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Introduction: Europa’s surface displays a wide range
of tectonic features — uplifts, pits, chaos, and ridges. -Het
erogenous tidal heating coupled with thermal convectian ha

the thermal convection model. We adopt viscoelastic riggolo
which is appropriate because Europa’s tidal period is dose
the Maxwell time. We choose a Young's moduluslof® Pa

been suggested as a mechanism to generate these features [Bnd Poisson ratio of 0.25 [17]. The viscous part follows the

3]. Many authors have performed numerical simulations of
convection to study thermal evolution in Europa’s ice shell
[2-6]. Most of these simulations consider tidal heating as a
constant or dependent only on local temperature, estimated
by an isothermal Maxwell model [3-6]. However, the tidal
dissipation depends not only on local temperature, butaiso
surrounding temperature [7]. To self-consistently deteem
how convection interacts with tidal heating, Han and Show-
man (2009) [8] coupled simulation of oscillatory tidal flegi
(using Tekton) to long-term simulations of thermal coni@tt
(using ConMan) assuming a Newtonian rheology. Their re-
sults show that heterogeneous tidal heating can significant
influence the long-term thermal evolution.

The viscous rheology of ice follows a power-law relation-
ship [9-10]. Thermal convection (without tidal heating) in
icy satellites can be very complicated if non-Newtoniarothe
ogy is used [11-12]. However, previous studies of convectio
using non-Newtonian rheology have not included tidal dissi
pation. Non-Newtonian rheology can strongly impact thaltid
dissipation due to the non-linear relationship betweeairstr
rate and stress. Here, we present fully coupled simulatibns
convection and tidal heating [8] to understand the impatts o
non-Newtonian rheology on convection and tidal heating.

Model and Methods: Our simulations include two pro-
cesses: thermal convection and oscillatory tidal flexingctv
we self-consistently couple (see the detailed descriftif8]).

We run the simulations in 2D Cartesian (rectangular) geom-
etry. Cartesian geometry is appropriate for regional ssidi
of Europa’s ice shell because Europa’s ice-shell thickiess
much smaller than its radius.

To model the convective evolution, we use the finite-
element code ConMan [13] to solve the dimensionless equa-
tions of momentum, continuity, and energy for a viscous fluid
The viscous rheology of ice can be defined as a power-law

e=a2- exp Q

relationship [9-10].
dr (_ ﬁ) @)

where¢ is strain rate A is a material constand; is stressp is

the stress exponents grain sizep is the grain-size exponent,

Q is the activation energyR is the gas constant, arifl is
temperature. Here we focus on non-Newtonian mechanisms:
grain boundary sliding (GBS), basal slip, and dislocatiaep.

See Table 1 for the rheological parameters. We explore grain
sizes of 0.1-10 mm, spanning a range of estimates [14-15].

We use the two-dimensional finite-element code Tekton

[16] to determine the oscillatory tidal stress, strain, &ddll-
heating rate according to the temperature structure cedgayt

n

power-law relationship as Eq. (1).

We run the oscillatory tidal flexing simulation for 5 tidal
cycles with each tidal cycle being resolved with 85 timestep
[8]. We then calculate the tidal dissipation rate at each cel
of the 2D domain by integrating stress times strain rate aver
tidal cycle, yielding a heating rate per volume:

1

= E O’ij(t)éij(t) dt

q (2)

whereg is tidal heating rateg;; is stress tensok;; is the
strain-rate tensot, is time, andAr is the tidal cycle period.

Subscripts correspond to tikeandz coordinate axes; repeated
indices imply summation.
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Figure 1:Velocity and temperature. Left panels: A fully cou-
pled model of thermal convection and tidal dissipation with
a tidal strain of 107°. Right panels: A thermal convection
model without tidal dissipation. The models have a thicknes
of 30 km. Basal Slip rheology is used. Magnitude of initial
temperature perturbation is 4.5 K

In the thermal convection model, we use impermeable,
free-slip velocity boundary conditions on the top, bott@md
sides. The initial condition comprises a linear condudiira-
perature profile with a weak superposed disturbance follow-
ing [11-12]. In the tidal oscillation models, we use fregsl
boundary conditions on the top and bottom. The side bound-
aries undergo a specified periodic (sinusoidal) displacéine
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Figure 2:Convection versus non-convection regime with var-
ious tidal strain rates, depths of ice shell, and ice graizesi.
GBS rheology is implemented. The star line shows the simu-
lations with ice grain size of 10 mm. The circle line shows the
simulations with ice grain size of 1 mm.

Table 1:Rheological Parameters (See [9-10]

Creep Mechanism log(A) n p  Q(kJ/mol)
Basal Slip 7.74 24 0 60
GBS -2.4 18 14 49
Dislocation 51 40 O 61

time, with a period equal to Europa’s 3.5-day orbital pertod
simulate the tidal oscillation process in Europa’s ice lshel

Results. Heterogeneous tidal heating strongly influences
the conditions under which convection can occur. In partic-
ular, we find that sufficiently strong tidal heating can allow
convection to occur in thinner ice shells than would be pos-
sible with weaker (or no) tidal heating. To illustrate, Fig.
depicts the temperature and velocity fields from two simula-
tions that are identical except that one includes tidalihgat
and the other does not. The models were run with an ice-shell
thickness of 30 km, initial temperature disturbance mamgiat
of 4.5 K, and basal slip rheology. In the absence of tidal
heating, no convection occurs in the 30-km thick ice shell
(right panels in Fig. 1). However, thermal convection ig-ri
gered in the model with realistic tidal dissipation calt¢eth
from the time-evolving temperature structure (left pariels
Fig. 1). This convection occurs despite the fact that thalbas

Rayleigh number (defined using the temperature contrast be-

tween the top and bottom boundaries) is substantially lower

than the critical value for a system without internal hegtin
Once the convection is well developed, the temperaturerunde
the stagnant-lid is almost uniform, with a temperatureekos

melting temperature.
We performed numerous simulations to map out the regimes

under which convection can initiate as a function of icelishe
thickness, domain-mean tidal-flexing amplitude, grairesiz
and amplitude of the thermal perturbation used in the initia
condition. The simulations adopt fully self-consistenigling
between convection and oscillatory tidal heating as deedri
previously. Figure 2 depicts the results for GBS rheology fo
ice-grain sizes of 1 and 10 mm (bottom and top curves, respec-
tively) and an initial thermal perturbation of 4.5 K. Contiea
occurs above the relevant curve but not below it. Considerin
thed = 1 mm case, for example, in the absence of tidal heat-
ing, convection can not occur for ice-shell thicknessesrtéi
than~85-90 km. But with a mean tidal-flexing amplitude of
1075 relevant to Europa, the critical shell thickness for con-
vection drops to 30 km. Whett = 10 mm, convection can
occur in ice shells thinner than 50 km if the mean tidal-flgxin
amplitude is3 x 10~° or greater. In the absence of tidal heat-
ing, the critical ice-shell thickness depends on the anngit

of the initial thermal perturbation [11-12], but this dedence
seems to weaken with increasing amplitude of tidal heating.

Summary. Under the influence of non-Newtonian rheol-
ogy relevant to Europa, the presence of realistic tidalihgat
can significantly decrease the ice-shell thicknesses athwhi
convection can initiate for a given grain size. These simu-
lations support the possibility of convection under coiodis
relevant to Europa and other large icy satellites.
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