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Introduction:  The morphologies of collapsed and 

viscously relaxed craters on icy satellites can be used 
to discern material and thermal properties of the ice, 
and the heat flux from the satellite’s interior.  In the 
process of prompt collapse or relaxation/adjustment 
after an impact, concentric graben may form around a 
crater as warmer subsurface material moves to fill in 
the excavated area [1–3].  During this process, the sur-
face ice faults and thus behaves in a brittle fashion, so 
the width of the graben and knowledge of the strain 
rate of deformation during crater collapse constrains 
the depth to the brittle-ductile transition (BDT) in the 
ice at the time the structure was formed.  Depth to the 
BDT and the temperature at the brittle-ductile transi-
tion can constrain the temperature profile in the upper 
crustal layer and therefore the surface heat flux [3–5].  
Here, measurements of the width of graben around the 
largest impact craters on Europa, Tyre and Callanish, 
are used to constrain the heat flow from Europa at the 
time these craters formed. 

 

 
Figure 1. Image of Tyre multiringed system with overlay of 
radial lines along which measurements were taken (yellow 
lines) and the points used for determining grabed width 
(green). 

 
Crater Morphometry:  Morphometric measure-

ments  of graben were made surrounding two craters, 
Tyre (33.6°N, 146.6°W) and Callanish (16.7°S, 
334.5°W).  To obtain accurate measurements of graben 
width and to look for trends in graben width as a func-
tion of distance from the assumed point of impact, it is 
important to accurately locate the crater center.  The 
geometric centers of the craters were located using the 

radius of curvature of tectonic structures created by the 
impact [6].   

We measured graben widths as a function of dis-
tance from the center of the crater on radial lines lo-
cated at at 0, 15, 30, 45, 60, and 75° in each quadrant 
in order to minimize bias in our data set.  Fig. 1 illus-
trates the center of the Tyre impact structure, and the 
radial lines along which measurements were taken, and 
points where we measured graben widths.  A similar 
procedure was used to obtain data for Callanish. 

 
Figure 2.  Histogram of graben widths for Tyre (top panel) 
and Callanish (bottom panel), grouped by distance from the 
center of curvature of each ring system. 

 
The distributions of graben width at each crater are 

shown in Fig. 2.  The distributions are broad and 
somewhat skewed (especially Callanish), and may be 
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better represented by log-normal than gaussian dis  
tributions.  Nearly 80% of the graben widths measured  
at Tyre fall between 700 and 2250 m, and 75% of the 
Callanish graben widths are between 700 and 2000 m.  
The mean graben width is similar at each crater, 1535 
± 615 m at Tyre and 1455 ± 740 m at Callanish, al-
though in each case the mode may be a better measure.  
The outer graben at Tyre appear to be somewhat wider 
than the inner graben, whereas the outer graben at Cal-
lanish are distinctly narrower, especially in terms of 
mode.  The presence of some singularly wide graben in 
SW Callanish accounts for the tail of its distribution. 

Because no topographic data is available to deter-
mine sidewall angle, a 60° graben sidewall dip was 
used to calculate depth to the BDT (such measure-
ments would no doubt be compromised by mass wast-
ing in any case) [6].  Ice friction measurements [7] 
imply dips of ≈59.5–62.5°.  We assume that the graben 
originate at the BDT.  If so, depths to BDT within the 
80% majority for Tyre range from ~600-1900 m, and 
depths for the 75% majority for Callanish range from 
600-1700 m. 

Analytical Model:  In the brittle regime, differen-
tial stress in ice goes according to: 
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"# = µ$gzbdt                   (1)   
where µ, ρ is the density of ice, g is gravity, and zbdt is 
the depth to the brittle/ductile transition.  As the depth 
increases and the ice temperature increases, a transition 
from brittle to ductile behavior occurs.  The ductile 
flow law for dislocation creep in ice is  
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where !&  is the strain rate; A=4x10-19 Pa-4 s-1, n=4, and 
Q=60 kJ/mol are experimentally determined disloca-
tion creep constants [8], R is the gas constant, and TBDT 
is the temperature at the brittle/ductile transition. 

At the transition between the two regimes, the dif-
ferential stresses determined by the brittle and ductile 
flow laws must be equal.  Equating (1) and (2) gives a 
relationship between strain rate, the depth to the brit-
tle/ductile transition depth, and the temperature at the 
BDT.  If tidal dissipation is neglected and the ice shell 
is heated solely from beneath by radiogenic heating the 
surface heat flux is 
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q is the surface heat flux (negative values indicate that 
heat is leaving the satellite), κ=10-6 m2/s, and Ts=103 
K. 

   Results and Discussion: Using our values of zbdt 
and several assumed strain rates, we solve for the 
thermal profile in the ice shell to obtain a range of sur-

face heat fluxes.   Figure 3 illustrates the surface heat 
flux as a function of brittle/ductile transition depths. 
Although the heat flux varies widely depending on the 
BDT depth and assumed strain rate, all three values of 
surface heat flux fall between 100 and 250 mW m-2 for 
the range between 1 and 1.7 km.  These values of heat 
flux are close to values inferred for “typical” geologi-
cal strain rates and brittle/ductile transition depths sug-
gested by [9].  For strain rates appropriate to prompt 
collapse (impact ring graben formation), the heat flows 
are even higher  All these heat fluxes are substantially 
larger than values inferred by solely radiogenic heat-
ing, implying that tidal dissipation substantially modi-
fied the surface heat flux when these craters formed.   
 

 
Figure 3:  Heat flux (q) as a function of depth to the brittle-
ductile transition (zbdt) for three strain rates: 10-16 s-1 (solid), 
10-13 s-1

 (dotted), and 10-10 s-1 (dashed).  The range of zbdt 
=500-1700 m corresponds to the graben depths inferred from 
our characterization of crater morphology.  
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