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Introduction: Thanks to the New Horizons flyby it 

has become possible to think about the interior and evo-

lution of Pluto (and Charon). Despite the rather limited 

data sets available, some preliminary conclusions can be 

made, as discussed below, notably the likely presence 

of a subsurface ocean. 

Observations: The radius, and thus the density, of 

Pluto are now precisely known, at 1188.3±1.6 km and 

1854±11 kg m-3, respectively [1], while Charon is 9% 

less dense than Pluto. No sign of a fossil bulge was seen 

on either body, and no other gravity data are available. 

Pluto’s surface exhibits abundant extensional tec-

tonic features, some of which appear to be stratigraph-

ically young [2], and which may be associated with cry-

ovolcanic deposits [3]. Two enigmatic mountains 

(Wright and Picard Montes) may also be of cryovol-

canic origin [2]. The bedrock of Pluto is mostly water 

ice, although surficial deposits of CH4 and NH3 are also 

present. The smooth, low Sputnik Planitia basin con-

tains a layer of solid N2 (+CH4 +CO) of uncertain thick-

ness (at least several km), but which is apparently con-

vecting at the present day [4]. Some ~100 km scale im-

pact craters are suggestive of viscous relaxation, though 

this has not yet been fully explored [5]. 

Inferences: Below we will focus on four questions 

to which we can provide at least preliminary answers: 

What is the bulk structure? Is there an ocean? What is 

the shell structure? And how has Pluto evolved over 

time? 

Bulk Structure: Pluto’s density indicates that it is 

roughly two-thirds rock and one-third ice, with uncer-

tainty arising from the unknown fraction of carbon-rich 

material [6,7] and from porosity. A completely undif-

ferentiated Pluto can be ruled out, as deeply-buried ice 

would have transformed to higher-pressure phases as 

Pluto cooled, leading to surface contraction which is not 

observed [6]. Notably, however, Pluto cannot have been 

fully differentiated when Charon formed (assuming a 

giant impact was responsible) because this would be in-

consistent with Charon’s bulk composition [8]. 

The heat released by radioactive decay in the sili-

cates is sufficient to drive solid nitrogen convection [4] 

and also to melt and sustain a subsurface water ocean 

~100 km thick [9-11] as long as the ice shell is not con-

vecting. The absence of any rift flank uplift observed is 

consistent with the expected peak radiogenic flux of 

~6mW m-2 [12], but if crater relaxation is really present 

[5], higher heat fluxes are required at some time in the 

geologic past, at least regionally. 

Is there an ocean? If Pluto developed at ocean, it 

will have slowly refrozen over time. The effect of this 

refreezing is to cause extensional surface stresses [13] 

and to pressurize the ocean beneath, potentially leading 

to cryovolcanism [14]. Thus, the surface observations 

are consistent with a refreezing subsurface ocean, 

though they do not require it. Similarly, the absence of 

a fossil bulge is consistent with the presence of an 

ocean: the decoupling of the ice shell from the interior 

allows the bulge to collapse [9].  

The location of Sputnik Planitia, close to the tidal 

axis, may also be an indication that a subsurface ocean 

is present [15]. A positive mass anomaly will cause 

Pluto to reorient such that the anomaly moves towards 

the tidal axis, and the tectonic pattern observed is con-

sistent with such true polar wander having occurred [16]. 

Loading by nitrogen is insufficient to cause a positive 

mass anomaly unless the nitrogen layer is ~30 km thick 

[15]. On the other hand, a positive gravity anomaly 

arises naturally if dense water is present beneath a 

thinned ice shell at Sputnik Planitia. This situation arises 

naturally if Sputnik Planitia was formed by an impact 

[17], as seems likely, and resembles the situation seen 

at the lunar mascon basins.  Thus, Sputnik Planitia’s lo-

cation is likely indirect evidence for the presence of a 

subsurface ocean. 

What is the ice shell structure? If an ocean is pre-

sent, thermal modeling indicates that the ice shell cannot 

be convecting [9] and should have a present-day thick-

ness of about 150 km. Moreover, for a thinned shell re-

gion to persist over billions of years, the base of the ice 

must be very cold [15]. A cold ice shell is also indicated 

by the large elastic thicknesses required to avoid exces-

sive subsidence at Sputnik Planitia [15]. One way of 

achieving this is to posit a very NH3-rich, and thus cold, 

ocean. But the layer must not be so cold as to lead to 

formation of dense ice II at depth, which would drive 

surface compression [11] (as noted above, unseen). An 

interesting alternative is to appeal to a clathrate layer 

plated onto the base of the ice shell [18]; because clath-

rates have a very low thermal conductivity, even a thin 

clathrate layer results in a thinner, colder ice shell above 

than if clathrates are absent. 

The density difference between Pluto and Charon 

can be explained almost entirely by the latter having a 

much thicker layer of porous ice [7,10]. A higher thick-

ness is expected on Charon because overburden pres-

sures are smaller and so are temperature gradients. 

Model predictions [10] suggest that the porous layer 

thickness on Pluto is a few tens of km thick, though 

there is no direct observational evidence for this. 

How has Pluto evolved over time? The energy 

budget of Pluto is dominated by that of radioactive 
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decay [9]; other sources of heat, such as impact energy 

or tidal heating, are likely minor. Simple conductive 

models of Pluto suggest that peak heating of the ice oc-

curred at 2.5-3.5 Ga, and that the ocean has been slowly 

refreezing ever since. Charon may have developed a 

thin ocean, but it will not have survived to the present 

day [10]. 

Thus, over the second half of its history Pluto will 

have experienced continued surface expansion (strain 

rate ~10-19 s-1[12]) and ocean pressurization, which is 

broadly consistent with the observations. If Sputnik 

Planitia is an impact basin, this probably happened prior 

to the onset of ocean refreezing, by analogy with simi-

larly-sized basins in the inner solar system. Extrapolat-

ing present-day impact crater production on Pluto back 

in time does not make formation of a basin the scale of 

Sputnik Planitia likely [19]. The implication is that such 

an impact occurred quite early in Pluto’s history, when 

Pluto was embedded in the massive planetesimal disk 

that was ultimately scattered outward to form the Kuiper 

belt, or during that scattering event [20]. 

Surficial nitrogen will probably have been redistrib-

uted over the surface via orbital forcing, and will also 

have slowly escaped to space (see talk by Howard & 

Moore). This redistribution may have caused Sputnik 

Planitia’s location to vary in a complicated fashion [16]. 

Whether any significant replenishment of surface vola-

tiles from the interior occurred is unclear. 

Summary: Despite the relative dearth of geophysi-

cal data, we can make some preliminary conclusions. 

Pluto is at least partially, and probably fully, differenti-

ated. There are several indirect lines of evidence for a 

present-day subsurface ocean on Pluto, though none of 

them is incontrovertible. Pluto’s ice shell is likely cold 

and rigid, which may limit communication between the 

subsurface and surface. Its long-term thermal evolution 

involved monotonic slow cooling and refreezing, in 

contrast to tidally-heated bodies where non-monotonic 

behavior can occur [e.g. 21]. 

Going Forwards: There are probably nuggets of in-

formation yet to be gleaned from New Horizons. In par-

ticular, if relaxed craters really are present, then our pic-

ture of a cold, rigid ice shell will need modification.  

However, further progress will ultimately require 

another mission. And in some ways Pluto is a more chal-

lenging target than other, similar-sized icy bodies. In 

particular, the standard techniques of looking for an 

ocean are unlikely to work. The induction technique 

used at Jupiter will not work, because there is no back-

ground, time-varying magnetic field. And looking for a 

characteristic tidal response will fail, because Pluto and 

Charon are mutually tidally-locked and are thought to 

have zero obliquity, so there is no time-dependent tidal 

forcing. 

By far the most informative approach will be to 

measure the static gravity and topography. A combina-

tion of gravity and topography measurements will yield 

the moment of inertia (and thus the differentiation state), 

even if Pluto is somewhat non-hydrostatic [cf. 22]. The 

same measurements at shorter wavelengths can be used 

to infer the total and elastic thickness of the ice shell, in 

a similar manner to missions to Venus and Mars. And 

of course the prediction that Sputnik Planitia is a mas-

con would be readily testable with such techniques. 

Given the presumed thickness of the ice shell, a ra-

dar instrument would not be able to image the ocean, but 

should give a constraint on thermal gradients. It would 

also probably be able to constrain the thickness of the 

N2 layer at Sputnik Planitia, which is currently unknown. 

Conclusions. Geodynamics on Pluto is still in its in-

fancy. Nonetheless, with the limited data available – in 

particular stereo-derived topography [23] and limb pro-

files – it is possible to make quantitative conclusions 

and testable predictions. Pluto has certainly shown itself 

to be more interesting than expected, with its likely sub-

surface ocean expanding the habitable zone of the solar 

system out to 40 AU. The Kuiper Belt is likely a menag-

erie of similarly fascinating worlds, and we eagerly 

await the next opportunity to take a close-up look. 
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