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CONSTRAINTS ON THE SUBSURFACE STRUCTURE OF EUROPA; M. Golombek and B. 
Banerdt (Jet Propulsion Laboratory, Caltech, Pasadena, CA 91109) 

Two end member models for the extent of differentiation of Europa have 
been discussed in the literature. The first suggests that Europa's interior is 
completely differentiated, with a water crust about 100 km thick (1). The 
second assumes that the satellite is much less differentiated, with most of the 
water locked up in a thick layer of hydrated silicates and only a thin near- 
surface layer of water (2 ,3 ) .  Unfortunately, it has previously not been 
possible to convincingly distinguish between these two end members based on 
observational evidence. In this abstract we use observational evidence on the 
origin of fractures near the anti-Jovian point, along with simple subsurface 
models for failure of an ice lithosphere, to place constraints on the extent of 
differentiation, subsurface structure, and near -surface temperature 
distribution of Europa. 

The geometry of wedge- shaped bands near the anti- Jovian point on Europa 
argues convincingly that these features are a result of tension cracks that 
have fractured the ice lithosphere, allowing rotation and translation of intact 
blocks of ice (4,5). The edges of these blocks and offset lineations can be fit 
back together, indicating that the wedge-shaped bands are vertical tension 
cracks in the lithosphere that have opened by an amount equal to the width of 
the bands (10-30 km) and were filled by darker material (presumably dirty ice) 
during rotation. Tension cracks are indicated because a single shear (normal) 
fault results in an elevation difference between the two sides (which is not 
observed). In addition, paired faults in a graben do not preserve a close fit 
between the sides of a band (the downdropped block is covered by dark ice 
filling the graben). The rotated blocks (50-100 km wide) between the bands show 
no evidence for internal deformation and thus appear to have acted coherently 
during the rotation. These observations by Schenk (4) and Schenk and McKinnon 
(5) have led most workers to conclude that the intact ice lithosphere of Europa 
must have been more than a few km thick to allow rotation of intact ice blocks, 
but no thicker than a few tens of km (6) or ten km (5) to have allowed the 
rotation to occur. In addition, this ice lithosphere must have been decoupled 
from any silicate or hydrated silicate interior to have allowed the motion to 
occur. Thus the characteristics of wedge-shaped and dark bands near the anti- 
Jovian point of Europa argue that they are tension cracks and transform faults 
in the ice lithosphere which was at least 3 km thick and decoupled from the 
silicate interior at the time of rotation. 

The existence of tension cracks on Europa is the first documented case of 
major tensile (as opposed to shear) failure on the planets and satellites. This 
suggests that the ice lithosphere on Europa was nearly intact, having few pre- 
existing cracks or fractures. If pre-existing fractures with favorable 
orientations existed in the lithosphere, they would have been activated and 
shear failure would have resulted, because greater stress is required to 
produce failure of intact ice under tension or shear than is required to 
initiate sliding on pre-existing steeply dipping fractures (7). This situation 
is different from all other planet and satellite surfaces where extension of 
the lithosphere has produced normal faulting and grabens. 

For tension cracks to form in a lithosphere requires tensile failure to 
occur as opposed to shear failure. The Griff ith failure criteria (8) limits 
tensile failure to a maximum depth of z=3So/pg, where So is the unconfined 
tensile strength, p is the mean density, and g is the gravitational 
acceleration. For an unconfined tensile strength of ice of 2.5 MPa ( 9 ) ,  this 
limits the depth at which tension cracks can occur on Europa to less than 6 km 
with a corresponding maximum stress difference (=So+pgz) of less than 10 MPa. 
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At greater depths the overburden stress will increase, resulting in greater 
stress differences and failure will occur by shear, creating normal faults. 
These results, along with the observations discussed earlier, place limits on 
the "tensile lithosphere" thickness of 3 to 6 km at the time of formation of 
the dark and wedge-shaped bands near the anti-Jovian point. 

Considering these constraints on tensile lithosphere thickness in the 
context of lithospheric yield strength envelopes allows limits to be placed on 
Europa's near - surface thermal gradient. The ductile yield stress curve must 
intersect the brittle failure curve (the brittle-ductile transition) at a depth 
no greater than 6 km. Otherwise shear failure would occur, which is not 
observed. Ductile yield stress curves relate stress difference to strain rate, 
temperature, and a few experimentally determined constants. or an average 
surface temperature of 100 K and a geologic strain rate of 10-'/set (e.g. 7), 
a minimum thermal gradient of about 3O/km is required in order to enable the 
ductile yield stress curve to intersect the brittle curve at 6 km depth. A 3 km 
tensile lithosphere thickness requires a 3 km deep brittle-ductile transition 
and a maximum temperature gradient of about loO/km. Thus observational 
constraints on tensile failure of wedge-shaped bands on Europa with simple 
failure criteria and lithospheric strength calculations place limits on the 
thermal gradients on Europa of 3- loO/km at the time of wedge -shaped band 
formation. These estimates are comparable to thermal model gradients of about 
3O/km (2,lO) and 5-15O/km (1). 

The thermal gradients derived from this analysis are affected by possible 
fluid pressure within the forming crack. The outer layer of water ice on Europa 
allows the possibility that a fluid pressure could exist within the cracks and 
that tensile failure could occur to depths greater than 6 km (because fluid 
pressure counteracts overburden stress). However it must be recognizedthat 
even the warmest portion of the brittle lithosphere (at its base) has a 
temperature that is less than half of the melting temperature, thereby 
precluding liquid water from existing except as a transient fluid within it. In 
order for liquid water to extend the depth of tensile failure, a large 
pressurized reservoir must be available around the crack for each failure 
episode. We consider this to be unlikely, given that the sharp boundaries of 
lineations on Europa implies that the ice volcanism is laterally confined 
within the bands, and thus is secondary to the fracturing. 

The rotation of ice blocks on Europa requires that the ice lithosphere be 
decoupled from the silicate or hydrated silicate interior, because even the 
weakest hydrated silicates have ductile strengths orders of magnitude higher 
than ice at these temperatures. This implies a minimum amount df 
differentiation of water to allow a layer of low yield stress ductile ice 
between the brittle ice and the silicates. Using thermal gradients derived 
earlier, we find that a minimum of 15-25 km of differentiated water is 
necessary for decoupling the ice lithosphere from the silicate substrate. Thus 
although we are not able to distinguish between the differentihtion models 
completely, minimum thicknesses of water determined here suggest that at least 
one quarter of the total water on Europa has been differentiated. 
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