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ARTICLE INFO ABSTRACT

Keywords: In this work, we made a geomorphological analysis of the surface of Pluto using LORRI data from the New
Pluto Horizons flyby, to make an observational evaluation of a previously established convective model as the endo-

Sputnik Planitia genic source of Sputnik Planitia geologic activity. With corrected high-resolution images and the Digital elevation

I(j:eotl;[; Zrizl:ology model (DEM), we defined and described six geological terrains. Sputnik Planitia was examined in more detail
Cr);ovolcanism using the higher quality images, and within it were defined eighteen geomorphological units. The link between

the interpretation of the geoforms and the known composition of some of these units, provided key information to
understand the geometries and distributions of the ices that make up the plain, including the classical cell patterns
and the small HoO blocks trapped in them. The analysis of Sputnik Planitia lead to interesting interpretations
about the zone: The convective process is the best explanation for its current configuration; the glaciers of Sputnik
Planitia have lost altitude over the last geological times, exhuming rocks of the Cthulhu Regio terrain; and it could
be possible that the rough-looking Sputnik Highlands terrain is a degraded form of a previous zone similar to

Sputnik Planitia.

1. Introduction
1.1. Previous work

On June fourteenth of 2015, New Horizons made a flyby over Pluto,
taking high-resolution images and multispectral data of its surface (Stern
et al., 2015). This information allowed a detailed geological analysis of
an icy body that displays a wide variety of geological features (Moore and
McKinnon, 2020). The most striking one is Sputnik Planitia (SP), a vast
plain that covers 15% of the observed hemisphere of Pluto, which shows
interesting patterns within it and has complex boundaries with its
surroundings.

The first results of the flyby were analyzed by Stern et al. (2015) and
Moore et al. (2016). These authors made an initial division of the
observed regions of Pluto, establishing differences between the dark area
Cthulhu Regio (CR), the Tombaugh Regio that contains Sputnik Planitia
(SP), and other big-scale features. Since this early interpretation, it was
evident that SP is younger than its surroundings, due to the lack of impact
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craters, and the possibility of this phenomenon being related to the
cellular pattern dissecting it. White et al. (2017) made a more detailed
analysis of Sputnik Planitia, identifying and describing geological units
across the plain.

Before the arrival of New Horizons, CH4, CO, and N, had been
detected in spectral signatures (Cruikshank et al., 2015), and H,O was
believed to be a major component of the crust (Brown, 2002). The large
abundance of water ice was confirmed after the flyby, as its spectral
signature was detected in big areas across Pluto (Protopapa et al., 2017;
Gabasova et al., 2021). These four components represent most of the
surface of Pluto and probably of its crust. All of them, excluding H5O, are
present as ice on the surface and as gas in the atmosphere (Young et al.,
2018).

The rheology of these materials plays a key role in the surface
morphology of Pluto. The three volatiles shape solids that are joined by
van der Waals forces (McKinnon et al., 2016). This results in weak rock
bodies that are plastic to deformation, so the regions enriched in these
volatiles have low topographies and accommodate stress by relaxation
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instead of fracture (Yamashita et al., 2010). On the other hand, H5O ices
are solids joined by hydrogen bonds, creating strong hexagonal struc-
tures, and resulting in rock bodies that are fragile to deformation and
landscapes dominated by fractures and resistant topographies (Moore
etal., 2016). As a result, N, CHy, and CO make plastic glaciers that span
across the surface, and HyO ices are the prime material of the bedrock in
the crust of Pluto (Howard et al., 2017). Ice density is an important factor
to understand SP dynamics, both N, and CO have densities around
1gm/em®, Hy0 has a density of 0,91 gr/em® and CH4 has 0,5 g/cm®
(Luna et al., 2012).

1.2. Convection

SP origin is a primary topic in the investigations of Pluto, there is
currently a strong hypothesis suggesting that SP geoforms are the
external signature of several convective cells working under the plain
(McKinnon et al., 2016; Trowbridge et al., 2016). These authors made
numerical simulations of SP considering the rheology and viscosity of a
CH4:N3:CO mix, and proposed that convection could be achieved if the
deep of the basin exceeds 1 km and the basal temperature is at least 63 K
(McKinnon et al., 2016). In the present study, we analyze the surface
geomorphology and processes interactions that could support this
convective model from a geological point of view.

2. Materials and methods

All the imagery data was downloaded from the Planetary Data System
(PDS) in the node of small bodies. We used the 2.0 version, the most up-
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to-date at the time this work started. LORRI data consists of panchro-
matic images, each one with 1024 x 1024 pixels. A total of 78 images
ranging from 500 m/pixel to 76m/pixel were used. These images were
geometrically corrected creating four Transverse Mercator projections
with four origins and using the Pluto 2000 datum. A color modulation
was made to homogenize image illuminations. The preparation of the
images and the interpretations were made in the ArcGIS 10.5 software.
We used a 300 m/pixel resolution DEM created by the New Horizons
team, published by the Johns Hopkins University Applied Physics Lab-
oratory, and obtained on the USGS webpage. We conducted two steps of
processing to the original DEM. We used the Fill tool of ArcGIS to elim-
inate holes and discontinuities, then the Focal Statistics tool was run to
reduce the noise in the data, by creating a 6x6 pixel homogenization
window. At this point, the DEM was ready to be used for measures of
altitude and in morphometrical descriptions (Fig. 1a). After the prior
treatment, we decided to apply the Filter tool only to the data of SP, as it
was possible to recognize a trend in the topography, but it was heavily
masked by noise. This function reduces the presence of small-scale
extreme variations of altitude, and thus allows the recognition of the
underlying features (Fig. 1b).

The units defined in this work are geomorphological, but we con-
nected them to the geology of the zone as best as possible. The inter-
pretation of the units meets the criteria established by Tanaka et al.
(2010) and Wilhelms (1972): the defined bodies are discrete, follow the
superposition principle and the crosscut laws can be applied to them. The
names of the units are generally informal and descriptive of their geo-
morphology. Some names such as “Cthulhu Regio (CR)” or “Venera Terra
(VT)” are maintained in this study, as they are widely used by previous
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Fig. 1. Digital elevation model (DEM) of the zone. a) This is the DEM after running a focal statistic and a low-filter process to the original data, this model was used to
measure heights and to make the geomorphological interpretations. b) This is the DEM obtained after several filters of the same data, it shows a continued decrease in

altitude from the center to the edges of SP.
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authors. We made an analysis in two different spatial scales. In a regional
one, the area surrounding SP was divided into terrains, macro features
that enclosures a series of characteristics that differs them from other
terrains. On a detailed scale, SP was divided into eighteen geomorpho-
logical units, differentiated by the same criteria as the terrains, but
adding the surface morphology variation as the main factor. The inter-
pretation was carried out using the georeferenced orthoimages, the DEM,
and 3D scenes resulting from the combination of the elements mentioned
above.

3. Results
3.1. Surrounding terrains

Fig. 2 shows the terrains defined for the studied zone, centered in
Sputnik Planitia. SP itself is the most particular feature in Pluto, as it is on
average 2.000 m below its surroundings and is almost flat, except for
some mountain ranges scattered in the plain borders. All the terrains are
described in Fig. 2, but as only two of them play a major role in
explaining SP geologic configuration, and the other ones have been
previously studied by other authors (Howard et al., 2017; White et al.,
2018, 2021), we focused our interpretations on Cthulhu Regio, Sputnik
Planitia and Sputnik Highlands (SH).

After SP, CR is the most striking terrain. It is a vast brown region that
extends more than 500.000 km? west of SP. As their limits are not visible,
it may cover the south pole of Pluto and other areas not observed. Crater
count is important in CR. We counted 20 craters with a diameter of 20 km
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or more in an area of 40.000 km?, more than in other terrains in Pluto. It
has an albedo close to 10%, which is well below the average of Pluto.
Stern et al. (2015) and Protopapa et al. (2020) attribute this to a mix
between water ice and tholins. Some areas in CR have higher albedos,
especially in the border of the craters and in the transition to Venera
Terra (VT) (Fig. 2). This may indicate that the dark material is shallow,
and the ices in deep are clear of tholins. Water ice has been identified as
the only major compound in CR (Protopapa et al., 2017), this controls the
topography of the terrain and its brittle behavior (Fig. 3a and c). A
particular interaction is observed between CR and SP in the southern part
of the zone, several CR lands are partially covered or separated from the
main terrain by SP light and plastic material. There are two possible
explanations for this phenomenon, either it represents an atmospheric
deposition of Ny or the glaciers of SP had higher levels in the past. We
believe that the second scenario is correct, as the covered craters have
similar local altitudes and the higher craters around are not covered in
light material. If this were the result of atmospheric deposition a ho-
mogeneous covering would be expected. An example is presented in
Fig. 3b, where two nearby-equally-low craters are fulfilled with SP ices,
and the surrounding-higher craters are not. The filling altitude varies
over the west margin of CR, but in all cases, the light materials in these
craters are disconnected from the main glacier of SP. This relationship
shows that SP is superimposed to CR at least in this margin and that their
glaciers levels have decreased over time.

The SH terrain is located east of SP. This terrain corresponds to the
eastern side of the Tombaugh Regio, defined by Stern et al. (2015) and
Moore et al. (2016). For this study, we separated this zone in SP and SH
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Fig. 2. Map of terrains in the studied zone.
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Fig. 3. Main structures of the terrains. a) Duzumi Fossae in VT and CR boundary, b) Two typical craters of CR fulfilled with SP light ices, the relation between filled
craters and altitude implies that the level of SP glaciers was higher in the past, ¢) Duzumi Fossae at the north and Virgil Fossae to the south in CR, d) Transitional limit

between smooth SP and rough SH.

(Fig. 2), as the interaction between them is important. The texture of SH
is unique, it is mottled and variable, due to its changing topography. It is
an elevated terrain, with average altitudes of 2.500 m that can vary
drastically in a few horizontal meters. The topography of this terrain is
the product of volatile sublimation, glacial erosion, and tectonic activity.
Sublimation is evidenced in the different stages of geoforms defined by
White et al. (2017) as pits, they are deep and rounded holes resulting
from volatile ices turning into gas, mainly from Ny. When the sublimation
process becomes more extensive, the pits give place to a landscape
dominated by ridges and crests. The prior action of the pits, combined
with a widespread glacial erosion gives the terrain its abrupt appearance
(Umurhan et al., 2017). Some structural trends have been identified by
McGovern et al. (2019), who detected pit chains that are aligned in a
NE-SW direction. The authors suggest that this could be the result of
extensional stress beneath the terrain, which would increase the size of
the pits and the overall degradation of the zone.

The albedo of SH is similar to the one of SP, as a result of their similar
composition, enriched in volatiles. SH is mainly composed of CHy ices
with traces of CO and N, (Schmitt et al., 2017). However, the drastic
difference in the topography of both terrains points to some kind of
variation. We did not encounter an important number of craters in SH,
just a few of them in the northern regions. This lack of impact craters is
shared with SP and can be attributed to a recent or ongoing process that is
changing the surface, probably related to sublimation and glacial activity
(Umurhan et al., 2017; Howard et al., 2017). SH has a complex and
transitional interaction with SP, being opposite to the one with CR.
Glaciers flow from SH to SP in features resembling u valleys, connecting
reservoirs in high topographies with the Planitia (Fig. 3d) (Howard et al.,
2017). Some glaciers appear to have lost their connection to SP, probably
due to uplift or to the lack of flowing material. A few of them are located
deeper in SH, but their surfaces are degraded and surrounded by crests
and valleys.

3.2. Sputnik Planitia

As SP was the primary target of this mission, the best data is in this
terrain. We used fifteen images with a resolution up to 76 m/pixel in one
narrow band, plus several images of lower resolutions. SP is character-
ized by a smooth texture, high albedo, and being on average 2.000 m
below the surrounding areas. Here, the lack of craters suggests a young
age. SP composition can be divided into two types, the first are mountain
ranges dominated by H»0, and the second are flat regions made up of No,
with CH4 and CO traces (Schmitt et al., 2017). We defined eighteen
geomorphological units inside SP, all of them are described in Fig. 4, and
the most relevant ones for understanding SP internal activity and in-
teractions with other terrains are discussed in deep below.

3.2.1. West margin

This zone shows the major variability in SP, changing periodically in a
N-S direction. Hillary Montes (HM, SHM) is a unit that contrasts with the
rest of SP, it is a mountain range with low albedo, rough texture, and high
topographies, surpassing the 3.000 m in altitude above the plain. The
mountain range follows an N-S direction and is thicker in the E-W axis,
with a maximum of 150 km in wide (Fig. 5a). The mountain range is
made of single quasi-triangular or quasi-squared blocks. Each block has
an average length of 20 km, but to the west, they become smaller. The
blocks are separated from each other by SP glaciers, giving the unit the
appearance of a chaotic terrain (Skjetne et al., 2021). The albedos of the
blocks vary, but they are mainly low, similar to CR. The texture and
resistance of the blocks also resemble the ices of CR. Therefore, we think
that this unit has a similar genesis to CR, something that is further evi-
denced by the H,0 signals of the blocks (Schmitt et al., 2017). The strike
of HM changes toward the northeast at 35° N, possibly due to thrusts
from SP glaciers. Several signals of glacier regression are scattered
throughout the mountain range, as block groups are exhumed from
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Fig. 4. Map of Geomorphological/Photogeological units of Sputnik Planitia.

Fig. 5. Principal geoforms of Sputnik Planitia. a) Hillary Montes (HM), b) CR terrain exhumed from SP glaciers, c¢) Typical transitional terrain of Sputnik Highlands
foothills (SHF).

previously glacier-covered zones, these zones can be identified by their zone is a low point in the mountain range and was probably under the
higher albedo and relatively low topography (Fig. 5b). The exhumed plastic material of the plain not long ago.
blocks are common in the south of the Transitional Hills unit (TH), as this



J.E. Sudrez Valencia et al.

3.2.2. East margin

Opposite to the west margin of SP, this region is poorly variated, we
interpreted three units that represent different stages of the same
geologic process. The zone has a moderate slope and the transition to SH
is progressive. The albedo of these units is high, similar to the one of the
central planitia. The texture changes gradually, it is smooth on the Rough
Planitia (RP) unit, towards the central planitia, while to the east, in the
Sputnik Highlands foothills (SHF), it becomes similar to SH. The topog-
raphy of this zone is hilly, altitude increase to the east and the hills
become more developed (Fig. 5c¢), but they are not as steep as the ones
seen in SH. This region looks like a transition between SP and SH, they
have similar morphologies and several glaciers are flowing down towards
this unit from SH.

Planetary and Space Science 214 (2022) 105433

3.2.3. Central planitia

The units at the center of SP constitute the largest part of the plain,
covering nearly 80% of the surface of SP. All of these units have a
seemingly plain topography, and their composition is dominated by Ny
(Schmitt et al., 2017), supporting the strong relation of this component
with endogenic processes in SP (Trowbridge et al., 2016).

The northernmost part of the plain is covered by the Dark planitia
(DP) unit, it shares properties with the other units of the central planitia:
It has a low topography, a smooth texture, and it contains the cellular
patterns that made this part of Pluto unique (Fig. 6b). The cellular pat-
terns were first described by Stern et al. (2015), these intricate mosaics
are made of cells with both regular and irregular shapes. Most of them
have well-defined and self-closed edges, but sometimes the edges are
open, allowing two or more cells to be connected (Bottom-right of

Fig. 6. Principal geoforms of the central
planitia units. a) Flow patterns, these struc-
tures show the motion of the glaciers from SP
to VT. b) Typical tonality of Dark planitia
ridges, possibly due to an enrichment in
tholins. c) Interior of a cell in Grey planitia,
the left circle shows a zone with numerous
sublimation pits, the right circle encloses a
more central place with a lower number of
pits. d) Little HoO block related to ridges, €)
Anomalous block, f) Deep holes appear
instead of ridges, as cells disappear south of
Light planitia unit, g) Blocks following the

contour of a polygonal cell, showing the
relation between the two.
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Fig. 6d). Their size varies between 7 to 40 km, and their limits are straight
or curved lines. We found that the limits of the cells are made of complex
structures; a depression with a central ridge appears between the cells
(Fig. 6d), however, it was not possible to measure the proper altitude of
these structures due to the limit of the vertical resolution of the DEM. The
ridges of DP are darker than their counterparts in southern units, making
cells easier to differentiate. All the low albedo zones are related to the
ridges, from where black material disseminates in conic shapes. The color
of these ices may be also related to the presence of tholins.

Across the west margin of this unit, cells intersect perpendicularly
with the HM blocks, and to the north, cells gradually become more
curved until they disappear inside the glaciers flowing towards VT
(Fig. 6a). The limit of SP with VT is characterized by a gentle negative
slope, where the glaciers travel continuously to the north and no exhu-
mation features are interpreted on this side. This evidence, as well as the
ones discussed in Umurhan et al. (2017), suggests that VT is the basement
of SP in the northern zone, and that the level of the glaciers has been
stable or progressive.

The Grey planitia (GP) unit is located south of DP, it differentiates
from the prior unit by its higher albedo (Fig. 6¢). The albedo change
occurs rapidly, as the low albedo material in DP disappears as fans into
the cells, giving place to a more homogenous planitia. The cellular pat-
terns continue to the south with bigger cells. The better image resolution
in this region led us to appreciate a change in texture as scale grows, here
the glaciers appear with a rough texture, due to the presence of small
sublimation pits (Fig. 6¢), no larger than 100 m wide, and to the existence
of eolic dunes (Telfer et al., 2018). Some regions inside the cells have a
grayer tone than others, the change of color results from a difference in
the number of pits inside the cells, as the areas with fewer pits tend to be
grayer (White et al., 2017). This suggests an age contrast inside the cells,
being the less affected zones younger than the rest. GP shows a good
amount of little, angular, black blocks trapped in the ridges, mainly in
small sizes. These small blocks resemble the ones shaping HM, so they
could also be associated with CR material (Fig. 6e, g).

Light planitia (LP) is the biggest unit in SP, it covers the central part of
the terrain, with an extension of more than 600 km?. It differs from the
other two central units in its albedo, being the highest of all the units of
SP. This unit is slightly higher than the rest of the plain (Fig. 1b), sug-
gesting a deeper basin by the isostasy principle (Bowie, 1922). Subli-
mation pits are even more developed than in GP, which also enables the
appearance of some grey zones scattered around the unit. As cells become
wider in this unit, ridges also become larger and extend for several tens of
kilometers. In general, cells are two to three times larger than the ones
present in the north. To the south, in the Pit Lands (PL) unit, ridges suffer
a drastic change, they give place to large and possibly deep holes. These
hollows join to form extended apertures (Fig. 6f). The sublimation pits
around these features are also more developed than in any other place in
SP. It is not clear if these holes represent internal collapse, but as there is
no reason for ridge material to sublimate faster, an endogenic origin of
these features is plausible. This phenomenon increases gradually to the
south. The little black blocks keep appearing in this unit, especially to the
east (Fig. 6g).

4. Discussion and conclusions
4.1. Composition and rheology

From our analysis, we conclude that the composition is the main
controlling factor of the geology of Pluto, as evidenced in the response of
the rock bodies to the few geologic processes acting in this dwarf planet.
This seems to be the case for at least the last geological age of Pluto, due
to the changing nature of its orbit and atmospheric conditions (Bertrand
et al., 2018). Atmospheric events are mainly restricted to sublimation
(Stern et al., 2015) and some wind-driven events (Telfer et al., 2018).
However, the last ones seem local and not strong enough to constitute an
important erosive agent in Pluto. The prior situation positions the next
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events as surface modifiers: impact craters, sublimation, condensation,
glacial erosion, tectonic activity, and the endogenic processes inside SP.

CR and SP mountain ranges are dominated by HoO compositions. In
both cases morphologies are consistent and steep, responding in a fragile
regime to stress, as exemplified in CR several slope breaks. This response
is similar to glaciers in Europa, where Hy0 is also the dominant com-
pound (Collins et al., 2000). The little blocks inside SP are almost exact
copies of the larger ones forming the mountain ranges (Fig. 6d), this leads
us to infer that they are similar in composition, meaning they may share
their origin with CR. The three volatile substances influence the geoforms
as they dominate over the others, CHy is the less volatile by difference,
their structures overcome time and do not sublimate as quickly as Ny
(Moore et al., 2017). The central planitia units in SP have the major
concentrations of Ny and CO in the observed hemisphere of Pluto, as a
result, they do not show a rugged topography. These units also display a
great number of sublimation pits even in their youngest zones, showing
the incidence of Ny volatile properties. SH terrain falls a little out of this
interpretation, as its morphologies result from the combination of
intensive sublimation, glacial erosion, and the extensional tectonic force
that may be acting beneath SH (McGovern et al., 2019). Yet, the signals of
N3 and CO are weak in comparison to SP, another terrain with several
sublimation pits. We suggest that SH is older than SP but similar in origin
and that almost all its Np was lost during the sublimation process, letting
behind the less volatile CHy ices (Tan and Kargel, 2017).

4.2. Relative ages

We made a simple crater count exercise in the terrains following
Kneissl et al. (2015), measuring all craters bigger than 2 km in an area of
20.000 Km?. As the relative age models of Pluto are not yet well estab-
lished, we defined four big time-lapses using crater count densities and
the development of sublimation features (Fig. 7). For crater density we
found that the more impacted terrain is CR, Singer et al. (2019) had a
similar result, estimating a 4 Gy age for this terrain. VT shows a similar
crater abundance as CR, so both make up the first time-lapse and prob-
ably the basement of Pluto crust. Transitional Terra (TT) and Southern
Terra (ST) seem to be transitional stages between CR, VT, and SP (Fig. 2).
These two units belong to the second time-lapse but giving an age esti-
mation is not possible. Both SP and SH share an important feature, they
do not have craters, except for an eroded one in SH. This indicates that
these two terrains are the youngest of the ones we defined and that they
underwent resurfacing processes in the last 10 million years (Stern et al.,
2015). As the crater count method is not useful to differentiate ages in-
side these two terrains, we took advantage of the extended sublimation.
Volatile-rich glaciers with more developed sublimation pits are older, as

D _____________ " fe— -
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~10 My ——
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3
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2
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~ 4.6 Gy?

Fig. 7. Schematic relative ages of studied terrains.
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Fig. 8. Convective model of Sputnik Planitia. In-depth N:CH4:CO mixtures are heated and give place to a convective process, cryomagmas are erupting from cell

centers and carrying H,O blocks from Cthulhu Regio basement.

prolonged exposure to the atmosphere of Pluto would allow them to
grow bigger. With this principle is clear that SH is older than SP but
younger than the other terrains, so it spans the third age stage. This
method is also viable to determine ages inside SP, sublimation pits size
increase to the east and south, pointing to a younger basin in the center of
SP. This also implies a decrease of SP internal activity towards its edges,
as bigger pits mean that there are no resurfacing processes happening in
these locations.

4.3. Convection and signals

SP represented a geologic enigma since it was first seen, the factors
controlling its topography and sublimation pits have been addressed, but
the cellular pattern and associated geoforms remain unexplained. Un-
derstanding the dynamic of this process is difficult, and the absence of
geophysical and multitemporal data is a barrier, so the interpretation of
SP internal activity is provisional and cannot be solved until we have
more data of Pluto. The geologic model for the formation of SP needs to
satisfy some conditional observed in the data: 1) SP is younger than the
surrounding terrains; 2) HoO blocks could not form in phase with the
volatile elements, and they share geological characteristics with CR; 3)
N, Is the main compound in the plain, conditioning ice rheology; and 4)
CR and VT are underlying SP and probably conform the crustal basement,
and the interaction of SP with CR shows a reduction in the glaciers levels.

Only a few known geologic processes can explain the formation of
cellular patterns. Desiccation processes causing clays to crack (Kindle,
1917), or columnar jointing in basalts due to thermal isolation (Mallet,
1875) are not possible ones. These comparisons were made mainly for
the polygonal shapes produced by these processes, but they fail to explain
SP configuration as cell proportions are much larger than Earth coun-
terparts. Another option is that the cellular patterns are the surface
expression of a complex structural setting, however, this is particularly
difficult due to the ductile behavior of N5 and the seemingly unorganized
appearance of the cells. The third option is the most plausible, a
convective process occurring inside SP is responsible for its surface
configuration (McKinnon et al., 2016; Trowbridge et al., 2016). These
authors established some necessary conditions to achieve convection: the
composition inside of SP must be similar to the surface, the basin must be
at least 1 km deep, and an energy source is needed to reach a certain heat

gradient, that may be achieved by radiogenic decay of Pluto internal
layers (Trowbridge et al., 2016).

We made a correlation of this hypothesis with the interpretation
made in this work. The surface expression of such a process would be
related to the cellular patterns. White et al. (2017), Trowbridge et al.
(2016), and McKinnon et al. (2016) had proposed that the convective
overturn occurs in the centers of the cells, and that subduction happens in
the ridges defining the limits of the cell. This interpretation is supported
by a measured decrease of 50 m in altitude from the center to the borders
of the cells, and in the lesser concentration of pits in the center of them,
suggesting younger ices in these locations. We share the interpretation
made by these authors about the convection configuration, although we
were not able to estimate an altitude gradient inside the cells with the
available DEM. The difference in the concentration of sublimation pits is
seen across the plain, additionally, SP morphology resembles Benard
cells, which are hexagonal patterns resulting from a convective process of
liquids with a plain surface (Demirel and Gerbaud, 2018; Manneville,
n.d.). Although this interpretation is the more plausible (Fig. 8), there are
some aspects, that if resolved, could strongly support the theory. There is
no evidence of cryovolcanoes inside SP cells, probably due to a limitation
in spatial resolution. If this is the case, the sources of cryomagmas should
be smaller than 73 m wide, suggesting fissure magmatism. The second
issue concerns the unit Dark Planitia, the ridges in the borders of the cells
have a dark tonality, probably by the presence of tholins, indicating that
they are not entering the subduction process and are accumulating in the
edges of the cells (Scipioni et al., 2021). The last concern is about sub-
duction, this process has not been seen in the solar system outside of
Earth and Europa (Kattenhorn and Prockter, 2014), and in both cases, it
is related to brittle and well-differentiated crusts, almost opposite to the
situation in SP. We suggest the future study and integration of the above
phenomena within the convective model, as it would be valuable to get a
complete understanding of SP internal activity.

Aside from the cellular patterns, the HoO blocks that form the
mountain ranges and the little fragments scattered across SP are the
biggest mysteries of the system. This can be elucidated by considering the
density of the compounds. The glaciers enriched in Ny and CO have a
density close to 1 gr/cm®, which would allow a less dense material to
float in the mix. Such is the case for water ice at the environmental
conditions of Pluto, as it crystallizes in the XI phase and has a density of
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0,91 gr/cm3 (Zhang et al., 2015; Liu et al., 2019). Taking this into
consideration, it is possible to analyze the origin of the smaller blocks
spread across SP. Most of them are confined to the edges of the cells,
which means that they are being transported by the horizontal motion of
the cells and that they cannot be subducted in the system due to their
lower density. The only possible origin for these blocks is the underlying
basement made of CR material, as little fragments of HyO would be de-
tached and lifted to the surface in the convective motion. It does not seem
likely that the bigger blocks of the mountain ranges were transported by
this mechanism due to their size and possibly deep roots. So we believe
that the scenario proposed by Howard et al. (2017) is the most likely to
happen, as they suggest that the blocks conforming Hillary Montes and
other similar mountain ranges are detached fragments of CR, transported
but not suspended in the glaciers of SP. This process could have been
favored by previous high-energy events, as the proposed big impact that
formed the basin containing SP (Hamilton et al., 2016).

4.4. Sputnik Planitia prior and current state

There are striking similarities between SP and SH. These terrains have
similar compositions, few to no craters are present on their surface, both
are affected by the same sublimation and glacial processes, and both have
several reservoirs of plastic material. Furthermore, a transitional change
occurs from one terrain to another; as the sublimation and erosional
structures in SP increase in size to the east, the planitia slowly gives place
to the abrupt features of the highlands. This relation may suggest that
both terrains share a similar origin. It is difficult to pull together a
cohesive theory about the origin of SH due to the limitation of the data,
but the similarities between SP and SH should be taken into consider-
ation. We propose that regional sublimation and tectonic processes are
and have been transforming SH, from a stage more similar to SP to its
current appearance. Some features support this possibility: The remnant
glaciers in SH, the abundant connections between both terrains, and the
sublimation geoforms controlled by glaciers enriched in N. In this sce-
nario, SH can be considered as an evolved form of SH. It has been
established that when the cellular patterns disappear, the sublimation
features become more intense, from this we can infer that convection
regulates sublimation, thus controlling surface degradation. As no con-
vection cells have been detected in SH, there is no regenerative process of
the surface, so the continuous sublimation of ices and the erosion done by
glaciers have molded the current appearance of SH over millions of years.
However, there are some problems with this interpretation, it is not easy
to explain why SH is several hundreds of meters higher than SP. Although
it is possible that compressive tectonic processes have been acting
strongly near SH, in Tartarus Dorsa (McGovern et al., 2019), and could be
the source of regional uplift, the true origin of SH is not clear. We
consider this to be an interesting topic for further research.

The southern central planitia units also point to a remarkable process.
Cells become smaller towards the south until they disappear. Trowbridge
et al. (2016) show that a smaller cell on the surface also means a small
cell in-depth, so the basin must be getting shallower to the west, east, and
south. If the current configuration of convective cells remained un-
changed over time, this zone should look similar to SH. As this is not the
case, we can assume that convection stopped in this place not long ago
and that the overall size of SP has decreased in the last geological times, a
phenomenon that is also clear in the exhumed patches of CR along the
west margin of SP. Other geophorms in the northern terrains suggest that
the glacier levels were once higher, for example, the washboard and
fluted surfaces described by White et al. (2018). It remains unclear if this
regression will continue over time, as other aspects, such as Pluto orbit
and insolation, may affect the N, cycle (Bertrand et al., 2018; Earle et al.,
2017; Johnson et al., 2021).
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