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Persistence of Thin Ice Regions in Europa’s Ice Crust

Abstract. Extensive data from planetary spacecraft and
celestial mechanics models support the existence of a subsur-
face ocean on Europa ~ 100km thick, maintained by a tidal
heat flux. These models are consistent with a thin, ther-
mally conductive HoO ice crust (~ 5-20 km thick) which
would be subject to breaches by impact events and thermal
plumes from the tidally heated core. We apply a two di-
mensional thermal model to the analysis of the refreezing of
a hole in the ice crust following a breach event. Our model
incorporates heat produced by tidal heating of Europa in
two ways: a basal heat flux from Europa’s silicate and iron
core, together with volumetric heating of the ice shell. We
compare our refreezing timescales to those obtained from a
model where viscous flow in the base of the ice crust fills the
hole. We find that catastrophic breaches in Europa’s core
may produce regions of relatively thin ice persisting up to
~1 My.

1. Introduction

The presence of a subsurface ocean on Europa is strongly
implied from a wide range of imaging data, including the
sparsity of impact craters; low-surface relief with lateral
separation of crustal plates [Lucchita and Soderblom, 1982;
Greeley et al., 1998]; models for the formation of flexi by
periodic tidal stresses [Hoppa et al., 1999]; and crater mor-
phologies [Moore et al., 1998; Turtle et al., 1999]. The
young age (10 My) of Europa’s surface, determined from
impact crater densities, argues for ongoing geological activ-
ity [Zahnle et al., 1998]. Galileo magnetometer data also
supports the presence of an ocean via the detection of a
possible induced magnetic field in a saline liquid water layer
[Khurana, 1998].

Tidal heating models for Europa are also consistent with
a stable ocean sustained by tidal heating in both Furopa’s
core and the ice crust [Cassen et al., 1979; Cassen et al.,
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1980; Squyres, 1983; Ross and Schubert, 1987; Stevenson and
Ojakangas, 1989]. Tidal model estimates for global ice crust
thickness generally lie in the range 10-30 km, consistent with
several models of Europan tectonic expression from Galileo
images (summarized in [Pappalardo et al., 1999]).

Such a thin icy crust would experience occasional melt
through events as a result of both large impacts [Turtle et
al., 1999] and the penetration of large scale ocean plumes
through the bottom of the ice crust [Thomson and De-
laney, 2001]. The chaos regions (e.g. Conamara Chaos)
are possibly the remnants of such catastrophic events, with
“ice rafts” preserving temporarily floating blocks that were
frozen in place in the refreezing ice layer [Carr et al., 1998;
Greenberg et al., 1999]. Assuming the ice rafts were float-
ing in liquid at the time of their formation (consistent with
the record of significant lateral motion preserved in the sur-
face), buoyancy considerations require that the blocks were
< 3 km thick when they were formed [Williams and Gree-
ley, 1998]. In the model of Thomson and Delaney, [2001].
the ocean is assumed to be weakly stratified thermally, so
that buoyant plumes can rise from regions of active volcan-
ism on the core to impinge on the ice crust. Such plumes
would be narrowly confined by the Coriolis forces arising
from Europa’s short (3.55 day) rotation period. Using order
of magnitude estimates for heat flows in an ice crust, Thom-
son and Delany estimate that plume heating could result in
a melt through of the crust after ~ 10® y for plumes with
heat fluxes ~ 10'* W, about 1% of Europa’s global heat
flux. A more detailed melt-through model that incorporates
volumetric heating in the crust [O’Brien et al., 2002] yields
broadly similar results.

In this paper, we present the application of a numerical
model for the refreezing of a cylindrical hole in Europa’s ice
crust following a melt-through event (for example, after the
hot material from the ascending plume has dissipated). Our
model solves the Fourier heat equation within the crust by
finite differences in two dimensional cylindrical coordinates
(r,z): we have T = T(r, z,t) with

or
ot

where ¢(T'), p(T) and k(T) are specific heat, density and
thermal conductivity, respectively (temperature dependen-
cies given in [Stevenson and Ojakangas, 1989]). The term

(T)p(T) L = v - (k(T)VT) +q(T)
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Figure 1. Diagram of numerical model. Velocity v of

ice/ocean interface governed by the equation
Lyv = k(T)VT)| — Hi.

interface

q(T) represents a temperature dependent volumetric heat-
ing due to tidal flexure of the icy shell. We assume the hole’s
axis of symmetry to lie at r = 0.

The thickness of the model ice crust varies in response
to the heat sources applied, maintaining constant tempera-
ture boundary conditions, Ty at the surface (assumed to be
100 K) and T}, (assumed to be 273 K) at the ocean/ice in-
terface. The effect of a surface solid state greenhouse effect
on Europa [Urquhart and Jakosky, 1982], which we modeled
by increasing Tp to 110 K, produced a negligible change in
both equilibrium ice thicknesses and freezing rates. In ad-
dition to the volumetric heat source ¢(7T'), there is a basal
heat source H arising from heat passing through the subsur-
face ocean from Europa’s core. The velocity v of the front
between the ice and the ocean [Untersteiner and Maykut,
1971] is governed by the equation

Lnv = k(T,)VT — H

where 1 is the unit normal at the interface, Ly is the latent
heat required for phase transition, and the thermal gradi-
ent VT in the ice is evaluated at the interface (Figure 1).
When k(T:,)||VT|| > H, a new computational cell is added
to the ice sheet with its temperature held at T}, for as many
timesteps as is needed for the net heat flow into the cell
to supply the latent heat required for the phase transition
[Reynolds et al., 1966]. This process can be reversed for
melting of a cell. Convective heat transfer during the ini-
tial stages of refreezing is likely to be unimportant as the
ice layer is thin so we do not incorporate convection in our
model.

A variety of estimates for H are available in the litera-
ture. Early models [Squyres et al., 1983] estimated H =
24mWm ™2, a combination of 8mWm™? radiogenic heating
and 16mWm ™2 from tidal dissipation in the core. However,
if the core is partially melted, enhanced tidal dissipation
could produce much higher heat flows. Models incorporat-
ing partially melted cores have estimated much higher basal

heat flows: H = 150mWm™? [Sjogren and Yoder, 1996] or
290mWm ™2 [Geissler, 2001]. Thermal plumes from Eu-
ropa’s ocean floor would also produce significant local en-
hancements in H [Thomson and Delaney, 2001; O’Brien et
al., 2002].

Early models [Cassen et al., 1982; Squyres et al., 1983]
assumed constant values for the volumetric heating rate ¢
within the ice crust. More recent viscoelastic models for
ice [Stevenson and Ojakangas, 1989] assume a temperature-
dependent ¢(T") that concentrates heating in the lowest and
warmest part of the shell.

Assuming a Maxwell viscoelastic rheology for the ice
crust, the strain rate €;; is related to stress o;; and its time
derivative ¢;; by

Tij é‘ij

28, =
! 1

_|_

where the temperature-dependent viscosity 7 is given by

n(T) = o exp {l (T?’" - 1)}

where p is the modulus of rigidity and [ is the activation
energy constant. Alternative rheological choices, such as a
non-Newtonian viscous flow law given by the Glen rheology,
do not appear to influence the outcome of thermal mod-
els significantly [Stevenson and Ojakangas, 1989]. For an
icy shell with this Maxwell rheology, the volumetric heating

18.3 =

Figure 2. Ice thickness (km) vs. time (My) for (a) H =0,
g = 0 (Stefan); (b) H = 24 mW m™2, Maxwell ¢; (c)
H = 100 mW m~2, Maxwell ¢ for the one-dimensional freez-
ing case.

Table 1. Persistence timescales for “warm core” and “hot core”
models. Timescales for refreezing (to a thickness of 0.5L¢q) and
viscous relaxation are compared.

Model Thickening Time (My) | Leg
H (mW m~2) 7 (km) | Refreezing  Relaxation | (km)
24 5 0.7 0.003 18.3
24 10 0.8 0.01
24 50 1.0 0.3
24 100 1.1 1.1
100 5 0.1 0.07 5.6
100 10 0.2 0.3
100 50 0.3 7.0
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rate is given by

— 2uél
q(T) = 04jési5 = . {

WTM
w

1+ (wram)?

where 7a =n(T)/p is the Maxwell Time. For Europa,
w = 27 /3.55 days. In this work we assume two values for
H: 24mWm™? and 100mWm ™2, the latter appropriate to
a partially melted silicate core with enhanced tidal dissipa-
tion. In this work, we will refer to these two models as the
“warm core” and “hot core” models, respectively. The equi-
librium ice crust thickness L.q is primarily determined by
the value of H.

For a Maxwell viscoelastic ice crust, the equilibrium
thicknesses are L., = 18.3 km (for a “warm core”) and
5.6 km (for a “hot core”). The effect of ¢ is to reduce the
freezing rate and to establish a smaller L., (by approxi-
mately 25%). We consider only the case of a conductive ice
shell, appropriate to the values of H assumed. For some-
what smaller values of H, the ice crust of Europa may be
partly convecting, which would permit more efficient heat
transfer and substantially thicker (=30 km) ice shells. For
these ice shells, it has been suggested that viscous flow of
the lower boundary will be sufficient to prevent catastrophic
melt through events and maintain a generally uniform thick-
ness of the ice [Stevenson, 2000]. However, a combination of
buoyancy forces and enhanced tidal heating within an up-
welling hot plume may overcome this inward viscous flow
[Sotin et al., 2002]. In any case, for the thin, conductive ice
layers considered in this work (< 20 km), viscous flow will
in general be strongly constrained, and catastrophic melting
and refreezing will allow substantial time-dependent varia-
tions in the thickness of the ice [O’Brien et al., 2002]. The
impact of viscous flow on the persistence of thin ice following
a melt through event is discussed in the next section.

2. Refreezing Timescales

Galileo spacecraft imaging has revealed the presence of
widespread chaotic terrain, comprising 9% of the most
highly-resolved surface area [Riley et al., 2000]. The ter-
rain appears to occur over a wide range of length scales,
and so here we consider the refreezing of a range of holes in
Europa’s ice crust with a wide range of initial radii r¢: 5,
10 and 50 km. A schematic view of the numerical model is
shown in Figure 1.

Results of this model for a variety of one-dimensional
cases (effectively equivalent to 7 = o) are shown in Fig-
ure 2. Excellent agreement for a range of analytic solutions
(e.g. Stefan’s law, where H = ¢ = 0) and numerical solu-
tions to the heat diffusion equation with non-zero H and ¢
were found. One-dimensional models for refreezing are ap-
plicable to large-scale melt through regions (ro 2 100 km)
[Thomas et al., 2000]. However, for smaller holes, horizontal
freezing from the side of the hole will play an important role
in refreezing the crust.

The results of our model are summarized in Table 1. Since
we are interested in the persistence of relatively thin ice, we
estimate the time required to refreeze the crust to 50% of
its original equilibrium thickness L.q. For a “hot core,” re-
freezing to 50% of Leq occurs in timescales of ~ 0.2 My. For
a “warm core,” refreezing takes somewhat longer, typically
~ 0.8 My.

It should be noted that our timescale estimates for re-
freezing tend to be underestimates, as we assume that no
enhancement of heat flow due to the melt through event
remains.

We now compare our refreezing timescales to those esti-
mated for relaxation of the hole via flow in a low-viscosity
channel at the base of the ice crust [Stevenson, 2000]. This
model assumes an exponential viscosity gradient arising
from a linear temperature gradient within the ice crust.
However, a self-consistent solution to the Fourier heat equa-
tion for the model discussed above results in an exponen-
tial temperature gradient [Chyba et al., 1998]. This reduces
the thickness of the channel (typically to the bottom 3% of
the layer as a whole) and thus increases the viscous relax-
ation timescales of those previoulsy estimated [Stevenson,
2000]. We find that for a “warm core” model, the viscous
flow rate is greater than the refreezing rate for ro < 100
km (timescales ~ 1 My). For a “hot core” model, the vis-
cous flow rate is greater than the refreezing rate for ro < 10
km (timescales ~ 0.2 My). For models with even greater
core heat flows [Sjogren and Yoder, 1996; Geissler, 2001],
the ice crust is so thin that viscous relaxation is likely to be
unimportant for chaos regions of any size.

3. Conclusions

If the chaos regions are the remnants of catastrophic melt
through events, reasonable estimates for basal and shell
heating predict that relatively thin regions of the ice crust,
particularly in the largest chaos regions, will persist for up
to ~ 1My, which is 10% of the observed surface age.

Assuming the “hot core” model, chaos regions with lin-
ear dimensions greater than 20 km are likely to have thick-
ened to steady state via refreezing, and 200 km assuming
the “warm core” model. These linear dimensions should be
compared to ~ 1300 km, which is that of the largest con-
tiguous chaos region [Riley et al., 2000]. In either case, it
is likely that the ice will remain relatively thin (50% of the
surrounding crust thickness) for periods exceeding 0.1 My
and up to 1 My for the largest chaos regions.

The detection of the ice/ocean interface by orbital radar
sounding is therefore most likely in these areas. This pre-
diction could be tested by future spacecraft missions, for
example by radar sounding [Chyba et al., 1998].
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