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Abstract: Gullies are widespread morphological features on Mars for which current changes have
been observed. Liquid water has been one of the potential mechanisms to explain their formation and
activity. However, under present-dayMartian conditions, liquid water is unstable and should only be
transiently present in small amounts at the surface. Yet little attention has been paid to the mecha-
nisms bywhich unstable water transports sediment under low atmospheric pressure. Here we present
the results of laboratory experiments studying the interaction between liquid water flowing over a
sand bed under Mars-like atmospheric pressure (c. 9 mbar). The experiments were performed in a
Mars Simulation Chamber (at the Open University, UK), in which we placed a test bed of fine
sand at a 25° slope. We chose to investigate the influence of two parameters: the temperature of
the water and the temperature of the sand. We performed 27 experiments with nine different com-
binations of water and sand temperatures ranging from 278 to 297 K. Under all experimental con-
ditions, the water was boiling. We investigated and compared the types and timing of sediment
transport events, and the shapes, characteristics and volumes of the resultingmorphologies. In agree-
ment with previous laboratory studies we found that more intense boiling increased the volume of
sediment transported for a given volume of water. We found four main types of sediment transport:
entrainment by overland flow; grain ejection; grain avalanches; and levitation of saturated sand pel-
lets. Our results showed that increasing sand temperature was the main driving parameter in increas-
ing the sand transport and in modifying the dominant sediment transport mechanism. The
temperature of the water played a negligible or minor role, apart from the duration of sand ejection
and avalanches, which lasted longer at low water temperature. At low sand temperature the majority
of the sand was transported by overland flow of the liquid water. At higher sand temperatures the
transport was dominated by processes triggered by the boiling behaviour of the water. At the highest
temperatures, sediment transport was dominated by the formation of levitating pellets, dry ava-
lanches and ejection of the sand grains. This resulted in a transport volume about nine times greater
at a sand temperature of 297 K compared with 278 K. Our heat transfer scaling shows that the boil-
ing behaviour will be enhanced under Martian low gravity, resulting in more efficient transport of
sediment by levitating sand pellets even at temperatures close to the triple point. Our results showed
that the boiling intensity played an important role in the physics of sediment transport by liquid
water. This implied that the amount of water required to produce morphological changes at the sur-
face of Mars could be lower than previously estimated by assuming stable liquid water. Boiling is a
critical process to be considered when assessing gully formation and modification mechanisms
mobilized by liquid water. Our work could have similar implications for any water-formed landform
on Mars, which could include recurring slope lineae, dark dune flows and slope streaks.

Supplementary material:Videos of the experiments are available at https://doi.org/10.6084/m9.
figshare.c.3990330
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Active flow processes are currently ongoing at the
surface ofMars and have been revealed throughmon-
itoring campaigns using high-resolution images of
landforms such as gullies (Fig. 1; e.g.Malin&Edgett
2000; Costard et al. 2002;Mangold et al. 2003; Reiss
& Jaumann 2003; Védie et al. 2008; Diniega et al.
2010, 2013; Dundas et al. 2010, 2012, 2015; Reiss
et al. 2010; Jouannic et al. 2015; this volume, in
review; Raack et al. 2015; Pasquon et al. 2016; this
volume, in review). The physical processes involved
in the formation of gullies and their present-day activ-
ity have not been unambiguously identified and are

still under debate. Among the proposed mechanisms
(see the section ‘Gullies on Mars’), liquid water is a
strong candidate fluid.

Gullies closely resemble those formed by liquid
water on Earth (e.g. Hartmann et al. 2003; Marchant
&Head 2007), hence the equivalent features onMars
are often considered as an indicator of recent or cur-
rent liquid water on the surface (e.g. Malin & Edgett
2000; Heldmann & Mellon 2004; Conway & Balme
2016). Although the morphology of these landforms
is consistent with their terrestrial counterparts there
remain numerous problems for the water hypothesis

Fig. 1. Examples of mass wasting features for which current activity has been observed. (a) New classical gully
incision (HiRISE ESP_014093_1410). (b) New deposition and dark flows within a classical gully (HiRISE
ESP_012332_1115). (c) Formation/modification of dune gullies (HiRISE ESP_013478_1300). (d) Formation and
growth of linear dune gullies (HiRISE PSP_007018_1255).
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driving recent activity: (1) liquid water is unstable
and can only be produced in limited amounts (e.g.
Ingersoll 1970; Haberle et al. 2001; Hecht 2002;
Richardson & Mischna 2005; Sears & Moore
2005); (2) ongoing activity is recorded at locations
and at times of year when the temperature is below
the melting point of water (e.g. Diniega et al.
2010; Dundas et al. 2012; Raack et al. 2015; Pas-
quon et al. this volume, in review); (3) volumetri-
cally limited water sources (atmospheric humidity
and/or perched topographic aquifers) cannot explain
the large numbers of observed features (e.g. Balme
et al. 2006; Kneissl et al. 2010; Harrison et al.
2015) or the physical extent of the landforms
observed (e.g. Dundas et al. 2010, 2015).

Therefore water-based theories have difficulties
explaining the source and amount of water required
to create and/or modify these metre- to kilometre-
scale geomorphological features. Estimations of
the volumes of water required to produce the
observed changes on Mars are often based on a ter-
restrial understanding of the behaviour and transport
capacity of stable water (Heldmann et al. 2005; Pel-
letier et al. 2008; Kolb et al. 2010; Parsons &
Nimmo 2010). However, recently, Martian-like
pressure experiments have highlighted the unusual
behaviour of boiling water in sediment transport
physics (Massé et al. 2016; Raack et al. 2017).
Boiling of liquid water is thought to occur on Mars
as the surface temperatures can locally and tempo-
rarily exceed the saturation temperature for the
atmospheric pressure (Haberle et al. 2001; Reiss &
Jaumann 2003; Fenton 2006; Martín-Torres et al.
2015). Despite the fact that boiling is likely
under present-day conditions, this process has been
overlooked to date when liquid water has been pro-
posed as an agent of present-day surface changes.
Neglecting the effects of boiling could lead to a
bias estimation of the required amount of water
involved in mass wasting features and some current
activities.

The aim of the paper is to investigate the trans-
port capacity of sediment by liquid water under
Martian-like surface conditions. This subject has
received only limited experimental investigation so
far (see the section ‘Previous experimental investiga-
tions’), although it can potentially be of primary
importance for the understanding and interpretation
of water-driven processes and present-day surface
activity on Mars. Hence, we conducted a series of
experiments under low pressure to study the influ-
ence of boiling intensity on sediment transport.
The experimental observations are then compared
with physical laws in order to understand the impor-
tant parameters driving the sediment transport by
unstable water. Finally, we performed scaling to
Martian gravity, in order to apply our results to
Martian features.

State of art

Stability of liquid water at the surface of Mars

Climate models, experimental investigations and
remote sensing data have shown that only transient
and restricted amounts of water can flow on present-
day Mars because it is highly unstable owing to low
pressure and a dry atmosphere (e.g. Ingersoll 1970;
Kieffer et al. 1977; Haberle et al. 2001; Lobitz
et al. 2001; Smith et al. 2001; Hecht 2002; Richard-
son & Wilson 2002; Kossacki & Markiewicz 2004;
Richardson & Mischna 2005; Sears & Moore
2005; Chevrier et al. 2009; Reiss et al. 2010; McE-
wen et al. 2011, 2014; Grimm et al. 2014; Ojha
et al. 2015; Stillman et al. 2016; Martín-Torres
et al. 2015). The range of temperatures over which
liquid water is stable is narrow, from about 274 to
281 K (Wagner et al. 2011) for an atmospheric pres-
sure range between 6.5 and 10 mbar on Mars (Hess
et al. 1980; Hourdin et al. 1995; Haberle et al.
2001). Therefore, if the surface temperature reaches
or exceeds the melting temperature (T0 > 273 K at P
> 610 Pa, above the triple point) then water poten-
tially boils shortly afterwards. Surface temperatures
on Mars can locally exceed 285 K (Haberle et al.
2001; Reiss & Jaumann 2003; Fenton 2006; McE-
wen et al. 2014;Martín-Torres et al. 2015) and there-
fore potentially exceed both the melting and boiling
points. Boiling is a complex process that increases
the rate of phase change compared with evaporation
and results in a decreased lifetime of liquid water.
Vapour bubbles start to nucleate at the solid–liquid
interface according to the surface tension. Formation
of gas bubbles is favoured when the surface tension
increases as the atmospheric pressure and tempera-
ture of the liquid–gas interface decrease (Cengel &
Ghajar 2014; Giraud et al. 2015). Surface roughness
also favours bubble formation, because it creates
nucleation sites required for bubble initiation. Any
water flowing on Mars would encounter rough sedi-
ments and rocks, which would encourage boiling.

The range of conditions allowing liquid water can
be broadened if dissolved salts (brines) are consid-
ered as the presence of salts depressing the melting
point and evaporation rate (Brass 1980; Sears &
Chittenden 2005; Möhlmann & Kereszturi 2010;
Masterton & Hurley 2011; Nuding et al. 2015).
Although evaporation has been considered in previ-
ous studies of water flow at the Martian surface (e.g.
Heldmann et al. 2005), the physical effects of boiling
are usually not taken into account.

Gullies on Mars

Gullies onMars (Fig. 1) are one of the most common
mass wasting features and were first identified by
Malin & Edgett (2000). In general they can be
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divided into three types: (1) ‘classical gullies’
(Fig. 1a, b; e.g. Malin & Edgett 2000; 2006; Balme
et al. 2006; Dickson et al. 2007; Dundas et al.
2010, 2012, 2015, 2018; Harrison et al. 2015;
Raack et al. 2015; Conway et al. 2015, 2018); (2)
‘dune gullies’ (Fig. 1c; e.g. Diniega et al. 2010;
Hansen et al. 2011, 2013; Dundas et al. 2012,
2015; Harrison et al. 2015); and (3) ‘linear dune gul-
lies’ (Fig. 1d; e.g. Costard et al. 2002; Mangold et al.
2003; Reiss & Jaumann 2003; Védie et al. 2008;
Reiss et al. 2010; Dundas et al. 2012; Diniega et al.
2013; Jouannic et al. 2015; Pasquon et al. 2016).

Several mechanisms have been proposed to
explain their formation and current activity: (1) liq-
uid groundwater release (e.g. Malin & Edgett
2000; Gaidos 2001; Mellon & Phillips 2001; Gil-
more & Phillips 2002; Heldmann & Mellon 2004;
Heldmann et al. 2005, 2007; Malin et al. 2006);
(2) melting of near-surface snow or ice in a warmer
recent past (e.g. Costard et al. 2002; Arfstrom &
Hartmann 2005; Berman et al. 2005; Head et al.
2008; Védie et al. 2008; Schon et al. 2009; Williams
et al. 2009; Kneissl et al. 2010; Raack et al. 2012;
Jouannic et al. 2015); (3) melting of surface snow
or ice under current climatic conditions (Christensen
2003; Head et al. 2008); (4) CO2-supported flows
(e.g. Hoffman 2000, 2002; Musselwhite et al.
2001; Stewart & Nimmo 2002; Ishii & Sasaki
2004; Hugenholtz 2008; Di Achille et al. 2008; Dun-
das et al. 2010, 2012; Cedillo-Flores et al. 2011;
Hansen et al. 2011; Diniega et al. 2013; Pilorget &
Forget 2015; Raack et al. 2015); and (5) dry granular
flows (e.g. Treiman 2003; Shinbrot et al. 2004; Pel-
letier et al. 2008; Kolb et al. 2010). So far none of the
proposed mechanisms is able to completely explain
all their morphological features, their distribution
and their present-day activity.

As mentioned in the previous section ‘Stability of
liquid water at the surface of Mars’, surface tempera-
ture can currently exceed themelting point and poten-
tially the boiling point at the surface of Mars. These
conditions occur mainly on equator-facing slopes sit-
uated on the walls and/or dunes fields of Valles Mar-
ineris, and in low topographic basins, pits and craters
(where the pressure is higher) from 45° N to 70° S.
Within these latitudes active linear dune gullies
(e.g. Mangold et al. 2003; Reiss & Jaumann 2003;
Miyamoto et al. 2004; Reiss et al. 2010; Jouannic
et al. 2012) and very recent classical gullies (e.g.
Reiss et al. 2004; Raack et al. 2012) can be found,
which strengthens the case for an involvement of liq-
uid water. Therefore despite its instability, liquid
water flows remain a strong candidate for the forma-
tion of gullies in the past and present (e.g. Malin &
Edgett 2000;Mangold et al. 2003, 2010; Reiss& Jau-
mann 2003; Miyamoto et al. 2004; Heldmann et al.
2005;Mushkin et al. 2010; Reiss et al. 2010;Conway
et al. 2015; Conway & Balme 2016).

Previous experimental investigations

Only a few experiments have been performed which
study the transport of sediments by liquid water
under low pressure. In these experiments, landforms
were created by liquid water flowing over an inclined
sediment surface under Martian pressure rather
than under terrestrial pressure (Conway et al. 2011;
Jouannic et al. 2015; Massé et al. 2016; Raack
et al. 2017). These experiments reveal that at low
pressures sand temperature plays a crucial role in
the development of landforms and the process of
sediment transport by unstable water.

Experiments led by Conway et al. (2011) at Mar-
tian and terrestrial pressures have shown that water
flow over frozen dry sediments (c. 273 K) has a
greater runoff length and erosion rate than at higher
temperatures owing to the formation of ice lenses.
This inhibits water infiltration, liberating more
water to transport sediment and leading to a longer
and a faster flow (Conway et al. 2011). If the sub-
strate is already wet and frozen, the liquid water
does not infiltrate at all (Jouannic et al. 2015). In
this case the resulting debris flow morphologies
formed during experiments under Martian and ter-
restrial pressures are more comparable. For both of
these experiments (Conway et al. 2011; Jouannic
et al. 2015) simultaneous freezing and boiling of
the flowing water was observed. Recently, experi-
ments under Martian pressures with a relatively
warm substrate (≥288 K) have revealed new trans-
portation mechanisms involving both wet and dry
processes (Massé et al. 2016; Raack et al. 2017).
(1) The melting of an ice block at the top of a sand
bed between 288 and 293 K and under Martian pres-
sure releases liquid water. Massé et al. (2016)
described for the first time how boiling water pro-
vokes ejection of sand particles while the liquid
flow percolates downslope. The combination of
these transport mechanisms triggers the formation
of arcuate sand ridges perpendicular to the flow
direction and dry sand avalanches. For similar con-
figuration, but at terrestrial pressure, only water per-
colation is observed without sediment transport
(Massé et al. 2016). (2) Raack et al. (2017) described
another new flow processes associated with boiling
water. The interaction between boiling water and
warm sediment (Ts ≈ 297 K) triggered the formation
of wet sand pellets that levitate and travel downslope
carving an ephemeral sinuous transportation chan-
nel. This unusual transport mechanism occurs in par-
allel with sand ejection, dry sand avalanches,
overland flow and infiltration. These previous exper-
iments (Massé et al. 2016; Raack et al. 2017) demon-
strated that boiling liquid water has a much larger
sediment transport capacity than stable liquid water.

All of these experiments have shown that
unstable water can have unexpected effects on the
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behaviour of a sediment-laden flow, in terms of
sediment transport mechanisms, morphologies and
dynamics. In particular they demonstrate that under
specific environmental conditions (low pressure,
warm sediment) less liquid water is needed to trans-
port sediment compared with under ‘normal’ terres-
trial conditions. These results emphasize that the
stability of water needs to be taken into account for
orbital data interpretation, scaling laws and numeri-
cal modelling of active (and potentially past) water-
based Martian surface processes.

The experiments presented here also investigate
the role of boiling intensity in the formation of
mass wasting morphologies produced by liquid
water flow over a sediment bed at Martian pressure.
Among the many potential controlling parameters
(atmospheric pressure, water vapour partial pressure,
temperature, gravity), we chose to study two of
them: (1) the water temperature; and (2) the sand
temperature. These two parameters were chosen
respectively because the water temperature plays a
role in boiling during phreomagmatic eruptions and
geysers (Lorenz 2002) and the sand temperature is
thought to drive the boiling intensity at a given pres-
sure (Cengel & Ghajar 2014). The range of temper-
atures (from 278 to 297 K), for both water and
sand, is consistent with a minimum value that allows
water boiling at a chosen pressure and a maximum
value close to the maximum temperatures measured
at the surface of Mars. Experiments previously pre-
sented by Raack et al. (2017) showed that, at a cons-
tant water temperature, an increase in the sand
temperature of less than 20 K strongly intensified
the physical processes and increased sediment trans-
port by a factor of c. 9. The influence of water tem-
perature has not yet been investigated. To evaluate
the respective importance of the water and sand tem-
perature in the interaction of unstable water with
loose sediment we performed a systematic explora-
tion of both these temperature parameters.

Methods

We performed experiments using nine different
combinations of water and sand temperatures in trip-
licate for a total of 27 experiments. The experimental
procedure is similar to those presented by Raack
et al. (2017), whose experimental results are also
included in this work. An overview of the tempera-
ture conditions used in the experiments are presented
in Table 1.

Experimental set-up and instrumentation

The experiments were performed under Martian-like
pressure in a cylindrical low pressure chamber, 2 m
in length and 0.9 m in diameter (Fig. 2) at the Open
University (Mars Simulation Chamber facility –

MSC). The air inside the chamber was evacuated
by two vacuums pumps and pressure was recorded
every second by a pressure sensor (Pirani gauge).
We started each experiment when a pressure of
c. 7 mbar was reached. Owing to the production
of water vapour inside the chamber as the liquid
water was introduced the total pressure increased
until it reached a constant value close to an average
value. The average pressure for all experiments
during the 60 s of water flow were 9.6 mbar, which
is within the range of possible pressures on Mars
(between 6.5 and 10 mbar; Hess et al. 1980; Hourdin
et al. 1995; Haberle et al. 2001).

The test bed was placed in a rectangular metallic
tray (0.9 m long, 0.4 m wide and 0.1 m deep), which
was then set inside the MSC at an angle of 25° (Figs
2b& 3). This angle was chosen close to the slope val-
ues observed in the source areas of classical gullies
(Pouliquen 1999; Heldmann & Mellon 2004; Dick-
son et al. 2007; Pelletier et al. 2008; Parsons &
Nimmo 2010; Conway et al. 2015). The chosen
25° slope also falls between the slightly shallower
slopes of active polar gullies (dark flows within

Table 1. Overview of water and sand temperature configurations for the performed experimental runs including
run identifiers used in the rest of this paper

Sand temperature (K)

278 288 297

Water temperature (K) 278 S278-W278-1 S288-W278-1 S297-W278-1
S278-W278-2 S288-W278-2 S297-W278-2
S278-W278-3 S288-W278-3 S297-W278-3

288 S278-W288-1 S288-W288-1 S297-W288-1
S278-W288-2 S288-W288-2 S297-W288-2
S278-W288-3 S288-W288-3 S297-W288-3

297 S278-W297-1 S288-W297-1 S297-W297-1
S278-W297-2 S288-W297-2 S297-W297-2
S278-W297-3 S288-W297-3 S297-W297-3
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existing gullies at c. 15°; Raack et al. 2015) and of
active linear dune gullies (c. 10–20°; Reiss et al.
2010; Pasquon et al. 2016) and the steep slopes
around 28–35° of active Recurring Slope Lineae
(McEwen et al. 2011; Ojha et al. 2014; Stillman
et al. 2014, 2016). Furthermore, this angle is less
than the angle of repose of the sand on both Earth
and Mars (Kleinhans et al. 2011; Atwood-Stone &
McEwen 2013), which means that the sediments
do not fail with slight vibrations/perturbations. The
tray contains black lines at 5 cm from its base and
perpendicular lines every 10 cm on the side walls
to assist in levelling the sand and to calibrate dis-
tances along the tray observed in images/videos.

All of the experiments were performed with a natural
aeolian fine silica sand (modal diameter of the grains
D50 = 2.3 × 10−4 m and minor components of clay
and silt), which was also used in previous experi-
ments in the MSC at the Open University (Conway
et al. 2011; Jouannic et al. 2015; Massé et al.
2016; Raack et al. 2017). This sediment is a reason-
able analogue for loose sediments on Mars because
its grain size is intermediate between coarser sand
grains of most Martian dunes (e.g. coarser than c.
210 µm with a mean of larger than c. 430 µm; Edgett
& Christensen 1991) and finer material observed in
the ripple troughs of Bagnold dunes at Gale Crater
(e.g. c. 150 µm; Bridges et al. 2017; Lapotre et al.

Fig. 2. Mars Simulation Chamber (MSC) at the Open University (Milton Keynes, UK). The chamber is 2 m in length
and 0.9 m in diameter. (a) Exterior view of the MSC. (b) Interior view of the MSC with relevant experimental
apparatus labelled. Note: the sand has been removed for this photograph.

Fig. 3. Diagram of the experimental set-up. The black circles indicate the position of the thermocouples (TC). The
‘×2’ label indicates that there are two thermocouples at different horizontal positions on the tray. These
thermocouples are placed at 10 cm from the right and left border of the tray, respectively.

C. HERNY ET AL.

 by guest on February 7, 2018http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


2017; Johnson et al. 2017). We used a sediment bed
of c. 5 cm thickness to have a sufficient thickness of
sediment so that the base of the tray would not be
exposed by the flow and hence would not influence
sediment transport. To set the test bed to the desired
temperature, the sand was, as necessary, pre-chilled
in a freezer.

The water outlet inside theMSCwas placed at the
top and in the centre of the test bed (c. 8 cm from the
upper edge), 1.5 cm above the sediment surface,
which was used for practical reasons: this height
was the minimum height we could use without dis-
rupting the trajectory of the ejected sediment. A res-
ervoir of liquid water was placed outside of the
chamber at a controlled temperature. The water
was transported from the reservoir via a hose and a
pump which was used to maintain back-pressure
on the solenoid valve. The solenoid valve was
controlled from outside the MSC with a switch
(Fig. 3). The flow rate was chosen to be around
11 ml s−1, an intermediate rate between former
comparable experiments by Conway et al. (2011)
(c. 80 ml s−1) andMassé et al. (2016) (c. 1–5 ml s−1)
and to minimize possible boundary effects (i.e. con-
tact with the tray edges) under boiling conditions
when erosion rates were high.

Temperature was monitored every second by 15
thermocouples (TCs) within and above the sand
bed and in the water reservoir (Figs 2 & 3) with
the following three configurations:

(1) Eight TCs on the floor of the tray along the cen-
treline. The TCs were placed at 10 cm intervals
and were then covered by sand. These TCs
monitor the temperature at the interface
between the metallic tray and the base of the
sand bed.

(2) Four TCs placed at a 2 cm height within the
sand bed. The support pillars were located at
each corner of the test bed with distances of
about 20 cm from the top and bottom and c.
8 cm from the lateral edges of the test bed
(Fig. 2b). We used the average value of these
four TCs to determine the average sand
temperature.

(3) One TC placed just above the sand surface
(c. 1 cm) at the centre of the right edge of the
tray in order tomeasure air temperature close to
the test bed. Furthermore, two other TCs were
placed inside the water reservoir, to monitor
the water temperature during the experiments.

We used two humidity sensors inside and outside the
MSC respectively to monitor every 2 s the water
vapour content (Fig. 3). Finally every experimental
run was recorded with three cameras (Fig. 3): two
webcams were placed in the interior of the MSC to
record the front and the rear of each experiment,
respectively, and one digital camera was placed

outside of the chamber facing the tray through a
glass window.

Experimental protocol

The sand, pre-cooled as necessary, was placed in the
tilted tray inside the MSC and levelled. The test bed
was photographed (at least 40 photos) using multiple
observation angles in order to construct a high-
resolution orthoimage and digital elevation model
(DEM) of the surface by photogrammetry (see the
section ‘Mapping and quantification’). After this
procedure, the MSC was evacuated. The experiment
was started when the pressure reached c. 7 mbar and
when the temperatures of the water and the sediment
were at the desired values.

The solenoid valve was thereafter opened and the
flow rate immediately adjusted so that the flow was
as consistent as possible between experiments. The
flow rate for experiments at Martian pressure was
therefore set at a value around 11 ml s−1 (Table 3).
The duration of the water flow was 60 s, leading to
a total released volume of water between 610 and
690 ml (Table 3). After the end of the water flow
theMSCwas held at low pressure to observe the con-
tinuing infiltration of the water under realistic condi-
tions. Then the MSC was finally decompressed and
the test bed was photographed again with the same
method as described above. Additional photos of
interesting features were acquired at the surface of
the test bed and of vertical cross-sections. The cross-
sections were cut manually perpendicular to the
slope direction. In order to not erase sedimentary
structures within the vertical section, the sand was
gently removed starting from the bottom of the tray
and sections through the saturated material were
broken off manually. Depending on the length of
the saturated section we made between one and
four vertical cross-sections.

Results

General observations

Tables 2 and 3 provides a summary of all parameters
measured and results obtained for the experiments
performed in this study. Representative examples
of final surface morphologies of each sediment–
water temperature combination are shown in
Figure 4.

Videos recorded by the three cameras were care-
fully analysed in order to identify the physical pro-
cesses, their timing and duration for any given
experiment. We identified six distinct sediment
transport processes that are detailed below. An over-
view of these event timings is given in Figure 5 and a
quick description of the terminology used and the
measurements performed are presented in Table 2.
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Our results show that there are some physical events
and processes that are common to all experiments
and hence the resulting sand beds share similar
surface features. For different combinations of
sediment–water temperatures we also observed
physical processes and morphological features
specific to these combinations and these will be
described in the sections ‘Morphological differences
observed as a function of sand temperature’ and
‘Morphological differences observed as a function
of water temperature’.

For all of the experiments, we observed that the
water boiled and persisted for enough time to flow
over the surface and percolate into the sand. We
made the following important observations:

(1) Once the sand was saturated close to the water
outlet, we observed the formation of a feature
created by overland flow of the boiling water
(Figs 4, 5 & 6b, Supplementary videos 1, 2,
3, 4 and 5). The sand was eroded upslope by
the water with the formation of an alcove,
then transported by the water flow forming a
channel that was still apparent at the end of
the run, hence the name ‘persistent channel’,
and accumulation occurred downslope (Fig.
6b). Small levees flanked these channels
(Figs 6b, c & 7). Sediment transport and
accumulation occurred through the deposition
of a series of distinct sand lobes that extended
incrementally downslope. The lobes gener-
ally superposed one another and sometimes

migrated laterally through time (Figs 6b &
7). The beginning of this ‘overland flow fea-
ture process’ was defined from the moment
when the alcove at the top started to form
and ended with the last observed deposition
of sand transported by the water flow. The
presence of cavities (around 2 mm) was
observed in the persistent channel post-
experiment (Figs 6c & 7), and those visible
at the surface of the sand resulted from
the burst of gas bubbles (Supplementary
video 6). Cavities observed inside the channel
are inferred to form by the same process.
We found that it was quite common that a cav-
ity is present at the end of a sand lobe, since
the burst of the gas bubble seemed to stop
the sand deposition (Fig. 6b). The construc-
tion of this channel-feature ceased synchro-
nously with the end of the water release
(Fig. 5).

(2) During all the experiments we observed the
formation and the ejection of pellets from the
water source area (Figs 5, 6a & 8, Supplemen-
tary videos 1–5). These pellets were saturated
bodies of sediment. Their sizes range from
about 0.5 to 60 mmwith rounded and/or irreg-
ular shapes, and were observed to form when
the boiling water interacted with the dry
sand. The pellets slide and/or rolled down-
slope over the surface of the test bed and some-
times left a track in the loose sand (Fig. 6a).We
defined this event as starting when the water

Table 2. Definition and related observations, measurements and analyses performed for different physical
processes identified in experiments

Physical process Definition of process Measurements, analyses and observations

Overland flow Direct sediment transportation by
liquid water flow

Mapping; Volumes of transported material; Length
and width of flow feature; Description of
morphology of overland flow feature (including
cross sections); Formation speed of overland flow

Ejection of pellets Saturated bodies of sediment roll/
levitate over the surface

Mapping; Volumes of transported material; Duration
of pellet production; Size, speed and trajectory of
pellets; Description of morphology of pellets;
Modelling of pellet levitation at terrestrial and
Martian gravity; Calculations of gas production
rate

Dry sand avalanches Transportation of sediment
without involvement of liquid

Mapping; Volume of transported material; Duration
of dry avalanches

Percolation Transportation, transformation and
wetting of the surface by liquid
water

Mapping; Volume of transported material and
changes topographic relief; Description of texture
and morphology of wet sand body (including
cross-sections)

Sand ejection Ejection of sand grain Determination of grain ejection occurrence with
videos; Duration of grain ejection; Modelling of
sand grain ejection by gas flow at terrestrial and
Martian gravity; Determination sand grain
trajectory from high speed camera
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Table 3. Summary of experimental parameters, measurements and calculations

Run Average sand
temperature
(K ± SD)

Average water
temperature
(K ± SD)

Average air
temperature
(K ± SD)

Average
pressure
(mbar ±
SD)

RH (% ±
SD)

Water
flow

amount
(ml ± 5
ml)

Water
flow rate
(ml s−1)

Total
transported

volume (cm3)

Details of transported volume (cm3) Runoff
length
(cm ±
0.5 cm)

Runoff
width
(cm ±
0.5 cm)

Water
vapour
density ρ
(kg m−3)

Threshold
velocity

Ut (m s−1)

ΔPmin

(Pa)
Ejection
velocity

Ue

(m s−1)
Overland
flow

Pellets Dry
avalanches/
saltation

Percolation

S278-W278-1 278.5 ± 0.1 278.9 ± 0.1 285.5 ± 0.4 8.2 ± 0.5 22.5 ± 2.4 625 10.4 ± 0.4 86.1 ± 27.1 75.0 ± 7.6 0.6 ± 1.0 0.0 10.6 ± 18.4 38.1 7.6 6.9 × 10−3 6.3 73.4 0.01
S278-W278-2 278.5 ± 0.1 278.5 ± < 0.1 286.8 ± 0.1 8.4 ± 0.8 21.0 ± 3.5 670 11.2 ± 0.5 85.4 ± 20.3 71.1 ± 6.6 0.7 ± 0.9 0.0 13.7 ± 12.8 33.9 9.2 6.9 × 10−3 6.3 53.4 0.01
S278-W278-3 278.4 ± 0.1 278.7 ± < 0.1 286.1 ± 0.7 8.8 ± 0.7 – 665 11.1 ± 0.5 79.9 ± 7.1 72.7 ± 3.2 0.4 ± 0.2 0.0 6.8 ± 3.7 37.6 10.6 6.9 × 10−3 6.3 7.2 0.00
S288-W278-1 288.4 ± 0.1 278.4 ± < 0.1 292.8 ± 0.1 9.4 ± 1.4 18.3 ± 5.0 660 11.0 ± 0.5 446.7 ± 8.9 48.4 ± 4.7 35.9 ± 28.0 190.1 ± 28.0 172.3 ± 3.5 35.2 8.7 1.3 × 10−3 6.0 791.6 0.22
S288-W278-2 288.4 ± 0.1 278.6 ± < 0.1 293.2 ± 0.5 10.0 ± 0.9 16.8 ± 4.7 655 10.9 ± 0.4 379.4 ± 11.7 45.4 ± 4.3 25.2 ± 20.2 168.2 ± 20.2 140.5 ± 4.3 34.7 7.0 1.3 × 10−2 6.0 731.6 0.20
S288-W278-3 288.1 ± 0.1 278.6 ± < 0.1 292.9 ± 0.1 9.3 ± 1.0 16.2 ± 5.0 650 10.8 ± 0.4 366.0 ± 7.8 47.5 ± 4.6 34.5 ± 20.4 177.2 ± 20.4 106.8 ± 2.4 34.4 7.2 1.3 × 10−2 6.0 768.5 0.21
S297-W278-1 296.5 ± 0.1 278.5 ± < 0.1 296.5 ± < 0.1 9.8 ± 1.1 – 620 10.3 ± 0.4 566.2 ± 25.5 25.8 ± 3.4 22.1 ± 15.2 292.4 ± 15.2 225.9 ± 8.4 26.1 7.8 2.1 × 10−2 5.7 1888.2 0.66
S297-W278-2 297.4 ± 0.1 278.7 ± < 0.1 297.4 < 0.1 8.7 ± 2.0 – 630 10.5 ± 0.4 806.6 ± 9.0 27.1 ± 3.1 96.3 ± 14.4 461.0 ± 14.4 222.2 ± 2.1 26.4 6.9 2.2 × 10−2 5.7 2157.8 0.77
S297-W278-3 296.4 ± < 0.1 278.4 ± < 0.1 295.6 ± 0.3 10.5 ± 1.5 20.8 ± 6.5 625 10.4 ± 0.4 846.9 ± 21.7 39.7 ± 3.2 86.8 ± 14.0 499.7 ± 14.0 220.7 ± 5.4 32.0 7.5 2.1 × 10−2 5.7 1800.9 0.63
S278-W288-1 276.8 ± 0.1 288.1 ± < 0.1 284.9 ± 0.2 8.9 ± 0.5 23.7 ± 5.2 – – 58.7 ± 2.6 48.4 ± 1.1 0.3 ± 0.1 0.0 9.9 ± 1.4 27.6 10.5 6.2 × 10−3 6.3 −96.9 –

S278-W288-2 278.2 ± 0.1 288.3 ± < 0.1 286.7 ± 0.1 8.8 ± 1.0 24.1 ± 6.6 670 11.2 ± 0.5 87.9 ± 12.8 76.8 ± 5.0 1.0 ± 0.6 0.0 10.2 ± 7.2 31.9 8.1 6.8 × 10−3 6.3 −5.1 –

S278-W288-3 278.4 ± 0.1 288.4 ± < 0.1 286.3 ± 0.1 - 24.1 ± 6.9 650 10.8 ± 0.4 78.9 ± 27.4 68.5 ± 11.9 0.9 ± 1.3 0.0 9.5 ± 14.2 33.0 10.3 6.9 × 10−3 6.3 – –

S288-W288-1 285.7 ± 0.1 288.2 ± 0.1 291.3 ± 0.1 9.5 ± 1.3 21.6 ± 6.5 650 10.8 ± 0.4 92.8 ± 7.7 29.4 ± 6.5 15.7 ± 10.5 32.4 ± 10.5 15.3 ± 3.4 29.1 9.0 1.1 × 10−2 6.1 503.0 0.13
S288-W288-2 288.9 ± 0.1 288.4 ± < 0.1 292.5 ± 0.1 10.0 ± 1.4 25.0 ± 8.2 660 11.0 ± 0.5 240.2 ± 42.9 40.2 ± 5.4 17.3 ± 10.7 121.8 ± 10.7 60.9 ± 13.6 27.7 7.4 1.3 × 10−2 6.0 788.0 0.22
S288-W288-3 288.1 ± 0.1 288.5 ± < 0.1 291.1 ± 0.1 9.7 ± 0.8 27.1 ± 7.2 665 11.1 ± 0.5 109.8 ± 34.1 50.7 ± 9.7 12.8 ± 8.7 18.5 ± 8.7 27.9 ± 16.3 33.5 8.6 1.3 × 10−2 6.0 728.5 0.20
S297-W288-1 296.0 ± 0.1 288.3 ± < 0.1 295.7 ± 0.2 10.1 ± 1.2 28.5 ± 9.3 660 11.0 ± 0.5 1011.5 ± 8.8 24.5 ± 5.2 204.2 ± 28.6 489.9 ± 28.6 293.0 ± 2.1 23.0 8.8 2.0 × 10−2 5.7 1772.7 0.61
S297-W288-2 296.1 ± 0.1 288.1 ± < 0.1 296.2 ± 0.2 9.7 ± 1.7 27.0 ± 8.3 670 11.2 ± 0.5 899.7 ± 17.5 26.9 ± 5.5 111.3 ± 17.7 551.6 ± 17.7 209.9 ± 3.9 22.0 8.7 2.0 × 10−2 5.7 1829.6 0.63
S297-W288-3 297.9 ± 0.1 288.4 ± < 0.1 298.2 ± 0.1 10.6 ± 1.7 26.2 ± 6.5 610 10.2 ± 0.4 1048.4 ± 8.5 21.2 ± 5.0 226.3 ± 30.2 528.5 ± 30.2 272.5 ± 1.7 20.8 8.3 2.3 × 10−2 5.7 2059.8 0.75
S278-W297-1 280.3 ± 0.1 296.3 ± < 0.1 287.9 ± 0.3 8.6 ± 1.6 28.1 ± 6.6 670 11.2 ± 0.5 74.7 ± 6.9 57.8 ± 2.4 0.7 ± 0.2 2.2 ± 0.3 14.0 ± 3.9 27.8 10.9 7.8 × 10−3 6.2 151.6 0.03
S278-W297-2 278.8 ± 0.1 295.8 ± < 0.1 286.0 ± 0.3 8.7 ± 1.2 29.2 ± 7.6 655 10.9 ± 0.4 72.2 ± 35.9 61.3 ± 14.3 0.7 ± 1.2 4.7 ± 3.8 5.4 ± 16.6 32.2 10.0 7.1 × 10−3 6.3 42.2 0.00
S278-W297-3 277.8 ± 0.2 297.4 ± < 0.1 285.5 ± 0.4 8.7 ± 0.9 32.4 ± 6.1 660 11.0 ± 0.5 57.5 ± 3.4 49.3 ± 1.1 0.3 ± 0.1 0.0 7.9 ± 2.1 29.8 7.5 6.6 × 10−3 6.3 −19.2 –

S288-W297-1 288.2 ± 0.1 296.4 ± < 0.1 291.6 ± 0.2 10.1 ± 1.0 32.7 ± 11.2 660 11.0 ± 0.5 133.2 ± 29.9 43.9 ± 6.8 12.2 ± 7.7 21.3 ± 7.7 55.8 ± 16.5 30.2 7.3 1.3 × 10−2 6.0 699.4 0.19
S288-W297-2 288.4 ± 0.1 296.3 ± < 0.1 292.5 ± 0.2 10.2 ± 1.5 29.5 ± 10.4 645 10.8 ± 0.4 173.6 ± 9.0 51.0 ± 7.7 15.2 ± 8.1 36.5 ± 8.1 70.9 ± 4.6 31.9 8.8 1.3 × 10−2 6.0 711.6 0.20
S288-W297-3 288.5 ± 0.1 296.4 ± < 0.1 293.1 ± 0.2 10.9 ± 1.2 26.1 ± 9.8 650 10.8 ± 0.4 162.8 ± 3.7 41.3 ± 6.5 19.4 ± 11.8 27.3 ± 11.8 74.8 ± 2.4 29.8 8.8 1.3 × 10−2 6.0 652.7 0.18
S297-W297-1 298.6 ± 0.1 301.7 ± < 0.1 300.4 ± 0.6 – – 690 11.5 ± 0.5 815.3 ± 26.0 24.0 ± 5.6 131.0 ± 21.5 393.5 ± 21.5 266.8 ± 6.9 21.6 8.2 2.4 × 10−2 – – –

S297-W297-2 296.7 ± 0.1 296.6 ± < 0.1 296.6 ± 0.1 11.1 ± 1.7 28.0 ± 12.5 680 11.3 ± 0.5 649.1 ± 6.7 29.7 ± 5.1 46.2 ± 18.4 351.9 ± 18.4 221.3 ± 2.0 24.1 6.8 2.1 × 10−2 5.7 1793.0 0.80
S297-W297-3 297.8 ± 0.1 298.0 ± < 0.1 297.6 ± 0.2 10.1 ± 1.7 34.7 ± 12.8 680 11.3 ± 0.5 763.1 ± 6.7 22.2 ± 5.3 66.7 ± 19.1 522.4 ± 19.1 151.8 ± 1.5 21.6 7.8 2.2 × 10−2 5.7 2091.2 0.96

Temperatures, pressures and relative humidities (%RH) are presented as mean values and standard deviations (std) for the 60 s of liquid water release.
The details of error calculations for the reported volumes are given in the section ‘Mapping and quantification’. The errors on water flow rate are calculated with the method of standard method of error propagation
considering an incertitude of 2 s on the time. The details of the last four columns are given in the section ‘Sand grain ejection’.
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Fig. 4. Mosaic of typical morphological results obtained after the water flowed on the sand test bed as a function of
sediment and water temperature. Orthoimages obtained by photogrammetry of the surface. The width of the test bed
is about 40 cm. The top of the slope is located at the top of the image. The selected orthoimages correspond to the
following runs: S278-W278-1; S288-W278-2; S297-W278-2; S278-W288-3; S288-W288-3; S297-W288-1;
S278-W297-3; S288-W297-3; S297-W297-3 (from left to right and top to bottom).
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first interacts with the sand and as ending when
the last pellets come to a stop in the videos.
These pellets are produced over the whole
duration of the water release, but we generally
observed that the peak in pellet production
occurred in the first seconds of the experiments
(Fig. 5). We defined the ‘peak pellet’ event in
Figure 5 as starting at the production of the
first pellet and ending when the production of
pellets becomes sporadic with fewer than two
pellets every c. 5 s.

(3) For some experiments we observed the for-
mation of an ephemeral channel carved

into the dry sand by pellets moving down-
slope (Figs 4, 5 & 8, Supplementary videos
1 (right), 2 (right), 5 (right), 7 and 8). This
channel was not visible or was poorly visi-
ble at the end of the experiments because
it was generally backfilled with pellets and
dry sand (Fig. 8). When this event occurred
it was synchronous with the peak pellet
event.

(4) Avalanches of dry sand were observed under
certain conditions (Figs 4, 5 & 8, Supplemen-
tary videos 1 (right), 2 (right), 4, 5 (right), 9).
We defined the duration of this event as

Fig. 5. Sequence of events as a function of sand temperature (grey labels at the top of each panel) and water
temperature (black labels on y-axis). The length and position of the bars represent the average time from the
triplicates for one Ts/Tw configuration. Dashed line indicates that the event is still active at the end for at least one
triplicate. In this case, the unbroken line corresponds to the mean end time of the event or of the end of the video
recording. The vertical black bar indicates the end of the peak period of pellet production.
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being from the first avalanche to end of the last
one in the videos.

(5) As the water was released we sometimes
observed the ejection of individual sand grains
at the saturated-dry boundary (Fig. 5, Sup-
plementary videos 1 (right), 2 (right), 4, 5
(right), 9 and 10). We defined the beginning
and the end of the ejection event by simply not-
ing the first and the last (respectively) observa-
tions of sand ejection in the videos.

(6) For all the combinations of water and sand
temperatures (but not for all the experimental
runs), we observed the excavation of the dry
sand around the water outlet creating a
depression (Figs 5 & 7, Supplementary
videos 1 (right), 2 (right), 4, 5 and 9). For

most of these observations the excavation is
clearly associated with dry sand ejection
and granular avalanches. However, for three
experiments (runs S278-W278-2, S278-
W278-3 and S278-W288-3) no dry sand
ejection could be identified from direct obser-
vation or from the video data. We attribute
this inconsistency to natural variations in the
sand compaction between experiments. We
defined the start of this event as being when
the water released interacted with the dry
sand and the end when the edges of the
depression excavated are not expanding any-
more in the videos.

(7) Around the overland flow feature, the water
continued to percolate even after the end of

Fig. 6. Morphological features shared by all the experiments. (a) Rounded pellets (run S288-W278-2). They can
create a track in the dry and loose sediments by rolling/sliding. The location of this image is outlined by the white
box in Figure 8. (b) Persistent channel created by transport of the sand from the erosion area, situated mainly at the
water outlet, to the accumulation area (run S278-W288-3). Levees are formed flanking the channel at the transition
between these two areas. Accumulation of lobes of sand layers down flow, which often have cavities at their termini.
The deposits are surrounded by a darker zone of saturated sand. The visible part of the ruler is about 10 cm long. (c)
Water source area with gas cavities breaking the surface at the head of the persistent channel (run S278-W288-3). The
infiltration of the water creates a darker saturated zone around the outlet and around the leveed channel. The visible
part of the ruler is about 10 cm long. (d) Vertical cross-section of the test bed. (1) near the surface, the channel
cross-section is elevated above the surface by the superposition of lobes (run S278-W297-3). The boiling water has
created cavities in the sand. (2) The saturated zone observed at the surface is also visible at depth in the cross-section
of the test bed. The visible part of the ruler is about 15 cm long.
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water release and a saturated zone of wet sand
formed at the surface (Figs 4, 6c, d & 7, Sup-
plementary video 5). This percolation is visible
via a darkening of the sand. Vertically cut
channel cross-sections all showed the same

features (Fig. 6d): (a) near the surface there
was a high porosity owing to the cavities
formed by bubbles produced by the boiling
water; and (b) below down to the base, the
sand was wet owing to water percolation.

Fig. 7. Persistent channel morphologies as a function of sediment and water temperature with annotations.
Orthoimages are obtained by photogrammetry. The width of the images is about 25 cm. The black box indicates the
position of the zoomed image in Figure 10b. The selected orthoimages correspond to the following runs:
S278-W278-1; S278-W288-3; S278-W297-1; S288-W278-2; S288-W288-3; S288-W297-3; S297-W278-2;
S297-W288-1; S297-W297-3 (from left to right and top to bottom).
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Fig. 8. A series of annotated images highlighting the morphological influence of the pellets as a function of sediment
and water temperature. Orthoimages are obtained by photogrammetry. The width of the images is about 40 cm.
Zoomed images in the white box and the black box are shown in Figures 6a & 10a, respectively. The selected
orthoimages correspond to the following runs: S278-W278-1; S278-W288-3; S278-W297-1; S288-W278-2;
S288-W288-3; S288-W297-3; S297-W278-2; S297-W288-1; S297-W297-3 (from left to right and top to bottom).
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Morphological differences observed
as a function of sand temperature

Here we describe how the morphology and the phys-
ical processes change owing to sand temperature.
We describe only features common to all water tem-
peratures for any given sand temperature. The

description of the sequence of events is comple-
mented by video screenshots at the different sand
temperatures which are presented in Figure 9.

At a low sand temperature (c. 278 K), millimetre-
size rounded pellets are ejected as the liquid water is
released (Figs 5 & 9a [1–3]). They slide for c. 1 s
and then stop or roll downslope (Supplementary

Fig. 9. Screenshots of videos for three sand and water temperature configurations at different times during the runs:
[1] t = 2 s, [2] t = 5 s, [3] t = 14 s, [4] t = 60 s and [5] t = 92 s. The arrows indicate the events of interest that are
occurring at the time of the screenshots: red arrows indicate pellet movements; yellow arrows indicate dry sand
ejection; green arrows indicate sand excavation around the outlet; blue arrows indicate the formation of the persistent
channel; light blue arrows indicate dry sand avalanches; black arrows indicate the channel carved by pellet-movement
and purple arrows indicate the debris fan. For frame [1] an inset is included detailing the water outlet to highlight any
sand ejection. (a) Ts = 278 K and Tw = 288 K (run S278-W288-3). (b) Ts = 288 K and Tw = 288 K (run S288-W288-2).
(c) Ts = 297 K and Tw = 288 K (run S297-W288-2).
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videos 1 (left), 2 (left), 5 (left) and 6), sometimes
leaving tracks on the dry sand bed (Figs 6a & 8).
The pellets numbered in the hundreds during the
60 s of water flow. Usually sand grain ejection did
not occur at this sand temperature. We observed
this process for a few seconds only in one run
(Fig. 5, run S278-W297-2).

Sometimes (in five out of nine runs), a depres-
sion was formed by the transport of dry sand
around the water outlet. This event is rapidly over-
printed by overland flow and the extension of the

saturated zone (Fig. 7 and Supplementary video 5
(left)).

A straight channel, constructed by transport of
sediment by overland flow, started to form at the
beginning of the water release and its formation
stopped when the water valve was closed (Figs 5
& 9a [1–4], Supplementary videos 1 (left), 2 (left),
5 (left) and 6).

During all the experiments water percolated into
the surrounding sand, forming a darker saturated
zone of wet sand around the channel but with

Fig. 10. Images of unusual morphological features observed following the experimental runs. (a) Centimetre-sized
pellets present in a debris fan which have a fluffy sand texture at their base. The location of this image is shown by
the black box in Figure 8 (run S297-W278-2). (b) Cavities produced by sand ejection owing to intense gas release at
the boundary between water saturated sediment and dry sediment. The location of this image is shown by the black
box in Figure 7 (run S288-W278-2). (c) Erosional area at the water outlet for a run at Ts = 278 K and Tw = 288 K (run
S278-W288-2). (d) Erosional area at the water outlet for a run at Ts = 288 K and Tw = 288 K (run S288-W288-3).
The black dashed line indicates the boundary between two different textures of saturated sand. The inner saturated
zone had a fluffier texture than the outer saturated zone. (e) Erosional area at the water outlet for a run at Ts = 297 K
and Tw = 288 K (run S297-W288-2). The area where water had infiltrated had a fluffy texture.
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no other obvious surface changes (Figs 6, 7 &
10c, Supplementary videos 1 (left), 2 (left), 5 (left)
and 6).

For experiments performed at a high sand tem-
perature (c. 297 K), we found additional processes
and features. Pellets were also formed at the begin-
ning of these experiments, when the water interacted
with the dry sand (Figs 5 & 9c [1–4]). However, the
range of sizes was larger than at 278 K, from milli-
metre to centimetre scale (0.5–60 mm), with irregu-
lar shapes and a fluffy texture at the base of the
larger ones which developed during their formation
and sliding (Fig. 10a). They slid and/or rolled
downslope with a low direct contact with the surface
of the test bed (Supplementary videos 1 (right), 2
(right), 5 (right)). The number of large pellets form-
ing in the first few seconds of the water released
was higher than at 278 K. These pellets carved a
depression in the sand as they slid and rolled down-
slope, leading to the formation of a transportation
channel about 5 cm wide with a curvilinear shape
(Raack et al. 2017). As the pellets reached the bot-
tom of the tray, the ephemeral channel was back-
filled after a few seconds by more pellets and
avalanching dry sand (Supplementary video 7).
The duration of the pellet peak is similar at Ts =
278 and 297 K, but in the last case the amount of
transported sediment is greater (see the section
‘Transported volume of sediment’). At the end of
these experiments we counted several hundred pel-
lets on the sand test bed.

As boiling water interacted with the sand bed, we
also observed the ejection of dry sand grains. In the
first second the ejected sand was continuous and
intense (Supplementary videos 1 (right), 2 (right),
5 (right)). This stopped when the sand at the water
outlet was saturated. The ejection process persisted
after the end of the water release for tens of seconds
(Fig. 5, Supplementary video 9). The ejection was
therefore observed locally at the border between
the saturated sand and the dry sand (Fig. 9c [4–5]),
Supplementary video 9), sometimes leaving deep
cavities (Figs 7 & 10b). Both the production of pel-
lets and the sand ejection triggered avalanches of the
dry sand. These avalanches extended downslope,
covering the ephemeral channel and the previously
deposited pellets. The avalanches continued to
occur after the end of the water release, for several
seconds or even minutes (Figs 5 & 9c [5], Supple-
mentary video 9). We observed a greater lateral
extension of the excavation of the sand around the
source area (Fig. 5) than for Ts = 278 K. The intense
ejection of sand grains and avalanches favoured the
growth of the depression that was not later over-
printed by the overland flow and/or water percola-
tion (Fig. 7). When the sand at the water outlet
started to become saturated, the intensity of sand
ejection reduced and a persistent channel was formed

by overland flow. These processes occurred about
20 s later than for the experiments at a sand temper-
ature of 278 K (Figs 5 & 9c [3], Supplementary
video 5 (right)). Finally, as at Ts = 278 K, some of
the water percolated into the sand and a saturated
zone demarking the limit of water infiltration grew
around the persistent channel. However, the texture
of the wet sand appeared to be fluffier than it was
at a colder sand temperature (Figs 7 & 10e). In addi-
tion, the imprint of the saturated zone was topo-
graphically highlighted by the removal of some of
the loose dry sand around it.

The experiments at intermediate sand tempera-
ture (Ts = 288 K) displayed similar processes and
morphology to the experiments at the other two
sand temperatures. The pellets formed during these
experiments had irregular shapes with sizes ranging
from 0.5 to 30 mm. They formed in a limited amount
(about 100) compared with the experiments at Ts =
297 K (several hundreds). The centimetre-sized pel-
lets slid over the sand but only over a very short dura-
tion (<1 s) and did not reach the bottom of the tray.
The sand ejection had a shorter duration than at
higher temperature (except at water temperatures
Tw = 278 K). The avalanches of dry sand were
smaller than at a sand temperature of 297 K. The
excavation of the depression around the outlet was
overprinted by the overland flow and water percola-
tion (Fig. 7, Supplementary video 4). The persistent
channel formed by the overland flow started to form
a few seconds after the beginning of the experiment
(Fig. 5). The saturated zone around the persistent
channel either had the fluffy, high-relief appearance
of ones formed at higher temperature (at Tw =
278 K) or an intermediate morphology. In some
experiments we observed that the saturated zone
displayed two different textures and topographic
expressions depending on its radial position
(Fig. 10d). The wet sand in contact with the persis-
tent channel (inner saturated zone) was rough, with
a sand texture looking less ‘cohesive’ than at colder
temperatures and in some places fluffy. The outer
saturated zone of wet sand, in contrast, showed no
unusual texture, similar to the saturated zone in the
colder experiments.

Morphological differences observed as a
function of water temperature

If we compare experiments performed at different
water temperatures yet with the same sand tempera-
ture, only slight differences can be found. As in the
preceding section, we describe how the morphology
and the physical processes change and we describe
only features common to all sand temperatures for
any given water temperature. An increase in water
temperature tends to decrease the runout length of
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the overland water channel (Fig. 4 and the section
‘Overland flow feature’).

At a sand temperature of 278 K, we noted no sig-
nificant influence of water temperature on the
sequence or duration of events. At Tw = 298 K, dry
sand ejection occurred for a few seconds at the
beginning of one of the experiments (Fig. 5, run
S278-W297-2) and hence may not be representative.

However, at a sand temperature of 288 K, water
temperature affected both physical processes and
surface morphologies. The duration of the dry sand
avalanches and the sand ejection tended to increase
between Tw = 297 K and Tw = 278 K (Fig. 5). Ava-
lanche events occurred at least 60 s later at Tw =
288 K compared with Tw = 297 K, and at Tw =
278 K compared with Tw = 288 K, and the ejection
of the sand grains had a duration of up to two
times longer at Tw = 278 K than at higher tempera-
tures. The observed surface morphology of the over-
land flow and the water saturated zones was also
different depending on the water temperature. Fea-
tures at Tw = 288 K and Tw = 297 K were similar
(Fig. 7), both having a saturated area characterized
by a rough inner part with a darker colour and fluffier
sand texture and an outer part with only an albedo
difference, few pellets and small sand avalanches
(Fig. 5). At Tw = 278 K, the saturated area had a con-
vex topographic surface and a fluffy texture. These
resembled the saturated area observed at Ts =
297 K (Fig. 7). The top of the saturated area was
also surrounded by a sand excavation hole (Fig. 7).
For runs at Tw = 278 K, we observed a depression
created by the ejection of sand grains at the boundary
of the saturated area, a feature which was not present
at higher temperature. Finally, avalanches were
more numerous and larger at Tw = 278 K than at
higher temperature.

At sand temperature of 297 K we did not
inventory any morphological changes which can
unambiguously be attributed to changes in water
temperature alone. Although the duration of the ejec-
tion and avalanches seemed to follow a similar trend
to experiments at Tw = 288 K (the duration increased
as the water temperature decreased), some of the vid-
eos were stopped before the end of these events (runs
S297-W297-3 and S297-W288-2, Fig. 5), so this
observation remains ambiguous.

Analysis methods

Mapping and quantification

Photos of the test bed acquired before and after the
experiments were used to produce orthophotos and
DEMs. The photos were processed with Agisoft
PhotoScan Professional software, which produces
3D models of a scene using multiview photogram-
metry, otherwise known as ‘structure-from-motion’

(Westoby et al. 2012). We produced orthophotos
with 0.2 mm spatial resolution and DEMs at 1 mm
spatial resolution of the sediment beds. To ensure
the resulting models were at the correct scale, to
reduce distortion and so that before-after pairs were
correctly coregistered, we included 12 black and
white targets, 2.7 cm in diameter, with known rela-
tive positions in the processing (Figs 2b & 3).

The obtained data were then exported to ArcGIS
software and three types of measurements were per-
formed (Table 2): (1) mapping of the spatial domains
of the different flow processes; (2) volume measure-
ments of erosion and deposition (transported mate-
rial); and (3) manual measurements, including
length and width of the channel (Table 3). Each of
these is described in more detail below.

(1) We mapped the area affected by the different
flow processes at the end of the experiments
using the orthophotos, DEM and a relief-
shaded version of the DEM (termed as hill-
shade model henceforth) with reference to the
processes visible in the videos. Following
Raack et al. (2017) the extent of the processes
was identified (Fig. 11) in line with the descrip-
tion of processes given in the section ‘General
observations’ (Fig. 5, Table 2): (a) in blue, the
overland flow feature; (b) in red, pellets that
form with liquid water contact and move
downslope by rolling/sliding; (c) in yellow,
dry processes including sand ejection and dry
avalanches; and (d) in green, areas where sub-
strate was affected by water percolation.

(2) Based on our manual mapping of the surface
expression of each transport mechanism, we
made an estimate of the volume of sediment
transported by each of these mechanisms
(Tables 2 & 3). To calculate the volume of
sand eroded and deposited, we combined the
region mapping with the calculation of the ele-
vation changes between DEMs before and
after the experiments (Fig. 12). This method
of estimating the volume relies on the assump-
tion that the final morphology is representative
of the cumulative transport via these processes
throughout the experiments. However, these
processes superpose in space and time, mean-
ing the volumes of these particular transport
processes we calculate from our mapping
remain relatively crude estimates. For exam-
ple, we observed that pellets deposited early
in the experiment could be superposed by dry
avalanches, and erosion could be performed
by both pellet ejection and dry avalanches/
ejection and overland flow, yet finally was
mapped as overland flow. We followed the
methods employed by Raack et al. (2017) to
place reasonable uncertainties on our estimated
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Fig. 11. Mosaic of morphological maps obtained after the water flowed on the sand test bed as a function of
sediment and water temperature. The mapping highlights the area affected by different transport processes (blue =
overland flow, green = percolation, red = pellets, yellow = dry avalanches/ejection). The maps are overlain on a
hillshaded relief model generated from digital elevation models (1 mm/pix) obtained by photogrammetry. The width
of the test bed is about 40 cm. The top of the slope is located at the top of the image. S278-W278-1; S288-W278-2;
S297-W278-2; S278-W288-3; S288-W288-3; S297-W288-1; S278-W297-3; S288-W297-3; S297-W297-3 (from left
to right and top to bottom).
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Fig. 12. Mosaic of the elevation difference between start and end of experiments as a function of sediment and water
temperature. The elevation differences are overlain onto a hillshade relief model derived from the DEMs (1 mm/pix)
obtained by photogrammetry. The width of the test bed is about 40 cm. The top of the slope is located at the top of
the image. S278-W278-1; S288-W278-2; S297-W278-2; S278-W288-3; S288-W288-3; S297-W288-1;
S278-W297-3; S288-W297-3; S297-W297-3 (from left to right and top to bottom).
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volumes. The total errors for eroded, deposited
and the resulting transported volume (Table 3)
were calculated with the ‘measurement error’
which was scaled by their respective surface
areas. To give a more precise classification of
the transported material into our chosen trans-
port mechanisms (overland flow, percolation,
pellets and dry avalanches/ejection) we also
calculated the ‘superposition error’ and the
‘interpolation error’. These errors had no influ-
ence on the total error of each experiment
(‘measurement error’), but appeared in the sub-
division for each transport mechanism (Raack
et al. 2017).

The ‘measurement error’ ranged from 0.1 to
22.6 cm3 (with a median value of 2.1) for indi-
vidual transport mechanisms, and from 2.6 to
42.9 cm3 (with a median value of 9.0) for
total error. For each experiment we performed
volume calculations on undisturbed surfaces
(not affected by flows, pellets and/or ava-
lanches) on a fixed area of c. 46 cm2 to esti-
mate our measurement error. The resulting
volumes were scaled to the areas of the trans-
portation mechanisms or the total area, as
appropriate. This approach was used because
many factors influence the errors in DEMs
(e.g. quality of photos, misplacement of tar-
gets, light differences, etc.), which are individ-
ually hard to estimate, vary from experiment to
experiment and influence the calculation of
volumes.

The ‘superposition error’ ranged from 7.7 to
30.2 cm3 (with a median value of 16.4) and
was calculated as follows. From our observa-
tions for experiments at intermediate (288 K)
and warm (297 K) sediment temperatures, we
found that the area which was mapped as over-
land flow was also affected and eroded by pel-
let ejection and dry avalanches/ejection during
the first seconds of water released. During
experiments at low sediment temperatures
(278 K) this effect was not observed. There-
fore to avoid an overestimation of the overland
flow erosion volume for the experiments at 288
and 297 K sand temperature, we made an
adjustment to our usual calculations. Instead
of using the ‘before’ DEM for volume calcula-
tions (volume = difference between ‘before’
and ‘after’ DEMs), we used an interpolated
‘natural neighbour’ surface DEM fitted to ele-
vations extracted from the ‘after’ DEM within
a 2 mm buffer outside the digitized boundary
of the overland flow. Using this new surface
meant that we did not include the material
eroded via pellet ejection and dry ava-
lanches/ejection earlier in the experiment.
We assigned this volume to the overland

flow category, but this left us with a remnant
volume which had no assigned process. We
observed in the videos that this material was
transported by pellet ejection and dry ava-
lanches/ejection; therefore we partitioned it
arbitrarily 50–50% to both of these mecha-
nisms. We do not know the exact partitioning
so therefore we assume this 50% remnant vol-
ume to be the worst-case uncertainty on the
volume partitioning.

The ‘interpolation error’ ranged from 3.1 to
7.8 cm3 (with a median value of 5.2). As a sec-
ond step, we calculated the uncertainty on
using the natural neighbour method to estimate
the original basal surface (as described in the
‘superposition error’ above). For this, we
used the above-described methods to calculate
the volumes for overland flow for cold experi-
ments (278 K), using both the interpolated and
‘before’ basal surface, but this time we knew
that this zone was not affected by other mech-
anisms. The difference between these calcula-
tions was taken as the ‘interpolation error’. The
gathered values were averaged for experiments
with the three different water temperatures.
We then scaled this uncertainty for the area
of overland flow for intermediate and warm
experiments.

(3) We used the DEM and orthophotos to mea-
sure the linear dimensions of pertinent fea-
tures, as follows. The length of the overland
flow feature (Table 3) was defined as the max-
imum linear distance between the uppermost
sediment disturbance and the lowermost sedi-
ment disturbance caused by direct entrainment
by liquid water. The width of the overland
flow feature (Table 3) was defined as the max-
imum linear distance between the outer edges
of the levees resulting from overland flow
taken perpendicular to the length measure-
ment. The uncertainty on these measurements
is c. 0.5 cm. Finally the average sizes of pel-
lets were estimated by averaging their maxi-
mum and the minimum dimensions in plan
view. The uncertainty is estimated to be
c. 0.5 mm.

Speeds

The influence of the temperatures on the dynamics of
the physical processes was investigated by comput-
ing the speeds of formation or displacement of key
morphological features. The speed of formation of
the overland flow feature was estimated using its
measured length (see the section ‘Mapping and
quantification’) and the duration of the formation
of this feature (see the section ‘General observa-
tions’). The estimated error on the duration was
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1 s. For this calculation, the error on the speed was
determined by error propagation of the errors on
length and duration.

We also determined the speed of single pellets
using the video by taking advantage of the gradua-
tions on the side walls of the tray (at 10 cm intervals).
Themean propagation speed of the pellets was calcu-
lated by identifying the time at which the pellet
reached the position 10 cm from the top of the tray
to the position where it stopped.

Analysis results

Transported volume of sediment

We identified four different transport processes in
our experiments which are also shown in our map-
ping: (1) overland flow; (2) ejection of single sand
grains; (3) formation of pellets; and (4) dry ava-
lanches (Tables 2 and 3 and Fig. 11). We found
that the total volume transported (Figs 12 & 13)
did not vary systematically with water temperature
(Fig. 13a). However for Ts = 288 K the total trans-
ported volume decreased significantly (about two
times less) between Tw = 278 K and the higher tem-
peratures. This trend was not observed for Ts =
278 K or 297 K. This decrease could be linked
with changes of the observed process dynamics
(Fig. 7) of these experiments (Ts = 288 K and Tw =
278 K). We observed at Ts = 288 K and Tw =
278 K that the dry processes (sand ejection and ava-
lanches) were more frequent and had a longer dura-
tion than at higher water temperature (Fig. 5 and
Supplementary video 4) providing an explanation
for the increase in sediment transport.

In contrast, we find that the total transported vol-
ume of sediment (Figs 12 & 13) systematically
increased as the temperature of sand increased
(Fig. 13b). The transported volume was about 9
times higher at 297 K compared with at 278 K, as
was observed previously by Raack et al. (2017). At
low sand temperature (278 K) most of the sediment
was transported by entrainment of the sand by the
flowing boiling water (c. 98%), while a limited
amount (c. 2%) was transported in the form of wet
sand pellets (Table 3). Sand ejection and avalanches
were either not observed or transported negligible
volumes. At higher temperatures, the balance of pro-
cesses shifted (about 95% of sediments are trans-
ported by pellets and dry processes), as discussed
previously (see the section ‘Morphological differ-
ences observed as a function of sand temperature’),
and this shift increased the amount of sediment
transported. The absolute (and relative) volume of
sediment transported directly by boiling water
decreased as the sand temperature increased
(Fig. 13c). This can easily be accounted for:
first, the duration of the overland flow decreases

with increasing temperature (Fig. 4). Second, the fre-
quency of pellet production and dry avalanches
increases with increased sand temperature. These
two classes of sediment transport have an
‘exponential-like’ increase in volume with sand tem-
perature (Fig. 13b). Together they constitute about
93–97% of the total transported volume at Ts =
297 K (Table 3). Therefore, the rapidly increasing
trend of transported volume with sand temperature
can almost entirely be accounted for by an increase
in the intensity of pellet production and dry pro-
cesses. The substantial increase in the volume of
sediment transported can be attributed to the
enhancement in the intensity of boiling experienced
by the liquid water. This boiling intensity depends
primarily on the sand temperature, rather than on
the water temperature (Fig. 13b).

Overland flow feature

Increases in both water temperature and sand tem-
perature tended to decrease the overall length of
the overland flow feature (Figs 7 & 14). The length
of the overland flow feature changed very little
between water temperatures of 288 and 297 K and
increased at 278 K (Fig. 14a). This increase may
be linked to a slightly higher flow propagation
speed for runs at Tw = 278 K compared with the
other two (on average, 0.59 ± 0.01 cm s−1 at Tw =
278 K and about 0.49 ± 0.01 cm s−1 at Tw = 288
and 297 K; Fig. 15a). The reason for this higher
speed, and therefore the longer length, could be
that there is less water available at the surface at
water temperatures ≥288 K. Our hypothesis is that
the water percolates faster into the sand at warmer
temperatures, decreasing the availability of water at
the surface and/or that water needs first to change
phase to cool down to reach the boiling point (latent
heat), diminishing the amount available water
(see more details in the section ‘Sand and water
temperature’).

The lengths of the overland flow feature were
similar at Ts = 278 and 288 K and decreased at
Ts = 297 K (Fig. 14b). The flow propagation speeds
were similar for all sand temperatures and did not
show any trend (Fig. 15b). The shorter length of
the overland flow feature at 297 K can be attributed
to the later start of channel formation compared with
experiments performed at lower sand temperatures
(about 20 s later; Fig. 5). We think that this later
start is due to the increased intensity of sand ejec-
tion and pellet production that inhibits/retards the
saturation of the sand at the source area and so the
initiation of the overland flow feature. The decrease
in the transported volume by overland flow with
increasing sand temperature is also linked to the
reduction in the length of the overland flow feature
(Fig. 13c).
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Percolation

The saturated area of sand formed by percolation of
the liquid water can have different surface charac-
teristics (Fig. 10). At low sand temperature the
water percolated into the sand, as revealed by the

change of colour of the wet sand compared with
its surroundings, with change in relief (Fig. 10c),
while at a sand temperature of 297 K the surface
of the saturated area had a fluffier sand texture
and the boundary of the saturated area had topo-
graphic relief (Fig. 10e). We attribute this difference

Fig. 13. Transported sediment volume v. temperature. The error values are presented in Table 3 for clarity (they fit
within the points). (a) Total volume v. water temperature. (b) Total volume v. sand temperature. (c) Transported
volume v. sand temperature, split into the different transport processes described in the section ‘Mapping and
quantification’.
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to the intensity of boiling. We hypothesize that at
Ts = 297 K the boiling-related phenomena are
enhanced and the water that percolates into the
sand undergoes a more energetic phase change pro-
cess than at 278 K. Therefore, we think that the
escaping gas velocity could be strong enough to
move the grains of sand, increase the porosity and
hence alter the texture and the topographic signature
of saturated sand body at 297 K. At intermediate
sand temperatures, both textures of the saturated
area coexist and are adjacent (Fig. 10d). The fluffy
texture was located proximal to the overland flow
area, and we infer that the intensity of boiling is
higher close to this area and so disturbs the texture
of the sand. As the water percolates into the sand,
we infer that it stabilizes, until the percolation of
the water does not affect the texture of the sand
but just darkens it.

Wet sand pellets

Pellet production was intensified at higher sand tem-
peratures (Fig. 13b). At the highest sand temperature
large numbers of pellets were formed, with sizes that
could reach several centimetres and have irregular
shapes (Figs 4, 9 & 10a). Water temperature did
not have an influence on the number of pellets,
their sizes or shapes (Figs 9 & 13a), or their average
speed (Fig. 16a). Their average speed did increase
with increasing sand temperature (Fig. 16b). From
direct observation and the videos we note that the
pellets formed at Ts = 297 K were more likely to
slide rather than roll, which is generally the case at
lower sand temperatures (Supplementary videos 1,
2, 3, 5, 6 and 7). We hypothesize that the sliding
behaviour is caused by the formation of an air cush-
ion at the bottom of the pellets (Raack et al. 2017).
The gas produced by the boiling of water at the sur-
face of the pellets is able to provide lift. The rate of
gas production is enhanced by the increase in sand
temperature (calculations predict about 5 times
higher at 297 K compared with 278 K; Raack et al.
2017). Therefore pellets at Ts = 297 K go downslope
faster compared with pellets at Ts = 278 K, partly
owing to increased lift and a reduction in the fric-
tion force. Pellets which are lifted off the surface
for a prolonged duration (several seconds) usually
have a flattened shape, with larger surface area at
the base compared with on their lateral faces
(Fig. 10a). This flattened shape probably sustains
the sliding movement for longer than would be the
case otherwise, because it increases the surface
area producing gas in the downward direction. Our
hypothesis that gas is preferentially produced at the
basal surface of the pellets is supported by our obser-
vation that pellets often have a fluffier texture on this
surface (Fig. 10a). The unstable water also interacts
with the sand andmodifies sand cohesion and colour.

Dry processes

Sand ejection. The sand ejection is mainly associated
with experiments at sand temperatures ≥288 K. For
these experiments we assume that the production
of water vapour is sufficiently intense to yield a
gas speed able to entrain sand particles (detailed
below in the section ‘Sand grain ejection’). While
the water is percolating through the sand, it comes
into contact with relatively hot, dry sand and this
contact causes rapid and sudden boiling of the
water. If this occurs at the surface either at the dry-
saturated boundary or because sand avalanches
uncover this boundary, the boiling causes localized
gas production that can move sand grains
(Fig. 10b). The gas ejection is intense during the
first few seconds following water release forming a
depression around the saturated sand (Fig. 4).

Fig. 14. Length of overland flow feature v. sand and
water temperatures. (a) Water temperature. (b)
Sand temperature.
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Grain ejection can persist after the end of the water
release (Fig. 5 and Supplementary video 9), indicat-
ing that the sand is supersaturated and that liquid
water continues to percolate. The production of gas
seems to be driven by the contact between the liquid
water, air and hot dry sand (Ts ≥ 288 K). Figure 17
shows that the duration of the ejection event is pos-
itively correlated with the difference in temperature
(ΔT = Ts–Tw) between the sand and the water.
When ΔT < 1 the ejection process either does not
occur or is limited, whereas when ΔT > 1 the dura-
tion of the process increases with increased ΔT.
Therefore, the duration of the ejection depends on
two parameters, the temperature of the sand that
drives the sand ejection (see the section ‘Sand
grain ejection’) and the water temperature that is
thought to influence the amount of water available
for liquid water flow and percolation into the sand
(see the section ‘Sand and water temperature’).

Avalanches. Dry granular avalanches were observed
only for experiments performed at sand temperatures
≥288 K, similar to sand ejection (Fig. 5, Supplemen-
tary videos 1 (right), 2 (right), 4, 5 (right) and 9).
After the peak in pellet productions (Fig. 5), sand
avalanches were mainly triggered at the boundary

between the saturated and dry sand, where the gas
production was intense and destabilized the sand
bed. For some experiments, we observed that grain
avalanches continued after the liquid water release
and ejection had stopped (Fig. 5). We inferred that,
although the water was not visibly boiling anymore,
it was still undergoing evaporation and even this low
volume of escaping water vapour could destabilize
dry sand close to the angle of repose.

Discussion

Sand and water temperature

Our results reveal that the physical events occurr-
ing during the experiments and the final surface mor-
phologies of the sand bed strongly depend on the
sand temperature (Figs 4, 5 & 13b) and only weakly
on the water temperature (Figs 4, 5 & 13a). Sand
ejection and dry avalanches are limited to experi-
ments at sand temperatures ≥288 K (Fig. 5). In addi-
tion, the intensity of some processes is enhanced at
increased sand temperatures, for example pellets
are larger and more numerous, while persistent chan-
nel formation related to overland water flow is inhib-
ited (Fig. 5). The combination of these factors results

Fig. 15. Propagation speed of the overland water flow v. the water and sand temperatures. (a) Water temperature; (b)
sand temperature.
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in a transported volume of sediment 9 times larger
for experiments at temperatures of 297 K as opposed
to those at 278 K (Fig. 13b and Table 3). This result
attests to the crucial role of boiling in the transporta-
tion processes compared with ‘classic’ liquid water
transport at the surface of Mars.

For all of the experiments we observed that the
water was boiling. The fact that the intensity of
boiling-related processes (ejection, pellets and

avalanches) increases more markedly with sand tem-
perature than water temperature leads us to hypothe-
size that this factor controls the boiling intensity. At
any given pressure above the triple point, boiling can
occur when the temperature of water and/or the tem-
perature of the surface in contact with liquid water T0
exceeds the saturation temperature Te (a.k.a. ‘excess
temperature’ ΔTexcess = T0–Te > 0 K). The saturation
temperature changes with atmospheric pressure

Fig. 16. Speed of pellets v. the sand and water temperatures measured from all experimental runs. The horizontal
bold black lines correspond to the median value of the speed, the lower and upper horizontal black lines of the white
box correspond to the first quartile and to the third quartile of the data, respectively, and the lower and upper
extremities of the vertical black lines correspond to the minimum and maximum speed values, respectively. (a) Water
temperature. Number of measurements: Tw = 278 K: 64; Tw = 288 K: 44; Tw = 297 K: 85. (b) Sand temperature.
Number of measurements: Ts = 278 K: 26; Ts = 288 K: 59; Ts = 297 K: 108.

Fig. 17. Plot of the duration of the sand ejection process against the temperature difference, ΔT, between the sand, Ts,
and the water, Tw.
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(Wagner et al. 2011) and in our case the surface tem-
perature corresponds to sand temperature (T0 = Ts).
As the pressure inside the chamber is similar
between all the experiments, the boiling regime dif-
ferences depend only on the sand temperature (Cen-
gel & Ghajar 2014; Liang & Mudawar 2017). For
our nominal pressure (P0 c. 7 mbar) and sand tem-
peratures (Ts ≥ 278 K), the liquid water introduced
into theMSC is unstable and boils in all of our exper-
iments, because Te c. 275 K (Wagner et al. 2011) and
therefore ΔTexcess ≥ 3 K. At sand temperatures
greater than 288 K (ΔTexcess ≈ ≥ 13 K), water
vapour production is so rapid that we observe
entrainment of the sand grains and lifting of
millimetre- to centimetre-sized pellets (Fig. 5). If
the temperature of the sand is close to or below the
frozen point, i.e. if the temperature of excess is neg-
ative, the boiling liquid water flow will mainly trans-
port sediment by overland flow similarly to
terrestrial water flow and without formation of sand
pellets, sand ejection and avalanches (Conway
et al. 2011; Jouannic et al. 2015).

Our observations indicate that water temperature
has a minor effect on the intensity of boiling. One
might expect the water temperature to be important
as the difference in temperature between the liquid
and sediment ΔT is known to drive boiling in phreo-
magmatic eruptions and geysers (Lorenz 2002). We
hypothesize that, for any given site of intense boil-
ing, the temperature of the water involved will be
reduced to and held at the saturation temperature
owing to the latent heat of the phase change, irre-
spective of its initial temperature.

The excess temperature, ΔT (Ts–Tw), does how-
ever influence the duration of sand ejection
(Fig. 17). This could be because at nominal pressure
the water released is warmer, Tw, than the saturation
temperature, Te, and so the water vaporizes, consum-
ing latent heat and decreasing its temperature to the
boiling point. As the vapour is produced, the amount
of available water flowing at the surface and perco-
lating into the sand is reduced. The higher the tem-
perature of the water is compared with the boiling
point, the more vapour needs to be produced to
reach the boiling point, so the more liquid is lost.
This hypothesis is supported by the fact that the aver-
age relative humidity of the experiments increases
with water temperature from 21% at Tw = 278 K to
30% at Tw = 298 K (Table 3). As sand ejection
depends on the contact between the saturated sedi-
ment and the dry sediment, a reduction in the water
volume results in a reduction in ejection. This is
combined with the fact that warmer sand temperature
provides the energy required to the phase change and
favours the process of sand ejection, as discussed in
the section ‘Sand grain ejection’, because the warm
sand provides the additional energy required to per-
form the phase change. Therefore a large ΔT favours

a longer duration of sand ejection because (1) a
colder water temperature favours percolation and
(2) a warmer sand temperature provokes more sand
ejection. The same logic applies to the duration of
the dry sand avalanches (Fig. 5).

This hypothesis is also consistent with the longer
length of the overland flow feature measured for cold
water temperature. We think that the larger volume
of water available at the surface at Tw = 278 K
induced a slight increase of the flow speed that
deposit the sand farther than at higher water temper-
ature (Figs 14& 15, section ‘Overland flow feature’).

Massé et al. (2016) also reported that boiling
water can trigger dry sand avalanches. The tempera-
ture of the sand in their experiments was between
288 and 297 K, and the temperature of water was
close to the triple point. These conditions are close
to those in our experiments which result in instabili-
ties persisting up to tens of seconds after the end of
water release (Fig. 5). In contrast, Massé et al.
(2016) did not observe any persistence. As the
main difference between the two series of experi-
ments is the water flow rate (c. 11 ml s−1 in our
work v. c. 1–5 ml s−1 in Massé et al. (2016)), we
infer that the amount of liquid water available is
the explanation for this difference in persistence.
At a low flow rate the propagation of fluid through
the sediment never results in supersaturation,
which we infer is occurring in our experiments.

Sediment transport mechanisms
by boiling water

Sand grain ejection.When unstable liquid water per-
colates downslope, the liquid water turns into gas
inside the grain bed at the boundary between wet
sand and dry sand. Under the pressure conditions
of the experiment, this can cause the ejection of
dry grains locally at the front of the flow. This ejec-
tion is possible only under two conditions: (1) if the
pressure related to the phase change, referred to as
saturation vapour pressure, at the front of the flow
is greater than the atmospheric pressure in the cham-
ber; and (2) if the grains are easily detachable from
the bed (which is not the case when grains are wet
for example).

As we have observed in our experiments, the two
parameters which seem to control this phenomenon
are (1) the temperature of the dry bed which deter-
mines the saturation vapour pressure and determines
whether ejection occurs (Fig. 5) and (2) the temper-
ature of the water that seems to influence the duration
of the ejection (Fig. 17). For ejection of a particle to
occur, the force exerted on the particle by the release
of the gas has to overcome the weight of the particle.
As a consequence, the velocity of the gasUg must be
greater than the threshold transport velocity to
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entrain the particle denoted by Ut. This threshold
transport velocity can be estimated from the particle
Reynolds number Rep (equation 1), defined using the
dynamic viscosity µv, the density of the gas ρ and the
modal diameter of the grains D50:

Rep = r D50 Ut

mn

(1)

The density of the water vapour is evaluated for
each experiment with the ideal gas law, evaluated
at the sand temperature and at the saturated vapour
pressure (on average ρ = 1.4 × 10−2 kg m−3,
Table 3). The viscosity is taken at µv = 1.0 × 10−5

kg m−1 s−1 and D50 = 2.3 × 10−4 m. The mean
threshold transport velocity value for the particles
is Ut ≈ 6 m s−1 (Table 3) for all of the experiments
with a mean Rep ≈ 2. The threshold value varies
slightly depending on the temperature of the sand
(Table 3): the hotter the sand, the lower the value
(Ut = 5.7 m s−1 for Ts ≈ 297 K), which means that
particles within the hot sand will be easier to set in
motion than those in the cold sand, for which the
threshold of transport velocity is slightly greater
(Ut = 6.3 m s−1 for Ts ≈ 278 K).

We observed that no particles were ejected for
almost all runs with cold sand (Fig. 5). If there is no
ejection, this implies that the gas velocity Ug is
lower than the threshold transport velocity Ug < Ut.
This gas velocity can be evaluated by the relationship
given in Massé et al. (2016) (equation 2) where they
used a similar experimental configuration:

Ug =
R2
eq DP

8 L mn

(2)

where µv is the dynamic viscosity of the gas, L is the
path length through the sand surface layer with an
equivalent radius Req and ΔP = Psat – P0 is the differ-
ence between the saturated vapour pressure Psat and
the chamber atmospheric pressure P0. Using
Antoine’s equation, we can estimate the saturated
vapour pressure Psat (Pa) using the temperature of
the sand Ts (equation 3):

Log10
Psat

Pref

( )
= A− B

Ts + C
(3)

with, Pref the standard pressure (1.0 × 105 Pa), Ts
the temperature of the sand (K) and A, B and C
Antoine’s coefficients. For a temperature between
273 and 303 K, corresponding to our experiments,
we used an online tool to calculate the following
coefficients (http://ddbonline.ddbst.com/Antoine
Calculation/AntoineCalculationCGI.exe?compo):
A = 5.40 221, B = 1 838.675 and C = −31.737 (Yaws

2015). For our experiments Req = 7 × 10−5 m, L =
2D50,µv = 1 × 10−5 kg m−3 andusing themean thresh-
old gas velocity Ugmin = 6 m s−1, we get a ΔPmin ≈
50 Pa. This is the minimum differential pressure
required in all of the experiments to produce ejection.

When the sand is cold, the differential pressure is
either not sufficient to allow the ejection of the grains
(ΔP < 50 Pa) or it can sometimes reach value above
ΔPmin with calculated gas velocity up to Ug =
18 m s−1 (Table 3), allowing potential grain ejection.
For warmer sand temperatures, we find a gas velocity
between 60 and 90 m s−1 for Ts c. 288 K and
between 220 and 320 m s−1 for Ts c. 297 K, allowing
the ejection of sand grains. Water temperature seems
to have no influence on gas velocity (Table 3).

Since we assume that all of the kinetic energy of
the gas is transferred to the particle movement, we
can therefore calculate the initial velocity of ejection
Ue of the particle from our estimated gas velocity
Ug. For cold sand temperature, in the case where
gas velocity can exceed the threshold velocity, the
ejection velocity remains very low (Ue < 0.03 m s−1,
Table 3). Therefore these calculations confirm that
the ejection of grain is not impossible at Ts ≈
278 K but very limited, as observed in the experi-
ments (Fig. 5). At warmer temperature the ejection
velocity is greater than 0.18 m s−1. For example,
for run S297-W278-1 we estimate the gas velocity
to be 227 m s−1 and hence the corresponding particle
ejection velocity is 0.66 m s−1 (Table 3). For this run
only, we had the opportunity to take a high-speed
video recording at 1000 fps. Using that footage we
were able to track some of the particle trajectories
using the open source Tracker software version
4.96 (Douglas Brown http://www.opensourcephy
sics.org).

In Figure 18, the points obtained from the video
are superposed on the model of the ballistic particle
trajectory calculated as for Massé et al. (2016). We
performed our analysis on six particle trajectories.
The ejection angle is not the same for all trajectories
because there is a randomizing effect introduced by
the path taken by the gas between the (shifting) par-
ticles, but for any given set of initial conditions we
expect the ejection velocity to be of the same order
of magnitude (independent of the ejection angle).
For this run, we find an average ejection velocity
of 0.62 m s−1, which is in good agreement with our
theoretical calculations above, which give Ue =
0.66 m s−1. This experimental corroboration of our
theoretical model, although limited to one run, pro-
vides confidence in the validity of our theoretical
framework and therefore we can more confidently
extrapolate our experimental results to Mars (see
the section ‘Gravity’).

The speeds are consistent with the ones obtained
by Massé et al. (2016) for temperatures between 288
and 293 K (Ue ≈ 0.35 m s−1 for a tray angle of 30°).
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The authors also observed sand ejection provoked by
boiling water which then triggered dry sand ava-
lanches, similar to our observations. However, in
their experiments, the saltation produced millimetre-
high ridges of sand at the flow front that we did not
observe in our experiments. The higher water flow
rate in our experiments would have erased such
ridges even if they had formed.

Pellet lifting by gas production. Pellets can slide over
the sand surface having a reduced contact with the
test bed. We hypothesize that pellet levitation is
made possible by the lift provided by rapid gas pro-
duction at the base of the pellet via boiling (Raack
et al. 2017). This is a similar physical process to
that described as the Leidenfrost effect (Cengel &
Ghajar 2014; Liang & Mudawar 2017), but our
case differs from the classic effect because instead
of a water droplet we have a mixture of a fluid and
sand and instead of a solid surface we have a
granular bed.

In our experiments the temperature of the surface,
T0 (K), exceeds the saturation temperature, Tsat (K),
therefore boiling occurs. The surface temperature of
the wet sand pellet is maintained at the saturation
temperature, Tsat, for the fixed pressure inside the
chamber. Among the forces that are involved
(Raack et al. 2017), the two main competing forces
that act on a block lying on a sand bed are: (1) the
weight W of the object (equation 4):

W = grws HA, (4)

where g is the gravity (m s−2), ρws is the density of the
wet sand (kg m−3), H is the height of the object (m)
and A is the area of the object in contact with the

surface (m2), and, (2) the lift force Fe (equation 5):

Fe = CfA
0.5D u0 v

k
( from Diniega et al. 2013),

(5)

where Cf is a geometric coefficient (see Raack et al.
2017 for details), D is the diametre of the area A
(m), u0 is the speed of the ejected gas at the bottom,
ν is the gas viscosity (Pa s) and k is the sediment per-
meability (m2).

On a slope of θ, the movement of the object will
occur when the evaporation force Fe caused by the
escaping gas exceeds the weightW cos θ of the pellet
(equation 6):

Fe . W cos u (6)

The formation of a cushion of gas means we can
neglect the friction force between the surface of the
test bed and the pellet (Raack et al. 2017). The
water vapour is produced uniformly at the base of
the object and perpendicular to the surface with a
speed u0 (m s−1) (equation 7):

u0 = q

Ev rg
(7)

where q (W m−2) is the heat flux by thermal conduc-
tion, Ev is the enthalpy of evaporation for water
(J kg−1) and ρg is the volatile gas density (kg m−3).

The evaporation rate is constrained by the con-
ductive heat flux from the hot surface to the wet
sand pellet. We assume that all of the heat flux is con-
sumed by the phase change. The heat flux (equation
8) is obtained by integrating the solution of the heat
equation (Turcotte & Schubert 2002):

q(t) = DTexcess

�������
lCprs
pt

√
, (8)

where ΔTexcess corresponds to the excess temperature
(ΔTexcess = T0–Tsat, K), λ is the thermal conductivity
of the sand (W m−1 K−1), Cp is the heat capacity of
the sand (J kg−1 K−1), ρs is the sand density (kg m

−3)
and t is the time (s).

The values of the parameters used are presented
in Raack et al. (2017), as well as figures presenting
the results of the scaling.

In our experiments, the magnitude of the heat flux
and therefore the gas production and the lifting force
will vary with the excess temperature (equation 8).
We observe for the same saturation temperature,
Tsat, the higher the surface temperature is, the more
likely sliding is to occur (Supplementary videos 1,
2, 3, 5 and 7). The heat flux is increased by 4.6
between surface temperatures of 273 and 297 K

Fig. 18. Example of a trajectory of a sand grain particle
extracted from the high-speed video for run
S297W297-3. The green crosses are the points used for
the ballistic fit (fitted curve in blue).
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(Raack et al. 2017). For a similar size and form of
object, the sliding duration calculated increases by
several tens of seconds. At 278 Kwe observe limited
production of small-sized pellets while at Ts = 297 K
we observe greater numbers of large-sized pellets
with the lifting of the pellets and sliding over the sur-
face with reduced surface friction. The capacity for
pellets to slide may be giving us insight into the dif-
ferent boiling regimes being experienced with
changes in excess temperature (Cengel & Ghajar
2014; Giraud et al. 2015; Liang & Mudawar
2017). We think that experiments at sand tempera-
tures of 278 K (ΔTexcess ≈ 3 K) are experiencing a
different boiling regime, probably a nucleate boiling
regime, compared with those at temperature of
297 K (ΔTexcess ≈ 22 K) for which the behaviour
appears to be closer to a film boiling regime with
the related Leidenfrost effect (Cengel & Ghajar
2014; Liang & Mudawar 2017). Experiments at the
intermediate sand temperature of 288 K (ΔTexcess ≈
13 K) may be transitional.

At Ts = 297 K, as the gas flux is higher, the size of
pellets that could potentially be lifted is larger, up to
centimetres in size (Fig. 10a). The larger pellets gen-
erally have a flatter shape than the smaller ones that
tend to be more spherical (Figs 6a & 10a). The aspect
ratio, H/D, of the pellets is a key parameter for lev-
itation. The larger the diameter D (and so the basal
area A) of the pellet in contact with the surface is
compared with the height H, the smaller the aspect
ratio, and hence a larger amount of gas is produced
and the lift force is increased with respect to the
weight force (equations 4 & 5 and Fig. 19). Scaling
of the lift for different aspect ratios at Ts = 297 K
is presented in Figure 19 and shows that, as the

aspect ratio increases to 1 (more spherical), levita-
tion of pellets becomes less likely compared with
flattened pellets.

The variation in shape of the pellets seems to be
linked to their formation process. They form when
the boiling water interacts with the sand surface.
The water percolates into the sand, but owing to its
instability, the liquid changes into gas permitting
the detachment of these wet sand pellets. At the
lower surface temperature tested, the heat flux is
enough to lift up spherical millimetre-sized pellets
(Supplementary videos 1 (left), 2 (left), 5 (left) and
6). These small pellets either detach from the edge
of the saturated area or are directly formed on the ini-
tial contact between the water and the sand. At higher
temperatures, we still observe the formation of these
small pellets, but also larger flattened ones (Supple-
mentary videos 1 (right), 2 (right), 5 (right), 7 and 8).
For the flattened pellets, there is a complex interplay
between the liquid flow rate, the percolation and the
heat flux which result in their formation. When the
liquid flows over the surface it also percolates into
the sand. When the basal surface area (the saturated
area) becomes large enough to support the weight of
the object, detachment of the pellet from the source
area can occur. This is nicely illustrated at 11 s into
Supplementary video 8 where a centimetre-sized
pellet detaches from the saturated area, but only
once its surface area reaches a threshold size.

The observation that pellet production reduces
sharply after the first few seconds of the water release
could be explained by the rate of overland flow and
percolation overwhelming the lifting by wetting a
sufficient sand area to reduce the production of
large pellets. This same explanation can be used to
explain why formation of the overland flow feature
is delayed by about 20 s for experiments performed
at Ts = 297 K compared with the others. The more
intense gas production allows larger masses of satu-
rated sand at the source area to be transported down-
slope in pellet form, retarding the formation of the
saturated zone. We notice also that the flow rate
must play a role in the formation of pellets as at
lower flow rate (c. 1–5 ml s−1) but similar tempera-
ture/atmospheric conditions with a similar sand;
this process was not observed (Massé et al. 2016).

In addition, our simple conceptual model of
pellet levitation predicts that pellets should move
faster at higher surface temperatures, as observed
in our experiments (Fig. 16b), because a higher lift
force results in a reduced surface friction (equations
5, 7 & 8).

Implication for Martian landscape studies

Gravity. Martian gravity, about one-third of terres-
trial gravity, can modify boiling regimes (Cengel &
Ghajar 2014) and therefore is likely to influence

Fig. 19. Evolution of the ratio of the lifting force Fe to
the weight force W cos θ of a block over a slope of 25°.
The ratio is calculated for different aspect ratios (ar) D/
H of pellets for a surface temperature of T0 = 297 K and
D = 2 cm in the Mars Simulation Chamber. The
physical parameters of our experiments in the Mars
Simulation Chamber can be found in Raack et al.
(2017). Levitation occurs when the ratio Fe/W cos θ is
greater than 1 (dashed black line).
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the size of features and the propagation speeds of
objects set into motion by boiling. Scaling calcula-
tions predict that the process of sand ejection should
result in about three times more sediment transport
under Martian gravity compared with terrestrial
gravity (Massé et al. 2016). A similar approach to
Massé et al. (2016) is presented here to examine
the influence of gravity on the entrainment of grains
for our experimental characteristics (see the section
‘Sand grain ejection’). We consider the same geo-
metric, pressure and temperature configurations as
our experiments, but change the gravitational accel-
eration from 9.8 to 3.7 m s−2. The lower Martian
gravity decreases the transport threshold velocity,
Ut, to around 2.5 m s−1, resulting in a lower ΔPmin

of c. 20 Pa. This value is lower than the 50 Pa
value calculated for terrestrial gravity (see the sec-
tion ‘Sand grain ejection’), but nevertheless even
this reduced value would not result in ejection for
sand at Ts = 278 K, since the gas velocity Ug is still
<2.5 m s−1 and too small for ejection. Considering
that the atmospheric pressure, dynamic viscosity of
the gas and path length through the sand surface
layer with an equivalent radius should be the same
on Mars, the ejection velocity for Mars should be
similar to that in our experiments, as discussed in
more detail in Massé et al. (2016). The ballistic tra-
jectory of the particle will be influenced by the
change of gravity: for a given ejection angle, the
ratio of the height to the length of a trajectory
would be 2.6 times greater on Mars than on Earth.

Reduced gravitational acceleration also favours
the lifting of objects through gas production by
phase change (Diniega et al. 2013; Raack et al.
2017). The weight (equation 4) is directly related
to gravity and so a reduction of gravity decreases
the weight force. As a result the object is more easily
lifted. From scaling calculations, Raack et al. (2017)
conclude that the lifting process under weaker Mar-
tian gravity is enhanced by about a factor of 7, is able
to transport larger objects for a longer time and
should continue be an efficient process, even at tem-
peratures close to the saturation point. Therefore an
increase in the process of pellet production should
also increase the area affected by the transport of
sediment and the amount of transported volume
under Martian gravity compared with our experi-
ments on Earth. Even if the pellet speed may be one-
third slower on Mars as it is driven by gravity, it is
counteracted by the fact that the sliding duration
should be longer, so the downslope spatial extent
of the features associated with pellets may approach
decametres in size and so should be visible, but not
identifiable, using remote sensing data (Raack
et al. 2017).

Martian gullies. Our experimental results have
potential implications for the formation and current

activity of gullies on Mars. If liquid water can
reach the surface then it is likely that the water will
boil (see the section ‘Stability of liquid water at the
surface of Mars’), but owing to the scale of our
experiments the morphologies observed are not
directly comparable with the morphology of Martian
gullies. In addition, we have not directly attempted to
incorporate the effect of reduced Martian gravity in
our experiments. However, the surface temperatures
and pressures simulated in our experiments are real-
istic for Mars (section ‘Gullies on Mars’) and could
occur at sites where gullies are found. Therefore,
our experiments reveal sediment transport processes
that could occur in gullies if liquid water is indeed
involved. Our calculations reveal that these boiling-
related sediment transport processes should be
amplified compared with those observed in our
experiments owing to the lower Martian gravity
(see the section ‘Gravity’). In this section, we discuss
how our experimental results could influence future
estimates of the water budget of Martian gullies (tak-
ing into account the caveats of flowrate and water
source), and speculate on the implications of our
results for brines and for processes contributing to
gully formation in the past.

Experiments and physical analyses have shown
that the unusual physical processes directly associ-
ated with boiling (sand saltation, pellet lifting, ava-
lanches) significantly enhance the amount of
sediment transported compared with stable liquid
water flow (Massé et al. 2016; Raack et al. 2017;
this study), and in addition produce distinct morpho-
logical features. This means that the amount of water
required to produce changes in gullies may have
been overestimated so far (Heldman et al. 2005; Pel-
letier et al. 2008; Parsons & Nimmo 2010) and these
changes should be observable at the resolution of
orbital instruments (Raack et al. 2017). Although
the sediment transport should be visible, current
imaging techniques do not allow us to uniquely iden-
tify boiling as the primary transport process – current
datasets have not even allowed us to convincingly
distinguish, based on flow-morphology alone,
between CO2-gas-supported or water-rich debris
flow as the sediment transporting fluid. As outlined
in the introductory section, one of the challenges
for the water hypothesis is the perceived paucity of
the possible reservoirs compared with the high fre-
quency and volume of the landform. Our results
somewhat alleviate this problem and maintain liquid
water as a strong candidate to explain the formation
of gullies in the past and their ongoing evolution.
The potential effects of boiling cannot be overlooked
in future studies of liquid water explaining current or
past activity in gullies.

In our experiments we used a relative stable flow
rate (c. 11 ml s−1), which is many times smaller than
flow rates estimated for Martian gullies (Heldmann
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et al. 2005; Mangold et al. 2010; Parsons & Nimmo
2010; Goldspiel & Squyres 2011; Jouannic et al.
2012). Comparison between our work and previous
experiments has highlighted the importance of the
flow rate in the physics of sediment transport
and resulting morphology (Massé et al. 2016). This
is an area that warrants future investigation, although
similar processes were observed in unpublished
experiments run at 40–50 ml s−1 (Conway, pers.
comm.), hence we predict similar processes to con-
tinue even at higher flow rates more applicable to
Martian gullies.

We did not attempt to faithfully recreate the
source of the water for Martian gullies, which
could be a topic of future experiments; however,
we did test a range of water temperatures relevant
to the proposed water sources. If the water originates
directly from the melting of ice, then the initial water
temperature will be close to the fusion point. So the
most relevant cases are our experiments performed
with the coldest water temperature (Tw = 278 K) or
the experiments performed by Massé et al. (2016)
depending on the flow rate considered. If the water
originated from a perched reservoir or an aquifer
then it could potentially be warmer, and in that
case all the temperature combinations in our experi-
ments could be relevant.

Salts are thought to be common at the Martian
surface from theoretical considerations (Gooding
1978) and orbital and rover observations (e.g.
Squyres et al. 2004; Hecht et al. 2009; Carter et al.
2013). In addition, recent spectroscopic detection
of hydrated minerals supports the potential for
briny flows at the surface of Mars (Ojha et al.
2015). Brines could therefore be involved in the evo-
lution of gullies (Chevrier et al. 2009; McEwen et al.
2014) but the origin of the water/brines is unknown
and still under debate. Even though we did not per-
form our experiments with brine compositions, we
argue that it is also likely that similar boiling-induced
transport mechanisms could occur, for the following
reasons. At a given pressure, the presence of salt will
increase the boiling temperature, whosemagnitude is
dependent on the nature of the salt and its concentra-
tion in the solution (Atkins & de Paula 2006; Master-
ton & Hurley 2011). Taking as an example an
eutectic brine solution of MgSO4 (25 wt%), the boil-
ing temperature will be 2 K higher than for pure liq-
uid water (Masterton & Hurley 2011). Considering
that the temperature at the Martian surface can
exceed 285 K (Haberle et al. 2001; Reiss & Jaumann
2003; Fenton 2006; McEwen et al. 2014; Martín-
Torres et al. 2015), boiling is still possible with
such brines. Previous experiments at low pressure
have shown that both brines and liquid water experi-
ence boiling-related sediment transport, although for
the brines the expression of the resulting surface
morphologies is reduced (Massé et al. 2016).

Classical gullies have been dated to be no older
than several million years (during the late Amazo-
nian period; Reiss et al. 2004; Schon et al. 2009;
Raack et al. 2012). During this period, the atmo-
spheric conditions are thought to be generically sim-
ilar to the ones observed today – low pressure, dry
and cold (Marchant & Head 2007), inhibiting the
production of abundant liquid water at the surface.
However, increases in orbital obliquity up to 35°
have occurred during the last 5 Ma, which can result
in non-negligible changes in climatic conditions
(Laskar et al. 2002, 2004) and in an increased poten-
tial for transient liquid water (Richardson &Mischna
2005). Primarily these changes are brought about by
increased sublimation of the polar caps (which
receive more insolation at higher obliquity), increas-
ing the overall atmospheric pressure and humidity
(Madeleine et al. 2014). This effect could be further
enhanced by release of the CO2 currently trapped
within the south polar cap, which could increase
the atmospheric density by 4–5 mbar, which could
have happened as recently as 600 ka (Phillips et al.
2011). Such atmospheric pressures would not be
enough to make water stable but increase the spatial
and temporal extent of transient liquid water. There-
fore boiling may also have been involved in the for-
mation of gullies in the past.

Other Martian surface features. Beside gullies,
remote sensing data reveal a diversity of slope
morphologies associated with different active mass
wasting processes at the surface of Mars. Our exper-
imental results could have implications for the
numerous flow-like features that appear very recent
and still active today, including:

(1) Recurring Slope Lineae (RSL; McEwen et al.
2011, 2014; Ojha et al. 2014, 2015; Stillman
et al. 2014, 2016, 2017; Chojnacki et al.
2016), which are narrow (0.5–5 m) and several
hundred metres long. Each year they incre-
mentally grow for several weeks during the
warm season, fade and then reappear the next
year (McEwen et al. 2011; Ojha et al. 2014).
The leading proposed mechanism is that their
formation is triggered by briny flows (McEwen
et al. 2011, 2014; Chevrier & Rivera-Valentin
2012; Ojha et al. 2014, 2015, Grimm et al.
2014; Chojnacki et al. 2016; Stillman et al.
2014, 2016, 2017). Such brines are expected
to boil at RSL conditions (Massé et al.
2016). At 7 mbar the boiling temperature for
a brine solution (MgSO4 25% wt) is expected
c. 277 K. The sites of active RSL are character-
ized by their relatively high surface tempera-
tures that can reach 300 K (McEwen et al.
2014). Therefore, the excess temperature
should be sufficient to allow boiling of the
brine and potentially reach a Liedenfrost-like
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regime. According to these surface tempera-
tures and depending on the concentration
and salts involved, a similar behaviour is
expected for the brines as observed in our
pure water experiments for slightly higher sur-
face temperatures.

(2) Dark dune flows (Fenton et al. 2003; Kieffer
et al. 2006; Horvath et al. 2009; Kereszturi
et al. 2009; Gardin et al. 2010, Möhlmann &
Kereszturi 2010; Hansen et al. 2011, 2013)
are several tens of metres long and metres
wide emanating from Dark Dune Spots and
they form during local spring at low tempera-
tures (150–180 K; Kereszturi et al. 2010) The
leading hypothesis for the dark flows is that
the material deposited in the dark spots is
remobilized by ongoing sublimation of CO2

slab ice (Gardin et al. 2010). An alternative
hypothesis is that these dark flows are caused
by viscous liquid film flow (Horvath et al.
2009; Möhlmann & Kereszturi 2010; Keresz-
turi et al. 2010). This flow involves the forma-
tion of an interfacial water film on the sand
grains and the presence of brines to decrease
the eutectic point (down to 245 K). The possi-
bility of boiling is not discussed, but for salty
solutions boiling would occur at warmer tem-
peratures than for pure water (Masterton &
Hurley 2011). At spring temperatures the
water is unlikely to boil, but it cannot be
excluded if the P/T are close to the triple point.

(3) Slope streaks (Morris 1982; Ferguson & Luc-
chitta 1984; Sullivan et al. 2001, Malin &
Edgett 2001; Schorghofer et al. 2007; Chuang
et al. 2007, Bergonio et al. 2013; Brusnikin
et al. 2016) are several hundreds of metres to
kilometres long and develop on steep slopes,
following the topographic gradient. Multi-
temporal observations have revealed their
present-day activity (Malin & Edgett 2001;
Sullivan et al. 2001; Aharonson et al. 2003;
Brusnikin et al. 2016). Several processes
have been proposed to explain these features,
where most authors prefer dry mechanisms
(Sullivan et al. 2001; Miyamoto et al. 2004;
Baratoux et al. 2006; Chuang et al. 2007),
including the influence of diurnal CO2 subli-
mation (Piqueux et al. 2016). However, some
of the morphological attributes are hard to
explain with dry flows (Brusnikin et al.
2016) and therefore wet mechanisms cannot
be excluded and these may involve brine solu-
tions (Ferguson & Lucchitta 1984; Ferris et al.
2002;Miyamoto et al. 2004;Marchant &Head
2007; Kreslavsky & Head 2009; Mushkin
et al. 2010; Kolb et al. 2010). If liquid water
is present in these features then the boiling
mechanisms presented here should be possible

because they form at low latitudes and on high
slopes where the surface temperatures can be
locally high (McEwen et al. 2014).

Conclusions

Our experiments highlight boiling as an important
agent of sediment transport, which should not be
neglected when analysing and modelling flow fea-
tures on Mars for which water is a candidate fluid.
In the context of this special issue we particularly
draw attention to the fact that, if liquid water is
present, boiling could be important in understand-
ing recent changes in Martian gullies, but also for
gully modifications under high-obliquity conditions
in the past. We find that sediment transport by boil-
ing is characterized by grain ejection, granular ava-
lanches and levitating pellets, which according to
our scaling calculations are all more effective trans-
port processes under Martian gravity. Only a small
amount of water is required to mobilize a relatively
large volume of sediment over long distances.

Among the two parameters investigated in our
experiments – the water and sand temperatures – it
appears that the sand temperature is the main control-
ling parameter of the transport via boiling. Therefore
this mechanism would be favoured where high sur-
face temperatures are experienced on Mars (e.g.
equatorial RSL at the present day). The difference
in the balance between the observed physical pro-
cesses and their resultant morphologies arises from
different intensities of boiling – which is controlled
primarily by atmospheric pressure (boiling tem-
perature) and the surface temperature (sand tempera-
ture) – hence in our experiments boiling transitions
from a regime similar to nucleate boiling to a regime
similar to film boiling associated with the Leiden-
frost effect.

We found that water temperature plays a minor
role in this transition, but does have some control
over the runout length of the overland flow and
the duration of the grain ejection and dry avalanche
processes by influencing the amount of liquid
water available.

Further experimental work and numerical model-
ling need to be done to explore the range of parame-
ters, such as grain size of the sediments and flow rate
of the water, to further constrain the potential geo-
morphological role of the boiling water on planetary
surfaces. Our results and the potential influence of
the boiling of water should also be considered for
other active landforms on Mars, including recurring
slope lineae, dark dune flows and slope streaks that
potentially involve liquid water.
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