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Introduction:  New Horizons found a “white 

heart” near the tidal axis of Pluto to Charon [1]. The 
left half of this bright region is a large ellipsoidal basin 
named Sputnik Planitia (SP) [1]. This observation sug-
gests that the SP basin is a positive gravity anomaly, 
similar to “mascon” (i.e., mass concentration) basins 
on the Moon [2]. While nitrogen plains on the SP ba-
sin are a mass excess, their contribution to the gravity 
field is likely insufficient to make the basin a positive 
gravity anomaly; an uplifted subsurface denser layer is 
required, and implies the surficial layer is locally 
thinned beneath the basin. On Pluto, these layers are 
interpreted as a subsurface ocean and an ice shell [2]. 
Such an interior structure, however, is difficult to ex-
plain if the long history of Pluto is considered. 

Mysteries of Pluto:  The first mystery is the long-
term maintenance of the subsurface ocean. For icy 
satellites possessing subsurface oceans, tidal heating 
plays the major role in maintaining subsurface oceans 
[e.g., 3]. However, tidal heating is negligible on Pluto 
[e.g., 3]. Consequently, to avoid complete freezing of a 
subsurface ocean, a low heat transport efficiency 
through the ice shell is needed. This indicates that sol-
id-state thermal convection should not occur in the ice 
shell, though Pluto’s thick ice shell is likely to be con-
vective if pure water ice is the major constituent [4]. 

The second mystery is the long-term maintenance 
of large contrasts in the ice shell thickness. Because 
ice behaves as a viscous fluid over geologically long 
timescales, surface and basal topographies viscously 
relax with time. A simple model assuming an ice shell 
composed of pure water ice overlying a subsurface 
ocean composed of pure liquid water leads to a time-
scale of viscous relaxation of basal topography of only 
~1 Myr [5]. This is much shorter than the age of the 
putative impact that formed the SP basin [6]. 

Previously these mysteries have been explained by 
a low temperature of the ocean [2]; in this case, the 
basal temperature of the ice shell is also low, leading 
to a highly viscous ice shell that is free from thermal 
convection and viscous relaxation. A low ocean tem-
perature is considered to result from anti-freeze mole-
cules, such as ammonia [2]. However, an extremely 
high concentration (>30 wt%) of ammonia is necessary. 
Such a composition is hard to justify because comets, 
which come from the Kuiper Belt (KB), contain only 

~1% of ammonia with respect to water [7]. In addition, 
such an ocean should have a low density [8], prevent-
ing the SP basin from being a positive gravity anomaly.  

The third mystery is the chemical composition of 
Pluto; the surface and atmosphere of Pluto is rich in 
nitrogen compared to carbon monoxide. This is in con-
trast to the chemical composition of comets from the 
KB [9]. 

Thin Cap of Clathrate Hydrates above the 
Ocean:  We propose a new interior structure model of 
Pluto that resolves these mysteries: a thin clathrate 
hydrate (gas hydrate) layer exists between the ice shell 
and the subsurface ocean (Fig. 1). Clathrate hydrates 
are solid materials that look like water ice, and water 
molecules creates cages trapping gas molecules. Clath-
rate hydrates have four key properties related to the 
above mysteries. (1) Low thermal conductivity [10]. 
Clathrate hydrates would behave as a natural “thermal 
insulator”, keeping the ocean warm and the ice shell 
cold. (2) Hard rheology [11]. This is important to 
avoid viscous relaxation. (3) Selective trapping of gas 
molecules [12]. This would change the surface chemis-
try from the bulk chemistry. (4) The major component 
of clathrate hydrates is water. Unlike the ammonia-rich 
ocean hypothesis, a clathrate hydrate layer hypothesis 
does not require a bulk composition of Pluto signifi-
cantly different from those of comets.  

Numerical Calculations:  We perform numerical 
calculations of long-term thermal evolution assuming 
interior structure models with and without a clathrate 
hydrate layer at the base of the ice shell. A modified 
version of the calculation code developed by [13] is 
used. We find that a warm ocean and a cold ice shell 
can be maintained for a long time and that the freezing 
of the ocean is ineffective (Fig. 2). Note that, because 
of ineffective freezing, the thickening of the clathrate 
hydrate layer is also ineffective. Consequently, only a 
few percent of gas with respect to water is sufficient, 
and this is consistent with cometary composition.  

We also perform numerical calculations of long-
term viscoelastic deformation using the model with 
and without a clathrate hydrate layer. The same calcu-
lation code used by [14] is used. We find that signifi-
cant viscous relaxation of basal topography requires 
billions of years if a basal clathrate hydrate layer exists 
(Fig. 3). In addition to the high viscosity of clathrate 
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hydrate itself, a low temperature of the overlying ice 
shell also contributes to a long relaxation timescale. 

Chemical differentiation on Pluto:  Many gas 
species can be trapped in clathrate hydrates, but the 
guest gas composition can differ from gas composition 
supplied to the ocean. For example, methane and car-
bon monoxide are more easily trapped than nitrogen 
molecules [15,16]. Thus, CH4 and/or CO contained in 
precursor bodies and/or produced later in a hot rocky 
core are the most likely guest gases. On the other hand, 
nitrogen molecules initially contained and/or produced 
later in the core would not be trapped in clathrate hy-
drates; they would degassed to the surface, resulting in 
a nitrogen-rich surface. 

Implications:  What we propose in this study is a 
new, generic mechanism to maintain subsurface 
oceans in icy worlds. This mechanism does not require 
a large amount of tidal heat nor a large amount of anti-
freeze molecules such as ammonia to maintain a sub-
surface ocean for billions of years. The formation con-
dition of clathrate hydrates would be satisfied in 
oceans in large icy bodies. Clathrate hydrates may also 
play an important role in maintaining minimally-
heated icy oceans. 

Our proposal may also explain the diversity of sur-
face chemistry of Kuiper Belt Objects; nitrogen mole-
cules are found on large bodies but not on small bodies 
[17]. An enrichment of volatile species not likely to be 
trapped in clathrate hydrates may be a signature of the 
presence of a subsurface ocean. 
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Fig. 1: Schematic diagram of the interior structure 

of Pluto proposed in this study.  
 

 
Fig. 2: Typical results of thermal and interior struc-

ture evolution calculations. 
 

 
Fig. 3: Summary of viscous relaxation calculations. 
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