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On Pluto, the volatile species are N2, CO, and CH4, 

with N2 being the most volatile, and the dominant 
species in the atmosphere. All three species exist in 
both as gases in the atmosphere and solids on the 
surface. As reviewed in [1,2], this leads to volatile 
transport on a variety of timescales.  

Unlike the case on Mars, where the volatiles (CO2 
and H2O) are immiscible, N2 and CH4 on Pluto and 
elsewhere in the Trans-Neptunian region are miscible. 
However, at temperatures relevant to Pluto and other 
Trans-Neptunian Objects (TNOs), N2-rich ices become 
saturated with CH4 at a few percent, and CH4-rich ices 
also become saturated with N2 at a few percent. Recent 
work [3-5] has emphasized the importance of a Solid-
Solid-Vapor equilibrium, where three phases coexist: 
N2-rich ice (saturated with CH4), CH4-rich ice 
(saturated with N2), and N2-CH4 vapor. Together with 
[1], these papers reveal the deviations of  partia 
pressures calculated with Raoult’s law vs. a more 
complete equation of state (EOS), and the effect of that 
deviation on calculations of volatile fluxes. 

On Pluto, the nitrogen cycle is one of very small 
departures from thermodynamic equilibrium [6] and 
very short relaxation timescales. The distribution of N2 
is strongly influenced by latitude, season, topography, 
and the run-away influence of albedo. Much of Pluto’s 
N2 resides in Sputnik Planitia, a large equatorial basin, 
and N2 moves from areas of high to areas of low 
insolation. It is not yet clear how much of Pluto’s 
surface makes the transformation from N2-covered to 
N2-free and back [1]. The CO cycle may closely follow 
the N2 cycle [1]. On colder TNOs, large differences in 
N2 pressure and temperature are expected across their 
surfaces [2]. 

The CH4 cycle is much slower, and much more 
complex. CH4 is observed to be out of equilibrium, 
driven at a variety of timescales. In Pluto’s 
atmosphere, CH4 is enhanced compared to its predicted 
mixing ratio in Solid-Solid-Vapor equilibrium [7,8,5], 
almost certainly because of warmer CH4-rich areas. 
While this solves the puzzle of the enhanced gaseous 
CH4 mixing ratio, it raises another question [8]: why 
do the warmer CH4-rich areas persist? Why doesn’t all 
the CH4 migrate to the colder N2-rich areas? The 
answer lies in the thermodynamics of the 3-phase 
Solid-Solid-Vapor equilibrium, which acts as a barrier 
to changes between CH4-rich and N2-rich ices [5]. As 
an area transitions from CH4-rich to the 3-phase 

equilibrium, and some ice is transformed from CH4-
rich to N2-rich ice, the system will be stuck in 3-phase 
Solid-Solid-Vapor equilibrium until all the CH4-rich 
ice is converted. 

However, a second observed disequilibrium on 
Pluto is the depletion of CH4 in the N2-rich ice phase. 
Detailed modeling of the N2-rich ices on Pluto show 
that they contain only ~0.3–0.5% CH4 ice [9]. This 
disequilibrium may be a function of the timescale for 
gaseous CH4 to diffuse through gaseous N2, or the 
slower process of solid state diffusion. 

The disequilibrium of CH4 affects the fundamental 
processes in Pluto’s atmosphere, such as 
photochemistry, escape, and haze formation. An 
understanding of the characteristics of the N2 and CH4 
volatile cycles currently active on Pluto will aid 
understanding of the atmospheres of Pluto at other 
times, and the atmospheres of Triton and other TNOs. 
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