
1.  Introduction
Pluto is a dwarf planet with a radius of 1,188 km (Nimmo, Umurhan, et al., 2016), located in the Kuiper Belt. 
Most of what we currently know comes from the spectacular New Horizons flyby in 2015 (for a review, see e.g., 
Moore et al., 2016; Stern et al., 2015, 2018). Pluto's surface is mainly covered by water ice with traces of volatiles 
such as methane, nitrogen and carbon oxide (Grundy et al., 2016). The dominant feature of the surface is Sputnik 
Planitia, a vast, heart-shaped basin likely of impact origin (Greenstreet et al., 2015) and filled with a layer of solid 
nitrogen ice, probably several kilometers thick (McKinnon et al., 2017; Trowbridge et al., 2016). Pluto's interior 
is expected to be differentiated into a rocky core and a hydrosphere of about 300 km in thickness (McKinnon 
et al., 2017). Although the thermal structure of the hydrosphere is not well constrained, several lines of evidence 
suggest that a subsurface ocean has been present in Pluto's interior.

The existence of a liquid subsurface ocean was first proposed by Robuchon and Nimmo (2011), based on energy 
balance considerations that included the heat from radioactive decay, accretion, despinning and differentiation. 
After the New Horizons flyby, new observations supported the presence of an ocean, namely the absence of a 
detectable fossil bulge (Nimmo, Umurhan, et al., 2016) or numerous extensional faults suggestive of freezing 
of a liquid water beneath the ice shell (Bierson et al., 2020; Keane et al., 2016). Recent simulations by Denton 
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et  al.  (2020) who model the formation of Sputnik Planitia by an impact and track the resulting stress waves 
through Pluto also support the hypothesis.

The presence of an ocean also provides an explanation for the current position of Sputnik Planitia. A random 
impact location close to the tidal axis has been shown to be very unlikely (<10%) by Keane et al. (2016). More-
over, an impact basin without additional physical mechanism would produce a negative gravity anomaly, making 
the basin migrate toward the rotational axis by a whole-body reorientation (Matsuyama et al., 2014). Alternatively, 
if a global ocean was present, the negative gravity signal of the basin would be compensated by an isostatic uplift 
of the ocean below the basin. Provided that this process would be accompanied by surface accumulation of nitro-
gen in the basin, the resulting gravity anomaly would be positive (Nimmo, Hamilton, et al., 2016). Consequently, 
irrespective of the actual origin of the basin, whole-body reorientation in this case would lead to migration of 
Sputnik Planitia toward its present position close to the equator (Matsuyama et al., 2014). Additionally, in order to 
maintain Sputnik Planitia near the tidal axis over 4 Gyr (estimated age of the basin, Greenstreet et al. (2015)), the 
gravity anomaly has to stay positive, thus requiring the ocean uplift to remain unrelaxed, which is only possible 
if the ice shell is sufficiently rigid. This assumption may be problematic given the high temperature and therefore 
low viscosity at the ocean/shell interface. Any interface topography would thus be rapidly relaxed (∼100 Myr) 
by the induced lateral ice flow (Cadek et al., 2017). To overcome this issue, Kamata et al. (2019) suggested that 
a thin layer of methane clathrates could be present at the bottom of the ice shell (the interface with the ocean). 
Since clathrates have lower thermal conductivity than ice (Waite et al., 2007), they insulate the shell above them 
making the ice colder and thus more rigid. Moreover, clathrates themselves have higher viscosity than pure water 
ice close to the melting temperature (Durham et al., 2003). A combination of these two effects may significantly 
slow down the relaxation of the ocean uplift.

In the present paper, we study the thermal and mechanical evolution of an impact-deformed ice shell in a 2D 
axisymmetric spherical geometry with an evolving ocean/shell interface. Following Monteux et  al.  (2007), 
Monteux et al. (2014), we introduce thermal and topographic effect of an impact to estimate the initial temper-
ature distribution and uplift dimensions. Because of large stresses generated within the ice shell, we employ a 
nonlinear stress-dependent viscous rheology. We discuss our results not only in terms of topography, but also in 
terms of the associated gravity anomaly, which controls the reorientation. The text is organized in the following 
way. In Section 2, we describe the mathematical model and its numerical implementation. In Section 3, we pres-
ent the results obtained from simulations. Finally, we discuss our results and conclude this study in Sections 4 
and 5, respectively.

2.  Numerical Model
In order to estimate for how long the gravity anomaly generated by Sputnik Planitia could remain positive, we 
solve numerically the thermal and mechanical evolution of an impact-deformed ice shell in a 2D axisymmetric 
spherical geometry (Figure 1). We combine the rheology and thermal properties of water ice and methane clath-
rates, which were suggested to insulate the shell from below (Kamata et al., 2019), and we also take into account 
the effect of impact heating. The resulting gravity anomaly is calculated based on the topographies of individ-
ual density discontinuities: the ocean/shell interface (water/ice), the basin floor (ice/nitrogen) and the surface 
(nitrogen/vacuum). Note that for the sake of simplicity, we assume that the thickness of the nitrogen layer does 
not evolve in time and equals its current thickness 7 km (e.g., Nimmo, Hamilton, et al. (2016)). This approach 
provides an upper bound on the time during which the gravity anomaly remains positive and is also in accord 
with the expected fast accumulation of nitrogen in the basin on the time scale of only millions of years (Hamilton 
et al., 2016).

2.1.  Governing Equations

To model the thermo-mechanical evolution of Pluto's ice shell with the clathrate layer at its bottom boundary, we 
use the following set of mass, momentum and energy balance equations for an incompressible non-Newtonian 
heat-conducting fluid in the Boussinesq approximation

0 = ∇ ⋅ 𝒗𝒗,� (1)

𝟎𝟎 = −∇𝑝𝑝 + ∇ ⋅ 𝜂𝜂
(

∇𝒗𝒗 + ∇
𝑇𝑇
𝒗𝒗

)

+ 𝜌𝜌 [1 − 𝛼𝛼 (𝑇𝑇 − 𝑇𝑇𝑟𝑟)] 𝒈𝒈,� (2)
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𝜌𝜌𝜌𝜌𝑝𝑝

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝒗𝒗 ⋅ ∇𝑇𝑇

)

= ∇ ⋅ (𝑘𝑘∇𝑇𝑇 ).� (3)

Here v denotes the velocity, p is the pressure, η is the viscosity, ρ is the density at reference temperature Tr, α is 
the thermal expansion coefficient, g is the gravity, cp is the specific heat, and k is the thermal conductivity. The 
evolution of the ocean uplift topography hbot is governed by the following equation

𝜕𝜕𝜕bot

𝜕𝜕𝜕𝜕
= 𝑣𝑣𝑟𝑟 − (∇ℎbot ⋅ 𝒆𝒆𝜃𝜃) 𝑣𝑣𝜃𝜃,� (4)

where vr and vθ are velocity components with respect to the local orthonormal (polar) system (er, eθ). The surface 
topography is assumed fixed throughout the simulations (for discussion see Section 2.4).

2.2.  Material Properties

As described above, we assume that a clathrate layer of thickness hc is present at the bottom interface of the ice 
shell with the ocean. To describe its position, we define an auxiliary function ϕ

𝜙𝜙(𝑅𝑅𝑅 𝑅𝑅𝑅 𝑅𝑅) =
1

2

[

tanh

(

−
𝑅𝑅 − ( 𝑅𝑅i + ℎ𝑐𝑐 + ℎbot(𝜃𝜃𝜃𝜃𝜃 )

100 m

)

+ 1

]

,� (5)

where R is the distance from Pluto's center and Ri is the radius of the ocean/shell interface, see Figure 1. Function 
ϕ smoothly changes from one in the clathrate layer to 0 in the rest of the ice shell in order to discriminate between 
the two material domains and the corresponding material parameters (thermal conductivity, viscosity). Thus 
defined, the clathrate layer has a constant thickness hc and follows the shape of the bottom boundary (Figure 1, 
right top, gray area).

The effect of the clathrate layer at the ocean/shell interface is implemented via thermal conductivity and viscosity. 
The density of clathrates does not differ significantly from the ice density (Waite et al., 2007), thus we only use 
one value of ρ (see Table 2). Similarly, the heat capacity of clathrates at the ice melting temperature (clathrates 
are only present at the ocean/shell interface) is close to that of ice (Waite et al., 2007). For that reason, we do not 
distinguish between the ice and clathrate value and prescribe a temperature-dependent heat capacity (McCord & 
Sotin, 2005)

Figure 1.  Left: Problem geometry. We address only the ice shell evolution (dark blue). Ocean uplift generated by the impact 
is located at the north pole. Right top: Detail of the problem geometry: Ice (dark blue) and clathrates (gray). The red point 
marks the ocean uplift center whose time evolution is investigated in Section 3. Right bottom: Computational mesh and the 
domain boundaries. The mesh is refined near the uplift area and at the top and bottom boundaries, where steep gradients of 
variables or material properties are expected.
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𝑐𝑐𝑝𝑝(𝑇𝑇 ) = 𝑎𝑎 + 𝑏𝑏𝑏𝑏 𝑏� (6)

where a = 185 J ⋅ kg −1 ⋅ K −1 and b = 7.037 J ⋅ kg −1 ⋅ K −2. We assume a temperature-dependent thermal conduc-
tivity of ice (Carnahan et al., 2021)

𝑘𝑘ice(𝑇𝑇 ) =
612 W ⋅m

−1

𝑇𝑇
,� (7)

and, for the sake of simplicity, we use a constant value of clathrate thermal conductivity. Taking into account 
temperature and pressure conditions beneath the ice shell of Pluto, we adopt values kclath = 0.64 and 0.66 W ⋅ 
m −1 ⋅ K −1 for a 100 and 200 km thick ice shell, respectively, which are at melting temperature (265 K) almost 4× 
smaller than the value of ice thermal conductivity (Waite et al., 2007). The thermal conductivity in the shell can 
be then expressed in terms of the auxiliary function ϕ

𝑘𝑘 = 𝑘𝑘ice(1 − 𝜙𝜙) + 𝑘𝑘clath𝜙𝜙𝜙� (8)

so that k = kclathr in the clathrate layer (ϕ = 1) and k = kice in the rest of the ice shell (ϕ = 0).

On timescales of millions of years, ice deforms by viscous flow which is accommodated by at least four known 
deformation mechanisms – diffusion creep, dislocation creep, grain boundary sliding and basal slip (Goldsby & 
Kohlstedt, 2001). These mechanisms are in general functions of temperature, grain size and stress and can be 
described by separate viscosity functions. For diffusion creep, we use a combination of volumetric and boundary 
diffusion (Goldsby & Kohlstedt, 2001)

𝜂𝜂diff =
𝑅𝑅𝑅𝑅𝑅𝑅2

84𝑉𝑉𝑚𝑚

[

𝐷𝐷0,𝑣𝑣exp

(

−
𝑄𝑄𝑣𝑣

𝑅𝑅𝑅𝑅

)

+
𝜋𝜋𝜋𝜋

𝑑𝑑
𝐷𝐷0,𝑏𝑏exp

(

−
𝑄𝑄𝑏𝑏

𝑅𝑅𝑅𝑅

)]−1

,� (9)

where R is the universal gas constant, d is the grain size, D0,v and D0,b along with Qv and Qb are the preexponential 
factors and activation energies for volume and boundary diffusion, respectively. Finally, Vm = 1.97 ⋅ 10 −5 m 3 is the 
molar volume and δ = 9.04 ⋅ 10 −10 m is the grain boundary width. Values of diffusion creep parameters are listed 
in Table 1. In the case of stress-dependent deformation mechanisms (dislocation creep, grain boundary sliding 
and basal slip), viscosity can be expressed as

𝜂𝜂𝑖𝑖 =
1

2
𝐴𝐴

−1∕𝑛𝑛𝑖𝑖
𝑖𝑖

𝑑𝑑𝑝𝑝𝑖𝑖∕𝑛𝑛𝑖𝑖 𝜀̇𝜀
(1−𝑛𝑛𝑖𝑖)∕𝑛𝑛𝑖𝑖
II

exp

(

𝑄𝑄𝑖𝑖

𝑛𝑛𝑖𝑖𝑅𝑅𝑅𝑅

)

,� (10)

Ice (stress-independent)

D0 (m 2 ⋅ s −1) Q (kJ ⋅ mol −1)

Volume diffusion 9.1 ⋅ 10 4 59.4

Grain boundary diffusion 6.4 ⋅ 10 4 49

Ice (stress-dependent)

A (Pa −n ⋅ m p ⋅ s −1) n p Q (kJ ⋅ mol −1)

Dislocation (T < 258 K) 4.0 ⋅ 10 −19 4.0 0.0 60

Dislocation (T > 258 K) 6.0 ⋅ 10 4 4.0 0.0 180

GBS (T < 255 K) 6.2 ⋅ 10 −14 1.8 1.4 49

GBS (T > 255 K) 5.6 ⋅ 10 15 1.8 1.4 192

BS 2.2 ⋅ 10 −7 2.4 0.0 60

Clathrates (stress-dependent)

BS 2.24 ⋅ 10 −5 2.2 0.0 60

Table 1 
Parameters for Ice and Clathrate Deformation Mechanisms (Durham et al., 2003; Goldsby & Kohlstedt, 2001)
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where i denotes the particular deformation mechanism, i ∈ {disl, GBS, BS}, 
Ai is the preexponential factor, Qi is the activation energy, pi is the grain size 
exponent, 𝐴𝐴 𝐴𝐴𝐴II is the strain rate invariant given by 𝐴𝐴 𝐴𝐴𝐴II =

√

𝜺̇𝜺 ∶ 𝜺̇𝜺∕2 and ni is its 
exponent. Parameters for these mechanisms are listed in Table 1. All mecha-
nisms can be combined to describe an effective viscosity ηeff by the following 
formula (Goldsby & Kohlstedt, 2001)

1

𝜂𝜂eff

=
1

𝜂𝜂diff

+
1

𝜂𝜂disl

+
1

𝜂𝜂GBS + 𝜂𝜂BS

+
1

𝜂𝜂max

,� (11)

where we introduced the cut-off viscosity ηmax which bounds the viscosity 
from above for numerical reasons.

According to Durham et  al.  (2003), clathrates deform by basal slip (with 
viscosity given by Equation 10). Values of viscosity parameters appropriate 
for clathrates are given in Table 1. Due to a large contrast between the clath-
rates and ice viscosities, we use their power-law combination

𝜂𝜂 = 𝜂𝜂
1−𝜙𝜙

eff
𝜂𝜂
𝜙𝜙

clath
.� (12)

In cases where the stress-dependent rheology is not considered, we use diffu-
sion creep (Equation 9) as the only mechanism.

2.3.  Post-Impact Thermal State and Topography

The collision of a smaller body (impactor) with a larger one (target), consid-
ered to be the formation mechanism for Sputnik Planitia, has several conse-
quences. First, the total energy must be conserved and thus part the of 
impactor's kinetic energy is transformed into internal energy which leads to a 
local increase of the target's temperature. If the impactor velocity vimp is larger 
than the seismic velocities of the target, a shock wave develops (Croft, 1982). 
The associated temperature increase ΔT is then nearly uniform in a spherical 
region of radius Ric–the isobaric core–located below the impact center and 

strongly decays away from it (Senshu et al., 2002). The radius of the isobaric core Ric is usually considered to be 
proportional to the impactor radius rimp with a factor of 𝐴𝐴

3
√

3 , that is, 𝐴𝐴 𝐴𝐴ic ∝
3
√

3 𝑟𝑟imp (Monteux et al., 2007).

Let us assume that the kinetic energy Ek of the impactor of the volume Vimp is transformed with efficiency γ into 
the internal energy of the target Ei

𝛾𝛾𝛾𝛾𝑘𝑘 ≡ 𝛾𝛾
1

2
𝜌𝜌imp𝑉𝑉imp𝑣𝑣

2

imp
= 𝐸𝐸𝑖𝑖 ≡ 𝑄𝑄𝑄𝑄eff,� (13)

where ρimp is the impactor density and Q is the amount of heat per unit volume obtained by the effectively heated 
volume Veff of the target. Denoting hm the ratio of the volume Veff to the volume of the isobaric core

ℎ𝑚𝑚 =
𝑉𝑉eff

𝑉𝑉ic

∼
𝑉𝑉eff

3𝑉𝑉imp

,� (14)

(due to proportionality of Ric and rimp, see above), the heat per unit volume Q can be expressed as

𝑄𝑄 =
1

6

𝜌𝜌imp𝑣𝑣
2

imp

ℎ𝑚𝑚

𝛾𝛾𝛾� (15)

The value of γ is typically considered to be between 0.2 and 0.6 (Monteux et al., 2014), while the value of hm 
is determined by the attenuation exponent m defined below, see Monteux et al. (2007) for further details. The 
resulting post-impact temperature increase ΔT can then be estimated as

Δ� =
−� +

√

�2 + 2�
(

�∕� + ��0 + �� 2
0 ∕2

)

�
− �0,� (16)

Variable Symbol Value Unit

Outer radius Ro 1188 km

Gravity g 0.617 m⋅s −2

Ice shell thickness H 100, 200 km

Clathrate layer thickness hc 5, 10 km

Ice density ρ 917 kg ⋅ m −3

Ocean density ρw 1100 kg ⋅ m −3

Nitrogen density 𝐴𝐴 𝐴𝐴N2
  1000 kg ⋅ m −3

Surface temperature Ttop 40 K

Ocean/shell interface temperature Tbot 265 K

Bond albedo A 0.79 -

Ice emissivity ɛ 0.97 -

Stefan-Boltzmann constant σ 5.67 ⋅ 10 −8 W ⋅ m −2⋅K −4

Solar constant S 1360 W ⋅ m −2

Pluto's mean distance from the Sun R♇ 39.5 AU

Grain size d 1 mm

Cut-off viscosity ηmax 10 24 Pa ⋅ s

Impactor velocity vimp 4 km ⋅ s −1

Impactor diameter dimp 400 km

Impactor density ρimp 920 kg ⋅ m −3

Impact heating efficiency γ 0.4 −

Attenuation exponent m 3.4 −

Factor of effectively heated volume hm 5.8 −

Table 2 
Model Parameters
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where T0 is the pre-impact temperature profile, see Supporting Information S1 for details. The constants a and 
b represent the constant and linear term, respectively, in Equation 6. The post-impact temperature field can be 
expressed as

𝑇𝑇 (𝑟𝑟) =

⎧

⎪

⎨

⎪

⎩

𝑇𝑇0 + Δ𝑇𝑇 for 𝑟𝑟 𝑟 𝑟𝑟ic,

𝑇𝑇0 + Δ𝑇𝑇

(

𝑅𝑅ic

𝑟𝑟

)𝑚𝑚

for 𝑟𝑟 ≥ 𝑅𝑅ic,
� (17)

with the attenuation exponent, m, typically assumed to be between 2.8 and 4.0 (Monteux et  al.,  2014). The 
particular values of parameters γ, m, and hm used in the present study are given in Table 2.

Second, the impactor excavates the target material, creating a transient crater whose walls collapse forming the 
final crater (Zahnle et al., 2003). Its diameter can be estimated using the following scaling law (see Equation A6 
in Zahnle et al. (2003))

𝐷𝐷 = 𝑎𝑎0

(

𝑣𝑣imp

𝑣𝑣esc

)2𝑎𝑎1
(

𝜌𝜌imp

𝜌𝜌tar

)𝑎𝑎2

𝑅𝑅
𝑎𝑎3
tar

(

2𝑅𝑅imp

)𝑎𝑎4
cos𝑎𝑎5 (𝜗𝜗inc) ,� (18)

where vesc is the target escape velocity, Rimp, ρimp and Rtar, ρtar are the radius and density of the impactor and the 
target, respectively. We choose the angle of incidence ϑinc to be 0° as in Senft and Stewart (2008), providing an 
upper bound for D (see Equation 18) for a given impactor. Let us note, that it does not represent the most prob-
able value that would be 45° (Kraus et al., 2011). The values of scaling parameters ai are as follows: a0 = 1.1, 
a1 = 0.217, a2 = 0.333, a3 = 0.217, a4 = 0.783, and a5 = 0.44 (Zahnle et al., 2003). Fixing the impactor veloc-
ity  allows us to estimate suitable combinations of impactor density and diameter. According to Kohnen (1974), 
the P-wave velocity at 40 K (Pluto's surface temperature) is approximately 4 km ⋅ s −1 and decreases with temper-
ature (and thus depth, see also Vance et al. (2018)). In order to satisfy the condition for the shock wave develop-
ment mentioned above, we will use vimp = 4 km ⋅ s −1. Note that the average impactor velocity at Pluto is expected 
to be about 2 km ⋅ s −1 (Zahnle et al., 2003). For such low velocity, a shock wave would, however, not develop and, 
consequently, the post-impact temperature increase would be negligible – this scenario is already included in the 
models without impact heating (see Section 3). In order to assess the role of possible impact heating, we picked 
the smallest value of impact velocity that would result in impact heating.

Assuming further an impactor of density 920  kg ⋅ m −3 (Johnson et  al.,  2016) and basin diameter 1,000  km 
(Nimmo, Hamilton, et al., 2016), Equation 18 gives impactor diameter of ∼400 km, which is in agreement with, 
for example, Denton et al. (2020). Values of all parameters are given in Table 2.

2.4.  Boundary and Initial Conditions

The boundary of the computational domain consists of three parts: the bottom boundary ΓB (interface with the 
ocean), the surface boundary ΓS and the axis of symmetry ΓA (Figure 1, right bottom). We prescribe fixed temper-
ature at the bottom boundary and zero normal heat flux at the axis of symmetry.

𝑇𝑇 |Γ𝐵𝐵 = 𝑇𝑇𝑜𝑜,� (19)

(𝒒𝒒 ⋅ 𝒏𝒏)|Γ𝐴𝐴 = 0,� (20)

where q = −k∇T denotes the heat flux, n is the unit vector normal to the boundary and To is the ocean tempera-
ture. On the top boundary, we prescribe either radiation condition (for models with impact heating, see Section 3) 
or fixed temperature (otherwise)

(𝒒𝒒 ⋅ 𝒏𝒏)Γ𝑆𝑆 =
𝑆𝑆

(

𝑅𝑅
❭

∕𝑅𝑅⊕

)2
(1 − 𝐴𝐴) − 𝜀𝜀𝜀𝜀𝜀𝜀 4

� (21a)

or

𝑇𝑇 |Γ𝑆𝑆 = 𝑇𝑇𝑆𝑆,� (21b)
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respectively, where S denotes the Solar constant, R♇ and R⊕ are mean distances of Pluto and the Earth from the 
Sun, respectively, σ denotes the Stefan-Boltzmann constant, ɛ is the ice emissivity, A is the Bond albedo of Pluto's 
surface and TS is the surface equilibrium temperature.

For the momentum equation, we use a free-slip boundary condition at the surface and the axis of symmetry.

(𝒗𝒗 ⋅ 𝒏𝒏)|Γ𝐴𝐴∪𝑆𝑆 = 0,� (22)
(

𝝉𝝉
𝐷𝐷
⋅ 𝒏𝒏

)

𝑡𝑡
|Γ𝐴𝐴∪𝑆𝑆

= 𝟎𝟎,� (23)

where τ D is the deviatoric part of Cauchy stress tensor, τ = −pI + τ D. On the bottom boundary, we prescribe 
(hydrostatic) ocean pressure

(𝝉𝝉 ⋅ 𝒏𝒏)|Γ𝐵𝐵 = 𝑝𝑝ocean𝒏𝒏,� (24)

where pocean = g(Hρi − ρwhbot) and H is the (reference) shell thickness, see Table 2.

The lateral dimensions (∼1,000 km) and initial depth (∼10 km) of the surface basin are adopted from Nimmo, 
Hamilton, et al. (2016). In our axially symmetric model, the crater center is located at the north pole (θ = 90°) 
and we can thus define the surface basin topography as a function of latitude θ (in degrees)

ℎtop(�) = −10 km

⎛

⎜

⎜

⎜

⎝

1 + tanh
(

� −68.5◦

5◦

)

2

⎞

⎟

⎟

⎟

⎠

.� (25)

The surface basin topography htop is not evolved in our simulations, since the values of the estimated basin 
depth after the impact and the present depth are very close (e.g., Nimmo, Hamilton, et al., 2016; Trowbridge 
et al., 2016; McKinnon et al., 2017), suggesting that no significant surface relaxation has taken place. The basin 
topography is thus only used to (a) evaluate the gravity anomaly (see Equation 11 in Supporting Information S1) 
and to (b) estimate the initial ocean/shell boundary uplift. For this, we employ the assumption of Airy isostasy 
(Airy, 1855; Bursa & Pec, 2013; Cadek et al., 2019) using the findings by Johnson et al. (2016) that a positive 
gravity anomaly can only be obtained if the ocean density is higher than ∼1,100 kg ⋅ m −3. This value, which we 
adopt in our study, can be the result of 5%–10% MgSO4 dissolved in Pluto's ocean (Vance et al., 2018). Note that 
MgSO4 is often present in CI and CM chondrites (Hogenboom et al., 1995), whose composition is considered 
representative of the primordial building material.

As an initial condition for temperature, we prescribe a conductive temperature field evaluated using the shell 
(clathrate/ice) conductivity (Equation 8). Since for the chosen ice shell/clathrate layer thicknesses (100/5 and 
200/10 km) the conductive cooling timescales are less than 100 Myr (see Figure S1 in Supporting Informa-
tion S1), we assume that the shell was cooled down due to the insulating effect of clathrates already before the 
impact. For simulations with impact heating, this conductive temperature field is overlaid by the thermal anomaly 
estimated from Equation 16.

2.5.  Numerical Method

We solve the set of governing equations equipped with the material parameters and boundary conditions by a 
Finite Element Method, implemented in the open-source platform FEniCS (Alnæs et al., 2015; Logg et al., 2012). 
We employ a structured triangular mesh refined near the ocean/shell interface as well as at the top boundary (see 
Figure 1, right bottom). For the discretization of the Stokes problem (Equations 1 and 2), we use the Taylor-Hood 
elements–quadratic for velocity and linear for pressure (Taylor & Hood, 1973), for energy balance (Equation 3) 
quadratic elements and for the kinematic equation (Equation 4) linear elements. The energy balance and the 
kinematic equation that contain the time derivative are discretized by the Crank-Nicolson and implicit Euler 
scheme, respectively. The code was extensively tested against a spectral method solution and a solution obtained 
by commercial FEM software COMSOL 3.5a. To evaluate the gravity anomaly at the surface, we use a spectral 
method (Cadek et al. (2021), see SI for details) and parameters listed in Table 2.
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3.  Results
We performed a series of simulations to investigate the effect of the main 
model parameters – the reference thickness of the ice shell (H) and of the 
clathrate layer (hc), as well as the effect of the particular model setting – 
rheology and impact heating. For the thicknesses, we use the two end-mem-
ber values, which, according to Kamata et al. (2019) lead to the slowest relax-
ation: H = 100 km combined with hc = 5 km (models 1a–d, see Table 3) and 
H = 200 km combined with hc = 10 km (models 2a–d). The distinct rheology 
and heating settings are denoted by letters “a” to “d” (see Table 3).

Figure 2 shows the evolution of viscosity for models 1a (left) and 2a (right) 
that include the effect of impact heating as well as nonlinear composite rheol-
ogy (CR). The initial state (top row) shows locally decreased viscosity (red 
color) due to impact heating (isobaric core region). The middle row shows 
the simulations' results at t = 1 Myr. Since the thin shell (model 1a, left) 
contains only a small amount of warm ice, it cools down very quickly and 
at 1 Myr, it is already effectively rigid (η > 10 20 Pa ⋅ s). On the other hand, 
in the case of a thick shell (model 2a, right), the volume of the heated ice 
is larger and thus vigorous convection develops in the ice below the impact 
site. However, as the shell gradually loses heat, convection ceases even in the 
thicker shell–at the end of the simulation (t = 4 Gyr, bottom row), both shells 

Model H (km) hc (km) CR IH

1a 100 5 yes yes

1b 100 5 yes no

1c 100 5 no yes

1d 100 5 no no

2a 200 10 yes yes

2b 200 10 yes no

2c 200 10 no yes

2d 200 10 no no

Note. Reference simulations (letter “a”) with composite rheology (CR) 
and impact heating (IH) included are marked in bold. Simulations “b” and 
“c” investigate the effect of composite rheology and impact heating alone, 
respectively. Simulations “d” represent the setting of Kamata et al. (2019), that 
is, temperature-dependent viscosity only and no impact heating.

Table 3 
List of Performed Simulations

Figure 2.  Evolution of viscosity (color) for models 1a (left) and 2a (right), r denotes the radial distance from Pluto's center, dashed line indicates the pre-impact ocean/
shell boundary. Top: initial state (t = 0 Myr). Note local viscosity decrease (red color) due to impact heating. Middle: simulation results at t ≃ 1 Myr. The thinner 
shell (model 1a) cools quickly and thus becomes rigid, while the thicker shell (model 2a) remains warm below the impact location and enables development of local 
convection. Bottom: end of simulation (t ≃ 4 Gyr). In model 2a, the uplift is fully relaxed, while in model 1a the uplift subsided by only a few kilometers.
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are cold, rigid and purely conductive. But the state of the ocean/shell interface is quite different–while the thick 
shell relaxed completely and there is no sign of the initial ocean uplift (bottom right), the relaxation in the thin 
shell proceeded so slowly that a visible uplift is still present, even after 4 Gyr of simulation (bottom left).

Figure 3 shows the time evolution of the ocean uplift center (i.e., the intercept of the bottom boundary and the 
axis of symmetry, see the red point in Figure 1, right top). Models 1a and 2a (yellow color) correspond to the 
full setting (with both impact heating and composite rheology), whose relaxation was investigated in detail in 
Figure 2. While in the case of the thin shell (H = 100 km, left), the uplift center subsides by about 10 km (from 
60 to 50 km), the uplift center in the thick shell (H = 200 km, right) sank by more than 60 km (from almost 80 
to 10 km). This is in clear contrast to models with only temperature-dependent rheology and no impact heating 
(models 1d, 2d, blue color) that correspond to the setting used by Kamata et al. (2019). In those cases, the ocean 
uplift is not relaxed even after 4 Gyr of simulation, which is in agreement with Kamata et al.’s conclusions. To 
distinguish between the effects of composite rheology and impact heating, we also performed simulations with 
only one of these effects taken into account (1b and 2b–composite rheology only, 1c and 2c–impact heating 
only). If a composite rheology is employed, grain boundary sliding and basal slip lead to viscosity decrease in the 
vicinity of the uplift, where large stresses are present. Impact heating, on the other hand, decreases viscosity only 
at the beginning of the simulation and its effect is suppressed once the shell has cooled down.

In Figure 3, these effects are well demonstrated by the model with a thick shell (H = 200 km, right): the relaxation 
curve of the model with impact heating but only temperature-dependent rheology (2c, red color) differs from the 
cases without impact heating (2b and 2d) during the first ∼10 Myr, but afterward, the relaxation rate is compa-
rable to that of case 2d (no impact heating, temperature-dependent rheology, blue color). On the other hand, the 
relaxation curve of the model with composite rheology but no impact heating (2b, green color) follows closely 
that of model 2d (blue) till ∼500 Myr, but then its rate changes abruptly, leading to almost full relaxation at the 
end of the simulation (t = 4 Gyr)–the remaining uplift is only about 20 km, similar to that for the full model (2a, 
yellow). Therefore, the inclusion of a composite rheology seems to have a more pronounced effect on the ocean 
uplift relaxation rate than the inclusion of impact heating. Models with a thin shell (H = 100 km, left) are much 
less sensitive to these effects although a small difference can be observed at the end of simulation for models with 
composite rheology (1a–yellow and 1b–green). However, the effect of stress-dependent mechanisms is reduced 
by the low temperatures. The ocean uplift in all thin shell models subsides by only about 10 km during 4 Gyr.

Figure 4 shows the time evolution of surface gravity anomaly at degree j = 2 generated by the uplift, the surface 
crater and the solid nitrogen within (see Supporting Information S1 for the details on its evaluation), which repre-
sents the change in Pluto's moment of inertia and is therefore responsible for its reorientation. In particular, the 
sign of the anomaly determines the direction of reorientation with negative values leading to poleward movement 
and positive values rotating the crater toward the equator. Results in the left panel show that all models with 
H = 100 km stay in positive values during the simulation. Therefore, the thin shell allows Sputnik Planitia to 
migrate toward and remain close to the equator. On the other hand, results for the thick shell (H = 200 km) show 
that the more realistic setting with composite rheology and impact heating leads to a change in the gravity anom-
aly sign during the relaxation. This indicates that if the shell is thick, Sputnik Planitia would eventually reorient 
toward the rotational axis.

Figure 3.  Time evolution of the ocean uplift center (hbot at θ = 90°, see text). Note that the time scale is logarithmic and 
its range differs between the left and the right panel. Left: Models with a thin shell (H = 100 km)–the effect of rheology 
or impact heating (IH) is negligible. Right: Models with a thick shell (H = 200 km)–combined IH + composite rheology 
(CR) (2a) as well as CR alone (2b) lead to significantly faster relaxation compared to the case without IH and with only 
temperature-dependent rheology (2d). The effect of IH alone (2c) is negligible.
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4.  Discussion
The results presented in Section 3 show that the relaxation rate of an impact-induced uplift strongly differs for 
the thin (∼100 km) and the thick (≥200 km) shell, since it depends on the internal thermal structure, which 
evolves in time. In the context of the hypothetical ocean uplift below Sputnik Planitia basin suggested by Kamata 
et al. (2019), our results indicate that Pluto's shell has to be thin (∼100 km) in order to maintain significant uplift 
topography on timescales of the order of 4 Gyr. However, several simplifications were made that should be 
considered before interpreting the results.

The formula for the temperature anomaly amplitude (Equation 16) was derived under the assumption that the 
lateral dimensions of the crater are negligible with respect to the shell thickness (Monteux et al., 2007, 2014). 
Regarding the diameter of Sputnik Planitia (1,000 km), which is three times larger than the thickness of the 
hydrosphere (327 km), such approach may not be accurate. Johnson et al. (2016) performed a series of numerical 
simulations of Sputnik Planitia basin formation and presented post-impact temperature fields with both surface 
and uplift topographies. According to their results, the ice shell is nearly molten through below the region of 
impact. In our case, the shell reached the melting temperature only at the very bottom, since we considered signif-
icantly colder pre-impact state because of the clathrates (see Supporting Information S1 for details).

Shell thickness appears to be a crucial parameter in the uplift relaxation problem. In our model, we considered 
that the thicknesses of both the ice shell and the clathrate layer are not affected by either melting or freezing. Such 
a choice in the case of the ice shell is reasonable–according to Kamata et al. (2019), in the presence of clathrates, 
the thickness of the ice shell does not vary significantly over 4 Gyr. The clathrates, however, may accumulate up 
to a few tens of kilometers thick layer (Kamata et al., 2019). On the other hand, immediately after the impact,  the 
clathrate layer might have been much thinner than our model assumes. Recent impact simulations by Denton 
et al.  (2020) show that the ice shell might have been locally disrupted by enormous excavation of the impact 
region, which makes the preservation of a uniform layer doubtful. For the lack of better knowledge, we adopted 
the thickness values that are, according to Kamata et al. (2019), the most favorable to slow down the uplift relax-
ation, that is, 5 and 10 km for 100 and 200 km thick ice shell, respectively. Investigation of other thicknesses or 
implementation of the clathrate layer evolution is left for another study.

The key parameter governing the relaxation is viscosity, which depends in general on the grain size, temperature 
and stress. The effect of stress was discussed in Section 3. Temperature at the ocean/shell interface equals the 
melting temperature, which can be reduced by tens of Kelvins if ammonia was present (Hogenboom et al., 1997). 
However, ammonia also reduces water density and its presence would thus make the gravity anomaly contribu-
tion insufficient for compensation, see for example, Johnson et al. (2016). The melting temperature can also be 
reduced by up to 20 K by the presence of salts such as NaCl or MgSO4, which also increases water density (e.g., 
Vance et al., 2014, 2018), pronouncing the gravity effect of the ocean uplift. Lower ocean temperature will result 
in an increase in the ice/clathrate viscosity, and thus in slower relaxation. To assess the effect of a cold ocean, 
we performed additional simulations with ocean temperature set to 250 K–in such a setting, the gravity anomaly 
remains positive for at least 4 Gyr even in the case of a thick shell (see Text S4 and Figure S3 in Supporting Infor-
mation S1). These results indicate that a thin and very salty ocean might also be admissible.

Figure 4.  Time evolution of gravity anomaly at spherical harmonic degree j = 2 (see text). Note that the time scale is 
logarithmic and its range differs between the left and the right panel. Left: Models with a thin shell (H = 100 km)–the 
gravity anomaly stays positive for all cases. Right: Models with a thicker shell (H = 200 km)–simulations with more realistic 
(composite) rheology (2a and 2b) change sign before 4 Gyr.
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Finally, the grain size is a parameter that directly affects the viscosity, and therefore the relaxation rate. Since 
its value is unknown, a stable ocean uplift could be easily explained by sufficiently large ice grains. We chose 
a constant value of 1 mm, following the published studies (e.g., Barr & McKinnon 2007; McKinnon 1999 and 
many others). However, the ice grains experience both growth and reduction, depending on the presence of 
impurities and the deformation they are exposed to, therefore their size is a function of both space and time (Barr 
& McKinnon, 2007; Rozel et al., 2011). A significant grain growth in the vicinity of relaxing uplift seems to be 
unlikely, since dislocation creep, occurring at large stresses (produced e.g., by the uplift) reduces the grain size 
(Barr & McKinnon, 2007; Rozel et al., 2011). Another concern is that viscous rheology does not well describe 
the material behavior under conditions on the surface of icy bodies (low temperatures, high stresses) and elastic 
as well as brittle behavior should be considered which is however beyond the scope of this paper. For that reason, 
the evolution of the surface topography is not addressed in this work since, being much colder, it is also unreal-
istically rigid if one assumes only viscous behavior. Detailed simulations covering grain size evolution and more 
realistic rheology are left for a future study.

5.  Conclusions
In the present study, we developed a 2D spherical axisymmetric model in order to investigate the relaxation of 
Pluto's impact-deformed ice shell underlain by an ocean. We studied the effect of impact heating and stress-de-
pendent viscosity on the ocean uplift relaxation, while the shell was insulated from below by a high viscosity and 
low conductivity clathrate layer. We further evaluated the gravity anomaly at degree 2 resulting from the surface 
topography, nitrogen layer and uplift topography, and focused on the transition between the positive and negative 
values, that is, the tendency to reorient toward the equator and rotation axis, respectively.

We examined the relaxation of a thick (200 km) and a thin (100 km) shell with the initial uplift determined by an 
assumption of Airy isostasy. The thick shell is initially warm, therefore a temporary local convection occurs. Due 
to low ice viscosity, the shell undergoes a fast initial relaxation lasting up to 10 Myr, at which point convection 
ceases. A phase of stagnation follows after, lasting until approximately 1 Gyr, after which the relaxation contin-
ues, however, at much slower rate. In the case of pure water ocean, the associated gravity anomaly becomes nega-
tive after 2 Gyr. Assuming the Sputnik Planitia basin to be 4 Gyr old, its migration by whole-shell reorientation 
toward the equator cannot be explained by a pure water ocean uplift and a thick ice shell. However, the presence 
of antifreeze such as NaCl could significantly reduce the ocean temperature and slow down the relaxation, thus 
ensuring the gravity anomaly stays positive. When the shell is thin, it cools down quickly and convection does 
not develop. Therefore, there is no fast initial relaxation and the shell soon becomes cold and rigid. The resulting 
gravity anomaly remains positive for at least 4 Gyr. Overall, our study shows that a thin shell with a thick ocean is 
more likely to support the reorientation theory. Alternatively, a thin salty ocean is also consistent with the theory. 
Note that the assumption of a clathrate layer of uniform thickness constant in time along with the assumption of 
a constant grain size represent two major simplifications. Taking these two effects into account is non-trivial and 
would require a more detailed study.

Data Availability Statement
All data used for producing figures in the paper can be found on https://doi.org/10.5281/zenodo.6518892.
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