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Introduction

The Galilean satellites with icy surfaces (Ganymede, Callisto,
Europa) are host to a variety of large impact features that are,
if not unique to these bodies, rarely encountered on planetary
and satellite surfaces in the Solar System. These features in-
clude impact basins with central pits, domes, and so-called
“penepalimpsests” and “palimpsests” in the terminology of
Schenket al. 2004. Our project seeks to establish the ef-
fects of several factors in explaining the origin and evolution
of these features. In particular we aim to establish the roles
played by: 1) the presence or absence of liquid water (at depth
below the surface, or generated during the impact) vs warm ice
(again, either pre-existing or impact-generated), 2) the litho-
spheric temperature gradient, 3) surface gravity (as compared
to smaller gravity on mid-sized satellites, where the features of
interest are not found, and finally 4) the role of the characteris-
tics of the impactor: specifically, the impactor’s size, velocity,
composition, and the angle of the impact.

This abstract describes work carried out by the author (Ko-
rycansky) who is the project PI; other abstracts at this confer-
ence describe work by the CoIs (A. Dombard, P. Schenk, O.
White). In particular we describe work in modeling the ini-
tial impacts via the shock physics/impact code iSALE, thermal
evolution and freezing of the post-impact melt pool, and present
work in progress relating to modeling the collapse of impact
craters as a separate numerical calculation using a programde-
veloped by the PI that implements the Marker-and-Cell (MAC)
method for free-surface material dynamics.

Impact modeling

We have carried out a number of simulations of the impacts of
icy objects into the surface of Ganymede, in order set the stage
for impact feature formation and start the process of determin-
ing the basic parameters that determine the characteristics of
the impact features.

Initial two-dimensional axisymmetric calculations have been
carried out using the iSALE hydrocode (Amsdenet al. 1980,
Collinset al. 2004, Ẅunnemannet al. 2006). The simulations
were of the vertical impact of a 14-km diameter ice sphere into
an ice target at a temperature ofT = 120 K. The velocity range
was 5 to 30 km s−1 over different calculations. Simulations
were run for up to 6×103 s, approximately 20 times the crater-
collapse/gravitational time scale(L/g)1/2 for an impact feature
of L = 100 km diameter under Ganymede’s surface gravity (1.4
m s−2).

The main result of current interest is the characteristics of
impact-generated melt pool, an example of which is shown in
Figure 1. The melt pool underlies the apparent crater reaching
from the surface to a depth of over 50 km. On a timescale of
6×103 s, little freezing will occur, so another method must be

Figure 1: End-state model of the vertical impact of a 14 km
diameter object at 20 km s−1 into a target with Ganymede sur-
face conditions. Impactor and target are made of water ice ata
temperatureT = 120 K. The left-hand side shows the tempera-
ture field att = 6000 sec, with an extensive melt pool reaching
down to a depth of> 50 km. The calculation was done with
the iSALE code.

used to model its longer-term evolution.
While iSALE is an effective hydrodynamics code that is

widely used in the planetary science community, there are phys-
ical processes that are not included in its capabilities. Aswell,
it is a code that is meant for modeling compressible hydro-
dynamic flow (i.e. shock physics), with the concomitant re-
quirement of the CFL limit for timestep size. As such, it is
not a code can be feasibly used for long-duration modeling of
physical evolution on long timescales that may be relevant for
our project.

Finally, hypervelocity impacts and subsequent crater for-
mation and modifications are complex situations involving
many interacting physical processes. Modeling simpler config-
urations with concentration on single physical processes may
yield more insight into the cause of the physical profiles of the
impact features we are interested in.

Thermal modeling/freezing timescale of melt pools

We have modeled the thermal evolution and freezing of post-
impact melt pools, with the aim of understanding the basic
timescales involved. In this case the physics involved is heat
loss from warm ice or melt to the surroundings, including the
surface. We solve the heat diffusion equation in an axisymmet-
ric domain that models the crater and melt-pool beneath. The
numerical model follows the method outlined by O’Brienet al.
(2002,2005). Melt is modeled as material that includes latent
heat of fusionH; when the temperature of a grid element in
the domain falls to the melt/freeze temperatureTmelt , it is held
fixed until the latent heatH has decreased to zero. At which
point, the grid element is considered to have frozen and the tem-
perature is again allowed to evolve via the diffusion equation.
The initial calculation does not take the possibility of convec-
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Figure 2: Time evolution of the melt mass from initial condi-
tion of the melt pool from Fig. 1. Red line: including enhanced
flux from convective zones (flux multiplied by Nusselt number
Nu in convective zones). Blue line: using radiative flux only
(Nu = 1) for all zones

tion in the liquid melt into account. We can include this in a
simple way by enhancing the local heat fluxqz in convectively
unstable zones of the melt. Increased heat flux from convec-
tion is defined via the Nusselt numberNu, qz = Nuκ(dT /dz).
The Nusselt number is related to the local Rayleigh number on
the gridRa = −gα(dT /dz)∆z4/νκl by scaling derived from
experimental results:

Nu = 1+







0 Ra ≤ Rac = 657,
0.54(Ra−Rac)

1/4 Rac < Ra < 107,

0.15(Ra−Rac)
1/3 Ra > 107

We applied this model to the calculation shown in Fig.1 (i.e.
the end result of an ISALE impact model), with results shown
in Fig. 2, where we plot the mass of melt as a function of time.
Two points to note: first, the overall time for a melt pool of
this size to freeze is long (∼ 1015 s or 3×107 yr), and second,
convection effects overall are minor. Heat loss is ultimately
controlled by radiative flux to the environment of frozen ice.
This aligns with results from O’Brienet al. (2002,2005).

Work in progress: crater collapse modeling

We feel that it will be fruitful to separate the crater collapse
stage from the initial impact, in order to test ideas about the

post-impact rheology of the target. Thus we are currently
developing a two-dimensional free-surface program to model
crater collapse. In this we follow the precedent of Ivanov and
Kostuchenko (1997), who used a free-surface fluid-dynamics
code combined with models for post-impact acoustic fluidiza-
tion to test ideas about impact crater morphology. Following
their precedent we are utilizing the Marker and Cell method de-
veloped by Harlow and Welch (1965) and Welchet al. (1966).
Our plan will be to apply various simplified rheology models,
such as Bingham or other non-Newtonian models, to find the
basic characteristics of the target that yield observed impact
feature morphologies. The effects of layering in the target,
such as pre-existing melt water, will also be tested.

Present status

As of this writing, many basic questions remain unanswered in
our project. Among them are questions such as the timescale
of the processes that led to the impact feature morphology,
and the effective rheology governing the material deformation
and rebound after the impact. Other processes such as melt
mixing with fractured substrate material (presumably ice) in
the target may also play a role in determining the evolution
of crater morphology. We believe that a multi-path approach
that concentrates on elucidating the effects of basic physical
processes is the most fruitful way forward.
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