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a b s t r a c t 

Observations by the New Horizons spacecraft have determined that Pluto has a larger bulk density than 

Charon by 153 ± 44 kg m 

−3 (2 σ uncertainty). We use a thermal model of Pluto and Charon to determine 

if this density contrast could be due to porosity variations alone, with Pluto and Charon having the same 

bulk composition. We find that Charon can preserve a larger porous ice layer than Pluto due to its lower 

gravity and lower heat flux but that the density contrast can only be explained if the initial ice porosity 

is � 30%, extends to � 100 km depth and Pluto retains a subsurface ocean today. We also find that other 

processes such as a modern ocean on Pluto, self-compression, water-rock interactions, and volatile (e.g., 

CO) loss cannot, even in combination, explain this difference in density. Although an initially high poros- 

ity cannot be completely ruled out, we conclude that it is more probable that Pluto and Charon have 

different bulk compositions. This difference could arise either from forming Charon via a giant impact, or 

via preferential loss of H 2 O on Pluto due to heating during rapid accretion. 

© 2018 Elsevier Inc. All rights reserved. 
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. Introduction 

The New Horizons spacecraft has provided a wealth of new

nformation about the Pluto system ( Stern et al., 2015 ) and has

purred a number of modeling effort s to understand these ob-

ervations. Desch (2015) and Desch and Neveu (2016) have mod-

led the process of differentiation on early Pluto and Charon

or their precursors in the case of an impact formation).

alamud et al. (2016) modeled the role serpentinization may play

n the extensional tectonics observed on Charon ( Beyer et al.,

016 ). Hammond et al. (2016) used thermal modeling to show

hat if Pluto’s subsurface ocean froze completely ice II may have

ormed, causing contraction. Given that no contractional features

re observed on Pluto’s surface they infer that Pluto must still have

 subsurface ocean today. In this work we apply a thermal model

imilar to these to examine the implications of the bulk density

ifference between Pluto and Charon. 

Bulk density is one of the most important measurements for

etermining the first order structure and composition of any world.

rior to 2015, bulk density measurements of Pluto and Charon

ere limited by the poorly known radius of Pluto ( Tholen and Buie,

997; Lellouch et al., 2009 ). This uncertainly was large enough that

t could barely be determined whether Pluto and Charon had any

ifference in density at the 2 σ level ( Brozovi ́c et al., 2015 ). With
∗ Corresponding author. 
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he images acquired by New Horizons, the radius of Pluto has

een measured with an error of less than two kilometers ( Stern

t al., 2015; Nimmo et al., 2016 ). These results show that Pluto

nd Charon have distinct bulk densities (1854 ± 11 and 1701 ± 33

g m 

−3 respectively). This difference in density raises the question

f whether Pluto and Charon must be compositionally distinct, or

f this observation could be consistent with bodies that have the

ame bulk composition. 

This observed difference in density ( �ρPC = 153 ± 44 kg m 

−3 )

t first glance appears small given that it is ∼ 10% of Pluto and

haron’s bulk density. The changes needed to achieve this den-

ity contrast without a difference in bulk composition, however,

re dramatic. To give some sense of the scale of change required,

t would require melting Pluto’s entire ice shell to match the ob-

erved density contrast ( McKinnon et al., 2017 ). 

Determining if Pluto and Charon have different rock/ice ratios is

n important constraint on formation models of the Pluto-Charon

ystem ( Nesvorný et al., 2010; Canup, 2005; 2011 ). There are two

rimary models for how Pluto and Charon might have formed. One

s that Pluto and Charon may have formed in-situ via gravitational

ollapse ( Nesvorný et al., 2010 ). In this scenario there is no obvious

echanism which might cause one body to preferentially accrete

ock or ice; it therefore predicts that Pluto and Charon should have

he same initial bulk composition. Alternatively, Charon could have

een formed in a giant impact, analogous to the Earth-Moon form-

ng impact. Published models support a low velocity impact be-

ween partially differentiated impactors ( Canup, 2011 ). In this sce-
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Table 1 

Parameters used. 

Symbol Nominal value Units Variation range 

Reference Viscosity η0 10 14 Pa s 10 13 − 10 17 

Viscosity Reference Temperature T 0 270 K 

Activation Energy Q 60 kJ/mol 

Ice Thermal Conductivity k ice 0.4685 + 488.12/T W/(m K) 

Core Thermal Conductivity k c 3.0 W/(m K) 1 . 0 − 4 . 0 

Initial Porosity φ0 0.2 0.0-0.3 

Empirical porosity-conductivity coeff. a 4.1 

Empirical porosity-conductivity coeff. b 0.22 

Empirical porosity-conductivity coeff. φp 0.7 

Surface Temperature T s 40.0 K 

Initial Temperature T 0 150.0 K 150–250 

Ice Specific Heat Cp ice 1930 J/(kg K) 

Core Specific Heat Cp c 1053 J/(kg K) 

Ice Density ρ ice 950 kg/m 

3 950 

Ocean Density ρw 10 0 0 kg/m 

3 

Core Density ρc 3500 kg/m 

3 250 0–350 0 

Latent Heat of Ice L H 3.33 × 10 5 J/kg 
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nario there is a grazing impact where a remnant of the impactor is

captured (Charon) and a disk of ice-dominated material is created.

Some of this disk reaccretes onto Charon and some of the disk may

go on to form the smaller outer moons ( Canup, 2011 ), resulting in

a Charon that may be ice-rich relative to Pluto. 

In this work, we investigate whether the observed bulk den-

sity difference requires a difference in composition. We examine

a number of sources of density contrast to determine if any of

those could explain the magnitude of difference observed. We con-

sider density contrasts due to differences in porosity, subsurface

oceans, self-compression, water-rock interactions (i.e. serpentiniza-

tion), and volatile loss. We focus on porosity as it is the mech-

anism capable of producing the largest density contrast. We find

that to match the observed density contrast Charon must have an

ice shell with ∼ 30% porosity to ∼ 100 km depth. We also present

arguments why this large porous layer is unlikely to exist and in-

stead favor a compositional difference between Pluto and Charon

to explain the density contrast. 

2. Thermal evolution and pore closure model 

To test if the density contrast between Pluto and Charon can

be explained by differences in the thickness of a porous layer

we used a 1D conductive thermal model based on Nimmo and

Spencer (2014) . We set the same initial rock to ice ratio for Pluto

and Charon and model their thermal evolution in order to deter-

mine if the density contrast can be explained without differences

in composition. The key effects that generate density contrast are

changes in the porous structure and the final state of a subsurface

ocean. 

To fully test porosity as an explanation for the observed den-

sity contrast we focus on the most favorable initial conditions.

In our model Pluto and Charon are differentiated; this is consis-

tent with the observation that both Pluto and Charon show no

compressional features that would be expected from high-pressure

ice phases forming at depth if they were not differentiated ( Stern

et al., 2015; Moore et al., 2016; McKinnon et al., 2017 ). The ini-

tial porosity extends from the surface to the base of the ice shell

and has a constant value ψ 0 . Having such a thick initial porous

layer after differentiation, even if full differentiation follows a gi-

ant impact, may or may not be likely but provides an important

end-member case. Although we do not explicitly include impact-

generation of porosity at later epochs ( Milbury et al., 2015 ), the

depth to which such porosity extends will probably be limited to

∼ 10 km at most because of the low velocity and restricted sizes

of likely impactors (discussed in Section 4.1 ). Porosity of the sili-
ate core is unlikely to affect the overall bulk density for reasons

iscussed in Section 3.2 below. 

The start time for thermal evolution is after the decay of short-

ived isotopes like 26 Al ( Kenyon, 2002 ). Our model takes into ac-

ount the decay of the long-lived isotopes 238 U, 235 U and 

40 K.

he abundances of these elements in the core is assumed to

e the chondritic value using the abundances of Robuchon and

immo (2011) . We adopt a cold (150 K), isothermal initial state

nd assume that a specified porosity initially extends throughout

he entire ice mantle. Differentiation probably requires tempera-

ures higher than 150 K, but higher initial temperatures would per-

it ice flow and reduce the initial porosity. The initial temper-

ture assumed is not very important for the long-term porosity

volution, because the long-term evolution is determined mainly

y the energy associated with radioactive decay ( Robuchon and

immo, 2011 ). Sensitivity tests found that lowering the initial tem-

erature from 150 K to 50 K lowered the final density of Charon by

15 kg/m 

3 because slightly more porosity was preserved. 

We assume both Pluto and Charon have conductive ice mantles

the effect of ice convection is discussed in Section 2.1.2 ). The lo-

al melt temperature of each layer is pressure-dependent following

eliwa-Kopysty ́nski et al. (2002) . For all the runs presented here

e assume there is no ammonia present (discussed in Section 2.1 ).

e modify the original code of Nimmo and Spencer (2014) to in-

lude the variable thermal conductivity of water ice ( Petrenko and

hitworth, 2002; Hobbs, 1974; Hammond et al., 2016 ), the ef-

ect of porosity on thermal conductivity, as well as conservation of

ass ( Appendix A ). The model self-consistently adjusts the ther-

al conductivity ( k ) for each grid point ( i ) as pore closure pro-

eeds. We modify the conductivity according to the lower bound

erived by Shoshany et al. (2002) , 

 i (φ) = k ice (T ) 

(
1 − φ

φp 

)(aφ+ b) 

(1)

here φ is the layer porosity and T is the temperature in Kelvin.

 ice ( T ) and the constants a, b , and φp are given in Table 1 . The ef-

ect of porosity on thermal conductivity is generally less than that

f the temperature but does become important for high porosity

ases ( > 20%). The temperature dependence of specific heat ( Cp )

as not included as sensitivity tests found its effect on the long

erm evolution negligible (less than 0.1% change in the final den-

ity for a factor of four change in Cp ). 

To account for the radial variation in conductivity, layer thick-

ess ( �z ), and density ( ρ) of each grid point (subscript i ), we up-

ate the discretized heat conduction equation from Nimmo and

pencer (2014) to use to that of Kieffer (2013) modified to

he spherical geometry. The following equation is derived in
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ppendix A . 

T i = 

−2�t 

ρi Cp i �z i r 
2 
i 

[ 

r 2 i +1 / 2 

T i +1 − T i 
�z i +1 

k i +1 
+ 

�z i 
k i 

− r 2 i −1 / 2 

T i − T i −1 

�z i −1 

k i −1 
+ 

�z i 
k i 

] 

. (2) 

ere �t is the model timestep and r i is the radial location of the

ell i . 

The change in φ with time is modeled as depending on the

ressure ( P ) and viscosity ( η) ( Fowler, 1985; Nimmo et al., 2003;

esserer et al., 2013 ) via 

dφ

dt 
= −φ

P (r) 

η(T ) 
. (3) 

esserer et al. (2013) performed a direct comparison of this model

ith the more sophisticated model of Eluszkiewicz (2004) and

ualitative comparisons with Castillo-Rogez et al. (2007) and

luszkiewicz (1990) . In each case they found a negligible differ-

nce. The pressure at each radial layer of index i is calculated as

 i = P i +1 + ρi g i �z i (4)

here �z i and g i are the layer thickness and the local gravitational

cceleration respectively. We assume the surface pressure is P = 0 .

or each layer g i is computed as 

 i = 

G 

r 2 
i 

i ∑ 

j=0 

m j (5) 

here G is the universal gravitational constant and m j is the mass

n layer j . The local viscosity is a strong function of the local tem-

erature ( T ) and is computed via 

= η0 exp 

[
Q 

R g 

(
1 

T 
− 1 

T 0 

)]
(6) 

here η0 is the reference viscosity, T 0 is the reference temperature,

 is the activation energy, and R g is the gas constant. 

As pore space closes and an ocean melts/freezes the density,

nd therefore the thickness, of each layer can change. Because we

re interested in the bulk density evolution it is important to con-

erve mass as these density changes occur. The change in a given

ayers thickness can be most easily defined in terms of the ratio of

he initial to final density of that layer, 

≡ ρ0 

ρ f 

. (7) 

s derived in Appendix A , we can relate � to the change in the

adial position of the top of the layer ( �R ) in terms of the ini-

ial layer thickness ( �z 0 ) and the original location of the layer top

 R t , 0 ) assuming a fixed bottom boundary. 

R t = 

⎧ ⎨ 

⎩ 

[ (
1 − �z 0 

R t, 0 

)3 

(1 − �) + �

] 1 / 3 

− 1 

⎫ ⎬ 

⎭ 

R t, 0 (8) 

fter that layer expands or contracts the radial position of all the

ayers above need to be adjusted accordingly. The spherical geom-

try causes the change in the radial position of the layer bottom

 �a ) to be different from the change of the radial position of the

ayer top ( �b ). For the layer immediately above the layer that has

hanged density, �R = �a . With this constraint, and conservation

f volume, we can calculate the change in layer thickness ( �( �z ))

or each layer above the layer that changed density. 

b = 

⎧ ⎨ 

⎩ 

[ (
1 + 

�a − �z 0 
R t, 0 

)3 

−
(

1 − �z 

R t, 0 

)3 
] 1 / 3 

− 1 

⎫ ⎬ 

⎭ 

R t, 0 (9) 

(�z) = �b − �a (10) 
ecause the radial position of each layer, R , is assumed to be at

he layer center (not the center of mass), the change in the layer

enter is given as 

R = 

�a + �b 

2 

(11) 

ith the above equations we are able to conserve mass with a

elative error over an entire run of ∼ 10 −5 . For comparison, runs

hat keep the layer thickness fixed as the density changes have an

rror in the mass of ∼ 10 −2 . 

All of the parameter values used, along with the ranges tested

or sensitivity, are listed in Table 1 . These parameter values are

argely based on those of Robuchon and Nimmo (2011) . Each

odel run uses 100 cells in the core and enough cells in the ice

antle so that the layer thickness is less than 2 km. This spatial

cale was determined from a set of resolution tests. The model �t

s recalculated at the start of each timestep using the Courant cri-

erion as 

t = 0 . 3 min (�z 2 i ρi Cp i /k i ) . (12)

he model is initialized with a constant temperature of 150 K

hroughout the body and porosity throughout the entire ice shell.

hroughout the temperature evolution the surface temperature is

xed at T s . These initial conditions are set up to be the favorable

or porosity surviving in the ice mantle to determine the maximum

ρPC that can be achieved via a porous ice shell. 

.1. Model results 

For each pair of model runs Pluto and Charon are started with

heir observed mass, a fixed ice to rock ratio, and an initial ice

orosity. Because the ice mantle begins porous, the initial radius

f Pluto and Charon in most cases exceed their observed values. At

he end of each run we can evaluate whether the final radii (and

herefore the bulk density) match the observations. 

.1.1. Thermal histories 

Before comparing the runs in aggregate it is instructive to look

t individual cases. From Eqs. (3) and (6) we can see that both

igher pressures (due to large g ) and higher temperatures on Pluto

hould lead to less porosity being preserved through time than on

haron. Each run starts with a silicate interior ( ρc = 3500 kg/m 

3 )

nd ice mantle ( ρi = 950 kg/m 

3 ). This ice density is slightly higher

han pure water ice ( ∼ 920 kg/m 

3 ) to take into account dust and

lathrates in the ice shell. The concentration of such impurities

s highly uncertain and therefore their potential effects on other

arameters such as thermal conductivity are not included in this

odel. Each of pair of runs starts with a Pluto and Charon that

ave the same silicate mass fraction ( f rock ). At the start of each

un we introduce an initial porosity, φ0 , throughout the ice mantle.

his allows us to evaluate the maximum �ρPC due to differences

n the porous structure and the presence of an ocean. 

A nominal model output is presented in Fig. 1 . On Pluto, the

orosity within ∼ 100 km of the core closes on the order of 10 8 

ears due to the high pressure. Over the first few billion years,

he decay of long lived radioisotopes heats the core to > 10 0 0 K.

f the thermal conductivity of the core is high enough and the

ore is sufficiently dense, an ocean will form that can persist to

he present day (See Appendix C ). A present day ocean on Pluto

s consistent with the model of Hammond et al. (2016) (discussed

ore below) and some observational evidence ( Moore et al., 2016;

immo et al., 2016 ). As this ocean forms and the ice mantle

arms, more of the porosity is destroyed by viscous relaxation. The

nal thickness of the porous layer can vary from 50 to 170 km. The

ominant control on this thickness is the initial porosity, φ , and
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Fig. 1. Thermal histories of Pluto and Charon. For this run f rock = 0 . 69 ρc = 3500 kg/m 

3 , k core = 3 . 0 W/ m K, φ0 = 0 . 30 . Temperature is contoured at a 100 K interval. The 

horizontal brown line is the top of the silicate core, the dashed magenta line contours the bottom of the porous layer and the thick black line is the top of the ocean layer. 

In this run Pluto forms a substantial ocean that persists to the present day. Charon forms an ocean 40 km thick that then refreezes. Charon maintains a larger porous layer 

than Pluto due to lower temperatures and pressure in the ice mantle. At the end of this run Pluto and Charon have radii of 1191 km and 605.2 km. This run gives �ρPC = 132 

kg/m 

3 , within the 1 σ error of the observed density contrast. 
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the thermal conductivity of the core, k c . If φ0 is larger, the conduc-

tivity of the ice shell is reduced by a larger amount ( Eq. (1) ) caus-

ing more heat to become trapped in the ice shell. This raises tem-

peratures, lowering the ice viscosity and destroying more of the

porosity. Similarly if k c is larger heat is more rapidly transferred

from the core into the ice and more porosity is destroyed. 

On Charon, the final porous layer is generally ∼15 km thicker

than on Pluto due to Charon’s lower gravity and heat flux. For most

of the explored parameter space no ocean ever forms on Charon.

In those runs when an ocean does form it never persists to the

present day (See Appendix C ). Not forming an ocean is seemingly

at odds with the widespread extensional features on Charon’s sur-

face ( Moore et al., 2016 ), but may be reconciled in number of

ways. The first is Charon may have had additional heating from

tidal dissipation early in its history ( Cheng et al., 2014; Barr and

Collins, 2015 ) which would reduce porosity in Charon’s shell. Sec-

ond, Charon may have an ammonia concentration sufficient to al-

low a cold ocean to form. Such an ocean would not have a signif-

icant effect on the preservation of porosity in the upper ice man-

tle since there would still be a very low heat flux. Third, the ex-

tensional features may not be due to the refreezing of an ancient

ocean but due to the serpentinization of Charon’s silicate core. This

is the scenario proposed by Malamud et al. (2016) and discussed

further in Section 3.4 . 
w  

i  

d

.1.2. Density contrast results 

The results of this parameter space exploration are summarized

n Fig. 2 . The largest control on the bulk density is the initial poros-

ty. In particular, to generate the observed �ρPC , an initial poros-

ty of 30% or more is required for almost all parameter combi-

ations. This high porosity needs to extend to significant depths

 � 100 km) but this is easily achieved due to the low temperatures

nd pressure in Charon’s ice shell. Charon could still develop an

cean < 50 km thick which then refroze (consistent with the ob-

erved extensional tectonics; ( Beyer et al., 2016 )) without violat-

ng this depth requirement. We widely varied the ice viscosity, ini-

ial porosity, core conductivity, melting temperature, and core den-

ity to characterize the sensitivity of our results ( Table 1 ). Changes

n η0 and k c have a notable effect on how much porosity is pre-

erved, but have a small effect on �ρPC because the magnitude

f this change is nearly equal on Pluto and Charon. Changing the

ore density does change f rock but because the effect is the same

n Pluto and Charon it does not generate a density contrast. 

It is important to investigate how the presence of ammonia

ould affect our results. If the oceans of Pluto and Charon con-

ain a significant fraction of ammonia they will be colder, larger in

xtent, and less dense. The colder ocean will limit the heat flux in

he ice shell causing porosity to only be destroyed nearer the ocean

tself and potentially only when the ice melts. This effect however,

ill be outweighed by the fact that a larger ocean will form. Of

mportance for this work, there is no reason to suspect radically
ifferent ammonia concentrations on Pluto and Charon and as such 
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Fig. 2. Final radius for all model runs with ρc = 3500 kg/m 

3 , ρice = 950 kg/m 

3 , η0 = 10 14 Pa s. In all cases the mass of Pluto and Charon is consistent with the observations. 

Solid lines are lines of constant density contrast. Symbols indicate different rock mass fractions. This size of the points scales with k c which was varied from 1.0–4.0 W/(m 

K) in integer increments. Unfilled markers indicate Charon formed an ocean > 10 km thick ( Appendix C ). Arrows show the effect that would result from gravitational 

self-compression ( Section 3.1 ). Note that only porosity has a strong effect �ρPC . 

t  

i  

t  

e  

n  

a

 

i  

t

(  

o  

v  

d  

c  

N  

t  

t  

s  

v  

a  

s  

c  

t  

a  

t  

d  

t  

m

2

 

s  

T  

d  

d  

M  

t  

H  

p  

h  

o  

i  

b  

T  

c  

I  

fl  

a  

G  

t

 

t  

M  

s  

D  

t  

e  

M  

s  

s  

m  

W  

i  

n  

W  

i  

e

 

t  

t  

f  

f  

c  

i  

t  

t  

b

 

H  
his will have a negligible impact on our results. If there is a signif-

cant fraction of ammonia in Pluto’s modern ocean it would make

hat ocean less dense, the opposite effect that would be needed to

xplain �ρPC . These effects together imply that our results (with

o ammonia) may represent the best case scenario for generating

 density contrast without requiring bulk compositional variation. 

Another factor not in our model is convection in the core and/or

ce shell. If the cores of Pluto and Charon are porous, hydro-

hermal convection could occur for permeability above ∼ 10 −15 m 

2 

 Turcotte and Schubert, 2014 ). This would increase the heat flux

ut of the core. This would have the same effect on the ice shell as

arying the thermal conductivity of the core shown in Fig. 2 (more

iscussion in Section 3.2 ). Ice shell convection is unlikely to oc-

ur on Charon due to its small size. In contrast, Robuchon and

immo (2011) found that for Pluto with η0 < 5 × 10 15 Pa s convec-

ion occurs. Robuchon and Nimmo (2011) find that when present,

he more efficient heat transport due to convection cools the ice

hell and prevents an ocean from forming. Conductive and con-

ective shells develop near-surface temperature structures which

re almost identical ( Robuchon and Nimmo, 2011 ), because irre-

pective of how heat is transferred at depth, in the near-surface

onduction always dominates. Since it is only in this cold region

hat porosity can persist, the porosity structure will be almost un-

ffected by whether conduction or convection operates. In contrast,

he lack of a thick ocean for a convective Pluto would lead to a less

ense Pluto, making the density contrast harder to explain. Again

his implies that our model runs are providing an estimate of the

aximum density contrast case. 

.1.3. Comparisons to other thermal models 

The only other Charon model to estimate pore closure is de-

cribed in Malamud and Prialnik (2015) and Malamud et al. (2016) .

he aim of Malamud and Prialnik (2015) was to explain the

ifference in density between Charon, Orcus, and Salacia as

ifferences in the porosity of these three Kuiper belt objects.

alamud et al. (2016) used an updated version of the same model

o understand the extensional features on Charon found by New

orizons ( Stern et al., 2015; Moore et al., 2016 ). There are two im-

ortant differences between these models and the one presented

ere. The first is that these models include serpentinization, and as
f Malamud et al. (2016) , dehydration reactions between the orig-

nally anhydrous silicates and water. This does affect the energy

alance of the system as serpentinization reactions are exothermic.

his difference (and others) means that Malamud et al. (2016) find

ore temperatures that are ∼200 K higher than in our model.

f this were to be included in our model the increase in heat

ux would reduce the amount of porosity that survives on Pluto

nd Charon to the present day (reducing the density contrast).

iven the large uncertainties involved with modeling these reac-

ions ( Section 3.4 ) we chose not to include them in our model. 

The second important difference is in how porosity is

reated. The model of Malamud and Prialnik (2015) and

alamud et al. (2016) use an empirical relationship between pres-

ure, temperature, and porosity based on experimental data from

urham et al. (2010) and Yasui and Arakawa (2009) . We adopt

he physical model presented in Section 2.1.1 . The main differ-

nce in these methods is that in the parametrization method of

alamud and Prialnik (2015) and Malamud et al. (2016) ice of the

ame pressure and temperature will apparently always have the

ame porosity independent of its history (silicate porosity in their

odel does have a thermal memory and will not reform porosity).

ith the method used in this study, once porosity is destroyed it

s never reformed. It is not clear what physical process may create

ew porosity at depth where this difference is likely to manifest.

e adopt the simple model described by Eq. (3) so we can better

nterpret the effect parameters like k c and η0 have on the porosity

volution. 

Another model that includes the effects of serpentinization is

hat of Desch and Neveu (2016) . This model also tracks composi-

ion, including ammonia along the eutectic as oceans form. This

ocus of this model was for understanding the evolution of subsur-

ace oceans on Pluto and Charon and their implications for cryovol-

anism on these worlds. Given this aim they do not model porosity

n the ice shell. Because of the larger number of additional factors

racked in Desch and Neveu (2016) and a limited set of published

hermal histories we were not able to make a direct comparison

etween their model and the one presented here. 

The thermal model used here is very similar to

ammond et al. (2016) . Hammond et al. (2016) include the
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formation of ice II which can, in some circumstances, occur on

Pluto if the ocean freezes completely. Because of the lack of

observed compression features and noted extensional features on

Pluto ( Moore et al., 2016 ), they conclude that Pluto must still have

a subsurface ocean and therefore there is no ice II in the ice shell.

Given this result we do not include the formation of ice II in our

model. 

Because of the similarity between our model and

Hammond et al. (2016) we tried to benchmark our model

against theirs. We found that our model results for the heat

flux and ocean thickness through time are very similar to

Hammond et al. (2016) for k c = 2 W m 

−1 K 

−1 . However,

Hammond et al. (2016) predict Pluto should have a thicker

ocean for lower k c , while we find the opposite effect (See

Appendix C ). This discrepancy results from a minor error in the

code of Hammond et al. (2016) ; their corrected results now agree

with ours (Hammond, pers. comm). 

3. Other mechanisms 

3.1. Self-compression 

One potential mechanism for generating a denser Pluto is the

bulk compression of Pluto’s interior under the greater lithostatic

pressure ( P ). For environments where the pressure is less than

the bulk modulus ( K ) of the material, as is the case for Pluto and

Charon, the change in the material density is given by 

dρ

ρ
≈ dP 

K 

. (13)

Due to the low gravity of Pluto and Charon this is a relatively small

change in the bulk density. For these calculations we calculate P as

shown in Eq. (4) and nominal values for the bulk modulus of ice

( K ice = 10 10 Pa) and silicates ( K rock = 10 11 Pa). The effect of apply-

ing Eq. (13) as a post-processing step to our model runs is shown

as arrows in Fig. 2 . In general this generates a difference in bulk

density between Pluto and Charon of �ρ∼15 kg/m 

3 . 

3.2. Core porosity 

In our model we only include porosity in the ice shell of Pluto

and Charon. Porosity likely also exists in their cores but given

the warm core temperatures this pore space would likely be filled

with liquid water. The question for this study is what effect would

changes in the core porosity have for the bulk porosity. When the

porosity in the ice mantle closes the ice becomes denser, lower-

ing the bulk volume of the body. Conversely, when the fluid-filled

pores in the core close the water is redistributed from the inner

parts of the core to the base of the ocean. If that water stays liq-

uid there is no change in the bulk volume, and therefore the bulk

density is unaffected. If the water squeezed out of the core then

freezes the body radius would increase and thereby lower the bulk

density. Because the compressibility of water is much lower than

that of rock, as the water migrates upwards it will expand slightly

in accordance with Eq. (13) . 

Due to the low pressures and low temperatures ( Eq. (3) ) we

find for a silicate viscosity following an Arrhenius dependence

( Eq. (6) , η0 = 10 20 Pa s, Q = 300 kJ/mol, T 0 = 1400 K) nearly all

porosity present in Charon’s core could survive the history of the

solar system (in the absence of water-rock reactions, considered

below). On Pluto there may be significant pore closure. As noted

above however, if the water remains liquid (as would be the case

if Pluto has a present day ocean ( Hammond et al., 2016; Nimmo

et al., 2016; Moore et al., 2016 )) Pluto’s bulk density would would

be slightly lowered, the opposite effect needed to match the ob-

servations. If the water from Pluto’s core froze it would also lower
luto’s bulk density. If Charon has a more porous core than Pluto

t could also have a lower thermal conductivity unless hydrother-

al circulation were operating ( Malamud et al., 2016 ). This also

oes not help to match the observations because in many model

uns nearly all the porosity in Charon’s ice shell survives. Our abil-

ty to match the observations is limited by the amount of porosity

hat can be removed from Pluto’s ice shell. This porosity reduc-

ion would be increased if the core conductivity of Pluto were in-

reased, e.g., by hydrothermal circulation. In the absence of such

n effect, porosity in the core of Pluto or Charon, or changes in

hat porosity, are unlikely to have any effect on their bulk density

nd may only lower the density of Pluto. 

.3. Thermal expansion 

Assuming a cold start, as Pluto and Charon warm they will ex-

and. We can estimate how this will affect the bulk density of each

bject by combining the density change due to a change in volume

 �V ), 

−�ρ

ρ
= 

�V 

V 

(14)

ith the volume change due to thermal expansion, 

V ≈ V αv �T . (15)

ere αv is the volumetric thermal expansion coefficient. Using

v ,ice ≈ 10 −4 , αv ,rock ≈ 3 × 10 −5 and the temperature changes ob-

erved in our modeling ( �T ice ≈ 100 K, �T rock ≤ 10 0 0 K) we esti-

ate �ρ ≤ −10 kg/m 

3 . Because Pluto will experience higher inter-

al temperatures than Charon, this effect will be larger on Pluto

Pluto will become less dense). This means thermal expansion

ould produce a small density contrast with the opposite sign to

he observed �ρPC . 

.4. Serpentinization 

If Pluto and Charon have, or have had, active hydrologi-

al systems we would expect water-rock interactions to mod-

fy their mineralogy and therefore their density structure. The

xtent to which this would occur on Pluto and Charon de-

ends on a wide range of poorly constrained parameters includ-

ng the mineralogy and hydrology of their cores. Modeling by

alamud et al. (2016) suggest that this process could be wide-

pread at least on Charon. 

When anhydrous rock and water react to form serpentine the

et result is an increase in density. We can determine how much

erpentinization would need to occur to explain the observed den-

ity contrast to assess its plausibility. Applying Eq. (14) , we can re-

ate �V to the change in volume due to producing one mole of

erpentinite, �V S by also including the number of moles of ser-

entinite, N S . 

V = N S �V S (16)

he volume change per mole is calculated by 

V S = 

∑ 

products 

n i 

M i 

ρi 

−
∑ 

reactants 

n j 

M j 

ρ j 

(17)

here n x is the number of moles of the species involved in the

eaction, M x is the molar mass of the species, and ρx is the den-

ity of the species. Values of �V S calculated for different serpen-

ine reactions are given in Table 2 . Because all these reactions in-

rease the bulk density, Pluto would have to be more serpentinized

han Charon to explain the observed density contrast. Associated

agnetite-forming reactions ( Vance et al., 2016 ) also increase the

ulk density. We can relate the volume of Pluto that would need to
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Table 2 

Volume change per mole serpentinite produced calculated using Eq. (17) . Re- 

action 1 is that used by Malamud et al. (2016) . All reactions result in an over- 

all decrease in volume which would lead to a larger bulk density. Mineral 

densities used are all at Earth surface temperature and pressure ( Table B.3 ). 

Reaction �V S (m 

3 /mol) 

1) Mg 2 SiO 4 + MgSiO 3 + 2H 2 O → Mg 3 Si 2 O 5 (OH) 4 < 10 −6 a 

2) 3 Mg 2 SiO 4 + SiO 2 + 4H 2 O → 2 Mg 3 Si 2 O 5 (OH) 4 −8 . 5 × 10 −6 

3) 2 Mg 2 SiO 4 + 3H 2 O → Mg 3 Si 2 O 5 (OH) 4 + Mg(OH) 2 −1 . 1 × 10 −5 

a Value is uncertain due to the small differences in mineral density and 

the precision of the density measurements ( Ahrens and Gaffney, 1971 ). 
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e occupied by serpentinite, V S to produce �ρPC , using the density

f serpentinite ( ρS ) and the molar mass of serpentinite ( M S ). 

 S = 

V S ρS 

M S 

(18) 

−�ρ

ρ
= 

N S �V S 

V 

(19) 

 

V S 

V 

= 

−�ρ

ρ

M S 

�V S ρS 

(20) 

epending on the assumed reaction taking place ( Table 2 ),

q. (19) predicts ∼80% of Pluto’s total volume would have to be

erpentinized to match the observed density contrast. This esti-

ate is a lower limit as it assumes no serpentinization in Charon. 

The volume fraction of Pluto and Charon that undergo serpen-

inization is dependent on the availability of water in the sili-

ate core and the thermal stability of serpentine minerals. Ide-

lly we could choose a temperature cutoff above which serpen-

inite is unstable and track that isotherm in the model output.

he model of Desch and Neveu (2016) has dehydration occur over

 range of temperatures between 700–850 K. Malamud and Pri-

lnik (2016) use temperature-dependent reactions rates from ex-

eriments by Sawai et al. (2013) and estimate such a cutoff at

75 K. The experimental data is mixed with prograde experiments

constantly increasing temperature with time) finding dehydration

emperatures of 875 K to 1075 K ( Sawai et al., 2013 ) while isother-

al studies find dehydration temperatures of 725 K to 875 K

 Wegner and Ernst, 1983; Candela et al., 2007; Inoue et al., 2009;

lugogorski and Balucan, 2014 ). Because of this large uncertainty

e opt to not choose any particular temperature for the stabil-

ty and instead do a more qualitative comparison between Pluto

nd Charon. Because Charon has lower core temperatures, a much

arger volume fraction of Charon’s core will be favorable for ser-

entinite compared to Pluto. This would have the net effect of

aking Charon more dense than Pluto, the opposite of the obser-

ations. It is hard to contrive a situation wherein Pluto would be

ore serpentinized than Charon. 

Given that Charon is likely to be more serpentinized and ser-

entinization increases the bulk density, we expect serpentiniza-

ion to have the opposite net effect to that needed to explain the

bserved density contrast. It is worth noting that there may be sec-

ndary chemical reactions may have moderating effects. In sum-

ary, while more detailed modeling could be carried out, the sim-

le analysis used here implies that serpentinization is unlikely to

xplain the density contrast. 

.5. Volatile loss 

Spectroscopic data of Pluto’s surface suggests it has more high

apor pressure volatile elements including, N 2 , CH 4 , and CO, than

haron ( Buie et al., 1987; Marcialis et al., 1987; Protopapa et al.,

008; Cruikshank et al., 2015 ). These findings have been confirmed

y New Horizions which found that Charon’s surface is almost ex-

lusively water ice with some exposed NH around fresh craters
3 
 Grundy et al., 2016 ). This difference is likely due to Charon’s lower

ravity allowing these volatiles to be lost to space via escape pro-

esses ( Schaller and Brown, 2007; Brown, 2012 ). There are no ob-

ervations that allow us to determine if Charon has lost its entire

nventory of these volatile species or if isome are retained in the

ubsurface. 

For this work it is of interest to determine how the loss of these

olatile ices would affect Charon’s bulk density. To make an initial

stimate we assume cometary abundances of these species rela-

ive to water ( Eberhardt et al., 1988; Crovisier, 1994; Mumma and

harnley, 2011 ). We focus on CO as it is an order of magnitude

ore abundant than N 2 and CH 4 and accordingly has the largest

mpact on the bulk density change. Assuming a CO ice density of

0 0 0 kg/m 

3 ( Jiang et al., 1975 ) and present at 10% abundance rel-

tive to water ice, the loss of all CO would lead to an increase

n the bulk density of Charon by ∼200 kg/m 

3 . While we do not

now what fraction of Charon’s volatile ices have been lost, this

ffect has the opposite sign of what would be needed to explain

he Pluto-Charon density contrast. 

. Discussion 

The difference in density between Pluto and Charon appears at

 first glance to be too small to be of much significance. However,

hat our analysis shows is that assuming the same bulk compo-

ition, this density contrast can only be explained if Charon has a

igh initial porosity ( � 30%), that still extends to great depths in

haron’s ice shell ( � 100 km) and Charon has not lost a signifi-

ant fraction of its volatile ices ( Section 3.5 ) and is not significantly

ore serpentinized than Pluto ( Section 3.4 ). 

.1. Initial porosity 

Forming and retaining a thick ( � 100 km) porous layer within

haron is required to explain the observed density contrast. Im-

acts are known to be able to both create and destroy poros-

ty. Which effect dominates depends on the details of the im-

act including the preimpact porosity ( Arakawa et al., 2002; Mil-

ury et al., 2015 ). The aggregate long term effect is impacts

enerate porosity up to some equilibrium value. On the Moon,

mpact-generated porosity of 15% persists to depths of ∼15

m ( Wieczorek et al., 2013; Besserer et al., 2014 ); the lower-

elocity impacts in the Pluto-Charon system may result in a thin-

er impact-generated porous layer. Thus, the thick porous layer re-

uired to match the density contrast must be the result of primor-

ial (accretionary) processes. This could include one or more giant

mpacts. Given the geologic evidence that Charon is differentiated

 Stern et al., 2015; Moore et al., 2016; McKinnon et al., 2017 ), this

orous layer must also survive (or be formed after) the differenti-

tion and/or impact formation process. 

Unfortunately, there is as yet little understanding of how poros-

ty accumulates during the accretion process. Comets have a poros-

ty of 60% − 90% ( Consolmagno et al., 2008 ), and Hyperion, with a

ean radius of 135 km, has a porosity of > 40% ( Thomas et al.,

007 ). Larger bodies are expected to retain less porosity due to

elf-compaction. Baer et al. (2011) show that estimated asteroid

orosities decrease with increasing size, with estimated porosities

f up to 60% at 150 km radius but not exceeding 20% for bodies

ith radii in excess of 200 km. This holds for both S and C group

ain belt asteroids, the only two groups for which enough data

as available. Ice has a compressional strength an order of magni-

ude less than that of rock, and ice flows more readily at the same

emperature, so icy bodies of a comparable size would be expected
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to have less porosity 1 Yasui and Arakawa (2009) use experimen-

tal measurements to suggest a maximum porosity of 20% for ice

at 218 K and 30 MPa (the pressure at 100 km depth on Charon).

Taken together, these results suggest that requiring 30% porosity to

extend to > 100 km on depth is unlikely. 

4.2. Early hydrodynamic escape 

It has previously been assumed that if Pluto and Charon formed

via gravitational collapse, they should have the same bulk compo-

sition ( Nesvorný et al., 2010 ). We suggest that this may not neces-

sarily be the case if, during formation, Pluto lost more low vapor

pressure volatiles (i.e. H 2 O) than Charon via atmospheric escape

processes. The rate of gravitational energy deposition during ac-

cretion is dependent on the mass of the accreting body and the

rate of accretion. If the timescale for accretion is short enough,

Pluto, but not necessarily Charon, would form a steam atmosphere

from which volatiles can escape. To estimate what timescales are

needed for this to be the case we can balance the incoming gravi-

tational energy with the outgoing radiative flux, 

4 πR 

2 σ T 4 sur f ≈
3 

5 

Gm 

2 

R 

1 

τ
(21)

where σ is the Stefan–Boltzmann constant, m is the planet mass, R

is the planet radius, and τ is the timescale of formation. This cal-

culation ignores the energy lost to the gas drag which should be

negligible ( Nesvorný et al., 2010 ). From this we can make an or-

der of magnitude estimate of the timescale of accretion, τ , needed

to bring the surface temperature high enough to have liquid wa-

ter on the surface. For Pluto’s surface to reach 270 K it would

need to form in τ < 0.1 Myr, while Charon would have to form in

τ < 0.01 Myr. Coagulation models of KBO formation suggest forma-

tion timescales of one to tens of millions of years ( Kenyon and Luu,

1999; Kenyon et al., 2008; Johansen et al., 2015 ), however gravita-

tional collapse models favor a formation timescale of order hun-

dreds of years ( Nesvorný et al., 2010 ). 

If Pluto’s surface temperature does exceed the melting point of

water it is still difficult to estimate the mass lost to space. Atmo-

spheric loss from a young Pluto should be dominated by hydrody-

namic escape due to Pluto’s weak gravity ( Trafton, 1980; Hunten

and Watson, 1982 ). Hydrodynamic escape depends strongly on the

gas density and temperature structure of the atmosphere ( Tian

et al., 2005; Tian and Toon, 2005 ), both of which are almost com-

pletely unknown. Models of the Earth’s primitive atmosphere sug-

gest that a steam atmosphere developed that limited the heat flux

to space ( Goldblatt et al., 2013 ). It is unclear what conditions might

lead to a similar steam atmosphere on Pluto, and what would oc-

cur if the energy from impactors exceeded the rate at which that

steam atmosphere can radiate. Because of the large uncertainties

associated with atmospheric loss, we do not think a reasonable es-

timate can be made for the density contrast that might arise from

such a process. Future work is needed to more fully understand

volatile loss during rapid formation of medium-sized icy worlds. 

4.3. Implications for other KBOs 

If Pluto and Charon have different bulk compositions, that

helps constrain how they - and potentially other Kuiper Belt

objects - formed. These issues are discussed at length in

McKinnon et al. (2017) , but we will briefly mention some key is-

sues here. Although the different com positions of Pluto and Charon

could potentially be reconciled with direct gravitational collapse
1 Some asteroids may have undergone compaction due to early 26 Al heating. This 

process is less likely to be relevant in the outer solar system due to much longer 

formation timescales ( Kenyon, 2002 ). 

L

 

see above), the existence of the small icy satellites of Charon does

ot support this hypothesis. The Pluto-Charon system more likely

ormed from a giant impact between partially-differentiated pre-

ursors ( Canup, 2011 ); similar giant impacts are also likely respon-

ible for the extreme variation in density observed across other,

omparably-sized KBOs ( McKinnon et al., 2017 ). Unfortunately, the

ifferentiation state of these bodies is poorly known, but it seems

ikely that different accretion scenarios will lead to quite different

redicted internal structures. 

. Conclusion 

The difference in Pluto and Charon’s density can only be ex-

lained by porosity alone in a very extreme case ( > 30% initial

orosity). Arguments presented above suggest that such high ini-

ial porosity values are unlikely for such large objects. From this

e conclude that Pluto and Charon must have different rock to ice

atios with Pluto having a larger silicate fraction. This observation

s consistent with an impact formation model of the Pluto–Charon

ystem or a scenario whereby Pluto formed quickly enough to lose

 significant fraction of its original water ice content via accretional

eating. Future works should investigate the feasibility of forming

luto fast enough for this mechanism to occur and the amount of

olatiles that may escape during this formation period. 
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ppendix A. Mass conservation derivations 

As a layer changes in density it will change in volume to

onserve mass. Using conservation of mass we can solve for the

hange in radius of the layer that is changing mass. In the follow-

ng R t and R b denote the upper and lower bound of a layer. 

 0 = M f (A.1)

0 (R 

3 
t, 0 − R 

3 
b, 0 ) = ρ f (R 

3 
t, f − R 

3 
b, f ) (A.2)

= 

ρ0 

ρ f 

= 

R 

3 
t, f 

− R 

3 
b, f 

R 

3 
t, 0 

− R 

3 
b, 0 

(A.3)

R 

3 
t, 0 − �R 

3 
b, 0 = R 

3 
t, f − R 

3 
b, f (A.4)

et R b, 0 = R b, f (fixed bottom boundary) 

R 

3 
t, f − �R 

3 
t, 0 = R 

3 
b, 0 (1 − �) (A.5)

R t = R t, f − R t, 0 (A.6)

( �R t + R t, 0 ) 
3 − �R 

3 
t, 0 = R 

3 
b, 0 (1 − �) (A.7)

1 + 

�R t 

R t, 0 

)3 

− � = 

(
R b, 0 

R t, 0 

)3 

(1 − �) (A.8)

et �z = R t, 0 − R b, 0 (
1 + 

�R t 

R t, 0 

)3 

= 

(
1 − �z 

R t, 0 

)3 

(1 − �) + � (A.9)
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[ (
1 − �z 

R t, 0 

)3 

(1 − �) + �

] 1 / 3 

− 1 

⎫ ⎬ 

⎭ 

R t, 0 (A.10) 

Because of the spherical geometry each layer will change thick-

ess by a different amount. In the following let �a and �b be the

hange in radial position at the locations R b and R t respectively. �a

s known from the previous layer so for each layer we must solve

or �b . 

a ≡ R b, f − R b, 0 (A.11) 

b ≡ R t, f − R t, 0 (A.12) 

z 0 ≡ R t, 0 − R b, 0 (A.13) 

(�z) ≡ �z f − �z 0 = �b − �a (A.14) 

 0 = V f (A.15) 

 

3 
t, 0 − R 

3 
b, 0 = R 

3 
t, f − R 

3 
b, f (A.16) 

 

3 
t, f − R 

3 
t, 0 = R 

3 
b, f − R 

3 
b, 0 (A.17) 

( �b + R t, 0 ) 
3 − R 

3 
t, 0 = R 

3 
b, f − R 

3 
b, 0 (A.18) 

�b 

R t, 0 

+ 1 

)3 

− 1 = 

R 

3 
b, f 

− R 

3 
b, 0 

R 

3 
t, 0 

(A.19) 

�b 

R t, 0 

+ 1 

)3 

− 1 = 

(
R b, f 

R t, 0 

)3 

−
(

R b, 0 

R t, 0 

)3 

(A.20) 
a

ig. C1. Final and maximum ocean thickness for all model runs with φ0 = 0 . 0 , ρice =
ammond et al. (2016) Figure S3 (0% ammonia). 
�b 

R t, 0 

+ 1 

)3 

− 1 = 

(
�a − �z 0 + R t, 0 

R t, 0 

)3 

−
(

R t, 0 − �z 0 
R t, 0 

)3 

(A.21) 

�b 

R t, 0 

+ 1 

)3 

− 1 = 

(
1 + 

�a − �z 0 
R t, 0 

)3 

−
(

1 − �z 0 
R t, 0 

)3 

(A.22) 

b = 

⎧ ⎨ 

⎩ 

[ (
1 + 

�a − �z 0 
R t, 0 

)3 

−
(

1 − �z 0 
R t, 0 

)3 
] 1 / 3 

− 1 

⎫ ⎬ 

⎭ 

R t, 0 

(A.23) 

ppendix B. Mineral densities 

Table B1 

All values are for surface pressure and temperature. Water was assumed to have 

a density of 10 0 0 kg/m 

3 . 

Mineral name Formula Density (kg/m 

3 ) Source 

Chrysotile Mg 3 Si 2 O 5 (OH) 4 2500 Pundsack (1956) 

Forsterite Mg 2 SiO 4 3200 Graham and Barsch (1969) 

Enstatite MgSiO 3 3300 Ahrens and Gaffney (1971) 

Silica SiO 2 2300 Irene et al. (1982) 

Brucite Mg(OH) 2 2400 Jiang et al. (2006) 

ppendix C. Ocean thickness 

Given our discrepancy on the dependence of the

cean thickness to core conductivity compared with

ammond et al. (2016) we want to clearly present on results

ere. Fig. C.3 is an attempt to replicate Hammond et al. (2016) Fig-

re S3 (0% ammonia). It is not clear why our final ocean thickness

re about half that calculated by Hammond et al. (2016) . 
 920 kg/m 

3 , and no mass conservation. This figure is meant to be equivalent to 
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Fig. C2. Final and maximum ocean thickness for all model runs with ρc = 3500 kg/m 

3 , ρice = 950 kg/m 

3 , η0 = 10 14 Pa s (same as those plotted in Fig. 2 . 

Fig. C3. Same as Fig. C.4 only for Charon. 

 

 

 

c

 

Appendix D. Diffusion derivation 

The thermal evolution of icy words is controlled by heat input

via radioactive decay, and the ability of the body to transport that

heat out of the core. The thermal evolution over time is primarily
 T

F  
ontrolled by the equation for thermal diffusion on a sphere, 

1 

ρCp 

∂T 

∂t 
= 

−1 

r 2 
∂ 

∂r 

(
−kr 2 

∂T 

∂r 

)
+ H (D.1)

his equation can also be written in terms of the heat flux ( F ), 

 = kr 2 
∂T 

∂r 
(D.2)
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a  
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A
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c

1 

ρCp 

∂T 

∂t 
= 

1 

r 2 
∂F 

∂r 
+ H (D.3) 

e discretize this equation as 

1 

ρi Cp i 

�T i 
�t 

= 

1 

r 2 
i 

F i +1 / 2 − F i −1 / 2 

�z i 
+ H (D.4) 

ith this assumption in place, we can follow the method of

ieffer (2013) to solve for the heat flux at each layer boundary.

he heat flux at the top of a layer is 

 i +1 / 2 = 

T i +1 / 2 − T i 

�z i / 2 

k i r 
2 
i +1 / 2 (D.5) 

nd at the bottom of the layer 

 i −1 / 2 = 

T i − T i +1 / 2 

�z i / 2 

k i r 
2 
i −1 / 2 (D.6) 

ecause the temperature at the top of one layer must match the

emperature at the bottom of the next, we can solve for the flux at

his boundary and attain 

 i +1 / 2 = 2 r 2 i +1 / 2 

T i +1 − T i 
�z i +1 

k i +1 
+ 

�z i 
k i 

(D.7) 
able E1 

ummary of model runs. �z φ is the final porous layer thickness and F c is the heat flux o

ompression. Charon’s ocean completely freezes in every model run. 

Parameters Pluto 

f rock k c W/m K η0 Pa s Final radius (km) Max ocean (km) Final ocean (km) �

0.66 2.0 1.00E + 13 1200.3 147.7 96.4 1

0.66 1.0 1.00E + 14 1207.0 102.1 65.5 1

0.66 2.0 1.00E + 14 1203.7 154.6 102.3 1

0.66 3.0 1.00E + 14 1202.1 179.0 113.6 1

0.66 4.0 1.00E + 14 1201.2 193.9 116.1 1

0.66 2.0 1.00E + 17 1205.4 158.4 105.4 1

0.68 2.0 1.00E + 13 1198.2 141.0 90.0 1

0.68 1.0 1.00E + 14 1205.7 97.0 59.8 1

0.68 2.0 1.00E + 14 1200.9 147.3 95.1 1

0.68 3.0 1.00E + 14 1198.9 170.4 106.1 1

0.68 4.0 1.00E + 14 1197.8 184.4 108.6 1

0.68 2.0 1.00E + 17 1202.3 150.6 97.8 1

0.71 1.0 1.00E + 14 1188.9 108.6 70.5 1

0.71 2.0 1.00E + 14 1182.8 153.7 99.6 1

0.71 3.0 1.00E + 14 1180.1 173.7 107.4 9

0.71 4.0 1.00E + 14 1178.6 185.7 108.1 8

0.76 1.0 1.00E + 14 1216.2 0.0 0.0 1

0.76 2.0 1.00E + 14 1213.9 43.8 0.0 1

0.76 3.0 1.00E + 14 1212.6 65.9 0.1 1

0.76 4.0 1.00E + 14 1211.8 79.3 1.4 1

0.69 1.0 1.00E + 14 1199.2 118.3 80.7 1

0.69 2.0 1.00E + 14 1193.0 164.7 110.6 1

0.69 3.0 1.00E + 14 1190.2 185.3 118.4 9

0.69 4.0 1.00E + 14 1188.7 197.7 119.1 8

0.69 2.0 1.00E + 13 1201.0 160.1 109.9 1

0.67 1.0 1.00E + 14 1210.5 127.3 91.3 1

0.67 2.0 1.00E + 14 1204.2 175.9 122.2 1

0.67 3.0 1.00E + 14 1201.4 197.4 130.1 1

0.67 4.0 1.00E + 14 1199.8 210.1 130.5 9

0.67 2.0 1.00E + 17 1206.2 184.8 128.5 1

0.71 2.0 1.00E + 13 1198.7 154.0 103.9 1

0.69 1.0 1.00E + 14 1208.2 122.3 84.7 1

0.69 2.0 1.00E + 14 1200.8 167.6 113.8 1

0.69 3.0 1.00E + 14 1197.6 187.7 121.4 9

0.69 4.0 1.00E + 14 1196.0 199.9 122.0 8

0.69 2.0 1.00E + 17 1202.4 175.1 119.6 1

0.72 1.0 1.00E + 14 1179.7 141.3 99.3 9

0.72 2.0 1.00E + 14 1172.9 176.1 118.0 6

0.72 3.0 1.00E + 14 1170.2 191.4 121.7 5

0.72 4.0 1.00E + 14 1168.7 200.4 120.1 5

0.75 1.0 1.00E + 14 1227.1 28.7 0.0 1

0.75 2.0 1.00E + 14 1221.5 72.9 15.9 1
nd 

 i +1 / 2 = 2 r 2 i +1 / 2 

T i +1 − T i 
�z i +1 

k i +1 
+ 

�z i 
k i 

(D.8) 

Any layer where the temperature of the ice exceeds the melt-

ng temperature begins melting. It is assumed that layers with any

mount of melt are fixed at the local melt temperature. Any net

ux into or out of ocean layers causes melting or freezing. Because

he ocean has this fixed temperature condition, Eq. (D.5) is modi-

ed such that the layer boundary temperature for the layer above

nd below the ocean is set to the adjacent ocean melt temperature.

or the core ocean interface this is given by 

 i +1 / 2 = r 2 i +1 / 2 k i 
T melt,i −1 − T i 

�z i / 2 

(D.9) 

ppendix E. Model results 
ut of the core at the end of the model run. Results listed does include the effect of 

Charon �ρPC 

z φ (km) F c (mW/m 

2 ) Final radius (km) Max ocean (km) �z φ (km) kg/m 

3 

45.1 5.2 601.0 0.0 153.3 56.9 

90.5 4.4 604.2 0.0 178.5 54.7 

47.6 5.2 603.5 0.0 156.7 63.0 

26.9 5.5 603.0 0.0 148.4 66.7 

15.1 5.5 602.8 0.0 143.7 68.7 

61.5 5.2 604.7 0.0 171.1 65.8 

40.4 5.2 601.3 0.0 149.6 66.1 

84.5 4.4 604.4 0.0 174.8 58.9 

41.2 5.2 603.6 0.0 153.6 72.8 

22.2 5.5 603.1 0.0 144.5 78.4 

10.6 5.6 602.9 0.0 140.0 80.8 

56.0 5.2 604.7 0.0 167.5 76.1 

46.2 4.4 600.6 0.0 146.6 105.2 

09.4 5.3 598.3 0.0 126.9 114.1 

3.1 5.6 597.4 0.0 119.0 118.5 

4.1 5.6 596.4 8.8 111.9 117.2 

71.1 4.0 605.8 0.0 119.5 24.6 

30.2 4.7 605.7 0.0 119.4 34.2 

12.6 4.8 605.6 0.0 119.4 38.9 

02.1 4.6 605.4 0.0 117.5 40.2 

51.4 4.4 606.1 0.0 152.8 108.5 

12.8 5.3 603.9 0.0 132.2 117.9 

6.8 5.6 602.8 4.1 122.9 121.1 

7.4 5.6 601.8 12.9 115.4 120.0 

26.8 5.2 607.2 0.0 140.8 104.3 

58.1 4.4 612.7 0.0 158.1 107.0 

18.7 5.2 610.5 0.0 138.1 117.0 

00.7 5.5 609.2 8.1 126.5 119.0 

0.7 5.5 608.2 16.9 119.6 118.2 

28.1 5.2 612.5 0.6 150.3 124.7 

20.5 5.3 607.8 0.0 136.8 116.4 

51.6 4.4 612.9 0.0 154.2 115.5 

12.9 5.3 610.6 0.0 134.7 130.3 

6.3 5.6 609.3 7.1 123.4 133.6 

6.5 5.6 608.3 15.8 115.6 132.6 

24.4 5.3 612.6 0.0 147.4 139.3 

3.9 4.4 600.7 0.0 106.6 147.3 

9.2 5.3 596.3 18.7 86.6 141.5 

9.3 5.6 594.3 30.4 77.0 136.7 

3.5 5.7 593.1 37.2 72.0 133.4 

42.6 3.9 618.0 0.0 132.7 78.2 

06.8 4.4 615.8 0.0 117.6 84.6 

( continued on next page ) 
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Table E1 ( continued ) 

Parameters Pluto Charon �ρPC 

f rock k c W/m K η0 Pa s Final radius (km) Max ocean (km) Final ocean (km) �z φ (km) F c (mW/m 

2 ) Final radius (km) Max ocean (km) �z φ (km) kg/m 

3 

0.75 3.0 1.00E + 14 1218.9 92.4 22.8 91.5 4.6 614.7 0.0 108.8 86.5 

0.75 4.0 1.00E + 14 1217.4 103.9 22.5 82.5 4.6 614.0 0.0 103.7 87.3 

0.70 1.0 1.00E + 14 1189.9 151.4 110.4 97.4 4.4 605.9 0.0 110.8 145.8 

0.70 2.0 1.00E + 14 1182.9 187.4 129.4 72.6 5.3 601.3 22.4 88.9 139.4 

0.70 3.0 1.00E + 14 1180.0 203.4 132.9 61.1 5.6 599.3 34.4 79.7 135.0 

0.70 4.0 1.00E + 14 1178.5 212.7 131.1 55.1 5.6 598.1 41.1 74.5 132.0 

0.69 1.0 1.00E + 14 1201.0 162.0 122.8 102.6 4.4 612.2 0.0 114.6 143.1 

0.69 2.0 1.00E + 14 1193.7 199.8 142.1 75.3 5.3 607.3 26.4 92.4 136.3 

0.69 3.0 1.00E + 14 1190.7 216.3 145.5 64.3 5.6 605.2 38.5 82.7 132.4 

0.69 4.0 1.00E + 14 1189.1 226.0 143.4 58.0 5.6 604.0 45.3 77.4 129.7 

0.69 2.0 1.00E + 17 1195.3 211.9 150.8 81.9 5.3 609.2 37.9 100.1 145.0 

0.71 1.0 1.00E + 14 1197.4 155.9 114.5 98.6 4.4 612.3 0.0 112.9 163.2 

0.71 2.0 1.00E + 14 1189.6 190.8 132.9 71.7 5.3 607.3 25.5 90.0 158.6 

0.71 3.0 1.00E + 14 1186.5 206.1 136.3 60.9 5.6 605.2 37.4 80.4 154.9 

0.71 4.0 1.00E + 14 1185.0 215.2 134.4 54.6 5.6 604.0 44.0 75.1 151.6 

0.71 2.0 1.00E + 17 1190.8 201.9 141.0 79.4 5.3 609.2 36.7 97.6 168.1 

0.76 1.0 1.00E + 14 1225.7 67.5 22.1 93.1 3.7 620.1 0.0 100.1 105.4 

0.76 2.0 1.00E + 14 1219.1 102.0 40.5 69.1 4.4 616.5 0.0 84.3 105.1 

0.76 3.0 1.00E + 14 1216.4 116.9 43.4 59.0 4.6 615.0 0.0 77.9 104.8 

0.76 4.0 1.00E + 14 1214.9 125.9 40.8 52.9 4.6 614.2 0.0 74.4 104.5 
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