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Introduction: Fresh craters formed by new impact
events on Mars have been identified in before and after
high-resolution orbital images of the Martian surface
(Figure 1) [1-3]; impact events with approximate for-
mation dates are now known in ~700 sites. High-
resolution views have revealed that roughly half of
these dated impacts occur as clusters, most likely due
to impactors fragmenting in the atmosphere [2,4]. Un-
derstanding the characteristics of these clusters can
constrain: 1) fragmentation processes in the martian
atmosphere, 2) the properties of the impactors [4,5], 3)
the characteristics of the impact-produced seismic ac-
tivity [6] (e.g. InSight investigations [7,8]), and 4)
crater chronology [9].

Data and Methods: Images from the High Reso-
lution Imaging Science Experiment (HiRISE) [10] on
Mars Reconnaissance Orbiter (MRO), with pixel scales
of 0.25 m/pixel, are used to investigate new, dated im-
pact sites. Here we focus on 77 recently formed crater
clusters (Figures 1 and 2) [3].

For each crater in each cluster, the diameter was
measured, along with the crater’s center latitude and
longitude [3]. A lower size limit of 1 m diameter (four
pixels in the highest resolution HiRISE images) was
used. For clusters containing more than five craters, we
determined a best fit ellipse to each distribution of cra-
ters using a solver based upon the Khachiyan algo-
rithm [11] to find the ellipsoid with a minimum vol-
ume encasing the location of craters in the cluster. A
bootstrap method [12] was then used to derive uncer-
tainties for the ellipsoid fit and form a bootstrap distri-
bution (N=300) of potential ellipse azimuths and radii
that could be used to construct the mean and standard
deviation of our crater cluster parameters (azimuth
(Figure 3), radii, ellipticity (e)). We then estimated the
angle and direction of the impact from the best-fit el-
lipses; low ellipticity (e=0) was assumed to represent
near-vertical impacts, while elogated ellipses (e>0)
were assumed to occur from impactors with off-
vertical impact angles. The ratio of the two axes of the
best-fit ellipse was used to estimate the angle of the
impact from vertical (Figure 4) [3].

To disambiguate impact direction, we identified the
position of the largest crater relative to the best-fit el-
lipse center, and used the assumption that the largest
fragment should have the least deceleration due to
gravity, and should be located farthest downrange [13-
15].

We calculated the dispersion, D, for all clusters
containing more than three craters as the standard de-

viation of distances between each possible combina-
tion of pairs of craters in the cluster.
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Figure 1. New dated impact sites showing a variety of
types of impacts from a single crater (A) to clusters
with different numbers of craters (B, C, and D).
HiRISE observation IDs are indicated. For all: North is
up; sun is roughly to the west. A and B are enhanced
false color RDRs; C and D are red RDRs. Image cred-
it: NASA/JPL/University of Arizona.

Results: Roughly half of recent dated impacts on
Mars form clusters of craters that impact the surface
nearly simultaneously. Although some clusters can
consist of hundreds of craters, most clusters in this
study comprise small numbers of craters (<10) with
diameters ranging from below HiRISE resolution up to
tens of meters (Figures 1 and 2) [2,3]. Clusters may be
dispersed over a few meters to a few kilometers, with
most dispersions on the order of tens of meters. This
dispersion of clusters generally does not appear to cor-
relate with topographic elevation which cannot be ade-
quately explained with current fragmentation models
of atmospheric breakup [3]. The azimuths of cluster
strewn fields are randomly distributed (Figure 3) sug-
gesting a wide distribution of incoming meteoroid di-
rectionality. This cannot be connected in a simple way
to the pre-impact orbital inclination of impactors [3].




We also find impact angles to be in the range 40-80°
(Figure 4) which is shallower, or closer to horizontal,
than expected based on the most likely impact angle of
45° found by [16]. This may be the result of observa-
tional biases [3].
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Figure 2: Histogram of number of craters in clusters.
Figure from [3].
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Figure 3. Rose diagram of azimuths of the best-fit
ellipses of impact clusters (N=55; dark gray). Clusters
with more well-constrained azimuths (N=32) are in
light gray. Figure from [3].

Measured crater parameters and properties from
this study, and a range of target material constraints are
being used to inform elastic wave propagation simula-
tions for assessing the detectability of impact seismic
energy [6]. The results reported here can also be used
as constraints to inform fragmentation processes in the
martian atmosphere [17] and properties (strength and
density) of the impactors themselves.
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Figure 4. Histogram of estimated impact angle for 55
new dated impact clusters. The red dashed line marks
the most likely impact angle of 45° found by [Shoe-
maker, 1961]. Figure from [3].
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