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CHEMICAL WORKING FLUID MECHANISM FOR RECYCLING AND EXOTHERMIC HEATING OF 10's 
SURFACE. Douglas B. ~ a s h l  and Gerald R. vanI-Iecke2. 1. San Juan Institute, San Juan Capistrano, 
CA 92675. 2. Dept. of Chemistry, Harvey Mudd College, Claremont, CA 91711. 

We suggest and examine a chemical working fluid mechanism which could drive volcanic 
eruptions and carry fresh, recycled material and stored internal chemical-potential heat to 10's 
surface. This is part of a study of sulfur-oxygen-sodium chemistry applied to 10's surface 
(VanHecke and Nash, 1984). 

Reactions between sodium sulfide (Na2S) and sulfur dioxide (S02) to form sulfur (S) plus 
sodium sulfite (Na2S03)  and sodium sulfate (Na2S04) are exothermic; which means that with 
increasing temperature the reaction becomes less favorable and eventually reverses to yield 
dissociation of the sulfite or sulfate back to the original starting components. The sulfate species 
is especially interesting because at 1400 K (plausible subsurface temperature on 10) the 
dissociation of N a 2 S 0 4  to the reactants Na2S (liq.) and S02(gas) is the favored reaction. The 
suggestion here is that under the conditions of high temperature and high pressure (say -40 atm) 
below 10's surface, NazS(liq), S02(gas), and S(1iq) all may exist, and be periodically expelled via 
volcanic action and deposited on the surface. 

The proposed recycling process is illustrated in Fig. 1, with the suggested cycle beginning 
at step 1 at a surface hot spot with Na2S and SO2 as the reactants and showing S and Na2S04 as 
products. At surface conditions (step I), or shortly after burial due to volcanic eruption, the 
expelled Na2S and SO2 would react to form S plus Na2S03 and Na2SO4 (step 2); the sulfite is 
unstable in the presence of SO2 and forms sulfate. As the freshly formed surface layer becomes 
trapped under new deposits and more deeply buried by continuous volcanic activity, its 
temperature increases, the reaction rate increases, and any residual Na2S03 and SO2 is converted 
to NazS04(solid). Thus, at depth (step 3) all the surface Na2S and SO2 has been converted to 
sulfate and sulfur. Then, in the high-temperature subsurface environment, the Na2S04  reacts 
with the sulfur to form Na2S and SO2 (step 4), which again are available for eruptive transport 
back to the surface and repetition of the cycle. 

This recycling process, involving S and sodium compounds, is envisaged (as was the S-SO2 
model of Smith, et al., 1979) to occur in the upper portions of 10's crust and may go on 
"independent" of any convective cycling of subjacent silicate layer(s) that merely supply 
conducted or advected heat to drive the surface cycle. In our model the driving volatiles are SO2 
and S and the particles entrained in the volatiles are S, Na2S. and Na2S04. The process is similar 
to that suggested for recycling of S and SO2 by Consolmagno (1979), Consolmagno and Lewis 
(1980). Consolgmagno (1981). and Lewis (1982). except we introduce two additional species, Na2S 
and Na2S04 .  The spectral evidence for these species on lo has been discussed by Nash et a1 
(1986) and Howell et al (1988). 

The energetics of the proposed process are depicted in Fig. 1 (right panel), which 
summarizes pertinent thermodynamic data, particularly enthalpy for the chemical reactions at 
300 K and 1400 K. At any temperature between about 100 K and 600 K the reaction of Na2S and 

S O 2  to form N a 2 S 0 4  plus S (step 1 to 2) is exothermic, releasing -100 Kcal mol-l of stored 
chemical potential energy to the surroundings, in this case 10's surface (which radiates that 
energy to space via o ~ ~ ) .  The sum of the reaction enthalpies (at 300 and 1400 K) and the heating 
and cooling enthalpies must, of course, add to zero. What must be understood, however, is that 
ArH(300) does not just equal ArH(1400) because the molecules have different amounts of stored 
chemical heat (enthalpy) at the two temperatures. This also means that AHcool does not equal 
AHheat.  The latter is thermal energy extracted from endogenic energy sources (such as tidal 
heating of crustal or mantle silicates) within 10's interior. The AHcool is in effect the energy 
associated with the gaseous volcanism (ejection of plume material and effusion of surface lava) 
and has been discussed elsewhere within the framework of sulfur or sulfur dioxide driven 
volcanic plumes (Smith, et al., 1979; Reynolds, et al., 1980; Kieffer, 1982). We estimate (Fig. 1) 
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that between steps 2 and 3, AHheat is -33 Kcal; and between step 4 and 1, AHcool is - 2 Kcal, 
values that balance the enthalpy equation around the cycle and are significantly less in 
magnitude than the reaction enthalpies. The net exothermic heat deposited at the surface is -98 
Kcal mol-l. 

We can show that the estimated limits on mass flux for this model process (based on the 
chemical reaction cycle outlined) are lo9-10 g sec-l,  in agreement with mass flux estimated 
for Loki based on optical absorption in the plume particles (Collins, 1981; Johnson and 
Soderblom. 1982). Since the reactions in the cycle presented here are reversible, the proposed 
process is a closed loop with no net loss of material. Such a recycling process could, in principle, 
go on indefinitely provided a subsurface heat source (tidal dissipation) continues to drive it. 

We have outlined a chemical working fluid system (for recycling 10 surface material) and 
an example of a type of heat source -- stored chemical potential energy -- briefly mentioned by 
Lewis and Prim (1984, p. 80) that should be examined in more detail for application to achieving 
a better understanding of crustal processes in 10. 
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Figure 1. Schematic description of model recycling mechanism operating on 10's surface. 
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