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Abstract: We present here an experimental study to compare the behaviour of water and brine
releases over loose sediments under present-day Martian pressure. Water has been invoked to explain
current or past Martian surface features for decades. Recent studies have indicated that current surface
conditions are, in certain times and places, compatible with the transient existence of liquid water or
brine. However, the behaviour of water or brine releases over loose sediments under low Martian
atmospheric pressure has been poorly studied.

We performed 33 experiments of water and brine (MgSO, at 19 wt%) releases over sandy slopes of
various temperatures (0 °C to 20 °C), in a chamber allowing the reproduction of Martian pressure —
6 — 7 millibars (mbar). We observe sediment transport mechanisms, that do not occur on Earth, caused
by the boiling of water or brine at Martian pressures: grain ejection and “levitation” of sand pellets on
cushions of vapour. The main parameter controlling the behaviour of the flow is the temperature of the
substrate. Water and brine flows transport similar volumes of sediment under Martian pressure. We
show that the grain ejection is the most efficient transport mecha: ism, dominating the volumes of
sediment transported. Pellet “levitation” should lead to longer feature. formed with brine than with
pure water on Mars. Boiling induced sediment transport requir's m ich less water than sediment
transport by overland flow to form morphologies similar in .2 w volume. Moreover, our one-
dimensional climate model runs reveal that the temperatures at v/hich we observe those types of
transport are predicted to occur at the Martian surface today «.>d in the past. When scaled to Mars, the
morphologies we observe with water and brine experirents should be resolvable using the High-
Resolution Science Experiment (HiRISE) camera at ~25 cn.”~x. Overall, our results show that boiling
must be taken into account when considering sedir>n-rich flows under recent or current Martian
conditions.

Keywords: Mars, surface; Mars, climate; Experin,>ntal techniques; Geological processes
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1. Introduction

Whether water or brine has flowed recently over the Martian surface has been debated for decades as
these fluids have been proposed to form gullies (Malin and Edgett, 2000; Figure 1a-c), recurring slope
lineae (RSL; McEwen et al., 2011; Figure 1d-e) and slope streaks (Schorghofer et al., 2002; Figure
1f). This debate has been fuelled by the fact that water is vital for all life as we know it. Searching for
signs of past or extant extraterrestrial life is one of the main objectives of space exploration
programmes (e.g., Farley et al., 2020, Graf et al., 2002, Grotzinger et al., 2012, Schmidt, 2003, Zelenyi
et al., 2015). However, what we know about Mars’s current surface conditions makes it highly
unlikely that enough stable liquid water is available to enable terrestrial-like water-driven mass-
wasting processes (Haberle et al., 2001).

Liquid water is not thermodynamically stable at the surface of Mars (Haberle et al., 2001), because the
air temperature and atmospheric pressure generally are too low (-60 °C and 6 mbar on average), which
means water is stable only in the form of ice or vapour. Hence, any liquid water on the surface would
be in a metastable state. This condition means that small perturbatior s of temperature or vapour partial
pressure of water (p[H20]) would lead to freezing or boiling. For proaw-ts other than pure water their
vapour partial pressure (p[H20]) can be related to their boiling ter iper. ture. For example, with salt in
water, the higher the vapour pressure (at a given temperature) ~f .22 product, the lower its boiling
temperature will be compared with a product with a lower va,our jressure at the same temperature.
Salts have been detected on the surface of Mars and are ideiy distributed (Clark and Kounaves,
2016; Gasda et al., 2017; Gendrin, 2005; Hecht et al., 20"-, K. /era-Valentin et al., 2020; Thomas et
al., 2019). Therefore, liquid water at the surface would lik.'v i'icorporate salt(s), forming a brine. This
incorporation widens the domain of liquid stability of th.e sc'ution, therefore brines would be more
stable than pure water on the surface of Mars (Brass, .980; Davila et al., 2010; Fischer et al., 2016;
Rivera-Valentin et al., 2020).

Despite the existence of landforms that resemb'~ te, -estrial landforms formed from aqueous flows (e.g.
gullies Malin and Edgett, 2000 or RSL McE wven 2t al., 2011) on the Martian surface, there is a lack of
information on how that metastable water inte, ~cts with the substrate to engender sediment transport
and to produce these landforms. In th.~ context, several experimental studies have reported on
sediment transport by water under Marti= cu.>ditions (Massé et al., 2016; Raack et al., 2017; Herny et
al., 2019), but only one has studied sed.ir en\ transport by flowing brine (Massé et al., 2016). Massé et
al. (2016) highlighted a new sedim:n. transport process: grain ejection by boiling water and brine,
brought about by the low atmosphe. e pressure and contact with “hot” sediment (>15 °C). In these
experiments, brines were observeu *a transport less sediment by grain ejection than pure water. Massé
et al. (2016), Raack et al. (201, and Herny et al., (2019) all noted that boiling water was more
efficient at transporting sedimi.~* than overland flows of stable water. Therefore, they proposed
boiling as a way to solve t e pi yblem of the relatively large amount of water needed to form Martian
features. These experiine *s ai>0 showed that the intensity of boiling-driven transport is determined by
the temperature of the sedin ent the liquid is flowing over. However, Massé et al. (2016) only studied
grain ejection, caused by seeping water and brine flows. Raack et al. (2017) and Herny et al. (2019)
studied higher flow rates, but only used water. Therefore, this study aims at combining these two
approaches by studying all the transport processes that boiling liquid can lead to, comparing the
efficiency of both water and brine flows.

This study, therefore, pursues an experimental approach that:

1. follows the experimental protocol of Raack et al. (2017) and Herny et al. (2019) to expand the
experimental dataset over a wider range of temperatures, which will lead to a better
understanding of the processes at play beyond the known limits of the boiling phenomenon;

2. performs a comparative study (both qualitative and quantitative) of water and brine flows
under Martian pressure at different sand temperatures, to understand how the type of liquid
and the sand temperatures combine to drive the sediment transport.

First, we will describe our experimental setup and protocol as well as our data processing method. We
will then present the results we obtained, followed by a discussion of the impact of our results on the
potential for contemporary Martian aqueous flows.
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Figure 1: Recently active gullies, RSL and slope streaks. Solar _~ngy.ude (Ls) is a

n angular value (0° - 360°)
giving the position of the planet on its orbit and thus indica:s th: season (Ls 0° being the northern spring
equinox). (a) Typical gully systems in Sisyphi Cavi (68.544 °S, 1 4" °E) with alcoves, channels and depositional
fans. The downslope direction is from top to bottom of the :mage and north is down. Taken from HiRISE image
ESP_011963 1115. The black box delimits the extent of thz iihages b & c. (b) and (c) Active depositional fan
during the spring for Mars Year (MY) 29 and 30. Bl~k ai.uws point to the terminus of the freshest deposits.
Images b & c have the same scale and e ta~n from HIRISE images ESP_011963 1115 and
ESP_012319 1115, respectively. (d) RSL orig.natiig from bedrock outcrops in the rim of Palikir Crater
(41.65 °S, 157.705 °W) in late summer in Mars Ye.~ 28. The downslope direction is from right to left of the
image, and north is up. Taken from HiRISE n..~ge PSP_005943_1380. (e) RSL have faded by the early spring of
the next Mars Year. Taken from HiRISE ir~ae “SP_011428 1380. Images d and e have the same scale. (f)
Recent (darker) slope streaks, nearby moi 2 an ..ent (lighter) ones (0.148 °N, 36.840 °E). Taken from HiRISE
image ESP_017605_1800. Image credite. *'A_."vJPL/UofA.

2. Method
2.1. Protocol and setup

The experiments were porto.ied in the Mars Simulation Chamber (MSC) at The Open University
(Milton Keynes, UK), whi:h provides an experimental environment at Mars-like pressures (e.g.,
Conway et al., 2011; Herny et al., 2019; Massé et al., 2016; Raack et al., 2017; Sylvest et al., 2016,
2019).

For each experiment, we placed a levelled-out sand bed of 5 cm depth in a rectangular tray (90x40 cm)
inclined at 25°. We chose this angle to be consistent with the experiments of Raack et al. (2017) and
Herny et al. (2019). Moreover, Martian features such as gullies and RSL are commonly found on
slopes with similar angles (Heldmann and Mellon, 2004; Dickson et al., 2007; McEwen et al., 2011;
Ojha et al., 2014). Each experiment began with depressurisation of the MSC using a vacuum pump,
with the pressure maintained at ~ 7 mbar. A water pump transferred 550 to 600 g of liquid (water or
MgSQ; brine at 19 wt%), in one minute, from a reservoir outside the MSC to an outlet 5 cm above the
sand bed (Figure 2). As liquid temperature only had a minor influence on experiments by Herny et al.
(2019), water and brine were always at ambient temperature in the reservoir (19.7 £ 2.5 °C). We
performed three replicates of five sand temperatures: 0, 5, 15, 17.5 and 20 °C. The sand was stored in
a freezer before the experiment and was left to warm at room temperature in the MSC. The sand
temperature was not maintained, and hence increased during the experiments but at a very slow rate
(0.2 °C on average along the experiments). We started the depressurisation just before the target sand



temperature was reached, and started the flow when the target sand temperature and the target pressure
were both reached. When no further motion was observed inside the MSC, we repressurised the MSC
and stopped the experiment.

The sand used was sieved and was composed of grains with diameters from 125 um to 450 um
(~ 96 wt%), with a median diameter of 250-300 um. This fractionation is within the range of grain
sizes observed on Mars’ surface (Rivera-Hernandez et al., 2019; Squyres et al., 2004; Weitz et al.,
2018). We chose a MgSO. brine (the freezing point at eutectic is about -3.5 °C; Brass, 1980) because
this salt is common on Mars (Gendrin, 2005). Moreover it is easy to acquire, and no specific
precautions have to be taken to work with it. Twelve photogrammetric targets were located at different
heights along the edges of the tray (Figure 3). Fifteen thermocouples recorded temperatures (time step
= 1 s) at the following locations: eight at the base of the sand layer along the middle of the tray; four
on 2.5-cm-high pillars within the sand bed; one at the surface of the sand; one in the liquid outlet; one
in the liquid reservoir outside the MSC (Figure 3). Inside the MSC, there was one Pirani pressure
gauge to record inner pressure (time step = 1 s), an ibutton sensor recording air temperature and
relative humidity (time step = 1 s), and two webcams. Outside the N.SC there was one high-resolution
video camera which was used to record each experiment. All devices we~e recording/monitoring from
before the depressurisation until after the repressurisation. The p:otoc)l that we employed has been
used by Raack et al. (2017) and Herny et al. (2019) (with water f!cvs only).

To summarise, the parameters we varied from one experiment ‘o th: other were the sand temperature
(0, 5, 15, 17.5 and 20 °C) and the type of liquid (water or NSO, brine at 19 wt%). The slope angle
and the pressure were kept constant. We monitored the reiaw /e numidity, liquid temperature, and air
temperature, but did not attempt to control them.
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Figure 2: a. photograph of the outside of the MSC with the tray visible through the open door; b. schematic of
the MSC. The “ibutton” is a temperature and humidity sensor; C. annotated photograph of the MSC interior
showing the positions of the main pieces of equipment. Dashed lines point to devices that are hidden in this
photograph. The MSC is approximately 2 m long and 0.9 m in diameter.
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Figure 3: Top-down schematic of the experimenta! tra, with the position of the 15 thermocouples in the tray,
labelled as they are in the software and in the Si’uple nentary Table S1. Crosses represent the thermocouples at
the base of the sand bed, circled crosses represei.” .ne thermocouples within the sand bed on pillars at 2.5 cm
above the base of the tray and the diamonc -cross re.resents the thermocouple at the surface of the sand bed.
The twelve photogrammetric targets attached to *he tray are also located on the sketch.

2.2. Data processing
2.2.1. Analysis of morphciogie. and volumes

Similarly to Raack et al. (2627) a«d Herny et al. (2019), we used Agisoft Photoscan (version 1.3)
software to create Digital = e 2 Models (DTMs) at 1 mm/pixel and orthomosaics at 0.2 mm/pixel
from series of 100-150 ~h¢naraphs of the sand bed (Structure from Motion technique - Bolles et al.,
1987; Westoby et al., 2012\, The photographs were taken before and after each experiment with a
handheld commercial camr.z.a (Casio EX-FH20 - 9 Mpixel, focal length = 5 mm). The software aligns
the photographs by recognising the overlapping parts and calculates the scale using the user-input
coordinates of the photogrammetric targets. For each experiment, we obtained two DTMs and two
orthomosaics of the sand bed, before and after the flow (Figure 4a & b). A hillshaded relief image for
each DTM was produced using ArcGIS (version 10.4). The difference between the values of the
DTMs after and before (DTM of difference - DoD, e.g., Herny et al., 2019; Morino et al., 2019, 2021;
Williams, 2012; Raack et al., 2017) was computed in order to visualise the erosion zones (negative
values) and the deposition zones (positive values), and to calculate the volume of sediment moved
during each experiment (DoDs available in Supplementary Files).

We observed four different sediment transport processes: overland flow (the liquid flowing at the
surface of the sand bed, carrying sediment); percolation (the liquid infiltrating within the sand bed
around the point of liquid supply); boiling (the liquid changing to gas phase on the sand bed, leading
to grain ejection; Massé et al., 2016); and “levitation” (liquid-saturated pellets of sand and changing to
the gas phase, leading to these pellets to move downslope quickly, supported by cushions of water
vapour; Raack et al., 2017).



Based on the observation of those four processes and on the surface morphology of the sand bed after
the experiments, we identified six different landforms (six “morphological units”; Figure 4b):

e unit 1: the channel and its associated deposits. The channel is a few centimetres wide and
deep, it originates from a pit located right below the water supply and extends downslope. The
sediment that was initially filling the channel is found at its terminus, deposited downslope as
several tongues of sediment — similarly to an alluvial fan. Channel and associated deposits
form by overland flow, progressively, from the liquid supply point;

e Uunit 2: the saturated zone. It is a volume of sand around the liquid supply point which is water-
saturated and appears darker. The channel and often its associated deposits (unit 1) overprint
the saturated zone and, when applicable, the saturated zone lays at the bottom of the
depression (unit 3). The saturated zone forms by the progressive percolation of water through
the sand bed during the experiments;

e unit 3: the depression and its associated avalanche deposits. The depression is a pit located
below the liquid supply, around ten centimetres deep and extending radially for tens of
centimetres; the saturated zone is at its base. The sedime t initially filling the depression
forms avalanche deposits, elongated positive relief features Tou~d downslope the depression,
10 to 20 centimetres wide and up to nearly one metre Icng. "he depression and associated
avalanche deposits are formed by boiling water. Boilinr; i< v.7st observed at the liquid supply
point when liquid encounters the relatively hot sand hed. It then follows the edges of the
growing saturated zone (unit 2). This continuous prc:=ss ejects sand grains downslope, which
progressively forms the depression within the a1 wed around the saturated zone, and
associated avalanche deposits downslope;

e unit 4: the pellets. They are pellets of watr.-sawrated sediment, of maximum a few
centimetres wide and long. They are located dr wnslope, often far away from the liquid supply
point — most of them being found in the ow > ~ quarter of the tray. They form at the very
beginning of the experiments by “levi*.. on ™ the water they contain undergoes a phase change
from liquid to gas, which generates 2 ci’shion of vapour between the pellet and the sand bed,
allowing it to move downslope quickly,

e unit 5: the fine deposits. They are > thin layer of the finest grain sizes of the sand we use, and
are located around the depressiu~ a.d avalanche deposits (unit 3). They form by boiling,
which ejects fine grains further t an the avalanche deposits;

e unit 6: the covered pellet<. 1oy are regular pellets, but they were covered during the
experiments by avalanche dep 2sits (unit 3).

Units 1 to 4 are consistent with *hos: defined by Raack et al. (2017) and Herny et al. (2019); we added
units 5 and 6.

To estimate the volume of o in.cnt moved within each unit, we mapped them individually for each
experiment (outlines availchle 11 Supplementary Files), using the hillshaded reliefs, the orthomosaics
and videos of the experimcnt. For unit 6 we only used the video recordings to map its extent, because
this unit was buried duriro the experiment. First, for each pellet, we used recordings from different
angles to estimate its height. Then we chose a frame of the video when the pellet had formed, but was
not moving anymore and had not yet been covered by the avalanche deposits. We projected that frame
onto the corresponding orthomosaic and proceeded with the mapping.

The volumes of sediment deposited within each unit were calculated for each experiment using the
DoD. The total volume transported was the sum of the volumes of sediment deposited within each
unit. The volume of the saturated zone (unit 2), pellets (unit 4) and fine deposits (unit 5) were simply
the deposited volumes within these units. The volumes of covered pellets (unit 6) were obtained by
multiplying the area of each pellet by their height (previously estimated — see above). The overall
volume of pellets was the sum of the volumes of the visible pellets (unit 4) and covered pellets (unit
6). The volumes of the avalanche deposits were the deposited volumes within unit 3 (which comprises
the depression and avalanche deposits), from which were subtracted the volumes of covered pellets
(unit 6).

To provide a realistic estimate of the volume mobilised by overland flow (unit 1), we needed to
topographically isolate this unit to remove the influence of the depression caused by the ejection of
saltation deposits (unit 3). To do this we created a “reference DTM” for unit 1 that roughly described



the surface over which the liquid flowed. To construct this reference DTM we extracted the elevation
values within a 0.5 cm buffer around the exterior of the polygon describing the unit 1. These values
were used to interpolate the values within the area of unit 1 using a Natural Neighbour algorithm. By
computing the difference between the “after” DTM and the new reference DTM we estimated the
erosion and deposition volumes for unit 1 (overland flow), being respectively the volume of runoff
channel and the volume of runoff deposits. Length and width of the channels and deposits also were
measured manually in ArcGIS, the length being considered as the distance between the liquid supply
point and the point of the deposits that are the furthest downslope (digitised as a broken line following
the middle of the channel and deposits as much as possible), and width is considered as the distance
between the two high points at the very top of the channel, itself located at the base of the depression
(unit 3).

To calculate the uncertainty in the calculation of the volumes transported derived from the DTMs, we
drew a “reference polygon” (a square of ~ 5 to 15 cm side depending on the available space) for each
experiment in an area where we could not see any sand movement using the orthomosaics and the
hillshaded relief images (Raack et al., 2017; Herny et al., 2019). lising the DoD we calculated the
eroded and deposited volume within the reference polygon per uniu «ea (which if the DTMs were
perfect should equal zero). We estimated the potential error for the Jepcsitional and erosional volumes
derived for each unit by scaling this error to their areas. For unit & \>~.ered pellets), we estimated the
error on the height at 0.2 cm and multiplied it by the area of the Init. The uncertainty on the total
volume of pellets hence is the resulting value, summed with *\e ei,ur on visible pellets calculated with
the reference polygon.

@ channel and deposits

A @ saturated zone

‘ @ depression & avalanches
@ visible pellets

, @ fine deposits

@ covered pellets

Figure 4: Example of the experiment 01. a. The hillshaded DTM after the experiment, overlain by the zones of
erosion (blue) and of deposition (red). The legend is expressed in millimetres. b. The hillshaded DTM after the
experiment, overlain by the polygons representing the different units used to estimate the volumes moved by each
process: the channel and deposits formed by overland flow (unit 1); the saturated zone formed by water



percolation (unit 2); the depression and avalanche deposits resulting from grain ejection by boiling (unit 3); the
visible pellets, formed by “levitation” of sand on cushions of vapour (unit 4); the fine deposits resulting from
fine grain ejection by boiling (unit 5); the pellets covered by the avalanche deposits (unit 6).

2.2.2. Physical parameters

To understand which parameters were controlling the transport processes we observed, we first
identified the transport period for each run, i.e. the time interval between the start of liquid release and
the end of visible movements on the video. Then, we calculated the mean and standard deviation (to
account respectively for the values and variability associated with each run) of pressure, air
temperature, relative humidity, liquid temperature and surface temperature over this time period (full
records available in Supplementary Table S1). The error of the air temperature is the accuracy of the
sensor, i.e. 0.5 °C. The sand temperature was calculated using all the data from the four thermocouples
located within the sand bed. The mass of liquid used is the difference between the weight of the liquid
container immediately before and immediately after the liquid flowzad, with an accuracy of 5 g. The
length and width of the channels have been estimated with 1 cm and £ . ~m uncertainty, respectively.

2.3. Scaling

In the following subsections we summarise the calculations n ade Ly Massé et al. (2016) and Raack et
al. (2017) to scale their experiments to the lower Martian ;-av.*y compared to their experiments. We
use their results to perform our own scaling calculations .:2sen ed in Section 4.3.

2.3.1. Grain ejection by boiling (Massé et al , 316)

Massé et al. (2016) performed experiments of flov.*ng water within sand beds under Martian pressure
(6.5 to 9 mbar), and they also observed sanr’ gre.n ejection due to water boiling. They calculated the
gas speed expected during their experiments, -om an adapted equation initially created to calculate
phase change gas speed in capillary tul.~s (Massé et al., 2016 in Supplementary Discussion). They
then created a numerical model to simulate ~e grain initial acceleration and ballistic trajectory under
the reduced Martian gravity, with the gs si..ed previously calculated. They conclude that the reduced
gravity results in a higher initial grai', ~iec.ion speed compared to Earth, inducing a travel distance 2.5
to 3 times greater on Mars than on £ rth.

2.3.2. Pellet “levitation” Raack et al., 2017)

Raack et al. (2017) perforried  xperiments of water flows over sand beds, with the same setup as the
present article. They ols. “vel, among other processes, formation of pellets by “levitation” that we also
observe during our experim nts (see Section 2.2.1.). To estimate how efficient the “levitation” force
would be under the reduced Martian gravity, they calculated and compared two opposing forces over
time: the friction force (inhibiting the pellet sliding downslope) and the levitation force (favouring the
pellet sliding downslope). They stated that pellets can “levitate” only if the levitation force overcomes
the friction force — i.e. if the ratio [levitation force]/[friction force] is > 1. Therefore, they studied those
forces in the scope of the reduced Martian gravity, and concluded that the friction force would be
lower on Mars, resulting in pellets sliding for a time up to 48 times longer.

3. Results

We performed a total of 33 experiments involving ten combinations with the two types of liquids
(water and magnesium sulphate brine at 19 wt%) and five sand temperatures (0, 5, 15, 17.5 and 20 °C;
Table 1). Runs 19 and 33 are not taken into account in the results and do not appear in Table 1 because
of operator error: pressure that went too low and sand temperature too high (run 19), and a too-rapid
depressurisation that caused an avalanche before the liquid release (run 33). A triplicate of each
combination was our aim but the difficulty in always obtaining the same average surface temperatures
caused deficits or additions in some series (Table 1). We separate the experiments into two groups,



based on the occurrence of boiling or not: “hot” (15 to 20 °C, where boiling occurs) and “cold” (0-
5 °C, where boiling is minimal). In the following section we present first the transport processes that
we observed during the experiments, and then the quantification of these processes on both “hot” and
“cold” sediment. Supplementary Videos show four typical experiments combining hot or cold sand
and water or brine. Supplementary Table S1 shows the physical parameters measured in each
experiment, with the full records of sand temperature, air temperature & pressure and relative
humidity for the duration of the experiments.

3.1. Observations on transport processes

Consistent with the results reported by Massé et al. (2016), Raack et al. (2017) and Herny et al.
(2019), we observed intense boiling of both water and brine due to the low pressure, with sediments
from 10 °C to 20 °C (“hot experiments”, Figure 5). With sediments from 0 °C to 5°C (“cold
experiments”), the boiling manifested itself in bubble formation visible at the surface of the flows and
was not intense enough to induce sediment movement by ejection. V' e observed several processes that
are known on Earth: formation of erosion channels and subsequent uonosits by overland flow, and
sediment saturation by percolation. However several processes w:re vaused by the phase change of
water from liquid to gas, and so are unknown in natural settinge ~ri Zurth: i. grain ejection forming a
depression at the source, avalanche deposits along the sand be 1 an'’ fine deposits layers on the sides
(Massé et al., 2016; Figure 5); ii. downslope movement of vt sand pellets, levitating on cushions of
vapour formed by boiling of the water they contain (Raar~ >t o.., 2017; Figure 6); and iii. mm-sized
pellet ejection around the saturated zone. All of these pru-esszs (overland flow, percolation, boiling,
“levitation”) occur on hot sediments (10 °C to 20 °C). O, colder sediment (0 °C to 5°C) only
overland flow, percolation and mm-sized pellet er.ction are observed (Figure 7, Figure 8; ,
Supplementary Videos). These differences in term: ¢. arve processes lead to important differences in
terms of morphology between cold and hot exr=*in.onts.
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Figure 5: images of the top of the sand bed from the webcam recording of experiment 01 (water, 20 °C) at
t1=5s, 1,=30 s, t3=60 s, 12=90 s after the beginning of the experiment. We observe the progressive formation of
the channel, the saturated zone and the depression/avalanche deposits. Note that the pellet “levitation” occurs
within the very first seconds of the experiment.

Experiments with water and brine flow both showed the same transport processes and sequences of
events, which are described in the following text. Experiments with hot sediment begin with pellet
“levitation” immediately after the liquid comes into contact with the sand (Figure 6), and mm-sized
pellets are ejected at the same time (Figure 5). Intense boiling starts immediately after the first pellets
are ejected (Figure 5), and in a few seconds a depression starts forming. Percolation starts immediately
after the first few tenths of a second of boiling and forms a growing saturated zone; there is no further
pellet “levitation” or ejection. Some small avalanche deposits start forming. Overland flow forms
channels and deposits after a few tens of seconds, when the saturated zone is already several
centimetres wide. After that, we observed a slow but continuous decrease in boiling intensity, and the
boiling can last from 45s to nearly 2 min (extending after the one-minute-long liquid release has



stopped); the depression continues to get bigger and the avalanche deposits longer and wider; the
percolation progresses and makes the saturated zone grow continuously during the one-min flow;
channel and deposits become longer and wider. Avalanche deposits can cover some pellets during
their progression (Figure 5).

Cold sediment experiments immediately start with overland flow forming channels and deposits
(Figure 8). Some small pellets levitate over a few centimetres but will be covered by the flow deposits
before the end of the experiment. The percolation starts forming a saturated zone around the channel,
which progressively gets longer and wider. Channel deposits extend, and spread to form a depositional
fan. Bubbles formed by boiling are visible at the surface of the flow. Millimetre-sized pellets are
ejected throughout the experiment when bubbles explode. The overland flow stops when the liquid
release stops, but the percolation continues (Figure 8).

It should be noted that some morphologies can overlap other ones. As an example, avalanche deposits
form constantly during the hot experiments and they cover pellets most of the time since those are
preferentially formed at the very beginning of the hot experiments.

Figure 6: tracking of € p~lle. ©:.ndergoing “levitation” (black arrow). The pellet travels around 50 cm in
approximately 1 s. Images are aken from the webcam recording of experiment 01.
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1 e hillshades displayed here are from
experiments 03 (water, 20 °C), 06 (brine, 20 °C), 23 (water, 0 °C) Aad < (oring, 0 °C).



lateral distribution of
overland flow deposits

Figure 8: images from experir.iei.. 1o (water,5°C) atti=55,t,=10s, t3= 30 s, t4 = 60 s after the beginning of
the experiment. We obser e t. = growth of the channel and its deposits, enlargement of the saturated zone and
ejection of mm-sized pellets.

3.2. Quantification of transport

Our morphological analysis allowed us to quantify the volumes of sediment moved by the different
processes described above. The relative volumes moved by these processes differ between hot and
cold sediment (Figure 9), we will therefore present the results of these two types of experiments
separately.



100% -

80% -

60% A

40% -

20%

0% -

Figure 9: relative contribution of the different p-ocusses in the total transported sediment for experiments at
20 °C (left) and 0 °C (right). The relative contriu 'tic 1s are averages of all the experiments in each combination
of liquid-sand temperature. The error bars show u.> minimum and maximum values observed in each given
combination.

On sediment > 10 °C grain ejectic 1 n.uced by boiling is the main sediment transport process because
it represents about 55-60 % of *he ‘otal transported volume (Figure 9). The fine deposits formed by
boiling (unit 5) represent orly s.nall amounts of sediment that are very difficult to discern on
orthoimages or hillshades, .1 «.¢ therefore negligible. We also observed that intense boiling lasts
longer for water than far L-ines at these temperatures: from ~15 s longer at 20 °C to ~25 s longer at

water

x

brine

15 °C (Figure 10).
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Figure 10: average duration of the intense boiling for wa er ard brine at 15, 17.5 and 20 °C. The error bars are
defined as the shortest and the longest boiling durations o 2r.ed at the different sand temperatures.

Experiments with water also show larger */olumes transported through grain ejection caused by boiling
(depression/avalanche deposits) than exner.ments with brine, and larger total volumes transported
(Figure 11). Water transports 1.6 times "n..:e sediments than brine at 20 °C and 1.5 times more at
17.5°C. The mean transported “.lluincs at 15°C are however similar. The volumes of
depression/avalanche deposits and . = total volume transported increase with temperature (Figure 11).
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Figure 11: volume transported through avalanche deposits (top) and total volume transported (bottom) in water
(triangles) and brine experiments (circles) vs. sand temperature. The experiments displayed here are the “hot”
ones (temperatures from 10 °C to 20 °C). The errors are presented in Table 1 and fall within the symbols.

3.2.2. Cold experiments

At sand temperatures of 0-5 °C sediment transport is mainly driven by overland flow (Figure 9). The
volumes transported are negligible compared with the hot experiments (< 100 cm®), and no difference
can be seen between water and brine flows (Figure 12). Volumes of sediment transported during the
cold experiments also seem to be steady against sand temperature, unlike the volumes transported
during hot experiments (Figure 12).
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3.3. Morphological differences

Channels formed by brine overland flnws are longer and narrower than those formed by water
overland flows (Figure 13). This differcnr.e .. even more visible in cold experiments because the main
feature forming at those temperatu’c> is he channel (Figure 7). Moreover, both water and brine
channels tend to be shorter and wi.'ar with increasing temperature (Figure 13). Brine flows tend to
produce larger volumes of pellets *han water flows (Figure 14), which most of the time leads to more
chaotic morphologies (Figure 15, Vve observed a jump in the volume of pellets transported for our
three hottest experiments (Fiau.~ 74). Our values of volume of pellets transported by water flows are
in agreement with the ones measured by Herny et al. (2019). They also observed a jump in the volume
of pellets transported i ~an.2 of their experiments (Figure 14), despite not counting buried pellets.
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Figure 15: comparison between water and brine flows, at 20 °C and 17.5 °C. Pellets are identified with the light
red colour. A lot more pellets are formed with the brine flows and the resulting morphologies seem more
chaotic. The hillshades displayed here are from experiments 03 (water, 20 °C), 05 (brine, 20 °C), 25 (water,
17.5 °C) and 30 (brine, 17.5 °C).



4. Discussion

In the following section, we will first detail the similarities we observed between our experimental
water and brine releases. We will then discuss qualitatively and quantitatively on how sediment is
transported during our experiments, and how it links to the physical parameters we measure. We then
attempt to scale up our experiments to Mars, based on calculations made in the literature of similar
experiments (Section 2.3.). Finally, we compare our physical parameter measurements to the Martian
surface conditions, either measured from orbit or computed with a one-dimensional climate model.

4.1. Similarity water/brine

We observed slightly larger volumes of sediment transported by water flows in contrast to brine flows
(Figure 11). This result can be explained by the instability of water under our experimental conditions,
which leads to a longer duration of boiling of water flows (Figure ~ 0). Moreover, our brine solution
has a higher density than pure water (1.21 compared with 1 g/cm?), su for the same weight of liquid
used, brine releases were 1.21 times less voluminous. Hence, wa'er 1 'eases form larger volumes of
avalanche deposits formed by grain ejection (Figure 11) - whic,. i1 the main sediment transport
process at those temperatures (Figure 9), leading to greater trtal ‘olumes of sediment moved. We
found similar ratios of volume of sediment transported/vol'*me o« liquid release between water and
brine flows (see Section 4.2).

To summarize, differences between water and brine flow * in erms of transported volumes are small
on hot sediment (10 °C — 20 °C). On cold sediment (¢ °C - 5 °C) the difference is even smaller
(Figure 12).

4.2. Sediment transport & comparison with pre'iou- studies

Water and brine flows have similar behaviours nder Martian pressure, despite slightly larger volumes
of sediment transported by water flows \>2e Section 4.1) — a behaviour already noted by Massé et al.
(2016). Because they used the same pretnco.. we can combine our results with the ones obtained by
Herny et al. (2019) (Figure 12). The rusult, from Raack et al. (2017) are not displayed here as they
come from the same experiments as ~ovny et al. (2019). Also, compared with Raack et al. (2017) and
Herny et al. (2019), we extended the “emperature range at which the experiments were conducted.
Total volumes transported during *he cold experiments (0 °C — 5 °C) seem to be steady against sand
temperature, but experiments on at sand (10 °C — 20 °C) appear to transport more sediment with
increasing temperature (Figure 2? — in accordance with Herny et al. (2019). On a cold substrate, fluid
parameters such as viscosi y o flow speed drive the capacity to erode and carry sediments, which is
expressed by the diffece, * nioiphologies of channels (Figure 13; Section 3.3). On hot sediment the
volume transported by a lio Jid release (water or brine) mostly is due to boiling (Figure 11; Section
3.1.2); it therefore strongly depends on the intensity and duration of boiling, which is driven by the
physical parameters: temperature, atmospheric pressure and p[H.O]. At 7 mbar and 0 °C, water is
around the triple point, where the three states of water coexist. When its temperature increases, for
example when in contact with the sand in our experiments, the temperature increases above the
liquidus on the phase diagram of water. The further temperature is from its liquidus, the more
intensely water will boil, and therefore larger volumes of sediment are transported during the hot
experiments. Adding salt to pure water, as we did, induces changes in the phase diagram, which are
“freezing-point depression” and “boiling-point elevation”. A brine solution, therefore, boils at a higher
temperature. It means that at the same temperature (15-20 °C in our case), the temperature is further
from the liquidus of water than the liquidus of a brine, and thus pure water boils more intensely. Note
that the intensity of boiling, and thus the volume of avalanche deposits and the total volume of
sediment moved, depends more specifically on p[H.O] — and not exactly on the sand temperature.
However the boiling occurs within the sand, and we cannot access the relative humidity of the sand
bed from our setup — which is necessary to calculate p[H2O].

We observe that the trend that emerges from the data of Herny et al. (2019) is similar to the one that
emerges from our data: very small amounts of sediment are transported on cold sand (which seem to



be independent of the sand temperature); then a jump in transported volumes occurs, after which
transported volumes increase proportionally to the increase in sand temperature. The position of the
jump is correlated to the onset of intense boiling. However, the data of Herny et al. (2019) show
systematically lower volumes moved (Figure 12). This difference can be explained by the fact that the
vacuum pump we used during our experiments was able to maintain more stable pressures than the
one used by Raack et al. (2017) and Herny et al. (2019). Relative humidity and pressure in the MSC
tend to increase before decreasing at the beginning of each experiment which causes negative
feedback in the boiling process. If this effect is limited, then the atmosphere of the MSC remains more
favourable to intense boiling, and therefore to larger volumes of sediment transported by grain
ejection. This outcome is consistent with the peaks of pressure observed: during our experiments at
15 °C it rose to 8.6 mbar on average, compared with 11.4 mbar during the experiments of Herny et al.
(2019). It also seems that the jump observed by Herny et al. (2019) happens at a higher temperature
than ours: their experiments at 15 °C show a range of volumes moved which is between the volumes
moved by their 5 °C-experiments and their 25 °C-ones (Figure 12). In our study, the volumes
transported during the experiments at 15 °C are much larger than tt 2 volumes transported during the
“cold” ones; moreover, we also observed intense boiling during our on:;” experiment at 10 °C (Figure
12). This result suggests that if the pressure and relative humidity nci. ase is limited at the beginning
of the experiment, the boiling is more intense and it can be artiv> =t colder surface temperatures.
Because this increase would be nearly null on the surface of M s, 11is would mean that boiling could
be more efficient in transporting sediment and would be tri- gercu at colder temperatures than those
observed during our experiments.

We also find that boiling is a very efficient way to trans, ort «adiment under Martian conditions: our
water releases can transport from 1.6 (at 15 °C) to 3.3 *imeo (at 20 °C) their volumes in sediment.
Brine experiments show ratios of the same order of «n- gnitude: 2.0 (at 15 °C) to 2.6 times (at 20 °C)
their volume in sediment. Hence, boiling is at le~s. ep times more efficient than overland flows in
transporting sediment (ratio volume of sedimer* tra.*sported/volume of liquid release ~ 0.1 - 0.2).

4.3. Scaling up to Mars

In the following Section, our attempt i scale our experiments up to Mars is based on scaling
calculations made for similar experimcr.s, 1in Massé et al. (2016) and Raack et al. (2017). In their
calculations, they take into conside a.."n the effect of the reduced Martian gravity on the physical
processes they observed or meastre.' during their experiments. We summarise their methodology in
Section 2.3.

Massé et al. (2016) scaled the grai. transport by boiling to reduced Martian gravity and concluded that
it would be around three timas ,,>~ e efficient in terms of volumes of sediment transported, and would
lead to morphologies ~ 2.5 tires bigger. Using our previous calculations on the ratio volume of
sediment moved/voluine ~t vvater, it means that water or brine flows on a 20 °C sediment could
transport from ~ four to erjht times the volume of water in sediment. Our experiments on 20 °C
sediment showed that water can transport sediment far from the release source (in 2/3 of the
experiments avalanche deposits progress was blocked by the tray). Assuming a reasonable length of
around one metre for our experiments, the same process on Mars would form morphologies of several
metres in length which would be visible at least on images from the High Resolution Imaging Science
Experiment (HiRISE) at 25 cm/pixel. Based on our previous calculations, brine flows containing an
equivalent amount of water should transport similar volumes of sediment. It is however worth noticing
that brine releases produce more pellets than water releases (Figure 14). Considering that pellet
“levitation” is thought to last much longer under the reduced Martian gravity (~ 48 times longer;
Raack et al., 2017), and that brine flows are more likely to occur than pure water flows, brine releases
on Mars could result in morphologies much longer than those we calculated (potentially of an order of
magnitude), with similar amounts of water. It allows us to confirm and extend the conclusion of Raack
et al. (2017), that the boiling phenomenon could create morphologies with much less water or brine
than has been estimated previously (Chojnacki et al., 2016; Grimm et al., 2014; Malin and Edgett,
2000; Stillman et al., 2016). However, scaling morphologies to Mars is challenging, and many more
parameters should be taken into account to describe the potential boiling of a Martian aqueous flow
(e.g. the flow rate, temperature variations, potential slow temperature increase, a potential cyclicity).



The simple-scaling arguments made above demonstrate that the boiling phenomenon should be
explored to resolve the issue of the high water budget thought to form some aqueous mass movement
features on Mars.

4.4. Comparison with Mars surface conditions

Our experiments show that intense boiling is triggered at a sand temperature between 5 °C and 15 °C
(Figure 12). Because a non-intense boiling (i.e. bubbling) is observed during 0 °C-experiments and
5 °C-experiments and as the only experiment at 10 °C also shows intense boiling (Figure 12), we think
it could even be triggered between 5 °C and 10 °C. Also, both water and brine have been observed to
remain liquid when flowing on 0 °C-sand and 5 °C-sand (water starts forming ice features at 0 °C but
remains mostly liquid).

We applied a 1D version of the LMD Mars climate model physics (Forget et al., 1999; Spiga and
Forget, 2008) to the Martian slopes, in a similar way to Conway et al. (2018). This model takes into
account several parameters: latitude, slope angle and orientation, th» thermal inertia of the substrate,
orbital obliquity and solar longitude of perihelion (LsP; solar lonnitule at which the planet is the
closest from the Sun) as variables; surface pressure and soil albed) we e fixed, respectively 6.1 mbar
and 0.2 (Conway et al., 2018). We compute from the model rest'*:> u.c number of hours per year when
the surface conditions allow to reach or exceed a certain temp ‘ratu e (Figure 16). This model shows
that positive surface temperatures are common on Mars at > e present day (current obliquity = 25°;
current LsP = 251°; standard Mars thermal inertia = 25 v1.*K*sY2, Putzig et al., 2005). Slopes at
large ranges of latitudes and angles experience surface «mp:ratures exceeding 0 °C for more than
1000 h/yr (> 40 sols), and temperatures above 5 °C are nc. uncammon either (nearly all equator-facing
slopes with an angle > 20 °). Temperatures of 15 “C are more difficult to reach, but still possible
(Figure 16). Trends can be identified (Figure 16): i. ~» equator-facing slopes, temperatures are more
often positive and go higher than on pole-facir; anc=" ii. equator-facing slopes with greater angles also
reach more recurrent and higher positive terr aerr .ures; the reverse is observable on pole-facing slopes;
iii. positive temperatures are more common a. mid-latitudes. All these trends stem from the orbital
parameters of Mars. Here the southern heMisphere undergoes more positive-temperature periods than
the northern hemisphere due to the close:.>ss ¥ its summer solstice with the current LsP of Mars.

o o o
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Figure 16: slope angle vs. latitude, with the number of hours per year (h/yr) when the surface temperature
exceeds 0 °C (left columns), 5 °C (middle columns) and 15 °C (right columns) given in the colour scale. Positive
slope angles indicate equator-facing slopes, negative slope angles indicate pole-facing ones. For each surface
temperature, columns have thermal inertia of 250 Jm?Ks%2 (left column) and 1000 Jm?K-1s™2 (right column),
values we chose to represent respectively mean Mars and bedrock (Fergason et al., 2006; Putzig et al., 2005).



On the top line are the calculations with an orbital obliquity of 35°, representing Mars’ recent past; on the
bottom line are calculations with an obliquity of 25° (current value). The LsP here is fixed at its current value
(251°).

Moreover, McEwen et al., (2011, 2014) and Ojha et al. (2014) reported from orbital thermal data
surface temperatures exceeding ~15 °C to over 25 °C during summer, in the southern mid-latitudes
and in some places at equatorial latitudes (e.g. Valles Marineris).

Linking our experimental data with surface temperature measurements and modelling, we can
determine that liquid water and brine flow should boil on Mars’ surface at the present day given a
water source. Surface temperatures required to maintain and boil a water flow would be reached quite
easily; brine flows could occur at even lower temperatures than 0 °C because of their freezing point
depression, and therefore are even more likely to occur (Brass, 1980). Moreover, Rivera-Valentin et al.
(2020) concluded that, thanks to metastability, brines could be found at even more locations than
previously thought (Davila et al., 2010); for instance, the Ca(ClO.), brine is thought to be stable or
metastable for ~ 2 % of the Martian year, on ~ 40 % of the Martian surface. Moreover, previous
studies confirmed that brines tend to persist beyond their predictew stability region, as metastable
aqueous (Fischer et al., 2016) or supercooled solutions (Toner et ., 20.4). Therefore, liquid brines
have the potential to be found nearly everywhere on the surface of 1.*ars.

Also, in the past few million years positive surface temperaturrs w.re even more widespread, as well
as overall higher than today because of higher orbital obliguity (Eigure 16; Kreslavsky et al., 2008).
Such temperatures should have led to metastable and boilinn w.oter (or more likely brines) for a higher
number of sols per year compared with the present day. ~here fore, their boiling could have triggered
the formation of mass-wasting features in the mid-latitudes w. nigh-latitudes.

Overall, these observations show that it has been, arz ~till is, possible to reach surface conditions on
Mars where water and brine can flow and boil. T.¢ qi estions remain, however, whether (1) these
phenomena occur (or occurred) and led to mass-v.sting features, and (2) today we can observe those
features — active or as remnants of past activi'y. ‘he potential source of water is still unknown and has
been debated in several studies (e.g., Abotan. .nd Heggy, 2019; Grimm et al., 2014; Stillman et al.,
2014, 2016).

5. Conclusions

Several conclusions emerge from oc - stuuy:

1. During our experiments, ve vaserved similar flow behaviours compared with Raack et al.
(2017) and Herny et ai. ‘2019) — indicating good reproducibility of those experiments. In
“cold” experiments (< < °C’), sediment transport mainly is driven by overland flows. In “hot”
experiments, abov’: a . ertain threshold in temperature (between 5 °C and 10 °C), boiling is
triggered and .~cu.er the process transporting the largest volumes of sediment. It can
transport over three ‘imes the weight of water in sediment, which is ~ ten times more efficient
than overland flovv..

2. Water and brine flows produce similar volumes of sediment moved, but they present
morphological differences: brine flows tend to produce more levitating pellets, which produce
longer morphologies than grain ejection by boiling.

3. Scaled to Mars, the morphologies formed by grain ejection would be several metres long.
Moreover, pellet “levitation” should occur for longer under Martian conditions: morphologies
resulting from brine releases could thus be an order of magnitude longer than those resulting
from water releases, for a similar amount of water. In both cases, metre or tens-of-metre-long
features would be visible on HiRISE imagery.

4. Comparing our experimental results to a 1D-climatic model and direct surface temperature
measurements, we find that it is possible to reach atmospheric conditions favourable to water
stability and boiling on present-day Mars. In particular, a wide range of slopes undergo over
40 sols per year of positive temperatures. Atmospheric conditions favourable to brine stability
and boiling are even more widespread thanks to the depression of their freezing point.
Moreover, within the last million years, periods of higher obliquity have led to higher



temperatures overall, suggesting that water and brine stability and boiling could have been
sporadically even more widespread during the recent past.
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Highlights:
o Water and brine releases boil under current Martian pressure
e Above 10 °C, boiling ejects large volumes of sediment
e Water and MgSO; brine transport similar volumes of sediment...
e ...but brine produces more pellets, and thus should form longer morphologies on Mars
o Our experimental conditions can be met on Mars under certain conditions
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