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How, when and where current mass flows
in Martian gullies are driven by CO2
sublimation
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Martian gullies resemble water-carved gullies on Earth, yet their present-day activity cannot be
explained by water-driven processes. The sublimation of CO2 has been proposed as an alternative
driver for sediment transport, but how this mechanism works remains unknown. Here we combine
laboratory experiments of CO2-driven granular flows under Martian atmospheric pressure with 1D
climate simulation modelling to unravel how, where, and when CO2 can drive present-day gully
activity. Our work shows that sublimation of CO2 ice, under Martian atmospheric conditions can
fluidize sediment and creates morphologies similar to those observed on Mars. Furthermore, the
modelled climatic and topographic boundary conditions for this process, align with present-day gully
activity. These results have implications for the influenceofwater versusCO2-drivenprocesses in gully
formation and for the interpretation of gully landforms on other planets, as their existence is no longer
definitive proof for flowing liquids.

Martian gullies are landforms consisting of an alcove, channel, and
depositional apron. Since their discovery1, they have sparked intense sci-
entific debate because the conditions under which they evolved have far-
reaching implications for the past and present-day water cycling on Mars,
the presence of habitable environments, and future space exploration.
Gullies have been hypothesized to form by the action of liquid water and
brines1–6, the effects of sublimating CO2 frost

7–16, or a combination of these
processes over time17. The morphometry, morphology, and sedimentology
of Martian gully systems are indistinguishable from aqueous debris-flow
systems on Earth1,5,6,18. However, their present-day activity7,8,10,11,14–16,19–24 is
incompatible with the low availability of stable liquid water under current
Martian conditions25,26 and the difficulty of melting pure water on the
surface of Mars today27.

Present-day activity occurs in the form of new lobate deposits on gully
aprons7,8, incision and formation of channels10,16, and the movement of
meter-scale boulders8,16. Early stages of gully initiation are also observed28 as
well the collapse of channel banks12, demonstrating 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. Many
contemporary flows deposit on substantially lower slopes than dry flows
would28.Hence, theseflowsmust have beenfluidized12. The linkbetween the
timing of activity and the presence of CO2 frost at the surface, suggests the
involvement of sublimating CO2

7–10,12–16. The main hypotheses for CO2-
related mechanisms are; a) mixtures of sediment and CO2 ice are fluidized
by the gas flux induced by the sublimating CO2

12,28,29, b) sediment is
transportedby pressurizedflowsunderneath a translucent slab ofCO2 iceof
which the base is sublimating due to solar radiation30. However, the
requirement of slab ice means the latter mechanism is only applicable to
Martian gullies at latitudes > 40∘Swhere evidence for slab ice is observed19,28.

Despite the growing body of evidence for CO2 being involved in
Martian gully flows, we face twomajor challenges. First, we do not have in-
situ observations of activity in gullies. Therefore, it remains speculative if
and how CO2 sublimation drives granular flows and how this process can
explain the observed morphologies. Second, our understanding of the
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climatic and topographic boundary conditions under which CO2-driven
granular flows could occur on present-dayMars is incomplete. On a global
scale, we know that current activity occurs in places where CO2 frost is
present7–10,12–16, but on a local scale, i.e. a specific gully on a specific crater
wall, we cannot explain where gully activity occurs and where it does not.
These challenges hamper our understanding of the evolution of theMartian
surface, the past and present existence of liquid water on Mars, the habit-
ability of the Martian surface, and the general influence of liquid- versus
sublimation-driven processes on planetary surfaces.

Here, we present a new framework for CO2-driven granular flows on
Mars that we validate with the first physical tests of granular flows fluidized
by sublimating CO2 under Martian atmospheric conditions. Furthermore,
we schematize this framework into a climate model, of which we compare
the results to present-day gully activity on Mars.

Conceptual framework for Martian CO2 driven
granular flows
The basis of our framework considers aMartian gully system inwinter. Due
to the complex topography of the gully, there are illuminated slopes and
shaded slopes within the gully. This results in local temperature differences,
with some slopes at temperatures at the CO2 frost point and others above.
When a slope failure occurs, CO2 frost can come into contact with sub-
stantiallywarmermaterial.How this initial slope failure occurs is beyond the
scope of this research, but could include dry raveling, rock fall31–33, CO2

sublimation-induced slumping34,35, meteor impacts, or marsquakes. The

higher temperature of the warmer material provides an energy source for
sublimation of the CO2, possibly aided by heat produced by the release of
kinetic energyduringmovement19. Thegasflux, inducedby the sublimation,
depends on the ratio between the density of CO2 ice and gas. In the thin
Martian atmosphere ( ~800 Pa), the gas flux created by CO2 sublimation is
>100 larger than under Earth’s atmosphere and thus likely sufficient to
fluidize sediments12,36. As long as the gas production produces sufficient
pore pressure, defined by Darcy’s law, to reduce intergranular friction,
movement can occur12,34–36. One can think of two mechanisms in which
enough CO2 frost can be supplied for fluidization to sustain a granular flow
over long distances and low gradients; 1) a loose mixture of sediment and
CO2 frost tumbles or falls on top of a warmer surface, where sublimation is
induced when the CO2 touches the warmer surface, which fluidizes the
mixture (Fig. 1a). Every timestep only a small percentage of the CO2 in the
mixture touches the warmer surface and sublimates, enabling the fluidiza-
tion of thematerial over a long distance until all CO2has sublimated. And 2)
warmer sediments ravel, slump, or fall on top of a CO2 frosted surface,
inducing the sublimation of this frost and thus the fluidization of the
sediment (Fig. 1b). The flow can continue as long as frost is present along its
path, and the flow itself contains sufficient heat. Both mechanisms can be
illustrated by specific examples onMars. Mechanism 1 is illustrated with an
example based on observations of Matara crater dune field (Fig. 2a–e)
that show discrete failures in frost-coated slopes neighbouring defrosted
slopes23. Mechanism 2 is illustrated with an example based on observations
in Selevac crater (Fig. 2f–h) showing failures in ice-free regolith that caused

Fig. 1 | Schematic of the two tested mechanisms for gully activity. The block
diagrams display a small part of the gully system, i.e., two neighbouring slope facets.
aMechanism 1 – Failures in frost-coated slopes lead to mixing of CO2 ice and
warmer sediment, sublimation of the CO2 ice and ultimately fluidization of the
sediment-ice mixture (see also Fig. 2a–e). bMechanism 2 –Dry mass-movement of

sediment onto a frosted surface, which leads to mixing and sublimation of the frost,
and ultimately, fluidization of the sediment-ice mixture (see also Fig. 2f–h). Note
that the model runs in this research test the conditions at t = 0, whereas the
experiments test the physical feasibility of the process at t = 2.
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warmer sediment to fall on top of a CO2-frosted surface causing a dark
deposit.

Our proposedmechanisms imply that for the formation of CO2 driven
granular flows in gullies, three conditions have to be met, in addition to the
presence of unconsolidated granular material available for transport;
• The presence of steep slopes where initial mass movements can occur.
• Slopes that are cold enough to host CO2 frost.
• Neighbouring slopes above the CO2 frost point to provide the heat

energy needed to induce the sublimation of CO2 frost after the initial
mass-movement.

To test the two proposed mechanisms, we combine the first flume
experiments of granular flows fluidized by sublimating CO2 ice under
Martian conditions, with a 1D numerical atmosphere and subsurface col-
umn model that explores the spatial and temporal distribution of the
coexistence of CO2 frosted and adjacent defrosted surfaces onMars. For the
experiments, we use a small-scale flume set-up inside an environmental
chamber to simulateCO2-drivengranularflowsunderMartian atmospheric
pressure. The flume design is informed by four decades of experimental
research on Earth debris flows37–41 (see Methods 5). For the 1D climate
modelling, we simulate the temperature and possible condensation of CO2

frost on multiple steeply sloping surfaces, typical of the source areas of
Martian gullies at a range of latitudes. Steep slopes occur on small (<1 km)
horizontal scales that are not resolved by 3D global atmospheric models
(spatial resolution is typically ~100 km).

Results
Does it flow? Experimental CO2-driven granular flows
To test our two proposed mechanisms for CO2-driven granular flows on
Mars, we performed flume experiments in the Mars chamber at the Open
University (UK) (see Methods 5 for details of the set-up). Here, we present
four experiments and four duplicates (Supplementary Notes 1, Supple-
mentary Fig. 2). Videos of the experiments are available in the Supple-
mentary Videos 1–15.

The first experiment tested mechanism 1 (Fig. 3a–c). In this experi-
ment, a mixture of sand and CO2 ice flowed out into a heated flume with a
slope of 30∘. The flume bottom was heated up to 20 °C, to simulate the

maximum modelled temperature difference between the CO2 ice and the
neighbouring slope ( ~ 140 °C) and ensure a surplus of energy available for
CO2 sublimation.We used an initial CO2 ice weight of 0.3 kg. To remain in
thermal equilibrium, half of the CO2 ice sublimated before the experiment
during the lowering of the atmospheric pressure in the chamber. As a result,
0.15 kg of CO2 ice was left for sublimation during the experiment against 1
kg of sediment. The second experiment tested mechanism 2 (Fig. 3d–f). In
this experiment, we let dry sand (20 °C) flow over a 2 mm thick layer of
crushed CO2 ice (−120 °C). We further performed two reference experi-
ments; one under Martian atmospheric pressure without CO2, and one
under Earth atmospheric pressure (1020 hPa) with CO2.

The two experiments testing the proposed CO2-driven mechanisms
showstronglyfluidizedflows,with frontalflowvelocities of >2ms−1 (Fig. 3a,
d), multiple surges (Supplementary Fig. 1a, b), increased flow depth (Sup-
plementary Fig. 1a, b), and elongated, depositional lobes (Fig. 3c, f). Small
levees are observed within the depositional lobes (Fig. 3c), implying the
occurrence of grain segregation and formation of complex velocity profiles
within the flows. With both tested scenarios, the increased mobilisation of
the sediment in the chute is sustained until all sediment has left the chute.
Fluidization ismost severewhen testingmechanism2,when sedimentflows
over a layer of CO2 ice; sand grains are ejected upwards and a dust cloud
forms as a result of the increased gas pressure generated from the sub-
limating CO2 ice (Fig. 3d). However, this intense mobilisation of the sedi-
ment quickly halts when the mixture reaches the outflow plain and loses
momentum. This contrasts the more prolonged movement of sediment on
the outflow plain under the conditions of mechanism 1, when CO2 ice is
present in the sediment mixture from the start (Fig. 3b, c).

In the experimentwithoutCO2 ice underMartian atmosphere, and the
experiment with CO2 ice under Earth’s atmosphere, fluidization of the
sediment does not occur (Fig. 3g–l, Supplementary Fig. 1c, d). This high-
lights that the combination of CO2 ice sublimation and the low Martian
atmospheric pressure is key in the increased mobilization of sediment. For
both CO2-driven mechanisms, the gas flux into the flow induces a pore
pressure which reduces friction between the grains. In the fully supported
case, there will be no significant friction and the drag will be set by viscous
and/or turbulent stresses leading to much higher flow velocities and run-
out. Furthermore, dimensional scaling analysis shows that under Martian

Fig. 2 | Examples of the two mechanisms for gully activity due to CO2 ice sub-
limation onMars. Images were taken byHiRISE. a–eGully system onMatara crater
dune field (a PSP_006648_1300) depicting mechanism 1: failures in frost coated
slopes lead to mixing of ice and sediment, CO2 sublimation, fluidization and

sediment transport (b–c ESP_036488_1300 and d–e ESP_036910_1300). f–h Gully
system in Selevac crater (ESP_027567_1425) depicting mechanism 2; an ice-free
slope-failure (g) falls on top of a frosted surface (h), causing CO2 sublimation,
fluidization and sediment transport. Illumination from the upper left.
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gravity only 0.38 of the volume flux of CO2 is needed for fluidization
compared to Earth (see Methods 5.4). This implies that because the CO2-
driven mechanisms work in our experiments under Earth’s gravity, fluidi-
zation would be even more effective under Martian gravity.

For the first time, these experiments provide direct evidence that CO2

sublimation can fluidize, and sustain, granular flows under Martian atmo-
spheric conditions, bothwhere sediments andCO2 ice aremixed andwhere
dry sediment flows over a layer of CO2 ice. The experiments, however, do
not address the boundary conditions enabling these flows. We tackle this
with a 1D atmospheric model below that determines where and when
appropriate conditions on Mars can occur.

Relation between recent activity, proposed mechanisms, and
climatic boundary conditions
To test whether, where, and when the conditions for the two mechanisms
can be met on present-dayMars, we used a 1D atmospheric model (the 1D
version of the Mars PCM, developed at LMD/IPSL) to predict the possible
locations and timing of the boundary conditions needed for the two
mechanisms. We then determined if the predicted locations coincide with
the locations of present-day gully activity. The 1D atmospheric model uses
the same physical schemes as the 3D version of theMars PCM42,43, with the
solar irradiance scheme for slopes activated44. For more information on the
model see Methods 5.5.

We examined the twomechanisms for gully activity as follows; thefirst
scenario, representing mechanism 1, requires a sloping frosted surface and
an adjacent defrosted surface with a different slope, and for this study, we
assumed flat as a reasonable starting point for the defrosted slope. The
second scenario, representing mechanism 2, requires two slopes with a
similar orientation, yet differing thermal inertia (TI) properties. This is
caused by the difference between bedrock and unconsolidated sediment,
allowing CO2 frost to persist for longer on unconsolidated material45 (for

more details seeMethods section 5.5). Ourmodel does not directly account
for thepresenceof subsurfacewater ice45, the effects ofCO2 iceon the surface
nor the effect of incident infrared flux on the slope energy budget46. These
parameters influence the surface temperature and thus the deposition of ice
on the surface. Therefore, in tuning themodelled presence of CO2 tomatch
the observations of frost, we needed to use a higher TI than usually used by
otherMartian climate modelling studies45,46. For more detailed information
and sensitivity analysis on the effect of different TI’s we refer to the Sup-
plementary Notes 2.

Our model results (Fig. 4) detail the temperature difference between the
two surfaces. Temperature differences are only shown for the time and
locations for which the reference surface is at the CO2 frost temperature, i.e.,
CO2 is present, and the other surface is above CO2 frost temperature. For
mechanism 1, this is the temperature difference between a pole-facing steep
frosted surface (35∘ slope) and a flat surface without frost (Fig. 4a). Both
modelled surfaces have a TI of 1000 Jm−2 s1/2 K−1. Formechanism 2 this is the
temperature difference between 35∘ slopes with a high TI (1250 Jm−2 s1/2 K−1),
associated with bedrock on Mars47,48, and a neighbouring 15∘ slope with a
lower TI (750 Jm−2 s1/2 K−1), presented here for a south-facing orientation
(Fig. 4b) (for additional model runs with different TI’s, slope angles and slope
cardinal directions see Supplementary Notes 3 and Supplementary Figs. 4–6).

The model results suggest that frosted slopes can co-occur with warm
slopes for both mechanisms at the same latitude and around the same time
during the Martian year (described in solar longitude). The observed
present-day activity in Martian gullies, presented by the lines in Fig. 4, falls
within the valid temperature-difference envelope given by the model sce-
narios. This is especially true for mechanism 1 and for south-facing slopes
within mechanism 2. Furthermore, our model results correlate with
observations of CO2 frost on steep slopes28,45 (Supplementary Notes 3).

Our model predicts that some of the gully population should be
inactive at present, including northern hemisphere gullies at latitudes lower

Fig. 3 | Overview of the experimental results. The first column shows photos of the
granular flow in the chute (70 cm long) during the experiments, accompanied by the
measured flow velocities (u). The locations of the laser distance sensors are indicated
by red dotted lines. The orange dotted lines indicate shifts in flow density. The
second column depicts the orthomosaics of the final deposits. The third column
shows the digital elevation models of the final deposits. The first row (a–c) depicts

the experiment testingmechanism 1, where amixture of sand andCO2 ice is released
into the chute. The second row (d–f) shows the experiment testing mechanism 2,
where sand is released into a chute covered with CO2 ice. g–iHighlight the results of
the experiment under Martian pressure without CO2 ice. j–l The results of the
reference experiment under Earth’s atmosphere, where a mixture of sand and CO2

ice were released into a heated chute.
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than ~ 50∘ and all but the poleward-most equator-facing gullies in both
hemispheres (Fig. 4). These predictions are to date supported by a lack of
observed activity in gullies in these geographical zones.Theonly exception is
activity observed on some equator-facing gullies. This activity could have
been caused by the presence of pole-facing slope facets which can host CO2

ice19 or by a difference in thermal inertia in partly defrosted alcoves, as seen
in Sisyphi Cavi11,24.

Implications for Martian gullies and other planetary
landforms
The combined results of our experiments and models reveal that liquid
water is not required to explain present-day activity in Martian gullies and
that CO2 sublimation processes can explain most of our observations in
active Martian gully systems today, under the condition that enough ther-
mal energy is available for the sublimation of CO2 ice. In our study, the
energy needed for CO2 ice sublimation is presumed to come from heated
slopes that are at temperatures far above theCO2 frost temperature (up to 20
°C in our simulations). experiments specifically prove that sublimation of
CO2 canmobilize, fluidize, and transport sediment as long as CO2 ice in the
flowmixture or the bed continues to sublimate. The deposit morphology in
our experiments contains key features that are also observed in Martian
gully deposits, like levees and lobes. This indicates similarity in flow
dynamics between our experimental CO2-driven granular flows and
experimental and field scale granular flows on Earth, both debris flows38–41

and pyroclastic density currents49,50. The results from the 1Dmodel further
indicate that the location and timing of the climatic boundary conditions of
the proposed CO2 fluidization mechanisms coincide with observations of
present-day gully activity on Mars.

Our findings have implications for the search for potential liquidwater
on Mars, as well as the interpretation of landforms on other planetary
bodies, including gullies onVesta51 andMercury52. ForMars, substantiating
sublimation as an important sediment transport process in gullies today
shows we possibly need no to less water to explain our observations than
previously thought, which can have implications for the amount of water
thought to have existed throughout the Amazonian on Mars. To quantify

this; it has been estimated that to explain geomorphic activity in gullies in
Istok crater with flowing water, a minimum equivalent water layer of 1mm
across all alcoves is needed, with estimates up to 50 mm of water for larger
flows6. Other estimates predict that at least 0.15 km3 of water has flowed
across the surface of Mars to carve the gully systems we observe today53. As
the water inventory of Mars crosses several research domains, from atmo-
spheric sciences to astrobiology, our findings could cascade into many
different fields. Definitive proof of the formation process of Martian gullies
can only be provided by true in-situ observations of present-day activity
combined with detailed sedimentological analysis of their deposits. How-
ever, as both of these are currently unachievable, we believe it is wise to be
cautious about assuming a water-driven past for the Martian gullies and to
consider the possibility of CO2-related processes being involved in their
formation. For other planetary bodies with low atmospheric pressures, our
results imply that the existence of gully-like systems is no longer a direct
proof of flowing liquids as these landforms could as well be formed, or at
least be influenced, by sublimation-driven processes. Therefore, our find-
ings could be the start of a fundamental reinterpretation of extra-terrestrial
landforms. This will affect hypotheses on potential extraterrestrial habitable
environments and predictions on the availability of resources for future
exploration of the Solar System.

Methods
Experimental flume set-up and Mars chamber
The experiments were performed in a small-scale flume in the Mars
chamber at the Open University in Milton Keynes, United Kingdom. The
Mars chamber is a cylindrical chamber with a diameter of 0.9 m and length
of 1.8 m (see Fig. 5) that can be depressurized to Martian atmospheric
pressure. The desired pressure can be set and is automatically regulated, but
the depressurization rate is manually controlled by opening the valve to
the pump.

Thedesignof theflume inserted into the chamberwas basedon set-ups
for simulating terrestrial debris flows on a small scales39–41,54. These set-ups
consist of a sediment reservoir, from which the mass flow is released, a
steeper narrow chute for studying flow properties, and an outflow plain to

Fig. 4 | Climate model results with observed gully activity superimposed. Colour
indicates the maximum daily temperature difference between frosted and unfrosted
surfaces for (a) mechanism 1 and (b) mechanism 2 for south-facing slopes for
different latitudes over a Martian year (depicted in Solar Longitude). Temperature
differences between slopes are projected as different colours. Timing and location of

recent gully activity are given in black14,24, activity in dune gullies by blue lines and in
linear gullies by green lines21, observed ongoing activity is highlighted by dashed
lines. The green line in the Northern hemisphere is an alcove failure on Buzzel dune
field57. Black dots are observations of frost on gully fans from HiRISE and CaSSIS28.
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study flow deposits. The flume used here consisted of a reservoir with a trap
door (2.07 L), a steep narrow chute (7 × 15 × 70 cm), and an outflow plain
(30 × 80cm), seeFig. 5.The slopeof the chutewaskept at 30∘ and the slopeof
the outflow plain at 12°. Heating pads were installed at the bottom of the
chute to regulate the temperature of the chute floor. To simulate natural
roughness, the aluminum bottom of the chute was sandblasted, and the
outflow plain was covered with sandpaper. Above the chute two OADM
20U2480/S14C laser distance sensors were installed at 0.37 m and 0.54 m
from the top of the chute (see Fig. 5). Theymeasured with a frequency of 10
000 Hz and have sub-mm accuracy during the passage of the flow.

Flume experiments
Four key experimentswere performed to test the twomechanismsdiscussed
in the main text of the paper. Three experiments were conducted under
Martian atmospheric pressure and one experiment was executed under
Earth atmospheric pressure (see section 3.1). To ensure repeatability, all
experiments were repeated. For results of the duplicate experiments see
Supplementary Notes 1. The first experiment tested mechanism 1, where a
mixture of CO2 ice and sediment flowed over a non-frosted surface that was
kept at a constant temperature of 20 °C, to simulate themaximummodelled
temperature difference between theCO2 ice and the neighbouring slope (see
Fig. 4 and Section 3). The second experiment tested mechanism 2, where
warm sediment (20 °C) comes into contact with a CO2 frosted surface. The
third experiment was the reference experiment without CO2 ice under
Martian atmospheric pressure. In this experiment, only sediment was
released from the reservoir. The fourth experiment was similar to the
experiment testing mechanism 1, but now performed under Earth

atmospheric pressure. For all experiments, 1 kg of sediment was used. The
sediment used in the experiments consisted of a moderately sorted sub-
rounded fluvial sand, with amedian grain size of 310 μm.The sedimentwas
selected because of its fine to medium grain size and its broad grain size
distribution that minimizes gas permeability relative to a mono-disperse
sand, and thus slows down the gas escape rate.

WhenCO2 icewasmixed with the sediment we used an initial CO2 ice
weight of 0.3 kg. To remain in thermal equilibrium, half of the CO2 ice
sublimated before the experiment during the lowering of the atmospheric
pressure in the chamber. As a result, 0.15 kg of CO2 ice was left for sub-
limation during the experiment. In the experiment where sediment flowed
over a frosted surface, a 2 mm thick layer of crushed CO2 ice was placed on
the bottom of the chute. Lowering of the layer thickness during depres-
surisation of the chamber was minimal.

Experimental procedure
The procedure for executing an experiment consisted of the following steps.
TheCO2 icewasmanually crushed to amediangrain size similar to the sand.
The icewas thenmixedwith the sedimentwhilemonitoring theweight. The
latterwas essential because theCO2 ice sublimated as it cooled the sediment.
When the desired CO2 weight was reached the mixture was loaded into the
reservoir. For the experiments conducted under Martian atmospheric
pressure, the chamber was subsequently closed and depressurized to 800 Pa
in 10–12minutes.Whenanatmospheric pressureof 800Pawas reached, the
pressure was stabilised and the trap door of the reservoir was opened letting
themixtureflowout. For the experiment under Earth atmospheric pressure,
the chamber was closed but not depressurized. 12 minutes after loading the

Fig. 5 |Mars chamber and flume set-up. aA frontal
view of the flume in theMars chamber. bA side view
of the flume in the chamber right before an experi-
ment. c Technical sketch of the flume. All dimen-
sions are given in cm. Important flume elements and
sensors are indicated with arrows and descriptions.
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sediment, the mixture was released. After the experiment, the chamber was
depressurized in 4–5min. The chamberwas opened and 40-50 photos were
taken of the deposit with a Canon PowerShot A640 for multi-view photo-
grammetry. DTMs and orthophotos of the surface were created with a pixel
size of 300 μmusingAgisoftMetashape Professional (results shown in Fig. 3
and Supplementary Fig. 2).

Scaling for gravity in flume experiments
In our experiments we did not directly scale for the weaker gravity of Mars
relative toEarth.However, this differencecanbeunderstood theoretically by
dimensional analysis. Themost important driver of CO2 driven flows is the
sublimation of the CO2 frost, which is independent of gravity due to CO2

being thedominant gas55. The effect of gravity comes into the equation in the
formof theweight of the particles in theflow. The extent towhich theflow is
suspended is givenby anon-dimensional group,whichdescribes the ratio of
the Darcy pressure hqν/d2 to the weight of the flow hgρs;

hqν

hgρsd
2 ¼

qν

gρsd
2 : ð1Þ

where is ρs is the density of the solid material in kg m−2, where h is the flow
depth inm, q is the volumeflux ofCO2 inms−1, ν is the dynamic viscosity of
theCO2 gas in kgm

−1 s−1, g is the gravitational acceleration andd is the grain
diameter inm s−2. ν is the same for our experiments andMars. g is different
but this can be accommodated by adjusting the grain diameter d, the solid
density ρs or sublimation velocity q.

This shows that under Martian gravity only 0.38 of the volume flux of
CO2 is needed compared to Earth to fluidize a flow. In the practical sense,
this means that under Martian gravity, if we were to repeat the experiment
testingmechanism 1, we would be able to decrease the amount of CO2 used
tofluidize 1 kg of sediment over the length of our flume to 58 g at the start of
an experiment (volume fraction of 5.8 × 10−2). This is close to the volume
fraction range, 2 × 10−2 – 2 × 10−5, predicted to be needed for recent gully
flows inHale crater12, especially if you account for the lack of replenishment
of CO2 ice in our experimental set-up of mechanism 1.

1D column version of the Mars Planetary Climate Model
The 1D atmosphere and subsurface column model uses physical schemes
extracted from theMars Planetary ClimateModel (PCM)42,43, with the solar
irradiance scheme for slopes activated44 to simulate surface temperature on
slopes of 0∘, 15∘ and 35∘, oriented to face north, south, east or west for all
latitudes (at 1∘ intervals). We used current orbital conditions: orbital obli-
quity of 25∘, and perihelion at Ls 251

∘ (in southern summer). Mars receives
45%more insolation at perihelion than aphelion due to its eccentric orbit26.
We fixed the surface pressure to 610 Pa (we also performed tests at 500 and
800 Pa, which produced no noticeable difference in our results).WhenCO2

ice condenses or sublimates this means that the 1D atmospheric column
does not conserve mass. This is true in reality for any single location;
additional atmospheric mass and heat, including the latent heat released as
more mass becomes available to condense, can be advected into a region
horizontally, an effect that can only be represented correctly in a global 3D
model.Where the surface pressure in the 1Dmodel is allowed to alter, polar
night can result in an unrealistically low surface pressure as the whole local
atmosphere column freezes.

The 1D version of the model applies the same set of physical sub-
models as the Mars PCM. It uses astronomical parameters to calculate the
total incoming solar radiation at the top of the atmosphere, which drives the
atmospheric system. In computing the radiative transfer through the
atmosphere the model accounts for absorption, emission, and scattering by
CO2 gas and dust, over a range of wavelengths from ultraviolet to infrared.
Small-scale dynamical processes of the atmosphere, such as turbulent dif-
fusion and convection, are parameterized. The model accounts for the
condensation and sublimation of CO2 at the surface and contains a soil
model which describes the thermal inertia (TI) of the ground, with 18 sub-
surface layers, and its albedo and radiative flux balance at the surface.

We used three soil TIs of 750, 1000, and 1250 Jm−2 s1/2 K−1 (also
referred to as thermal inertia units, tiu) as is realistic for an ice-free soil, a
moderately water ice-rich soil and an ice-rich soil at the latitudes with
gullies45.Weusedabare soil albedoof 0.256 (tests at 0.1 and0.05producedno
noticeable difference in our results). For two specific TIs and slope config-
urations, the results are presented in themainbodyof thepaper,whereas the
results with the other TIs can be found in the Supplementary Notes - 3.We
would like to highlight that theTIs used in this study are high in comparison
to those usually used by Martian climate modelling studies45,46. Our model
does not directly account for the presence of subsurface water ice45, the
effects of CO2 ice already present on the surface, or the effect of incident
infrared flux on the slope energy budget46. However, the correct prediction
of the locations and timings of CO2 frost and the temperature of the other
hillslopes is essential to test our mechanisms. To get the modelled presence
of CO2 tomatch the observations, we used a relatively high surface TI in our
model set-up.Webased theTIs used in themainpart of themanuscript on a
model tuning stepwhere we sought tomatch the predicted presence of CO2

frost on north and south-facing slopes of 35∘ (see SupplementaryNotes 2) to
observations of frost on steep slopes28,45.

We performed model runs two Mars years in duration where the
surface temperature was recorded every half hour at every location. Only
data from the secondMars year are used for analysis. For mechanism 1, we
calculated the temperature difference between frosted slopes at 35∘ oriented
poleward with adjacent flat areas, both with a TI of 1000 J m−2 s1/2 K−1.
Frosted slopes adjacent to defrosted flat terrain only occur on pole-facing
orientations. For mechanism 2, we calculated the maximum temperature
difference between triplets of slopes at 35∘ slope orientedN, S, E, andWwith
aTIof 1250 J m−2 s1/2 K−1 compared to frosted slopes at 15° slopewith aTIof
750 J m−2 s1/2 K−1. For each orientation, the triplet comprised the central
orientation and its two immediate neighbours. In Fig. 4 temperature dif-
ferences are only plotted if the lower temperature is at theCO2 condensation
point, i.e., if CO2 ice is present on one of the surfaces.

Data availability
In this study, we used data collected during the experiments, including
digital elevation data and sensor data of flow dynamics, and we used output
data of the1Dversionof theMarsPCM.All this data is storedonYODA, the
online repository of Utrecht University. The data is accessible under this
link58: • https://doi.org/10.24416/UU01-SVJJB8 • https://public.yoda.uu.nl/
geo/UU01/SVJJB8.html.
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