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On Mars, locally warm surface temperatures (~293 K) occur, leading to the possibility of
(transient) liquid water on the surface. However, water exposed to the martian atmosphere
will boil, and the sediment transport capacity of such unstable water is not well understood.
Here, we present laboratory studies of a newly recognized transport mechanism: “levitation”
of saturated sediment bodies on a cushion of vapor released by boiling. Sediment transport
where this mechanism is active is about nine times greater than without this effect, reducing
the amount of water required to transport comparable sediment volumes by nearly an order
of magnitude. Our calculations show that the effect of levitation could persist up to ~48 times
longer under reduced martian gravity. Sediment levitation must therefore be considered when
evaluating the formation of recent and present-day martian mass wasting features, as much
less water may be required to form such features than previously thought.
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ownslope sediment transport can occur by dry granular
ﬂow, or alternatively can be supported by a ﬂuid, e.g., a
gas and/or a liquid. The physical properties of the interstitial ﬂuid determines the ﬂow behavior, which in turn inﬂuences
the transport capacity of the ﬂow1, 2 and its ﬁnal morphology. In
planetary science it is extremely rare to catch sediment transport
“in action” and therefore the ﬁnal morphology and morphometry
of the ﬂow, often in conjunction with terrestrial analogs, are used
to infer the process and the supporting ﬂuid. On Mars, this line of
reasoning has been used to infer that gullies are created by the
action of liquid water3–7 acting over timescales of potentially
millions of years4, 8–10. One of the proposed sources of water to
form these gullies comprises shallow11 or deep aquifers12.
Aquifer-based hypotheses have not been favored because gullies
have been identiﬁed on isolated highs where groundwater is less
likely to occur3, 13–17. Another proposed source is the melting of
snow or ice under current climatic conditions18 or in the recent
past3, 10, 19. Non-water hypotheses include: CO2-sublimation gas
supported ﬂows20 and dry granular ﬂows21. Due to their occurrence in different climatic regions (from polar regions to midlatitudes), their different morphologies, and their different ages
gullies could be formed by a variety and/or combinations of
different mechanisms and no above-mentioned proposed process
has yet been completely ruled out.
The present-day activity of gullies was ﬁrst detected in the form
of appearance of low relief, digitate, light toned deposits22. More
recent observations include: incision of channels, formation of
deposits with meter-scale relief23–25, and dark sediment deposits
within existing gullies24, 26. On sand dunes ongoing formation
and growth of both classic and linear gullies17, 27 as well as the
seasonal occurrence of dark ﬂows28, 29 have been
observed27, 30, 31. Often, but not always, found in association with
gullies are dark recurring slope lineae (RSL)32, which are characterized by their annual (re)appearance, seasonal growth during
peak annual temperatures, and fading in the colder months32–34.
These present-day surface activities have been linked to several
different formation mechanisms, including liquid water (e.g.,
overland ﬂow or debris ﬂow)17, 22, 34, 35, CO2 frost sublimation
and sediment ﬂuidization23, 26, 30, 31, liquid “cryobrines”, acting in
a similar way to liquid water32, 36, or dry avalanches37, 38.
However, we can only distinguish between these different
hypotheses if we understand their associated sediment transport
processes, and so we need to understand whether ﬂows animated
by liquid water behave in a similar fashion on Mars as they do on
Earth. This may not be the case, because liquid water is unstable34
under modern martian conditions.
Previous experimental work has shown that transient water
under freezing conditions behaves slightly differently to stable
water on Earth39, 40, and under warmer conditions this difference
is exaggerated further41. Remote sensing and climate models have
shown that maximum surface temperatures on Mars up to
~300 K can occur during summer on Mars at equatorial- and
southern mid-latitudes32, 42, and even in the south polar regions
maximum surface temperatures up to ~280 K are possible26
meaning that transient liquid water is a possibility. As an
example, detailed surface temperature analysis show that RSL
only lengthen when temperatures exceed 273 K34. Ojha et al.33
reported mid-afternoon maximum surface temperatures between
252 and 290 K from the Thermal Emission Imaging System at
active RSL sites. Investigations with the Thermal Emission
Spectrometer on RSL sites during same solar longitudes have
shown maximum surface temperatures of ~296–298 K35. Based
on these data sets, we chose two surface temperatures to investigate the contribution of transient water to downslope transport
under martian environmental conditions: ﬂows onto “cold”
sediment (~278 K), and ﬂows onto “warm” sediment (~297 K).
2

Our experiments reveal for the ﬁrst time a transport
mechanism of wet sediment levitation that occurs under low
atmospheric pressures but not at terrestrial pressures. This sediment levitation effect is caused by boiling of transient water,
comparable to the Leidenfrost effect, and itself triggers further
sediment movement by grain avalanches. These transportation
mechanisms enhance the volume of transported sediment by up
to nine times and therefore reduce the required amount of liquid
water to ~11% of that needed to transport the same volume of
sediment without the levitation effect. Numerical scaling for
gravity suggests this effect is greater for lower gravity, leading to
an even greater sediment transport potential on Mars. Hence, the
effect of levitation can have a direct inﬂuence on the estimated
water budget for recent and present-day mass wasting processes
on Mars in that the amount of water needed to transport sediment could be much smaller than previously thought.
Results
Experimental setup. The experimental apparatus comprises a
0.9 × 0.4 m test-section containing a 5 cm deep sediment bed. The
test section is inclined at 25° and located inside the Open University’s Mars simulation chamber40, 41 maintained at an average
pressure of ~9 mbar. For each experiment, pure water was
introduced near the top of the slope at 1.5 cm above the sediment
bed and the resulting ﬂow behavior was observed. The water was
pumped into the chamber from an external reservoir allowing the
temperature to be maintained at ~278 K and the ﬂow rate at
~11 ml s−1 (see Table 1). The sediment consisted of sand
(~63–200 μm grain diameter). Each run was performed in triplicate, and all experiments were recorded with three cameras.
Digital elevation models (DEMs) of the bed were created both
before and after each run using multiview digital photogrammetry. Table 1 provides full details of the experimental
conditions.
Water ﬂow experiments. During the “cold” experiments water
ﬂowed over the surface of the sediment and also inﬁltrated into
the sediment. Entrained sediment was transported downslope,
depositing a series of lobes that migrated laterally over time,
comparable to ﬂows under terrestrial conditions40. The majority
of the sediment was transported by overland ﬂow of water (~98%;
Fig. 1a–c, Supplementary Movies 1, 2). Boiling of the water was
identiﬁed by the observation of bubbles at the surface. Occasional
millimeter-sized, damp “pellets” of sediment were ejected by the
boiling water as it inﬁltrated the bed. These ejected pellets
transported negligible volumes of sediment (~2%). The majority
of the sediment transported in the “cold” experiments was by
overland ﬂow, conﬁned to a zone with maximum average width
of ~9.2 cm and a downslope length of ~36.5 cm (Fig. 1b).
The volume of sediment transported during the “warm”
experiments was nearly nine times greater than that during the
cold experiments, and thus an increase in the sediment transport
rate of the ﬂow from ~0.13 cm3 ml−1 for "cold" experiments to
~1.18 cm3 ml−1 for “warm” experiments (Table 1, Fig. 2). Thus to
transport the same volume of sediment in the “warm” experiment
as the “cold”, only ~11% of the volume of water is required. The
increase in the volume transported for a given water volume in
the “warm” experiments is caused by three processes: (1)
transport of sediment by ballistic ejection of sediment and
millimeter-sized sediment pellets, (2) transport of sediment by
“levitation” of millimeter-sized to centimeter-sized sediment
pellets with very rapid downslope transport, and (3) dry
avalanches of sediment triggered by the ejected grains and
levitating pellets. The combined effect of these processes
accounted for about 96% of the total sediment transport, with
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Table 1 Summary of measured and controlled variables
RUN

“Warm”
experiments

Percolation
(cm3)

Pellets
(cm3)

Dry avalanches/
saltation (cm3)

Total (cm3)

Pellet speed
(mean values)
(cm s−1)

1

8.2 ± 0.5

278.9 ± 0.05 278.5 ± 0.05 10.4

75.0 ± 7.6

10.6 ± 18.4

0.6 ± 1.0

0.0

86.2 ± 27.1

0.14 ± 0.04

Max.
length
(cm)
38.1

2
3
Mean
4

8.4 ± 0.8
8.8 ± 0.7
8.5 ± 0.4
9.8 ± 1.1

278.5 ± 0.04
278.7 ± 0.02
278.7 ± 0.02
278.5 ± 0.02

71.1 ± 6.6
72.7 ± 3.2
72.9 ± 10.6
25.8 ± 3.4

13.7 ± 12.8
6.8 ± 3.7
10.4 ± 22.7
225.9 ± 8.4

0.7 ± 0.9
0.4 ± 0.2
0.6 ± 1.4
22.1 ± 15.2

0.0
0.0
0.0
292.4 ± 15.2

85.5 ± 20.3
79.9 ± 7.1
83.9 ± 34.6
566.2 ± 25.5

0.13 ± 0.03
0.12 ± 0.01
0.13 ± 0.05
0.91 ± 0.04

33.9
37.6
36.5
26.1

9.2
10.6
9.1
7.8

21.1
25.4
19.3
44.0

5
6
Mean

8.7 ± 2.0
10.5 ± 1.5
9.7 ± 0.9

278.7 ± 0.04 297.4 ± 0.05 10.5
278.4 ± 0.04 296.4 ± 0.04 10.4
278.5 ± 0.02 296.8 ± 0.05 10.4

27.1 ± 3.1
39.7 ± 3.2
30.9 ± 5.6

222.2 ± 2.1
96.3 ± 14.4 461.0 ± 14.4
220.7 ± 5.4 86.8 ± 14.0 499.7 ± 14.0
222.9 ± 10.2 68.4 ± 25.2 417.7 ± 25.2

806.6 ± 9.0 1.28 ± 0.01
846.9 ± 21.7 1.36 ± 0.03
739.9 ± 34.7 1.18 ± 0.06

26.4
32
28.2

6.9
7.5
7.4

45.6
46.9
45.5

Pressure
(mbar)
“Cold”
experiments

Transport rate Overland ﬂow
(cm3 ml−1)

Transported volume
Flow
rate
(ml s−1)

Mean values

Water temp. Surface
(K)
temp. (K)

278.5 ± 0.12
278.4 ± 0.12
278.5 ± 0.06
296.5 ± 0.12

Overland
ﬂow (cm3)

11.2
11.1
10.9
10.3

Max.
width
(cm)
7.6
11.3

Pressure, water temperature, and surface temperature were averaged over the 60 s duration of water ﬂow and presented with standard deviations (±values). Transported volume of sediment per unit
deﬁned by mapping (Fig. 1) and transport rate with error values (±values). See “Methods” for detailed description of error calculations

overland ﬂow being only a minor component, in contrast to the
“cold” experiments.
Saltation and levitation processes. The following sequence of
events were reconstructed from the video footage: in the “warm”
experiments, when the water came into contact with the sediment, boiling-induced saltation of the sediment created a continuous fountain of ejected grains until the sediment became
saturated (after about 30 s; Fig. 3a–e, k, l; Supplementary
Movies 3–5). In the very ﬁrst seconds of the experiment,
numerous saturated sediment pellets detached from the source
area and rolled/slide quickly down the test bed (often to the end)
with very little direct surface contact (Supplementary Movies 3, 4,
6). These pellets ranged in size from 0.5 to ~50 mm and were
observed to travel at average speeds of ~46 cm s−1. This is more
than twice the speed of pellets under “cold” experiments (~19 cm
s−1; Table 1). We conclude that the pellets in the “warm”
experiments partially levitate on a cushion of gas produced by
boiling via a mechanism comparable to the Leidenfrost effect
(Fig. 3a), which enhances their downslope velocity. The gas
released at the base of these pellets causes erosion of loose dry
sediment, as shown by tracks leading to isolated pellets, and by
the formation of a short-lived transportation channel carved by a
rapid series of levitating pellets in the ﬁrst seconds of the
experiment (Fig. 3b–d, i, j; Supplementary Movies 3, 6). The
transient channel was approximately 5-cm wide and had a curvilinear shape. Due to the short length of the test bed and the fast
material transport, this transient channel was backﬁlled within
the ﬁrst seven seconds (Supplementary Movies 3, 6).
Grain avalanches. In the “warm” experiments, the saltating
sediment and levitating pellets triggered grain avalanches that
propagated downslope (Fig. 1d–f, Supplementary Movies 3, 4).
Grain avalanches and grain ejections occurred over the same time
period (up to ~138 s), with some very late grain avalanches
observed after 528 s for run 6. During the “cold” experiments no
such movements were detectable. About 56% of all transported
sediment was by these dry avalanches (Table 1, Fig. 2). The
effect of sand saltation and grain ﬂows caused by boiling liquid
water was ﬁrst reported by Massé et al.41, who used a melting ice
block as a water source, giving a very low water ﬂow rate of
1–5 ml min−1. They observed the formation of arcuate ridges
caused by intergranular wet ﬂow and the ejection of sand grains
at the contact of the wet and dry sediment: these phenomena
(but not the ridges) were also observed in our experiments.
Saltation and ﬂow arrested in their experiments once the water
supply was removed41. In our “warm” experiments, though,
saltation from the saturated sediment body continued for a mean
NATURE COMMUNICATIONS | 8: 1151

of ~78 s after the water was stopped. This implies that the sediment in our experiments was supersaturated, and percolation
continued after removal of the water source. Supersaturation
requires the water release rate to be faster than the inﬁltration rate
(hence ﬂow rates higher than those in Massé et al.41), suggesting
this may be a limiting condition for sediment levitation.
Liquid overland ﬂow. Liquid overland ﬂow occurred in both
“warm” and “cold” experiments, but only began in the “warm”
runs at a mean of ~20 s into the experiments. The total downslope extension of the overland ﬂow in the “warm” runs was
~76% (~8.4 cm shorter, Table 1) and the average width ~80%
(~1.8 cm narrower, Table 1) of the “cold” experiments (Fig. 1,
Supplementary Movies 2, 4). The average propagation rates were
very similar (~0.74 cm s−1 for the “warm” experiments, ~0.61 cm
s−1 for the “cold” experiments). The average volume of sediment
mobilized by overland ﬂow in the “warm” experiments was about
half that in the “cold” experiments due to the shorter time for
which this process was active.
Scaling to martian gravity. In our laboratory experiments we
were unable to simulate the effect of martian gravity on these
processes. Massé et al.41 found that saltation induced by boiling is
more effective under martian gravity than terrestrial gravity,
resulting in three times more sediment transport. We do not
repeat their calculations, but instead focus our attention on the
effect of gravity of the levitation of pellets, in order to assess if
sediment transport via this mechanism would be more or less
efﬁcient than observed in our experiments for otherwise similar
conditions. Below we derive equations to describe the levitation
force produced by the boiling gas, and then we apply these
equations to understand the effect of gravitational acceleration on
the levitation duration and the size of objects levitated.
We follow the reasoning and calculations of Diniega et al.43
who considered the levitation of a sublimating CO2 ice block on
Earth and on Mars. We assume that the wet sand pellet can also
be treated as a block with a width D = 2 R (m), a thickness H (m),
and an aspect ratio of D/H lying on the dry sand test bed (Fig. 4).
The temperature at the surface of the wet sand pellet is set at the
temperature of evaporation of the liquid water Te for the relevant
atmospheric pressure p. We assume that the temperature of the
test bed T0 exceeds the evaporation temperature. We assume that
the gas escapes uniformly from the bottom of the object,
perpendicular to the surface of the test bed. The object
experiences two opposing forces (Fig. 4). The force W due to
weight of the object

| DOI: 10.1038/s41467-017-01213-z | www.nature.com/naturecommunications
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b

c

Height change (mm)
> 20
10 – 20
5 – 10
0–5
−5 – 0
−10 – −5
−20 – −10
0.2 m

−25 – −20
< −25

d

e

f

Fig. 1 Image, map, and elevation data at the end-state of experiments. a, d Orthophotographs (0.2 mm pix−1) of “cold” (a) and “warm” (d) experiments. b, e
Hillshaded relief from DEM (1 mm pix−1) overlain by process-zone maps giving the spatial extent of the different transport types (blue = overland ﬂow,
green = percolation, red = pellets, yellow = dry avalanches/saltation) for “cold” (b) and “warm” (e) experiments, and c, f elevation difference between start
and end of “cold” (c) and “warm” (f) experiments. Flow direction is from top to bottom and the same scale is used for all images

where g is the local gravity, ρws is the wet sand density, H is the
height of sand pellets, and A is the area in contact with the test
bed. As in Diniega et al.43 we consider two shapes: (I) rectangular,
if R<<L (length in m), then the problem can be solved in 2D and
A = 2RL or (II) cylindrical, the problem is solved in 3D and A =
πR2. The contact between the block and the sand bed results in
frictional forces that prevent the block from falling. The friction
force FT is proportional to the normal force Nz
FT ¼ μNz ;

ð2Þ

where the coefﬁcient of proportionality μ is the Coulomb friction
coefﬁcient. Moreover, there is no motion of the pellet if
4

FT >W sin θ. To determine if motion can start, we need to
consider the normal force Nz, which is the resulting force between
the weight W and the levitation force Fe, deﬁned in the normal
direction z as follows:
Nz ¼ W cos θ  Fe ;

ð3Þ

where θ is the slope angle and Fe is the force due to the gas escape
by evaporation of liquid water during boiling43 and deﬁned as:
R u0 v
ð4Þ
:
Fe ¼ Cf A
k
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±1.4

±22.7
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±10.6
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±25.2
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±10.2

40

Mean transported volume (cm3)

90

600

30

200
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b
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±5.6
0

0
“Warm”
experiments

“Cold”
experiments

Fig. 2 Mean volumes of transported sediment. a Mean volumes are divided
into “warm” experiments (left bar) and “cold” experiments (right bar), and
subdivided into different transport types (blue = overland ﬂow, green =
percolation, red = pellets, yellow = dry avalanches/saltation) (see also
Fig. 1). The mean of total error (Measurement Error) are presented on top
of the bars, errors at the side of the bars represent the mean of total errors
(Measurement Error) for each individual transport type. More information
on the error calculations can be found in Table 1, the methods section, and
in Supplementary Table 3. b Re-scaled “cold” experiments

The levitation force Fe is therefore proportional to the dynamic
pressure Ru0 ν=k (described below), the surface area A, and an
aerodynamic coefﬁcient Cf. The aerodynamic coefﬁcient is
complex to evaluate because it depends on both the shape of
the object (rectangular, spherical, oval, etc.), its roughness and the
slope angle. By making some simplifying assumptions, Diniega
et al.43 have shown that this coefﬁcient can be deduced from the
calculation of the total force of the ﬂuid exerted on the
sublimating CO2 block placed on a ﬂat ﬂoor. Thus, for a
rectangle (A = 2LR),
  theircalculation of the force after integration
gives Fe ¼ 2 LR: π4 : R uk0 v , which makes it possible to
that
 deduce


Cf ¼ π=4 for a rectangular object and Fe ¼ 2LR: 4π3 : R uk0 v is
Cf ¼ 4=ð3π Þ for a cylindrical object.
In our case the determination of Cf is non-trivial. The pellets
consist irregular objects of cohesive sand supersaturated with
water. The surface of the pellets is not smooth as could be
reasonably assumed for a block of CO2 ice. Moreover, the shape
of our objects depends on the experiment considered and can be
very variable according to the temperature conditions of the
experiment. Finally, we must consider the slope that will favor the
levitation effect and will tend to increase this coefﬁcient, but
increasing roughness will decrease this coefﬁcient.
For these reasons we have chosen to estimate the value of the
aerodynamic coefﬁcient Cf using our experimental results. We
estimated the size and shape of the pellets from the videos and
orthophotos of the experiments at 297 and 278 K. The pellet sizes
NATURE COMMUNICATIONS | 8: 1151

range from 0.5 to 50 mm. They have irregular shapes and are
often ﬂattened with an aspect ratio H/D = ~0.75.
Therefore we know that for experiments at a sediment
temperature of 297 K, the boiling effect is strong enough to
move centimeter-sized pellets for the duration of several seconds.
At 278 K, centimeter-sized pellets are not levitated while
millimeter-sized pellets are observed to levitate for a few seconds.
We tuned the aerodynamic coefﬁcient to match these experimental observations. We ﬁnd that Cf ranges from approximately
1.45 to 7.3. We then used the corresponding value of the
aerodynamic coefﬁcient Cf in our calculations for Mars to
evaluate the inﬂuence of Mars’ reduced gravity on pellet
levitation.
The dynamic pressure Ru0 ν=k is dependent of the length R, the
sand permeability k, the gas viscosity v, and the mean gas velocity
u0 escaping from the surface A of the block, which is deﬁned as
follows:
q
u0 ¼
;
ð5Þ
Ev ρg
where q (W m−2) is the heat ﬂux by thermal conduction, Ev is the
enthalpy of evaporation for water, and ρg is the volatile gas
density. The heat ﬂow is obtained by solving the heat equation44.
The integration of the solution gives us the heat ﬂux q from the
sand bed to the block by conduction
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
λCp ρs
;
¼ ðT0  Te Þ
πt


∂T 
qðt Þ ¼ λ 
∂z

ð6Þ

z¼0
where λ is the thermal conductivity of the sand, Cp is the heat
capacity of the sand, ρs is the sand density, and t is the time (s).
Along a slope, a block will move if the friction force is
overcome by the weight force in the x-direction (Fig. 4):
μFe
ð7Þ
:
μðW cos θ  Fe Þ<W sin θ ! tan θ > μ 
W cos θ
Determination of the Coulomb friction coefﬁcient μ is nontrivial. There is no empirical method to determine this coefﬁcient
and we have no experimental measurements that allow us to
calculate it directly. As μ is a coefﬁcient, its sign is imposed,
so the

e
sense of the inequality depends only on the sign of 1  W Fcos
θ
and therefore on the ratio Fe =W cos θ. Under the angle of repose
of the sediment, if Fe >W cos θ then the pellets will move.
Increasing slope will tend to reduce the threshold value FT
required to start movement.
We calculated the evolution of the ratio of the levitation force
Fe to the weight force W cos θ of a block over a slope of 25° with
time for both the low pressure environment of our chamber
experiments at different temperatures and for equivalent conditions, but using martian gravity. The parameters used for these
calculations are presented in the Supplementary Table 1. We
assume that not all the heat ﬂux due to conduction is used for the
change of state of the water contains in pellets. Figure 5 shows
that the levitation force produced by boiling is about 4.6 higher at
297 K than 278 K, which is consistent with our experimental
results. For pellets with an aspect ratio of 0.75, circular basal area
(results are similar for a rectangular base), and a sand
temperature of 278 K, our calculations predict that levitation
should not occur for pellets of R = 1 cm and should persist for
about 2 s for R = 0.1 cm, and these predictions are consistent with
our experimental observations (Supplementary Movies 1, 2). For
the same aspect ratio, at sediment temperature of 297 K, our
calculations predict that levitation should persist 5 s for R = 1 cm,
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j
k

l

Fig. 3 Example of transport processes. Frames from video of a “warm” temperature experiment (Run 5). Images after a 1 s, b 3 s, c 4 s, d 10 s, e 44 s, f 60 s,
g 122 s, and h 303 s after the start of the experiment. White arrows point to sand saltation plumes, black arrows point to levitated pellets of wet sediment
(a, i), to dry material superposing the channel (d), and to the last observed dry avalanche (h). i–l Show detailed excerpts of b–e, respectively. Contrast and
brightness was adjusted on all images individually for clarity. Note for scale that the metallic tray is 0.9-m long and 0.4-m wide

which is of the same order of magnitude as the levitation duration
observed in our experiments (Supplementary Movies 3, 4, 6). For
R = 0.1 cm, we predict that levitation can last for 51.5 s, but many
pellets of this size hit the end of the tray, therefore this prediction
cannot be validated by our experimental data.
In our calculations we found that the levitation force produced
by boiling is about 6.8 times stronger on Mars than it is in our
simulation experiments (Fig. 5b). This results in an increased
duration of the levitation and the possibility for larger pellets to
be transported than under terrestrial gravity, even at a relatively
6

low surface temperature of 278 K. Therefore, the reduction of
gravitational acceleration acts in favor of the levitation of pellets
as well as any mass wasting triggered by the boiling of transient
water41. Similar equations applied to levitating of CO2 blocks over
sand have also shown that the levitation processes is less intense
on Earth than on Mars and further that a denser atmosphere also
tends to inhibit levitation43. The temperature of the sediment
plays an important role in the physics of boiling because it sets
the temperature gradient between the surface and the object,
which drives the heat ﬂux powering the levitation45.
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Discussion
Scaling to the lower martian gravity has revealed several important differences with respect to our experimental results: (1) for
any given temperature condition larger sediment pellets should be
levitated, (2) pellets should levitate for longer, (3) pellets should
displace more sediment and create larger “channels”, and (4)
signiﬁcant pellet-levitation should occur even under our “cold”
experiment conditions.
The combination of larger pellets and the longer duration of
levitation would result in a signiﬁcantly larger spatial area being
affected by the ﬂow than under terrestrial gravitational acceleration. The trajectory of the majority of pellets in our “warm”
experiments is interrupted by collision with the end of the testsection. A detailed reconstruction of their trajectory is beyond the
scope of this work, but given the relatively high speeds of the
pellets we can conservatively estimate a 2 m runout for our
“warm” experiments. As the speed of the pellets is partly driven
by gravitational acceleration we would expect equivalent pellets
on Mars to travel more slowly (at worst at ~1/3 the speed
observed in our experiments), hence their runout would likely be
contained within our test-section at around 60–70 cm. Our simple calculations predict up to 48 times longer levitation of pellets
considering martian gravity, which is likely to be an
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overestimation, but even a levitation of 10 times longer would
result in a decameter-extent of sediment disturbance, which
should be visible in remote sensing images. We do not anticipate
that sediment pellets themselves could reach a size readily visible
in remote sensing images.
The sediment transport directly engendered by pellet levitation
(excluding the secondary dry granular avalanches) is deﬁned by
the number and size of pellets that are released. The maximum
size of pellets that can be levitated is deﬁned by the levitationforce generated by boiling, yet it is likely the combination of ﬂowrate and inﬁltration rate also inﬂuences the actual sizes and
numbers of pellets that are released. Because inﬁltration is driven
by gravity, for the same quantity of water the inﬁltration would be
1/3 slower; however, further experiments would need to be performed to understand the exact relation between pellet size/
number ﬂow rate and inﬁltration rate.
To conclude, our calculations show that the levitation force is
about 6.8 times stronger on Mars (Fig. 5b), resulting in levitation
lasting up to 48 times longer. This would allow levitating sediments to travel decameters downslope, even with the relatively
small amounts of water used in our experiments. Such disturbances could be detectable in remote sensing data, although
the detailed morphologies would be unresolvable. Importantly,
the calculations show that sediment levitation would be viable on
Mars even under conditions similar to our “cold” experiments, so
this process could be widely applicable on Mars today and in the
recent past.
The driver for the enhanced transport in the “warm” runs is
the combination of a rapid delivery of water to the surface and the
relatively warm sediment temperature. Our experimental results
do not assume a particular source of this water and below we
discuss how our results might apply to the various source
mechanisms already proposed. Mechanisms that deliver water
rapidly to the martian surface are summarized in the context of
gullies by Heldmann and Mellon5 and Heldmann et al.6 For
example, aquifer-release4, 6, 12, 22 is one possibility for rapid water
release, but is unlikely to explain mass wasting occurring near the
top of isolated dunes and massifs or crater rims3, 15, 17, 18,
although this mechanism cannot be ruled out for every gully on
the surface on Mars and has recently been invoked to explain
RSL34, 46. Our experimental results are consistent with the large
range of proposed aquifer discharge rates in terms of ﬂow rate
and also the requirement of relatively warm surface temperature
to melt the conﬁning plug47.
In the recent past in about 20% of the spin/orbital conditions
(high eccentricity, high obliquity, perihelion close to the solstice)
between 5 and 10 Ma ago48, 49, the climatic conditions favor the
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Fig. 5 Evolution in the ratio of the levitation force to the weight force. The ratio of the levitation force Fe to the weight force W cos θ of a block over a slope
of 25° with time is calculated for the physical parameters of the martian surface and of our experiments in the Mars simulation chamber (Supplementary
Table 1) and use a cylindrical geometry. The levitation of the block occurs when the ratio is greater than 1 (dashed black line). a Ratio calculated for
different sand temperatures Ts and sizes of block for parameters of the Mars simulation chamber and H/D = 0.75. b Ratio calculated for different
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formation of a near-surface ice-bearing layer that freezes and
thaws regularly (e.g., daily) due to small surface temperature
variations around the freezing point50, leading to a possible
availability of transient liquid water51. This transient liquid water
could be a possible source for our observed transportation
mechanism, if the parameters are correct (e.g., ﬂow rate high
enough to overcome inﬁltration, low pressure).
Water trapped as ice is common today as inferred from a
variety of remote sensing data and modeling both within and on
the martian surface52, 53, and across a wide latitudinal range from
polar54–56 to low latitudes around ~25°57. For example, ice is
thought to be a primary component of the mid-latitude atmospherically derived dust-ice mantle58, as well as of mid-latitude
glaciers (e.g., rock glaciers59). Under current climatic conditions
melting would have to occur within or below isolating layers such
as dust, regolith, or ice15, 18, 60 to mitigate the effects of sublimation. Even today, locally warm surface temperatures above
the frost point are possible on Mars26, 32, 33, 35, 42. In order for our
results to be relevant such melting would have to be rapid enough
to reach the ﬂow rates in our experiments, or more likely, melt
could accumulate beneath or within a protective layer before
being released to the surface suddenly.
The main argument against water-based hypotheses for
presently active features is they all require signiﬁcant volumes
of liquid water and/or brines3, 4, 17, 22, 34–36, 46, 61. Our newly
identiﬁed process opens up the possibility that the amount of
liquid water needed for present-day and geologically recent
downslope transportation on Mars has been overestimated.
Furthermore, our experiments could help to answer still open
questions about the formation of RSL. Although comparison with
them show that their general growth-speed is relatively low
(0.25–1.86 cm sol−1)46 compared to the sediment transportation
processes observed in our experiments, there is the possibility that
RSL could propagate rapidly, but episodically (e.g., only during
the high peak temperatures at noon34), in which case their ﬂow
rates should be comparable to those used in our experiments
(approximately 7 ml s−1 as calculated from values presented by
Stillman et al.46). The processes revealed by our experiments
could also help to address the problem that RSL require a high
water budget if they propagate by inﬁltration alone (about
1.5–5.6 m3 m−1 as calculated by Stillman et al.46). The length of
RSL could be achieved with ~10 times less water (value is not
scaled to martian gravity, which would make it even larger based
on our calculations) if boiling is causing saltation, pellet levitation, and granular avalanches. However, our experiments concern
the transport mechanisms by unstable water at the martian surface and do not inform the contentious debate about how this
water was produced or brought to the surface, which is discussed
in other papers5, 6, 34, 46, 60.
The sediment transport processes we describe here are
applicable anywhere in the solar system where a liquid would be
unstable, and where temperature differences between the liquid
and substrate could occur. Our experiments have the potential to
help us understand mass wasting on bodies such as Titan62 and
Vesta63. However, Mars has the ideal combination of environmental parameters for this process to operate with water, as well
as possessing many well-documented mass-wasting landforms
that it might help explain.
The amount of water required to move sediment on martian
hillslopes may have been overestimated due to the absence of the
relevant sediment transport processes on Earth whose
landscape is used as the basis of planetary comparison. This
conclusion demonstrates the unique capability of laboratory
experiments for exploring and understanding planetary surface
processes, and shows how, on Mars, even a little water can go a
long way.
8

Methods
Detailed experimental setup and parameter justiﬁcation. The experiments were
performed in a 2-m length and 1-m wide Mars simulation chamber located at
Open University. Two vacuum pumps were used to reduce the pressure at 7 mbar
at which pressure all experiments were started. Due to rapid release of water vapor,
average pressures for the 60 s of water ﬂow have values around 9 mbar for each
experiment. The pressure within the chamber was measured with a Pirani gauge
and logged every second.
The sediment used was a natural eolian ﬁne silica sand, with D50 = 230.1 µm
and minor components of clay and silt, previously used in similar experiments at
the Mars simulation chamber at the Open University40, 41, 64. We chose this
sediment, because it is broadly consistent with sediments that are found on
Mars41, 65 and its unimodal nature aids the development of physical models. A ~5cm depth sand bed was placed in a rectangular metallic tray (0.9-m long, 0.4-m
wide, and 0.1-m deep). This thickness was chosen to avoid spill over of sediment at
the end and sides of the test bed during “warm” experiments (which would
inﬂuence our transport volume measurements), and to have sufﬁcient material to
avoid exposing the underlying tray upon erosion of the substrate. The angle was set
to 25°, which is within the range of slope angles reported for gullies on Mars5, 7, 16
and a compromise between the different slope angles observed at contemporary
active mass wasting sites, e.g., dark ﬂows within polar gullies (~15°)26, linear dune
gullies (~10°–20°)17, 61, and RSL (~28°–35°)32, 33, 35, 46. Our chosen angle is below
the angle of repose for martian and terrestrial sand dunes (between 30° and 35°
based on remote sensing studies66, and at ~30° based on experiments67) and hence
the movements we measure are not related to dry granular ﬂows (slip face
avalanches). The water outlet was placed 1.5 cm above the sediment surface, 8 cm
from the top wall of the tray. The height of the water outlet was chosen to be as
close to the surface as possible, yet high enough so as not to interfere with the
subsequent sediment ejection. The temperature of the sediment was monitored
every second using four thermocouples placed 8 cm from the edges and 20 cm from
the top/bottom at a height of ~2 cm within the sediment. Two thermocouples were
used to monitor the water temperature inside the water reservoir located outside
the chamber. All experiments were recorded with three different cameras, two
webcams in the interior of the chamber, and one video camera outside the
chamber. Each experiment was deﬁned as a 60 s ﬂow of water on the sediment with
a water volume between 620 and 670 ml, resulting in ﬂow rates between 10.3 and
11.2 ml s−1. This ﬂow rate is intermediate between Conway et al.40 (~80 ml s−1) and
Massé et al.41 (~1–5 ml s−1) in order to both (a) obtain erosion by overland ﬂow
under terrestrial (or non-boiling) conditions, and (b) under boiling conditions
minimize the boundary effects (i.e., contact with the tray edges), but also (c) obtain
a steady and reproducible ﬂow rate. The instruments were left recording and the
chamber was kept at low pressure for at least a further 10 min after the end of water
ﬂow. Averaged values and standard deviation values for pressure, water
temperature, and surface temperature were calculated during the 60 s of the water
ﬂow and are presented in Table 1. Our experimental installation is somewhat
comparable to that of Coleman et al.68 with the main difference being that their
experiments were performed under terrestrial pressures and not under low martian
pressures, which are fundamental to observe the transport mechanism investigated
in this work.
Production of DEMs. Before and after each experiment the sediment test bed was
photographed ~40 times from a down-looking (nadir) viewpoint to construct a 3D
model using “Structure-from-Motion”69 software Agisoft PhotoScan. Twelve ﬁxed
targets of 2.67-cm diameter were positioned within the models and marked by
standard black-on-white printed target markers. These targets allowed the resulting
3D models to be scaled and coregistered. Root mean square errors and reprojection
errors can be found in the Supplementary Table 2. DEMs at 1 mm pix−1 and
orthophotos at 0.2 mm pix−1 were exported to ESRI ArcGIS. The values for the
volume of erosion and deposition were calculated by differencing the before and
after DEMs. In order to estimate the volume transported we summed the erosion
and deposition volumes and divided this number by two.
Mapping of transport mechanisms. In ArcGIS, all surface changes were manually
mapped using the orthophotos from before and after the experiments and a hillshaded visualization of the DEM from after the experiments. Videos were also used
for additional identiﬁcation of different transportation mechanisms to improve
mapping. As seen in the map of Fig. 1, we used four different units for transport
types: (1) overland ﬂow (blue unit), characterized by a visible erosion and
deposition of sediment via liquid water ﬂows on top of the surface identiﬁable by
comparing the before and after photos, inspection of the hillshade, and video
observation; (2) percolation (green unit), regions where liquid water inﬁltrated and
wetted the sediment (wetted sediment bodies) identiﬁed by the darker color in the
after images, yet lack of visible transport by entrainment; (3) dry avalanches/
saltation (yellow unit), characterized by the movement of dry sand (dry landslides)
with no visible inﬂuence of wet sediment (no change in color); and (4) pellets (red
unit), wetted sediment bodies that were ejected or detached from the source area
and levitated/roll over the surface, identiﬁed by a color and elevation change, and
by video observation. We used the mapped outlines to partition the volumes of
sediment eroded and deposited to these different processes. This method of
mapping surface changes in planview only provides a crude estimate of the
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partitioning. For example, pellets deposited early in the experiments can be subsequently buried by dry ﬂows, hence using our mapping scheme these pellets would
be included in the volume assigned to the “dry avalanches/saltation” category.
Therefore, we performed additional manipulations (including error calculations,
described below) to improve this partitioning (Supplementary Table 3).
Error calculations. “Interpolation” for the overland ﬂow in “warm” experiments.
Here, we adjusted the volumes of the overland ﬂow category calculated in planview
to account for the fact that the surface was lowered by other processes. Video
observations show that the area that was mapped as overland ﬂow on the basis of
the “after” DEM was heavily eroded at the beginning of the experiment by pellet
ejection and dry avalanches/saltation (Supplementary Movies 3, 4). These effects
are not taken into account when simply calculating volumes based on our planview
mapping. Hence, we performed an adjustment by assuming the initial surface for
the overland ﬂow could be adequately approximated by an interpolated “natural
neighbor” surface ﬁtted to elevations extracted from the “after” DEM within a 2mm buffer outside the digitized boundary (instead of using the “before” DEM as
the initial surface). To quantitatively assess the uncertainty of this assumption we
calculated the mean volume attributed to overland ﬂows for “cold” experiments
using the interpolation method, as described above, and compared it to the mean
volume derived using the original method using the “before” DEM. We then scaled
this uncertainty for the smaller area covered by the overland ﬂow in the “warm”
experiments. The “Interpolation Error” ranged between ~3.1 and ~3.4 cm3 for the
three “warm” experiments.
Application of the interpolation method, described above, leaves a certain
volume of material unaccounted for. This volume was arbitrarily partitioned
50–50% to pellets and dry avalanches/saltation, because we do not know the exact
partitioning. We consider that this 50–50 partitioning as the maximum uncertainty
on the volume partitioning. The “Superposition Error” ranged from 14 to ~15 cm3
for the three performed “warm” experiments.
In order to assess the “Measurement Error” associated with our volume
calculations we performed test measurements on surfaces undisturbed by the ﬂows
within a ﬁxed rectangular area (~46 cm2). We made one test measurement per
experiment. The resulting transport volumes were then scaled to the areas covered
by particular transport types (Fig. 1b, e) to obtain the errors in their total volumes
(Supplementary Table 3). If our volume calculations were perfect, the test areas
should give zero-volume changes. We took this approach because uncertainty on
volume calculations performed by differencing DEMs arises from a number of
sources (photo quality, target misplacement, blunders in point matching,
differences in lighting and texture, etc.), which are difﬁcult to assess individually.
The “Measurement Error” varied between ~1 and ~31% error for the whole area of
the ﬂows (Supplementary Table 3). For calculation of the “Total error of Runs” we
scaled the “Measurement Error” to the total area. “Interpolation Error” and
“Superposition Error” have no inﬂuence on the total error and only apply to the
subdivision of the total volume into the different transport types (Fig. 2, Table 1,
Supplementary Table 3). Mean errors for each transport type and for the “Total
error of Runs” were calculated using the method of error propagation.
Deﬁnition of overland ﬂow. The overland ﬂow runoff length and width maxima
were measured in ArcGIS. The runoff length is deﬁned as the maximum linear
distance between the most upslope sediment disturbance (uppermost sediment
erosion via liquid water) and the lowermost sediment disturbance (lowermost
sediment deposition via liquid water). The runoff width of the overland ﬂow is
deﬁned as the maximum linear distance between the rims of the overland ﬂow
perpendicular to the runoff length. Also these values are presented in Table 1.
Data availability. All relevant data are available in the article and Supplementary
Information ﬁles, or are available from the corresponding authors upon reasonable
request.

Received: 22 March 2017 Accepted: 30 August 2017

References
1. Hecht, M. H. Metastability of liquid water on Mars. Icarus 156, 373–386 (2002).
2. Heldmann, J. L. et al. Formation of Martian gullies by the action of liquid water
ﬂowing under current Martian environmental conditions. J. Geophys. Res. 110,
E05004 (2005).
3. Costard, F., Forget, F., Mangold, N. & Peulvast, J. P. Formation of recent
Martian debris ﬂows by melting of near-surface ground ice at high obliquity.
Science 295, 110–113 (2002).
4. Malin, M. C. & Edgett, K. S. Evidence for recent groundwater seepage and
surface runoff on Mars. Science 288, 2330–2335 (2000).
5. Heldmann, J. L. & Mellon, M. T. Observation of Martian gullies and constraints
on potential formation mechanisms. Icarus 168, 285–304 (2004).
NATURE COMMUNICATIONS | 8: 1151

6. Heldmann, J. L., Carlsson, E., Johansson, H., Mellon, M. T. & Toon, O. B.
Observations of Martian gullies and constraints on potential formation
mechanisms II. The northern hemisphere. Icarus 188, 324–344 (2007).
7. Conway, S. J., Balme, M. R., Kreslavsky, M. A., Murray, J. B. & Towner, M. C.
The comparison of topographic long proﬁles of gullies on Earth to gullies on
Mars: a signal of water on Mars. Icarus 253, 189–204 (2015).
8. Reiss, D., van Gasselt, S., Neukum, G. & Jaumann, R. Absolute dune ages and
implications for the time of formation of gullies in Nirgal Vallis, Mars. J.
Geophys. Res. 119, E06007 (2004).
9. Schon, S. C., Head, J. W. & Fassett, C. I. Unique chronostratigraphic marker in
depositional fan stratigraphy on Mars: evidence for ca. 1.25 Ma gully activity
and surﬁcial meltwater origin. Geology 37, 207–210 (2009).
10. Raack, J., Reiss, D. & Hiesinger, H. Gullies and their relationships to the dustice mantle in the northwestern Argyre Basin, Mars. Icarus 219, 129–141 (2012).
11. Mellon, M. T. & Phillips, R. J. Recent gullies on Mars and the source of liquid
water. J. Geophys. Res. 106, 23165–23179 (2001).
12. Gaidos, E. J. Cryovolcanism and the recent ﬂow of liquid water on Mars. Icarus
153, 218–223 (2001).
13. Mangold, N., Costard, F. & Forget, F. Debris ﬂows over sand dunes on Mars:
evidence for liquid water. J. Geophys. Res. 108, 5027 (2003).
14. Reiss, D. & Jaumann, R. Recent debris ﬂow on Mars: seasonal observations of
the Russell Crater dune ﬁeld. Geophys. Res. Lett. 30, 1321 (2003).
15. Balme, M. et al. Orientation and distribution of recent gullies in the southern
hemisphere of Mars: observations from High Resolution Stereo Camera/Mars
Express (HRSC/MEX) and Mars Orbiter Camera/Mars Global Surveyor (MOC/
MGS) data. J. Geophys. Res. 111, E05001 (2006).
16. Dickson, J. L., Head, J. W. & Kreslavsky, M. Martian gullies in the southern
mid-latitudes of Mars: evidence for climate-controlled formation of young
ﬂuvial features based upon local and global topography. Icarus 188, 315–323
(2007).
17. Reiss, D., Erkeling, G., Bauch, K. E. & Hiesinger, H. Evidence for present day
gully activity on the Russell crater dune ﬁeld, Mars. Geophys. Res. Lett. 37,
L06203 (2010).
18. Christensen, P. R. Formation of recent Martian gullies through melting of
extensive water-rich snow deposits. Nature 422, 45–48 (2003).
19. Arfstrom, J. & Hartmann, W. K. Martian ﬂow features, moraine-like ridges, and
gullies: terrestrial analogs and interrelationships. Icarus 174, 321–335 (2005).
20. Hoffman, N. Active polar gullies on Mars and the role of carbon dioxide.
Astrobiology 2, 313–323 (2002).
21. Treiman, A. H. Geologic settings of Martian gullies: implications for their
origins. J. Geophys. Res. 108, 8031 (2003).
22. Malin, M. C., Edgett, K. S., Posiolova, L. V., McColley, S. M. & Noe Dobrea, E. Z.
Present-day impact cratering rate and contemporary gully activity on Mars.
Science 314, 1573–1577 (2006).
23. Dundas, C. M., McEwen, A. S., Diniega, S., Byrne, S. & Martinez-Alonso, S.
New and recent gully activity on Mars as seen by HiRISE. Geophys. Res. Lett.
37, L07202 (2010).
24. Dundas, C. M., Diniega, S., Hansen, C. J., Byrne, S. & McEwen, A. S. Seasonal
activity and morphological changes in Martian gullies. Icarus 220, 124–143
(2012).
25. Dundas, C. M., Diniega, S. & McEwen, A. S. Long-term monitoring of Martian
gully formation and evolution with MRO/HiRISE. Icarus 251, 244–263 (2015).
26. Raack, J. et al. Present-day seasonal gully activity in a south polar pit (Sisyphi
Cavi) on Mars. Icarus 251, 226–243 (2015).
27. Jouannic, G. et al. Morphological and mechanical characterization of gullies in
a periglacial environment: the case of the Russell crater dune (Mars). Planet
Space Sci. 71, 38–54 (2012).
28. Fenton, L. K., Bandﬁeld, J. L. & Ward, A. W. Aeolian processes in Proctor
Crater on Mars: sedimentary history as analysed from multiple data sets. J.
Geophys. Res. 108, 5129 (2003).
29. Kereszturi, A. et al. Recent rheologic processes on dark polar dunes of Mars:
driven by interfacial water? Icarus 201, 492–503 (2009).
30. Diniega, S., Byrne, S., Bridges, N. T., Dundas, C. M. & McEwen, A. S.
Seasonality of present-day Martian dune-gully activity. Geology 38, 1047–1050
(2010).
31. Hansen, C. J. et al. Seasonal erosion and restoration of Mars’ Northern polar
dunes. Science 331, 575–578 (2011).
32. McEwen, A. S. et al. Seasonal ﬂows on warm Martian slopes. Science 333,
740–743 (2011).
33. Ojha, L. et al. HiRISE observations of recurring slope lineae (RSL) during
southern summer on Mars. Icarus 231, 365–376 (2014).
34. Stillman, D. E., Michaels, T. I., Grimm, R. E. & Harrison, K. P. New
observations of Martian southern mid-latitude recurring slope lineae (RSL)
imply formation by freshwater subsurface ﬂows. Icarus 233, 328–341 (2014).
35. Chojnacki, M. et al. Geologic context of recurring slope lineae in Melas and
Coprates Chasmata, Mars. J. Geophys. Res. Planets 121, 1204–1231 (2016).
36. Ojha, L. et al. Spectral evidence for hydrated salts in recurring slope lineae on
Mars. Nat. Geosci. 8, 829–832 (2015).

| DOI: 10.1038/s41467-017-01213-z | www.nature.com/naturecommunications

9

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01213-z

37. Sullivan, R., Thomas, P., Veverka, J., Malin, M. & Edgett, K. S. Mass movement
slope streaks imaged by the Mars Orbiter Camera. J. Geophys. Res. 106,
23607–23633 (2001).
38. Schmidt, F., Andrieu, F., Costard, F., Kocifaj, M. & Meresescu, A. G. Formation
of recurring slope lineae on Mars by rareﬁed gas-triggered granular ﬂows. Nat.
Geosci. 10, 270–274 (2017).
39. Sears, D. W. G. & Moore, S. R. On laboratory simulation and the evaporation
rate of water on Mars. Geophys. Res. Lett. 32, L16202 (2005).
40. Conway, S. J., Lamb, M. P., Balme, M. R., Towner, M. C. & Murray, J. B.
Enhanced runout and erosion by overland ﬂow at low pressure and subfreezing conditions: experiments and application to Mars. Icarus 211, 443–457
(2011).
41. Massé, M. et al. Transport processes induced by metastable boiling water under
Martian surface conditions. Nat. Geosci. 9, 425–428 (2016).
42. Haberle, R. M. et al. On the possibility of liquid water on present-day Mars.
J. Geophys. Res. 106, 23317–23326 (2001).
43. Diniega, S. et al. A new dry hypothesis for the formation of Martian linear
gullies. Icarus 225, 526–537 (2013).
44. Turcotte, D. L. & Schubert, G. Geodynamics. 456 (Cambridge University Press,
Cambridge, 2002).
45. Cengel, Y. A. & Ghajar, A. J. Heat and Mass Transfer: Fundamentals and
Applications. 992 (McGraw-Hill Education, New York, 2014).
46. Stillman, D. E., Michaels, T. I., Grimm, R. E. & Hanley, J. Observations and
modeling of northern mid-latitude recurring slope lineae (RSL) suggest
recharge by a present-day Martian briny aquifer. Icarus 265, 125–138 (2016).
47. Goldspiel, J. M. & Squyres, S. W. Groundwater discharge and gully formation
on Martian slopes. Icarus 211, 238–258 (2011).
48. Laskar, J. et al. Long term evolution and chaotic diffusion of the insolation
quantities on Mars. Icarus 170, 343–364 (2004).
49. McKay, C. P. et al. The icebreaker life mission to Mars: a search for
biomolecular evidence for life. Astrobiology 13, 334–353 (2013).
50. Kreslavsky, M. A., Head, J. W. & Marchant, D. R. Periods of active permafrost
layer formation during the geological history of Mars: implications for circumpolar and mid-latitude surface processes. Planet Space Sci. 56, 289–302 (2008).
51. Richardson, M. I. & Mischna, M. A. Long-term evolution of transient liquid
water on Mars. J. Geophys. Res. 110, E03003 (2005).
52. Squyres, S. W. & Carr, M. H. Geomorphic evidence for the distribution of
ground ice on Mars. Science 231, 249–252 (1986).
53. Boynton, W. V. et al. Distribution of hydrogen in the near surface of Mars:
evidence for subsurface ice deposits. Science 297, 81–85 (2002).
54. Kieffer, H. H., Chase, S. C. Jr, Martin, T. Z., Miner, E. D. & Palluconi, F. D.
Martian north pole summer temperatures: dirty water ice. Science 194,
1341–1344 (1976).
55. Bibring, J.-P. et al. Perennial water ice identiﬁed in the south polar cap of Mars.
Nature 428, 627–630 (2004).
56. Appéré, T. et al. Winter and spring evolution of northern seasonal deposits on
Mars from OMEGA on Mars Express. J. Geophys. Res. 116, E05001 (2011).
57. Vincendon, M. et al. Near-tropical subsurface ice on Mars. Geophys. Res. Lett.
37, L01202 (2010).
58. Mustard, J. F., Cooper, C. D. & Rifkin, M. K. Evidence for recent climate change
on Mars from the identiﬁcation of youthful near-surface ground ice. Nature
412, 411–414 (2001).
59. Head, J. W. et al. Tropical to mid-latitude snow and ice accumulation, ﬂow and
glaciation on Mars. Nature 434, 346–351 (2005).
60. Grimm, R. E., Harrison, K. P. & Stillman, D. E. Water budgets of Martian
recurring slope lineae. Icarus 233, 316–327 (2014).
61. Pasquon, K., Gargani, J., Massé, M. & Conway, S. J. Present-day formation and
seasonal evolution of linear dune gullies on Mars. Icarus 274, 195–210 (2016).
62. Elachi, C. et al. Cassini radar views the surface of Titan. Science 308, 970–974
(2005).
63. Scully, J. E. C. et al. Geomorphological evidence for transient water ﬂow on
Vesta. Earth Planet Sci. Lett. 411, 151–163 (2015).
64. Jouannic, G. et al. Laboratory simulation of debris ﬂows over sand dunes:
insights into gully-formation (Mars). Geomorphology 231, 101–115 (2015).

10

65. Cousin, A. et al. Compositions of coarse and ﬁne particles in Martian soils at
gale: a window into the production of soils. Icarus 249, 22–42 (2015).
66. Atwood-Stone, C. & McEwen, A. S. Avalanche slope angles in low-gravity
environments from active Martian sand dunes. Geophys. Res. Lett. 40,
2929–2934 (2013).
67. Kleinhans, M. G., Markies, H., de Vet, S. J., in ‘t Veld, A. C. & Postema, F. N.
Static and dynamic angles of repose in loose granular materials under reduced
gravity. J. Geophys. Res. 116, E11004 (2011).
68. Coleman, K. A., Dixon, J. C., Howe, K. L., Roe, L. A. & Chevrier, V.
Experimental simulation of Martian gully forms. Planet Space Sci. 57, 711–716
(2009).
69. Westoby, M. J., Brasington, J., Glasser, N. F., Hambrey, M. J. & Reynolds, J. M.
‘Structure-from-motion’ photogrammetry: a low-cost, effective tool for
geoscience applications. Geomorphology 179, 300–314 (2012).

Acknowledgements
C.H. and laboratory work was funded by Europlanet (Europlanet 2020 RI has received
funding from the European Union’s Horizon 2020 research and innovation program
under grant agreement No 654208), J.R. was funded by a Horizon 2020 Marie Skłodowska-Curie Individual Fellowship (H2020-MSCA-IF-2014-657452), and M.R.B.’s
contribution to this work was partly funded by the UK Science and Technology Facilities
Council (ST/L000776/1). S.J.C. was partially supported by the French Space Agency
CNES. M.R.P. was partly funded by the EU Europlanet program (grant agreement No
654208) and by the UK Science and Technology Facilities Council (ST/P001262/1). We
acknowledge the help of J.P. Mason, who greatly improved our pressure measurements
within the Mars simulation chamber.

Author contributions
The methodology and experiments were planned by S.J.C. and conducted by C.H. and
J.R. with signiﬁcant advice and support from S.J.C. and M.R.P. Data analysis was done by
J.R. and C.H. with advice from S.J.C. and M.R.B. The manuscript was prepared by J.R.
with signiﬁcant help and support from S.J.C., M.R.B., C.H., M.R.P., and S.J.C. Scaling
calculations were done by C.H., S.C. and S.J.C.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-01213-z.
Competing interests: The authors declare no competing ﬁnancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2017

NATURE COMMUNICATIONS | 8: 1151

| DOI: 10.1038/s41467-017-01213-z | www.nature.com/naturecommunications

