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Introduction:  The icy moons of Jupiter (Io, 

Europa, Gandymede, and Callisto) and Saturn (Mimas, 
Enceladus, Tethys, Dione, Rhea, Hyperion, Iapetus, 
Phoebe, and Titan) contain abundant H2O, CO2, H2S, 
CH4, and NH3, and have a range of near-surface 
temperatures between 70K and 223K [1]. In this study, 
we simulate phase behavior on Titan based on Raman 
spectroscopic analyses of synthetic fluid inclusions 
(SFI). Future studies will investigate phase equilibria 
relevant to the other icy moons of Jupiter and Saturn.  

Titan’s surface is primarily composed of H2O, CO, 
CO2, and CH4, with surface temperatures of 70K to 
200K [1]. Although we know the general conditions 
and compositions of the icy moons, experimental 
studies of the phase behavior of volatiles on these icy 
moons are lacking. Lunine and Stevenson reported the 
thermodynamic stability of CH4, N2, and CH4-N2 
clathrates in the presence of ammonia (NH3) [2], but 
little information is available to constrain the phase 
behavior and conditions of the icy moons.  

 The volatile components can exist in many forms, 
including vapor and liquid as well as various solid 
phases that include several different clathrate 
compounds if H2O is present. Clathrates (also known 
as hydrates, clathrate hydrates, gas hydrates, or 
clathrate-gas hydrates) have been extensively studied 
because of their importance to the oil and gas industry 
[3, 4]. Clathrates are also found in terrestrial 
permafrost, polar ice caps, and seafloor sediments [5], 
and are also predicted on Mars [6], Titan [7, 8] and 
Enceladus [8]. Additionally, clathrates may be present 
on the other icy moons of Jupiter and Saturn [9].  

Clathrates form cage-like structures that fit into one 
of three main groups (I, II, and H) [10], and are 
composed of gas(es) and H2O [11].  Volatiles such as 
CH4, CO2, NH3, etc. have different sizes and occupy 
different sites [10]. Larger molecules commonly 
occupy structure I sites, whereas smaller molecules 
occupy structure II sites [10]. The H structure requires 
both small and large molecules to occupy its cages 
[10], unlike structures I and II.  

This study investigates the phase behavior of 
volatiles in SFI, with phases identified by Raman 
spectroscopy. We focus here on phase behavior in the 
CH4-CO2-H2O system, and include a discussion of 
future studies of more complex systems.  

Methods and Materials: SFI with compositions 
similar to those reported for Titan were created using 
the technique described by Sterner and Bodnar [12]. A 

Raman spectrometer was used to identify phases. A 
TMS 92 Linkam stage was used to control the 
temperature and identify the phases present. The 
Linkam stage is capable of reaching the lower limit of 
temperatures measured on the surface of Titan (70K to 
200K) to observe possible phase changes throughout 
most of Titan’s surface temperature range.  

A SFI in the system CH4-CO2-H2O was analyzed at 
room temperature (24°C or 297K), 0°C (273K), and -
50°C (223K). Raman spectra were collected, and 
relative abundances of volatiles in each phase were 
calculated.  

Results and Discussion: The phases present in the 
system CH4-CO2-H2O at room temperature (24°C or 
297K) are a H2O-rich liquid phase and a CH4-CO2 
liquid phase (Figure 1). At 0°C (273K), a CH4-CO2 
vapor phase is present in addition to the two other 
phases that are present in the inclusion at room 
temperature. The new vapor phase contains a higher 
molar fraction of CH4 than the CH4-CO2 liquid phase 
because CO2 is more soluble than CH4 in the liquid 
phase at this temperature [13]. This behavior continues 
with cooling to -50°C (223K), and the vapor phase 
increases in size (Figure 1).  

The Raman spectra of the inclusions at 0°C and          
-50°C are shown in Figure 2. CH4 has a peak located at 
2917 cm-1, and CO2 has peaks at 1285 cm-1 and 1388 
cm-1 [14]. Although H2O is not shown in Figure 2, it 
should be noted that H2O has a broad peak between 
2,800 cm-1 and 3,800 cm-1 [14, 15]. Figure 2 shows a 
decrease in the intensity of CH4 in the liquid phase at -
50°C compared to the 0°C spectrum. This indicates 
that CH4 is less soluble in this phase at lower 
temperatures. Additionally, the CO2 peaks show lower 
intensity in the vapor phase at -50°C which agrees with 
it being more soluble in the liquid phase.  

Clathrates are present at -50°C, although a clathrate 
phase is not easily recognizable, the inclusion shown in 
Figure 1. There were no clathrates observed at 0°C, 
although clathrates are stable at this temperature. There 
are stoichiometric restrictions for the formation of 
clathrates under ideal conditions. CH4-clathrate is more 
stable at higher temperatures than CO2-clathrate [16], 
which means under equilibrium conditions where only 
one component (in this case, CH4 or CO2) is being 
consumed at a time in the formation of clathrate, CH4 
will be consumed first. The molar CH4:H2O ratio for 
CH4 -clathrate is 4:23. If the bulk fluid CH4:H2O molar 
ratio is greater than 4:23 (i.e., an excess of CH4) , then 
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CH4 will remain after all of the H2O has been 
consumed, inhibiting the future production of CO2-
clathrate. However, if the CH4:H2O ratio is lower, then 
there will be an excess of H2O. The CO2:H2O molar 
ratio of CO2-clathrate is 1:8, but if all of the H2O is 
consumed during CH4-clathrate production,, then CO2-
clathrate cannot form. The CH4:CO2:H2O molar ratio 
in ternary clathrates is 4:2:39.. If any one of the three 
components (CH4, CO2, or H2O) remains after 
clathrate formation is complete, that component would 
be present as a fluid or solid phase, depending on the 
pressure and temperature conditions.  

 

 
Figure 1. Images of fluid inclusions at 24°C (297K), 0°C 

(273K), and -50°C (223K). A is the H2O-rich liquid phase, B 
the CH4-CO2-rich liquid phase, and C is the CH4-CO2-rich 
vapor phase. C has a higher molar fraction of CH4 than B. 

The investigation of phase relations contributes to 
our understanding of the phases that might be present 
on the surface of Titan. If the CH4:CO2:H2O molar 
ratio of the bulk Titan crust is equal to 4:2:39, only 
clathrates would be present. For molar ratios that differ 
from this value, other phases, including pure H2O ice 
may exist on the surface of Titan. CH4, CO2, and H2O   
are critical for the sustenance of life on Earth, and 
possibly on Titan or the other icy moons.  
 

 
Figure 2. Raman spectra of liquid and vapor phases in the 
system CH4-CO2-H2O at 0°C (273K) and -50°C (223K). 

Future Work: Additional components, such as N2, 
will be added to this system to create a more realistic 
analog to the surface composition of Titan. The phase 
behaviors of near-surface volatiles for other icy moons 
of Jupiter and Saturn will be investigated, including 
Enceladus. Enceladus has surface temperatures that 
range between 33K-223K and has a surface 
composition similar to that of Titan [1]. Salt hydrates 
have also been predicted to occur on the surface [1], 
which is an additional component that can be added to 
SFI to constrain the phase behaviors for this moon.  
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