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Abstract: The surface of Pluto is more geologically diverse and dynamic than had been 27 

expected, but the role of its tenuous atmosphere in shaping the landscape remains unclear. We 28 

describe observations of regularly spaced, linear ridges from the New Horizons spacecraft whose 29 

morphology, distribution and orientation are consistent with being transverse dunes. These are 30 

located close to mountainous regions and are orthogonal to nearby wind streaks. We demonstrate 31 

that the wavelength of the dunes (~ 0.4 – 1 km) is best explained by the deposition of sand-sized 32 

(~200-~300 µm) particles of methane ice in moderate winds (<10 m s
-1

). The undisturbed 33 

morphology of the dunes, and relationships with the underlying convective glacial ice, imply that 34 

the dunes have formed in the very recent geological past. 35 

One Sentence Summary: 36 

We describe dune-like landforms on Pluto, which likely result from granular solids affected by 37 

the wind regime at the margin of an icecap and mountains. 38 

 39 

 40 
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Main Text:  41 

Dunes require a supply of particulate material on a surface and a fluid boundary layer to entrain 42 

the grains (i.e. wind, for dunes on a planet’s surface). They have been identified in some 43 

surprising locations: Contrary to predictions (1), Saturn’s moon Titan has a broad belt of linear 44 

dunes encircling its equatorial latitudes (2), and despite the lack of a persistent atmosphere, 45 

eolian landforms (i.e. those related to wind) have also been suggested to occur on comet 46 

67P/Churyumov-Gerasimenko (3). On July 14 2015, NASA’s New Horizons spacecraft flew 47 

past Pluto, which provided spectral data and imagery of the surface at resolutions as detailed as 48 

80 m/pixel (4). The combination of Pluto’s low gravity (0.62 m s
-1

, or 1/12
th

 that of Earth), 49 

sparse atmosphere [1 Pa (5)], extreme cold [~ 45 K (5)] and surface composition [N2, CO, H2O 50 

and CH4 ices (6)] made pre-encounter predictions of surface processes challenging. However, 51 

pre-encounter speculation included that eolian processes, and potentially dunes, might be found 52 

on Pluto (7), because, despite the relatively thin atmosphere, the winds could possibly sustain 53 

saltation (i.e. particle movement by ballistic hops) in the current surface conditions. We 54 

examined images from the Long Range Reconnaissance Imager (LORRI) instrument (8) on New 55 

Horizons, taken during the probe’s closest approach to Pluto, to search for landforms with the 56 

morphological and distributional characteristics of dunes. We also searched spectroscopic data 57 

from the Multispectral Visible Imaging Camera [MVIC (9)] for evidence of sufficient sand-sized 58 

ice particles to form dunes, and discuss how sublimation may play a role in lofting these particles 59 

enabling them to be saltated into dunes.  60 

 61 

 62 



 Submitted Manuscript:  Confidential  

 

Observations from New Horizons 63 

The surface of Pluto, as revealed by New Horizons, is diverse in its range of landforms, 64 

composition and age (4, 10). One of the largest features, Sputnik Planitia (SP), is a plain of N2, 65 

CO and CH4 ice (6 and Fig. S1) that extends across Pluto’s tropics and at its widest point covers 66 

30° of longitude (Fig. 1A). Polygonal features on the surface of SP, tens of kilometers across and 67 

bounded by trenches up to 100 m deep (Fig. 1B and 1C), have been interpreted as the result of 68 

thermally-driven, convective overturning of the ice (11,12), which, together with the uncratered 69 

surface of SP (4), suggests a geologically young (<500 ka; 11,12) and active surface. Much of 70 

the western edge of the ice is bounded by the Al-Idrisi Montes (AIM), a mountainous region 71 

with relief of up to 5 km. On the SP plain bordering these mountains, distinct, regularly spaced, 72 

linear ridges are evident within a belt of approximately 75 km from the mountain margin (Fig 73 

2A). They have positive relief as evident from shadows consistent with the mountains. The 74 

ridges show pronounced spatial regularity (~0.4 - 1 km wavelength), substantial length/width 75 

ratios (sometimes >20 km length), consistent shape along these lengths, and the presence of 76 

merging/bifurcation junctions (Fig. 1C and 1D; Fig. 2D and 2E). These junctions are 77 

approximately evenly spread between 47 north-facing bifurcations  and 42 south-facing splits, 78 

and there is no clear spatial patterning to the direction of junctions. Farther from the mountain 79 

margin, toward the southeast, the ridges become more widely spaced and generally larger, while 80 

still in isolated fields or patches. Dark streaks are also found across the surface of the ice, 81 

typically behind topographic obstacles, and have been interpreted as wind streaks (4). These 82 

features indicate there are loose particles near and on the surface, as the streaks are thought to 83 

result from the deposition of suspended, fine particles in the lee of obstacles to wind flow (4, 5, 84 

13; Fig. 1C, 1E). 85 
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We have identified 357 pale-colored, linear ridges on SP adjacent to the AIM (Fig. 2A, 2B, 2C), 86 

as well as six darker wind streaks in addition to the seven previously identified (4). The ridges 87 

closest to the SP/AIM mountain front are oriented approximately parallel with it, and ridges 88 

farther to the southeast shift orientation clockwise by ~30 over a distance of ~75 km (Fig. 2A 89 

and 2B); the ridges farther from the SP/AIM margin are significantly (Mann-Whitney U = -7.41; 90 

p < 0.0001) more widely spaced (Fig. 2C). Beyond the ~75 km-wide belt in which the linear 91 

ridges are predominantly found, the morphology of the surface changes, with preferential 92 

alignment of the ridges gradually disappearing (Fig. S2), until the landscape is dominated by 93 

weakly- or un-aligned, but still regularly dispersed, pits likely caused by sublimation of the ice 94 

(14). Wind streaks adjacent to the SP/AIM border are perpendicular to the ridges and mimic the 95 

shift in orientation shown by the ridges (Fig. 3A, 3B). Streaks within the zone in which the 96 

ridges are found (i.e. < 75 km from the SP/AIM border) are geographically (i.e. clockwise from 97 

north) oriented 113 ± 4° (1 standard deviation,σ, with sample number,n=4), whilst more distant 98 

wind streaks are oriented significantly [(heteroscedastic Student’s t = 9.912; p < 0.001 (Fig. 99 

3B)] differently at 153 ± 10° (1σ, n=9).  100 

Interpretation as dunes 101 

The ridges found on western SP have morphological similarities to dunes (Figs. 1C, 1D, 102 

4A, 4B and 4C). In addition to analogue similarities, we argue that these landforms are most 103 

consistent with an initial eolian depositional origin (i.e. dunes) on the grounds that: (a) a 104 

depositional origin is favored by the superimposition of many of the dunes on the trenches 105 

bordering SP’s convective cells (Figs. 1D, 2D and 2E), (b) the distribution of the dunes with 106 

pattern coarsening (enlarging toward the southeast), away from the mountains (Fig. 4C), which is 107 

characteristic of dunefields; (c) their orientation, and systematic regional changes to this 108 
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orientation, are more readily explained by the wind regime than variations in incoming solar 109 

radiation; (d) the presence of pronounced wind streaks, orthogonal to the dunes, demonstrates the 110 

potential efficacy of Pluto’s winds; (e) their location, on a methane- and nitrogen-dominated ice 111 

cap adjacent to mountains, is where the strongest winds and a supply of sediment might be 112 

expected, and; (f) their differing morphologies and undeformed regular alignment differs from 113 

the randomly aligned, shallow pits that border on the dune regions of SP (Fig. 4E and S2), and 114 

the deeply incised, discrete, aligned pits that can be found towards SP’s southern and eastern 115 

margins (Fig. 4D). These pit-like features are morphologically distinct from the dune-like ridges 116 

farther north near the AIM that we discuss here (Figs. 4A and D). To test this hypothesis, we use 117 

a model (15) to examine the saltation of sand-sized (in this case, ~200-300 µm) particles on 118 

Pluto. Once initiated, the model indicates that saltation can be sustained even under the low 119 

(Earth-like; 1-10 m s
-1

) wind speeds predicted at the surface today (16). However, the model also 120 

suggests that an additional process may be necessary to initially loft particles (15). This can be 121 

accomplished by sublimation, which is capable of lofting particles, and we model this process to 122 

find that particles can be entrained. This function of sublimation is in addition to the role 123 

sublimation may play in eroding mature dunes to more altered forms, which is also discussed in 124 

more detail below. Thus, under the current conditions, if there are sufficiently non-cohesive 125 

sand-sized particulates on the surface of Pluto, we should expect to find dunes. 126 

Terrestrial and planetary dunes that form straight ridges can occur either perpendicular to the 127 

wind, forming transverse dunes, or parallel to the net local wind regime, forming longitudinal (or 128 

linear) dunes, and regional variation in the alignment of such dunes on earth is typically 129 

associated with meso or large scale atmospheric patterns (17). Wind streaks are well known on 130 

Venus and Mars, are present even under the tenuous atmosphere of Triton, and are generally 131 
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considered to represent the wind direction (13). The presence of pronounced wind streaks (Fig. 132 

1C) within the dunefield, very nearly orthogonal to the dune trends, suggests that the observed 133 

dunes are transverse forms (Fig. 3A). The transverse nature of the dunes is further supported by 134 

the lack of consistency in bifurcation orientation; within dunefields oriented parallel to net 135 

sediment-transporting winds, such defects tend to cluster in terms of their orientation (18). The 136 

transverse orientation also shows that these ridges cannot be sastrugi (erosional snow ridges that 137 

form parallel to net winds) (19), or other erosional features analogous to yardangs (wind-carved 138 

ridges). The dunes in the northwestern portion of SP/AIM (Fig. 4A) are even more regularly 139 

spaced and parallel than many transverse dunes on Earth. Possible explanations for this include a 140 

highly consistent wind regime, lack of topographic deflection of winds, or a smooth substrate.  141 

Conditions for the formation of dunes and sublimation pits 142 

The existence of dunes on the surface of Pluto requires three necessary criteria to be met. Firstly, 143 

there must be a fluid atmosphere of sufficient density to make eolian transport possible. 144 

Secondly, there must be a granular material of a size and density, and with sufficiently low 145 

cohesion, that it can be entrained by winds. On Earth, this role is typically played by sand-sized 146 

mineral grains of a variety of compositions, including snow and ice. Thirdly, given the high wind 147 

speeds needed to lift surface particles against cohesion forces (20; Fig. 5), a specific mechanism 148 

must exist to loft large quantities of ice particles into the atmosphere where they are available for 149 

eolian transport. The presence of these criteria alone is necessary but not sufficient to identify the 150 

surface features as dunes.  To justify our interpretation of these features as being dunes we also 151 

examine the conditions required for the other most likely candidate: aligned sublimation pits.  152 

Winds 153 
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The orientations of the dunes and the wind streaks change locally, and consistently; in the case of 154 

the dunes, over a distance on the order of 10-10
2
 km. This implies that the topography and/or 155 

surface composition has influenced the local wind regime, as was anticipated (21). These 156 

orientations are consistent with sublimation-driven and topographic mechanisms for the 157 

horizontal displacement of the atmosphere, as winds are generated by a gravity-driven flow 158 

towards lower regions. Modeling of Pluto’s current atmosphere suggests that surface winds on 159 

the order of 1-10 ms
-1

 are possible; they should be strongest where there are topographic 160 

gradients and when driven by sublimation of surface ices by sunlight (15). The location of the 161 

dunes at the western margins of the SP and AIM should thus be amongst the windiest locations 162 

on the known regions of Pluto. As with Earth and Mars, once grain transport along the surface of 163 

Pluto has begun, increased efficacy of grain-splash (the ejection of new particles due to grains in 164 

saltation colliding with the ground) promotes a hysteretic effect that further sustains sediment 165 

flux (22, 23). We use a numerical model (15) to demonstrate that despite the high wind speeds 166 

needed for initial eolian entrainment, eolian transport can, once established, be sustained with 167 

wind speeds of ~10 m s
-1

 (Fig. 5). 168 

Sediment supply 169 

Although terrestrial dunes are typically associated with quartz, basalt or gypsum sand, other 170 

materials can form the grains for dune development. Snow dunes of a very large scale are 171 

observed in the center of the Antarctic continent (24); on Titan, it is generally assumed to be 172 

atmosphere-derived organics, perhaps initially tholins, which form the equatorial belt of giant 173 

dunes (25). While tholins are thought to form the dark patches of Pluto’s equatorial regions (6), 174 

the dunes evident on SP are light in color and are thus not formed from the same complex, 175 

organic, photochemically-derived haze seen in Pluto’s atmosphere (4). The most likely 176 
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candidates are thus N2 and CH4 ices. The surface of SP has generally been interpreted as 177 

predominantly composed of N2 ice (4, 5), just as solidified nitrogen snows are believed to 178 

account for Triton’s ice-covered surface (26, 27). The zone in which the ridges occur is 179 

coincident with the latitudes in which net N2 condensation occurs over the course of a Pluto year 180 

(16; Fig. S3). However, recent analyses suggest that the composition may be a more complex 181 

mix of N2, CH4 and CO ices (29). Our analysis of data from the MVIC instrument, using a CH4 182 

filter (15) suggests that the location of the ridges and streaks coincides with a region of enhanced 183 

CH4 ice content (Fig. S4). To the west of SP, the Enrique Montes in Cthulhu Macula (CM) have 184 

been shown to be capped with methane, presumably as the result of condensation or precipitation 185 

(29, 30). CH4 ice retains hardness and rigidity under Pluto surface conditions, which is ideal for 186 

saltation and dune formation, while N2 ice is likely to be softer. These constraints lead us to 187 

conclude that the dunes are formed predominantly of grains of methane ice, though we do not 188 

rule out that there could also be a nitrogen ice component. The presence of transverse forms, 189 

indicating sediment-rich local conditions, as opposed to more sediment-starved isolated barchans 190 

(discrete, crescentic dunes), suggests that locally, the sediment supply to this region of SP must 191 

be, or have been, abundant. Given the strength of the color and boundary delineations of methane 192 

in the AIM (Fig. S3), the methane ice may be quite thick and perhaps similar to valley glaciers in 193 

these isolated regions. If such high-altitude methane snowpack is a regular, seasonal occurrence, 194 

this may be a substantial reservoir from which to derive the abundant sand across the 195 

northwestern surface of SP required to form these transverse dunes. 196 

Grain size 197 

Credible sediment sizes are required for dune formation under the likely eolian regime. The grain 198 

sizes proposed for nitrogen ices (e.g., on Triton) have varied from micrometer (31, 32) to meter-199 
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scale (33). We develop a method (15) to approximately constrain average grain size (d) and 200 

formative wind speed (U), from the mean crest-to-crest distance, or wavelength (λ), of the 201 

transverse dunes. For eolian dunes, the relevant length scale controlling this wavelength is the 202 

saturation length (Lsat) of the sediment flux, which is the distance needed by the flux to adapt to a 203 

change in local flow conditions. By combining theory (34), which predicts Lsat as a function of 204 

wind speed and attributes of sediment and atmosphere, with a mathematical model (35) for λ as a 205 

function of Lsat and U, we obtain the values of d and U that are consistent with λ. These values 206 

are shown in Fig. S5, for λ≈700 m and λ≈560 m, which correspond to the transverse dunes far 207 

from and near to the mountainous area of Fig. 1, respectively. Given that expected formative 208 

wind speeds on Pluto are not larger than 10 m s
-1 

(16), Fig S5 implies that grain size does not 209 

exceed ~370 μm and is most probably in the range between 210 and 310 μm. The spectral 210 

response of the MVIC CH4 filter offers an additional constraint on the possible grain sizes 211 

observed, as Hapke modelling of the scattering within a granular medium provides a grain-size 212 

dependent control on the equivalent width of the absorption band. We find (15) that the observed 213 

response is consistent with a granular medium of ~200-300 μm. 214 

Lofting 215 

Although eolian transport can be maintained under Pluto’s current wind regime, the speeds 216 

necessary for initial entrainment are orders of magnitude greater than those believed to be 217 

present at Pluto’s surface (Fig. 5). An additional process is thus likely to be necessary to initiate 218 

eolian activity. In Sputnik Planitia, this process may be related to the intense, solar-driven 219 

sublimation of surface ices that injects more than 10
3
 m

3
 m

-2
 of gas in the atmosphere every 220 

afternoon (16, their figure 8). When sunlight penetrates through the upper layers of semi-221 

transparent ice particles are lofted, sometimes at high vertical velocities, due to a mechanism 222 
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often referred to as a solid-state greenhouse (36). Therefore, initial entrainment of ice grains that 223 

eventually form dunes may result from sublimating subsurface ice, as has been observed in the 224 

thin atmospheres of Mars’ northern polar region (37), and proposed for comet 67P/Churyamov-225 

Gerasimenko (38,39) and Triton (24,25). Modeling (15) suggests that subsurface N2 sublimation 226 

under Pluto surface conditions is capable of lofting even the densest candidate particles [N2 ice,
 
at 227 

1030 kg m
-3

, is denser than CH4 ice, at 494 kg m
-3

 (40)] with sizes ~200 μm, even at 0.1 Pa; 228 

within the range of both Pluto’s atmospheric pressure and the solid N2 vapor pressure. Surface 229 

ices of mixed composition offer an additional potential mechanism for facilitating grain lofting. 230 

At the nitrogen frost point temperature of 63 K (11), pure methane ice particles mixed with 231 

nitrogen should not sublimate at all. As methane particles are slightly heated by the sun, they 232 

should enable the sublimation of the nitrogen ice that they touch and thus be readily lofted into 233 

the atmosphere. Similar processes have recently been suggested for the migration of tholin 234 

deposits on the surface of Pluto (41). Past periods of higher atmospheric pressures, which have 235 

been suggested (42), could facilitate initial entrainment due to increased efficacy of eolian 236 

processes. 237 

Sublimation 238 

The landscape of SP contains evidence of sublimation-driven landforms (4, 7, 14), and this 239 

process is important in shaping parts of Pluto’s surface. We consider whether the landforms 240 

described here are more consistent with origins attributable to eolian or sublimation processes. 241 

Locally, sublimation pits are deeply incised and may align to form linear troughs up to 10s of km 242 

long and up to ~1 km deep (4, 7). Frequently, and especially towards the southern and eastern 243 

margins of SP, any alignment is subsequently heavily deformed, presumably driven by glacial 244 

flow and convective overturning. Analogue landforms on Earth are provided by sublimation-245 
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driven textures of snow and ice surfaces: ablation hollows (suncups) and penitentes (14, 43). On 246 

Earth, ablation hollows on snow may become aligned to leave ridges (penitentes), which align 247 

themselves to within ±30° of east-west (i.e. the annual mean net sun path (44). Although the 248 

orientation of any penitentes on Pluto is likely to be more complex and seasonally dependent, 249 

they are only likely to form wavelengths in excess of ~1000 m (45). It is possible that 250 

sublimation has acted upon already formed dunes in some regions (Fig. 2A). In polar regions on 251 

Earth, wind-driven snow or ice grains can produce dunes, which then become hardened by 252 

sintering and begin to undergo modification by wind and sublimation processes, thus changing 253 

from depositional to erosional landforms (44, 45). Given the tendency of ices to sinter together 254 

under the right conditions, this could also happen in the CH4 or N2 ices of Pluto’s dunes. 255 

Sublimation erosion of Pluto’s dunes may enlarge and round the areas between the dunes, and 256 

sharpen the dune crests while preserving the overall dune orientation and spacing. This 257 

morphology may be seen just at the resolution limit in the features farthest from the mountains in 258 

Fig. 2a (enlarged view in Fig. S2). This is supported by modeling (15) of the net accumulation of 259 

ices across Pluto’s surface during the past two (Earth) centuries (Fig. S4), which suggests that for 260 

the past ~30 Earth years, the dunefield has been experiencing net sublimation. Some of these 261 

features may have progressed so far towards being erosional that we have not identified them as 262 

dunes (Fig. S2). 263 

Age 264 

An upper limit on the age of the dunes, which sit atop the ice of the western margins of SP, is 265 

imposed by the recycling rate of the upper surface of the convectional cells within the ice (i.e. < 266 

500 ka) (11, 12). This overturning of the substrate, inferred from the complete absence of 267 

identified craters on SP, provides an age constraint for superficial landforms which is not 268 
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available for dunes on other solar system bodies, and implies a geologically and/or 269 

geomorphologically active surface (4, 10, 46). Surface features, undistorted by the convectional 270 

overturning within the ice, must be much younger than the timescales of convection, therefore 271 

closer to the timescales of Pluto’s strong seasons (i.e. terrestrial decades – centuries). Further 272 

evidence that the dunes form on a timescale substantially shorter than that of the convection is 273 

suggested by the superposition of the dunes over the depressions at the cell margins (Fig. 1G). 274 

Summary and Conclusions 275 

We have presented evidence that the highlands adjacent to SP accumulate methane. The ridged, 276 

dune-like landforms nearby, and accompanying wind streaks, are rich in methane relative to their 277 

underlying substrate. Although the wind speeds needed for eolian entrainment are higher than the 278 

likely wind speeds present on the surface, sublimation provides a credible mechanism for lofting 279 

grains. Numerical sediment transport and spectral modeling suggest these methane grains are 280 

approximately 200-300 µm. Our models suggest eolian transport is highly effective under Pluto 281 

surface conditions once initiated. An ample sediment supply appears to be available from a 282 

seasonally abundant snowpack in the adjacent mountains. The result is the formation of 283 

transverse dunes, as we identify in the images from New Horizons. The orientation of the dunes 284 

perpendicular to the wind is supported by the local topography and surface, and accompanying 285 

wind streaks. The presence of these dunes indicates an active atmosphere that produces 286 

geologically young landforms. 287 

 288 

  289 
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Fig. 1. New Horizons fly-by imagery of landforms attributed to eolian origins. All images are 455 

unrectified and thus all scales are approximate. Color-composite MVIC images are shown here 456 

for context; dune identification was performed on greyscale LORRI images (shown below). A) 457 

Overview of Pluto centered on ~25° latitude, ~165° longitude, showing the locations of images 458 

B) and E) and figures 3A and S3 (47).  B) The spatial context for SP and the AIM mountains to 459 

the west (48).  Insets C) and D) show details of the highly regular spatial patterning which we 460 

attribute to eolian dune formation, and two newly-identified wind streaks (arrows x), along the 461 

margins of the SP/AIM border. Here the dunes show characteristic bifurcations (arrows y) and a 462 

superposition with SP’s polygonal patterning (arrow z), suggesting a youthful age for these 463 

features (49).  E) Two further wind streaks on the surface (x’), downwind of the Coleta de Dados 464 

Colles (4). These wind streaks, farther from the SP/AIM margin, are oriented differently to those 465 

close to the icefield’s edge, and are still roughly orthogonal to the dunes there.  466 

Fig. 2: Identified dunes (black lines) at the margins of western Sputnik Planitia (A). Prominent 467 

wind streaks are marked with orange lines. (B) Radial plot of the orientation of the dunes 468 

(n=331), and the direction orthogonal to the wind implied by the wind streaks close to the 469 

SP/AIM margin (orange dashed line; n=4; arithmetic mean, 𝑥̅=203°). Because the dunes have a 470 

distinct shift in orientation (Fig. S1), the distribution of dunes in the three patches closest to the 471 

wind streaks within the dunefield (outlined in dashed green on A) has been separately 472 

highlighted on the radial plot, in green. These have a mean orientation of 204° (n=77), 473 

highlighted by the dashed green line. The dark blue line indicates the mean trend of the border of 474 

SP and the Al-Idrisi Montes in this area (194). C) Frequency of dune spacings in clusters close 475 

to (red line representing dunes within the red dashed line of A) and far from (green line 476 

representing dunes within the green dashed line of A) the icefield/mountain interface. Dunes 477 
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farther from the mountains are significantly  more widely-spaced (𝑥̅ = 700 m) than those close to 478 

the mountains ( 𝑥̅  = 560 m).D) Detail of the image interpretation process of the highest 479 

resolution swath, showing linear ridges, which sometimes bifurcate but are otherwise 480 

remarkable for their regularity; E) The same image with ridge lines highlighted 481 

Fig. 3: The western margin of Sputnik Planitia. A) shows transverse dunes in black, the margin 482 

of the icefield and neighboring Al-Idrisi Montes to the northwest in blue, wind streaks close to 483 

this margin in orange, and further wind streaks further from the mountains in yellow. There is an 484 

orientation shift between the two sets of wind streaks, matching the correlation between the 485 

distance to the margin of the icefield and mountains, and the orientation of the transverse dunes 486 

(shown in inset B; wind streaks in orange). We interpret this as topography and/or surface 487 

composition influencing regional wind regimes. 488 

Fig. 4: Analogues and comparison with sublimation features. A) details of the dunes on western 489 

Sputnik Planitia, centered on 34.35 159.84 (location shown in Fig. 1). B) analogous terrestrial 490 

transverse dunes of the Taklamakan Desert, western China (image © CNRS/SPOT, © 491 

DigitalGlobe and courtesy of Google Earth
TM

), and C) the same location down-sampled to a 492 

similar relative resolution as the Pluto dunes (i.e. approximately 5-10 pixels per crest-crest 493 

spacing). D) the aligned and distorted sublimation features abundant on southern and eastern 494 

SP (image centered on -4.78 189.48) and E) weakly-aligned to randomly oriented, shallow 495 

sublimation pits.. F) an example of a landscape revealing both eolian and sublimation-derived 496 

landforms at Mars’ southern polar ice-cap  from the Mars Reconnaissance Orbiter reveals both 497 

dark eolian bedforms (dunes and ripples), as well as sublimation pits developing in the 498 

underlying CO2 ice (Image credit: NASA/JPL/University of Arizona, ESP_014342_0930_RED). 499 
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Fig. 5. Minimal threshold wind speed for initiation (Uft, orange line) and continuation (Ut, black 500 

line) of saltation on Pluto, at a reference height of 10 m above the soil, computed for different 501 

values of the average particle diameter (15). The dashed horizontal line indicates maximum 502 

likely windspeeds at Pluto’s surface.  503 

  504 
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Materials and Methods 567 

S 1 Image Interpretation 568 

The names Sputnik Planitia and Al-Idrisi Montes are formally approved by the International 569 

Astronomical Union (IAU); all other names referred to within the text are informal. 570 

Landforms were interpreted from the P_MVIC_LORRI_CA (75 m per pixel) and 571 

P_MPAN_LORRI (124 m per pixel) observations georeferenced to a global mosaic within ESRI 572 

ArcGIS 10.3, projected to a spheroid of radius 1188.3 km. The LORRI instrument is a 573 

panchromatic sensor in the range 350 to 850 nm with an unfiltered 1024 × 1024 pixel Charged-574 

Couple Device (CCD). The field of view is 0.29° (8). A global LORRI image mosaic was used 575 

for contextualizing the area of interest. Images with variable resolutions (e.g. Fig. 1) are 576 

comprised of lower-resolution mosaics taken from more distant observations from the LORRI 577 

instrument, with superimposed swathes of higher spatial resolution images from the closest 578 

observations. For all LORRI image mosaics, the individual, PDS (Planetary Data System: 579 

https://pds.nasa.gov/) EDR (Experiment Data Record) images were processed using the 580 

Integrated Software for Imagers and Spectrometers (ISIS 3) (51,52).  Images were converted 581 

from raw Data Numbers to I/F (the ratio of reflected to incident flux) units via radiometric 582 

equations (53).  These images were then processed with the ISIS program photomet in order to 583 

correct for the range of illumination and viewing geometries, map-projected with the ISIS 584 

cam2map program, and finally mosaicked together with the ISIS noseam program. 585 

Features were manually identified and digitized, based on an ontology limited to features with 586 

high length/width ratios (i.e. clear alignment) and a length of >1 km. Dune spacing was obtained 587 

by assigning 500 random points along the crest lines within dune ‘clusters’ using ArcGIS 10.3, 588 
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and using ArcGIS’s Near function to find the distance to the nearest adjacent feature. Samples 589 

near the end of isolated dunes thus might indicate a spuriously high spacing, which probably 590 

accounts for the high outliers in Fig. 2. 591 

MVIC consists of seven CCD arrays. Two are panchromatic, and four provide color or near 592 

infrared detection capabilities (BLUE (400 to 550 nm filters), RED (540 to 700 nm), NIR (780 to 593 

975 nm), and a narrow methane-sensitive band, based around the 890 nm absorption line 594 

(“CH4,” 860 to 910 nm). Fig. S4 is based on the highest resolution MVIC scan 595 

(“P_COLOR_2”), with the unique MET ID 0299178092, archived in the PDS.  Mid- observation 596 

time was 2015-07-14 11:10:52 Coordinated Universal Time, corresponding to a range from 597 

Pluto’s center of 33963 km, sub-spacecraft longitude and latitude of 168.03 E, 25.98 N, and a 598 

phase angle of 38.80°. 599 

  600 
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S2 Modeling 601 

 602 

This Section presents the equations used to obtain the minimal threshold wind velocities required for initiation and 603 

continuation of sediment transport, 𝑈ft  and 𝑈t , respectively (Fig. 5). Moreover, a description of the method 604 

developed for obtaining the average grain size 𝑑 and surface wind speed 𝑈 in the transverse dune field of Sputnik 605 

Planitia (Fig. S5) is provided. 606 

 607 

In subsection S2.1, the equations for obtaining 𝑈ft and 𝑈t are shown, while in the three subsequent subsections, the 608 

method for obtaining 𝑑 and 𝑈 from the crest-to-crest distance of the transverse dunes is presented. As discussed in 609 

the main text, this distance scales with the saturation length of sediment transport, 𝐿sat, that is, the transient length 610 

needed by the mass flux of particles in the transport layer to adapt to a change in flow conditions (34). An analytical 611 

model for reliably computing 𝐿sat as a function of the attributes of sediment and atmosphere in rarified atmospheres 612 

has been derived (34). In Subsection S2.2, we list the main equations of this model, which we use to compute 𝐿sat in 613 

Sputnik Planitia as a function of grain size and wind speed. Moreover, an analytical model to obtain 𝐿sat from the 614 

crest-to-crest distance of the “elementary” transverse dunes – which are the smallest transverse dunes formed by the 615 

wind on a flat sand surface – has been derived (54). In Subsection S2.3 we list the equations of this model while in 616 

Subsection S2.4 we present our method to constrain 𝑑 and 𝑈 in Sputnik Planitia by combining models (34) and (35). 617 

 618 

Subsection S2.5 considers these results in the light of the forces needed to loft a particle under surface and 619 

atmospheric conditions of SP. The final subsection, S2.6, justifies the assertion that the absorption of the MVIC CH4 620 

filter is consistent with the grain sizes proposed by the modelling of sections S2.1 – S2.4 are supported. 621 

 622 

S2.1 Threshold wind velocities for initiation and continuation of saltation on Pluto 623 

 624 

S2.1.1 Minimal threshold wind shear velocity for transport initiation, 𝑢ft 625 

 626 

Sediment transport begins when the wind shear velocity 𝑢, which is proportional to the mean flow velocity gradient 627 

in turbulent boundary layer flow, overcomes a minimal threshold value 𝑢ft . A mathematical model for 𝑢ft is 628 
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obtained by balancing the entraining forces (aerodynamic lift and drag) against the stabilizing forces (attractive 629 

inter-particle forces and gravity), which leads to the following equation, 630 

 631 

  632 

 633 

where 𝜌p and 𝜌a denote the densities of particles and air, respectively, 𝑔 is gravity, 𝑑 is the average diameter of the 634 

particles, 𝐴𝑁 ≈ 0.1 and 𝜁 ≈ 5 × 10−4 N/m is an empirically determined parameter that scales with the strength of 635 

the attractive forces between the particles (54, 55). The first term in the square-root of Eq. S1 accounts for the 636 

balance between gravity and aerodynamic forces, while the second term incorporates the effect of attractive inter-637 

particle forces (mainly van der Waals forces), which become significant when particle sizes decrease down to values 638 

below 60 𝜇m. A different mathematical formulation for 𝑢ft, which leads to results not much different from the ones 639 

from Eq. S1, has been obtained (56). In this model, 𝐴N is determined by empirical expressions that encode the effect 640 

of inter-particle cohesion; that is 𝐴N depends on 𝑑, while 𝜁 = 0 (56).  641 

 642 

S2.1.2 Minimal threshold wind shear velocity for saltation continuation, 𝑢t 643 

 644 

Once initiated, eolian transport of the sediment particles along the surface can take place through several modes, in 645 

particular creep, that is, particles sliding or rolling along the surface, and saltation, which consists of particles 646 

moving through nearly ballistic loops, thereby ejecting new particles upon collision with the ground (splash). 647 

Moreover, once initiated, particle transport along the surface can be sustained at lower wind speeds because 648 

entrainment of new particles into flow occurs mainly as a consequence of grain-bed collisions. Under terrestrial 649 

conditions, the threshold for saltation continuation (or impact threshold) 𝑢t is about 80% the threshold for saltation 650 

initiation, 𝑢ft  (15). However, recent theory and numerical simulations showed that the ratio 𝑢t /𝑢ft depends on 651 

atmospheric conditions. Specifically, this ratio may decrease substantially under conditions of lower atmospheric 652 

density and gravity, since such conditions lead to higher saltation trajectories, larger particle velocities and more 653 

intense splash (57, 58). This stronger hysteresis of the threshold wind speed for saltation in lower atmospheric 654 

density has been explicitly taken into account in theoretical work (59), which led to the following equation for 𝑢t, 655 
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 656 

  657 

 658 

where 𝜅 = 0.4 is the von Kármán constant; 𝑉rs  is the steady-state value of the difference between particle and fluid 659 

velocities (58); 𝑉0 is the average particle slip velocity – defined as the mean of the average horizontal (downwind) 660 

components of the particle velocities at ejection and impact, respectively; the constant 𝜂 = 0.9 describes how 661 

efficiently the wind accelerates the grains within the transport layer at the threshold for sediment 662 

transport;  𝑧mt denotes an effective height of the average grain motion, and 𝑧0 is the surface roughness of the 663 

quiescent bed.  664 

 665 

The values of 𝑉rs, 𝑉0 and 𝑧mt are obtained from the following expressions (58), 666 

 667 

  668 

 669 

  670 

 671 

  672 

 673 

where 𝑠 = (𝜌p − 𝜌a) 𝜌a⁄ , 𝜈 is the kinematic viscosity and 𝜇 stands for the Coulomb coefficient associated with the 674 

effective frictional force that the soil applies on the transport layer per unit soil area in the steady-state (34). For 675 

transport in the eolian regime, 𝜇 = 1 (34). Furthermore, 𝛽 ≈ 0.095 is the ratio between the average work rate per 676 

unit soil area in the vertical motion and that in the horizontal motion and 𝛾 = 𝑧mt 𝑧s⁄ ≈ 0.17, with 𝑧s standing for 677 

the characteristic height of the exponential decay of the grain-borne shear stress, while 𝑉t, the average grain velocity 678 

at threshold, is given by the equation, 679 

 680 

𝑉t = 𝑉0 + 𝜂𝑉rs [1 − 𝜂].⁄    (S6) 681 



 Submitted Manuscript:  Confidential  

 

 682 

Moreover, the surface roughness 𝑧0 is given by the equation (55), 683 

  684 

  685 

 686 

where 687 

 688 

  689 

 690 

with 𝑅p = 𝑢t𝑑 𝜈⁄ .  691 

 692 

 693 

S2.1.3 Minimal threshold wind shear velocities under atmospheric conditions of Pluto 694 

 695 

We calculate the minimal threshold wind shear velocity 𝑢ft as a function of the particle diameter using Eq. S1, with 696 

Pluto’s gravity 𝑔 =  0.658 m/s
2
, methane ice particles of density 𝜌p = 494 kg/m

3
 and an atmospheric density 𝜌p = 697 

9.1 × 10−5  kg/m
3
, consistent with surface temperature of 37 K and pressure of 1 Pa atmosphere composed 698 

predominantly of N2 (5).  699 

 700 

Moreover, the minimal threshold wind shear velocity 𝑢t for sustained transport is computed as a function of average 701 

grain diameter under the attributes of atmosphere specified in the previous paragraph (the associated kinematic 702 

viscosity is 𝜈 = 0.02 m
2
/s).  703 

 704 

From 𝑢t and 𝑢ft, the corresponding threshold wind speeds at the reference height of 10 m can be computed using the 705 

equation 706 

 707 

  708 
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 709 

where 𝑧 is the height above the ground. By taking 𝑧 = 10 m and 𝑧0 computed with Eq. S7 as a function of the mean 710 

particle size 𝑑, and by substituting the values of 𝑢ft and 𝑢t obtained with Eqs. S1 and S2, respectively, as functions 711 

of 𝑑, we obtain the result shown in Fig. 5.  712 

 713 

We see that grain sizes between 100 and 400 𝜇m correspond to the lowest wind velocities required to sustain 714 

sediment transport. The associated wind shear velocities are between 0.4 and 0.6 m/s. These wind shear velocities 715 

are common to sand deserts of the Earth and fall within the range of average values of 𝑢 measured on Martian soils 716 

(60,61).  717 

 718 

S2.2 Flux saturation length of eolian sediment transport on Pluto 719 

 720 

The saturation length of the eolian sediment flux is computed using the equation (34) 721 

 722 

  723 

 724 

where 𝑐𝑣 ≈ 1.3 is the steady-state value of the particle speed square correlation, obtained from measurements of the 725 

particle velocity distribution (34). The average particle velocity in the steady-state, 𝑉s, is given by the equation  726 

 727 

  728 

 729 

where 730 

 731 

𝐹𝛾(𝑥) = (1 − 𝑥) ∙ ln(1.78𝛾) + 0.5(1 − 𝑥2) + 𝐸1(𝛾) + 1.154(1 + 𝑥 ln 𝑥)(1 − 𝑥)2.56  (S12) 732 

 733 

with 𝐸1(𝑥) standing for the exponential integral function (34, 58). Moreover, the variables 𝐹 and 𝐾 are given by the 734 

expressions 735 

 736 
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  737 

 738 

  739 

 740 

By obtaining the saturation length from the dune size, it is possible to constrain possible values of 𝑢 and 𝑑 formative 741 

of the transverse dunes. This procedure is explained in the next two subsections. 742 

 743 

S2.3 Flux saturation length from the crest-to-crest distance of the elementary transverse dunes 744 

 745 

The flux saturation length can be obtained from the wavelength (crest-to-crest-distance) of the smallest transverse 746 

dunes that a wind forms on a flat sand sheet (“elementary transverse dunes”) using an analytical model (35). 747 

Examples of such elementary transverse dunes are superimposed bedforms emerging on a flat surface or on top of a 748 

large barchan dune, for instance due to a storm wind that makes a small angle with the prevailing transport direction 749 

(62). An important assumption we have to make to use this model is, thus, that the size of dunes observed in the 750 

images (~ 700 m) is not substantially larger than the size of the elementary dunes produced by the action of wind on 751 

a flat sand sheet on Pluto. That is, the dunes did not increase significantly in size due to amalgamation and merging 752 

into much larger or giant bedforms; to compare, the size of elementary dunes on Earth and Mars is about 10 m and 753 

100 m, respectively (55). This is a plausible assumption for the dune field of Sputnik Planitia given the very young 754 

age of this field, as discussed in the main text.   The spatial wind shear stress on top of a flat bed with small 755 

perturbation ℎ(𝑥) in the vertical direction can be computed (35). The Fourier-transformed shear stress 𝜏̂(𝑘) can be 756 

written as:  757 

 758 

  759 

 760 

where ^ denotes the Fourier-transformed value of the corresponding quantity, k is the wavenumber, and 𝐴 and 𝐵 can 761 

be approximated by the expressions (34), 762 
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 763 

  764 

 765 

  766 

 767 

with 𝑅 = ln(2𝜋 𝜅𝑧0
∗⁄ ).  The wavelength 𝜆 = 2𝜋 𝑘max⁄  of the dunes corresponds to the wavenumber 𝑘max  under 768 

which the dunes grow fastest. By using instability analysis (35), it has been shown that 𝜆 is related to the saturation 769 

length 𝐿sat through the equation,  770 

  771 

 772 

where the quantity 𝑋 is defined as, 773 

 774 

  775 

 776 

while 𝐴̃ and 𝐵̃ incorporate dependence on the flow shear velocity (𝑢), 777 

 778 

  779 

 780 

  781 

 782 

In the equations above, 𝑅max = ln[2𝜋 (𝑘max𝑧0
∗)⁄ ] = ln[𝜆 𝑧0

∗⁄ ],  𝜇𝑐 ≈ tan(32°) is the dynamic angle of repose of the 783 

sand, and 𝛾𝑐 ≈ 0 for eolian transport. 784 

  785 
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The apparent roughness 𝑧0
∗, which is the surface roughness in the presence of the transport layer, is obtained from 786 

the equation, 787 

 788 

  789 

 790 

with 𝑧s = 𝑧mt 𝛾⁄ . 791 

 792 

S2.4 Grain size and wind speed that formed the transverse dunes of Sputnik Planitia 793 

 794 

Our method to obtain the possible values of 𝑢 and 𝑑 (or, equivalently, 𝑈 and 𝑑) that formed the transverse dunes in 795 

Sputnik Planitia consists of numerically solving the following equation, 796 

 797 

𝐿sat;𝑑,𝑢 = 𝐿sat;𝜆 ,  (S23) 798 

 799 

where 𝐿sat;𝑑,𝑢 denotes the right-hand side of Eq. S10 and 𝐿sat;𝜆 is obtained from Eq. S18, that is, 𝐿sat;𝜆 =800 

[𝑋−1/3 − 𝑋
1

3] ∙ 𝜆/(2𝜋). 801 

 802 

By solving Eq. S23, and using Eq. S9 to obtain the wind velocity at 10 m height, we obtain Fig. S5. This shows the 803 

only values of 𝑑 and 𝑈 that lead to transverse dunes with spacing λ = 560 m and λ = 700 m, which are the values 804 

observed at the transverse dune field of Sputnik Planitia (see main text). From Fig. S5 we see that the transverse 805 

dunes consist of grain sizes that are, on average, not larger than ~370 µm (for the larger average crest-to-crest 806 

distance of 700 m). Considering that the most probable wind speeds are within the region below this horizontal line 807 

in Fig. S5, it can be seen from this figure that the characteristic grain size of the transverse dunes is not smaller than 808 

~210 µm. Furthermore, given the upper bound of 10 m/s, the grain size leading to the observed crest-to-crest 809 

distances is most probably within the range 210 ≲ d  /𝜇𝑚 ≲  310  (see Fig. 3B). This range of grain sizes 810 

corresponds to the following most probable range of wind velocity 𝑈  at 10 m height (see Fig. 3B): 8.5 ≲811 

𝑈 (m s⁄ )⁄ ≲ 10. 812 
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 813 

 814 

These ranges of grain size and wind velocity are fully consistent with the average size of sediments composing Earth 815 

dunes and wind speed formative of eolian bedforms in terrestrial dune fields (17, 60).  816 

 817 

S2.5 The role of sublimation in initial particle lofting 818 

 819 

Given the high shear velocities required for initial entrainment of particles under Pluto’s surface conditions, here we 820 

explore the feasibility of sublimation as a mechanism for particle lofting.  The complexities of considering the 821 

sublimation of the likely mixed-ice composition (probably CH4 and N2) of the surface of SP are substantial, and thus 822 

here we consider the most conservative scenario for lofting particles; that the sediment comprising the dunes is the 823 

denser N2 ice. 824 

 825 

Solid-state greenhouse effects have been shown to heat the subsurface (64), and the effects of this in generating 826 

ejecta have been demonstrated theoretically (65) and experimentally (66) in thin atmospheres. If a subsurface cavity 827 

is exposed to the surface by sublimation, the initial escape velocity will be the thermal velocity (~100 ms
-1

). 828 

Resultant drag imposed on particles, per unit area, is approximated by 𝜌𝑣2where ρ is the fluid density and v the fluid 829 

velocity. Using the ideal gas law and considering the weight of the particle, we can thus state that: 830 

 831 

𝑣 =  
√𝑟𝜌𝑠𝑔𝑅𝑇

𝑃𝜇
  (S24) 832 

 833 

where r is the particle radius, ρs is the particle density, g is gravity, R the gas constant, T the gas temperature, P the 834 

gas pressure and µ the molar mass of the gas. Using conservative Pluto surface conditions, and solving for P, the 835 

pressure needed to support a particle 200 µm in radius is only 0.1 Pa at 50K. However, this should be regarded as an 836 

indicative figure rather than a definitive answer, as a number of complications could change this value. These 837 

include the likely overestimate of the effective velocity due to atmospheric interaction, and the complications likely 838 

to result from rate of the sublimation of lofted particles. Conversely, the likely scenario of mixed-composition ices 839 

may favor particle lofting; at the nitrogen frost point temperature, pure methane ice particles mixed with nitrogen 840 
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should not sublime at all. As they are slightly heated by the sun, they should sublimate the nitrogen ice that they 841 

touch and be readily put aloft by the condensation flow, and thus provide an initial entrainment. 842 

 843 

S2.6 Modeling the size of particles responsible for the MVIC CH4 filter observation 844 

 845 

New Horizons' Multi-Spectral Visible Imaging Camera (MVIC) has four interference filters, one of which passes 846 

wavelengths from 860 to 910 nm, where CH4 ice has a characteristic absorption band (9).  Using this filter, along 847 

with two others covering 540-700 nm and 780-975 nm, it is possible to estimate the equivalent width of absorption 848 

in the CH4 filter, which can be attributed to CH4 ice.  This CH4 equivalent width has been mapped on the encounter 849 

hemisphere (6).  Examining the study area shows that many of the areas identified as having dunes or wind streaks 850 

show greater CH4 absorption than surrounding areas, as shown in Fig. S4, where the equivalent width map is 851 

superposed in pink on New Horizons LORRI imagery of the region.  The CH4 equivalent width varies across the 852 

scene from around 0.5 nm at lower right to as high as 3 nm corresponding to the centers of some of the convection 853 

cells near Al-Idrisi Montes. Localized areas of much higher absorption can be seen within Al-Idrisi, and could 854 

represent potential sources of CH4 ice particles. 855 

 856 

To check if 200 to 300 micron CH4 ice particles could produce the observed absorption, we ran Hapke models (e.g. 857 

67) to account for the multiple scattering effect in a granular medium.  For this region, the incidence angle is about 858 

41 degrees, emission angle is about 5 degrees, and phase angle is 39 degrees, so the observation was well outside of 859 

any opposition surge, and thus we set B_0 to zero.  We used Hapke's equivalent slab model to compute the single 860 

scattering albedo as a function of wavelength, setting the real part of the refractive index to a constant 1.3 and the 861 

imaginary part to 40 K values (68).  We assumed an isotropic single scattering phase function.  For 200 micron 862 

particles, the model produced a spectrum in which the CH4 equivalent width was 3.8 nm and for 300 micron 863 

particles, we found an equivalent width of 4.7 nm.  These values are somewhat higher than what was observed in the 864 

MVIC images, but would be consistent with patchy coverage by CH4 ice particles in that size range in the areas of 865 

northwest SP where CH4 absorption was strongest. 866 

 867 

868 
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 869 

Fig. S1. 870 

Position of the dunes (within the box) overlaid on the surface compositions (6) of A) methane, 871 

CH4, B) nitrogen, N2, and C) carbon monoxide, CO. The location of the dunefield at the western 872 

margin of Sputnik Planitia shows a surface composition dominated by N2 and CH4 ices. The 873 

location of Fig. S4 is also indicated here. Figure modified from (6). 874 

 875 

876 
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 877 

Fig. S2 878 

Fig. S2. The edge of the area of distinct linear features, where the surface changes to an 879 

unaligned, scalloped relief. Location shown on Fig. 1. 880 

881 
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 882 
 883 

Fig. S3 884 

The accumulation and loss of N2 ice over a timescale covering approximately one Pluto year 885 

(here from the terrestrial period 1800 to 2015), obtained with a volatile transport model within a 886 

post-encounter Pluto General Circulation Model (the model described in 16 and 69). Note that at 887 

+35°, N2 ice condensed in SP from 1820 to 1955 with a rate of few tens of micrometers per day 888 

(P_day refers to one Pluto day), whereas currently it is experiencing net sublimation. This is 889 

consistent with the observed degradation of eolian landforms following a period of enhanced 890 

sediment supply.  891 

892 
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 893 

Fig. S4 894 

Analysis of MVIC data using a CH4 filter, based on the 0.89 µm absorption band, reveals that the 895 

areas where dunes are well developed also show stronger CH4 absorption (x). The extent of the 896 

image is indicated in Fig. S1. In addition, the wind streaks to the southeast of Colleta de Dados 897 

Colles (shown in Fig. 1E) are also highlighted as a strong CH4 response (y). The strongest, 898 

although spatially isolated and discrete responses, however, are found in the mountains of AIM, 899 

and are likely to indicate frosts and thus, perhaps, a source of sediment for the dunes (e.g. z).  900 

901 
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 902 

Fig. S5. 903 

Possible pairs of grain size and wind velocity (at height of 10 m), which form transverse dunes 904 

with the observed values of spacing λ = 560 m and λ= 700 m under the atmospheric conditions 905 

valid for Pluto (15). The dashed line represents likely maximum wind speeds for Pluto (16). 906 

 907 

 908 

 909 

 910 


