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Abstract Recent analysis of New Horizons data revealed an ~1,000-km-diameter region of large-
scale lineations antipodal to Sputnik Planitia, the 1,200 X 2,000 km elliptical impact basin on Pluto's
anti-Charon hemisphere. At the available resolution, these lineations are similar to antipodal terrains
associated with large impact basins elsewhere in the Solar System. Here, we simulate the Sputnik Planitia-
forming impact and track stress waves through a Pluto-like target body to the antipode. We find that the
Sputnik Planitia-forming impact is capable of producing significant antipodal terrains and the observed
lineations may be extensional graben. The extent and mode of deformation at the antipode, however, is
sensitive to ocean thickness and core composition. Simulations that best reproduce the observed terrains
imply that Pluto may have hosted a >150-km-thick ocean and a hydrated core at the time of impact.

Plain Language Summary Pluto's interior structure remains largely a mystery, including
the composition of the core and the existence and extent of a subsurface ocean. Though seismological
study is not yet possible on Pluto, the reaction of a planet's interior structure to stress waves produced by
large impacts can be used to indirectly probe the planet's interior—seismology by impact. We use impact
modeling to simulate the formation of Sputnik Planitia, Pluto's massive impact basin, to determine

how the dwarf planet's interior controls transmission of stress waves to the opposite hemisphere. Our
results suggest that a large subsurface ocean beneath the ice shell, as well as a core that has experienced
substantial alteration from interactions with an ocean above, are critical to match the size of the lineated
terrain observed antipodal to Sputnik Planitia.

1. Introduction

Large planetary impacts are believed to cause significant deformation on the opposite hemisphere of the
target body as a consequence of focusing of the seismic waves produced from impact to the basin's an-
tipode. Near-surface pressure gradients can produce significant deformation and surface disruption, re-
sulting in antipodal terrains (Bowling et al., 2013; Hood & Artemieva, 2008; Schultz & Gault, 1975; Watts
et al., 1991). The recently identified zone of lineations antipodal to Pluto's ancient Sputnik Planitia basin
(Moore et al., 2016; Stern et al., 2020) superficially resemble antipodal terrains associated with the other
largest impact basins in the Solar System, including the “hilly and lineated” terrain antipodal to Caloris Ba-
sin on Mercury (Schultz & Gault, 1975) and the disrupted terrain opposite the Imbrium basin on the Moon
(Schultz & Gault, 1975). Pluto's lineations, however, are hundreds of km long and tens of kilometer wide,
potentially much larger than any antipodal terrain observed elsewhere, though consistent with the large
size of Sputnik Planitia relative to Pluto.

The low resolution of imagery of Pluto's far side (i.e., the hemisphere opposite Sputnik Planitia) limits fur-
ther characterization of these features, including their topographic nature. However, their departure from
trends in Pluto’s large ridge-trough system and corresponding proximity to predicted potential antipodes of
the Sputnik Planitia-forming impact suggest an impact origin is possible (Stern et al., 2020). Assuming these
lineations are indeed antipodal features and not albedo markings produced otherwise (Stern et al., 2015),
we explore their possible origin from the focusing of stress waves produced by the Sputnik Planitia impact.

The extent and mode of deformation experienced at the antipode to large impacts is directly related to var-
iations in the bulk properties of the target body, which in turn affect how stress waves are focused and/or
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dissipated. For rocky bodies, antipodal deformation is strongly dependent on sound speed, strength, and
porosity contrasts between the mantle and core (Bowling et al., 2013; Watts et al., 1991); for ocean worlds,
one expects both core composition and the added presence of a liquid layer in the interior will be domi-
nant factors. Previous work concerning antipodal focusing on icy rather than rocky systems considered
Saturn’s mid-sized moons using a smooth particle hydrocode (Bruesch & Asphaug, 2004). However, this
work was limited to ~10 km spatial resolution, much larger than the scale of most observed antipodal
features, and did not incorporate the effects of a subsurface ocean on wave transmission. In this study,
we model the Sputnik Planitia impact using a spatial resolution of 2 km, which is expected to resolve the
extent, magnitude, and large-scale variations of strain at the antipode on the scale of the massive linea-
tions observed, and consider variations in core composition and the presence/thickness of a subsurface
ocean at the time of impact.

Here, we explore a range of impactor diameters, finding that a 400-km-diameter impactor traveling at
2 km/s best reproduces the updated dimensions of Sputnik Planitia (Schenk et al., 2018). We further explore
a range of ice shell/ocean thickness parameters and core compositions to identify the interior structure
of Pluto most consistent with an ~1,000-km-diameter region of antipodal deformation, which includes a
150-km-thick ocean and serpentine core, and illustrate how Pluto's internal structure dictates stress wave
transmission to the antipode.

2. Materials and Methods
2.1. Impact Modeling

To determine whether the complex lineations approximately antipodal to Pluto’s Sputnik Planitia may be
causally related, we simulate the formation of Sputnik Planitia using the axisymmetric iSALE-2D shock
physics code (Amsden et al., 1980; Collins et al., 2004; Wiinnemann et al., 2006). Our axisymmetric models
may enhance the degree of antipodal focusing. Although focusing in oblique impacts is more limited, sig-
nificant damage is still expected for planetary-scale impacts (Schultz & Crawford, 2011; Stickle et al., 2015).
While Sputnik Planitia’s elliptical geometry suggests an oblique impact origin (e.g., Stern et al., 2020), the
full implications of obliquity on concentrated antipodal deformation require full 3D models capable of
tracking multiple materials, which is not currently possible with iSALE-3D. While two-dimensional sim-
ulations may not fully describe the complexity or style of deformation associated with oblique impacts,
we consider them sufficient to characterize variations in antipodal deformation associated with changes
in target material characteristics (ocean thickness and core composition), whose influence on stress wave
transmission should remain consistent for both oblique and vertical impacts. Removal of the symmetry axis
may reduce compressional focusing at the center of the antipodal zone, however. Antipodal deformation in-
duced by oblique impacts is centered antipodal to the point of impact rather than the basin center, which is
shifted downrange (Schultz & Crawford, 2011). Indeed, a possible offset in the antipodal terrain of Sputnik
Planitia was noted by Stern et al. (2020).

The material parameters for the ice shell, ocean, and core are shown in Table S1. We model impacts of an
icy body into a spherical, three-layer Pluto-like target with pressure- and temperature-dependent densities
according to appropriate equations of state: we use the Tillotson equation of state for the impactor and
the ice shell and the ANEOS equation of state for water for the subsurface ocean (Bray et al., 2014; Turtle
& Pierazzo, 2001). We use the ANEOS equations of state for dunite or serpentine to represent Pluto’s core
(Benz et al., 1989; Brookshaw, 1998). Given the limited number of equations of state that accurately model
the response of geologic materials to impact and the uncertainties in Pluto's formation history, we consider
dunite and serpentine to be suitable materials to represent rocky (anhydrous, ordinary chondrites) and hy-
drous (carbonaceous chondrites) components in Pluto's core.

Ice shell strength and damage parameters come from fits to ice strength (Bray et al., 2014; Silber & John-
son, 2017). The core strength and thermal softening parameters come from fits to dunite rock strength
(Davison et al., 2010; Potter et al., 2012). Following Johnson, Bowling, et al. (2016), we treat the ocean as
a strengthless fluid. Thus, the effect of ocean temperature on our results is negligible. We incorporate a
nonlinear thermal conductivity (Johnson et al., 2017), resulting in a temperature profile for a conducting
shell given by
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where z is depth, T; and T, are the surface temperature and basal temperature, respectively, and hpq is the
assumed thickness of the conductive portion of the shell, which here represents the entire ice shell thick-
ness (Table S2). We also utilize a full viscoelastic-plastic rheology for the ice shell to incorporate the viscous
contribution to material strain (Elbeshausen & Melosh, 2020; Johnson, Bowling, et al., 2016). Inclusion of
the viscoelastic-plastic rheology may affect final basin morphology, but will not influence transmission of
stress waves or resulting antipodal deformation.

To assess the effect of ice shell/ocean thickness in addition to core composition, we produce simulations
with four different preimpact ocean thicknesses of 0 (no ocean), 50, 100, and 150 km. To avoid any minor
variations based on differences in preimpact thermal structures in the ice shell we hold the average thermal
gradient in the ice shell at 0.8 K/km (Figure S1); we assume the ice shell is purely conductive. 0.8 K/km was
selected as a stable thermal gradient for most ocean thicknesses following assessment of ice shell basal tem-
peratures that permit stable liquid oceans, which can include colder ice shells than previously tested (Nim-
mo et al., 2016) if a thermal boundary layer is present at the ice shell/ocean interface (Kamata et al., 2019).

Table S3 describes the model setup used in all iSALE runs for this study. We apply the inferred mean im-
pactor velocity for Pluto of ~2 km/s (Zahnle et al., 2003) and a realistic central gravity field that accounts
for the effect of planetary curvature from the large size of the basin (Ivanov et al., 2010); testing at lower
resolution shows that full self-gravity is not required (supporting information S1). Previous work also found
that a dunite core radius of ~860 km reproduces the surface gravity of Pluto and is consistent with esti-
mates of H,O thickness and body radius (Johnson, Bowling, et al., 2016; Robuchon & Nimmo, 2011; Stern
et al., 2015); as such, we hold constant both the radius of the core (860 km) and the combined thickness of
the ice shell and ocean (328 km). Holding core size constant while varying core composition causes our sim-
ulated Pluto to be ~15%-16% less massive when a serpentine core is used; however, keeping ocean and ice
shell thicknesses constant over all runs to directly assess how the ocean affects stress waves was considered
more important than matching the mass of Pluto. The entirety of Pluto was simulated axisymmetrically at
2 km spatial resolution to resolve antipodal strains. Comparison with 1-km-resolution runs indicates that
2 km resolution is sufficient to characterize trends in deformation at the antipode (Figure S2).

Lastly, to reproduce the updated size estimates for Sputnik Planitia (Schenk et al., 2018), which are nearly
double those used in previous impact simulations (Johnson, Bowling, et al., 2016), we also test a range of
impactor diameters of 300, 350, 400, and 450 km to assess the effect of a much larger impactor on basin
development (Figures S3 and S4). Crater scaling laws (Johnson, Collins, et al., 2016) suggest an updat-
ed impactor diameter close to 400 km using an estimated simple-to-complex transition of 6 km (Bray &
Schenk, 2015). We find that a 400-km-diameter impactor produces a roughly 1600-km-diameter basin con-
sistent with the average of the elliptical 1,200 X 2,000 km estimate of Schenk et al. (2018) (Figure S3). As
such, we use a 400-km impactor for all subsequent runs in this study.

2.2. Strain Calculation

Determining which internal model produces adequate antipodal deformation requires quantifying which
material regimes could induce faulting on the scale inferred by the observed lineations observed. Following
impact modeling, we infer resulting deformation at the antipode through measurements of material veloc-
ity, displacement, and strain in the ice shell during and after stress wave arrival (Bowling et al., 2013). We
determine the magnitude of strain experienced by material at the antipode during and after deformation
as a proxy for estimates of fault initiation and magnitude. To calculate strain in the region surrounding
the antipode, we analyzed the distance between adjacent massless tracer particles along a given depth for
their initial positions at 0 s (when no antipodal deformation has taken place) and their resulting positions
at ~5,000 s (when the antipode is no longer accumulating plastic strain and the majority of motion has
ceased). In this scenario, negative strain is compressional (tracers moved closer together) and positive strain
is extensional (tracers moved farther apart).
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Figure 1. Propagation of impact stress wave and arrival at antipode. Cross-sections showing wave passage through Pluto's interior following impact of a 400-km-
diameter impactor into a Pluto-like target with a 150-km-thick ocean (178-km-thick ice shell) and a serpentine core. Material colored according to magnitude of
material velocity in the z-direction (downward), as indicated in the color bar. Collision site is at the origin. In (a) the wave is becoming temporally separated between
materials (270 s into impact). Panel (b) shows arrival of the wave traveling through the core (720 s). Panel (c) illustrates wave arrival in the ice shell (1,110 s).

DENTON ET AL.

40f 10



Aru | )
NIV Geophysical Research Letters 10.1029/2020GL091596

ADVANCING EARTH
AND SPACE SCIENCE

(a) 0.06 No Ocean

Dunite Core
Serpentine Core

Extension

Strain
o
L -
#|
1

Compression

-0.02 !
0 200 400 600 800 1000
(b) Distance from antipode (km)
0.02 r 50-km Ocean
c T 3
-0.02 -‘T L L L L

0 200 400 600 800 1000
(C) Distance from antipode (km)
0.04 1

0.02 - T

rLiNA
-0.02 ‘4 ‘ d ‘ ‘ ‘

0 200 400 600 800 1000
Distance from antipode (km)
(d) 008

0.06 [

100-km Ocean

Strain

150-km Ocean

0.04 -

0.02 -

Strain
o

-0.02 : !
0 200 400 600 800 1000

Distance from antipode (km)

Figure 2. Strain component g (unitless) near the antipode measured

at 10 km depth and averaged in 50-km-wide bins for no ocean (a). A
50-km-thick ocean (278-km-thick ice shell) (b). A 100-km-thick ocean
(228-km-thick ice shell) (c). A 150-km-thick ocean (178-km-thick ice shell)
(d). For both dunite (red) and serpentine (black) cores. Error bars are 1
standard deviation from the mean. In some cases, strain near the antipode
is compressive enough to be off the scale of the figure due to interaction
with the symmetry axis.

We calculate strain according to the definitions of strain as applied to our
axisymmetric model, which are given in target-centered in spherical (r, 8)
coordinates following Slaughter (2012):

10U, U,

Eop = ——> +— (2)
r or r

Egp = =% cotd + Y 3)
r

Here U, = dr and Uy = rd6, representing distances of displacement. dr
and &6 are differences between initial and final r (radius) and 6, respec-
tively. The dominant mode of strain near the antipode is eg, calculated
along the curvature of Pluto in lines of constant longitude and shown in
Figure 2. However, Pluto's ice shell also experiences strain across lines
of constant latitude ey4; strain in egs and g4y are compared in Figure S5.
Although &44 is compressional near the antipode, this compressional
strain is overcome by ggg, which is larger in magnitude and extensional in
the surrounding region. The definitions of both strain components also
incorporate an element of radial deformation, which must be separated
from the impact-induced oscillations of Pluto around its preimpact center
(an effect produced by large impacts using central gravity). To correct
our calculations of radial displacement we assume that the position of
material ~1,000 km from the antipode remains unchanged postimpact;
we use this point to calculate the target offset produced from oscillation
(~4-6 km), which is used to correct postimpact positions across the body.

Tracer velocities, and thus the strain calculated from their resulting
displacements, are subject to error. Tracer velocities in iSALE are deter-
mined by bilinear interpolation of the velocities in each cell of the grid;
thus, when tracers move large distances during deformation (i.e., antip-
odal focusing), a small calculation error is introduced that may result
in final positions that exceed or fall short of those expected. Strain cal-
culations performed on these data inherit these errors, producing data
with a broadly observable trend but considerable variation, with strain
distributions around an observable mean (Figure S4). At Pluto's surface,
tracer movement is unrestricted by overlying material and is subject to
greater potential for error in strain calculations. To minimize this effect,
we calculate strain using near-surface rather than surface estimates for
tracer motion. After assessing trends in strain magnitude and extent at 5,
10, 20, and 50 km depth, we calculate strains at a depth of 10 km from the
surface, shallow enough to adequately capture strain trends with distance
from the antipode, but deep enough to reduce uncertainties induced from
errors associated with tracer motion near a free surface.

3. Impact Modeling Results

Our models directly simulate the process of stress wave focusing at the antipode to Sputnik Planitia and
illustrate how Pluto's internal structure dictates the magnitude and extent of stress wave arrival(s) at the
antipode. As shown for the best fit case in Figure 1, the contrast in sound speeds between Pluto's water-ice
shell (~3,300 m/s) and an assumed serpentine core (~5,300 m/s) causes the impact-induced stress wave to
be transmitted quickly through the core (Figure 1b) and much more slowly through the overlying ice shell
(Figure 1c). The temporal separation of the initially hemispherically expanding stress wave (Melosh, 1989)
produces separate arrivals at the antipode, as observed in two strong peaks (>35 m/s) in downward material
velocity (not to be confused with wave speed) at ~720 and ~1,110 s after impact (Figures 1b, 1c, and S6). The
compressional wave in the ocean is further delayed, arriving ~1,550 s after impact. Wave propagation for all
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simulations is qualitatively similar to the behavior observed in Figure 1, with slight variations in maximum
velocities reached and time of arrival.

Internal ocean thickness has a strong effect on the extent and degree of antipodal deformation (Figure 2).
For a stress wave encountering the boundary between high- and low-sound-speed materials, the amplitude
of the transmitted wave depends on the acoustic impedance (the product of the sound speed and densi-
ty) difference between the two materials (Melosh, 1989); a larger contrast in sound speed reduces wave
transmission. The contrast in sound speeds between the core (Cgepentine = 5,300 m/S, Caunite = 6,500 m/s) and
the ocean (Cocean = 1,900 m/s, Figure 2b) far exceeds that of the core and the ice shell (¢ice = 3,300 m/s).
Additionally, shear waves are not transmitted through the strengthless ocean. Thus, inclusion of an ocean
decreases transmission of stress waves through the core to the antipode, initially reducing deformation
(Figures 2a and 2b). Transmission from the ice shell to the ocean is also inhibited; as such, when the ice
shell is thin, energy and deformation are concentrated in the near-surface. This waveguide effect offsets the
reduced transmission from the core for cases with a thick ocean and a thinner ice shell, resulting in larger
antipodal deformation (Figure 2d).

Variations in core composition produce a separate trend in antipodal deformation: when a serpentine core
(Csepentine = 5,300 m/s) is used instead of dunite, (Caunite = 6,500 m/s) the decrease in core sound speeds re-
duces the strong impedance contrast between Pluto’s core and the overlying ocean, reducing stress wave
reflection and increasing transmission. As such, overall energy transmission to the antipode is increased
when the core is serpentinized through hydrothermal alteration (e.g., Figures 2a and 2d). In a scenario in-
corporating both a 150-km ocean and a serpentine core, enhanced ice shell transmission is accompanied by
greater transmission of energy through the core, which combine to maximize deformation in the antipodal
region (Figure 2d).

To determine the potential deformation experienced at the antipode to Sputnik Planitia, we infer structural
responses based on the magnitude and regional extent of strains. The majority of the region surrounding
the antipode undergoes extension, hence graben are expected. Horizontal displacement at the antipode for
our best fit case occurs in a near-surface zone extending ~400-500 km from the antipode; this zone extends
downward ~30-50 km from the surface and is characterized by ~4-14 km of transport inward toward the
antipode. Expected strain near the antipode was calculated from tracer particle locations before and after
impact at 10 km depth. The 100 km closest to the antipode sustains intense compression from the mass of
material moved inwards by the stress wave, a reaction enhanced by proximity to the symmetry axis (Fig-
ure 2d). Farther beyond the symmetry axis lies a zone of elevated extensional strain as inferred by sustained
strains of ~1%-3% (Figure 2d) that extends ~100-~500 km from the antipode. The radius of the model-es-
timated extension zone is consistent with the observed ~1,000-km zone of antipodal disruption (Figure 2d)
and the tentative inference that the lineated features are depressions that may be structural in origin (Stern
et al., 2020).

Topographic information is not available for Pluto’s anti-Charon hemisphere where the antipodal terrains
are observed (Schenk et al., 2018; Stern et al., 2020). However, if the lineations within the disrupted terrain
are indeed associated with antipodal deformation from the formation of Sputnik Planitia, we expect them
to be the remnants of a graben system produced from accommodation of the widespread extensional strains
observed in our model results. Because strains are predominately extensional and egs exceeds 44, We expect
that the resulting graben will be circumferential with respect to the antipode (Mandl, 1988). Note, however
that our axisymmetric model may favor extension in ego. Furthermore, the inner 100 km zone of compres-
sion is likely to be topographically elevated.

Assuming that these lineations result from antipodal deformation, we can calculate likely graben depths
produced from extensional strain at the antipode, assuming that average strain in the region is equally ac-
commodated by formation of two to four graben (based on the observed distribution of lineations within
the lineated terrain as mapped by Stern et al., 2020), and assuming that both bounding normal faults dip
at 6 = 60°. Imagery for the antipodal region indicates a series of complex lineations, the discrete number
of which varies depending on mapped interpretation; two to four graben were estimated as a benchmark
for these features. To obtain accurate values for average strain accommodated by these potential graben,
we took the average of the strain values measured in the extensional zone, which was then defined as the
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average strain for the entirety of the antipodal region. Strains in the small compression zone near the sym-
metry axis were excluded.

From this formulation, we determine that the resulting graben may be between 4.4 and 2.2 km deep (for
two and four graben, respectively), similar in scale to the massive graben measured in Viking Terra and
Cthulhu Regio on Pluto's nearside (Conrad et al., 2019; Schenk et al., 2018). Current image resolution
cannot confirm or rule out the presence of additional smaller graben families surrounding these features,
which could contribute to accommodation of regional strain; however, the larger main graben are expected
to accommodate the majority of the strain.

All of our simulations produce some amount of surficial deformation at the antipode based on the resulting
elevated strains (Figure 2); however, only our best-fitting simulation is consistent with both the magnitude
and lateral extent (~500 km radius) of strain required to produce the lineated features. Scenarios involving
dunite cores and thinner oceans produce weaker zones of extensional strain focused closer to the antipode
(Figures 2a-2c). Utilizing the same formulation for strain allocation as above, accounting for differences in
radial extent of the extension zone, indicates that graben of a similar size (~1.6-2.7 km depth) may form
for a serpentine core without an ocean. This depth is further reduced to ~0.5-1.1 km for a dunite case;
however, in both scenarios, the overall zone of extension falls short by ~100-200 km of the extent of the
lineations observed. For both 50- and 100-km-thick oceans, low average strains imply any potential graben
might be less than 300 m deep. All alternate models fail to produce deformation over a sufficient extent
from the antipode, with one exception: when a 150-km-thick ocean is paired with a dunite core, the wave-
guide effect in the ice shell produces ~0.5% extensional strains extending far from the antipode (Figure 2).
However, resulting graben at these low strains are expected to be between 360 and 540 m deep, distributed
over a much larger extension zone ~1,000 km in radius, inconsistent with the magnitude and extent of the
lineations observed.

4. Implications for Pluto’s Interior

Our best-fit simulations suggest that significant water/rock interaction must occur in Pluto's interior prior
to the formation of Sputnik Planitia to produce the serpentine core required to produce the observed line-
ations in an antipodal deformation scenario. Partial or complete serpentinization of the core is feasible for
temperatures reached during Pluto's early evolution (Wakita & Sekiya, 2011) depending on the timescale of
Pluto’s initial formation and differentiation in the early Solar System. As serpentinization is an exothermic
reaction, runaway serpentinization may occur associated with higher temperatures produced by *°Al decay
for the first few Myr after Solar System formation (Wakita & Sekiya, 2011), provided that circulation of
warm water throughout large portions of the core is a possibility. However, full serpentinization of the core
is not necessarily required; the impedance contrast produced by a partially hydrated core could yield sim-
ilarly efficient energy transmission between the core and overlying ocean, provided that the transition be-
tween nonhydrated (dunite) to hydrated (serpentine) materials is relatively smooth and the hydrated region
is comparable in scale to the width of the stress wave. From such estimates we predict an ~75-125 km zone
of hydration extending downward from the core-ocean interface, a remnant of significant hydrothermal
alteration on early Pluto. Overall, our analysis suggests that Pluto possesses a serpentine core, a possibility
previously suggested by some models of Pluto's thermal evolution (Bierson et al., 2018; Robuchon & Nim-
mo, 2011). Due to the dependence of wave focusing on sound speed rather than strictly composition, we
note that a core composition with similar material strength and sound speed to serpentine would result in
similar antipodal deformation to that observed in our best-fit case. However, when considering our results
in the context of previous thermal modeling (Bierson et al., 2018; Robuchon & Nimmo, 2011), we consider
the presence of a serpentine core to be a robust possibility.

In addition to our predictions for core composition, our simulations also suggest a thick ocean is required
to reproduce the extent of Pluto's observed antipodal terrain regardless of core composition (Figure 2d).
The presence of an ocean has been suggested from several lines of geologic evidence, including widespread
extensional tectonics (Hammond et al., 2016), the absence of a fossil bulge (Stern et al., 2018), and the
location of Sputnik Planitia near the Pluto-Charon tidal axis (Keane et al., 2016; Nimmo et al., 2016). Our
analysis presents another independent piece of evidence in its favor. The presence of potential impurities in
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Pluto's ocean, particularly salt and ammonia, is likely, though in relatively low concentrations (e.g., Kamata
et al., 2019). These impurities may improve stress wave transmission through the ocean, as increased sa-
linity is correlated with a minor increase in sound speed (Wong & Zhu, 1995). However, the sound speed
increase from increased salinity (~300-400 m/s, Wong & Zhu, 1995) is relatively minor in comparison to the
contrast between the core and ocean, which is ~3,400 m/s for the serpentine core. While our formulation
of the ice shell for these tests assumes a fully conductive shell, the presence of convective ice at the time of
Sputnik Planitia's formation is possible (Robuchon & Nimmo, 2011). However, the sound speed for convect-
ing versus nonconvecting ice under identical pressure conditions varies by ~0.1% in our models, and thus
convection does not present a significant control on antipodal deformation.

Topographic information remains unavailable to assess whether these features are indeed tectonic in origin
or simply albedo features (Stern et al., 2020); however, if these features are indeed of a tectonic and impact
origin, their current approximate (~1,000 km) extent is most consistent with deformation maximized by
a substantial ocean and a potentially hydrated core. Although the formation process of large Kuiper Belt
objects is still debated (e.g., Kenyon et al., 2008; Morbidelli & Nesvorny, 2020), they may have similar com-
positions. Given the general thermal evolution of surrounding icy planetesimals in the early solar nebula
(Wakita & Sekiya, 2011), other Kuiper Belt dwarf planets of a similar size and formation age may have
experienced similar complex interior histories.

5. Conclusions

We have conducted an analysis of the effects of internal structural and compositional variations on antip-
odal focusing from the Sputnik Planitia impact to determine whether the lineations observed could feasi-
bly have an impact origin. We find that the Sputnik Planitia-forming impact was likely associated with a
400-km-diameter impactor at a speed of 2 km/s and is indeed capable of producing significant antipodal
terrains on Pluto. Our models suggest that, for an impact origin, the extent of the lineations observed is most
consistent with antipodal deformation associated with a 150-km-thick ocean and a hydrated core at the time
of Sputnik Planitia's formation. These results further support the presence of a subsurface ocean as well as
significant water-rock interactions in Pluto’s interior.

Data Availability Statement

At present, iSALE is not fully open source. It is distributed on a case-by-case basis to academic users in the im-
pact community, strictly for noncommercial use. Scientists interested in using or developing iSALE should see
http://www.isale-code.de/redmine/projects/isale/wiki/Terms_of_use for a description of application require-
ments. Model output has been published at the Harvard Dataverse, https://doi.org/10.7910/DVN/IU7185.
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