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Early differentiation of Ganymede resulted in a silicate core, liquid 
water mantle, and an ice-silicate crust (1,2). Volume expansion due to phase 
changes in ice gave rise to surface area increases of 5-7% (1). The resulting 
surface tension created a complex series of grabens that were flooded by wat- 
er upwelling from the mantle (3). Subsequent fracturing of the volcanic ice 
cover created the present grooved terrain. An idealized model of graben de- 
velopment is that the graben-bounding faults propagate upward from a common 
point at a mechanical or compositional discontinuity (4) which in this case 
is assumed to be the base of the crust. Based on a present diameter of 5280 
km and an average 6% area expansion, the increase in circumference was 477 km. 
Measurement of twenty grabens gives an average width of about 4 km. Grooved 
terrain covers approximately 45% of the surface of Ganymede. Thus on any 
given random circumference of the planet we can expect to find 1866 grabens. 
Since these grabens have to account for 477 km of expansion, the increase in 
circumference per graben is 256 m or 128 m per bounding fault. Terrestrial 
normal faults generally form at 60°angles, but ice in an extremely cold en- 
vironment will behave much more brittly with a much steeper angle of faulting. 
Assuming an angle of 80°with a lateral offset of 128 my simple geometric calc- 
ulations show the average graben has dropped 513 m and the crust is 7.5 km 
thick. This assumes an apparent fault dip of 76'because the random circumfer- 
ence will intersect grabens at random angles which should average 45'. These 
numbers are strongly model dependent and should only be considered order-of- 
magnitude approximations. The density of ice 1 is .93 g/cm', that of water 1.0 
g/cmJ. For the ice-silicate crust to be less dense than the water mantle the 
fraction of silicates in the crust must be small enough to keep the crustal 
density at or below 1.0 g/cms. To solve for the silicate mass fraction we use 
the equation : l/pC = n/pi + ( 1-n) /P, (1) 
where n is the ice fraction and p, , p; , and p, are the densities of the crust, 
ice 1, and silicates respectively. Solving for p =l. 0, p =. 93, and p =2.5, we 
get n= .89 and 1-n = .11. To avoid a density inversion the crust must contain 
11% or less silicates. In this case crustal graben blocks will partially sink 
into the mantle, constrained by buoyancy forces, displacing water from the 
newly differentiated mantle up along the faults into the surface grabens. 
Most grooves occur in sub-parallel sets in discrete polygons, oriented inde- 
pendently of other polygon sets. This could be a result of readjustment of 
graben blocks due to the added weight of the volcanic water flows. Fractures 
and faults are initiated in the volcanic material, roughly parallel to the 
underlying fractures and to fractures bounding the polygons which control 
stress orientations. If however, the crust contained greater than 11% sili- 
cates, the crust could maintain its existence only by acting as a rigid shell, 
its own strength preventing it from overturning and sinking through the man- 
tle. Graben blocks would have to be constrained by crustal blocks on both 
sides much as keystone in an arch. Water would upwell and flood the grabens, 
but because of the expanded crust and density inversion it is not possible to 
acquire isostatic equilibrium even if the grabens are completely filled with 
the low density mantle material. The area over the bounding faults is under- 
compensated. Because denser ice-silicate crust is being compensated by less- 
dense water a greater volume of water is necessary to balance the volume of 
the downdropped crust. The isostatic imbalance provides a driving mechanism 
for flooding the grabens. Isostatic equilibrium could be re-established by 
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piling up ice over the area of the grabens to some height above the surround- 
ing crater terrain topography. If this had in fact occurred we would expect 
to see abundant volcanic ice flows onto cratered terrain or relaxation fea- 
tures as the piled up ice viscously flowed away. Another way of bringing the 
area into equilibrium would be for the mantle to thicken in that area, upbow- 
ing the crust. Complicated surface morphologies would result including sig- 
nificant compressional features as the uplifted polygons of crustal material 
flowed laterally. That these features are not seen is good evidence against 
an isostatic driving mechanism and thus against and early density inversion 
between crust and m?.ntle. Another problem with an early density inversion is 
the effect of large bombardments. Meteors penetrating a thin rigid shell of 
denser material overlying less dense material would cause catastrophic col- 
lapse and crustal overturn. If this has occurred then the present crust must 
have formed subsequent to that event and contains nothing of the original 
crustal material. 

It seems likely therfore that the features seen on the surface of Gany- 
mede are a result of a crust of less than 11% silicates. Eventually though, 
the mantle froze (1,2) to ice 1 with a density of .93 g/cm3and must have nec- 
essarily produced a density inversion if the crust contained any silicates at 
all. However, the strength of the frozen mantle should have been sufficient 
to support the slightly denser crust. The situation, although metastable, 
has lasted to the present. An ice-silicate crust with up to 11% silicates 
overlies an ice 1 mantle. The original crust was relatively thin (~7.5 km) 
which allowed easy movement of mantle water to the surface where it flowed 
into grabens and froze as ice 1. Subsequent fracturing and differential 
motion created the present grooved terrain. 

It is interesting to note that Europa, which is completely resurfaced, 
is denser than Ganymede. If, prior to resurfacing, the Europan crust had a 
higher silicate fraction tk'an .ll then a density inversion would have result- 
ed, producing a driving mechanism to flood the surface with mantle water or. 
allowing the crust to overturn. This could explain the global resurfacing on 
Europa. A denser crust could have come about if during differentiation there 
was insufficient heat to melt the crust, leaving it with its original denser 
(than Ganymede) crust. 
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Fig. 1 Crustal cross sections showing idealized graben development. Large 
arrows indicate tensile forces due to planetary expansion. Sml: arrows are 
paths of mantle water which fills the grabens as ice 1. As the silicate 
content of the crust approaches 11% the grabens are filled higher. Above 11% 
the grabens are overfilled with ice piling up or flowing out over cratered 
terrain. 
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