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Introduction. Observations of Europa’s small craters
(both primary and secondary), their morphologies, and their
relationships with both the underlying and surrounding terrain
provide information regarding the surface- and near-surface
properties of Europa’s icy crust. These observations reveal
variations in strength between different terrain types, which
may reflect variations in ice-structure and non-ice composi-
tion, and/or changes in bulk characteristics such as porosity.

Background. Many past and current studies of Europa’s
surface attempt to derive physical properties by measuring
characteristics associated with the two major terrain types, ei-
ther the extensive ridging or the chaotic/lenticulae terrain [1,2,3
are a few among many]. These noble but uncertain analyses
suffer uncertainty because there are no means to independently
constrain or verify the results; fundamentally we have no way
of knowing what physical processes generate these features.
Although such investigations set approximate limits on an oth-
erwise unbounded parameter space, ultimately they use un-
known physical processes (how the ridges or chaotic regions
form) to determine the unknown physical characteristics of
Europa’s icy shell.

In contrast, however, we do know how impact craters form,
and there are decades worth of theoretical, observational and
experimental results that demonstrate that all cratering events
(in solid surfaces) share similar characteristics. By measuring
parameters associated with a crater (e.g. diameter, depth, rim
characteristics, terracing, internal morphologies, ejecta prod-
ucts, etc.) one can infer physical properties of the surface in
which the crater formed. Several researchers have used the
few, large Europan primary craters to provide constraints on
the bulk characteristics of the icy shell [4,5]. The approach
described here employs this historical and well-proven tech-
nique, but with a novel variation, namely using the extensive
secondary crater population to probe lateral and vertical vari-
ations in surface properties. Several impact parameters are
known, or at least well-constrained, for a secondary impact,
e.g. impact angle (which, on an airless world such as Europa,
is close to the ejection angle of 45 degrees), and impactor speed
(either known exactly because distance between primary and
secondary is known, or well-constrained because the impact
speed cannot be greater than Europa’s escape velocity). Fur-
thermore, secondaries are ubiquitous across Europa’s surface,
occurring in all terrains visible in the high-resolution images.
This enables investigation of what variations between the sur-
faces exist, if any, at the sensitivity allowed by the data.

For a cluster of secondaries in a high-resolution image, the
inter-secondary distance is small relative to the range from the
parent primary, meaning the impact velocity for the respective
fragments is essentially the same. Further, it’s reasonable to
assume that the fragments came from the same point within
the parent crater, meaning that the physical structure — most
importantly, the density — of the fragments are also essentially
the same. Thus, of the three fundamental parameters that

Figure 1: A 1.6 km diameter crater from the E17THYLIN01
image sequence. This crater formed directly on top of a ridge,
and the shallow depth and asymmetrical rim are not typical for
other craters of this size. (The unusual rim may be the result
of post-formation collapse.)

describe an impactor (size, impact velocity, and density), only
the size will be different between the fragments that form a
localized cluster of secondary craters.

Description. The standard pi-scaling for analyzing impact
dynamics describes the gravity-scaled size as ���������
	�� � ,
where � is the surface gravity of the object, � the projectile
radius, and � the projectile impact velocity. When an im-
pact crater is small, the target-surface strength is sufficient
to support the shape of the crater and the crater is in the
“strength regime". When the crater is large, large enough that
the target-surface strength is insufficient to support the crater
shape against gravity, the crater is in the “gravity-regime" and
some form of modification of the crater shape takes place. The
transition between the two regimes is not abrupt, but generally
the strength regime is when � ���������� and the gravity regime
is when ����� ������� .

However, research [6,7] (motivated by the giant craters on
the asteroid Mathilde) demonstrates that porous materials have
an effective strength larger than a coherent chunk of the same
material, which effectively delays the onset of the gravity-
regime to larger crater diameters. Other research shows that
radar results [8,9] from Europa are consistent with a porous
upper-layer, and that the upper 1 km of the crust could re-
tain significant porosity against pore compaction and crack
annealing [10].

Observations. On Europa, ��� ��� �! 	#" � , � for the frag-
ments that make the observed secondary craters (limited by the
Galileo image resolution) is between about 10 m and 100 m,
and � is between a few hundred m/s and $&% km/s (Europa’s
escape velocity). Using �'� ��� m and �(� ��)���� m/s, an
approximate lower-bound is � � $ �*� +-,���� ��� , suggesting that
most, if not all, secondaries form in the gravity regime.
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Figure 2: A 680 m diameter crater from the E17THRACE01
image sequence. This crater formed inside a chaos region in
which elements of the pre-existing ridged terrain topography
are visible. The bright ejecta blanket and lack of surrounding
craters suggests that this is an example of what may be rare on
Europa: a small primary impact crater.

However, distant secondary craters observed in high-resolution
(image scale of ������ m/pix) preserve the classic-bowl shape,
even at diameters up to 1 km. Examination of primary impact
craters [4] on Europa reveals a transition at about 2 km diam-
eter to smaller depth/diameter ratios, which perhaps reflects a
change from strength-to-gravity. If this is the case, this obser-
vation would also support the presence of porosity in the upper

Figure 3: A portion of the E17LIBLIN01 mosaic. In this
view, one can see the cluster of secondary craters on the back-
ground terrain (a “wide band”), as well as a secondary on
the top of a ridge. The secondary on the ridge has a smaller
depth/diameter value than the craters on the surrounding ter-
rain.

few hundred meters of Europa’s crust.
Identifying true small primaries is difficult because of the

significant contamination from secondaries, but not impossi-
ble. Figures 1 and 2 show what are likely small primaries.
The crater in Figure 1 is likely a primary because its diameter
(1.6 km) is larger than the max diameter (about 1 km) expected
for distant secondaries on Europa. The crater in Figure 1 is
likely a primary due to the presence of an ejecta blanket.

Figure 3 shows a collection of secondaries, some appearing
on the background terrain of a “wide band", while one appears
on the top of a more recent double-ridge. Here again, the crater
on the ridge has a smaller depth/diameter value.

Summary. Initial observations of small crater morphol-
ogy, both for small primary and secondary craters, show dif-
ferences as a fuction of the underlying terrain. In particular,
craters formed on recently-formed ridges (i.e. those that are
the youngest as determined by super-position) show a smaller
depth/diameter ratio than for craters formed in other terrains.
Additional measurements will refine this relationship, and un-
cover other variations that may exist.
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