growth, we interpret these predictions of
inferred global brine horizons to reflect the accretion
history of incorporated ice. Non-ice distributions may
record geologic history and interior heat flux, and
might constrain whether the ice shell interior is con-
vecting. Future robotic exploration missions to ocean
world ice shells, like NASA’s planned Europa Clipper
mission and ESA’s planned JUICE mission, may test
whether such thickening events are recorded by com-

positional variations within the ice shell.
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