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Abstract. Planetary surfaces are transformed by various processes at different atmospheric pressures.
On Mars, fluids are expected to have flowed at reduced atmospheric pressure during the last 3 billion
years. Nevertheless, the influence of low pressure on surface processes has been investigated in only
a few studies. Our understanding of the influence of gas in fluids on Martian surface morphologies
is poor due to the low number of experiments performed at low atmospheric pressure (~7 mbar) and
the limited potential analogs on Earth. Here, we present laboratory and numerical experiments to ex-
plore the influence of gas production on fluid-sand mobility at low atmospheric pressure. Energetic
cohesive sand pellets uplifted by escaping gas were generated, forming narrow channels with levees
with lengths of 80-90 cm, which were approximately 1800 times their widths. The maximum exper-
imentally determined velocity of the pellets ranged from 60 to 150 cm/s. The channel morphologies
were formed by a pseudo-levitation mechanism corresponding to transport with reduced friction. We
propose that the mechanisms observed in our experiments at low atmospheric pressure may explain
some past Martian surface changes.
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1. Introduction few studies have investigated flows under low atmo-

spheric pressure (Jouannic, Gargani, S. Conway, et

The physic of water-sand mixed flow is complex
and the effects of low atmospheric pressure on the
mixed flow dynamic are largely unexplored. Only a
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al.,, 2015; Massé et al., 2016; Herny et al., 2018). These
experiments caused exotic morphologies. The full
spectrum of morphological diversity has not yet been
studied. Many parameters and conditions have not
been investigated. Previous studies have focused on
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flows under low atmospheric pressure: (i) caused by
pure liquid water released over a sandy substrate with
a low surface temperature, <278 K (Jouannic, Gar-
gani, S. Conway, et al., 2015), (ii) caused by pure lig-
uid water released over a sandy substrate with sur-
face temperatures reaching values >290 K (Herny et
al., 2018), (iii) caused by pure ice melting and sub-
limation on a substrate with a low surface tempera-
ture (Massé et al., 2016). In this study, a mixed flow
(sand-water) is released over a sandy substrate with
a temperature >290 K. The study of mixed flow at low
atmospheric pressure is conducted for basic science
purposes, but could also be used to discuss exotic
processes that may have occurred on Mars.

Mars is thought to have experience of reduced at-
mospheric pressure for more than three billion years
compared to Earth (Kite et al., 2014), below the triple
point of water. The drop in atmospheric pressure
has occurred during the last three billion years (ibid.)
and the influence of atmospheric pressure lowering
on morphologies is not well constrained. The vari-
ation in atmospheric pressure may have occurred
with the variable presence of liquid water. An ocean
is believed to have existed 3.5 Gyr ago (Di Achille
and Hynek, 2010) and perhaps until the late Hes-
perian (Turbet and Forget, 2019). The presence of
liquid water on Early Mars has also been suggested
by various observations, such as fluvial and coastal
(ocean) morphologies (Malin and Edgett, 2003; Di
Achille and Hynek, 2010). Geomorphological and
modeling studies have suggested that transient wet
conditions may have occurred during the Hesperian
(Baker et al., 1991), and radar observations have in-
dicated that subglacial water bodies could still be
present beneath the poles of Mars (Orosei et al., 2018;
Lauro et al., 2021). Potentially, liquid water may
have been present during the long transition from
high to reduced atmospheric pressure on Mars. On
Mars, low atmospheric pressure and transient liquid
water may have existed simultaneously in the past,
even if this combination of conditions is controver-
sial in explaining many current processes (Thomas
et al., 2010; Pilorget and Forget, 2015; Schimdt et al.,
2017; Pasquon, Gargani, Massé, et al., 2019). In any
case, the physics of flows under exotic conditions (i.e.
7 mbar) is not well known and the aim of this study is
to describe such flows.

The propagation of liquid water and sedi-
ments interacting under low-pressure conditions

representative of present-day Mars (~7 mbar) is
complex (Massé et al., 2016). Under low atmospheric
pressure (~7 mbar), their transition phase thresh-
olds of water are significantly different than those
at current terrestrial atmospheric pressure: liquid
water boils near its freezing point, rather than 100 °C,
under terrestrial conditions. Recent studies have
shown that exotic processes may have occurred or
are occurring on Mars, resulting in mechanisms and
morphologies that differ from those on Earth (Massé
et al., 2016; Raack et al., 2017; Herny et al., 2018;
Sylvest et al., 2016; Broz et al., 2020). These surface
transformation mechanisms at reduced atmospheric
pressure are important because of the extended pe-
riod of time Mars has spent in this atmospheric pres-
sure regime. Mars is thought to have transitioned to
low atmospheric pressure more than 3 Gyr ago (Kite
etal., 2014). Surface transport, erosion and sedimen-
tation processes may have been very different and
caused exotic morphologies or different erosion and
sedimentation rates over this period. On Earth, re-
duced atmospheric pressure less than half that of the
present time existed 2.7 Gyrs ago (Som et al., 2012),
which may have influenced erosion and deposition
processes as temperatures could more easily reach
water’s boiling point (<80°C at this atmospheric
pressure).

Many complex morphological changes caused by
fluid flow must be considered under low atmospheric
pressures due to the various ways in which liquids
and gases can modify the topography. Terrestrial
analogs are generally used to interpret planetary flow
dynamics; however, this approach is not entirely
appropriate for describing low-pressure processes
on Mars. Fluid-sediment interactions at low atmo-
spheric pressures have been described in a few spe-
cific cases using experimental setups (S. J. Conway et
al,, 2011; Jouannic, Gargani, S. Conway, et al., 2015;
Massé et al., 2016; Sylvest et al., 2016; Raack et al.,
2017). However, considering the recent interest in
this research topic, the high morphological variabil-
ity of flows at low pressures has not been described
exhaustively, and numerous phenomena and pro-
cesses remain unknown. Here we investigate, us-
ing an experimental and theoretical approach, the
transport processes associated with the propagation
of wet sand over a sandy surface. The resulting
dynamic and morphologies will be described and
discussed.
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2. Method
2.1. Experimental setup

To understand the influence of low atmospheric
pressure on sediment propagation by a fluid (lig-
uid or gas), a set of laboratory experiments was per-
formed in an atmospheric chamber (Mars cham-
ber at the Open University) with a controlled atmo-
spheric pressure of 7 mbar. Experiments were con-
ducted along a 20° inclined metallic surface 1 m in
length and 40 cm in width covered by sand. A reser-
voir containing a cold (274 K < T < 278 K) mixture
of water and sand was released over a hot (291 K <
T < 294 K) thin (1-2 mm) non-cohesive dry sand
layer placed on the inclined surface. The reservoir is
6 cm in width, 6 cm in height and >10 cm in length,
and was located 4 cm above the surface at a slope
of 50°. The sand layer on the surface was composed
of grain sizes 200-250 um. The sand in the reser-
voir was of constant mass (i.e., 50 g) and a variable
mass of water ranging from 0 g to 100 g was added.
Consequently, the ratio between the water and sand
mass Muyater/ Msand ranged from 0 to 2. The variable
mass ratio between water and sand was conducted
in 17 experiments and allow us the measurement of
135 channels (length, width) formed by the propa-
gation of the material. Even if a small discontinu-
ity could be observed in a channel, it is considered
as a unique channel in the counting. If two different
paths with erosive features, diverging from a unique
point, are observed, they are counted as two differ-
ent channels. In this study, the movement analysis
(distance, speed, and time) focused on the pellets
that moved over longer distances using video anal-
ysis. Measurements were also performed manually,
but also using image and video analysis to determine
the width, length, and thickness of the resulting mor-
phologies. Two cameras have been used to make
photos and videos of the flows. Measurements ac-
curacy were 0.5 mm. Video analysis was performed
using the open-source software Kinovea.

2.2. Numerically modeling transport and gas
escape

The interpretation of the transport process was also
conducted using a modeling approach. Basically,
during the propagation of the material (i.e. the pellet)

along the path, gas escape from the transported ma-
terial and interact with the substrate. The contact be-
tween the pellet and the substrate was simulated by a
numerical model. The friction was described by the
equation T = 0, tan¢, where o, is the normal stress
and ¢ is the kinetic friction angle. The normal stress
o, was calculated by considering the normal compo-
nent of the weight of the flow on the sliding surface
as 0, = psg zcosB, where 0 is the local slope, z is the
thickness of the pellet, g is gravity and p; is the den-
sity of the cohesive sand. The value of ¢ is usually
considered to be >20° (e.g., Kleinhans et al., 2011).
On Earth and Mars, the dynamic angle of repose of
dry sand dunes ranges from 30° to 35° (Atwood-Stone
and McEwen, 2013). We did not use a more sophis-
ticated formulation of the kinetic friction coefficient
(e.g., Jop et al., 2006) because this coefficient has less
influence on the final results than the uncertainty in
the parameters in the more complex descriptions.

The rheological expression was substituted into
the Newton’s laws of motion, taking into account the
weight of the pellet (Fg = mg), the lift force exerted
by escaping gas (F = 0.5CppgasS véas) and the fric-
tion force (Fg = o, tan¢xS), where m is the mass of
the pellet, S is the surface at the base of the pellet, Cp
is the drag coefficient, pg,s is the gas density, and vg,s
is the velocity of the gas escaping from the pellet per-
pendicular to the slope.

The resulting motion along the path is described
by:

m~g-sin9—(0%ﬁtan¢)xS: mduv,/dt (1)

where ¢ is the time, vy is the velocity along the slope,
and

ot = (mgcosG—0.5CngaSSv§as)/S )
and 6 is the slope. The 1-D finite difference model
for the dynamic equation of motion (1) was solved

numerically along the slope using a finite difference
approach leading to the equation:

Ve(t+ A0 = v (1) + [g-sind — (0 tan p) xS/ mlxAt
3)
Alternatively, the pellet dynamics along the path
can be simulated by a 1-D equation considering that

afff tan ¢ = 0, Uefr 4)
or equivalently that

peft = [0 tan ] /o . (5)
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Figure 1. Morphology of linear channel, pellet and digitate flow at low atmospheric pressure for (A) a
reservoir water content of 25 g and 50 g of sand and (B) a reservoir water content of 50 g and 50 g
of sand. (C) Schematic representation of the pellet of wet sand during transport in our experiments.
(D) Measurement of velocity versus time for different sand—water ratios (50 g of sand with 18 g, 25 g,
37.5 g or 50 g of water) using video analysis. The slope is 20°, the sand has a grain size of 200-250 pm, the
cohesive wet cold sand ranges in temperature from 275 K < T < 278 K, and the hot substrate temperature
ranges from 291 K < T < 294 K in all experiments. The atmospheric pressure is 7 mbar.

In this case, the reduced effective friction can be
written as

et = [1 = (0.5Cp pgas Vgas)/ (§ H cO8 O psana)| X tan¢p
= tan ¢egr (6)

where H is the pellet thickness. Thus, in this case, the
equation that describes the motion of the pellet is

m-g-sin@ —o, eSS = mdv,/dt (7)

where ¢ef is the effective kinetic friction angle. In
both models, the gas escape velocity vg,s is consid-
ered to be equal to 90 ms~!, as estimated by Massé et
al. (2016).

3. Results
3.1. Experimental results

We observed an exotic mass transport process that
we call digitate flow because it produces multiple

narrow channels with a linear path (Figure 1). Two
other morphologies are also observed: (i) a linear
channel caused by the mixing flow of sand and lig-
uid water, with some minor signs of boiling (bub-
bles, sand ejection) and (ii) a low-density flow com-
posed of “individual” sand grains that were trans-
ported tens of centimeters above the experimental
surface, as a cloud of sand. However, the second
process did not influence the morphology. We fo-
cus on the digitate flow morphology, which has never
been accurately described before. Various digitate
shapes were observed (1-25, Figures 1 and 2), includ-
ing long (80-90 cm) and narrow (5-10 mm, Figure 1)
channels. They were formed by the rapid propaga-
tion (60-150 cm/s) of small pellets of wet sand with a
maximum diameters of ~2 + 0.5 mm. Substrate ero-
sion to a depth of about 1 mm, lateral levees and
a frontal levee at the end of the path are the main
morphological features of the channel caused by the
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Figure 2. Experiment at low atmospheric pressure. (A) Annotated view of the channels produced by the
pellets. (B) Pellet channels with gaps after splitting. (C) Influence of the sand—-water ratio Myater/ Msand,
where M is the mass, on the number of digitate shapes (i.e. pellet-channels).

pellet propagation. The pellets formed rapidly after
contact with the substrate, and their size remained
constant during the flow, as indicated by the constant
channel width. The pellets rapidly (1.5-2 s) generated
a channel-like morphology (~1 mm deep) with lat-
eral levees ~1 mm high on the substrate due to the
displacement of the sand substrate by the direct con-
tact of the pellet and its escaping gas. No liquid flow
or liquid diffusion occurs in these channels, as evi-
denced by the light color of the substrate (contrary to
the darker color of the wetted substrate in the same

experiment), which is why this process is called dry
digitate flow.

As the wet sand pellet propagates, water vapor
is produced at the interface between the cold pel-
let 274 K < T < 278 K) and the hot sand sub-
strate (291 K < T < 294 K). The energetic gas es-
cape from the pellet causes sand grains to be ejected
from the substrate to the outside of the channel.
These channels can have one or two gaps along their
path due to some short (~1 cm) rebound/levitation
events that may be sometimes associated with the
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pellet splitting. The maximum velocity of the pel-
lets is not influenced by the initial amount of sand
in our experiments. The dry digitate flows are al-
ways produced during less than 2 s in all exper-
iments. The velocity of the pellets gradually in-
creases along their path, reaching a maximum ve-
locity of approximately 60-150 cm/s, before decel-
erating rapidly. However, the number of channels
produced by the pellet (i.e. digitate shapes) depends
on the initial mass of liquid water (Figure 2). The
higher the water content of the reservoir, the greater
the number of digitate shapes observed. Further-
more, higher water mass in the reservoir leads to
faster pellet motion (Figure 1). The release of addi-
tional water vapor during the splitting may explain
why the pellets move over a longer period of time
and faster. The pellets split when the water content
is higher. When the pellets split, it could cause (i) two
divergent channels, (ii) one or more rebounds asso-
ciated with disconnection along the channel, (iii) dif-
ferent propagation length of the new formed pellets
(Figure 2).

The results of the numerical modeling were then
validated by comparison with the experimental re-
sults, and next, the pellet motion under Martian grav-
ity and other kinds of gas escape was simulated.

3.2. Reduced effective friction and pseudo-
levitation modeling results

Even if one or two short rebound/levitation events
occur, the flow has permanent or semi-permanent
contact with the substrate, as shown by the semi-
continuous morphologies of the channel and lateral
levees along the path. The pellet dynamics and digi-
tate shape morphology cannot be explained by pure
levitation processes (Uegf = 0) but can be explained
by reduced effective friction peg = tan¢eg. The gas
escape from the pellet displaces some isolated dry
sand grains, moving the grains away from their ini-
tial position on the substrate. However, the pellet
has permanent or semi-permanent contact with the
substrate, as suggested by the formation of lateral
and frontal levees and erosion of the channel. The
semi-permanent contact is characterized by pellet
rebounds and small channel disconnections along
the pellet path. The process that causes the dry dig-
itate shapes is not a pure levitation process due to
the permanent or semi-permanent contact between

the pellet and the sand substrate: it will be called
pseudo-levitation. We fit the experimental observa-
tions via simulations, considering a gas escape speed
of vgas of 90-100 ms~! and a drag coeflicient Cp =
1.18, as in Massé et al. (2016), at the beginning of the
dry digitate flow, along ~40-70 cm of the path, i.e.,
from t = 0.45-0.8 s (Figure 3). Then, the rapid de-
crease in the lift force produced by the gas escape un-
til F; = 0 increases the effective friction and abruptly
decreases the pellet velocity. These results were ob-
tained considering a pellet thickness of 2 + 0.5 mm
(Figure 3A and 2B). The gas escape allows a sliding
propagation over a longer distance and a higher slip
propagation speed than without gas escape or with a
smaller velocity of gas escape. The presence of a lift
force caused by the escaping gas is equivalent to a re-
duced effective friction pegr ~ 0.2 (per ~ 11.5°) along
the first ~40-70 cm (¢ = 0.45-0.8 s) of the path before
the friction increases to the friction of the dry sand,
i.e., teff = 1 =0.58 (¢ ~ 30°, Figure 3A).

3.3. Modeling the high mobility process under
Martian conditions

The numerical simulations suggest that under Mar-
tian gravitational conditions (gmars = 3.72 ms~2), the
mobility of the sediments could be multiplied by
more than 3 for pellet propagation (Figure 3B). For a
pellet of 1.5 mm thickness and a gas escape of 0.45 s,
our model suggests that the path length reaches
~290 cm under Martian gravitational conditions in-
stead of the ~90 cm path length observed under ter-
restrial gravitation conditions. For a 2.5 mm thick
pellet and a gas escape of 0.8 s, our model suggests
that the path length reaches ~360 cm under Martian
gravity instead of the ~90 cm path length observed
under Earth gravity (Figure 3C). Moreover, when the
Martian gas density of (COz)gas is considered instead
of (H20)gas, the simulated mobility increases by more
than 4 times (Figure 4C).

4. Discussion

4.1. Comparison with previous experimental
results

From a physical point of view, the experimentally
obtained velocity (i.e., 60-150 cm/s) is greater
than the erosion threshold of sand (Gargani, 2004).
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Figure 3. Dynamics of pellet propagation. (A) Experimental and numerical model velocity vs. distance,
with Cp = 1.18, a gas escape speed vgas 0f 90 ms~! at £ = 0.45 s, a simulated pellet thickness of 1.5 mm,
and an initial velocity of 70 cm/s. ¢ = 30° in the blue simulation, and ¢, = 11.5° in the yellow simulation.
(B) Influence of gravity on the pellet velocity and runout. The blue simulation parameters are identical
to those used in the previous graph, i.e., Cp = 1.18, the gas speed vg,s is 90 ms~ at £ =0.45s, ¢ = 30°,
and the initial velocity is 70 cm/s. In the yellow simulation, g = 3.72 ms~2. (C) Pellet velocity and runout
simulation for a pellet thickness of H = 2.5 mm, Cp = 1.18 and a gas speed vgas 0f 90 ms~!att=08s,
¢ = 30°, and an initial velocity of 70 cm/s. (D) Force diagram. In all the experiments, as in the numerical

models, the slope @ is 20°.

The experimentally obtained velocity is also faster
than the propagation velocity observed in flows in
previous low-pressure experiments for gullies ob-
tained with a release of a pure water flow over a
frozen surface (Jouannic, Gargani, S. Conway, et al.,
2015) or a “hot” surface until 297 K (Herny et al.,
2018), and for the melting of a water ice block over a
thin dry sand surface (Massé et al., 2016). The exper-
imental speed obtained in this study is also slightly
faster than the propagation of pellet described in
Herny et al. (2018) of 75 cm/s at the maximum.

4.2. Possible Martian landforms analogs

4.2.1. Past Martian conditions and potential analogs

During the last billions of years, low atmospheric
pressure (Kite et al., 2014), diurnal temperatures

>290 K, and a higher availability of liquid water than
during the late Amazonian are believed to have ex-
isted on Mars. Consequently, pseudo-levitation pro-
cesses could have been common in the past on Mars.
The degradation of old Martian surfaces could cause
difficulties in identifying the morphologies formed
by these processes. During the last million/billion
years, numerous processes may have degraded the
present surface of Mars and explain the lack of ac-
curate observations: Aeolian processes (Balme and
Greeley, 2005), degradation by sublimation processes
(Séjourné, Costard, Gargani, Soare, Fedorov, et al.,
2011; Séjourné, Costard, Gargani, Soare and Marmo,
2012), crater impacts (Lagain et al., 2021).

4.2.2. Debris flows and seasonal activities on Mars

Debris flow morphologies on Mars suggest the
presence of high mobility processes due to the
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Figure 4. (A) Morphologies on the Kaiser dune in the HiRISE image ESP_018608_1330, Mars, described
in Pasquon, Gargani, Nachon, et al. (2018). (B) Linear dune gullies and pits on the Matara dune, Mars,
HIRISE image ESP_038,255_1300. (C) Velocity and runout simulation for CO2 (pgas = 0.01 kg/m3 in
Diniega et al., 2013) and H20 (pgas = 0.0042 kg/m?®) gas flux. Here, Cp = 1.18, the gas escape speed is
90ms latr=0.8s, ¢ = 30°, and the initial velocity is 70 cm/s. In all the numerical models, the slope

0 is 20°.

presence of ice, evaporite, gas or liquid water (De
Blasio, 2011; Lucas et al., 2014). The occurrence of
past and present high mobility processes on Mars are
compatibles with the potential role of processes un-
common on Earth caused under different pressure-
temperature conditions. On Mars, high mobility
processes are inferred by morphologies observed on
gentle slopes of 6-8°, such as the linear gullies of
the Russell megadune (Jouannic, Gargani, Costard,
et al., 2012) or the perennial rill Jouannic, S. J. Con-
way, et al., 2018). Linear gullies are around 1 km in
length, with a 10 m width and lateral levees height

of 1 m (Pasquon, Gargani, Massé and S. Conway,
2016). Perennial rills are morphologies with a width
of 1 m that growth seasonally during springtime a
few hundreds of meters along sand dunes, with an
increasing number of channels from upstream to
downstream (Jouannic, S. J. Conway, et al., 2018).
The high mobility of sand for hundreds of meters
along gentle slopes could be due to the presence
of CO, (Pasquon, Gargani, Massé, et al., 2019) and
H,0 on and below the surface (Jouannic, Gargani,
Costard, et al., 2012; Jouannic, S. ]J. Conway, et al.,
2018) or brines (Chevrier, 2025). On Mars, CO, ice
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is seasonally present on the surface and is known
to influence seasonal surface changes (Pilorget and
Forget, 2015; Pasquon, Gargani, Massé, et al., 2019).
The controversial presence of hydrated salt on the
surface after recurring slope lineae (RSL) formation
has been interpreted as a potential proof of the ex-
istence of a transient liquid water phase (Ojha et al.,
2015), but a dry granular flow is an alternative inter-
pretation (Schimdt et al., 2017). Deep groundwater
has been proposed as the origin of this water (Abo-
talib and Heggy, 2019). The experimental morpholo-
gies obtained in this study (lateral levees, eroded
channel) are different from the ones of the RSL and
do not appear to be a potential analog. Thick water
ice deposits can also be observed (Dundas et al.,
2018), which may influence the transport processes
for granular material and the evolution of surface
morphology. The aim of this study is not to argue for
or against the presence of liquid water or brines on
Mars at the present time, but only to test the role of
gas ejection from a solid pellet on the propagation
process on a slope and on morphologies.

4.2.3. Martian gullies

The experimental morphologies are characterized
by a channel with a linear morphology (length >
width), lateral levees, a final pit at the end of the inter-
mediate channels and several aligned disconnected
channels. From a morphological point of view, some
unexplained Martian morphologies present similar
characteristics, such as long, linear, narrow, par-
tially disconnected channels with lateral levees and
aligned pits diverging from gullies (Figures 2 and 4;
Pasquon, Gargani, Nachon, et al., 2018). In the exper-
iments, the pellet is deposited at the end of the last
channel, whereas Martian morphologies do not al-
ways show a final deposit (Pasquon, Gargani, Massé
and S. Conway, 2016; Diniega et al., 2013). On Mars,
the final pit feature has been explained by the subli-
mation of icy blocks (Diniega et al., 2013).

The morphology of the degraded water-rich or
ice-rich deposits is different from the morphology
of fresh deposits (Jouannic, Gargani, S. Conway, et
al., 2015), and this could cause difficulties or mis-
interpretation of these morphologies. The degrada-
tion of pellets could occur in a few hours or days.
The resulting morphologies are difficult to observe
when pellets become dry and the sand becomes non-
cohesive. The resulting morphology could be very

small. An ice-rich block to reach pluri-meter scale is
certainly easier to be observed than a wet sand pel-
let of 1 m without ice, due to the cohesive proper-
ties of ice. For morphologies with width equal or su-
perior to 1 m, initial cohesion of the pellet must be
considered: ice-rich blocks or pure ice are better ex-
planatory material than wet sand. The repetition of
ice-rich blocks sliding along the same path could in-
crease the channel width and length. Seasonal wa-
ter frost thickness on Mars could reach 1 mm (mean
thickness 180 um; Lange et al., 2024) and seasonal
CO;, frost/snow thickness could reach 2 m at high lat-
itude (Smith et al., 2001). The sublimation rate of ice
(CO2 and H,O ice) could reach values ranging from
0.74 mm/h for water ice (Chittenden et al., 2008) to
80 cm/s for CO, ice (Cedillo-Flores et al., 2011). How-
ever, in specific conditions, water ice sublimation is
believed to reach 0.3 m/s (Kim et al., 2022) and CO,
ice 5-15 m/s (Thomas et al., 2010). A gas escape of
80 cm/s is sufficient to cause pseudo-levitation of
centimeter-thick blocks.

The experimentally obtained velocity is less than
the modeling estimations based on Manning’s equa-
tion applied to gullies morphologies along the Rus-
sell megadune on Mars (Mangold et al., 2010; Jouan-
nic, Gargani, Costard, et al., 2012). Our model sug-
gests that a velocity similar to those of Jouannic, Gar-
gani, Costard, et al. (2012) and Mangold et al. (2010)
could be reached on a gentle slope of 7-8° by assum-
ing a low effective friction coeflicient of 0.2 (i.e., (pesr =
11°-11.5°, Figure 5). Theoretically, this low effective
friction coefficient could be obtained from pseudo-
levitation of sand mixed with liquid water, but it is
not excluded that sand mixed with water ice, or with
CO. ice, may generate sufficient sublimation (i.e. gas
escape from ice) to cause similar transport processes
and morphologies. Pseudo-levitation of ice-rich ma-
terial containing CO; ice could be produced by a
minimum gas speed of 80 cm/s for fluidization of
CO, gas under Martian conditions (Cedillo-Flores et
al., 2011).

4.3. Implications for terrestrial flows
4.3.1. Early earth

On Earth, lower atmospheric pressure is thought
to have occurred 2.7 Gyrs ago (Som et al., 2012),
which may have influenced surface processes. How-
ever, weathering conditions and plate tectonics
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Figure 5. Numerical modeling of sand displacement along a slope. (A) The slope 6 as a function of the
distance x in the area where the perennial rills are located. The green curve is the slope extracted from
the HRSC DTM, and the red curve is the smooth decrease in the slope, which is used as an input in the
numerical simulation. (B) Velocity of the simulated granular flows as a function of the runout distance
for various kinetic effective friction angles ¢, including ¢egr = 11°, 12°, 13° and 13.8°, assuming that the
initial velocity is zero. Due to noise in the HRSC DTM and for simplicity, the topography is smoothed
by assuming that the height follows H(x) = Hyexp(—x/Lg), where x is the distance along the sliding path
and Hy and L, are two empirical constants. In the model, Hy = 100 m, Ly = 400 m and gpars = 3.72 ms 2.
(C) Linear dune gullies with disconnected pits on Matara dune, Mars described in Pasquon, Gargani,
Nachon, et al. (2018), HiRISE image ESP_020,770_1300.

caused the destruction or non-preservation of old
and rare morphologies in the rock record. The ex-
periments conducted in this study allow us to dis-
cuss the potential role of boiling water on the mo-
bility of terrestrial surface processes. When the at-
mospheric pressure is half the present atmospheric
pressure (Som et al., 2012), the boiling point occurs
for lower temperatures (<80 °C) and could be more
frequent.

4.3.2. Pyroclastic flows analog

Several experimental studies investigated the role
of fluidization in granular flows to understand pyro-
clastic flows (Roche, Gilbertson, et al., 2004; Roche,
Buesch, et al., 2016). Our experimental flows reached
maximum speeds of 1-1.5 ms~!, which is in the range
of experimental studies of pyroclastic flows released
by fluidized granular columns with high interstitial
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air pore pressure at ambient temperature and pres-
sure (Roche, Buesch, et al., 2016). In our experiments,
the Froude number Fr = vpejiet/ (8 Hpeler) % ranged
between 3 and 4, which is slightly larger than the
value of 2.4-2.8 observed in pyroclastic flows (Roche,
Gilbertson, et al., 2004).

There are too many differences between our ex-
periments and pyroclastic flow to pretend that it is
a perfect analog. However, the influence of gas es-
cape on mobility in both cases is relevant to discuss
the role of gas escape. Pyroclastic flows are char-
acterized by high mobility (Valentine and Wohletz,
1989; Gueugneau et al., 2017) and significant veloc-
ity (Calder et al., 1999). During pyroclastic flows, the
rock degassing process or gas escape in the dense
current causes increased mobility. The runout of
granular flow is increased by fluidization (Roche,
Gilbertson, et al., 2004). Gas is expected to decrease
the friction basal shear stress, which affects the mo-
tion of solid materials. Effective normal stress re-
duction justifies the use of low effective friction co-
efficients for pyroclastic density currents (Breard et
al., 2018). The morphology of pyroclastic flows in-
cludes central channels, lateral levees and abrupt ter-
mination. In Montserrat, the friction of pyroclastic
flows has been evaluated to range from 0.3 to 0.06
based on morphological observations of the length
and height, whereas cold-debris avalanches display a
wider range of friction values ranging from 0.5 to 0.03
(Calder et al., 1999). During pyroclastic flows, speeds
of 3-25 ms~! have been observed (Cole et al., 1998;
Calder et al., 1999; Yamamoto et al., 1993; Roche,
Buesch, et al., 2016).

Explosively ejected hot ballistics or hot pyroclas-
tic debris on snow slopes could also cause water va-
por and snow melting and trigger volcanic ice-slurry
flows, volcanic mixed avalanches and lahars. Vol-
canic ice-slurry flows and mixed avalanches are char-
acterized by low friction processes and occur during
natural events that involve mixing hot volcanic ma-
terial, ice, snow, water and air (Kataoka et al., 2021;
Pierson and Janda, 1994). The melting of glacier ice
and snow by pyroclastic density currents or phreatic
explosions is a common process causing liquefied
and lubricated flows (Lube et al., 2009). Gas is not
necessarily present along the entire path but may
play a role during the beginning of this phenome-
non when hot volcanic rocks (Cronin et al., 1996)
and/or explosive events (Waythomas et al., 2013) are

involved. High mobility (i.e., 0.13-0.16), a significant
velocity of 5-14 ms~! and frontal Froude numbers
>6 have been estimated for volcanic ice-slurry flows
(Lube et al., 2009). The presence of gas in the initial
phase during this kind of event suggests potential ap-
plications of our experiments and models, to pyro-
clastic flows.

4.4. Ice-rich slope on Galilean satellites of
Jupiter?

During the last decades, the presence of various icy
and water-rich environments has been described in
the solar system. More specifically, three of the four
icy moons of Jupiter (Europe, Ganymede, Callisto)
are known to be ice-rich, but also to have a liquid
water ocean in depth, in the case of Europe and
Ganymede (Spohn and Schubert, 2003). In the case
of Europe, some geysers of liquid water have been
observed (Reynolds et al., 1983; Steinbriigge et al.,
2020). Surface processes associated with the pres-
ence of water ice and liquid water under low atmo-
spheric pressure on these moons are still unknown.
Future mission JUICE may help to describe more ac-
curately the surface evolution of these extreme envi-
ronments (Grasset et al., 2013) and allow us to discuss
transport mobility on their surfaces.

5. Conclusion

We performed several material transport experi-
ments at a low atmospheric pressure of 7 mbar along
a 20° slope. These experiments allowed us to ob-
serve exotic transport processes involving multiple
(1-25) divergent pellets of wet sand. These gener-
ated erosive channels with lateral and frontal levees.
Gas escaped from the cold pellets that contacted
the hot substrate via boiling. The velocity of this
exotic transport process reached 60 to 150 cm/s over
distances of 80-90 cm. This high mobility process
is caused by the pseudo-levitation of the wet sand
pellets. This exotic transport can be formalized by
a reduced effective friction coefficient. A dry digital
flow produced by the reduced effective friction in
relation to CO, or H,O gas escaping at the interface
between a water-rich cold sand pellet and a relatively
hot substrate is a possible mechanism that may have
transformed the surface of Mars. This kind of pro-
cess can influence planetary surfaces and may have
caused surface erosion in prior Martian history.
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