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Triggering mechanisms are a fundamental aspect of landslide studies, as they directly influence both
the characteristics of landslides and the environments in which they occur. Identifying the triggers of
landslides is particularly important for understanding the morphological evolution of solid planetary
surfaces in the Solar System. Ceres, the largest celestial object in the main asteroid belt, is rich in
impact craters and exhibits numerous landslides. Published catalogues and available data on these
surface features provide a unique opportunity to study the interactions between meteoroid impacts
and mass movements. By analyzing the morphometric characteristics and absolute dating of eight
landslides and their related impact craters, we have identified an evident cause-and-effect relationship
between impact events and the initiation of landslides on Ceres.

Landslides, i.e., mass movements of rock, debris, or soil along a slope under
the action of gravity', are geomorphic features not unique to Earth. Landslide
occurrence has been documented on many solid bodies across the Solar
System, including terrestrial planets, dwarf planets, moons, asteroids, and
comets’. On Earth, landslides are generally classified according to the type of
mass movement, including falls, topples, slides, spreads, flows, and slope
deformations or a combination of these’. Planetary and other extraterrestrial
solid surfaces are also affected by similar types of mass movements"".
Nevertheless, an important yet understudied aspect of extraterrestrial land-
slides pertains to their triggering mechanisms, which directly influence both
the characteristics of the failures and the environments in which they occur®.
Understanding the triggers and development of landslides is important for
interpreting the morphological evolution of solid surfaces in the Solar System.

Mass movements on planetary surfaces are triggered by a variety of
factors that depend on the planetary complexity and its specific
characteristics'". Surface processes, including tectonics, volcanism, meteoroid
impacts, erosion, cryovolcanism, slope debuttressing, and gravity, act to a
greater or lesser extent on the destabilization of the slopes™". The effects of
meteoroid impacts have been demonstrated to be particularly relevant on
bodies with minimal or no atmosphere, potentially leading to fracturing of
existing slopes, producing ground shaking" and also generation of new slopes
inside the forming craters. On planets such as Mars and Venus, endogenic
seismic and volcanic activity may have caused ground motions, which led to
the observed giant landslides'*"”. The solar-induced thermal stress can cause
the expansion and contraction of rocky surface materials and, over time, can
lead to the weakening of slopes'®. On Mars, the expansion and collapse of
subsurface cryosalt has been hypothesized as a possible trigger for landslides".

On the dwarf planet Ceres, impacting of meteoroids gives rise to the
formation of steep slopes, and the release of kinetic energy has the potential
to destabilize surface materials, which in turn leads to landsliding. The
accumulation of debris from past impact events, as well as the progressive
weakening of regolith due to thermal cycling, may create conditions
favorable for slope failure®. This, in combination with localized seismic
shaking, can further contribute to the triggering of landslides™. High-impact
energies can also induce transient melting of ice within the crust, thereby
reducing material cohesion and facilitating downslope movement’".

High-resolution images of the Ceres surface taken by NASA’s 2007
Dawn spacecraft framing camera™ provided visual evidence of impact
craters and geomorphological processes™*, including landslides™** on the
surface. Along with the impact craters, which dominate the topography of
Ceres, and talus deposits due to crater wall retreats”’, landslides represent the
most prevalent geologic features, occurring in more than 20% of craters
larger than 10 km in diameter”. Several landslide inventories available for
Ceres™** highlight that mass movements are distributed over the entire
surface of the dwarf planet (Fig. 1). Many authors have identified and
classified three types of flow-like mass movements on Ceres on the basis of
their morphology: Type 1 (T1) and Type 2 (T2), both of which are consistent
with slope failure, and Type 3 flows (T3), which have been interpreted as
being associated with ejection and fluidization rather than slope failure™.

In one recent inventory built on earlier works, 210 mass wasting fea-
tures were mapped and classified into three distinct classes”: slumps, slides,
and flow-like movements. Slumps and slides are particularly pronounced at
mid-latitudes and barely detectable at the poles, supporting a speculation
about vertical ice variations on Ceres surface”. The flow-like movements are
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Fig. 1| Distribution of landslides on Ceres. The map highlights landslides analyzed
and dated in this study, as well as those that show spatial correlation with impact
craters, but were discarded (see “Methods”). The image was produced with the

HAMO (High Altitude Mapping Orbit) global digital terrain model, superposed on
the HAMO colorized shaded-relief image. The map also includes the major landslide
inventories®*****, Source: NASA/JPL-Caltech/UCLA/MPS/DLR/IDA.

characterized by the presence of multiple surface striations in the direction
of movement, which is the main morphological trait different from slides
and slumps. There is geomorphic evidence that Ceres interior is ice-rich and
that cryovolcanism has been active on the surface of this body”. Among the
dynamics of landslide processes on Ceres, the influence of ice-rich crustal
materials has yet to be studied.

Landslides on Ceres are typically located either inward or outward at
the rim and/or ejecta of impact craters”. The trigger for these failures is most
likely the impact of a meteoroid, which may result in fracturing a slope, often
the wall of a nearby older crater, leading to the occurrence of the slope failure.
Based on pieces of morphological evidence, the initiation of a landslide in
response to an impact event can be of two main types. The first type is a
direct strike producing local rock fragmentation and ground deformation,
followed by landsliding. This type is poorly studied in the literature’"** and
is rarely described as a cause of landslides, despite geological and morpho-
logical evidence indicating its widespread occurrence on solid bodies across
the Solar System. In the second type, failure occurs in the surrounding
terrain, which may result from impact-induced seismic activity>*'>">”. Pre-
vious works that have dated landslides on Mars*™ have hypothesized the
second type of process, in which the trigger is due to ground shaking on
potentially unstable slopes induced by meteoroid impact in the surrounding
terrain. Some authors” studied the long-runout landslide of the Tsiolkovsky
crater on the Moon, which is an example of the first type of process. While
they do not present specific considerations on the trigger, they hypothesize
that the landslide occurred soon after the crater was formed.

By analyzing the first type of trigger, our findings are consistent with a
cause-and-effect relationship between the impact event process and the
occurrence of landslides. The establishment of this relationship is possible
through a morphological analysis, which links the occurrence of landslides
to adjacent impact events, and by dating their surface features, which allows
a sequence of events to be determined.

The crater size-frequency distribution (CSFD) within an area of
interest is the method currently used to determine the absolute model age of
the area™. On Ceres, we analyze the morphology and the age of eight among

57 landslides classified as the first type of trigger. The selected case studies
are based on the criteria that would enable us to determine their absolute
model age with sufficient detail to support the proposed hypotheses of
temporal correlation between the two processes (see Methods). Some of the
features analyzed in this study were previously dated”, even though they did
not make any specific assessment on the trigger. The novelty here lies in
using CSFD to date both landslides and the impact craters that presumably
caused them. This leads us to establish a cause-and-effect relationship
between the two phenomena.

This study represents an important contribution to the field,
attempting to date landslides on Ceres and relate them to coeval impact
events. Morphological analysis and age determination of selected case stu-
dies establish that triggering of the landslides was by nearby meteoroid
impacts.

Results

To reveal the cause-and-effect relationship between meteoroid impacts and
nearby landslide initiation, we select case studies where landslides are
located in close proximity to impact craters. Among the 57 documented
landslides with nearby craters (Fig. 1), we analyze eight cases where absolute
dating through crater counting could be reliably performed (see “Meth-
0ds”). Landslides are located in the equatorial region of Ceres and at mid-
latitudes in the northern hemisphere. The morphological analysis allows the
eight landslides to be associated with six impact events that have presumably
triggered the slope failures (Fig. 2). The failures initiated along the outer part
of the rim of the presumably triggering craters, and in most cases they
developed on the internal wall of a pre-existing crater.

The dating of the crater ejecta and the landslide deposits allows us to
perform a chronological comparison of the two processes. The absolute
model ages of the studied landslides using the CSFD method range from
13.87%% Ma to 1087!¢ Ma, considering all impact craters, and from
13.5f§§ Mato 10758 Ma, considering only primary craters (Table 1). In
general, except for a few cases where there are many SICs and FSICs, the
two sets of age data are fairly congruent. In both approaches, the
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Fig. 2 | Landslides presumably triggered by nearby impact craters and their
absolute model ages. The maps show impact craters (black dotted lines) related to
the trigger of landslides (red solid lines). Panels refer to: a LD1; b LD2 and LD3;

c¢LD4;d LD5; e LD6; f LD7 and LD8. The image was produced with the LAMO (Low
Altitude Mapping Orbits) global mosaic. Source: NASA/JPL-Caltech/UCLA/MPS/
DLR/IDA.

estimated absolute model ages are relatively low and show rather young
landslides (<~150 Ma).

Six craters are identified as resulting from impacts that were
responsible for triggering eight landslides (Table 1). Of these cra-
ters, four are associated with single landslides, while two are related to
pairs of landslides. The estimated absolute model ages of the crater

ejecta using all impact craters (primary and SICs/FSICs), range from
19.775% Ma to 84.77]) Ma. When considering only primary impact
craters, the ejecta ranges from 15.57}% Ma to 11074 Ma. Notably, the
age range of ejecta is consistent with that for the landslides within the
error margins, thereby confirming a temporal proximity of the two
events.
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Table 1 | Summary of absolute model ages of landslides and craters of triggering impacts

ID Sa An Sp Ap

km? Ma km? Ma
LD1 24.36 108 ﬂg 6.93 107 jgg
0044—141 62.35 84.7+11 17.96 110748
LD2 39.24 18.1 jg:g 28.69 135 f;g
LD3 38.17 13.8469 25.83 14.3+L8
0106—026 23.88 262717 11.72 15,51
LD4 35.71 40.8*95 18.13 415+
02544502 24.47 397 ﬂg 10.46 40.9 f?g
LD5 17.44 35.6*13 8.97 37.3%%%
0580+585 148.17 34.4+2 92.90 38928
LD6 40.77 22,6189 25.37 15.8 184
0866589 78.21 219750 55.08 17.5+48
LD7 12.96 258114 2.64 19.0118
LD8 59.54 261789 36.08 212+71
2699+501 52.39 197758 37.47 19.4788

ID is LDn for landslides and a numeric code for craters*. S, is the area used for crater counting when considering all the impact craters (i.e., including SICs/FSICs); A is the absolute age of the landslide and
of the crater determined in S; Sp is the area used for crater counting when considering only primary impact craters; Ap is the absolute age of the landslides and of the crater determined in Sp. Alternating rows

list landslides and their corresponding triggering craters.

In order to establish a cause-and-effect correlation between the selected
eight landslides and associated impact craters, their absolute model ages are
calculated through CSFD (Fig. 3) and then compared in terms of absolute
values and statistical uncertainty (Table 1). Our investigation utilizes only
primary craters to improve temporal accuracy*’*. A detailed description of
each case analyzed is given below.

Landslide LD1
LD1 (Fig. 2a) is a complex feature situated along the outer, south-eastern
margin of a well-defined impact crater approximately 8.2 km in diameter
(ID:0044-141*). Along the north-western flank, the impact structure cuts a
further, smaller crater roughly 4.0 km wide. The interior of the crater is
marked by a flow landslide in its northern sector and by infill deposits.
Neither the landslide in the main crater nor that in the northwest crater is
analyzed or dated, as both are shallow and have poorly-defined boundaries.
Outside and around the 0044-141 crater, an extensive ejecta blanket is
present, with greater thickness in the northern section. For this crater, the
thicker and more conspicuous northern ejecta, as well as the crater floor
have been dated.

LD1 is dated to be 10735 Ma, which is consistent with the absolute
model age 110755 Ma of the 0044-141 crater (Fig. 3a).

Landslides LD2/LD3

LD2 and LD3 (Fig. 2b) are the most intriguing case among those analyzed in
terms of correlation with an impact crater. These are, in fact, two complex
features located on the NNE and SSW external edges of a single impact
crater slightly elongated in the WNW-ESE direction with a maximum
diameter of approximately 8.0 km (ID:0106-026"). The two landslides fall
within two larger and older impact structures, with diameters of 14.4 km
(ID:0100-038*) and 15.5 km (ID:0108-014*). The interior of the triggering
crater located between the two landslides is filled with apparently recent
deposits, while the exterior is characterized by a thick ejecta more evident in
the eastern part. The two largest craters in which the landslides occur have
not been dated, as they are not relevant for the purpose of the study. For the
central crater, only a part of the ejecta located to the east has been analyzed,
as it is thicker and favors better absolute dating.

LD2 has an absolute model age of 13.5772 Ma, and LD3
has an absolute model age of 14.377¢ Ma. In both cases, the dating is
consistent with the absolute model age 15.57}% Ma of the 0106-026 cra-
ter (Fig. 3b).

Landslide LD4
LD4 (Fig. 2¢) is a flow-type feature located along the outer, eastern rim of a
well-defined impact crater with a diameter of approximately 6.8 km
(ID:0254 + 502*). This landslide extends in a SW-NE direction and
develops inside an older and larger impact crater with a maximum diameter
of approximately 29.2 km (ID:0277 + 514*). To the NW of the studied
landslide, there are two other, less evident, flow-type landslides that are not
analyzed in this study. The inner part of the 0254 4 502 crater is filled with
deposits, while on the outside, there are ejecta, which are generally not very
thick and are particularly evident near the rim. For the 0254 4 502 crater,
the most visible portion of the ejecta located near the rim in the NW region
is dated.

LD4 is dated to be 41.57% Ma, which is very consistent with the
absolute model age 40.912 Ma of the 0254 + 502 crater (Fig. 3c).

Landslide LD5
LD5 (Fig. 2d) is a slide-type feature located along the outer, south-western
margin of a well-defined impact crater with a maximum diameter of
approximately 10.3 km (ID:0580 + 585**). The impact structure analyzed is
contiguous to another crater, slightly larger and with an NW-SE elongated
shape, with a maximum diameter of approximately 12.0km (ID:
0555 + 579*!). LD5 develops in an approximately NE-SW direction within
this second crater, which does not show any further slope movement of
appreciable size. Outside the 0580 + 585 crater, there is a well-defined ejecta
with considerable thickness, especially in the sector closest to the rim. The
ejecta of the 0580 + 585 crater is dated by analyzing the most proximal
portion, excluding only the area occupied by LD5.

LD5 is dated to be 37.3f§g Ma, which is consistent with the absolute
model age 38.9725 Ma of the 0580 + 585 crater (Fig. 3d).

Landslide LD6

LD6 (Fig. 2e) is a sliding feature located along the outer, SSW margin of a
well-defined impact crater approximately 11.0km in diameter
(ID:0866 + 589*'). The crater has an irregular shape, probably related to
mass wasting processes on the inner walls of the rim, which favored accu-
mulation of thick deposits inside the crater. The landslide develops in a
direction approximately NNE-SSW inside a second contiguous older crater,
with a diameter of approximately 15.1 km (ID:0857 + 572*). Outside the
0866 + 589 crater, ejecta blanket is clearly visible, especially near the rim in
the western and most proximal portion of the ejecta. The ejecta of the
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Blue and green colors are used for landslides, and black for impact crater ejecta.

0866 + 589 crater is dated by analyzing the western and most proximal

portion.

LD6 has an age of 15.87%4 Ma, which is consistent with the 0866 + 589

crater absolute model age of 17.5733 Ma (Fig. 3e).

Landslides LD7/LD8

LD7 and LD8 (Fig. 2f) are very peculiar features, as they constitute a pair of
landslides closely connected to an impact crater. LD7 and LD8 are two
complex phenomena situated on the outer, SSW edge, of a well-defined
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Table 2 | Summary of landslide morphometry

ID Coordinates (lat, lon) Landslide type H (km) L (km) H/L (-) W; (km) W; (km) S, (km?)
LD1 —14.865, 4.899 Complex 0.93 5.93 0.16 5.32 6.36 27.92
LD2 —3.477,10.297 Complex 1.37 8.28 0.17 5.49 6.78 48.05
LD3 —1.747,10.846 Complex 0.90 8.18 0.11 7.08 7.56 49.18
LD4 50.605, 26.962 Flow 3.26 10.96 0.30 3.09 5.38 40.60
LD5 58.134, 56.327 Slide 1.25 6.43 0.19 417 5.06 27.51
LD6 57.829, 85.993 Slide 1.67 8.45 0.20 6.48 717 52.43
LD7 49.486, 269.281 Complex 1.93 6.92 0.28 3.17 4.04 17.06
LD8 49.008, 269.609 Complex 0.75 9.91 0.08 6.46 7.68 74.26

H height along the central axis, L length along the central axis, H/L ratio between the drop height and the length, W, width along the scar, W; width along the deposit, S, overall area.

impact crater with a diameter of about 9.6 km (ID:2699 + 501*). The two
landslides are partially overlapping and developing in a direction approxi-
mately NNE-SSW, inside a second, older crater, contiguous to the previous
one and with a diameter of about 14.2 km (ID: 2693 + 488**). The interior of
the 2699 + 501 crater is characterized by thick fill deposits, probably con-
nected to mass-wasting processes that affected the interior of the rim.
Outside, there is an irregular ejecta deposit, which is only clearly visible in
the area closest to the impact structure. Regarding the 2699 + 501 crater, the
most visible part of the ejecta, close to the crater rim, is dated.

LD7 has an absolute model age of 19.071% Ma, while LD8 has an
absolute model age of 21.277-1 Ma. In both cases, the dating is consistent
with the absolute model age of the 2699 + 501 crater, which is 19.4¢2
Ma (Fig. 3f).

Discussion

The selection of landslides in this study is based on morphological analysis
that establishes a spatial correlation between the mass movement and a
nearby impact event of the first type. Surface dating allows the assessment of
causal relationships between the occurrence of slope failures and coeval
meteoroid impacts. The analyzed landslides exhibit clear morphological and
morphometric characteristics (see “Methods”), which allow a cross-analysis
relative to the closest impact craters for the study of potential triggering
mechanisms. The mapping of the landslides and the resulting morpho-
metric parameters are in good agreement with previous findings on Ceres
landslides*****””. The data in Table 2 currently reveal no correlations
between landslide type, area, mobility, or latitude. However, it cannot be
ruled out that future analyses could benefit also from this information.

The detailed mapping of the landslides and their deposits enables
highly accurate crater counting on all areas of interest. The analyzed dataset
highlights that the spatial relationship between impact craters and landslides
is present for several landforms on the surface of Ceres. However, the
selection of landslides is constrained by the feasibility of performing a proper
crater counting, thus correctly dating the features.

The morphology of landslides and related impact craters implies a
strong correlation between the two processes. Their proximity, relative
position, and size of these two types of landforms, in fact, support the
hypothesis of a trigger due to meteoric impact. In all cases, the landslides
develop on the external edge of the rim connected to the crater that is
supposed to have triggered the landslide. In most cases, the mass move-
ments develop inside a second, pre-existing and older impact crater”. Only
in one case (LD1) among those studied the landslide develop on a surface
with a low inclination, without the presence of an older impact crater. This
implies that the presence of pre-existing steep inner slopes of older craters is
facilitating landslide occurrence.

The landslides that have been studied are very recent, having occurred
within the last 150 million years, and they show few signs of subsequent
modification due to weathering processes. Secondary scarps have not been
observed, except for a small one on the north-eastern side of LD2, which
does not affect the overall morphology of the failure. The only case showing
evidence of subsequent reactivation is LD7, which overlaps LD8. In this case,

we mapped the landslides separately to minimize potential dating errors.
The absence of secondary disturbances that could affect crater counts and
complicate age estimates reinforces our confidence in the dating results.

The same dating method is used for both the landslides and craters,
which, according to the morphological analysis, are most likely responsible
for slope failures. The estimated absolute model ages of all the landforms
(landslides and craters) using two dating approaches (i.e., using primary
crater data only or also using SICs/FSICs) are relatively low, and they
indicate rather young landslides (<~150 Ma). In all eight cases studied, the
dating results of the landslides and their relative triggering impact craters
show that they are coeval within the margins of error (Fig. 4).

Notably, the dataset includes two cases (LD2/LD3 and LD7/LD8)
where a meteoroid impact caused two landslides. Specifically, for the
LD2/LD3 system, the coeval age of the landslides and the crater (0106-
026) is consistent with the geomorphological, dimensional, and kine-
matic evidence (see Table 2 in the “Methods”), suggesting that the two
landslides are associated with the same triggering impact. For the LD7/
LD8 system, the larger feature (LD8) is directly connected to the impact
crater (2699 + 501), as it has no ejecta covering and therefore cannot be
older than the impact. The smaller feature (LD7), however, could be
coeval with the previous one (developed immediately after LD8) or
subsequent to it. Currently, no information is available to absolutely
define the genesis of LD7.

In the case studies, the observed directional asymmetry of the land-
slides is due to the morphological condition in which the triggering impact
occurs, i.e., the orientation of the pre-existing slope. The majority of land-
slides develop along the slope within the pre-existing crater where greater
relief energy and topographical conditions are favorable for gravity-driven
mass movements. This is evident in only the case of two landslides with
opposite orientations (LD2 and LD3), where the triggering impact is cen-
tered in between the two pre-existing craters. In the context of the present
analysis, LD1 represents a unique case, distinguished by the observation that
the landslide resulting from the impact does not involve the rim of a pre-
existing crater. In this case, the landslide deposit develops in the immediate
surroundings of the trigger crater on a surface gently dipping toward SE.
Therefore, the landslide developed mainly by exploiting the relief produced
by the crater and its rim. In the cases studied, the angle of impact does not
appear to influence the direction in which the landslide propagates.

Both LD4 and the ejecta of the nearby crater (ID:0254 + 502) were
dated as part of the studies conducted for the production of a geological map
of Ceres™. Using the lunar-derived model adopted in this study, they found
an absolute model age of 37+3 Ma for the landslide and 53¢ Ma for the
ejecta. The resulting dates from this study differ slightly from those reported
in the present study, although they remain consistent within the error
margins. It should be emphasized, however, that in the cited study, the entire
crater population was used and no specific assessments were conducted for
SICs/FSICs, which may explain the slight discrepancy between the dating
results.

The 0580 + 585 crater in the proximity of LD5 was previously dated in
a study conducted for the preparation of the geological map of Ceres”.
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Fig. 4 | Comparison between the absolute model ages of landslides and related impact craters. Black boxes in the graph are used for landslides, and white diamonds for the
related impact craters. Error bars represent the uncertainty in the model ages of the features.

Using the lunar-derived model, this impact structure was dated to 13.3f§
Ma old, which is slightly more recent than 38.9™28 Ma derived in the present
study. The observed discrepancy between the two ages can be attributed to
the different techniques employed in the study of the SICs/FSICs (which are
instead very similar) and to the subsequent data fitting.

The 0866 + 589 impact crater near LD6 was also dated in the same
study™. It gave an age of 5374 Ma, which is slightly older than 17.574% Ma
derived in the present study. The ejecta is characterized by numerous older
craters formed in the underlying bedrock unit. This condition can lead to
difficulties in the analysis for discriminating the best curve to analyze.

In the present study, the relationship between impact craters and the
occurrence of landslides on Ceres is analyzed in detail for selected cases
based on the orientation and morphological characteristics (spatial proxi-
mity between features and crater rim deformation due to landslide). The
study of the landslide inventories available on Ceres******’, highlights the
presence of numerous slope failures closely related to impact craters,
similarly to the cases described in the present study. However, the number of
proposed cases is constrained by the existence of the conditions that allow
surface dating and some features have been discarded (Fig. 1). Although the
dataset is limited, it can nonetheless be considered a representative sample of
the population of landslides presumably triggered by the first type of impact,
because it has the same characteristics as the larger group of landslides with
adjacent craters, which could not be dated (see Supplementary Figs. 41-45).
Thus, dating is performed on a sample chosen independently of the cause-
and-effect hypothesis to be demonstrated. In all eight cases, the craters and
adjacent landslides are coeval within the limits of methodological uncer-
tainty. Using a binomial distribution, the probability of this occurring by
chance for the eight pairs is approximately 3.9 - 107, i.e., extremely low. We
maintain that the proposed number of cases sufficiently indicates that there
is a cause-and-effect relationship between the impact of a meteoroid and the
occurrence of landslides in its vicinity.

Conclusions
Among the most widely accepted triggers of landslides on solid bodies
are meteoroid impacts**'*">”, in particular, on small bodies such as

dwarf planets, asteroids, and comets, due to the absence of other potential
causes such as tectonics, volcanism, cryovolcanism, and slope debut-
tressing. It should be noted that not all impact craters result in landslides
unless the necessary conditions are present to ensure the impact is
effective (e.g., energy, angle and direction of impact, the predisposition of
the surface to landsliding, in terms of slope, previous degree of
fracturing).

A systematic study reconstructing the sequence of events through
dating landslides and craters to demonstrate a cause-and-effect relationship
has been lacking. This study was therefore conducted to identify spatial and
temporal evidence supporting the occurrence of landslides triggered by the
first type of process.

The absolute dating method has highlighted a close temporal cor-
relation between the formation of the impact craters and the occurrence
of the landslides on the outer rim. Overall, the geographical proximity
and the morphological setting of the triggering craters and the landslides
(morphological criterion), the absolute model ages of both landforms
(dating criterion), and the statistical significance of the cases studied
(statistical criterion) reasonably allow the exclusion of additional external
or endogenic triggers of landslides on Ceres. The data presented, there-
fore, provide evidence for the presence of landslides on Ceres that were
directly triggered by nearby meteoroid impacts. The morphological
analysis and subsequent dating of landforms utilized in this study can
also be successfully applied to other solid bodies in the Solar System to
verify existence of similar cases.

Methods

The methodology used involves the study of landslides that exhibit
morphological evidence of the proposed relationship, followed by the
absolute dating of their deposits and that of the impact craters that
presumably triggered the mass movements. Since a cause-and-effect
relationship implies that the features are coeval, the temporal attribute is
fundamental to testing the proposed hypothesis. For this reason, a
comparative analysis of the absolute model ages of landslides and impact
craters is then performed.
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Landslide data

Landslides directly associated with nearby impact craters are widespread
across the surface of Ceres (Fig. 1). To ensure accurate absolute dating, the
main criteria for landslide selection are based on whether crater counting
can be properly conducted. No restrictions on typology, size, morphological
characteristics, or geographic location are applied. Criteria include: (i) the
freshness of the landform, in order to avoid problems related to degradation,
erosion, or a number of craters too large (near the saturation limit); (ii) good
surface visibility without image distortion; (iii) optimal lighting with few
shaded or overexposed areas; and (iv) well-defined outer margins of the
feature. All the selected landforms are already present in published
inventories®****.

For this study, eight landslides are selected from among numerous
cases that show potential triggering by nearby impact craters (Fig. 1). These
landslides are properly mapped, analyzed, and dated in order to correlate
them with near impact structures. All the landslides are located on the outer
rim of the crater that triggered them, and, in most cases, they developed
within a second, older pre-existing impact crater. The selected cases are
located in the equatorial regions of Ceres and at mid-latitudes in the
northern hemisphere. The uneven distribution of the analyzed landslides
across the surface of the dwarf planet is related to image quality and
appropriate surface illumination, both of which are necessary for detailed
age determination.

Following the main classification systems'", the mapped landslides
have been categorized into three primary types based on the observed
movement: (i) slides, (i) flows, and (iii) complex movements. Each type
exhibits distinct kinematic, morphological, and morphometric character-
istics, influenced by both the geological and morphological setting of
the area.

Slides are characterized by a well-defined scar deeply incised in the
bedrock, followed downslope by a thick, relatively undeformed deposit with
limited mobility. Flows, on the other hand, exhibit a pronounced but often
irregularly shaped scar that is generally less incised than that of slides; these
are followed by moderately thick, highly elongated deposits with relevant
mobility and localized flow structures. Finally, complex movements display
intermediate characteristics between the two previously described types,
featuring well-defined and regular scars, along with relatively elongated
accumulations of moderate mobility.

Morphological analysis

We have analyzed morphological and morphometric characteristics of the
landslides and the craters using the high-resolution global mosaic of Ceres
acquired by the Framing Camera on the NASA Dawn spacecraft during the
low altitude mapping orbits (LAMO) mission phase”. The altimetric ana-
lyses are performed using the high-resolution global shape model of Ceres*,
by applying the stereo-photoclinometry technique developed at the Jet
Propulsion Laboratory by processing Dawn’s Framing Camera data. The
processed images achieve a resolution of up to 35 m px-1, and the global
shape model was constructed with 100-m grid spacing. The final topo-
graphy was generated relative to the mean ellipsoid, which ranges from
—7.3 km to 9.5 km, with an average total height error of 10.2 m*.

To identify and map landslides on Ceres, we employ the visual inter-
pretation criteria typically used to identify terrestrial landslides through
satellite image analysis. These criteria include parameters such as shape, size,
tone, mottling, texture, spatial arrangement of elements, site topography,
and its environmental context’. The boundaries of the landslides are deli-
neated through photointerpretation and morphological analysis. This
allows surface structures such as scarps, striations, embankments, lobate
forms, and deposit accumulations to be identified. These features are dif-
ferentiated based on surface morphology, boundary sharpness, and slope
interruptions, and this is further supported by morphological analysis
derived from the HAMO global digital terrain model. The delineated
boundaries for each landslide have subsequently been verified by cross-
referencing with the available literature®*****’.

The morphometric characteristics of the landslides reflect their
movement kinematics as well as the morphological and geological setting of
the slope (Table 2). However, this study focuses only on selected landforms
of particular relevance to absolute dating; therefore, the morphometric
parameters do not necessarily represent the global characteristics of land-
slides on Ceres, for which specific studies should be consulted’. Despite their
partial nature, the obtained results are consistent with the previously cited
scientific literature on landslides™*****.

The total landslide area (S;) encompassing both the scar and the
landslide deposit is derived using the same global shape model® and high-
resolution global mosaic”. S| ranges from 17.06 to 74.26 km? while the
mobility, expressed by the H/L ratio, varies from 0.08 to 0.30. The analyzed
landslides show rather high mobilities, which is in good agreement with a
hypothesis of direct triggering due to meteoric impact, and may also reflect

the effect of warm ice or meltwater generated by impact heating™*.

Dating of surface features

The quality of dating depends on the spatial resolution of the planetary
images. In addition, on the analyzed surfaces, it is desirable but not man-
datory to have a statistically significant number of craters”. In order to
analyze the CSFD, impact craters are visually identified on the 35 m px-1
global mosaic®. The analysis focuses exclusively on craters with a diameter
greater than 6 pixels (corresponding to a real diameter of about 210 m). This
lower threshold is proposed as a consequence of the observation that the
standard number of 10 pixels*** is not sufficient for accurate analyses.
Image quality (illumination and viewing geometry conditions) and land-
slide size are considered to determine this lower limit. This allows us to
obtain a higher amount of data for the construction of the CSFD curves. The
selected areas have a homogeneous appearance and are large enough to be
affected by an adequate number of impact craters. In particular, the crater
counting surface should be as flat as possible to avoid effects of slope
degradation processes and of reduced impact flux, as these factors can lead
to an inaccurate surface dating.

Following the established criteria, the analysis focuses only on the flat
landslide deposits (thus excluding the scarp) and those craters characterized
by homogeneous and thick ejecta layers. The portions of the deposits in the
shade or with reduced visibility are excluded from the crater counting. In
addition, landslides associated with craters lacking ejecta layers are also
excluded from the study. Once the areas have been identified, a manual
census of impact craters is made using the JMars (Java Mission-planning
and Analysis for Remote Sensing) Crater Counting tool, developed by
ASU’s Mars Space Flight Facility, which allows the perimeter of the crater to
be fitted to a circle of a given diameter (Fig. 5).

Secondary craters and fragmented single impactor craters

In the event of an impact, there is a possibility that the impactor will frag-
ment prior to impact, or the impact event alternatively produces material
through the spallation process. This may result in the formation of sec-
ondary impact craters (SICs), which have the capacity to influence the
interpretation of a surface and consequently produce inconsistencies in its
absolute dating™". In particular, when studying small sample areas, one of
the main challenges is the presence of secondary craters, which can alter the
CSFD**. In addition, using sampling areas smaller than the total surface
area of the feature to be dated may lead to increased uncertainty. However,
the values obtained are still adequate and representative of the age™. In order
to obtain a reliable CSFD, only primary impact craters are generally
considered ", In most cases, the distinction between primary and SICs can
be determined through morphological analysis, as these craters present
unique characteristics. SICs and fragmented single-impactor craters (FSICs)
usually have shallow and irregular shapes and are clustered or arranged in
arrays, sometimes with distinctive herringbone patterns™ . SICs/FSICs
may be challenging to identify should they form at a considerable distance
from the primary impact site, and their removal necessitates particular
caution™".
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Considering image resolution and uncertainties for discrimination of
SICs/FSICs, a dual approach for absolute dating is used in this study. The
first approach encompasses all craters, thereby providing statistically more
robust information, while the second approach considers solely primary
craters. The analysis and removal of SICs/FSICs for the construction of the
CSFD have been the subject of several works, as evidenced by the extensive
research in this area*”**. The present paper employs a method properly
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developed to remove SICs/FSICs from the analyzed populations. The
method is based on the manual detection and classification of features and
construction of Voronoi tessellation to eliminate areas not affected by pri-
mary craters. For craters with diameters >210 m, primaries are dis-
tinguished from SICs and FSICs. In this way, only the primary impact
craters and their relative area are used for the construction of CSFDs and
absolute dating of the landslides.
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Absolute dating of landslides and triggering craters

The absolute model age of impact craters potentially triggering landslides is
determined using an approach similar to that used for landslides*. The
absolute dating of the most relevant impact craters (i.e., those near landslide
scarps) is performed only on the clearest and most distinct landforms—
specifically, those where crater counting can be conducted optimally. To
ensure accuracy, the dating process focuses on the most prominent and
thick ejecta deposits (or portions thereof), minimizing the risk of including
craters associated with the underlying unit. Nevertheless, there is a possi-
bility that some older and larger craters remain visible through the ejecta,
even in the thicker portions used for crater counting. Since these older
craters do not provide reliable information on the real age of the ejecta, they
are not included in the construction of CSFD and in the absolute dating of
the impact structures.

The CSFDs are examined through the software CraterStats 1'%,
available from http://hrscview.fu-berlin.de/software. html. For this study,
the collected data are analyzed with the production and the chronology
function developed for Ceres™, using the lunar-derived model chronology
system. Model ages are derived using the Poisson timing analysis, which
allows obtaining meaningful results even for small areas and few or no
craters at all”.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The dataset includes the inventory of eight landslides on the dwarf planet
Ceres, mapped and measured to enable reproducible morphometric ana-
lyses. Data are available at https://doi.org/10.5281/zenodo.17623744.
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