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a b s t r a c t 

Modern N 2 ice glaciers flow from highlands to the east of the 750 ×1400 km 

2 lowland of Sputnik Planum 

[ SP ] and merge with the ices of similar composition on SP. We explore the possibility that glaciation 

may be fed by N 2 sublimation from SP followed by redeposition on the highlands. The uplands to the 

northeast, north, and west of SP have been erosionally sculpted into a variety of dissected terrains that 

feature linear depressions (valleys), locally in dendritic networks. We interpret these dissected terrains to 

have been carved by N 2 glaciers formerly covering the uplands. Depositional glacial landforms (moraines, 

eskers, outwash) have not been identified, however. N 2 glaciation would have a different erosional mani- 

festation because the substrate (porous water ice and CH 4 -rich mantles) probably has lower density than 

N 2 , and also because of the lack of freeze-thaw weathering. If sufficiently thick (1–4 km), N 2 glaciers 

might have experienced basal melting. Past flow of N 2 glaciers from the highlands into SP may have de- 

tached and transported the prominent mountainous water ice mountains along the western border of 

SP . 

© 2016 Elsevier Inc. All rights reserved. 
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. Introduction 

Pluto has experienced a rich geologic history involving surfi-

ial processes driven by volatile exchanges and transport – which

ontinue to the geologically recent. The New Horizons spacecraft

as imaged the anti-Charon side of Pluto with resolutions rang-

ng from 497 to 93 m per pixel ( Fig. 1 ). The equatorial region is

ominated by the flat plain of Sputnik Planum 

1 [ SP ], an expanse

f about 750 ×1400 km 

2 dominated by N 2 and CO ices that are

robably involved in convective overturning of 10-40 km diameter

ells ( McKinnon et al., 2016; Trowbridge et al., 2016 ), sporting a

urface densely pockmarked by sublimation pits characteristically a

ew hundred meters across ( Stern et al., 2015a; Moore et al., 2016 ).

 total absence of resolvable impact craters implies that the sur-
∗ Corresponding author. 

E-mail address: ah6p@virginia.edu (A.D. Howard). 
1 All feature names on Pluto are informal. 
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ace age of SP is likely no greater than 10 Ma ( Moore et al., 2016 ).

P is surrounded by uplands typically 3-4 km above the plains of

P . On the west, north, and northeast sides, these uplands contain

umerous impact basins, indicating that the uplands date to early

olar System history ( Moore et al., 2016 ). These uplands have been

odified by younger mantles and volatile-related geomorphic pro-

esses, including features interpreted here to have been formed by

ormer glacial activity ( Moore et al., 2016 ), and are likely underlain

y a water ice crust (or basement) indicated by its high relief and

ocal spectral identification ( Stern et al., 2015a ). Along the western

argin of SP chains of mountainous water ice blocks up to 30 km

cross and up to 3.5 km high are separated 40–80 km from the up-

ands to the west by SP ices and low-relief fields of smaller blocks.

ough-textured, pitted uplands with high albedo extend about

50 km eastward along 750 km of the eastern margin of SP, form-

ng the eastern half of the high-albedo feature called Tombaugh

egio, which also includes SP. The western margin of this upland

s the source region for recently-active glaciers discussed below. 

http://dx.doi.org/10.1016/j.icarus.2016.07.006
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2016.07.006&domain=pdf
mailto:ah6p@virginia.edu
http://dx.doi.org/10.1016/j.icarus.2016.07.006
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Fig. 1. Overview of the glacial region on Pluto. Numbered boxes refer to fig- 

ures. Longitude range 32-213 °W, latitude range 32 °S to 68 °N. Image base is MVIC 

PEMV_01_P_MPAN1 with lower resolution global coverage at southern latitudes. 

Feature names on Pluto are informal.”Sputnik Planum” refers to the low relief bright 

surface extending south to the location of Fig. 8 . “Tombaugh Regio” includes Sput- 

nik Planum and the high-albedo uplands to the east and southwest. 
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2 Latitude and longitude on Pluto are defined according to the right hand 

rule. Pluto’s North pole points in the direction of the angular momentum 

vector and longitudes increase to the East (sub-solar longitudes thus decrease in 

time). Pluto’s prime meridian is the sub-Charon longitude. Pluto’s pole is defined 
1.1. Properties of relevant materials and surface temperatures 

The landforms and processes discussed here involve several ices

– N 2 , CO, CH 4 , H 2 O, and possibly liquid N 2 . We summarize their

densities and rheological properties as a basis for the discussion

below. 

Surface Temperature: At present the surface temperature of Pluto

averages about 38 K ( Stern et al., 2015a ), although occultation data

from New Horizon’s Radio Experiment (REX) indicates surface

temperature of 45 K ( Gladstone et al., 2016 ). The temperature of

pure nitrogen ice surfaces under direct solar illumination is largely

controlled by sublimation cooling to about 35 K ( Lellouch et al.,

20 0 0 ), suggesting that the N 2 on the surface may not be pure.

Temperatures over other, non-N 2 surfaces can reach 60 K, particu-

larly near the subsolar latitude ( Lellough et al., 2011; Hansen et al.,

2016; Levrat et al., 2016 ). The distribution of surface temperature

is strongly influenced by seasons and obliquity variations ( Earle

et al., 2016 ). The interaction of its 6.4 day rotation period, its

248 year orbital period, an inclined and elliptical orbit, and a

2.8 Myr obliquity cycle produce a complicated temporal pattern

of insolation and associated climatic zonation. During the last

∼1.3 Myrs the high northern latitudes have received the greatest

integrated insolation ( Earle and Binzel, 2015 ). 

Densities of ices at 45 K (gm cm 

−3 ) are: N 2 0.98; H 2 O 0.94;

CH 4 ∼0.4, CO 1.01 ( Scott, 1966; Fracassi et al., 1986; Petrenko

and Whitworth, 1999; Satorre et al., 2008 ). Liquid N 2 at 77 K has

a density of 0.81. Water ice comprises the crustal bedrock and
ay be porous, and hence lighter than cited above due to impact

racturing, possibly down to 0.8 gm cm 

−3 ( Grundy et al., 2016;

oore et al., 2016 ). CO has been detected on SP in uncertain

uantities, however its density and rheology are close to those of

 2 ( Fukushima et al., 1977; Moore et al., 2016 ). In this paper when

 2 ice and its properties are discussed, an unknown amount of CO

ce may be admixed. 

Rheology: At the present surface atmospheric pressure of Pluto,

 2 and CH 4 are well below their triple point so that a liquid phase

s unstable. Stern et al. (2016 ) suggest under certain obliquity con-

itions surface temperatures might rise sufficiently to result in N 2 

elting. Water ice is essentially rigid over geologic time scales

t Pluto’s surface temperature and can support several km of re-

ief ( Stern et al., 2015a ). N 2 ice with some admixture of CO and

H 4 ( Philippe et al., 2016; Schmitt et al., 2016 ) forms the dom-

nant solid on SP and is involved in convective overturning and

he glaciation discussed below ( Stern et al., 2015a; Moore et al.,

016 ). It is useful to compare the strain rates for H 2 O ice at typi-

al terrestrial temperatures and shear stresses for terrestrial glacia-

ion (263 K and 100 kPa) with N 2 ice at representative Pluto tem-

erature and lower gravitational shear stress (45 K and 10 kPa).

or the terrestrial case deformation would be by grain boundary

liding with strain rates in the range of 3 ×10 −10 to 8 ×10 −10 s −1 

or 1 mm grains ( Paterson, 1994; Petrenko and Whitworth, 1999;

urham and Stern, 2001; Goldsby and Kohlstedt, 2001 ). Few mea-

urements have been made of rheology of N 2 ice. For the specified

onditions for Pluto experiments by Yamashita et al. (2010) suggest

 strain rate of 3.2 ×10 −7 s −1 , three orders of magnitude more de-

ormable than terrestrial glaciers. The convective overturning of SP

ce and its young surface age ( < 10 Ma) ( Stern et al., 2015a; Moore

t al., 2016 ) are consistent with this high mobility. The rheology of

ces, however, varies strongly with temperature, grain size, chemi-

al and particulate content, and strain history, and measurement of

heological properties are made at strain rates much higher than

t planetary conditions. CH 4 ice spectral signatures are strong on

igh relief terrain on Pluto’s highlands ( Grundy et al., 2016 ), and

dmixtures of CH 4 and water ice may dominate on steeper slopes

n the highlands. At 45 K and 19 kPa shear stress measurements

y Yamashita et al. (2010 ) indicate a strain rate of 1.7 ×10 −9 s −1 

arlier measurements and calculations of CH 4 by Eluszkiewicz and

tevenson (1990) suggest much lower deformability. The rheology

f all ices is strongly dependent on temperature and grain size.

 2 ice flow is also strongly affected by climatic evolution ( Earle

t al., 2016 ). The deep-seated convective cells of the nitrogen-rich

entral regions of SP are discussed in McKinnon et al. (2016) and

rowbridge et al. (2016) , where the effect of the geothermal gra-

ient on N 2 ice rheology and convection is discussed. Prelimi-

ary quantitative modeling of nitrogen glacial flow is presented in

oore et al. (2016 , SOM) and Umurhan et al. (2016 ). 

In summary, at Pluto water ice can be considered to be rigid,

ethane deforms only over geologic timescales, but N 2 flows much

ore readily than terrestrial water ice despite the lower gravity.

ecause of the inclined, elliptical orbit of Pluto, insolation patterns

hift dramatically over ∼2.8 Myr cycles, so that the spatial patterns

f volatile distribution may shift dramatically. 

. Features of the eastern margin of Sputnik Planum 

Nearly flat expanses tens of km across of nitrogen-rich ices lie

–3 km above the floor of SP and are connected through several

rough-like valleys to the surface of SP (e.g., Fig. 2 ). 2 Fig. S1 shows
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Fig. 2. Nitrogen ice-related features on the boundary between Sputnik Planum ( SP) and highlands to the east. “A” indicates pitted uplands with a strong methane ice spectral 

signature and probable admixture of water ice. Points labeled “B” denote ice flats at several levels up to 1.5 km above SP , which constitutes the western half of this image. 

“C” is ices on SP that are bordered by dark banding. Both SP and the icy flats have prominent signatures of N 2 ice. The inset covers the area shown in the black box. This 

region highlights dark bands converging from the highland ice flats through a ∼6 km wide channel connecting the ice flats “B” to SP and diverging into SP within region 

“C”. These dark bands are interpreted to constitute flow bands similar to medial moraines on terrestrial glaciers, such that N 2 -rich ices from “B” flow out to SP and pond 

in region “C” bounded by the red arrows. Image and inset are MVIC high phase angle image (340 m/pixel). PEMV_01_P_MVIC_LORRI_CA. See Fig. S1 for a stereo anaglyph 

image of this region. North is up. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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Fig 3. Glacial flow through a 2 km-wide trough into SP . Note flow lines and fan- 

like deposit of ice on SP just beyond the trough termination. Blocks of about 1 km 

diameter protruding above SP ices may be broken-off parts of the pitted uplands 

ice-rafted through the trough onto SP . North to top. Part of PEMV_01_P_LORRI_CA 

image at 340 m/pixel. See Fig. S2 for a stereo anaglyph figure of this region. North 

is up. 

t  

t  

I  
he same region in an anaglyph stereo image. Such connected flats

xtend up to 100 km beyond the eastern margin of SP. Other, but

solated, N 2 -rich plains extend more than 300 km to the east as

solated patches on the high-albedo uplands of Tombaugh Regio.

he N 2 -rich flats are surrounded and generally enclosed by rough,

itted uplands with a strong methane spectral signature. The

–5 km wide troughs connecting the icy flats to SP are floored with

 2 -rich ices and slope about 2%. Because of the smooth surface of

he N 2 ice surfaces at the resolution of stereo imaging ( ∼500 m)

EM generation using automated tie point matching produces ap-

arent waviness on the N 2 flats ( Fig. 2 ); stereo anaglyphs (Fig. S1)

emonstrate that these are artifacts. Topographic gradients over a

ew hundred km are, however, likely accurate within a factor of

wo. The stereo anaglyphs reveal that the upland flats systemat-

cally decrease in elevation where they border the troughs. High

hase angle imaging by the MVIC scanning imager (340 m/pixel)

eveals dark bands on the icy surfaces up to 1.5 km wide. These

ands start on the N 2 upland flats, converge within the throats of

he connecting valleys, and expand onto SP (Figs. 2, S1). 

Similar connections through narrow valleys between upland

 2 -rich flats and SP occur along the 700 km boundary between SP

nd the high-albedo, pitted uplands to the east (e.g. Figs. 3 , 4 , S2,

3). In several locations the connecting valleys display short, steep

rops but appear to be floored by N 2 -rich ices. As shown in Fig. 3 ,

t the lower end of the narrow valley connecting upland N 2 flats

o SP, the valley expands into a fan-shaped form sloping toward

he interior of SP . 

Within 100 to 200 km of its eastern edge, the floor of SP has

orphology that is distinct from the cellular pattern characteris-

ic of central SP ( Fig. 1 ). At several locations, particularly at and

ear the region shown in Fig. 2 , dark bands a few km wide ex-
s RA = 132.993 °, Dec = -6.163 ° w = 302.695 ° wdot = 56.3625225 °/day ( Archinal et al., 

011a , b ). 

r  

i  

p  

d  
end toward the interior of SP from its eastern margin, including

he banding spreading eastward from the valley shown in Fig. 2 .

n the region detailed in Fig. 2 dark bands enclose a 100-km wide

egion in which the dark bands radiate from the valley (red arrows

n Fig. 2 ). North of this region the dark bands include, or are re-

laced by, steep sided mounds and clusters of mounds 1–5 km in

iameter that rise up to several hundred meters above the SP ice
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Fig. 4. Glacial flow from N 2 -rich upland plains through a 2.5–6 km wide trough 

onto SP. The line and large collection of blocks on SP (Challenger Colles) are in- 

terpreted to be detached pitted uplands material that has been ice-rafted up to 

40 km into SP. The icy flats at the upper right are separated from SP by scarps 

and may not be actively flowing onto SP at present. Parts of the icy flat at “A” are 

likewise largely isolated from the trough and may not be presently active. Part of 

PEMV_01_P_MVIC_LORRI_CA image at 340 m/pixel. See Fig. S3 for a stereo anaglyph 

version of this region. North is up 
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surface. The largest of these clusters of blocks is the 30 ×60 km 

2 

Challenger Colles ( Figs. 4 and S3). Most of these dark bands and

linear collections of blocks enclose lobe-like expanses extending

from the margin of SP toward its interior. Similar ∼1 km blocks

are embedded within the upland N 2 flats and within the narrow

troughs connecting the upland flats to SP ( Figs. 3, 4 , S2, S3). 

Both the N 2 -rich surface of SP and the upland flats display

nearly ubiquitous sparse to dense pitting ranging in size from

200 m to 2 km across. Some of these are elongated into dark-

floored grooves up to 10 km long ( Fig 5 ). This pitting is difficult

to resolve in 340 m/pixel imaging ( Figs. 2–4 ) but becomes promi-

nent in 93–120 m/pixel imaging ( Fig. 5 ). Some of the elongated pits

in Fig 5 are concentrated within, and extend along, the dark bands

on SP discussed above. 

In places the N 2 -rich upland ices display a wavy topographic

texture with 2–5 km spacing. This texture appears on steeper re-

gional slopes and appears to consist of relatively flat treads and

steeper downslope-facing risers that are often lobate in planform

( Fig. 2 ). Some of these undulations occur on the surface of the ice

within the troughs connecting the upland flats to SP (Figs. 2, S1). 

2.1. Interpretation: modern glaciers 

We interpret the landform assemblage discussed above to result

from geologically modern glaciation routing N 2 -rich ices from the

uplands onto the floor of SP , accompanied or followed by minor

sublimation pitting and interaction with deeper-seated convection

( McKinnon et al., 2016; Trowbridge et al., 2016 ). This interpretation

is supported by several lines of evidence: 

1. The upland N 2 -rich surfaces slope in the inferred direction

of flow and the steepest slopes occur where the flow would

funnel through the trough-like valleys. 

2. The dark banding observed on the N 2 ices aligns with the

topographic slope. We suggest these are analogous to me-

dial moraines or crevasse zones on terrestrial glaciers. These

inferred flow lines diverge when emerging onto the SP low-

lands ( Fig. 2 ). 
3. Subtle banding, pitting and, in some cases lines of knobs de-

fine the apparent limits of flows emerging onto SP . 

4. Fan-like forms occur at some locations where ice-filled

troughs emerge onto SP ( Fig. 3 ). 

5. The low viscosity of N 2 ice implies appreciable flow rates

would occur on the observed topographic slopes (up to a

few degrees) unless the N 2 ice is very thin ( Umurhan et al.,

2016 ). 

We suggest that the km-scale blocks on SP that occur as iso-

ated blocks, stringers, and larger collections were ice-rafted from

he uplands onto SP ( Moore et al., 2016; McKinnon et al., 2016 ).

ome such blocks occur within the troughs as well as on the up-

and flats. Their texture and scale is similar to parts of the pitted

errain enclosing the upland flats. This interpretation implies that

hese blocks are less dense than N 2 ice; spectral imaging shows

hat the larger accumulations of these blocks are methane rich and

 2 -poor ( Grundy et al., 2016 ), and may contain porous water ice as

ell. Both methane and water ices are less dense than N 2 ice. 

Fig. 6 shows our interpretation of the glacial system that ex-

ends along the 700 km eastern margin of SP . The extent of upland

cy flats that have recently contributed flows into SP is shown by

he purple line. The blue line shows our interpretation of the ex-

ent of geologically recent flows onto SP from the east, enclosing

obate features delineated by dark bands (e.g., red arrows in Fig. 2 ),

ines of blocks, and locally by the km-scale sublimation troughs

hose orientation may be controlled by textures in the underlying

ce due to layering, foliation, or fracturing. The extent of N 2 ices

nvolved in recent glaciation is shaded red. The brown line shows

 possible earlier margin of N 2 ice flows as suggested by isolated

roups of km-scale blocks. This outer border may correspond to a

ormer larger ice sheet, or may have resulted from net basin-ward

isplacement of the boundary resulting from advection of new ice

nto the eastern margin of SP . Between the blue and brown lines

he block distribution appears to have been affected by cellular

onvection within the N 2 ice, rafting the blocks to the downwelling

ell edges, where they collect ( Moore et al., 2016 , SOM), consistent

ith this terrain being older. If the terrain between the brown and

lack lines in Fig. 6 corresponds to a formerly greater glacial ice

xtent, causes might include climate change, diminished N 2 ice in-

entories, and evolution of upland morphology, such as by glacial

cour (e.g., Anderson et al., 2012 ). The lack of cellular morphology

n recent ice accumulations on SP may be due to shallow ice or

ack of elapsed time for convection to become established. 

.2. Age, ice sourcing, and evolution of glaciation 

There are no unambiguous craters on the N 2 -rich surfaces on

he uplands east of SP , within the troughs connecting them to SP ,

r on SP itself. This suggests that the surface age is less than 10 Ma

 Moore et al., 2016 ) as the low viscosity of N 2 ice can eradicate

raters over that time period ( Stern et al., 2015b ). The glacial sys-

em and most of the landforms we witness have likely evolved

ver a much longer period. The glacial systems shown in Figs. 2–4

re likely active at present. Flow rates are uncertain, however, due

o lack of knowledge about ice thickness and the incomplete char-

cterization of N 2 rheology. 

The very young age of the active glacial systems and the high

otential for rapid flow of N 2 ices due to its low viscosity poses

 puzzle when faced with the antiquity of Pluto. We acknowledge

everal solutions to this puzzle: (i) some recent event may have

laced or uncovered large reservoirs of N 2 ice on the uplands, (ii)

 long-term gradual evolution has occurred, or (iii) a glacial cycle

s involved in which N 2 ices are recycled onto the uplands to the

ast of SP , analogous to the hydrological cycle feeding terrestrial

laciers. The high albedo of the Tombaugh Regio uplands east of
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Fig. 5. Smaller geomorphic features of N 2 -rich ices on SP and on upland plains. Sublimation pits typically 10 0-30 0 meters in diameter cover most of the icy surfaces within 

this image (see high-resolution inset of area indicated by black box). Red arrows point to step-like lobate structures typically 2–5 km in wavelength occurring locally on 

steeper ice slopes. These could be expressions of the underlying bedrock or possibly from flow instability. LORRI 93 m/pixel image mosaic PELR_P_MVIC_LORRI_CA. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 

Fig. 6. Map of modern glacial features on the east side of SP and contiguous up- 

lands. Violet line shows upland extent of ices inferred to be contributing or to have 

geologically recently contributed N 2 -rich ice flowing onto SP . Blue line shows in- 

ferred extent of relatively recent flows onto SP . Brown line shows possible former 

extent of ice flow in the past (but still relatively geologically recent). Green “#”

symbols mark short steep sections in troughs connecting upland flats to SP . These 

may be “throttle” points restricting flow rates with shallower mobile ice flowing 

over resistant stubstrate. Base map is MVIC PEMV_01_P_MPAN1 image. North is up. 

(For interpretation of the references to color in this figure legend, the reader is re- 

ferred to the web version of this article). 
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P is suggestive of recent ice deposition ( Fig. 1 ). We suggest that

hese ices are sourced by sublimation of ice from the surface of SP

as suggested by the sublimation pitting) and are partially rede-

osited on the eastern uplands due to atmospheric circulation and

econdensation. Such a system could potentially result in a steady

lacial cycle. There are difficulties with this scenario, however. The

plands are nearly uniformly bright, and both the icy flats and the

itted terrain display a strong methane signature. N 2 ices, how-

ver, seem to be limited to the flats. The N 2 ices do not seem to

erive from flow sourced from the pitted uplands; no consistent

elationship between the size of N 2 ice flats and potential upland

rainage areas exists. This suggests preferential deposition of N 2 

ces on existing N 2 -rich ice flats, whereas more methane-rich ices

re deposited on the pitted terrain. Spectral analysis of ices from

he LEISA spectrometer indicate that surface ices tend to be ei-

her nearly pure N 2 with less than 4% CH 4 , or nearly pure CH 4 ,

uggesting that intermediate compositions are unstable ( Philippe

t al., 2016; Schmitt et al., 2016 ). 

A longer-term evolution may have taken place such that the

plands east of SP were once covered with more extensive N 2 -

ich ice deposits, and these have gradually been depleted, partly

ia sublimation and possible ultimate loss to space, and partly by

lacial flow back into SP ; in this scenario, we may be witnessing

he end-stages of this system. The scattered occurrence of N 2 -rich

ce flats several hundred km east as inliers within the pitted up-

ands might be consistent with this scenario. A decline in glacial

ctivity through time may be indicated by the occurrence of sets

f km-scale blocks on SP suggestive of greater past glacial flow

hat has either diminished or ceased at present. For example, in

ig. 4 the line of blocks on SP paralleling the uplands but sepa-

ated from them by 30 km suggests former ice flow, but the up-

and icy flats at the upper center are separated from SP by a steep

carp with little evidence of current ice flow. Similarly, much of the

 2 -rich icy flat at right center is isolated by a scarp from the ices

owing through the trough to SP . These isolated uplands, however,

isplay possible terraces suggestive of a former higher ice level.

he large collection of blocks (Challenger Colles) at the mouth of

he current trough would likely have required vigorous flow from

he uplands, which does not appear to be happening at present. 
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A cycle of N 2 ice accumulation, strong glacial flow, followed by

waning activity might be favored by the strong astronomical forc-

ing of Pluto’s solar illumination, with the longest cyclical forcing of

3 Ma ( Earle and Binzel, 2015 ). The region with glacial flows is cen-

tered at about 10 °N, which lies in the permanent tropics (where

the Sun reaches the overhead point at least once per orbit) and

mostly in the permanent diurnal zone, which never experiences

arctic seasons ( Binzel et al., 2016 ). Nonetheless, the high obliquity

induces volatile migration which may cause atmospheric pressure

excursions several orders of magnitude greater than the present

value, perhaps allowing liquid N 2 or CO on the surface ( Stern et al.

(2016 )). 

All of the evolutionary and cyclical explanations for the mod-

ern glaciation on Pluto appear to involve tens of millions of years

at most, which is difficult to reconcile with the ∼4 Ga age of

Pluto as indicated by its cratering record unless glaciation has been

nearly continuous throughout its history or alternatively related to

episodic N 2 resupply due to endogenic processes. 

2.3. Flow and topography on Sputnik Planum 

Stern et al. (2015a) noted albedo banding in the SP surface sug-

gestive of modern flow of ices along its northern margin. The in-

ferred sense of motion is from the center of SP toward the edges.

The banding pattern is interpreted to correspond to advection and

distortion of former convection cell boundaries. Anaglyph stereo

imaging ( Fig. 7 ) indicates that these features are associated with

locally steep topographic gradients toward the edge of SP and, in

several cases, topographic lows bordering SP . At locations 2 and

8 in Fig. 7 , a strong convergence of banding suggests, but does

not prove, that appreciable localized flow has occurred toward the

edge of SP , implying localized mass loss of ice, perhaps to the sub-

surface. 

At the southern margin of SP , the ice surface topography

plunges sharply to the south, dropping about 1–2 km in 50 km, a

2–4% slope ( Fig. 8 ). This elevation decline is toward a deep depres-

sion in the bedrock at the edge of SP . Near the southern edge

of the SP ices, the surface exhibits a step-like, lobate topogra-

phy similar to that observed on the glacial features observed in

Fig. 5 . About 130 km to the east a similar but narrower finger

of N 2 -rich ices slopes southward to the SP boundary. Given the

low viscosity of N 2 ices, this steep gradient implies high south-

ward flow rates into the depression, especially if the SP ices are

thick. 

With the exception of the inferred inflow of glaciers along the

eastern margin of SP and the outward flow discussed here, most

of the boundary between SP and the surrounding uplands appears

to imply no net ice flow either toward or away from the boundary,

because the ice surface is nearly level at the contact and there are

not banding features on the ice suggestive of flow. 

2.4. Recent history of Sputnik Planum 

The young effective surface age of SP based on the lack of im-

pact craters ( Moore et al., 2016 ) likewise implies that the flow

features on SP discussed above are also young; because of their

larger scale, however, they may have a somewhat older effective

age. Here we examine the implications of the inferred ice flow to-

ward the margins of SP at its northern and southern edges by ex-

amining several possible scenarios: 

(1) The flows toward the boundaries occur because net subli-

mation increases from the center of SP toward the northern

and southern edges of SP . The center of SP is at about

26 °N, its northern boundary is at about 45 °N and the

southern boundary with the inferred outward flow is at
about 22 °S. During the past 2.5 Ma the average solar energy

flux increases sharply towards northern latitudes ( Earle

and Binzel, 2015 ). Higher sublimation rates might therefore

incite compensatory northward flow to replace ices lost to

sublimation. During the decades after its discovery in 1930,

average insolation was observed to increase towards the

South Pole, potentially explaining the southward flow. How-

ever, it seems unlikely that this few decades of relatively

high radiation loading could account for the strong observed

topographic gradient. 

(2) Northward and southward SP ice flow is a response to influx

of N 2 -rich ices from the modern glaciation on SP ’s eastern

equatorial region. This could be consistent with a steady-

state scenario in which sublimation of ice from SP , partic-

ularly along its northern margin is balanced by return flow

from N 2 ices deposited on its eastern margin and returned

by glacial flow. 

(3) The northward and southward flows are due to a volume in-

crease of SP ices unrelated to glacial influx, because of un-

specified geophysical processes. 

(4) Sputnik Planum is losing N 2 -rich ices to the subsurface at

its northern and southern boundaries. The apparent conver-

gence of flow lines toward depressions along the SP bound-

aries could be consistent with this scenario. If this is hap-

pening, it might imply subsurface migration of N 2 , perhaps

at depths of a few km where N 2 might be liquid. 

No compelling evidence favors any of these scenarios at

resent. None of them are necessarily exclusive, nor do they ex-

lude other scenarios. 

. Upland geomorphology 

The ancient uplands surrounding SP to the west, north, and

ortheast feature a variety of erosional morphologies, primarily

xpressed as linear depressions, broadly described here as val-

eys without genetic implication. Several intergrading morpholo-

ies characterize portions of the uplands, described separately

elow. In addition, widespread low, parallel ridges termed here

washboard terrain” emboss portions of the uplands as described

y Moore et al. (2016 ). 

.1. Fluted terrain 

Steeper slopes on much of the northwestern rim of SP are

culpted by ridge and trough sets, such that troughs are spaced at

bout 2–3 km intervals ( Figs. 9 and 10 ). These ridges and troughs

re oriented downgradient on hillslopes that characteristically have

radients of about 20 ° and slope lengths of 2–5 km, measured hor-

zontally. Vertical relief from summits to trough termination at

asin floors can exceed 2 km. We informally term such ridge and

rough sets “fluted terrain”. In places hills about 20 km across are

ntirely dissected by flutes radiating in all directions from the hill

ummits. Interior crater walls are commonly also fluted. The ridges

nd troughs extend nearly to divides and generally terminate at

rater floors or at relatively flat-floored depressions. In places these

epressions are elongated into valleys that can exceed 100 km in

ength and be 10 or more kilometers wide. The downslope termi-

ations of troughs characteristically lack identifiable deposits (e.g.

ans or debris aprons). In some cases it appears that slopes dis-

ected by fluting expose two layers, an upper, light-toned mate-

ial lacking deep flutes underlain by a darker, deeply dissected

nit ( Figs. 9 and 10 ). Individual troughs rarely branch, and instead

enerally parallel each other. In a few locations, however, troughs

ppear to merge downslope at acute included angles, suggesting

eak dendritic structure. 
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Fig. 7. Stereo anaglyph images of locations on northern boundary of SP , showing probable flows from interior of SP toward low points in the contiguous uplands. Scale bars 

are 10 km. See Fig. 1 for locations. Anaglyph from PELR_P_LORRI_STEREO_MOSAIC and PEMV_01_P_MVIC_LORRI_CA. 
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The fluted terrain appears to be incised into a methane-rich

antle ( Grundy et al., 2016 ) extending southward from the North

olar region which typically displays a rough, irregular topography

orth of the dissected region (i.e., the northern margin of Fig. 1 ).

he depressions into which the flutes terminate commonly display

n N 2 signature ( Grundy et al., 2016 ). 

In some locations fluted terrain transitions on overlying plains

o washboard terrain discussed by Moore et al. (2016 ). Wash-

oard terrain consists of parallel sets of north-south trending low

idges and troughs spaced about 1 km crest to crest, with individ-

al ridges often exceeding 20 km in length. Examples occur on flat

plands in Figs. 9 and 10 . The origin of washboard terrain is un-

ertain, but may be related to sublimation, aeolian, or glacial pro-

esses. Superposition relationships are uncertain except in a few

ocations where washboard ridges appear to be superimposed on
utes. p  
.2. Dendritic valleys 

Parts of the rolling, mantled terrain northeast of SP are dis-

ected by interconnected valleys, which locally occur in a distinct

endritic pattern ( Figs. 11 , S4). Fig. 11 (b) shows valley connections

nterpreted from stereo anaglyphs (e.g., Fig. S4). Given the limited

esolution of the anaglyph image pairs ( ∼0.5 km/pixel), interpreta-

ion of valley structure is partly subjective. However, the valleys

re organized much as terrestrial drainage networks, with head-

ater valleys being relatively steep and trunk valleys with gentle

lopes, with a few networks clearly reaching 3rd order. Most of the

etworks terminate in broad depression several tens of kilometers

cross but lack obvious depositional landforms extending beyond

he terminus. Relief between ridge tops and the deeper valleys is

ypically 1.5 to 2 km. Some networks, however, appear to multi-

ly interconnect and some clearly terminate in, or are interrupted
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Fig. 8. Steep gradient in SP ices into a deep depression at the south end of SP . Lo- 

bate steps in ice suggest active transport into the depression. Overall N-S relief on 

ice surface is ∼2 km. Image centered at 183.6 °E, 22.1 °S. See Fig. 1 for location. MVIC 

image base PEMV_01_P_MVIC_LORRI_CA with topography from partial stereo cover- 

age with LORRI PELR_P_LORRI_STEREO_MOSAIC. Equirectangular projection. North 

is up. 

Fig. 9. Example of fluted valley morphology. Red arrows point to interior crater 

walls with ridge and trough erosional texturing. Troughs in fluted terrain are 

typically spaced 3 km apart and extend from summits of ∼1.5 to 2 km high 

ridges downslope to end abruptly at the floor of depressions. Blue arrows point 

to elongated troughs. The flatter, upland areas have an overprint of washboard 

texture oriented NE-SW. Image centered at 154.0E, 49.4 N. MVIC 340 m/pixel 

PEMV_01_P_MVIC_LORRI_CA. Mercator projection. See Fig. 1 for location. North is 

up (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article). 

 

 

 

 

Fig. 10. Fluted terrain located to the southeast of Fig. 8 . 93 m/pixel LORRI im- 

age PE:R_P_MVIC_LORRI_CA with elevation shading from stereo coverage with 

PELR_P_LORRI_STEREO_MOSAIC. Total relief in red to blue shading is about 4 km. 

Uplands at lower left has washboard texture overprint. See Fig. 1 for location . (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article). 
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by, enclosed depressions, such as apparent crater floors. The valley

systems are entrenched into a broad, relatively smooth-surfaced

mantle with a strong methane spectral signature with subsidiary

N 2 . The depressions into which the valleys debouch typically have

an N signature but less methane ( Grundy et al., 2016 ). 
2 
.3. Mountainous dissection 

Somewhat intermediate between the fluted and dendritic pat-

erns of dissection is a deeply-dissected region shown in Figs. 12 ,

5 which slopes steeply toward the flat surface of SP (bottom of

mage). The overall relief is about 2.5 km, and ridge to valley relief

s typically about 1.5 km. The walls of the major ridges are dis-

ected by ridge and trough patterning similar in scale to the fluted

errain. The major valleys are organized into crude dendritic pat-

erns, but some terminate in blind depressions and others have ir-

egular gradients. 

.4. Plateau dissection 

A broad plateau at the center left of Fig. 13 is dissected by a

eries of trough-like valleys radiating from a depression (proba-

le degraded impact crater) at the center left edge of the figure.

hese troughs then converge toward several broad, deep trunk val-

eys (red arrows), creating a crude dendritic pattern. The largest of

he deep valleys in the center of the image is broadly curved and

f nearly uniform width and possibly with a U-shaped cross sec-

ion. The tributary valleys enter at steep gradients into the deeper

roughs, and some junctions may be “hanging” above the trunk

alleys. 

.5. Alpine terrain 

Southwest of SP an uplands region displays a morphology char-

cterized by dissected mountainous ridges surrounded by plains

nd broad valleys. Unfortunately, this region is less well charac-

erized by New Horizons data, being imaged by lower-resolution

overage and partially being thinly mantled by dark materials, pre-

umably tholins, which effectively reduce image resolution by low-

ring the image signal to noise ratio. A ∼90 km long dissected

idge in Fig. 14 is capped by methane ice, providing a superficial

esemblance to terrestrial ice-capped mountain chains. This moun-

ain chain with its fluted terrain-like dissection is surrounded on

ts southern and western margins by 5–6 km wide, flat-floored val-

eys in a crude dendritic pattern (red arrows). A larger region is

hown in Fig. 15 . Isolated methane-capped mountain chains ex-

end from north to south in a 100-km wide band left of center.

he mountain chains are ringed by low-relief plains, into which
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Fig. 11. Dendritic valley networks. (a) shows regional view and (b) shows interpreted valley networks. Lambert conformal projection of PEMV_01_P_MVIC_LORRI_CA 

340 m/pixel image. See Fig. 1 for location. See Fig. S4 for a stereo anaglyph image of this region. North is up. Topographic relief within image is about 3.5 km. 

Fig 12. Mountainous style of valley dissection. Sputnik Planum ices along 

lower border. Image centered at about 189.9E, 46.2 N. Image from MVIC 

PEMV_01_MVIC_LORRI_CA at 340 m/pixel. See Fig. 1 for location. See Fig. S5 for a 

stereo anaglyph version of this region. North is up 
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re incised several valley systems which drain westward. The val-

ey complexes numbered 4–6 are deeply incised by valleys several

m wide. Valleys 1–3 are bright-floored and apparently lack deep

ncision. They connect to light-toned smooth plains at their west-

rn terminus. Valleys 7–9 are the plateau-style dissected valleys

iscussed earlier, and several other possible examples occur near

he bottom right of the image. 

.6. Long valleys 

A number of long linear depressions, some of which are crudely

ranched, are scattered on the uplands surrounding SP in areas as-

ociated with the valley features described above. These include

he incised valleys shown in Figs. 9 –11, 13 , and the larger valleys

n the Figs. 14 and 15 . These and others are mapped in Fig. 16 .

hese valleys do not have the linearity and parallel walls gen-

rally associated with structural depressions, and in the case of

ig 9 display a meandering course. 

.7. Interpretation of dissected terrains 

Moore et al. (2016 ) discuss a range of processes that might have

culpted the dissected terrains, as summarized below: 

1. Shear failure of the underlying materials via slow or rapid

mass movments. 

2. Accumulation and avalanching failure of ices accumulated

from the atmosphere. 
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Fig. 13. Plateau style of valley dissection. Shallow trough-like valleys radiate across 

a sloping plateau sloping away from crater along center-left border. These valleys 

then converge into deeply incised troughs 2-4 km wide (red arrows) interpreted to 

be glacially scoured, “U”shaped valleys. Blue arrow points to a possible fan-shaped 

deposit at the terminus of the largest trough. Part of PEMV_01_P_MVIC_LORRI_CA 

image. (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article). 

 

 

 

Fig. 14. Alpine style of dissection. High peaks are covered with methane frost, and 

remainder of image is thinly mantled with dark tholins. Note flute-like dissection 

of mountain slopes. Red arrows point to 4-6 km wide, flat-floored valleys. MVIC 

340 m/pixel image PEMV_01)P_MVIC_LORRI_CA centered at 146.9 °E, 6.5 °S. See Fig. 

1 for location. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article). 
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3. Surface ice accumulation, glacial flow, and erosion. This is

the dominant mechanism for erosion by valley glaciers on

Earth ( Anderson et al., 2006; MacGregor et al., 2009 ), where

the equivalent ice on Pluto would be N -rich. 
2 
4. Erosion beneath thick ice sheets, such as ice streams at the

margins of terrestrial plateau glaciers, such as at Greenland

and Antarctica ( Kessler et al., 2008 ). 

5. Erosion by precipitation of volatiles as rain or snow, followed

by erosion by liquid runoff, which accounts for most terres-

trial valley networks ( Howard, 1994 ). 

Mechanisms 1 and 2 could potentially contribute to formation

f the steep fluted slopes, but are unlikely to contribute to erosion

f the larger dendritic valleys because of their low gradients. In

ddition, these mechanisms tend to deposit transported material

lose to their sources as fans or lobate deposits. Such depositional

orms have not been identified, although they, like the glacial ice,

ight have been lost by sublimation. Terrestrial valley glaciers

re competent agents of erosion, long-distance transport, and de-

osition. Most terrestrial valley glaciers occupy former fluvially-

culpted valley networks (e.g., Sternai et al., 2012 ); whether ice ac-

umulating on undissected uplands would sculpt dendritic valley

etworks is uncertain. Most terrestrial valley glaciers are warm-

ased, with meltwater production that contributes to basal slid-

ng and accompanying substrate erosion by abrasion and quar-

ying (e.g., Herman et al., 2011; Anderson, 2014 ). Cold-based ice

heets on Earth and Mars have generally been considered to be
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Fig. 15. Alpine glaciation with valley systems. Isolated mountain chains left of im- 

age center are capped with methane frost and are surrounded by low-relief plains. 

Light-toned dendritic valleys 1–3 lead downslope from alpine peaks to light-toned 

deposits. These valleys appear not to be deeply incised and may contain N 2 ice 

deposits. Deeply-dissected valleys 4–6 similarly lead from alpine mountains and 

plains toward the west, terminating in the cratered plains. Valleys 7–9 are plateau- 

style dissection shown in higher resolution in Fig. 13 . MVIC 500 m/pixel image 

PEMV_01_P_MPAN1 centered at 147.9 °E, 23.4 °S. North is up. 

Fig. 16. Summary of terrain types discussed in paper. Red and white dots mark 

locations of carters whose interior walls display fluted morphology. Red “drainage- 

way” lines are major linear depressions that are suggested to have been eroded by 

glacial erosion, possibly including liquid N 2 basal flow. North is up. (For interpre- 

tation of the references to color in this figure legend, the reader is referred to the 

web version of this article). 
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nefficient in eroding their beds ( Head and Marchant, 2003; Gjer-

undsen et al., 2015 ). Erosion by nitrogen ice flowing over a wa-

er ice or particulate-mantled substrate on Pluto might be aided

y their lower density. Thick enough accumulations of nitrogen-

ich ices ( ∼1–2 km for reasonable geothermal gradients ( McKinnon

t al., 2016 ) could result in basal melting, which can lubricate the
ase of the glacier and substantially increase its capacity for ero-

ion. Stereo imaging in the dendritic valley and mountainous ter-

ains (Figs. S4 and S5) suggests some valleys end in depressions or

ave irregular profiles, which is a characteristic of terrestrial valley

lacier erosion (although post-formation processes may have af-

ected the Pluto valleys). The plateau valley networks on Pluto are

uggestive of some terrestrial glacial valley networks with broad,

eeply incised trunk valleys and hanging tributaries. 

Erosion by precipitation and runoff is impossible in Pluto’s cur-

ent environment, and would require a dramatically thicker past

tmosphere ( Strobel, 2008; Singer and Stern, 2015 ), although Stern

t al. (2016 ) suggest atmospheric cycles may episodically raise sur-

ace temperatures to the point of melting N 2 . Even if surface tem-

eratures do not reach the freezing point of N 2 , flow rates would

e enhanced and melting would occur at shallower depth. We con-

lude that the most reasonable explanation for formation of Pluto’s

issected terrains is glacial erosion by former accumulations of

itrogen-rich ices. 

Although glaciation is suggested in large part by elimination of

ther possibilities, most of these landscapes lack many distinctive

eatures of terrestrial glaciation. The landscape types most similar

o terrestrial glaciation are the alpine landscapes of Figs. 14 and 15 .

epositional features such as moraines and outwash plains have

ot been identified, possibly in part because of image resolution

imitations. In general there is a fundamental discrepancy between

he volume of material excavated to form the dissected landscapes

nd the lack of any identifiable corresponding deposits. Valleys of-

en have large internal depressions and even large valleys have no

dentifiable exit path. Most troublesome to explain based upon ter-

estrial experience is the fluted terrain ( Figs. 9 and 10 ) because

ost of the dissected troughs extend all the way to the floor of

epressions without obvious corresponding deposits or evidence of

ongitudinal flow or appreciable erosion along the axis of the ma-

or depressions. 

Glaciers composed of N 2 on Pluto, however, would have char-

cteristics and behavior very different from water ice glaciation on

arth. One essential difference is that N 2 ice will not expand upon

reezing, so that freeze-thaw fracturing will not occur. Freeze-thaw

s thought to be the dominant process creating the headwall ero-

ion producing cirques, arêtes, and horns in terrestrial mountain

laciation ( Matsuoka and Sakai, 1999; Hales and Roering, 2009;

anders et al., 2012; Mitchell and Humphries, 2015 ), so these fea-

ures would not be expected on Pluto, although fatigue through

hermal cycling has been implicated in rock weathering ( Hall and

ndré, 2001; McFadden et al., 2005 ). Nitrogen ice is also denser

han water ice at Pluto’s temperatures, so that if it were flow-

ng over the water ice substrate on Pluto, any dislodged water ice

ould be floated and carried away, potentially robbing the basal N 2 

ow of abrasive debris. Nitrogen ice may in fact, be a very poor

gent for eroding the water ice that is assumed to form the crust

f Pluto. If N 2 ice accumulated to a depth of 1–4 km (depending

pon the geotherm) it might be subject to basal melting and sub-

ce drainage. Liquid N 2 is less dense than N 2 ice and be subject to

urface breakout flooding if flow rates were sufficient to prevent

reezing. 

Most of the valley features described above appear to have been

roded into mantling deposits. These have uncertain composition.

ost have a methane spectral signature, but might be composed of

 wide range of materials. It is likely, however, that these deposits

re porous, fine-grained, less dense than nitrogen ice, and poorly

ndurated – properties that suggest they should be readily eroded

y flowing N 2 . Because of the inverted density stratification of N 2 

ce and its substrate, it is difficult to predict the detailed morpholo-

ies that would be expected from glaciation on Pluto. Such glacia-

ion, however, appears to be the most viable explanation for the

bserved features. 
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Fig. 17. Interpretation of origin of water ice mountain blocks along western bound- 

ary of SP . Red arrow shows how al-idrisi mountains could be translated from high- 

lands boundary onto SP . White arrows show inferred direction of movement of 

mountain chains inferred to detach from highlands. “#” symbols show a chain of 

highlands separated from the main highlands to the west by a structural trough 

that may have been translated a shorter distance. Green arrow points to steeply- 

sloping block interpreted to have been tilted and separated by a few km from the 

highlands. The suggested cause of detachment and transport of highland crust is 

by flow of deep N 2 glaciers from the highlands into SP . The arrow on the highlands 

northeast of SP is aligned with linear features suggestive of sculpting by glacial flow 

into or out of SP. Parallel ridges extending from the crater indicated by red star sug- 

gest erosion by glacial flow out of SP onto the uplands eroding or depositing mate- 

rials downstream from the crater rims, although this seems contrary to the inward 

flow suggested for the eastern boundary of SP . Box shows location of Fig. 18. North 

is up. On SP the slope toward the NW edge is real, but the apparent bowing upward 

of the central floor is uncertain, pending better calibration of camera pointing. (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article). 
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Overall, the spatial variation in morphology of the glacial fea-

tures is likely to be a response to local topographic setting, sub-

strate properties, latitudinal variations in insolation, and variation

in depths and durations of ice accumulation. 

4. Inferred glacial history of Pluto 

Sputnik Planum has been suggested to be the center of an

ancient large impact basin, with the highlands surrounding it

on three sides to be the rim complex ( Schenk et al., 2015;

McKinnon et al., 2016 ). A well-defined rim has not been identified

on the southern side. The highlands comprising the rim complex to

the north and west are densely cratered and likely date to the late

heavy bombardment. A series of methane-rich mantles covers most

of the northern latitudes. The inferred paleo-glacial landforms in

the northern latitudes are largely eroded into these mantles and

thus post-date them. The paleo-glacial features southwest of SP

lie within and to the south of the densely-cratered Cthulhu Re-

gio. The glacial features, however, likewise may be developed into

discontinuous regional mantles. A number of fresh-appearing 5–

15 km diameter craters appear to be superimposed upon the glacial

landforms and the basin floors into which they appear to have

drained, suggesting that this glaciation was not geologically recent

(albeit superposition relationships are difficult to assess). The in-

ferred presence of deep N 2 -rich ices at the time of glacial activity

suggests that the inventory of N 2 had declined over geologic time,

probably by loss to space. Alternatively, there might have been a

one-time, or episodic, mechanism that released large amounts of

N 2 from the subsurface that was deposited on the uplands sur-

rounding SP and was then gradually lost or recycled. 

Perhaps the most spectacular feature discovered on Pluto is

the discontinuous range of water-ice mountains embedded within

SP , including Hillary, Norgay, Bare, and al-idrisi Montes ( Fig. 17 ).

These mountains occur as disordered and probably rotated blocks

of sizes ranging in size up to 40 km ( Figs. 1, 17 ). They are sepa-

rated 20–130 km from the western edge of SP by fields of smaller

blocks and isolated patches of SP ices. Their origin is uncertain.

Their appearance suggests that they are fragments of ice crust, per-

haps fractured by the impact forming SP . The simplest explanation,

that they are essentially icebergs suspended in denser N 2 ices and

floated to their current location, is unlikely given the small den-

sity contrast between N 2 and water ices and the many kilometers

thickness of N 2 ice that would be required to support the larger

blocks ( Moore et al., 2016 ). Here we suggest a different mecha-

nism – dislodgement from the fractured ice crust and transport

by the traction forces associated with N 2 glacial flow from the

surrounding highlands into SP . This scenario is shown in Fig. 17 ,

in which white arrows suggest the flow directions. The al-idrisi

Montes lends support to this scenario – the whole block, if trans-

lated about 60 km to the NNW, would align with the present edge

of SP . Immediately to the NE of the al-idrisi Montes is a ∼80 km

block of the highlands bordering SP that slopes sharply toward SP

and has a high scarp on its anti- SP side. A topographically low re-

gion about 20 km wide separates the block from the main high-

lands. We suggest that this is a block that was detached, rotated,

and transported a short distance toward SP by deep glacial ice

covering the uplands. A prominent structural trough about 60 km

across parallels the western margin of SP , separating a narrow strip

of highlands crust from the uplands to the west ( Fig. 17 ). This may

represent an additional partial detachment caused by flowing ice.

These relationships are consistent with the origin of the mountain

ranges by detachment and translation of highlands crust into SP .

The case for the involvement of glacial ice is, however, circum-

stantial. This mechanism does potentially remove the necessity for

floating the large ice mountains in a deep reservoir of N 2 ice. If

glaciation were the mechanism transporting the mountain blocks,
he timing of this relative to the observed highlands valley features

ttributed to glacial erosion is uncertain, but could be much earlier.

A series of dark, nearly parallel ridges occur on a plateau bor-

ering the Bare Montes on its western edge ( Fig. 18 ). These appear

o be superimposed on underlying lighter-toned materials (water

ce?). We tentatively suggest these may be recessional moraines of

holins deposited as the N 2 ice glaciers responsible for entraining

nd translating the ice mountains retreated. 

The above scenario may, however, be contraindicated by the

pparent young age of the ice mountains in SP . No unambigu-

us craters are found, although a number of km-scale round de-

ressions are candidates. Craters are difficult to recognize on this

ountainous terrain, and might be obliterated by mass wasting.

he upland glaciation discussed earlier appears to be significantly

lder, given possible superimposed craters. The lack of obvious

jecta sheets and possible subsequent modification, however, com-

licates assessment of age relationships. 

. Conclusions 

Active N 2 ice glaciation occurs along the eastern bound-

ry of SP , funneling ice from upland plateaus onto SP through

-5 km troughs. This is supported by morphological evidence (to-

ographic relationships, flow lines converging to troughs and

preading downstream onto SP ), spectral evidence of a dominant

 2 composition, as well as experimental data indicating sufficiently

ow viscosity of N ice at Pluto’s surface temperatures. A glacial ice
2 
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Fig. 18. Mountainous blocks and densely cratered uplands on western boundary 

of SP . The red-shaded regions of dark bands appear to be superimposed on a 

plateau of water ice blocky mountains, and are tentatively interpreted as recessional 

moraines of tholin-rich materials deposited during retreat of glaciers formerly cov- 

ering the region. Note tilted crustal block at “A”. Part of LORRI PELR_P_LEISA_HIRES 

mosaic at 260 m/pixel. See Fig. S6 for a stereo anaglyph version of this region. (For 

interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article). 
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ycle may be involved, with N 2 ice sublimated from SP being re-

eposited on the uplands and returned to SP as glacial flow. The

ong-term evolution of this glaciation is uncertain. 

The uplands to the west, north and northeast of SP have been

issected by linear depressions (valleys) of diverse but intergrading

orphologies, here characterized as fluted, dendritic, mountainous,

lateau, and alpine. A variety of possible formative processes have

een evaluated here and in Moore et al. (2016 ), with a favored

nterpretation as features carved by past glaciation. Depositional

lacial features such as moraines, eskers, and outwash have not

een unambiguously identified. N 2 glaciation would differ in im-

ortant respects from terrestrial ice glaciation, particularly in the

bsence of freeze-thaw weathering of adjacent topography and the

igher density of N 2 ice relative to probable substrates (porous ice

nd mantling deposits). If N 2 glacial ices were sufficiently thick (1

o a few km) they may have experienced basal melting. The age

nd history of the paleo-glaciation is uncertain. 

We hypothesize that N 2 paleo-glacial flows may have detached

ater ice bedrock blocks with length scales of tens of km from the

plands surrounding SP and transported them up to 130 km into

P , forming the prominent mountain ranges of jumbled ice blocks.
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