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Abstract Martian gullies are landforms consisting of an erosional alcove, a channel, and a depositional
apron. A significant proportion of Martian gullies at the mid-latitudes is active today. The seasonal sublimation
of CO, ice has been suggested as a driver behind present-day gully activity. However, due to a lack of in situ
observations, the actual processes causing the observed changes remain unresolved. Here, we present results
from flume experiments in environmental chambers in which we created CO,-driven granular flows under
Martian atmospheric conditions. Our experiments show that under Martian atmospheric pressure, large amounts
of granular material can be fluidized by the sublimation of small quantities of CO, ice in the granular mixture
(only 0.5% of the volume fraction of the flow) under slope angles as low as 10°. Dimensionless scaling of the
CO,-driven granular flows shows that they are dynamically similar to terrestrial two-phase granular flows, that
is, debris flows and pyroclastic flows. The similarity in flow dynamics explains the similarity in deposit
morphology with levees and lobes, supporting the hypothesis that CO,-driven granular flows on Mars are not
merely modifying older landforms, but they are actively forming them. This has far-reaching implications for
the processes thought to have formed these gullies over time. For other planetary bodies in our solar system, our
experimental results suggest that the existence of gully like landforms is not necessarily evidence for flowing
liquids but that they could also be formed or modified by sublimation-driven flow processes.

Plain Language Summary Gullies on Mars are features that look like landforms carved by debris
flows on Earth. At the top, the gullies have an erosional alcove where material is eroded and at the bottom of the
gully, a fan exists where this material is deposited. For a long time, it was believed that these gullies were formed
by liquid water, just like on Earth. However, Martian gullies are active today, which cannot be reconciled with
the lack of liquid water on the surface of Mars. Data from satellites has shown that the activity in Martian gullies
is correlated to a seasonal cycle of CO, ice deposition and sublimation. However, we still do not know whether
and how CO, sublimation produces the observed changes in gullies. Here we show the results of experiments in
environmental chambers in which we created CO,-driven flows under Martian conditions. The experiments
show that granular material can be fluidized by sublimation of CO, ice. Furthermore, the flow dynamics and
morphology of the deposits are similar to debris flows and pyroclastic flows on Earth. This explains the
similarity between the Martian gullies and the water-shaped gullies on Earth without the presence of liquid
water on the surface of Mars today.

1. Introduction

Despite the lack of stable liquid water on Mars today (Hecht, 2002; Richardson & Mischna, 2005), Mars is a
geomorphologically active planet. Numerous studies in the last decades have documented a range of geomorphic
activities (for an overview see (Diniega et al., 2021)). Among the most active landforms on Mars are Martian
gullies (Figure 1). These landforms consist of an erosional alcove, a channel, and a depositional apron and
resemble debris flow systems on Earth (Conway et al., 2011; Costard et al., 2002; de Haas, Hauber, et al., 2015;
Johnsson et al., 2014; Malin & Edgett, 2000). Since their discovery, Martian gullies have been a topic of scientific
debate because of the possible link between their formation and liquid water (Costard et al., 2002; de Haas,
Hauber, et al., 2015; Dickson et al., 2023; Malin & Edgett, 2000), and thus planetary habitability (Cottin
et al., 2017; Hoffman, 2002).
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Figure 1. Three examples of Martian gullies with frost; (a) gullies in Sisyphi Cavi (synthetic RGB CaSSIS images using the
PAN and BLU channels, where defrosted surfaces appear red and frosted surfaces white, MY34_003464_256_1, Ls 242°)
(Pasquon et al., 2023), (b) gullies in an unnamed crater (HiRISE image, ESP_039114_1115, Ls 243°), (c) gullies on Matara
crater dune field (HiRISE image, ESP_063824_1340, Ls 160°). Color strips in panels (b) and (c) are false colors, composed
of near-infrared, red and blue-green wavelength signals.

Present-day activity in gullies is observed in subsequent images as new depositional lobes on aprons, the carving
of new channels, and the movement of meter-scale boulders (Diniega et al., 2010; Dundas et al., 2010, 2015;
Raack et al., 2020; Sinha & Ray, 2023). As this activity is observed on slopes as low as 10° (Dundas et al., 2019),
the material needs to have been fluidized to a certain degree (de Haas et al., 2019) and thus dry granular processes
cannot have been the cause of the change. In the last decade, the leading hypothesis behind the recent activity in
these gullies has shifted from water-driven flows (with or without the involvement of brines) (e.g., Conway
etal., 2011; Costard et al., 2002; de Haas, Hauber, et al., 2015; Johnsson et al., 2014; Knauth & Burt, 2002; Lanza
et al., 2010; Levy et al., 2010; Malin & Edgett, 2000) to flows driven by the sublimation of CO, frost (e.g., de
Haas et al., 2019; Diniega et al., 2010; Dundas et al., 2010, 2012, 2015, 2022; Khuller et al., 2021; Pasquon
et al., 2023; Pilorget & Forget, 2016; Raack et al., 2015, 2020; Sinha & Ray, 2023). This shift is inspired by the
lack of stable water on the Martian surface (Haberle et al., 2001; Hecht, 2002; Martinez et al., 2017; Richardson &
Mischna, 2005) and a suite of remote sensing studies, showcasing the correlation between the spatial and temporal
distribution of gully activity with that of CO, frost on the surface of Mars (Diniega et al., 2010; Dundas
etal., 2010, 2012, 2015, 2022; Khuller et al., 2021; Pasquon et al., 2019, 2023; Raack et al., 2015, 2020; Sinha &
Ray, 2023) (e.g., see Figure 1). The CO,-driven granular flow hypothesis is supported by modeling studies
advocating for the possibility of CO, gas to fluidize granular material under the thin Martian atmosphere when
CO, sublimates (Cedillo-Flores et al., 2011; de Haas et al., 2019; Pilorget & Forget, 2016). Furthermore,
experimental studies have proven that the sublimation of CO, ice in the thin Martian atmosphere can destabilize
granular materials on slopes (Sylvest et al., 2016, 2019) and even fluidize small volumes of granular material on
low slope angles (Roelofs, Conway, de Haas, et al., 2024). The low atmospheric pressure of the Martian at-
mosphere is key in this process because of the large gas flux that is created when CO, ice sublimates and turns into

ROELOFS ET AL.

2 of 22

85U8017 SUOWWoD aAles.D 8|qedtjdde ays Aq peusenob ae ssjoie VO ‘88N JO Sa|nJ 0} A%eiqiT8UIUO A1 UO (SUOIPUOD-pUe-SWBILI0D" A3 1M ARIq 1 BUI|UO//SANY) SUORIPUOD pue W 1 84} 885 *[7202/80/50] U0 Areiqiauljuo A8 (1M ‘SelUeN 8@ 1seAIuN Aq 6TEB003KZ02/620T OT/I0p/W0D" A8 1M Aeiq pul|uo'sgndnBe//sdny woiy pepeojumod ‘9 ‘¥20Z ‘00T669TZ



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2024JE008319

CO, gas (de Haas et al., 2019; Diniega et al., 2013; Roelofs, Conway, de Haas, et al., 2024; Sylvest et al., 2016,
2019). The gas flux, induced by the sublimation, depends on the ratio between the density of CO, ice and gas.
In the thin Martian atmosphere (~800 Pa), the gas flux created by CO, sublimation is >100 larger than under
Earth's atmosphere and thus likely sufficient to fluidize sediments (Cedillo-Flores et al., 2011; de Haas
et al., 2019).

There are currently two “source-to-sink” hypotheses that attempt to explain how and why CO, ice sublimates near
granular material on Mars, how this process mobilizes the granular material, and how it transports it over longer
distances. The first hypothesis considers a layer of translucent CO, ice on top of a layer of regolith (Pilorget &
Forget, 2016). This hypothesis is, in essence, the “Kieffer model,” explaining the formation of high-latitude
defrosting spots (Kieffer, 2007), on a slope. According to this model, the translucency of CO, ice allows the
solar radiation at the end of local winter to heat up the underlying regolith during the day. This heat causes basal
sublimation of the overlaying ice layer, building up the air pressure underneath the ice. This pressure can be large
enough to lift the ice layer and eventually break it, forming jets of pressurized CO, gas (Hoffman, 2002;
Kieffer, 2007). The gas flux created can potentially destabilize large amounts of slope material, also underneath
the ice (Pilorget & Forget, 2016). However, the requirement of slab ice means that the latter mechanism
is only applicable to Martian gullies at latitudes >40°S where evidence for slab ice is observed (Dundas
et al., 2017, 2019), whereas half of the observed active gully sites on the southern hemisphere are present at
latitudes <40°S (Dundas et al., 2022). Furthermore, this hypothesis does not explain how the pressurized flows
underneath a layer of CO, ice would result in the deposition of new lobate deposits and the movement of meter-
scale boulders.

The second hypothesis explains the observations of fluidized granular flows via two effects within a mix of
sediment and CO, ice tumbling down a gully (Dundas et al., 2017). The initial mass movement can be triggered
by many different processes, unrelated and related to CO, ice sublimation, for example, dry raveling, rock fall,
marsquakes, meteor impacts or CO, sublimation-induced slumping (Sylvest et al., 2016, 2019). In the event that a
mixture of CO, ice and granular material starts to move, the potential energy of the fall is converted to kinetic
energy that must be dissipated as heat or latent heat loss in the form of sublimating CO, (de Haas et al., 2019;
Dundas et al., 2017; Roelofs, Conway, de Haas, et al., 2024). Furthermore, eroded and entrained sediment from
the shallow subsurface or unfrosted areas could add additional heat to the mixture, enhancing sublimation
(Dundas et al., 2017; Hoffman, 2002). The sublimation of the ice in the sediment-ice mixture is hypothesized to
create a gas flux large enough to decrease intergranular friction and fluidize the mixture in such a way that it
explains recent flows (de Haas et al., 2019; Roelofs, Conway, de Haas, et al., 2024).

Details aside, all current theories on the CO,-driven fluidization of granular material on Mars agree on two crucial
points; (a) heat is needed to sublimate the CO,, and (b) increased pore pressure, from the CO, gas, in the granular
material is crucial to decrease intergranular friction and cause fluidization. However, major research questions
remain unanswered. First, it remains speculative whether and exactly how the sublimation of CO, ice is able to
fluidize granular material. Second, it is unknown how much CO, ice needs to sublimate to explain the observed
changes. Third, it is unclear how CO,-driven granular flows on Mars create landforms that are practically
identical to landforms created by water-driven debris flows on Earth. Active depositional aprons on both Earth
and Mars show lobate deposits with clear levees, and contain meter-scale boulders that are transported through the
gully system (de Haas et al., 2019; Dundas et al., 2022; Raack et al., 2020). The similarity in key elements in these
landforms suggests similarity in the flow dynamics, but this remains unproven.

In this work, we experimentally study the fluidization of granular material by CO, ice sublimation under Martian
conditions. We aim to (a) resolve the boundary conditions needed to fluidize granular material by CO, ice
sublimation on Mars, (b) understand the fluid dynamics of CO,-driven granular flows, and (c) understand and
explain the similarities between the CO,-driven granular flows and their deposits on Mars and debris-flow
processes and deposits on Earth from a flow dynamics perspective.

To overcome the lack of in situ observations of CO,-driven granular flows, we designed two experimental
granular flow set-ups that were used to conduct experiments under Martian atmospheric pressure in environ-
mental pressure chambers. In these experiments, granular flows driven by the sublimation of CO, in a mixture of
sediment and CO, ice were created under different boundary conditions, that is, CO, content and slope, and on
two different scales to understand potential scale effects. The results of these experiments provide new insights
into the flow dynamics of CO,-driven granular flows on Mars and the resulting deposit morphologies. It is
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Figure 2. Photos and schematic drawings of chambers (a, b) and flumes (c—f). The photo in panel (a) depicts the Mars chamber at the Hyper Velocity and Impact lab
(HVI) of the Open University (UK), panel (b) shows the Mars Simulation Wind tunnel at Aarhus University (Denmark). Details of the small-scale flume set-up used in
the Mars chamber of the HVI lab can be found in (c) and (e). Details of the large-scale set-up used in the Mars Simulation Wind tunnel in Aarhus can be found in (d) and

(f). All dimensions are given in cm.

important to note that with our research we specifically aim at studying the transport and deposition processes of
CO,-driven granular flows, rather than the initiation mechanisms behind these flows.

2. Materials and Methods

To study if and how a mixture of CO,-ice and granular material is fluidized under Martian atmospheric conditions
we designed two experimental set-ups at two different scales based on terrestrial debris flow flumes (de Haas,
Braat, et al., 2015; Iverson et al., 2010; Roelofs et al., 2022). The flumes were placed in two environmental
chambers of different sizes to enable us to conduct experiments under Martian atmospheric conditions (Figures 2a
and 2b). Similar to terrestrial debris flow flumes, our flumes consisted of a steep and narrow chute ending on a
larger outflow plain with a lower slope angle (Figures 2c—2f). The steep and narrow chute is used to study flow
characteristics, for example, flow depth, velocity, and pore pressures, whereas the larger plain is used to study
deposit morphology. The slope angle of the chute was varied during our experiments, whereas the slope angle of
the outflow plain was kept constant (Figures 2e and 2f). As is common practice in debris flow experiments, we
stored the material that makes up the granular flow in a reservoir at the top of the flume before controlled release.
Using flumes of two different sizes enabled us to study possible scaling issues known to influence the behavior of
experimental terrestrial debris flows (Iverson, 2015). The small-scale flume has a total length of 1.80 m and has a
material reservoir that can store between 1.0 and 1.6 kg of material (Figure 2e). The large-scale flume has a total
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length of 4.60 m and has a material reservoir that can store between 8.0 and 11.2 kg of material (Figure 2f). This
means that, while the large flume is only a factor 2.5 longer than the small flume, the granular flow it supports is
10 times larger.

The small-scale flume was used for conducting experiments in the Mars chamber of the Hyper Velocity and
Impact lab (HVI-lab) at the Open University in Milton Keynes in the United Kingdom in the autumn of 2021. The
large-scale flume was used for conducting experiments in the Mars Simulation Wind Tunnel at Aarhus University
in Denmark in the autumn of 2022. To compare results between the flumes, experiments were performed with
similar initial and boundary conditions. In this manuscript, 46 experiments conducted in the small-scale set-up in
the Mars chamber of the Open University are presented, and 15 experiments conducted in the large-scale set-up in
the Mars Simulation Wind Tunnel are presented.

2.1. Chamber and Flume Details

The Mars chamber of the HVI-lab at the Open University is a cylindrical low-pressure chamber with a length of
2 m and an inner diameter of 0.9 m (Conway et al., 2011; Sylvest et al., 2016) (Figure 2a). The chamber can
replicate Martian atmospheric conditions and a range of different temperatures.

The Mars Simulation Wind Tunnel at Aarhus University is a cylindrical low-pressure wind tunnel, originally
designed to simulate eolian transport processes on Mars (Holstein-Rathlou et al., 2014) (Figure 2b). The chamber
has a total length of 8 m and an inner diameter of 2.15 m. In both chambers, electrical and mechanical feed-
throughs exist to enable the operation of the experimental set-up in the chamber from the outside. Both chambers
have multiple porthole windows that allow for videography of the experiments.

Both the large-scale and the small-scale flume were mostly constructed out of Lexan, a transparent polycarbonate
resin thermoplastic that can deform considerably without cracking or breaking. The transparency of the Lexan
was an important design prerequisite because it allowed us to study the granular flow from the side of the chute.
The bottom of the chute was created out of aluminum, with heating pads installed underneath it that controlled the
temperature of the chute bottom, which was kept at 20°C during the experiments. On the edges of the outflow
plain, markers were attached that were used for creating 3D models of the outflow morphologies using photo-
grammetry with Agisoft Metashape software. The outflow plains of the flumes were further covered with antislip
material (3M Safety-Walk 500 series, equal to 80 grit sandpaper with 0.2 mm median sand diameter) to mimic
natural roughness. To achieve the same for the chute bottom, the aluminum was sandblasted. The sediment and
ice reservoirs on top of the flumes were constructed out of copper for the small set-up, and out of aluminum for the
large set-up, because of their relatively low deformation under low temperatures. The reservoirs in both flumes
are opened by means of mechanically operated trap doors. In the small-scale flume the entire reservoir opened at
once, whereas in the large-scale flume, the opening height was set at 5 cm. This difference in design allowed a
more constant and stable flow of granular material in the large-scale experiments, providing better insight into the
flow dynamics.

In both flumes, the same sensors were used to study the flow dynamics. In the downstream part of the chute, four
sensors were installed underneath the chute bottom plate (Figures 2e and 2f); a geophone (Geospace GS-20DX),
two relative gas pressure sensors (Honeywell TruStability HSCDRRDOO6MGAAS), and a load cell (HBM PW6D
—3 kg). The geophone and the load cell were attached to individual load plates of 5 by 5 cm. The geophone
recorded seismic vibrations during the experiment, the pressure sensors recorded the gas pressure at the bottom of
a flow relative to the ambient pressure, and the load cell recorded the weight of the granular material as the flow
passed. Above the flume, multiple laser distance sensors (Baumer OADM 20U2480/S14C) were installed that
recorded the flow depth at sub-mm accuracy. In the small-scale set-up two laser distance sensors were used,
whereas in the large-scale set-up, four laser distance sensors were used. With the time difference of the arrival of
the flow front at the different laser distance sensors, reconstructed from the flow depth data, flow velocity was
calculated. In both set-ups, the last laser distance sensor was installed above the load cell (Figures 2e and 2f). This
allowed us to reconstruct the density of the flow, p,,, according to:

M

- 1
Pm =4 M
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where M is the mass recorded by the load cell (kg), A is the area of the load cell (m?), and H is the flow depth (m).
Furthermore, by combining the load cell data and the data from the pore pressure sensors, the percentage of the
material in the flows carried by the gas pressure could be quantified. The latter is a measure of the degree of
fluidization. For more detailed photos of the chambers, the flumes and the sensors see Figure S1 in Supporting
Information S1.

The amount of CO, ice sublimating during the flow in the large-scale set-up could be calculated from the data
produced by a capacitance pressure sensor in the Mars Simulation Wind Tunnel. By adding the pressure draw-
down caused by the pumping to the observed pressure increase during the experiment we reconstructed the
amount of CO, released into the chamber during the flow for three individual experiments with varying amounts
of CO, ice in the granular mixture (Figure 7).

Multiple video cameras were installed in and around both chambers. For the small-scale set-up, every experiment
was recorded with a Go-Pro camera from the side and a camcorder from the front. For the large-scale set-up, every
experiment was recorded with two webcams in the chamber that looked at the chute from the side, and one high-
speed camera that filmed the flow at the transition from the chute to the outflow plain at a frame rate of 600 Hz.

2.2. Materials Used and Experimental Routine

Two materials form the ingredients of the granular mixture in our experiments; sand and CO, ice. The sand for the
experiments is a mixture of fine-grained sand (silver sand of marine origin, D5, of 270 pm) and coarse-grained
sand (builders sand of fluvial origin, D5, of 490 pm), combined in a specific ratio (0.6—0.4) to create a broad grain
size distribution (D5, of 310 pm, Figure S2 in Supporting Information S1) that minimizes gas permeability
relative to a mono-disperse sand, and thus slows down the gas escape rate. Furthermore, because of scaling issues
related to wall effects in flume experiments, the grain size of our sediment had to be at least 20 times smaller than
the chute width. Experiments conducted with only silver sand or only builders sand behave similarly overall,
although finer mixtures flow further onto the outflow plain. Results of these experiments are presented in Sup-
porting Information S1 (see Figure S7). The sand was pre-dried in the oven and cleared of any excess moisture in
the environmental chambers by putting it in a vacuum prior to the experiments.

The CO, ice used for our experiments was ordered in pellet form from commercial parties close to the labs. To
limit the contamination of the CO, ice with water, the CO, ice was stored in closed polystyrene foam containers in
a sealed freezer (Figures S3a and S3b in Supporting Information S1), and the ice was refreshed at least once a
week. The CO, ice pellets were then crushed to the size of the coarsest sand grains. For the small-scale exper-
iments, this was done by hand with the use of a mortar and pestle. For the large-scale experiments, the ice was
crushed with the KitchenAid SKGM grain mill. Despite the difference in methods, the resulting CO, ice grains are
similar in size and shape (see Figures S3c and S3d in Supporting Information S1).

For every experiment, CO, ice would be freshly crushed and mixed with a specific amount of sand. To control the
amount of CO, ice at the start of an experiment, the combined weight was monitored during the mixing process.
The loss of CO, due to sublimation was compensated by adding more crushed CO, ice. Once the desired weight
ratio of sediment and CO, ice was reached, the mixture was poured into the sediment-ice reservoir in the flume.
After this, the chamber was closed and depressurized to an atmospheric pressure of ~8 mbar, a process that took
between 12 and 15 min in the Mars Chamber at the Open University and between 20 and 25 min in the Mars
Simulation Wind Tunnel at Aarhus University. At this pressure, the mixture was released into the flume, while the
sensor data was logged and the videos recorded the passing of the granular flow.

2.3. Explored Parameter-Space

To determine the conditions under which CO,-driven granular flows can occur on Mars, experiments were
conducted under different initial and boundary conditions. For both the experiments in the small-scale and the
large-scale set-up, the CO,-sediment ratio was systematically varied, as well as the slope of the chute. The CO,-
sediment ratio was varied between 0 and 0.6 in the small-scale experiments and varied between 0 and 0.4 for the
large-scale experiments (Table 1), while keeping the flume chute at a stable angle of 30°. Note that the mass ratio
here is the ratio between the mass of the CO, and the sediment before depressurization of the chamber. During
depressurization the CO, sublimates, which causes the mass ratio to change. We quantified this change for both
the small- and large-scale setup by doing initial tests tracking the weight of the mixture inside the sediment-ice
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Table 1
Parameters Explored in the Experiments and the Tested Values

Variable Unit Standard value Tested values

CO,-sediment ratio (kg/kg) 0.3 0,0.1,0.2,0.3, 04, 0.5, 0.6
Chute angle °© 30 20, 25, 30
Sediment type Sand mixture Sand mixture, Fine, Coarse

Atmospheric pressure mbar 8 8, 1,000

Note. All parameters and values reported in this table are tested in the small-scale setup. The values of the parameters in bold
font and teal color are the ones also tested in the large-scale setup. For more details on the grain-size distributions see Figure
S2 in Supporting Information S1. For a full list of all experiments see Table S1 in Supporting Information S1.

reservoir while depressurizing the chamber. The results of these tests can be found in Figure S5 of the Supporting
Information S1. In the subsequent sections of this manuscript, we switch from using the initial CO,-sediment
mass ratios to using the mass fraction of CO, at the start of an experiment derived from these tests.

The angle of the chute was varied between 20 and 30° in both the small-scale and the large-scale experiments
(Table 1), while keeping the initial CO,-sediment mass ratio at 0.3. In the small-scale experiments, we did
additional tests with different sediment types and under Earth atmospheric pressure (Table 1). To account for the
effects of natural variability, each experimental setting was repeated at least twice, and when time allowed three
times. A complete list of all experiments and their initial and boundary conditions can be found in Table S1 of the
Supporting Information S1.

2.4. Flow Characterization

To characterize the dynamics of the CO,-driven granular flows and objectively compare the flows of different
sizes three dimensionless numbers are used; the Bagnold, Savage, and friction numbers. These numbers are used
in both debris flow (Iverson, 1997; Iverson & Denlinger, 2001; Roelofs et al., 2022, 2023) and pyroclastic
literature (Smith et al., 2020) and therefore also allow for comparison between the CO,-driven granular flows, and
terrestrial debris flows and pyroclastic flows. The numbers describe the relationship between the motion-resisting
forces in granular flows; collisional forces, frictional forces, and viscous forces (Iverson, 1997; Iverson
et al., 2010; Parsons et al., 2001). The relative importance of these forces plays a big role in both erosional (de
Haas & Woerkom, 2016; Roelofs et al., 2022) and depositional processes (de Haas, Braat, et al., 2015; Zhou
et al., 2019) and is, therefore, an important tool in understanding how certain flows lead to certain morphological
features. The Bagnold number describes the ratio between collisional and viscous forces (Iverson, 1997):

_ vl
Vik

Nb ©)

wherein v, is the volumetric solids fraction, p, is the density of the sediment grains, d is the D5, (median) grain size
of the sediment (m), v, is the volumetric fluid fraction, p is the dynamic viscosity of CO, gas under Martian
atmospheric conditions, which is 9.82 X 107° Ns/m? (Bardera et al., 2020), and y is the flow shear rate (1/s):

= 3)

y —
wherein u is the is the flow velocity (m/s). According to Iverson (1997), collisional forces dominate at N, > 200.

The Savage number quantifies the ratio between collisional and frictional forces:

52 2

Ny=—-"%
(ps —pf>gHtan ¢
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wherein g is the gravitational acceleration (m/s?), pyis the density of the fluid, in our case this is the density of the
CO, gas at 8 mbar, and ¢ is the internal angle of friction, assumed to be 42° (Parsons et al., 2001; de Haas, Braat,
et al., 2015). The density of the CO, gas at a certain pressure can be calculated from the ideal gas law:

PM,

i ®

Pr=

wherein P is the atmospheric pressure (Pa), M,, is the molar mass of CO,, R is the universal gas constant, and T is
the temperature (K). For N, > 0.1 collisional forces dominate viscous forces (Iverson, 1997). The friction number
is then defined as the Bagnold number divided by the Savage number, describing the ratio between frictional and
viscous forces. According to experimental data of wet experimental debris flows of Parsons et al. (2001) and de
Haas, Braat, et al. (2015) frictional forces dominate over viscous forces at Ny> 100 for the flow body and N> 250
for the flow front.

3. Results
3.1. General Flow Behavior and Morphology

Increased fluidization of the material was observed for all experiments under Martian atmospheric pressures with
CO, ice in the granular mixture. Compared to reference experiments without CO, ice, these experiments showed
>2 times larger flow velocities and run-out, with typical flow velocities of 2 m/s for the small-scale flows and
3 m/s for the large-scale flows. For both the large-scale and the small-scale experiments, flow depths reached
maximum values around 2 cm (Figures 3a and 3b), and flow densities around 1,000 kg/m>. The relatively small
flow depth in the large-scale experiments was caused by the controlled, and limited, outflow height in this setup.
In both set-ups, the flow depth increased rapidly when the flow front arrived and dissipated more slowly when the
tail passed. In experiments without CO,, as soon as the flow front arrived at the outflow plain the flow stopped and
the chute backfilled with sediment.

Both the small-scale and large-scale CO,-driven granular flows show multiple surges (see Figures 3a and 3b and
Movies S1-S11). For all flows with CO, in the mixture, increased gas pressures were registered at the base of the
flow (Figures 3a and 3b). This gas pressure carried between 20% and 60% of the flow mass, independent of the
experimental scale (Figure 3c). When analyzing the high-speed video of the experiment presented in Figure 3a it
becomes clear that the velocity of the granular flow is highest in the center of the flow and that the flow itself is
turbulent (see high-speed video in Movies S1-S11).

The morphology of the outflow deposits of experiments with CO, in the granular mixture often contain multiple
lobes formed by different surges (Figure 4). These lobes are stacked on top of each other (see e.g., Figures 4c and
41), and, in some cases, next to each other (see e.g., Figures 4f and 4k). In both the small-scale and large-scale set-
up levees form in experiments where a second surge of granular material deposits on top of an earlier surge (see
Figures 4b and 4f). With increased amount of CO, in the granular mixture the material flows further out onto the
outflow plain (Figures 4a—4f). Increasing the chute slope by 5—-10° also causes the material to flow further onto the
outflow plain (Figures 4g—41). In the large-scale experiments, a small increase in slope has a larger effect on the
outflow length than doubling the CO, content (Figures 4d—4f and 4j—41). When no CO, is present in the granular
mixture only a small sediment cone forms on the transition from the chute to the outflow plain.

3.2. Flow Velocity, Depth, and Pore Pressure

In the large-scale set-up, flow velocities in the lower half of the chute are constant (Figure S6 in Supporting
Information S1) and reach values around 3 m/s, independent of the CO, fraction (Figure 5a). In the small-scale
set-up, for high CO, fractions between 0.14 and 0.3, flow velocities around 2 m/s are recorded at the end of the
chute, whereas for the lower CO, fractions the velocity slowly increases from 1 to 2 m/s with increasing CO,
fraction. When no CO, is present in the granular mixtures, no enhanced fluidization is observed and the frontal
velocity of the material is around 1 m/s in both set-ups. The same can be stated for granular flows with CO, in the
mixture released under Earth atmospheric pressure. For both the large-scale and small-scale flows, an increase in
the chute angle, from 20° to 30°, causes a small increase in flow velocity, from 2.2 to 3 m/s (Figure 5b).
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Figure 3. Example of flow depth, flow mass, and differential pore pressures (sensors 1 and 2) during an experiment for the
large-scale set-up (a) and the small-scale set-up (b) with similar boundary conditions; initial CO, mass fraction of 0.23 and
flume angle of 20°. The lower panel (c), depicts the mass fraction of the flow carried by the gas pressure for the experiments
depicted in panels (a) and (b). As the data from the two pore pressure sensors slightly differs, this fraction is depicted as an
envelope covering the range provided by the two sensors. The fraction carried by the gas pressure is a measure for the degree
of fluidization.

Maximum flow depth increases linearly with CO, mass fraction for both set-ups (Figure 5c). This relation is
steeper for the small-scale set-up. When increasing the chute angle, maximum flow depth decreases in the large-
scale set-up from 22 to 14 mm, while staying around 15 mm in the small-scale set-up (Figure 5d). Flow depths are
stable in the lower half of the large-scale flume for all experiments (Figure S6 in Supporting Information S1). In
the small-scale flume, the flow depths are still increasing in the lower half of the flume, especially when the chute
is on the steepest angle.

Increased basal pore pressures are observed in all experiments. Despite the large scatter in the data, caused by the
sensitivity of the sensors, basal pore pressures seem to increase with increasing CO, mass fraction and decrease
with increasing chute slope in the large-scale set-up (Figures Se and 5f). The differential pressure signal, which is
the difference between the ambient pressure and the basal pressure, is more scattered for the small-scale ex-
periments. This is likely caused by the combination of smaller, less stable flows, and a higher amount of
deposition of granular material in the chute during the experiment compared to the large-scale set-up. Maximum
added pressures in the large-scale set-up vary between 0.2 and 0.6 mbar, whereas they vary between 0 and 0.4 for
the small-scale set-up.
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Figure 4. Digital elevation models for the outflow deposits of 12 experiments under Martian atmospheric pressures, 6 conducted in the large scale set-up, highlighted by
thick black borders, and 6 conducted in the small scale set-up. The top two rows (a—f) show deposits of experiments with varying CO, mass fractions. The fractions
depicted in the panels correspond to the mass fractions at the start of an experiment derived from Figure S5 in Supporting Information S1. The bottom two rows (g-1)
show deposits of experiments with different chute angles. For all depicted experiments, videos are present in Supporting Information S1.

The type of granular material used, either silver sand, builders sand, or the mixture, did not significantly influence
the flow dynamics of the flows in the small-scale set-up (Figure S7 in Supporting Information S1). Frontal ve-
locities, maximum flow depths, and maximum basal pressure were the same for all sand types. The type of
granular material used did influence the outflow deposit. CO,-driven granular flows comprised of finer sands
flowed out further (Figure S4 in Supporting Information S1).

3.3. Flow Density, Fluidization and CO, Sublimation During the Flow

The density of the flow is calculated from the weight data from the load cell and the depth data from the laser
distance sensor above the load cell. In addition, the load cell data and the data from the pore pressure sensors are
combined to calculate the percentage of the material in the flows carried by the gas pressure. Here, we only
present results from the large-scale experiments, because it was not possible to calculate flow density and degree
of fluidization for the experiments in the small-scale set-up due to the deposition of material on the load cell while
the granular material was still flowing. Based on the combined data of the entire flow of all large-scale exper-
iments, summarized in boxplots in Figures 6a and 6b, we can state that our experimental CO,-driven flows have a
density around 1,000 kg/m>. This density is not dependent on the CO, fraction (Figure 6a) but is slightly
dependent on the chute angle (Figure 6b). If the angle becomes steeper, the density decreases slightly. The
fraction of the flow mass supported by the gas pressure ranges between 0.2 and 0.3 on average, with a small
dependency on CO, mass fraction (Figures 6¢ and 6d). For flows with a higher CO, fraction, a slightly higher
percentage of the flow is supported by the gas pressure (Figure 6c¢).

The data from the capacitance pressure sensor in the chamber of the large-scale set-up shows that for an
experiment with a CO, mass of 0.59 kg at the beginning of the experiment (Figure S5 in Supporting Informa-
tion S1), only 42 g of CO, sublimates during the flow (Figure 7a). For a larger initial CO, mass of 1.12 kg (Figure
S5 in Supporting Information S1), only 57 g of CO, sublimates during the flow (Figure 7b). During the exper-
iments with the largest amount of CO, tested, with an initial mass of 2.13 kg (Figure S5 in Supporting Infor-
mation S1), only 92 g of CO, sublimates during the flow (Figure 7c). This means that for all experiments between
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Figure 5. Frontal flow velocity (a, b), maximum flow depth (c, d), and maximum differential pore pressure for pore pressure
sensor 1 (P1) and pore pressure sensor 2 (P2) (e, f), for the large-scale (L) and small-scale (S) experimental flows. All blue
and purple dots represent results from experiments conducted under Martian atmospheric pressure, whereas the yellow dots
represent results from experiments conducted under Earth atmospheric pressure. The results of experiments with varying
CO, mass fractions in the flow, but a constant chute angle of 30°, are presented in the left column. Note that the mass
fractions presented here are the mass fractions at the start of an experiment derived from data presented in Figure S5 of the
Supporting Information S1. The results of experiments conducted under different chute angles, but with a constant initial
CO, mass fraction of 0.33, are presented in the right column.

0.8% and 1.3% of the total flow mass (sand and CO, ice), and 0.5%-0.9% of the volume (assuming a porosity of

0.4) sublimates. When normalized for chute length, width, and flow duration, the volume loss is 0.3%-0.55% per
m?/s, and the mass loss is 0.025-0.055 kg/m?/s.

3.4. Dimensionless Flow Characteristics

To quantitatively compare the flow dynamics of the large-scale and small-scale granular flows, we characterized
the flows using the dimensionless numbers discussed in the methods; the Bagnold, Savage, and friction numbers
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Figure 6. Boxplots showing the distribution of the flow density (a, b) and the fraction of the flow carried by the gas pressure
(c, d) for the large-scale experiments conducted with different CO, mass fractions (left column) and under different chute
angles (right column). The data in a single boxplot combines the density or fraction carried by the gas pressure of the main
flow over time (flow tails are disregarded) for all large-scale experiments performed under similar conditions (i.e., similar
CO, mass fractions and chute angle). The dark blue dots represent the mean value during one experiment. The reported p-
value in the subplots stems from an ANOVA (analysis of variance) test of these means. The p-values show that the results
from the different experimental groups in panels (b) and (c) are marginally significant.

(Figure 8). Furthermore, this dimensionless analysis provides the opportunity to place the flow dynamics of the
CO,-driven granular flows into the context of other granular flows, such as debris flows and pyroclastic flows. In
all of our experimental CO,-driven granular flows, frictional forces dominated over collisional and viscous forces
(Figures 8c—8f). In addition, the Bagnold numbers of our flows indicate that collisional forces dominated over
viscous forces (Figures 8a and 8b). The large-scale flows are relatively more collisional than the small-scale flows
(Figures 8a—8d). Increasing the CO, mass fraction in the granular mixture does not have a large effect on the
Bagnold or Savage numbers (Figures 8a—8d). However, it does affect the relation between frictional and viscous
forces, making viscous forces less important (Figures 8e and 8f). An increase in the angle of the chute results in a
larger relative influence of collisional forces (Figures 8b and 8d).

4. Discussion
4.1. Initial and Boundary Conditions for CO,-Driven Flows

Our experiments show that granular material can be fluidized by sublimating CO, ice under Martian atmospheric
conditions (Figures 3 and 5). This is enabled by the low Martian atmospheric pressure of around 8 mbar, which
makes the gas flux from sublimation large enough to decrease intergranular friction between the grains and
fluidize the granular material (Figure 5) (Cedillo-Flores et al., 2011; de Haas et al., 2019). Under terrestrial at-
mospheric pressure of around 1,000 mbar, sublimation of CO, ice still occurs, but the gas flux from the ice into the
atmosphere is not large enough to decrease intergranular friction and fluidize the granular material. From our
experiments, it can be inferred that the fluidization induced by the sublimation of CO, ice grains in a granular
mixture can sustain a stable fluidized flow in a channel, that is, the flume chute, as long as CO, ice is present and
enough energy is available for sublimation. In our experiments, less than 10% of CO, ice in the mixture subli-
mated while in the chute, implying that the mixture could have likely flowed in a sustained fluidized way in a
confined chute with a length of ~10-20 m.
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Figure 7. Flow depth and cumulative CO, mass loss for three experiments in the large-scale set-up, with a CO, mass at the
beginning of the experiment of (a) 0.59 kg, (b) 1.12 kg, and (c) 2.13 kg. All experiments were conducted under a chute slope
of 30°. The cumulative CO, mass lost is determined based on data from a capacitance pressure sensor in the chamber, the
measurement frequency is 1 Hz.

The fluidization of the material by the sublimation of CO, ice in the chute is reflected in the enhanced frontal flow
velocities and increased basal pressures (Figure 5). In experiments under Martian atmospheric conditions, where
CO, ice is present in the granular mixture, velocities between 2 and 3 m/s are reached, whereas frontal velocities
in experiments without CO, ice, or with CO, ice under Earth atmospheric pressure, are only 1 m/s (Figure 5).
Furthermore, the pressure data show that the gas pressure carries between 20% and 60% of the total flow mass in
the experiments with CO, ice (Figures 3c and 6).

In the large-scale experiments, stable flow velocities around 3 m/s are reached in the lower part of the chute for all
experiments, even for the experiments with the smallest amount of CO, ice in the mixture. This implies that for all
the different CO, ice fractions tested, the rate of fluidization is high and comparable, which is supported by only
small differences in the amount of the flow carried by the pore pressure (Figure 6). Therefore, we hypothesize that
granular material can be fluidized by the sublimation of even smaller amounts of CO, ice than we tested. In the
small-scale experiments, we do see an increase in flow velocity and fluidization rate for the smallest CO, ice
fractions (Figure 5a), which would imply a higher fluidization rate for larger CO, ice fractions. However, we
hypothesize that this trend is likely caused by the limited length of the chute compared to the distance over which
the flow accelerated, instead of an actual relation between CO, fraction and velocity in our small-scale set-up. The
longer chute length in our large-scale set-up allows the flow to reach a stable state where a balance exists between
CO, ice sublimation, the reduction in friction because of the induced gas pressure, and the remaining friction, as
we see in the large-scale set-up.

Our experiments also show that CO,-driven granular flows are fluidized enough to flow on slopes below the angle
of repose. CO,-driven flows in experiments with chute angles of 20° still reach velocities 2 times higher than
those of dry granular material without CO,. In addition, the CO,-driven flows continue to flow over the outflow
plain of our set-ups, which have even lower slope angles, 10° and 12° for respectively the large-scale and small-
scale set-ups. However, as the flow on these outflow plains is unconfined, the granular material spreads out
laterally and ultimately halts (Figure 4). The lateral spreading decreases the flow depth and increases the relative
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Figure 8. Bagnold (a, b), Savage (c, d), and friction (e, f) numbers for the granular flows in the large-scale and small-scale
experiments conducted with different CO, mass fractions (left column) and under different chute angles (right column). The
horizontal lines indicate the transition from one flow regime to the other (Iverson, 1997). For the Bagnold number (a, b), this
is the transition between the collisional and the viscous flow regime. For the Savage number (c, d), this is the transition from
the collisional to the frictional flow regime. For the friction number (e, f), this is the transition from the frictional to the
viscous flow regime, the latter is not visible in the plot because the flows are far into the frictional flow regime.

amount of friction the flows have to overcome, both by increasing the area for gas escape and increasing the
contact between the flow and the surface. These experimental observations on fluidization on slopes below the
angle of repose are important because they support the hypothesis that CO,-driven flows on Mars can cause the
changes we observe, like new depositional lobes on aprons with slopes as low as 10°-15° (Diniega et al., 2010;
Raack et al., 2020; Sinha & Ray, 2023).

The data from the pressure sensors in the chamber of the large-scale set-up highlight that the mass of CO, ice that
needs to sublimate for the fluidization process is small. For example, to fluidize 8 kg of sand in our experiments,
as little as 43 g of CO, ice needs to sublimate, equal to ~0.5% of the volume fraction of the flow (Figure 7). In
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other words, in our experiments, a mass loss of sublimating CO, ice between 0.025 and 0.055 kg/m?/s is enough
to create fluidized granular flows.

4.2. Heat Transfer From the Environment to the CO, Ice

Our experiments clearly show that granular material can be fluidized by sublimating small amounts of CO, ice,
less than 1% of the total flow weight, under Martian atmospheric conditions when sufficient energy is available
for CO, ice sublimation. However, where that energy is coming from on Mars is debated. According to Dundas
et al. (2017) and de Haas et al. (2019), this energy could be provided by the release of kinetic energy of a fall or
from heat from warmer material in contact with the granular mixture of CO, ice and sediment. The sublimating
ice would consequently increase pore pressures in the involved granular material, which would cause fluidization
and a two-phase granular flow. If all potential energy of a fall of 300 m, as earlier used by Dundas et al. (2017),
would be transferred to heat according to:

E, = mgL (6)

with m as the mass of the material falling (kg), g the gravitational acceleration on Mars (3.71 m/s?), and L being
the fall height, the total available potential energy, E,

»or» Would equal to 1,113 J per kg material. For our flume set-

ups, the total potential kinetic energy is smaller, with 16.7 J/kg in the large-scale set-up and 5.9 J/kg for the small-
scale set-up. However, the enthalpy of sublimation of CO, ice, which is the energy needed for the phase transition
from ice to gas, is around 26-28 kJ/mol (Cedillo-Flores et al., 2011; Shakeel et al., 2018; Stephenson, 1987),
which is equal to an energy of 590-636 kl/kg, accounting for the molecular mass of CO, of 44.01 g/mol. This
implies that in our experimental set-ups, the available potential energy could, at maximum, be responsible for the
sublimation of 0.01-0.028 g of CO,. Although a more substantial amount of sublimation due to potential energy
conversion could be possible in real Martain gullies, the energy conversion will not happen instantaneously but
will occur progressively as material tumbles down the slope. Therefore, we hypothesize, as Dundas et al. (2017)
did earlier, that the heat from the environment, thus from warmer material and surfaces in contact with the flow, is
the main driver of sublimation instead of kinetic energy conversion.

Granular material at a slightly higher temperature than the CO, frost point could make several thousands of J/kg
available (Dundas et al., 2017). To put numbers to this, for our flumes the energy available in the aluminum
bottom plate to sublimate CO, ice at the frost point temperature can be calculated as follows:

E, = mcAT @)

with m the mass of the aluminum, ¢ the specific heat (902 J/kgK) and AT the temperature difference between the
temperature of the chute bottom (20°C, or 293 K) and the CO, frost temperature (—120°C, or 153 K, at 8§ mbar
atmospheric pressure). For our small-scale flume E, is 67 kJ, and for our large-scale flume E, is 324 kJ. If all this
thermal energy is used to sublimate CO, ice, between 0.51 and 0.54 kg of CO, ice could sublimate in our large-
scale set-up and between 0.1 and 0.11 kg of CO, ice could sublimate in our small-scale set-up. The predicted mass
of CO, that could sublimate as a result of heat energy in our large-scale flume is similar to the actual observed
mass of CO, ice that sublimated during the flows (Figure 7).

Equation 7 can also be used to estimate the amount of potential thermal energy available for sublimation at the
bottom of a hypothetical gully on Mars. Taking two gullies in Hale crater, as representatives for Martian crater
gullies in general, studied by de Haas et al. (2019), as an example; we state that our hypothetical Martian gully is
incised in basaltic bedrock (¢ = 600 J/kg°C, pp e = 3,000 kg/m?), has a length of 600 m, a width of 15 m, and in
the gully, the upper 1 mm of the surface regolith is heated up to a temperature of 20°C, which is realistic for active
gullies according to climate modeling (Roelofs, Conway, de Haas, et al., 2024). In this gully system, the total
potential thermal energy equals 2.27 x 10° kJ. If all this energy is used to sublimate CO, ice, between 3,570 and
3,840 kg of CO, at frost temperature could be sublimated. Suppose we combine the sublimating ice-to-sediment
ratio in our experiments, of 0.5%—0.9%, with this estimated CO,-ice mass for extrapolation purposes. In that case,
we can estimate that between ~396,000-~769,000 kg and ~247—~480 m® of unconsolidated granular material
could be fluidized in this Martian gully when enough ice is available. Although this estimate is likely too con-
servative because it does not account for the weaker Martian gravity and the possible entrainment of warmer
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Figure 9. Bagnold numbers plotted against Savage numbers for the experimental CO,-driven flows presented in Figure 4, the
experimental debris flows from Roelofs et al. (2022), the experimental dense pyroclastic density currents from Smith

et al. (2020)°, three prototype natural debris flows from Iverson (1997)* and Iverson and Denlinger (2001)°, a natural mud
flow from Iverson (1997)*, a rock avalanche from Iverson and Denlinger (2001)°, and a pyroclastic density current from
Mount St Helens from Iverson and Denlinger (2001)° and Rowley et al. (1981)°.

sediment, the prediction matches the back-calculated flow volumes of 415 and 263 m> in the smaller gullies in
Hale crater (de Haas et al., 2019).

In general, our experimental granular flow results on thermal energy, flow volume, and the necessary mass of
CO,, agree with the back-calculated numbers for actual Martian flows (de Haas et al., 2019). Nonetheless, our
predicted E, neglects important parameters and processes in thermodynamics. In the first place, it assumes that all
heat is converted to energy for sublimation during the flow. This is unlikely because heat transfer does not happen
instantaneously and is dependent on the type of heat transfer, the duration of the potential transfer, and the
materials involved. The heat transfer process is further complicated by the newly found turbulent behavior of CO,
driven flows, the presence of multiple materials, the unknown areas of contact between the cold ice and the
warmer materials, and the possible entrainment of warmer material into the flow (de Haas et al., 2019).
Furthermore, for experiments, this E, does not account for the constant heat input into our flume from heating pads
installed underneath the aluminum bottom plate. Despite the still unresolved complications, the predicted thermal
energy is multiple orders of magnitude larger than the potential energy transformed from a fall, both in our flumes
as in our hypothetical gullies on Mars. The heat energy from the environment, either transferred by conduction,
radiation, or convection, is, therefore, more likely to be the cause of the sublimation of the CO, ice in CO,-driven
granular flows on Mars. This implies that CO,-driven granular flows can only occur in gullies on Mars at specific
locations and during specific periods during the Martian year when CO,-ice and warmer regolith simultaneously
exist in the gully (Roelofs, Conway, de Haas, et al., 2024).

4.3. Flow Dynamics and Morphology of CO, Driven Martian Flows in (Terrestrial) Context

To enable a fair comparison between the flows in the two different experimental set-ups, and compare our CO,-
driven flows with other two-phase granular flows we conducted dimensionless analysis. This analysis shows that
the CO,-driven flows in our experiments are supercritical two-phase flows (see Froude numbers in Figure S8 of
the Supporting Information S1) in which frictional forces dominate, and collisional forces are more important
than viscous forces (Figure 8). In experimental and real debris flows, frictional forces typically dominate
(Iverson, 1997; Iverson & Denlinger, 2001; Roelofs et al., 2022, 2023) (Figure 9). In experimental dense py-
roclastic density currents, frictional forces dominate, and viscous forces seem to be more important than colli-
sional forces (Smith et al., 2020) (Figure 9). The latter could stem from the relatively small grain size between 45
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and 90 pm used by Smith et al. (2020) in their experiments. As far as we found, for only one natural pyroclastic
density current the dimensionless numbers are known, and for that specific flow, the collisional forces seem to
dominate over viscous forces (Iverson & Denlinger, 2001; Rowley et al., 1981) (Figure 9).

Despite the variation between the relative importance of certain forces between pyroclastic density currents,
debris flows and our experimental CO,-driven granular flows, these different multi-phase flows show similarity
in dynamics, especially considering the variability within one flow group. The similarity becomes even more
evident when comparing the dynamics of debris flows, dense pyroclastic density currents, and CO,-driven flows
with the dynamics of mud flows or natural rock avalanches (Figure 9). For both natural mud flows and rock
avalanches, frictional forces are 10°~10° higher than natural and experimental debris flows, dense pyroclastic
density currents, and our CO,-driven granular flows. In addition, in mud flows, the viscous forces become more
dominant over collisional forces than for the other flows, and in rock avalanches, collisional forces become 10°-
107 more dominant over viscous forces.

The similarity in the relative influence of different forces in the flow between our CO,-driven granular flows, and
other fluidized multi-phase flows on Earth, is reflected in the similarity in the morphology of the deposits. The
deposits of our experiments are lobate in shape, often show splitting of lobes, and sometimes have levees, similar
to the hypothesized CO,-driven granular flow deposits on Mars (Conway et al., 2019; Hugenholtz, 2008;
Johnsson et al., 2014; Lanza et al., 2010; Levy et al., 2010; Sinha et al., 2018). These morphological elements are
also observed in debris flow deposits (Blair & McPherson, 1998; de Haas, Kleinhans, et al., 2015; de Haas
et al., 2018; Hubert & Filipov, 1989) and pyroclastic flow deposits (Jessop et al., 2012; Lube et al., 2007; Rowley
et al.,, 1981), whereas they are less pronounced in mudflow deposits and absent in rock avalanche deposits
(Figure 10). Not all of our outflow deposits contain different distinct lobes or levees, but nor do all recent deposits
in gullies on Mars. A lack of levees might indicate a lack of clear grain size segregation, which is believed to
contribute to levee formation (Baker et al., 2016; Jessop et al., 2012; Johnson et al., 2012). This could be caused
by a more narrow grain size distribution or a relatively smaller influence of collisional forces over viscous forces.
The latter can stem from a relatively small median grain size or high shear rates (see Equation 2). Another factor
that could influence the absence of levees in most of the lobes in our experimental work is the limited amount of
surface friction and the inability of pore pressures to dissipate into the substrate and for particles to interact with
the substrate. Earlier experimental work on terrestrial debris flows has shown that when experimental debris flows
deposit on a layer of permeable sand the formation of levees is promoted (de Haas, Braat, et al., 2015).

4.4. Scaling and Upscaling to Mars

From experiments with debris flows we know that small-scale flows experience larger effects of yield strength,
viscous flow resistance, and grain inertia than field size flows (Iverson, 1997, 2015; Iverson & Denlinger, 2001;
Iverson et al., 2010). In addition, for small-scale experimental debris flows it has been proposed that they are
insufficiently affected by pore-fluid pressure (Iverson, 1997; Iverson & Denlinger, 2001; Iverson et al., 2010).
However, certain steps can be, and were, taken to overcome these scaling problems and use small-scale exper-
iments for valid representation of real-world phenomena. For example, when scaling for momentum, a steeper
slope in granular flow experiments can induce larger flow velocities to combat the effects of a smaller flow mass.
Furthermore, it is important to evaluate the validity of experimental findings for the natural world by comparing
flow dynamics expressed in dimensionless analysis. From the dimensionless analysis performed and discussed in
the section above we can state that our CO,-driven granular flows behave dynamically similar to debris flows and
pyroclastic forms on Earth, both on an experimental and field scale (Figure 9). In addition, our experimental CO,-
driven granular flows show similar flow behavior to those of back-calculated CO, driven flows in Hale crater (de
Haas et al., 2019), with similar fractions of CO, needed for fluidization, and similar flow velocities around 3 m/s
in the steepest parts of the gullies and run-outs on slopes ranging between 13 and 19°.

The different sizes of the two experimental set-ups allow an assessment of the influence of scaling on CO,-driven
flows. From the dimensionless scaling in Figure 8, we can see that in our large-scale set-up, the collisional forces
in the flow are of a higher importance than in the flows in the small-scale set-up. This difference is linked directly
to the design of the opening mechanism in the large-scale flume, which limits the flow depth relative to the flow
velocity more than in the small-scale flume. Due to the restriction of the flow height, and therefore a restriction of
the outflow discharge, the flow depth stays artificially low in the chute. This is reflected in a higher share rate y,
see Equation 2, and thus a larger importance of collisional forces. Additionally, we see that the friction number of
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Figure 10. Different natural granular flows and their key morphological features. (a) Debris flow fan with different lobate
deposits with levees near Pinnisalm, Neustift im Stubaital, Austria. (b) Pyroclastic density current deposits from the eruption
of Mount St Helens in 1980 on July 22, showing multiple channels with levees and lobes (Photo: Dan Miller and USGS, first
published in Baker et al. (2016)). (c) Granular flow deposits on the slopes of Istok crater on Mars with levees and lobes
(Photo: NASA—HIiRISE PSP_006837_1345) (Johnsson et al., 2014; de Haas, Hauber, et al., 2015) (d) Rock avalanche Hope
Slide, Hope, British Columbia, Canada (Photo: John Clague). (¢) Mud flow dominated Coldwater Canyon fan, California,
USA, showing channels and dispersed lobes with thin levees.

our flows in the large-scale set-up is smaller than those in the small-scale set-up. Although significant differences
in the dimensionless numbers between the large- and small-scale flows exist, they are small compared to dif-
ferences in dimensionless numbers of experimental debris flows in the same flume but of different compositions
(Roelofs et al., 2022, 2023) or of experimental pyroclastic density currents in the same flume but for different
aeration states (Smith et al., 2020).

To summarize, the flow dynamics and morphology of our experimental CO,-driven flows are comparable to a
variety of natural two-phase flows (Figures 4, 9, and 10) and the influence of scale-effects on our experimental
CO,-driven flows seems to be relatively small. Classical scaling problems in debris flow experiments, related to
viscous flow resistance, interstitial fluid, and pore pressures, are of a smaller concern in our CO,-driven flow
experiments because of the scale independence of the CO, sublimation process, pore pressure, and flow depth (de
Haas et al., 2019; Roelofs, Conway, de Haas, et al., 2024), and the low viscosity of the CO, gas. Therefore, our
findings are of direct relevance to full-scale CO,-driven flows on Mars.

On Mars the gravitational acceleration is 3.71 m/s?, and thus 2.6 times smaller than on Earth. This could possibly
influence the flow dynamics of CO, driven granular flows. We partly accounted for the smaller gravity on Mars
by conducting our experiments on multiple slopes, and therefore studying how the changing gravitational
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component driving our flows would affect the results. However, the most important driver of CO,-driven flows is
the sublimation of the CO, frost, which is independent of gravity. The effect of gravity comes into the equation in
the form of the weight of the particles in the flow and the speed with which they fall back to the surface. As earlier
described by Roelofs, Conway, de Haas, et al. (2024), the extent to which the flow is suspended is given by a
dimensionless group, which describes the ratio of the Darcy pressure Hgu/5” to the weight of the flow Hgp,,;

Hqu qu
5= 5 ®)
Hgp,d”  gp,6

where ¢ is the volume flux of CO, in m/s. Here p,, and y are the same for our experiments and Mars while g is
different on Mars, but this can be compensated by increasing the grain diameter 6 or decreasing the sublimation
flux g by the same factor.

The equation above implies that under Martian gravity only 0.38 of the volume flux of CO, is needed compared to
Earth to fluidize a flow or that with the same amount of sublimating CO, ice significantly larger grains can be
transported on Mars. Practically this means that under Martian gravity, if we were to repeat our large-scale
experiments, we would be able to decrease the amount of CO, used to fluidize 8 kg of sediment over the
length of our flume from 42 to 16 g, equal to a volume fraction of ~0.002. This falls in the volume fraction range,
2 x 1072=2 x 107, predicted to be needed for recent gully flows in Hale crater (de Haas et al., 2019).
Furthermore, the sustained fluidization under varying chute and outflow plain angles gives us the experimental
evidence that under a range of gravitational accelerations sublimating CO, ice can produce two-phase granular
flows.

4.5. Implications for Martian Landscape Evolution and Granular Flows in the Solar System

From extensive analysis of remote sensing data we know that Martian gullies are active landscape features.
Dundas et al. (2019), Pasquon et al. (2019), Dundas et al. (2022), and Sinha and Ray (2023) observed erosion and
transport of material in gullies, the formation of new terraces and erosion of channel segments, the migration of
sinuous curves, channel abandonment, and lobate deposits. Dundas et al. (2019) also observed early stages of
gully initiation, suggesting that the processes shaping and changing the gullies today are not merely modifying the
pre-existing landforms, but are capable of actively shaping the landscape. Despite these observations, it remains
debated what the original formation process of these landforms is. Our experimental results support the hy-
pothesis by Diniega et al. (2010) and Dundas et al. (2012, 2015, 2019, 2022) that current activity, by granular flow
processes driven by CO, sublimation, are actively forming Martian gullies, and are not merely modifying older
water-formed features, as suggested by Dickson et al. (2023).

The similarity in flow dynamics and morphology between our experimental CO,-driven granular flows and
natural two-phase granular flows on Earth supports their landscape-changing potential. On Earth, the erodible
power of debris flows is suggested to be a primary force in cutting valleys in steep landscapes (Stock & Die-
trich, 2003). Although the erodible power of CO,-driven granular flows has yet to be experimentally explored, the
observations of the Martian surface (Dundas et al., 2019, 2022; Sinha & Ray, 2023) and the observed dynamics of
the experimental flows leave little doubt that erosion of material by CO,-driven granular flows is possible. With
the current state of remote observations and the lack of detailed in situ sedimentological and geological in-
vestigations, it is impossible to completely rule out a water-driven origin of the Martian gullies. However, we
need to be cautious about assuming a water-driven past for the Martian gullies when CO,-related processes can
explain present-day gully activity. As most gullies on Mars were formed during the Amazonian period on Mars,
when little to no liquid water could exist on its surface, we deem it likely that the gullies on Mars have been
modified and possibly formed by CO,-related processes for the past 1-3 Ga.

For other planetary bodies in our solar system, our experimental results emphasize that the existence of gully like
landforms is not definite proof of flowing liquids. For example, the observed gully landforms on Vesta (Scully
et al., 2015) and Mercury (Rothery et al., 2020) could also have a sublimation-related formation process, espe-
cially because of the lack of atmosphere of both bodies. Therefore, our results raise an important question on the
use of Earth analogs for planetary science. Earth analogs have been essential in the exploration and understanding
of planetary surfaces in our solar systems as well as the potential habitability of these planetary surfaces. Analog
studies are the backbone of our understanding of the processes that shaped the surfaces of rocky planets and
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bodies throughout our solar system. However, the pitfall of Earth analog studies is the combined problems of
unknown-unknowns and equifinality. The latter principle describes that different processes can result in the same
outcome. Our experimental results contribute quantitatively toward a fundamental reinterpretation of planetary
landforms previously thought to be formed by flowing liquids.

5. Conclusion

We experimentally investigated the feasibility of CO,-ice sublimation as the driving force in fluidized granular
flows on Mars. We conducted 68 experiments under Martian atmospheric conditions in two set-ups on different
scales to explore under which boundary and initial conditions granular material can be fluidized by the subli-
mation of CO,-ice.

Our experiments show that under Martian atmospheric pressure of 8 mbar, the sublimation of small quantities of
CO,-ice, ~0.5% of the total flow volume, can fluidize large volumes of granular material on a range of different
slopes, as long as enough thermal energy is present to initiate the sublimation of the CO,-ice. Under Martian
atmospheric pressure, the sublimation of CO,-ice in a granular mixture increases the pore pressure within the flow
by 0.2-0.6 mbar. This increased pressure carries a significant portion of the total weight of the flow, between 20%
and 60%, which indicates a decrease in granular friction between the grains and a high degree of fluidization of the
mixture. The fluidization of the material results in large flow velocities that exceed velocities in dry granular
flows by a factor 2-3.

Dimensionless analysis of the CO,-driven flows shows that they are dynamically similar to debris flows and
dense pyroclastic density currents on Earth. The flows are supercritical and turbulent in behavior, and frictional
forces dominate over collisional and viscous forces. The similarity in flow dynamics is reflected in the similarity
in deposit morphology. The gully deposits on Mars, and the deposits of our experimental CO, driven flows
contain morphological elements, like levees and lobes, that are seen as key characteristics of debris flow and
pyroclastic flow deposits. In addition, our findings on flow dynamics and morphology of CO, driven flows
support the earlier proposed hypothesis that CO,-driven processes are actively modifying and forming Martian
gullies today.

The dynamic similarity between CO,-driven granular flows on Mars and water-driven debris flows on Earth
makes it very likely that the CO,-driven process can explain the evolution of these landforms on Mars during the
Amazonian, when little to no liquid water was present on the surface of Mars. As debris flows driven by water
form gully landforms on Earth, it is reasonable to assume that CO,-driven granular flows, with similar flow
dynamic properties, can form gully landforms on Mars.

Furthermore, our calculations highlight the importance of thermal energy in driving the sublimation of CO,-
ice that propels the fluidization of granular material. Direct thermal energy is a far more effective source of
energy for sublimation than the conversion of kinetic and potential energy from a fall to heat. This implies
that it is likely that CO,-driven granular flows can only occur in gullies on Mars at specific locations and
during specific periods during the Martian year when CO,-ice and warmer regolith simultaneously exist in
the gully.

Lastly, our experimental results emphasize that the existence of gully like landforms on planetary bodies is not
definite proof of flowing liquids. Gully landforms could also be formed by or at least be altered by sublimation-
related processes.

Data Availability Statement

For all the experiments presented in this manuscript, the data collected by the sensors in the flumes and the DEMs
of Difference, along with a list of the experimental conditions and instructions on how we processed the raw data
can be found in Roelofs, Conway, van Dam, et al. (2024).
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