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Contemporaneous formation of self-
secondaries and layered ejecta deposits
on Mars
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Self-secondaries are secondary craters formed in cogenetic ejecta deposits. Bearing important
information on crateringmechanics and the applicability of remote age-determination technique using
crater statistics, the spatial distribution of self-secondaries on Mars and their potential effect on
martian crater chronology remain uncharacterized. Here, we show that self-secondaries are scarce on
Mars, possessing minor effect on crater chronology. Recognized self-secondaries primarily occur on
rim deposits and are largely absent on layered ejecta deposits, suggesting that the emplacement of
self-secondaries and layered ejecta deposits occurred in a narrow time window. Comparison with
model-predicted distributions of self-secondaries suggests that fragments forming self-secondaries
did not uniformly have near-vertical ejection angles and may have slightly larger angles than those of
normal excavation flows, explaining their common occurrence on airless planetary bodies. The
double-layered ejecta of Steinheim ceased emplacement earlier than single- and multiple-layered
ejecta, possibly due to the higher volatile content in pre-impact target materials.

The timeframeofmartian geological and environmental evolution ismainly
constrainedby crater statistics1, as continual accumulation of impact craters
enables remote age estimation formartian surfaces using the observedcrater
size-frequency distributions (SFDs) and an assumed impact flux. The
impact flux on Mars is translated from that on the Moon2, because inner
Solar System bodies may have experienced similar impactor populations3

and the Moon is so far the only terrestrial body where samples with clear
context information have been returned. Analysis of crater statistics on
continuous ejecta deposits of impact craters is important in determining
model ages for individual impact craters, and5of the 16 available calibration
points for the lunar crater chronology came from crater statistics on con-
tinuous ejecta deposits of young lunar craters that are less than
~800Ma old4–6.

Deriving representative crater production populations in continuous
ejecta deposits of impact craters is not a straightforward task. While con-
tinuous ejecta deposits are formed simultaneously with their parent craters
in geological terms, both their material properties (e.g., cohesive strength)
and local resurfacing history by cogenetic ejecta flows are inherently
heterogeneous7. On airless bodies, crater populations formed in continuous
ejecta deposits of a given young crater usually exhibit large variations in
spatial density8–10. The effect of target properties, that craters formed in

competent impact melt rocks are generally smaller than those formed in
porous ballistic ejecta, could explain some of the observed discrepancies11.
However, this effect cannot remedy all the observed differences of crater
density12. For example, around a same crater, crater populations formed in
different patches of melt pools9 or debris flows13 exhibit diverged densities.

On theother hand, there could be anothermajor cause for the observed
discrepant crater densities: self-secondaries, a subpopulation of craters
formed by later-arriving fragments impacting earlier-emplaced fresh ejecta
deposits around the parent crater8. Similar in shape and scattered spatial
distributions with primary craters (primaries) of similar size, self-
secondaries formed in continuous ejecta deposits are recognized on the
basis of overlapping relationshipswith the other cogenetic ejecta facies, such
as melt flows14. Self-secondaries have been observed on the Moon9,13,14,
Mercury15, Mars16, 1 Ceres17, and icy satellites such as Rhea18. While frag-
ments forming self-secondaries were interpreted to have ejection angles of
larger than 80° (ref. 15), their ejection condition is not well constrained.
Recent observations of the most proximal secondaries on terrestrial bodies
show that, impact ejecta are capable of forming secondaries with ejection
velocities of as small as ~25m s−1 19, and ejection angles frequently change
due to heterogeneous shock impedances20. Therefore, self-secondaries may
be an inherent product of impact cratering on terrestrial bodies19, but their
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production rate was not well constrained, which is important for crater
statistics in estimating ages of individual craters. This information is also
crucial to refine the five Copernican-aged anchor points for the lunar crater
chronology, as the possible effect of self-secondaries on resolvable pro-
duction populations has not been determined yet10.

On Mars, the occurrence and spatial distribution of self-secondaries
are not well resolved. So far, the only report of self-secondaries on Mars
was based on asymmetric crater densities in the continuous ejecta
deposits of Tooting16, as the southeastern crater rim exhibits both
anomalously high crater density and possible evidence of infilling by melt
flows (Fig. 1b). On the other hand, craters with layered ejecta deposits are
widespread on Mars21. Although no consensus has been achieved yet on
their possible emplacement mechanism(s), the subtly varying emplace-
ment times of different ejecta layers and crosscutting relationships of
different ejecta facies provide a unique opportunity to record the for-
mation of self-secondaries (cf. 22). In this work, we perform high-
resolution geological observations and crater statistics for various ejecta
facies around well-preserved impact craters on Mars to detect self-
secondaries (Fig. 1a; see Methods).

Occurrence of self-secondaries on Mars
Pristine simple and complex craters that have undergone little topographic
degradation andwith full coverage of high-resolution images are selected to
investigate the occurrence of self-secondaries on Mars (Fig. 1a; Supple-
mentary Table 1). Younger craters are not visible nearby to avoid super-
posing byyounger chains and/or clusters of secondaries. The selected simple

craterswere formed in late-Amazonian lavaflows23,24, and theyhaveobvious
rays as seen in optical or thermal infrared images25. Six young complex
craters with layered ejecta deposits are selected, and most of them have
reported model ages of less than 10Ma on the basis of crater statistics26,27.
Layered ejecta deposits onMars are classified as single-layered ejecta (SLE),
double-layered ejecta (DLE), and multiple-layered ejecta (MLE) according
to the number of visible ejecta layers28. Among the selected complex craters
(Fig. 1a),Gratteri is a SLEcrater; SteinheimandBacolor areDLEcraters, and
Zunil, Tooting andMojave are MLE craters. It is notable that DLE deposits
onMars are divided into two different groups: Type 1 and Type 229. Type 2
DLE are similar to SLE and MLE, as the ejecta layers have high sinuosity,
implying a similar formation mechanism29. Type 1 DLE deposits have
more-or-less uniform radial extents for the inner ejecta layers29, and they
may have different emplacement mechanism(s) than the other layered
ejecta deposits22,27,30–32.

During impact cratering on planetary bodies, solid ejecta that formed
secondaries were excavated from the transient cavities, via impact spallation
and/or excavation flows33. For the investigated craters, their solid ejecta
impacting the continuous ejecta deposits were theoretically capable of
forming self-secondaries, considering that the minimum ballistic ranges of
ejecta forming secondaries (~140m) on Mars19 are much smaller than the
distances between rims of the transient cavities and final craters
(140–9940m; SupplementaryTable 1).Meanwhile, solid ejectawith varying
ejection velocities were excavated by the investigated craters, as evident by
widespread typical chains of secondaries at larger radial distances19. Since
target materials of planetary impacts naturally feature heterogeneous shock

Fig. 1 | Investigated martian craters and possible occurrence of self-secondaries
around Tooting. a Locations of martian craters investigated in this work (red dots).
bMorphology of earlier-reported self-secondaries on the southeastern crater rim of
Tooting16. The location ismarked in (d). c,dPredicted landing positions of Tooting’s

ejecta launched from the crater center with ejection angles θ = 60° and 89°,
respectively. Modeled ejecta particles are color-coded according to their flight time
(see Methods). The white dashed circle in (c) indicates the rim crest of Tooting. IDs
and available addresses of base images used are in the Supplementary Table 2.
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impedances caused by lithological and/or structural discontinuities, local
propagation paths of shock and rarefaction waves experienced sporadic
changes, so that variationsof ejection velocities and/or angles arenot rare for
ejecta excavated from the same position20. Therefore, self-secondaries
should have formed on the layered ejecta deposits19. If fragments forming
self-secondaries had ejection angles (θ; 0° as surface tangent and 90° as
surface normal) slightly larger than those launched by normal excavation
flows (θ = 35°–55°; ref. 34) and exhibited comparable ejection velocities (v),
they could be abundant on continuous ejecta deposits of young martian
craters. For example, Fig. 1c shows the predicted impact sites of ballistic
ejecta that have assumed ejection angles of θ = 60° around the MLE crater
Tooting (rim crest diameter D = 29 km; central coordinates of 23.2°N,
207.8°E). Instead, if self-secondaries were formed by fragments with near-
vertical ejection angles (e.g., θ = 89°; ref. 10), they shouldpreferentially occur
in the western ejecta deposits due to the Coriolis effect (Fig. 1d; see Meth-
ods), regardless of locations of the parent craters (Supplementary Fig. 1).

Referring to theoretical estimations for thicknesses of proximal ejecta
around martian craters (see Methods), younger craters formed in earlier-
emplaced ejecta deposits are recognized, among which self-secondaries are
identified if they were embayed by cogenetic impact melt deposits or
transected by radial grooves in layered ejecta deposits (e.g., 31; see Methods
for details). Melt deposits in continuous ejecta deposits of martian craters
are less obvious than those on the Moon, due to the lack of albedo contrast
and typical flow fronts (Fig. 1b). Veneers and ponds of smooth deposits in
continuous ejecta deposits were interpreted as either melt-rich ejecta16 or
aeolian deposits35. For smooth deposits that embayed younger craters in the
continuous ejecta deposits, degassing pits36 and cooling fractures37 are used
as diagnostic evidence for identifying cogenetic impact melt (see Methods).

Our observations show that, unlike the dominance of self-secondaries
in continuous ejecta deposits of young craters on theMoon andMercury10,
recognizable self-secondaries are scarce in the ejecta deposits of the young
martian craters (Fig. 2 and Supplementary Figs. 2–3). With diameters of
25–466m, themajority of the observed self-secondaries are located on rims
of their parent craters, but they are not observedon the SLEorMLEdeposits
(Fig. 2a, b and Supplementary Fig. 3a–h). Instead, a handful of self-
secondaries are recognized on the inner layers of the Type 1 DLE deposits
(Fig. 2c, d and Supplementary Fig. 3i–k).

Self-secondaries on theMoon andMercury exhibit nonuniform spatial
distributions across the continuous ejecta deposits, evident by the varying

spatial densities of younger craters formed in smoothejectaflowsatdifferent
azimuths and radial distances9,13,15. Patches of smooth ejecta deposits are also
widespread in SLE and MLE deposits of martian craters (Supplementary
Fig. 4; ref. 26), but they are less abundant in ejecta deposits of the simple
craters (Supplementary Fig. 5) and DLE craters32. We compare the spatial
densities of crater populations formed in the smooth flow deposits at dif-
ferent azimuths and radial distances from rims of the parent craters,
revealing no obvious differences in the crater SFDs (Fig. 3a–h). This
observation confirms the above observation that self-secondaries are a
negligible population in SLE or MLE deposits.

On the other hand, crater populations formed in the inner ejecta layer
of the Type 1DLE crater Steinheim exhibit non-uniformdistribution, as the
eastern part exhibits both clustered spatial distribution and larger densities
than the entire inner ejecta layer (Fig. 3i–k and Supplementary Fig. 6). The
observed crater populations consist of two or three components: primaries
younger than Steinheim, self-secondaries of Steinheim (Supplementary
Fig. 3i–k), and/or possible background secondaries formed by distal,
younger craters. Considering the pristine morphology of Steinheim and
absence of nearby younger craters, the contribution of background sec-
ondaries to the crater population on its layered ejecta deposits is expected to
be minor. Assuming that potential distant background secondaries had
uniform distribution across the entire inner ejecta unit13, we obtain an
approximate production density of self-secondaries by subtracting the
western crater population from the entire crater population in the inner
ejecta layer (Fig. 3k). This approach yields a SFD for the extra-population of
self-secondaries, which can be regarded as a minimum production density
of self-secondaries in the inner ejecta layer.Referring to theHartmanncrater
chronology2, the crater SFD for this extra-population of self-secondaries is
equivalent to that of an ~22Ma isochron for primaries (Fig. 3k), which is
unignorable compared to a model age of ~138Ma that is derived from the
observable crater population on Steinheim (Supplementary Fig. 7). It is
notable that only 4.2% of martian craters with D ≥ 3 km have DLE
deposits23, amongwhich six craters haveType 1DLEdeposits and formed in
the Late Amazonian24, with Bacolor and Steinheim being the youngest
cases27. Meanwhile, self-secondaries are a transient crater population
formed together with the parent crater, and their SFD should be surpassed
by the accumulation of subsequent craters, so that the proportion of self-
secondaries in visible crater populations should decrease with time10.
Therefore, our observations suggest that, away from rim crests of martian

Fig. 2 | Occurrences of self-secondaries around
young complex craters with layered ejecta deposits
on Mars. a, c Context of Zunil and Bacolor craters,
respectively. Red and yellow dots indicate the loca-
tions of confirmed self-secondaries and possible
self-secondaries, respectively. b, dMorphology of
confirmed self-secondaries (indicated by red
arrows) that are embayed or transected by other
ejecta facies is shown for each crater. Their locations
are marked in corresponding (a, c). Theoretical
estimations for the initial rim-to-floor depths of
confirmed self-secondaries (d0) and thicknesses of
ejecta formed by the source crater (t0) are compared
(see Methods), showing that the self-secondaries
postdated the emplacement of the underlying ejecta.
In (b, d), d0 and t0 for the largest self-secondary
crater within the displayed frames are presented as
examples, given the comparable thicknesses of ejecta
for these self-secondaries. IDs and available
addresses of base images used are in the Supple-
mentary Table 2.
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craters, crater statistics on the continuous ejecta deposits are not obviously
affected by self-secondaries, except for the few young craters with Type 1
DLE deposits, lending support to the applicability of crater statistics to
estimate their model ages.

Near-contemporaneous emplacement of self-
secondaries and layered ejecta deposits
Unlike the predicted landing positions for near-vertically launched ejecta
(i.e., θ = 89°; Fig. 1d and Supplementary Fig. 1), the observed self-
secondaries do not avoid occurring on the eastern rims or ejecta deposits
of the investigated craters (Fig. 2 and Supplementary Figs. 2–3). There-
fore, with longer trajectory times than ejecta forming the underlying

ballistic ejecta deposits10, ejecta forming self-secondaries did not uni-
formly have near-vertical ejection angles19. On the other hand, in contrast
to the predicted landing positions of ejecta with slightly larger ejection
angles than normal excavation flows (Fig. 1c and Supplementary Fig. 1),
the observed self-secondaries avoid occurring on layered ejecta deposits
but preferentially occur on crater rims (Fig. 2 and Supplementary Fig. 3).
Considering that impacts of ballistic ejecta and emplacement of layered
ejecta deposits occurred near contemporaneously during the formation
of the parent crater7,21,33,38, most self-secondaries should have formed
during the emplacement of layered ejecta deposits and were destroyed by
the advancing ejecta layers. This interpretation further suggests that the
duration of emplacement of SLE and MLE deposits should be

Fig. 3 | Size-frequency distributions of craters formed on layered ejecta deposits
on Mars. a–h show counting areas (yellow polygons in a–d) and size-frequency
distributions (e–h) of crater populations formed in smooth deposits of single- or
multiple-layered ejecta (SLE or MLE). Gratteri has SLE deposits (a, e), and Zunil
(b, f), Tooting (c, g), andMojave (d, h) haveMLE deposits. iCounting areas (red and
blue polygons) and craters (yellow circles) collected on the inner ejecta layer of
Steinheim, which is a Type 1 double-layered ejecta (DLE) crater. The red polygon is
for the western half of the inner ejecta layer, and it overlaps the blue polygon that is
for the entire inner ejecta layer. jCluster analysis for the crater population formed in
the inner layer revealing a clustered distribution for craters withD = 95–120 m in the
eastern half. Dots represent the locations of craters collected in the inner ejecta layer.

Colors saturation is based on the strength of membership, with dark being strong
and light being weak (seeMethods). Craters in the same cluster have the same color,
and unclustered craters are gray. Analyses of spatial distribution of the entire crater
population are shown in Supplementary Fig. 6. k Size-frequency distributions of the
D = 95–120 m craters in the entire (blue) and western half (red) of the inner ejecta
layer. The approximate population of the extra self-secondaries (black curve) is
derived by subtracting the western crater population from the entire crater popu-
lation in the inner ejecta layer. The equivalent model age for the population of extra
self-secondaries is derived using the Hartmann crater chronology2. The 95% con-
fidence interval is represented by color shades in (e–h) and (k) (see Methods). IDs
and available addresses of base images used are in the Supplementary Table 2.
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comparable to or slightly longer than flight times of fragments forming
self-secondaries.

While the formation of self-secondaries occurred simultaneously
with the emplacement of SLE andMLE, the prominent existence of self-
secondaries on Type 1 DLE deposits, although not abundant (Fig. 2c),
indicates that DLEwas emplaced slightly earlier than SLE andMLE. This
interpretation suggests that self-secondaries may not be entirely
destroyed due to the earlier emplacement of DLE, and those formed later
on the inner ejecta layer were subsequently transected by radial grooves
(Fig. 2d). The earlier emplacement of Type 1 DLE is supported by the
observation that, SLE and MLE deposits inundated earlier-formed
cogenetic chains of secondaries (Supplementary Fig. 8; ref. 39), whereas
pristine chains of secondaries were preserved on the outer ejecta layer of
the Type 1 DLE (Supplementary Fig. 9). The pre-impact target of Type 1
DLE craters contained larger amounts of volatiles such as water ice22,
because these craters preferentially occur in the mid–high latitudes of
Mars29, where non-polar surface snow and ice were deposited in the late-
Amazonian40. Sublimation pits, ring-mold craters, and expanded sec-
ondaries formed due to the loss of subsurface water ice are also com-
monly seen in Type 1 DLE deposits22,41–44. Therefore, it is possible that
more volatiles were excavated by impacts that formed the Type 1 DLE
craters (cf. 22), and ice and/or water lubrication of the ejecta led to their
larger emplacement speeds and thus earlier emplacement than SLE and
MLE deposits.

Emplacement speeds of layered ejecta deposits
Emplacement speeds of layered ejecta deposits on Mars are not con-
strained yet, which are important to the understanding of their formation
mechanisms45,46. Earlier morphological study suggested that SLE, MLE,
Type 2 DLE, and outer ejecta layers of Type 1 DLE may have similar
emplacement mechanism22,47–50. The contrasting occurrence of self-
secondaries on the layered ejecta deposits further shows that the outer
ejecta layer of Steinheim ceased emplacement earlier than the SLE and
MLE. The outer ejecta layer of Steinheim appears as a continuous sheet of
flow deposits (Supplementary Fig. 9), which is covered by the later-
emplaced inner ejecta layer22,27. Well-preserved chains of secondaries
(~7 km long) formed on the outer ejecta layer, and fragments forming
chains of secondaries were mostly launched from about half radius of the
transient cavity19. Referring to the maximum possible flow distances of
the outer ejecta layer that extended from the transient cavity rim45, the
ballistic ranges of ejecta that formed the chains of secondaries are used to
estimate the minimum emplacement speed of the ejecta flow, which is
112–160m s−1 (see Supplementary Text 1 for detailed calculation).
Considering frictional deceleration during emplacement, the emplace-
ment speed of the outer ejecta layer may be even larger, substantially
exceeding typical movement speeds of long-runout landslides on Mars
(~30m s−1; refs. 51,52).

Referring to the theoretical flight times of ejecta that were capable of
forming self-secondaries at comparable trajectory ranges, emplacement
speeds of SLE and MLE are loosely constrained. Assuming that ejecta
forming self-secondaries had ejection angles of θ = 60°–80°, larger than
those of excavation flows that formed the continuous ejecta deposits and
chains of secondaries10,34, the modeled flight times vary widely. Specifi-
cally, for θ = 60°, ejecta with trajectory ranges reaching the layered ejecta
deposits had maximum flight times of 93–291 s (Fig. 1c and Supple-
mentary Fig. 1). These times increase to ~110–375 s for θ = 70° (Sup-
plementary Fig. 10) and ~159–567 s for θ = 80° (Supplementary Fig. 11).
Referring to radial extensions of the investigated layered ejecta deposits
from rim crests of their parent craters (Supplementary Table 1), the
average emplacement speeds of SLE and MLE can be estimated to range
from ~19m s−1 to as high as ~200m s−1, depending on the assumed
ejection angles. Therefore, while SLE and MLE ceased emplacement later
than the Type-1 DLE of Steinheim, their emplacement speeds are not
well constrained.

Synthesis of emplacement sequences of proximal
ejecta on Mars
The distribution of self-secondaries establishes a key bridge that synthesizes
the deposition sequences for various forms of proximal ejecta around
martian craters (Fig. 4). Emplacement of layered ejecta initiated during the
modification of the transient cavity and the landing of ballistic ejecta, which
may be accompanied by other mass movements, such as melt flows pushed
out from transient cavity7, local excavation and/or ground-hugging flows
triggered by landing of ejecta19,21,38,50,53. Affected by different contents of
volatiles in pre-impact targets, movement speeds of layered ejecta are
variable, and those of the Type 1 DLE deposits (e.g., those of Steinheim) are
substantially larger than movement speeds of long-runout landslides on
Mars. Therefore, at larger distances, layered ejecta depositsmay either arrive
earlier or later than fragments that formed cogenetic chains of secondaries
(Fig. 4c). During the emplacement of layered ejecta deposits, fragmentswith
larger ejection angles than normal excavationflows re-impacted the surface,
but most self-secondaries formed on the layered ejecta deposits were
destroyed by the advancing ejecta deposits (Fig. 4c, d). Rim-crests of the
parent craters and inner ejecta layers of Type 1 DLE were settled earlier
during the emplacement of the ejecta layers, where self-secondaries are
preferentially preserved (Fig. 4d).

Radial grooves were developed after the emplacement of inner ejecta
layer of Type 1 DLE, transecting self-secondaries (Fig. 2, d). With much
smaller depths than thicknesses of the inner ejecta layer (Fig. 2d), the radial
grooves are not equivalent to longitudinal grooves developed in martian
landslides, which were referred to interpret that the inner ejecta layer was
formed via landslides22,27. Alternatively, the observed shallow transection of
self-secondaries by the radial grooves (Fig. 2d) supports that the radial
grooves were scoured by fine debris that were engulfed as either base surges
fed by fuel-coolant explosions30,54 and/or the collapse of impact-generated
debris-rich plumes31.

Methods
Usage of remote sensing data
We mainly use calibrated data acquired by the High-Resolution Imaging
Science Experiment (HiRISE; 0.25m/pixel; ref. 55), the Context Camera
(CTX; ~5m/pixel; ref. 56), and the Thermal Emission Imaging System
(THEMIS; ~100m/pixel; ref. 57) for detailed geological investigations and
crater statistics. Various other regional and global datasets are also used for
assistance, such as high-resolution digital elevation models for specific
impact craters, the Murray Lab CTX global mosaic58, and the Mars Orbiter
Laser Altimeter (MOLA; ref. 59) global topography model. Supplementary
Table 2 shows the basic information for the remote sensing data used in
this work.

Revealing the spatial distribution of self-secondaries
Due to the rough topography of continuous ejecta deposits of martian
impact craters, the identification of self-secondaries on Mars is more chal-
lenging than that on the Moon and Mercury. To ensure the reliability of
observational results, we establish rigorous criteria for identifying self-sec-
ondaries, so that the cataloged cases are conservative. To exclude pre-
existing craters, younger craters formed in earlier-emplaced ejecta deposits
are identified if their assumed initial depths (i.e., 0.2 of the measured dia-
meters; ref. 33) are less than the ejecta thickness (Fig. 2 and Supplementary
Figs. 2–3). The thickness of the ejecta at certain location is estimated using
the empirical scaling laws for martian craters (Supplementary Text 2;
ref. 60). For younger craters formed in ejecta deposits, transection rela-
tionships with other cogenetic ejecta facies (e.g., impact melt deposits and
radial grooves) are used to identify self-secondaries. Impact melt deposits
are recognized based on the presence of degassing pits (e.g., Fig. 2b), typical
cooling fractures (e.g., Supplementary Fig. 3d), and flow fronts (e.g., Sup-
plementary Fig. 3e). Degassing pits are commonly developed in melt-rich
ejecta on Mars36. Individual degassing pits may resemble similar-sized
secondaries, but their spatial distributions that are more clustered than
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typical chains and clusters of secondaries (Supplementary Fig. 12). In
addition, craters formed in layered ejecta deposits are tagged as self-
secondaries if they are transected by radial grooves that develop in inner
ejecta layers of Type 1 DLE deposits30. It is notable that aeolian deposits are
pervasive on Mars (e.g., reticulate ridges; ref. 61) (Supplementary Fig. 13),

and their smooth morphology and textures are similar with potential melt-
rich veneers (Supplementary Fig. 14; ref. 35). Therefore, for small craters
buried by smooth deposits that resemble melt flows, the possibility that the
flooded deposits being aeolian deposits cannot be ruled out. Such small
craters are tagged as possible self-secondaries (e.g., yellow dots in Supple-
mentary Fig. 2). In addition, craters that exhibit embayment and/or trans-
ection relationships with other ejecta facies but with initial rim-to-floor
depths larger than theoretical estimations of local ejecta thickness (see
SupplementaryText 2) are also categorized as unconfirmed self-secondaries
(Fig. 2 and Supplementary Figs. 2–3).

To investigate the spatial distribution of self-secondaries around the
selected craters, we compare crater SFDs at multiple locations on their
continuous ejecta deposits. For young craters on airless bodies, only a
portion of self-secondaries can be recognized on the basis of unambiguous
overlapping relationships with other ejecta facies13, and many self-
secondaries occur as scattered circular craters that are not differentiated
from same-sized primaries or distal background secondaries15. High-
resolution crater statistics are a valuable method to detect the possible
existence of such self-secondaries9,13, but the effect of complicated topo-
graphy on crater counting, such as aeolian dunes, massifs, and degassing
pits, cannot be ignored62,63. Therefore, on the basis of high-resolution geo-
logical observation for the continuous ejecta deposits, we select long and
continuous smooth ejecta deposits that are located at different azimuths and
radial distances to compare the SFDs of superposed craters. Such smooth
surfaces occur as superficial veneers in continuous ejecta deposits, and they
might be rich in impact melt (Supplementary Fig. 4). Selection criteria of
counting areas and technical details of crater statistics are shown in the
Supplementary Text 3. The minimum confidence diameter for complete-
ness is set to be at least 10 pixels of the base image used for crater statistics64,
and the arithmetic square root of theminimum confidence counting area is
set to be 200 times greater than theminimumconfidencediameter to ensure
reliable statistics65. Considering the average width of radial grooves in the
inner ejecta layer of Steinheim, i.e., ~95m30, the minimum confident dia-
meter for completed crater statistics on this layer is set to be 95m (Fig. 3i–k).
The Supplementary Table 1 summarizes the basic information for crater
statistics done in this work. Following the statistical method advocated by
Robbins et al.66, we use a Gaussian kernel density estimator to derive the
crater SFDs, a bootstrap sampling to estimate the confidence interval for the
SFD, and a maximum likelihood estimator to derive model ages based on
theHartmann crater chronology (Supplementary Text 3; ref. 2). The Crater
Analysis Techniques Working Group67 advised different algorithms to
display crater SFDs, such as cumulative, relative, differential, and incre-
mental plots.Among thedifferentmethods, relativeplots (i.e.,Rplots) better
show subtle changes of SFD slopes67, and thismethod is used in this work to
compare the shapes of crater SFDs at different azimuths (Fig. 3e–h).
Cumulative plots are conventionally used to derive model ages based on a
crater chronology system (e.g., 68), and this method is used in this work to
predict model ages for the observed crater populations (Supplemen-
tary Fig. 7).

We perform spatial analysis for the collected crater populations to
detect possibly clustered spatial distribution of self-secondaries. While self-
secondaries exhibit morphologies comparable to primaries of the same size,
those on the Moon frequently show clustered spatial distributions at
regional scales13. A hierarchical clustering algorithm, density-based spatial
clustering of applications with noise (HDBSCAN), is employed for this
analysis69. HDBSCAN enables identification of clusters with varying spatial
densities, which is well suited for planetary landforms such as impact
craters70 and volcanoes71.

Ballistic trajectory modeling for fragments that formed
self-secondaries
On the basis of the observed occurrences of self-secondaries and their
emplacement sequences with other cogenetic ejecta facies (e.g., layered
ejecta deposits and chains of secondaries), we compare the observations
withmodel-predicted landing positions and flight times of ballistic ejecta to

Fig. 4 | A schematic diagram for the formation sequences of chains of secondaries
(orange dots), self-secondaries (black dots), and layered ejecta deposits (brown
polygons) on Mars. Profile dimension is not to scale. The left panels are for single-
and multiple-layered ejecta (SLE and MLE) deposits, and also possibly for the Type 2
double-layered ejecta (DLE) deposits29. The right panels are for the Type 1 DLE
deposits. a, b The early contact and excavation processes are similar for craters with
different types of layered ejecta deposits. Fragments forming self-secondaries have
larger ejection angles (φ) than normal ballistic ejecta that were ejected by excavation
flows (θ = 35°–55°). c Contemporaneous formation of most self-secondaries and
emplacement of layered ejecta deposits. Both the inner and outer ejecta layers of DLE
were emplaced earlier than SLE and MLE, and the latter may contain internal tur-
bulence that has destroyed contemporaneously formed self-secondaries. Typical chains
of secondaries are usually covered by layered ejecta deposits, but the outer ejecta layer
of some DLE may arrive before chains of secondaries were formed (brown polygons).
Possible impact plume (blue shade) and fuel-coolant interaction (FCI) caused by the
interaction between hot impactite and volatiles54 may exist during the emplacement of
layered ejecta deposits. d Most self-secondaries that once formed in SLE and MLE
deposits of martian craters were destroyed by the emplacement of the layered ejecta,
and the observed ones are mainly located on crater rims and other ballistic ejecta that
were not destroyed by layered ejecta deposits. DLE deposits ceased movement earlier
than SLE and MLE, so that the last-formed self-secondaries were preserved in DLE,
especially in the inner layer. The collapse of the impact plume and/or debris flows
triggered by FCI occurred after layered ejecta deposits were emplaced, forming radial
grooves that transect self-secondaries in the inner ejecta layer.
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investigate the ejection conditions of fragments that formed self-
secondaries. The smallest self-secondaries observed in this study are
~25m in diameter. According to the cratering scaling laws of Holsapple72,
fragments that formed the observed self-secondaries haveminimumsizes of
~180 cm when assuming the maximum cratering efficiency, i.e., θ = 89°,
v = 5.03 km s−1 that equals the escape velocity of Mars, and both impactor
and target being competent basalts with a density of 3.0 g cm−3. Ballistic
trajectories of fragments larger than ~40 cmare not substantially affected by
atmospheric drag in the current martian atmosphere73,74. Therefore, we
employ the algorithm of Xu et al.20 to model the ballistic trajectory for
fragments that are capable of forming self-secondaries. This model con-
siders the effect of planetary rotation on ballistic trajectories, and ejecta
launched from the crater center with varying azimuths, θ, and v are
modeled. Here, the flight time of ejecta is likely overestimated, as
the empirical ejecta launch positions are typically located at about half
the transient carter radius of the parent crater19. Each simulation has a fixed
θ that varies from 35° to 89°, and more than 10,000 ejecta particles are
seeded with uniform distributions of v = 0.2–5.03 km s−1 (the lower limit
is larger than theminimum landing velocity of ejecta to form secondaries19)
and ejection azimuths of 0°–360° (0° is local north and 90° is local east). The
landing positions and flight times of the simulated particles are recorded.

Data availability
Data used in this study are in the public domain and their IDs and available
addresses are summarized in the Supplementary Table 2. Raw data gener-
ated in this study, including all the counting areas and crater statistics, are
open to the public at https://doi.org/10.5281/zenodo.10083548 75.

Code availability
The code used for plotting crater SFDs and confidence intervals is provided
by Robbins et al.66, while the code for modeling the ballistic trajectory of
impact ejecta on rotated planetary bodies is provided by Xu et al.20.
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