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Introduction:  At some midpoint in Ganymede’s 

history, it went through a dramatic period of intense 
resurfacing, leaving behind the grooved terrain that 
covers two thirds of the surface.  Many models have 
been proposed to explain what happened on Ganymede 
to produce the grooved terrain; the ideas that have sur-
vived initital Galileo data analysis include internal 
differentiation [1, 2], an episode of enhanced tidal 
heating and internal melting [3, 4], hemispheric-scale 
convection cells [5], nonsynchronous rotation [6], 
and/or tidal despinning followed by polar reorientation 
[7].  Evidence from the population of viscously relaxed 
craters on Ganymede indicates that the heat flow 
through the surface dropped dramatically after grooved 
terrain formation [8].  The correlation between 
grooved terrain formation supports models involving a 
heat pulse [3, 9].  Evidence for nonsynchronous rota-
tion occurring in Ganymede’s past comes from obser-
vations of the observed vs. expected crater distribu-
tions [6] but it is unknown whether this rotation was 
contemporaneous with grooved terrain formation. 

My goal is to address the likelihood of these theo-
retical driving mechanisms for grooved terrain forma-
tion by using the record of the grooves themselves.  
The grooved terrain represents a history of strain on 
the surface which can tell us about the forces driving 
the resurfacing event.  The strain history is composed 
of three parts, the strain magnitude, the strain direction, 
and the time sequence. 

Strain magnitude:  The strain magnitude in 
grooved terrain has been measured in two different 
ways.  Almost all large craters start very close to circu-
lar, and any crater that has been deformed by grooved 
terrain formation makes an ideal strain marker.  Pap-
palardo and Collins [10] developed a method of using 
craters as strain markers that disentangles the pure 
shear and simple shear components of the strain.  Us-
ing this method, we have found some narrow sets of 
high-relief grooves that have extended by over 50% 
(and one well over 100%).  A more areally extensive 
set of moderate-relief grooves exhibits 15% exten-
sional strain.  Other areas of bright terrain with very 
subdued groove morphologies have insignificant strain 
(0% is in the error bars).  These strain measurements 
using crater geometry have been backed up by inde-
pendent measurements using the geometry of the nor-
mal faults themselves [11]. 

The large amount of extension observed on Gany-
mede may be driven by internal melting during a past 

heating event, which could produce about a 1.5% in-
crease in surface area [3], or by internal differentiation, 
which would produce an increas in surface area of up 
to 6% [2].  By taking the strain measurements made in 
high resolution Galileo observations and applying 
them to similar areas of bright terrain seen globally at 
lower resolution, we are able to estimate the total 
amount of extension represented by grooved terrain.  
The exact answer depends on the details of assump-
tions about which kind of terrain observed at moderate 
resolution represents what amount of strain observed at 
high resolution (see Figure 1 for an example), but the 
estimate of surface area increase is nominally 8%, and 
does not go lower than 5% without really stretching the 
assumptions.  Thus, examining models of interior dif-
ferentiation in more detail may be a promising avenue.  
However, just because we don’t see evidence for con-
tractional deformation doesn’t mean it can’t be hiding 
through compaction and creep of the lithosphere else-
where, so the observed surface area expansion is not a 

Figure 1.  Portion of western Sippar Sulcus showing divi-
sion of grooved terrain into strain categories.  Red: high (50-
100 %); Green: medium (10-25%); Blue: low (1-5%); Pur-
ple: planks (1-5% or crustal spreading [20]). 
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completely hard constraint at this point. 
Strain direction:  The direction of least compres-

sive stress is a fundamental prediction of many models 
to explain the formation of grooved terrain.  Measuring 
this paleo-stress direction involves linking the ob-
served grooves to a stress orientation.  At high resolu-
tion, the features that make up grooved terrain appear 
to be almost all extensional features [12], and quantita-
tive analysis of craters as strain markers has backed up 
this morphological interpretation [10].  Some transten-
sion and strike-slip motion has been observed [10, 12, 
13], but the motions appear to be relatively small.  No 
unambiguous contractional features have been ob-
served.  Thus, if grooves predominantly represent ex-
tensional strain, the direction of least compressive 
stress should have been predominantly orthogonal to 
the grooves at the time of their formation. 

A GIS database of the locations and orientations of 
all the grooves on Ganymede observable with current 
data has been assembled [14], and recently revised 
based on the updated control coordinate network [15].  
The azimuths of 180,000 line segments in the database 
have been calculated and these can then be compared 
to theoretical predictions for orientations of exten-
sional structures due to different driving mechanisms. 

Time sequence:  Cross-cutting relationships be-
tween groove sets can be a guide for unraveling the 
history portion of the strain history.  First, the groove 
database has been separated into groove sets based on 
co-location, orientation, and morphology (a prelimi-
nary version of this is in [16]).  Next, these groove sets 
need to be put into a time sequence.  This can be done 
manually for small areas (e.g. [17]), but with several 
thousand groove sets across the globe, a full manual 
sort is prohibitively confusing.  Computers can assist 
the time sequence sorting process, by finding the best 
sort through a large, sometimes ambiguous data set 
[18].  The investigator keeps track of local cross-
cutting relationships (and the confidence in those in-
terpretations), and the computer takes that information 
and performs a sort that preserves the most confident 
interpretations.  This has been tested in a couple of 
large and complex regions of Ganymede (e.g. [19]). 
Several regions of Ganymede have been sorted into 
time sequences, but these are still in the process of 
being linked together into a global picture of the time 
sequence of grooves.  However, we do have as a first 
product a global map of the youngest sets of grooves, 
which can be compared to theoretical stress predic-
tions. 

 Comparison to theory:  The positions and orien-
tations of line segments for each age category of 
grooves serve as input for a computer program which 
takes each line segment and calculates how well it fits 

the orientation expected from a variety of driving 
mechanisms.  All of the line segments are totaled up to 
provide a least squares fit between a global stress field 
and the observed grooves.  Currently stresses due to 
differentiation and nonsynchronous rotation are being 
tested for a variety of tidal axis positions.  Polar wan-
der stresses will be incorporated soon.  So far, the best 
fit stresses to the youngest set of grooves on Gany-
mede is stresses due to differentiation if the tidal axis 
is rotated around the equator from its current position 
(Figure 2).  Current work involves going farther back 
in the time sequence, to see if this relationship holds 
up, and if there is a logical progression of stresses with 
time (as one would expect with if nonsynchronous 
rotation is a factor). 
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Figure 2.  Correlation between observed groove orientations and 
stress field expected from internal differentiation, presented as a 
map of potential tidal axis positions.  Best fits occur when the tidal 
axis is on the equator, rotated about 90° from its current position. 

Lunar and Planetary Science XXXIX (2008) 2254.pdf


