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ABSTRACT

Impact cratering is a key process on rocky bodies in the solar system. The subsequent
degradation of impact-crater walls can record ancient environmental conditions, such as
surface water on Mars. Distinguishing erosional landforms associated with liquids from those
associated with dry processes remains challenging. Here, we developed a model for landform
development under a dry end-member case of degradation by rockfall. Unlike canonical
models of crater degradation by regolith creep that smooth and relax hillslopes, results show
that rockfalls produce channelized landforms. Rockfall locally oversteepens slopes, leading
to increased rockfall generation, which is then funneled into topographic lows, causing chute
development through topographic feedback similar to river incision. While typically neglected
in landscape evolution models, rockfalls can shape crater walls and steep rocky slopes, creat-
ing channelized landforms by dry processes that are not possible with regolith creep alone.

INTRODUCTION

Impact cratering is a dominant process on
rocky planets and moons (Fig. 1; Hartmann,
1972; Fassett, 2016). Postimpact crater degra-
dation is equally important because it can record
information about the type, pace, and history of
erosional processes driven by wind, water, or
volatile activity and disturbance-driven regolith
creep (Garvin and Frawley, 1998; Craddock and
Howard, 2000). Many models of crater degra-
dation have focused on regolith creep, which
manifests as topographic diffusion (Craddock
and Howard, 2000; Fassett and Thomson, 2014),
producing crater walls that smooth over time.
However, some old crater walls are not smooth
(Levin et al., 2022; Sun et al., 2022). On Mars
and Earth, deviations from smooth walls—such
as rocky spurs and chutes (Fig. 1)—have been
attributed to erosional processes related to water,
including fluvial incision (Howard, 2007; Kumar
et al., 2010; Bamber et al., 2022), debris flows,
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groundwater sapping (Malin and Edgett, 2000;
Salese et al., 2019), or other volatiles (Conway
et al., 2018). Dry erosional processes have also
likely shaped steep terrain on Earth, even in
relatively humid conditions (Hsu et al., 2008;
DiBiase et al., 2017). Likewise, they have con-
tributed to the formation of gullies in regolith on
Mars (Pilorget and Forget, 2016; Conway et al.,
2019) and are likely the cause for chutes on the
Moon (Kokelaar et al., 2017) and Mercury (Fas-
sett et al., 2017; Malliband et al., 2019), but the
roles of different erosional processes, substrates,
and volatiles in chute formation remain debated.

Recent work has emphasized the importance
of a lithified substrate in bedrock-chute forma-
tion by dry rockfall, where the strong substrate
allows channelized landforms with tens of
meters of relief (Levin et al., 2022) to persist
through multiple rockfall events (Sun et al.,
2022; Beer et al., 2024). Through topographic
feedback, similar to river incision, the rockfall
is funneled into proto-chutes, leading to pref-
erential abrasion of the chute floor and further
chute development (Sun et al., 2022). On Mars,
volatiles are thought to have played some role
in bedrock-chute formation, at least at higher
latitudes, due to correlations between chute for-

mation, latitude, and slope aspect (Levin et al.,
2022), though the drivers of rockfall vary across
the planet (Bickel et al., 2024). Rockfall could
be a dominant process in bedrock-chute forma-
tion at low latitudes on Mars and on the Moon
and other rocky planets and moons (Levin et al.,
2022), but it remains poorly understood.

Here, we developed a novel landscape evolu-
tion model for crater-wall degradation by rego-
lith creep and rockfall erosion. We purposefully
neglected fluvial incision to investigate whether
dry processes alone can produce the observed
crater-wall morphologies. Regolith creep is
likely important in crater degradation, but it
cannot explain the spurs and chutes common in
rocky craters (Fig. 1; e.g., Levin et al., 2022).
Therefore, we included bedrock erosion driven
by impacts from rockfall, utilizing a recent mech-
anistic theory (Beer et al., 2024). Many models
of granular flows and avalanches exist (Savage,
1979; Howard, 1998), but these are intended for
granular substrates, rather than bedrock erosion,
and create lobate topography at the grain scale
(e.g., Félix and Thomas, 2004), not chutes with
tens of meters of relief (Levin et al., 2022).

METHODS

Our modeled scenario (Fig. 2A) used an ini-
tial crater topography for a simple, 1-km-diam-
eter, 260-m-deep bedrock impact crater, follow-
ing Howard (2007). The topography was laid out
on a cartesian grid with 2 m x 2 m cells, and
we modeled one quarter of the crater for com-
putational efficiency. The model solved for the

change in elevation in time as % =_DV*2+E,
t
in the Landlab landscape evolution framework

(Hobley et al., 2017; Barnhart et al., 2020). The
first term on the right-hand side represents topo-
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Figure 1. Crater-wall bedrock chutes on (A) Mars at 77.34°E, 21.18°S (credit: National Aeronau-
tics and Space Administration [NASA]/Jet Propulsion Laboratory/University of Arizona) and
(B) the Moon at —46.04°E, 12.37°N (credit: NASA/Goddard Space Flight Center/Arizona State
University). Arrows point to tops of chutes.

graphic diffusion from linear slope-dependent
creep, where D [L*/T] is the diffusivity. The sec-
ond term represents the rockfall erosion rate,
given by E, = L8/At, where § is the bedrock
erosion per impact, summed over the number
of impacts at a given grid cell in a given time
step, At. To model rockfall erosion, we used
the model of Beer et al. (2024), which tracks
individual rockfall trajectories using the physics
of ballistic trajectories, and it relates bedrock
erosion to rockfall impact kinetic energy and
bedrock tensile strength (Beer et al., 2024). The
model was tested and calibrated against labora-
tory experiments and explicitly includes gravity,
so that it can be adapted to Mars (Beer et al.,
2024). See Supplemental Material Text S1! and
Beer et al. (2024) for the model details.
During each time step, we tracked the bal-
listic trajectory of 100 grains with diameter
= 0.25 m and calculated their contribution to
erosion, Y26, from Beer et al. (2024). This uni-
form diameter was selected as a compromise
between subpixel resolution and erosion per
impact. Rockfall frequency was determined by
f=nJt,, in which n, is the number of rockfall
events that occurs within a representative time
span, #.. We assumed that 7, scales with the num-
ber of oversteepened cells capable of generating
rockfall, n, such that n, = cn,. An oversteep-
ened cell has a slope greater than a threshold,
—Vz> S, whichwesettoS, =1 (i.e.,45%e.g.,
DiBiase et al., 2017). Thus, f = cnJ/t,, and the
model produces more frequent rockfall events
when the topography has a larger rockfall source
area. Each rockfall source location was picked

!Supplemental Material. A full description of
the rockfall model used in this manuscript. Please
visit https://doi.org/10.1130/GEOL.S.28543637 to
access the supplemental material; contact editing@
geosociety.org with any questions.

randomly from a uniform distribution of the
n, possible source locations. We updated the
topography resulting from impact erosion and
topographic diffusion (solved using a Landlab
tool) after every 100 rockfall events, and so we
used a variable time step such that Ar = 100/f.

100 = 100z, . We set

cny

Under this criterion, At =

t/c = 1k.y. as an arbitrary estimate that yielded
bedrock-chute topography given the assumed
rates of regolith creep (see below).

We roughened the initial topography by add-
ing topographic noise of 0-2 m elevation per
cell from a uniform distribution. This gener-
ated slopes greater than 45° for 5.77% of cells
(n, = 3958), which became the initial rockfall
source locations. The elevations at the rock-
fall starting and stopping cells were raised and
lowered by the rockfall volume normalized by
the cell area. Rockfall talus was treated as hav-
ing the same erosional properties as bedrock
for simplicity. We ran nine experiments, each
beginning with the same roughened topogra-
phy and running for 1.9 million model years
(m.y.), which was enough time to develop bed-
rock chutes. Given our model assumptions, it is
unknown if this time frame is representative. In
each experiment, we varied D by a large explor-
atory range from D = 10~° m*/yr to D = 10!
m?/yr. Values between 10~° m*yr and 10~* m?/
yr have been inferred for Mars (Howard, 2007;
Golombek et al., 2014).

We extracted elevations along concentric
transects at 10 m intervals from the crater’s
center, after Levin et al. (2022), every 5 k.y.
We smoothed each transect with a 6 m rolling
average to reduce noise and calculated chute
width, depth, and the width-depth ratio along
these transects. We defined chute depth as the
relief between a local trough and the adjacent
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peak, and we defined width as twice the hori-
zontal distance between the trough and peak. To
assess the contribution of rockfall and regolith
creep to total erosion, we saved the erosion from
each process every 5 k.y. The model and all data
can be found in Cardenas et al. (2023).

RESULTS

Experiments with diffusivities of D = 10>
m?*yr and higher smoothed the topography and
lowered the local slopes, eliminating rockfall
events within several thousand years. These
experiments did not produce chutes. Here, we
focus on experiments that did produce chutes,
comparing results from a low-diffusivity case
(experiment 1; D = 10~° m?/yr) and a high-dif-
fusivity case (experiment 2; D = 107° m%yr).

Unlike simulations dominated by rego-
lith creep (D > 1075 m?/yr), experiments with
more moderate rates of regolith creep produced
bedrock chutes with relief of several meters
(Figs. 2B-2C). Chutes developed across the
crater wall, merging and splitting over time
(Figs. 2B-2C). The crater wall steepened in
time, as seen in longitudinal profiles (Fig. 2D).
The initial crater wall averaged 24°, while along-
chute profiles averaged 30° (experiment 1) and
38° (experiment 2). Shallower aprons near the
bottom of the crater walls were resting locations
of rocks, most of which did not reach farther
into the crater center by the end (Figs. 2B-2C).

In experiment 1, which had negligible rego-
lith creep (D = 10~° m?/yr), we measured 2616
chute cross sections along the concentric topo-
graphic transects by 1.9 m.y. From these cross
sections, the median chute width was 16.49 m,
depth was 4.09 m, and width-depth ratio was
3.91. In experiment 2, with greater regolith
creep (D = 107° m?/yr), the number of chute
cross sections was lower by 16% (2197) at the
same time (1.9 m.y.). Median chute width was
20.4 m, depth was 4.4 m, and width-depth ratio
was 4.7. The distributions appear comparable
between the two experiments (Figs. 3A-3C),
but a two-sample Kolmogorov-Smirnov test
rejected their similarity. Depths were closest to
similar (p = 0.003), suggesting diffusivity had
less influence on depths and more on widths, and
thus width-depth ratios. The higher diffusivity in
experiment 2 drove faster outward migration of
chute walls. However, the contribution of rego-
lith creep to total crater erosion by volume was
overall small, at 10%% for experiment 1 and
105% for experiment 2.

Over time, both experiments showed
increases in chute width and depth and decreases
in the width-depth ratio (Figs. 3D-3F). After
0.5 m.y., experiment 2 had a deeper median
chute, though by only a few tens of centime-
ters (Fig. 3E). After 1 m.y., experiment 2 had
a median chute width 3 m greater than experi-
ment 1 (Fig. 3D). The width-depth ratio varied
by ~2 for both experiments from 0.5 m.y. until
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Figure 2. Hillshade maps showing initial and evolved synthetic crater topography generated during 1.9 m.y. of rockfall and topographic diffu-
sion. lllumination comes from right at 45° angle. Stippling close to crater rim and outside crater is due to initial surface roughening. Downslope
lines in each panel trace longitudinal profiles shown in panel D. (A) Crater topography at t = 0 yr. (B) Experiment 1 at t = 1.9 m.y. (C) Experiment
2 at t = 1.9 m.y. (D) Long profiles from panels A-C.

the end. Each width-depth ratio curve showed
adecrease in the rate of change after r = 1 m.y.
(Figs. 3D-3F).

Rockfall erosion and chute development
increased local topographic slopes and therefore
caused the number of rockfall events to increase
in time (Fig. 3G). This topographic feedback
allowed rockfall erosion to be self-sustaining.
Owing to slower regolith creep, experiment 1
developed steeper topography and consistently
more rockfall events through time than experi-
ment 2 developed (Fig. 3G). In each experiment,
the total volume of eroded material increased
more linearly with time as compared to the num-
ber of rockfalls (Fig. 3H). The similar total ero-
sion between both experiments, in spite of the
greater number of rockfalls in experiment 1, sug-
gests the deeper, narrower chutes developed in
experiment 1 were more efficient at funneling
rockfalls to the crater floor.

Large bedrock chutes were relatively late-
stage landforms in both experiments (Fig. 4).
Att = 0.5 m.y., the 150 m topographic contour
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showed erosion, but the chutes were narrow and
shallow proto-chutes. At = 1 m.y., chutes were
recognizable as upslope-pointing V-shapes in
the topographic contours. The largest change in
chute size occurred between r = 1.5 and 1.9 m.y.
(Figs. 4A—4B). Chute growth at the 220 m top-
ographic contour was diminished due to less
material being available to funnel into this high-
elevation location. Erosion was greatest at the
30 m contour, based on the distance the contour
line stepped back with time (Figs. 4A-4B). Both
experiments eroded the total crater wall toward
the rim by a similar distance at each contour by
t =19 m.y. (Fig. 4C).

DISCUSSION

Regolith creep creates smooth walls that
relax over time. Although this is often consid-
ered the dominant process in crater-wall degra-
dation, many rocky slopes on Earth (e.g., Beer
et al., 2024) and degraded crater walls on Mars
(Levin et al., 2022; Sun et al., 2022), the Moon
(Levin et al., 2022), and Mercury (Fassett et al.,

2017; Malliband et al., 2019) show rough, chute-
and-spur topography. Our simulations illustrate
how these landforms can develop by rockfall
erosion. A lithified substrate with relatively low
rates of regolith creep is likely required, as it
allows proto-chutes to persist through multiple
rockfall events and to enlarge (Fig. 4), consis-
tent with physical experiments (Sun et al., 2022;
Beer et al., 2024). Unlike channelized landforms
that form rapidly in granular substrates (How-
ard, 1998), large bedrock chutes in our simula-
tions took millions of years to develop, poten-
tially recording environmental conditions over
that period (Levin et al., 2022).

Although rockfall can be triggered by seis-
mic or volatile activity (Vijayan et al., 2022;
Ruj et al., 2022), our model demonstrated self-
generated rockfall events, consistent with the
variety of conditions associated with rockfall
on Mars (Bickel et al., 2024). Rockfall was trig-
gered where the local gradient exceeded 45°,
resulting in sustained rockfall over 1.9 m.y.
New source locations emerged as the topogra-
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Figure 3. Bedrock chute geometry over time and at t = 1.9 m.y. (A) Cumulative distribution
functions (CDFs) of final chute width. (B) CDFs of final chute depth. (C) CDFs showing final
width-depth ratios. (D) Time evolution of median chute width. Aliasing is due to 2 m grid size.
(E) Evolution of median chute depth. (F) Evolution of median width-depth ratio. (G) Cumula-
tive number of total rockfalls over time. (H) Cumulative volume of eroded material over time.

phy developed, causing a nonlinear increase in
rockfall events with time (Fig. 3G). Chute width
and depth were still increasing at the end of our
simulations at = 1.9 m.y., with the width-to-
depth ratio decreasing (Figs. 3D-3F), suggesting
chutes would continue to enlarge and change
shape in longer simulations. Though the rate of
change slowed after 1 m.y. (Figs. 2D-2F), the
chutes did not reach a steady-state geometry. It
is unknown if a characteristic chute geometry
would emerge, as it does in landscapes shaped
by competing erosional processes balanced with

uplift (Perron et al., 2008), but eventually, rock-
fall initiation must cease as crater walls flatten
or are buried in talus.

Rockfalls and dry granular avalanches
are often considered ineffective for gradients
below the angle of repose, typically 30°—45°.
For example, the Marathon Valley on Mars was
argued to be fluvial due to its 18° longitudinal
slope (Grant et al., 2016; Hughes et al., 2019).
Chutes in our simulations had average gradients
of 30° and 38° in experiments 1 and 2, but with
lower gradients on the tail of the distribution.

Geological Society of America | GEOLOGY | Volume 53 | Number 5 | www.gsapubs.org

For example, 24% and 15% of the chutes in
experiments 1 and 2, respectively, had gradients
lower than 18°. Chute development was possible
at these lower gradients because large rocks over
relatively smooth bedrock topography can run-
out to gradients far less than the typical angle
of repose (e.g., DiBiase et al., 2017).

Can rockfall chutes be distinguished from
channelized landforms produced by water or
other volatiles? Some modeled chutes converged
downstream (Fig. 2), similar to weakly devel-
oped drainage networks. Nonetheless, networks
of channels on Mars in low-gradient plains
(<~10°) are unlikely to have formed through
dry rockfall. Additionally, given the latitude and
orientation controls on Martian chute geometry
(Levin et al., 2022), volatiles likely played arole
in triggering some rockfall events.

In conclusion, rockfalls can be self-generated
on steep, degrading rocky slopes, counteracting
topographic smoothing by regolith creep, and cre-
ating channelized landforms and chute-and-spur
topography even without fluid-driven erosion.
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