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Overview. Lab investigations by Hogenboom and colleagues (the Lafayette group) have produced a large 
body of data on phase stabilities and densities in the planetologically important system NH3-H20 [I,  21 with the 
use of a novel piezometer capable of extremely precise volume and temperature measurements at pressures up to 
400 m a .  The only other large body of high-pressure data for this system is that of the UCLA group, most 
comprehensively the diamond anvil studies of Boone and Nicol [3], who have examined phase stabilities between 
300 h4Pa and 5 GPa. Unfortunately, it has seemed that these datasets are in disagreement. Here we show that the 
melting curve of ammonia dihydrate produced by Boone and Nicol [3] is thermodynamically inconsistent with 
other known parameters of the system and is in sharp disagreement with the melting curve that we have generated 
(and which is thermodynamically consistent). The melting curve of ammonia monohydrate given by Boone and 
Nicol [3] also disagrees with the melting curve we have generated [2]. Further confirming that there is a problem 
with either the UCLA group's data or their interpretation, we have found convincing proof of the existence of a 
high-pressure polymorph of ammonia monohydrate, something that the UCLA group did not find even at 
pressures up to 10 times what we have investigated [2]. However, it is possible to reconcile the Lafayette and 
UCLA groups' data if the UCLA group encountered but did not recognize high-pressure polymorphs of ammonia- 
water compounds. We propose phase diagrams of ammonia dihydrate and monohydrate that are based on a syn- 
thesis of the Lafayette and UCLA groups' data. We suggest that the ammonia-water compounds have a series of 
high-pressure polymorphs comparable to the series exhibited by pure ice. 

Phase diagrams. Figure 1 illustrates the thermodynamic implausibility of the interpreted data of Boone 
and Nicol [3] with respect to the melting point of ammonia dihydrate ("dihydrate"). Calculations of the maximum 
possible Clapeyron slope (dp/dT, where p is pressure and T is temperature) calculated from the data given by [4] at 
the limit of zero pressure shows that the data of Boone and Nicol are marginally inconsistent. When a realistic 
range of ice- and water-like compressibilities is included in the calculation, the permissible region of pressure- 
temperature space in which the dihydrate melting curve might fall is far below the data given by Boone and Nicol, 
whereas the melting curve for pure dihydrate given by Hogenboom et al. [I] lies entirely within the permissible 
region. This does not necessarily mean that the melting points given by Boone and Nicol are erroneous, because 
it may be possible that the UCLA group encountered one or more high-pressure forms of dihydrate. Figure 2 is an 
interpreted synthesis of the Lafayette and UCLA groups' data for the melting of ammonia dihydrate. Clearly, it is 
possible that both sets of data are correct. If so, it implies that dihydrate I, dihydrate 11, and fluid coexist at a triple 
point near 250-300 MPa and a temperature of 179 K. The possibility exists that additional high-pressure 
polymorphs of dihydrate were encountered by Boone and Nicol. 

Figure 3 shows the phase diagram of ammonia monohydrate (monohydrate) determined by Hogenboom et al. 
[2]. It also illustrates the fact that our data are consistent with the Clapeyron slope at zero pressure as calculated 
from the data of [4]. The extrapolation of the data of Boone and Nicol [3] are also consistent with this Clapeyron 
slope, although it is highly improbable that their interpretation could be correct, because it would imply that there 
is virtually no difference in the compressibility of the solid and fluid phases over a wide pressure range (i.e., the 
near linearity of Boone and Nicol's data implies an improbable compression curve if only a single form of 
monohydrate was encountered). As in the case of dihydrate, it does not necessarily follow that Boone and Nicol's 
melting-point determinations for monohydrate are incorrect so long as high-pressure forms were encountered. In 
Figures 4 and 5 we propose a phase diagram that incorporates several high-pressure forms. It is unlikely that 
monohydrate 11 can satisfy all of Boone and Nicol's observations, again for reasons of compressibility, which 
nearly always produces strongly curved melting boundaries. The question marks in Figures 4 and 5 are intended to 
convey the fact that the specific phase boundaries and polymorphs shown (beyond monohydrates I and 11) are 
entirely speculative, though, empirically, this interpretation does fit the data rather well. We have interpreted all 
major changes in slope defined by the "slush" data points to reflect phase changes, but really there are an 
insufficient number of "fluid" data points to constrain the actual melting curve very well. 

Conclusions. Ammonia monohydrate and dihydrate each probably have a series of high-pressure solid 
polymorphs comparable to those of pure water. 
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Figure 1 (left). Melting curve of ammonia dihydrate 
(from [I]) (large dots) and a representation of the data of 
Boone and Nicol[2] extrapolated to zero pressure. Also 

Boone and Nicol shown is the range of possible Clapeyron slopes at zero 
pressure calculated from the data of [3] with all major 
uncertainties (thin lines), and the permissible region of 
the dihydrate melting curve when a realistic range of 
possible compressibilities is included in the calculation. 

Figure 2 (left middle). Proposed phase diagram of 
ammonia dihydrate. Large open circles, dihydrate fluid 
(Boone and Nicol [2]); open squares, dihydrate slush 
(Boone and Nicol, [2]); solid squares, ammonia 
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Figure 4 (above). Proposed phase diagram of ammonia 
monohydrate up to a pressure of 1500 MPa. 
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representation of the data of Boone and Nicol and a ~i~~~~ 5 (above) Proposed phase diagram of ammonia 
calculated Clapeyron slope at zero pressure. monohydrate up to 5000 MPa. 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 


