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PRELIMINARY DENSITIES AND PHASE DIAGRAM OF THE WATER/NH3 SYSTEM AT P-T 
CONDITIONS RELEVANT TO THE ICY MOONS OF THE OUTER PLANETS D. L. Hogenboom. J. Winebrake, 
G. J. Consolmagno, and W. Dalrymple III, Department of Physics, Lafayette College, Easton, PA 18042. 

Introduction Ammonia-water ice is widely believed to be a major constituent of the icy moons of Saturn 
and Uranus [I]. Its low melting point and high viscosity once melted are consistent with the existence and morpholo- 
gy of the flow features seen on many of these moons, and phase transitions within this matenal may be responsible 
for some of the tensional features seen on these moons [2]. Thus it is important to map out carefully the phases 
which this material may take, and the densities of these phases, for temperatures in the range 100 K to 273 K and at 
pressures up to 4 kilobars. Previous workers at 1 bar pressure have found this material to be frustratingly complicat- 
ed to characterize [3]. These complications (and frustrations!) continue at higher pressures. 

Experimental Apparatus Continuing the work reported at last year's conference [4] we are attempting to 
map out the density changes for water/ammonia solutions at 30% composition, near the 33% ammonia peritectic. To 
permit measurements at lower temperatures, a refrigerated isopentane bath was used to cool the pressure vessel. The 
pressure vessel was connected by a small bore capillary to a mercury U-tube at room temperature. One side of the 
U-tube contained the sample/mercury interface which moved up and down as the sample expanded or contracted. 
The other side of the U-tube consisted of a constant bore steel tube containing the mercuryfpump fluid interface and 
a small Alnico magnet, which floated on the interface (as described in [4]). The disadvantage of this system, of 
course, is that a small amount of sample between the bomb and the mercury was outside of the temperature bath. 
This arrangement was necessary because the mercury would be frozen at the bath temperature. 

In order to obtain precise density and specific volume values, the change in volume of the sample at low 
tempcrature must be obtained by subtracting the change in volume of the mercury and the sample at room tempera- 
ture from the total volume change and correcting for the thermal contraction of the steel pressure vessel. This data 
reduction is not yet completed, and so our results (especially the volume and density data reported below) must be 
considcrcd preliminary. 

Preliminary Results: Volume Data The curves showing specific volume as a function of tempcrature are 
marked by a number of deviations from linear behavior, some of them obvious and some more subtle. Figure 1 illus- 
tntcs specific volumes mcasured as the material was warmed from 105 K. Warming rates ranged from 0.02 to 
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I ' ' runs) we can see that obvious changes appear to bc occur- 

ring at around 140 K, 160 K, and 176 K. However. we in- 
clude in figure 1 a run (at 1500 bars) where no transition 
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- at 176 K is seen. Van Kasteren [3] reported that similar 
behavior occasionally occurred at atmospheric pressure, 
which he attributed to incomplete crystallization of the 
frozen material. (The 176 K transition is sejen in other - 

,- runs at 1500 bars). 
Up to 140 K, we note that for all runs the materi- 

al appears to be "incompressible". We suspecl, in fact, 
/ 
- - that at this temperature either the material in the small 

-bore tubing connected to the pressure vessel was frozen, 

d., ' thus not allowing the pressure to be transmitted to the 
paun. imoan sample; or possibly the ice goes through a brittldductile 

- - transition here and so below 140 K it is essentially in- 
compressible for the time scales (a few hours to days) -- 125Jc+o - /.-i over which the runs occurred. 

1 ,,/ The changes at approximately 160 K are some- - - what more surprising. Atmospheric pressure phase data at 
--lmbm 1- 

- -/ 
the peritectic [ l ]  implies that there is a transition from di- 

- hydrate to monohydrate plus watcr near 170 K at 1 bar, 
perhaps we are seeing this transition occurring at a lower 

A L - L L L A ~ . A . J  L - l - L J  - 8  I . ,  L . , - ;  4 . ! w  Izo 140 IMJ lM) PZO Z1O - temperature for higher pressures. As is illustrated, in 
T.q.c.tur-* some runs the material appears "incompressible" again 

while in other cases it shows a compressibility similar to 
Figure I.  A sample of our data giving specific vol- that seen at higher temperatures. We again hypothesize 

ume in cubic centimeters per gram, versus temperature that the flat regions represent instrument problems, where 
in K for a solution of 30% ammonia in water, at pres- crystals of ice in the pressure line prevent the sample 
sures of 5OO,1000,1250, and 1.500 bars. The values of V from expanding as it warms up. 
are only approximate, and must still be corrected for in- At 176 K most runs show a sharp rise in density, 
strumental effects. peaking at 185 K, followed by a dip in density up to a 

In all cases shown here, the material wasfrozen at temperature of 200 K. The peritectic is known to occur at 
105 K, then warmed at a rate of 0.02 Kls. Note the par- 176 K at 1 bar pressure; these data c o n f i  this, and fur- 
ticular l5OO bar run illusfrated here does not show peri- thermore suggest that this temperature is not pressure de- 
tectic melting, as discussed in the text. pendent Because dT/dP for a phase boundary is equal to 
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Pressure, Bars Icarus 73, 279. [4] DalrympleW., Hogenboom D. L., and 
Consolmagno G. J.  (1988) In LunarPlanet. Sci. XIX, 241. 

AV/AS across the boundary, this implies that the density difference between the liquid and solid phase is very small. 
Note, in fact, that although there is a marked fluctuation in the volume data at this point, there is not a strong discon- 
tinuity in volume. (The fluctuation may possibly be due to latent heat affecting the sample temperature; recall we 
can only measure the bath temperature.) 

The region above 176 K is evidence that the solution we were compressing is slightly water-rich compared 
to the peritectic composition. In fact, the solution was determined to be 29% ammonia by titration, whereas the peri- 
tectic composition would be 33% ammonia. This excess water is h z e n  at a temperature higher than the peritectic; 
as the temperature rises, the water ice melts into the system. The drop in volume seen here could indicate that the 
pure water is in fact less dense than the peritectic liquid. Note also that the position of the minimum peak shifts to 
lower temperature at higher pressure. 

Preliminary Results: Density, Compressibility, Coeffiient of Thermal Expansion A full reduction of 
thcse data remains for future work. However, a preliminary "quick look" at the data, before correcting for changes in 
bomb size or compression of the sample outside the bomb, suggests the density at the peritectic at 115 bars (our low- 
est pressure acquisition) is roughly 0.935 g/cm3, lower than previous estimates [I]; this may be due in part to the ex- 
cess water present compared to the pure dihydrate composition. The density increases to roughly 0.945 at 150 K. At 
500 bars, the respective densities range from 0.945 to 0.955 g/cm3; at 1 kilobar, the range goes from 0.965 at the 
peritectic to 0.978 at 140K. At 1250 kbar, the range is 0.975 to 0.988; at 1500 kbar, it is 0.985 to 0.995 g/cm3. 

Rough estimates of the compressibility and thermal expansion properties can be made. These numbers are 
not yet precise, we emphasize. There appear to be subtle differences in the compressibility and thermal expansion 
characteristics of the material as a function of temperature and pressure, but we do not yet have the data reduced to a 
precision that would allow us to comment about these differences. A rough estimate for (l/V)(AV/AT) for this mate- 
rial seems to be on the order of 3 x /K, some 3 times that for pure water ice but consistent with the predictions 

of Croft el al. [3]. Likewise we find that the isothermal 
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compressibility (I/V)(AV/AP) is about 4 x bar,  again 
more than twice that of pure water. 

Preliminary Results: A Possible Phase Dia- 
gram Figure 2 to the left illustrates a summary of the P-T 
points in all our runs where there was a change in density 

. . . . .. or compressibility. The "large change" spots mark places 
where the density jumped discontinuously, or where the 
change in compressibility was extreme. The small dots 

180:-.f .. . 9 -  .i represent the more subtle changes seen in the density 
• .. data. Figure 3 below repeats the data of figure 2, along 

.* 0 .  with our preliminary interpretation of these data in t e n s  
of a possible phase diagram. 

' w . .. Implications for Icy Satellites: The change in . . .. . . . density of the material which makes up icy satellites, as 
these moons are warmed up by internal heat sources or ti- 

I I I I dal heating, is a likely source of the tectonic features seen 

0 on many of these moons. However, our data here demon- 
loOO '''' 3000 4000 suate tJm there is not a large density difference between 

Pressure, Bars the peritectic liquid and solid, and that this state of affairs 
holds true for all pressures likely to be reached inside the 
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icy moons of Saturn and Uranus (except Titan). For large 
density changes to occur inside an icy moon, it seems 
necessary to produce not just the peritectic liquid, but to 
melt a large component of the water ice as well. Thus 
temperatures inside these moons must be much higher . . 

water freezing out of solution 
than the peritectic temperature. Such high temperatures 
cannot be reached by heating from long-lived radionu- 
clides, but may be possible with tidal heating. 
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