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1. Introduction
Our overall aim is to investigate the physics of volatile-
related surface features on asteroids and comets. In the
present work, we focus on studying the morphology of
boulders and cliff collapses on comet 67P/Churyumov-
Gerasimenko’s surface (Fig. 1). This study continues
and complements previous work, where we have been
investigating dynamical processes that are implied by
surface features on comet 67P [1] and on asteroid Vesta
[2].

Figure 1: Boulders in the smooth Hapi region on
comet 67P’s neck, in front of the Hathor cliff (to the
right). Credits: ESA/Rosetta/MPS for OSIRIS Team
MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA.

2. Methods & Setup
As shown by Mottola et al. [3] cometary surfaces are a
granular material. We model the dynamics of this ma-
terial with the open source Discrete Element Method
(DEM) simulation code LIGGGHTS [4]. Generally, we

assume that the grains are small polydisperse spheres
with sizes in the micro- to centimeter range, which
consist of dust or ice and interact according to the
Hertz contact model. Additionally, we consider fric-
tion, rolling friction [5] and cohesion [6] as well as
the typical ambient surface acceleration on comet 67P
(0.18 mm/s2). Stronger inter-particle forces resulting
from sintering are modeled by breakable parallel bonds
[7]. To facilitate the simulation of macroscopic scenar-
ios with small particles, we apply the method of ’coarse
graining’ [8]. Here several particles are represented as
computational parcels, whose contact force parameters
are scaled in a way that the computational parcels have
statistically the same dynamics as the original particles.

The simulated cometary material is a mixture of two
types of particles thought to be composed of dust or ice.
For simplicity, they are assumed to differ only in two
properties – the mass density (dust: ∼2000 kg/m3, ice:
∼920 kg/m3) and in their ability to form bonds from
sintering (dust–dust: no, ice–dust: no, ice–ice: yes). In
particular, it is assumed that both particle types have
the same size distribution and the same mechanical
and contact force parameters. The dust-to-ice volume-
ratio is varied from 4:1 to 1:1 in different models, and
the porosity of the dust-ice mixture is between 65%
and 75%, resulting in a mean bulk density of about
500 kg/m3, which is based on the measured value of
533 kg/m3 for 67P [9].

3. Scenarios
To study the morphology and size distribution of boul-
ders on comet 67P, we have designed two test scenarios
that differ in their degree of complexity and build upon
each other.

3.1. Boulder drop
We start with the requirement that boulders of sizes
observed on the nucleus surface have to be stable with-
out collapsing under their own weight or when falling
from small (e.g. during cliff collapses) or larger heights
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(from the coma). For this purpose, we assume a large
spherical boulder to be made up of small particles and
investigate conditions for it to be reasonably stable
when being dropped from small altitudes above a hard
surface (Fig. 2).

This simple scenario is suited to study the effects
of changing the size of the boulder, the dust-to-ice
ratio, parameters of the particle size distribution, the
bond strength, the cohesional force, Young’s modulus
and other parameters, information that can be used for
setting up the more complex Cliff collapse scenario.

Figure 2: 1 m-boulder made up of a 1:1 dust-ice-
mixture of 10x coarse-grained millimeter-sized par-
ticles, broken into two major parts, simulated with
LIGGGHTS. Oblique impact with 30 m free-fall ve-
locity.

3.2. Cliff collapse
Cliffs and overhangs are stable most of the time, but
collapses have been observed on the nucleus surface
[10], possibly caused by thermal or mechanical frac-
turing or weakening of the material by sublimation or
seismic shaking [11]. We developed a corresponding
simulation, where we assume a cliff or overhang of
given height and front face slope angle and introduce
artificial cracks to trigger the collapse.

Starting with the settings from the Boulder drop sce-
nario, we further refine the model parameters by a direct
comparison of the simulated post-collapse morphology
with Rosetta observations of boulder fields in front of
67P’s cliffs.

Acknowledgements
This work is part of the research project "The Physics
of Volatile-Related Morphologies on Asteroids and
Comets". MS, DH, and KO would like to gratefully ac-
knowledge the financial support and endorsement from
the DLR Management Board Young Research Group
Leader Program and the Executive Board Member for
Space Research and Technology.

References
[1] D. Kappel et al. “Studying surface morpholo-
gies of comet 67P/C-G using discrete element sim-
ulations”. In: European Planetary Science Congress
12 (2018), EPSC2018–797. [2] M. Sachse et al. “Dis-
crete Element Simulations of Test Scenarios for Study-
ing Landslides on Asteroids”. In: Lunar and Plan-
etary Science Conference 50, 2497 (2019), p. 2497.
[3] S. Mottola et al. “The structure of the regolith on
67P/Churyumov-Gerasimenko from ROLIS descent
imaging”. In: Science 349.2 (2015). [4] Christoph Kloss
et al. “Models, algorithms and validation for open-
source DEM and CFD-DEM”. In: Progress in Com-
putational Fluid Dynamics 12 (2012), pp. 140–152.
[5] Jun Ai et al. “Assessment of rolling resistance
models in discrete element simulations”. In: Powder
Technology 206.3 (2011), pp. 269–282. [6] Lars-Oliver
Heim et al. “Adhesion and Friction Forces between
Spherical Micrometer-Sized Particles”. In: Phys. Rev.
Lett. 83 (1999), pp. 3328–3331. [7] D.O. Potyondy et
al. “A bonded-particle model for rock”. In: Interna-
tional Journal of Rock Mechanics and Mining Sciences
41.8 (2004). Rock Mechanics Results from the Under-
ground Research Laboratory, Canada, pp. 1329–1364.
[8] Claas Bierwisch et al. “Three-Dimensional Discrete
Element Models for the Granular Statics and Dynam-
ics of Powders in Cavity Filling”. In: Journal of the
Mechanics and Physics of Solids 57 (2009), pp. 10–
31. [9] M. Pätzold et al. “A homogeneous nucleus for
comet 67P/Churyumov-Gerasimenko from its gravity
field”. In: Nature 530 (2016), pp. 63–65. [10] M. Pajola
et al. “The pristine interior of comet 67P revealed by
the combined Aswan outburst and cliff collapse”. In:
Nature Astronomy 1, 0092 (2017), p. 0092. [11] J. E.
Richardson et al. “The global effects of impact-induced
seismic activity on fractured asteroid surface morphol-
ogy”. In: Icarus 179 (2005), pp. 325–349.


