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Introduction:  Titan’s icy crust is likely composed 

mainly of water ice Ih, clathrate hydrates (of methane 
and ethane) and ammonia hydrated minerals (ammonia 
mono- and di-hydrates) [e.g. 1, 2, and therein]. It is 
well known that ammonia affects the stability of both 
water ice and clathrates, by decreasing their melting 
temperature [e.g., 3, 4, and therein]. Thermal evolution 
may promote the melting of the ammonia hydrates at 
shallow depths, and subsequently allow for the result-
ing ammonia-rich aqueous solution to be in contact 
with crustal ice and clathrates. Interactions between 
these solutions and surrounding icy materials may re-
sult in dissociation of clathrates and outgassing of me-
thane in the atmosphere [5]. This process may contrib-
ute to methane replenishment in the atmosphere over 
geologic timescales, and could thus explain the pres-
ence of methane in large amounts at present-day [6], 
despite its fast photochemical destruction [7].  

In this work we investigate experimentally how 
ammonia aqueous solutions at a concentrations up to 
30 wt% alter the stability of tetrahydrofuran (THF)-
clathrates at 1 bar and within a temperature range from 
77 to 298 K. THF-clathrates are a commonly used 
proxy for CH4-clathrates since they form at atmosphere 
pressure. Before using CH4-clathrates that are more 
challenging because of the pressure requirements, the 
present study permits us to determine the temperature 
at which transformations in this ternary system occur.      

 
Experimental equipment and procedures:  The 

ternary system H2O-THF-NH3 is being studied in two 
facilities: a Setaram BT 2.15 Calvet calorimeter and  a 
Linkam LTS 350 cryostage coupled to a Horiba Jobin 
Yvon LabRaman HR confocal dispersive spectrometer 
(Figure 1). Both equipments allow cooling down to 77 
K. For the future work with CH4-clathrates that require 
high pressure, the calorimeter is prepared for doing 
runs up to 10 MPa. A detailed explanation of the solu-
tion preparation can be found in [8]. Aqueous ammonia 
solutions are prepared by direct dilution of a mother 
solution at 30 wt%. Next, 33 vol% of THF is added. 
This allows the solutions to be supersatured in THF 
with respect to THF-clathrates, thus ensuring that all 
available H2O molecules are incorporated in clathrate 
hydrates and prevents formation of water ice in addi-
tion. Experiments consist in monitoring cooling-
heating cycles.  

 

 
Figure 1. Experimental set-up. Left: Calvet calorime-
ter; right: Cryostage coupled to a confocal Raman 
spectrometer. 
 

Results:  The phase diagram of the system H2O-
THF-NH3 is being built by cooling the samples to 80 
K, then heating at a constant rate of 0.1 K/min. Figure 
2 shows some typical thermograms obtained upon heat-
ing, and illustrates the various phase transitions ob-
served. At the conditions of this work, with a 
THF:ammonia aqueous solution mass ratio of 0.8:2.5, 
it has been observed that, after THF-clathrate for-
mation when the system is cooled, chemical interac-
tions between part of the remained THF and the am-
monia molecules occur. When the system is warmed, 
the first melting at 165 K corresponds with the pure 
THF that did not enter the clathrate cages or interact 
with ammonia. From temperatures around 200 K for 
the ammonia concentration range studied (0 - 30 wt%), 
THF-NH3 interactions disappear and, finally, the THF-
clathrate starts a partial dissociation until complete 
melting. It is noted that the increase in ammonia con-
centration causes a higher drop in THF-clathrate melt-
ing temperature in parallel form as it does to water ice. 
Specifically, this temperature decreases by 7, 31 and 
68 K for NH3 concentrations of 10, 20 and 29 wt%, 
respectively. The eutectic point is found at the last NH3 
concentration mentioned.  

 
Figure 3 shows the phase diagram of the H2O-THF-

NH3 system that results from all our experiments. We 
express ammonia concentration in weight fraction rela-
tive to water, so that a direct comparison with the phase 
diagram of the H2O-NH3 system is possible. In the NH3 
concentration range studied, we distinguish three zones 
before reaching the eutectic: a) 0-10 wt%, b) 10-20 
wt% and c) 20-29 wt%. At low NH3 concentrations the 
THF-NH3 interactions are almost negligible, while the 
amplitude of the THF-clathrate partial dissociation 
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increases gradually with the NH3 concentration.  In the 
middle zone (b), THF and NH3 stabilize a presumed 
solid that melts at 218 K and promotes the start of 
clathrate destabilization.  At a concentrations higher 
than 20 wt%, the putative THF-NH3 solid becomes 
unstable and THF-clathrate starts to melt at lower tem-
peratures. Above the eutectic (29 wt%), the THF-NH3 
solid seems to recrystallize around 160 K; the new 
phase melts at 185 K followed by the THF-clathrate 
dissociation. 

 
 
Figure 2. Thermograms of the system H2O-THF-NH3 
at different NH3 concentrations during the heating. 
 

 
 
Figure 3. Phase diagram of the system H2O-THF-NH3. 
 

Discussion: The full dissociation curve of THF-
clathrate measured by calorimetry agrees perfectly with 
the data obtained in the previous Raman spectroscopy 
study [8]. On the other hand, calorimetry has allowed 
better constraints on the eutectic line and the clathrate 
dissociation path. The eutectic line exhibits a strong 
curvature, contrary to what is commonly observed in 
typical mixtures subject to incongruent melting, . This 
peculiar feature might be explained by the occurrence 
of a spontaneous phase separation between a liquid rich 

in NH3 and a solution rich in THF. This phase separa-
tion is observed during the sample preparation at room 
temperature in solutions containing ~15 or more wt% 
of NH3 relative of H2O. We hypothesize that this im-
miscibility between a NH3-rich and a THF-rich liquid 
may depend on temperature. If this hypothesis is veri-
fied, it may explain the dual peak observed upon heat-
ing, and its variability with bulk NH3 concentration. 
This will be further explored in future experiments.    

 
Implications: The fact that ammonia promotes that 

clathrates start to decompose partially before reaching 
the equilibrium curve at a certain ammonia concentra-
tion means that melting processes at Titan’s shell can 
occur at lower temperatures than initially expected. 
The amplitude of this partial melting, according to the 
temperature and pressure, may be well determined for 
CH4- and C2H6-clathrates in the ammonia range con-
centration of interest and included in evolution models.  

 
Acknowledgments:  This research is supported by 

an appointment to the NASA Postdoctoral Program at 
the Jet Propulsion Laboratory, California Institute of 
Technology, administered by Universities Space Re-
search Association (USRA) through a contract with 
NASA. Support from the NASA Outer Planets Re-
search program and government sponsorship acknowl-
edged. 

 
References:  
 [1] Tobie et al. (2006) Nature, 440, 61-64. [2] Lu-

nine J. I. et al. (2009) Titan from Cassini-Huygens, Ch. 
3, 35-59.  [3] Kargel J.S. (1992) Icarus, 100, 556-574. 
[4] Sloan E.D. and Koh C.A. (2008) Clathrate hy-
drates of natural gases, 3rd ed. CRC Press, Boca Ra-
ton, FL. [5] Choukroun M. et al. (2010) Icarus, 205, 
581-593. [6] Niemann H. B. et al. (2010) JGR, 115, 
E12006. [7] Lavvas P. P. et al. (2008) Planet. Space 
Sci., 56, 1103-1111. [8] Vu T. H. et al. (2014) J. Phys. 
Chem. B, 118, 13371-13377. 

 

2890.pdf47th Lunar and Planetary Science Conference (2016)


