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The floor of Mars’ Victoria Crater 
contains a small field of dunes 
that appear to ripple up from the 
otherwise flat, featureless terrain. 
(As a bonus, the now-defunct 
Opportunity rover sits just 
outside the crater rim in the 
10 o’clock position on this 
particular image.) NASA/JPL-CALTECH/
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From Mars and Venus to Pluto and Titan, 
these windblown features are starting to 
tell their story. BY NOLA TAYLOR TILLMAN

scientists see may help refine outstand-
ing questions about how dunes form on 
Earth, along with providing information 
about past and present conditions on 
distant worlds.

Studying dune patterns can reveal not 
only insights about a body’s surface com-
position, but also hint at its atmospheric 
history. Thinner atmospheres make it 
harder to toss particles into the air, so 
ancient dunes can reveal how sand 
rained from the sky when thicker gases 
blanketed a world. This can be critical 
on bodies like Mars, whose hefty atmo-
sphere slowly escaped over time, and 
Pluto, whose atmospheric density grows 
and shrinks as it travels around the Sun.

How to build a dune
On Earth, sand is commonly built by 
eroding quartz. But it can also comprise 

shells, coral, carbonate, volcanic ash, 
and even ice. That means sand can 
develop and settle not only in beaches 
and deserts but also in the frozen bar-
rens of Antarctica. Furthermore, the 
definition of sand has nothing to do with 
composition and everything to do with 
size and how it is transported: particles 
that are small enough and light enough 
to be lofted into the air. On Earth, 
that’s around 0.0025 to 0.08 inch (0.06 
to 2 millimeters) in diameter. On other 
worlds with less gravity, sand particles 
can be larger.

So, how do you go from particles of 
sand to rippling dunes? The key to dunes 
is wind. “As long as there’s movement of 
air molecules, we … end up with an 
aeolean field,” or a landscape sculpted by 
wind-deposited sand, says Jani 
Radebaugh of Utah’s Brigham Young 

unes of sand sweep across the solar system, 
building drifts on any world with even the slight-
est hint of a breeze. Some look like the features 
we’re familiar with on Earth, made up of bits of 
rock or ice, while some appear far more alien, 
built solely from organic material. From Mars to 
Pluto to tiny comets, the wide variety of dunes
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University. (Aeolean refers to the Greek 
god of wind, Aeolus.)

Despite their compositional variety, 
dunes on Earth all form under roughly 
the same conditions and are limited pri-
marily by gravity, which affects how far 
sand can fly. By looking at the wide vari-
ety of dune-covered solar system worlds, 
scientists hope to get down to the nitty-
gritty of how sand dunes form and shift. 
The basic idea is simple: Wind carries 
sand across the surface, eventually piling 
it up in dunes. But the details are where 
things get messy. Is the sand following a 
fluid dynamic model, traveling through 
the air much as it swims through water 
to create water-sculpted dunes? Or does 
it obey an impact mechanism model, 
where the first grain of sand lifted by the 
wind kicks up other grains that go on to 
kick up even more?

According to Serina Diniega, a 
researcher at the Jet Propulsion 
Laboratory in Pasadena, California, the 
two models are difficult to distinguish 
between on Earth because their predicted 
results look so much alike. But altering 
the air pressure and gravity — by, say, 
building dunes on another world — 
should provide greater insight into which 
model is correct. “Finding dunes on 
other bodies, in other conditions, helps 
discriminate between models that we 
would not be able to test between on 
Earth,” she says.

Fortunately, there are plenty of dunes 
in the solar system.

Martian mayhem
In the early 1970s, NASA’s orbiting 
Mariner 9 seemed to show Mars as a 
dead, unchanging world similar to Earth’s 
Moon. Only when the Viking missions 
began capturing higher-resolution images 
of the Red Planet a few years later did the 
views reveal active processes, including 
sand dunes.

Most martian sand appears to be 

volcanic in origin. Rocky basalt hurled 
explosively from now long-dead volca-
noes eroded to particles some 0.002 to 
0.02 inch (0.05 to 0.5 mm) in diameter 
over millions of years. Water, which may 
have flowed briefly across the surface in 
the distant past, could have potentially 
broken down some of the rocky material 
into sand, but today, wind provides the 
most prevalent source of erosion. Wind 
is inefficient compared to water when it 
comes to eroding rock into sand, though. 
That raises the question of how old mar-
tian sand is: Did it all form when water 
flowed across the surface, or is more 
sand still being created today? At least 
some of the sand is recycled as weathered 
particles form sedimentary rocks that are 
later turned back into sand — Diniega 
speculates most of it is — but after sand 
particles have collided enough times, 
they break down into dust, which geolo-
gists generally define as particles smaller 
than about 0.0025 inch (0.06 mm). So, 
the fact that Mars still has sand suggests 
either low dune motion (few collisions) 
or that there is more ongoing erosion 
than currently estimated.

In 2016, NASA’s Curiosity rover 
captured close-up images of dunes, 
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Sand particles have a characteristic size that allows the wind to pick them up and move 
them through a series of short bounces, called saltation. Dust particles, which are smaller 
than sand, move in suspension — the wind picks them up and they remain airborne until it 
dies down. On the other end of the size spectrum, larger particles creep along the surface, 
essentially rolling or sliding when blown by the wind without ever being picked up. ASTRONOMY: 
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A sea of frost-tipped 
dunes covers the floor of 
a crater near the north 
martian pole. The 
complex patterns of 
ripples and textured 
terrain are produced 
by seasonal cycles of 
frost formation and 
sublimation. NASA/JPL-CALTECH/

UNIVERSITY OF ARIZONA
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confirming predictions based on the 
planet’s characteristics regarding how 
large sand can grow on the Red Planet. 
Martian sand is roughly the same size 
as its terrestrial counterpart, but weaker 
gravity allows lighter sand to fly, even 
in the thin air, and form dunes.

That flight relies on wind speed: 
Wind tunnel experiments suggest that 
getting a grain of sand moving on Mars 
takes a gust 10 times stronger than 
required for the same grain on Earth. 
But once the sand starts moving, it’s eas-
ier to keep it going, thanks to the planet’s 
lower gravity. “The big unknown for 
Mars is the threshold you need to start 
the movement of sand,” says Simone 
Silvestro, a researcher at the National 
Institute for Astrophysics (INAF) in Italy.

For decades, scientists suspected the 
dunes they saw on Mars were ancient rel-
ics from a past featuring a thicker atmo-
sphere and stronger winds. That changed 
in 2019, when Silvestro and his colleagues 
used NASA’s Mars Reconnaissance 
Orbiter to capture dunes creeping along 

near the martian equator. By comparing 
images taken more than seven years apart 
at two different sites, the team deter-
mined that these megaripples — which 
are the largest of dunes at around 3 feet 
(1 meter) in height — edge along at about 
4 inches (10 centimeters) per year. 

Even today, scientists aren’t certain 
how strong surface winds are on Mars. 
They have mapped out global wind 
patterns based on the topography and 
how the landscape has formed, but the 
bulk of atmospheric measurements for 
the planet have been made by orbiters, 
which are limited to observing the upper 

atmosphere. Meanwhile, landers and 
rovers can only provide wind speed 
information at ground level; this leaves 
a wide stretch of sky empty of atmo-
spheric measurements.

Ideally, a rover or lander would sit in 
one spot and stare at the sand movement 
constantly, rather than in timed snap-
shots, Diniega says. That would allow 
researchers to ground their models in 
truth. Given that windy, dust-filled air 
has the potential to clog and damage 
robotic explorers, it would be even better, 
Silvestro says, to send people to the planet 
to measure wind speeds and dune motion.

TOP: NASA’s Opportunity rover snapped this false-color image of roughly 3-foot-high (1 m) tendrils 
extending from dunes in Endurance Crater. The lighter-colored dune crests are covered in finer-grained 
material than the darker, bluish bases, which contain material rich in hematite. NASA/JPL/CORNELL

BOTTOM: In 2017, the Mars Reconnaissance Orbiter imaged this portion of a martian megadune just as 
northern spring was revving up. Carbon dioxide frost is beginning to sublimate away in the thin atmosphere, 
revealing the darker sand of the dunes beneath. NASA/JPL-CALTECH/UNIVERSITY OF ARIZONA

GETTING A GRAIN OF SAND MOVING ON MARS TAKES A GUST 10 TIMES 
STRONGER THAN REQUIRED FOR THE SAME GRAIN ON EARTH. 



24 ASTRONOMY •  OCTOBER 2022

Vestiges on Venus
Often called Earth’s twin, Venus might be 
the planet you would most expect to sport 
dunes on the surface. After all, a thick 
atmosphere can dramatically improve the 
odds of sand-lofting winds, and the venu-
sian atmosphere is 90 times denser than 
our planet’s. But though Venus’ upper 
atmosphere zips along at a fast clip, sur-
face winds creep by at only a few miles per 
hour. So, dunes appear sparse on Venus.

But one reason for this paucity may be 
the lack of good images. Although several 
missions have been sent to explore Venus, 
the planet’s thick atmosphere makes 
catching a glimpse of the surface — or 
surviving on it — even more challenging. 
Most photos are radar images captured 
from Earth and from orbiting spacecraft, 
which aren’t comparable to visual snap-
shots, such as those scientists have of 
Mars. In the early 1990s, NASA’s 

Magellan mission 
mapped nearly the 
entire planet with 
radar, revealing the 
first faint hints of two 
small dune fields. 
While scientists have 
speculated radar sig-
nals hint to the pres-
ence of centimeters-long “microdunes” in 
the planet’s southern regions, clear evi-
dence of such features remains hidden.

Additionally, making sand on Venus 
is a challenge in itself. That same thick 
atmosphere dampens the explosive volca-
nic processes that could create ash to serve 
as sand. And the planet lacks the liquid 
water necessary to carve small particles 
from the rocky surface. Most venusian 
sand is thought to have formed when 
impacts struck the surface and threw up 
material. Even if sand forms, research 

shows the high temperatures could cause 
particles to melt together into an unwieldy 
conglomeration too large to fly in what 
little wind there is on the surface.

It’s also possible that traces of ancient 
dunes were wiped clean in a planetwide 
resurfacing event some 500 million years 
ago. Volcanic eruptions spewed lava 
across the surface, erasing craters and 
dunes to create a clean slate only slightly 
scratched on more recent timescales.

If Venus is hiding dunes, they may 
soon come to light. In 2021, NASA 
announced two new Venus missions, 
VERITAS and DAVINCI, while the 
European Space Agency revealed plans 
for a third, EnVision. The trio should 
begin probing the planet in the 2030s.

Saturn’s satellite Titan
With its organic haze and methane lakes, 
Saturn’s moon Titan is the only world in 
the solar system besides Earth known to 
sustain liquid on its surface. But while 
researchers predicted its lakes of meth-
ane and ethane in the 1980s, windblown 
sand dunes were considered unlikely due 

to the world’s poten-
tially sticky sediments, 
which are made of tarry 
hydrocarbons.

So it was a surprise 
in 2006 when NASA’s 
Cassini mission revealed 
aeolian dunes spread 
across the moon’s mid-
latitudes. “They’re 
almost a defining fea-
ture of Titan,” says 
Ralph Lorenz, a dune 
expert at the Johns 
Hopkins Applied 
Physics Laboratory 
in Laurel, Maryland.

One of the biggest surprises was the 
fact that Titan’s dunes stretch across the 
surface in the opposite direction from the 
usual gentle motion of its winds. It turns 
out that Titan’s winds briefly reverse 
their flow and grow stronger during the 
equinoxes. These backwards seasonal 
winds are more likely to create dunes 
than the lighter breezes blowing the rest 
of the year.

While sand on Earth and Mars comes 
from material worn away with time, 
Titan’s sand may rain down from the sky. 

The Magellan spacecraft mapped some 98 percent of the surface of Venus 
using radar. Small dunelike features, characterized by different reflective 
properties in the surface terrain, appear in at least two small fields on the planet, 
including this portion of Al-Uzza Undae. FROM TOP: NASA PLANETARY DATA SYSTEM IMAGING NODE/USGS; 

NASA/JPL

0.6 mile/1 km



Tholins, clumps of organic matter whose 
precise composition remains a mystery, 
cover the surface of Titan, making up 
the clouds and haze in the moon’s atmo-
sphere. The material may stick together 
to form sand-sized particles as it falls 
from the sky, only to be blown into 
dunes. But how such processes work with 
organic material is not well understood.

“The outstanding question at this 
point is whether there is some kind of 
aggregation process happening to make 
haze particles stick together, making 
sand-sized particles that way,” says 
Sarah Horst, a Titan researcher at Johns 
Hopkins University in Baltimore.

Alternatively, tholins could form a 
sedimentary layer that is later eroded by 
Titan’s flowing liquid. Or the sand could 
instead be composed of material left 
behind once that liquid has evaporated, 
like the ring in a bathtub.

Titan’s exotic environment makes 
determining the details of dune forma-
tion difficult. According to Horst, who 
experiments on tholins in her lab, one 
of the challenges of understanding the 
strange substance is trying to figure 
out how organic material behaves at 
temperatures on Titan: –297 degrees 
Fahrenheit (–183 degrees Celsius). “A lot 
of these compounds we’re interested in 
are toxic or explosive or both,” she says. 
While there are plenty of labs capable 
of handling the temperatures and com-
pounds, including Horst’s, the safety 

concerns raise another issue. “It’s a big-
ger challenge to get funding to do the 
experiments,” she says.

Many questions may soon be 
answered by NASA’s Dragonfly mission, 
a flying rotorcraft planned to explore 
Titan in 2034. Horst says Dragonfly 
should deliver “more complex informa-
tion about the particles to help find out 
how they’re made.”

Because Dragonfly will explore at 
various altitudes rather than staying 
stuck on the surface, the mission will be 
able to take more detailed readings of the 
atmosphere than are available for other 
non-terrestrial worlds. That should help 
scientists understand how tholins are 
blown across the landscape. And while 

rovers tend to avoid dunes, where soft 
sand can bog them down, Dragonfly’s 
ability to soar from one location to 
another will allow it to study numerous 
surface features — including, Lorenz 
expects, dunes.

Pluto’s icy dunes
When NASA’s New Horizons mission 
breezed past Pluto in 2015, it revealed a 
surprisingly active dwarf planet, rather 
than the dead world many researchers 
expected to lie at the edge of the solar 
system. The quick snapshots captured 
by the spacecraft showed the surface of 
Pluto has been sculpted by ice relatively 
recently, and scientists have identified 
a wide variety of geological features.

LEFT: Dunes on Titan (top), 
mapped via radar by 
Cassini, appear similar in 
structure to those formed in 
Earth’s Namib Desert 
(bottom). The bright features 
in the top image are not 
clouds, but rather terrain 
that appears lighter in radar 
imagery. FROM TOP: NASA/JPL; NASA/JSC

BOTTOM: This close-up 
shows a field of longitudinal 
dunes on Titan. Planetary 
scientists believe Titan’s 
dunes could be composed 
of sticky hydrocarbon sand 
that may rain down from the 
sky. UNIVERSITY OF HAWAI’I

Many questions may soon be answered by NASA’s Dragonfly 
mission, a flying rotorcraft planned to explore Titan in 2034. 



Radebaugh was chatting on Facebook 
with fellow planetary scientist Matt 
Tefler while the first images of Pluto 
were released. As they began studying 
the snapshots, dunelike structures in 
the heart-shaped feature now called 
Tombaugh Regio jumped out at the pair. 
To Radebaugh, they appeared similar to 
dunes found in Death Valley, California. 
“It clicked right away: ‘Oh, these are 
dunes,’ ” she says.

They reached out to the New Horizons 
team, working with their geologic group 
to nail down the landforms. After exam-
ining the images in more detail than was 
available during the initial release, they 
found the features bore more than a 
passing similarity in shape to dunes. The 
dunes also aligned well with wind streaks 
identified by other researchers, suggest-
ing the winds that formed the streaks 
blew in the same direction as the winds 
that created the dunes.

As on other worlds, the biggest chal-
lenge for scientists is to figure out how 
Pluto generates the initial lift that gets 
dunes rolling. Pluto’s atmosphere is 
incredibly thin — likely too thin to pick 
up particles from the ground. “It’s hard 
to actually get the math to work because 

the atmospheric density is so low, your 
ability to transport material decreases,” 
Horst says. So how are the particles tak-
ing that initial jump?

Radebaugh and Tefler think the 
answer lies in a field of small pits near the 
dunes. Pluto is covered with ice composed 
of not only water, but also methane, nitro-
gen, and carbon dioxide. As the methane 
works its way to the surface, it jumps 
from a solid to a gas, throwing methane 
molecules into the air and leaving the 
small pits. Radebaugh and Teffler think 

those particles are then swept into dunes 
by the winds.

Only a portion of Pluto’s surface was 
imaged and of that, just a small part 
appears to have dunes. Tefler says this 
may be thanks to the local landscape. 
“Circulation models suggest that area 
we’re looking at there should be the 
windiest place on Pluto,” he says. “It’s a 
place that, because of the thermal and 
pressure-driven properties derived by 
the terrain, is likely to promote wind.”

But not everyone thinks there is 
enough evidence yet to declare the fea-
tures are dunes. “It’s still an ongoing 
debate in the planetary geomorphological 
community,” says Phillipe Claudin, also at 
INAF. Tefler and Radebaugh remain con-
fident that what they’ve spotted are dunes, 
though it will most likely take another 
mission to far-off Pluto to confirm the 
nature of the features.

Common comets
If planetary scientists were surprised 
to find dunes on Pluto, where the 
atmosphere is thin, they were floored 
to find them on the tiny Comet 
67P/Churyumov-Gerasimenko, where 
an atmosphere is all but nonexistent.

Often compared to a rubber ducky, 
Churyumov-Gerasimenko has two lobes 
joined together by a neck. This shape is 
most likely the result of two separate 
pieces of early solar system material slowly 
coming together. When the European 

ONLY A PORTION OF PLUTO’S SURFACE WAS IMAGED AND OF THAT, 
JUST A SMALL PART APPEARS TO HAVE DUNES.

Pluto’s tenuous atmosphere, captured here in 
dramatic backlighting by New Horizons, is likely 
too thin for its winds to efficiently pick up particles 
from the ground and blow them into dunes. Instead, 
researchers speculate that dunes might get their 
start as methane from the surface sublimates, 
sending material into the air that is then swept 
into dunes. NASA/JHUAPL/SWRI

When New Horizons flew past Pluto in 2015, it 
imaged a geologically diverse world that has 
intrigued researchers. This image, one of the 
highest-resolution photos snapped by the 
spacecraft, shows a portion of Sputnik Planitia, the 
western half of the dwarf planet’s famous heart. 
Numerous dunelike features appear on the pitted 
nitrogen-ice terrain at lower right. NASA/JHUAPL/SWRI



Space Agency’s Rosetta spacecraft entered 
orbit around Churyumov-Gerasimenko in 
2014, it revealed dunes on the neck and 
both lobes, raising the question of how an 
object with little to no atmosphere could 
have windblown features.

The answer comes from the heart of the 
comet. As the comet draws near the Sun, 
icy material from its nucleus begins to con-
vert to gas, working its way to the surface. 
Along the way, it carries bits of dirt, which 
are released as the ice sublimates and cre-
ates an extremely thin envelope around the 
nucleus, called the coma. Winds generated 
by the change in temperature as the comet 
rotates are strong enough to move the dirt. 
Gravity is weak on the tiny comet, making 
it easier to keep large particles aloft. Thus, 
material from within the nucleus is ulti-
mately smeared across the ground to 
form dunes “almost automatically,” says 
Claudin, one of the authors of the research 
reporting these dunes.

Such dunes can only form when the 
comet is near the Sun. Over its 6.4-year 
orbit, Churyumov-Gerasimenko spends 
most of its time in the cooler regions of 
the solar system, near Jupiter, its surface 
unchanging. Claudin estimates that the 
comet only actively forms new dunes for 
about two weeks every orbit.

But there’s nothing particularly unique 

about Churyumov-Gerasimenko. “I would 
say what we are seeing is rather generic,” 
Claudin says. That means the thousands of 
known comets — and billions of estimated 
ones — may all create dunes of their own 
when they draw near the Sun. Future 
spacecraft may be better prepared to probe 
any dunes that are forming or frozen on 
the surface.

But like a cometary atmosphere, some 
consider the evidence tenuous. “I’ve never 
been convinced,” Horst says. She states 
that a common problem in planetary sci-
ence is the association between a feature 
seen on another world and the terrestrial 
counterpart it resembles. “Just because 
something looks like a process we’re famil-
iar with doesn’t mean it is a process we’re 
familiar with,” she says. After all, humans 
like to identify and categorize what we see, 
but sometimes what we perceive as a par-
ticular feature — say, a dune — could turn 
out to be nothing. Think of the pyramid 
and face that have been identified on Mars 
— when examined closely or from another 
angle, they’re just rocks.

Nonetheless, in a 2017 paper published 
in Aeolian Research discussing how our 
understanding of dune formation has 
changed as solar system worlds are studied 
in greater depth, Diniega, Radebaugh, 
Silvestro, Tefler, and others argue that 
recognizing dunes is the first step in identi-
fying them. By setting up a flexible policy 
for identifying windblown features, the 
researchers hope to make formerly vague 
classifications more consistent. Ideally, the 
identification of dunes on worlds such as 
Venus and Pluto would follow a similar 
path to those on Mars. Once a mission 
observes suspected dunes, the next genera-
tion of spacecraft can perform more 
detailed observations to study their charac-
teristics and analyze patterns of individual 
candidates to confirm or deny their status 
as dunes. Subsequent missions can then 
classify the landscape even further.

And as observations of other worlds 
(including comets) continue, scientists 
hope to get a better feel for what is possible 
elsewhere, allowing them to refine their 
models of how dunes form and move, on 
Earth and beyond.

FIRE AND ICE
A recent paper published April 19 
in Nature Communications has 
combined 14-year-old imagery 
from NASA’s Galileo mission with 
models of how grains move to 
explain how dunes might form on 
the solar system’s most volcanic 
world: Jupiter’s moon Io. The study 
shows how on this moon, grains 
of rock or frost are not carried by 
winds, which are weak in the thin 
atmosphere. Instead, as hot lava 
mixes with sulfur dioxide (SO2) 
frost underground, the SO2 turns 
to gas that vents through the sur-
face. This outgassing is “dense 
and fast moving enough to move 
grains on Io and possibly enable 
the formation of large-scale fea-
tures like dunes,” according to 
first author George McDonald 
of Rutgers University in a press 
release.

And indeed, Galileo did spot 
dunelike features on the moon. 
The researchers closely examined 
the features’ dimensions and the 
spacing between crests, conclud-
ing these formations do look like 
dunes seen elsewhere in the solar 
system, including Earth. “Our stud-
ies point to the possibility of Io as 
a new ‘dune world,’ ” McDonald 
said. “This work tells us that the 
environments in which dunes are 
found are considerably more 
varied than the classical, endless 
desert landscapes on parts of 
Earth.” — Alison Klesman

Images from NASA’s Galileo spacecraft 
show potential dunes (upper right) on 
the surface of Jupiter’s volcanic moon 
Io. The dark material in the lower left of 
this image is recently cooled lava, while 
the brighter white may be deposits of 
material from frost vaporized by the 
lava as it flowed. NASA/JPL-CALTECH/RUTGERS
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When it arrived at Comet 67P/Churyumov-
Gerasimenko, the Rosetta spacecraft sent back 
up-close images of the surface that showed features 
scientists had never expected to see on a comet — 
including possible dunes. ESA/ROSETTA/MPS FOR OSIRIS TEAM 
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