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The formation of grooved terrain is an outstanding problem in planetary geology, as it is 
intimately related to the major event in Ganymede's geological history: the replacement of more 
than half of the satellite's ancient, dark terrain by bright terrain. The morphology of the bright 
terrain is dominated by sets of subparallel, sinuous ridges and troughs - the grooves. The 
predominant model for groove formation is a necking-type extensional instability [e.g., 1,2,3]. 
The most complete analysis to date is due to Herrick and Stevenson [2], who applied the Basin- 
and-Range formation model of Fletcher and Hallet [4] (first proposed by [I]). In this model the 
instability arises when a strong plastic or brittle layer and underlying viscous substrate undergo 
extension. Herrick and Stevenson found that on Ganymede it is very difficult to generate a 
sufficiently strong instability to account for the spacing of the grooves. They modeled the 
ductile lower layer as dominated by dislocation-mediated creep with power-law stress exponents 
of x4-5, consistent with available experimental measurements [5]. Recent experiments by 
Goldsby and Kohlstedt [6,7] and Durham et al. [8] indicate that in some geological situations the 
creep of ice can be dominated by grain-size sensitive, diffusional mechanisms with power-law 
exponents of =1-2. In addition, Herrick and Stevenson used present-day surface temperatures. 
Here, we argue that because of the dimmer younger Sun and the relatively high albedo of bright 
terrain at the time of groove formation, the relevant surface temperatures were significantly 
lower. Both incorporation of a more Newtonian ductile region and lower temperatures serve to 
better decouple the brittle surface layer from the substrate, leading to stronger instabilities. As a 
consequence, we find that it is possible to generate sufficiently strong instabilities at the proper 
topographic wavelengths to form the grooved terrain on Ganymede. 

The Model. Our analysis follows Herrick and Stevenson (hereafter H&S). The model 
uses perturbation analysis to solve for the wavelength of the maximum instability and an 
instability factor, q, which is the vertical velocity of the perturbation ratioed (normalized) to the 
vertical velocity resulting from uniform extension; for an instability to grow, q > l .  The thickness 
of the surface plastichrittle layer is determined by matching the yield strength of the top layer, 
via a "Byerlee's law" for ice [9], with the ductile strength of the viscous substrate. That being 
done, the strength and effective viscosity of the plastichrittle layer are assumed constant and 
equal to their values at the brittle-ductile interface, while the strength and effective viscosity of 
the ductile substrate are approximated as decaying exponentially with depth. The e-folding depth 
is proportional to the power-law creep exponent and the square of the temperature at the brittle- 
ductile transition. Lower values of these parameters lead to viscosities that decay more rapidly 
with depth, thus better decoupling the brittle layer from the substrate and allowing for stronger 
instabilities for a given set of thermal gradients and strain rates. 

Temperatures. H&S used a surface temperature (Ts) range on Ganymede of -120 K at 
the equator, diurnally averaged, dropping to -80 K in polar regions. These values were based on 
geometric and present-day albedo and solar flux arguments. However, according to models of 
stellar evolution, the Sun was less luminous in the past. In the presumed time range of grooved 
terrain formation (-4-3 Ga [3]), the Sun was -25% less bright [lo], translating into an equator- 
to-pole Ts range of -1 10 K to -75 K. Moreover, the first stage of bright terrain formation was 
resurfacing of broad structural troughs [e.g., 31. Consequently at the time of their origin, the 
soon-to-be-grooved regions were covered in new, clean ice that had not yet been dirtied by 
carbonaceous debris or other space weathering. Such ice tends to have higher albedos than long- 
exposed ice; the higher albedos of fresh impact craters on Ganymede and, perhaps more 
significantly, the surface of present-day Europa attest to this. A Bond albedo of -0.55, 
intermediate to that of fresh craters on Ganymede (-0.5 [3]) and the surface of Europa (-0.6 
[1 l]), gives an equatorial temperature of -1 00 K at -3.5 Ga. 

Results. Figure 1 shows contours of instability factor, q, and topographic wavelengths 
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for two sets of assumptions. H&S estimated, as did [4], that q needed to be 5 40 to explain the 
grooved terrain. Figure l a  is after H&S1 Fig. 4a; it represents their equatorial (and worst) case, 
with a surface temperature of 120 K. Figure l b  uses a Ts of 100 K and incorporates an interface- 
controlled diffusional flow law based on [6] in addition to the creep and frictional behaviors used 
by H&S. For illustration, a grain size of 1 mrn is assumed, although a range from 0.1-10 mm is 
certainly possible. Larger grain sizes tend to decrease the instability, while smaller sizes tend to 
increase it. The hashed region represents where the overtones of the instability dominate over 
the fundamental mode. In Fig. la, there is no set of parameters for which the model predicts a 
sufficiently strong instability to form grooves of the wavelengths observed on Ganymede (m3.5- 
17 km [12]). With the new creep data and a lower Ts (Fig. lb), however, it is possible to gener- 
ate a sufficiently strong instability with a wavelength of (say) -8.4 krn (the average within the 
grooved terrain) for plausible thermal gradients (a few 10s of K km-1) and strain rates (generally 
>lo-13). These thermal gradients are consistent with grooved terrain formation occurring while 
bright terrain ice was cooling down, post-emplacement. Higher latitudes have lower surface 
temperatures, and thus stronger instabilities, and are therefore even more favorable to the model. 

We conclude that the lithospheric "necking" model does yield instabilities of sufficient 
amplitude at the wavelengths observed on Ganymede, and for geologically acceptable ranges of 
thermal gradients, strain rates, and grain sizes. Regardless, high resolution images of Ganymede 
from the Galileo Orbiter should help to better constrain the physical characteristics of the 
grooves, hopefully leading to a clearer understanding of the origin of this unique terrain. 

/ , 
/ 

/ Power-law and Diffusional Flow 
, / Grain size = 1 mm 

10 20 30 40 50 60 70 80 90 100 110 120 
b 

1 0  20 30 40 50 60 70 80 90 100 110 120 
a Thermal Gradient (K km-1) Thermal Gradient (K km-1) 

Figure 1. Contours of instability factor, q, and wavelength of the maximum instability (dashed) 
on Ganymede, as a function of horizontal extensional strain rate and vertical temperature 
gradient. The observed wavelengths of grooved topography on Ganymede span m3.5-17 km; to 
account for the amplitude of the grooves, q should exceed -40. 
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