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RHEOLOGICAL EXTREMES OF CRYOGENIC LIQUIDS ON ICY SATELLITES 

J.S. Kargel and S.K. Croft, Lunar and Planetary Lab, University of 
Arizona, Tucson, AZ-85721 

Throughout the past decade of Vovaser spacecraft explorations it has 
become increasingly apparent that the surfaces of many icy satellites 
have been constructed and shaped by extrusions and explosions of 
cryogenic liquids, and, in the cases of   it an and Triton, may also be 
washed by seas of cryogenic liquids. 

The compositions of these cryovolcanic materials are not well 
known, but a well-educated guess holds that the cryovolcanic lavas were 
generally aqueous solutions, and in many cases probably also were 
ammonia-rich, and may have contained other substances as well. The 
hypothetical seas of Titan and Triton, if they exist, are probably rich 
in liquid nitrogen, containing also uncertain quantities of methane, 
ethane, and other non-polar hydrocarbons and heavy organics. Frozen lava 
flows of similar non-polar liquid solutions might also be expected in the 
coldest reaches of the Solar System. 

The dimensions and morphology of cryovolcanic landforms, like their 
terrestrial silicate counterparts, depend sensitively on the exact 
compositions and rheological behaviors of the lavas. The response of 
cryovolcanic crusts to differential stresses (i.e. folding or faulting 
under compression) also depends on the lava flow layer thicknesses 
(therefore, lava rheology). Much of the variability in icy satellite 
surfaces can be attributed, directly or indirectly, to lava rheology. 

Less is known about Titan and Triton. Do cryogenic seas, perhaps 
even cryogenic analogs of the terrestrial hydrologic cycle exist on Titan 
or Triton? The erosional potential and sediment-carrying capacitiy of 
waves and currents in these seas or streams, if they indeed exist, depend 
to a large extent on the viscosity of the liquid. Although this is still 
deep within the realm of speculation, the upcoming encounter with Triton 
may offer us an exciting glimpse of such activity. Whatever phenomena 
Triton exhibits, it almost certainly will be a world largely formed and 
shaped by liquids, past or present; the landforms, whatever they may be, 
will tell us something about the rheology of those liquids. The 
rheological properties of cryogenic liquids may allow us to infer the 
compositions of the surface materials. The remainder of this paper shows 
that plausible cryogenic liquids may span a dozen or more orders of 
magnitude in viscosity. Of all the satellites in the Solar System, Triton 
and Titan offer the greatest chance that landforms shaped by liquids 
spanning this full range of viscosities will be observed. 

Figure 1 shows a plot of liquid viscosity E. temperature. The 
silicates are shown only for reference, as these are certainly not 
expected to occur near an icy satellite's surface. The non-polar mixtures 
of nitrogen and methane, and weakly polar carbon monoxide (not shown), 
have very low viscositibs, lower than that of water at ordinary 
temperatures. Figure 2 shows that liquid nitrogen is very "wateryn in its 
consistency. These substances (and water as well) would form volcanic 
flows on the order of a few centimeters in thickness, perhaps like 
komatiite flows on Earth. Standing or flowing bodies of nitrogen-methane 
liquid, with unfrozen surfaces, would respond to wind and gravity much 
like water does on Earth. 

The ammonia-water peritectic mixture, at the freezing point (176 K), 
has a viscosity comparable to basaltic - liquids; this liquid pours readily 
(about like honey) ( ~ i ~ u r e  3). This material may form volcanic flows on 
the order of a meter thick. However, ammonia-water liquid/ice slurries 
are much more viscous; a few tens of percent ice crystals in a rapidly 
chilled ammonia-water liquid can yield viscosities orders of magnitude 
greater. Ammonia-water slurries that are largely solidified when erupted 
could form flows tens or even hundreds of meters thick, particularly on 
the smaller satellites where the gravity is low. 

The viscosity of ammonia-water mixtures may also be increased 
dramatically by supercooling (Figure 4 )  or by the addition of freezing- 
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F i g u r e  1 ( r i g h t ) .  

point lowering substances, such as methanol (~igure 5). The effect of 
methanol is very striking; the ternary ammonia-water-methanol eutecti 
liquid, at its freezing point (about 153 K) is so viscous (about 10 5 
poise) that it is very difficult to manipulate by hand; ~igure 5 was 
obtained at a temperature about 10K higher than the freezing point, so 
that the freezing point viscosity is actually about an order of magnitude 
greater than shown. Even small degrees of partial crystallization make 
this substance truly impossible to manipulate by hand; its viscosity 
becomes approximately like that of terrestrial rhyolite (or like candle 
wax at room temperature). Lavas so composed would probably generate flows 
on the order of a kilometer in thickness, and would irradiate to a dark 
gray color, perhaps offerring an explanation for cryovolcanic flows on 
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Ariel and Miranda. 
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