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a b s t r a c t
We present the results of laboratory experiments to study the sediment transport and erosional capacity
of water at current martian temperature and pressure. We have performed laboratory simulation experiments in which a stream of water ﬂowed over test beds at low temperature (20 °C) and low pressure
(7 mbar). The slope angle was 14° and three sediment types were tested. We compared the erosive ability, runout and resulting morphologies to experiments performed at ambient terrestrial temperature
(20 °C) and pressure (1000 mbar), and also to experiments performed under low pressure only. We
observed that, as expected, water is unstable in the liquid phase at low temperature and low pressure,
with boiling and freezing in competition. Despite this, our results show that water at low temperature
and low pressure has an equivalent and sometimes greater erosion rate than at terrestrial temperature
and pressure. Water ﬂows faster over the sediment body under low temperature and low pressure conditions because the formation of ice below the liquid-sediment contact inhibits inﬁltration. Flow speed
and therefore runout distance are increased. Experiments at low pressure but Earth-ambient temperature
suggest that ﬂow speeds are faster under these conditions than under Earth-ambient pressure and temperature. We hypothesise that this is due to gas bubbles, created by the boiling of the water under low
atmospheric pressure, impeding liquid inﬁltration. We have found that both basal freezing and low pressure increase the ﬂow propagation speed – effects not included in current models of ﬂuvial activity on
Mars. Any future modelling of water ﬂows on Mars should consider this extra mobility and incorporate
the large reduction in ﬂuid loss through inﬁltration into the substrate.
Ó 2010 Elsevier Inc. All rights reserved.

1. Motivation
Many previous geomorphological studies have invoked liquid
water as the agent for creating surface features on Mars. The current
climate on Mars has both a temperature and pressure which are too
low for stable water to exist, and similar climatic conditions have
been assumed to have persisted for the majority of the Hesperian
and Amazonian epochs (e.g., Marchant and Head, 2007). Outﬂow
channels on Mars span a range of ages, from the Noachian into the
Amazonian (e.g., Kieffer, 1992), and other examples of large-scale
features that have been linked to the action of liquid water during
this period include deltas (e.g., Kraal et al., 2008) and alluvial fans
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(e.g., Williams and Malin, 2008). Extremely recent, but smaller-scale
surface features that have been attributed to the action of liquid
water include kilometre-scale martian gullies (e.g., Malin and
Edgett, 2000) and slope streaks (e.g., Kreslavsky and Head, 2009).
The formation of all these features depends on the transport, erosion
and deposition by liquid water, whose stability also depends on
the temperature and pressure conditions on the surface. To understand the discharges, volume of water and timescales required to
form these features requires an understanding of the effect of the
ambient temperature and pressure conditions on the behaviour of
water ﬂowing over the martian surface. For calculating discharges,
volumes and timescales of water ﬂows, the effect of the metastability of liquid water is generally included in a general ‘‘ﬂuid loss
parameter”, however this is usually poorly constrained. For example, when considering delta formation Kraal et al. (2008) use an
upper limit of 50% discharge loss rate, which includes the effects of
both inﬁltration and evaporation, but not freezing. In the modelling
of recent gullies Heldmann et al. (2005), Pelletier et al. (2008)
and Kolb et al. (2010) include a combined ﬂuid loss parameter
(which implicitly includes losses due to freezing, evaporation and
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inﬁltration). However, the ﬂuid loss parameter adopted in these
studies range from 103 to 106 mm/h. Pelletier et al. (2008) note that
the models of gully formation are particularly sensitive to this
parameter, hence the estimated volumes and discharges of water
required to form these features are too. Other potential effects of
overestimating the ﬂuid loss parameter include under-estimates
of erosion power and runout distance.
There have been several recent numerical and experimental
studies that have investigated the sublimation and freezing of stationary bodies of water and brines under martian conditions, (e.g.
Bryson et al., 2008; Chevrier and Altheide, 2008) but, although
these experiments give important constraints on the behaviour
of water under low pressure and temperature, their results cannot
easily be extrapolated to ﬂowing water. Only a few studies have
speciﬁcally tried to investigate sediment transport under present-day martian conditions, for example, Védie et al. (2008)
performed experiments designed to simulate the formation of
Russell Crater’s dune gullies under ambient Earth pressure and
low temperature. No experiments to date have attempted to
produce water ﬂows under the low temperature and low pressure
experienced on the present-day martian surface.
Despite the obvious, yet poorly constrained effect of ﬂuid loss
due to freezing and evaporation of water under low temperature
and pressure, other potential effects have previously only been
brieﬂy considered. For example Bargery et al. (2005) and Leask
et al. (2007) consider in theoretical terms the action of ice formation within the ﬂow, which potentially acts to reduce the ﬂow
speed and erosion and to increase deposition. However, other
unanswered questions include the possible effects of the formation
of bubbles and/or ice at the base during the ﬂow. Do these change
the ﬂuid dynamics and hence the erosion, transport, deposition,
and runout distance of water and sediment under current martian
conditions? To better constrain future modelling and to understand the potential factors inﬂuencing the erosion, sediment transport and runout of water ﬂowing under martian conditions, a
deeper understanding of the interaction between sediment and
water under low temperature and pressure conditions is needed.
Herein we present a set of exploratory experiments to begin to
ﬁll this knowledge gap. In particular we explore the effect of Marslike temperatures and pressures on overland ﬂow of water over an
erodible bed. First, we present methods of the low pressure and
low temperature experimental setup, instrumentation and methods. Second, results from the experiments are presented which
highlight the effects of freezing and boiling on ﬂow runout, ﬂuid
loss, and erosion. Third, we present some simpliﬁed scaling analyses which explain parts of the results. Forth, implications for Mars
surface processes are discussed.

2. Method
The experiments presented herein are exploratory in nature because they are the ﬁrst set of experiments, to our knowledge, to
investigate overland ﬂow and erosion under combined Mars-like
surface temperatures and pressures. The experiments are not
meant to be exact replications of the martian surface. Instead,
the goal is to isolate certain parameters that are probably different
on Mars, as compared to Earth, and investigate their effect on ﬂuid
ﬂow and sediment transport. In this contribution, we have chosen
to investigate the effect of sub-freezing substrate temperatures,
ﬂuid temperatures, atmospheric pressure, and sediment size. There
are other variables that deserve experimental attention, such as
changes in ﬂuid properties due to solute concentrations (e.g., high
density, viscous brines, Burt and Knauth, 2003), sediment mineralogy, and martian gravity. Exploring these other variables is beyond
the scope of this contribution, however, because designing an

experimental facility in which all possible variables can be explored is difﬁcult and at times counter-productive.
2.1. Chamber description
The sediment test bed was contained within a cylindrical low
pressure chamber 2 m in length and 1 m in diameter. The test
bed was a 1 m long, 0.1 m deep rectangular metal tray of trapezoidal cross section measuring 0.50 m across the base and 0.54 m
across the top. A 5 cm deep layer of various combinations of
unconsolidated material was placed in this tray to form the sediment substrate. The tray was placed on a copper cooling plate
and the whole test bed set at an angle of 14° to the horizontal
(Fig. 1). Water was introduced at the upper edge of the test bed
and allowed to ﬂow down and across the sediment substrate. All
the experiments used water containing no dissolved salts. For the
control experiments performed at ambient pressure, the water
was introduced through a 14 mm diameter hose connected to a
container 5 m above the chamber. For experiments at low pressure, the water was introduced from a calibrated container placed
outside the chamber, at the same level as the source hose – the
difference in pressure was enough to drive the water into the
chamber. The ﬂow rate was kept constant at 0.08 l s1 for all experiments. Thus each experiment lasted approximately 30 s and a total of 2.5 l of water was used each time. Inside the chamber, the
source hose was positioned centrally on the rim of the tray. Water
was thus introduced onto the top of the sediment body; with a
drop of approximately 3 cm. Water was not introduced underneath
or directly onto the surface of the sediment to avoid ice blockages
forming in the hose. A solenoid valve within the end of the hose allowed external control over the release of water. A diffuser was located below the solenoid valve to dampen the horizontal velocity
component of the water. There was no outlet for water at the
end of the tray, just a backstop. The sediment substrate was chilled
using a cooling plate in contact with the entire base of the tray. The
cooling plate, a copper slab, was cooled by interior ﬂow of liquid
nitrogen. Bafﬂes within the cold plate distributed the cooling effect
of the liquid nitrogen throughout its area. The pressure in the
chamber was actively controlled using a vacuum pump and was
maintained at 7 mbar for the low pressure experiments.
2.2. Instrumentation
Three pairs of thermocouples were placed within the sediment
at 2 cm depth and 14 cm from the edges of the tray at the longitudinal distances marked in Fig. 1. Their output was recorded at one
second intervals by a data logger. In all low temperature experiments the average temperature of the sediment bed was below
20 °C before the experiment was run, representing an above average, but not unexpected local surface temperature for Mars (e.g.
Haberle et al., 2001). For six of the experiments the water temperature was pre-chilled to 5 °C and for three further experiments the
water was pre-chilled to 0.5 °C.
All experimental runs were monitored and recorded using an
internal and external webcam (with different view angles) and a
digital camera. This allowed playback and detailed observations
to be made of the evolution of the ﬂow, the morphology, and the
relative timings of events. The ﬂow speed was estimated by noting
the time taken for the ﬂow to reach the end of the tray from the
video recordings, with a measurement error of ±1 s. Once each
experiment had ﬁnished, photographs were taken of the sediment
surface. Exploratory excavations were made to investigate the
sub-surface changes to the sediment body and to measure the
thickness of frozen sediment, if present. For low temperature/low
pressure experiments the chamber was opened only after the temperature on all thermocouples was observed to be dropping – this
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Fig. 1. Diagram of the experimental apparatus. Dark bounding box represents the hypobaric chamber. For the experiments under low pressure, the pressure was lowered and
maintained using two vacuum pumps. The tray containing the substrate was tilted at an angle of 14° and the water was introduced from an external reservoir and its release
onto the sediment controlled via a solenoid valve. Six thermocouples (TC) were placed within the sediment body to monitor the temperature of the sediment at a depth of
2 cm, 14 cm from the tray edge. The sediment was cooled using liquid nitrogen circulated thorough a hollow copper plate located beneath the aluminium tray containing the
substrate. An internal webcam was used to monitor the progression of the experiment.

was taken as an indication that freezing of the water was complete
– thus allowing the preservation of any sedimentary structures
present.
Cross sections were measured with a surface proﬁler before and
after the experiment to enable measurement of the volume of sediment transported. The proﬁles were measured at marked 10 cm
intervals along the tray, including both ends. The proﬁler allowed
the surface of the test bed to be measured by a grid of 8  11
points, accurate to about 0.1 cm in height, before and after each
run. After the experimental run was complete, further measurements at higher spatial resolution were made where the surface
height changed abruptly – for example at the edges and tops of levees, channel walls, or at the ends of lobes. We measured both the
channel width and the wetted width for each cross section. The
wetted widths were not measured in the area where the ﬂow
ponded, hence we excluded all measurements within 20 cm of
the backstop from the statistics and results. We measured channel
depth from the cross proﬁles to estimate a ﬂow depth to be used in
the calculations of the Reynolds’s (Re) and Froude (Fr) Numbers.
For these calculations we took the kinematic viscosity of water
as 1.52  106 m2/s and Earth’s gravity as 9.8 m/s2. The planimetric
area for each ﬂow was determined using a combination of orthorectiﬁed photographs and the data from the cross sections. Volumes of erosion and deposition were derived from these data as
described in Section 4.
2.3. Sediment characterisation
We used two different sands to evaluate the effect of grain size
and a poorly sorted material – rock crush – to investigate the effects of a broad grain size distribution. Speciﬁcally, the substrates
used were: (i) Leighton Buzzard DA 16/30, a medium sand, (ii)
Leighton Buzzard RH T, a ﬁne sand and, (iii) poorly sorted rock
crush containing particles ranging in size from ﬁne silt to gravel.
The sands are both composed of quartz grains and their size distributions were measured by dry sieving (Atkinson, 2008). The rock
crush is a mixture of crushed igneous rocks, including basalt and
granite. The grain size distribution of the rock crush was measured
using the wet sieve method and hydrometer to British Standard
BS1377 Part 4:1990 by Soil Property Testing Ltd., Huntingdon,
UK. Quantitative grain size data are shown in Table 1 and Fig. 2.
The permeability of each material was measured using the
falling head method (Head, 1982) by Soil Property Testing Ltd.,
Huntingdon, UK and is shown in Table 1. We use the permeability

of the materials as a minimum estimate of their inﬁltration rate.
Under equilibrium conditions the inﬁltration rate approaches the
permeability (Youngs, 1964), however the instantaneous inﬁltration rate of each of the materials is a function of both the permeability and the sorptivity of the material. For the two sands, it is
reasonable to assume that a constant factor should apply, however
for the rock crush, this factor could be slightly larger (Culligan
et al., 2005). Bulk density, particle density and porosity (Table 1)
were ascertained prior to permeability testing using the standard
methods as described in Head (1982). The angle of repose of the
materials was measured by gently forming a loose conical pile of
sediment and averaging two measurements of the incline of the
slopes formed. The angle of repose was very similar for the two
sands (33–35°), but much greater for the rock crush (41°). The
angularity of the sediments was determined by microscopy: the
sand grains were sub-rounded to well-rounded in shape; the rock
crush had sub-angular to angular grains.
Grain compositions and grain size distributions have been
shown to be widely variable on Mars from in situ observations
from Viking (Clark et al., 1977; Moore and Jakosky, 1989) through
to the Mars Exploration Rovers (e.g. Cabrol et al., 2007; Jerolmack
et al., 2006; Sullivan et al., 2008) and from remote sensing observations that use thermal inertia as a proxy for grain size (e.g.
Fergason et al., 2006). Grain sizes range from clay-size (Pike
et al., 2009) to boulders and can be very well sorted through to
very poorly sorted. The materials used as simulants are somewhat
more restricted (e.g. Peters et al., 2008; Sizemore and Mellon,
2008), but still have a range of physical and chemical properties.
Although we are exploring the effects of material parameters,
rather than simulating martian regolith per se, the physical properties of the materials used in this study are certainly within the
bounds of possible martian surface materials. Very ﬁne material
was avoided due to technical and health and safety restrictions,
rather than its inapplicability to Mars.
3. Results
3.1. Summary
Table 2 provides a summary of the results for all the experiments performed in this study. For each sediment type, three
experiments were performed at low temperature and low pressure, one was performed at room temperature but low pressure,
and one performed at ambient pressure and room temperature.
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Table 1
Sediment characterisation.a

Rock crush
Medium sand
Fine sand
a

Bulk density
(kg m3)

Particle density
(kg m3)

Porosity
(uncompacted)

Porosity
(compacted)

D50
(mm)

Permeability
(ms1)

Angle of repose
(°)

1910
1700
1680

2680
2680
2680

0.45
0.46
0.44

0.287
0.365
0.373

1.8641
0.6144
0.2301

2.23  104
5.21  103
1.31  103

41.0
34.5
33.5

Where D50 represents the modal grain size of the distribution.
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bodies of water at low temperature and low pressure.
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Fig. 2. Plot showing the grain size distribution of the sediments used in this study.
The results of Atkinson (2008) are given for the ﬁne and medium sands and the
results from Soil Property Testing Ltd., Huntingdon, UK for the rock crush.

Within the low temperature/low pressure experiments, two were
performed with water at 5 °C and one with water at 0.5 °C.
An example of the appearance of the sediments at the end of each
experiment is shown in Fig. 3, with labels to explain the terms used
in the text.
Our experiments had a range of Reynolds Numbers (Table 2):
only the medium and ﬁne sands were fully turbulent (Re > 1000)
for their maximum values of Re. The ﬂows in the sands were
usually partially turbulent and the ﬂows over the rock crush were
always laminar (Re < 100). The Froude Numbers of our ﬂows
(Table 2) ranged from 0.06 to 1.19, but only ﬂows in the rock crush
experienced critical (Fr > 1) conditions. The rest of the ﬂows were
subcritical (Fr < 1) and the ﬁne sand had the lowest range of Froude
Number (0.14–0.69).
3.2. Observations: low temperature and low pressure experiments
3.2.1. All sediment types
For all sediment types the water was seen to exude gas bubbles
(e.g. video 1) and to form ice on introduction into the chamber,
indicating simultaneous boiling and freezing. Observations of the
sediment body after the experiments were completed conﬁrm that
water was able to inﬁltrate only a small depth into the bed before it
froze, forming an icy-sediment lens over which the rest of the ﬂow
progressed (Fig. 3). The sediments underneath were still dry. Boiling resulted in the formation of bubbles within the ice and the frozen sediments. Where water collected at the end of the tray (e.g.
video 2), the resulting ice was extremely bubble-rich and opaque
on top with an underlying translucent, bubble-free layer. This
structure is similar to those described by Cheng and Lin (2007)

3.2.2. Fine and medium sand
For the sand substrates the ﬂow initially spread out laterally
across the surface at the top of the tray and then progressed down
the slope along one or more principal paths (video 1 and video 3).
Bubbling water was seen to ﬂow over the surface and, towards the
end of the experiment, formed distinct channels (Figs. 3 and 4A).
In the case of the ﬁne sand the ﬂow was pulsing and migrated
laterally forming lateral levees. In the medium sand, by comparison, two broad channels were formed relatively quickly. The ﬂow
was more continuous and did not migrate laterally (compare video
1 ﬁne sand and video 3 medium sand), depositing low lateral
levees. In both cases, the channels and levees were linear rather
than sinuous. When the ﬂow encountered the backstop, water
and sediment spread laterally and backed up, collecting into a pool
extending 10–20 cm upstream from the bottom of the tray
(Fig. 4A). This ponded water bubbled vigorously in most cases,
forming large bubbles (1 cm for medium sand and 1–5 cm for
medium sand), until the surface froze (video 2).
The ﬁne sand formed more small lateral lobes than the medium
sand (Fig. 4B and C). For the 0.5 °C water runs the deposits were
rougher and formed a fan of icy slush. In these experiments almost
no water ponded at the end. Runs that used the warmer 5 °C water
often showed ponding of water at the end of the test bed that resulted in a wedge of ice. The icy wedges at the end of the ﬂow
had dry sediment underneath, showing that the ﬂow had not penetrated to the base of the tray.

3.2.3. Rock crush
The ﬂow initially spread out laterally as for the sands. However,
the ﬂow then progressed as multiple digitate lobes (Fig. 4D), which
then quickly coalesced into a sheet ﬂow, rather than channelized
ﬂow (in contrast to ﬂow over the sand beds) as shown in video 4
and Fig. 5. On one occasion, small but detectable channels and fans
did form, but these were within the sheet-like ﬂow. It is notable
that the depositional fan in this case was entirely composed of
the ﬁner material; coarser material was not transported. As the
ﬂow encountered the backstop the water backed up to 20–25 cm
upstream and ponded. This water bubbled gently with small bubbles forming (1–5 mm) until an ice sheet formed over the top (video 5).
Close observation revealed that the ﬂow front progressed by
travelling around the larger clasts, before inundating them as the
ﬂow matured. In cross section, the icy-sediment lens contained a
concentration of coarser clasts at the top (Fig. 4E), indicating the
surface had been washed free of ﬁnes. Bubbles were not observed
breaking the surface in the rock crush, but were observed in the ice
lens and ice wedge deposits at the end of the tray. Water was observed to pond at the end of the tray irrespective of the initial
water temperature. The ice wedge which then formed at the end
of the tray penetrated through the sediment to the base of the tray,

Weather station data.
Where no channel was present, the channel width was assumed to be equal to the wetted width.
d
Abbreviations: low P&T – low pressure and low temperature, low P – low pressure and ambient temperature, amb P&T – ambient pressure and temperature, amb – ambient temperature. The ranges given in the table are from
minimum to maximum.
c

Estimate.
a

b

0.3
0.2
0.2
0.3
0.3
0.2
0.1
0.1
0.02
0.3
0.2
0.1
0.1
0.1
0.1
0.2
6.7
2.0
2.7
3.6
2.7
2.7
2.5
1.7
1.5
2.1
1.4
1.0
1.4
0.5
0.5
1.0
0.19–0.3
0.43–0.69
0.25–0.46
0.21–0.92
0.46–0.65
0.24–0.41
0.56–0.79
0.84–1.19
0.51–0.71
0.42–0.51
0.48–0.68
0.34–0.48
0.14–0.28
0.06–0.17
0.10
0.06–0.24
219–526
658–1645
239–837
60–1196
470–940
299–897
18–37
27–55
16–33
94–141
16–31
11–22
94–376
11–99
208–208
5–88
0.5–1.2
0.6–1.5
0.4–1.4
0.1–2
0.5–1
0.5–1.5
0.05–0.1
0.05–0.1
0.05–0.1
0.2–0.3
0.05–0.1
0.05–0.1
0.3–1.2
0.1–0.9
1
0.05–0.8
2970
2285
2357
2274
2312
2221
3652
3709
3404
2469
1143
3831
1001
518
488
2790
29
24
20
20
23
21
36
36
32
29
12
43
10
9
9
36
0.167
0.067
0.091
0.143
0.091
0.091
0.083
0.056
0.050
0.071
0.048
0.033
0.048
0.017
0.032
0.017
440
360
400
650
210
380
120
195
50
220
110
95
270
175
200
190
1452
358
1139
1855
654
1265
1753
1749
2858
459
29
447
8
81
53
179
803
558
477
729
895
414
169
301
39
784
415
271
316
275
295
450
2255
916
1616
2584
1549
1680
1922
2051
2896
1242
444
719
325
356
242
271
22.3
17.8
23.7
26.7
23.3
22.5
22.7
22.5
23.0
19.7
18.6
19.6
25
23
19.3
19.3
Low P&T
Low P&T
Low P&T
Low P&T
Low P&T
Low P&T
Low P&T
Low P&T
Low P&T
Low P
Low P
Low P
amb P&T
amb P&T
amb P&T
amb P&T
Fine sand
Fine sand
Fine sand
Med sand
Med sand
Med sand
Rock crush
Rock crush
Rock crush
Fine sand
Med sand
Rock crush
Fine sand
Med sand
Med sand
Rock crush

1
2
3
1
2
3
1
2
3
1
1
1
1
1
2
1

40
30
30
25
30
30
30
31
30
30
30
30
30
30
30
30

6.4
7.3
6.8
8.0
7.7
7.4
6.1
8.3
5.6
9.7
11.7
11.7
1017b
1017.2
1007.9
1007.9

5a
5a
0.5
5a
10
0.7
5
5a
0.5
19.7
18.6
19.6
25
23
19.3
19.3

0.0496
0.0344
0.0295
0.0540
0.0552
0.0256
0.0104
0.0180
0.0024
0.0484
0.0256
0.0167
0.0195
0.0170
0.0182
0.0278

2–10
3–8
4–10
3–11
2–10
2–5
28–41c
34–37c
24–38c
4–5
3–37
42–44c
4–7
5–12
7.0
5–41c

Flow
depth
(mm)
Average
wetted
width
(cm)
Flow
speed
(m s1)
Erosion–
deposition
distance
(mm)
Excess
deposition
(cm3)
Erosion
volume
(cm3)
Deposition
volume
(cm3)
Temperature
of sediment
prior to
experiment
(°C)
Experiment
type
Sediment
type

Table 2
Summary of results.d

Experiment
no.

Flow
duration
(s)

Average
pressure
during
experiment
(mbar)

Water
temperature
(°C)

Erosion
rate
(mm s1)

Channel
width
(cm)

Flow
area
(cm3)

Reynolds
number
(Re)

Froude
number
(Fr)

Runout
length
(m)

Estimated
sediment
concentrations
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Fig. 3. Photograph of experiment under low temperature and pressure in ﬁne sand
(low P&T, No. 3), illustrating terms used in text. The source is located at the top
of the image and the ﬂow ran from top to bottom. Dotted line indicates the extent
of the tray (lower end is not included in the photograph because of the angle of
capture). Solid black lines indicate the position of the cross sections and the arrows
connect the corresponding locations on both photographs. The scale bars on the
smaller photographs are 2 cm in length.

except when the water was cooled to 0.5 °C, when 1–2 cm of dry
sediment was left underneath.
3.3. Observations: control experiments performed at (1) Earth ambient
conditions and (2) low pressure and Earth-ambient temperature
3.3.1. All sediment types
The water was able to inﬁltrate into the sediments for all the
experiments. There were therefore some obvious differences from
the experiments performed at low temperature and pressure:
(i) Flows were slower to progress down slope for a given sediment type (Table 2).
(ii) There was no ponding of water at the end of the tray.
(iii) Wet haloes of sediment formed around the ﬂows, extending
downwards as well as sideways (Fig. 4F).
(iv) The ﬂows did not cover such a large spatial area, Fig. 6.
Together these suggest that wetting, inﬁltration and subsurface ﬂow were more important than in the sub-freezing
experiments.
3.3.2. Fine and medium sand
Compared to the low temperature/low pressure experiments
the ﬂows in sands remained conﬁned laterally, both initially and
throughout the ﬂow duration, Fig. 5. For the ﬁne sand the ﬂows
had some lateral migration, but much less than the low temperature/low pressure runs (video 1). The lateral migration of ﬂows
across the medium sand was even more limited (video 3). Both
ﬂows built lateral levees and were somewhat pulsing in nature.
In cases where the ﬂow encountered the backstop a fan of sediment built up, propagating laterally (15 cm) and upstream. None
of the ﬂows on the medium sand substrate reached the end of the
tray under ambient temperature and pressure conditions. In all
cases water inﬁltrated downwards to the base of the tray beneath
all the ﬂows. During the ambient temperature/low pressure experiment both sands contained bubbles and had surface blisters. The
bubbles and blisters were present in the percolation halo as well
as along the ﬂow path.
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Fig. 4. (A) Photograph of low pressure and low temperature experiment in medium sand after completion (low P&T, No. 1). Photograph taken facing source of the ﬂow, with
the width of the tray being 54 cm. Water has ponded at the end of the tray (bottom of the picture) forming a bubble-rich ice wedge. Note also that the ﬂow starts to form a fan
towards the end of the tray and this continues beneath the ice (not shown). (B) Photograph of low pressure and low temperature experiment in ﬁne sand after completion
(low P&T, No. 2). Photograph taken facing source of the ﬂow, maximum width of lobe 10 cm. The ﬂow has formed multiple small lateral lobes and the rough appearance of
the surface is caused by bubbles. (C) Photograph of low pressure and low temperature experiment in medium sand after completion (low P&T, No. 2). Photograph taken facing
source of the ﬂow, maximum width of lobe 17 cm. The ﬂow has formed one large lateral lobe and the lighter colour of the ﬂow is due to ice that condensed onto the ﬂow
when the chamber was opened to the atmosphere. (D) Photograph of low pressure and low temperature experiment in rock crush, about 5 s into the experiment (low P&T,
No. 1). Photograph taken facing source of the ﬂow, with the width of the tray being 54 cm. Notice the digitate margins to the ﬂow, which stabilised into sheet ﬂow later in the
experiment. (E) Photograph of cross section through icy-lens of rock crush experiment under low pressure and low temperature (low P&T, No. 2). Scale bar in top-right corner
is 5 mm. Notice that the largest grains are concentrated at the top of the section. (F) Photograph of cross section through a ﬂow in ﬁne sand at ambient pressure and ambient
temperature (amb P&T, No. 1). f indicates the ﬂow width and w indicates the wetted width – a substantial wetted halo has formed due to lateral water migration. The photo
was taken facing the base of the tray, with the section located 40 cm from the end of the tray.

3.3.3. Rock crush
The ﬂow for the rock crush was very similar in style to the
experiments at low temperature/low pressure (video 4). Initially
the ﬂow spread both downstream and laterally, and continued to
do so as the ﬂow progressed. The ﬂow propagated in all directions
forming a radial ﬂow front, elongate in the downstream direction.
In contrast to the low temperature/low pressure experiments, the
ﬂow was not initially digitate. The wet sediment surface was observed to bubble during the ambient temperature/low pressure
experiments (video 6). For the ambient temperature and pressure
experiment the ﬂow did not reach the end of the test bed (video
4) and it barely reached the backstop in the low pressure experiment. Not enough ﬂow reached the backstop for it to have signiﬁcant inﬂuence on the progress of the ﬂow (video 6).
The ﬂows on the rock crush substrate progressed much more
slowly for both the ambient temperature experiments than they

did for the cold runs (Table 2). The ﬂow was more channelized in
the uppermost portion than for the low temperature/low pressure
experiments. Inﬁltration in both cases resulted in the water penetrating to the base of the tray under the ﬂow lobe. Despite the boiling observed in motion during the ambient temperature/low
pressure experiments, no bubbles were preserved within the rock
crush because there was no ice to preserve them.

4. Data analysis
4.1. Volume calculation
The x, y and z coordinates from the measured cross proﬁles
were interpolated into a gridded surface using the Kriging method
in Surfer 8 software. This method has provision to allow for
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Fig. 5. Flow wetted width normalised to the ﬂow width at ambient temperature
and pressure against median sediment grain size for all experiments. Vertical error
bars are based on a 5 % uncertainty in calculating the ﬂow area from the cross
sections and orthophotos. Horizontal error bars are 10% uncertainty associated with
measuring the median grain size.

5

sediment transported. This erosion volume was derived for each
experiment simply by summing all the pixels in each difference
map that had negative displacements. From this we generated an
erosion rate, based on the estimated volume of material removed
normalised to the tray area and the duration of the ﬂow. Using
the estimated removed sediment volume, the material porosity
and the volume of water we made an estimate of the sediment
concentration in the ﬂows.
From the spatial distribution of erosion and deposition we also
determined the ‘‘erosion distance” – the horizontal distance that
each ﬂow travelled before changing from net erosion to net deposition (Fig. 7). The erosion distance is another measure of the
erosional ability of the ﬂow. This was performed by dividing the
tray area into segments (Fig. 7) and summing all the erosion and
depositional pixels within each segment. This determined whether
each segment was dominated by erosion or by deposition, as well
as the net erosion, or deposition. The horizontal distance at which
the transition occurred was determined graphically. In reality this
is a minimum estimate, because some of the surface lowering by
erosion is countered by ice expansion and bubble formation, which
masks some of the areas which actually had small net erosion.
4.2. Erosion

LowP&T

4.5

449

Normalised flow area

LowP
4

AmbP&T

3.5
3
2.5
2
1.5
1
0.5
0
0

0.5

1

1.5

2

2.5

Median grainsize (mm)
Fig. 6. Flow planimetric area normalised to the ﬂow area at ambient temperature
and pressure against median sediment grain size for all experiments. Vertical error
bars are based on a 10% uncertainty in calculating the ﬂow width from the cross
sections. Horizontal error bars are 10% uncertainty associated with measuring the
median grain size.

anisotropy in data collection (a greater density of sampling was
used post-experiment in some cases). A 1 cm grid size was chosen
as appropriate for the wavelength of changes observed and applied
to all the surfaces. To calculate the volume of erosion and deposition for each experiment the pre-experiment surface was subtracted from the post-experiment surface. The results for the
overall volumes are given in Table 2 and an example of the spatial
results is mapped in Fig. 7.
The deposition volumes are much larger than the erosion volumes for low temperature/low pressure experiments. Most of the
additional volume can be accounted for by the ponded water at
the base of the ﬂow, and by large cavities that formed with in
the ice wedge as a result of boiling. Within the bounds of error
(±1 mm in height measurements) the erosion and deposition balance out for the ambient temperature/ambient pressure experiments (Fig. 8C). The data show consistent excess in deposition
volume for all the ambient temperature/low pressure experiments:
this may represent an increase in volume through incorporated
gas, although we note that these values are comparable to the
estimated measurement error.
Because the deposition data include additional ice, water and
gas, we used the erosion volume to estimate the volume of

For all the experiments this erosion rate was between 0.002 and
0.055 mm s1 and the erosion distance was between 50 and
650 mm from the source of the ﬂow. In general, the rock crush
shows much lower erosion (rate, or distance) than either of the
sands (Fig. 9 and Table 2). This result is consistent with the results
of Shields (1936) and Kirchner et al. (1990) that larger particles and
more angular particles require more stress to move. For the low
temperature/low pressure experiments, all sediment types had
higher erosion rate and distance when using the warmer water
(Fig. 9). However, the patterns of erosion rates for the different
experiments varied between each sediment type: (1) in the subfreezing experiments the erosion rate and distance in the medium
sand was on average greater than in the ambient experiments, (2)
the ﬁne sand shows a similar trend, but less marked and, (3) for
rock crush the erosion rate was lowest for the low temperature/
low pressure with colder water, and all the other experiments have
higher and very similar erosion rates.
For the sub-freezing experiments the erosional parts of the ﬂow
had a thinner ice lens than the depositional parts of the ﬂow (Figs.
7 and 8). The ice lens was thickest where deposition was greatest –
usually at the end of the tray (Figs. 7 and 8). The icy-sediment lens
formed at the base of the ﬂow ranged from 0.5 to 3.5 cm thick for
both the sand types and was thinner (0.5–1.0 cm) and more uniform for the rock crush.
4.3. Runout distances
The runout distances were calculated by projecting the ﬂow
speed (as calculated by the time for the ﬂow front to reach the base
of the tray) over the duration of the experiment. In all cases the
runout distance is greater for each material type under subfreezing conditions than under ambient temperature conditions
(Fig. 10). This agrees with the qualitative observations of ponding
occurring at the end of the sub-freezing experiments, but not
occurring at ambient temperatures (documented in Sections 3.2
and 3.3). This effect is most marked in the medium sand. In addition when comparing the ambient temperature experiments performed at different pressures, the runout distances for the sands
seem to be greater at low pressure than at ambient pressure
(Fig. 10). However, this result should be treated with some caution
as only a limited number of experiments were performed.
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Fig. 8. (A and B) Plots of distance from source against net deposition (negative deposition indicates erosion) and ice-sediment thickness for low temperature and pressure
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5. Discussion
5.1. Transport dynamics under low temperature and low pressure
The formation of an ice lens at the base of the ﬂow retarded
inﬁltration, leading to more surface ﬂow and therefore faster down

slope ﬂow propagation. We infer the lack of inﬁltration from the
presence of dry sediments beneath the ice lens and from the pooling of excess water at the end of the tray. Inﬁltration experiments
performed on soils under ambient terrestrial pressure conditions
by McCauley et al. (2002) showed a similar distinct decrease in
inﬁltration rate for freezing soils. If our test bed had been longer,
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We can estimate the depth to the freezing front by using
Fourier’s law of heat conduction. Assuming that the water is in
contact with a semi-inﬁnite plain of cold homogenous material
(whereas in reality it has inﬁltrated into the pores of a granular
mixture), under steady-state conditions, we can simplify Fourier’s
law to a heat loss per unit area (q) which gives:
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Fig. 9. (A) Erosion rate normalised to the erosion rate at ambient temperature and
pressure against median sediment grain size for all experiments. Vertical error bars
are based on a 1 mm vertical uncertainty in measuring the change of height of the
sediment surface, which leads to an error in the volume calculation and hence
erosion rate. (B) Erosion distance normalised to the erosion distance at ambient
temperature and pressure against median sediment grain size for all experiments.
Vertical error bars are based on a 50 mm uncertainty in measuring the erosion
distance. Horizontal error bars are 10% uncertainty associated with measuring the
median grain size.
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Normalised runout distance

ð2Þ

and combining Eqs. (1) and (2) and rearranging gives:
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where T1 (5 °C) is the temperature of the water, T2 (20 °C) the temperature of the substrate, k the thermal conductivity of the water
(0.58 W/mK), A the area of contact, x the thickness of the material,
DE the energy change and Dt the time duration. If we assume that a
thickness of one pore space must freeze to halt inﬁltration, we can
use the pore space as the thickness, x. This is the distance over
which the temperature must to be reduced to zero and hence we
can calculate how much energy must be lost (DE). We need to account for the energy loss due to both the temperature drop and
the enthalpy of fusion, for which we use a speciﬁc heat capacity,
C = 4.210 kJ/kg K, a standard enthalpy of fusion, H = 333.55 kJ/kg
and a density, q = 1000 kg/m3 for water at just above 0 °C. Hence:
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Fig. 10. Estimated runout distance from ﬂow speeds normalised to the estimated
runout at ambient temperature and pressure against sediment grain size for all
experiments. Vertical error bars are calculated uncertainties based on a 1 s error in
measuring the time taken for the ﬂow to reach the end of the tray, which provides
an error for the speed and hence runout distance. Horizontal error bars are 10%
uncertainty associated with measuring the median grain size.

the ﬂows under freezing conditions would have had a signiﬁcantly
greater runout distance than those under ambient temperatures, as
indicated by our calculations in Section 4.3. Freezing temperatures
therefore have a fundamental affect on the behaviour of the ﬂow, if
not on the actual erosion rate.

ð3Þ

By using Eq. (3), we can estimate for each sediment type how
much time is required to freeze such a layer and to what depth
the water should have inﬁltrated when this occurs (using the permeability values listed in Table 1). The calculation is laid out for
each material in Table 3. Despite the large number of simplifying
assumptions, the depths to the bottom of the ice layer are broadly
supported by our observed ice thicknesses (Fig. 11), both in terms
of ranking and order of magnitude. However, our calculations
over-estimate the depth of penetration into the medium sand
and under-estimate for the ﬁne sand and rock crush. This could
be due to an under-estimate of the instantaneous inﬁltration rates
for the ﬁne sand and rock crush (sorptivity is higher for smaller
pores), an over-estimate of the pore size for the medium sand, or
the violation of the other assumptions inherent in the calculation
(planar continuous material and steady-state conditions).
Starting from this mechanism we can build a simple process
model. A schematic diagram representing the important stages in
the evolution of the ﬂow is shown in Fig. 12. The ice barrier forces
the ﬂow to be in the regime of saturation overland ﬂow (Dunne
and Leopold, 1978), because the depth to saturation is restricted
by the ice lens. Under ambient conditions this regime is only experienced by the medium sand. In this case the depth to the base of
the tray is so great that only limited amounts of overland ﬂow
occurs. If the medium sand was inﬁnitely deep, the ﬂow would
not have propagated very far at all (10 cm). Hence, the greatest
difference is seen for the runout and erosion for the medium sand.
For the ﬁne sand and rock crush the discharge is sufﬁcient to counteract the losses by inﬁltration, and overland ﬂow continues
(‘‘Horton overland ﬂow”: Horton, 1945). Hence the transition to
saturation overland ﬂow under sub-freezing conditions increases
the runout, but does not always affect the erosion. The reason for
the variations in erosion-rate dependence is explored below.
It would be expected that the formation of a basal icy-lens at
such shallow depths would retard erosion as it turns a cohesionless
substrate into one with cohesion. However, the propagation of the
freezing front is counterbalanced by the erosion rate of the unfrozen, yet saturated material (Fig. 12-t4). It would be expected that
once the saturated substrate above the growing ice has been removed, that thermal erosion would come into play. Thinner ice
sheets were observed nearer the top of the tray (Figs. 7 and 8)
and in the channels and this could be explained using thermal
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Table 3
Calculation of depth to freezing front and other ﬂow parameters.a

Pore space (mm)
Energy to lose to reduce from 5 °C to zero (J/m2)
Enthalpy of fusion (J/m2)
Total energy to lose (J/m2)
Average temperature difference (K) from Table 2
Rate of energy loss from Fourier’s Law (J/s m2)
Time to freeze (s)
Depth to freezing front (mm)
Depth to freezing front as percentage of D50
a
b

Fine sand

Rock crush

0.61
12 841
203 400
216 306
15.2
14 452
15.0
78
1.3  104

0.23
4842
76 900
81 788
17.2
43 374
1.9
2.5
1.0  103

0.23b
4842
77 200
82 018
17.7
44 635
1.8
0.4
100

The pore space was estimated to be equivalent to the modal grain size for each material (D50).
Pore space of rock crush assumed to be much smaller than its D50, as a conservative estimate the pore space of the ﬁne sand was used.
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Fig. 11. Predicted ice thickness against measured ice thickness, for three selected
experiments at low pressure and temperature (medium sand low P&T-2, ﬁne sand
low P&T-3, rock crush low P&T-3). Horizontal error bars represent the maximum
and minimum ice thickness measured. Vertical error bars are set at 50%, because
the 50% uncertainty in the pore size dominates over the uncertainty of the
inﬁltration rate and temperature difference. Diagonal grey line is the 1:1 line.
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pressure and temperature. Vertical error bars are the same as for Fig. 9 and
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Fig. 12. Sketch to illustrate progression of ﬂow at low pressure and low temperature. t0 dry sediment column. t1 water is introduced and inﬁltration dominates
over downstream ﬂow. t2 sufﬁcient ice forms to inhibit inﬁltration and downstream
ﬂow starts to dominate. t3 and t4 the freezing front propagates upwards into the
saturated sediment above and the ﬂow removes saturated sediment from the top. t5
the ﬂow stops and the remaining saturated sediment (if any) freezes, leaving a
frozen channel bed.

erosion arguments. In addition, we observed that the warmer, 5 °C
water onto the cold substrate caused more erosion than the colder
water at 0.5 °C (Fig. 13). This can be explained using both arguments of faster propagation of the freezing front and less efﬁcient
thermal erosion. The rates of thermal erosion calculated from

experimental and numerical modelling results of Costard et al.
(1999) and Randriamazaoro et al. (2007), range upwards from
0.4 mm/min (6.7  103 m/s). However, Randriamazaoro et al.
(2007) showed that thermal erosion increases with Re and the ﬂow
regimes in their study have much greater Reynolds numbers
(Re > 6345) compared to our ﬂows’ Reynolds numbers (5–1645;
Table 2). Hence, their minimum rate provides an absolute maximum when applied to our ﬂows and, because it is lower in general
compared to our erosion rates (0.143.3 mm/min), we infer that
the thermal erosion mechanism is not usually dominant.
It is generally expected that erosion rates should be greater for
greater ﬂow rates, but this was not always the case in our experiments. This could be due to the freezing bed introducing two competing effects: it increases the ﬂow rate, yet also impedes the
erosion by freezing the particles to the bed (hence the slower thermal erosion mechanism becomes dominant). The dominance of
one effect over the other is probably related to the freezing rate.
As shown in Fig. 13 the erosion decreases as the difference in
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temperature between sediment and water decreases (the lower the
difference the colder the water). Hence, the armouring of the bed is
most effective at reducing erosion when the temperature difference is lower, with the water closer to freezing resulting in a faster
propagation of the freezing front.
5.2. Flow runout distances
Another way of looking at the dynamics of these ﬂows is to consider the mass balance of the ﬂow. If we consider a discharge (q)
per unit width, w, then this results in the following:

q ¼ qin  V i x  V eV x  V fr x

ð4Þ

where qin is the initial discharge, x is the distance from the outlet, Vi is
the rate of loss due to inﬁltration, Vev the rate of loss due to evaporation and Vfr the rate of loss due to freezing. This assumes steady ﬂow
conditions with no lateral changes in width. These approximations
are not valid for our experiments, however a full unsteady model
would require a 3D morphodynamic model. This would include conservation of momentum, conservation of sediment, and constitutive
equations for these highly concentrated (20% for ﬁne sand and 30% for
medium sand), self channelized ﬂows. Such an attempt is beyond the
scope of this analysis. Instead of a full solution, our goal is to provide a
simple framework in which to assess the relative contributions of discharge, freezing, evaporation and inﬁltration to the ﬂow runout distances. Despite these simplifying assumptions, the analysis yields
insightful, albeit qualitative, results, as detailed below.
Using the mass balance Eq. (4), we can consider the length over
which the ﬂow discharge falls to zero, from this we can ascertain:

L ¼ qin =ðV i þ V eV þ V fr Þ

ð5Þ

where L is the total length of the ﬂow.
From the experiments to investigate the evaporation of standing
bodies of water under martian atmospheric pressure and at 0 °C by
Sears and Moore (2005) the value of Vev should be 2.0  107 m/s.
In our experiments, Vfr changed as a function of downstream distance as shown by the increasing ice lens thickness in Figs. 4, 7
and 8. To estimate the range in Vfr, we use both the minimum and
maximum value of thickness of sediment that froze at the base of
the channels over 30 s for the sands and the rock crush. Hence,
considering also the material porosity (but not the included bubbles), gives mean freezing rates ranging from 6.6  104 to
1.6  104 m/s for ﬁne sand, from 6.1  104 to 2.3  104 m/s for
medium sand and from 2.7  104 to 6.0  105 m/s for rock crush.

From Table 1 inﬁltration rates range from 5.21  103 to
2.23  104 m/s. Therefore, it can be seen that evaporation is relatively unimportant when compared to the other losses, by at least
three orders of magnitude. When no freezing occurs during the ﬂow
Vfr is zero and Vi is at its maximum. Conversely under sub-freezing
conditions Vi approaches zero and the loss term is dominated by Vfr.
Using the above values for the freezing rates, evaporation rates
and inﬁltration rates, we have used Eq. (5) to predict the expected
runout distance for each of our experiments. In the sub-freezing
experiments we set Vi equal to zero and in the experiments performed at room temperature, Vfr was set to zero. Fig. 14 is a plot
of this predicted runout distance against the runout distance as
calculated from the ﬂow speed. There is good agreement between
the two runout distances for the ambient temperature and pressure experiments. The runout distance is greater for the ambient
temperature/low pressure experiments than predicted by Eq. (5),
a possible explanation for this is presented in Section 5.3. The predicted runout distance for the sub-freezing experiments is also
generally an under-estimate. The predicted runout using a minimum freezing rate (as indicated by the maximum vertical extent
of the error bars in Fig. 14) produces a much better match to the
calculated runout distances for the rock crush, but an overestimate for the two sands.
5.3. Inﬂuence of low pressure
Our experimental data suggest that pressure is not as important
as temperature for controlling the gross behaviour of the ﬂows.
However, the ﬂow propagation speed was greater at low pressure
than at ambient pressure. For example, the ﬂows in the experiments performed with medium sand propagated to the end of
the tray at ambient temperature/low pressure, but only propagated
to 50 cm under ambient temperature/ambient pressure (Table 2).
The effect is less marked (but still apparent) for the rock crush and
the ﬁne sand. A possible explanation for enhanced ﬂow at low
pressure is that the formation of bubbles within the sediment
inhibits inﬁltration as the water boils. This effect was noted by
Prunty and Bell (2007) who found unexpectedly low inﬁltration
rates in their low-pressure inﬁltration experiments. It is well
established that formation of bubbles from exsolved gases can
greatly reduce aquifer permeability, for example Ronen et al.
(1989) found a reduction of inﬁltration rates in sands from
45 m/day to 2 m/day resulting from biotic bubble formation and
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Fig. 14. Runout distance predicted from freezing rate calculations against runout distance calculated from observed ﬂow speeds, during all experiments. The calculated
runout distances shown for the low pressure and temperature experiments are averages of the three experiments. Vertical error bars indicate the calculated runout distances
with a maximum and minimum freezing rate. Horizontal error bars are as for the vertical error bars in Fig. 10.
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Amos and Ulrich Mayer (2006) found a reduction of up to 25% from
abiotic bubble formation.
As detachment bubble size for boiling water increases with
decreasing atmospheric pressure, it is possible that the bubble size
of water on the martian surface is equivalent to or greater than the
sediment pore size of the substrate, and hence boiling is able to inhibit inﬁltration. Prodanovic et al. (2002) ran experiments involving
supercooled water (30 °C) at pressures of <3 mbar and found bubble detachment diameters of 0.3–0.5 mm. Hence it is certainly possible that bubble detachment size is greater than the pore size in our
experiments. Another possible explanation might be that small bubbles in the ﬂow caused the ﬂow to be less dense, again reducing inﬁltration – although we note that this also should cause ﬂow
propagation to be slower and is contrary to the observations.
5.4. Implications at ﬁeld scale
Two features on Mars, gullies and slope streaks, could be forming at present and hence the results from our experiments could
throw some light on their formation processes. Gullies on Mars
are kilometre-scale features that resemble gullies that form on
Earth due to overland ﬂow of liquid water, or highly concentrated
ﬂows of sediment and water (debris ﬂow). They have been widely
studied as such since their discovery by Malin and Edgett (2000).
Initially they were proposed to have formed by the outﬂow of
water from a sub-surface aquifer (Heldmann and Mellon, 2004;
Malin and Edgett, 2000). However, recent observations on morphology, distribution and their setting within landform assemblages (e.g. Balme et al., 2006; Dickson and Head, 2009) has
strongly suggested that they originate from melting of ice under
recent climate excursions. Other explanations for their origin include dry (or carbon dioxide assisted) granular ﬂow (e.g. Pelletier
et al., 2008), but these mechanisms do not produce all of the key
morphologies and do not explain their distribution. Key to both
the aquifer model and the melting models is the efﬁciency of water
in transporting sediment under martian surface temperature and
pressure.
Slope streaks are ﬂow-like features that contrast with the underlying material (mostly having lower albedo, although some have
higher albedo) that propagate downhill, being diverted around
obstacles and affected by topography (e.g. Sullivan et al., 2001). They
form with great frequency on Mars and have been observed to both
form and to be erased (Aharonson et al., 2003) on Mars in time periods of less than 10 years. Slope streaks were ﬁrst seen in Viking
Orbiter images (e.g. Morris, 1982) and were found to be associated
with dusty areas on the planet (e.g. Ferguson and Lucchitta, 1984).
These features have primarily been interpreted as being formed by
a dry mass wasting process (e.g. Chuang et al., 2007), however some
recent work has indicated that liquid water might be involved in
their formation (Kreslavsky and Head, 2009).
Although our experiments are not replicates of the martian surface, it is useful to use Eq. (5), with the rates calculated from our
experiments, to estimate the discharge that might be required to
generate ﬂows of this type over longer distances. Although mass
balance (i.e., Eq. (5)) should hold on Mars, there are caveats to directly applying the rates from our experiments to Mars, which are
discussed in detail in Section 5.5. For sub-freezing conditions, similar to our experiments, when Vi  0, gullies or slope streaks of
1 km in length and 20 m in width would require a discharge of between 670 l s1 and 13 000 l s1, depending on the sediment type
and freezing rate, for ﬂow to occur from top to bottom. However,
under non-freezing conditions, when Vfr = 0, discharges in this system would need to be increased to between 4500 l s1 and
100 000 l s1 depending on the sediment type. Some slope streaks
have smaller dimensions and thus smaller discharge requirements,
for example slope streaks of 5 m wide and 50 m long would require

8–116 l s1 with a freezing substrate and 56–1300 l s1 without.
The large ranges in discharges from our calculations emphasise
the strong inﬂuence that inﬁltration rates have on the ﬂuid loss
parameter and on overall runout distances, both in terms of material type and in terms of the presence of an impermeable layer (in
our calculations an ice layer formed by the ﬂow). Impermeable layers could also be formed by permafrost or shallow bedrock and
hence would not necessarily have a large freezing loss associated
with them. However, these impermeable layers would be expected
to be found at greater depths, hence the reduction in inﬁltration
would be less marked and occur with a time delay.
Some ﬂow rate estimates have been made for gullies on Mars,
for example, Heldmann et al. (2005) estimate 30 000 l s1 for a
generic gully, Hart et al. (2009) estimate 750–83 000 l s1 for bankfull discharge from gully measurements at Lyot crater and Parsons
and Nimmo (2010) give an estimate of 45 000 l s1 from modelling
sediment transport to generate a generic gully. Our mass-balance
calculations based on our experimental results broadly support
these ﬂow rates. However, our calculations suggest that such large
discharges are not required if the system is freezing. Heldmann
et al. (2005) invoke these large ﬂow rates to compensate for freezing and evaporative losses and to explain the formation of deep,
wide channels in single events. Hart et al. (2009) generated large
discharges to fulﬁl their assumption of bankfull discharge, without
consideration of loss parameters. Parsons and Nimmo (2010) do
not use a ﬂuid loss parameter, as they consider losses as insigniﬁcant over the duration of gully formation. Our experiments emphasise the importance of considering inﬁltration rates, omitted from
both these studies, when performing this kind of calculation.
It has been previously recognised that ﬂuid loss is an important
parameter in terms of modelling gullies on Mars and has a great
inﬂuence on the runout distance and morphology of the resulting
ﬂow (Kolb et al., 2010; Pelletier et al., 2008). Our work shows that
under sub-freezing conditions there is some ﬂuid loss through
freezing, but also shows that ﬂuid loss is reduced through the inhibition of inﬁltration. Our experiments highlight that evaporative
losses are not important compared to losses due to freezing and
inﬁltration and that careful consideration of these terms will be
necessary in future modelling. The minimum ﬂuid loss values used
by Kolb et al. (2010) and Pelletier et al. (2008) are at the maximum
of our estimated ﬂuid loss and only our highest inﬁltration rate
(medium sand) approaches the ﬂuid loss parameter used by
Heldmann et al. (2005), and even then solely under non-freezing
conditions. We maintain that further work is required to accurately
deﬁne the quantitative limits of the ﬂuid loss term under martian
temperature and pressure for use in modelling studies.
5.5. Caveats to up-scaling the experimental results
Our experiments were designed to investigate the effect of
Mars-like pressure and temperature on overland ﬂow and sediment transport. Although we feel the results are robust, care must
be taken in extrapolating the results herein to natural systems that
lie outside the parameter space investigated. This is in part because
designing and conducting experiments within a low temperature
and low temperature facility are necessarily at a scale smaller than
most natural systems of interest and so explore a limited range of
parameter space. Below we elaborate on these limitations and discuss future opportunities in experimentation.
Open-channel ﬂows are typically scaled dynamically using the
Reynolds number and the Froude number (e.g., Chow, 1959). Each
of our experiments had different ranges of Reynolds numbers (Re)
and within each experiment Re spanned a range of values (Table
2). Only one experiment in the medium and one in the ﬁne sand were
fully turbulent (Re > 1000) where Re was at its maximum. The ﬂows
in the sands were usually partially turbulent and the ﬂows over the
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rock crush were always laminar (Re < 100). Larger ﬂows with fully
turbulent Re might be expected to have different runout lengths,
not only because of their greater size, but also due to changes in
bed friction (Chow, 1959) and the rate of turbulent energy dissipation to heat (Tennekes and Lumley, 1972). This notwithstanding,
we saw no major trend in our results with Re, indicating that perhaps
these are second order effects as compared to the changes in inﬁltration rate caused by freezing. Moreover, it has been argued that many
similarities exist in sediment bed morphodynmaics between laminar ﬂows and turbulent ﬂows (Lajeunesse et al., 2010).
The Froude Numbers of our ﬂows ranged from 0.06 to 1.19, a
large range of parameter space from subcritical to critical conditions. Subcritical Froude number are much more common in sediment-transport systems on Earth (Grant, 1997), but supercritical
ﬂows can occur, especially on steep slopes. For martian gullies,
models have explored a range of Froude numbers including supercritical conditions (Heldmann et al., 2005; Kolb et al., 2010;
Parsons and Nimmo, 2010; Pelletier et al., 2008). Since the transition to supercritical ﬂow can signiﬁcantly change ﬂow hydraulics
(e.g., by allowing hydraulic jumps) future work is needed to
explore this area of parameter space in more detail.
The above discussion of Re and Fr implicitly assumes dilute
(c  1) Newtonian-ﬂow conditions. It is possible that some of the
gullies on Mars are carved by highly concentrated non-Newtonian
ﬂows (i.e., debris ﬂows, e.g., Lanza et al., 2010) or dry avalanches
(Treiman, 2003). In some of our experiments the sediment concentrations were high (Table 2), and showed some non-Newtonian
behaviour including granular snouts of ﬂows and levees on the
sides of channels. It is less clear how to up-scale runout lengths
and erosion of such ﬂows, given the complex interplay between
particle–particle interactions and pore pressure (Hsu et al., 2008;
Iverson, 1997). These experiments were not designed to simulate
gully formation by dry avalanching.
The effect of changes in gravity on overland ﬂow and sediment
transport has been explored by others (Burr et al., 2006; Komar,
1980). In general, it has been found that ﬂows will move slower
under lower gravity, but that sediment weighs less, so that sediment transport rates on Earth and Mars scale similarly. It is also expected that inﬁltration rates will be slower under reduced gravity
(Chan et al., 2004). However, we suspect that all of these effects
that result from different gravity for Mars conditions (by roughly
a factor of three from Earth conditions) should be small (by several
orders of magnitude) in comparison to the effect of reduced inﬁltration due to freezing, and therefore should not change substantially the experimental ﬁndings.
In these experiments we have only tested three sediment types.
However, the material property that exerts the greatest inﬂuence
on the experiments is the permeability of the material. A secondary
effect was the ability of the ﬂow to entrain certain sizes of particles. Where the ﬂow was not able to entrain particles in our experiments (rock crush), ﬂow spreading occurred. This counter-acted
the effect of reduced inﬁltration rate which would otherwise have
acted to further increase the runout distance. If we were to use a
sediment that was highly impermeable, with small to average
grain size, a situation could occur in which runout is maximised.
However, we predict in this case that erosion would be slow, because the bed would freeze quickly and erosion would progress
mainly by slower thermal erosion as the bed is melted again.
We also only tested one inclination angle of the test bed.
Higher inclination should increase the ﬂow speed and slightly
reduce the inﬁltration effects (Dingman, 1994). The temperature
of the test bed and ﬂuids should also inﬂuence the results. Given
a lower sediment temperature the freezing front should occur at
a shallower depth. We did vary the input water temperature
(5 °C or 0.5 °C), which also decreases the temperature difference.
However, the effects of the more rapid formation of an ice lens
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were possibly masked by the effects of ice particles forming
within the ﬂow.
Using different ﬂuids could have a signiﬁcant effect on ﬂuid
behaviour. Various compounds have been proposed to form solutions on Mars, which could facilitate the stability of water at low
temperatures. Suggested compounds include: perchlorates (Catling
et al., 2009; Hecht et al., 2009), Calcium Chloride (Knauth and Burt,
2002), Sodium Chloride (Sears et al., 2002), and Ferric Sulphate
(Chevrier and Altheide, 2008) brines; organics (Jean et al., 2008)
and acids (Benison et al., 2008). These all have a higher viscosity
than pure water. For example Chevrier et al. (2009) found the viscosity of ferric sulphate solutions to be between 7.0  103 and
4.6 Pa s at temperatures of 285–260 K. An increase in viscosity
would act to slow the ﬂow rate for ﬂows with Re < 103 and
decrease inﬁltration (e.g., Jarsjö et al., 1997; Lin et al., 2003). Flow
rates for fully turbulent ﬂows (Re > 103) with a rough bed (roughness on the scale of 1 mm, or more) are independent of ﬂuid
viscosity (Tennekes and Lumley, 1972). The stability of these solutions at low temperatures would prevent the formation of a basal
ice lens and might even promote thermal erosion of any permafrost
at the base of the ﬂow (Andersland et al., 1996). These factors combined suggest that very careful investigation of the inherent inﬁltration rate of the sediment type is needed in these cases. If inﬁltration
is very large and there is no formation of a basal ice lens, then discharges would have to be very high for ﬂuids to be able to ﬂow overland and form features such as gullies. This could make the above
ﬂuids implausible when considering gullies on isolated topography.
6. Conclusions
These experiments highlight some potential pitfalls when considering water ﬂows on the surface of Mars. Speciﬁcally, when
using a ﬂuid loss parameter in modelling, careful consideration
should be given to the factors inﬂuencing inﬁltration in the ﬂow
bed, i.e. (1) its temperature (2) the inﬁltration rate of the unconsolidated material, (3) the presence or absence of an impermeable
layer and (4) the depth of such a layer if present.
We have found that water ﬂowing over a freezing substrate behaves very differently from water ﬂowing over a warm bed. In the
former case, water freezes at a shallow depth in the substrate,
impeding inﬁltration, causing the ﬂow to propagate faster and further that it would under ambient terrestrial conditions. This suggests that ﬂuvial ﬂow features on Mars could be formed by
volumes of liquid an order of magnitude less than for similarlength ﬂows on the Earth.
In addition to the effects of sub-freezing conditions we have
found that low pressure conditions also act to change the ﬂow
dynamics, but less dramatically than low temperature. We found
that ﬂows are faster with a greater runout at low pressure/ambient
temperature. We hypothesise that inﬁltration is impeded by the
formation of bubbles at the base of the ﬂow, but further work
needs to be done to conﬁrm this mechanism. Again, this suggests
that smaller volumes of water are required to create long ﬂows
on Mars than on the Earth.
Our experiments indicate that previous estimates of gully discharges are within the upper estimates of those indicated by our
analysis, but that the assumptions inherent in these earlier calculations have underestimated the factors inﬂuencing the ﬂuid loss
parameter, especially the inﬁltration rate. Further experimental
work needs to be done to further constrain the factors inﬂuencing
ﬂuid loss on the surface of Mars.
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