
IMPLICATIONS OF SHEAR HEATING AND FRACTURE ZONES FOR RIDGE FORMATION ON EUROPA. L. Han1

and A.P. Showman2, 1Planetary Science Institute, 1700 E Fort Lowell, Suite 106,Tucson, AZ 85719. han@psi.edu,2 Department
of Planetary Sciences, Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721.

Introduction: Ridges are ubiquitous on Europa; parts
of the satellite are covered solely by multiple generationsof
overprinted ridge pairs. Typically, ridges are∼100–300 m
in height, a few kilometers in width, and contain a central
trough. Many ridge-formation scenarios have been suggested
(see reviews in [1, 2]). A promising idea is the “shear heating”
scenario where runaway frictional heating along tidally flexed
fractures causes a temperature increase and leads to buoyant
uplift along the fracture [3,4].

Nimmo and Gaidos [4] demonstrated that frictional heat-
ing can indeed localize along tidally sheared faults, producing
temperature increases up to∼ 60 K. Simple buoyancy argu-
ments suggest that these temperature increases can lead to
flexural uplift of up to∼ 100 m. However, their model ne-
glected advection and assumed that vertical velocities arezero.
Even if the ice shell is not convecting, deformation will oc-
cur in response to the focused tidal heating, and in the most
extreme case the heating could trigger linear diapirs [5]. More-
over, convection may occur in Europa’s ice shell [6,7] and this
could interfere the response of the ice shell to shear heating.
To rigorously determine whether shear heating can cause ridge
formation under Europan conditions, a full fluid-dynamical
model including advection of heat is required.

Here, we present preliminary numerical simulations of
convection to test the role of fracture zones and shear heating
on Europan ridge formation. These preliminary simulations
do not consider compositional (salinity) effects, although we
will shortly be including these effects in our simulations.

Model and Methods: We use the finite-element code
ConMan [8] to solve the equations governing thermal convec-
tion in Europa’s ice shell. The velocity boundary conditions
are reflective on the sides and free-slip on the top and bottom.
The temperature boundary condition at the bottom is fixed (270
K), as required by the underlying ocean, and the top is held at
95 K. Temperature-dependent viscosity follows the relation
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whereT is temperature,Tm = 270 K, andη0 is the viscos-
ity at 270 K. An activation energy of 20–60 kJ/mol is used,
corresponding to values ofA ranging from 9–26.

Tidal heating is included in the simulations as follows [9]:
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whereǫ0 is the amplitude of tidal flexing strain, here set to
2 × 10−5; ω = 2 × 10−5 sec−1 is the Europa’s tidal flexing
frequency;η is viscosity; andµ = 4 × 109 Pa is the rigidity
of ice.

Figure 1:Temperature (top) and dynamic topography (bottom)
from a model in a domain 45 km wide and 15 km deep. This
model includes a weak zone but no shear heating.

We run two sets of simulations. For the first set of simula-
tions, we impose a narrow (few km-wide) weak zone extending
vertically downward from the surface to the base of the litho-
sphere (i.e. base of the stagnant lid). The weak zone is im-
plemented by simply lowering the viscosity in the weak zone
by an order of magnitude relative to the surrounding regions.
This is a standard method for representing faults in ridges and
subduction zones in the Earth mantle-convection community
[10,11]. No shear heating is included in this first set. These
simulations are performed to test the influence of weak zones
(fracture zones) on fluid flow and surface topography.

For the second set of simulations, we impose a narrow,
linear strip of tidal heating extending vertically downward from
the surface into the interior. Nimmo and Gaidos [4] estimated
the heating within a shear zone by assuming a ductile region
underlying a brittle layer. Their results show that shear heating
has the maximum value at the brittle-ductile boundary and
decreases with depth and distance away from shear zone (See
Figure 2 in [4]). Here, we crudely specify the shear heating
with a functional form
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wheres0(z) is a specified depth dependence (large at the sur-
face and diminishing downward),σx is the specified width of
the heating zone (a few km),z is height, andx is horizontal
distance.x0 is the location of the heating, which is placed at
the half-way point of the domain. The goal is to investigate
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the influence of shear heating on the fluid flow and surface
topography.

Figure 2:Temperature (top) and dynamic topography (bottom)
from a model in a domain 60 km wide and 20 km deep. This
model includes shear heating but no weak zone.

Results. Figure 1 displays the results from a model in-
cluding a weak zone but no shear heating. The weak zone,
which represents an existing fracture region, was placed atthe
center of the domain (x = 22.5 km), had a width of4 km, and
extended vertically from the surface to a depth of5 km. The
domain was 45 km wide and 15 km deep. In the simulation,
the weak zone modulates the convective structure, leading to
a lithosphere at the weak zone that is much thinner than in the
surrounding regions. The topography at the weak zone be-
comes uplifted by up to∼ 50 m, but this is much smaller than
observed ridge heights of 100–300 m. This simulation shows
that an upwelling plume (or diapir) may exist under weak zones
(fracture zones), but it is hard to explain a ridge-like feature
resulting from the buoyancy without locally enhanced (tidal or
shear) heating. In cases where the weak zone does not pen-
etrate the stagnant lid, the surface topography is even weaker
than shown in Fig. 1.

Figure 2 displays the results from a model with shear heat-
ing (following Eq. 3) but no weak zone. The shear heating
zone extends vertically from the surface to4 km depth, has
a width σx = 1 km and maximum heating rate of 5×10−4

W m−3. The domain is 60 km wide and 20 km deep. In
the simulation, the stagnant lid becomes greatly thinned at

the location of the shear heating. The resulting topography
(Fig. 2) reaches 120 m in height, comparable to that estimated
to order-of-magnitude by Nimmo and Gaidos [4]. Interest-
ingly, the morphology broadly resembles that of a Europan
ridge, including shallow marginal troughs on either side ofthe
ridge, although the central trough is not reproduced. Despite
this deficiency, our models lend support to the idea that shear
heating can produce ridge-like structures on Europa.

Although the simulations here assumed a pure-ice com-
position, compositional effects could play an important role in
ridge formation. Our models and [4] show that the topography
results from thermal buoyancy associated with the warm region
under the ridge. This limits the maximum ridge topography to
∼ 100 m. Another difficulty is that the ridge would disappear
over a thermal diffusion timescale of∼ 107 years once the
shear heating stopped. The existence of ridges with heights
up to∼ 300 m suggests that ridge topography may result in
part from compositional buoyancy (consistent with inferences
for Europan pits, domes, and bands [12,13,14]). Percolation
of melt produced by the shear heating can remove salt from
beneath the developing ridge, leading to relatively salt-free,
low-density ice with a compositional buoyancy that greatly
exceeds the thermal buoyancy. Furthermore, because salt dif-
fuses much more slowly than heat, salinity contrasts could be
preserved for much longer than107 years, and this could help
to explain the ubiquity of ancient ridges that presumably no
longer experience frictional heating on Europa’s surface.We
are currently conducting a suite of thermo-compositional con-
vection simulations to address these issues, and we will present
these new simulations at the conference.
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