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Overview. We have initiated a project to investigate solid-liquid phase equilibria and to make pressure-volume- 
temperature measurements of SO2 under the range of conditions in which SO2 is likely to exist in 10 and Europa. 
Our goals are (1) to study this system at pressures from 0.1 MPa (I bar) to 400 MPa, (2) to investigate phase equili- 
bria in certain binary chemical systems with S02, and (3) to apply these data to problems of magmatic processes on 
10 and Europa and to these satellites' early volatile evolution. In our first data run pure sulfur dioxide melted at a 
temperature of 206.5 K at 78.7 MPa (787 bars). (The melting point at 0.1 MPa is 197.6 K.) No subsolidus 
transitions were observed between 206 K and 125.6 K at pressures of 65-80 MPa. Thermal modeling suggests that 
SO2 should melt in 10 at depths of tens to hundreds of meters (-1-10 MPa pressure) and in Europa at depths of tens 
of kilometers (several hundred to a thousand megapascals). On 10, liquid SO2 should tend to erupt explosively [I], 
whereas on Europa SO2 should tend to sink and form sulfuric acid solution in a subcrustal brine ocean [2]. 

Sulfur dioxide frost is the only substance confirmed on 10 [3]. It is very widespread as indicated by its signature 
in virtually every disk-integrated spectrum of 10, by W-visible spectrophotometric mapping [4], and by the rough 
2:l stoichiometry of 0 and S in the 10 torus [5]. Sulfur dioxide also has been observed intermixed with ice on 
Europa [6, 71; it is the only substance yet identified on Europa other than ice and traces of oxygen. Europa's SO2 
could be endogenetic (vented from the interior, as is Io's, [7]) or exogenetic (implanted from 10's torus) [6]. 

Experimental. 
In ongoing projects at Lafayette College we have studied the stable phases of substances of importance for the 

thermal and geologic evolution of icy satellites. The apparatus and procedures for determining changes in sample 
volume (and absolute densities after calibrations are completed) at pressures to 400 MPa and temperatures from 310 
K to 130 K have been described earlier [8]. The advantages of containing the sample in a flexible teflon capsule 
have also been explained 191. Recently we have fabricated robust sample capsules in two pieces machined from FEP 
teflon and "welded" together. A set screw of the same material seals the capsule. 

A 1.033 g sample of liquid SO2 was loaded into a capsule on a vacuum line after freeze-pump-thaw degassing. 
The filled capsule was pressurized to 100 MPa and then cooled until it froze rapidly at 196 K. The pressure decreased 
to 84 MPa as the liquid contracted, and pressure dropped further to 72.7 MPa as it crystallized to a denser solid. No 
subsolidus transition were observed down to 125.6 K. Then the solid was warmed and melted slowly. Fig. 1 shows 
raw, unsmoothed data taken as the sample warmed from 148 K to melting, was refrozen, and then melted a second 
time more rapidly. The results of the two meltings were basically the same, except that the transition occurred over 
a broader temperature interval during the faster warming. A reversal was performed halfway through the first melt- 
ing, confirming a reversible phase change at 206.5 K and 78.7 m a .  Our pressure-melting curve for SO2 is shown 
in Fig. 2. Melting would be thermodynamically invariant at constant pressure. The univariance of melting shown 
in Fig. 1, which spanned about 2 K, is due mainly to the increase in pressure as the sample expanded during 
melting. Finally, the transducer voltage was measured with the sample completely liquid at a pressure of 74.24 bars, 
which allowed us to measure the change in voltage recorded by the transducer during melting at that constant pressure 
(the equivalent change in sample volume was 0.1 131 ml per g). We intend to measure the density of liquid SO2 at 
0.1 MPa and 208.3 K in the near future and thus calculate the precise densities of the solid and liquid. 

P-T conditions and geologic processes pertinent to SO? in 10 and Europa. 
Sulfur dioxide on 10, like water on Earth and Mars, occurs substantially as solid, liquid, and gas. This analogy 

is closest for Mars, where water occurs as a liquid in the interior but is frozen on the surface. Sulfur dioxide has a 
triple point near 197.6 K and 1650 Pa, a pressure far greater than 10's ambient atmospheric pressure (of order 0.01 Pa 
and lower). At a great enough depth, SO2 would attain the pressure-boiling point. Eruptions of liquid SO2 on 10 
are explosive; the isentropic expansion through a volcanic conduit of liquid SO2 heated to the melting point of 
sulfur could produce exit speeds of order 1 km s-l, sufficient to explain the heights attained by volcanic plumes on 
10 [I]. Huge whitish aureoles around large calderas on 10 apparently are surface frost condensates of SO2 deposited 
by plumes [I]. Narrower whitish aureoles fringing the bases of some massifs and plateaux may be frost conden- 
sations of vapors from fumaroles and seeps of liquid SO2 vented from ground "aquifers" of liquid S02. Sapping and 
mass wasting caused by seepage of liquid SO2 may be responsible for erosion of 10's mesas and scarps [lo]. 

Solid SO2 is stable in 10 only at depths shallower than several tens to hundreds of meters (depending on the 
local Iothermal gradient); below this depth, SO2 is liquid (Fig. 3). Europa's heat flow is much less than Io's, so 
solid SO2 should be stable to much greater depths and SO2 much less prone to boil in Europa (Fig. 3). Europa's 
crustal SO2 could originate by implantation of sulfur and oxygen from the 10 torus or by endogenetic processes. In 
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the latter case, SO2 could be distributed over Europa's surface by eruptions of sulfate brines followed by sputtering 
of the sulfates or by sublimation deposition of SO2 evaporated from aqueous sulfuric acid. 
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Fig. 1. Results of our 
first run on S 0 2 .  Vol- 
tages shown on the y-axis 0.20 1' 0.16 

are proportional to sample & 
volume. Annotations give cd 

C, 

our interpretations of this 205 206 207 208 zw 21 01 ;, 0.15 - Temperature(K) run. 

Fig. 2. Pressure-melting curve of S02. The point 
at 0.1 MPa is the well known low-pressure melting 
point; the high-pressure melting points are from this 
work. The value at 78 MPa is believed to be fully 
reliable; that at about 37 MPa is from a run that was 
aborted part way through melting due to a leak of 
SO2 from the capsule, so its melting point needs to 
be confiied. 

Fig. 3. Phase diagram of SO2 (bold solid curves) 
plotted with two Iotherms (dashed curves) and two 
Europatherms (thin solid curves). Iotherms are for 
local conductive heat fluxes equivalent to 40% and 
10% of 10's total observed average heat flux (the 
remainder is assumed to escape by volcanism); the 
thermal conductivity is assumed to be that of solid 
sulfur at the appropriate temperatures. Europatherms 
are for radiogenic heating alone and for an estimate of 
tidal plus radiogenic heating; thermal conductivity is 
assumed to be that of pure water ice at the appropriate 
temperatures. The temperature maximum of the 
Europatherms is assumed to be limited by solid-state 
convection or intersection with the pressure-melting 
curve of brine solution. 
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