
Articles
https://doi.org/10.1038/s41561-020-0595-0

1Department of Earth and Planetary Sciences, University of California Santa Cruz, Santa Cruz, CA, USA. 2Southwest Research Institute, Boulder, CO, USA. 
✉e-mail: cthomas1@ucsc.edu

The New Horizons mission returned the first detailed images 
of Pluto and Charon1, allowing the first geological interpreta-
tions to be made2–4. An important observation was the pre-

dominance of extensional features on both bodies. Because water 
expands as it freezes, such extension is a natural outcome of a 
refreezing subsurface ocean, for which there is some circumstantial 
evidence (for example, putative cryovolcanism2 and reorientation of 
Sputnik Planitia5). However, in models in which Pluto starts ‘cold’, 
the melting of an initially solid ice layer due to radiogenic elements 
results in early compression, with extension only dominating late 
in Pluto’s history6,7. The most ancient portions of Pluto’s surface 
imaged at high resolution do not show any unambiguous evidence 
of compression.

Thermal evolution model
Here we consider the effect of the initial conditions on the long-term 
thermal and strain evolution of Pluto. We use a relatively simple 
model in which Pluto is fully differentiated and the ice shell and 
core are assumed to be conductive throughout; full details of this 
model are provided in the Methods and in ref. 8. Some recent works 
have considered a ‘hot start’ Pluto9–11, but none have considered 
the tectonic consequences of their results. Figure 1a,b shows two 
representative evolution models for Pluto, with Fig. 1a showing a 
cold start and Fig. 1b a hot start. In Fig. 1a, the silicate interior of 
Pluto warms due to radioactive decay, and outward conduction of 
heat melts the ice. Figure 1c shows the ‘cold start’ model’s strain his-
tory, with melting leading to a reduction in volume and initial com-
pression. As the radioactive heating wanes, the ice shell begins to 
refreeze, resulting in extension. However, at the present day, the net 
strain is still compressional, because the ocean has not completely 
refrozen. These results are common to other models with similar 
initial conditions6,7.

By contrast, in the hot start model (Fig. 1b), the ice shell initially 
thickens rapidly because heat conduction exceeds radioactive heat 
production. The increase of shell thickness pauses as the radiogenic 

heat conducted out of the silicates balances the heat lost across the 
shell; further shell freezing occurs more slowly as the radiogenic heat 
production decreases. The resulting strain evolution (Fig. 1d) shows 
corresponding initial rapid extensional strain growth, followed by a 
pause, then a second episode of increasing extensional strain from 
1 Gyr onward. Because the conductive timescale of the silicate core 
is short relative to the age of the Solar System12, the final shell thick-
nesses are not very different between the two model scenarios.

The main difference between the cold start (Fig. 1c) and hot 
start (Fig. 1d) models is that the early strain is compressional for the 
former but extensional for the latter. It is possible that later burial, 
erosion or tectonic overprinting could remove evidence of early 
compressional features, or that they could be reactivated as exten-
sional faults. This could allow the cold start to explain the observed 
recent extension. Nonetheless, the prediction of early compression 
in the cold start model is not borne out by the existing observations, 
to which we now turn.

Observations and comparison with models
Pluto displays abundant evidence of relatively recent extension, 
but little of compression13. In particular, a set of prominent graben 
west of Sputnik Planitia (Fig. 2) show little topographic degradation 
and overprint other features, such as craters2. The graben are also 
associated with surface deposits of NH3, which are probably young 
because NH3 degrades over geological time14. Taken together, recent 
extension is indicated.

In contrast to Charon, where a rough estimate of ~1% exten-
sional strain was derived15, no total strain estimates have yet been 
made for Pluto. We obtain a lower bound by considering the four 
known, relatively young graben called fossae. Each is about 2 km 
deep16, and for typical normal fault dip angles of 45–60° (ref. 17), 
each experiences about 2.5–4.0 km of horizontal extension. Across 
the four fossae, the total horizontal extension is thus 10–16 km. For 
the imaged hemisphere, this represents a linear extensional strain of 
about 0.3–0.4%. We deliberately focused on the largest fossae seen, 
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but since this estimate does not include the many smaller fractures 
observed, nor features on poorly imaged parts of Pluto, it is a con-
servative minimum.

The most plausible way this recent extension can be reconciled 
with a cold start is if early compressional features were erased. The 
putative Charon-forming impact18 probably completed Pluto’s dif-
ferentiation19 and is expected to have erased any pre-existing sur-
face features. Despite uncertainties in the absolute ancient impact 
flux, the oldest areas of both Pluto and Charon have estimated 
ages >4 Gyr (ref. 20). On Pluto, evidence of extension in ancient 
terrains is ambiguous. However, a degraded north-northeast–
south-southwest-trending ‘ridge–trough system’ (RTS)21 represents 
a likely ancient tectonic feature (Fig. 2).

The fact that the RTS does not appear to be notably deflected 
by the Sputnik Planitia basin suggests that it predates this impact 
feature. The extremely degraded nature of the RTS also suggests 
an ancient origin. Although its morphology is complicated, sev-
eral areas of the RTS suggest extension. Along its length, the west-
ern edge of the RTS is a 1–2-km-deep depression that is ~100 km 
wide (white arrows in Fig. 2b)21. If we interpret this feature as an 
extensional grabben and use the same logic as above, these depths 
of 1–2 km would represent 1.3–4.0 km extension, or 0.03–0.1% lin-
ear strain across the imaged hemisphere. Because of the amount of 
topographic degradation, this interpretation and strain estimate are 
both highly uncertain.

Despite the uncertainties, Fig. 1d (hot start) is much more 
consistent with the observations (widespread extensional features 

and lack of compressional features) than Fig. 1c (cold start). The 
existence of ancient apparent graben in the RTS is not consistent  
with the ancient compression predicted in Fig. 1c. Conversely, the 
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Fig. 1 | representative thermal evolution models for Pluto. a, Cold start Pluto model, with initial temperature 300 K in silicates and 200 K in ice. 
Calculations are carried out as described in ref. 8; parameters are the same except for the ice density (920 kg m−3) and core density (3,000 kg m−3). The 
solid brown line indicates the top of the rocky core, and the black line the top of the ocean. The red line indicates the nominal base of the elastic layer, at 
120 K (see text). b, Hot start Pluto model, with 300 K in silicates plus an ocean and an initial ice shell 6.5 km thick. c,d, Evolution of net linear strain due to 
thermal expansion/contraction and freezing/melting of ice, for the cold start (c) and for the hot start (d). In both c and d compression is negative.
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Fig. 2 | Stereo topography on Pluto. Stereo topography from ref. 21 in simple 
cylindrical projection. The RTS is a degraded complex of tectonic features 
including graben. a, The young extensional fossae west of Sputnik Planitia are 
described in more detail in ref. 16; the blue arrow points to Virgil Fossa, where 
cryovolcanism has been suggested14. b, A magnification of the boxed region 
in a. White arrows point to the 1–2-km-deep trough discussed in the text.
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post-1-Gyr extension of about 0.5% predicted in Fig. 1d accords 
very well with the estimated recent extensional strain of 0.3–0.4%. 
The magnitude of the predicted early extension (about 1%) is larger 
than the lower bound derived from the RTS, but as noted above the 
uncertainties are large, and the degree of model extension depends 
on the initial conditions assumed. The available observations there-
fore favour a hot start Pluto, and suggest that substantial ancient 
extension is present that has not yet been identified.

Heat sources for Pluto
The main sources of energy available to cause an initially hot Pluto 
are gravitational energy released during accretion and heat released 
by 26Al decay. Numerical models of the Charon-forming impact18 
reveal only modest heating of Pluto, but these cover a restricted area 
of parameter space. The gravitational energy ΔE deposited during 
accretion of a uniform body is given by

ΔE ¼ M
3
10

v2esc þ
1
2
v21

� �
ð1Þ

where M is the final mass, vesc is the final escape velocity 
(¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GM=R

p

I
), R is the final radius, G is the gravitational constant, 

and v∞ is the velocity of the impactors at infinity. If all this energy is 
retained as heat, the mean temperature change ΔT is

ΔT ¼ 3
10

v2esc
Cp

1þ 5
3
f 2
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¼ ½330 ðKÞ 1þ 5

3
f 2

� �
ð2Þ

where Cp is the mean specific heat capacity and the factor f com-
pares v∞ with vesc as v∞ = fvesc. The numerical quantities are obtained 
by assuming vesc = 1.2 km s–1 and Cp = 1300 J kg–1 K–1 (ref. 6). In the 
late stages of accretion, excitation of planetesimal eccentricities by 
embryos results in v∞ ≈ vesc (f ≈ 1) (for example, ref. 22), while in situ-
ations where gas or dynamical friction damps eccentricities, f ≈ 0. 
Equation (2) shows that, if all the energy is retained as heat, Pluto 
forming an initial liquid water ocean is inescapable.

In practice, however, much of the energy delivered during accre-
tion may be re-radiated instead of being buried23. The balance 
between re-radiation and burial depends on the accretion duration 
of the body, and the impactor size distribution24,25; for instance, on a 
30 kyr accretion timescale, heat delivered by impactors ≪1 km will 
be promptly re-radiated . If the accreting material is too small, some 
fraction of the energy may be deposited in an accretion-generated 
atmosphere. For larger impacts, some energy will be lost via radia-
tion from ejecta and impact melt26. Unfortunately, such processes 
are complex and difficult to quantify. Given this uncertainty, we 
proceed by considering limiting cases.

To estimate the maximum accretion duration (τ) consistent with 
near-surface melting, we can balance black-body radiation from 
a given surface temperature Ts against the total accretion energy 
deposited. Making use of equation (1), we obtain

τ ¼ Rρv2esc
10σT4

s

1þ 5
3
f 2

� �
¼ ½30 ðkyrÞ 1þ 5

3
f2
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ð3Þ

where ρ is the bulk density, σ is Stefan’s constant, vesc refers to the  
escape velocity for the final mass, and the numerical value 
was obtained by setting Ts = 270 K. While this is only an 
order-of-magnitude level calculation at best, we can conclude that, 
if Pluto formed with a timescale <30 kyr, then a hot start is assured. 
On the other hand, accretion taking a few million years to complete 
could only result in a hot start if the impactors are large and the 
heat is deeply buried. On the basis of these results, we conclude that 
rapid accretion will almost certainly yield a hot start Pluto, while 
the consequences of slower accretion involving large impactors are 
less certain.

As accretion proceeds, the velocity of impactors will increase 
(because they are striking a progressively larger body). As a result, 
accretionally heated bodies develop a reverse temperature profile, 
in which the outer layers are hotter than those inside9,23. This means 
that a Pluto possessing an ocean in the near-surface (as shown 
in Fig. 1b) is not in contradiction with the requirement that the  
interior be incompletely differentiated when Charon formed18. 
Similar analyses of accretion in refs. 9,10 also permit an initial 
near-surface ocean.

In contrast, slow heating by 26Al decay results in an isothermal 
interior, because the decay timescale is very short compared with 
the conduction timescale. The degree of heating depends on the 
accretion time compared with the 0.7 Myr half-life of 26Al. In ref. 27, 
we argued that the low observed density of small Kuiper belt objects 
(KBOs) requires that they have high porosity. Such porosity would 
not survive under the influence of 26Al heating. As a result, we con-
clude that the formation of KBOs took place later than 4 Myr after 
Solar System formation, and thus that 26Al was not an important 
heat source. Other works10,28 reached an identical conclusion.

implications
Traditional coagulation models for KBO formation (for example, 
ref. 29) have difficulty in producing large enough objects30. They also 
typically take hundreds of Myr to produce ~1,000-km-scale bodies, 
and would therefore likely produce a cold initial Pluto. More recent 
work, reviewed in ref. 30, suggests instead a multi-stage formation 
process, which also reproduces the observed KBO size–frequency 
distribution. The initial growth is via the ‘streaming instability’31, 
which generates dense clumps that undergo gravitational collapse 
to produce 100-km-scale bodies32. An intermediate, slower stage 
of growth via coagulation may then occur until the bodies become 
large enough to act as cores for subsequent pebble accretion33,34. 
This final stage of growth, from ~300 km to Pluto size, is extremely 
rapid, taking <100 kyr for semi-major axes <45 au (refs. 33,35).

This latter, multi-stage growth model agrees with a hot start sce-
nario for Pluto. Focusing on the pebble accretion phase, the pre-
dicted growth time of <100 kyr is broadly consistent with the rapid 
growth requirements (equation (3)). Such rapid accretion could in 
principle have been either early (while 26Al was live) or delayed. 
Early, rapid formation would assure a hot start, but this scenario 
contradicts the retention of porosity in small KBOs (see above). 
Delayed yet rapid accretion is consistent with all these constraints 
and the general trend observed in meteorite data for the inner  
Solar System36.

An important difference between the hot start and cold start 
models is that the former, but not the latter, shows a monotonic 
increase in ice-shell thickness (Fig. 1). Since both the length scales 
of tectonic features17 and the degree of elastic support of impact cra-
ters and other loads (for example, ref. 37) are expected to scale with 
shell thickness, these two scenarios have different consequences, 
which may be compared with observations.

One constraint comes from Sputnik Planitia, an ancient impact 
basin20 now filled with N2 ice. Although the thickness of the N2 ice 
is currently uncertain2, a reasonable guess of a 10-km-thick layer 
requires an elastic thickness of about 40 km (ref. 5). The base of 
the elastic layer is defined by a temperature of roughly 120 ± 20 K 
(ref. 16). In the hot start model, such an elastic thickness would be 
achieved within about 100 Myr of Pluto’s formation (Fig. 1b). This 
timescale seems reasonable, given the rapidly declining impactor 
flux associated with the end of accretion. In the ‘cold start model’, 
conversely, such a low elastic thickness is never achieved.

The large-scale nature of the RTS implies a relatively large elastic 
thickness, which is probably consistent with either model. Although 
at least one large (D = 145 km) relaxed crater, informally named 
Edgeworth, appears to be present on Pluto38, its age is unknown. 
The observed relaxation, if true, suggests heat fluxes of roughly  
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50 mW m−2 (ref. 38). Such heat fluxes never arise with the cold start 
model and would only occur in the hot start model for the first few 
tens of Myr. Future work to estimate the ice-shell elastic thickness 
during various points in Pluto’s history could distinguish between 
the hot start and cold start models.

Because the expected heating due to accretion goes as R2 (equa-
tion (2)), the hot start we envisage is probably relevant only for 
bodies of roughly half Pluto’s radius or more. Charon, at half Pluto’s 
radius, is therefore instructive. The absence of any compressional 
features on Charon15 suggests that Charon also underwent a hot 
start, though in this case the ocean is not expected to have survived 
to the present day8,39.

Our results imply that initial liquid water oceans were a generic 
feature of larger dwarf planets in the Kuiper belt. These oceans will 
probably have undergone extensive reactions with the warm sili-
cates beneath40,41. High initial temperatures might contribute to loss 
of more volatile species such as N2 or CO. While Pluto-sized bodies 
are large enough to substantially limit such losses42, smaller bodies 
have lower escape velocities, but will also have experienced lower 
peak temperatures. The trade-off between these two effects deserves 
further study.

How might the hypothesis of a hot start Pluto be tested  
further? An obvious approach would be to estimate the strain  
history of Pluto, in a similar manner to that attempted for  
Charon15, and compare it with the predictions of Fig. 1d. The total 
strain associated with recent tectonic features can be assessed rela-
tively easily. The nature of the RTS will take more work to char-
acterize, but based on our model we predict that it is primarily 
an extensional feature, accommodating up to about 1% strain. 
Our model also makes an implicit prediction for the unimaged 
hemisphere, and the southern polar terrains globally: they should 
include additional extensional features, with a total linear strain not 
exceeding 1.5%.

One important distinction between the cold start and hot start 
models is that the former, but not the latter, is likely to retain an 
undifferentiated, rock-rich carapace in the near-surface43. Such 
a carapace represents an unstable density structure that might be 
removed by Rayleigh–Taylor instabilities44. Thus, clear evidence of 
a rock-rich carapace, such as that inferred at Ceres45, would rule 
out a hot start Pluto. Similarly, widespread evidence of compres-
sional features such as wrinkle ridges would be very hard to recon-
cile with a hot start Pluto. Conversely, ancient cryovolcanism and/
or extensional tectonics would be hard to explain with the cold start 
model, while being entirely consistent with a hot start. The main 
pre-requisite for any of these tests is a stratigraphic column for 
Pluto; now that the basic cratering characteristics have been estab-
lished20, such an enterprise can be attempted.

An encouraging aspect of a hot start Pluto is that it is consis-
tent with a multi-stage model of KBO growth33, which also explains 
other KBO characteristics (see above). Our hypothesis suggests that 
large dwarf planets in the Kuiper belt generally formed ‘hot’, result-
ing in near-surface oceans and possible loss of volatile species. The 
long-term interaction between water and warm silicates probably 
had a large effect on the ocean chemistry40, and perhaps the habit-
ability of these distant icy worlds.
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Methods
Thermal model details and assumptions. The thermal model used in this work 
is that of ref. 8. This model solves the one-dimensional thermal diffusion equation 
for a sphere assuming a differentiated Pluto. Radioactive elements are assumed to 
be concentrated in the silicate core in chondritic abundances. As an ocean melts 
or freezes, mass is conserved, causing the given layer to shrink or expand with the 
change in density. All layers above react immediately, equivalent to assuming no 
stress is stored in the ice shell.

Arguments for a present-day conductive shell have been presented in ref. 
5; at least for the hot start model, our results show that the shell has never been 
thicker than the present-day value, and so if the present-day shell is conductive, 
it will also have been conductive at all earlier times6. In this study, we also neglect 
complications such as the initial differentiation of Pluto43,46 and hydrothermal 
alteration of, or advective heat transfer from, the silicate interior40, as these are 
likely to have only second-order effects on the long-term strain evolution of the 
shell. We also do not consider the potential role of clathrates at the base of the ice 
shell47, since this results in slower shell thickening and smaller strain accumulation. 
Early tidal heating48 might play a role, but the spatial patterns of known tectonic 
features do not resemble those expected from tides49, and so tides are not included 
in this work.

Many authors have discussed the role ammonia may play in the evolution of 
Pluto’s subsurface ocean50,51, and New Horizons observations have found surface 
ammonia is correlated with punitive cryovolcanic flows52. With regards to this 
work, the main impact of ammonia is that it depresses the melting point of water.  
A colder ocean will refreeze more slowly and generate less strain because there is 
less conductive heat loss; however, the general behaviour of the ocean will remain 
the same. Given the large uncertainties in Pluto’s ammonia concentration, we do 
not consider this issue in further detail.
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