
npj | space exploration Article

https://doi.org/10.1038/s44453-025-00008-7

Fresh rockfalls near the landing site of
ExoMars Rosalind Franklin Rover: drivers,
trafficability, and implications

Check for updates

Aleksandra J. Sokołowska1,2 , Ingrid J. Daubar1, Ariyana Bonab1, Ian Haut1, Valentin T. Bickel3,
Peter Fawdon4, Peter Grindrod5 & Susan J. Conway6

The Oxia Planum region of Mars was selected as the landing site of the upcoming ESA ExoMars
Rosalind Franklin Rover because of the match with science requirements as well as its relatively flat
topography. Previous works mapped isolated boulders in the area but did not find any signs of fresh
masswasting activity. Here, we report on 48 newly discovered rockfall locations inside and around the
landing characterization area. The freshness of many rockfalls at these locations is evidenced by the
presence of prominent deep tracks. They tend to occur in common geologic settings, including
possible small secondary craters and rounded isolated mounds which are widespread in the region.
We argue that impact cratering played an important role in preconditioning slopes for rockfalls and
distributing loose material, but specific triggers are elusive. Our geospatial measurements of rockfalls
in Oxia Planum also enable estimating geotechnical properties (bearing capacity) of surface materials
for the first time. We show that the bearing capacity of soil, a quantity relevant to the rover’s ability to
traverse the area, is sufficient to support its weight. The presence of rockfalls in Oxia Planumopens up
new possibilities for sampling geologic units otherwise inaccessible to the rover.

As a part of the ExoMars program, the European Space Agency (ESA) will
launch the Rosalind Franklin (RF) Rover in 2028 with the goal of investi-
gating the shallow subsurface of Mars in search of past and present signs of
life1,2. The region of Oxia Planum3,4 has been selected as the location of the
future landing site because it satisfies both the scientific objectives5 and
engineering constraints, including various rover safety-related criteria of the
mission. Regionally, the geology of Oxia Planum is a low relief plain located
at the transition between heavily cratered units of western Arabia Terra and
the low elevation Chryse Planitia3,6–10. Locally, since the mid Hesperian the
region has been dominated by erosional processes4,11,12 exposing clay-
bearing units and the degraded remnants of ancient fluvial systems in
windows through to the Noachian terrains considered to be high priority
astrobiological targets for the mission4,13–18.

For safe rover operation, the presence of objects larger than 20 cm
within 2–3m from the rover is considered hazardous19. For that reason
various areas of interest were extensively searched for signs of boulders
which would affect the terrain’s trafficability for the rover. Manual searches
were performed in the center of the previous (2020) ExoMars prime landing
ellipse20 and five different regions along the updated (2022) ExoMars

landing ellipse21 (note that the landing ellipses have been updated each time
the mission was postponed, see Fig. S1). This yielded insights into which
geological units tend to be densely populated with boulders mapped down
to ~1.75m. More recently, a deep-learning based classifier was used to
identify surface textureswithboulderfields defined as “dense accumulations
of float-rocks closer together than a few meters”, over an area that is wider
than the 3-sigma landing uncertainty ellipse for ExoMars22,23, which have
been included in the high resolution geological map for the mission24. No
studies, however, have examined the region for rockfalls that could pose a
direct threat to the rover25, constitute an additional exploration opportunity,
or signify an ongoing erosion process different to aeolian processing26.

A recent rockfall event (also known as a boulder fall) consists of a
boulder scouring the surface while sliding, rolling or bouncing downslope,
leaving a track behind it ranging from a linear channel to a line of individual
divots (Fig. 1). High-resolution surface images of various Solar System
objects have revealed the presence of such tracks, e.g., on the Moon27–29,
Mars30,31, asteroids32, and even comets33. On Mars, the age of very fresh-
looking tracks has been argued not to exceed a few thousand years34,35.
Boulderfields, on theotherhand,maybe several orders ofmagnitudeolder36
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and could represent generations of rockfalls whose tracks were since
destroyed by erosion. Mars is also known to host active mass wasting of
boulders (with and without tracks) elsewhere: fresh rockfalls in before-after
images separated by a fewyears have been reported at high latitudes37, and in
other regions38,39. Sometimes very fresh rockfalls leave another observable:
an ejecta pattern, which has been reported to fade over 4–8 Earth years38,40.

The presence of extensive ejecta is also suggestive of how energetic the
rockfall process can be. On Earth, meter-sized falling boulders can carry
enough momentum to cause events analogic to explosions41. Our recent
global study of rockfalls on Mars reveals that typical sizes of martian
rockfalls can be as large as several meters in diameter31.

The discovery and characterization of rockfalls in the Oxia region
would provide new information that reduces operational risk for the RF
rover because it enables the first calculation of geotechnical properties
of surface materials in the landing site region. In particular, modeling
the bearing capacity42 can yield estimates of the maximal pressure that
can be exerted on the surface of Oxia Planum without leading to a shear
failure, which could cause the soil to trap a wheel of the rover. In the case
of theMoon prior to the Surveyor andApollomissions, bearing capacity
was derived from geomorphometric measurements of rockfall tracks in
surface images taken from orbit43. More recently, this approach has
been applied to extended regions on the Moon44–46 and the asteroid
Didymos32. Obtaining these estimates has not been possible in Oxia
Planum previously due to the lack of sightings of fresh rockfalls and
associated tracks.

In this work we use the semi-automatic search method recently pub-
lished by our team31, followed by a detailed manual search, and provide a
database of rockfalls found in and around the ExoMars RF landing site

characterization area. Their geologic settings, possible drivers, and accessi-
bility for the rover (i.e., their proximity to the ExoMars RF landing site
characterization area) are investigated for the first time. This information is
then used to provide insights into where more rockfalls could be found
outside thoroughly searched images where either the semi-automatic
approach fails to detect a rockfall, or the image coverage is currently
incomplete. In addition,we estimate the soil bearing capacity in several areas
across Oxia Planum, and thus contribute to the evaluation of hazards and
trafficability for the RF rover.

Results
Rockfall tracks reflect thedynamicsof the fall: differently spaceddivots (low-
velocity impact craters) suggest bouncing, smooth trenches - sliding, while
zig-zag trajectories - rolling. Our sample of 258 rockfalls contains repre-
sentatives of all of these categories (Figs. 1 and S2). We identified 48 source
locations of rockfalls, i.e., separate landforms where either single (25 loca-
tions) or multiple (i.e., more than one) rockfalls (23 locations) share a
common origin such as a bedrock unit (Table S1). We discuss them in
greater detail below. At some sites the presence of either extensive boulder
fields at the foot of the slope or half-buried clasts on the slope provides
evidence for recurring mass wasting activity, and thus possibly more than
one generation of past rockfalls (Fig. S3).

Rockfall characteristics
Approximately 80%of all rockfalls found in the area have boulder diameters
smaller than 2.5m and traverse less than 500m before coming to a halt
(Fig. 2). A few isolated rockfall events have diameters as large as 8m or
tracks more than 1 km long, with the latter more common inside large

Fig. 1 | Examples of rockfalls found in clusters. Yellow stripes in cluster views
A–J highlight tracks, arrows point to associated clasts. The map view in the bottom
right corner shows clusterlocations (squares) with respect to the ExoMars 2022

landing site characterization envelope (striped area) and existing HiRISE coverage
(dark footprints). See Table S1 for image IDs.

https://doi.org/10.1038/s44453-025-00008-7 Article

npj Space Exploration | (2025)1:5 2

www.nature.com/npjspaceexplor


craterswith longwalls (Table S1). For a smaller sample of these rockfalls (see
“Methods” section) we were able to utilize shadow lengths in order to
calculate track depths close to the clasts (Fig. 2e). Those depths range from a
fraction of ameter (a result bounded by the resolution of the camera) to 2m
for the largest clasts found inOxia, withmost typical trenches of the freshest
rockfalls being less than 1.5m deep.

These measurements can be further used to crudely estimate the
order of magnitude of impact energy that could be carried by a boulder
falling in Oxia Planum.We do this in two ways. (1) We assume that the
total change in the mechanical energy of the system (factoring in the
kinetic energy of a sliding rock and its potential energy, ignoring
skidding, bouncing or rotation) is equal to the work done by the friction
forces.We postulate that all variables except for velocity are known. The
velocity of a clast at that point can be approximated with
v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2gΔhð1� μ cot αÞ
p

, where g = 3.71 m/s2 is the gravitational
acceleration on Mars; Δh ¼ 0� l sin α is the change in the vertical
position between the source of the rockfall at rest and the end of the
track of length l; α is the slope angle fromhorizontal; and μ is the friction
coefficient (see also a schematic in Fig. S4). The values of these para-
meters can be taken from our analysis for this back-of-the-envelope
calculation to be l = 100 m (a common value), α = 20° (the possible angle
extracted from digital elevation models, Fig. S5b), μ ¼ tan 30� (value of
30° being close to that found in the sediments of the Gale crater47).
Under these conditions the velocity of a clast is ≈12 m/s. An idealized
spherical rock of 2 m diameter with the density of 2300 kg/m3 (i.e., such
as that found in sedimentary rocks in Gale crater48) would have the
kinetic energy of 0.7 MJ, equivalent to 0.2 kg of TNT. (2) We assume
that a boulder can be approximated as a solid sphere rolling down an
incline. We ignore bouncing and skidding. The total potential energy is
converted into a sum of the translational and rotational kinetic energy,
thus v ¼

ffiffiffiffiffiffiffiffiffi

10
7 gh

q

� 39 m/s for the same values of all parameters. The

total kinetic energy is estimated to be 10 MJ, equivalent to 2.4 kg of
TNT. These are crude approximations that likely constitute an upper
limit on these energies. For a comparison, extremely energetic rockfalls
on Earth can release more than 20 MJ of energy (most common rock-
falls, ≤5MJ)41. It thus follows from this analysis that some rockfalls in
Oxia Planum can be energetic enough to leave ejecta patterns of dis-
rupted soil like those observed in other locations on Mars40.

Because we lack repeated high-resolution surface images of the same
locations prior to rockfall detections, it is not possible to determine if rockfalls
occurred in theperiodof spacecraft observation. Several discoveries of rockfalls
presented in this work have beenmade in images taken close to a decade ago,
therefore we used them to test whether these areas are actively producing
rockfalls on short timescales. Our repeat imaging campaign of seven different
sites (Table S2) did not yield anynewdetections of tracks or clastswider than 1
m, and thus the lower limit on the ages of these fresh rockfalls is at least a
decade. If fresh rockfalls on Mars were of the order a thousand years old as
postulated by several authors34,35, the change in track depth over this time
wouldamount toonly0.1mmundercurrent conditions (max. erosionrate: 102

nm/yr49), a changewhichwouldnotbe resolved inorbital images.Althoughwe
cannot time-constrain these rockfalls, it can be expected that rockfalls with
deep tracks comparable in size to clasts must be fresh. Such deep tracks will
gradually become infilled over 10–70Myr under current ambient aeolian
conditions49, unless othermasswasting on steep slopes accelerates this process.

Locations
The 48 source locations identified in this work can be further grouped into
clusters of co-located sources (i.e., all of the rockfalls in a cluster do not
necessarily originate from the same source). The grouping of sources is
related to the HiRISE image in which they were found (the image size is
typically 5 km by 13 km). Grouping rockfalls in this way allows us to sim-
plify the analysis and presentation of rockfall-bearing locations in the

Fig. 2 | Rockfall characteristics. Top row: histograms of measured (a) boulder diameters, (c) track lengths, and (e) depths. Bottom row: cumulative distribution plots of
measured (b) boulder diameters, (d) track lengths, (f) track depths. Track depths are calculated only for a subsample of rockfalls with clearly defined shadows.
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context of the regional geology and their distance from the rover. After
grouping, clusters are separated by at least 10 km. We report on the dis-
covery of 10 such clusters in the vicinity of the landing site (“nearby clus-
ters”, labeled A–I), five of which are within the landing site characterization
area, and11 siteswhich are in thewider region (~80–300 kmaway, hereafter
“distant clusters”, labeled 1–11; note that clusters labeled 7–10 in Fig. 3 are
localized within McLaughlin impact crater ~90 km in diameter).

Figure 3 shows locations of these clusters with respect to the ExoMars
landing site characterization envelope (white stripes). At the time ofwriting,
ESAhas notfinalized the prospective envelopes for 2028 and recommended
the use of the 2022 envelope for this comparison (see Acknowledgments).
Although distant clusters are out of reach for the rover, which is projected to
travel several kilometers during its nominal lifetime of 208 sols50, they can
provide insights into terrains prone to rockfalls. This is especially important
in light of the following: (1) the coverage with high-resolution images is
sparse in the broader area of Oxia Planum; in fact, the new 2022 char-
acterization envelopehasnot yet been fully imaged (seeHiRISE footprints in
Fig. 1which cover about three quarters of its surface area) and as themission
has been further postponed due to the invasion of Ukraine by Russia, the
new 2028 envelope will likely increase that imaging gap; (2) the automatic
search which resulted in the identification of 48 individual rockfalls was
conducted on the entirety of the HiRISE dataset but once we manually
searched 14 out of 860 existing images (1.6%, including overlapping images)
in the study region, we discovered 212 more rockfalls. Thus, we anticipate
that future manual searches in the remainder of available images will yield
many more rockfall detections. The prevalence of rockfalls in the distant
sparsely-imaged region additionally makes it likely that evenmore rockfalls
could still be found inOxia Planumonce it is fully imaged at high resolution.

A closer look at the clusters and associated source locations
(Figs. 4 and S6) reveals that rockfalls aremost commonly foundon the inner

and outer slopes of large primary craters (5 sources), in which case through
their tracks can sometimes be traced to a particular geological unit
(Table S1); secondary crater clusters (33 sources); mounds (3 sources); and
other landforms with slopes such as scarps (2 sources). Additionally, it
should be noted that all sources from cluster locations 6 and 7–10 belong to
large-scale impact craters (40 and 90 km in diameter).

Drivers
The geologic context of these rockfalls can yield insights into their possible
drivers, including preparatory and triggering factors. Recent studies iden-
tified that the region of Oxia Planum is located between topographically
distinct highlands in the south and lowlands in the north3. Fluvial activity
occurred during the early-to-mid Noachian15 (and could have played a role
in forming fragments). There are vast clay-bearing sequences likely to have
originated as sedimentary rocks or may have undergone in situ alteration
depending on the context51.High resolutionmapping shows that these units
have more resistant units interbedded with them24 as seen exposed in the
walls of impact craters walls52 and Pelso Chasma3 and are highly fractured4,
possibly due to increasing pore-fluid pressures as a result of their burial53.
They represent lithology conducive to boulder formation relative to the
subjacent clay-bearing bedrock. Many dark resistant units are also seen
capping mesas across the region54. These resistant units have surfaces dated
to the Amazonian and boulder densities in that unit exceeding those in the
Noachian unit by a factor of seven. This has been attributed to either dif-
ferent rates of production and preservation of boulders, or differences in
exposure to impacts20. Finally, ~1% of Oxia Planum is covered by 396
mounds resembling buttes, mesas, or hills18 (see Fig. 5), hypothesized to be
related to aqueous processes and interpreted as erosional remnants of
sediments. Rounded and isolated buttes typically overlie and protect the
clay-bearing unit of astrobiological significance4. In addition to material

Fig. 3 | Locations of rockfall clusters. Nearby (A–I) and distant (1–11) rockfall
clusters on top of the ExoMars 2022 geologic characterization envelope (the area
with white stripes), shortening features62 and the geologic map9 with units denoting

an epoch (AAmazonian, HHesperian, NNoachian; e early, l late), and terrain type (i
impact, t transition, h highland, o outflow, u undivided).
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properties that would result in different responses to varied types of stresses
or erosion, and different levels of exposure to impacts, solar radiation, too,
could induce thermal stresses that can precondition slopes for fracturing35.
In this section we analyze the geologic settings of discovered rockfalls and
interpret them in the context of known rockfall-promoting processes.

Impact cratering. Rockfalls can be found in a variety of geologic units
dated to have Noachian, Hesperian and Amazonian ages, and in

highland, transition and undivided units (Fig. 3). As mentioned in the
previous section, the steep slopes of possible primary and secondary
craters are the most common source locations of discovered rockfalls,
followed by mounds/buttes (Table S1). These two observations indicate
that crateringmay be a dominant factor in promoting new rockfalls in the
region through both fragmenting the target and producing steep slopes.

Possible secondary craters recently mapped down to 50m diameter in
thewiderOxia region55 are 3.3 timesmore abundant in the area north of the

Fig. 4 | Examples of themost common large-scale terrains hosting rockfalls (red squares). Locations of clusters (B, D, E,H, I, 1, 6, 8) are in Fig. 3. Images are extracted from
the Context Camera (CTX) Global Mosaic92. North is up.

Fig. 5 | Rockfall orientation and location with respect to the possible secondary
craters andmounds. aHistograms of slope aspect (azimuthal axis, north is at 0°) at
the individual rockfall sites (radial axis: counts). b The map showing rockfall

clusters, densities of possible secondaries in Oxia Planum38 and widespread
mounds18 with respect to the ExoMars 2022 geological characterization area (striped
pattern).
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center of the landing region than in the south (Fig. 5b). This greater
abundance implies denser impact-generated fracture networks and poten-
tially a higher chance of fresh rockfall formation in the north vs. south of the
landing characterization area. In fact, the overlap between the landing
characterization area (black area with stripes) and the number density map
of possible secondary craters (Fig. 5b) reveals that the RF rover has the
possibility to traverse heavily impact-fragmentedareas. Since themajority of
secondary craters have radii of 25–50m (Fig. S7), we can use recent simu-
lations of 50 m-diameter craters conducted by members of our team56 to
better understand the scale of underlying fragmentation. The extent of
fragmentation in relevant subsurface models for Oxia (i.e., containing
sediments or breccia with top regolith layers), reaches as far as 2–4 crater
radii away from the crater, vertically and horizontally (Fig. S8). To interpret
this result in simple terms, a patchwith 28 craters per km2 (Fig. 5b) could be
entirely fragmenteddown to 100mdepth (this estimate assumes that craters
are 50m in diameter, target fragmentation reaches out to 4 crater radii, and
that fragmentation zones between craters do not overlap).

Such a high density of possible secondary craters further points to a
large amount of loose debris ejected from craters and widely redistributed
across the region, either as a rain of fragments smaller and slower than those
that created secondary craters, or from ejecta from secondary impacts. A
good example of such loose clasts can be observed in the fresh ejecta of a
well-preserved 300m-diameter crater found 8 km away from the possible
secondary crater field hosting rockfall cluster D (Fig. S9).

Fragmentation of buttes. Of the 396 mounds in Oxia Planum, 15 are
known to exhibit layering and have loose boulders with no discernible
tracks at their base18. The hypotheses put forward for the source of these
boulders are that they are either erosional products of the outcrops or
were transported from elsewhere in Oxia Planum. Evidence for the for-
mer includes the observation that the mound-forming unit has been
fractured on a decameter scale, either via hydraulic deformation of deeper
layers4,53 or contractional processes (dessication, thermal contraction)
resulting in horizontal tensile stresses18,57. However,mostmounds appear
to have smooth textures on a meter scale and lack a cap rock.

Themoundshosting rockfalls inOxiaColles (Fig. 6) andAresVallis (e.g.,
Fig. 4, cluster 1) are isolated and rounded, and they share common surface
features suchaswidely scattered clasts andblocks (eitherhalf-buriedor loose),
as well as the presence of fields of craters several to tens ofmeters in diameter
which vary in their degree of degradation. Numerous loose meter-scale
boulders anchoredhighonslopes seemtobe important for rockfall formation,
as two rockfalls at two locations came from isolated blocks about 11m in
diameter.Of the rockfalls foundon themound in cluster 5, a fewwere inside a
possible secondary crater on its top. Cluster 5 (Fig. S6) is particularly infor-
mative, as hundreds of loose boulders can be seen all over the surface of this
butte, and they appear to feed a large accumulation of clasts at the bottom of
this formation. Hence, it is plausible that boulder fields surroundingmounds

are sourced from these outcrops. As all mounds in the region are argued to
share acommonorigin18, it is veryprobable thatmore rockfalls couldbe found
on other mounds and buttes, perhaps even in the region accessible to the
rover. The abundance of buttes near the landing site, which besides craters are
theprimary sources of steep slopes capable ofpromoting rockfall formation in
the region close to the ellipse, is illustrated in Fig. 5b. It thus follows that
impact-related redistribution of clasts could be at least partly responsible for
why boulder fields and rockfalls are found more frequently on mounds.

Other preparatory factors. Another finding that gives a clue to the origin
of rockfalls is presented in Fig. 5a wherewe report ourmeasurements of the
slope aspect, i.e., which direction the slopes hosting rockfalls are facing. In
primary craters (clustersG and 8), where the highest densities of rockfalls in
any cluster were found, there is a preferential direction towards north-
facing slopes. On buttes (clusters 1 and 3) the slope is facing north. In
possible secondary craters the distribution of slope aspect also peaks to the
north. This result is puzzling because the possible secondary craters in Oxia
Planum appear to have formed in clusters with acute triangular shapes in
planform with the apex pointing to the southwest55 (Fig. S10). This implies
that projectile fragments could have impacted at shallow angles58 moving
towards the north-east55. Highly oblique impacts produce asymmetric
pressure fields in the shocked target subsurface59. Such impacts would
preferentially break rocks in the downrange direction, towards the north-
east.Hence, the asymmetries in target fragmentation towards thenorth-east
due to oblique secondary impacts could explain a higher density of rockfalls
on south-facing,not north-facing,walls inside craters.On the otherhand, in
an oblique impact uprange walls can be steeper than the downrange ones60,
whichpromotesmasswasting. It is alsoworth noting that rockfalls onwest-
facing slopes are more difficult to spot because of the Sun-synchronous
nature of the Mars Reconnaissance Orbiter’s orbit31. Direct illumination of
those slopesmeans that clasts or divots throw shorter shadows. This known
observational bias does not, however, explain the higher abundance of
rockfalls only on north-facing slopes that we observe in this area. Similarly,
neither does the strong anisotropy of Mars Orbiter Laser Altimeter sam-
pling because it has a north-south vs. east-west nature61.

The abundance of recently mapped shortening structure ridges in the
Oxia region62, interpreted as thrust-fault-related landforms, raises the
question whether rockfalls could be of tectonic origin. However, only four
clusters are co-locatedwith the shortening features62 or troughs9 (Fig. 3).The
proximity of a ridge does not always occur simultaneously with high density
of rockfalls in a cluster.Moreover, these structural features of tectonic origin
have typicallynorth striking (east dipping) and south striking (west dipping)
orientations, and thus do not explain the preferential orientation of our
rockfalls. Due to these reasons, a tectonic origin for the rockfalls we observe
is unlikely.

Recent works link insolation patterns with rock fracturing; for exam-
ple, thermal stresses caused by diurnal temperature variations on theMoon

Fig. 6 | Views of a rockfall discovered on a butte
west of the landing characterization area at 18.56°
N, 331.77° E in Oxia Colles (cluster 3). a 3D ren-
dering of aHiRISE image (ESP_064604_1985_MRGB)
on top of a digital terrain model with no vertical exag-
geration (DTEEC_072039_2190_072250_2190_A01).
bThe location of a rockfall in the HiRISE image (north
is up). c Rockfall on a meter-scale in the same image
(north is up). Yellow lines highlight the rockfall track
(the total track length is75m).Arrowspoint to theclast.
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were found to be sufficient to cause rock breakdown63. On Mars, solar-
induced thermal stresses could potentially explain preferential orientations
of cracks in boulders observed in-situ by Mars Exploration Rover64.
Moreover, rockfall frequency appears to be correlated with the maximal
diurnal average insolation over a full precession cycle35. However, since
breakdown is also controlled by the characteristic boulder size as compared
to the thermal skin depth65, and seasonal skin depth is greater than diurnal
for a range of materials66, annual thermal stresses could be more important
for rock fragmentation. Interestingly, the north-facing nature of rockfalls
found in this study disagrees with the preferential slope aspect of rockfalls
found far from Oxia Planum at similar latitudes which tend to be south-
facing35. It is thus possible than another local process has been involved in
preconditioning slopes. The topography with highlands in the south and
lowlands in the north of the study region show a gradation in elevation of a
few hundred meters over a horizontal distance of more than 200 km67. The
vast valley networks, which were overlapped by non-degraded craters,
converge to Oxia Planum into a catchment area4. Hence, thermal stresses
and early fluvial erosion could have both preconditioned the impact-
fractured subsurface for rockfall formation in Oxia Planum. These aspects
require further investigation.

Recent triggers. The fall of prefractured material could have been
accelerated by an instantaneous trigger such as seismic shaking. How-
ever, none of the recent marsquakes (InSight-recorded68 MQS v14
broadband and low frequency events) have their epicenters in Oxia
Planum69. The closest impact site confirmed to have occurred in the
period of spacecraft observation70 is also located too far away (~800 km
away from the landing characterization area, more than 500 km away
from themost distant cluster) to have influenced rockfall formation in the
region with impact-induced shaking34. Although there is no proven link
between any known recent triggers and fresh rockfalls in the region, we
cannot rule out earlier triggers or seismicity promoted by changes in
subsurface pore pressure71,72 that can result in stress propagation and
fracturing far from marsquake hypocenters.

Trafficability
Fresh rockfalls with well-resolved shadows, for which we were able to cal-
culate track depths (Fig. 2e), can be further used to estimate the bearing
capacity of the martian regolith, q. This quantity is an important factor for
this mission because it enables us to assess the region’s trafficability for the
rover. Figure 7a summarizes the results of modeling this quantity using the
Terzaghi equation42.We assume the soilmaterial parameters to be similar to
those obtained with in-situ measurements at Gale crater47, i.e., cohesion of
1.3 kPa, friction angle of 30°; and density of 1500 kg/m3. Rockfalls with
estimated track depths used for this portion of the analysis are limited in
quantity, and their numbers are insufficient to reliably study differences

between terrains. However, as shown in Fig. 7a, we are able to use this
technique to sample different geologic units discussed in previous sections.
Resulting values of q range from 50 to 150 kPa.

Strength parameters of the soil inOxia Planumare not known; boulder
size frequency distributions for diameters ≥1.75m in selected units across
Gale crater orVastitatis Borealis (thePhoenix landing site) are different than
those found in Oxia Planum, which may be indicative of different
mechanical properties in addition to evidently different geomorphological
settings20. Moreover, material properties can be expected to vary across
different geological terrains evenwithinOxia Planum. For those reasons we
performeda studyof thedependencyofmodelqon strengthparameters, the
results ofwhichare presented in Fig. 7b (see also Fig. S11). The cohesion and
the angle of internal friction are varied between the lowest and highest
numbers uncovered in in-situ drills or thruster plume ground tests, with
Gale-like strengths representing the lower end (i.e., 30°, 1.3 kPa) and
strengths obtained by Phoenix in theGreenValley of Vastitas Borealisas the
higher end (i.e., 38°, 7.5 kPa)47,73. The bearing capacity of soil increases with
depth (panel a), which is why we bin the results in panel b by depth. This
analysis shows that varying friction has a stronger effect on q than varying
cohesion within these bounds. We use the results for the top 0.5–2m of
depth to infer the load that theRF rover can exert on themartian soilwithout
causing shear failure. Resulting values range from 50 to 350 kPa. This is
several times higher than the 11 kPa contact pressure (the load divided by
the contact area) expected for eachwheel of theRF rover74 and confirms that
the rover could safely operate on a range of substrates present in the selected
landing region.

Discussion
Our results show that rockfalls are abundant andmay be an important part
of the landscape evolution in Oxia Planum, yet the lack of activity at some
rockfall sites over the last decade implies that a direct impact of a rockfall
into a rover is extremely unlikely. Although we report a specific number of
clusters and source locations of rockfalls in the study region,manymore can
be expected to be found in the future and some of them could coincide with
the rover’s area of exploration. This is because (a) we manually searched
only a small fraction of available high-resolution images within the landing
site characterization envelope (i.e., only those images where the semi-
automatic search identified rockfall bearing locations31, and those represent
only a subset of all existing locations); (b) we did not include tracks that
lacked obvious clasts at their ends; (c) falling clasts do not necessarily leave
visible tracks if the terrain is not smooth or soft enough75, and so those cases
have not been considered in this work. This study thus warrants follow-up
investigations and more detailed manual searches for fresh rockfalls in all
HiRISE images within the ExoMars landing site characterization area, an
effort that may open possibilities for completely new investigations for
the rover.

Fig. 7 | Geotechnical properties of soil in Oxia Planum. a Bearing capacity (q) of
martian soil in Oxia Planum as a function of depth and in various terrains. Size of
the marker represents the average of the two boulder axes (width, height). Error
bars mark measurement errors due to finite image resolution. b Sensitivity of the

results to varying cohesion. c Sensitivity of the results to varying friction coeffi-
cient. Data in (b, c) is binned by track depth (shallow: <1 m, medium: ∈(1, 2) m,
deep: >2 m), while error bars represent the range of possible values of q within
these bins.
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The RF rover can be expected to traverse several kilometers during its
lifetime and has been designed to drive on slopes smaller than 10–26°,
depending on the terrain type19. Ifmore rockfalls are found in places that are
within its reach, e.g., on shallowslopes and in areas suggestedbyourfindings
—on buttes or near heavily impact-fragmented ground—then the rover can
be directed to those sites. This can have a range of benefits.

Increasing sample diversity
Clasts at the bottom of a rockfall can provide access to geologic units which
might otherwise require a climbupa steep slope coveredwith loosematerial,
likely impassable to a rover. Alternatively, if indeed some of these boulders
were brought from other locations by fluvial processes20 or ejected from
distant impact craters in the region before a fall, then visiting a rockfall
would allow the rover to sample material from those regions. For example,
one study suggests that the acute triangular shapes of possible secondary
clusters in planform provides evidence for their common origin55: the
58 km-diameter Mojave crater, located a few hundred kilometers away at
7.5°N 33.0°W, and estimated to have formed 10Myr ago76. Similar redis-
tribution of material over large distances via impact cratering is not
uncommon on the Moon77.

Investigating displaced subsurface material
The fact that rockfalls in Oxia Planum are capable of carryingmegajoules of
impact energy make them a very desirable target for exploration, particu-
larly if fresh rockfalls ejectedmaterial upon impact, like the ones observed at
other locations on Mars40. These products may probe the subsurface to
depths that, as shown in this work, can exceed 1–2m. Such fresh material
has been partly shielded from radiation, and thus useful to probe for sur-
viving organic materials25,78. Similarly, clasts of moderately recent rockfalls
could be rotated upward, where poorly irradiated organicsmay be at surface
access79.

Testing assumptions used to extract geotechnical properties
Our estimates should be treated as upper bounds on the actual bearing
capacitybecause thewheels of theRF rover have adifferent shape andwould
exert a smaller load, resulting in shallower tracks. Lower bounds on bearing
capacitymust be obtained in dedicated in-situ experiments. The presence of
a rover in the area of rockfall trackswould thus allowus to test and refineour
modeled bearing capacity inferred from tracks observed by spacecraft. If RF
visits more than one rockfall location, it could test our assumptions about
the state of compaction, cohesion, friction angle, and boulder density,
allowing for comparison of these values between sites. In principle, differ-
ences in these parameters could influence the track widths and depths, and
ground-truthmeasurements of those unknownswould allow rockfall tracks
to be utilized in studying near-surface regolith from spacecraft globally.

This work thus shows promise for using rockfalls in Oxia Planum in
the future in order to increase the scientific return from the ExoMars 2028
Rosalind Franklin mission.

Methods
Rockfall database
Due to the meter-scale nature of rockfalls, the most suitable images for the
purpose of searching for rockfalls come from the High Resolution Imaging
Science Experiment (HiRISE) onboard Mars Reconnaissance Orbiter
(0.25m/pixel)80. An object is considered a rockfall if a track representing its
trajectory leads directly to a discernable clast. In order to generate the new
rockfall database presented in this workwe used a two-step approach: semi-
automated search (step1) andmanual follow-up (step 2). In step 1,wemade
use of the output generated by the convolutional neural network recently
published by our team31. That output contains a set of rockfall candidates
produced by the algorithm with the confidence threshold (t) exceeding 0.6.
This allowed us to perform amuchmore detailed search for rockfalls in the
Oxia region than we were able to do previously for the entire planet, as that
aforementioned paper followed a review of candidates only down to t > 0.8
due to the overwhelming amount of global output data. (We note that the

algorithm searched the entire database of HiRISE images up until April
2023.) We then filtered the database of rockfall candidates based on the
search area, which we selected to be a few degrees around the center of the
ExoMars RF 2020/2022 landing characterization envelopes24 (Fig. S1),
namely 13–23°N, 330–340°E. Following the same procedure as in the pre-
viouswork,we conducted ahuman reviewof 3862candidateswith the aidof
the Zooniverse platform (see Acknowledgments). Then, in step 2, we
manually searched 14 HiRISE images, in which the algorithm had found at
least one rockfall (seeTable S1). Themanual search increased the number of
rockfalls from 48 to 258 compared with the semi-automated search; but the
semi-automated step was necessary to efficiently target at least some
rockfall-bearing locations.

Rockfall measurements
Wemapped andmeasured rockfall tracks from the source to a clast, and the
associated clasts, in the map-projected images using QGIS81. Clast widths
and lengths came from polygonal bounding boxes that encompass each
feature. The error on these measurements can be assumed to be ±2 pixels,
i.e., 0.5–1m(image sampling varies between25–50 cm/pixel). Track lengths
were obtained by summing up lengths of line segments making up each
track and then correcting for the local slopes extracted from theMarsMGS
MOLA - MEX HRSC Blended Slope82 (Fig. 5b). This is the highest-
resolution slope map that is available at all rockfalls sites and that allows a
broad comparison of rockfall characteristics. However, we note that for 26
rockfalls,which are situated in andaround the landing characterizationarea,
it is possible to obtain higher resolution slopes by using the Oxia Planum
CTX DEM 20 m/pixel product3 (see Fig. S5a, c). Clast widths and lengths
came from bounding boxes that encompass each polygon. The accuracy of
these measurements can be assumed to be ±2 pixels, i.e., 0.5–1m (image
resolution varies between 25 and 50 cm/px). The sampling of the MOLA-
HRSC slope map product (200 m/pixel) is comparable to track lengths. In
order to assess the uncertainty on track lengths due to coarse resolution of
the slope map, we measure the slope between the beginning and the end of
the rockfall track from the one high-resolution digital elevation model
produced for this work (DTEEC_072039_2190_072250_2190_A01,
slope = 21°) and compare it with the one derived fromMOLA-HRSC blend
(slope = 12°). The error on the track measurement between the two
amounts to 5%. Furthermore, we overcome scale challenges for slope aspect
by measuring it in two ways. First, we used JMARS83 map sampling tool to
extract its values from the MOLA 128 ppd Aspect product84 at the rockfall
locations. Then, for rockfalls which we found on slopes that are below the
map resolution of that product (e.g., in small secondary craters or round
mounds), we manually estimated the slope aspect by measuring the angle
between the direction of north in theHiRISE image and the line connecting
the beginning and end of each rockfall track. Here we used the fact that
rockfalls tend to follow the local topographydownhill to visually identify the
downhill direction. We estimate the error on these measurements to range
fromseveral to tensof degrees.However,wenote that the bowl-shapenature
of craters (or rounded nature of mounds) can also be used to qualitatively
determine the aspect of a slope hosting a rockfall in terms of a direction
(north, south, east, or west), which serves the purpose of this measurement.
The final results are presented in this paper as histograms with an optimal
number of bins (16) that primarily capture the directional trends (i.e.,
N–S, W–E).

Depth measurements
Notall rockfalls fromourdatabase are suitable fordepthmeasurements.The
selection criteria include freshness (no clear signs of prolonged erosion such
as infill), size (the width of a track needs to be more than a few pixels long),
shadowquality (of sufficient length to be resolved), aswell as track geometry
(e.g., zigzag tracks are excluded as those are formed by rolling of highly
irregular boulders).We reviewed the shadows of all rockfalls in our database
and identified 19 rockfalls fulfilling these criteria at 11 different locations
(Fig. S12). After establishing the direction of illumination from the scene
and image metadata, we measured shadow lengths close to the clast and
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along that direction in order to extract track depths, as per d ¼ L= tanðiÞ,
where L is the shadow length and i is the incidence angle of the image
center85. This equation assumes a flat surface, which would hold in a sce-
nario where a clast stops its movement at the bottom of a slope. Uncer-
tainties on these depth measurements (see Fig. 7) are due to finite image
resolution (i.e., ±2 pixels). If the exact inclination of the slope α close to the
clast was known, a normalization factor N could be applied to the shadow
length measurements where N ¼ 1þ tanðαÞ= tanðiÞ for positive and N ¼
1� tanðαÞ= tanðiÞ for negative slopes86. The additional uncertainty intro-
duced to the depth estimates by this factor can be estimated using the full
range of image incidence angles (i = 44°–60°), and slopes (α = 1°–21°), for
the most common depth estimate of d = 1m (Fig. 2). This results in a
correction of ±0.01m to 0.4 m (or 1–40%). Thus, the error due to image
resolutiondominates the uncertainty.Additional corrections could bemade
to take into account the emission angle and the difference between the
subspacecraft and subsolar azimuths; however, these have been shown to
have a fairly small effect on similar scale measurements in HiRISE data87.

Bearing capacity estimate
The geomorphometric measurements of rockfalls have been informing
modeling of bearing capacity, i.e., the ability of soil to bear a load, since the
Apollo era43,88. The most commonly used equation is the Terzaghi equation
for spherical loads42, which assumes that soil failure occurs in general shear
until enough volume of the target material is mobilized to resist it. General
shear regime applies to high relative densities of foundation and soil, as is
likely to be the case for loose unconsolidated regolith and dense solid clasts
of rockfalls. We take our measurements of rockfall track depths d, together
with the boulder widths and heights, and use this model of ultimate bearing
capacity:q = 1.3cNc+ dρgNq+ 0.3ρgBNγ, where c is cohesion,Nc,Nq andNγ

are numerical constants that depend on the coefficient of internal friction, g
is the gravitational acceleration, ρ is the density of regolith, and B is the
diameter of circular footing which we adopt as the average of boulder width
and length. The cohesion and coefficient of internal friction are the two free
parameters in thismodel.Wenote that theTerzaghi equation assumes static
equilibrium, which is generally violated anywhere on the track away from
the clast, and requires that d < B. Following the methodology recently
applied to lunar data44,45 and asteroids32, we performed our two measure-
ments of shadow length per track as close as possible to the clast in order to
conform to these assumptions.

Although other models exist, which consider the effects of inclined
terrain and exact boulder shapes89, obtaining reliablemeasurements of those
quantities is very challenging.Clasts are often too small to discern their exact
shapes in two dimensions (see track depths in Fig. 2 which mostly fall into
the 1–2 m range, i.e., 4–8 times the pixel scale), while computing precise
slopes, especially in small secondary craters, would involve acquiring new
stereo images in Oxia Planum that from our experience can take several
months in this high-demand region (see below). Future work should con-
sider these factors, which are beyond the scope of this work.We note that in
areas with steep slopes a boulder mobilises less material underneath it to
support it against sinkage when compared with flat surfaces, which in turn
leads to deeper tracks, and lower bearing capacity.

Repeat imaging
We selected several approximately decade-old rockfall-bearing locations
found in images taken approximately a decade ago for a follow-up imaging
campaignwith theHiRISE instrument. The campaign ran over the periodof
several months (from October 2023 to May 2024), and during this time we
succeeded in obtaining seven new images (seeTable S2).We usedQGIS81 to
georeference newly obtained images to the previous images by identifying
points of reference and running a thin plate spline algorithm to warp the
new images. We then compared image pairs by manually searching for
sightings of new rockfalls both at thepreviously identified rockfall site and in
the entirety of the overlap between the images. Due to the deterioration over
time of the HiRISE hardware90, later images have increased noise and gaps,
reducing the efficacy of these types of comparisons.

Data availability
All of the original spacecraft data used for this study are available on the
Planetary Data System (https://pds.nasa.gov) and on the HiRISE team
website https://www.uahirise.org/. A catalog with rockfall locations is pro-
vided on Zenodo91.
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