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Introduction:  The flyby of Pluto by NASA’s New 

Horizons spacecraft in July 2015 [1] revealed a vast 
plain named Sputnik Planitia (SP), a high albedo re-
gion >1000 km in diameter that is formed primarily of 
N2 ice [2]. The N2 ice appears to fill a topographic low 
to a near-constant level (~2 km below mean radius 
[3]), suggesting lateral flow of ductile ice [4]. This low 
has been interpreted to be an impact basin reaching 
several km deep [3,5], and which acted as a cold trap 
[6] to which the N2 ice migrated. The low-viscosity N2 
ice [4] then flowed to the margins of the basin. Alter-
natively, a mid-latitude N2 ice cap formed and de-
pressed the surface of the H2O ice shell [7]. Regardless 
of its emplacement mechanism, this mass of N2 ice 
(density 1000 kg/m3) has been interpreted to cause 
downward deflection of the solid and less dense (920 
kg/m3) H2O ice outer shell of Pluto [7,8,9].  

At the southern end of SP are the prominent moun-
tains Wright Mons and Piccard Mons, each exhibiting 
a prominent edifice and central depression suggestive 
of a cryovolcanic origin via edifice construction and 
caldera formation [3,5,10]. The close spatial associa-
tion of these putative cryovolcanic edifices and SP is 
suggestive of a relationship based on enhancement of 
cryomagma ascent potential in an annular region be-
yond a large load (e.g., the N2 ice filling SP) on Pluto’s 
H2O ice shell/lithosphere [11]. Here we create detailed 
Finite Element Method (FEM) models of impact-
driven lithospheric loading on Pluto (using the 
COMSOL Multiphysics software package) and evalu-
ate scenarios that are consistent with the spatial distri-
bution of proposed cryovolcanic centers.  

Impact Basin Loading - Lessons from the Moon:  
The recent advances in understanding of basin-
generating impacts on the Moon can be applied to the 
proposed SP basin. GRAIL gravity data [12] revealed 
the deep structure of lunar impact basins: relief on the 
lunar crust-mantle boundary is characterized by a cen-
tral uplift (crustal thinning) and a flanking low (“crus-
tal collar”) [13]. Interpretation of hydrocode impact 
models [14-16] indicates that the crustal collar is pro-
duced during the impact process and generates post-
impact uplift via isostatic adjustment [13,15,16]. For-
mation of a crustal collar with > 10 km relief is also 
predicted in some hydrocode impact models of Pluto’s 
SP basin [8], and by analogy with [13,15,16] we sug-
gest that post-impact uplift could occur at SP. 

One interesting difference between the lunar and 
Pluto cases is that in principle, post-impact thermal 
evolution (i.e. melting and freezing) alone can remove 
the relief on Pluto’s “crust-mantle” boundary, which is 
essentially a single material phase change (H2O ice 

shell to ocean [8,17]) rather than a compositional 
boundary as on silicate planets. Thus, any ascent-
favorable stress state induced by a collar may be time-
dependent, with implications for the relative timing of 
the impact event, surface loading, and edifice building.  

Model and magma ascent theory: We used 
COMSOL to create FEM models of Pluto’s H2O ice 
shell lithosphere loading from basin infill and impact-
induced relief on the shell-ocean interface. These ax-
isymmetric spherical shell models include a basin-
filling load with a flat-topped “super Gaussian” profile 
(exponent 3, maximum height 3 km, and radius 340 
km at half-maximum height). Further, the “crustal col-
lar” is added to one model via a Gaussian-shaped load 
with characteristic width 300 km and height 20 km at 
azimuthal distance 467 km from the load center. The 
load density corresponding to the fill load is that of N2 
ice (1000 kg/m3), while for the subsurface load the 
load magnitude is proportional to the density contrast 
between the ocean and H2O ice (about 80 kg/m3).  

We consider two criteria for cryomagma ascent 
through the H2O ice shell lithosphere in dikes. The first  
criterion is that the orientation of σ3, the least compres-
sional principal stress, is along one of the horizontal 
axes [18]. The second criterion can be derived from the 
equation for ascent velocity uz in a dike [19]: 

uz = (1/3η) w2 (dΔσT/dz + Δρg + dΔP/dz)   ( 1 ) 
where ΔσT is the difference of horizontal and vertical 
normal stresses, Δρ is the rock-magma density contrast, 
g is gravity, w is dike width, η is viscosity, and dΔP/dz 
is the gradient of magmatic overpressure (neglected). 
The FEM-calculated loading stresses give us the first 
term in (1) and the first term can be equated to the se-
cond term (buoyancy) to calculate the “effective buoy-
ant density” Δρefb required to effectively offset the 
negative buoyancy inherent to cryovolcanism.  

Results: For models with a central load only, the 
horizontal stress components in the trans-basin region 
present an equivocal picture for cryomagma ascent 
enhancement: for the out-of-plane horizontal stress, the 
stress orientation ascent criterion is strongly satisfied 
(as expected for long-wavelength “membrane” loading 
where sphericity is important [20]) but the stress gradi-
ent criterion is generally not, or at best extremely 
weakly (Fig. 1), and vice versa for the azimuthal hori-
zontal stress. However, when the subsurface “crustal 
collar” load is added, regions that satisfy both criteria 
appear, corresponding to the tensional out-of-plane 
stress with bolstered stress gradients (Fig. 2). The 
magnitudes of the gradients vary with height in the 
shell, such that the greatest values of Δρefb occur at the 
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bottom and steadily decline to near zero with increas-
ing height in the shell (Fig. 2).  

 
Figure 1. Effective buoyant density offset Δρefb as 
function of distance from SP’s center, calculated from 
gradients of the out-of-plane tectonic stress, in one-
component loading (impact basin fill) scenario FEM 
model for Sputnik Planitia. Positive values provide 
buoyancy to counteract the adverse density contrast of 
liquid H2O in H2O ice. Contour (dark solid line) drawn 
at 0 kg/m3. Lower right and upper left sectors: Δρefb at 
the bottom and top of the 50 km-thick H2O ice shell, 
respectively. Peak Δρefb values are several kg/m3. 

Discussion:  We have found a loading scenario that 
provides a favorable stress environment for cryomag-
ma ascent from Pluto’s ocean into the H2O ice shell 
(Fig. 2) in annular zones surrounding the SP basin. 
This environment is most strongly expressed in the 
lower shell (lower right of Fig. 2), where the peak 
Δρefb value (about 72 kg/m3) offsets nearly the entire 
adverse density contrast of liquid H2O in H2O ice (-80 
kg/m3), substantially enhancing the potential for ascent 
of ocean water into the H2O ice shell in dikes. In this 
region, only a small perturbation from mitigating fac-
tors (e.g., pre-existing stress or tectonic fabric, exsolu-
tion of volatile species) is required to allow magma to 
ascend throughout the lower shell/lithosphere. Howev-
er, decreasing Δρefb with increasing height in the shell 
(Fig. 2, upper left segment) indicates eventual stalling 
of cryomagma, pointing to the establishment of an 
intrusive system in the upper shell.  This could be con-
sistent with formation of a cryomagma chamber in the 
upper shell that later evacuates, causing collapse and 
forming calderas like those seen at Wright and Piccard 
Montes. Further, a “partial success” scenario for cry-
omagma ascent like that in Fig. 2 can actually help to 
explain why cryovolcanism appears to be localized to 
one location on SP’s perimeter (where mitigating fac-
tors may prevail) rather than broadly or even uniformly 
distributed in an annulus around SP.  

In contrast, surface loading alone appears insuffi-
cient to generate a stress-driven scenario that would 
explain the presence of cryomagmatic constructs in the 

region around SP (Fig. 1). Thus, we conclude that 
purely surface-loaded models for the origin of the SP 
basin, such as mid-latitude N2 ice caps [7] are incapa-
ble of explaining the apparent exclusive association of 
cryovolcanic edifices with proximity to SP, under a 
stress-driven ascent scenario. Alternatively, the ap-
pearance of cryovolcanic edifices around SP is a coin-
cidence, either outright or due to fortuitous distribution 
of subsurface lithospheric loads. Further, enhancement 
of cryomagma ascent due to phenomena such as vola-
tile exsolution remains a potential driver for edifice 
construction, although relying on this alone leaves the 
apparently non-random distribution of edifices on 
Pluto unexplained. 

 
Figure 2. As in Figure 1, for two-component loading 
model (basin fill plus “crustal collar”). Additional con-
tour drawn at 50 kg/m3 (red dashed line), values that 
approach the nominal adverse density contrast of liquid 
H2O in H2O ice. 
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