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Thermal evolution, internal structure and atmospheric composition of Titan depend 
strongly on the physical and chemical properties of the NH3-H20-CH4 system1. Sapphire 
anvil cell experiments have been conducted in the pressure range [I00 MPa - 1.5 GPa] and 
in the temperature range [I30 - 300 K] to investigate the ammonia (15%) - water system. A 
liquidus of the system is proposed and its implications for the internal structure of the 
satellite are discussed. 

The melting of the NH3-H20-CH4 system can be studied experimentally with sapphire 
anvils cells in the range of pressure and temperature relevant to icy satellites2. Sapphire 
anvils can be much larger than diamond anvils3 and a very good accuracy in pressure 
(2sp=60 MPa) can be achieved in the range [I00 MPa - 1.5 GPa]. Since the primordial 
ocean of Titan was probably composed of an ammonia (15%)-water mixture, investigations 
with this solution have been conducted to improve previous studies at higher pressure4>5. 
Our studies are focused on the determination of the liquidus of the solution (Figure I). This 
liquidus presents the same characteristics as the pure water melting curve but is located 
roughly 20 K below. 

The primordial liquid layer of Titan cooled down by crystallization of pure ice at both 
its top and its bottom (Figure 2). If ammonia was present, its content must have increased 
with time in the liquid layer. Although additional data are required, it is possible to guess a 
possible melting curve for the ocean which depends on both pressure and composition by 
using previous w o r k 6 7  and the liquidus curve proposed above (Figure 3). At surface 
pressure, the liquidus temperature is equal to 253 K7. As the ice I layer thickens, the 
melting temperature decreases down to 175 K where the eutectic composition is reached6. 
In the meantime, high pressure ice crystallizes at the bottom of the ocean and the melting 
temperature goes from 275 K at the surface of the silicate layer down to 180 K when the 
eutectic composition is reached6. The shape of the liquidus between 0.-0.11 GPa and 0.48- 
0.75 GPa is obtained assuming that the slopes at the surface and at 0.75 GPa are equal to 
those of the liquidus proposed in Figure 1. 

We have used this liquidus to study the cooling rate of a primordial ammonia-water 
ocean. The cooling of the liquid shell implies crystallization both at its top and its bottom1. 
The energy balance equation for the liquid shell states that the difference between the total 
heat flux through the ice I layer and the total heat flux introduced at the bottom by the 
heating of the silicates must equal energies involved in the cooling of liquid layer and the 
thickening of icy layers. Assuming that the temperature profile is adiabatic in the liquid 
layer, this equation gives a relation between the thickening rates of the two icy layers. 
Combined with the equation describing the liquidus plotted in Figure 3, the energy equation 
allows us to calculate the thickening rate of icy layers as a function of time. At the 
beginning, the thickening is only due to diffusive cooling. The thickening rate is very fast 
because the outwards heat flux of the ice I layer is large since its thickness is small and the 
heating from below is negligible. After 200 million years, thickness of the ice I layer 
decreases until it reaches a nearly steady state where inward and outward heat flux in the 
liquid layer are nearly the same. The highest thickness of the ice I layer varies from 40 
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kilometers for ammonia water mixture to 50 kilometers for pure water. Experimental 
measurements of ice I viscosity8 and glacier measurements9 suggest that a 30 kilometers 
thick ice I layer at the surface of Titan can convect. So convective cooling has probably 
occurred after only 200 million years. We have determined that if the primordial liquid layer 
is only composed of pure water, then i t  freezes by convection before the end of the first 
billion years. If the liquid layer contains some ammonia, the temperature in the ice I layer 
decreases very fast when the thickness increases and the viscosity becomes too large to 
yield vigorous convection. Our model predicts that if ammonia is present in the primordial 
liquid shell, convective motions are too weak to allow complete crystallization and a 200 
kilometers thick liquid layer is expected at present time. 

These results are important for understanding the present time replenishment of 
methane at the surface of Titan. It shows that experimental work in the system NH3-CH4- 
H20 is required to know whether H20-CH4 crystallizes at the top of the liquid layer. In that 
case, solid-state convection of the outer shell would transport methane up to the surface. 
Constraints on the internal structure (and the possibility of a liquid layer) are expected with 
the Cassini mission which should ~ rov ide  information on J2 and C22. 
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Figure 1: Pressure-Temperature phase diagram of 
the ammonia (15%) - water (85%) system. 
0 Complete melting. 

Crystallization from the liquid. 
A Crystallization of the eutectic liquid. 
0 0 Phase transition in a fluid ice melt. 
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Figure 2: Internal structure of Figure 3: Liquidus temperature of a primordial NH3-H20 
Titan after accretion. liquid layer. Dotted lines indicate permissible region for pure 

dihydrate melting 
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