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Introduction: The three volatiles present as ices on 

Pluto’s surface, N2, CO, and CH4, are also present in its 
atmosphere. These are in a state of disequilibrium, be-
cause of disparate insolation across the surface, differ-
ing altitudes, and the history of the surface-atmosphere 
interaction and subsurface processes on timescales of 
hours to millions of years. Spatial segregation of  spe-
cies is seen on Pluto; vertical layering probably also 
exists. 

Equilibrium states of N2, CO, CH4. Recent work 
has been done on the state of these species in thermo-
dynamic equilibrium [1, 2]. A key to this work is the 
mutual solubility of solid N2 and CH4. While CO can 
be mixed in N2 in any dilution in the binary solution 
below 40 K, the same is not the case for CH4 in N2 [3]. 
For example, at 40 K, N2-rich ice is saturated with 
4.9% CH4, and CH4-rich ice is saturated with 6.3% N2. 
Considering only the binary mixture, CH4 and N2, this 
leads to the remarkable result that the partial pressures 
of N2 and CH4 for intermediate mole fractions of N2 
and CH4 in equilibrium with  the gas depend only on 
temperature, and are independent of the solid mole 
fraction. In equilibrium, once CH4 is saturated in N2 
rich ice, adding more CH4 to the system while keeping 
the temperature constant will lead to more CH4-rich ice 
that is saturated with N2, but not to a higher partial 
pressure of CH4. Table 1 gives the N2 and CH4 partial 
pressures, calculated according to [1].  

Table 1 CH4 and N2 vapor pressures in equilibrium 

T, 
K 

xCH4
(a), 

% 
xN2

(a), 
% 

PN2
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µbar 
PCH4

(b), 
nbar 

yCH4,(c) 

% 
35.6 2.95 3.90 4.716 0.1529 0.0032 
38.0 3.93 5.10 20.78 1.299 0.0062 
40.0 4.89 6.27 62.16 6.322 0.0102 
50.0 12.3 14.89 3802 2482 0.0653 
(a) Saturation mole fraction of CH4 in N2:CH4 ice or N2 
in CH4:N2 ice. 
(b) Partial pressure. Note N2 is in µbar, CH4 is in nbar. 
(c) CH4 gaseous mole fraction  

 
Observations of Pluto in disequilibrium. Both the 

surface and atmosphere of Pluto are seen to be in dise-
quilibrium. The N2 surface pressure is observed to be 

consistent with vapor-pressure equilibrium over Sput-
nik Planitia from the REX radio ingress, with near-
surface temperatures of 38.9 ± 2.1 K and surface pres-
sure of 12.8 ± 0.7 µbar [4]. In contrast, the atmospheric 
CH4 mixing ratio is ~0.3% [5], 10-100x higher than 
predicted for vapor-pressure equilibrium at that tem-
perature. In the surface, dilution of CH4 in N2-rich ter-
rains within Sputnik Planitia is not ~4%, as expected. 
Instead, the CH4 mole fraction is only ~0.3% [6], a val-
ue more consistent with equilibrium at much colder 
temperatures (at which temperatures N2 would be in α 
phase) [3], and similar to values derived from ground-
based observations of Pluto [7]. Nothing can be said 
about the dilution of N2 in CH4-rich terrains from the 
LEISA spectra, due to the weakness of the N2 2.15 µm 
absorption feature. 

Drivers of disequilibrium. In general, volatiles 
sublime from those areas on Pluto that absorb more 
sunlight, and condense on less-illuminated areas. Direct 
evidence for Pluto’s diurnal sublimation/condensation 
cycle is seen in the REX observations over Sputnik 
Planitia at dusk, where the subliming N2 forms a cold 
boundary layer. Net sublimation or condensation im-
plies local disequilibrium. For pure N2 at Pluto’s sur-
face pressure, the departure from equilibrium is very 
small. For the binary system (N2, CH4), things become 
complex quickly (and the tertiary N2, CH4, CO is be 
still more complex). For example, net sublimation leads 
to a CH4-rich ice surface (as the N2 ice preferentially 
sublimes), and net condensation results in a N2-rich ice 
surface (as the N2-rich atmosphere is forced to con-
dense) [1]. Thus the cycles of sublimation and conden-
sation can lead to segregation by latitude, with bands of 
CH4-rich, N2-rich, or volatile-free surface elements [6, 
8]; or altitude, with N2 dominating at low-elevations 
(including Sputnik Planitia) and CH4 dominating at 
high elevations (including the bladed terrain)  [9, 1].  

Disequilibrium is likely to also lead to vertical 
structure or layering (Fig 1). Vertical structure can 
complicate interpretation of infrared spectra [6], since 
the infrared absorption is likely to occur below the top-
most layers that are involved with the surface-
atmosphere interaction. The layering affects rates of 
sublimation and condensation as well. A simple picture 
of a homogenous surface in equilibrium with a gas 
(Fig. 1A) predicts atmospheric CH4 ratios [10, 1] that 
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are much lower than observed [5]. CH4 abundance can 
be raised by a very thin molecular layer of CH4-rich ice 
in balance with the atmosphere (Detailed Balance mod-
el [11], Fig 1B), which resets the relative equilibrium 
vapor pressures of CH4 and N2 in the solid solution 
according to their surface mole fractions. This would 
throttle the N2 surface pressure by orders of magnitude, 
which is not seen at Pluto or Triton. If the N2 at depth 
can communicate with the atmosphere, then thick CH4 
patches can build up by sublimation (Fig 1C, [12]). 
These can be warm, and supply CH4 into the atmos-
phere through turbulent diffusion. Essentially the CH4-
patch model is used in recent volatile transport models 
[Fig 1B, 13] to predict atmospheric CH4 mixing ratios 
similar to observations. Still more complex vertical 
structure is likely through solar gardening (Fig 1D, 
[14]), wherein sunlight is absorbed many cm within the 
surface, and thermal photons are emitted from much 
closer to the surface.  

Relaxation timescales. There are multiple drivers 
to disequilibrium. The relaxation timescales for equili-
brating the partial pressure above a surface is very 
short, only a few minutes [11], and local concentrations 
of atmospheric CH4 (for example, over CH4 patches) 
relax to the global average with a timescale of ~4 
months [15]. The relaxation timescale within the solid 
is much longer. It is also less well known and more 
difficult to model, since compositional gradients can be 
muted by solid state diffusion, or by transport in the gas 
phase within inter-grain voids. These relaxation time-
scales can be compared to the drivers toward disequi-
librium: the 6.4-day Pluto rotation, its 248-year orbit, 
and the ~3 million-year obliquity cycle.  

Conclusions: Important new theoretical predictions 
on the equilibrium state of volatile ices on Pluto have 
yet to confirmed in the lab. Experiments under relevant 
Pluto conditions [12] could also investigate the effect 
of sublimation and condensation on the state and com-
position ices, such as the presence of CH4-enriched 
grains, their effective size, and the CH4 concentration. 
Volatile transport models can be and have been used to 
test manifestations of disequilibrium. What is needed is 
more lab experiments and more modeling efforts, and a 
close collaboration between the two. 
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Fig 1. Four examples of vertical structure within the volatiles 
on Pluto’s surface, showing N2-rich (green) and CH4-rich 
(red) ices. Arrows indicate movement of gas. N2 gas does not 
interact with the atmosphere in B or the left-hand side of C. 
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