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Abstract Understanding the initial and flow conditions of contemporary flows in Martian gullies,
generally believed to be triggered and fluidized by CO, sublimation, is crucial for deciphering climate
conditions needed to trigger and sustain them. We employ the RAMMS (RApid Mass Movement
Simulation) debris flow and avalanche model to back calculate initial and flow conditions of recent flows
in three gullies in Hale crater. We infer minimum release depths of 1.0-1.5 m and initial release volumes of
100-200 m3. Entrainment leads to final flow volumes that are ~2.5-5.5 times larger than initially released,
and entrainment is found necessary to match the observed flow deposits. Simulated mean cross-channel
flow velocities decrease from 3-4 m/s to ~1 m/s from release area to flow terminus, while flow depths
generally decrease from 0.5-1 to 0.1-0.2 m. The mean cross-channel erosion depth and deposition
thicknesses are ~0.1-0.3 m. Back-calculated dry-Coulomb friction ranges from 0.1 to 0.25 and
viscous-turbulent friction between 100 and 200 m/s?, which are values similar to those of granular debris
flows on Earth. These results suggest that recent flows in gullies are fluidized to a similar degree as are
granular debris flows on Earth. Using a novel model for mass flow fluidization by CO, sublimation we are
able to show that under Martian atmospheric conditions very small volumetric fractions of CO, of «<1%
within mass flows may indeed yield sufficiently large gas fluxes to cause fluidization and enhance flow
mobility.

1. Introduction

Gullies are kilometer-scale alcove-channel-fan systems that are present on steep slopes in midlatitude to
polar regions on Mars (e.g., Conway et al., 2017; Harrison et al., 2015; Malin & Edgett, 2000). They are geo-
logically very young features that have been active over the last few million years (De Haas et al., 2015a;
De Haas et al., 2017; Johnsson et al., 2014; Reiss et al., 2004; Schon et al., 2009). Their formation has been
linked to both a range of dry (e.g., Cedillo-Flores et al., 2011; Dundas et al., 2010; Dundas et al., 2012;
Dundas et al., 2015; Dundas et al., 2017; Pelletier et al., 2008; Treiman, 2003) and wet flows (e.g., Costard
et al., 2002; Conway et al., 2011; Conway et al., 2015; De Haas et al., 2015b; De Haas et al., 2015c; Gulick
et al., 2019; Hartmann et al., 2003; Johnsson et al., 2014; Levy et al., 2010; Lanza et al., 2010). Each of these
formation processes has different implications for Mars's current and recent water cycle and, therefore, the
presence of habitable environments and resources for future exploration. Some authors suggest that these
processes may both have contributed to Martian gully formation but that their relative importance has var-
ied over time by climate change forced by orbital cycles (e.g., Auld & Dixon, 2016; Conway et al., 2018a;
Conway et al., 2018b; De Haas et al., 2017; Jawin et al., 2018).

Over the last decade, new flow deposits have formed within multiple gullies across Mars (e.g., Dundas et al.,
2010; Dundas et al., 2017; Malin et al., 2006). Monitoring of these gullies has highlighted that these new
flows form when seasonal frost is present (Diniega et al., 2010; Dundas et al., 2012; Dundas et al., 2017;
Pasquon et al., 2019; Raack et al., 2015; Reiss et al., 2010). The seasonal frost may comprise both H,O and
CO,, but the latter is generally more abundant and therefore generally considered a more likely candidate
for the triggering of the recent flows (Diniega et al., 2010; Dundas et al., 2010; Dundas et al., 2012; Dundas
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etal., 2017). Accordingly, Vincendon (2015) found that most new flows were consistent with the presence of
CO, frost at the time of gully activity, although relatively bright gully deposits typically formed where H,O
ice was expected but CO, ice was less probable.

The recent flows that have been observed often form from a point source and are morphologically diverse
(e.g., Dundas et al., 2017): they can be relatively light, neutral or dark, colorful or bland, and range from
superficial deposits to 10 m-scale topographic changes. The flows can substantially erode their channel and
form terraces, transport meter-sized boulders, form new channel segments, migrating sinuous curves, and
lobate deposits (e.g., Dundas et al., 2017; Pasquon et al., 2019). An important observation is that many of
these flows, despite the absence of liquid water, are more mobile and deposit on substantially lower slopes
than would dry grainflows (Dundas et al., 2017). This suggests that these flows must have been fluidized;
that is, something must have reduced the intergranular friction in these flows. While final flow deposits can
be observed on some gully fans, morphological expressions of initial failures are generally subtle, suggest-
ing limited initial failure volumes. Terrestrial observations indicate that mass flows can erode substantial
amounts of bed material when flowing down a slope, potentially growing in size by more than a factor of
10 (e.g., Berger et al., 2011; De Haas & Van Woerkom, 2016; Hungr et al., 2005; Pérez, 2001; Schiirch et
al., 2011). Therefore, small-volume initial failures may form larger mass flow deposits on gully fans. Final
deposit volumes thus cannot directly inform us about initial failure volumes and conditions, which therefore
remain unknown.

Multiple models for the initiation and flow conditions of recent flows in Martian gullies have recently been
proposed. Slope failures initiating these flows may be triggered by deposition and sublimation of small
amounts of frost on steep alcove slopes—Sylvest et al. (2016, 2018) experimentally show that under Mar-
tian conditions, sublimation of CO, may trigger slope failures well below the dynamic angle of repose.
Hugenholtz (2008) proposed that the highly mobile recent flows represent frosted granular flow, although
Harrison (2016) later pointed out that the morphology of terrestrial examples is a poor match for Martian
gullies. Alternatively, Pilorget and Forget (2016) propose a model wherein basal sublimation and rising pres-
sure beneath a translucent slab of CO, ice triggers gully activity. In this model, the enhanced gas pressures
beneath the CO, ice layer would fluidize the flows enhancing their mobility. However, this model does not
comply with observations that there are few defrosting spots around the active gullies at low latitudes, that
some activity occurs in early winter when CO, condensing and gas pressure should be low, and the occur-
rence of recent gully activity at locations where frost abundances are low (Dundas et al., 2017). As such,
Dundas et al. (2017) propose a related alternative in which gas generation occurs via two effects within a
mix of sediment and CO, ice tumbling down a gully: (1) the potential energy of falling material is initially
converted to kinetic energy but ultimately dissipates as heat or latent heat loss (sublimation) if buffered at
the CO, frost point temperature; (2) eroded sediment from the shallow subsurface or unfrosted areas will be
warmer than the ice and could cause additional sublimation. Mixing within the falling material will allow
the generated heat to be transferred to the CO, frost, causing sublimation, enhancing the gas pressure within
the pores of the flowing mass leading to fluidization of the flow. Complete fluidization is not necessary to
explain all recent Martian gully flows, as the gully fans are moderately steep, roughly ranging between 10°
and 15° (Conway & Balme, 2016; Gulick et al., 2019), and sometimes consistent with no fluidization (Kolb et
al., 2010; Conway & Balme, 2016), and it is likely that a spectrum of behaviors occurs even within individual
gullies (e.g., Conway et al., 2018b; De Haas et al., 2017).

These processes represent a potential source of fluidization unknown to terrestrial mass movements.
Although the proposed processes are not necessarily mutually exclusive, they have a few common denomi-
nators. An initial slope failure in the gully alcove becomes a moving high-density mass flow, wherein some
sort of fluidization occurs enhancing flow mobility in the absence of liquid water. Moreover, the flows are
capable of eroding bed and/or bank material, causing the flow to grow in volume as it travels down the gully.

At present, we do not know the initial conditions and flow conditions of these flows. For example, we do
not know their initial failure volume, degree of fluidization, and flow parameters such as flow velocity,
flow depth, and erosion rate. Deciphering these conditions may inform us of the climatic conditions, that
is, amounts of CO, that need to precipitate from the atmosphere to trigger and sustain these recent flows.
The lack of a terrestrial analog to compare to recent flows in Martian gullies inhibits resolving these cli-
matic conditions through comparative studies. Therefore, numerical modeling of these flows might be the
key, although many terrestrial mass flow models assume liquid water within the flows and are therefore
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Figure 1. Studied gullies. (a) Gully 69. The white arrow indicates the location of the release area. (b) Gully 9. The black arrow indicates the release area. (c)
Gully 26. The black arrows indicate the release areas. (d) Detail of new deposit in gully 69. (e) Detail of new deposit in gully 9. (f) Detail of new deposit in gully
26. Black arrows in panels (d)—(f) indicate the new deposits. See supporting information movies for more details. HiRISE image ESP_038218_1445.

not applicable. Only a few studies have used numerical mass flow models to reconstruct initial and flow
conditions in Martian gullies so far (Kolb et al., 2010; Mangold et al., 2010; Pelletier et al., 2008). How-
ever, the numerical model employed by these studies does not directly use Martian gravity, does not include
entrainment, and requires an input hydrograph rather than an initial slope failure such as observed for the
recent flow deposits on Mars, which are all critical parameters for accurately resolving flow and initiation
conditions of recent flows in Martian gullies.

We modified the RAMMS (RApid Mass Movement Simulation) debris flow and avalanche model (Christen
et al., 2012) to permit its use under Martian conditions, and then used this model to back calculate and
infer initial and flow conditions in recent flows in Martian gullies. In particular, we aim to (1) constrain
initial failure conditions; (2) determine flow properties including flow velocity and flow depth; (3) define
the rate of fluidization within the flows; and (4) test whether CO, sublimation could account for the inferred
fluidization. To do so, we back calculate three recent flows in Hale crater (Figures 1 and 2).

2. Study Sites

Hale crater is an oblate impact crater with a N-S diameter of 125 km and E-W diameter of 150 km and is
located in the southern hemisphere at 35.7°S, 323.6°E (Figure 2). The crater contains a central peak and
multiple wall terraces (e.g., Melosh, 1989), and is estimated to have formed around 1 Ga (Jones et al., 2011).
Gullies are abundant on both the central peak and crater walls on multiple slope orientations (e.g., Dickson
et al., 2007; De Haas et al., 2017; Kolb et al., 2010; Reiss et al., 2009; Reiss et al., 2011). Numerous new flow
deposits have formed in Hale crater gullies over the last decade (Dundas et al., 2012; Dundas et al., 2015;
Dundas et al., 2017; Kolb et al., 2010; McEwen et al., 2007).

On a ~13-km-long stretch of the eastern wall of the crater (Figure 2) we observe activity in over 40 gully
systems between 12 March 2007 (HiRISE image PSP_002932_1445) and 21 September 2014 (HiRISE image
ESP_038218_1445) (supporting information Figure S1). These flows generally have a bright appearance,
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Figure 2. Hale crater and study site overview. (a) Hale crater, centered near 35.8°S, 325.5°E. Thermal emission
imaging system (THEMIS) daytime infrared mosaic. (b) Overview of the studied gullies, see supporting information
Figure S1 for an overview of all observed gully activity and Figure 1 for more details of the study sites. HiRISE image
ESP_038218_1445.

were typically initiated on the steep slopes of the gully catchments, and have various runouts, depositing
in the medial to distal parts of the gully systems. Kolb et al. (2010) observed that the recent flows in this
area generally form thin terminal deposits, with an estimated thickness of a few decimeters at maximum.
We select three sites for detailed numerical modeling (Figure 1—systems 9, 26, and 69 in Figure S1) that
(1) have an identifiable release area; (2) have a long travel distance; (3) have a well-defined and identifiable
depositional area; and (4) are of considerable size, eroding material in the upper parts of the flow route and
transporting multiple boulders (see supporting information movies).

The alcoves of the gullies in the study sites are broadly covered by a thick layer of pasted-on terrain believed
to consist of fine-grained sediment and water ice (e.g., Conway & Balme, 2014). This material is usually
interpreted as a latitude-dependent mantle located on sloping terrain formed from airfall of ice nucleated
on dust (e.g., Head et al., 2003; Milliken et al., 2003; Mustard et al., 2001) but may also have been (partly)
reworked by glaciation and be predominantly glacial in origin (cf. Conway et al., 2018a). One of our study
sites, gully 9 (Figure 1b), solely cuts into this pasted-on terrain and therefore probably largely consists of
fine-grained materials, while gullies 26 and 69 (Figures 1a and 1c) have source areas consisting of both
bedrock and pasted-on terrain and may thus potentially transport larger clasts.

3. Materials and Methods

3.1. RAMMS

We perform our simulation using the RAMMS model (Christen et al., 2012). RAMMS was originally devel-
oped to model snow avalanches (e.g., Christen et al., 2010a; Fischer et al., 2012) but has also been applied
to other types of wet and dry mass movements including landslides (e.g., Christen et al., 2012; Fan et al.,
2017), rock avalanches (e.g., Allen et al., 2009; Schneider et al., 2010), and debris flows (e.g., Frank et al.,
2015; Hussin et al., 2012). RAMMS is a 2-D depth-averaged continuum model capable of simulating flow
velocities, flow heights, impact pressures, flow path, and runout over 3-D topography. The model is typically
used for hazard analysis and hazard mapping studies in Alpine areas (e.g., Schraml et al., 2015), in regions
with steep source areas similar in morphometry to Martian gullies.

The model is suitable for our purposes because it does not require the definition of an interstitial fluid.
Instead, in RAMMS flow dynamics are defined through frictional resistance. The model divides the fric-
tional resistance into two parts: a dry-Coulomb type friction u (-) that scales with the normal stress and a
velocity-squared drag or viscous-turbulent friction & (m/s?). The frictional resistance S (Pa) is then

_ Pgu2 . _ 2
S—uN+T with N = ph [gcos 6 + xu?] ¢))
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Table 1
RAMMS Model Parameters
Parameter Value
Variable parameters
Slope failure depth 0.5-2.0m 0.5-m intervals
Coulomb friction 0.05-0.50 0.05 intervals
Viscous-turbulent friction 100-900 m/s? 100-m/s? intervals
Fixed parameters
Gravitational acceleration 3.72m/s?
Stopping momentum 10%
Flow density 1,500 kg/m3
Bed-material (erosion) density 2,000 kg/m3
Erosion rate 0.025m/s
Potential erosion depth 0.1 m/kPa
Critical shear stress 1kPa

Note. RAMMS = RApid Mass Movement Simulation.

where p is the flow density (kg/m3), g is the gravitational acceleration (3.72 m/s? on Mars), h is the flow
height (m), 6 is the slope angle, u is the flow speed parallel to the surface (m/s), and « is the terrain curvature
in the direction of flow (m™!). The friction coefficients are responsible for the behavior of the flow, where
the resistance of the solid phase 4 dominates the flow close to stopping, while the viscous-turbulent friction
& dominates when the flow is running quickly.

Mass flows, such as dry granular flows and debris flows, can erode substantial amounts of bed material
during flow (e.g., Berger et al., 2011; Schiirch et al., 2011; Theule et al., 2015), increasing flow volume and
thus affecting flow behavior and runout. The processes of bed erosion in mass flows are poorly understood
and therefore difficult to predict (e.g., De Haas & Van Woerkom, 2016; Schiirch et al., 2011). The erosion
module of RAMMS is based on field observations in the Illgraben torrent, Switzerland, which indicate that
the depth of erosion increases linearly with basal-shear stress = [Pa] (Frank et al., 2015; Schiirch et al., 2011)
at a specific erosion rate (Berger et al., 2011). The same observations show that relatively small debris flows
do not always erode sediment (Berger et al., 2010; Schiirch et al., 2011), which indicates that mass flows only
erode bed material above a critical shear stress 7, [Pa].

Basal shear stress is defined as
T = pghsin(0) )

where 6 is the channel bed slope. The maximum erosion depth e,, is calculated as

e,=0 for 7<71, 3
e, = %(T -7) for 7>7, 4)

in this scheme sediment is entrained when = > 7, at rate % [m/Pa] until the potential erosion depth e, is

reached. We assume that an erodible substrate is available over the full length of the studied gully flows.

We let flows initiate as shallow landslides (slope failures) of a given area and depth. We assume that the initial
landslide instantaneously starts flowing downslope and is not formed by a series of retrogressive failures.
Flows in RAMMS stop once the initial momentum has declined below a user-defined criterion, which is
defined as a fraction of the initial momentum (set to 10% in our simulations) (Bartelt et al., 2017).

3.2. Choice of Parameters

To constrain the plausible range of initial slope failure volumes and combinations of dry-Coulomb and
viscous-turbulent frictions, we explore the parameter range shown in Table 1. The area of the initial slope
failures was constrained from the HiRISE imagery, and we vary the depth of the initial slope failures that ini-
tiate the mass flows between 0.5 and 2.0 m. We choose this range because we need at least an initial release
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depth (i.e., thickness of the initial failure zone) of ~0.5 m to enable flow initiation and because slope val-
ues deeper than 2.0 m are unrealistic given the subtle changes in observed release areas and the likelihood
of ground ice with overlying lag in the Martian midlatitudes that limits the failure depth. For the friction
parameters we explore a range of values observed in a wide range of terrestrial mass flows (e.g., Allen et
al., 2009; Hussin et al., 2012; Frank et al., 2015; Frank et al., 2017; Schneider et al., 2010). The dry-Coulomb
friction ranges from 0.05 to 0.50. The viscous-turbulent friction ranges between 100 and 1,000 m/s?, where
values between 100 and 200 m/s? generally correspond to solid-dominated flows and values between 200
and 1,000 m/s? correspond to fluid-like flows.

To simulate the observed dry flows we assume a fixed flow density of 1,500 kg/m?3, corresponding to a flow
porosity of 0.5, basaltic particles with a density of ~3,000kg/m3, and CO, gas in between the pores (cf.
Pilorget & Forget, 2016). We further assume that the material that is eroded from the bed has a lower poros-
ity and therefore a bulk density of 2,000 kg/m?. Bed entrainment by mass flows on Earth and Mars is poorly
understood due to a lack of observations (e.g., Berger et al., 2010; De Haas & Van Woerkom, 2016; Iverson
etal.,2011; Schiirch et al., 2011; Theule et al., 2015). Therefore, we base our parameters of erosion rate, poten-
tial erosion depth per unit of shear stress, and critical shear stress for erosion on the only measurements
available (Berger et al., 2011; Frank et al., 2015; Schiirch et al., 2011). We realize that there are uncertainties
related to transferring these values based on terrestrial measurements to Mars and that different parameter
values may yield different results (see Frank et al., 2017, for an extensive sensitivity analysis). The key point
here is that inclusion of bed erosion is critical to reproduce the observed recent flows on Mars that start
from relatively small initial slope failures. Moreover, the flows are observed to erode material while flow-
ing through gullies, showing the importance of including this process. Note that we do not consider such
low values of Coulomb friction to represent any realistic physical process, but merely necessary parameter
choices to match observations.

3.3. Parameter Fitting

We back calculate combinations of initial flow volume, dry-Coulomb friction, and viscous-turbulent friction
by comparing model outputs to three types of observations. These are (1) total travel distance, (2) erosion
distance (the distance from the release area to the most downstream point where erosion is observed), and
(3) the flow depth estimated from boulder diameters transported in the flows.

We define the travel distance error as the distance between the simulated and observed travel distance (e.g.,
Mergili et al., 2017). Similarly, we calculate the erosion distance error, which is the distance between the
simulated and observed erosion distance. We combine both into a combined error, where we attribute a
weight of two thirds to the travel distance error and one third to the erosion distance error. We attribute more
weight to the travel distance error, because the erosion distance error partly depends on the travel distance
error and partly because of the unknown erosion parameters that we based on terrestrial values.

3.4. Elevation Model Production and Filtering

We produced a digital terrain model (DTM) for the study site from two HiRISE stereo images;
PSP_002932_1445 and PSP_003209_1445. The DTM was produced with the software packages ISIS3 and
SocetSet following the workflow described by Kirk et al. (2008). The relative vertical precision of the DTM
is 0.11 m, calculated as maximum resolution/5/tan (convergence angle) (cf.Kirk et al., 2008). To minimize
the influence of small errors and uncertainties in the DTM, we applied a 3 x 3 low-pass filter (cf. Kolb et al.,
2010) and thereafter filled sinks via standard GIS procedures.

4. Results

4.1. Observed Release and Flow Conditions

4.1.1. Gully 69

The recent flow in gully 69 has a total travel distance of 700 m (Figure 3 and supporting information movies).
Over its first 600 m of travel the flow was channelized, while the final 100 m of flow was on an unchannelized
depositional fan. The flow initiated at an elevation of 680 m, and reached down to an elevation of 410 m. Near
its initiation point channel slopes are around 35°, and channel slopes are 16-18° in the deposition zone. Net
channel bed erosion was observed in the first 500 m of flow, after which the flow was net depositing in the
final 200 m. The transition from net erosion to net deposition occurred where the channel bed slope dropped
below 16-18°, with net erosion on the steeper slopes upstream of the erosion-deposition transition point. In
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Figure 3. (top) Channel bed elevation, channel bed slopes, observed net erosion, net deposition, and bank collapse
along the studied recent flow, and (bottom) the diameter and location of mobilized (deposited or removed) and
immobile boulders for gully 69 (Figure 1a). Immobile boulders have not moved between the 2007 and 2014 images,
removed boulders were present on the 2007 image but were removed on the 2014 image, and deposited boulders were
not present on the 2007 image but appeared on the 2014 image. See supporting information Figure S2 for boulder
locations. The thick black line corresponds to the elevation, and the thin black line corresponds to the slope.
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Figure 4. (top) Channel bed elevation, channel bed slopes, observed net erosion, net deposition and bank collapse
along the studied recent flow, and (bottom) the diameter and location of mobilized (newly deposited or removed) and
immobile boulders for gully 9 (Figure 1b). Immobile boulders have not moved between the 2007 and 2014 images,
removed boulders were present on the 2007 image but were removed on the 2014 image, and deposited boulders were
not present on the 2007 image but appeared on the 2014 image. See Figure S2 for boulder locations. The thick black
line corresponds to the elevation, and the thin black line corresponds to the slope.
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Figure 5. (top) Channel bed elevation, channel bed slopes, observed net erosion, net deposition, and bank collapse
along the studied recent flow, and (bottom) the diameter and location of mobilized (newly deposited or removed) and
immobile boulders for gully 26 (Figure 1c). Immobile boulders have not moved between the 2007 and 2014 images,
removed boulders were present on the 2007 image but were removed on the 2014 image, and deposited boulders were
not present on the 2007 image but appeared on the 2014 image. See Figure S2 in the supporting information for
boulder locations. The thick black line corresponds to the elevation, and the thin black line corresponds to the slope.

total, 26 boulders were present in the flow path, of which 17 were mobilized by the flow. The diameter of
the mobilized boulders is generally <1 m and decreases downstream.

4.1.2. Gully 9

The recent flow in gully 9 has a travel distance of 630 m (Figure 4). The flow originates from a shallow land-
slide in the catchment headwaters at an elevation of 1,100 m and terminates at an elevation of 880 m (Movies
S1-S8). The flow is channelized for about 530 m and flows over an unchannelized depositional fan for the
final 100 m. Channel bed slopes are approximately 30° in the initiation area and decrease to approximately
15° at the flow terminus. Only six boulders are present in the flow path, likely as a result of the gully alcove
solely cutting into pasted-on material. These boulders are relatively small having diameters ranging from 0.6
to 0.8 m. In total, four of these boulders have been mobilized by the flow, where the boulders in the net ero-
sional zone are generally mobile, while the one boulder in the net depositional zone was immobile. The flow
was net erosional for the first 510 m along its flow path, with a minor net depositional zone around a dis-
tance of 430 m. Bank collapse occurred near the catchment headwaters and around a distance of 300 m. Over
its final 120 m of travel the flow was net depositional. The erosion-deposition transition occurred around a
channel bed slope of 15-16°.

4.1.3. Gully 26

The travel distance of the recent flow in gully 26 was ~1,250 m (Figure 5). The flow originates from two
release areas, with the second release area being ~100 m downstream of the first (Movies S1-S8). The flow
path was fully channelized, with the flow terminating in the channel ~200 m upstream of the gully fan.
The flow initiated at an elevation of 530 m and terminated at an elevation of 110 m. Channel bed slopes in
the initiation area were ~35° and channel bed slopes in the final depositional area were approximately 13°.
A total of 74 boulders were present in the flow path, of which 27 were mobilized by the flow. In general,
boulders with a diameter of 1 m or smaller were mobilized by the flow, while larger boulders were immobile.
In the final 200 m of the flow, roughly corresponding to the net depositional part of the flow, all boulders
were immobile. In the first 800 m of the flow there was net erosion, with observed bank collapses near 200
m travel distance. From 800-1,000 m net erosional and net depositional reaches were alternating, and from
1,000-m travel distance onward the flow was net depositional. The erosion-deposition point occurs at around
a channel bed slope of 13-14°.
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Figure 6. Model performance for gully 69. (a-d) Travel distance error for release depths of 0.5, 1.0, 1.5, and 2.0 m, respectively. (e-h) Erosion distance error for
release depths of 0.5, 1.0, 1.5, and 2.0 m, respectively. (i-1) Combined error of travel distance and erosion distance for release depths of 0.5, 1.0, 1.5, and 2.0 m,
respectively. To obtain the combined error we appoint a weight of two thirds to the travel distance error and one third to the erosion distance error.

4.2. Back Calculation of Release Depth and Friction Parameters

4.2.1. Gully 69

For gully 69 there are no flows with a release depth of 0.5 and 1.0 m that are able to reproduce the observed
travel and erosion distance (Figure 6). For release depths of 1.5 and 2 m, the travel distance is roughly repro-
duced by flows with a dry-Coulomb friction () smaller than 0.25. For flows with a release depth of 1.5m
the erosion distance is best reproduced for flows with intermediate dry-Coulomb frictions around 0.25 over
a wide range of viscous-turbulent friction values. For these flows the erosion distance is roughly underesti-
mated by 100 m. A similar trend is visible for flows with a release depth of 2 m, although the range of friction
parameter combinations for which the erosion distance is reasonably reproduced is larger. The erosion dis-
tance is well-reproduced by flows with large dry-Coulomb friction and small viscous-turbulent friction, but
for these flows the runout distance is poorly reproduced. The combined error shows that flows with a release
depth of 1.5 m, small viscous-turbulent friction of 300 m/s? or less and a dry-Coulomb friction of 0.25 or less
yield realistic results. For flows with a release depth of 2 m, realistic results are produced for nearly all flows
with a dry-Coulomb friction of 0.25 or less.

4.2.2. Gully 9

The smallest release depth that is capable of accurately reproducing the travel distance of the recent flow in
gully 9 is 1.0 m (Figure 7). For flows with a release depth of 1.0 m the travel distance is reproduced by flows
with a dry-Coulomb friction of 0.2 and a viscous-turbulent friction of 100-200 m/s?. For a release depth of
1.5 m travel distance is well-reproduced by flows with a dry-Coulomb friction of 0.2 and a viscous-turbulent
friction of 100-500 m/s?. The erosion distance is underestimated for all flows with a release depth of <1.5m.
Flows with a release depth of 2 m and a dry-Coulomb friction of 0.25 accurately reproduce the travel distance
for the full range of simulated viscous-turbulent friction values of 100-900 m/s2. For these flows, the erosion
distance is reproduced for a viscous-turbulent friction value of 500 m/s2.
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Figure 7. Model performance for gully 9. (a-d) Travel distance error for release depths of 0.5, 1.0, 1.5, and 2.0 m, respectively. (e-h) Erosion distance error for
release depths of 0.5, 1.0, 1.5, and 2.0 m, respectively. (i-1) Combined error of travel distance and erosion distance for release depths of 0.5, 1.0, 1.5, and 2.0 m,
respectively. To obtain the combined error we appoint a weight of two thirds to the travel distance error and one third to the erosion distance error.

4.2.3. Gully 26

The runout distance of the recent flow in gully 26 is only reproduced for release depths of 1.5
and 2.0m (Figure 8). For a release depth of 1.5m, model runs with a dry-Coulomb friction of 0.25
and a viscous-turbulent friction of 100-200 reasonably reproduce the observed travel distance, with a
viscous-turbulent friction of 200m/s? yielding the best results. The location of the erosion distance is
also best reproduced by flows with a dry-Coulomb friction of 0.25 and a viscous-turbulent friction of
200m/s?, causing this combination of parameters to yield the best model results. For flows with a
release depth of 2m, runout distance is reasonably reproduced for flows with a dry-Coulomb friction
of 0.25 and viscous-turbulent friction ranging from 100-300 m/s?, where a value of 300 m/s? yields the
best result. The location of the erosion-deposition transition is correctly reproduced by model runs with
a small dry-Coulomb and viscous-turbulent friction, a dry-Coulomb friction of 0.20-0.25 and a large
viscous-turbulent friction, or a dry-Coulomb friction of 0.30-0.35 and a small viscous-turbulent friction. For
a dry-Coulomb friction of 0.25 and a viscous-turbulent friction of 100-300 m/s?, the best-fit values for travel
distance, the erosion distance is poorly reproduced—erosion occurs too far downstream, although in local
patches only. As a result, the combined error for these combinations of friction parameters, reproducing the
observed flows well, is relatively large.

4.3. Most Plausible Flow Conditions

Here we summarize the initial and flow conditions of the most plausible flows for each of the three studied
flows. We define the most plausible flow as the friction parameter combination yielding plausible travel
and erosion distances for the smallest release depth possible, thereby matching the observed subtle release
depths. As such, we find that the most plausible flow for gully 69 has a release depth of 1.5 m, a dry-Coulomb
friction of 0.10, and a viscous-turbulent friction of 100 m/s?. For gully 9 we find a release depth of 1.0 m, a
dry-Coulomb friction of 0.2, and a viscous-turbulent friction of 200 m/s?. For gully 26 we find a release depth
of 1.0m, a dry-Coulomb friction of 0.25, and a viscous-turbulent friction of 200 m/s? (Figures 9 and 10).

DE HAAS ET AL.

2255



~1
AGU

Journal of Geophysical Research: Planets 10.1029/2018JE005899

200

400

600

800

200

400

600

800

200

400

600

800

(@)

om

100 m

200 m

0.1 02 03

I

Release depth 0.5 m

Release depth 1 m Release depth 1.5 m Release depth2 m

10149 @2ue)SIp-|aAel ]

10.149 32ue)SIp-uoIsol]

10143 paulIquiod

04 05 01 02

Figure 8. Model performance for gully 26. (a-d) Travel distance error for release depths of 0.5, 1.0, 1.5, and 2.0 m, respectively. (e-h) Erosion distance error for
release depths of 0.5, 1.0, 1.5, and 2.0 m, respectively. (i-1) Combined error for release depths of 0.5, 1.0, 1.5, and 2.0 m, respectively. To obtain the combined
error we appoint a weight of two thirds to the travel distance error and one third to the erosion distance error.

The initial release volumes for gullies 69, 9, and 26 are 141, 111, and 201 m?, respectively (Table 2). All flows
grow in size by eroding sediment, bulking by a factor 2.9, 2.4, and 5.4 for gullies 69, 9, and 26, respectively.
Simulated flow depths and velocities decrease downstream for all flows (Figures 9 and 10). Initial mean
flow velocities are 3-4m/s, and decrease to <1 m/s at the flow terminus. Initial mean flow depths are ~0.6
m and decrease down to 0.5-0.1 m at the flow terminus. Entrainment occurs in the upper parts of the flow
paths, where flow depths are relatively large and the channel is steep (Figures 3-5). Simulated mean entrain-
ment depths are restricted, in the order of ~0.1 m. Material is mostly deposited in the lower reaches of the
flows, and deposit thicknesses are generally largest near the flow terminus. The simulated mean deposit
thicknesses are around 0.1-0.2 m at maximum.

4.4. Boulder Transport

We observe mobile and immobile boulders in the studied recent gully flows. To evaluate the models’ per-
formance to predict boulder transport we therefore compare boulder diameter to the locally simulated
maximum flow depth for the most plausible flow conditions described above.

On Earth, it is commonly assumed that boulder transport on slopes of ~ 6° or steeper occurs by mass flows
(Stock & Dietrich, 2003). Although we are unaware of any work explicitly resolving the critical flow con-
ditions for boulder entrainment and transport in such mass flows, observations from fluvially dominated
streams tell us that boulders are often relatively mobile in steep torrents (e.g., Vollmer & Kleinhans, 2007).
This is the combined result of the large exposure surface of such boulders that therefore experience large
drag forces (e.g., Carling & Glaister, 1987), the reduced specific density of boulders that are fully submerged
compared to those that partly protrude the water surface (e.g., Lamb et al., 2008; Vollmer & Kleinhans, 2007),
and the effects of submergence - that is, particles are more easily entrained with increased submergence
because the area of a particle affected by the flow, and thus the total flow force, increases with submer-
gence (e.g., Vollmer & Kleinhans, 2007). As a first estimate we therefore assume that boulders in Martian
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Figure 9. Simulated flow conditions for plausible simulations of the study sites. (a-d) Maximum flow depth, maximum
flow velocity, maximum erosion depth, and final deposit thickness for a flow with a release depth of 1.5m, a
dry-Coulomb friction of 0.10, and a viscous-turbulent friction of 100 m/s? in gully 69. (e~h) As above for a flow with a
release depth of 1.0m, a dry-Coulomb friction of 0.20, and a viscous-turbulent friction of 200 m/s? in gully 9. (i-1) As
above for a flow with a release depth of 1.5m, a dry-Coulomb friction of 0.25, and a viscous-turbulent friction of

200 m/s? in gully 26. The black outlines indicate the observed release and depositional areas. HiRISE image
ESP_038218_1445.
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gullies may be entrained and transported once flow depth equals or exceeds the boulder diameter. Segrega-
tion effects are also likely to be significant.

Via this approach we are able to accurately reproduce the observed boulder movement in gully 26
(Figure 11). For gully 69, however, the flow depth is always shallower than the boulder size, while for gully
9 boulder mobility and immobility are also poorly reproduced. This may be explained by (1) local maxima
in flow depth not resolved by the model that caused boulder movement, (2) the underestimation of ero-
sion distance by the model for gullies 69 and 9 in turn leading to underestimation of flow depth, or (3) an
unknown additional process that contributes to boulder movement.

5. Discussion

5.1. Recent Flows in Martian Gullies

5.1.1. Initial and Flow Conditions

Observations of the recent flows in Hale crater indicate that they are generated by restricted release areas,
erode bed and bank sediments when traversing down the gully and form deposits with restricted thick-
ness estimated to be in the order of a few decimeters at maximum (e.g., Kolb et al., 2010). We are able
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Table 2

Best Fit Model Run Initiation and Flow Characteristics

Flow characteristic 69 9 26
Release depth (m) 1.5 1.0 1.5
Release volume (m?) 141 111 201
Eroded volume (m3) 274 152 876
Final volume (m3) 415 263 1,077
Bulking factor (-) 2.9 2.4 5.4
Dry-Coulomb friction (-) 0.1 0.20 0.25
Viscous-turbulent friction (m/s%) 100 200 200

to successfully reproduce these observed initial and flow conditions through simulations with RAMMS
(Table 2). We back calculate that the three studied recent flows in Hale require minimum release depths
of 1.0-1.5m and initial release volumes of 100-200 m3. These flows grow in size by a factor ~2.5-5.5 by
entraining bed materials. Entrainment is necessary to meet the observed travel distance and deposits—in
the absence of entrainment and bulking the flows have a travel distance that is too short. The reproduced
mean cross-channel flow velocities are in the range of 3-4 m/s near the release area where channel slopes
are large and decrease to ~1 m/s near the flow termination point (Figures 9 and 10). Mean cross-channel
flow depths generally decrease from 0.5-1 m near the release area to 0.1-0.2 m near the flow terminus. The
mean cross-channel erosion depth and deposition thickness are generally subtle, in the order of 0.1-0.2 m,
in line with observations of limited erosion depth and deposit thickness.

The back-calculated flow velocities for the recent flows in Hale crater are in the range of flow velocities
obtained semiempirically for flows in gullies forming on the lee side of the Russell crater dune: of 1-7 m/s
obtained from levee asymmetry (Mangold et al., 2003) and 5-7 m/s inferred from the Manning equation
(Jouannic et al., 2012). The only two previous studies that modeled recent flows in Martian gullies with a
2-D depth-averaged model running over 3-D topography were performed with FLO-2D (Kolb et al., 2010;
Pelletier et al., 2008), wherein entrainment is neglected and flows are released through a hydrograph rather
than a shallow landslide. For a recent flow in Penticton crater with a travel distance of 1,250 m and similar
release and depositional slopes to those of the flows in Hale crater studied here, Pelletier et al. (2008) back
calculated a flow volume of 2,500 m3, a maximum flow depth of 1.0 m (excluding the proximal flow region),
and a maximum flow velocity of ~8 m/s. Kolb et al. (2010) back-calculated flow conditions of two recent
flows in the same study area in Hale crater as studied here, simulating wet sediment-rich flows. They found
flow volumes of 2,400 and 3,200 m3, and mean channel velocities of 2-3 and 3-4 m/s, respectively. Inferred
deposit thicknesses of 1- to 2-m thick for both flows. Observed flow volumes were 385 and 940 m3, respec-
tively, and thus almost an order of magnitude smaller than those inferred from the model, and observed
deposit thicknesses of a few decimeters at maximum were also overestimated by an order of magnitude.
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By using an initial slope failure and including bed entrainment and flow bulking, we are thus able to
more accurately reproduce the observed initial, flow and depositional conditions of recent flows in Martian
gulllies, highlighting the importance of these processes in recent gully flows. The limited back-calculated
release and erosion volumes confirm previous findings that Martian gullies must have formed by the com-
bined effect of tens of thousands of flows to obtain their current morphology (e.g., De Haas et al., 2015b;
Dundas et al., 2015).

5.1.2. Erosion-Deposition Transition

The studied recent flows in Hale crater changed from erosion to deposition at slopes ranging from 13-14°
in gully 26, 15-16° in gully 9 to 16-18° in gully 69. Pelletier et al. (2008) pointed out that dry granular flows
typically deposit on slopes of around 21°, but this is very far from values observed in experiments where
angles >30° are typical for natural materials. Presumably much of this difference is due to the slope angle
changing significantly during the time taken for the flow to stop.

The static angle of repose on Mars is currently under debate. Kleinhans et al. (2011) claim that the static
angle of repose on Mars is a few degrees larger than that on Earth as a result of the lower gravity, while
experimental observations from Balmforth and McElwaine (2018) and observations on Mars (Atwood-Stone
& McEwen, 2013) suggest no change. Nevertheless, Balmforth and McElwaine (2018) show that there
is a wide range of angles over which failure and erosion can occur even in a completely controlled set-
ting. In the natural, uncontrolled, environment there are additional factors affecting erosion, including
flow depth, flow velocity, composition of the bed material, and composition of the flow (e.g., De Haas &
Van Woerkom, 2016).

The critical slopes for erosion observed in the recent flows in Hale crater are in the range of those observed
for terrestrial debris flows. On Earth, critical slopes for debris flow erosion in natural torrents range from
~9° in two torrents in the French Alps (Theule et al., 2015), 8-12° (Hungr et al., 1984) or 12-15° (Guthrie
et al., 2010) for debris flows in British Columbia, 16° on the Kamikamihora fan in Japan (e.g., Okuda &
Suwa, 1984; Takahashi, 2009) and 19° for hillslope debris flows in Iceland (Conway et al., 2010).

In summary, the observed critical erosion slope in Hale crater falls within the range observed for terrestrial
wet sediment gravity flows, but is lower than would be expected by typical dry natural materials with angles
of >30° (u > 0.58). Since there is no likely source of liquid water for the studied Martian flows, this strongly
suggests that another mechanism is at work; likely partial fluidization by CO, sublimation. The relatively
large critical slope for erosion in Martian gullies may also be the result of the absence of liquid water in the
bed. Most terrestrial debris flows are triggered during high-intensity rainfalls, which increases the water
content in the bed before passage of a debris flow. This increases the erodibility of the channel bed as a
result of increased pore pressure (Iverson et al., 2011; Reid et al., 2011). As the studied Martian flows are
almost certainly generated under dry conditions, this may thus also explain their critical erosion slopes at
the upper end of the terrestrial spectrum, although we do not know how solid CO, in the channel bed may
affect critical slopes for erosion.

5.1.3. Fluidization by CO, Sublimation

We are able to reproduce the observed flow properties for flows with a dry-Coulomb friction in the range
of 0.1-0.25 and a viscous-turbulent friction of 100-200 m/s? (Table 2). These friction values are similar
to those found by back calculation of a wide range of terrestrial debris flows, while they differ from the
friction values found by back calculation of a wide range of rock avalanches, ice-rock avalanches, snow
avalanches, and a pyroclastic flow that have larger dry-Coulomb and viscous-turbulent friction values
(Figure 12). Note that the frictional resistance of the flows increases with increasing values of dry-Coulomb
friction () and decreases for increasing numbers of viscous-turbulent friction (&), as given by equation
(1). Small viscous-turbulent friction values (<200 m/s?) are typically found for granular debris flows while
relatively large viscous-turbulent friction values are typically found for more viscous and muddy debris flows
(>200m/s?) (Bartelt et al., 2017). This is consistent with observations of recent gully flows on Mars, which
are often hypothesized to be granular flows fluidized by gas pressure induced by CO, sublimation (e.g.,
Diniega et al., 2010; Dundas et al., 2012; Dundas et al., 2015; Dundas et al., 2017; Pilorget & Forget, 2016;
Pasquon et al., 2019). Our model results thus suggest that the fluidization obtained by CO, sublimation is
of the same order of the fluidization obtained by water in terrestrial granular debris flows.

Our results provide quantitative data to test and refine the qualitative model of Dundas et al. (2017) for the
fluidization of the CO,-triggered recent flows in Martian gullies, in which gas generation occurs via two
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Figure 12. Voellmy friction parameter combinations of the recent flows in Hale crater and terrestrial values obtained
from back calculations with RAMMS and DAN(3D) from a wide range of debris flow, rock avalanche (also containing
debris avalanches and landslides), ice-rock avalanches, snow avalanches, and a pyroclastic flow. See Appendix A for
source data of the terrestrial values. The shaded boxes are two-dimensional boxplots of all data per flow type, where
boxes indicate quartiles, line crossings indicate the median, and whiskers indicate the 10th and 90th percentiles. See
Table A1l for source data. RAMMS = RApid Mass Movement Simulation.

effects within a mix of sediment and CO, ice tumbling down a gully. Dundas et al. (2017) hypothesize that
the potential energy of falling material is initially converted to kinetic energy but ultimately dissipates as
heat or latent heat loss (sublimation) if buffered at the CO, frost point temperature. Subsequently, eroded
sediment from the shallow subsurface or unfrosted areas will be warmer than the ice, and could cause
additional sublimation. We suggest that this sediment may also contain additional CO, ice. Mixing within
the falling material will allow the generated heat to be transferred to the CO, frost, causing sublimation,
enhancing the gas pressure within the pores of the flowing mass leading to fluidization of the flow. Below,
we quantitatively test if our back-calculated flow conditions can be explained by CO, sublimation fluidizing
the flow under Martian atmospheric conditions.

When a mass flow contains a volume fraction ¢ (-) of CO, frost, then, where bed entrainment is happening
at rate Q (m/s), there will be a volume flux of CO, frost ¢0 being entrained into the bottom of the flow and
this then sublimates rapidly to produce a volume flux g, of gaseous CO, (m/s) within the flow:

g, = 2 pQ ®)
Pg

where p; is the CO, solid density (1.6 x 10° kg/m*) and p, is the CO, gas density (1.0 x 10~* kg/m?) at an
assumed pressure of 500 Pa and a temperature of 270 K. We use assumed pressure and temperature because
we did not know the exact timing of the studied flows. Assuming other reasonable values of pressure and
temperature would slightly affect CO, gas density and viscosity but would not affect our overall results.
The large size of the % ratio on Mars (1.6 x 10°) means that even a very low entrainment rate of CO, ice
can produce signiﬁcarft flow rates of gas and a substantial pore pressure. On Earth atmospheric pressure is
100-200 times larger, which increases the density of CO, gas by a similar factor, yleldlng 2 2 800-1,600.
Thus a much higher volume fraction of CO, and a correspondingly higher heat flux would be necessary to
fluidize a flow by CO, sublimation on Earth.

Applying Darcy's law to a mass flow with a flow depth h (m) with permeability k yields a basal pore pressure:

hq,v
p=— ©)
where v is the viscosity of CO, gas (1.3 x 107> Pa/s). The solid normal stress at the bottom of the flow will

be reduced by this pore pressure to

N=psghcose—p=psghc059—hVTQﬂqs ™

Pg
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where p, is the sediment density (~3,000 kg/m?), and p is the pore pressure of CO, gas within the flow (Pa).
The Coloumb frictional component of resistance is then reduced to

S = (p,ghcosd —p)

=u <psghcos9 - m—Qﬁd))
k Pg

VQ Pi
= hcosf({1— ————¢ ).
pogneoso (1 205 0)

®)

Thus, the reduction in friction is linear with ¢ and the flow will be completely fluidized when the volume
fraction (-) of solid CO, is

b= kpsgpg cosf

- C)

vp;Q
The minimum required volume fraction of CO, that is required to fluidize the flow is thus independent of
the flow depth h. Although a thicker flow needs a higher pore pressure to support it, the pore pressure is
proportional to flow depth because of Darcy's law.

Now consider the time scale over which the suspension can be maintained. Suppose that the erosion is rapid
compared to the escape of the gas. Then since e,, meters of sediment is eroded, this will introduce e, meters
of CO, gas into the flow where

Di
e, = e, —. (10)
Pq

The flow rate of this gas through the bulk of the material is

k dp
- 11
e (1)
from Darcy's law. This sets the rate at which the CO, gas produced by entrainment escapes so that
de d hp.gcosf
s _ _kdp _ _khps8COSO (12)
dt vdz v h
Once again the flow depth cancels out and we have the simple solution:
/ kp,gcos 6
eg = d)emﬁ — tﬂ (13)
p
g

where ¢ is time (s). The flow will be suspended while the gas is still flowing, that is, while e, > 0 so the
suspension stops when ¢,(t) = 0. Thus, the approximate time of suspension (T in s) is then

Pi \%

T= —_——
e Py kp,gcos

(14)

This result is in contrast to usual pore pressure diffusive time scales (e.g., wet debris flows), which we would
expect to scale as the flow thickness squared. This is because though a thicker flow makes it harder for the
gas to escape, the driving pressure is correspondingly larger.

These calculations show that CO, sublimation is able to fluidize the studied recent flows in Hale crater
(Figures 9 and 10). Assuming a channel slope of 20°, a maximum entrainment depth of 0.1 m, and a sediment
density of 3,000 kg/m3, we find that to fluidize a flow at an entrainment rate of 0.025 m/s, as used in our
RAMMS simulations and within the range of erosion rates in recent flows in gullies in the Russell crater dune
(Jouannic et al., 2012), we need volume fractions of CO, ranging from 2 x 102 to 2 X 107 for a permeability
ranging from 10710 to 107 m?, respectively (Figure 13a). This corresponds to a surficial frost layer of only 2
x 1073 to 2 x 107° m, respectively, and even less if we assume that part of this frost is within the pores of the
eroded sediment. Very low fractions of CO, are thus required to fluidize the flows at these conditions. The
energy necessary to sublimate such small quantities of CO, necessary for fluidization will be negligible. For
very small erosion rates, large volume fractions of CO, are needed in relatively permeable flows to maintain
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Figure 13. Minimum required volume fraction of CO, in the sediment needed to fluidize the flow (a) and the time
needed for the minimum required volume fraction of CO, to escape the flow (b), as a function of sediment erosion rate.
See Table 3 for input parameters. The dashed gray line indicates the erosion rate used in RAMMS, while the gray band
indicates the range of erosion rates found on the Russell crater dune gullies by Jouannic et al. (2012). RAMMS = RApid
Mass Movement Simulation.

fluidization. For example, for a flow with a permeability of 10~7 m? a CO, volume fraction of 0.1 or higher is
needed when the erosion rate becomes smaller than 2 x 1072 m/s, and an erosion rate of 5 x 1073 is required
for flows with a permeability of 108 m?—such large quantities of CO, are likely not present on the surface
of Martian gullies.

CO, ice creates spectral signatures at near-infrared wavelengths in CRISM (Compact Reconnaissance Imag-
ing Spectrometer for Mars; Murchie et al., 2007) and OMEGA (Observatoire pour la Minéralogie, 1'Eau, les
Glaces, et I'Activité; Bibring et al., 2005) near-infrared data that enable identification and characterization
of thin ice deposits (typically few hundreds of micrometers of CO, ice; Vincendon, 2015). We thus find that
the CO, frost thickness at the surface that is required to obtain fluidization is around the detection limit and
possibly below it.

We can only guess the permeability of contemporary flows in Martian gullies. The hydraulic permeability
of terrestrial debris flows typically ranges between 10~!* and 10~° m? (De Haas et al., 2015d; Iverson, 1997;
Iverson et al., 2010), but the back calculated granular nature of the recent flows in Hale crater suggests
that the Martian contemporary gully flows may have a relatively high permeability, although this remains
speculative. In the terrestrial environment, where ? is much smaller, the minimum volume fraction of CO,

to fluidize a flow is a ~200 larger (Figure 13a).

Table 3
Parameters for Modeling of Fluidization by CO, Sublimation in Figure 13
Parameter Value
Variable parameters
Erosion rate Q 10~4-10"1 m/s
Flow permiability k 10710107 m?
Fixed parameters
Sediment density pq 3,000 kg/m?3
CO, solid density p; 1.6 x 103 kg/m?3
CO, gas density py 1.0 x 102 kg/m3
CO, viscosity 1 1.3x 1075 Pa/s
Depth of eroded CO, gas e, 0.1m
Channel gradient 6 20°
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Figure 13b gives the time it takes for the minimum fraction of CO, required to fluidize a flow, as given in
Figure 13a, to fully escape the flow. This time can be interpreted as the maximum time over which flu-
idization can be maintained. For flows with an erosion rate of 0.025 m/s and a permeability ranging from
1071° to 107 m? this time ranges from 0.4 to 400 s, respectively. Given that the minimum amounts of CO,
required to fluidize the flow are very small for low-permeability flows, larger amounts of CO, are probably
entrained. The model thus shows that it is likely for contemporary flows in Martian gullies to remain flu-
idized for at least tens of seconds to minutes, corresponding to the back-calculated length of the flow events
of approximately 300-1,500 s during which time bed material is entrained.

In short, our model shows that CO, sublimation may indeed fluidize recent flows in Martian gullies.
Although our calculations have neglected many features, including compressibility and expansion lead-
ing affecting permeability, the calculations show that even very small amounts of CO, can have a strong
and long-lasting fluidization effects. The fluidization effect of CO, sublimation is so strong under Martian
conditions that changes in permeability by several orders of magnitude would not affect our conclusions.

5.2. Gravitational Effects in RAMMS

Our model is sensitive to gravity. In the Voellmy-Salm fluid model (Salm, 1993; Voellmy, 1955) used in
RAMMS, gravity cancels out in the flow equations. However, the entrainment model used in RAMMS intro-
duces gravity dependence as follows. Basal shear stress, which determines the amount of entrainment,
depends on gravity (equation (4)). Mars's gravity is about 2.5 times less than that on the Earth, and therefore
basal shear stress is similarly smaller on Mars. However, if the material is noncohesive, the forces resisting
entrainment will be reduced in proportion. So there is no reason to expect significant differences. If, how-
ever, there are cohesive forces resisting entrainment, then entrainment rates would be reduced on Mars.
For the fixed entrainment parameters that we have applied here, we only correctly back calculate travel dis-
tance and erosion distance for gully 26, whereas we underestimate the erosion distance for gullies 9 and 69
suggesting that the erosion threshold could be lower for these gully systems.

6. Conclusions

We have modified the RAMMS debris flow and avalanche model to permit its use under Martian conditions,
in order to back calculate and infer initial and flow conditions in three recent flows in gullies on the wall of
Hale crater on Mars. These flows are generally believed to have been formed by CO, sublimation, and here
we constrain their initial failure conditions, flow dynamics including velocity and flow depth, and the rate
of fluidization within the flows.

The studied flows are typical for recent flows in gullies on Mars. They are generated from a restricted slope
failure in the gully catchment, erode bed, and bank material, mobilize boulders >0.5m during flow, and
have a final deposit with a restricted thickness of a few decimeters at maximum. We are able to accurately
reproduce the observed flows, and find that the flows require a slope failure with a minimum release depth
of 1.0-1.5m, corresponding to release volumes of 100-200 m3. The flows grow in size by a factor ~2.5-5.5
by entraining bed materials, and entrainment is necessary to meet the observed travel distance. Mean flow
velocities in the channel generally decrease from 3-4 to ~1 m/s, and flow depths decrease from 0.5-1 to
0.1-0.2 m, from the alcove headwaters to the flow termination point. Transition from erosion to deposition
typically occurs around slopes of 13-18°, and both mean erosion depth and deposition are generally subtle,
around 0.1-0.2 m.

Based on back calculation of the Voellmy-Salm friction parameters, we show that the recent flows in Mar-
tian gullies experience similar friction as debris flows on Earth, and differ from terrestrial rock avalanches,
ice-rock avalanches, snow avalanches, and pyroclastic flows. Specifically, our model results suggest that the
fluidization in contemporary flows in Martian gullies is of the same order as the fluidization in terrestrial
granular debris flows. The best-fit friction parameters are a dry-Coulomb friction of 0.1-0.25, well below
that of any natural materials, and a viscous-turbulent friction of 100-200 m/s. Through a novel model for
mass flow fluidization by CO, sublimation, we show that very small volumetric fractions of CO, of «1%
within mass flows may yield gas fluxes that are large enough to fluidize and enhance the mobility of recent
flows in Martian gullies.

Appendix A: Viellmy Resistance Parameter Combinations From Literature

Vellmy resistance parameter combinations from literature, used as source data for Figure 12.
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Table Al
Source Data for Figure 12

Release

Flow volume I3 Back
type (m?) u (m/s?) Model calculated Entrained Location Reference
DF 1.50E+3 0.12 500 RAMMS yes yes Gadria, Italy De Finis et al. (2018)
DF 1.50E+4 0.08 300 RAMMS yes no Arundakopfbach, Italy Scheidl et al. (2013)
DF 7.00E+4 0.18 350 RAMMS yes no Seefeldbach, Italy Scheidl et al. (2013)
DF 1.00E+5 0.07 200 RAMMS yes no Illgraben, Switzerland Berger et al. (2012)
DF 1.50E+4 0.18 500 RAMMS yes no Fiames 1, Italy Cesca and d'Agostino (2008)
DF 1.06E+4 0.2 40 RAMMS yes no Fiames 2, [taly Cesca and d'Agostino (2008)
DF 4.68E+4 0.19 15 RAMMS yes no Fiames 3, [taly Cesca and d'Agostino (2008)
DF 1.10E+4 0.37 40 RAMMS yes no Fiames 4, [taly Cesca and d'Agostino (2008)
DF 5.20E+3 0.39 100 RAMMS yes no Fiames 5, [taly Cesca and d'Agostino (2008)
DF 2.10E+3 0.45 1,000 RAMMS yes no Fiames 6, [taly Cesca and d'Agostino (2008)
DF 1.00E+4 0.225 130 RAMMS yes no Dorfbach, Switzerland Deubelbeiss and Graf (2013)
DF 1.27E+2 0.4 200 RAMMS yes no Napf, Switzerland Fan et al. (2017)
DF 6.50E+4 0.3 200 RAMMS yes yes Spreitgraben, Switzerland Frank et al. (2015)
DF 1.00E+1 0.6 200 RAMMS yes yes Meretschibach, Switzerland Frank et al. (2017)
DF 0.3 400 RAMMS yes yes Bondasca, Switzerland Frank et al. (2017)
DF 1.67E+4 0.06 500 RAMMS yes yes Faucon, France Hussin et al. (2012)
DF 2.50E+4 0.11 200 RAMMS yes no Reiselehnrinne, Austria Schraml et al. (2015)
DF 2.56E+5 0.35 500 RAMMS yes yes Leva Reka, Serbia Krusic¢ et al. (2018)
DF 1.80E+2 0.1 1,400 RAMMS yes no Disentis, Switzerland McArdell and Bartelt (2012)
DF 7.10E+1 0.4 150 RAMMS yes no Alpachstad, Switzerland Loup et al. (2012)
DF 2.90E+2 0.2 1,000 RAMMS yes no Reggisberg, Switzerland Loup et al. (2012)
DF 3.00E+1 0.1 500 RAMMS yes no Kniz, Switzerland Loup et al. (2012)
DF 2.50E+3 0.15 150 RAMMS yes no Walchensee, Germany Scheuner et al. (2011)
DF 2.25E+4 0.11 200 RAMMS yes no Reiselehnrinne, Austria Schraml et al. (2015)
DF 2.25E+4 0.08 400 DAN3D yes no Reiselehnrinne, Austria Schraml et al. (2015)
DF 1.00E+4 0.07 300 RAMMS yes no Festetic, Austria Schraml et al. (2015)
DF 1.00E+4 0.07 300 DAN3D yes no Festetic, Austria Schraml et al. (2015)
DF 1.00E+4 0.12 500 RAMMS yes no Corno, Italy Simoni et al. (2012)
DF 3.00E+3 0.27 500 RAMMS yes no Campipietra, Italy Simoni et al. (2012)
DF 3.46E+4 0.1 200 RAMMS yes no Valburga, Italy Simoni et al. (2012)
DF 9.50E+4 0.15 100 RAMMS yes no Lega01, Italy Simoni et al. (2012)
DF 3.50E+4 0.1 110 RAMMS yes no Lega02, Italy Simoni et al. (2012)
DF 1.70E+4 0.1 150 RAMMS yes no Lega03, Italy Simoni et al. (2012)
DF 3.50E+3 0.14 400 RAMMS yes no Becolle, Italy Simoni et al. (2012)
DF 5.00E+2 0.15 500 DAN3D yes yes Tsing Shan, Hong Kong Hungr (2008)
DF 9.20E+4 0.08 200 DAN-W yes no Hummingbird Creek, Canada McKinnon et al. (2008)
DF 6.40E+3 0.06 120 - yes no Kamikamihori, Japan Naef et al. (2006)
DF 1.75E+2 0.07 200 DAN yes yes Avella, Italy Revellino et al. (2008)
DF 9.00E+5 0.1 1,000 DAN3D yes yes Zymoetz River, Canada McDougall et al. (2006)
DA 3.10E+3 0.3 1,750 DAN3D yes no DA-1, Faroe Islands Dahl et al. (2013)
DA 5.49E+2 0.3 1,750 DAN3D yes no DA-2, Faroe Islands Dahl et al. (2013)
DA 6.36E+2 0.48 1,750 DAN3D yes no DA-3, Faroe Islands Dahl et al. (2013)
DA 1.93E+3 0.19 1,750 DAN3D yes no DA-4, Faroe Islands Dahl et al. (2013)
LL 2.82E+6 0.42 2,000 RAMMS no no Xinzhuang, China Chung et al. (2018)
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Table Al Continued

Release
Flow  volume é Back
type (m3) " (m/s®)  Model calculated  Entrained Location Reference
LL 1.50E+6  0.18 400 RAMMS yes no Chenjiaba, China Huang et al. (2017)
LL 5.00E+6  0.13 450 DAN3D yes yes Andins Valley, Switzerland Hungr and McDougall (2009)
LL 3.60E+7 0.1 500 DAN3D yes no Frank Slide, Canada McKinnon et al. (2008)
LL 4.73E+7 0.15 500 DAN3D yes no Hope Slide, Canada McKinnon et al. (2008)
RA 3.60E4+7 0.1 500 DAN3D yes yes Frank Slide 1903, Canada Hungr (2008)
RA 1.10E+7  0.19 2,100 RAMMS yes no Mount Fletcher 1992, New Zealand Allen et al. (2009)
RA 1.50E+5  0.14 3,000 RAMMS yes no Vampire Peak 2008, New Zealand Allen et al. (2009)
RA 1.50E+5  0.14 2,000 RAMMS yes no Vampire Peak 2008, New Zealand Allen et al. (2009)
RA 0.01 2,000 RAMMS yes no Huascaran 1970, Peru Allen et al. (2009)
RA 0.15 4,000 RAMMS yes no Mt Cook 1991, New Zealand Allen et al. (2009)
RA 0.2 2,000 RAMMS yes no Brenva 1997, Italy Allen et al. (2009)
RA 0.05 2,700 RAMMS yes no Kolka-Karmadon 2002, Russia Allen et al. (2009)
RA 0.08 2,000 RAMMS yes no Liamna 2003, Alaska Allen et al. (2009)
RA 9.40E+4  0.05 400 DAN3D yes yes Eagle Pass, Canada Hungr and Evans (2004)
RA 3.75E+5  0.05 400 DAN3D yes yes Nomash River, Canada Hungr and Evans (2004)
RA 3.00E+7 0.1 500 DAN yes yes Val Pola, Italy Hungr and Evans (1996)
RA 3.00E+7 0.2 1,000 RASH3D  yes no Val Pola, Italy Pirulli and Mangeney (2008)
RA 3.00E+7 0.1 700 DAN yes yes Frank Slide, Canada Hungr and Evans (1996)
RA 3.00E+7 0.1 700 RASH3D  yes no Frank Slide, Canada Pirulli and Mangeney (2008)
RA 2.50E+6 0.05 1,000 DAN3D yes no Thurwieser, Italy Sosio et al. (2008)
RA 2.00E+8  0.02 250 DAN-W yes no Avalanch Lake, Canada McKinnon et al. (2008)
RA 3.00E+6 0.125 500 DAN-W yes no Jonas Creek, Canada McKinnon et al. (2008)
RA 9.40E+5  0.05 400 DAN-W yes no Eagle Pass, Canada McKinnon et al. (2008)
RA 3.00E+5 0.05 400 DAN-W yes no Nomash River Slide, Canada McKinnon et al. (2008)
RA 7.20E+5 0.1 1,000 DAN3D yes no Zymoetz River, Canada McKinnon et al. (2008)
RA 7.40E+7 0.1 500 DAN3D yes no McAuley Creek, Canada McKinnon et al. (2008)
RA 1.10E+7  0.12 400 DAN3D yes yes Leyte Island, Phillippines Evans et al. (2007)
RI 3.50E+5 0.12 1,000 RAMMS yes yes Mount HualcAan, Peru Schaub et al. (2016)
RI 6.20E+6 0.1 4,650 RAMMS yes yes Iliama Red Glacier, Alaska Schneider et al. (2012)
RI 1.18E+7 0.15 4,000 RAMMS yes yes Mt Cook 1991, New Zealand Schneider et al. (2012)
RI 8.05E+7  0.052 1,525 DAN3D yes yes Mount Steele, Canada Lipovsky et al. (2008)
SA 6.00E4+4  0.19 2,100 RAMMS no no Zengili, Turkey Aydin et al. (2014)
SA 6.00E+4  0.24 1,500 RAMMS no no Yaylan, Turkey Aydin et al. (2014)
SA 3.04E4+4  0.19 2,500 RAMMS yes no Davraz Ski Center, Turkey Aydin et al. (2017)
SA 1.03E+5 0.155 2,000 RAMMS no yes A 816, Switzerland Bartelt et al. (2012)
SA 1.03E+4  0.38 1,000 RAMMS yes no Cerro Ventana, Argentina Casteller et al. (2008)
SA 0.2 250 RAMMS yes yes Gatschiefer, Switzerland Christen et al. (2008)
SA 1.75E+5  0.16 2,000 RAMMS yes yes In den Arelen, Switzerland Christen et al. (2010b)
SA 519E+4 04 300 RAMMS yes yes Vallée de la Sionne 5233, Switzerland  Christen et al. (2010c)
SA 7.86E+4  0.46 600 RAMMS yes yes Vallée de la Sionne 506, Switzerland Christen et al. (2010c)
SA 5.00E+3 0.55 1,500 RAMMS no yes Mixed (dry-wet avalanche); general Dreier et al. (2014)
SA 2.00E+4 0.55 1,800 RAMMS yes yes Vallée de la Sionne 628, Switzerland Dreier et al. (2016)
SA 3.00E+4 0.55 2,000 RAMMS yes yes Vallée de la Sionne 816, Switzerland Dreier et al. (2016)
SA 5.00E+3  0.26 2,000 RAMMS no yes Swiss and German Alps Feistl et al. (2014)
SA 1.00E+4  0.32 3,0000 RAMMS yes yes Vassdalen, Norway Issler et al. (2012)
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Table Al Continued
Release

Flow volume E Back
type (m?3) " (m/s?) Model calculated Entrained Location Reference
SA 1.05E+4 0.4 3,0000 RAMMS yes yes Gaukheidalen, Norway Issler et al. (2012)
SA 3.60E+4 0.22 2,200 RAMMS yes yes Indre Standal, Norway Issler et al. (2012)
SA 2.24E+2 0.6 2,000 RAMMS yes yes Seehore March 2010, Italy Maggioni et al. (2012)
SA 7.10E42 0.5 2,000 RAMMS yes yes Seehore December 2010, Italy Maggioni et al. (2012)
SA 2.04E+2 0.6 2,000 RAMMS yes yes Seehore 5 march 2011, Italy Maggioni et al. (2012)
SA 1.32E+3 0.5 2,000 RAMMS yes yes Seehore 19 march 2011, Italy Maggioni et al. (2012)
SA 9.38E+4 0.4 1,300 RAMMS yes yes Gatschiefer, Switzerland Vera Valero et al. (2015)
SA 6.49E+4 0.4 1,300 RAMMS yes yes Salezer, Switzerland Vera Valero et al. (2015)
SA 2.42E+2 0.55 1,300 RAMMS yes yes Andina, Chile Vera Valero et al. (2015)
SA 6.96E+3 0.5 1,300 RAMMS yes yes Bird Hill, Alaska Vera Valero et al. (2015)
SA 0.13 3,500 VARA yes no Isafjrdur, Iceland Barbolini et al. (2000)
SA 0.15 3,500 SFISAR yes no Isafjrdur, Iceland Barbolini et al. (2000)
SA 0.15 3,500 MN2D yes no Isafjrdur, Iceland Barbolini et al. (2000)
SA 0.35 4,500 VARA yes no Mettlenruns, Switzerland Barbolini et al. (2000)
SA 0.35 1,500 SFISAR yes no Mettlenruns, Switzerland Barbolini et al. (2000)
SA 0.3 1,000 MN2D yes no Mettlenruns, Switzerland Barbolini et al. (2000)
SA 0.35 2,000 VARA yes no Pastuira, Spain Barbolini et al. (2000)
SA 0.35 1,500 SFISAR yes no Pastuira, Spain Barbolini et al. (2000)
SA 0.4 1,000 MN2D yes no Pastuira, Spain Barbolini et al. (2000)
SA 0.18 3,500 VARA yes no Ribal, France Barbolini et al. (2000)
SA 0.2 1,000 SFISAR yes no Ribal, France Barbolini et al. (2000)
SA 0.22 1,000 MN2D yes no Ribal, France Barbolini et al. (2000)
SA 0.2 3,500 VARA yes no Voltage, Italy Barbolini et al. (2000)
SA 0.28 1,500 SFISAR yes no Voltage, Italy Barbolini et al. (2000)
SA 0.3 1,000 MN2D yes no Voltage, Italy Barbolini et al. (2000)
PF 4.20E+4 0.19 1,000 DAN3D yes no Stomboli volcano, Italy Salvatici et al. (2016)

Note. DF = Debris Flow; DA = Debris Avalanche; LS = Landslide; RA = Rock avalanche; RI = Rock-ice avalanche; SA = Snow avalanche; PF = Pyroclastic Flow.
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