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a b s t r a c t 

The geology and stratigraphy of the feature on Pluto informally named Sputnik Planitia is documented 

through geologic mapping at 1:2,0 0 0,0 0 0 scale. All units that have been mapped are presently being 

affected to some degree by the action of flowing N 2 ice. The N 2 ice plains of Sputnik Planitia display 

no impact craters, and are undergoing constant resurfacing via convection, glacial flow and sublimation. 

Condensation of atmospheric N 2 onto the surface to form a bright mantle has occurred across broad 

swathes of Sputnik Planitia, and appears to be partly controlled by Pluto’s obliquity cycles. The action of 

N 2 ice has been instrumental in affecting uplands terrain surrounding Sputnik Planitia, and has played a 

key role in the disruption of Sputnik Planitia’s western margin to form chains of blocky mountain ranges, 

as well in the extensive erosion by glacial flow of the uplands to the east of Sputnik Planitia. 

© 2017 Elsevier Inc. All rights reserved. 
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. Introduction 

Following its flyby of Pluto in July 2015 ( Stern et al., 2015 ),

ASA’s New Horizons spacecraft has returned high quality im-

ges that cover the entire encounter hemisphere of the planet, and

hich have revealed a highly (and unexpectedly) diverse range of

errains, implying a complex geological history. The centerpiece of

he encounter hemisphere is the prominent and informally named
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putnik Planitia, and it is on this feature and its immediate en-

irons that initial geological mapping of Pluto’s surface has been

ocused. This paper presents mapping within an area covered by

 mosaic of 12 images obtained by New Horizons’ Long-Range Re-

onnaissance Imager (LORRI) ( Cheng et al., 2008 ) that includes all

f Sputnik Planitia and portions of the surrounding terrain (shown

n Fig. 1 , along with a global context map). In the early stages

f analysis of New Horizons images, Sputnik Planitia was recog-

ized to be a highly complex entity that displays a wide range

f surface textures and patterns and which is undergoing rapid

urface renewal ( Stern et al., 2015; Moore et al., 2016; McKinnon

t al., 2016 ). Accordingly, the purpose of this study is to specifi-

ally map, describe, and interpret units within the Planitia itself,
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Fig. 1. A global, simple cylindrical, photometrically equilibrated mosaic of LORRI images of Pluto is shown in (a). Latitudes south of ∼30 °S were in darkness during the New 

Horizons flyby. The mapping area (comprising a mosaic of 12 LORRI images obtained at 386 m/pixel) is highlighted by the black boundary and is expanded in (b). 
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Fig. 2. Informal nomenclature map for the mapping area. 
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s well as any units in the surrounding terrain that are consid-

red to be presently directly affected by, or which are directly af-

ecting, Sputnik Planitia, and to determine the sequence of events

hat formed and modified them. Those terrains within the map-

ing area that are not directly interacting with Sputnik Planitia at

resent are generalized as ‘Pre-Sputnik Planitia Uplands’, and are

ot examined as part of this mapping study. A nomenclature map

f the mapping area is shown in Fig. 2 . Note that all feature names

sed in this paper are presently informal. 

.1. Physiographic setting 

The mapped area we present covers just over 20 0 0,0 0 0 km 

2 , or

ust over 11% of Pluto’s surface area, and measures 2070 km from

he northernmost corner (at 69.5 °N) to the southernmost corner

at 30.5 °S), and 1925 km from the westernmost corner (at 131 °E)

o the easternmost corner (at 221.5 °E). The high albedo plains of

putnik Planitia, which have an area of 870,0 0 0 km 

2 and form the

estern lobe of the heart-shaped region dubbed Tombaugh Re-

io, dominate the mapping area. Sputnik Planitia is surrounded

y rugged highland terrain: to the west and southeast are the
ow albedo Cthulhu Regio and Krun Macula respectively; to the

ast is the high albedo eastern lobe of Tombaugh Regio; to the

orth is the intermediate albedo Voyager Terra; to the south is the

nigmatic feature dubbed Wright Mons, a roughly circular mound

150 km across with a ∼70 km diameter depression at its summit.

he terrain to the west and north of Sputnik Planitia are heavily

ratered, while those of east Tombaugh Regio are considerably less

o; no impact craters have been confirmed in Sputnik Planitia it-

elf in contiguous mapping coverage of 320 m/pixel ( Moore et al.,

016 ) or in any higher resolution strips. 

The topography of the mapped area has been derived us-

ng stereophotogrammetry (see supplementary online material in

oore et al. (2016) for details of technique) and a digital eleva-

ion model (DEM) is shown in Fig. 3 . The level of Sputnik Plani-

ia is 3–4 km below the surrounding terrain ( Moore et al., 2016 ),

nd the plains appear to be virtually flat on a horizontal scale

f tens of kilometers. Also apparent in Fig. 3 are the ranges of

locky, chaotically oriented mountains that include (from north to

outh) al-Idrisi, Zheng-He, Bare, Hillary and Norgay Montes, which

kirt the western margin of Sputnik Planitia. The peaks of these

ountains reach elevations of up to 5 km above the surrounding

lains. 
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Fig. 3. Stereo digital elevation model (DEM) of the mapping area. The data used to create the DEM include a mosaic of 15 LORRI frames obtained at a resolution of 

386 m/pixel, and a single MVIC scan obtained at a resolution of 320 m/pixel. The DEM resolves features that are at least 1.9 km across and has a vertical precision of 115 m. 

NE-SW-aligned banding artifacts affect the DEM across Sputnik Planitia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

L  

b  

3  

e  

r  

u  

d  

t  

f  

i  

t  

r  

o  

h  

t  

c  

P  

w  

t  

s

 

t  

m  

u  

e  

w  

i  

t  

d  

g  
2. Methodology 

2.1. Geological mapping 

The geologic mapping of Sputnik Planitia reported in this study

follows the standard principles of the mapping of extraterrestrial

bodies as outlined in Wilhelms (1972, 1990 ) and Tanaka et al.,

(2011) ,. Some of the assumptions of geologic mapping ( Wilhelms,

1990 ) derived solely from images acquired above the study area

are that: (1) the scene contains (at least some) landforms that lend

themselves to expert identification; and (2) the landform suites

represent the surface manifestations of sequences of deposits sep-

arated by discrete boundaries for which the rules of superposition

and cross-cutting apply and are hence amenable to being strati-

graphically organized. Thus traditional planetary geologic maps

are, in reality, geomorphological or physiographic maps being cast,

via interpretation, into a geologic map format ( Moore & Wilhelms,

2001 ). The experience of terrestrial field geology strongly indicates

that the results of non-ground-truthed, image-based geologic map-

ping are tentative and, at best, the equivalent of hypotheses. Nev-

ertheless, until ground truth can be acquired, traditional planetary

geologic mapping remains at least a very useful mechanism for or-

ganizing observations and presenting results ( Wilhelms, 1990 ). 

The 12-image LORRI mosaic being used as the mapping base is

at a characteristic scale of 386 m/pixel. Mapping is performed at a

scale of 1:2,0 0 0,0 0 0. The entire mapping area has also been cov-

ered by Multispectral Visible Imaging Camera (MVIC) imagery with

a characteristic scale of 320 m/pixel. Overlying this 320 m/pixel

MVIC coverage are three LORRI strips obtained at 234, 117 and

76 m/pixel, as shown in the map in Fig. 4 a. We use the 386 m/pixel
ORRI mosaic as the mapping base as it offers an optimum com-

ination of resolution and look angle; the look angle of the

20 m/pixel MVIC imagery becomes quite oblique in the north-

rn latitudes of the mapping area. The four additional, higher-

esolution observations have not been employed to actually define

nit boundaries in our map, but we have referred to them in or-

er help define the finer-scale textures and morphological charac-

eristics of the units, which aids in their interpretation. The dif-

erence in resolution between the lowest and highest resolution

magery we have studied is less than a factor of five. Planetary

errains can often appear quite different when viewed in sepa-

ate imagery that varies in resolution by an order of magnitude

r more (e.g. Malin & Edgett, 20 0 0 ), yet there is no unit that we

ave mapped that appears very different at 76 m/pixel compared

o 386 m/pixel. The 234, 117 and 76 m/pixel LORRI strips cross oc-

urrences of all mapped units, with the exception of the Bright,

itted Uplands (unit bpu) and the Scattered Hills (unit sh), for

hich the 320 m/pixel MVIC data is the best available. A map of

he variation in solar incidence angle across these observations is

hown in Fig. 4 b. 

We define units based primarily on the texture and albedo that

hey present at the 386 m/pixel scale of the base map used for

apping. We generally use simple, nongenetic labels for mapped

nits (e.g., the Dark, Ridged Terrain; the Sparsely Pitted Plains). An

xception is the Impact Crater unit; impact craters being landforms

hose origins we believe can be unambiguously identified. Albedo

s the primary distinguishing factor when mapping the contact be-

ween the Bright, Cellular Plains and Dark, Cellular Plains, which

isplay similar surface textures at 386 m/pixel. Measured topo-

raphic relief is a criterion that is generally not useful for defin-
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Fig. 4. (a) Map of higher resolution New Horizons observations that coincide with the 386 m/pixel mapping base. 76 m/pixel strip is LORRI coverage obtained at a phase 

angle of 68.6 °; 117 m/pixel strip is LORRI coverage obtained at a phase angle of 46.7 °; 234 m/pixel strip is LORRI coverage obtained at a phase angle of 31.8 °; the remainder 

of the map is 320 m/pixel MVIC coverage obtained at a phase angle of 67.9 °. (b) Map of variation in solar incidence angle across the four observations shown in (a). 
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ng units within the map. The stereo topography shown in Fig. 3 is

nly useful with respect to gauging the reliefs of the mountain-

us and hilly units in the map (in particular the Chaotic, Angu-

ar, Blocky Mountains, the Bright, Pitted Uplands, and the Bright,

haotic Terrain), as Sputnik Planitia itself is comprised of plains

hat are virtually flat on a scale of tens of kilometers, and what

mall-scale topographic relief can be discerned in imagery of the

lains (the pitting in particular) is not resolved in the stereo topog-

aphy. Reliable shape-from-shading DEMs, which achieve a higher

esolution than those of the stereo DEMs that is comparable to that

f the source image, are not yet available. 

New Horizons compositional data revealed by MVIC and the

inear Etalon Imaging Spectral Array (LEISA) ( Weaver et al., 2008 )

ave aided in the interpretation of some units within the map, but

ot actually to define unit boundaries (mainly because the resolu-

ion of the data, which is typically at a scale of km/pixel, is too

ow). Grundy et al. (2016), Protopapa et al. (2017) , and Schmitt et

l. (2017) have presented maps highlighting surface abundance of 

 2 O, N 2 , CO, and CH 4 across Pluto’s encounter hemisphere, and

rotopapa et al. (2017) have also shown maps of ice grain size

ased on Hapke modeling. In the context of our mapping study,

his data has been especially useful in assessing the physical state

nd origins of the Chaotic, Angular, Blocky Mountains ( Section

.3.1 .) and the Bright, Pitted Uplands ( Section 4.4 ), as well as de-

ucing the cause of the albedo contrast between the Bright, Cellu-

ar Plains and the Dark, Cellular Plains ( Section 4.1.2 .). 

.2. Variance mapping 

The surfaces of a number of the geological units that have been

apped in Sputnik Planitia display subtle but geologically signif-

cant differences in pitted textures both between different units

nd across single units. Visual inspection of the highest resolution

putnik Planitia images (at 76 m/pixel) show that there are coher-

nt patterns in the amplitude of the pitting as a function of posi-
ion within the cells. We have considered various algorithms for

roviding quantitative, objective, and automated characterization 

n the amplitude of the pitting, and in the end have found that

he local image-intensity variance is highly effective at revealing

ven subtle spatial variations in the properties of the pits. A vari-

nce map shows the variance within a small circular area centered

n each pixel in the source image. For each pixel in the image, we

easure the intensity variance of the pixels weighted in radial dis-

ance from it by a two-dimensional circularly symmetric Gaussian

ernel to smoothly limit the domain of the variance measurement.

he spatial width of the kernel is a compromise between being

arge enough to encompass a fair sample of pits, while still being

mall enough to track fine-scale changes within the cells - in prac-

ice we use 12-pixels full width at half maximum. With the vari-

nce map represented as a gray-scale image, in which smooth ar-

as appear dark and rough areas appear bright, subtle pitting am-

litude variations in the source imagery become vividly obvious.

ig. 8 within Section 3 demonstrates how this technique is sensi-

ive to the variations in pitted texture. 

. Description of the geology of Sputnik Planitia 

The geological map is shown in Fig. 5 . The following sections

escribe each of the units listed in the map and offer interpreta-

ions for their formation and evolution. The exception to this is

he “Pre-Sputnik Planitia Uplands” (unit psu), which are not in-

erpreted to be currently affecting, or being affected by, Sputnik

lanitia, and which are therefore beyond the scope of this study.

owever, we do map impact craters larger than two kilometers in

iameter (unit ic) and extensional fractures within the Pre-Sputnik

lanitia Uplands, as these features will be mentioned in forth-

oming sections. Concise descriptions and interpretations of the 15

nits mapped in Fig. 5 (not including the Pre-Sputnik Planitia Up-

ands) are included in Table 1 . 
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Fig. 5. Geological map of the Sputnik Planitia region showing geological units identified by New Horizons image analyses. Map is overlain on photometrically equilibrated 

386 m/pixel LORRI imagery. Upland terrains not currently directly affecting, or which are not currently affected by, Sputnik Planitia are generalized as Pre-Sputnik Planitia 

Uplands (unit psu). Refer to Fig. 15 for a stratigraphic correlation of the map units. 
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3.1. Cellular plains of Sputnik Planitia 

The cellular plains ( Fig. 6 ) occupy the majority of the north-

ern portion of Sputnik Planitia. Here, the plains are divided into

ovoid cells reaching several tens of kilometers across and sepa-

rated by a network of troughs reaching a few kilometers across

(shown as black lines in Fig. 5 ). The troughs commonly display a
edial ridge that extends across much of the width of the trough

‘2’ labels in Fig. 6 b) ( Moore et al., 2016 ). While the troughs are

esolved to a degree in currently available stereo DEMs ( Fig. 3 ),

heir vertical relief is comparable to the amplitude of noise within

he DEMs (which is especially high in the plains areas in the cen-

er of Sputnik Planitia because of the lack of small-scale surface

lbedo contrast here), so we estimate depths for them of some
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Table 1 

Descriptions and interpretations of units and structural features mapped in Fig. 5 , with the exception of the Pre-Sputnik Planitia Uplands. 

Unit Description Interpretation 

Bright, Cellular Plains (bcp) High albedo plains divided into ovoid cells by a network of 

troughs, which becomes less interconnected in the center 

of Sputnik Planitia. Cell interiors typically display a pitted 

texture at a scale of a few hundred meters towards their 

edges. No impact craters seen in contiguous 320 m/pixel 

mapping coverage (like all Sputnik Planitia plains units). 

Plains of N 2 ice, recently resurfaced as inferred from the 

total absence of impact craters. Cellular pattern indicates 

active solid-state convection occurring throughout the unit. 

High albedo is caused by condensation of atmospheric N 2 

onto the Dark, Cellular Plains to form a thin mantle of 

pure N 2 ice (also the cause of the high albedo in the 

non-cellular plains). 

Dark, Cellular Plains (dcp) Similar to the Bright, Cellular Plains, but cell interiors show 

a lower albedo. Also appears as enclaves within cell 

centers in the Bright, Cellular Plains, ‘filaments’ of which 

are seen to extend into the Dark, Cellular Plains along 

troughs at the main contact between the two units. 

Unit is deficient in N 2 relative to the Bright, Cellular Plains 

and represents the exposed portion of the convecting N 2 

ice mass, which displays a high content of entrained 

tholins accumulated over the lifetime of Sputnik Planitia. 

Dark, Trough-Bounding Plains (tbp) Very low albedo plains in northern Sputnik Planitia that 

surround cell margins, which appear as narrow, dark lines. 

Exhibit flow patterns around obstacles at the margin with 

surrounding Pre-Sputnik Planitia Uplands. 

Occurrence of the plains around dark cell margins may 

indicate an especially high concentration of entrained 

tholins in the ice at the edges of the cells and in the 

bounding troughs. Flow patterns indicate recent mobility 

of the N 2 ice. 

Sparsely Pitted Plains (spp) Smooth, high albedo plains featuring scattered pits with 

subdued and softened relief. 

Deeply or Lightly Pitted Plains that have been resurfaced 

by relaxation/infilling of pit topography by flow of N 2 ice, 

and/or blanketing by atmospheric N 2 condensing on the 

surface. 

Deeply Pitted Plains (dpp) High albedo plains featuring dense concentrations of 

sharply defined pits that reach a few km across. Pits can 

be single or merge to form doublets and aligned chains of 

joined pits. Pit swarms sometimes form wavelike patterns. 

Elongate pits tend to align N-S in southern Sputnik 

Planitia. When pit floors can be resolved, they always 

display a low albedo. 

Pits form via sublimation that may be widening existing 

fractures formed by ice shearing in the N 2 ice plains. Low 

albedo floors may be dark substrate of Sputnik Planitia, or 

tholins entrained in the ice that have been liberated by 

sublimation and built up as a lag. Wavelike patterns may 

reveal structural anisotropies in the ice (i.e. stress fields 

associated with flow paths). 

Lightly Pitted Plains (lpp) High albedo plains displaying a shallow, densely pitted 

texture at a scale of a few hundred meters. 

Continuous, shallow pitting represents sublimation of N 2 

ice across the whole surface, rather than at discrete, 

possibly structurally controlled locations like in the Deeply 

Pitted Plains. 

Patchy, Pitted , Marginal Plains (pmp) High albedo, often-hummocky plains on the margins of 

Sputnik Planitia and in basins and valleys of the Bright, 

Pitted Uplands. Generally displays a patchy texture of 

close-spaced shallow pits interspersed with smooth, 

featureless zones. Dark flow lines are often seen where the 

unit occurs in valleys leading from the Bright, Pitted 

Uplands to Sputnik Planitia. 

Shallow N 2 ice draped over underlying topography, which 

may contribute to the heterogeneous texture of the unit. 

Glacial flow of the unit is occurring from valleys in the 

Bright, Pitted Uplands to the open plains of Sputnik 

Planitia. 

Dark- Pitted , Marginal Plains (dmp) High albedo plains displaying chains of elongate, 

dark-floored pits interspersed with smooth, lightly pitted 

zones. Unit occurs on the western edge of Sputnik Planitia, 

and on the floors of some craters in Cthulhu Regio. 

Shallow N 2 ice draped over underlying topography. The ice 

may be residual and relatively immobile compared to that 

of the Patchy, Pitted, Marginal Plains. Dark floors of the 

pits are likely to be the dark terrain of Cthulhu Regio, 

which this unit overlies. 

Chaotic, Angular , Blocky Mountains 

(abm) 

Discontinuous chain of mountain ranges, consisting of 

angular blocks with random orientations, reaching up to 

40 km across and 5 km high. Ranges extend along the 

western margin of Sputnik Planitia, with a few isolated 

blocks occurring within its interior. 

Fragments of the H 2 O ice crust that have been disrupted 

by tectonism and intruded by N 2 ice of Sputnik Planitia, 

and which are now grounded and tilted within shallow N 2 

ice. Smaller blocks within Sputnik Planitia’s interior may 

be floating in deeper N 2 ice. 

Chaotic, Inter - Block Material (ibm) Chaotically oriented, close-packed blocks, reaching several 

km across, that are interstitial to and embay the Chaotic, 

Angular, Blocky Mountains. 

Similar genesis to the Chaotic, Angular, Blocky Mountains, 

but finer texture may indicate breaking up of mountain 

blocks into smaller fragments and/or size filtering 

thereafter if the blocks are mobile in the N 2 ice. 

Scattered Hills (sh) Hills scattered across east Sputnik Planitia that reach a few 

km across. Tend to collect into densely packed clusters 

reaching tens of km across. Proximal to the Bright, Pitted 

Uplands, chains of hills align along paths of glacial flow. In 

the Bright, Cellular Plains, they are always coincident with 

the cell boundaries. 

H 2 O or CH 4 ice fragments eroded from the Bright, Pitted 

Uplands material that have rafted into Sputnik Planitia on 

valley glaciers of less dense N 2 ice. In the Bright, Cellular 

Plains, convective motions corral them into clusters at cell 

boundaries. 

Dark, Ridged Terrain (drt) Situated between the Chaotic, Angular, Blocky Mountains 

of western Sputnik Planitia and the Pre-Sputnik Planitia 

Uplands. Aligned ridges are oriented parallel to the edge of 

Sputnik Planitia, and display wavelengths from several 

hundred meters to a few km. 

Possibly Chaotic, Inter-Block Material covered by dark 

mantling material. Compression of this unit by pressure 

exerted from westward motion of the Chaotic, Angular, 

Blocky Mountains may produce the ridges. 

Bright, Pitted Uplands (bpu) High albedo, rugged terrain displaying a pervasive pitted 

texture, with individual pits reaching several km across. 

The pits can locally intersect to form distinct 

NE-SW-trending ridge-and-trough terrain. NW-SE-trending 

troughs composed of especially large pits ( < 10 km across 

and < 1 km deep) are also seen. Spatial density of impact 

craters is low. 

Pitted texture may form through a combination of 

sublimation and undermining/collapse of a CH 4 ice deposit. 

High albedo caused by condensation of N 2 ice as a thin 

mantle covering the surface. Flow downslope of N 2 ice 

causes it to collect in basins, where it forms Patchy, Pitted, 

Marginal Plains. Large troughs are structurally controlled 

and indicate surface collapse above extensional fault lines. 

( continued on next page ) 
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Table 1 ( continued ) 

Unit Description Interpretation 

Bright, Chaotic Terrain (bct) High albedo plains interspersed with darker blocks 

reaching several km across, on the northwest margin of 

Sputnik Planitia. E-W oriented troughs and scarps cross the 

unit. Parts of the unit are depressed by several hundred 

meters below the bordering Chaotic Inter-Block Material. 

Unit represents material of the Pre-Sputnik Planitia 

Uplands that is experiencing extensional tectonism and 

subsidence, and possible intrusion by N 2 ice of Sputnik 

Planitia. High albedo of the plains indicates a surface 

covering of N 2 ice, possibly ‘overflowed’ from Sputnik 

Planitia. Unit may represent an incipient stage of formation 

of the Chaotic, Angular, Blocky Mountains. 

Impact Crater (ic) Impact craters > 2 km in diameter that show complete rims 

and fresh to moderately degraded morphologies. Mostly 

occur in the Pre-Sputnik Planitia Uplands to the west and 

north of Sputnik Planitia. 

Craters formed by impacts into Pluto’s surface. 

Graben Linear troughs that can reach up to 1 km in depth and 

more than 200 km in length. Oriented NE-SW or E-W. 

Occur within the Pre-Sputnik Planitia Uplands, Bright, 

Pitted Uplands, and Bright, Chaotic Terrain. 

Extensional tectonic features comprising parallel normal 

faults bounding a depressed block. Parallel alignment of 

graben and scarps indicates regional-scale crustal 

extension. 

Scarp Linear cliffs that can reach up to several hundred meters 

high and over 100 km in length. Oriented NE-SW or E-W. 

Occur within the Pre-Sputnik Planitia Uplands, and Bright, 

Pitted Uplands. 

Extensional tectonic features comprising a normal fault 

with downthrown and upthrown blocks on either side. 

Parallel alignment of graben and scarps indicates 

regional-scale crustal extension. 

Trough in cellular plains Network of troughs dividing the N 2 ice plains of Sputnik 

Planitia into discrete cells. Some troughs are isolated 

within cells. Troughs reach a few km across and tend to 

exhibit medial ridges, especially in the Bright, Cellular 

Plains. Troughs appear as dark lineations ∼1 km across in 

the Dark, Trough-Bounding Plains, with medial ridges 

occasionally apparent. Trough depths estimated at several 

tens of meters. 

Trough/ridge morphology formed at the convergence of 

laterally migrating N 2 ice at cell boundaries, due to 

solid-state convection of the N 2 ice here. Trough relief may 

be less apparent in the Dark, Trough-Bounding Plains due 

to tholins filling the troughs. 

‘Extinct’ trough Occur to the south of the Bright, Cellular Plains. Chains of 

elongated, dark-floored pits tracing the outlines of 

elongate, vaguely triangular polygons, with Sparsely Pitted 

Plains existing within their centers. 

Former cells that experienced convection within the N 2 ice 

plains, but with southward motion of the ice having 

shifted them away from the convective zone, causing the 

relief of their interiors and bounding troughs to relax. 

Tholin deposits that filled the troughs still mark the 

outlines of former cells on the floors of pits of the Deeply 

Pitted Plains unit. 

Valley glacier flow line Dark, often sinuous lineations that extend from valley 

floors bordering the eastern edge of Sputnik Planitia to 

plains several tens of km within its interior. Lineations 

reach a few km across that reach up to ∼100 km long, and 

are not very apparent at low phase angle. 

Lineations represent blocky material eroded from the 

surrounding Bright, Pitted Uplands that has been deposited 

on flowing N 2 ice valley glaciers, and which is forming 

rubbly lateral moraines along the margins of the glaciers. 
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tens of meters based on their shading at high solar incidence an-

gles. The troughs do not always define the boundaries of cells; in

a ∼500 km wide region in the center of Sputnik Planitia, the net-

work of troughs becomes less interconnected, and so does not de-

fine a system of closely packed cells. 200 cells have been identified

within the cellular plains. The median area of a cell is 707.5 km 

2 

( ±σ of 1441 km 

2 ), with a minimum cell area of 60 km 

2 and a max-

imum of 10,574 km 

2 . The cumulative size-frequency distribution of

the cell areas is shown in Fig. 7 . Three types of cellular plains have

been identified: the Bright, Cellular Plains (unit bcp), the Dark, Cel-

lular Plains (unit dcp), and the Dark, Trough-Bounding Plains (unit

tbp). Where we refer only to “cellular plains” in the text, we are

referring to the Bright and Dark, Cellular Plains collectively. 

3.1.1. Bright, Cellular Plains 

The Bright, Cellular Plains occupy the majority of the southern

portion of the cellular plains. This unit displays the highest albedo

of the three categories of cellular plains, and the troughs marking

the boundaries of the cells are sharply defined here ( Fig. 6 a and b).

At the centers of the cells, the surface texture is typically smooth

at the 76 m/pixel scale, becoming more densely pitted towards

their edges, with pits reaching a few hundred meters in diame-

ter. The resolution of available stereo DEMs ( Fig. 3 ) is too coarse

to resolve these pits, but we estimate based on shading that they

typically have depths reaching some tens of meters. This contrast

in texture between the centers and edges of the cells is highlighted

in the variance map in Fig. 8 b, which shows that the boundary

between the smooth and pitted textures is generally sharply de-

fined and not gradational. The troughs appear dark in the variance
ap, and instances are encountered where either smooth-textured

r pitted zones cut across troughs, or at least mute their relief (‘1’

abels in Fig. 8 b). In small cells seen at the southern end of the im-

ge (‘2’ label in Fig. 8 b), compact regions of rough terrain reaching

 5 km across exist at the very centers of the cells, giving them a

bullseye’ configuration. 

.1.2. Dark, Cellular Plains 

To the north and west of the Bright, Cellular Plains is the Dark,

ellular Plains unit. Cell interiors appear darker than in the Bright,

ellular Plains, but the edges of the cells can still appear bright

 Fig. 6 c and d). The troughs at the cell boundaries can be well de-

ned, as in the Bright, Cellular Plains, but in some instances they

ppear to fade and dissipate (see ‘3’ labels in the variance map

n Fig. 8 d). The Dark, Cellular Plains also occur as enclaves reach-

ng tens of kilometers across that are embayed by the Bright, Cel-

ular Plains, most prominently within the interiors of cells proxi-

al to the main contact between the two units (see Fig. 5 and the

3’ labels in Fig. 6 c). These enclaves become smaller and less nu-

erous with increasing distance to the southeast of the main con-

act. The main contact itself is characterized by ‘filaments’ of the

right, Cellular Plains extend into the Dark, Cellular Plains along

he pathways of troughs (‘4’ label in Fig. 6 c). The variance map in

ig. 8 d shows that, as in the Bright, Cellular Plains, the Dark, Cel-

ular Plains exhibit regions of a pitted texture that tend to concen-

rate at cell boundaries and trough junctions, with smoother re-

ions concentrated in cell centers, although several examples are

een where smooth regions extend all the way to the cell bound-
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Fig. 6. The three categories of cellular plains in Sputnik Planitia. (a) Bright, Cellular Plains (unit bcp). 320 m/pixel MVIC image, centered at 7.5 °N, 182 °E. Dashed box indicates 

the outline of the detail in (b). ‘1’ label indicates an occurrence of the Deeply Pitted Plains (unit dpp) in-between cells. (b) Detail of the Bright, Cellular Plains in (a). 76 m/pixel 

LORRI image. ‘2’ labels indicate broad medial ridges within troughs that mark cell boundaries. (c) Dark, Cellular Plains (unit dcp). 320 m/pixel MVIC image, centered at 28 °N, 

165 °E. Dashed box indicates the outline of the detail in (d). ‘3’ labels indicate enclaves of the Dark, Cellular Plains embayed by the Bright, Cellular Plains. ‘4’ label indicates 

a ‘filament’ of Bright, Cellular Plains extending into the Dark, Cellular Plains. (d) Detail of the Dark, Cellular Plains in (c). 76 m/pixel LORRI image. (e) Dark, Trough-Bounding 

Plains (unit tbp). 386 m/pixel LORRI image, centered at 45.5 °N, 182.5 °E. Dashed box indicates the outline of the detail in (f). ‘5’ labels indicate flow patterns between nunataks 

of the dissected plateau unit protruding out of the plains. (f) Detail of the Dark, Trough-Bounding Plains in (e). 320 m/pixel MVIC image. ‘6’ labels indicate bright medial 

lineations at the dark boundaries of cells, interpreted to be medial ridges rising above dark material filling the troughs that define the boundaries. 
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ries, and can even form arcuate networks that cross from cell to

ell (‘4’ labels in Fig. 8 d). 

It should be noted that the variance of the pitted texture in

he Dark, Cellular Plains in Fig. 8 d appears darker than that for

he Bright, Cellular Plains in Fig. 8 b. This is not due to the pit-

ed texture in the Dark, Cellular Plains being appreciably smoother

han the Bright, Cellular Plains (the scale of their pitted textures in

ig. 8 c appears to be similar); nor is it an artifact caused by the

ower surface albedo of the Dark, Cellular Plains, as the variance
ethod yields consistent results across an albedo gradient. Instead,

t is likely a consequence of the changing illumination across the

cene ( Fig. 4 b), which the variance method is sensitive to. In avail-

ble imagery, the solar incidence angle for the Dark, Cellular Plains

s generally less ( ∼20 °–30 °) than that for the Bright, Cellular Plains

 ∼45 °−70 °), so longer shadows are cast by the pit walls in the

right, Cellular Plains and the contrast is boosted there as a re-

ult, making the pitted texture in the Bright, Cellular Plains seem

ougher. For this reason, the variance maps in Fig. 8 b and d should
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Fig. 7. Cumulative size-frequency distribution chart of the areas of cells mapped in 

the cellular plains of Sputnik Planitia. 
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only be used to compare the respective distributions of pitted and

smooth regions within the Bright and Dark, Cellular Plains, and not

to assess their absolute surface roughness. 

Alcyonia Lacus is a 30 km long by 10 km wide expanse of Dark,

Cellular Plains that is surrounded by the Chaotic, Angular, Blocky

Mountains (unit abm) and the Chaotic, Inter-Block Material (unit

ibm) (‘4’ label in Fig. 11 a). While it is separated by 100 km from

the primary expanse of Dark, Cellular Plains in northern Sputnik

Planitia, it displays an albedo that is characteristic of that unit, so

we have chosen to classify it as Dark, Cellular Plains. It displays

faint, dark lineations aligned in a roughly east–west orientation. 
Fig. 8. (a) 76 m/pixel LORRI image, centered at 9 °N, 181 °E, of the Bright, Cellular Plains of 

(b) Variance map covering the same area as in (a). The scaling of the variance map is ar

are bright. ‘1’ labels indicate locations where troughs appear to be crosscut by pitted or 

their surface texture. (c) (a) 76 m/pixel LORRI image, centered at 9 °N, 181 °E, of the Dark, C

locations where cell boundaries appear to dissipate. ‘4’ labels trace an arcuate network of
.1.3. Dark, Trough-Bounding Plains 

At the northern margin of Sputnik Planitia are the Dark,

rough-Bounding Plains. This unit (with a lower albedo than

he Dark, Cellular Plains) congregates around cell boundaries,

hich here appear as thin, dark lineations reaching ∼1 km across

 Fig. 6 e). Topographic relief at these dark cell boundaries is not

eadily apparent as it is for boundaries within the Bright, Cellular

lains. In a few rare instances, bright central lineations are resolved

ithin the dark cell boundaries (‘6’ labels in Fig. 6 f). At some loca-

ions directly adjacent to the surrounding Pre-Sputnik Planitia Up-

ands, albedo contrast in the plains reveals lobate flow patterns,

nd in some cases flow is seen to occur between nunataks (ex-

osed peaks surrounded by glacial ice) of Pre-Sputnik Planitia Up-

ands material that are protruding above the plains (‘5’ labels in

ig. 6 e) ( Stern et al., 2015; Umurhan et al., 2017 ). The dense surface

itting that is seen within the Dark, Cellular Plains and Bright, Cel-

ular Plains is not generally identifiable within the Dark, Trough-

ounding Plains. 

.2. Non-cellular plains of Sputnik Planitia 

Five units are identified in the non-cellular plains of Sputnik

lanitia: the Lightly Pitted Plains (unit lpp), the Sparsely Pitted

lains (unit spp), the Deeply Pitted Plains (unit dpp), the Patchy,

itted, Marginal Plains (unit pmp), and the Dark-Pitted, Marginal

lains (unit dmp). These units are mainly located to the south, east

nd west of the cellular plains, and display a high albedo compara-

le to that of the Bright, Cellular Plains. The cellular plains display

ither a smooth surface texture at 76 m/pixel, or a pitted texture

n a scale reaching a few hundred meters, with the pits always

isplaying an equidimensional planform. The non-cellular plains

isplay a greater variety of surface textures ranging from smooth

t 76 m/pixel to coarsely pitted on a scale typically reaching a few
Sputnik Planitia, with non-cellular plains seen in the southern portion of the image. 

bitrary, but smooth (low variance) areas are dark, and rough (high variance) areas 

smooth plains. ‘2’ label indicates small cells displaying a ‘bullseye’ configuration in 

ellular Plains. (d) Variance map covering the same area as in (c). ‘3’ labels indicate 

 smooth plains that extends across cell boundaries. 
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Fig. 9. The five categories of non-cellular plains units in Sputnik Planitia. (a) Lightly Pitted Plains (unit lpp). 76 m/pixel LORRI image, centered at 1.5 °N, 185 °E. (b) Sparsely 

Pitted Plains (unit spp). 117 m/pixel LORRI image, centered at 7 °S, 187.5 °E. Isolated pits are seen scattered across the plains. The horizontally aligned texture in the image 

is an artifact. (c) Deeply Pitted Plains (unit dpp). 117 m/pixel LORRI image, centered at 6 °S, 182.5 °E. In this view, isolated pits (‘1’ label), doublets (‘2’ label), and chains of 

joined pits (‘3’ label) can be seen. (d) Deeply Pitted Plains with especially wide pits. Pit labeled ‘4’ reaches 12 km long by 2.5 km across, and is large enough such that its low 

albedo, rubbly floor can be resolved. 76 m/pixel LORRI image, centered at 3.5 °S, 187.5 °E. (e) Deeply Pitted Plains featuring pits with shadows that are resolved in 76 m/pixel 

imagery, centered at 2.8 °N, 186.5 °E. White lines indicate locations of shadow measurements. The Deeply Pitted Plains are surrounded by Lightly Pitted Plains. (f) 320 m/pixel 

MVIC image, centered at 7 °S, 179.5 °E, showing chains of wide (reaching several kilometers), joined pits with dark material covering their floors (‘5’ label) at the southern 

boundary of the Bright, Cellular Plains (‘6’ label). The chains form stretched, vaguely polygonal outlines. (g) Patchy, Pitted, Marginal Plains (unit pmp). 76 m/pixel LORRI 

image, centered at 9 °S, 191.5 °E. Pre-Sputnik Planitia Uplands occupy the lower right hand quadrant of the image, within which enclaves of the Patchy, Pitted, Marginal Plains 

are visible (‘7’ label at bottom right). (h) Patchy, Pitted, Marginal Plains exhibiting high relief akin to that of the adjacent Pre-Sputnik Planitia Uplands. ‘8’ label indicates spurs 

extending into Sputnik Planitia; ‘9’ label indicates an eroded, 12 km diameter impact crater. 76 m/pixel LORRI image, centered at 7.5 °S, 190.5 °E. (i) Dark-Pitted, Marginal Plains 

(unit dmp). ‘10’ label indicates sub-km scale, equidimensional pits that are common amongst other Sputnik Planitia plains units; ‘11’ label indicates low albedo, tendril-like 

features that cluster in groups and reach several km long. 234 m/pixel LORRI image, centered at 7 °N, 160.5 °E. 
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ilometers, with the pits displaying a range of planform aspect ra-

ios, from equidimensional to very elongate. 

.2.1. Lightly Pitted Plains 

The Lightly Pitted Plains display a surface texture somewhat

imilar to that of the pitted texture seen within the cellular plains,

nd feature a shallow, continuous, close-packed pitted texture with

its displaying a fairly consistent diameter of a few hundred me-

ers and having equidimensional planforms ( Fig. 9 a). The Lightly

itted Plains mostly occur along the eastern margin of Sputnik

lanitia, intermediate between the valley glaciers emptying into

putnik Planitia and the Bright, Cellular Plains. Occasional en-
laves of the Lightly Pitted Plains occur interstitially to mountains

nd blocks within the Chaotic, Angular, Blocky Mountains (unit

bm) and Chaotic, Inter-Block Material (unit ibm) (‘3’ labels in

ig. 11 a). 

.2.2. Sparsely Pitted Plains 

The Sparsely Pitted Plains ( Fig. 9 b) appear mainly smooth and

eatureless down to 76 m/pixel, but with scattered, isolated pits

hat typically reach diameters of ∼1 km, and which are not as

harply defined as those within the Deeply Pitted Plains (see

ection 3.2.3 ). The unit occurs in association with the Lightly Pitted

lains and Deeply Pitted Plains, both in southern Sputnik Planitia
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and where small patches of the Deeply Pitted Plains are seen at

the western and northern margins of Sputnik Planitia. 

3.2.3. Deeply Pitted Plains 

The Deeply Pitted Plains feature sharply defined pits of vary-

ing spatial concentration that show consistently larger diameters

than pits in the cellular plains or the Lightly Pitted Plains ( Fig. 9 c),

reaching from a few hundred meters to several kilometers in di-

ameter ( Fig. 9 c–e). The resolutions of available stereo DEMs are too

coarse to resolve these pits, so we cannot infer their depths by this

method. However, the Deeply Pitted Plains are the only plains unit

where any of the pits are wide enough such that their floors can

be resolved in available imagery. The 76 m/pixel imagery is able

to resolve shadows within some of the pits ( Fig. 9 e). We inter-

pret these to be genuine shadows cast across the floors of these

pits and not merely the non-illuminated walls of these pits, as the

shadows extend across more pixels than the opposite, illuminated

walls (and we assume that the pits are small enough such that

their walls are essentially the same height around their circumfer-

ences). By performing shadow measurements on the four pits in-

dicated in Fig. 9 e, we find that they reach depths between 160 and

190 m, which is more than the tens of meters that we estimate

for pits within the cellular plains and the Lightly Pitted Plains. The

pits in the Deeply Pitted Plains tend to be relatively widely spaced

further north, by distances reaching a few to several kilometers,

but they become closely packed further south where the unit bor-

ders the Pre-Sputnik Planitia Uplands of Krun Macula. Pits can be

single or merge to form doublets, as well as chains that are seen

to align parallel to each other (labels ‘1’–‘3’ in Fig. 9 c). Pit plan-

forms range from equidimensional to elongate; elongate pits and

pit chains tend to align N-S. In several instances close to the mar-

gin of Sputnik Planitia, dense concentrations of elongated, aligned

pits are sometimes seen to form wavelike patterns. The pits in

Fig. 9 d are amongst the widest in Sputnik Planitia (label ‘4’ marks

the widest of all), and in all instances where the floors of pits

within the Deeply Pitted Plains are resolved and are not obscured

by shadows (e.g. Fig. 9 d–f), the floors always display a low albedo;

that marked by label ‘4’ is wide enough such that a rubbly texture

can be discerned on its floor. To the south of the Bright, Cellular

Plains, chains of joined pits trace the outlines of vaguely triangu-

lar polygons, with Sparsely Pitted Plains existing within their cen-

ters ( Fig. 9 f, and marked as ‘extinct troughs’ in Fig. 5 ). The Deeply

Pitted Plains cover much of the southern portion of Sputnik Plani-

tia, but are also seen to occur as enclaves between cells and along

troughs within the Bright, Cellular Plains, and occurrences are seen

at the western and northern margins of Sputnik Planitia. 

3.2.4. Patchy, Pitted, Marginal Plains 

The Patchy, Pitted, Marginal Plains unit occurs along the south-

eastern, southern and southwestern margins of Sputnik Planitia. It

is also seen to occur as enclaves within topographic basins in the

Bright, Pitted Uplands of eastern Tombaugh Regio, as well as fill-

ing valleys between mountain blocks in Norgay Montes. The unit is

characterized by a generally hummocky texture on a scale of a few

to several kilometers, and on a similar scale also typically displays

a patchy texture of close-packed pitting (comparable to that seen

in parts of the Deeply Pitted Plains), interspersed with smooth, fea-

tureless zones ( Fig. 9 g). In places along the southeastern margin of

Sputnik Planitia, the morphology of the unit exhibits characteris-

tics of the Pre-Sputnik Planitia Uplands, including craggy spurs that

achieve reliefs of 1 km and extend into the Deeply Pitted Plains

to the west (‘8’ label in Fig. 9 h), and what appears to be a very

eroded 12 km diameter impact crater (‘9’ label in Fig. 9 h). When

viewed at high phase, dark bands reaching a few kilometers across

are often seen where the Patchy, Pitted, Marginal Plains occur in
alleys leading from the Bright, Pitted Uplands into Sputnik Plani-

ia, the surface of which is a few kilometers lower in elevation (‘2’

abels in Fig. 13 , and mapped as ‘valley glacier flow lines’ in Fig. 5 ).

he bands are aligned parallel to the valleys. Enclaves of the unit

re seen to fill basins and craters within the Pre-Sputnik Planitia

plands (‘7’ label in Fig. 9 g). 

.2.5. Dark-Pitted, Marginal Plains 

The Dark-Pitted, Marginal Plains occur as a NW-SE-aligned

trip filling a valley in-between the chaotic mountainous units of

estern Sputnik Planitia and the Pre-Sputnik Planitia Uplands of

thulhu Regio, and are somewhat similar in appearance to the

atchy, Pitted, Marginal Plains in that dense pit concentrations al-

ernate with smoother expanses, but the unit does not display the

ame hummocky relief ( Fig. 9 i). The Dark-Pitted, Marginal Plains

eature equidimensional pits less than a kilometer in diameter

‘10’ label in Fig. 9 i), as well as clusters of closely spaced, low

lbedo, tendril-like features that reach less than a kilometer across

ut several kilometers in length, and which commonly align in a

oughly N-S orientation. These features show little apparent relief,

hich may be partly due to the solar incidence angle being low for

he Dark-Pitted, Marginal Plains during flyby (typically 40 °−50 °),
ombined with the fact that the Dark-Pitted, Marginal Plains are

he non-cellular plains unit that is covered by the lowest resolution

magery (234 m/pixel). Small patches of the unit are seen covering

rater floors in Cthulhu Regio and Viking Terra ( Fig. 10 a). 

.3. Mountainous and hilly units of western and eastern Sputnik 

lanitia 

As with the plains units of Sputnik Planitia, no impact craters

ave been confirmed within any of these mountainous and hilly

nits in contiguous mapping coverage of 320 m/pixel. 

.3.1. Chaotic, Angular, Blocky Mountains 

A discontinuous chain of mountains with apparently random

rientations (unit abm, the Chaotic, Angular, Blocky Mountains, see

ig. 11 a) extends for hundreds of kilometers along the western

oundary of Sputnik Planitia from ∼45 °N to ∼25 °S ( Moore et al.,

016 ). Individual blocks can reach tens of kilometers across and

levations of up to 5 km above the surrounding plains, with slopes

eaching > 30 °. Planform aspect ratios of the mountains range from

:1 to ∼4:1. The mountains are mostly close-packed in discrete

anges, although some smaller, isolated blocks are seen towards

he interior of Sputnik Planitia, removed by > 100 km from the

anges (such as Coleta de Dados Colles, shown by the ‘2’ label

n Fig. 11 a). The southern boundary of Cthulhu Regio is the only

ocation where isolated mountain blocks are seen surrounded by

he Pre-Sputnik Planitia Uplands, rather than by Sputnik Planitia

lains units; the mountains here are seen in association with en-

laves of the Patchy, Pitted, Marginal Plains unit that fill topo-

raphic basins (‘3’ labels in Fig. 10 b). Individual mountain blocks,

articularly those in al-Idrisi Montes, tend to display flat or slop-

ng faces with a texture comparable to that seen in the Pre-Sputnik

lanitia Uplands that bound Sputnik Planitia to the north; neigh-

oring faces on these blocks sometimes show dark lineations run-

ing across them (see inset in Fig. 11 a). 

.3.2. Chaotic, Inter-Block Material 

The Chaotic, Angular, Blocky Mountains tend to be separated

nd embayed by the Chaotic, Inter-Block Material (unit ibm, see

1’ labels in Fig. 11 a), which displays a similarly chaotic texture to

he mountains, but which is at a finer scale, with blocks reaching

p to several kilometers across. Perhaps partly due to their smaller

izes, the blocks do not display the complexity that is apparent for

locks within the Chaotic, Angular, Blocky Mountains, and tend to

isplay a high albedo. 
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Fig. 10. Three instances of ponded N 2 ice in depressions in the Pre-Sputnik Planitia Uplands beyond the western and northern borders of Sputnik Planitia. (a) Rimless, 

13 km diameter impact crater located in a broad valley in Viking Terra, 103 km to the west of Sputnik Planitia. The Dark-Pitted, Marginal Plains cover the floor of the crater. 

234 m/pixel LORRI image, centered at 21.5 °N, 148 °E. (b) Patchy, Pitted, Marginal Plains filling a valley (‘1’ label) and crater (‘2’ label) within the southern portion of Cthulhu 

Regio. The ‘3’ labels indicate perched mountains of the Chaotic, Angular, Blocky Mountains unit. 234 m/pixel LORRI image, centered at 9.5 °S, 165.5 °E. (c) 18 km diameter 

impact crater located within Voyager Terra, 57 km to the north of Sputnik Planitia. Dark, Trough-Bounding Plains possibly cover the floor of the crater, surrounding a central 

peak protruding from under the plains. White arrows indicate the boundaries of the plains. 386 m/pixel LORRI image, centered at 52.5 °N, 173 °E. 
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.3.3. Bright, Chaotic Terrain 

At the northwestern margin of Sputnik Planitia is the Bright,

haotic Terrain (unit bct, Fig. 11 b), which forms a strip up to 50 km

ide between the Pre-Sputnik Planitia Uplands to the north and

haotic, Inter-Block Material associated with Al-Idrisi Montes to

he south. The Bright, Chaotic Terrain features dark massifs and

idges reaching several kilometers across that are separated by

right plains. The unit displays two prominent, east–west-trending,

xtensional faults (comprising normal faults and graben) that can

isplay up to 1 km of relief (‘5’ labels in Fig. 11 b). The elevation

f the Bright, Chaotic Terrain is virtually level with that of the

haotic, Inter-Block Material that borders it to the south ( Fig. 12 ).

irectly to the east of the Bright, Chaotic Terrain is an 80 by

00 km block of the Pre-Sputnik Planitia Uplands that sits on the

horeline of Sputnik Planitia. The block tilts towards the shoreline

t an angle of 3 ° and it is bisected by a graben that is ∼500 m deep

‘6’ label in Fig. 11 b), and which is aligned parallel with the frac-

ures seen within the Bright, Chaotic Terrain. Where this graben

erminates at the shoreline of Sputnik Planitia, dark flows lines

n Sputnik Planitia are seen to converge to a point (‘7’ label in

ig. 11 b). 

.3.4. Dark, Ridged Terrain 

Situated at intervals along the margin between the Chaotic, An-

ular, Blocky Mountains/Chaotic, Inter-Block Material and the Pre-

putnik Planitia Uplands to their west are elongate strips of the

ark, Ridged Terrain (unit drt). This unit is characterized by low

lbedo, parallel ridges that can be linear as well as curved, and

hich display wavelengths from several hundred meters to a few

ilometers. The resolution of the stereo DEM in Fig. 3 is too low

or these ridges to appear in it. The material forming the ridges

ppears to exist on top of a higher albedo substrate, which some-

imes appears interstitially to the ridges. The ridges are typically

ligned N-S or NW-SE, i.e. roughly parallel to the edge of Sputnik

lanitia, but at some locations along the margin between this unit

nd the Pre-Sputnik Planitia Uplands that border it to the west, the

idges curve such that they align parallel to the border of the unit

‘8’ label in Fig. 11 c). 

.3.5. Scattered Hills 

In the eastern portion of central Sputnik Planitia, where it

ounds eastern Tombaugh Regio, numerous Scattered Hills reach-
ng a few kilometers in diameter (unit sh) are scattered across the

right, Cellular Plains and units of the non-cellular plains ( Moore

t al., 2016 ). Where they occur within the Bright, Cellular Plains,

ndividual hills as well as clusters of hills are always coincident

ith the cell boundaries. The hills here tend to collect into densely

acked clusters typically reaching several kilometers to a few tens

f kilometers across (e.g. Soyuz Colles and Astrid Colles, see ‘9’ la-

els in Fig. 11 d). In the non-cellular plains proximal to the Bright,

itted Uplands, chains of these hills align along paths of N 2 ice

laciers (see Fig. 13 ) emanating from the Bright, Pitted Uplands

‘10’ labels in Fig. 11 d). The largest conglomerations of hills are

hallenger Colles and Columbia Colles, which form roughly rect-

ngular masses measuring several tens of kilometers across, and

hich are adjacent to the shoreline of Sputnik Planitia (‘11’ and

12’ labels respectively in Fig. 11 e). 

.4. Bright, Pitted Uplands of east Tombaugh Regio 

Our mapping area covers a large proportion of the high albedo

egion of east Tombaugh Regio, much of which has been mapped

s Bright, Pitted Uplands (unit bpu, see Fig. 13 ). This unit has a per-

asive pitted texture, with individual pits typically reaching sev-

ral kilometers across. Pits border each other and are separated

y narrow septa. The pits can locally intersect to form distinct

E-SW-trending ridge-and-trough terrain ( Moore et al., 2016 ). The

nit is also marked by chains of especially large pits (reaching

p to 10 km across and 1 km deep) that trend NW-SE (‘3’ labels

n Fig. 13 , and marked as graben and scarps in Fig. 5 ), and in

hich scarp morphologies can sometimes be discerned. The floors

f many pits, as well as the floors of wide valleys that separate

igh-standing expanses of pitted terrain (prominent examples in-

icated by ‘1’ labels in Fig. 13 ), have a smooth or pitted texture

hat we have mapped as the Patchy, Pitted, Marginal Plains (see

ection 3.2.4 ). The spatial density of impact craters (unit ic) is

ow in the Bright, Pitted Uplands (see Fig. S13B in Moore et al.

2016) ). A few very degraded, complex craters reach tens of kilo-

eters across, while better-preserved craters with simple, bowl-

haped morphologies reach several kilometers across. Identification

f impact craters within the Bright, Pitted Uplands is complicated

y the fact that most of the identified impact craters reach diam-

ters that are comparable to those of the pits (typically < 20 km),
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Fig. 11. The mountainous and hilly units of Sputnik Planitia. (a) The Chaotic, Angular, Blocky Mountains (unit abm), with a few occurrences of the Chaotic, Inter-Block 

Material (unit ibm) indicated by ‘1’ labels. ‘2’ label indicates isolated mountains (Coleta de Dados Colles) within Sputnik Planitia’s interior. ‘3’ labels indicate irregularly 

shaped enclaves of Lightly Pitted Plains that are located interstitially to mountain blocks. ‘4’ label indicates Alcyonia Lacus, an expanse of non-pitted N 2 plains that is 

surrounded by Chaotic, Angular, Blocky Mountains and Chaotic, Inter-Block Material. Arrows in magnified inset highlight dark layering visible on the faces of mountain 

blocks. 117 m/pixel LORRI image, centered at 28.5 °N, 158 °E. (b) Disrupted Pre-Sputnik Planitia Uplands at the northwestern margin of Sputnik Planitia. The Bright, Chaotic 

Terrain (unit bct) is seen in the western half of the image, and is cut by normal faults (‘5’ labels). The eastern half of the image features a tilted block of the rough plateau, 

which is bisected by a graben (‘6’ label). Dark flow lines in Sputnik Planitia are seen to converge at the point on the shoreline where this graben intersects with the plains 

(‘7’ label). 386 m/pixel LORRI image, centered at 46.5 °N, 161.5 °E. (c) Dark, Ridged Terrain (unit drt). ‘8’ label indicates where ridges appear to curve around to become parallel 

to the edge of the unit. 234 m/pixel LORRI image, centered at 13 °N, 157 °E. (d) Scattered Hills (unit sh). View of eastern Sputnik Planitia showing clusters of Scattered Hills (‘9’ 

labels) at cell boundaries in the Bright, Cellular Plains. ‘10’ labels indicate chains of Scattered Hills that are coincident with the paths of glacial flow from the Bright, Pitted 

Uplands. 320 m/pixel MVIC image, centered at 12 °N, 188 °E. (e) Two large conglomerations of Scattered Hills informally named Challenger Colles (‘11’ label) and Columbia 

Colles (‘12’ label). 320 m/pixel MVIC image, centered at 25.5 °N, 196.5 °E. 
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and so discerning pit morphologies from crater morphologies can

be challenging. 

4. Interpretation of the Geology of Sputnik Planitia 

4.1. Cellular plains of Sputnik Planitia 

4.1.1. Convection within the cellular plains 

The cellular morphology of these plains, the total absence of

impact craters in contiguous mapping coverage at 320 m/pixel, and

compositional data from the Ralph instrument have led to the

hypothesis that Sputnik Planitia consists predominantly of low-

viscosity N 2 ice (in a solid solution with far lesser amounts of CO

ice) that is in the active process of solid-state convection ( Stern
t al., 2015; Grundy et al., 2016; Moore et al., 2016; McKinnon et

l., 2016; Trowbridge et al., 2016 ). We interpret the medial ridges

hat are commonly seen within the troughs (‘2’ labels in Fig. 6 b) to

esult from the compressive forces that prevail at the cell bound-

ries, where laterally migrating N 2 ice is converging and pushing

p the ridges at the centers of the troughs. The uniformity of the

orphologies of the medial ridges along the lengths of the troughs

ay be explained by the uniform physical properties of the N 2 ice,

hich is likely to be kept well mixed by the convection. 

The appearances of the Bright, Cellular Plains and Dark, Cellu-

ar Plains are similar in that both contain smooth areas that tend

o concentrate within the interiors of the cells, while increasingly

ensely-spaced pitting is seen towards the cell margins ( Fig. 8 ). We

nterpret the pits to be caused by sublimation of N 2 ice from the
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Fig. 12. (a) 230 km long topographic profile taken across the northwestern margin of Sputnik Planitia, where the Bright, Chaotic Terrain separates the Pre-Sputnik Planitia 

Uplands from the Chaotic, Inter-Block Material of Sputnik Planitia itself. The location of the profile on the surface is indicated by white lines in (b), a stereo DEM of the area, 

and (c), a 386 m/pixel LORRI image (centered at 45.5 °N, 156.5 °E). Black dashed lines indicate the boundaries of the Pre-Sputnik Planitia Uplands, the Bright, Chaotic Terrain, 

and the Chaotic, Inter-Block Material on the profile and in the DEM and image. Discounting the 1 km-deep trough and the mountain blocks, the mean level of the Bright, 

Chaotic Terrain ( −2.87 km) is very similar to, and even slightly lower than, the Chaotic, Inter-Block Material ( −2.81 km). 
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urface of the plains into Pluto’s atmosphere, but their distribu-

ion within the cells can potentially be explained by more than

ne model for the convective regime within the cellular plains. If

he convection forming the cells causes appreciable surface motion

f the N 2 ice from the centers of the cells to the edges, as in an

soviscous regime, then the increasing spatial density of the pitted

exture may be explained by fresh, upwelling N 2 ice at the centers

f the cells undergoing gradual sublimation as it moves laterally

utwards towards the cell edges, with the resulting pits being de-

troyed as the N 2 ice is subducted at the cell edges. However, if

 sluggish lid convection regime is prevailing, whereby the surface
s in motion, but moves at a much slower rate than the deeper,

armer subsurface ( McKinnon et al., 2016 ), then the variation in

itting across a cell may instead be more representative of the

hermal regime of the ice below the surface, rather than of the sur-

ace age of the ice. Specifically, heat is conducted through the lid

rom the subsurface layer, with more heat being conducted at the

enters of the cells, which are located above the warmer, upwelling

ortions of the convective system below. This increased heat flow

t the center of the cell would cause annealing of the ice and swift

elaxation of any pits that attempt to develop ( Moore et al., 2017 );

he lower heat flow at the cell edges would be insufficient to cause
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Fig. 13. The Bright, Pitted Uplands (unit bpu). ‘1’ labels indicate examples of Patchy, Pitted, Marginal Plains filling wide valleys between pitted terrain. ‘2’ labels indicate the 

heads of valley glaciers at notches several kilometers wide in the pitted terrain. ‘3’ labels indicate a cluster of large pits, each reaching several kilometers across, which are 

aligned NW-SE. 320 m/pixel MVIC image, centered at 0.5 °N, 198.5 °E. 
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such annealing, and pits that form due to sublimation of the N 2 ice

there are preserved (although they would still eventually be de-

stroyed by the subduction of the lid). The compact, rough regions

seen at the centers of some cells (‘2’ label in Fig. 8 b) may indicate

the focal points of material rising from below, causing disruption

of the surface here. Instances where smooth or pitted regions ap-

pear to crosscut troughs dividing cells may indicate instability in

the convective system, with cell boundaries decaying as small cells

merge to form larger ones. 

McKinnon et al. (2016) and Moore et al. (2017) have made in-

dependent estimates of the rates of convective flow and sublima-

tion of the N 2 ice respectively, which aid in determining which

of these convective regimes applies to Sputnik Planitia. Based on

the temperature dependence of N 2 ice viscosity ( Yamashita et al.,

2010 ), McKinnon et al. (2016) considered it to be most probable

that the N 2 ice layer convects in the sluggish lid regime, and used

numerical modeling to estimate average surface horizontal veloci-

ties of a few centimeters each terrestrial year for the N 2 ice within

the cells, implying a surface renewal timescale of ∼50 0,0 0 0 years.

The heuristic modeling study of Moore et al. (2017) investigated

the respective roles of sublimation and mass wasting in enlarg-

ing and infilling pit topography, and found that the pits grow un-

til the timescales of sublimation and mass wasting are compara-

ble. The uncertainties in N 2 ice rheology, and the potential pres-

ence of stiffer secondary phases, prohibit a firm estimate for this

equilibrium rate at which sublimation within the pits must occur

in order to counteract the infilling by mass wasting. Nevertheless,

Moore et al. (2017) claimed that it was very likely that the evo-

lution timescale of the pits is rapid, and suggested a value of a

few terrestrial years as the timescale over which a 1 km diame-

ter pit might be infilled by creep of ice within a thin layer, as-

suming that the effective thickness of the layer of N 2 ice is set

by the annual thermal skin depth, which is ∼30 m for N 2 ice. In

contrast, viscous relaxation of a 1 km diameter pit within a ho-

mogeneous N 2 ice layer several kilometers thick could take as lit-

tle as a terrestrial day, which is an unrealistic timescale for pit

evolution. Despite the intrinsic uncertainties, the results of these

studies indicate that convective flow of the N 2 ice takes place on

a much longer timescale than the formation (and maintenance of

the relief) of pits by sublimation. We consider a sluggish lid regime

to be the more likely mode of convection within Sputnik Planitia.

Such a lid would be more likely to have the necessary rheology to

support the observed pit relief enough to maintain equilibrium be-

tween mass wasting and sublimation, as compared to an isoviscous

regime, in which case the consistent viscosity profile throughout
a

he kilometers-thick N 2 ice layer would lead to rapid infilling of

he pits as suggested by the modeling of Moore et al. (2017) . 

We also interpret the rapid onset of dense pitting towards the

dges of cells ( Fig. 8 b and d) to be more consistent with a slug-

ish lid regime. Modeling of convection within Sputnik Planitia by

murhan et al. (2016) indicates a steep lateral gradient in heat

ow to the surface between zones of warm, upwelling N 2 ice at

ell centers and cooler, downwelling N 2 ice at cell margins. The

istinctly segregated smooth and pitted portions of the cells are

espective manifestations of these different thermal conditions that

revail underneath the lid, with conduction of heat through the lid

ontrolling where on the surface pit morphologies are stable (i.e.

igh heat flow causing annealing of pit morphologies in the center

nd low heat flow allowing stable pit morphologies at the edges,

s discussed earlier). In an isoviscous regime, a smoother gradient

n the increase in the spatial density of pitting would be expected,

s pit growth would be more a function of the age of the N 2 ice

t the surface rather than the thermal conditions at depth, and so

teadily larger pits would be seen from the centers to the edges of

ells as the laterally flowing and ageing N 2 ice progressively sub-

imates. In addition, the radially outwards flow of the surface N 2 

ce in an isoviscous regime (which would attain a higher rate than

or sluggish lid convection) would be expected to cause increasing

istortion and elongation of pit planforms towards the cell bound-

ries, which is not observed. Instead, the consistently circular plan-

orms of pits across the surfaces of the cells implies a slow rate of

ateral motion of the surface N 2 ice that is consistent with sluggish

id convection. 

The region in the center of Sputnik Planitia, where the network

f troughs within the Bright, Cellular Plains becomes less intercon-

ected, and does not define a system of closely packed cells, may

e explained by the N 2 ice being thicker here. It has been hypoth-

sized that the ices of Sputnik Planitia are occupying an ancient

mpact basin ( Schenk et al., 2015; Nimmo et al., 2016 ), and since

he surface of Sputnik Planitia is essentially level ( Fig. 3 ), the thick-

ess of the ice would be expected to increase towards the center of

he Planitia. Not only would larger convection cells be expected for

hicker ice, but with a greater vertical distance for the convecting

ce to travel, the influence of factors interfering with the convective

otion may be enhanced relative to where it is thin. In particular,

he Rayleigh number for thicker ice will be larger than for thin-

er ice, such that the convection pattern changes from being static

o time varying. The increasing thickness therefore causes the net-

ork to reorganize at a faster rate, thereby preventing formation

f well-defined cells reaching a few tens of kilometers across that

re bordered by troughs. 
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.1.2. Cause of albedo variation across the cellular plains 

Possible causes of the low albedo of the Dark, Cellular Plains

nclude entrainment of dark material within the ice or deposition

f it as a surficial layer; a higher surface roughness for the Dark,

ellular Plains relative to the Bright, Cellular Plains on a scale of

ens of meters; and/or a larger ice grain size in the Dark, Cellular

lains relative to the Bright, Cellular Plains. An explanation must

lso account for the observation that the network of troughs ex-

ends across both units: differences between the two units evi-

ently do not affect the process of convection that occurs across

ll the cellular plains. At the 76 m/pixel scale of the highest reso-

ution images of the Bright and Dark, Cellular Plains, the two units

isplay a comparable surface texture of pitting on a scale up to a

ew hundred meters, alternating with regions that appear smooth

t the available image resolution ( Fig. 8 ). We consider it unlikely

hat a contrast in surface roughness at an unresolved scale is re-

ponsible for their different albedos, as the solar incidence angle

or the Bright, Cellular Plains is typically higher ( ∼45 °−70 °) than it

s for the Dark, Cellular Plains ( ∼30 °−45 °) ( Fig. 4 b), meaning that

he Dark, Cellular Plains would have to be extremely rough com-

ared to the Bright, Cellular Plains in order to explain the observed

lbedo contrast. Confident assessment of whether surface rough-

ess is a factor would require multi-angular observations (partic-

larly at high phase angles) that are not available given the lim-

ted coverage of New Horizons. Regarding ice grain size, the opti-

al paths through larger ice grains will be longer, and it will there-

ore be more likely that a photon traversing such a path gets ab-

orbed (assuming a non-zero absorption coefficient) ( Hapke, 1993 ).

he albedo of coarser-grained ice should therefore be lower than

hat of finer-grained ice. The path length map in Fig. 5 B of the

apke modeling study of Protopapa et al. (2017) shows that the

 2 ice of the Bright, Cellular Plains in fact shows a larger grain

ize (typically > 5 × 10 5 μm) than the Dark, Cellular Plains (typically

 5 × 10 5 μm). 

In order to resolve this apparent paradox, we consider data

rom MVIC and LEISA that show N 2 , CO and CH 4 absorption across

ll of Sputnik Planitia ( Grundy et al., 2016 ). Arguments developed

n Moore et al. (2016) concerning isostasy in Sputnik Planitia im-

ly that CH 4 forms a surficial layer across the plains, and does not

epresent a major constituent of Sputnik Planitia itself, which is

redominantly N 2 , with smaller amounts of CO. This argument is

upported by the Hapke modeling of Protopapa et al. (2017) , which

ound that a CH 4 concentration of only ∼0.3% within Sputnik Plani-

ia is most consistent with New Horizons spectral observations.

he weak N 2 and CO absorptions are stronger within an area cor-

esponding closely to the Bright, Cellular Plains, compared to those

ithin the Dark, Cellular Plains (see Fig. 1 in Grundy et al. (2016) ,

ig. 5 in Protopapa et al. (2017) , and Figs. 15 and 24 in Schmitt et

l. (2017) ). Based on this observation, we consider it likely that the

ow albedo of the Dark, Cellular Plains is caused by the presence of

 dark component, which acts to reduce the N 2 and CO absorption

een across these plains, and which would also offset any bright-

ning effect caused by the ice here having a smaller grain size than

n the Bright, Cellular Plains. The presence of this material may in

act be the reason why the ice grains are smaller in the Dark, Cel-

ular Plains than in the Bright, Cellular Plains, as it can pin grain

oundaries and prevent grain growth within the compact polycrys-

alline structure of the ice ( Barr and McKinnon, 2007 ). The iden-

ity of such a material is likely to be tholins, a complex mixture

f carbonaceous macromolecules that are prevalent across Pluto’s

urface, and which continuously deposit onto the surface from a

holin haze formed within the atmosphere ( Gladstone et al., 2016;

rundy et al., 2016 ). If the N 2 ice of the Dark, Cellular Plains has

een undergoing prolonged convection, as well as sublimation at

ts surface, then continuous entrainment of tholins, in conjunction

ith reduction of the volume of the N 2 ice mass via sublimation
if no introduction of fresh N 2 ice is recharging it), would cause the

oncentration of the non-volatile tholins within the ice to increase.

ublimation of the surface ice may also cause the residual tholins

o build up as a layer of lag on the surface in a manner comparable

o how the lag in Callisto’s dark, inter-crater plains is interpreted

o form (e.g. Moore et al., 1999; White et al., 2016 ). 

The configuration of the contact between the Bright and Dark,

ellular Plains (whereby the former embays outcrops of the latter

n cell interiors and also intrudes into the latter along the paths

f troughs) causes us to hypothesize that a thin mantle of bright,

ure N 2 ice is covering the cellular plains here, and is thick enough

o obscure the lower albedo of the darker N 2 ice beneath it, but

ot thick enough to mask or soften the topographic relief of the

roughs, ridges and pits when viewed at 76 m/pixel resolution. We

peculate that the mantle may reach as much several meters thick.

ignificantly, the Bright, Cellular Plains form part of a continuous

igh albedo zone that stretches into eastern Tombaugh Regio (see

ig. 5 in Buratti et al., 2017 ). We interpret N 2 ice to have condensed

nto and coated the Bright, Pitted Uplands of eastern Tombaugh

egio (see Section 4.4 ) as well as the plains of eastern Sputnik

lanitia. As we have noted previously, the Bright and Dark, Cel-

ular Plains both display pitting on a scale of less than a few hun-

red meters, indicating that sublimation of N 2 ice is taking place to

ome extent across all of the cellular plains. However, the absence

f a bright N 2 ice mantle in the Dark, Cellular Plains indicates that

his area represents a zone of net sublimation of N 2 ice from Sput-

ik Planitia, which causes the dark, tholin-enriched, convecting ice

ass to be exposed at the surface. In contrast, the Bright, Cellular

lains and eastern Tombaugh Regio represent a zone of net con-

ensation of N 2 ice. Changing insolation with latitude is certainly

ne factor that influences the geographical distribution of prefer-

ntial sublimation and condensation: the northern extent of the

right terrain in both the plains and the Bright, Pitted Uplands is

30 °N, which is the present Arctic Circle and so the southernmost

atitude that can experience continuous insolation over a diurnal

eriod at least once during an orbit. An apparent consequence of

his is that plains north of 30 °N currently represent a zone of pref-

rential N 2 ice sublimation. This behavior is consistent with the

esults of climate modeling ( Bertrand & Forget, 2016; Forget et al.,

017 ), and the boundaries of the cellular plains that are bright will

herefore change with Pluto’s obliquity (which is currently 120 °,
ut varies between 103 ° and 127 ° on a 2.8 million terrestrial year

ycle ( Van Hemelrijck, 1982; Dobrovolskis and Harris, 1983; Do-

rovolskis et al., 1997; Earle and Binzel, 2015; Binzel et al., 2017 )).

owever, the band of Dark, Cellular Plains extending south of 30 °N
own the western margin of Sputnik Planitia ( Fig. 5 ) indicates that

actors besides latitude also affect N 2 sublimation and condensa-

ion. This region of Sputnik Planitia is proximal to the Chaotic,

ngular, Blocky Mountains, which can display topographic relief

eaching multiple kilometers, and we speculate that they may in-

uence local atmospheric circulation in a way (possibly through

atabatic winds) that prevents net condensation of N 2 ice here.

he albedo contrast between the Dark and Bright, Cellular Plains

ay actually be enhanced by continued sublimation/condensation

ia a feedback mechanism: if the Dark, Cellular Plains are never

echarged with pure N 2 ice, then prolonged sublimation from the

urface will cause the plains to darken even further as the con-

entration of tholins in the ice increases. This would increase heat

bsorption in the Dark, Cellular Plains and enhance sublimation of

 2 ice, more of which will therefore become available for conden-

ation on the Bright, Cellular Plains, the brightness of which would

ause them to be colder, and therefore less susceptible to sublima-

ion, than the Dark, Cellular Plains. 

The transition from the Dark, Cellular Plains to the Bright, Cel-

ular Plains coincides with the northeastern boundary of the re-

ion of disconnected troughs within central Sputnik Planitia, and
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we interpret the configuration of the contact between the two to

be governed by variations in heat flow in the shallow subsurface

stemming from the transient convective systems within the dark

N 2 ice here. These variations in heat flow would determine where

on the surface sublimation or condensation preferentially occurs.

The presence of enclaves of Dark, Cellular Plains surrounded by

Bright, Cellular Plains within the interiors of cells ( Fig. 5 and ‘3’ la-

bels in Fig. 6 c) is interpreted to indicate the presence of transient

upwelling of warm N 2 ice from within Sputnik Planitia, which

as well as annealing any surface pits, also prevents condensation

of N 2 ice onto the surface in quantities that would obscure the

dark N 2 ice underneath. Away from these enclaves of Dark, Cel-

lular Plains, where colder ice is descending, the lower heat flow

will instead promote condensation of N 2 ice onto the surface, and

so these areas are covered by the bright N 2 ice mantle, includ-

ing the ‘filaments’ of Bright, Cellular Plains that appear to intrude

along the paths of troughs that bound cells in the Dark, Cellular

Plains ( Fig. 5 and ‘4’ label in Fig. 6 c). We do note that the exis-

tence of pits within the bright mantle at the edges of cells indi-

cates that sublimation of N 2 ice is also occurring here. This may

seem paradoxical, but we suggest that the sublimation and con-

densation that produce the pitting and bright mantle respectively

may be operating at different timescales, with convection and cli-

mate as respective controlling factors. We consider it to be the

case that the mantle is covering the pits, and that the pits are not

forming within the mantle, as such pits are also seen to form in

the Dark, Cellular Plains where no mantle is interpreted to exist.

Moore et al. (2017) estimate that the competing processes of sub-

limation and mass wasting that influence pit morphology are oc-

curring on a timescale on the order of multiple terrestrial years.

Condensation of N 2 ice onto the surface must therefore be occur-

ring on a timescale faster than this in order to maintain a contin-

uous mantle across the pitted surface. The thinness of the mantle

is demonstrated by the fact that we estimate maximum reliefs of

some tens of meters for these pits, and yet their morphologies are

not appreciably masked or softened by the mantle when viewed at

76 m/pixel resolution. Once continuous coverage of the mantle has

been established, a net balance between sublimation and conden-

sation likely exists, with condensation being strongest during the

winter, and sublimation being strongest in the summer; if there

were no sublimation of the mantle to check its growth, then it

would be much thicker than the several meters that we estimate

for it. In this sense, the bright mantle is subject to climatic cy-

cles at both the obliquity and seasonal timescales, its large-scale

areal coverage being defined primarily by Pluto’s obliquity cycles

(as evidenced by its northern boundary coinciding with Pluto’s

present Arctic Circle), while its thickness would fluctuate on an

annual cycle. The patches of Dark, Cellular Plains become smaller

and sparser in an eastwards direction away from the contact, im-

plying that climatic conditions evolve such that condensation of N 2 

ice becomes more widespread across the plains, eventually allow-

ing it to cover the entire surface of individual cells, including the

centers as well as the margins. Fig. 14 is a graphic that illustrates

our model for how sublimation and condensation of N 2 ice varies

across Sputnik Planitia and eastern Tombaugh Regio and how it is

governed by ephemeral convection in the center of the Planitia, at

the contact between the Bright and Dark, Cellular Plains. 

4.1.3. Alcyonia Lacus 

The absence of pits within Alcyonia Lacus (‘4’ label in Fig. 11 a),

its smooth boundary with surrounding units, and its faintly lin-

eated texture set it apart from the expanses of Lightly Pitted Plains

that also occur interstitially to the mountain blocks of al-Idrisi

Montes (‘3’ labels in Fig. 11 a), and imply a distinct origin for this

isolated expanse of the Dark, Cellular Plains. The absence of pits

indicates that Alcyonia Lacus is currently being resurfaced in some
ay, and/or that its rheology is unable to support pit topogra-

hy. The relatively smooth boundaries of the Lacus, whereby the

haotic, Angular, Blocky Mountains and Chaotic, Inter-Block Mate-

ial do not intrude into its interior, indicate that this may not be a

assive feature, but is actively defining its own boundaries. These

bservations suggest that Alcyonia Lacus is an active glacial fea-

ure, in which flow of the N 2 ice is sufficient to close pits that

orm through sublimation, as well as to define a smooth margin

or the Lacus by shepherding inter-block material to its edges. The

ark lineations may also be manifestations of flow within the La-

us. The Lacus may be located above a ‘hot spot’ away from the

ain body of Sputnik Planitia that is mobilizing N 2 ice and caus-

ng any blocky material within the zone of mobilization to drift

o its edges. Alternatively, Stern et al. (2017) hypothesize that this

eature may once have been a ‘pond’ of liquid N 2 , the stability of

hich was maintained during a past era of especially high atmo-

pheric pressure (120–150 millibars), and which has since frozen. 

.1.4. Dark, Trough-Bounding Plains 

The very low albedo Dark, Trough-Bounding Plains are inter-

reted to be where an especially high concentration of tholins is

ntrained within the ice. The albedo is certainly too low to be ex-

lained by surface roughness or ice grain size. The dark, narrow

oundaries of the cells most probably originated in the same fash-

on as cell boundaries elsewhere in the cellular plains, i.e. as con-

ergence zones of convecting N 2 ice. The thin, bright, medial lin-

ations that are occasionally seen within the dark cell boundaries

‘6’ labels in Fig. 6 f) may represent the same trough/ridge struc-

ure seen elsewhere in the cellular plains, but which is clogged

y tholins, obscuring the topographic relief of the trough. How-

ver, the generally simpler structure of the cell boundaries within

he Dark, Trough-Bounding Plains may indicate that convective ac-

ivity in this marginal region of Sputnik Planitia is less vigorous

han in deeper portions occupied by the Dark and Bright, Cellular

lains, causing removal of the dynamic support of cell boundary

opography. The presence of an expanse of Deeply Pitted Plains

ere (at 46.5 °N, 172 °E) may be another manifestation of the re-

uced capacity for convection to be sustained here. If the Dark,

rough-Bounding Plains do feature an especially high concentra-

ion of tholins, it is likely too high to be explained solely by con-

entration via prolonged entrainment as well as volatile depletion

ia sublimation as is interpreted to occur in the Dark, Cellular

lains; some other process must preferentially concentrate them at

hese locations. Convective motion in the ice may cause them to be

oncentrated at the edges of cells, and because the Dark, Trough-

ounding Plains are adjacent to the shoreline of Sputnik Planitia,

here there are no mountain ranges separating them from the Pre-

putnik Planitia Uplands and where the N 2 ice is expected to be

hallower than towards the center of the cellular plains, tholins

mbedded in the H 2 O ice crust underneath Sputnik Planitia may

e getting dredged up and assimilated by convective motion and

oncentrated within the shallow N 2 ice here. The portions of the

ark, Trough-Bounding Plains that display lobate flow morpholo-

ies at the boundary with the surrounding Pre-Sputnik Planitia Up-

ands, where the cellular structure is absent (‘5’ labels in Fig. 6 e),

ndicate that the N 2 ice is undergoing lateral flow here ( Umurhan

t al., 2017 ). Because no pits are observed within these lobate

ows, the rate of flow is presumably sufficient to completely relax

he morphologies of any sublimation pits before they reach diam-

ters that can be resolved in available imagery. 

.2. Non-cellular plains of Sputnik Planitia 

The region of Sputnik Planitia that contains the non-cellular

lains is located far to the south of the present Arctic Circle and
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Fig. 14. Generalized, vertically exaggerated illustration of a model for how N 2 ice is interpreted to preferentially sublimate from northwestern (NW) Sputnik Planitia and 

condense on southeastern (SE) Sputnik Planitia and the Bright, Pitted Uplands of eastern Tombaugh Regio. The dark, tholin-enriched N 2 ice of Sputnik Planitia is represented 

by the gray area. It is this portion of Sputnik Planitia’s N 2 ice mass that is undergoing solid-state convection ( McKinnon et al., 2016 ) – the convection is represented by 

dividing the mass into numerous cells that become wider as Sputnik Planitia’s depth increases (assuming an impact basin origin for the topographic low in which the N 2 

ice is contained ( Schenk et al., 2015; Nimmo et al., 2016 )). At the surface, troughs with medial ridges separate the cells. Warm, ascending N 2 ice is represented by red 

arrows and colder, descending N 2 ice by blue arrows. At the center of Sputnik Planitia, dashed arrows are used to represent the instability of the convection process that 

is interpreted to cause the disintegration of the trough network in this region – individual cells may be forming and then dissipating, creating surface undulations, but not 

persisting for long enough to develop an actual trough/ridge morphology at the edges of the cells. The orange and green arrows respectively represent N 2 ice sublimation 

from and condensation onto the plains, with the weight of the arrow qualitatively representing the magnitude of each process – a thicker arrow represents more intense 

sublimation/condensation. Purple arrows depict glacial flow back into Sputnik Planitia of N 2 ice that had condensed onto the Bright, Pitted Uplands. The incoming pure N 2 

ice may potentially ‘dilute’ the convecting, tholin-enriched ice along the eastern margin of Sputnik Planitia (although this process cannot be observed as this area is entirely 

coated with a surficial layer of bright N 2 ice). 
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urrently experiences a regular diurnal cycle and high solar in-

idence angles ( > 50 °). Climate modeling by Bertrand & Forget

2016) and Forget et al., (2017) has shown that a consequence of

hese insolation conditions is that the southern portions of Sputnik

lanitia presently experience strong condensation of N 2 ice, hence

e interpret the high albedo of the plains here to indicate the

resence of a thin mantle of N 2 ice, with a low concentration of

holins, like that which covers the Bright, Cellular Plains. As with

he cellular plains, this pure N 2 ice layer presumably covers a more

ubstantial body of older, darker N 2 ice that forms the bulk of the

on-cellular plains, and advances and retreats as insolation condi-

ions change with Pluto’s obliquity cycles. 

.2.1. Lightly Pitted Plains 

The Lightly Pitted Plains ( Fig. 9 a) exhibit a pitted texture that

s comparable to that seen at the edges of cells within the cellular

lains, and like those pits, these are interpreted to result from su-

erficial sublimation of N 2 ice from the surface of Sputnik Planitia,

ith the pits only reaching a few hundred meters in diameter. The

ccurrence of the Lightly Pitted Plains in a broad, discontinuous

wath separating the Bright, Cellular Plains from the valley glaciers

ithin the Patchy, Pitted, Marginal Plains along the eastern margin

f Sputnik Planitia, and from the Deeply Pitted Plains to the south

 Fig. 5 ), indicates that the Lightly Pitted Plains may represent com-

aratively fresh N 2 ice introduced via the valley glaciers to Sput-

ik Planitia. Sublimation is evidently taking place at the surface

f these plains, but based on how we interpret the Deeply Pitted

lains to form, they do not exist within regions of Sputnik Planitia

here the flow conditions are conducive to shearing of the ice and

ssociated sublimation that enlarges the pits to the sizes encoun-

ered in the Deeply Pitted Plains. The small expanses of Lightly Pit-

ed Plains that occur interstitially to mountain blocks (‘3’ labels in

ig. 11 a) are interpreted to be passive features that exist merely

here there is an absence of the Chaotic, Inter-Block Material fill-

ng the spaces between large mountains. 

.2.2. Sparsely Pitted Plains 

The Sparsely Pitted Plains ( Fig. 9 b), which tend to be intimately

ssociated with both the Lightly Pitted Plains and the Deeply Pit-

ed Plains, display scattered, shallow pits that present subdued and
pparently smoothened relief, and which tend to reach a kilometer

n diameter (comparable in scale to pits seen in the Deeply Pitted

lains). If it is natural for N 2 ice in Sputnik Planitia to eventually

evelop a pitted texture via sublimation if left unperturbed (like

hat of the Lightly Pitted Plains), then the Sparsely Pitted Plains

ay therefore be experiencing resurfacing that is eliminating pit-

ed textures on this kilometer scale. The pits with softened relief

ay be undergoing infill by creep of the low-viscosity N 2 ice, and

lso mantling by condensation of N 2 ice from the atmosphere. For

its with dark floors in the Deeply Pitted Plains, the low albedo of

he floor is evidently sufficient to heat and promote rapid sublima-

ion of any N 2 ice that condenses onto it, ensuring that the floor

emains uncovered. 

.2.3. Deeply Pitted Plains 

We have observed that the floors of individual pits of the

eeply Pitted Plains unit always display a low albedo when they

re large enough such that their floors can be resolved ( Fig. 9 d–

). One hypothesis to explain the low albedo is that it is caused

y the presence of dark material covering the floors, specifically

he tholins that are entrained within the ice underneath the bright

urficial layer of N 2 ice. As sublimation of the N 2 ice progresses

nd pits deepen, the entrained tholins are liberated and build up

n the floors of the pits as a lag deposit. The low albedo of the

holins would initially enhance heating, and therefore promote fur-

her sublimation and pit growth rates, in the N 2 ice that underlies

hem, but eventual accumulation of a certain thickness of tholins

n their floors would presumably act to suppress further sublima-

ion (e.g. Moore et al., 1999; White et al., 2016 ). In a similar fash-

on, instigation of shallow crevasse formation via shearing of the

 2 ice within the open plains of southern Sputnik Planitia ( Moore

t al., 2017 ) could lead to enhanced sublimation and pit formation

ia the same process of tholin liberation and subsequent entrap-

ent on the floors of the pits. Given the low viscosity of N 2 ice,

he rate of pit growth via enhanced sublimation would have to

ompete with the rate of pit infilling via creep of the ice, a pro-

ess which Moore et al. (2017) have shown can take place on a

imescale as short as a few terrestrial years. An alternate hypothe-

is for the low albedo floors is that sublimation of the N 2 ice has

enetrated all the way through the N ice layer, revealing a dark
2 
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substrate underneath Sputnik Planitia. This scenario is not espe-

cially likely for where the Deeply Pitted Plains exist between cells

of the Bright, Cellular Plains (‘1’ label in Fig. 6 a), as the N 2 ice in

this roughly circular northern lobe of Sputnik Planitia is thought

to be filling a deep impact basin reaching many kilometers deep

( Schenk et al., 2015 ; Nimmo et al., 2016 ), and our shadow mea-

surements ( Fig. 9 e) indicate that these pits are likely not more than

200 m deep. The scenario is more plausible for Deeply Pitted Plains

in southern Sputnik Planitia, where the N 2 ice is interpreted to be

shallower than that in northern Sputnik Planitia, although a confi-

dent estimate of its thickness here has not yet been made. 

The Deeply Pitted Plains display some characteristics that we

interpret to indicate the southwards flow of N 2 ice in southern

Sputnik Planitia. One of these is that individual pits are frequently

elongated in a roughly N-S orientation, and tend to combine to

form long pit chains that are also oriented roughly N-S; such

pit chains are especially well-formed in central southern Sputnik

Planitia ( Fig. 9 c and d). Clusters of these elongated pits can dis-

play curved, wavelike patterns that seem to indicate a flow field

( Moore et al., 2017 ). If so, then the orientations of elongated pits

across Sputnik Planitia may be governed by structural anisotropy

within the ice that is related to flow direction. As noted above,

shearing of the N 2 ice parallel to its southwards flow direction in

southern Sputnik Planitia may initiate crevasse formation in the

plains that are then widened and deepened by sublimation, creat-

ing the elongate, N-S oriented pits. Given the low latitude at which

these pits are situated, the N-S elongation may be enhanced by

high incidence insolation of these pits, whereby more energy is re-

ceived on the north- or south-facing walls (depending on the sea-

son), causing preferential sublimation here compared to the east-

and west-facing walls. The dark, pitted lineations that trace quasi-

polygonal outlines to the south of the Bright, Cellular Plains ( Fig.

9 f) may also represent another manifestation of the general south-

wards flow of ice. These polygons are interpreted to be former cells

that previously experienced convection within the cellular plains of

Sputnik Planitia. Southwards motion of the ice would have shifted

these cells away from the convective zone, ceasing the rapid resur-

facing that stemmed from the convection, and causing their re-

lief to relax. Several active cells at the southern extreme of the

Bright, Cellular Plains display dark tholins filling their bounding

troughs, and the dark boundaries of the polygonal outlines may

therefore represent ‘extinct’ troughs where the trough relief has

relaxed away, leaving the tholin deposits to mark the outline of

the former cell. The polygons appear elongate in a N-S orientation,

and the same southwards motion of the ice may have stretched

the ‘extinct’ troughs along this dimension. With no convectional

resurfacing of the N 2 ice taking place here, sublimation of the ice

along the ‘extinct’ troughs would be promoted by heating result-

ing from the low surface albedo of the tholins, accounting for the

occurrence of Deeply Pitted Plains along the boundaries of the ‘ex-

tinct’ troughs (‘5’ label in Fig. 9 f). 

4.2.4. Patchy, Pitted, Marginal Plains 

The hummocky relief of the Patchy, Pitted, Marginal Plains, and

its occasional adoption of high-relief morphological characteristics

that N 2 ice alone could not support, and which are akin to those

of the Pre-Sputnik Planitia Uplands that border it ( Fig. 9 g and h),

indicates that these plains represent a N 2 ice layer covering ex-

panses of Pre-Sputnik Planitia Uplands, with the N 2 ice dampen-

ing the relief of the underlying topography. The sharply segregated

distribution of densely pitted and featureless zones is likely a man-

ifestation of differential physical properties throughout the layer,

and may be related to variations in N 2 ice thickness as well as

flow state. The Patchy, Pitted, Marginal Plains have been mapped

in several places across the study area, and while its texture is

always considered to represent shallow N ice covering underly-
2 
ng topography, its genesis may vary between different locations.

here the unit covers the floors of pits and valleys in the Bright,

itted Uplands ( Section 4.4 ), it likely represents N 2 ice that has

ondensed onto the Bright, Pitted Uplands, and flowed down into

he basins ( Howard et al., 2017 ). Where the Bright, Pitted Uplands

order Sputnik Planitia, the unit is seen to form valley glaciers

owing into Sputnik Planitia. The dark marginal bands that charac-

erize these glaciers merge where smaller glaciers feed into larger

nes ( Moore et al., 2016; Howard et al., 2017 ), in a manner sim-

lar to lateral moraines merging to form medial moraines on ter-

estrial glaciers (see ‘2’ labels in Fig. 13 ). The fact that the bands

re only faintly visible at low phase, but are sharply defined at

igh phase, indicates that they are caused by a rough surface tex-

ure rather than a difference in albedo between the material that

orms them and the flowing N 2 ice underneath. The bands most

ikely represent material eroded from the surrounding Bright, Pit-

ed Uplands that has been deposited on the flowing ice, and which

s forming rubbly lateral moraines along the margins of the val-

ey glaciers ( Howard et al., 2017 ). These glacial systems are al-

ost certainly currently active. The occurrence of the Patchy, Pit-

ed, Marginal Plains in valleys between the high-elevation moun-

ain blocks of Norgay Montes in the southwest of Sputnik Plani-

ia ( Fig. 5 , the only instance where this unit is intimately associ-

ted with the Chaotic, Angular, Blocky Mountains) perhaps indi-

ates that condensation of sublimated N 2 ice is taking place here

s it is in the Bright, Pitted Uplands, although formation of valley

laciers does not seem to have occurred here. 

The Patchy, Pitted, Marginal Plains that line the southeastern

nd southern margins of Sputnik Planitia do not appear to be flow-

ng down from the dark Pre-Sputnik Planitia Uplands of Krun Mac-

la, in which there appears to be no source of N 2 ice as there is

n the Bright, Pitted Uplands. Instead, the Patchy, Pitted, Marginal

lains are seen to overlie and embay the Pre-Sputnik Planitia Up-

ands material (lower right quadrant in Fig. 9 g), which implies that

he southwards motion of N 2 ice in southern Sputnik Planitia has

aused it to override low-lying portions of the Pre-Sputnik Planitia

plands here. Climatic cycles that are tied to Pluto’s obliquity cy-

les ( Stern et al., 2017 ) will cause the N 2 ice plains to alternately

dvance and recede. When maximum obliquity is reached during

 2.8 Myr obliquity cycle, atmospheric pressure is at a maximum,

nd the condensation temperature of N 2 is achieved across a max-

mum area of the surface ( Bertrand and Forget, 2016 ). This causes

 2 ice to be stable across a broader area of the Pre-Sputnik Plani-

ia Uplands than it is at present. Pluto’s last obliquity extreme (of

03 °) was 840,0 0 0 terrestrial years ago, and N 2 ice has been re-

eding from this high stand since then, meaning that these iso-

ated patches of N 2 ice plains are interpreted to represent residual

nclaves of the Patchy, Pitted, Marginal Plains left behind within

opographic basins of the Pre-Sputnik Planitia Uplands (‘7’ label in

ig. 9 g) after recession of the front. 

.2.5. Dark-Pitted, Marginal Plains 

The Dark-Pitted, Marginal Plains ( Fig. 9 i) appear to share char-

cteristics of the Deeply Pitted Plains and the Patchy, Pitted,

arginal Plains. The isolated setting of these plains suggests that

hey are not affected by the large-scale mobilization of N 2 ice that

s occurring across the rest of Sputnik Planitia. The Dark-Pitted,

arginal Plains appear to be covering relatively flat expanses in

he Pre-Sputnik Planitia Uplands, and seem to be experiencing re-

ession in places. This is especially evident where an isolated patch

f it is seen to fill a rimless impact crater 13 km across within

 valley in Viking Terra ( Fig. 10 a), indicating that the Dark-Pitted,

arginal Plains were once more expansive across the floor of this

alley. As with the Patchy, Pitted, Marginal Plains on the south-

astern margin of Sputnik Planitia, the Dark-Pitted, Marginal Plains

re also interpreted to have been undergoing retreat from a glacial
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aximum during the last period of extreme obliquity 840,0 0 0 ter-

estrial years ago. The presence of sub-kilometer, equidimensional

its (‘10’ label in Fig. 9 i) like those seen in other Sputnik Plani-

ia plains units indicates that sublimation of N 2 ice from these

lains is taking place. The fact that any relief of the dark, tendril-

ike features (‘11’ label in Fig. 9 i) is difficult to discern calls into

uestion their status as pits, but given that their widths are on a

imilar sub-kilometer scale to the equidimensional pits that they

re associated with, and that their organization into aligned clus-

ers is similar to the arrangement of better-resolved pits seen in

he Deeply Pitted Plains (compare Fig. 9 i with Fig. 9 c and d), we

onsider it highly probable that these features are indeed elon-

ate pits. The Dark-Pitted, Marginal Plains border the Pre-Sputnik

lanitia Uplands of Cthulhu Regio, and also embay a 80 by 50 km

unatak of Cthulhu Regio that emerges from the plains at 0 °N,

64.5 °E. This close association between the Dark-Pitted, Marginal

lains and Cthulhu Regio suggests that the Dark-Pitted, Marginal

lains overlie much of this eastern boundary of Cthulhu Regio. This

ay explain why so many of the pits display a low albedo, in that

he ice of the Dark-Pitted, Marginal Plains may be thin enough

uch that the pits are as deep as the ice is thick, and are expos-

ng dark terrain of Cthulhu Regio that underlies the ice (a scenario

hat we have mentioned may also apply to some of the pits of

he Deeply Pitted Plains in southern Sputnik Planitia). The NE-SW-

ligned, elongate planforms of many of the pits, and their cluster-

ng to form wavelike patterns, indicates that flow of ice associated

ith recession from the Pre-Sputnik Planitia Uplands may be oc-

urring from the contact between the plains and Cthulhu Regio to

ower elevations where the Dark-Pitted, Marginal Plains border the

haotic, Inter-Block Material and Chaotic, Angular, Blocky Moun-

ains of Sputnik Planitia. 

We note that there are other instances of ‘outliers’ of N 2 ice

lain units ponding within depressions in the Pre-Sputnik Plani-

ia Uplands to the west and north of Sputnik Planitia, with each

nterpreted to mark the past advance of N 2 ice plains across the

urface during periods of high obliquity. They include Patchy, Pit-

ed, Marginal Plains filling valleys within southern Cthulhu Regio

 Fig. 10 b), and a tentative identification of Dark, Trough-Bounding

lains filling an 18 km diameter impact crater within Voyager Terra

 Fig. 10 c). In the present era, the N 2 ice is relatively shielded from

irect solar illumination on the floors of valleys and impact craters,

nd so is less susceptible to sublimation. 

.3. Mountainous and hilly units of western and eastern Sputnik 

lanitia 

.3.1. Chaotic, Angular, Blocky Mountains and Chaotic, Inter-Block 

aterial 

The great relief and steep slopes of the Chaotic, Angular, Blocky

ountains ( Fig. 11 a) indicate that they are composed of a more

igid material than the N 2 ice in which they are situated ( Stern

t al., 2015; Moore et al., 2016 ), and it has been confirmed through

pectroscopy that they are formed from H 2 O ice ( Grundy et al.,

016 ), which is extremely strong and inert at Pluto’s surface ther-

al conditions. H 2 O ice is also seen in the Pre-Sputnik Planitia Up-

ands to the west of the mountains, and has been hypothesized

o be the main crust-forming material on Pluto (e.g. McKinnon et

l., 1997; Hussmann et al., 2006 ). Moore et al. (2016) interpreted

he blocks to be fragments of preexisting ice crust that have been

etached from the surrounding Pre-Sputnik Planitia Uplands, and

ubsequently rotated and transported, by the low-viscosity N 2 ice

f Sputnik Planitia, which is denser than the H 2 O ice, and which

ould efficiently exploit weaknesses in the H 2 O ice crust. H 2 O ice

as a density of 0.935 g cm 

−3 between 40 and 100 K ( Petrenko

nd Whitworth, 1999 ), while N 2 ice has a density of 0.942 to

 g cm 

−3 between 36 and 63.15 K ( Scott, 1976 ). Consideration of
sostasy within Sputnik Planitia ( Moore et al., 2016 ) implies that

he keels of many of the larger blocks at the edges of Sputnik

lanitia are likely grounded on the shallow base of the Planitia

ere, but smaller blocks that exist further to the interior of Sputnik

lanitia (such as Coleta de Dados Colles, ‘2’ label in Fig. 11 a), where

he N 2 ice thickness is interpreted to be higher, may actually be

obile and ‘floating’ within the N 2 ice. The alternating dark and

right lineations that mark the surfaces of some mountain blocks

inset in Fig. 11 a) resemble layering seen in the walls of craters in

he Pre-Sputnik Planitia Uplands ( Moore et al., 2016 ). Such layering

ay be indicative of climate cycles in Pluto’s early history ( Stern

t al., 2017 ), and which is now exposed not only in these crater

alls, but also in the sides of mountain blocks that have since bro-

en off from the Pre-Sputnik Planitia Uplands ( Binzel et al., 2017 ).

e consider the Chaotic, Inter-Block Material (‘1’ labels in Fig. 11 a)

o have a similar genesis to the Chaotic, Angular, Blocky Mountains,

ut the finer texture may indicate breaking up of the mountain

locks into smaller fragments and/or size filtering thereafter if the

locks are mobile in the N 2 ice. 

The mobility of the mountain blocks within the N 2 ice may

erve to explain why some blocks are seen to be resting on the sur-

ace of the Pre-Sputnik Planitia Uplands of southeast Cthulhu Regio

 Fig. 10 b). These mountains are associated with ponded N 2 ice that

lls basins within this terrain. As described in Section 4.2.5 , we in-

erpret these N 2 ice patches to have been emplaced during periods

f high obliquity and glacial advance, when Sputnik Planitia was

ore expansive across this terrain, and now exist as remnants of

he former N 2 ice coverage left behind during the current period

f glacial recession. The mountains that are perched on the Pre-

putnik Planitia Uplands here would have been embayed by the

 2 ice plains during the past high stand of Sputnik Planitia, and

eing mobile within the plains, they would have been transported

o their present locations and been left stranded during glacial re-

reat. 

.3.2. Bright, Chaotic Terrain 

The appearance of the Bright, Chaotic Terrain ( Fig. 11 b), with

ulti-kilometer sized dark massifs separated by bright plains, is

omewhat intermediate between those of the Pre-Sputnik Plani-

ia Uplands to the north and the Chaotic, Inter-Block Material of

putnik Planitia to the south. Spectral imaging indicates that the

right, Chaotic Terrain displays an abundance of N 2 ice (Fig. 1 in

rundy et al., 2016 ; Fig. 15 in Schmitt et al., 2017 ), and we surmise

hat this unit represents a portion of Pre-Sputnik Planitia Uplands

n which topographic lows have been covered with N 2 ice. The

right, Chaotic Terrain is amongst the lowest elevation terrain seen

nywhere on Pluto, and this in itself may be cause for condensa-

ion of N 2 onto the surface here due to the decreasing tempera-

ure with decreasing altitude that characterizes Pluto’s lower at-

osphere ( Gladstone et al., 2016 ). However, we note the existence

f deep impact craters located within Cthulhu Regio directly to

he west of Sputnik Planitia that are within the permanent diurnal

one of Pluto’s surface (i.e. these craters currently receive less inso-

ation than the Bright, Chaotic Terrain which is presently in Pluto’s

rctic) and which attain lower elevations than the Bright, Chaotic

errain, yet some display N 2 ice coverage on their floors while oth-

rs do not ( Fig. 5 ). As such, we surmise that there must be an ad-

itional factor besides the low elevation that concentrates N 2 ice

ithin the Bright, Chaotic Terrain, and we consider the presence

f regional-scale extensional tectonism, in the form of the east–

est-trending normal fault scarps and graben within the Bright,

haotic Terrain and the tilted block to its east (‘5’ and ‘6’ labels

n Fig. 11 b), to be significant in this respect. As noted in Howard

t al. (2017) , the convergence of dark flow lines in Sputnik Plani-

ia towards the point where the graben of the tilted block inter-

ects the shoreline (‘7’ label in Fig. 11 b) raises the possibility that
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Fig. 15. Correlation chart of geologic units mapped in Fig. 5 . Stratigraphic positions 

have been determined by cross-cutting relations, crater size-frequency distributions 

(in the case of the Bright, Pitted Uplands, unit bpu), as well as considerations of the 

effect of climate cycles on mobilization of volatiles. Jagged ends of the bars indicate 

that uncertainties exist in the limits of modification durations. 
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the low-viscosity N 2 ice is exploiting this structural weakness in

the crust and is draining into the subsurface to form a conduit

network. Its capacity for intrusion into the subsurface along fault

planes would be enhanced by the fact that N 2 ice is denser than

the H 2 O ice crust. The elevation of the Bright, Chaotic Terrain de-

creases towards the shoreline of Sputnik Planitia; a consequence

of this is that much of it is roughly level with and even slightly

lower in elevation than the Chaotic, Inter-Block Material to the

south ( Fig. 12 ). It is therefore plausible that the N 2 ice that covers

low-lying terrain within the unit has been emplaced via overflow

directly from Sputnik Planitia. N 2 ice may also potentially emerge

onto the surface along fault planes from a subsurface network that

is itself sourced from drainage from Sputnik Planitia. Due to its

higher density than H 2 O ice, N 2 ice would not naturally rise along

these planes, so subsidence of the surface is likely to be instru-

mental in exposing pockets of N 2 ice. However, if the overburden

pressure that the N 2 ice is subjected to is sufficiently high to cause

pressure melting, which would cause it to become less dense than

the surrounding H 2 O ice (0.807 g cm 

−3 and 0.935 g cm 

−3 respec-

tively), then ascent of liquid N 2 and its subsequent refreezing upon

reaching the surface would be plausible. We therefore interpret

the Bright, Chaotic Terrain to be Pre-Sputnik Planitia Uplands that

are in an advanced stage of disruption, fragmentation and subsi-

dence resulting from regional-scale extensional tectonism that is

being exploited by intrusion of mobile N 2 ice from Sputnik Plani-

tia. The tilted block of rough plateau material is also experiencing

extensional tectonism and subsidence, but the forces acting upon

it have evidently not yet begun to fragment it. This interpretation

would imply that the tilted block and Bright, Chaotic Terrain rep-

resent progressive stages in the break-up of the Pre-Sputnik Plani-

tia Uplands to eventually transform to the Chaotic, Angular, Blocky

Mountains and Chaotic, Inter-Block Material that line the margin of
putnik Planitia. The disruption and fragmentation of Pre-Sputnik

lanitia Uplands around Sputnik Planitia may therefore still be an

ctive phenomenon due to the abundant evidence that the N 2 ice

f Sputnik Planitia itself is currently mobile. 

.3.3. Dark, Ridged Terrain 

The ridges of the Dark, Ridged Terrain ( Fig. 11 c) appear to

e superseding a bright substrate that has a blocky texture on

 scale comparable to that of the Chaotic, Inter-Block Material.

oward et al. (2017) tentatively interpret the ridges to be reces-

ional moraines of tholin-rich materials deposited on top of the

haotic, Inter-Block Material during retreat of glaciers formerly

overing the region, although acknowledged that this interpre-

ation may be contradicted by the apparently young age of the

ountainous units in Sputnik Planitia relative to glacially carved

andscapes in the Pre-Sputnik Planitia Uplands. A perplexing aspect

f the unit is its highly discrete coverage – it has been mapped in

hree locations along the western margin of Sputnik Planitia, and

t each location the boundary of the dark material with surround-

ng units is sharply defined. The predominant orientation of the

idges parallel to the edge of Sputnik Planitia may support the

lacial moraine hypothesis, but if the ridges are moraines, then

here is the question of why their deposition is confined only to

hese discrete expanses of the inter-block material, unless deposi-

ion was originally more widespread and moraines elsewhere have

een removed through some means. The origin of the dark ma-

erial and the reasons for its distribution are uncertain, but we

uggest an alternative hypothesis whereby the ridged texture may

riginate from compressive forces exerted on the inter-block mate-

ial by westward momentum of the mountains brought on by con-

ection in the cellular plains. Such a mechanism is perhaps better

isposed than the recessional moraine hypothesis to explain the

nstances where the ridges curve to become parallel to the bound-

ry of the unit. A compressional hypothesis for the origin of the

idges would also be more consistent with the apparently young

ge of this unit relative to the heavily cratered glacial landscapes in

he Pre-Sputnik Planitia Uplands, as it would allow both the dark

aterial and the inter-block material to have experienced recent

odification, rather than the dark material representing an ancient

eposit sitting on top of the younger inter-block material. 

.3.4. Scattered Hills 

Moore et al. (2016) and Howard et al. (2017) suggested that the

cattered Hills ( Fig. 11 d) formed through erosion of the ‘bedrock

aterial’ in the Bright, Pitted Uplands by glacial flow of N 2 ice,

ausing chunks reaching a few kilometers in size to break off and

hen ‘float’ in the denser N 2 ice as they are rafted into the inte-

ior of Sputnik Planitia by the glaciers. This would explain why the

ills align in chains that are coincident with the paths of glaciers.

pon entering the cellular plains, the convective motions of the N 2 

ce would cause the floating hills to be pushed to the edges of the

ells, where they congregate into densely packed groups. The same

onvective motions may also shepherd the hills along cell bound-

ries and further into the interior of Sputnik Planitia – the most

solated hill is more than 300 km from the eastern shoreline of

putnik Planitia. Challenger and Columbia Colles ( Fig. 11 e) are the

argest accumulations of these eroded fragments, and we interpret

hem to be grounded on the shallow base of Sputnik Planitia, in

 similar fashion to how we interpret the larger mountains along

he western margin of Sputnik Planitia to be grounded. While the

esolution of LEISA data is low compared to the sizes of these hill

lusters, spectral imaging of Challenger and Columbia Colles (Fig.

0 in Schmitt et al., 2017 ) indicates a moderate abundance of H 2 O

ce that is comparable to that of the Bright, Pitted Uplands, sup-

orting the hypothesis that these hills are derived from that unit,

nd are buoyant within the N ice plains. 
2 
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.4. Bright, Pitted Uplands 

The low impact crater spatial density of the Bright, Pitted Up-

ands implies a younger age for them relative to the Pre-Sputnik

lanitia Uplands in general, which is consistent with their man-

led and heavily modified appearance: the R-plot for the “east

ombaugh” region in Fig. S13B of Moore et al. (2016) indicates

n age not exceeding ∼2 Gyrs, while the R-plot for Pre-Sputnik

lanitia Uplands within the “northern latitudes” (i.e. to the north

f the northern boundary of Sputnik Planitia) indicates an age for

hem that is slightly younger than the Late Heavy Bombardment

LHB) vicinity of 4 Gyrs. As with the bright N 2 ice plains in central

nd southern Sputnik Planitia, we interpret the high albedo of the

right, Pitted Uplands to be caused by recent condensation of N 2 

ce onto this terrain as a thin coating. Flow downslope of the low-

iscosity N 2 ice that coats the pit walls (estimated to reach slopes

f up to 30 ° ( Moore et al., 2016 )) causes it to pool on pit floors and

n valleys, where it forms the Patchy, Pitted, Marginal Plains unit

‘1’ labels in Fig. 13 ) ( Howard et al., 2017; Umurhan et al., 2017 ).

his continuous mobilization of N 2 ice allows efficient destruction

f impact craters, although there are a handful of craters > 10 km in

iameter that are sufficiently large (and perhaps also young) such

hat their morphologies are somewhat preserved. 

Exactly what concentrates N 2 ice specifically in this eastern re-

ion of Tombaugh Regio is uncertain. Howard et al. (2017) sug-

ested a glacial cycle whereby N 2 ice that is sublimated from

putnik Planitia is transported to east Tombaugh Regio by atmo-

pheric circulation, condenses onto the landscape, and then returns

o Sputnik Planitia via glacial flow. Climate modeling performed by

orget et al., (2017) indicates that wind velocities larger than sev-

ral meters per second can result from the condensation and sub-

imation of N 2 , whereby inward flows form during the night when

 2 condenses, and outward flows occur when N 2 sublimates in the

fternoon. However, these flows occur on all sides of Sputnik Plani-

ia, not just the east side, and so we speculate that the surface

f east Tombaugh Regio may have some unknown property that

auses it to be an efficient sink for N 2 condensation. 

The origin of the pitted texture of the Bright, Pitted Uplands is

lso ambiguous, but is likely related to the composition of the ma-

erial that underlies the N 2 ice mantle. Howard et al. (2017) noted

hat while the Bright, Pitted Uplands are nearly uniformly bright,

pectral imaging indicates that N 2 ice is concentrated in the plains

ccupying the valleys and pit floors, while the pit crests them-

elves are richer in CH 4 ice ( Grundy et al., 2016 ). While it is be-

ond the limits of our mapping area, to the east of the Bright, Pit-

ed Uplands there exists what has been referred to as the ‘bladed

errain’ (see Fig. 3B in Moore et al., 2016 ). This terrain displays a

trong CH 4 signature ( Grundy et al., 2016 ), it has a pit/crest tex-

ure that appears reminiscent of that of the Bright, Pitted Uplands,

ut which is not mantled by N 2 ice and which displays a more

ligned fabric. The boundary between these two units is indis-

inct. Moore et al. (2017) interpreted the Bright, Pitted Uplands to

e a formerly continuous deposit degraded either by sublimation

r by undermining and collapse, possibly through basal melting.

e hypothesize that the bladed terrain may represent a relatively

ell-preserved form of this deposit that has only undergone either

f these processes (or maybe a combination of them), while the

right, Pitted Uplands represent a portion that has subsequently

een extensively mantled and modified by N 2 ice glaciation. The

H 4 signature of the bladed terrain and the pit crests in the Bright,

itted Uplands may be indicative of the composition of this same

eposit; this would be consistent with an origin of the pitted and

laded textures through sublimation of CH 4 ice. However, we can-

ot discount the possibility that the CH 4 signature is at least partly

aused by recent condensation of atmospheric CH 4 ice onto the

rests of pits and blades, in which case both the N 2 and CH 4 man-
les would mask the true compositional identity of the underly-

ng deposit. The aligned NW-SE orientation of clusters of relatively

arge pits (several kilometers across, ‘3’ labels in Fig. 13 ) implies

hat these pits have formed due to surface collapse above zones

f regional, extensional tectonism. The genesis of these larger pits

s therefore likely to be distinct from that of the smaller pits that

haracterize the Bright, Pitted Uplands. 

. Stratigraphy and Geologic History of Sputnik Planitia 

.1. Superposition relations 

Fig. 15 presents a correlation of the geological units mapped

n Fig. 5 . All mapped units are interpreted to either consist of,

r to be presently experiencing modification by, low-viscosity N 2 

ce, which is easily mobilized at Pluto surface thermal conditions.

s such, all mapped units (with the exception of the Pre-Sputnik

lanitia Uplands) are interpreted to be experiencing resurfacing to

ome degree in the present day. Given the almost total absence of

mpact craters from these units, assembling a chronology for them

s challenging, but observations of superposition relations aid in

onstructing a relative stratigraphy. An absolute age scale accom-

anies the correlation in Fig. 15 , and as we discuss in Section 5.2 ,

bsolute ages for units can be estimated based on considerations

f crater counts performed for the uplands surrounding Sputnik

lanitia (relevant to the Bright, Pitted Uplands), and for the Sput-

ik Planitia plains units, considerations of climatic variations tied

o Pluto’s obliquity cycles, as well as the timescale of convection of

 2 ice. 

The Bright, Pitted Uplands and the Bright, Chaotic Terrain are

ach bordered by only two units: the Pre-Sputnik Planitia Up-

ands and, respectively, the Patchy, Pitted, Marginal Plains and the

haotic, Inter-Block Material. Crosscutting relations indicate that

hese latter two units superpose the Bright, Pitted Uplands and

he Bright, Chaotic Terrain respectively. Where the three units of

he mountain ranges along the western edge of Sputnik Plani-

ia (units abm, ibm and drt) contact the Pre-Sputnik Planitia Up-

ands, crosscutting relations show that they are always superposing

he Pre-Sputnik Planitia Uplands. Within this suite of three units,

he Chaotic, Inter-Block Material (unit ibm) tends to embay, and

ccupy angular interstitial spaces between, the Chaotic, Angular,

locky Mountains (unit abm), indicating that the Chaotic, Inter-

lock Material is stratigraphically higher than the Chaotic, Angular,

locky Mountains. The Dark, Ridged Terrain (unit drt) appears to

epresent dark material covering the Chaotic, Inter-Block Material,

nd so is stratigraphically higher than both the Chaotic, Inter-Block

aterial and the Chaotic, Angular, Blocky Mountains. With the ex-

eption of Columbia Colles, the Scattered Hills (unit sh) are always

ompletely embayed by various plains units of Sputnik Planitia.

olumbia Colles crosscuts the contact between the plains and the

re-Sputnik Planitia Uplands, indicating that the Scattered Hills are

tratigraphically higher than the Pre-Sputnik Planitia Uplands. 

The eight plains units of Sputnik Planitia (units bcp, dcp, tbp,

pp, dpp, lpp, pmp, and dmp) embay and superpose all of the

forementioned units whenever they contact them, and as such

re located at the top of the stratigraphic column. Proximal to the

ain contact between the Bright, Cellular Plains (unit bcp) and the

ark, Cellular Plains (unit dcp), the Bright, Cellular Plains are ob-

erved to embay enclaves of the Dark, Cellular Plains that are lo-

ated within the interiors of cells, while at the contact itself, the

right, Cellular Plains are observed to intrude into the Dark, Cel-

ular Plains along the paths of troughs that separate cells. While

e interpret the higher albedo of the Bright, Cellular Plains to be

aused by a thin mantle of pure N 2 ice that has condensed onto

he plains here, the cellular pattern of the plains is continuous and

nperturbed across this contact. This implies that the Bright, Cellu-
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lar Plains and Dark, Cellular Plains are both formed from the same

convecting N 2 ice mass and that they are essentially contempora-

neous in age. The relation between the Dark, Cellular Plains and

the Dark, Trough-Bounding Plains (unit tbp) is complex: both units

can embay each other in different instances, and the two may also

be stratigraphically contemporaneous. 

The contact between the Bright, Cellular Plains and the vari-

ous non-cellular plains units in southern Sputnik Planitia is inter-

preted to represent the transition zone between the northern por-

tion of Sputnik Planitia where the combination of N 2 ice depth and

basal heat flow is conducive to convection, and the southern por-

tion where the conditions are not conducive to convection. Within

the non-cellular plains proximal to the contact, there are several

instances of individual cells, as well as clusters of cells, being sur-

rounded or nearly surrounded by the non-cellular plains. Within

the cellular plains, there are also areas of non-cellular plains sit-

uated interstitially between cells. The planforms of the cells are

consistently ovoid while the interstitial non-cellular plains are al-

ways angular. We interpret this configuration between the Bright,

Cellular Plains and the various non-cellular plains to indicate that

the former are stratigraphically higher than the latter, whereby the

continuous convective mobilization of the N 2 ice within the Bright,

Cellular Plains causes the cells to infringe upon and incorporate

relatively immobile N 2 ice within the non-cellular plains. 

Within the non-cellular plains (comprising units spp, dpp, lpp,

pmp, and dmp), the configurations of contacts between different

units tend to be highly complex, especially where they occur in-

between the Bright, Cellular Plains and the Bright, Pitted Uplands.

Units can be seen to both embay and also be embayed by the other

units, and it is not generally clear which is superposing the other.

Assessing the significance of the crosscutting and embayment re-

lations between these units in terms of assigning a chronology to

them is challenging due to the fact that we interpret them to rep-

resent various forms of modification (involving some combination

of flow, sublimation, and/or mantling) of the non-convecting por-

tion of the N 2 ice mass in southern Sputnik Planitia, rather than

separate deposits that have been sequentially laid down onto the

surface. As such, the formation of these various units is dependent

on factors (in particular the stress applied to the N 2 ice) that are

not necessarily confined to a particular era in time, and they can

essentially be regarded as developing concurrently. 

5.2. Geological history 

The most ancient feature (rather than specific unit) within the

mapping area is the ∼1300 by ∼1000 km basin in which Sput-

nik Planitia is located. This feature is hypothesized to be an im-

pact basin, despite its irregular shape: Caloris Planitia on Mercury

is an impact basin of comparable diameter that also deviates sig-

nificantly from circularity ( Schenk et al., 2015 ). The appearance of

this basin has been instrumental in governing the behavior of N 2 

ice on Pluto’s surface. Due to Pluto’s high obliquity and the likeli-

hood that the basin reaches a depth of several kilometers, its low-

latitude position would enhance its status as a cold trap for N 2 ice

( Hamilton et al., 2016; Earle et al., 2017 ). Climate modeling indi-

cates that the great majority of N 2 ice on Pluto would migrate to

and be sequestered within the basin within 10,0 0 0 terrestrial years

of its formation ( Bertrand and Forget, 2016 ). Since then, the action

of flowing and convecting N 2 ice has been instrumental in modi-

fying the rim to varying degrees around its circumference. The to-

pographic expression of the southern portion of the rim is in fact

non-existent, which may be due to it having been eroded away by

glacial flow of N 2 ice over the last 4 Gyrs, or alternatively due to

it having never existed as a consequence of the obliqueness of the

angle of impact that formed the basin. 
Crater counts by Moore et al. (2016) indicate an age for the

right, Pitted Uplands not exceeding ∼2 Gyrs (for craters ∼40 km

iameter), but condensation of N 2 ice onto the landscape and its

ubsequent transportation into Sputnik Planitia by glacial flow may

ell have been modifying this unit continuously for the last few

yrs up until the present day. The pitted texture of the unit is

eminiscent of that of the bladed terrain to the east of the map-

ing area ( Moore et al., 2016; 2017 ), which the Bright, Pitted Up-

ands may represent a strongly modified version of. At some point

fter their formation, the Bright, Pitted Uplands were subjected to

egional-scale extension, resulting in NE-SW-aligned troughs and

ormal faults that have since been extensively degraded by the ac-

ion of N 2 ice upon the landscape. 

The mountainous units, including the Chaotic, Angular, Blocky

ountains, the Chaotic, Inter-Block Material, and the Dark, Ridged

errain, are interpreted to display the oldest surfaces of any Sput-

ik Planitia unit. This mountainous material is interpreted to be

 2 O ice-rich crustal fragments that have become dislodged from

he Pre-Sputnik Planitia Uplands to the west of Sputnik Planitia by

 combination of extensional fracturing and intrusion by denser,

owing N 2 ice. Both of these processes may presently be affecting

he Bright, Chaotic Terrain at the northwestern margin of Sputnik

lanitia, which appears to represent tectonized Pre-Sputnik Planitia

plands terrain that has been partly covered by N 2 ice of Sputnik

lanitia, and which will eventually fragment to transform into the

putnik Planitia mountainous material. Crater counts for the Pre-

putnik Planitia Uplands to the north of Sputnik Planitia (to which

he Bright, Chaotic Terrain belongs) indicate an age that is slightly

ounger than the LHB, i.e. almost 4 Gyr ( Moore et al., 2016 ). So

hile the Bright, Chaotic Terrain may be currently undergoing ex-

ensive modification, some portions of it may still date from the

mmediate post-LHB era (such as the dark peaks between the N 2 

ce-covered valleys). This principle also applies when attempting

o determine the age of the mountainous material itself. There is

ncertainty as to when and over what duration the mountains be-

ame separated from the Pre-Sputnik Planitia Uplands. The angular

lanforms and often sheer and steep faces that characterize many

ountains may suggest that they have broken away relatively ‘re-

ently’, i.e. recently enough not to have developed rounded and

oughened morphologies due to mass wasting and abrasion result-

ng from contact with other mountains within the ranges. Despite

his, some larger mountain blocks display faces that have a texture

hat is comparable to that of the surrounding Pre-Sputnik Planitia

plands that date almost to the LHB ( Moore et al., 2016 ), meaning

hat the timing of the earliest break-up of the surrounding Pre-

putnik Planitia Uplands to form the mountains can realistically

nly be constrained to an almost 4 Gyr period stretching from just

fter the LHB to the present day. We can assert that the Dark,

idged Terrain formed later than any of the other mountainous

nits, as it comprises dark material resting on top of the Chaotic,

nter-Block Material, although exactly when this material was em-

laced, and over what timescale it developed its ridged texture, is

nknown. 

Unlike these mountains of western Sputnik Planitia, most of

hich have remained grounded in ranges in shallow parts of the

lanitia for an unknown period of time, the Scattered Hills have

nstead been rafted into eastern Sputnik Planitia by glacial flow of

 2 ice after having been eroded from the Bright, Pitted Uplands in

ast Tombaugh Regio. Because many of these small hills are inter-

reted to be floating within the N 2 ice (with the exception of those

ithin Challenger and Columbia Colles), their transport into Sput-

ik Planitia will have occurred on a timescale corresponding to the

ow rate of the N 2 glaciers, which may be measured in terms of

errestrial centuries ( Umurhan et al., 2017 ). But as with the west-

rn mountains, surfaces on some of the hills may well date back
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s far as that of the Bright, Pitted Uplands from which they were

erived, i.e. ∼2 Gyrs. 

Numerical modeling of sluggish lid convection indicates that for

ost cells within the cellular plains, the surface ice at the cen-

er of a given upwelling can be transported to the downwelling

erimeter on a timescale of ∼50 0,0 0 0 terrestrial years ( McKinnon

t al., 2016 ). As such, this is the upper limit we place on the age of

he cellular plains. The rapid rate of surface renewal in the cellu-

ar plains is effective in limiting the size to which sublimation pits

an grow to only a few hundred meters across. The location of the

oundary between the Bright and Dark, Cellular Plains changes ac-

ording to the precession of the Arctic Circle with Pluto’s 2.8 mil-

ion terrestrial year obliquity cycles, which affects which parts of

putnik Planitia are zones of net N 2 ice sublimation, and which are

ones of net N 2 ice condensation. The cycle is currently advanc-

ng towards a moderate obliquity (of 127 °) that will be reached in

0 0,0 0 0 terrestrial years. Over this time, the northern boundary of

he bright mantle that characterizes the Bright, Cellular Plains as

ell as the Bright, Pitted Uplands would be expected to advance

orthwards from the present 30 °N to 37 °N. 

As described in Section 5.1 , constraining the chronology of the

on-cellular plains units based on their complex embayment rela-

ions is challenging. Beyond superposition relations, the pit sizes

xhibited by different units could potentially provide a clue as

o their ages. For instance, the wider and deeper pits exhibited

y the Deeply Pitted Plains compared to those within the cellu-

ar plains may be taken to indicate that the Deeply Pitted Plains

ave not been resurfaced as recently as the cellular plains, due to

he absence of convection allowing the sublimation pits to grow to

arger sizes. However, this interpretation does assume that a uni-

orm rate of sublimation is forming pits across all units. Moore et

l. (2017) remark that their initial modeling of pit formation sug-

ests that evolution of the pits can be sporadic, with extended pe-

iods of relative inactivity interrupted by short bursts of rapid sub-

imation. It is possible that the latter has affected the Deeply Pit-

ed Plains, in the form of shearing of the N 2 ice to create incip-

ent crevasses that are subsequently rapidly widened by sublima-

ion, as has been suggested by Moore et al. (2017) . The Sparsely

itted Plains may represent an evolved version of the Lightly and

eeply Pitted Plains, whereby pit topography has been softened by

reep of N 2 ice and perhaps also mantling by condensation of N 2 

ce, yet there is ambiguity as to whether the present Lightly and

eeply Pitted Plains are currently undergoing transformation into

he Sparsely Pitted Plains, or whether the Lightly and Deeply Pit-

ed Plains are currently forming within preexisting Sparsely Pitted

lains. Evidence for active flow within the non-cellular plains in-

ludes the wavelike patterns created by swarms of these pits in the

eeply Pitted Plains, as well as the flow lines of the valley glaciers

n the Patchy, Pitted, Marginal Plains. Patches of what appear to

e remnant N 2 ice plains filling impact craters and valleys in a

ew locations within the Pre-Sputnik Planitia Uplands represent ev-

dence that cycles of advance and retreat of glacial N 2 ice have af-

ected surfaces here, with the plains advancing to maximum cov-

rage during periods of extreme obliquity, and therefore maximum

tmospheric pressure. These conditions were last reached 840,0 0 0

errestrial years ago. Given the ambiguity associated with defin-

ng the stratigraphy of the non-cellular plains units, we choose

o adopt an estimate of 840,0 0 0 terrestrial years as a general up-

er age limit for them, as they will have all been retreating from

he Pre-Sputnik Planitia Uplands since then. This is at least until

ew research focusing on the rheological properties of N 2 ice at

luto surface conditions yields a better understanding of how the

imescale of its sublimation may be affected by various processes,

nd whether such processes are even feasible in N 2 ice, such as

hearing. 

 

. Conclusion 

For its size, the mapped area of Pluto incorporating Sputnik

lanitia and its surroundings is perhaps unique within the outer

olar System for displaying such a wide array of geological units

hat present a great range of surface ages. Our mapping has fo-

used on the terrains within this area that are presently be-

ng modified to some extent by the actions of mobilized N 2 ice,

hether through flow, sublimation, or glacial erosion. The vast N 2 

ce plains of Sputnik Planitia are in a constant state of renewal

ven 4.5 Gyrs after Pluto’s formation, while intrusion into, and

antling of, portions of the surrounding highlands terrain by N 2 

ce has been instrumental in defining their appearance. Pluto’s or-

ital and physical characteristics are important factors that con-

ribute to the diversity and activity of the geology in and around

putnik Planitia. The distant location of Pluto’s orbit in the Solar

ystem is where conditions are such that exotic compounds such

s N 2 and CH 4 can exist in abundance as solids on the surface.

hese compounds are nevertheless volatile enough such that they

an be readily mobilized by the radiogenic heat that still emanates

rom Pluto’s interior (in the case of the N 2 ice in Sputnik Plani-

ia) or by the profound insolation and climatic changes that take

lace across Pluto’s 2.8 Myr obliquity cycle (in the case of sublima-

ion and re-deposition, and glacial advance and retreat, of N 2 ice).

his map represents the first step in what we intend to be a map-

ing project that encompasses the entirety of the well-resolved en-

ounter hemisphere on Pluto. While Sputnik Planitia is contained

ntirely within the present mapping area, the Pre-Sputnik Planitia

plands extend beyond the boundaries of the map, and detailed

haracterization of the various units that form this terrain further

field across Pluto’s surface will reveal information about the de-

ree to which volatile mobilization has affected Pluto in settings

hat are far removed from Sputnik Planitia. 
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