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Introduction: Enceladus is well known for its
south polar region [1]. The region is extremely young
[2] and is characterized by four large, tidally-
controlled fractures called the Tiger Stripes. Plumes of
vapor and ice grains escape from the Tiger Stripes,
along with several GW of heat, as measured by the
Composite Infrared Spectrometer (CIRS) on Cassini
[3]. Tidal dissipation is the probable source of this en-
ergy. However, models of the internal dynamics sug-
gest that heat is removed from the interior faster than it
can be produced, resulting in the geologically rapid
freezing of any global subsurface ocean [4,5], although
a regional sea may be longer-lived [6]. Tidal dissipa-
tion in the ice shell is severely restricted if it is me-
chanically coupled to the rigid silicate core. In such a
scenario, if the ocean freezes entirely, tidal heating is
predicted to drop precipitously. A further complication
is that the heat flow and activity are observed only in
the south polar region; no corresponding thermal
anomaly is observed in the north. The tidal potential
function is at spherical harmonic degree ¢ = 2. This
produces a pattern of tidal dissipation in the ice shell
that is symmetric about the equator ({ = 2, 4). This
symmetry can be broken if there are significant lateral
variations in the mechanical properties of the ice shell.

Here we examine the effects of a large impact on
both the initial meltwater production, and on softening
of the surrounding ice by the shock heating. We model
the subsequent tidal dissipation and thermal evolution
of the ice shell in response to the impact heating.

Impact of an impact: We use the CTH hydrocode
[7] in axisymmetric geometry to simulate a vertical
impact by an icy or rocky projectile into an ice shell.
We treat the target as a half-space because the shock
heating does not penetrate to the ocean unless the ice
shell is implausibly thin. The target has a pressure-
dependent yield surface, with a yield strength of 15
GPa [8]. We use the S-phase ANEOS for ice [9] to
compute the temperature change and melt production.
In Figure 1, we show the temperature increase result-
ing from the impact of a 4 km diameter and a 15 km
diameter icy projectile at 20 km/s, scaled to create a
150-km diameter crater (the approximate size of the
south polar terrain [1]). We use a 1 km by 1 km tracer
grid, and adaptive mesh refinement with a maximum
resolution of 1.62 m. For the larger projectile, signifi-
cant heating occurs up to 40 km deep and up to 30 km
horizontally away from the impact.

Thermal Effects: We model thermal evolution in
the ice shell using the finite-element code Citcom in

2D-axisymmetric geometry [10]. The viscosity is tem-
perature-dependent [11]. The temperature is 75 K at
the surface and 273 K at the base of the ice shell. We
compute the tidal heating using the propagator-matrix
code TiRADE [12] for a spherically symmetric body
with an arbitrary number of visco-elastic layers [13].
We read in the impact heating and initial tidal heat-
ing into Citcom. Because the impact heating signifi-
cantly reduces the viscosity locally, we perturb the
tidal heating based on the local viscosity [12,14]. We
allow the temperature to evolve for a short time, up-
date the tidal heating based on the new temperature
and viscosity structure in the ice shell and repeat for
the duration of the model. In Figure 2, we show an
example of the thermal evolution in a 40 km thick ice
shell in response to the heating in Figure 1a, after the
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Figure 1: Impact-induced temperature increase
resulting from impact of a 4-km diameter (top) and
15-km diameter (bottom) icy projectile into an icy
halfspace at 20 km/s.
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Figure 2: Temperature in the ice shell immediately
before the impact (a), immediately after the impact
(b), and after 0.1 My (c), 0.5 My (d), and 2 My (e).

heat consumed by melting is taken into account. In the
case shown here, the ice shell is too thin to sustain
convection; the impact is the sole significant source of
lateral variation in temperature.
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Discussion: The impact heating shown in Figures
la and 2 is largely confined to the upper portion of the
ice shell. Even in the absence of convection, this heat-
ing diffuses away in ~1 My. This result is broadly sim-
ilar to that of earlier studies of a very slow collision
with a co-orbital object [15]. Therefore, unless such an
impact occurred in the very recent past, the thermal
effects should not be observable today. The impact
heating softens the ice and enhances the tidal heating
locally. This enhancement is more self-sustaining. In
the case shown, this is a relatively small effect, howev-
er the projectile studied is relatively small.

The impact shown in Figure 1 generates approxi-
mately 56500 km® of meltwater, down to about 37 km
depth at the impact center. Melting of this thickness of
ice corresponds to a reduction in elevation of ~3 km,
and generating a substantial south polar sea. In the case
where a pre-existing global ocean exists, the impact
would melt a hole completely though any ice shell
thinner than 37 km, enabling transfer of material be-
tween the surface and the ocean.

Larger impacts (e.g., Figure 1b), distribute their en-
ergy over a wider area and at greater depth. The im-
pact-induced tidal enhancement should be correspond-
ingly larger and longer-lived. Larger projectiles will
also produce a greater degree of melting, and subse-
quent subsidence of the surface once the meltwater
drains to the subsurface ocean. The resulting topogra-
phy should be more consistent with the observed de-
pression of the south polar terrain. The local thinning
of the ice shell is also consistent with gravity meas-
urements [16] that suggest a south polar sea [17] rather
than a global ocean may be present.
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