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Introduction:  Gas hydrates are implicated in the 
geochemical evolution of both Mars and Europa [1-
3].  Most models developed for gas hydrate chemistry 
are based on the statistical thermodynamic model of 
van der Waals and Platteeuw [4] with subsequent 
modifications [5-8].  None of these models are, 
however, state-of-the-art with respect to gas 
hydrate/electrolyte interactions, which is particularly 
important for planetary applications where solution 
chemistry may be very different from terrestrial 
seawater.  The objectives of this work were to add 
gas (carbon dioxide and methane) hydrate 
chemistries into an electrolyte model parameterized 
for low temperatures and high pressures (the 
FREZCHEM model) and use the model to examine 
controls on gas hydrate chemistries for Mars and 
Europa.   

Methods and Materials:  The FREZCHEM 
model is an equilibrium chemical thermodynamic 
model parameterized for concentrated electrolyte 
solutions using the Pitzer equations [9] for the 
temperature range from <–70 to 25°C and the 
pressure range from 1 to 1000 bars [10-16].  The 
model is currently parameterized for the Na-K-Mg-
Ca-Fe-H-Cl-SO4-NO3-OH-HCO3-CO3-CO2-H2O sys-
tem and includes 56 solid phases including ice, 11 
chloride minerals, 14 sulfate minerals, 15 carbonate 
minerals, five solid-phase acids, three nitrate 
minerals, six acid-salts, and one iron oxide.   

The parameters needed to characterize gas 
hydrate solubilities in electrolyte solutions include:  
(1) fugacity coefficients for gases, (2) equilibrium 
constants for gas solubilities in electrolyte solutions 
(Henry’s law constants), (3) gas hydrate solubility 
products, and (4) Pitzer-equation gas/electrolyte 
interaction parameters that are used to quantify 
soluble gas activity coefficients.   

For a reaction such as:  
CO2•6H2O(cr)  ⇔  CO2(aq) + 6H2O(l), (1) 

the equilibrium constant is given by 
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or alternatively,  
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is the Henry’s Law constant, γ is the activity 
coefficient, m is the molality, φ is the fugacity 
coefficient, and P is the gas partial pressure.  Implicit 
in Eqn. 3 is the assumption that pure CO2•6H2O(cr) is 
present, which has unit activity.  A similar set of 
equations (1-4) can be written for methane hydrate 
(CH4•6H2O) chemistry.  Because gas hydrate 
experimental data are usually measured in terms of 
gas partial pressures (Fig. 1), Eqn. 3 was used to 
estimate the gas hydrate solubility products.   

Results:  Pitzer-equation parameters for 
estimating activity coefficients (γ) and Henry’s law 
constants (KH) were largely taken from the literature 
[17-18].  The Duan et al. [19] gas model was 
integrated into the FREZCHEM model to quantify 
gas fugacity coefficients (φ, Eqn. 3-4).   

Given these parameters, we then estimated the 
solubility products for CO2•6H2O and CH4•6H2O 
(Eqn. 3) from the experimental PCO2 and PCH4 data 
(Fig. 1) and the FREZCHEM model estimate for aw.  
For temperatures below the freezing point of ice, we 
made use of the fact that aw in equilibrium with ice is 
fixed at a given temperature and pressure [14,16].  
The resulting equations fit the experimental data well 
across a broad range of temperatures (180-298 K) 
(Fig. 2).   

Discussion:  Gas hydrates and ice behave 
similarly in that both are fundamentally dependent on 
the activity of water (e.g., Eqn. 2-3), and the 
precipitation/dissolution of both leads to 
concentration/dilution of matrix salts.  We used the 
newly parameterized carbon dioxide gas hydrate 
equilibria in the FREZCHEM model to estimate the 
stability of ice and CO2•6H2O across a range of PCO2 
values for the putative ocean of Europa (Fig. 3).  In 
these simulations, we used a hypothetical initial 
ocean composition (Na = 1.630 m, Mg = 2.929 m, Ca 
= 0.0064 m, Cl = 0.308 m, and SO4 = 3.5964 m) 
based on previous work [2,16]; these simulations also 
assumed an ocean temperature of 260 K, an ocean 
depth of 100 km, and a pressure gradient of 12 
bars/km [2].   

At PCO2 = 0 bars, ice is stable down to 74.75 km 
(897 bars) (Fig. 3); below this point, the total 
pressure is high enough to prevent ice from forming 
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at 260 K under the assumed chemical composition.  
Note that only ice is stable up to PCO2 = 3 bars (Fig. 
3); but the solubility of CO2 is sufficient to raise the 
ice stability zone to 59.08 km (709 bars) at PCO2 = 3 
bars.  At PCO2 = 5 bars, ice is stable down to 21.08 
km; below this point, CO2•6H2O is stable.  At PCO2 = 
6 bars, CO2•6H2O is stable throughout the ocean 
(Fig. 3).   

These simulations illustrate the separate 
importance of gas partial pressures and total pressure 
in controlling the stability of ice and CO2•6H2O in a 
hypothetical Europan ocean.  Also in the case of 
Europa, gas hydrates may be important in the icy 
cover, liquid ocean, and ocean sediments.   

Current Work and Future Plans:  The 
simulations in Figure 3 are open-system in that the 
PCO2 is assumed fixed, which controls, in large part, 
the subsequent solubility of CO2 and the stability of 
CO2•6H2O.  In the real world, most occurrences of 
gas hydrates occur in closed systems (e.g., sediments 
and ice) where the PCO2 is a function of temperature, 
pressure, and equilibria among CO2 phases under 
confining pressures.  In the near-future, we will add a 
gas closed-system algorithm to the FREZCHEM 
model to better simulate more realistic gas hydrate 
environments.   
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Figure 1. Experimental data for methane and carbon 
dioxide hydrate equilibria. 
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Figure 2. The solubility product of CO2·6H2O and 
CH4·6H2O at a hypothetical 1 atm total pressure. 
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Figure 3. The stability of ice and CO2·6H2O as a 
function of total pressure (ocean depth) and PCO2 for a 
hypothetical Europan ocean at 260 K. 
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