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The bright resurfaced terrain that  makes up -50% of the surface of Ganymede is 
thought to have formed as the result of global extension early in the satellite's history1v2. 
One of the primary factors suggesting widespread extensional tectonism on Ganymede is 
the complex pattern of grooves present. The grooves may be long narrow grabens, open 
extension fractures, or perhaps ductile necking features. A remarkable characteristic of the 
grooves is the regularity of their spacing. Most lie in sets of two or more that parallel one 
another closely over long distances. The spacing between adjacent grooves generally a p p e a s  
quite regular. Most possible explanations for the regular spacing suggest that it is related 
to the depth of the brittle/ductile deformation transition in the crust3. In an icy crust, 
the depth to the brittlelductile transition is related to both geothermal gradient and strain 
rate4. We therefore expect that the spacing of grooves on Ganymede provides a record 
of brittle lithospheric thickness and, indirectly, geothermal gradient and strain rate at the 
time of tectonic activity. We have therefore performed an analysis of groove spacing on 
Ganymede. 

Twenty-eight Voyager 1 and 2 narrow angle clear filter images were chosen for study, 
enabling nearly complete sampling of all groove sets observed a t  moderate to high resolu- 
tion. Groove sets selected had to satisfy the uniqueness criterion that  no grooves within 
the set could be traced unbroken into adjacent sets. One representative profile perpen- 
dicular to the grooves was chosen for each set. Ideally we would like to perform a Fourier 
analysis of surface topography, but Voyager data provide no useful stereographic coverage. 
Photoclinometric determination of topography is unreliable in many cases due to shadow- 
ing or very high angle illumination. Regardless of the lighting geometry, however, the 
dominant topographic wavelength is given by the dominant spatial wavelength of photometric 
intensity along the profile, as long as albedo and lighting geometry are uniform. We 
therefore acquired photometric intensities along the profiles, and performed the Fourier 
analysis directly on these. Profiles having effective resolution (considering spacecraft range, 
foreshortening, and orientation) worse than 2.5 km pixel-' were not used. The average 
length of the 157 profiles chosen was 78 pixels, and the average resolution was 1.48 km 
pixel-'. 

Each profile was' constructed by averaging five adjacent single pixel profiles and then 
optionally smoothing by convolution with a 5 to 13 point smoothing function to reduce 
noise. A linear least-squares fit was subtracted to remove very long-wavelength (near-DC) 
components. The data were windowed by a cosine pedestal function to curtail sidelobe 
effects in the frequency domain. The Fourier transform of each filtered profile was then 
computed by a conventional numerical FF?' algorithm. The relative power in each spatial 
frequency component was calculated by summing the squares of that  component's real 
and imaginary parts. Another optional smoothing step was performed to reduce rapid 
fluctuations in the power spectrum. This smoothing was applied to spectra showing large 
peaks with spatial frequencies differing by less than 30%. The spectra were searched for 
"signilkant" peaks; that is, features greater than about twice the background noise level 
representing dominant topographic periodicities in the wavelength band 2 km to 20 km. 
(The lower limit is about twice the km pixel-l resolution of the better images.) Noisy, 
polymodal spectra were generally discarded unless peaks could be obviously correlated with the 
image. 

From the original 157 profiles, 119 power spectra had one or twp identifiable significant 
peaks. A total of 161 peaks were picked. The wavelength distribution is positively skewed, 
with a minimum of 3.5 km, a maximum of 17 km, a mean of 8.4 km and a mode of 7 km. 
This skewness could reflect an actual asymmetry in the distribution of groove wavelengths, or 
it could be an artifact due to a lack of sufficient resolution. There is no strong correlation 
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between wavelength and image resolution, however, and all our measured wavelengths are 
large enough tha t  they are not aliased. Moreover, direct examination of the power spectra 
shows no evidence for strong short wavelength features; most taper smoothly to aero at high 
frequencies. We conclude that  the effects of less than optimal resolution are minimal, and 
tha t  the observed distribution is representative bf the actual distribution of groove spacing on 
Ganymede. 

There is a strong tendency for groove spacing to be nearly constant within a given 
groove set, resulting in unimodal power spectra. In general, however, there is no simple 
pattern to  the geographic distribution of measured groove spacing; for example, we find no 
correlation of spacing with latitude or longitude. While groove spacing tends to be quite 
regular within a given set, it can vary widely from one set to the next in a given geographic 
region. There are exceptions to this general rule, however. The most obvious is Uruk 
Sulcus (-0' lat, 150° Ion), a large grooved area in which very few sets have dominant 
wavelengths longer than 8 km. This "clumping" of the geographic distribution is probably an 
indicator that  lithospheric thickness was fairly constant throughout Uruk Sulcus a t  the time of 
deformation. 

Several possible explanations can account for regular spacing of extensional features. 
One of the most promising for this problem is the fact that  extension of a competent layer 
overlying a ductile layer often causes a necking instabiliv in the upper layer. Such an 
instabi l i t~ causes extensional deformation (whether expressed by graben formation, extensional 
fracturing, or ductile thinning) to be concentrated a t  regular intervals. Ln one particular 
model5, in which a plastic surface unit overlies a ductile unit with effective viscositg that  
decreases exponentially with depth, the wavelength of the instability is -3-4 times the 
thickness of the upper layer. This model may be particularly applicable to ~ a n y m e d e ~ ,  as 
the viscosity of ice is exponentially temperature dependent, so that extension of a crust with 
a cold surface and a linear geothermal gradient results in a very similar configuration. If 
this is the case, then our results indicate that  the thickness of the lithosphere on Ganymede 
at the time of groove formation was only -2 km, and varied from as much as -5 km to 
as little as  -1 km. Although there are a few areas where the thickness seems to have 
been fairly constant over a broad region (e.g., Uruk Sulcus, with an indicated thickness 
of -1.5 km), our results suggest that  variations in lithospheric thickness a t  the time of 
deformation of factors of two or more were common even within very limited geographic 
regions. 

There are several factors that  could contribute to such an inhomogeneous distribution. 
First, it is not clear that  all the deformation in a given geographic region took place 
simultaneously, and the observed variation may reflect varying formation times over a period 
in which a broad regional geothermal gradient was changing. Second, if the bright resurfaced 
deposits in which the grooves occur were emplaced warm and the groove formation took 
place soon after emplacement, the local geothermal gradient could have been changing rapidly. 
Moreover, the rate a t  which change took place would depend on the thickness of the fresh 
ice deposits. In this case, short-lived local geothermal gradients substantially higher than 
the global average could have existed for individual groove sets. Finally, because of the 
strain rate dependence of the rbeology of ice, the lithospheric thickness would depend on 
strain rate as well as geothermal gradient4. The variations in groove spacing observed 
may in part  refiect variations in the rate of deformation from one groove set to the 
next. 
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