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A B S T R A C T

A significant number of the major celestial bodies in the Solar System are characterized by high percentages of ice in their surface composition. Previous works have 
shown how the rheological behavior of ice-rock mixtures under different pressure, gravity and temperature conditions can be studied based on the morphologies of 
landslides. It has long been known that terrestrial landslides that occur on frozen surfaces show very low apparent friction, calculated as the aspect ratio between the 
fall height of the landslide and its horizontal movement. A possible mechanism to explain this low friction and consequently high mobility is the presence of a 
temporary meltwater layer at the interface between the debris and the impacted ground. This paper examines landslides on different planetary bodies of the Solar 
System composed of ice in varying amounts, from the ones containing ice only in the rock pores, to nearly completely icy mass flows.

A mechanical-thermodynamic model of ice melting at the base of these landslides is investigated. Lubrication is explicitly introduced as a consequence of frictional 
melting of ice, which is found to be very sensitive to the gravity field, the topographic profile, and the temperature of the bodies. Results explain the decrease in 
friction coefficient, while the volume effect is seen to occur with more efficacy for bodies with high gravity and is absent for the very low-gravity comet 67/P. The 
results indicate the importance of initial temperature, ice content and especially gravity in ice lubrication dynamics of icy landslides in the different planetary bodies.

1. Introduction

Water ice has been observed to be extremely abundant in the Solar 
System (Encrenaz, 2008) and its dynamics strongly influence the 
geological processes occurring on the celestial bodies with a large per
centage of it in their composition (Bulmer, 2012). In addition, one of the 
interests in these cold, devoid of liquid water, highly radiated and poor 
in nutrients environments lies in the fact that under such conditions, life 
has been observed to thrive on Earth (Anesio et al., 2017; Rozwalak 
et al., 2022). This observation raises the question of whether life, in 
any form, could be present on other icy worlds (Khuller et al., 2024).

Landslides have been observed to occur throughout the Solar System 
(Bulmer, 2012) on bodies of extremely diverse nature. Aside from Earth, 
landslides occurred on Mercury (Brunetti et al., 2015), Venus (Malin, 
1992), the Moon (Scaioni et al., 2018), Mars (Lucchitta, 1987; 
McEwen, 1989; Quantin et al., 2004; Lucas et al., 2014; Crosta et al., 
2018a; Pajola et al., 2022; Guimpier et al., 2022), Martian moon Pho
bos (Shingareva and Kuzmin, 2001), large asteroids Vesta and Ceres 
(Otto et al., 2013; Schmidt et al., 2017), Jovian moons (Schenk and 
Bulmer, 1998; Moore et al., 1999), Saturn moons (Singer et al., 2012), 
Pluto's moon Charon (Beddingfield et al., 2018, 2020) and comet 
67P/Churyumov-Gerasimenko (Lucchetti et al., 2019). While some 
landslides have been observed in worlds devoid of ice (for example 

Mercury, Io, the Moon, Phobos), others are affected by ice or are nearly 
completely icy (for example on Earth, Mars, Callisto, Ceres, Iapetus, 
Charon).

Landslides have extremely variable morphologies that are related to 
the characteristics of the planetary body on which they occur (Table 1). 
The main factors that play a role in the development of these structures 
on icy worlds are the properties of the surface and landslide materials 
(rheology and quantity of volatiles), the collapse dynamics, the local 
topography and, most importantly, the gravitational acceleration of the 
terrestrial body. Based on the analysis of the morphology of the land
slides and considering all the different properties of the planet on which 
they occurred, it is therefore possible to gain insight into ice in the icy 
bodies of the solar system by studying the behavior of the mass 
emplacement.

Several authors have shown (initially for Earth, and then for Mars 
and other planetary bodies) that the effective friction coefficient defined 
as the ratio H/L between the fall height H and the runout L of the 
landslide decreases drastically with the volume, which is also called the 
volume effect (Scheidegger, 2012; Shaller, 1991; Bulmer, 2012; Crosta 
et al., 2018). Note that following common usage in landslide research (e. 
g., Scheidegger, 1973) we shall be using the volume of the landslides, 
even though it is the mass that plays the role in the dynamics. This 
difference is relatively small considering that the density changes little 
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among the different rock types, while the volume changes by several 
orders of magnitude. The volume effect, however, is not exhibited by all 
celestial bodies in the same way, and in particular not in the observed 
and modeled data for comet 67P, where the effective friction of land
slides is approximately the same regardless of the volumes involved 
(Lucchetti et al., 2019). There are several hypotheses (e.g. acoustic 
fluidization, Collins and Melosh, 2003; Flash-heating, Lucas et al., 2014) 
but no accepted explanation for the volume effect, even though it ap
pears that ice and water may be involved (e.g., De Blasio, 2009). In 
trying to understand this behavior, we study landslides on a consider
able number of planetary bodies that show significant percentages of ice 
in their composition (Brunetti et al., 2015; Malin, 1992; Scaioni et al., 
2018; Lucchitta, 1987; McEwen, 1989; Quantin et al., 2004; Lucas 
et al., 2014; Crosta et al., 2018b; Shingareva and Kuzmin, 2001; Otto 
et al., 2013; Schmidt et al., 2017; Schenk and Bulmer, 1998; Moore 
et al., 1999; Singer et al., 2012; Beddingfield et al., 2018; Lucchetti 
et al., 2019; Beddingfield et al., 2020) and are covered by extensive 
data that allows to run morphological analyses. We focus our work on 
the bodies of Mars, Ceres, Callisto, Iapetus, Rhea, Charon, comet 
67P/Churyumov-Gerasimenko and Earth, the last to use as a comparison 
(Fig. 1). Throughout this study, the terms “icy” and “ice” refer to land
slides composed by less than 70% ice and more than 70% ice, 
respectively.

On Earth, icy landslides occur mostly in mountain environments 
(Fig. 1a–h). They produce lobate, elongated deposits usually showing 
furrows on the surface parallel to the flow direction. Similar morphol
ogies can be found on Mars (Fig. 1b), where the volumes of material 
involved are significantly larger, resulting in massive debris aprons with 
evident furrows on their surface. Valles Marineris region shows great 
abundance of such morphologies (Crosta et al., 2018a). On other plan
etary bodies (Fig. 1c and d,e) landslides are typically found within the 
structure of ancient impact craters, as their rims can be extremely steep 
and unstable. On Comet 67P/Churyumov-Gerasimenko (Fig. 1g), the 
volumes of materials involved are significantly lower than all the other 
cases studied and no elongated debris aprons or furrows have been 
observed, seemingly implying that the extremely ice-rich landslide 
material assumes morphologies typical of rock falls on this body 
(Lucchetti et al., 2019).

This work aims to give an overview and analysis of the icy landslide 
phenomenon throughout the Solar System, where ice persists at 
different ranges of pressure and temperature (Petrenko and Whitworth, 

1999). The purpose is to provide the main factors influencing these 
events and to relate them with the morphological characteristics that 
these structures assume on the different planetary bodies. Through the 
usage of thermodynamic modelling, we tested the hypothesis that the 
generation of a meltwater layer at the interface between the surface and 
the detached material may explain the mobility and volume effect in icy 
landslides.

2. Methods

2.1. Landslide data acquisition

Data for this study was collected from planetary landslide databases. 
The ratios H/L (fall height divided by runout distance, of particular 
relevance for landslide studies) for Ceres and Charon were obtained by 
the dataset of missions DAWN (Russell and Raymond, 2012) and New 
Horizons (Guo and Farquhar, 2008) respectively, accessible through 
JMARS software (Christensen et al., 2009). We found our results 
consistent with the works of Schmidt et al. (2017) on Ceres and 
Beddingfield et al. (2018) on Charon. We acquired images and H/L 
values for Earth and Mars landslides from the work of Crosta et al. 
(2018a) and the same data for comet 67P/Churyumov-Gerasimenko 
from Lucchetti et al. (2019). Most of the data for Mars were collected 
by MRO mission (Zurek and Smrekar, 2007). Extremely valuable 
morphological images over the bodies of Rhea, Callisto and Iapetus were 
provided by CASSINI mission (Lebreton and Matson, 1992) and 
collected in the work of Singer et al. (2012).

2.2. Basal heating model

Frictional heat is known to produce a self-lubrication layer in icy 
materials dramatically decreasing ice friction. In laboratory conditions, 
the phenomenon has been assessed in numerous conditions of temper
ature, speed, pressure, and roughness (e.g., Colbeck, 1988; Petrenko and 
Whitworth, 1999; Maeno et al., 2003; Kietzig et al., 2010). However, in 
the more remote and inhomogeneous conditions under landslide bodies, 
the dynamics of lubrication are still a matter of investigation.

The model described here is a modification of the one proposed by 
De Blasio (2014) and Crosta et al. (2018a) to estimate the amount of 
water melted at the base of a terrestrial or a Martian rock avalanche and 
the consequent lubrication at the base. This model does not introduce 

Table 1 
General characteristics of the examined planetary bodies. As Average temperature we assume the temperature of the body averaged between its lowest and highest 
values. The terms “icy” and “ice” refer to landslides composed by less than 70% ice and more than 70% ice, respectively.

Equatorial 
radius (km)

Average 
gravity (m/ 
s2)

Main surface lithologies Average density 
(kg/m3)

Ice 
fraction ϵ

Mass (kg) Average 
Temperature (K)

Comet67P 2 2.2x10− 4 Ice and Dust (Filacchione et al., 2019a,b) 530 (Pätzold et al., 
2016)

0.99 1x1013 170

Iapetus 735 0.223 Roughly ¼ of Carbonatic Chondritic Rocks and ¾ of Ice 
(Clark et al., 2012)

1083 (Thomas 
et al., 2007)

0.95 1.806x1021 100

Ceres 487 0.28 An inner core of chondritic material with an outer layer 
of ice covered by a silicate layer. (Rivkin et al., 2012; 
King et al., 2018)

2170 (McCord and 
Sotin, 2005)

0.2 9.28x1020 200

Rhea 763,5 0.26 An inner rocky core with an ice-rock mantle and an icy 
surface (Anderson and Schubert, 2007)

1236 (Thomas 
et al., 2007)

0.95 2.306 
x1021

99

Callisto 2410 1.236 Rock and ice mixture in almost equal quantities. (
Moore et al., 2004)

1834 (Anderson 
et al., 2001)

0.4 1.076 
x1023

134

Charon 606 0.288 Ammonia hydrates and water ice (Protopapa et al., 
2021)

1705 (Spencer 
et al., 2021)

0.45 1.589 
x1023

53

Mars 3402 3.69 Igneous and sedimentary rocks with a varying 
percentage of subsurface ice (Taylor, 2013)

3934 (Smith et al., 
1999)

0.2 a 6.42x1023 220

Earth 6378 9.81 Basaltic, granitic, metamorphic and sedimentary rocks. 
In most cases, water or ice are present in the landslide (
McDonough and Sun, 1995)

5514 (Williamson 
and Adams, 1923)

0.2 b 5.97x1024 260

a Assumed based on morphological analysis.
b In glaciated landslides (Schneider et al. (2011)).
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deformation, assuming that the landslide is represented as a rigid slab 
with thickness Hs that does not change shape during sliding. The basic 
hypothesis is as follows: a thicker landslide exerts more pressure at the 
base than a thinner one, resulting in more heat generated through fric
tion. Consequently, the frictional heat increases the temperature of the 
basal ice until melting occurs. The resulting layer of water lubricates the 
base of the landslide (Fig. 2) and at the same time reduces the frictional 
melting. It is suggested that water produced in an icy landslide is rapidly 
consumed by refreezing, evaporation, or incorporation into the granular 
matrix when the motion stops.

Let us first consider the case of a landslide and of the sliding surface 
composed entirely of ice. At the base of the slab, the pressure is given by 

P= ρiceg Hs cos β (1) 

and the frictional force is 

F=M g cos β μ = ρiceg Hs S cos β μ (2) 

Fig. 1. Examples of landslides studied in this work and found on different planetary bodies. a) “icy” landslide on Earth (ice fraction 20%) located on Mount Munday, 
Canada. Data and picture from Sosio et al. (2012). b) Martian landslide “Coprates Labes”. CTX image. c) landslide within Darzamat crater on Ceres. DAWN mission 
image. d) landslide on Callisto located at 24.898 N, 218.295 E. Galileo mission image. e) landslide on Iapetus located within Malun crater. Cassini mission image. f) 
landslide on Charon located at 21.25 N, 198.5 E. New Horizons mission image. g) landslide on Comet 67P Churyumov-Gerasimenko, note that the scale is extremely 
lower than the other bodies. Image ID: N20141112T164351560ID30F22. Image from Rosetta mission. h) “ice” landslide on Earth (ice fraction 80%), Schneider et al. 
(2011) located on Mount Adams, Washington, USA. Image credit: USGS. In each image the debris aprons are highlighted by the dashed line and the arrows indicate 
the detachment scarp. Images on Rhea were not available.

Fig. 2. Schematization of the sliding model used in this work. The lengths of g 
arrows are proportional to the gravity field on the specific planetary body.
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where S is the surface area at the base of the slab, β is the local slope of 
the topography, g is the gravitational acceleration and μ is the friction 
coefficient.

The mechanical work dissipated at the base of the slab (in joules) 
over a time interval dt is (Crosta et al., 2018a) 

dL= FUdt = ρiceg Hs S cos β U μ dt (3) 

where U is the velocity. Only one part of this work results in heating the 
interface between the slab and the ground, as some heat is carried away 
from the immediate contact zone (e.g. part is used in fragmentation, and 
in the generation of seismic waves). Therefore, the fraction e of work 
that contributes to the melting of water is: 

dQ= e dL (4) 

The amount of melted water d Mw in the same time interval dt is 
found by equating this heat with the amount of heat necessary to in
crease the temperature to the melting point of a mass dM of ice and then 
to melt it: 

e ρiceg Hs S cos β U μ dt=(cΔT+ λ) dMw (5) 

where c, ΔT (>0), and λ are the specific heat, the temperature difference 
between the ice before melting and the melting point (i.e., the ice is 
initially at a temperature ΔT below zero), and the latent heat of fusion, 
respectively.

We can now rewrite dMw = ρwaterS δw, where δw is the thickness of 
water produced by the melting. Thus, the increase in water thickness 
over time is: 

dδw

dt
= e

g Hs cos β μ
cΔT + λ

ρice

ρwater
U (6) 

In laboratory conditions with pure ice, or when solid impurities are 
negligible, it is known that a water layer a few tens of microns thick can 
significantly reduce the friction of ice, explaining the slipperiness of ice 
at not too low temperatures (normally not lower than − 35◦C; Maeno 
et al., 2003; Kietzig et al., 2010; Colbeck, 1995). However, because 
rock fragments in a landslide have irregular surfaces, the thickness of the 
water layer must be much greater to achieve any form of lubrication 
(Crosta et al., 2018a).

In the model, which deals with impurity-rich ice, it is assumed that 
the critical thickness δ* for lubrication is much greater than the tens of 
microns needed for pure ice and is at least in the order of the size of solid 
granules. Even this quantity is difficult to determine because the size of 
the clasts at the base of the landslide is itself determined by the frag
mentation occurring during the collapse of the landslide.

We assume, in agreement with the model by Crosta et al. (2018a), 
that friction decreases according to 

μ= μ0 exp
(
−

δ
δ*

)
(7) 

where δ* is expected to be larger for icy conditions than for pure ice 
conditions and μ0 is the dynamical friction coefficient in the absence of 
lubrication. The crucial point of the model explicit by Eq. (7) is that 
friction decreases as δw increases.

In the absence of air drag (which is certainly a good approximation 
for bodies with thin atmosphere and is valid even for Earth except for 
extreme speeds), the acceleration depends on the friction in a simple 
way: 

dU
dt

= g(sin β − μ cos β) (8) 

If friction were constant, this model would be easily solvable for any 
slope profile. However, due to the complex behavior of friction modified 
by lubrication, the model needs to be solved numerically using the three 
equations described (6-8) dδw

dt , μ and dU
dt , and with a plausible downslope 

sliding profile (slope topography) for the landslide. Here, we used an 
exponential profile for the topography of the form 

y(x)= y0 exp
(
−

x
Λ

)
(9) 

where x is the horizontal position of the landslide, Λ is a distance scale 
after which the elevation diminishes from an initial value of y0 to y0

e ≈

0.368 y0. The thickness of the landslide is assumed constant during 
sliding, and additionally the landslide is not lifted up by the underlying 
water later, a reasonable approximation since the fraction of ice 
removed from the base due to melting is much smaller than the thickness 
of the landslide itself (i.e. δw≪Hs).

If the landslide is composed partly of rock, the rest being ice, the 
equations are modified as follows. First, the pressure at the base will be 
higher because rock has a higher density. So instead of ρice, we use 
ρ = ϵρice + (1 − ϵ)ρrock where ϵ is the volume fraction of ice, and the 
pressure at the base becomes P = ρg Hs cos β. Another difference is that 
now only a fraction ϵρice of the mass can melt. Finally, the specific heat of 
the mixture changes since the specific heat of rock is different from that 
of ice. Assuming that the heat generated by friction δQ is sufficient to 
heat a thickness of rock dh (with water ice inside) to the melting tem
perature of water ice, we get 

δQ= [(ciceϵρice + crock(1 − ϵ)ρrock )ΔT+ λϵρice] S dh (10) 

Putting together these modifications, we obtain 

dδw

dt
= e ϵ

ϵρice + (1 − ϵ)ρrock

ρwater

Hs cos β μ
[(ciceϵρice + crock(1 − ϵ)ρrock )ΔT + λϵρice]

U

(11) 

There are two additional corrections to the model. The first concerns 
the possibility that some water is lost from the tail of the slab. We must 
thus include the length of the slab (which previously was not part of the 
model), denoted Ls. The amount of water lost per unit time is of the order 
1
2 U δw W, where W is the width of the slab (where it is assumed that the 
fluid velocity at the base and in contact with the slab are respectively 
0 and U from which the factor 12 is obtained by averaging). Dividing by 
the surface area of the slab, we obtain the rate of change of thickness due 
to loss from the tail 12

Uδw
Ls

. The second correction concerns the case where 
the thickness of water becomes much greater than the asperities of the 
terrain. In this case, it is assumed that friction decreases significantly (as 
already observed), but the phenomenon of drag increases due to the 
turbulence in the water layer, which increases the resistance at the base 
of the landslide. The drag leads to a quadratic dependence of velocity 
through a drag coefficient CD. The formula for drag resistance is dis
cussed in greater detail in De Blasio (2014). Below are the final equa
tions that account for these corrections and that are used in the 
simulations: 

dU
dt

= g(sin β − μ cos β) −
1
2
CD

ρw

ρHs

(
1 − exp

(
−

δ
δ*

) )
U2 (12) 

U(t)=
∫t

0

dU
dt

dt (13) 

x=
∫t

0

U(t) cos β dt (14) 

δ(t)=
∫t

0

dδw

dt
dt (15) 

sin β=
|yʹ(x)|
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + yʹ(x)2
√ (16) 
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dδw

dt
= e ϵ

ϵρice + (1 − ϵ)ρrock

ρwater

Hs cos β μ
[(ciceϵρice + crock(1 − ϵ)ρrock )ΔT + λϵρice]

U

−
1
2

Uδw

Ls

(17a) 

dδw

dt
= e

g Hs cos β μ
cΔT + λ

ρice

ρwater
U −

1
2

Uδw

Ls
(17b) 

Where Eqs. (17a) and (17b) hold for mixed and pure ice avalanches, 
respectively.

The calculation method consists of integrating the equations of mo
tion (11-17) numerically. The time variable is discretized with a time 
step of the order of 1 ms. At a given time step, Eqs. (12) and (11) are 
calculated and used to propagate the solution in time (for example, 

U(t +δt) = U(t) +
(

dU
dt

)

t
δt where 

(
dU
dt

)

t 
is calculated with the right 

hand side of Eq. (12) at time t, and then integrated again to find the 
position x(t+δt) at time t + δt as x(t + δt) = x(t)+ U(t)δt +

(1 /2)
(

dU
dt

)

t
δt2 ). Owing to the simplicity of the model, an Euler algo

rithm is sufficiently precise for the integration.
Note that for the case of Charon, since the volatile ices on the surface 

consist of a mixture of water ice (≈70%) and ammonia ice (≈30%) 
(Protopapa et al., 2021), the model was integrated with the effects of this 
mixture following the work of Hogenboom et al. (1997). The main 
changes in this model are variations in melting T, density, specific heat 
and latent heat of the ice mixture.

2.3. Parameters selection

While some parameters, such as the local slope, gravity and tem
perature are either well-known or can be reasonably assessed, others 
(Table 2) are more difficult to determine. A crucial quantity that is 
difficult to ascertain is the critical thickness δ*, i.e., the critical thickness 
of the water layer needed to lubricate efficiently the landslide. This 
parameter is strongly dependent on the roughness of the terrain and the 
grain dimensions. We therefore proceeded empirically and ran a series 
of simulations varying this parameter, with unrealistically low and high 
values as endmembers (δ* = 0.0001 − 1m), in order to find the value 
capable of better reproducing the observed morphologies (Fig. 3). The 
figure shows, next to each legend entry, the level of accuracy for each 
curve. This was evaluated by comparing measured H/ L values with 
those predicted from the modeled volume–H/L relationships. The misfit 
was then quantified as the absolute vertical deviation in log-space, r =
⃒
⃒log 10(H/L)obs − log 10(H/L)model

⃒
⃒, which represents a multiplicative 

error. This was converted into a percentage accuracy defined as 
Accuracy = 100× 10− r, such that perfect agreement corresponds to 
100%, and deviations reflect the factor by which modeled and observed 
values differ. The overall performance of each curve was then quantified 
as the mean accuracy across all data points.

We ran these simulations for the case of Mars, where a large in
ventory of data was available. From this study, we found that a value of 
δ* = 0.01 m (1 cm) provides a reasonable approximation to model this 
lubrication. We chose to use a single value for this parameter for all the 
planetary bodies since, as displayed by Fig. 3, it does not introduce 
significant errors; large variations of even 1 order of magnitude within 
δ* have been observed to provide values within acceptable ranges, 

although less accurate.
Another difficult parameter to set is the efficiency e, that is, the 

fraction of the mechanical energy dissipated by the landslide ending up 
as thermal energy and raising the temperature at the base of the mass 
movement. The distribution of dissipated energies in ice-rich landslide 
phenomena has been little addressed in the literature (De Blasio et al., 
2018). In the calculations, an empirical approach was therefore used, 
simply adjusting the parameter until convergence with the empirical 
data was found. Fig. 3 also displays the results for these simulations, 
which show the best fit for the case of e ≈ 0.1 (10%). Similarly to δ*, we 
applied a single value of e to all our simulations since it has been 
observed that even large and unrealistic values (i.e. e = 0.5) still provide 
data that, although less accurate, still fall within the observed 
morphologies.

2.4. Profiles and volumes used for the modelling

The profiles shown in Fig. 4 were obtained after calculating the 
average height H of the landslide scarp for each celestial body and 
subsequently applying an exponential decrease in the topography. The 

slope profile of the landslides follows the exponential law y(x) =

y0 exp
(
− x

Λ

)
. The values for each planet are displayed in Table 3.

The modeled volumes, on the other hand, have been obtained 
following the empirical law: 

V =HSLW=HS*(sHS)*(jHS) (18) 

where HS is the thickness of the moving slab, L is the maximum length 
reached by the moving slab, W is the maximum width reached by the 
moving slab, s and j are scaling factors based on empirical observations 
(empirical aspect ratios, Li et al., 2022) equal to 10 and 20, respectively, 
and which assume that width and length scale linearly with thickness.

3. Results

The results of the simulations are presented in Fig. 4 in three columns 
for each planetary body. From the first to the third column, the data 
reported are the thickness of the lubricating water layer δw as a function 
of the distance travelled by the slab paired with the profile modeled for 
the simulation (see Supplementary Materials for enhanced representa
tion of the profiles), the velocity of the slab as a function of the hori
zontal distance travelled, and the friction coefficient μ as a function of 
the horizontal distance travelled. Each simulation for every planetary 
body was run 10 times with a constant increase in the slab thickness 
(ΔHs) between each simulation, using as starting point a value that 
would reproduce the lowest landslide volume recorded by data on each 
planetary body (values shown in Fig. 4 under each planet's name). 
Table 1 shows the values of g, T and ϵ used for each planetary body.

Note that for each body, and given a certain slab thickness, the speed 
shown in the second column initially increases, rapidly reaching its peak 
in the first third of its path, and then decreases more gently until it drops 
to zero. However, both the maximum speed and the final position of the 
slab increase with the slab thickness. This behavior is related to the 
results presented in the first column of Fig. 4, where the thickness of the 
lubricating water layer δw is shown as a function of the distance travelled 
by the slab. In this column, it is possible to appreciate how an increase in 
slab thickness Hs is followed by an increase in the water layer thickness 
δw. This result leads to the counter-intuitive outcome that a thicker slab 

Table 2 
Values of key parameters kept constant in the simulation.

Parameter δ* (m) CD e μ0 λ (J/kg) crock J/(kg K) cice J/(kg K) cice +NH3 J/(kg K)

Value 0.01 0.5 0.1 tan(40◦)  
= 0.839

330,000 1230 1880 1736
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(corresponding to a larger landslide volume) is more efficient in 
reducing the friction compared to a thin one. The friction coefficient as a 
function of the runout distance L is shown in the third column of Fig. 4. 
Each line of Fig. 4 corresponds to one simulation cycle, and the columns 
show different aspects of the same simulation within the same line. Note 
that the friction coefficient decreases with an increase in lubricating 
water thickness δw and slab velocity. Thus, the results indicate that the 
pressure exerted by the travelling mass has a major role in defining the 
friction applied at the base of the landslide and consequently the amount 
of meltwater produced, the velocity of the slab (which increases as the 
frictional force decreases), and the total distance travelled by the land
slide itself

Noteworthy are the results obtained for the Comet 67P Churyumov- 
Gerasimenko, ice case (ϵ≈ 1). Here, regardless of the pressure applied to 
the underlying layers, the weak gravitational field nullifies the volume 
effect, preventing the formation of any lubricating layer (δw = 0). A s a 
consequence, the friction coefficient does not decrease and only one 
single line is visible in the three graphs since all the different results with 
increasing slab thickness collapse to the same line. This effect results in 
the high H/L values observed for the case of the Comet (Lucchetti et al., 
2019). On the other hand, the case of Earth, when compared to Ceres’ 
results (comparable landslide volumes), shows that a difference of 
roughly 9 m/s2 in the gravitational acceleration results in up to two 
orders of magnitude difference in friction coefficients.

Lastly, note that some of the velocity plots in the second column of 
Fig. 4, and in particular most curves for Mars and the ones at high speed 
for the Earth, Iapetus, and Charon, are convex for some values of the 
horizontal position x. Mathematically, this occurs when the second de
rivative of the velocity with respect to the position becomes positive, a 
condition occurring when the drag term (second term on eq. (12)) be
comes important. The convexity is thus due to the growing importance 
of the drag resistance versus friction for fast landslides.

4. Discussion

4.1. Plot of H/L versus volume

Fig. 5a, reporting the H/L ratios calculated with the model vs volume 
of the landslide, summarizes the results of the simulations. The values 
for the volumes of the observed landslides (stars in Fig. 5a) have been 
obtained from the literature (Crosta et al., 2018a;Schmidt et al., 2017; 
Moore et al., 1999; Singer et al., 2012; Beddingfield et al., 2018; 
Lucchetti et al., 2019). The accuracy of each fitting can be found in 
Fig. 5c, which shows the model performance for each measured volume 
in Fig. 5a. This accuracy was calculated as described in section 2.3.

The curves in Fig. 5a and b are the results from hypothetical modeled 
landslides on the respective body. H/L, also known as Heim's ratio, is 
here used as a proxy for μ (Heim, 1882). Note that the H/L ratios for 
most of the calculated landslides tend to decrease with simulated vol
ume, possibly indicating a general trend common to icy planets for the 
volume effect. Moreover, the slope of the curves changes with volume 
and each body shows a characteristic “knee” (diamond markers in 
Fig. 5a), followed by an asymptotic tendency to a constant slope (shown 
next to each curve) for the highest volumes. We investigated this 
behavior and found it to be strictly linked to the position of arrest of the 
simulated landslide along the slope profile (See Fig. 4 and Supplemen
tary Materials for additional information). While at lower volumes the 
landslide stops along the slope without reaching the horizontal surface, 
larger landslides travel further to a point in which H remains constant 
for increasing L so that the ratio H/L decreases faster. Thus, the knee in 
the H/L curves occurs when the landslide volume is sufficient to bring it 
from the initial steep incline to the horizontal part of its path.

4.2. Driving factors in basal melting

What changes drastically between the different simulations is the 
value of H/L for a given volume. For example, the H/L curve for Mars at 
any given volume is higher than the one for Earth. Similarly, the 
simulated curve for Charon is higher than the one for Mars, and the one 
for Iapetus is the highest, except for the comet 67P.

Fig. 3. Simulations for the Martian case varying the parameters of e and δ*. Each curve refers to a different simulation ran with the respective parameters; red dots 
are the measured data from optical imagery on Mars. In the legend, next to each curve we displayed the level of accuracy between the curve and the measured data. 
Left: H/L-volume simulated by varying values of δ*. Right: H/L-volume simulated by varying values of e. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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To explain such differences in the value of H/L, yet with similarities 
in the curve trend, we note that the most important difference between 
simulations is the general decrease in the gravitational acceleration of 
the celestial body towards the upper right section of Fig. 5a. This results 
in a decrease in pressure applied at the base of the landslide which re
sults in a lower friction and therefore the release of a lower amount of 
energy capable of creating a thinner layer of meltwater at the base of the 
landslide, ultimately decreasing the H/L values.

The second driving factor defining these morphologies that emerges 
from this graph is the ice fraction (ϵ) present in the landslide material. 
This is evident when observing the data relative to “Earth-Icy” (ϵ = 0.2) 
and “Earth-Ice” (ϵ = 0.8).

The relationship between ice volume fraction ε and landslide 
mobility shows a counter-intuitive behavior that deserves explicit dis
cussion. Across all simulated planetary bodies, an increase in ε produces 
higher H/L values (i.e. a lower runout efficiency) at a given landslide 
volume (Fig. 5a). This result appears to contradict the expectation that a 
higher proportion of ice should facilitate greater mobility through more 
efficient basal melting. However, the dominant control in the model is 
not the absolute availability of ice, but the basal pressure generated by 

the sliding mass. At low ε (rock-dominated mixture), the bulk density 
ρmix = ε ρice + (1− ε) ρrock is significantly higher, approaching 
ρrock ≈ 2700 kg/m3. This high density produces a proportionally larger 
basal pressure P = ρmix g Hs cosβ, which in turn generates more frictional 
heat for a given slab thickness and slope. In the present formulation, the 
energy denominator ρwater (cice ⋅ΔT + λice) is independent of ε, so the sole 
physical mechanism is the reduction of basal pressure through the 
decrease of ρ_mix with increasing ice content. Over the range ε = 0.2 to 
0.8, ρmix decreases from ~2343 to ~1274 kg m− 3 (factor ~1.8), directly 
reducing the frictional heating rate and therefore the water-film growth 
rate by the same factor. This single, physically transparent mechanism 
fully accounts for the counterintuitive increase of H/L with ε.

Because the available ice fraction, although smaller, is sufficient to 
form a lubricating layer under these conditions, the net effect is a thicker 
water film δw and a lower effective friction coefficient μ than achieved 
by a lighter, ice-dominated slab of equivalent volume. At high ε, the 
lower mixture density reduces the basal pressure, limiting heat gener
ation despite the larger ice reservoir. This pressure-driven mechanism 
explains why icy landslides with moderate rock content (ε ≈ 0.2–0.4) 
can achieve lower H/L values than nearly pure ice masses (ε ≈ 0.8–0.99) 

Fig. 4. Results of the simulations for Earth, Mars, Ceres, Callisto, Rhea, Iapetus, Charon, and Comet 67P Churyumov-Gerasimenko. The first column shows the 
relationship between the thickness of the lubricating water layer δw and the runout distance. In this column there are also the topographic profiles used for each 
simulation (see Supplementary Materials for a clearer representation); the second column shows the dependence between the velocity of the landslide and the runout 
distance; the third column shows the dependence between the friction coefficient and the runout distance. In each graph, the arrow shows the constant increase in the 
landslide thickness and each line is a single simulation with a different material height. Thus, the height is Hf = H0 + nΔHs, where n is the number of volume 
increases. and for each body the values were changed to match observations (see Supplementary Materials).

Table 3 
Values of profile parameters for each planetary body and shown in the simulation results.

Earth Mars Ceres Callisto Rhea Iapetus Charon Comet 67P

y0 (m) 1000 3000 4000 740 3000 10000 4000 200
Λ (m) 800 2700 3500 650 2700 8800 3500 170

Fig. 5. H/L ratio versus volume plot. a) The plotted lines are the results of the simulations ran for the different planetary bodies. The letters, related to the stars, refer 
to the examples of Fig. 1 and show the agreement between the simulated data and the measured data, considering the wide spread of data evident in panel b. 
Measurements for Rhea and Callisto are not provided as no altimetric and volume data are available for these bodies. “i” was not portrayed in Fig. 1 and refers to 
landslide 20 in Lucchetti et al. (2019), the highest landslide volume measured on Comet 67P Churyumov/Gerasimenko. For each curve it is reported the α coefficient 
of the terminal part of the curve following the law HL = Vα . The coefficients for both Charon simulations are identical. The diamond markers indicate the positions of 
the “knees”. b) The plotted lines are simulations ran for Earth and Mars. The dots are measured data for icy landslides (Sosio et al., 2012; Crosta et al., 2018b; 
Schneider et al., 2011). c) accuracy in percentage between the modeled curve and the measured data (portrayed as stars in panel a).
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of the same volume. This is consistent with the observation that Martian 
rock-ice debris aprons show systematically lower apparent friction than 
the nearly pure-ice avalanches of Iapetus and Rhea (Singer et al., 2012; 
Crosta et al., 2018a). Additional information on the impact of ε on H/L 
in the Supplementary Materials.

An interesting case in this regard is presented by the results of 
Callisto (ϵ = 0.4) and Mars (ϵ = 0.2).

Fig. 5a shows how, at low landslide volumes, Callisto exhibits higher 
H/L values than Mars. However, when the volumes exceed roughly 3.5×
109m3 (point 1 in Fig. 4a), we observe a change in the trend with Cal
listo's H/L values becoming much lower than Mars' ones. We interpreted 
this behavior as resulting from the reaching of a critical mass value on 
Callisto that, combined with its moderate gravity g = 1.235 m/ s2, 
could generate a significant amount of heat. When this heat meets the 
ice-rich composition of Callisto (≈ 50% ice in surface composition; 
Moore et al., 2004), it melts relatively larger quantities of ice with 
respect to Mars (varying ice in surface composition, up to 20%; Taylor, 
2013) that, together with its lower g, would result in a much larger 
decrease in H/L.

It is also interesting to note the low influence of the difference be
tween the average temperature of the planetary body and the melting 
temperature of water ,ΔT. Despite the low temperatures in the external 
bodies of the solar system, the role of the initial temperature turns out to 
be negligible as evident when comparing the result for Iapetus with the 
ones for Rhea. In our simulations, the two moons have the main con
trolling factors, i.e., gravity and ice content, almost equal (Iapetus g =

0.22 m/s2 and ϵ = 0.95 while Rhea g = 0.26 m/s2 and ϵ = 0.95). The 
temperature difference ΔT between the surficial T and 0K on these 
bodies is more significant, approximately 170 K for Iapetus and 197K for 
Rhea. Nonetheless, the simulation shows that Rhea, with a slightly 
higher gravity field, exhibits values of H/L lower than the ones for 
Iapetus, showing the dominance of g (and therefore pressure) over 
surface T conditions. Further evidence for the low dependence on ΔT is 
given by the case of Charon. Fig. 5a shows two labels “Charon” and 
“Charon H2O”, which correspond to two separate simulations for the 
case of Charon that superimpose. These two simulations have been 
conducted with a composition similar to the one of Charon (roughly 
30% ammonia ice and 70% water ice, Protopapa et al., 2021) and a pure 
water ice (100% water ice), respectively. The major difference in these 
simulations is the melting point T that, at 1 atm, decreases from 273 K of 
pure ice to roughly 190 K of the ice-ammonia mixture (Hogenboom 
et al., 1997). In the figure, it is possible to appreciate how such a 
major change in melting Temperature (ΔT = 83K) causes a negligible 
decrease in H/L values (further discussion on T dependence in Supple
mentary Materials). Note that pressure, a major factor in defining ice 
melting behavior, is 0 atm on the surface of Charon, and other moons 
analyzed; therefore, in the simulations it solely depends on the volume 
of mass displaced, which is the same for both simulations. This allowed 
us to evaluate the impact of ice composition in lubricating landslides.

We interpret this behavior as the result of the large volumes of ma
terials involved in the landslides: the amount of frictional energy dissi
pated and basal pressure applied is in fact so large that it is capable of 
melting large quantities of ice almost regardless of the initial tempera
ture and pressure of the body. A very interesting aspect is that the results 
for the comet show high and constant H/L values, regardless of the ice 
volumes involved (e.g. Comet 67P/Churyumov-Gerasimenko, g =

0.00022 m/s2 and H/L ≈ 0.85). This is in line with data (Lucchetti et al., 
2019), and has an explanation in the low amount of energy generated by 
landslides occurring on a celestial body with extremely low gravity. This 
results in the absence of the lubricating water layer (Fig. 4, Comet re
sults), indicating the important role of gravitational acceleration in ice 
melting and explains the absence of volume effect on the surface of the 
comet (Lucchetti et al., 2019). On this body, processes of volatile sub
limation (e.g. CO, CO2, NH3, CH4, Filacchione et al., 2019a,b) could 
have a major impact than basal melting. Although these processes may 

not be large enough to cause basal lubrication, they may play a major 
role as landslide triggers.

The pressure dependence of the ice melting point, described by the 
Clausius-Clapeyron relation dT/dP = − 7.4 × 10− 8 K/Pa (Petrenko and 
Whitworth, 1999), introduces a positive feedback between slab thick
ness and basal melting efficiency. A thicker slab generates a higher 
lithostatic pressure P = ρmix g Hs cosβ, which depresses the melting point 
by ΔTCC = |dT/dP| P, thereby reducing the temperature gap 
ΔT = Tmelt − Tsurf that must be overcome before melting begins. To 
assess the importance of this correction, we implemented a spatially 
varying Tmelt_eff recomputed at each integration step as the slope angle 
evolves along the profile. Results indicate that this effect is negligible for 
all planetary bodies investigated here (see Supplementary Materials for 
the visual representation of this effect). For the largest Martian land
slides modeled (Hs = 5000 m), ΔTCC ≈ 2-3 K compared to a nominal 
ΔTbase = 50 K, representing a reduction of ~4-6% in the energy required 
for melting. The corresponding change in H/L is less than 0.5%, well 
within the noise of the empirical scatter in observed data. For external 
solar system bodies with g ≤ 0.3 m/s2, ΔTCC remains below 0.5 K across 
the entire physically plausible range of slab thicknesses, completely 
negligible relative to ΔTbase values of 100–220 K. The 
Clausius-Clapeyron threshold of 10% of ΔTbase is only reached for Mars 
at slab thicknesses exceeding ~8000–10,000 m, well beyond any 
documented individual landslide deposit. These results are consistent 
with, and further quantify, the conclusion that initial temperature plays 
a secondary role in controlling basal lubrication dynamics across the 
Solar System. Thus, the Clausius-Clapeyron correction does not alter any 
of the conclusions presented here (visual representation of this effect in 
the Supplementary Materials).

4.3. Model accuracy assessment

To assess the accuracy of our model, we gathered several data taken 
from landslide measurements on Earth (blue) and Mars (red) and plotted 
them as single points in Fig. 5b superimposed to our simulations for 
Earth and Mars. We chose these two planets as they are the ones with 
larger landslide databases; the data was taken from Schneider et al. 
(2011), Sosio et al. (2012) and Crosta et al. (2018b). What emerges 
from Fig. 5b is that the model can reproduce the general trend of 
landslide evolution for the chosen bodies. The results are particularly 
promising for the case of Mars, where the large volumes of material 
involved in landslides allowed us to test the model on a wider range of 
data (up to 1014 − 1015 m3). For the case of Earth, the quality of our 
simulations could only be assessed for lower volumes, as icy landslides 
on Earth are scarce and generally involve restricted volumes of material.

Within the context of Fig. 5b, we quantified the agreement between 
the observed datasets and our modeled curves by computing the Root 
Mean Squared Perpendicular Distance (RMSPD). Specifically, the fit 
quality was evaluated as the root mean square of the perpendicular 
distances between each landslide data point and our simulation as a 
fixed reference line. To assess statistical significance, we implemented a 
Monte Carlo hypothesis test in which synthetic datasets were generated 
under a null model assuming Gaussian-distributed scatter around the 
reference line, with variance estimated from the observed residuals. For 
each synthetic realization, the RMSPD was recomputed, allowing us to 
estimate a p-value as the fraction of simulations exhibiting equal or 
greater deviation than the observed data. The results show that the Earth 
dataset yields RMSPD = 0.258 with p = 0.0006. This low p-value is the 
consequence of the large scattering of data, which reflects the high 
heterogeneity of icy landslides on Earth. The Mars dataset, on the other 
hand, yields RMSPD = 0.222 with p = 0.367, consistent with the null 
model and suggesting that the proposed scaling relationship adequately 
describes the Martian data within the assumed noise structure.

Additionally, the model assumed a constant thickness and no 
deformation. However, rock avalanches deform during the flow as 
consequence of fragmentation and differential pull of some of its parts 
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(Nicoletti and Sorriso-Valvo, 1991). Clearly, deformation changes the 
thickness of a landslide thus modifying the pressure distribution and the 
basal ice melting rate and spread. Even though it would be possible to 
partially account for this effect in a deforming model, we preferred to 
keep a simple view that would be broken by introducing more as
sumptions that require sufficiently precise modelling.

Lastly, the model includes water loss from the tail of the slab but not 
lateral and frontal refreezing. For bodies like Charon (53 K), Rhea 
(76 K), or Iapetus (100 K), the meltwater would recrystallize almost 
instantaneously at the margins of the slab. This process would limit 
lubrication more effectively than simple water loss from the tail. Its 
omission could lead to an overestimation of the lubrication on these 
bodies.

4.4. Previous works

Parekh et al. (2021) investigated the volume effect for numerous 
mass movements on non-icy Vesta (g= 0.22 ms− 2 )

and (icy) Ceres of 
slightly higher gravity (g = 0.28 ms− 2 )

. They found only a small volume 
effect for the former, and a stronger one for Ceres, but the plot is pre
sented in terms of either landslide length or width, which are only 
proxies of the volume. Despite this caveat, and noting the similar gravity 
of the two bodies, this observation may be in line with the present 
model. If, as suggested by Scully et al. (2015); Stubbs and Wang (2012), 
ice is present on Vesta, the different slope of the H/L versus volume from 
Vesta and Ceres may be due to the different gravity. If, however, ice is 
absent on Vesta, the residual volume effect may be due to one of the 
several explanations that have been put forward that do not involve any 
lubricating medium or phase transformations (e.g., Korup et al., 2013). 
As a partial selection, we mention the work by Melosh (1979) and 
Collins and Melosh (2003) who suggest that high-frequency acoustic 
oscillations by the highly energetic movement of the landslide may 
diminish particle interaction, thus reducing effective friction. Campbell 
(1989) and Cleary and Campbell (1993) envisage the volume effect as 
resulting from the dynamics of particle-particle interactions without the 
need for a lubricating medium. We also mention for completeness that 
explanations based on media other than ice have been considered such 
as molten rock (Erismann, 1979), high-temperature generation of gases 
(Habib, 1975), or water (Legros, 2002; De Blasio, 2009).

Additionally, the results of this work are also in accordance with the 
study conducted by Lucas et al. (2014), where the increase in landslide 
velocity and landslide volume was related to the decrease in effective 
friction coefficient. The simulations reported here found a similar trend, 
showing the relationship between velocity, volume and friction coeffi
cient values. The good agreement between the results therefore shows 
that gravity, water-ice content and temperature strongly influence the 
final morphologies of landslides, and that, as hypothesized by Lucas 
et al. (2014), flash heating-caused basal melting at different scales 
should be taken into consideration when studying and modelling the 
behavior of icy landslides.

5. Conclusion

This work investigated the importance of the volume effect in the 
effective friction coefficient of landslides occurring on planetary bodies 
with varying amounts of surficial ice. Calculations were performed using 
a mathematical model for landslides simulated as rigid slabs, generating 
heat at their base through friction. This heat would be partially used to 
melt some of the water ice present in the falling material and in the 
subsurface, thus creating a layer of liquid water at the base of the 
landslide. On an icy body, this layer would then be able to lubricate the 
mass movement, resulting in the low apparent friction coefficient (H/L) 
values that are measured via satellite data.

A total of eight planetary bodies with varying amounts of ice in their 
composition (Earth, Mars, Ceres, Callisto, Rhea, Iapetus, Charon and 

Comet 67P Churyumov-Gerasimenko) were examined, finding that the 
pressure applied by the landslide (directly dependent on the g of the 
body) had a major role in determining the runout of the landslides. 
Bodies with extremely low gravity, in fact, exhibited high H/L values, 
regardless of their ice volume fractions, with a complete lack of the 
volume effect for Comet 67P Churyumov-Gerasimenko (g =

0.00022 m/s2; ΔT = 170K and H/L ≈ 0.85), while larger bodies showed 
very low H/L values even with lower ice fractions in their composition 
(e.g. Earth, g = 9.81m

s
2; ΔT = 10K and H/L ≈ 0.2-0.3). Hence, basal 

lubrication via frictional melting of water ice is likely to occur in land
slides on icy bodies and plays a major role in shaping the final mor
phologies that these landslides assume throughout the Solar System.

This model could also provide indirect estimations of the bulk sur
face ice content and thickness of the interface liquid water layer during 
landslides on the surfaces of icy planetary bodies based on the aspect 
ratio (H/L). Such insight, paired with additional measurements (i.e. 
spectral and radar data), would prove extremely useful in understanding 
the properties of the icy surfaces of remote planetary bodies with poor 
data coverage. In fact, the model requires satellite images with high 
enough resolution to estimate the geometrical properties of the landslide 
deposit (of order 1 km/pixel for the largest landslides would suffice).

Better data and understanding of the landslide dynamics will bring 
significant contributions to this model with the ultimate aim of a better 
understanding of the behavior of icy materials throughout the Solar 
System.
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