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Introduction:  Viscously relaxed craters provide a 

window into the thermal history of Ganymede, a satel-
lite that shows copious geologic signs of past, high 
heat flows [1].  Here we present measurements of re-
laxed craters in four regions: near Anshar Sulcus, 
Tiamat Sulcus, northern Marius Regio, and Gany-
mede’s south pole.  Within these, craters-turned-
palimpsests can be used in conjunction with finite 
element modeling [2-3] to constrain heat flow scenar-
ios.  The presence of numerous, substantially relaxed, 
craters independently indicates high heat flows  – in 
excess of 40 mW/m2, with many small relaxed craters 
indicating even higher heat flows.  A bimodality in the 
crater relaxation states  is observed for some regions 
but not others, and suggests we may be detecting re-
gional variation in the thermal history of Ganymede. 

Mapping Methods:  Base mosaics and photocli-
nometric topography were generated from Galileo im-
ages, except in the case of the south pole, where Voy-
ager images were used and combined stereo-
photoclinometry topography is available  (Fig. 1).  

Relaxed Crater Shapes  Similar to [2-4] we charac-

terize the shape of the craters with the “relaxation frac-
tion” (RF = 1 – dfinal/dinitial), using predicted initial 
depths and measured final depths of the crater.  These 
depths (d) are measured with respect to the level of the 
surrounding terrain (“apparent” depths).   

To measure dfinal we found the average elevation 
for the surrounding terrain and the crater floor.  A de-
tailed description of our methods is given in [4]. The 
elevation for the crater floor was measured in two 
ways: 1) using the average elevation in a circle 1/3 of 
the crater rim-radius from the center for bowl-shaped 
craters, and 2) using the average elevation of a radial 
ring extending from 1/3-to-2/3 radius for complex cra-
ters (thus excluding the central peak or pit region and 
rimwalls).   

Initial Crater Shapes  For dinitial on Ganymede we 
used the depth-to-diameter ratio (d/D) found by [5] 
and subtracted rim heights from [6].  We use crater 
depths from [5] because they focused on pristine cra-
ters only. 

Results:  Figure 1 gives results for a) crater depth 
and b) relaxation fraction for all four mapped regions. 

0.001

0.010

0.100

1.000

1 10 100

Crater Diameter (km)

A
pp

ar
en

t D
ep

th
  -

 
de

pt
h 

to
 s

ur
ro

un
di

ng
 te

rr
ai

n 
(k

m
)

a 
Figure 1.  a) Apparent depths –
floor-to-ground plane – for 
Ganymede craters in four 
mapped regions, with fresh 
crater d/D curves for reference. 
Craters with “negative” appar-
ent depths, or whose floors are 
above the level of the surround-
ing terrain are not plotted.   
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b) Measured crater relaxation 
fractions (points) compared to 
finite element simulations for 
relaxation over 2 Ga (curves for 
a given heat flow).  Although 
there is a range of relaxation 
states, many craters require heat 
flows in excess of 40 mW/m2 in 
order to achieve the observed 
relaxation fractions.  The larg-
est modeled crater was 34 km in 
diameter.  FEM modeling by 
[3] found that craters with di-
ameters > 50 km are fully re-
laxed by 2 Ga. 
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Figure 2 displays RFs overlaid on the Anshar region, 
which is the highest resolution mosaic.  There is inher-
ent uncertainty in making these measurements on un-
even terrain, and also some uncertainty in the initial 
depth based on fresh crater measurements (scatter to 
the d/D ratio in [5]).  Conservative errors, estimated 
from the variability in profiles across craters, are ±50 
m for depth and ±0.1 for relaxation fraction.   

Even given these uncertainties, it is apparent that 
there are a large number of moderately to very relaxed 
craters in a range of diameters across Ganymede.  All 
four regions mapped exhibit small craters (<10 km-
diameter) that are greater than 50% relaxed.   

Implications for Heat Flow:  We show finite ele-
ment simulations [2-3] that predict the relaxation frac-
tion for a given rheology, heat flow (sustained over a 
given length of time) and crater diameter (Fig. 1b). For 
a surface temperature of 120 K, and 1 mm pure water 
ice grain size, the majority of the craters measured 
indicate heat flows in excess of 40 mW/m2 sustained 
over 2Ga.  There is a range of RFs, however, espe-
cially in the south pole region, where some craters 
would give a lower limit of 5-10 mW/m2 necessary for 
relaxation.  Some craters with lower RFs formed later 
and had less time to relax, an aspect we are investigat-
ing [7]. 

We expect monotonically declining heat flows over 
time, which suggests even higher heat flows occurred 
over a shorter interval.  The current, time-averaged, 
and highest heat flows (early in Ganymede’s history) 
expected for radiogenic heating alone are ~3.16, 10 
and 27 mW/m2, respectively (based on data in [8]).  
Clearly these cannot account for the degree of relaxa-
tion observed, thus our results are more consistent with 
a heat pulse occurring between the late heavy bom-
bardment and grooved terrain formation, such as that 

resulting from orbital resonance [e.g., 9].  
Schenk [10] found a bimodality in the depths of 

craters larger than ~10 km, where craters were either 
relaxed, or relatively unrelaxed and still followed a 
d/D trend similar to fresh craters. We also find this 
bimodality for two regions, northern Marius and Tia-
mat. Craters in the Anshar region are mostly below 10 
km in diameter and along with other small craters 
show a broad spectrum of relaxation states. However, 
the south pole region as mapped in this study does not 
show a strong bimodality – indicating the south pole 
may have experienced a different thermal history and 
hinting at the possibility of more regional, in addition 
or as opposed to global, heating events.  This may also 
point to the south pole region experiencing a more 
drawn out decline in heating, in comparison to the ter-
rains near Marius Regio, which the bimodality in RFs 
suggest may have had a rapidly declining heat flow 
post bright terrain formation [10].  
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Figure 2.  Relaxation fractions (RFs) for craters near the southern tip of Anshar Sulcus (152 m/px). 
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