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Cometary surfaces exhibit striking morphological diversity, with thick, smooth deposits abruptly transitioning
to exposed bedrock and cliffs. This heterogeneity reflects spatially variable sublimation-driven erosion and
sediment transport, yet how these processes combine to sculpt cometary surfaces remains poorly understood.
Here, we investigate these dynamics on comet 67P/Churyumov-Gerasimenko by numerically modeling the
ballistic trajectories of ejected particles over multiple ejection-deposition cycles. We find that the comet’s
morphology can be explained by three fundamental dynamical regimes: collectors, where sediment trajectories
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converge and sediment accumulates; shadow zones, which are sheltered from incoming sediment; and ejectors,
which rapidly lose sediment to space. Their spatial arrangement, controlled primarily by the nucleus’s shape,
spin-axis orientation, and rotation period, reproduces the observed distribution of surface morphologies with
striking fidelity. These results demonstrate that cometary landscapes, and the evolution of their comae, arise
from the coupling between ballistic sediment transport and nucleus geometry.

1. Introduction

The formation of smooth regolith deposits via sediment transport on
comets was first proposed over three decades ago (Mohlmann, 1994).
The Deep Space 1 flyby of comet 19P/Borrelly in 2001 provided the
first clear indication of such mantling, revealing broad, smooth deposits
draped across the comet’s nucleus (Soderblom et al.,, 2002). While
these early observations hinted that loose material could be mobilized
and redistributed across cometary surfaces, the underlying processes
remained uncertain. A more definitive picture emerged during the Deep
Impact flyby of comet 9P/Tempel 1 in 2005, which revealed large
patches of smooth material in gravitational lows (A’Hearn et al., 2005;
Thomas et al., 2007). The morphology of these smooth deposits led
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to speculation that they were “flows” of material, possibly fluidized
and suspended by gas released from the comet’s interior (Thomas
et al., 2007; Belton and Melosh, 2009). This interpretation was later
challenged by EPOXI (Extrasolar Planet Observation and Deep Im-
pact Extended Investigation) observations of comet 103P/Hartley 2
in 2010, where ice-rich sediment ejected from the comet’s small lobe
appeared to settle into gravitational lows in the smooth “waist” of the
nucleus (A’Hearn et al., 2011). Indeed, subsequent analysis showed that
a large fraction of these icy chunks travel below escape speed and
eventually re-deposit on the surface (Hermalyn et al., 2013), where
they could be re-mobilized—thereby explaining both morphological
and spectroscopic observations (A’Hearn et al., 2011; Thomas et al.,
2013).
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A.S. Jindal et al.

The Rosetta mission to comet 67P/Churyumov-Gerasimenko (here-
after, 67P) further clarified this picture, as its high spatial resolution
(as high as ~10 cmpx~! from orbit) and long baseline of observations
(over 2 years) captured the evolution of a cometary landscape in un-
precedented detail. At the largest scale, Rosetta observed two dominant
morphological terrain types (Birch et al., 2017; Vincent et al., 2017;
Thomas et al., 2018). Largely restricted to the southern hemisphere are
the “consolidated” terrains (Fig. 1A,B)—exposed bedrock, often with
networks of fractures across their surface (El-Maarry et al., 2015). Many
higher-slope consolidated terrains also show evidence of crumbling
and mass-wasting, either directly through observed changes (Pajola
et al.,, 2017a; El-Maarry et al.,, 2019) or indirectly through boulder
deposits immediately downslope (Pajola et al., 2015). There are also
vast sedimentary deposits of cm—dm-sized particles termed “smooth”
terrains (Fig. 1C-F). 67P’s smooth terrains are mostly located in the
northern hemisphere, largely within select global gravitational lows.
In some areas (Fig. 1C), thick accumulations of sediment fully bury
the underlying bedrock, forming expansive, ponded deposits. In others
(Fig. 1E,F), the mantle is thin enough for the underlying structure of
the consolidated terrains to remain visible (Thomas et al., 2015b; Birch
et al., 2017) and even outcrop in isolated locations.

As on other planetary bodies, the smooth terrain sediment is likely
eroded from the underlying bedrock. This is consistent with the high-
resolution images from the Philae lander, which showed the bedrock
comprises a mixture of fine-grained material — featureless at the
~1 mmpx~! scale of ROLIS images — and coarser fragments bro-
ken into mm-dm-sized particles, not unlike a conglomerate rock on
Earth (Bibring et al., 2015, Fig. 1B). Erosion on comets occurs via
the sublimation of near-surface ices, combined with the thermophys-
ical breakdown of the material itself over repeated heating/cooling
cycles (Birch et al., 2017; El-Maarry et al., 2019). Similar thermal-
fatigue processes also operate on asteroids, where they can mobilize
cm-scale particles (Molaro et al., 2020). In the cometary context,
the interplay between microgravity and sublimation-driven gas drag
allows eroded sediment to be lofted from the surface and transported
ballistically across the nucleus—though the precise mechanisms and
ejection velocities remain poorly constrained (Vincent et al., 2019). In-
deed, Rosetta observations showed that sediment ejection likely occurs
across the entire nucleus, either by being initially released from the
consolidated terrains or re-ejected from smooth terrains (Thomas et al.,
2015a; Keller et al., 2017). As on Hartley 2, Rosetta observed that a
significant fraction of cm—dm-sized sediment ejected from the nucleus
“snows” down across the surface, at varying rates and times (Rotundi
et al., 2015; Thomas et al., 2015a; Agarwal et al., 2016; Keller et al.,
2017). This ballistic sediment transport process, therefore, builds up
the diverse smooth terrain deposits observed across the comet.

The global-scale smooth-rough terrain dichotomy we observe today
reflects 67P’s current orbital and spin configuration—the southern
hemisphere receives far more intense insolation than the north (Keller
et al.,, 2015, 2017; Hu et al., 2017). Because sublimation rates, and
therefore erosion and outgassing rates, scale exponentially with temper-
ature (Steckloff et al., 2015), most of the erosion occurs in the months
surrounding perihelion, with limited (albeit nonzero) activity during
the rest of the orbit. As a result, erosion rates are much higher in the
south, generating and ejecting more sediment. Higher outgassing rates
also limit sediment fall back, preferentially re-ejecting material before
it can deposit (Marschall et al., 2020). In contrast, the north is in polar
winter during perihelion, with minimal outgassing, which permits de-
position. During any ejection event, this transportable material can also
retain its volatile ices, depending on the particle size, temperature, and
flight time (Davidsson et al., 2021). For the typical cm—dm-sized grains
of smooth terrains (Fig. 1D), a significant fraction of the initial volatile
content is preserved throughout any given ejection event (Davidsson
et al., 2021). As on Hartley 2, these volatiles can then be reactivated
post-deposition when the northern deposits are next illuminated. For
67P’s current orbit, this would occur during the comet’s next inbound
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passage, consistent with the notable pre-perihelion activity observed
within these deposits early in Rosetta’s mission (Lara et al., 2015).

While this framework qualitatively describes the broad global-scale
patterns on 67P, Rosetta observations reveal pronounced local and
regional variability in both the erosion and deposition of smooth terrain
deposits (Barrington et al., 2023; Jindal et al., 2024). For instance, on
the northern “tops” of both lobes (within the regions of Ash and Ma’at)
where the smooth terrain deposits are thinnest, no surface changes were
detected during the mission (Figure 12 in Barrington et al. (2023)).
Models to explain ROSINA measurements (Marschall et al., 2016) and
non-gravitational accelerations (Kramer et al., 2019; Attree et al., 2023)
also indicate minimal activity from these regions. By contrast, large-
scale changes driven by scarp migration were observed in thicker
smooth terrain deposits (Groussin et al., 2015; El-Maarry et al., 2017;
Birch et al., 2019; Davidsson et al., 2022; Jindal et al., 2022), consistent
with a more volatile-rich near-surface. Some of these active smooth
terrains were even located at high northern latitudes (Birch et al.,
2019; Davidsson et al., 2022), similar to Ash and Ma’at (e.g., Hapi).
This contrast indicates that activity patterns cannot be explained solely
by post-emplacement volatile depletion. Although local topography
can lead to variable insolation patterns (Jindal et al., 2022), the het-
erogeneity in activity implies further differences in the dust mantle
thickness, which is directly related to the origin and transport his-
tory of sediments. Furthermore, pre- and post-perihelion comparisons
show that deposition is not in the form of a uniform blanket (Jindal
et al.,, 2024). Instead, it varies significantly across the comet, again
suggesting complex and spatially variable sediment transport pathways.
Therefore, despite the overall south-to-north sediment migration driven
by seasonal insolation patterns, we still lack understanding of (i) the
specific sediment transport pathways across 67P, (ii) the role that 67P’s
shape and topography play in dictating these pathways, and (iii) how
sediment may evolve while in transit along these pathways. Each of
these factors then governs the long-term distribution and reactivation
potential of 67P’s landscapes.

Recent modeling has begun to quantify these effects by explicitly
tracking ballistic motion of particles across 67P’s irregular, rotating
nucleus. Kloos et al. (2025), for example, combined thermophysical
estimates of time-variable activity with Monte Carlo simulations of
particle trajectories, demonstrating that the interplay between topogra-
phy, gravity, and rotation can produce strongly heterogeneous fallback
patterns, beyond what is expected from seasonal insolation alone. In
their approach, particles are ejected assuming a uniform distribution of
launch speeds, such that the resulting deposition patterns represent the
superposition of transport operating across multiple dynamical regimes.
While this treatment captures orbit-scale mass redistribution, the use
of a velocity distribution means that distinct modes of transport —
with potentially different efficiencies, spatial extents, and geomorphic
consequences — are convolved in the resulting patterns. Given that
the mechanism through which sediment is ejected is unknown (Fulle
et al., 2019; Gundlach et al., 2020; Keller and Kiihrt, 2020; Bischoff
et al., 2023; Attree et al., 2024, 2025; Schuckart and Blum, 2025),
resolving sediment transport as a function of launch speed is therefore
essential for identifying the underlying, specific transport pathways,
sinks, and barriers that govern where material accumulates, where it
remains mobile, and how smooth terrains evolve over time.

To address this gap, we use a ballistic transport model to investigate
sediment redistribution across 67P over an orbital timescale, with
transport resolved as a function of launch speed. By isolating distinct
velocity regimes, we examine how the nucleus shape, gravity field,
and rotation organize sediment transport and control where material is
preferentially redistributed. We show that this velocity-resolved frame-
work reproduces both the large-scale distribution of smooth terrains
and the observed spatial patterns of activity and inactivity, indicating
that ballistic sediment transport is a primary mechanism governing
the organization of cometary landscapes. This framework provides a
physically grounded basis for interpreting the evolution of 67P’s surface
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Fig. 1. Representative surface morphologies on comet 67P, showcasing the range of terrains our model seeks to reproduce through organized sediment-transport
pathways. (A) Consolidated, fractured bedrock exposing polygonal and blocky textures. (B) Fine-scale view of fractured, consolidated material from Philae’s CIVA
panorama (Bibring et al., 2015). (C) Smooth terrain deposit in the Imhotep region, thick enough to bury the underlying topography. (D) High-resolution view of
a smooth terrain deposit from Philae ROLIS during descent (Mottola et al., 2015), revealing a granular surface texture with cm-dm-sized sediment. (E) In some
regions (e.g., Ash), smooth terrain mantling is thin, allowing the large-scale structure of the substrate to remain visible. (F) Thin sediment accumulation and a
boulder field at the base of a cliff, suggesting a continuous process of mass wasting.

and provides context for future investigations, including sample site
selection for proposed sample return missions such as CAESAR (Squyres
et al,, 2018). More broadly, because our results demonstrate that
large-scale topography exerts a first-order control on the distribution
and reactivation of smooth terrains, this approach provides a useful
framework for interpreting surface evolution on other comets explored
by spacecraft.

2. Methods

We investigate long-term sediment redistribution on 67P using a
ballistic transport framework that combines velocity-dependent particle
trajectories with spatially varying ejection probabilities. For a discrete
set of launch speeds, we first compute surface-to-surface ballistic sed-
iment transport pathways. These calculations quantitatively describe
where particles launched from any given location can travel across
the nucleus under the influence of gravity and rotation (Section 2.1).
These pathways are then weighted by a location-dependent ejection
probability derived from orbit-integrated erosion models (Section 2.2)
and applied iteratively to simulate repeated re-ejection and multi-hop
transport (Section 2.3).

Each launch speed is modeled independently, allowing velocity-
dependent transport behavior to be isolated without assumptions about
the underlying ejection velocity distribution and/or particle size dis-
tribution. Rather than representing any individual transport episode,
the resulting particle distributions are interpreted as the asymptotic
outcome of repeated ballistic redistribution over long timescales. This
approach enables identification of persistent transport pathways, depo-
sitional sinks, and regions that remain largely inaccessible to ballistic
motion.

2.1. Ballistic transport model

We use the DRAG3D code (Marschall et al., 2016) to model ballistic
sediment transport across the surface of 67P. The shape of the nucleus is

represented using the SHAP7 model (Preusker et al., 2017), reduced to
~440,000 facets to optimize computational efficiency while preserving
the ~decameter-scale surface slopes that strongly influence particle
trajectories.

The physics of sediment ejection from cometary surfaces remains
poorly constrained (Fulle et al., 2019; Gundlach et al., 2020; Keller and
Kiihrt, 2020; Bischoff et al., 2023; Attree et al., 2024, 2025; Schuckart
and Blum, 2025). Our focus here is on the motion of particles after
they have been accelerated to their launch velocity, independent of the
specific acceleration mechanism. Specifically, our work focuses on the
transport of particles in the cm-dm size range, consistent with observa-
tions of smooth terrains (Pajola et al., 2016, 2017b). We do not impose
an explicit size distribution within this range. Instead, our approach is
deliberately agnostic to particle size and ejection mechanism, focusing
on post-launch ballistic motion over a range of ejection velocities.

This size range was also chosen because such particles are large
enough to not be coupled to the gas flow — unlike finer dust (Thomas
et al,, 2015a) — yet small enough to be mobilized during active
periods (Rotundi et al., 2015; Agarwal et al., 2016). Therefore, we
assume that, once the particles have been accelerated to their given
launch velocity, coma densities are low enough that gas drag does not
affect their subsequent motion. However, neglecting gas drag remains
an approximation. Gas—dust interactions during fallback can induce
lateral drift and modify the resulting deposition pattern, particularly
for smaller particles or in regions of stronger outgassing, such as the
southernmost latitudes near perihelion (Section 3.5). Our results should
therefore be interpreted as a first-order model of post-launch sediment
routing for relatively large particles that dominate the observed distri-
bution within smooth terrains, rather than a complete description of
dust dynamics in the near-nucleus coma.

Once launched, particle motion is therefore governed solely by the
comet’s gravity and the Coriolis and centrifugal forces arising in the
rotating frame. For a particle at position x with velocity v, = %, the
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equation of motion is:
d’x
dr?
where a; is the gravitational acceleration, and a. is the combined
Coriolis and centrifugal acceleration. The gravitational field is approx-

imated by discretizing the SHAP7 model to 2 million volume elements
of constant density, p = 535 kgm™> (Pitzold et al., 2019):

=ag t+ac (@8}

r

ag(x) = GpAV —
w|rl

()
where r is the vector from point x to each volume element AV. The
rotational accelerations are given by:

ac(x) = 2@ X V,) —® X (@ X Xx) 3)

where o is the rotation velocity of the comet. Although 67P’s rotation
rate changed slightly during Rosetta’s escort phase (by ~ 3%; Jorda
et al. (2016)), for simplicity, we hold it constant at ~ 12 h.

We simulate trajectories for ejection velocities ranging from 0.1 to
0.9 ms™! in increments of 0.1 ms~!. The lower bound corresponds to
short hops that deposit material near the source, while the upper bound
approaches escape speed, above which most particles are lost (Braga
et al., 2025). The model is initialized with ~50 million test particles
uniformly distributed across the surface (one for every square meter),
effectively assuming sediment is available for transport on every facet
so that all regions can contribute to the modeled transport network.
Particles are then randomly ejected within a cone of 5° apex angle
centered along the local surface normal and are tracked until they
either re-impact the surface or exceed the comet’s Hill sphere radius
(Rpp),

1
Ry =d ( M, >§ @)
1 =%\ my

where dg is the heliocentric distance. For 67P, Ry varies from ~220 km
at perihelion to ~1000 km at aphelion. Since sediment transport is con-
centrated near perihelion (Keller et al., 2017; Barrington et al., 2023),
we adopt a cut-off of 300 km; particles crossing this boundary are con-
sidered lost to the comet’s tail and trail. For computational efficiency,
facets whose launch trajectories would exceed this Hill sphere cut-off
at a given velocity are treated as incapable of launching material at
that speed. Accordingly, they are initialized with no particles available
for ejection in that velocity bin. If such facets later receive sediment
from other regions, this material is retained throughout the simulation
(including during the multiple-hop iterations described below), even
though in reality it would likely escape the system. In our interpretation
of the results, any material deposited on these facets is treated as
effectively lost from the system, since these regions are not permitted
to re-eject sediment once it is deposited. This treatment has a negligible
effect at low velocities but becomes important at higher velocities
(> 0.5 ms~1), where escape probabilities increase significantly.

This framework yields global, velocity-dependent surface-to-surface
transport maps, revealing how topography, rotation, and gravity com-
bine to control where sediment from any given source region can be
delivered. While these maps initially represent single-hop transport,
they can be applied iteratively to simulate multi-hop redistribution
(Section 2.3), where particles are re-ejected from their initial landing
sites and travel further across the surface. This capability is particularly
important when combined with spatially varying ejection probabilities,
as it enables modeling of progressive sediment dispersal over an orbital
cycle.

2.2. Ejection probability

We assume sediment is uniformly available across 67P’s surface,
but the actual rate at which material is mobilized varies strongly with
location due to differences in net insolation. To account for this, we
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use the cumulative erosion map from Groussin et al. (2025), in which
erosion was modeled over a full orbital period for a 300,000-facet
shape model using a pure-water—ice sublimation framework, i.e., ero-
sion/ejected solid mass is directly proportional to sublimated water
mass. Their calculations incorporate the nucleus’ shape, spin state, and
heliocentric distance-dependent illumination geometry, and the result-
ing erosion rates were rescaled to match observed water production
during Rosetta’s escort phase. This provides a physically motivated
proxy for the integrated sediment loss potential of each facet.

We interpolate this erosion map onto our ~440,000-facet model.
Although the map does not capture seasonal timing of erosion (e.g., the
pre-perihelion dominance of erosion in the Hapi region versus the post-
perihelion dominance in the southern hemisphere), it is well suited for
modeling redistribution over the entire orbit. We convert the erosion
map to an ejection probability map by normalizing values to the
range 0-1 (Fig. 2). Over 95% of facets still have a minimum ejection
probability of 0.1 such that they remain at least minimally active,
maintaining global connectivity in the iterative simulations. Facets with
a probability of 1 are the most erosive, though they may still experience
net accumulation if more trajectories terminate on them than originate
from them.

By combining this ejection probability map with the ballistic trans-
port model described above, we can weight each simulated trajectory
by the likelihood of sediment being launched from its source location.
This probability-weighted framework sets the stage for our iterative
ballistic transport simulations, in which particles can undergo multiple
hops, progressively redistributing material in a manner consistent with
both transport pathways and spatial variations in erosion potential.

2.3. Iterative ballistic transport

Repeated hopping along ballistic transport pathways will, over time,
concentrate sediment in some regions while depleting it from oth-
ers (Fig. 3). Given fixed transport pathways at a given velocity, the
redistribution pattern approaches a steady configuration that repre-
sents the asymptotic outcome of repeated ballistic transport over long
timescales, rather than individual ejection events. By simulating this
process for each velocity separately, we can map the asymptotic “‘sinks”
and “sources” of sediment, providing insight into the long-term conse-
quences of ballistic transport without requiring assumptions about the
actual velocity distribution or the number of hops. For a given iteration,
the flux from a source facet i to a destination facet j is computed as:

F;= ]Z\\[:L"((lf))xpej(i)mu (5
dest

where N, (i) is the number of particles available to eject from facet i,

Ny (i) is the number of unique trajectories out of i, P,;(i) is the ejection

probability of i, and n;; is the number of trajectories from i that land

in j at that velocity.

Each velocity is iterated independently, allowing us to isolate re-
distribution patterns for that launch speed. This approach assumes that
particles from any given region could, in principle, be ejected at any ve-
locity within our modeled range. However, because we lack constraints
on the true velocity distribution, we remain agnostic regarding how
often each speed occurs and instead explore the steady-state pattern
that results for each discrete velocity.

Each simulation is run for 1000 iterations. We only report results up
to 100 iterations because by that point the particle distribution changes
by less than 1% between successive iterations across all velocity bins.
Nevertheless, the full 1000-iteration outputs are provided in the accom-
panying data products for completion. One simplifying assumption we
make is that particles can land and remain on any surface, including
steep slopes or overhangs. In reality, deposits on steep slopes are likely
unstable and would rapidly move downslope. In our framework, this
downslope motion is effectively represented by the lower-velocity hops,
which tend to deposit material in the local gravitational lows.
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Ejection Probability

Fig. 2. Global ejection probability map for comet 67P. Ejection probability derived from the thermophysical model of Groussin et al. (2025), scaled between 0
(minimum) and 1 (maximum). Each panel shows the probability of particle ejection across 67P’s surface, viewed along the six principal axes of the comet. This
probability field serves as the input weighting for our multi-hop sediment transport simulations, controlling the likelihood of sediment mobilization from each

facet.
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Fig. 3. Schematic overview of the sediment transport framework. (A) Conceptual illustration of the three dynamic terrain types that emerge from our simulations.
Green regions represent collectors, which intercept and retain incoming particles; purple regions denote shadow zones, which remain sheltered from incoming
trajectories; and red regions indicate ejectors, where sediment is preferentially lost to space. Example particle trajectories are shown for three velocity regimes:
low (<0.3 ms™!, cyan), intermediate (0.4-0.5 ms~!, green), and high (>0.6 ms™!, red). As ejection velocity increases, trajectories extend farther and increasingly
escape the comet’s gravitational influence. (B) Simplified illustration of sediment exchange between three representative facets. Facet #1 loses material due to
its moderate ejection probability (P,; = 0.5) and absence of incoming particles; Facet #2 also loses material, though more gradually, as it both receives sediment
from Facet #1 and ejects with P,; = 0.5; Facet #3 gains sediment because it receives flux from Facet #2 but does not eject (P,; = 0). (C) Schematic depiction
of how these exchanges evolve through successive hops. Over time, sediment is progressively removed from Facets #1 and #2 and accumulates on Facet #3,
illustrating how local probabilistic exchanges give rise to global patterns of erosion, deposition, and steady-state sediment distribution across the comet’s surface.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

By treating each velocity independently and iterating until near
convergence, we obtain an estimate of the asymptotic redistribution
of particles—showing where sediment is most likely to accumulate or
be lost over long timescales under the combined influence of ballistic
pathways and spatial variations in ejection probability.

3. Results

Sediment redistribution on 67P is strongly controlled by ejection
velocity, with distinct transport regimes emerging across the modeled
velocity range. As launch speeds increase, transport transitions from
highly localized motion confined by local topography, to basin-scale
accumulation in global gravitational lows, and ultimately to near-global
redistribution and loss to space. In the sections below, we describe
how these regimes evolve across ejection velocities of 0.1-0.9 ms~1,
highlighting the characteristic pathways, sinks, and loss processes that
define each regime. For reference, the average escape velocity of 67P
is v, = \/2GM, /R, = 0.83 ms~!, where the mass of the nucleus is

M, = 9.982 x 10'> kg (Pitzold et al., 2019) and the area-equivalent
nucleus radius is R, = 1932 m (Jorda et al., 2016).

At the lowest modeled ejection velocities (0.1-0.2 ms~1), particle
motion is strongly constrained by the local topography. Particles de-
posit into nearby gravitational lows, unable to escape their immediate
local basins (Fig. 4; Movies C.16—C.17). These local “catchments” retain
material within a limited area, even after hundreds of hops, implying
that sediment mobilized at these speeds cannot modify the global-
scale distribution of sediment. Instead, motion at these low velocities
likely only influences the textures superposed on the smooth terrain
deposits (Keller et al., 2017; Jindal et al., 2024).

At slightly higher velocities (0.3-0.4 ms™1), trajectories extend
beyond local topographic lows but remain concentrated around global
gravitational lows. These regions act as long-term sediment sinks, con-
centrating material over multiple hops. At 0.3 ms~1, the vast majority
of trajectories terminate in these global lows, while at 0.4 ms~! a no-
ticeable fraction of particles reach other parts of the nucleus, though the
global lows still dominate as accumulation zones (see Figs. C.18-C.19).
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Fig. 4. Local sediment redistribution at low ejection velocity. Results of simulations initialized with ~100 particles per facet, showing the number of particles
remaining on each facet of 67P’s shape model after 10 hops at an ejection velocity of 0.1 ms~!. Red tones indicate net particle gain (deposition), while blue
tones indicate net particle loss (erosion). Each panel shows the outcome viewed along one of the six principal axes of the comet. At these low velocities, particle
motion remains locally confined: sediment drains from steep slopes and accumulates within adjacent topographic lows, where it becomes trapped after repeated
hops. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Global sediment redistribution at moderate ejection velocity. Results of simulations initialized with ~100 particles per facet, showing the number of
particles remaining on each facet of 67P’s shape model after 10 hops at an ejection velocity of 0.5 ms~'. Figure layout is the same as Fig. 4. At this velocity,
sediment transport transitions from locally confined motion to near-global redistribution driven primarily by the comet’s shape and rotation. Regions that intercept
and accumulate material act as “collectors,” while those shielded from incoming trajectories form “shadow zones” with minimal deposition. These interactions
establish the global sediment pathways that connect 67P’s distinct geomorphic units.

Once ejection speeds reach 0.5 ms~!, transport undergoes a marked
transition. Particles are no longer confined to local basins or global
gravitational lows. Instead, sediment is fully redistributed across much
of the nucleus (Fig. 5; Fig. C.20). In this regime, sediment path-
ways are increasingly shaped by the large-scale topography of the
nucleus. Regions that intercept oncoming trajectories are termed “col-
lectors” much like a windshield catching airborne debris. Anubis and
the western margin of Imhotep are two examples of collectors. Flat col-
lectors can accumulate material directly, whereas steeper topographic
promontories are more likely to pass any acquired sediment load
downslope to the nearest basin over time (we do not explicitly model
this process; see Materials and Methods). Immediately beyond most
promontories, ‘“shadow zones” form where the sediment flux sharply
drops because trajectories are intercepted upstream. As the nucleus ro-
tates beneath the lofted particles, those that clear the promontory land

farther downrange, leaving the intervening region starved of incoming
sediment. Together, these promontory-shadow interactions define the
redistribution pattern unique to this velocity regime, producing both
concentrated sinks and sharp low-flux gaps across the comet’s surface.

At the highest modeled velocities (0.6-0.9 m s71), sediment redistri-
bution becomes weakly organized, with trajectories largely insensitive
to both local and large-scale confinement. As a result, the dense con-
vergence patterns seen at lower velocities give way to a sparser, more
scattered distribution of particles across the surface. More striking is
that certain facets with the highest tangential velocities — typically
near the rotational equator — act as persistent “ejectors”. Such facets
eject a substantial fraction of sediment beyond the comet’s Hill sphere,
where it is lost. Many of these ejectors coincide with promontories,
whose protruding geometry enhances tangential velocity. Observation-
ally, such promontories are steep with exposed bare bedrock, consistent
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Fig. 6. Sediment redistribution in the Imhotep region. (A) OSIRIS NAC image of the large lobe showing the Imhotep basin and adjacent terrains, with regional
boundaries labeled. Imhotep hosts the largest continuous smooth terrain deposit on 67P (Auger et al., 2015). (B) Modeled sediment redistribution at low ejection
velocity (0.1 ms™!, after 10 hops). Sediment drains from surrounding cliffs and settles within adjacent basins, where it becomes trapped—explaining the persistence
of smooth material in these lows and the lack of mantling on neighboring slopes. (C) Redistribution at intermediate ejection velocity (0.5 ms™, after 10 hops).
The central basin and western alcoves act as major “collectors,” while a pronounced “shadow zone” forms in the pitted eastern margin, where trajectories are
intercepted upstream. (D) “Ejector” facets at high ejection velocity (0.7 ms™!) highlighted in yellow. Large portions of Khepry transition into ejectors at higher
velocities, consistent with the limited mantling observed in this region. Together, these modeled collectors, shadow zones, and ejector regions closely reproduce

the observed distribution of smooth and consolidated terrains across Imhotep.

with their role as ejectors. Therefore, over many hops ejectors be-
come focused mass-loss facets, progressively draining material from the
system to the coma and beyond (Figs. C.21-C.24).

In reality, each ballistic hop is randomly sampled from a distribution
of possible launch velocities, that eject a distribution of particle sizes,
both of which vary across the surface and over time, depending on local
activity and illumination histories. Determining this velocity distribu-
tion is an outstanding problem (Vincent et al., 2019) that is beyond the
scope of this study. Instead, our simulations isolate the redistribution
patterns that would arise if particles were repeatedly ejected at a single
velocity. This enables us to link specific morphological outcomes to
distinct transport regimes. Notably, ~0.5 ms~! emerges as the domi-
nant velocity for global sediment redistribution. Below this threshold,
particles tend to remain confined—either trapped in local topographic
lows (0.1-0.2 ms~1) or strongly constrained by large-scale gravitational
basins (0.3-0.4 ms~1). Above this threshold, transport becomes more
diffuse, with particles sparsely scattered across the nucleus, while
ejectors also begin to dominate sending a substantial fraction of the
material into the coma. In the following sections, we examine select
regional patterns to show that the large-scale morphology of 67P can
be explained, to first-order, by ballistic sediment transport.

3.1. The Imhotep region

Imhotep hosts the largest single smooth terrain deposit on 67P
in both the central and western portions of the broad gravitational

low (Auger et al., 2015; Birch et al., 2017). The rotation of the nucleus
means that sediment is transported into Imhotep preferentially from
the east. Some sediment also leaks into Imhotep from southern regions,
though to a lesser extent. At 0.5 ms~!, sediment moving into the region
first encounters promontories in Atum, Anubis, Apis, and Khepry.
Sediment that does cross these topographic barriers either settles in the
large central basin, in the western alcoves of the basin, or on the steep
western slopes in the Khepry region. A shadow region appears in the
pitted eastern margin of the basin, with only local trajectories capable
of delivering sediment to the region (Fig. 6C). At low velocities (<0.5
ms~1), sediment clears off steep slopes, flowing toward the central
basin or getting trapped in alcoves (Fig. 6B). At the highest velocities
(0.6-0.9 ms™1), the steep western margin of the basin becomes an
ejector region (Fig. 6D).

These simulations reproduce the observed distribution of terrain
types with striking accuracy. The bulk of the sediment is deposited
precisely where the thickest smooth terrain deposits are located, both
within the central basin and within the western sediment-filled al-
coves (Auger et al., 2015; Birch et al., 2017). We also capture local
variations, such as the thinning of Imhotep’s smooth deposit toward
its eastern pitted terrains. In the eastern pitted region, there is only
a thin mantling, which our simulations suggest can only be supplied
by short-range down slope motion at lower velocities (0.1-0.2 ms~1,
Fig. 6B), consistent with documented local sediment migration in this
region (Jindal et al., 2024). Finally, though the model predicts sediment
accumulation on the smooth terrain-starved steep western slopes and
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Fig. 7. Sediment redistribution in the Anubis—Atum region. (A) OSIRIS NAC image of the eastern margin of the large lobe, showing the Anubis smooth terrain
deposit bordered by the consolidated terrains of Atum. (B) Modeled sediment redistribution at low ejection velocity (0.1 ms™, after 10 hops). Sediment drains
from steep slopes and accumulates within nearby depressions, producing localized infill across both regions. (C) Redistribution at intermediate velocity (0.5 ms™1,
after 10 hops). In this regime, the southern and central portions of Anubis act as major “collectors”, consistent with the thick smooth mantling observed there,
while deposition decreases northward, matching the observed thinning of the unit. (D) “Ejector” facets at high ejection velocity (0.7 ms~!) highlighted in yellow.
Large portions of Atum transition into ejectors at higher velocities, explaining the persistence of consolidated, exposed bedrock. The modeled collectors and
emerging ejector regions together reproduce the spatial gradient in smooth terrain thickness across Anubis and the scarcity of mantling in adjacent Atum.

Khepry at 0.5 ms~!, these regions are mostly ejectors at higher veloc-
ities (Fig. 6D), hence any sediment delivered here would be relatively
less stable. Furthermore, the steep slopes characteristic of these western
cliffs would prevent stable accumulation, as material is more likely to
bounce down slope into adjacent lows than to remain in place (an effect
not captured by our model, which assumes sediment “sticks” to the
surface upon landing).

3.2. Anubis, Atum, Serqet, and Bastet

Apart from western Imhotep, four other promontories emerge as
major collectors of material in our simulations. These include Anubis
and Atum on the eastern side of the large lobe, and Serqet and Bastet
on the margins of the small lobe.

Anubis is a broad, low-lying region on the large lobe that hosts one
of the most extensive smooth terrain deposits outside of Imhotep (El-
Maarry et al., 2015; Thomas et al., 2018). Its position on the nucleus
and basin-like morphology make it an effective trap for incoming
particles. Our model reproduces this observation, predicting substantial
deposition at 0.5 ms~! (Fig. 7C). Additional sediment inputs come from
Atum up-slope at lower ejection velocities (Fig. 7B).

Atum is a terraced, fractured terrain with only a sparse smooth
terrain mantling (El-Maarry et al., 2015; Thomas et al., 2018). While
our model shows that Atum intercepts a modest number of particles
at 0.5 ms™! (Fig. 7C), most of this region acts as ejectors at higher
velocities owing to Atum’s large radial distance from the nucleus center
(Fig. 7D). This dual role explains the observations—interception at

low and moderate speeds contributes to thin, local accumulations,
but persistent ejector behavior at >0.5 ms~! prevents any substantial
mantling from ever forming.

Serqet, located along the western edge of the small lobe, exhibits a
mix of smooth mantling within depressions and ridges (El-Maarry et al.,
2015; Thomas et al., 2018). At an ejection velocity of 0.5 ms~!, our
simulations predict maximum accumulation within the observed dust-
covered smooth plain (Fig. 8B). At higher velocities, however, ejector
facets emerge along the bounding ridges that frame this plain, leading
to loss of sediment (Fig. 8D). This pattern matches the observed the
coexistence of smooth deposits in the central Serget basin with the cliff
exposures to the north and the more rugged, boulder-strewn Nut region
to the south.

Bastet, located on the eastern margin of the small lobe, is domi-
nated by layered and fractured, consolidated material with only iso-
lated smooth deposits (Thomas et al., 2018). Like Atum and west-
ern Imhotep/Khepry, Bastet sweeps up large numbers of particles
at 0.5 ms~!, but most facets transition to ejectors at higher speeds
(Fig. 9). The scarcity of smooth terrain mantling here is consistent
with our model—intercepted particles are not stable, and only small,
low-velocity local transport can explain the thin, local accumulations
observed.

Taken together, our results indicate that Anubis and Serget serve as
stable long-term repositories of smooth terrain sediment. Meanwhile,
the promontories Atum and Bastet represent transient interception
zones that readily eject material to the coma at higher velocities. This
prevents any buildup of a thick, smooth terrain mantling, leaving only
patchy smooth terrain deposits that match observations.
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Fig. 8. Sediment redistribution in the Serget region. (A) OSIRIS NAC image showing the Serqet smooth plain and surrounding terrains on the western edge of the
small lobe, including the adjacent Nut, Ma’at, and Maftet regions. (B) Sediment redistribution at low ejection velocity (0.1 ms~', after 10 hops). At these speeds,
sediment motion is highly localized—particles drain from the surrounding ridges and accumulate within topographic depressions across all regions. (C) Sediment
redistribution at intermediate ejection velocity (0.5 ms™!, after 10 hops). The smooth plain emerges as a major accumulation zone, consistent with the observed
dust-covered surface (El-Maarry et al., 2015), while the bounding ridges begin to lose material. (D) At higher velocities (0.7 ms™!), several of these bounding
ridges transition into “ejectors” (highlighted in yellow), explaining the limited extent of mantling on the northern cliffs and the rugged, boulder-covered Nut
region to the south. Together, these panels show that Serqet’s patchy mantling and consolidated ridges arise naturally from localized accumulation at moderate

velocities and ejector behavior at higher velocities.

3.3. Ash and Ma’at

The tops of both lobes — Ash on the large lobe and Ma’at on the
small — largely consist of smooth terrain deposits. However, unlike
Hapi, Imhotep, and Anubis, these deposits are comparatively thin,
allowing the long-wavelength topography of the underlying bedrock to
remain visible (Birch et al., 2017; El-Maarry et al., 2019).

At ejection velocities of 0.5 ms™!, our simulations predict little to
no net deposition across the low-slope plains of these regions, while
steeper slopes (e.g., cliffs and associated talus) experience net sediment
loss (Fig. 5, +Z). Crucially, both Ash and Ma’at are dynamically isolated
within the global transport network—very few trajectories are capable
of delivering material to the tops of either lobe (Figs. A.10, A.11).
Sediment mobilized at 0.5 ms~! is either re-deposited locally or trans-
ported into adjacent basins, primarily Hapi. At lower ejection velocities,
motion becomes even more localized: material is simply cleared off
cliffs and accumulates at their base (Fig. 4, +Z).

Although our main analysis focuses on the 0.5 ms~! regime, higher
ejection velocities (0.6-0.9 m s™1) introduce an important transition. At
these speeds, Ash and Ma’at are no longer fully isolated and begin to in-
tercept modest amounts of sediment (Figs. C.21-C.24), predominantly
sourced from Hapi, consistent with previous ballistic modeling (Thomas
et al., 2015a). Particles capable of reaching the lobe tops at such high
speeds are expected to be relatively small (Skorov et al., 2016) and
volatile-depleted due to their long flight times (Davidsson et al., 2021).
As a result, their deposition in Ash and Ma’at would further suppress
any activity in the region.

Taken together — the deposition of a volatile-poor surface layer
at high velocities, combined with both the lack of delivery of new
sediment at lower velocities and the limited removal of material ex-
cept at the lowest velocities — our simulations closely reproduce
Rosetta observations. Systematic searches revealed no large-scale sur-
face changes in either region (Barrington et al., 2023), barring minor
mass-wasting events (Bouquety et al., 2021). Similarly, independent
modeling of ROSINA data and non-gravitational accelerations repro-
duces 67P’s global activity without requiring any significant outgassing
from Ash or Ma’at (Marschall et al., 2016; Kramer et al., 2019; Attree
et al., 2023). Consequently, these lobe tops appear largely dormant,
shaped by weak reworking of a thin, volatile-depleted sediment layer
that is minimally replenished with fresh, volatile-rich material.

3.4. Hapi, Seth, and Hathor

Hapi, like Imhotep, is a broad smooth-terrain deposit situated within
a major gravitational low. Blanketing the north pole, it is bounded by
the vertical Hathor cliffs and the smooth terrain-covered terraces of
Seth (El-Maarry et al., 2015). Hapi is illuminated primarily at large
heliocentric distances and transitions into polar winter near perihelion.
In the lead up to perihelion, Hapi was highly active as both a large
source of dust (Sierks et al., 2015) and rich with small-scale migrating
scarps (El-Maarry et al., 2017; Birch et al., 2019; Davidsson et al., 2022;
Barrington et al., 2023).

Hapi, Seth, and Hathor, all act as major accumulation zones at
0.5 ms™! in our simulations (Fig. 5, +Z), with most of the sediment
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Fig. 9. Sediment redistribution in the Bastet region. (A) OSIRIS NAC image showing the fractured, consolidated terrains within the Bastet region on the eastern
edge of the small lobe, including the adjacent Hathor and Ma’at regions. (B) Sediment redistribution at low ejection velocity (0.1 ms™!, after 10 hops). At these
speeds, sediment clears off cliffs into the flatter basins . (C) Sediment redistribution at intermediate ejection velocity (0.5 ms™!, after 10 hops). The consolidated,
fractured terrains of Bastet and the consolidated regions of Hathor are both predicted to accumulate sediment, contrary to observations. (D) At higher velocities
(0.7 ms™!), large portions of Bastet and parts of Hathor transition into “ejectors” (highlighted in yellow). Thus, the sediment that is predicted to accumulate
here at 0.5 ms™! is likely lost by higher velocity ejections. Together, our results show that the lack of smooth deposits in Bastet despite localized accumulation
at moderate velocities can be explained by the persistence of ejectors at higher velocities.

sourced locally or from Aten, Ash, and Ma’at (Figs. A.12, A.13, A.14).
However, contributions from Ash and Ma’at are likely overestimated
since both are weakly active, as discussed above. Sediment ejected from
Seth and Hathor primarily settles in Hapi. In addition, much of the
sediment that accumulates on the steep slopes of these regions in our
simulations would, in reality, flow downslope into Hapi—a process not
captured in our model. At lower ejection velocities, sediment similarly
clears from the steep slopes of Seth and Hathor and collects at their
base (Fig. 4, +Z). Finally, sediment struggles to escape Hapi except at
the highest velocities, as the steep topography surrounding the basin
acts as an efficient trap, consistent with previous models (Thomas
et al.,, 2015a). This feedback reinforces Hapi’s role as the dominant
depositional basin in the northern hemisphere.

Rosetta observations reveal only limited evidence for sediment ac-
cumulation in Hapi. Birch et al. (2019) only observed erosion, and
topographic measurements from Cambianica et al. (2020) show no
conclusive changes. This mismatch, however, can be attributed to the
temporal averaging of our ejection probability calculations (Section 2),
which integrate sediment transport fluxes across the comet’s full orbit.
Instead, we hypothesize that Hapi is indeed replenished by Hathor
and Seth, but through thermal shock fracturing of Hathor at aphelion,
outside the period of the Rosetta mission. Observations of 67P at
aphelion would therefore see the crumbling of the Hathor cliff and
the deposition of new sediment in Hapi. If so, such smooth terrain
sediment would differ from the finer dust that mantles other deposits,
instead consisting of chunkier, more ice-rich material. Such ice-rich
sediment is consistent with Hapi’s role as the primary source of water
vapor from the northern hemisphere during the inbound leg of Rosetta’s
escort, even though it did not receive the highest solar flux at these
latitudes (Fougere et al., 2016).

10

3.5. Southern hemisphere regions

The southern hemisphere of 67P stands in marked contrast to the
north, dominated by fractured, consolidated terrains and largely devoid
of extensive smooth terrain deposits (Birch et al., 2017; El-Maarry
et al., 2019). Smooth terrains occur only in isolated patches, typically
within sheltered alcoves or as thin veneers draped over the underlying
bedrock (El-Maarry et al., 2016).

At 0.5 ms~1, our simulations predict significant erosion across most
of the southern terrains (Fig. 5, -Z). However, modest deposition is
predicted across parts of Anhur, Geb, Neith, Sobek, and Wosret, in con-
trast to observations. The modeled deposits arise primarily from local
transport: most of the sediment delivered to these regions originates
from nearby facets rather than from global redistribution (Fig. A.15).
Consequently, sediment delivery coincides with the same orbital phases
when activity — and thus erosion — is at its peak. In reality, these
periods of intense activity produce strong gas fluxes that would prevent
fallback and re-accumulation, and instead expel material toward more
stable regions in the north (Marschall et al., 2020). Because our model
does not account for gas drag, this suppression of fallback is not cap-
tured, leading to an overestimate of sediment retention in the southern
terrains.

4. Discussion

Rosetta’s observations of 67P established ballistic transport as a
major sediment transport mechanism for cometary surfaces. Early work
by Thomas et al. (2015a) showed that particles launched from the
Hapi region in the neck over a range of sub-escape velocities can be
redeposited in northern terrains such as Ash, Ma’at, and Babi. This
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work demonstrated that airfall is a plausible mechanism for forming
smooth deposits. Lai et al. (2016) extended this picture to the scale
of the entire nucleus by coupling dust transport to seasonally varying
outgassing, showing that particles are preferentially redistributed from
south to north and that this process can help explain the comet’s large-
scale hemispheric dichotomy. These studies established the importance
of hemispheric-scale erosion and redistribution, but did not resolve
the local-scale diversity of terrain morphologies observed across the
nucleus.

More recently, Kloos et al. (2025) advanced this framework by
coupling three-dimensional ballistic sediment transport to a thermo-
physical model that tracks both sublimation-driven erosion and the
accumulation of fallback material through time. In their model, dust
emission rates are directly calculated from local sublimation rates
across discrete orbital epochs, assuming spatially uniform surface prop-
erties and a prescribed volatile inventory (through a fixed dust-ice
ratio). Particle launch speeds are then randomly sampled from a uni-
form distribution spanning 0.1-1 ms~!. Within this framework, Kloos
et al. (2025) demonstrate that nucleus shape and rotation generate
spatially heterogeneous fallback patterns and persistent depositional
sinks, consistent with several large-scale trends observed by Rosetta,
including enhanced deposition along the leading edges of both lobes.
However, because their redistribution patterns reflect the combined
effects of transport operating across a broad range of launch velocities,
they effectively convolve multiple distinct transport pathways into a
single aggregate result. While this approach is valuable for assessing net
mass balance, the superposition of different kinematic regimes masks
the specific topographic “filters” that define individual terrain bound-
aries. Consequently, such aggregate models still struggle to reproduce
the full diversity of local surface morphologies and specific activity
patterns recorded by Rosetta.

A central challenge for any such quantitative sediment transport
model is that several key aspects of cometary activity remain uncon-
strained. The microphysics governing erosion and particle ejection are
still not well understood (Kiihrt and Keller, 1994; Jewitt et al., 2019;
Vincent et al., 2019). Critical uncertainties persist regarding the struc-
ture and composition of near-surface dust-ice mixtures (Choukroun
et al., 2020), how thermal cycling mobilizes them, what particle sizes
can be lofted at a given gas flux (Fulle et al., 2019; Gundlach et al.,
2020; Bischoff et al., 2023; Attree et al., 2024, 2025; Schuckart and
Blum, 2025), and how much ice they retain during ballistic trans-
port (Davidsson et al., 2021). Quantitative predictions of sediment re-
distribution therefore necessarily depend on assumptions about poorly
constrained source physics. To limit the influence of those assump-
tions on our interpretations, we deliberately adopt an approach such
that we focus only on the post-launch transport problem, using orbit-
integrated erosion estimates only to weight the relative likelihood of
ejection across the surface. In this way, we explore a controlled set of
launch velocities to determine what sets the global distribution of dust
deposits across 67P, and any local-scale variability. We aimed to do so
semi-qualitatively such that we do not impose a specific particle-size
distribution or launch-velocity prescription.

Accordingly, starting from a uniform sediment distribution and con-
straining each facet’s ability to launch material using orbitally averaged
erosion estimates (Section 2), we resolve sediment motion into discrete
velocity regimes and then follow each regime through successive cycles
of ballistic transport until the redistribution patterns converge. This
approach allows the transport pathways associated with each launch
speed to be examined independently, rather than combining all launch
speeds into a single aggregate redistribution pattern. As shown in
Section 3, different launch speeds produce fundamentally different
styles of sediment redistribution, ranging from localized hopping and
basin-confined accumulation to long-range transfer and eventual loss
from discrete locations on the nucleus. By isolating these regimes, we
identify three fundamental terrain types — (i) collectors, (ii) shadow
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zones, and (iii) ejectors — that together govern how sediment is
redistributed across the surface over long timescales.

Viewed through our new velocity-resolved framework, we are able
to then qualitatively explain not only the broad distribution of dust
deposits on 67P, but also specific local-scale observations that are
more difficult to capture in aggregate models. These include sharp
transitions from smooth to rough terrain within the same topographic
boundary, as well as the absence of significant sediment accumulation
in extensive portions of the leading edges of the nucleus, such as
Bastet, which might otherwise be expected to favor deposition (Kloos
et al., 2025). This success suggests that, while microphysical processes
such as specific particle-size distributions, dust-ice ratios, or volatile-
driven ejection mechanisms are critical for understanding short-term
variability and the internal composition of deposits, they are secondary
to the structural controls governing the nucleus’s long-term evolution.
By isolating transport into discrete velocity bins, we show that the
large-scale organization of 67P’s surface is controlled by two linked
processes. The thermophysical state of the nucleus influences where
particles are preferentially mobilized, how many particles are mobi-
lized, and how often mobilization takes place. Meanwhile, the comet’s
topography, gravity, and rotation govern how those particles are redis-
tributed across the surface. In other words, the many unknown physical
parameters and mechanisms affect the rates of sediment transport, but
do not appear to affect where material is transported, which is instead
controlled by the comet’s seasonal insolation geometry and first-order
shape.

With future improvements in our understanding of ejection physics,
these velocity-specific pathways can be integrated into fully quantita-
tive, time-resolved models to reconcile the full suite of Rosetta’s diverse
temporal observations. In particular, as thermophysical models become
better able to predict local production rates and those production rates
can be translated into particle-size-dependent launch-velocity distribu-
tions, our facet-to-facet transport maps provide a physically grounded
and computationally efficient way to track the subsequent motion of
sediment across the nucleus. Because these transport pathways are
determined primarily by the shape, gravity field, and rotation of the
nucleus, they should remain more robust to assumptions about the
poorly constrained microphysical properties of the comet, except for
the smallest particles whose trajectories are more strongly modified by
gas drag. Coupled with a framework such as that developed by Kloos
et al. (2025), in which the thermophysical model incorporates both ero-
sion and fallback into the evolving dust mantle, our simulation results
could be used as look-up tables that enable quantitative predictions of
where sediment is produced, how much is redistributed or lost, and
which regions remain sufficiently quiescent to retain mantling. Such
a framework would also be well positioned to test specific geomorphic
hypotheses, such as whether cryogenic thermal cycles at aphelion drive
mass wasting from the massive cliffs of Hathor and Seth and thereby
nourish the Hapi deposits. Ultimately, future missions such as CAE-
SAR (Squyres et al., 2018), which may revisit 67P near aphelion, could
provide critical ground truth by determining whether Hapi indeed
accumulates new mantling at this time and whether Ash and Ma’at
remain morphologically stable and volatile depleted.

Finally, the perspective offered by our analysis re-frames cometary
landscapes as self-organizing sedimentary systems, in which repeated
ballistic transport redistributes material along persistent routes im-
posed by the large-scale topography. In this sense, cometary surface
evolution is analogous to fluvial, aeolian, and glacial systems on Earth,
where landscapes route sediment along predictable pathways set by
their own relief (Perron et al., 2008; Dietrich et al., 2013). Although
this coupling on comets occurs in a fundamentally different environ-
ment — defined by microgravity and vacuum, with sediment motion
occurring above the surface rather than across it — the governing
principle remains the same. Topographic relief and ballistic dynamics
interact to produce coherent, predictable patterns that dictate the
long-term character of the surface. By revealing how these processes
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combine to shape 67P, our work provides a unified geomorphic frame-
work that can be applied to the broader population of cometary nuclei,
enabling quantitative predictions of surface evolution and guiding the
exploration of these primitive bodies.
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Appendix A. Identification of sediment source regions

Figs. A.10-A.15 show the source regions contributing sediment to
selected target areas (highlighted in green) at an ejection velocity
of 0.5 ms~!. These figures are intended to visualize the directional
structure of the ballistic transport network and to identify which sur-
face facets are capable of supplying material to a given region under
moderate ejection velocities.

Each figure presents views along the six principal axes of the
nucleus. Colored facets represent source regions from which at least one
simulated particle successfully reaches the target area within the multi-
hop transport framework. Facets that do not contribute any sediment
to the selected target are left uncolored.

Source regions are shaded by their source contribution fraction,
defined as

N,

target
=757 Al
N (A1)

ejected

fsource

where N, is the number of particles ejected from a given source
facet that ultimately reach the target region, and N,j,.., is the total
number of particles launched from that facet at the specified ejection
velocity. This quantity isolates the geometric efficiency of sediment
transfer between source and target regions and depends only on the
ballistic transport pathways determined by the comet’s shape, gravity,
and rotation.

The source contribution fraction does not represent the absolute
sediment flux delivered to the target. The actual mass transferred
from a given source region additionally depends on the local ejection
probability and the availability of sediment for mobilization, which

Source Contributions to Selected Target Region (Green)
Velocity: 0.5 m/s | 5520 target facets | 6873 contributing sources
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Fig. A.10. Sources of sediment for Ash (green). Colored facets indicate source regions capable of delivering sediment to Ash at an ejection velocity of 0.5 ms™!
and are shaded by their source contribution fraction. See Appendix A for a full description of the interpretation.
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Source Contributions to Selected Target Region (Green)
Velocity: 0.5 m/s | 2714 target facets | 4698 contributing sources
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Fig. A.11. Sources of sediment for Ma’at (green). Colored facets indicate source regions capable of delivering sediment to Ma’at at an ejection velocity of 0.5 ms~!
and are shaded by their source contribution fraction. See Appendix A for a full description of the interpretation.
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Fig. A.12. Sources of sediment for the eastern portion of Hapi (green). Colored facets indicate source regions capable of delivering sediment to the eastern portion
of Hapi at an ejection velocity of 0.5 ms™! and are shaded by their source contribution fraction. See Appendix A for a full description of the interpretation.
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Source Contributions to Selected Target Region (Green)
Velocity: 0.5 m/s | 8495 target facets | 31911 contributing sources
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Fig. A.13. Sources of sediment for the central portion of Hapi (green). Colored facets indicate source regions capable of delivering sediment to the central portion
of Hapi at an ejection velocity of 0.5 ms~! and are shaded by their source contribution fraction. See Appendix A for a full description of the interpretation.
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Fig. A.14. Sources of sediment for the Western portion of Hapi (green) Colored facets indicate source regions capable of delivering sediment to the western portion
of Hapi at an ejection velocity of 0.5 ms™! and are shaded by their source contribution fraction. See Appendix A for a full description of the interpretation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Source Contributions to Selected Target Region (Green)
Velocity: 0.5 m/s | 9646 target facets | 22919 contributing sources
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Fig. A.15. Sources of sediment for the Southern Terrains(green) Colored facets indicate source regions capable of delivering sediment to the southern terrains

at an ejection velocity of 0.5 ms™! and are shaded by their source contribution fraction. See Appendix A for a full description of the interpretation.

(For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

vary spatially and are treated separately in the main simulations.
Consequently, facets with high source contribution fractions may still
deliver little material if their local ejection probability is low, while
facets with lower geometric efficiency may dominate the net flux if they
are highly active.

All source-target relationships shown here are computed for a fixed
ejection velocity of 0.5 ms~!, corresponding to the regime in which
sediment transport becomes global and strongly influenced by the
nucleus-scale transport network. At lower velocities, source regions are
more localized, while at higher velocities ejector facets increasingly
dominate the transport behavior (see 3 and Appendix C).

The Python code used to compute and visualize source contribu-
tion fractions for arbitrary target regions is publicly available via a
Zenodo repository (Jindal, 2025a) (https://doi.org/10.5281/zenodo.
17574889). This code allows users to select any region of interest on the
shape model and generate the corresponding source maps, facilitating
direct comparison with additional morphologic units or alternative
transport scenarios.

Appendix B. List of images used in study

Table B.1 lists all Rosetta images used for visual comparison with
the results of our ballistic sediment transport simulations. All OSIRIS

Table B.1
Image IDs used in figures. All images are available to download on the ESA
Planetary Science Archive.

Image ID Figure
N20160815T161736438ID4EF22 Fig. 1A
Philae CIVA mosaic from Bibring et al. (2015) Fig. S9 Fig. 1B
N20160812T121734755ID4EF22 Fig. 1C
ROL _FS2.141112153336_336_04 Fig. 1D
N20160813T005736588ID4EF24 Fig. 1E
N20160911T235733878ID4EF22 Fig. 1F
N20140903T034422640ID4EF22 Fig. 6
N20160610T041253713ID4EF22 Fig. 7
N20160616T001202935ID4EF22 Fig. 8
N20160615T081537509ID4EF22 Fig. 9
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and Philae images listed below are publicly available through the ESA
Planetary Science Archive.

Appendix C. Ballistic sediment transport movies

This appendix accompanies the supplementary movies (Appendix
D), which visualize multi-hop ballistic sediment redistribution on comet
67P for fixed ejection velocities between 0.1 and 0.9 ms~!. Each movie
shows the evolution of sediment transport at a single launch speed,
illustrating how redistribution pathways change systematically with
velocity.

At lower ejection velocities (0.1-0.5 ms~1; Figs. C.16-C.20), sedi-
ment is largely redistributed without significant loss to space. At the
lowest velocities, particles are trapped within local topographic basins,
whereas with increasing velocity their motion becomes progressively
influenced by the nucleus’s large-scale shape and rotation. In this
regime, redistribution proceeds gradually toward a stable configuration
dominated by persistent depositional sinks.

At higher velocities (0.6-0.9 ms~!; Figs. C.21-C.24), sediment
transport becomes increasingly dominated by escape from the nucleus.
As described in Section 2.1, facets whose launch trajectories exceed the
adopted Hill-sphere cut-off at a given velocity are treated as incapable
of ejecting particles and are therefore initialized with zero available
sediment. These facets correspond to regions from which any sediment
reaching them would, in reality, be rapidly ejected to space.

As the simulations progress, sediment delivered from elsewhere
on the nucleus is numerically retained on these facets, producing an
apparent increase in particle abundance. This accumulation should not
be interpreted as stable surface deposition. Instead, these regions act as
effective ejectors: over many hops, sediment from across the nucleus is
progressively funneled toward these facets and removed from the sys-
tem. Consequently, at high ejection velocities, the dominant outcome of
ballistic transport is widespread mass loss rather than long-term surface
retention.

The supplementary movies thus illustrate a fundamental transition
in sediment behavior with increasing launch speed—from surface-
confined redistribution and organized accumulation at low velocities
to ejector-dominated loss pathways at high velocities.
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Particle Count

Fig. C.16. Sediment redistribution at 0.1 ms~!. Sediment drains from steep slopes and accumulates in nearby topographic lows, becoming trapped after repeated

hops. Refer to Appendix D, Video S1, to see the complete redistribution at this velocity.

Hop#: 10

104

Particle Count

Fig. C.17. Sediment redistribution at 0.2 ms~'. Sediment motion remains locally confined but occurs more efficiently than at 0.1 ms~!, rapidly clearing slopes

and filling adjacent basins. Refer to Appendix D, Video S2, to see the complete redistribution at this velocity.

104

Particle Count

Fig. C.18. Sediment redistribution at 0.3 ms~!'. Sediment begins to move beyond local basins, gradually concentrating in global gravitational lows such as
Hapi, Imhotep, and the southern neck region. The movie shows results through Hop#: 100; at this stage, some regions outside these basins still retain modest
accumulations, but these progressively clear over time as material settles into the primary sinks. Refer to Appendix D, Video S3, to see the complete redistribution

at this velocity.
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Hop#: 10
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Particle Count

10

Fig. C.19. Sediment redistribution at 0.4 ms~'. At 0.4 ms~!, transport remains focused on global gravitational lows, though deposits within them appear more
scattered than at 0.3 ms™!, reflecting greater freedom of motion. Because the movie shows only the first 100 hops, redistribution is still ongoing: transient
accumulations persist outside the main basins but would gradually dissipate as sediment continues to migrate toward the dominant sinks. Refer to Appendix D,
Video S4, to see the complete redistribution at this velocity.
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Fig. C.20. Sediment redistribution at 0.5 ms~!. Sediment transport transitions from localized motion to near-global redistribution, strongly influenced by the
comet’s shape and rotation. Refer to Appendix D, Video S5, to see the complete redistribution at this velocity.

104

2
Particle Count

Fig. C.21. Sediment redistribution at 0.6 ms~'. At 0.6 ms™', ejector facets become prominent for the first time, identifiable by the dark blue regions in the
initial distribution (Hop#: 0) that start with no available sediment. Over time, these facets accumulate material delivered from elsewhere; however, in reality,
any sediment deposited on such surfaces would be ejected to space and lost from the system (see Section 2). After 100 hops, these ejectors dominate the apparent
accumulation pattern, while modest deposits persist in other regions that would continue to clear over longer timescales as material is funneled through the
ejectors and ultimately lost. Refer to Appendix D, Video S6, to see the complete redistribution at this velocity.
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108

102

Particle Count

Fig. C.22. Sediment redistribution at 0.7 ms~!. Ejector facets dominate sediment behavior, following the same setup described for 0.6 ms~! (Movie C.21).
The fraction of ejectors increases, further reducing surface retention across the nucleus after 100 hops. Refer to Appendix D, Video S7, to see the complete

redistribution at this velocity.

10%

102
Hop#: 0

Particle Count

Fig. C.23. Sediment redistribution at 0.8 ms~'. Similar to 0.6 ms~! (Movie C.21), but ejectors become even more widespread, leading to sparse surface
accumulations as most trajectories result in escape. Refer to Appendix D, Video S8, to see the complete redistribution at this velocity.
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Particle Count

Fig. C.24. Sediment redistribution at 0.9 ms~'. At this velocity, ejectors encompass nearly the entire surface (see caption for Movie C.21 for setup). Surface
retention is minimal, and most sediment is efficiently lost to space. Refer to Appendix D, Video S9, to see the complete redistribution at this velocity.
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Appendix D. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.icarus.2026.117099.

Data availability

All Rosetta mission data used to create the figures are listed in
Table B.1 and are publicly available via the ESA Planetary Science
Archive (https://psa.esa.int/psa). The shape model, ejection probabil-
ity maps, and analysis/processing scripts are archived in a Zenodo
software repository (Jindal, 2025a), with source code also available on
GitHub (https://github.com/abhinav-s-jindal/67P_sediment_transport_
pathways). Pre-computed ballistic transport dictionaries (~5 GB) are
archived in a separate Zenodo data repository (Jindal, 2025b). Vi-
sualization of results was performed using the open-source ParaView
software (Ayachit, 2015). All materials are sufficient to reproduce the
results and evaluate the conclusions presented in this paper.
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