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a b s t r a c t 

Bladed Terrain on Pluto consists of deposits of massive CH 4 , which are observed to occur within lati- 

tudes 30 ° of the equator and are found almost exclusively at the highest elevations ( > 2 km above the 

mean radius). Our analysis indicates that these deposits of CH 4 preferentially precipitate at low latitudes 

where net annual solar energy input is lowest. CH 4 and N 2 will both precipitate at low elevations. How- 

ever, since there is much more N 2 in the atmosphere than CH 4 , the N 2 ice will dominate at these low 

elevations. At high elevations the atmosphere is too warm for N 2 to precipitate so only CH 4 can do so. 

We conclude that following the time of massive CH 4 emplacement; there have been sufficient excursions 

in Pluto’s climate to partially erode these deposits via sublimation into the blades we see today. Blades 

composed of massive CH 4 ice implies that the mechanical behavior of CH 4 can support at least several 

hundred meters of relief at Pluto surface conditions. Bladed Terrain deposits may be widespread in the 

low latitudes of the poorly seen sub-Charon hemisphere, based on spectral observations. If these locations 

are indeed Bladed Terrain deposits, they may mark heretofore unrecognized regions of high elevation. 

Published by Elsevier Inc. 
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. Introduction 

Bladed Terrain forms a distinctive landscape on Pluto initially

ecognized along the low latitude eastern terminator limb of the

emisphere best observed by the New Horizons spacecraft ( Fig. 1 ).

his exposure of Bladed Terrain covers the flanks and crests of Tar-
∗ Corresponding author. 
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arus Dorsa 1 with numerous roughly aligned blade-like ridges that

re generally oriented ∼N–S. In this report, we will fully describe

laded Terrain, its surroundings, and its possible extent. We will

iscuss what is known and inferred of Bladed Terrain’s composi-

ion. We will conclude with our inferences and hypotheses regard-

ng its origin and subsequent evolution. 
1 All place names used in this report are informal. 
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Fig. 1. A point-perspective oblique view of the Bladed Terrain of Tartarus Dorsa, seen in an enhanced MVIC color image with a pixel scale of 680 m/pixel. The blades cover 

broad swells separated by steep-walled troughs (A) and expanses of Bright, Smooth Plains (B), which are mapped in Fig. 2 . Note subsequent figures of Bladed Terrain are 

map-projected to a planimetric perspective, which introduced some distortion to individual ridges, causing their spacecraft-facing flanks to appear gentler and opposite 

flanks appear steeper. This should particularly be borne in mind viewing Figs. 7 and 8 . Image is centered at 225.8 °E, 13.4 °N. (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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2 Photogrammetric mapping of relief on Pluto is derived from stereo images ob- 

tained by the Long-Range Reconnaissance Imager (LORRI) and Multispectral Visible 

Imaging Camera (MVIC) instruments on New Horizons. These data cover the entire 

sunlit observations of the anti-Charon-facing hemisphere. Elevation values across 

the hemisphere are constrained by the location of control points tied to the various 

image sequences that cover this hemisphere and provide stereo parallax and height 

determination. The control points, in turn, are tied to a fixed radius of 1188.3 km. 

Global elevation values are accurate to within 250–500 m. Local relative elevations 

are accurate to within 100 m. 
2. Morphological and geographical observations 

Tracts of Bladed Terrain are recognizable as fields or land-

scapes of roughly evenly spaced, often sub-parallel sets of steep

ridges situated on high ground ( Figs. 2–4 and S1). We interpret

occurrences of Bladed Terrain to be a distinctive texture on ma-

terials of uniform composition, a mappable unit we refer to as

Bladed Terrain Deposits (BTD). At the resolution of the best imag-

ing ( ∼320 m/pixel) the “blades” are ridges characterized by sharp

crests and divides, the flanks of which display slopes of ∼20 ° (as

determined from photoclinometry & photogrammetry). Blades are

typically spaced 3–7 km crest-to-crest and exhibit relief of ∼300 m

from crest to base, though a few blades along the margins of blade

fields show local relief up to ∼10 0 0 m. Where best seen, Bladed

Terrain outcrops upon the wide crests of broad, elongate swells

or plateaus (Tartarus Dorsa) typically ∼400 km long and ∼100 km

wide, which themselves are separated from one another by steep-

walled troughs (e.g., Sleipnir Fossa and Sun Wukong Fossa, Figs.

1,2 and 4 ) of probably tectonic origin. Some blades merge at acute

angles to form Y-shaped junctions in plain view. The blades usu-

ally become smaller and less well defined as they approach the

steep-walled troughs, and at the boundaries of blade fields, where

we map them as Low-Relief Bladed Terrain ( Fig. 2 and red arrows

in Fig. 7 ). In isolated locations the troughs between blade com-

plexes are nearly flat-floored (mapped as Bright, Smooth Plains in

Fig. 2 ), and in spectral imaging covering the daylit portions, dis-

play a N 2 -rich surface (e.g. Grundy et al., 2016 ). Most of these

flat depressions are elongate and appear to be structural troughs

that have been infilled with N 2 ices, possibly underlain by H 2 O

ice. Enhanced color images taken in visible and near-infrared light

show the Bladed Terrain outcrops to be somewhat darker and red-

der than the surrounding terrains ( Fig. 1 ). Blades, where seen in
irect illumination, are concentrated in the 5–25 °N latitude belt.

he major expanses of Bladed Terrain as mapped in Figs. 2 and

 only occur at elevations above 1.7 [3.4] km (elevations are given

elative to the mean radius of Pluto, 1188.3 km, with figures in

quare brackets being elevations relative to Sputnik Planitia) with

he most prominent blade fields above 2 [3.7] km ( Fig. 3 ), at least

n locations where the elevation determinations are reliably known

derived from globally controlled photogrammetry of all useful im-

ges 2 ). 

BTD extended southeastward beyond the terminator during the

ncounter. Bright twilight hazes, however, illuminated significant

dditional tracts of BTD beyond the terminator, ranging in latitude

rom about 5 °S to 9 °N ( Fig. 8 ). BTD form the eastward end of a

equence of landforms extending from Sputnik Planitia, which sys-

ematically increase in elevation with distance from Sputnik Plani-

ia. Sputnik Planitia is a broad, nearly planar depression floored by

 multi-kilometer-thick deposit of N 2 and CO ices with a minor

omponent of CH 4 ( Grundy et al., 2016; McKinnon et al., 2016 ).

ordering Sputnik Planitia to the east is a rugged upland plateau

orming the eastern lobe of the high-albedo Tombaugh Regio. This

450 km wide region is termed “Bright, Pitted Uplands” by Moore

t al. (2016, 2017a ), Howard et al. (2017a) and White et al. (2017) ,

t elevations of 0.0 to 1.1 [1.7 to 2.8] km and extends from about
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Fig. 2. Geological map of the encounter hemisphere region that includes the Bladed Terrain. Map is overlain on a mosaic of photometrically equilibrated 320 and 680 m/pixel 

MVIC images (shown unadorned in Fig. S2), and is centered at 231.5 °E, 15 °N. Rectangular outlines indicate the locations of the topographic maps shown in Figs. 7 and 8 . 

Bladed Terrain: Roughly evenly spaced, often sub-parallel sets of sharp, steep ridges situated on high ground of the BTD. The ridges tend to be oriented N-S. They are clearly 

identifiable across most of the mapping area, but the white stippled pattern in the lower-right portion of the map indicates where imaging degrades to the extent that 

their presence is inferred here rather than directly observed. Low-Relief Bladed Terrain: Closely associated with the Bladed Terrain of the BTD, but displays a lower-amplitude 

bladed texture, and sometimes a non-bladed, rubbly texture at the several decameter scale of the images. Shows lobate boundaries at the northern edge of the BTD. Lower 

in elevation than the Bladed Terrain, and tends to appear within depressions surrounded by the Bladed Terrain. Arcuate Terrain : High-relief terrain showing pronounced 

arcuate scarps, with gentle, convex, north-facing slopes and steeper, concave, south-facing slopes. The scarp crests are dominantly oriented E-W. Bright, Pitted Uplands: 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. Bright, Smooth Plains: High albedo, 

generally smooth but sometimes slightly hummocky, plains that occur on the floors of basins within the Bright, Pitted Uplands and the Bladed and Low-Relief Bladed Terrain. 

Displays a lightly pitted texture, with pits reaching < 1 km in diameter. Eroded, Undulating Uplands: Broadly contoured uplands over distances of tens of km, interrupted by 

pits, lowlands, and ancient crater basins. Displays a rough texture at decameter to km scale. Dark, Eroded Uplands: Low albedo, rugged terrain displaying a rubbly texture 

and impact craters interspersed with concentrations of generally circular pits reaching a few tens of km across. These last two units are undifferentiated in this study. 
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Fig. 3. Colorized stereo digital terrain model overlain on the same mosaic used in Fig. 2 . 
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6 °S to 30 °N. We retain this descriptor for the unit that corresponds

to this terrain in the geological map in Fig. 2 . These uplands are

segmented into flat plateaus and basins (the latter generally dis-

playing occurrences of the Bright, Smooth Plains) with a strong N 2 

spectral signature surrounded by uplands characterized by sharp-

crested, reticulate ridges which have a dominant CH 4 spectral sig-

nature ( Fig. 9 ). Along the western margins of these uplands the

plateaus source N 2 glaciers flowing westward onto Sputnik Plani-

tia. This plateau is interrupted by complexes of deep pits gener-

ally oriented NW–SE along structural trends (marked as graben in

Fig. 2 ). Along the eastern end of these uplands the reticulate ridges

become integrated into elongate chains, which may be transitional

to the Bladed Terrain to the east, although their dominant orien-

tation is NW–SE rather than N–S in the Bladed Terrain ( Fig. 5 ,

and see below). Bordering this terrain to the east are the broad,

rounded plateaus crested by Bladed Terrain that generally occur at

elevations from 1.4 to 3.3 [3.9 to 5.8] km. The BTD occupy about

the same latitudinal extent as the Bright, Pitted Uplands. 

In the latitude belt between 20 °N to 35 °N we map ( Fig. 2 ) de-

posits which form scattered clusters of light-toned, asymmetric
rcuate Terrain, measured to have gentle north-facing slopes

mean of 8.8 ° ± 1 σ of 2.5 ° based on seven measurements) and

teeper south-facing slopes (mean of 24.5 ° ± 1 σ of 4.0 ° based on

even measurements) ( Figs. 4 and 7 ). The ridge crests are domi-

antly oriented E-W ( Fig. 6 ). The northern portion of the Bladed

errain appears to be superimposed on the Arcuate Terrain ( Fig. 2 ,

ig. 7 , white arrows). The ridges display CH 4 -rich spectral signa-

ures. The northern portion of the mapping area in Fig. 2 is mostly

ccupied by the Eroded, Undulating Uplands (a unit that is essen-

ially analogous to the Eroded, Smooth Uplands mapped in Fig. 2 of

oward et al. (2017b) ), which underlies both the Arcuate Terrain

nd the Bladed Terrain. In the SW corner of the mapping area, the

laded Terrain and Bright, Pitted Uplands both contact the Dark,

roded Uplands of Krun Macula. 

.1. Blade orientation and scaling 

A base map image in equirectangular projection of the en-

ounter side of Pluto was loaded into ArcGIS. The image base

or the region covered by BTD uses the MVIC camera scans
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Fig. 4. Map of crests in the Bladed and Arcuate Terrain, superimposed on the same mosaic used in Fig. 1 . Purple and blue lines indicate blade crests within the sunlit and 

twilit portions of the encounter hemisphere, respectively. Red lines indicate the crests of arcuate scarps. (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 Jenness, J. 2014. Polar plots for ArcGIS. Jenness Enterprises. Available at: http: 

//www.jennessent.com/arcgis/polar _ plots.htm . 
EMV_01_P_MVIC_LORRI_CA and PEMV_01_P_COLOR2, which dis- 

lay image resolutions of about 320 m/pixel and 680 m/pixel

espectively. The beyond-terminator portions of the images were

eparately stretched to reveal blades in twilight illumination. Indi-

idual blades were digitized as oriented lines in ArcGIS, using the

ight to dark transition as the inferred blade crest. Separate digitiz-

ng was conducted for the daylight and twilight illuminated por-

ions of the image base ( Fig. 4 ). Digitized lines were restricted to

nferred transitions between brighter sun- or twilight-facing slopes

nd darker adverse slopes. Digitizing was restricted to the major

lusters of blades, which occur at relatively high elevations (cf.

ig. 3 ). Not mapped are the ridges within the Low-Relief Bladed

errain in depressions (e.g. in the vicinity of Sleipnir Fossa and Sun

ukong Fossa, Fig. 2 , and red arrows in Fig. 7 ). 

The digitizing resulted in 1463 and 1236 polylines for the

aylight and twilight blades respectively. Both datasets resulted

n roughly 50 0 0 individual line segments. The individual line

egments were tallied into 5 ° azimuth bins, ranged and por-
rayed as a classic rose diagram using an ArcGIS add-on 

3 us-

ng weighting proportional to segment length. Blades at latitudes

0 °−30 °N have a pronounced mode between 0–5 °NNE to SSW

nd strong representation between 5–30 °NE to SW ( Fig. 5 ). The

lades in the latitude belt from 10 °S to 10 °N in both the sun-

it and the twilight zones also have a mode 0–5 °NNE to SSW,

ut with a wide range of blade orientations between 0–90 °
E to SW ( Fig. 5 ). 

Because of the strong influence on illumination direction on

ecognition of surface features, the above results might be bi-

sed by the solar azimuth, which is approximately from 45 °NW

n this region at the time of observation. This bias should primar-

ly result in overrepresentation of slope segments oriented roughly

E–SW. This does not appear to be an important influence on the

http://www.jennessent.com/arcgis/polar_plots.htm
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Fig. 5. Rose diagrams for blade crest orientations (as mapped in Fig. 4 ) within four latitude bands. Plotted values are length-weighted segments of digitized lines. 
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observed sunlit blades. However, there is a stronger representation

of NE–SW blade orientations in the twilight zone. As noted above,

twilight region blades display a somewhat reticulate pattern, com-

mensurate with their broader range of segment azimuths. How-

ever, some caution is prudent in applying this result due to the

consequence of the more diffuse twilight illumination, which may

reveal low-relief blades not visible in shadowed areas between the

daylight-illuminated blades. 

The lateral spacing of blades was assessed by taking transects

across the mapped blades and counting intersections with blades.

The transects range from 15 to 125 km and were taken perpen-

dicular to the dominant N–S blade orientation. Fifteen transects

were measured in each of the daylight and twilight regions. In
he daylight region average inter-blade spacing ranges from 1.8 to

.7 km, averaging 4.1 km. In the twilight region the range is 4.8

o 6.7 km, averaging 5.5 km spacing. These spacings should be

aken as the average separation between major ridges because un-

een low ridges could possibly be interspersed between the major

idges. 

.2. Crater-derived ages 

No unambiguously recognizable craters appear on the BTD, and

lear, obvious craters exist mainly on the periphery of the ter-

ain. The absence of obvious craters speaks to the relative youth

f the BTD and the processes creating blades must be ongoing
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Fig. 6. Rose diagrams for arcuate scarp crest orientations (as mapped in Fig. 4 ). 
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t least into the relatively recent past to erase any craters that

ay have formed in the region. The lack of craters can be uti-

ized to put rough, upper-limit constraints on the age of the ter-

ain based on the impact flux models of the Greenstreet et al.

2015) “knee” model for Pluto. To do this we use the hypothetical 

ituation where at least one crater could exist below our resolution

imits (an ∼2.4 km crater for five pixels at 480 m/pixel covering

he sunlit area of the BTD) and plot this density on either the cu-

ulative or R-plots presented in Greenstreet et al. (2015) . The knee

odel extrapolates from the size-frequency distribution for larger

nown Kuiper Belt Objects observed through telescopic surveys.

owever, it is now known that there is an additional break to a

hallower slope in the size-frequency distribution slope for craters

maller than ∼10–15 km in diameter ( Moore et al., 2016; Singer

t al., 2016 ). Using the original knee model in Greenstreet et al.

2015) would have yielded an upper limit on the age of 30 Ma.

sing a new model including the additional break in slope yields

n older upper limit of 300 Ma (S. Greenstreet and K. Singer per-

onal communication), because the impact flux is lower, thus it

akes more time to accumulate the same crater density. 

. Relationship between morphology and spectral signatures 

New Horizons’ Linear Etalon Imaging Spectral Array (LEISA) in-

rared imaging spectrometer ( Reuter et al., 2008 ) observed the

TD, providing spectra from 1.25 to 2.5 μm, where many of Pluto’s

urface ices have diagnostic absorption bands. 4 The best LEISA

iew of the BTD 

5 was obtained at a mean range of 113,0 0 0 km,

orresponding to a scale of ∼7 km N-S, ∼20 km E-W per LEISA

ixel. The data were processed as described in several earlier pub-

ications (e.g., Grundy et al., 2016; Protopapa et al., 2017; Schmitt

t al., 2017 ). The spatial registration has since improved relative to
4 New Horizons’ infrared spectroscopic observations are only sensitive to an op- 

ically active layer of the order of mm to cm in thickness, so the possibility of ve- 

eers must always be considered as a possible impediment to understanding of the 

ompositions of Pluto’s landforms from spectral observations. 
5 This view was obtained around 9:33 UT, 14 July 2015, in an observation called 

_LEISA_Alice_2a (with unique MET identifier 0299172014). 
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hat was presented in those papers, especially near Pluto’s limb,

wing to improved knowledge of the spacecraft trajectory and in-

trument parameters, along with use of an updated base map and

 larger number of control points. 

Maps ( Fig. 9 ) showing various spectral indicators were made

rom the LEISA observation following procedures described by

chmitt et al. (2017) . Panel a of Fig. 9 shows a map of CH 4 ice ab-

orption, integrated over the 1.7 μm band complex, showing where

H 4 occurs. CH 4 that is diluted in N 2 ice exhibits blue-shifted ab-

orption bands (e.g., Quirico and Schmitt, 1997; Protopapa et al.,

015 ). Maps of this shift ( Schmitt et al., 2017 ) show that the BTD

re CH 4 -rich, and that the CH 4 is predominantly in the form of

H 4 ice, rather than being diluted in rheologically soft N 2 ice, as

n Sputnik Planitia. Panel b shows an index based on the ratio

f reflectance between 2.06 and 1.39 μm that maps H 2 O ice (see

chmitt et al., 2017 for details). The strongest signal in that map

orresponds to Supay Facula, a region extending to the east of Pul-

rich Crater that had previously been pointed out as having an ex-

eptionally strong H 2 O ice spectral signature (e.g., Grundy et al.,

016 ). 

Panel c of Fig. 9 shows a spectral index for N 2 ice integrated

ver the 2.15 μm absorption band ( Schmitt et al., 2017 ). In eastern

ombaugh Regio, near the bottom left of this scene, N 2 ice cor-

esponds to low-lying valleys, consistent with glacial flow and/or

referential deposition at low altitudes. There is also some indica-

ion of N 2 ice closer to the BTD, but the LEISA spatial resolution is

nsufficient to reveal if it is actually associated with the blades, or

ust valleys between them. 

To get a more quantitative idea of the BTD surface composition,

e selected a localized region of interest highlighting BTD ridges

nd averaged together the spectra corresponding to those LEISA

ixels. The mean incident, emission, and phase angles for the re-

ion were 77.9 °, 62.6 °, and 21.7 ° respectively, assuming a spherical

luto (though obviously the complex shapes of BTD deviate con-

iderably from a smooth surface). A Hapke model described in de-

ail by Protopapa et al. (2017) was fitted to the average spectrum,

ielding a composition rich in CH 4 ice, with a relatively coarse

rain size of 1.7 mm being about 50% of the total, by volume. The

odels required additional components to match the overall con-

inuum level and blue spectral slope, and of the materials available,

he best fits involved 20% N 2 ice (in the form of transparent slab

ce), 20% fine-grained tholin 1, and about 10% H 2 O ice. Whether

r not these ingredients are actually present in the BTD, or are

ust included as stand-ins for some other broadband absorber, is

ot certain. If they are indeed present, it is also unclear whether

hey are intimately combined within the unresolved structure of

ndividual blades, or just occur in proximity with one another in

he general region. However the possibility exists that appreciable

on-volatile material could be present in BTD. 

The MVIC color images offer higher spatial resolution of

50 m/pixel. Although MVIC does not provide spectra as LEISA

oes, some compositional information can be derived from MVIC’s

H 4 filter which admits light from 860 to 910 nm, centered on a

eak CH 4 ice absorption band. Maps of equivalent width of the

H 4 absorption were computed from the CH 4 and NIR filters, along

ith the RED filter to constrain the slope (see Grundy et al., 2016;

arle et al., 2017a ). Fig. 10 shows a region where BTD grades into

he Arcuate Terrain, with the CH 4 equivalent width map overlain

n top. The strongest CH 4 absorption corresponds to the crests of

idges in the BTD. Of course, we do not know if this is indicative of

he bulk composition, with the crest revealing recently eroded in-

erior material, or if CH 4 ice has freshly condensed on the ridges.

nother possibility is that settling particles of photochemical haze

rom the atmosphere accumulate in the valleys between ridges and

uppress the CH absorption there. 
4 
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Fig. 7. Colorized stereo digital terrain model excerpted from Fig. 3 . Image is centered at 229.4 °E, 21.5 °N. Red arrows indicate where blades become smaller and less well 

defined (mapped as Low-Relief Bladed Terrain in Fig. 2 ) as they approach the steep-walled troughs that separate the broad swells of Tartarus Dorsa. White arrows indicate 

instances where the northern portion of the Bladed Terrain appears to be superimposed on the Arcuate Terrain. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 

Fig. 8. Colorized stereo digital terrain model excerpted from Fig. 3 , covering a twilit portion of the Bladed Terrain surrounding expanses of the Bright, Smooth Plains (mapped 

in Fig. 2 ). Image is centered at 230.5 °E, 2.8 °N. Large topographic variations in the top right of the image are artifacts associated with application of the stereophotogrammetric 

method in low-contrast terrain along the terminator, and have been edited out. (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. 9. Maps showing various spectral indicators (from Schmitt et al., 2017 ) across 

the Bladed Terrain and east Tombaugh Regio as determined from LEISA infrared 

spectral observations: CH 4 ice (a), H 2 O ice (b), and N 2 ice (c). Warmer colors in- 

dicate greater absorption by the species in question, with arbitrary scaling. Maps 

are overlaid on a cylindrical projection with latitude and longitude marked along 

the axes. The LEISA maps did not extend to the lower right corner shown in white. 

Pulfrich Crater and Supay Facula are indicated in (b). (For interpretation of the ref- 

erences to color in this figure legend, the reader is referred to the web version of 

this article.) 
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Fig. 10. Equivalent width of the 0.89 μm CH 4 absorption from MVIC color observa- 

tions at a resolution of 650 m/pixel ( Grundy et al. 2016; Earle et al. 2017a ). Greater 

CH 4 absorption tends to trace the crests of ridges, as indicated by the purple color. 

The 0.89 μm CH 4 band is a much weaker absorption than the 1.7 μm band complex 

mapped in Fig. 9 a, so appreciable absorption tends to trace areas that are especially 

CH 4 -rich, and/or have coarser CH 4 particle sizes, in order to produce greater mean 

optical path lengths through the CH 4 ice. 
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. Working hypotheses 

Determining the responsible process or processes for the ori-

in and evolution of the blades is a challenge because the observa-

ions do not readily point to a single simple analogous terrestrial

r planetary process or landform. The issue of the origin of the

TD themselves, which may have initially formed without bladed

extures on their surface, were considered jointly with the mech-

nism(s) that formed the blades, which could have developed at a

ater time and by a different process. Below we review several dif-

erent processes that might form the BTD and their blades and dis-

uss the strengths and weaknesses of each. We additionally assess

otential process and material analogs on Earth and other plane-

ary bodies: 
1. Endogenic extrusions of the original deposits . The rounded to

obate outline of BTD unit boundaries ( Fig. 2 ) could be consistent

ith the original source of this material erupting or extruding from

elow. If BTD composition is dominated by CH 4 ice, the low den-

ity of this ice ( ∼0.5 g/cm 

3 ) relative to the density of a crust dom-

nated by H 2 O ice would make the CH 4 ice an ideal candidate

or diapiric upwelling and extrusion on the surface analogously

o salt diapirs and salt walls on the Earth ( Jackson et al., 1994;

ackson, 1995; Hudac and Jackson, 2007 ). Difficulties with this hy-

othesis rest with the setting of the broad topographic swells of

he Tartarus Dorsa upon whose crests the BTD are perched. It is

ot apparent whether the broad, rounded ridges of Tartarus are

ectonic in origin, or whether the ridges represent a plateau cre-

ted by another mechanism, which was later dissected by NE-

rending tectonic troughs. The troughs to the north of Tartarus

ave all the morphological hallmarks of graben structures (e.g.

appalardo and Greeley, 1995 ): parallel inward-facing walls, de-

ressed floors, straight sections with step-over faults where the

roughs bend, and isolated blocks along the walls separated by im-

ricate faults. The fact that the edges of the Tartarus ridges line

p with the edges of the troughs favors the tectonically dissected

lateau hypothesis. If the blades were extrusive structures, that ex-

rusion would likely have favored low elevations (i.e., within the

rabens) rather than the observed location along the ridges be-

ween grabens. This final point causes us to disfavor the endo-

enic extrusion hypothesis. We also do not consider the individ-

al blades to represent fault scarps. The symmetric cross-sections

f the blades and their increased prominence towards the centers

f the swells are inconsistent with most expressions of extensional

aulting in such regional settings ( Pappalardo and Greeley, 1995 ). 

2. Aeolian dunes. The overall pattern of blades could be consis-

ent with active or passive dune field organization. The N–S ori-

ntation of blades in the northernmost expression of Bladed Ter-

ain, with patterning reminiscent of both longitudinal and trans-

erse dunes transitioning southward to a “longitudinal” pattern,

nd the apparent association of “barchanoid” patterns (Arcuate Ter-

ain) north of Bladed Terrain, is suggestive of southward trans-

ort of large quantities of sand by wind ( Figs. 2,4 and 7 ). An aeo-
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lian sand dune hypothesis, however, has several major weaknesses.

Even if Pluto may at times have had an atmosphere dense and

windy enough to form dunes ( Stern et al., 2017 ), the apparent iso-

lation of the large BTDs, perched on the crests of Tartarus Dorsa

separated by structural depressions (grabens) is a strong argument

against emplacement by global-scale wind transport of particulate

material. Sand dunes would much more likely fill the swales and

mask the grabens. Also there are no unambiguous purely aeolian

landforms recognized elsewhere on Pluto of Bladed Terrain scale

or otherwise. 

3. Condensation of atmospheric volatiles. Another possibility is

that BTDs are a condensate. Condensation could be directly from

a constituent of the atmosphere. An indication that it is a di-

rect condensate is the strong correlation with Bladed Terrain out-

crops exclusively with high altitude regions of Pluto. The blades

could be formed as part of the condensation process that we in-

terpret to have formed the BTD, in which case they would repre-

sent a primary condensation texture resulting from local volatile

transfer such as occurs on Callisto ( Spencer and Maloney, 1984;

Spencer, 1987; Moore et al., 1999; Howard and Moore, 2008; White

et al., 2016 ), or through the intermediary of the atmosphere, per-

haps aided by winds. Alternatively, a pre-existing massive BTD was

subsequently sculpted into a bladed texture, perhaps as a conse-

quence of climate change (discussed below). 

4. Blade formation by erosional sculpting of BTDs. Erosion of pre-

existing deposits to form blades or aligned ridges is observed on

the Earth and other planetary landscapes. Differential erosion of

massive (but usually weakly cemented) deposits by wind abrasion

on the Earth and Mars form yardangs on scales similar to the blade

fields ( Ward, 1979; De Silva et al., 2010; Zimbelman and Griffin,

2010 ). Also, erosional widening of (structural) parallel joints and

cracks creates bladed landscapes, such as the ridges of Arches Na-

tional Park in Utah (where H 2 O is the principal cause of disinte-

gration ( Doelling, 1985; Cruikshank and Aydin, 1994 )). A variant

on this scenario is the fracturing and widening of troughs through

deep-seated flow within the BTD. Such widening occurs in Canyon-

lands National Park of Utah through surface stretching by subsur-

face salt flow ( McGill and Stromquist, 1979 ). Likewise, solid CH 4 

will behave in a more ductile manner at depth if the BTD are suf-

ficiently thick. Concomitant sublimation erosion can still occur. 

We consider it unlikely that the inter-ridge valleys of bladed

terrain are significantly modified by glacial flow. The strongest ar-

gument against this is that the valley axes are oriented perpen-

dicular to the regional slope. N 2 -carved valleys are clearly seen

in the general region of Sputnik Planitia, and they are expect-

edly oriented downslope. Large glacial valleys such as those seen

along the western edge of eastern Tombaugh Regio are broad and

flat-floored, and narrow glacial valleys such as those seen emanat-

ing from a plateau to the south of Enrique Montes (see Fig. 15 in

Howard et al., 2017a ) are widely spaced and display sinuous mor-

phology. These N 2 -carved valleys therefore display very different

morphologies to the inter-ridge valleys in the bladed terrain. 

Sublimation produces fields of blades (penitentes) on high al-

titude equatorial glaciers on the Earth ( Matthes, 1934; Lliboutry,

1954; Amstutz, 1958 ) as well as suncups, which have cell-like

crest patterns, with pronounced ridge elongation along their septa.

These sublimation features could form in the absence of a signif-

icant atmosphere ( Hobley et al., 2013 ). The orientation of blades

formed by sublimation might be influenced by a dominant solar

illumination direction on seasonal (or greater) timescales, or per-

sistently directional winds. The hypothesis of initial deposition of

BTD from atmospheric condensation followed by erosional sculpt-

ing by sublimation will be further developed in subsequent sec-

tions of this report. 

A number of quantitative models of penitente formation have

been proposed. Penitentes have been created in a laboratory set-
ing by light-induced sublimation ( Bergeron et al., 2006 ). The spa-

ial scale of the laboratory penitentes increased with time through

it integration. This suggests one possibility that penitente scale

nd amplitude increase through time without limit. Within lim-

ts such an increase in spacing and amplitude with time is man-

fested in terrestrial aeolian ripples and dunes as well as stream

eandering ( Howard and Knutson, 1984 ) and has been suggested

o occur for the polar troughs on the north polar cap of Mars

 Howard, 1978 ). The rate of increase of scale in such phenomena

enerally slows with time, so that a very long duration might be

equired to form penitentes of the scale of the blades on Pluto (e.g.

he width of meander belts increases logarithmically through time

 Howard, 1996 )). It has also been suggested that terrestrial peni-

entes reach a characteristic scale which is controlled by the ther-

al skin depth (daily or seasonal), the depth of light penetration,

nd the thickness of the near-surface atmospheric diffusional layer

 Betterton, 2001; Claudin et al., 2015 ). Such an atmospheric control

as been suggested by Moores et al. (2017b) to explain the scale of

lades on Pluto. The amplitude of blades might also be limited by

he strength of the blade-forming materials. Though controversial,

imited analysis of solid CH 4 strength suggests that CH 4 ice at Pluto

emperatures can only support a few hundred meters of local relief

t best (e.g. Eluszkiewicz & Stevenson, 1990; Moore et al., 2017a ).

 problem with definitive interpretation of the origin of terrestrial

enitentes is the absence of detailed process measurements in the

eld. We suggest, like Moores et al. (2017b) , that CH 4 sublimation

possibly accompanied by re-condensation on divides) is respon-

ible for blade formation, but we view the issue of what controls

heir scale to be unresolved. 

.1. Relationship between Bladed Terrain and Arcuate Terrain 

At their northern extent, BTD ridges appear to be superimposed

pon arcuate ridges ( Figs. 2 and 7 ). Moore et al. (2016 ) noted

his association, and suggested that the arcuate ridges might be

roded structural hogbacks, possibly supporting an endogenic, ex-

rusive origin of BTD, which we now disfavor. Additional mapping

the Arcuate Terrain in Fig. 2 ), however, reveals that the arcuate

idges occur extensively in the latitude range of 25 °−35 °N ( Fig. 4 )

ut lack evidence of faulting or intensive erosion of endogenically

ilted beds. A depositional origin of the arcuate ridges seems more

ikely. Their association with BTD may be happenstantial, with BTD

ocally mantling the arcuate ridges ( Fig. 7 , white arrows). Because

f the strong CH 4 ice spectral signature of the arcuate ridges, how-

ver, it is possible that a genetic relationship exists. The arcuate

idges may be remnants of a formerly greater extent of BTD, but

hich formed under different climatic conditions favoring E–W

idge orientation ( Fig. 6 ) versus the N–S orientation of modern BTD

 Fig. 5 ). Alternatively, they may be marginal deposits left behind

fter retreat of more extensive BTDs. 

. Volatile condensation and surface energy budgets 

Global elevation, along with latitude, appears to be a dom-

nant control on the distribution of volatiles on Pluto. In the

quatorial region, N 2 -rich ices extend from the elevation of Sput-

ik Planitia (2.5 km below the mean radius of 0 km) up to

bout the mean radius. CH 4 -rich ices first occur above −1.5 km.

oth ices occur in the elevation range between −1.6 km and

he mean radius, but are generally segregated into distinct de-

osits, due to their relative insolubility ( Protopapa et al., 2017;

chmitt et al., 2017 ). N 2 ice tends to concentrate in local de-

ressions, both because it flows there and is more stable there

see below). Conversely, CH 4 -rich ices appear in high-standing de-

osits presumably due to its relative rigidity ( Moore et al., 2017a ).

H is exclusively observed at elevations above the mean radius,
4 
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Fig. 11. Atmospheric temperature profile derived from REX data obtained at sunset. 

Temperature field T ( z ) derived from REX data (filled black circles) shown for the 

lower 6.5 km of the atmosphere above Pluto’s mean radius (1188.3 km). REX ingress 

is nominally at 1187.4 km and the first data point is registered at 1 km above it and, 

as such, the data points are plotted with respect to the position of the first data 

point and placed on an absolute scale with respect to the mean radius of Pluto. 

Solid line indicates temperature profile based on 3rd order spline fitting. Red region 

corresponds to temperature range within measured error, i.e., T ( z ) ±�T ( z ), where 

�T ( z ) is the measured 1 σ error in the derived temperature. Also shown is T = 37 

K line corresponding to the surface temperature quoted in Stern et al. (2015) . (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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6 The first term in the Langmuir expression says that the flux of constituent par- 

ticles is assessed based on their mean thermal velocities. When the particles in 

question are a minor component of the gas itself, then the real downward flux is 

dictated by molecular diffusion. In a steady state, plane-parallel configuration like 

that considered here, there would emerge a diffusion-limited boundary layer in the 

CH 4 mixing ratio. The downward flux, however, will be dictated by the rate of CH 4 

particles entering the top of the boundary layer, which is equivalent to the first 

term on the RHS of Eq. (1) . While we acknowledge that using the Langmuir formal- 

ism is an approximation to the diffusion processes likely dictating the mass-transfer 

of CH 4 to the surface, under the steady state plane-parallel assumption adopted here, 

the expression is correct. 
7 In the above expression, the isothermal sound speed of the atmosphere at its 

surface is defined to be c s ≡
√ 

R T s /μ, in which R, μ, are, respectively, the gas con- 

stant and the mean atomic weight of the atmosphere. 
hich includes the Bladed Terrain. We now discuss the reasons

or this arrangement. 

BTD are found in Pluto’s current diurnal latitudinal band, which,

ue to Pluto’s high obliquity, coincides with the zone where the

early integrated solar radiation received by the planet is minimal

 Hamilton et al., 2016; Earle et al., 2017b; Binzel et al., 2017 ). Given

he physical properties of Pluto’s volatiles, condensation (if it can

ccur at all) should be most enhanced in this latitude belt ( Young,

012; Fray and Schmitt, 2009; Moore et al., 2017b; Umurhan et al.,

017 ). Gaseous volatiles like CH 4 , which occur in trace amounts in

n atmosphere dominated by N 2 ( Lellouch et al., 2009 ), will stably

eposit onto the surface directly from the atmosphere immediately

bove the surface if both (a) the partial pressure of atmospheric

H 4 exceeds the local surface vapor pressure equilibrium and (b)

he surface thermal energy budget permits the retention of a given

eposited CH 4 molecule. In the diurnal zone, the criterion for de-

osition will generally be met at night while during the course

f the day the solar irradiation will, depending upon latitude and

urface orientation, drive off some or all of the previous evening’s

eposition. In the following discussion we explore the conditions

hat permit evening deposition. Subsequently we will discuss how

ome of the deposit persists through daytime. (Bear in mind that

onditions at the time of the encounter do not reflect the range of

limates possible over the 3 Ma Milankovitch cycle (e.g. Stern et al.,

017 )). 

Assessing condition (a) requires some knowledge of the atmo-

pheric temperature and density structure as a function of alti-

ude in the vicinity of the BTD. Radio occultation measurements

f Pluto’s atmosphere made with the New Horizons REX instru-

ent ( Gladstone et al., 2016 ; Hinson et al., 2017 ) have provided

emperature and number density data of an area inside the current

iurnal latitudinal band. Specifically, the location of the REX en-

ry observation (193.5 °E, 17.0 °S, see Fig. 1 in Hinson et al. (2017) ),

hich was made at sunset, sits over terrain with the same mor-

hological characteristics as the Bright, Smooth Plains unit that we

ave mapped in Fig. 2 . This location falls in a southern region of

putnik Planitia that abuts high standing, low-albedo topography

f Krun Macula to the east. The Bright, Smooth Plains here appear

o be composed of N 2 ice with an anomalous enhancement of CH 4 

Fig. 39, Schmitt et al. (2017) ). Although this terrain, located on the

argin of Sputnik Planitia, is over 800 km to the SW of the BTD

omplex, we adopt the vertical temperature and number density

rofile gleaned from the REX data to be representative of the ver-

ical temperature profile over and around the BTD. This is some-

hat justified by observing that the CH 4 -covered BTD enclose sev-

ral occurrences of the Bright, Smooth Plains ( Fig. 2 ), which display

he same morphology and surface ice content as the high albedo

errain of the REX entry point. We therefore assume that the at-

ospheric temperature and density of the near surface are likely

o be similar to one another in these two adjacent regions. 

In Fig. 11 we plot the derived REX data temperature profile and

ts corresponding 1 σ error range for the lowest 6 km of the at-

osphere. The temperature profile shows a weak inversion in the

owest 1.5 km from the surface and this has been attributed to

he thermodynamics associated with N 2 sublimation ( Forget et al.,

017 ). Assuming that the CH 4 -covered surface (at least its topmost

ayers) is in temperature equilibrium with the base of the over-

ying atmosphere, we estimate the instantaneous rate of deposi-

ion/sublimation per unit area of CH 4 (i.e., ˙ �C H 4 
) according to the

angmuir formalism ( Spencer, 1987 ): 

˙ 
C H 4 = 

P C H 4 (s ) − P v ap ( T s ) √ 

2 π c s 
= 

φP atm 

(s ) − P v ap ( T s ) √ 

2 π c s 
, (1) 

here the surface vapor pressure of CH 4 is P vap ( T s ), the partial

ressure of CH 4 at the base of the atmosphere, P C H 4 (s ) , is related

o the atmospheric surface pressure, P atm 

( s ), via Raoult’s Law (i.e.,
deal mixing assumption), P C H 4 (s ) = φP atm 

(s ) , where φ is the at-

ospheric mixing ratio of CH 4 . 
6 Current observational evidence

or atmospheric elevations >> 6 km indicates a range of values

f φ = φatm 

≈ 0 . 003 − 0 . 005 , ( Lelouch et al., 2009; Young, 2012;

oung et al., 2017 ). Even though these measurements apply to a

egion far above the surface, we assume that this fixed value typi-

es the near surface, keeping in mind that the actual atmospheric

alue of φ at the surface may deviate from this “asymptotic value”

f φatm 

owing to several factors including molecular diffusion (see

oores et al., 2017a ) 7 or turbulent diffusion if the near surface

upports some unsteady dynamical flow activity as a consequence

f shear instabilities due to topography induced mechanisms or

uoyant instabilities associated with sublimation heat release/gain

uring the course of the day ( Forget et al., 2017 ). We further ad-

ress some aspects of this below. 

In Fig. 12 we plot both the partial pressure of CH 4 at an ice

urface at a given elevation and the corresponding pure CH 4 va-

or pressure as a function of elevation. Partial pressures of CH 4 

re shown for end member mixing fractions φ = 0 . 0 03 , 0 . 0 05 . The

haded regions around these curves denote the 1 σ error bars of

he temperature profiles derived from the REX data measurements.

he location in altitude where the blue and purple pressure curves
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Fig. 12. Variation in partial pressure and corresponding vapor pressure with alti- 

tude for CH 4 . Partial pressure is derived from atmospheric pressure measurements 

(filled blue circles) as determined from REX observations, in which we display two- 

end member values of the mixing fraction, 0.3% and 0.5%. Vapor pressures are cal- 

culated using the temperature profile of previous graph based on formulae of Fray 

and Schmitt (2009) . The purple region corresponds to the partial pressure range 

between the minimum and maximum mixing fractions; 1 σ errors in the observed 

pressure data are included. The aquamarine region represents the vapor pressure 

range corresponding to the error in the derived temperature data in Fig. 11 . The 

horizontal dashed lines represent the range of elevations below which the partial 

pressure exceeds the vapor pressure (thereby allowing evening condensation to be 

accommodated) for the vapor pressure range as indicated by the aquamarine region. 

This graph is produced under the assumption that the topmost layers of surface ice 

are in thermodynamic equilibrium with the atmosphere above them. (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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8 We have assumed that a daily average has no time dependence on relatively 

longer time-scales like years. Indeed, the correct accounting for this would be ac- 

cording to �C p ∂ T /∂ t − K∂ T /∂ z = 

˙ E dep/sub − ˙ E net , where � is the effective surface 

density of a layer of whose thickness is of the thermal wave penetration depth 

on the time scale of interest and K is the thermal conductivity of the CH 4 ice 

( ∼400 mW/mK, Konstaninov et al., 1999 ) which is about 2.5 times that of N 2 . The 

thermal wave penetration depth for one Pluto day t day is, L th = ( K · t day /ρC p 2 π) 1 / 2 ≈
20 cm, based on laboratory measured values of CH 4 ice density and coefficient of 

specific heat( C p ≈ 1.8kJ/kg K, ρ ≈ 500 kg/m 

3 , Konstantinov et al., 1999; Colwell et al., 

1963 ). Similar estimates of L th based on estimates of Pluto’s surface thermal inertias 

indicate an order of magnitude smaller value of about 2 cm ( Forget, et al., 2017 ) –

although uncertainties of the actual thermal inertias of Pluto’s surface CH 4 ices are 

still open matters. 
9 We note that Hapke calculations indicate that N 2 ices with mixtures of CH 4 

and CO have emmissivities of about 0.5 ( Stansberry et al., 1996 ). What may be the 

emmissivities of pure CH 4 ices (or with small additives of N 2 ) is not known. 
meet corresponds to a location below which one expects to transi-

tion from net sublimation to net deposition. For temperature pro-

files on the low side (i.e., REX data predicted temperature minus its

1 σ error) we predict that at the time of the flyby net surface de-

position of CH 4 should have been occurring at altitudes less than

approximately 4 km (above mean planetary radius of 1188.3 km)

while for temperature profiles on the high side (i.e. REX data pre-

dicted temperature plus its 1 σ error) the transition altitude is in

the vicinity of 2.5 km (above mean planetary radius). This means

to say that during flyby and with the exception of the very low

albedo equatorial maculae, all landforms within the diurnal zone

were susceptible to condensation of CH 4 from sunset (approximate

local time of REX occultation) to sunrise and, likely, during daylight

periods as well (see next section). It should be kept in mind that

GCM modeling of Pluto’s atmospheric flow during the time of flyby

shows that CH 4 ’s near surface mixing ratio can vary by an order of

magnitude between equator and pole, but its predicted values near

the equator band where the BTD deposits are found remain fairly

steady, taking on values between 0.3–0.7% ( Forget et al., 2017 ). 

Without a detailed coupled surface atmosphere model (which

is outside the purview of this study), it is difficult to predict the

past condensation character of CH 4 in regions containing BTD to-

pography, wherein one of the main uncertainties would be knowl-

edge of the mixing ratio of CH 4 as a function of altitude and the

complex topography of the surface (cf. Bertrand and Forget, 2016;

Forget et al., 2017 ). However, some trends can be inferred. The low-

est levels of Pluto’s atmosphere are energetically characterized by

the balance between conductive thermal diffusion and the absorp-

tion of solar radiation by the 1.7, 2.3, and 3.3 μm absorption bands

of CH 4 ( Strobel et al., 1996 ; Strobel and Zhu, 2017 ). Strobel et al.

(1996) also demonstrate that under conditions expected for today’s

Pluto, the line centers of these CH 4 absorption bands are in the

optically thick regime and, further, as the mass of the overlying at-
osphere thickens, the heating rate decreases in conjunction with

n increase in the vertical temperature gradient (e.g., as evinced in

ig. 8 of Strobel et al., (1996) ). 

With all other quantities being equal (e.g., mixing ratio, solar ir-

adiance and subsolar latitude) we expect that an increase in over-

ying atmospheric mass, as for instance caused by global climate

hange ( Stern et al., 2017 ), should result in a stronger positive tem-

erature gradient near the surface. This gradient steepening should

esult in lowering of the altitude at which the partial pressure of

H 4 equals its vapor pressure. This would mean that during these

ore extreme epochs, the temperature-pressure regime favors net

ublimation (hence erosion) over condensation at these high ele-

ations. 

.1. Energy balance considerations 

The previous discussion focused on whether or not deposition

s possible for a volatile species like CH 4 as a function of eleva-

ion. The discussion centered on the capacity of the atmosphere

o locally deposit between sundown and sunrise. In order to es-

imate whether or not the deposited volatile survives throughout

aytime as a surface ice, we expand our discussion by construct-

ng the expression for the daily-averaged energy balance for sur-

aces in the diurnal zone of Pluto. This budget includes energy

eceived through solar irradiation, surface re-radiation and energy

ains/losses due to sublimation/deposition. Assuming the daily av-

raged temperature shows no diurnal variation, the daily-averaged

nergy balance is approximately given by 

˙ 
 dep/sub = 

˙ E net , (2)

here, 8 

˙ 
 dep/sub ≡ L ˙ �C H 4 , 

˙ E net ≡ σ T 4 s − 1 

π
ε S (1 − A ) cos ψ − ε rr . (3)

The energy associated with the sublimation or deposition of

H 4 is given by ˙ E dep/sub where ˙ �C H 4 
is as it was defined in the

revious section: L is the enthalpy of sublimation. The net sources

nd sinks of energy within this system are given by the expres-

ion 

˙ E net : Its first term represents radiative losses from the surface

o space in which the surface CH 4 ice has an assumed emissivity

f 1. 9 The second term describes the absorbed solar irradiance of

he surface which is the product of the solar flux at Pluto’s given

osition, ɛ S , the fractional amount of this incoming flux absorbed,

 − A, (where A is the albedo), and cos ψ denoting the local orien-

ation of the surface with respect to incoming solar irradiance. The

ngle ψ ≡ ψ ss − ˜ ψ is the difference between the subsolar latitude

t noon, ψ ss , and the total surface normal angle ˜ ψ = ψ 	 + ψ loc ,

here ψ 	 is the latitude at the location under consideration and

 loc is the surface normal vector appropriately projected. The fac-

or of 1/ π multiplying ɛ S denotes the mean solar flux over the



J.M. Moore et al. / Icarus 300 (2018) 129–144 141 

Table 1 

Values used in calculations quoted in the text. All values are accurate up 

to the digit quoted. 

Quantity Symbol Value 

Solar Insolation (R = 33AU, July 2015) εs 1.25 W/m 

2 

Albedo on BTD A 0.55–0.65 

SubSolar Latitude (July 2015) ψ ss 51.6 °N 
Asymptotic mixing fraction φatm 0.005 

Enthalpy of Sublimation for CH 4 L 606 kJ/kg 

Enthalpy of Sublimation for N 2 L N 2 225 kJ/kg 

Gas Constant R 8.3 × 10 3 m 

2 /s 2 /K 

Mean Atmospheric Molecular Weight μ 28 
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Fig. 13. ( a ) An oblique view of Enrique Montes within Cthulhu Macula, seen in an 

enhanced MVIC color image with a pixel scale of 680 m/pixel. Image is centered at 

147.0 °E, 7.0 °S. ( b ) MVIC CH 4 spectral index map of the same scene, with purple in- 

dicating CH 4 absorption. The bright-capped summits of the Montes in (a) correlate 

to elevated CH 4 absorption in (b), with CH 4 condensate occurring above ∼1.5 km 

above the mean radius. (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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11 This estimate comes from the following reasoning. During flyby the column 

mass of the atmosphere was about 2 kg/m 

2 . Collapsing this column mass into an 

equivalent volume of ice would correspond to about 0.4 cm of solid CH 4 ice per 

m 

2 . Reasoning from thermal contact equilibration, one can directly infer that about 

0.4 cm of surface ice is subject to the thermal influence of the atmosphere above. 

This figure is about 5–50 times smaller than the thermal wave lengthscale estimate 

discussed in a previous footnote. However, a mere 5–10 fold increase in the atmo- 

spheric mass will find the two figures roughly equal to one another and, hence, 
ourse of one day at equinox. 10 The final expression in the defi-

ition of ˙ E net denotes a lump sum of the redirected radiation onto

he surface arising as a total integral of both reflected light and

hermal IR re-radiation coming from all other parts of the surface

n view of the location being evaluated (e.g., White et al., 2016 ).

ote that this expression becomes especially important when the

ocal terrain shape is concave-up, thereby making it a local hotspot

for instance, an essential feature in the theory of penitente for-

ation ( Betterton, 2001; Claudin et al., 2015 ). The energy balance

xpression 

˙ E dep/sub = 

˙ E net leaves out the effects of thermal iner-

ia and conductive heat transport into the subsurface because it

s a relatively minor contribution to the averaged daily energy

udget especially if Pluto’s surface CH 4 ices are very insulating

 Young, 2012 ), although this thermo-physical effect likely has bear-

ng on seasonal and super-seasonal timescales. 

A detailed satisfaction of Eq. (2) requires the adjustment of ei-

her the surface temperature ( T s ) of the topmost deposit of CH 4 

nd/or the near-surface mixing fraction of atmospheric CH 4 ( φs ).

ll other quantities that are most responsible for the primary bal-

ncing of Eq. (2) are effectively known, constrained or derived from

ata, including surface albedo and surface orientation. Other quan-

ities, like thermal re-radiation, the amount of surface reflection, as

ell as surface structure on scales smaller than those resolved by

pacecraft imaging, are currently unknown and have some bearing

n the above energy balancing. However, estimates of re-radiation

ndicate that it is a 5–10% correction to the received solar energy

ux, and while this certainly will have consequences for the long-

erm growth and relief shaping of blades, to first order it does not

reatly affect the ability of the surface to receive or sublimate CH 4 .

e note that the near surface value of the mixing-fraction, and its

symptotic value much higher up in the atmosphere (i.e., φatm 

),

ay be different from one another (see below as well as Footnote

). In the previous subsection we have adopted measured values

f the temperature and the asymptotic mixing-fraction, and from

hese we have determined an approximate figure for the deposi-

ion/sublimation rate of CH 4 , ˙ �C H 4 
. However, the energy exchange

ate ˙ E dep/sub subsequently derived from 

˙ �C H 4 
does not in gen-

ral equal the incoming radiation budget ˙ E net . Taking into account

oth the topographic elevation and observed albedo ( Buratti, et al.,

017 ) of the BTD, as well as all other relevant physical quantities

ummarized in Table 1 , we do find that the signs of the two quan-

ities are in agreement, where the magnitude of ˙ E dep/sub generally

xceeds that of ˙ E net . Assuming that the lower atmosphere, domi-

ated by N 2 , acts as thermal ballast, thereby fixing T s on the top-

ost layers of CH 4 -covered surfaces, we assume that the adjust-

ent occurs in φs . While this is open to some debate owing to

he thinness of the atmosphere during flyby, this will be a more

ccurate representation of the atmosphere’s behavior if it were to
10 We note that it is not strictly correct to treat our analysis under the assumption 

f equinox – keeping in mind that days are longer the further northward from the 

quator that an observation point is during the flyby. 

w

e

t

t

E

hicken by as little as ten times the current value 11 ( Stern et al.,

017 ). A more detailed study might be performed that might bet-

er justify this assumption, however, such work is substantially be-

ond the scope of this investigation. 

Sublimation and condensation in Bladed Terrain at the time of

he encounter is critically controlled within the range of Bladed

errain albedo from 0.55 to 0.65 ( Buratti, et al., 2017 ). Given the

ocation and altitude of the BTD, the subsolar latitude and the as-

umption of a locally flat surface with no surface re-radiation, then,

or higher albedos close to 0.65, we find that the above energetic

udget considerations indicate that the BTD experienced net de-

osition during the time of flyby. Energetic balance is achieved if

he surface mixing fraction is much less than the asymptotic at-

ospheric value, i.e, φs < φatm 

, indicating that the transfer of CH 4 

rom the atmosphere to the surface is likely controlled by the pro-

ess of molecular diffusion (see also Moores et al. (2017b) ) or tur-

ulent diffusion ( Forget et al., 2017 ) – although with respect to the

atter, the actual value of the enhanced turbulent viscous diffusiv-

ty is weakly constrained for atmospheric flow over strongly un-

ulating topography like the BTD and further research in this re-

ard remains to be done. Relatively darker, flat-surfaced BTD, with

n albedo closer to 0.55, are either weakly depositing (latitudes

loser to 0 °) or net sublimating (latitudes closer to 25 °N) and, in

ither case, become net sublimating regions if the local terrain is

oncave-up (i.e., ɛ rr � = 0). While not a BTD, the existence of bright

H 4 condensate atop Enrique Montes (6.7 °S, 146.6 °E) is consistent

ith an albedo of ∼0.65 and their convex slopes ( Fig. 13 ). 12 Un-
ould formally justify the picture of the lower atmosphere helping to dictate the 

nergy equilibrium reached by the topmost 1–20 cm of the surface. 
12 While Enrique Montes are located deep within the low albedo Cthulhu Macula, 

heir relatively bright ( A ≈ 0.65, Buratti et al., 2017 ) frost cover is found at eleva- 

ions higher than ∼1.5 km above the mean radius. Based on the above analysis, 

nrique Montes’ proximity to the equator makes them one of the coldest places on 
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Fig. 14. ( a ) Colorized, opaque stereo digital elevation model overlain on a global mosaic (between 30 °S and 90 °N) of LORRI and MVIC images. ( b ) Equivalent Width of the 

890 nm CH 4 absorption band across the same area as shown in (a), as obtained from MVIC color observations. Warmer colors indicate greater CH 4 absorption. Dotted white 

ellipses on both maps indicate the extent of Bladed Terrain on the encounter hemisphere. 
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der the stated conditions, areal variations in albedo will induce

differential growth or erosion of BTD surfaces that, over a suffi-

cient length of time, can develop into high relief structures – a

process similar to that described in Betterton (2001) . This would

be promoted if the troughs and valleys were locations where lower

albedo ices are found. 

5.2. Possible occurrences of bladed terrain elsewhere 

Observing that Bladed Terrain continues eastwards beyond the

high-resolution coverage of the encounter hemisphere, we applied

an analysis of MVIC color data to search for possible candidate out-

crops into the poorly resolved hemisphere. A CH 4 ice absorption

equivalent width and spectral slope map was constructed by taking

the MVIC red, NIR, and CH 4 channels, and simultaneously solving

for a slope and an equivalent width of CH 4 absorption (centered

on the 890 nm absorption band) in the CH 4 channel. Fig. 14 shows

a good correlation in the encounter hemisphere between low lat-

itude, high-standing topography ( Fig. 14 a) where Bladed Terrain is

located, and broad-width CH 4 absorption ( Fig. 14 b). The occurrence

of patches of material with high CH 4 absorption values in the
Pluto from the standpoint of yearly averaged received solar insolation ( Earle et al., 

2017b ) and their elevation means that their peaks are suited for net CH 4 conden- 

sation. The energy budget estimation for that region during flyby shows that both 

the atmospheric and insolation conditions are favorable for condensation, i.e., both 
˙ E dep/sub > 0 and ˙ E net > 0 . The low albedo of the surrounding plains of Cthulhu Mac- 

ula means that the mean temperature of the surface likely precludes the retention 

of solid CH 4 . Yet the presence of CH 4 -frosted peaks suggests that the presumed H 2 O 

ice peaks were at some point sufficiently bare to permit deposition of CH 4 such that 

it could gain at least a seasonally stable foothold. 

a  

i  

o  

(  

a  

0  

s  

g  

c  
oorly resolved hemisphere may indicate that BTD occur in this

emisphere. If this is the case, the high-CH 4 absorption patches

ay well also mark the locations of BTD on high-standing topog-

aphy in this hemisphere. 

The foregoing analysis can be summarized thusly: CH 4 conden-

ation is favored up to a certain height. This height is controlled

y the vertical temperature profile, which in turn will vary with

limate change ( Stern et al., 2017 ). In the current climate, as ob-

erved by New Horizons, there is no altitude at which CH 4 sub-

imates in the latitudinal band where the BTD are observed. The

rst conclusion of this study is that it is most likely that the BTD

ormed during a sustained climate era that permitted high-altitude

ondensation of CH 4 , e.g., during a past epoch of the N 2 vapor

ressure-driven atmosphere where the temperature gradient is rel-

tively weak, which allows for deposition to occur at higher el-

vation. Secondly, our analysis indicates that blades are primar-

ly an aggregate result of differential deposition/sublimation rates

ver timescales of thousands of Pluto years – a conclusion also

eached by Moores et al. (2017a) . This is predicated on the assump-

ion that subsequent to the formation of the BTD, the climate of

luto has changed such that, overall, erosion of CH 4 has occurred

t these altitudes. Landscape evolution rates implied by an approx-

mate calculation indicate that Bladed Terrain could be forming

n timescales commensurate with a Milankovitch cycle ( ∼3 Ma)

 Dobrovolskis and Harris, 1983; Dobrovolskis et al., 1997 ). To wit:

 flat expanse of BTD, located at 22 °N, with a surface albedo of

.65, and a surface temperature of 39 K, will experience an in-

tantaneous net rate of CH 4 deposition of about 0.1 m/Pluto-yr,

iven the climate observed at the time of the New Horizons en-

ounter. This would result in about 600 m of growth over a 1.5 Ma
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D  
ime frame. Holding other quantities equal but slightly lowering

he albedo to 0.64 results in 200 m of growth, while lowering the

lbedo to 0.625 results in net sublimation and overall reduction

y 400 m. These trends tend toward net deposition as latitude de-

reases. Therefore, differential growth of relief will be promoted if

here are variations in surface albedo. Note that variations in sur-

ace temperature, arising as a function of elevation, will have sim-

lar physical consequences. 

In light of the above estimates, we note that the absence of

bvious craters on Bladed Terrain indicates an age up to but not

reater than 300 Ma. If BTD have existed for periods approach-

ng the maximum value, which is substantially longer than Mi-

ankovitch cycles, then this implies that there have been long-term,

robably secular changes in Pluto’s climate ( Stern et al., 2017 ). Fu-

ure work should clarify these approximate implications and as-

orted scenarios with physics-based coupled mesoscale modeling

f surface-landform and lower atmospheric evolution. 

. Conclusions 

Bladed terrain is observed to occur within latitudes 30 ° of the

quator and found almost exclusively on the highest elevations

 > 2 km above the mean radius) where observed in the encounter

emisphere. Well-developed blades are typically spaced ∼3 - 7 km

rest-to-crest, have a typical local relief of ∼300 m, and flank

lopes of ∼20 ° Blades dominantly display a N-S orientation, but

hose near the equator additionally exhibit a more rectilinear pat-

ern. The blades are located on broad ridges averaging ∼100 km

ide (Tartarus Dorsa), separated by troughs that appear to be of

tructural origin. Color data and the CH 4 band depth map of the

on-encounter hemisphere hint that Bladed Terrain may exten-

ively occur within the ± 30 ° latitude band. As such, these putative

laded Terrain regions presumably also occur at high elevations. 

Observations do not readily point to a single simple analo-

ous terrestrial or planetary process or landform. We have sep-

rately considered the origin of the Bladed Terrain Deposits, and

he bladed textures on their surface. The latter may have devel-

ped at a later time and by a different process. We first consid-

red processes that form both the deposits and the blades them-

elves (endogenic extrusion and aeolian sand erg development).

he principle objection to these hypotheses was that the blades

ccur on ridges rather than in depressions, as is commonly seen

or these processes on other planetary surfaces. Instead, the strong

orrelation of BTD occurrence with high elevation suggests an at-

ospheric temperature control and source for their presence and

odification. During the time of the encounter, with the excep-

ion of the 1 km-thick boundary layer exclusively above Sputnik

lanitia, Pluto’s lower atmosphere temperature profile displayed an

ncrease with altitude. The consequence of warmer air tempera-

ures at higher altitudes is that the condensation of N 2 ice is sup-

ressed, while the formation of CH 4 ice is currently promoted at

igher elevations. Changes in atmospheric mass can encourage ero-

ion of CH 4 ice. We conclude that since the time the BTD were

mplaced, there have been sufficient excursions in Pluto’s climate

o partially erode these deposits into the blades we see today.

he blades themselves are partially analogous to penitentes on ter-

estrial, low-latitude, high-elevation ice fields ( Moore et al., 2016;

oores et al., 2017b ). The processes that contribute to, and con-

rol the amplitude and spacing of, the blades are not yet fully

nderstood. For instance, these Plutonian blades are at least two

rders of magnitude larger than terrestrial penitentes. Plutonian

lades may be entirely erosional, like terrestrial penitentes, or may

orm by erosion at the base and condensation at the crests, which

s marginally permitted in Pluto’s current climate at those alti-

udes. Studies of terrestrial penitentes have noted that their for-

ation is responsive to climatic changes, the condition for forma-
ion being that the dew point must always be below the freezing

oint ( Lliboutry, 1954; Corripio and Purves, 2005 ). We also con-

lude that the several hundred meter relief of bladed terrain ridges

s consistent with the rheological conclusions of Eluszkiewicz and

tevenson (1990) regarding CH 4 ice at Pluto surface conditions, and

aises serious doubt regarding the weaker rheology reported by

amashita et al. (2010) . 

We suggest that the west to east sequence of landform ele-

ents from the lowlands of Sputnik Planitia, through the Bright,

itted Uplands, to the BTD are genetically related and are driven

y ices sublimated from Sputnik Planitia and condensed (and fur-

her modified) on the uplands to the east. The Bright, Pitted Up-

ands and the BTD occupy the same latitude belt and manifest a

urficial compositional sequence from dominance by N 2 ice closest

o Sputnik Planitia (including return-flow N 2 glaciation) to increas-

ng dominance of CH 4 ice to the east culminating in the BTD. This

ompositional sequence corresponds to an altitudinal control on

ce stability, with only CH 4 being stable at high relative elevations.

tmospheric modeling to date has not demonstrated an eastward

irculation in the equatorial latitude belt ( Forget et al., 2017 ) un-

er orbital and seasonal conditions during encounter. On the other

and, the high albedo of the Bright, Pitted Uplands suggests N 2 and

H 4 ice deposition has occurred in this latitude belt east of Sput-

ik Planitia within the recent geologic past. Thus Bladed Terrain,

long with other deposits of volatiles in Tombaugh Regio proper

including Sputnik Planitia), represents an active response of the

andscape to current and past climates, and very likely a major ter-

ain type on Pluto. 
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