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ARTICLE INFO ABSTRACT

Keywords: We simulate Sputnik Planitia (SP), Pluto’s largest impact basin, from formation through cooling and relaxation

Cratering prior to loading of the basin with Ny ice. To assess potential conditions for Pluto’s interior that permit the

L‘;‘Paet processes formation of an SP-like basin in terms of depth and diameter, we consider impacts into targets that possess a
uto

subsurface ocean with variable ice shell thicknesses and thermal structures. We use a shock physics code to
model excavation and transient crater collapse. Then, using the final temperature and density structure from the
shock physics code as initial conditions, we simulate the subsequent cooling and viscoelastic relaxation of basin
topography using a finite element model (FEM). We show that a thin ice shell (on the order of 100 km) overlying
a thick ocean (on the order of 228 km) produces an SP-like basin in terms of diameter and pre-N; depth. A basin
formed in a much thicker ice shell (200 km) overlying a thin ocean (128 km) can reproduce SP if the ice shell is
relatively warm and possesses a strong rheology. Our results suggest that SP was not a mascon basin prior to
subsequent loading by Ny ice, but rather close to isostatically compensated. We find that SP could have devel-
oped into a mascon basin following N loading if the ice shell is thin, conductive and possesses a lithosphere

capable of supporting the N; load.

1. Introduction

The Sputnik Planitia (SP) basin is Pluto’s largest putative impact
basin at 1400 x 1200 km (McGovern et al., 2021), and is centered near
the Pluto-Charon tidal axis (Nimmo et al., 2016). Its large size, location,
and relationship to extensional tectonic features has led researchers to
suggest that it induced planetary reorientation following the formation
of a positive mass anomaly (mascon) (Keane et al., 2016; Nimmo et al.,
2016). The evolution of SP into a mascon basin is hypothesized to
originate from uplift of a subsurface ocean in conjunction with flexural
loading by N3 ice (Keane et al., 2016; Nimmo et al., 2016).

The interpretation of SP as a mascon basin has served as circum-
stantial evidence in favor of a potentially long-lived subsurface ocean on
Pluto in conjunction with the expression of widespread extensional
tectonics and the lack of a fossil bulge in Pluto’s shape (Keane et al.,
2016; Nimmo et al., 2016; Nimmo et al., 2017). However, the New
Horizons flyby could not provide the gravity data necessary to derive
constraints on Pluto’s interior structure and its evolution over time.
Fundamental characteristics of Pluto’s interior at the time of SP’s for-
mation, including the presence and thickness of an ocean as well as the
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rheology and thermal structure of the overlying ice shell, remain poorly
understood. As giant impact basins are known to reflect the thermal and
mechanical structure of their target bodies at the time of formation (e.g.,
Ivanov et al., 2010), one means to improve our conceptual models of
Pluto is to numerically simulate the origin and evolution of SP.

Here, we apply the modeling approach used to investigate the for-
mation and evolution of lunar basins (Melosh et al., 2013; Freed et al.,
2014; Trowbridge et al., 2020) by employing sequential numerical
modeling to simulate the entirety of impact basin formation and evo-
lution, from excavation and transient crater collapse through subse-
quent cooling and isostatic adjustment. Our objective is to assess the
range of plausible conditions that persisted in Pluto’s interior at the time
of basin formation. Because the interior structure of Pluto is not well
constrained at the time of impact, we consider the most critical char-
acteristics that exert control on resulting basin morphology: the pre-
impact thickness of Pluto’s ice shell and subsurface ocean, and the
thermal state of the ice shell. Following impact, we further assess the
influence of ice rheology on final basin/ice shell morphology to better
explore SP’s evolutionary pathway prior to N5 loading.
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Fig. 1. Sputnik Planitia as captured in the global digital
elevation model of Pluto (Schenk et al., 2018). Positive values
(red) represent high elevation, while negative values (blue)
represent low elevation relative to the geoid. Contours taken
every kilometer. A broad ridge partially surrounds the central
depression, which has been identified as the basin rim. The
interior of the basin is filled with ~3-10 km of convecting Ny
ice and does not reflect the true topography of the basin floor.
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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2. Background
2.1. Sputnik Planitia

Following the New Horizons encounter, SP was initially estimated to
be 800-1000 km in diameter (Stern et al., 2015; Nimmo et al., 2016).
Schenk et al. (2018) subsequently identified a heavily eroded topo-
graphic rise ~125-175 km across surrounding the basin and re-defined
SP as an elliptical basin with dimensions of 1200 x 2000 km, for an
average basin diameter of ~1600 km. SP’s rim rises ~1 km above the
surrounding terrain and is degraded in many locations. It is poorly
exposed along the basin’s southern edge and has been extensively
modified by impact cratering and glacial flow, limiting more accurate
estimates of basin diameter (Schenk et al., 2018, Fig. 1). McGovern et al.
(2021), using the most complete topographic data available, re-
estimated the rim location such that the basin is slightly smaller:
~1300 km on average, a diameter which we aim to reproduce in our
modeling.

The depth to the top of the Ny ice occupying SP is estimated to be ~3
km (Schenk et al., 2018) and its thickness is estimated to be between 3
and 10 km (McKinnon et al., 2016; Trowbridge et al., 2016). This leads
to an estimate of the depth of the empty basin to be between 6 and 13
km. Once flexural subsidence of the ice is considered, the estimated
empty basin depth would be several km less, though quantifying this
value is difficult since Pluto’s elastic lithosphere is poorly constrained
(Conrad et al., 2019; Mills and Montesi, 2019). A maximum depth of 10

km would be consistent with gravity scaling of basin depths on Iapetus
(McKinnon et al., 2016).

Previous impact modeling used SP’s formation to investigate Pluto’s
interior structure. Initial simulations used preliminary average estimates
of basin diameter (~900 km) released by the New Horizons team (Moore
et al., 2016) as an observational constraint and probed the influence of
ice shell thickness and thermal structure on basin morphology and the
possibility of mascon formation (Johnson et al., 2016). Johnson et al.
(2016) found that a thick ocean (150 km) overlain by a 178-km ice shell
produced an SP-like basin near isostatic equilibrium with an uplifted
subsurface ocean beneath the basin, potentially compatible with mascon
formation after loading by Ny ice (Nimmo et al., 2016, Section 2.2).
Subsequent impact modeling of SP (Denton et al., 2021) focused on
impact-driven formation of antipodal terrain and assumed the larger
average basin diameter of ~1600 km. These results concluded that
reproduction of Pluto’s antipodal terrain also necessitated the presence
of a thick, 150-km subsurface ocean. However, neither investigation
explored the influence of pre-impact thermal gradient on basin forma-
tion when Pluto’s ice shell is entirely conductive, which is the
now-dominant interpretation of Pluto’s thermal structure (Nimmo et al.,
2016; Kamata et al., 2019; Nimmo and McKinnon, 2021). Nor has any
study used the post-collapse structure of SP from impact models as a
means to self-consistently assess the role of cooling and isostatic
adjustment on basin structure in the millions of years following forma-
tion, which may also alter the final state of the pre-Nj-filled basin
significantly (e.g., Melosh et al., 2013; Freed et al., 2014). This
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Table 1
Description of the iSALE model setup.
Description Value
Size of high-resolution cell 2 km
Number of high-resolution cells, horizontal direction 600
Number of high-resolution cells, vertical direction 1050
Impact velocity 2 km/s
Surface gravitational acceleration 0.62m 52
Target radius 1188 km
Core radius 860 km
Surface Temperature 44 K
Table 2
iSALE material input parameters.
Parameter description Value for ice Value for Value for
ocean dunite core
Equation of State Tillotson ice ANEOS ANEOS dunite
water
Poisson Ratio 0.33 NA 0.25
Cohesion (undamaged) 10 MPa NA 5.07 MPa
Cohesion (damaged) 0.01 MPa NA 0.01 MPa
Frictional coefficient 2.0 NA 1.58
(undamaged)
Brittle ductile transition 689 MPa NA 1.23 GPa
Tensile strength 0.17 MPa NA 10 MPa
(undamaged)
Melting temperature Pressure- 273 K 1373 K
dependent
Thermal softening parameter 1.2 NA 1.1
Acoustic fluidization decay 36.4 NA NA
time constant
Acoustic fluidization 0.523 NA NA

viscosity constant

investigation incorporates an exploration of ice shell thermal structure
as well as thickness in numerical modeling of the entire evolution of the
SP basin from impact, through crater modification, cooling, and isostatic
adjustment, up until just prior to Nj loading.

2.2. Mascon Basins

Mascon basins refer to the large, positive gravity anomalies associ-
ated with impact basins (the term mascon is short for mass-
concentrations; Muller and Sjogren, 1968). Mascon basins are best
characterized on the Moon, where they are distinct features in the lunar
gravity field (e.g., Neumann et al., 1996). Both empty and mare-filled
lunar mascon basins are observed. Empty mascon basins form when a
lithospheric bridge forms during post-impact cooling between the basin
center and the outer collar of thickened crust, enabling the former to be
uplifted beyond an isostatic state as the latter rises due to isostatic forces
(Melosh et al., 2013; Freed et al., 2014). Mare-filled mascon basins are
formed by flexural support of the volcanic load, with modeling indi-
cating that filled medium-sized basins (e.g., Humorum) were likely also
mascons when empty (Freed et al., 2014). Larger basins such as South
Pole-Aitken (SPA) do not form as mascon basins, as hydrostatic forces
overwhelm lithospheric (flexural) strength, due to their larger size and
greater post-impact temperatures (Trowbridge et al., 2020).

Sputnik Planitia as observed today (i.e., N»-filled) has been argued to
be a mascon basin on the basis of its location close to Pluto’s tidal axis at
the anti-Charon point (Keane et al., 2016; Nimmo et al., 2016; Nimmo
and McKinnon, 2021). Such proximity is consistent with how planetary-
scale positive mass anomalies reorient the body to align with the equator
(e.g., the reorientation of the Tharsis volcanic rise on Mars, Citron et al.,
2018). The previous lunar study of SPA (Trowbridge et al., 2020) sug-
gests that SP was likely too large to have formed into a mascon basin
during cooling and isostatic adjustment and did not become a mascon
until it was loaded with dense Ny ice (Nimmo et al., 2016; Keane et al.,
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2016; Johnson et al., 2016).
3. Modeling approach

Impact basin formation occurs on a vastly different timescale than
subsequent cooling and viscoelastic relaxation associated with isostatic
adjustment. Following Freed et al. (2014) and Trowbridge et al. (2020),
we use a shock physics code to simulate the rapid process of basin
excavation and collapse, which occurs in a matter of hours, followed by
a finite element code, which captures the subsequent adjustment of the
basin in response to conductive cooling and viscoelastic flow over the
next tens of millions of years. This leads to a prediction of the final state
of the basin (ice thickness, topography, and gravity signature) prior to
Ny ice fill for comparison to the constraints provided by New Horizons
data and associated studies.

3.1. Impact modeling

We use the axisymmetric iISALE-2D shock physics code to simulate
the initial basin-forming impact (Amsden et al., 1980; Collins et al.,
2004; Wiinnemann et al., 2006). We apply the inferred mean impactor
velocity for Pluto of ~2 km/s (Zahnle et al., 2003), with a spherical
target and realistic central gravity field that accounts for the influence of
planetary curvature on basin morphology, necessary due the large size
of the basin relative to the target body. Our model domain encompasses
the entirety of Pluto as well as 1000 km above the target surface to
adequately capture the large central uplift, with a spatial resolution of 2
km near the impact region that gradually increases with distance
(Table 1).

We model impacts of an icy body into a spherical, three-layer Pluto-
like target with pressure- and temperature-dependent densities accord-
ing to appropriate equations of state: we use the Tillotson equation of
state for the impactor and the ice shell (Bray et al., 2014), the ANEOS
equation of state for water for the subsurface ocean (Turtle and Pierazzo,
2001), and the ANEOS equation of state for dunite for the core (Benz
et al., 1989). To more accurately simulate the response of the ice shell to
deformation, we use a full viscoelastic-plastic rheology to incorporate
the potential contribution of viscous deformation during basin collapse
(Johnson et al., 2016; Elbeshausen and Melosh, 2020). Ice shell strength
and damage parameters are derived from fits to ice strength (Bray et al.,
2014; Silber and Johnson, 2017). Core strength and thermal softening
parameters come from fits to dunite rock strength (Davison et al., 2010;
Potter et al., 2012). The ocean is considered to be a strengthless fluid.
The material parameters used in iSALE are shown in Table 2.

In our models, we assess the effects of ice shell/ocean thickness and
ice shell thermal structure on basin formation. We consider two struc-
tural scenarios: a thin, 100-km-thick ice shell, corresponding to a 228-
km ocean, and a thick, 200-km-thick ice shell, corresponding to a 128-
km ocean. These ice shell/ocean thicknesses encompass values similar
to those found feasible in previous work (Johnson et al., 2016 and
Denton et al., 2021, which favored a 178-km ice shell) and which are
within bounds predicted by thermal evolution models (Bierson et al.,
2020; Nimmo and McKinnon, 2021), as well as thin ice shells. Thinner
(100-km) ice shells have been suggested in association with a thermally
insulating methane clathrate layer (Kamata et al., 2019), and could
further aid in production of a mascon in the basin. To isolate the influ-
ence of ocean thickness on resulting basin morphology, we hold constant
both the radius of the core (860 km) and the combined ice shell/ocean
thickness (328 km).

Pre-impact thermal structure is known to strongly influence impact
basin morphology (e.g., Ivanov et al., 2010; Potter et al., 2012), and also
dictates the magnitude of post-impact relaxation (e.g., Freed et al.,
2014). Following Nimmo et al. (2016), we assume that the ice shell is
entirely conductive, a limitation imposed by the necessity of sustaining
large topographic variations over geologic time. We assume a nonlinear
thermal structure for the ice shell (Johnson et al., 2017), which accounts
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Fig. 2. (a) Thermal profiles used in iSALE simulations, labeled by their ice shell thickness and basal temperature (T}); reference Table 3 for other notable parameters.
(b) Corresponding pre-impact strength profiles associated with the evolution of temperature with depth. Dashed lines correspond to pre-impact ice shell thicknesses
for thick and thin ice shells. Total depth plotted corresponds to the combined thickness of the ice shell and ocean (328 km).

Table 3
Description of models used.
Ice shell Ocean Basal Heat Average Reference
thickness thickness temperature flux thermal
(km) (km) Ty (K) (mW/ gradient
m?) (K/km)
100 228 192 9.73 1.48 Nimmo
etal.,
2016
100 228 120 6.59 0.76 Kamata
etal.,
2019
200 128 180 4.61 0.68 Nimmo
etal.,
2016
Kamata
et al.,
200 128 120 3.28 0.38 2019

for the linear dependence of ice’s thermal conductivity with tempera-
ture. The resulting temperature profile as a function of depth is given by:

1) =1.(7) = M

s

where z is depth, Ty is the surface temperature, Tj is the basal ice shell
temperature, and hgo,q is the assumed thickness of the conductive
portion of the shell, which we assume represents the entirety of the ice
shell, consistent with previous work suggesting that Pluto’s ice shell is
entirely conductive (e.g., Nimmo and McKinnon, 2021).

We consider two thermal interpretations: the ice shell stays just
warm enough to permit a liquid ocean (e.g., Nimmo et al., 2016; Bierson
et al., 2020), or the ice shell is much colder than the underlying ocean in

conjunction with an insulating methane clathrate layer (Kamata et al.,
2019). Resulting thermal profiles for each of our four cases and their
corresponding pre-impact yield strength profiles as a function of depth
are shown in Fig. 2. For our 100-km ice shell, our thin, warm scenario
uses a basal temperature of 192 K (Fig. 2), the warmest expected for a
purely conductive ice shell (Nimmo et al., 2016). We consider a basal
temperature of 120 K for our thin, cold ice shell following Kamata et al.
(2019), which suggested basal temperatures 120-150 K may be feasible
for 100-200 km-thick ice shells (Nimmo and McKinnon, 2021).

Our thick, warm ice shell uses a basal temperature of 180 K, the
warmest expected for a 200-km conductive shell (Nimmo et al., 2016,
Fig. 2). Our thick, cold ice shell follows our thin, cold shell and uses a
basal temperature of 120 K (Fig. 2, Kamata et al., 2019). As noted in the
strength profiles in Fig. 2b, while ice shell strengths are largely similar
for the first ~50-75 km, the 200-km ice shells are much stronger than
their 100-km counterparts. Fig. 2 illustrates how the yield strength
changes with depth. Initially, strength increases with depth due to in-
creases in pressure. The temperature of material also increases with
depth, and as the melting temperature of ice is approached the strength
decreases. We assume the ocean is strengthless, which results in a
complete drop in strength at the ice-shell-ocean interface. The thermal
and mechanical parameters for all scenarios studied are presented in
Table 3.

Ocean temperature is assumed to be constant and equivalent to the
temperature at the ice shell base for all thermal models; for a scenario
with a cold (T}, = 120 K) ice shell, the presence of a clathrate layer would
enable the ocean to be warmer than specified in the model.

3.2. Finite element modeling

We use the finite element code Abaqus to simulate the changes in
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Table 4

Summary of results.
Ice Ocean T Cooling Post- Best-fit Best-fit
shell (km) X) time impact depth post- np used
(km) depth cooling (km) (Pas)

(km)
100 228 192 70 Myr 9 10 Any
100 228 120 40 Myr 10 10.5 Any
200 128 180 175Myr 125 7 7 x 10%°
2.5 x

200 128 120 150 Myr 18 14.5 10

basin morphology associated with conductive cooling and viscoelastic
flow driven by isostatic adjustment. To maintain self-consistency within
this two-code approach, each finite element model (FEM) uses initial
conditions equivalent to the final steady-state geometry and thermal and
density distributions from the corresponding impact simulation.

To match the shock physics code geometry, we use axisymmetric
FEMs that incorporate planetary curvature and span half of Pluto, thus
simulating the entirety of Pluto’s ice shell and ocean. We do not model
Pluto’s core, as it does not contribute to post-impact basin adjustment
because of the intervening weak ocean layer. We incorporate a high-
resolution zone consisting of element sizes of ~6 km in the vertical
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Fig. 5. Time series showing SP formation for our thin, warm ice shell scenario, which includes a 100-km-thick ice shell with a 192 K basal temperature, a 228-km-
thick ocean and a 332-km-diameter impactor. Material colored according to temperature, which varies from the surface temperature (44 K) to elevated temperatures
within the ice shell (240 K). Black curves mark material boundaries between core, ocean, ice shell, and void. Collision site is at the origin.

and horizontal directions, which extends from the symmetry axis in a
55-degree arc (1100 km from the basin center), the inner portion of
which is shown in Fig. 3. Elements along the symmetry axis are assigned
axisymmetric boundary conditions (fixed lateral, free vertical) and we
assume a no-slip boundary condition at the base of the ocean. Post-
impact topography at the ice shell/ocean interface is smoothed using a
50-km moving average to avoid sharp boundaries and any associated
instabilities they may cause in the FEM.

The FE modeling approach follows the process developed by Freed
et al. (2014), in which the thermal evolution of the basin (cooling) is
calculated prior to simulating its viscoelastic relaxation (isostatic
adjustment). This approach provides numerical efficiency and stability,
but inherently assumes there is no significant lateral displacement (10s

of km) within the ice during isostatic adjustment. However, our results
indicate that lateral flow (on the order of 100 km) can occur in the
warmer, basal portion of the ice. Where present, this introduces local-
ized inaccuracies in the final thermal state that influences our results,
but not our conclusions, as discussed below.

The FEM approach occurs in four discrete steps (Fig. S1). An initial
heat conduction run using the same boundary conditions and
temperature-dependent conductivity as the pre-impact state of the
iSALE model establishes a background thermal structure to which the
post-impact FEM will cool. To hold temperature constant in the ocean,
as in the iSALE simulations, the thermal conductivity of the ocean is
defined to be two orders of magnitude larger than the largest thermal
conductivity in the ice shell. The second step is to emplace the post-
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ocean retains a constant viscosity that is an order of magnitude lower than the lowest ice shell viscosity. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

impact thermal structure from iSALE into the FEM regions thermally
perturbed by the impact (Fig. 3), with the remainder of the model
retaining the pre-impact background thermal structure. We simplify the
thermal structure produced in our iSALE simulations by dividing the
FEM into zones of approximately equal temperature. Then a heat con-
duction calculation is performed until the basin cools to the pre-impact
thermal structure. This step establishes the thermal evolution of the
basin.

The third step incorporates the final steady-state density structure
from the iSALE calculation as the initial density structure of the FEM.
The zones of similar temperatures established in the previous steps are
used as zones of similar density (with Pluto’s low gravity this is a
reasonable approximation). For this density structure to revert to the
pre-impact density structure after cooling, appropriate coefficients of
thermal expansion are assigned to each zone. The required thermal
expansion coefficients range from 2 to 5 x 107> KL, In this step, a
prestress field is also derived from the calculation of the overburden
pressure in each element, that when applied during the viscoelastic stage
minimizes self-compression due to gravity. We assume a Poisson’s ratio
of 0.33, as in iSALE, and a Young’s modulus (E) of 1 GPa (Nimmo and
Schenk, 2006), a conservative lower bound that facilitates motion in the
ice shell during cooling and relaxation.

The fourth and final step calculates the response to viscoelastic flow
caused by lateral pressure gradients acting on a temperature-dependent
ice rheology as temperatures cool to pre-impact levels. We use a
temperature-dependent rheology for the ice shell based on Nimmo
(2004), given by:

o7, — T))

RT,T 2

1) e

where 7, is a reference viscosity taken at an associated reference tem-
perature Ty (270 K), Q is the activation energy (40 kJ mol_l), and R is
the universal gas constant (8.314 J K~ mol™1). Reference viscosities of
10'® to 10'7 Pa s have been considered for Pluto’s ice shell (Conrad
et al., 2019; Kamata and Nimmo, 2014). Thus, we explore a range of
reference viscosities between 2.5 x 10'* Pa s, the lowest stable rheology
our models can sustain, up to 107 Pa s. When applied to Pluto-like
temperatures, this formulation leads to a range of possible ice shell
viscosities from extremely weak (< 10'° Pa s at 200 K) to very strong (>
102* Pa s at 140 K) as a function of temperature and reference viscosity
(Fig. D).

Ice viscosities below ~10'° Pa s will readily flow within a time span
of years or less. Such low viscosities can cause numerical instabilities in
model runs that simulate millions of years of basin deformation. To
avoid such instabilities, we set a minimum viscosity of 5 x 10 Pas, as
reflected in the vertical solid line in Fig. 4. Numerical experiments
confirm that setting such a minimum viscosity does not significantly
influence model results, since such viscosities already provide minimal
resistance to flow. Similarly, we cannot model water with a near-zero
viscosity. However, as shown by Freed et al. (2014), as long as a weak
voluminous zone (e.g., a melt pool associated with rocky impacts) is
modeled with at least an order of magnitude lower viscosity than
neighboring regions whose behavior is expected to be mechanical (e.g.,
the icy layer), these weak volumes do not significantly influence visco-
elastic flow within the mechanical regions. We thus model water with a
viscosity of 5 x 10'® Pa s. While some models cannot achieve steady
state because of numerical instabilities despite these adjustments, such
models invariably run long enough to draw firm conclusions as to where
the final state of the basin was heading. We discuss some of these cases in
the results section below.
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to the web version of this article.)

Once the viscoelastic model reaches steady state, defined by no
further significant deformation occurring, we determine the predicted
empty basin topography and compute the free-air gravity anomaly
following the approach documented in Trowbridge et al. (2020). We use
the same code to perform gravitational calculations over a basin as used
in Melosh et al. (2013), Freed et al. (2014), and Trowbridge et al.
(2020), which is based on the formulation for gravitational acceleration
over a ring (Turtle and Melosh, 1997) to calculate the gravity field for
the steady-state basin produced in the FEM. We build an additional FEM
representing the geoid using an undeformed mesh, i.e., pre-impact
conditions. Gravity anomalies are calculated based on taking the dif-
ference in the calculated absolute gravities of these two models,
computed at an altitude of 30 km above the datum.

One limitation in our modeling is that the evolution of cooling and
viscoelastic flow are assumed to be independent processes. This can
introduce localized numerical artifacts in our results. If there is signifi-
cant lateral flow within the ice during isostatic adjustment, the tem-
perature within that region will not reflect this deformation. This only
occurs within the weakest rheologies and only along the base of the ice
where material is weakest. Inaccuracies in the evolution of temperature
in these regions lead to inaccuracies in the evolution of density, surface
topography, and the calculated gravity anomaly. Such inaccuracies are
easily identified and do not influence the conclusions drawn from these
runs, which are typically poor fits to the basin due to the predominance
of weak material in the ice shell.

4. Results

We seek to find the set of conditions (initial ice shell thickness,
thermal structure, and temperature-dependent rheology) that lead to a

final basin configuration consistent with that inferred for the SP basin
prior to Ny fill (~1300 km in diameter, 3-10 km deep relative to Pluto’s
surface, with an ~1 km-high rim) and determine whether such config-
urations are isostatically compensated. Results for all four scenarios
tested are summarized in Table 4.

4.1. Thin, warm: 100-km ice shell, T, = 192 K

Our thin, warm ice shell scenario, which incorporates a 332-km-
diameter impactor, a 100-km-thick ice shell, and an ice shell basal
temperature of 192 K, produces multiple plausible basin interiors over a
range of ice rheologies consistent with the observational constraints.
Basin formation begins with the excavation of the transient crater, as the
large, slow-moving impactor spreads into a thin layer of cold material
lining the interior of the deep, bowl-shaped transient crater, which is
~275 km deep at its deepest point in time (Fig. 5a). The transient crater
then succumbs to gravity-driven collapse, producing a large central
uplift reaching ~800 km above the surface (Fig. 5b). Collapse of the
uplift pushes ice outwards over the rim of the transient crater. Ice dis-
lodged within the ocean then floats upward to rejoin the overlying shell,
after which modification is complete (Fig. 5c).

Final basin morphology following transient crater collapse for a thin,
warm ice shell includes thinned ice in the inner ~400 km of the basin
interior, thickened ice in an ~300 km zone in and around the basin rim,
similar to a crustal collar, and a slightly depressed region that lies
outside the rim (Fig. 5¢). At the surface, the basin possesses a broad, 9-
km deep interior surrounded by a 200-km-wide topographic high pro-
duced from accumulation of ejecta and material splashed out during
collapse of the central uplift. Material that is splashed out is deposited on
top of the preexisting crater rim, creating a broader, taller rim than
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otherwise expected, as well as artificially increasing basin depth (Silber
and Johnson, 2017). Thinned ice in the basin interior is interrupted by
an accumulation of ice near the symmetry axis ~ 50-100-km from the
basin center, a feature which is more pronounced when the ice shell is
thicker. As noted by Johnson et al. (2016), this feature is a consequence
of an axially symmetric model, which exaggerates central uplift heights
(also enhancing the amount of material splashed out). We remove this
feature when importing topography into the FEM (see Section 3.2), as it
is assumed to be an artifact of axisymmetry.

In the FEM, the impact-induced thermal anomaly takes ~70 Myr to
cool and return to its pre-impact thermal structure. However, most of the
ice shell returns to its pre-impact thermal structure within only ~10
Myr, after which cooling slows markedly and is limited to the thickened
portion of the ice shell. Fig. 6 shows how this cooling leads to the
development of a lithosphere as a function of time. For our purposes, we
define the lithosphere as the region within which the viscosity >10%* Pa
s, as such regions do not relax differential stresses significantly on
timescales of 10s of millions of years. A lithosphere of only ~10 km thick
following transient crater collapse (Fig. 6a) grows to ~60-km-thick after
10 million years of cooling (Fig. 6¢).

The change in topography and free-air gravity anomaly from post-
impact (initial FEM) through post-cooling and isostatic adjustment is
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shown in Fig. 7. Fig. 7a also shows the topography required to be in
isostatic equilibrium associated with the initial density structure. In this
framework, we use an inferred average pre-impact ice shell and ocean
density and assume that, without Ny loading, the mass anomaly asso-
ciated with the oceanic uplift must balance the mass deficit associated
with the surface topography, such that the pre-impact ice shell thickness
can be used to calculate expected topography for an isostatically
compensated basin. This serves as a reference to determine whether the
initial FEM topography is isostatically compensated. Fig. 7 reveals that
following impact, inner basin topography is near isostatic equilibrium
(initial model topography is equal to isostatic equilibrium topography),
the basin rim is superisostatic (initial model topography is higher than
isostatic equilibrium topography), and the outer basin is subisostatic
(initial model topography is lower than isostatic equilibrium
topography).

While isostatic equilibrium is commonly associated with a zero free-
air anomaly, this is not exactly the case. The depth of the compensating
material (in this case the ocean), which is ~60 km below the pre-impact
surface, decreases its contribution to the measured gravity field, such
that a small negative anomaly remains. Thus, we consider the free-air
anomaly shown in Fig. 7b to be consistent with the inner basin’s
isostatic state following cooling.
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this article.)

While this basin matches SP’s current estimated depth and diameter,
the final basin rim is significantly higher than observed (~4.7 km vs. ~1
km, Schenk et al., 2018). The taller rim may result from material
splashed out during basin formation, a feature driven of axisymmetric
model design, as well as insufficient subsidence during cooling and
isostatic adjustment (discussed below). Morphological analysis of SP’s
rim terrain also suggests significant post-impact modification has
occurred in the ensuing ~3 Gyr since its formation (Schenk et al., 2018;
McGovern et al., 2021).

Complementary to Fig. 7, Fig. 8 shows the total radial and circum-
ferential displacement that occurs due to cooling and isostatic adjust-
ment throughout the ice shell. The inner basin is shown to subside, while
regions outside the basin rise. At the surface, the inner basin only sub-
sides about 1 km, while larger subsidence (10s of km) occurs in the
subsurface (Fig. 8a). Subsidence of the inner basin is caused by
contraction associated with cooling. Since the inner basin is initially
close to isostatic equilibrium, the major source of displacement is
cooling. This small amount of surface subsidence at the basin center is
consistent throughout all tested rheologies, leading to a final basin depth
of ~10 km, consistent with the deeper end of the inferred depth of SP
prior to ice fill.

Outside the basin (beyond 850 km from the basin center), the initial
temperatures are not significantly different from background tempera-
tures (Fig. 6a), and there is no significant contraction due to cooling.
However, this region is strongly undercompensated isostatically (due to
an annulus of low topography outside the rim) such that isostatic forces
are significant and cause the ice shell to rise ~3 km until equilibrium is
achieved (Fig. 8a). Topography in the region around the basin rim (650
km from the basin center) is initially superisostatic due to rim topog-
raphy and subsides due to isostatic forces. However, the rim does not
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subside sufficiently to achieve isostatic equilibrium because this region
is mechanically attached to the thick lithosphere in the region outside
the rim, which is rising due to isostatic forces. The volume of the annulus
of low topography outside the rim is much larger than the annulus of
high rim topography. Thus, isostatic forces outside the rim are sufficient
to bring the region close to isostatic equilibrium while preventing the
rim from doing so. This result is not substantially changed for all rhe-
ologies tested.

Corresponding circumferential displacement illustrates that modest
lateral flow occurs in the ice shell in the inner basin, with greater inward
flow occurring within the upper half of the subsurface ocean (Fig. 8b).
This inward motion is caused by contraction associated with cooling of
the inner basin. Surface uplift on either side of the basin rim requires
uplift of the subsurface ocean beneath the region (Fig. 8a). This in turn
requires water to be drawn into the area, which occurs from the lower
half of the subsurface ocean (note arrows in Fig. 8b). Thus, water in the
lower half of the ocean moves laterally outwards from the inner basin
and laterally inwards from the outer basin beneath the extended rim
region.

4.2. Thin, cold: 100-km ice shell, T, = 120 K

We find that our thin, cold ice shell scenario, which incorporates the
same initial conditions as the thin, warm scenario but with a lower basal
temperature of 120 K, also produces a basin consistent with the inferred
characteristics of SP prior to N ice loading for a wide range of assumed
rheologies. The resulting basin is morphologically similar to the thin,
warm ice shell following impact. Morphologic similarities between
thermal structures are likely due to the influence of the ocean as a large
strengthless layer beneath the thin ice shell. This suggests that the
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strength contrast between the ice shell and underlying ocean over-
whelms the influence of any thermally-derived changes in ice strength
during transient crater collapse.

Cooling occurs rapidly and is completed within ~40 Myr. Temper-
ature drops quickly with distance, causing all material at and beyond the
basin rim to remain <120 K post-impact and thus to behave elastically
during cooling. The basin produced in the cooler scenario begins more
isostatically undercompensated prior to cooling and relaxation (Fig. 9)
compared to the warmer scenario, most notably to either side of the
basin rim, leading to more isostatic uplift in these regions as the basin
cools. Due to mechanical coupling of the strong ice outside the basin, the
rim, which begins close to isostasy prior to cooling, is actually lifted into
a slightly superisostatic position by the time the basin reaches its steady-
state configuration prior to Ny-ice loading, leaving the final rim higher
than estimated by Schenk et al. (2018) (~7 km). The overall basin
(except for the rim) ends up in a slightly negative, subisostatic config-
uration with similar depth (~10 km) to the thin, warm ice shell scenario
(Fig. 9).

4.3. Thick, warm: 200-km ice shell, T, = 180 K

We find that our thick, warm ice shell scenario, which uses a thicker
200-km-thick ice shell and a basal temperature of 180 K, can produce
basins consistent with SP prior to loading if the ice shell’s viscosity
structure is in the stronger portion of the range considered. This scenario
requires a slightly larger 340-km-diameter impactor to reproduce the
inferred 1300-km average basin diameter. The larger volume of ice
mobilized during formation and collapse of the central uplift deposits
more material onto and outside of the rim of the transient crater and
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induces a second, smaller central uplift during transient crater collapse,
leading to a longer duration before the basin reaches steady-state. The
resulting basin is several km deeper (~12.5 km) compared to the thinner
ice shell cases and also possesses a higher rim (~14.4 km). However, the
basin exhibits a similar structure, with thinned ice in the interior
bordered by an annulus of thickened ice.

The larger volume of impact-heated ice following impact extends the
basin’s cooling time to ~175 Myr. While cooling occurs rapidly at the
surface, temperatures in the inner ~300-400 km of the basin remain
elevated in the basal portion of the ice shell until cooling is completed,
which prolongs lithosphere development and extends the residence time
of weak ice (Fig. 10). The presence of a larger, more long-lived volume of
weak ice underlying the lithosphere, which grows to ~145-165 km
thick after 175 million years, induces much more widespread defor-
mation in the ice shell.

The corresponding change in topography and free-air gravity for this
scenario is shown in Fig. 11. The post-collapse basin for the thick, warm
ice shell is strongly subisostatic (Fig. 11) compared to the thinner ice
shells explored. As a result, isostatic forces cause the inner basin to rise
during cooling, in this case ~5.5 km, to evolve towards isostatic equi-
librium (Fig. 11a). This is in contrast to the thin ice shell cases, where the
inner basin subsides due to contraction associated with cooling in the
absence of significant isostatic forces. Similar to the thin ice shells
tested, the initially superisostatic rim subsides due to isostatic forces, but
not sufficiently to achieve isostatic equilibrium, as it is held up by being
mechanically connected through a strong lithosphere to the rising re-
gions that surround it (Fig. 10). This also keeps the rim significantly
higher than observed (~11 km).

Fig. 12 shows cumulative displacement throughout the ice shell and
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underlying subsurface ocean for i = 7 x 10'° Pa s. In general, the sense
of vertical displacement at the surface extends downwards throughout
the ice shell (Fig. 12a). As with the thinner cases, inward circumferential
flow is primarily concentrated in the ocean (Fig. 12b). Inward flow in the
upper half of the ocean beneath the basin center is required to support
the uplift of this region in the ice shell. This flow direction also enables
subsidence of the basin rim, as does outward flow in the upper ocean
outside the rim. As with the thinner cases, flow directions are reversed in
the lower half of the subsurface ocean.

When the ice shell is rheologically weak (e.g., 7, = 2.5 x 104 Pa s),
viscoelastic flow is sufficient to relax the surface of the basin to zero
topography, such that the basin interior effectively returns to a pre-
impact ice shell. Thus, models with weaker rheologies do not lead to
basin topography consistent with that inferred prior to Ny ice filling.

4.4. Thick, cold: 200-km ice shell, T, = 120 K

Our thick, cold ice shell scenario, which uses the same initial con-
ditions as the thick, warm ice shell but with a basal temperature of 120
K, does not produce an SP-like basin, regardless of the ice rheology
assumed. The initial basin is ~18-km deep following impact, much
deeper than the other cases, with a comparably large rim (~15.8 km).
Faster cooling (~150 Myr) compared to the hot, thick scenario facili-
tates rapid lithosphere formation. Combined with the cold, strong ice
surrounding the basin, this limits the isostatic response even for the
weakest rheology tested (7, = 2.5 X 10 Pas; Fig. 13). While a small
amount of uplift (~3 km) reduces the free-air anomaly somewhat, the
final basin remains on the order of ~15-km deep with a 15-km-high rim
(Fig. 13a) and a strongly negative free-air gravity anomaly while
unloaded (Fig. 13b). Thus, cooling and limited isostatic adjustment
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largely preserve the post-impact topography, such that the initial con-
ditions associated with a thick, cold ice shell do not lead to a basin
consistent with the characteristics observed for SP.

5. Discussion
5.1. Implications for mascon basin formation

Previous analysis of SP by Johnson et al. (2016) favored mascon
formation in a loaded basin for ice shells <178 km. However, our cal-
culations suggest that the thermal conditions assumed in that study
would enable substantial post-impact relaxation, likely removing the
uplifted ocean and producing an excessively shallow basin. However,
our results suggest that a mascon basin following Ny loading, as pre-
dicted by Nimmo et al. (2016), may be viable if the ice shell is thin. Our
100-km-thick ice shell scenarios preserve the uplifted ocean, which is
critical to maintaining a low free-air anomaly in the empty basin; the
volume of Ny ice that is otherwise required to produce a mascon basin in
an uncompensated SP exceeds current thickness estimates by an order of
magnitude (Nimmo et al., 2016; Nimmo and McKinnon, 2021). How-
ever, we must further consider whether a good fit to an empty SP is also
consistent with SP once loaded with N5. Our FEMs do not account for the
subsequent loading of the basin with Ny ice; however, analytical esti-
mates can approximate the effects of loading and subsidence. We note
that other authors have investigated the role of Ny ice loading in relation
to Pluto’s possible reorientation (Hamilton et al., 2016; Keane et al.,
2016; Nimmo et al., 2016; Mills and Montesi, 2019; Johnson et al.,
2021).

We use the axially-symmetric spherical flexure equation (e.g.,
Brotchie and Silvester, 1969; Comer et al., 1985) to calculate the effects
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of a parabolically-shaped load of Ny. We consider a range of 3-10-km-
thick Ny ice at the basin center that tapers to zero at the edge of the basin
(defined to be the average basin radius, 650 km). We assume elastic
lithosphere thicknesses derived from the FEM, using the average depth
at which the ice shell behaves elastically during our simulations (3 >
102* Pa s). Using topographic profiles from the post-cooling basin, we
generate new topography that incorporates load geometry and ice shell
subsidence.

Our analytical loading estimates find that for the deep (~10 km)
post-cooling basins formed in a thin ice shell, thinner N3 loads (3-5 km)
are insufficient in shallowing the basin to within current estimates.
Increasing the thickness of the ice load (up to 10 km) also cannot suf-
ficiently reduce basin depth, as the larger volume of Nj ice induces
increasing amounts of subsidence that keeps the basin deep. The mini-
mum depth of the loaded basin in this scenario is ~8 km, exceeding
current estimates for loaded basin depth (~3 km, Schenk et al., 2018).
Thus, while thin ice shells feasibly reproduce an unloaded SP, additional
basin modification may be required in conjunction with Ny loading to
sufficiently match observed topography. In particular, a stronger ice
shell and/or a shallower initial basin may adequately support the load,
allowing the additional mass to drive the basin towards a positive mass
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anomaly. Other interpretations of Pluto’s elastic response have assumed
a higher Young’s modulus ranging from 5 to 9 GPa (Nimmo et al., 2016;
McGovern et al., 2021), which would reduce the amount of subsidence
from N loading. A shallower initial basin may also be possible given
different initial conditions prior to impact, as well as the likelihood of
further modification shallowing the basin interior. Morphological
analysis of SP suggests significant post-impact erosion has occurred in
the ~3 Gyr since its formation (Schenk et al., 2018).

By contrast, a thick, warm ice shell better supports N5 loads due to its
more substantial lithosphere and shallower basin depths post-cooling,
such that loading can produce basins within ~1 km of estimates for
variable Ng thicknesses. However, the final basin configuration for a
thick, warm ice shell lacks a subsurface contribution to the free-air
gravity anomaly due to removal of the uplifted ice shell-ocean inter-
face. Thus, a thick, warm ice shell can feasibly produce an SP-like basin
up to and including loading by Ny ice, but the resulting structure is not
likely to become a mascon basin.

At present, our simulations approach the current expected unloaded
geometry and underlying structure of SP. While our analytical loading
estimates suggest that producing a mascon basin in SP is unlikely under
our current model suite, as noted above, several additional variables
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may facilitate the formation of a mascon basin and should be explored in
future work. These include: the possibility of a stiffer ice shell (e.g.,
higher Young’s modulus), a shallower initial basin, which may be pro-
duced through further in-depth exploration of thin ice shells and their
variable thermal structures, as well as an investigation of the role of
post-impact erosion on basin rim and floor morphology.

5.2. Implications for alternative ice shell structures

The extensive computation time required for this work limits the
number of scenarios for Pluto’s interior that we can consider. As such,
we focused on the most plausible conditions for Pluto’s ice shell: that it is
either thin (on the order of ~100 km) or thick (on the order of ~200
km), and that the ice shell, assumed to be conductive, either remains
warm enough to sustain a liquid ocean (Nimmo et al., 2016), or is much
colder due to insulation by methane clathrates (Kamata et al., 2019).

The ice shell is unlikely to be colder than tested here, as 120 K pre-
sents the lower limit of ice shell basal temperatures that can be
permitted with a methane clathrate layer while still enabling the pres-
ence of a liquid ocean. However, if the SP-forming impact occurred into
a colder ice shell, the resulting basin would likely be even deeper than
those observed in our cold cases and respond minimally to subsequent
cooling and isostatic adjustment. Thus, a match to SP is unlikely if the
ice shell is cooler than tested here. A warmer ice shell is also unlikely to
reproduce SP, as a thick lithosphere is necessary to preserve basin
topography and a warmer shell would thin the lithosphere, reducing its
capacity to preserve topography in and around SP. An ice shell with a
larger volume of warm, deforming ice than explored in our models will
flow readily, and, if the ice shell is sufficiently weak, remove topography
in the basin entirely. This trend will be further enhanced if the lower
portion of the ice shell is convecting, which is likely to occur when the
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ice shell is warm.

Reproducing SP is also unlikely if the ice shell is much thinner than
our 100-km scenario. If the ice shell is sufficiently thin, the impactor
may completely penetrate the ice shell, exposing the ocean directly to
space (e.g., Roberts and Stickle, 2021) or otherwise entraining large
volumes of water in the ice shell during collapse. While it is difficult to
determine how a basin with a portion of exposed or near-surface ocean
may evolve, an exposed ocean will likely delay formation of the litho-
sphere due to the prolonged cooling times, and the final basin structure,
including depth and interior ice shell thickness, is unknown. If a basin
persists and approaches isostatic equilibrium following cooling, as in our
100-km cases, a thinner ice shell would also experience greater subsi-
dence, further limiting its ability to maintain a reasonable depth
following N3 loading. A sufficient match to SP is also unlikely if the ice
shell is much thicker than the 200-km-thick ice shell explored here. If the
ice shell is even thicker, the prevalence of cold, strong ice will likely lead
to much more lithospheric support, producing a basin much deeper than
that inferred of SP prior to ice loading.

While our models successfully reproduce reasonable unloaded basin
depths for SP, the basin rim in all simulations is significantly higher than
observed by at least several km (Schenk et al., 2018). As noted in Section
4.1, our overestimated rim heights may result from the conditions of
axisymmetry, though they may also reflect the limits of our current
understanding of ice strength, as material models and equations of state
appropriate for ice under outer Solar System conditions are still an area
of active research and development. Morphological analysis of SP’s rim
terrain also suggests significant post-impact modification of the rim has
occurred in the ~3 Gyr since its formation, including the formation of
numerous impact craters, scouring by copious gullies inferred to be
glacial in origin, and ongoing incision by active glacial activity (Schenk
et al., 2018). Additionally, we have not explored the effect of a clathrate
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layer at the base of the ice shell. Since the clathrate layer is suggested to
be much thinner (~3-10-km-thick) than the overlying ice shell (Kamata
et al., 2019), it is not expected to influence the large-scale deformation
characteristic of basin formation. However, its presence could influence
subsequent evolution by limiting flow at the ice shell base during
cooling and relaxation and should be explored in future FEM work.

6. Conclusions

We have applied a combination of a shock physics code and finite
element modeling to simulate the formation of Sputnik Planitia from
impact through cooling and isostatic adjustment, prior to loading by Ny
ice. We explored the effects of ice shell/ocean thickness, pre-impact
thermal structure, and ice shell rheology on the morphology of the
resulting basin. Our models successfully reproduce SP’s current average
diameter of ~1300 km and inferred below-ice depth for a range of
thermal and viscosity structures for Pluto’s ice shell. Our simulations
indicate that basin evolution is significantly influenced by the assumed
ice shell thickness and thermal structure. Results suggest that a thin,
approximately 100-km ice shell overlying a thick 228-km ocean can
reproduce SP for both warm (T, = 192 K) and cold (T}, = 120 K) thermal
structures, while a thick, 200-km ice shell can reproduce SP if the ice
shell is relatively warm yet possesses a strong rheology. An ice shell that
is significantly thinner or thicker than tested here, or that exceeds the
minimum and maximum basal temperatures tested, is unlikely to
reproduce SP, as the final basin will likely either be overly deep or relax
away most of its topography. We find that the SP basin was likely close
to isostatic equilibrium and not a mascon basin prior to ice fill.
Following Ny ice fill, SP could have developed into a mascon basin if the
basin begins isostatic and the ice shell possesses an extensive litho-
sphere, which could be consistent with a basin formed from an impact
into a thin ice shell that is cold enough to be primarily conductive. In the
future, it may be interesting to look at coupling the models presented
here with Ny-ice infilling models (e.g., Johnson et al., 2021) to build a
more complete time history of the SP basin.

The models tested here sample a portion of proposed conditions for
Pluto’s ice shell to contrast alternative interpretations of Pluto’s interior
and provide a benchmark on SP’s post-impact behavior. However, many
of the details regarding both the current state and evolution of SP will
remain uncertain without new, in situ geophysical measurements. The
proposed Persephone mission concept to orbit Pluto (Howett et al.,
2021) could be one avenue for acquiring these measurements, including
global gravity and topography data. In the absence of a return to Pluto,
continued study of other large impact basins on icy worlds - including
the moons of Jupiter, Saturn, Uranus, and Neptune, along with other
Kuiper Belt Objects — may provide indirect insight into SP.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.icarus.2023.115541.
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