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Introduction: Working on impact cratering related 

problems may seem tedious beyond description, but the 
importance of craters cannot be overstated.  The peculiar 
thermal and mechanical properties of water (and other) 
ice allow impact craters to record processes and materi-
als that would not otherwise not occur or be so obvious 
on silicate-rich targets. Craters act as natural drill probes 
into icy lithospheres.  They act as recorders of global 
stratigraphy and global dynamics (including rotational 
history).  They record the flux of incoming projectiles 
into planetary systems.  They record the thermal history 
of icy satellites.  There is little that impact craters cannot 
do!   

Drill Probes:  The dynamics of impact cratering dis-
rupt and dislocate vast amounts of material vertically 
that would otherwise remain hidden from view [1].  On 
Ganymede and Callisto, central dome craters expose 
deeper ice-rich ductile material in the central uplift [2].  
Dark halo craters have been interpreted to be ejecta con-
taminated by dark terrain material buried at shallow 
depths of 1-1.5 km [3].   

 

 
Figure 1.  Perspective view of part of the rugged topog-
raphy (color-coded) of Callanish.  This 30-km wide mul-
tiring crater is thought to have penetrated near the base 
of Europa’s floating ice shell, fracturing it.  Crater center 
is near left-hand edge of the scene. 

 
Europa is an extreme case.  The comparison with 

Ganymede is especially telling since craters should be 
very similar on both satellites.  Instead of central peaks, 
we see deformed craters in the 20-25 km diameter range, 
and multi-ring structures where we should be seeing 
central pit craters (Fig. 1) [4,5].  Further, the d/D curve 
for Europa rolls over at 8-10 km (rather than continuing 
to increase as on Ganymede; Fig. 2) [6].  These anoma-
lies are clearly linked with Europa’s “thin” ice shell and 
subsurface ocean.  Recent numerical modeling [e.g., 7, 
8] and even the most simplistic conceptual model of 
impact crater collapse at these transitions [6] all point to 
ice shells in the 10-20 km range.  The Europan crater 
story refuses to support a thin (<5 km thick) ice shell 

model for Europa, no matter how deperately one might 
want it to. 

The cratering record on Titan is sparse [9] but those 
few craters are most similar in appearance to Ganymede 
craters: Titan has no near-surface internal ocean. 

An extreme example of planetary drilling is satellite 
disruption.  Clearly, any projectile large enough to form 
600-km-wide basins on Iapetus and Rhea would effec-
tively shatter any of the small ring moons orbiting Sat-
urn [e.g., 10].  That so many of them still exist is a con-
tinuing puzzle. 

Recording Impactors:  The more important mani-
festation is the size-frequency distribution of impactor 
populations.  In the absence of an icy satellite sample 
return program, this has obvious implications for surface 
ages.  25 years of effort have not yet converged on a 
definitive answer to how old these surface are.  Despite 
this, we do know that comets dominate the current flux 
in the outer solar system [10].  Extrapolating the current 
observed flux allows us to estimate surface ages to 
within a few factors (tho with less confident as age in-
creases).  Europa’s surface is young (<100 my), but 
Ganymede’s bright terrain may be 2 Gyr or more old, 
depending on the breaks).  The various ridged terrains 
on Enceladus probably have ages of 0 to 1-2 Gyr, de-
pending on flux model [11].  Mapping also shows that 
resurfacing moved from the (current) equator to the 
south pole.  Triton’s surface age may be younger than 
Europa [12]. 

The simple story above is marred by the likelihood 
of intersatellite debris [13], euphamistically referred to 
as sesquinary cratering.  Zahnle and collegues have 
shown that significant amounts of ejecta can be launched 
into orbit about the primary planet.  Some debris will 
migrate to other satellites, adding a projectile population 
not accounted for by comet models (a.k.a. Population II 
[14]).  Indeed, fragmental ejecta from Io may be con-
taminating Europa [15]. 

Recording Dynamics:  Icy satellites live in peculiar 
dynamical regimes.  They are typically synchronous 
(although they can be jostled out of this state in the right 
circumstances [16]), and are subject to various tidal and 
rotational forces due to proximity to other satellites.  
Predicted global asymmetries in crater distribution of 
30x or more have not materiallized, except on Gany-
mede where the difference is only a factor of 4 [17].  
One interpretation is that Ganymede spent considerable 
time out of snychronicity, blurring the impact distribu-
tion globally.  Another outrageous exception is the case 
of Triton, where all the observed craters are on the lead-
ing hemisphere [12].  This is explained by impact of 
prograde nonheliocentric debris on a retrograde orbiting 
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satellite.  The debris could have been blasted off one of 
Neptune’s inner or outer satellites. 

Icy satellites have even recorded the impact of tidally 
disrupted comets [18].  Prominent split comet crater 
chains are known on Ganymede and Callisto, but none 
have been found on the other satellites systems.  

 

 
Figure 2.  Depth diameter curve for craters on Europa 
(bottom).  The rollover at 8-10 km correlates with im-
pact crater detection of the base of the icy shell.  Data 
from []. Open symbols represent complex craters.  
Dashed line is the Ganymede curve, which Europa devi-
ated from. 
 

Thermal Probes:   The rheology of water ice is 
strongly sensative to temperature [19].  Larger icy satel-
lites are inherently warmer and more sensative to ther-
mal history than smaller satellites, although some, such 
as Enceladus and Dione, have not escaped the torch.  
Ganymede craters record a history of widespread vis-
cous relaxation, mostly on ancient dark terrain.  Recent 
mapping of relaxed crater distribution shows that the 
period of high heat flows associated with relaxed craters 
is directly linked to bright terrain formation and that 
Ganymede cooled considerably afterwards, arresting 
relaxation.  Relaxation has been very important locally 
on Enceladus and Dione, suggesting that heat flow has 
been high there but not uniformly so [20]. 

Another manifestation of thermal history has been 
the changing morphology of large (D>60 km) impact 
basins on Ganymede (and Callisto) [5].  Detailed map-
ping reveals that basin morphology changed from mul-
tiring through palimpsest, penepalimpsest (coincident 
with bright terrain formation), penedome crater, to mod-
ern day central dome crater (Fig. 3). 
 

  
Figure 3.  Changing morphology of Ganymede craters 
over time.  From left to right (with increasing age): cen-
tral dome crater, penedome crater, peneplaimpsest, pal-
impsest.  Craters scaled to appear similar in size.  

The most ancient large impacts on the Jovian satel-
lites are characterized by numerous concentric ridges 
and graben and an absence of large-scale topography 
[21].  These multiring structures occur nowhere else and 
are probably a manifestation of very high heat flow and 
thin lithospheres.  Graben spacing can be used to esti-
mate thermal gradients. 

Conclusions:  Impact craters are key to understand-
ing interior stratigraphy and properties, thermal histories, 
and a host of other issues in the outer solar system.  
Much work remains, however.  We eagerly await the 
first results from Pluto encounter in 2015.  Continued 
mapping of impact crater sizes, shapes and statistics is 
required, especially in the Saturn system.  Advances in 
numerical modeling hold hope of translating observered 
morphologies and transitions into real properties, such as 
lithospheric thicknesses, ocean depths, or thermal pro-
files, glimpsed only darkly at present.   Continued re-
search focus on the mechanics and dynamic of impact 
cratering process (especially as it differs in icy regoliths) 
will be critical for understandign what craters are telling 
us.  Finally, a return to Jupiter to complete Galileo’s 
failed global mapping objectives is critical for under-
standing how these unusual impact craters form, are 
modified, and are distributed.  These craters offer some 
of our best opportunities to map out the stratigraphy and 
thermal histories of these satellites . 
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