
POROSITY AND THE ECOLOGY OF ICY SA-; Steven K. Croft, Lunar & Planetary Laboratory, 
University of Arizona, Tucson, AZ 85721. 

Sunmmry. The case for a significant role for porosity in the structure and evolution of icy bodies in the 
Solar System has been difficult to establish. Here are presented a relevant new data set and a series of structure 
models including a mechanical wmpression, not thermal creep, model for porosity that accounts satisfactorily for 
observed densities, moments of inertia, geologic activity and sizes of tectonic features on icy satellites. 

Several types of observational data sets have been used to infer significant porosity, but until recently, 
alternative explanations have been preferred. 1) Occurrence of cryovolcanism as a function of satellite radius: 
simple radiogenic heating models of icy satellites suggest minimum radii for melting and surface cryovolcanism to 
be 400 to 500 km, yet inferred melt deposits are seen on satellites half that size. One possible explanation is a deep, 
low conductivity @gh porosity) regolith which lowers conductivity and raises internal temperatures (I), but other 
possibilities include tidal heating or crustal compositions of low conductivity (2). 2) Occurrence and magnitude of 
tectonic strain: tectonic structures seen on icy satellites as small as Mimas and Proteus. The structures are almost 
exclusively extensional, with only a few possible compressional features, and inferred global strains are on the order 
of 1% expansion (2,3). Expansions of this order in small bodies like Mimas and prevention of late compressional 
tectonics due to formation of ice I1 mantles in larger bodies like Rhea are attained only in structure models including 
low-conductivity, and thus possibly high porosity, crusts (4). 3) Inferred moments of inertia less than 0.4 in Mimas 
(5) and Tethys (6) can be explained by high-porosity crusts, but also by differentiation of a high density core. 4) 
The relatively low densities of smaller satellites like Mimas and Miranda relative to larger neighbors can be 
explained by deep porosity, but also by bulk compositional differences. Recent work has strengthened the case for 
significant porosity. Halley's nucleus was found to have a density near 0.6 g/cm3 (7), Janus and Epimethus were 
proposed (and recently confirmed) to have densities near 0.7 g/cm3 (8), densities almost certainly due to high 
porosity. The irregular-spherical shape transition of icy satellites was quantitatively explained by low conductivity 
(probably high porosity) regoliths (9). A creative structure/thermd history model for Mimas (10) simultaneously 
accounts quantitatively for Mimas' low density and moment of inertia by invoking initial high-porosity and 
subsequent compaction in the deep interior by thermal creep. The main problem with this promising model is that 
it predicts =7% reduction in Mimas' radius, implying significant compressional failure and prevention of 
extensional tectonics, in contradiction to the observed extensional features and inferred 1% expansion in radius. 

Data Measurements were made of the widths of the largest graben-like structures on both rocky and icy 
bodies throughout the solar system. Based on terrestrial experience with continental rifts (grabens) and theoretical 
modeling, these largest grabens are assumed to represent structures cutting the entire lithosphere on each body, and 
thus their widths are a measure of the lithospheric thickness at the time of graben formation. Assuming further 
conductive heat flow through the lithosphere and radiogenic heating in the interior, the following ratio between the 
effective thermal wnductivity, Y, and mean thermal wnductivity, KO, derived from low porosity laboratory samples 
is obtained: (1) K,/& = pfRLQJt)l[3%(Tl-Tb], here p is the lithospheric density, f is the mass fraction chondritic 
rock, R is the planet/satellite radius, L is the lithospheric thickness estimated from the largest grabens, Q(t) is 
chondritic radiogenic heating as a function of time, t, TI is the temperature at the bottom of the lithosphere, and T, 
is the surface temperature. The resulting ratios for reasonable estimates of age and composition are near unity for 
planets/satellites larger than = 1000 km in radius, but drop sharply and systematically by one to two orders of 
magnitude for bodies the size of Mimas and Miranda. This implies that effective conductivities in the lithospheres 
of large bodies correspond reasonably well to laboratory wnductivities, while effective wnductivities in the 
lithospheres of smaller decreases systematically with radius. Some ratios do fall off of the trend: the Moon, 10, 
Enceladus, and Triton. In the case of the Moon, based on other estimates, the largest grabens are probably 
associated with the megaregolith and not the much thicker lithosphere, the other three all have or had significant 
tidal heating, which in eq. 1 corresponds to abnormally small wnductivity ratios. 

The systematic decrease of K, with decreasing radius eliminates mechanisms not dependent on gravity or 
physical size. Models that work include deep porous regoliths that decrease in thickness with increasing satellite 
radius. This relationship can be achieved by the thermal creep model of (10): the depth at which TI is reached is 
proportional to 1/R; since TI represents the temperature of significant creep, pore closure by creep will occur below 
the bottom of the lithosphere. However, any thermal creep model will produce compression in the lithosphere, not 
extension as observed. I propose an alternative: mechanical wmpression and closure of accretion-impact induced 
pores. Mechanical compression experiments of porous rocks and soils (1 1) show different behaviors depending on 
pore shape: 1) bubble-like pores as commonly found in terrestrial rock are difficult to close and thus do not reduce 
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bulk moduli significantly, while 2) crack-like pores such as found in impact-generated regoliths close easily, closing 
linearly with increasing pressure. Complete closure is achieved at pressures near aE, where cx is the crack aspect 
ratio and E is Young's modulus. This relationship suggests that as bodies accrete, pressures inside small bodies 
are low, impact induced cracks remain open and bulk densities remain low. Above some diameter, internal pressure 
become significant compared to cxE, crack closure becomes signficant and bulk density begins to increase. Impact 
shaking due to continued accretion should keep stresses near lithostatic, thus in progressively larger bodies, the 
thickness of the porous layer should decrease roughly as 1/R. The result at the end of accretion should be a suite 
of bodies with systematically increasing densities, progressively thinner porous layers, and progressively higher K,'s. 
Experimentally, cx = to lo". Thus for rocks, crack-like pores close at pressures of a few kilobars and 
compaction effects should become important for rocky bodies larger than about 500600 km (i.e., only the largest 
asteroids). However, for ices, assuming the same physical dependence (supported by the limited data available), 
crack-like pores should close at pressures of a few hundred bars, pressures occurring in icy bodies with radii near 
100 to 200 km. These radii fall in the middle of the observed population of icy satellites, thus the mechanical 
compaction model can be tested for icy bodies. The mechanical compression model was tested by constructing a 
series of icy satellite structure models including crack closure using parameters appropriate for ice. Both densities 
and effective thermal conductivities were computed for comparison. Note that these two data sets are largely 
independent of each other. The density results are shown in figure 1, which compares model densities as a function 
of radius for reasonable icelrock fractions with observed icy satellite densities. The mechanical compression models 
bracket both the observed densities and the effective conductivities. Depending on the value of a, pore closure 
effects are significant for radii between 100 and 500 km; bulk compression and phase changes in H,O ice dominate 
at radii above 600 km. Some of the observed density differences are still due to composition differences, 
particularly between satellite systems, but it is apparent that porosity differences can also significantly affect bulk 
densities. Thus some density differences within a satellite system may be due to geological processes affecting 
porosity; e.g., melting and cryovolcanism closing pores on Dione or the giant Odysseus impact opening pores on 
Tethys. Possible density differences due to these processes have not yet been modeled, but they are clearly 
potentially significant. The mechanical compaction model predicts porosity structures at the end of accretion similar 
to the thermal wmpaction model at the end of thermal evolution. However, in the mechanical wmpaction model, 
the porosity structure is achieved before radiogenic heating becomes significant. Now as heating becomes 
important, any thermal wmpaction will be much less because it will occur at the base of the porous layer where 
stresses and hence strain rates are significantly lower. Thus further compaction could be negligible, and density 
and moment of inertia relations derived from the thermal compaction model should be preserved. The dominant 
effect of heating should be simple thermal expansion of the interior. The advantage of this is that now, instead of 
wmpaction and compressional tectonics, radiogenic heating should cause expansion and extensional tectonics, in 
agreement with the nature of tectonic features observed on the icy satellites. References. 1) Stevenson, D.J.(1982) 
Nature 298,142. 2) Croft, S.K. & L.A. Soderblom (1991) in Uranus, p. 561. 3) Croft, S.K. (1992) LPS XXIII, 
p. 267. 4) Croft, S.K. (1991) RPGGP-1990, p. 95. 5) Dermott, S.F. & P.C. Thomas (1988) Icarus 7 3 , s .  6) 
Thomas, P.C. & S.F. Dermott (1991) 94,391. 7) Sagdeev, R.Z. et al. (1988) Nature 331,240. 8) Yoder, 
C.F. et al. (1989) A.J. 98,1875. 9) Croft, S.K. (1992) Icarus 99,402. 10) Eluszkiewicz, J. (1990) kus 84,215. 
11) Stephens, D.R. & E.M. Lilley (1970) PLSC llth, p. 2427. 
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