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Introduction: Impact breaching of Europa's solid
ice surface is not only possible, but probable.
Estimates of crustal thickness range from a few 10s
of km) down to a few km or even a few hundred m in
places [1-3], and numerical simulations demonstrate
that an ice shell 4-7 km thick or less is likely to be
breached by 1 km diameter comets impacting at
average speed [4, 5]  In addition, the larger impact
structures Tyre, Callanish, and Mananàn (produced
by bolides of about 1-2 km diameter, based on
equations in Zahnle et al. [6] have all been
interpreted to represent partial breaching of the ice
crust and leakage of fluid material from below [2, 7-
9]. If 1-2 km diameter bolides split the crust, and 2
km is only the median diameter for impactors at
Jupiter [6], larger bolides must produce full crustal
penetration. Many chaos areas (equidimensional and
sharply-bounded) may be a hitherto unrecognised
record of full-crustal penetration by bolides.

Experimental evidence that chaos-type
features can be produced by ice-ice impact: We
shot ice projectiles at velocities of 117-495 m/sec
into ice plates of varying thickness overlying fluid
substrates. The results ranged from non-penetrating
craters to simple bullet-hole-like structures to
catastrophic fragmentation of the ice layer. The type
of feature produced is a function of the plate
competence (ice density*ice thickness) and the
impact velocity (Fig. 1).

Succession of impact types, with interpretation
in Europan context: Fig. 2 shows schematically the
different impact types, at constant crustal thickness
with increasing impactor energy. Non-penetrating
craters (including simple and complex craters)
represent low impact energy and/or thick crust (Fig.
2a). First-order penetration is represented by leaky
craters (Fig. 2b) in which through-going cracks allow
fluid material to seep into the crater from below. The
crater may not fill entirely (elevation of leaked
material may be less than surrounding topography) if
seepate viscosity is high and/or seepage rate is low
relative to the freezing rate. In most or all cases, the
crater will be a complex crater or ringed basin. Tyre
is a possible Europan analogue. Second-order
penetrations form holes in the crust (Fig. 2c). The
impact feature may be smaller than the leaky crater
formed by the less energetic impactor in Fig. 2b, as it
is likely that the hole size corresponds to the transient
crater diameter of a non-penetrating impact. The

impact site has an hour-glass shaped cross-section,
and is filled by a slushy mixture of pulverised crust
and impactor plus sub-layer material, producing the
characteristic hummocky chaos texture. Elevation of
fill is near or greater than the surrounding
topography, and is governed by vertical pressure
gradients (which may force the sublayer material up)
and also by the viscosity and salinity of the sublayer
material, which will affect the freezing rate. There are
numerous un-named chaos areas on Europa that fit
this description.  Third-order penetration causes
widespread fragmentation of a large area of the crust
(Fig. 2d). The destruction area is substantially greater
than the transient hole of the bolide impact site, and
is caused by shockwave propagation through the
crust. The fill is a slushy matrix of pulverised crust
and impactor plus sub-layer material, containing
large blocks of displaced crust from the wider
destruction area. The number of blocks exposed at
the surface will depend on the buoyancy of the
blocks, as well as on the viscosity and freezing rate of
the matrix. If the matrix is viscous, rapid freezing
could cause subsurface trapping of buoyant blocks.
The right-hand side of Fig. 2d shows a steep
escarpment as the chaos boundary, where the matrix
is lower than the elevation of the pre-existing crust.
At the left-hand side is a "beach-like" littoral
boundary, where the sublayer material has extruded
onto the older surface.  Relative uplift of matrix and
cliffed versus littoral boundaries will depend on the
buoyancy and freezing rate of the mixture, as well as
on subsurface pressure gradients. Impact-related
melting is not considered here, but is also of obvious
importance. Thera Macula is a good example of a
possible third-order impact penetration on Europa.

In conclusion: Circumstantial evidence from
crustal thickness and impact feature geomorphology
on Europa suggest that impactors must penetrate the
crust, and chaos areas are a very likely candidate for
impact sites. We emphasise that we do not imply that
all chaos is caused by impact. In a planet with a thin
crust over a fluid inner layer, there are probably
multiple mechanisms for breaching the surface.
Impact penetration is one such mechanism.
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