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Introduction 

 

The behavior and the melting of ice under pressure 
has been the subject of numerous studies since the 
very beginning of the 20th century [1-6]. Surprisingly, 
thermodynamic models of the ice behavior have not 
been thoroughly developed so far, except for the low 
pressure domain where ice Ih is stable. The IAPWS, 
among others, has proposed several accurate equations 
of state for liquid water [7], and a recent study devel-
oped such equations for ice Ih [8]. However, a good 
prediction of these phases’ behavior outside their sta-
bility domains is a prerequisite to further understand 
the roles of dissolved compounds in water-rich chemi-
cal systems.  

A new thermodynamic model of the properties of 
liquid water and ices I, III, V and VI that can be used 
in the ranges [0-2200 MPa] and [180-360 K] is pro-
posed. These wide ranges exceed the stability domain 
of all phases, therefore developing empirical or semi-
empirical expressions for the specific volumes of liq-
uid water or ices has been necessary. This new model 
allows extrapolation of the thermodynamic properties 
in the low-temperature metastable domain, which is 
necessary for further investigating the effect of inhibi-
tors. As an example, a strong inhibitor of ices such as 
ammonia allows the coexistence of ice Ih with its liq-
uid down to 180 K, therefore requiring good prediction 
of the metastable phases’ behavior. Further develop-
ments of the model for planetological purposes will be 
discussed. 

Figure 1: Variations in specific volume of liquid water with 
temperature (1-a), with pressure (1-b), and of water ices 
along the melting curves (1-c). Lines correspond to the 
model proposed in this work. 

   
Parameter α is the thermal expansion coefficient of 

the considered phase and depends on temperature and 
pressure. ( )0 ref refV P ,T  is a reference value at (Pref,Tref) 

conditions, ( )T refP ,Tξ  and ( )P reP,T fξ  two functions 

describing the temperature and the pressure depend-
ence of the specific volume, respectively: 

Thermodynamic modeling of water. 
Thermodynamic modeling requires precise deter-

mination of the chemical potentials, the heat capacities 
and the specific volumes of all phases in-
volved:
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Exact values of the parameters, in addition with the 
different strategies that have been used for finding the 
best values with respect to the available experimental 
data [10] can be found in [9]. In figure 1 the modeled 
specific volumes are compared with available experi-
mental dataset. Our model reproduces the experimental 
data with a precision better than 1%, and it provides 
means for extrapolating the specific volume of liquid 

where ( )0
0 0H P ,T  and S P  are respectively en-

thalpy and entropy of a given phase at reference 
(P

( 0 0,T

0,T0) conditions, Cp is the heat capacity of that phase, 
and V corresponds to its specific volume. 
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water in the low-temperature metastable domain and at 
high pressure up to 2.5 GPa. 

In order to check the validity of the thermodynamic 
approach, the melting curves of pure water have been 
estimated. On the overall, all melting curves are repro-
duced with a fair accuracy (Figure 2). The melting 
curve of ice Ih is best fitted among all, with the ther-
modynamic model remaining within experimental un-
certainties. For ices III and V (not shown in the fig-
ure), the model provides melting curves with a very 
satisfying accuracy, even for the low-temperature me-
tastable data. Finally, the melting curve of ice VI is 
reproduced fairly well, with larger deviation on the 
experimental data at pressure above 1.5 GPa. 

 

 
Figure 2: Diagrams showing the melting curves of ices. 
Symbols are the experimental data points. Error bars corre-
spond to the experimental uncertainties. Gray zones in the 
diagrams show the metastable domains, above the upper 
triple point or below the lower one. Black solid lines corre-
spond to the thermodynamic model calculation. 

 
Planetological implications. 
In planetary ices, several compounds are suspected 

to be mixed with water: salts, ammonia, methane, ... 
Unfortunately, the amount of experimental data is very 
limited, and the P-T stability of pure ices or hydrates in 
complex water-rich mixtures is still debated in many 
cases. Being one of the key parameters for describing 
internal structures and dynamics within icy moons and 
water-rich exoplanets, a general thermodynamic tool 
might be very useful because it allows to investigate a 
large amount of complex mixtures within P-T space 
even with a limited number of experimental data. In 
order to illustrate this point, a first attempt to describe 
the NH3-H2O mixture at low pressure is presented be-
low. This example is chosen because it is well con-
strained by experiments and it illustrates well the accu-
racy of the thermodynamic approach in both stable and 
metastable domain of ices. In addition, it is of particu-
lar interest for Titan. Application of the thermody-

namic approach to the high-pressure domain is cur-
rently in progress. Details of the thermodynamic ap-
proach in the binary mixture can be found in [9]. 

In the NH3-H2O system, thermodynamic equilibrium 
is achieved when solid and liquid chemical potentials 
are equals. The effect of ammonia is expressed via a 
mixing rule in the term of liquid water activity, which 
is the only term requiring further modeling. It can be 
estimated as the product of an activity coefficient and 
the molar fraction of H2O [9]. The main diagram of 
Figure 3 shows the relative deviations of the calculated 
temperature (Tcalc) and the “experimental” temperature 
[11-13] (Tth plotted in the upper left part of the figure). 

The use of such a thermodynamic approach in 
thermal evolution models will permit a better descrip-
tion of crystallization rate of internal liquid layers 
within Titan and other moons. It will also be useful for 
exploring the hydrates structures which can be in equi-
librium with the remaining liquids in the icy mantles. 

 

 
Figure 3: Diagram showing the deviation of the calcu-

lated temperature (Tcalc) from the experimental melting tem-
perature (Tth). Experimental data and polynomial fit are 
shown in the enclosed pressure – temperature diagram. Mod-
els A and B are issued from previous studies. Our approach 
is the only one which allows to investigate the metastable 
domain. 
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