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Summary: We perform numerical simulations in 3D
spherical geometry to study the dichotomy of thermal con-
vection in Enceladus’ ice shell using temperature-dependent
viscosity. By implementing a weak south pole (with a viscosity
contrast of102-103 south of45◦S latitude) and ice grain size
of ≤ 2-3 mm, thermal convection exhibits a strong dichotomy
in Enceladus’ ice shell. The south polar region experiences
a strong plume reaching to the surface, and locally high heat
flux, while the other regions develop stagnant-lid convection
or do not convect. Our results can help to explain the elevated
heat flux at the south polar region of Enceladus.

Introduction: Enceladus exhibits a diversity of heavily
tectonized terrains, including a complex assortment of ridges,
grooves, graben, and rifts [1-3]. Cassini thermal infraredob-
servations show high surface temperature and heat flux along
the tiger stripes in the South Polar Terrain (SPT) [4]. The SPT
has few large impact craters, suggesting an age of only 10-100
million years [1].

Scientists have been puzzled by the tectonic contrast be-
tween Enceladus’ SPT, which is young and geologically active,
and its northern hemisphere, which is heavily cratered and rel-
atively ancient. It has been suggested that the source for Ence-
ladus’ tectonic activity is thermal convection/diapirismwithin
Enceladus’ ice shell [5-10] coupled with localized tidal dis-
sipation [11-15]. Barr (2008) [16] suggested that mobile-lid
convection could explain the high heat flux at Enceladus’ SPT.

However, previous 3D spherical modeling of thermal con-
vection in Enceladus’ ice shell has not been able to explain
the dichotomy between the northern and southern hemispheres
[9-10, 16]. Here we present new 3D spherical numerical simu-
lations of thermal convection in Enceladus’ ice shell to explain
the dichotomy by including a weak south pole in the simula-
tions.

Model and Methods. By assuming an infinite Prandtl
number and Boussinesq approximation for incompressible ma-
terial, the non-dimensional equations governing thermal con-
vection in Enceladus’ ice shell are the continuity equation,
momentum equations, and energy equation, respectively:

∇ · u = 0 (1)

∇σ + Raθ~r = 0 (2)

∂θ

∂t
+ u · ∇θ = ∇

2
θ + q (3)

whereu is the velocity,σ is the stress tensor,Ra is the Rayleigh
number,θ is the temperature,~r is the unit vector in the radial
direction, t is time, andq is the internal heating. All the
variables above are non-dimensional. We solve the above
equations in a three-dimensional spherical shell with the finite-
element code CitcomS [17-18].

Figure 1: Temperature profile from a full 3D spherical model
showing thermal convection in Enceladus’ ice shell with a
Rayleigh number of 1.46×106. The simulation implements
temperature-dependent viscosity contrast of106, except a vis-
cosity contrast of103 at the south pole (≥45◦S). The top panel
displays the temperature distribution on a constant radius
spherical surface at depth of 66 km. The bottom panel dis-
plays temperature distribution along the radial cross-section
showed by the solid line in the top panel.

Our models include temperature-dependent viscosity as
follows:

η(T ) = η0 exp
[

A

(

1

T
− 1

)]

(4)

whereη0 is the reference viscosity at the base of ice shell,
varying from5 × 1012 Pa s to5 × 1015 Pa s (corresponding
to ice grain size of 0.1-3 mm),A is a rheological parameter
with a value of 26 (corresponding to an activation energy of
60 kJ mol−1), andT is the nondimensional temperature (actual
temperature divided by 273 K).

Enceladus’ SPT exhibits significant tectonic disruption
suggesting mechanically weak behavior. A small viscosity
contrast cutoff, which is a very simple approach, has been
widely used in mantle convection simulations of Earth to study
the behavior of faults and subduction zones [19-20]. Here, we
implement a viscosity contrast cutoff of102-103 to determine
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how mechanical weakening influences the convective pattern
and resulting heat flux.

There are great uncertainties in ice shell thickness and ice
grain sizes. We assume an ice shell thickness of 100 km. We
vary ice grain size from 0.1 to 3 mm in the simulations. We
specify constant temperature at the base (273 K) and at the
surface (70 K) as thermal boundary conditions.

Figure 2: Temperature profile from a full 3D spherical model
showing thermal convection in Enceladus’ ice shell with a
Rayleigh number of 2.3×107. The simulation implements
temperature-dependent viscosity contrast of106, except a vis-
cosity contrast of103 at the south pole (≥45◦S). The top
panel displays the temperature distribution on a constant ra-
dius spherical surface at depth of 80 km. The bottom panel
displays the temperature distribution along the radial cross-
section showed by the solid line in the top panel.

Results: Our simulations show that thermal convection
occurs in Enceladus’ ice shell if the viscosity at the base of
the ice shell is< 1014 Pa s (corresponding to ice grain size
of < 0.4 mm), and the viscosity contrast due to temperature
variation is larger than106. This is consistent with previous
research [6,9-10,15]. Multiple plumes develop at the bottom of
the ice shell beneath a thick stagnant lid. However, convection
does not exhibit a hemispheric dichotomy.

A weak south pole can dramatically alter thermal convec-
tion patterns in Enceladus’ ice shell. Figure 1 shows results
from a model with a Rayleigh number of 1.5×106. An ice
grain size of 1.6 mm and maximum viscosity contrast of106

were adopted. We included a weak south pole (higher than
45◦S in latitude) by implementing a viscosity cutoff due to
temperature variation of103. From Figure 1, we can see
that a single robust upwelling plume develops in the southern
hemisphere, while no convection develops in northern hemi-
sphere. This strong hemispheric dichotomy of thermal convec-
tion causes a dichotomy in heat flux, with the heat flux in the
south polar region significantly exceeding that in the northern
hemisphere.

Figure 2 shows our results from a model with a Rayleigh
number of 2.3×107. An ice grain size of 0.4 mm and maxi-
mum viscosity contrast of106 were adopted except, as before,
southward of45◦S latitude, where the viscosity contrast was
103. In this case, a single upwelling plume ascends toward
the surface in the southern polar region. Convection occurs
in the northern hemisphere under a thick stagnant lid, with
upwellings and downwellings in the bottom third of the shell.
As before, this case exhibits significantly elevated heat flux in
the southern hemisphere. We emphasize that our simulations
contain no imposed thermal boundary asymmetries; rather, the
dichotomy in heat flux develops naturally from the dichotomy
in lithospheric strength.

Oursimulations further show that inclusion of a temperature-
dependent tidal heating can further increase the heat flux inthe
southern hemisphere. However, the convection patterns re-
main unchanged. Tidal dissipation within Enceladus exhibits
strong spatial heterogeneity [14-15]. These spatial patterns of
tidal dissipation computed by standard method [9, 21-22] will
be adopted in future simulations.

Conclusions and Discussions: This work is supported
by NASA OPR Program. We thank Caltech’s GeoFramework
group for providing CitcomS.
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