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Abstract–Polygonal impact craters (PICs) are unique geological features observed on various
planetary bodies and constitute a small percentage of the impact crater population. This study
focuses on PICs on Ganymede, where no such craters have been investigated so far. Here we
present the distribution of PICs, examine their morphological characteristics, investigate the
causes for their polygonal shapes, and discuss the factors that support their formation. We
identified and analyzed 459 PICs on Ganymede with complex crater morphologies. They are
widely distributed across the Moon and occur on both dark and light terrain. Our analysis
revealed that the majority of orientations of straight rim segments align parallel or subparallel to
adjacent tectonic linear features. There is at least one tectonic linear orientation adjacent to
PICs, even in dark, cratered terrains. Based on the comparison of the number of PICs and
tectonic linear features, Ganymede is believed to have undergone more intense tectonic activity
than other icy bodies like Ceres and Dione, where PICs were described. The presence of
numerous PICs on Ganymede suggests that surface lineations and grooves are expressions of
fractures that form zones of weakness in the ice crust that got reactivated during impact
cratering.

INTRODUCTION

Ganymede’s Geology

Ganymede, the largest planetary satellite of the solar
system, is a differentiated icy moon with an inner rocky
core, an icy mantle with different layers that are believed
to be liquid, and an icy crust. The bulk composition of
Ganymede is comprised of approximately 60% rock and
40% ice (Pappalardo et al., 2004). Approximately 35% of
the surface is densely cratered, low albedo area, known as
dark terrain. It is considered to represent the oldest
preserved surface. This terrain is crosscut by tectonically
active, younger, brighter, and less densely cratered terrain
called light terrain, which constitutes approximately 65%
of the surface (Collins, 2000; Schenk et al., 2001;
Shoemaker et al., 1982). The light terrain is sculptured by
grooves and ridges to various degrees. The aligned

features are believed to represent fault scarps of normal
faults and graben structures, but some have been formed
by strike-slip transpressional and transtensional faulting.
Lineated light terrain may also have formed by some sort
of spreading (Collins et al., 1998). Owing to its relief, the
light terrain can be subdivided into several subunits with
slightly different crater densities (Baby et al., 2023). Dark
terrain is mainly found as cratered terrain, while in some
regions it is also highly lineated. These dark lineated
terrains have intermediate ages between those of the dark
cratered terrain and the light terrain and may indicate the
beginning of extensional faulting and break-up of the
dark terrain (Baby et al., 2023; Patterson et al., 2010).
The major tectonic features observed on dark terrain are
furrows, which are interpreted as remnants from large
impact events (Hirata et al., 2020; Schenk &
McKinnon, 1987; Zuber & Parmentier, 1984), and minor
tectonic features in the form of fractures (Rossi et al.,
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2023). It is believed that a large number of impact craters
were destroyed during resurfacing activities on
Ganymede.

Polygonal Impact Craters

Polygonal impact craters (PICs) have at least one
straight rim segment in planform (Beddingfield et al.,
2016; Beddingfield & Cartwright, 2020). Studies
distinguishing PICs from circular impact craters go back
to the 1960s. PICs constitute a small fraction of all impact
craters, and they exist on both rocky and icy planetary
bodies of the solar system (Öhman et al., 2010). For
example, on Earth, 208 impact craters were discovered and
confirmed so far (Gottwald et al., 2020; Kenkmann, 2021).
Among those, 14 craters, or 7%, were identified as PICs,
including the well-known quadrangular Meteor Crater of
Arizona (Kumar & Kring, 2008; Poelchau et al., 2009;
Shoemaker, 1963) and the hexagonal Söderfjärden crater
of Finland (Abels, 2003; Gottwald et al., 2020; Talvitie
et al., 1975).

PICs on Icy Bodies in the Asteroid Belt and Outer Solar

System

PICs have been reported from the asteroid Ceres and
many icy bodies of the outer solar system (e.g.,
Buczkowski et al., 2016; Porco et al., 2005). Ceres has a
low albedo surface that is enriched in ammoniated
phyllosilicates, salts, and organics (De Sanctis et al., 2015;
Stephan et al., 2019) and is assumed to host significant
amounts of water ice in its subsurface (Prettyman et al.,
2017). Ceres shows a larger number of PICs in its northern
hemisphere in comparison to the southern latitudes (Otto
et al., 2016). PICs on Ceres mainly have hexagonal shapes
with their adjacent straight rim segments subtending an
average angle of about 121.99° (Zeilnhofer & Barlow,
2021). During the Voyager missions, PICs were identified
on numerous icy moons in the outer solar system. A
detailed study on PICs was done during the Galileo and
Cassini missions. Of the Jovian satellites, Callisto shows
small craters with diameters of 7 km and less that have
polygonal shapes in planform. They exhibit a range of
degradation states, starting from simple-bowl-shaped fresh
craters, which often have high-albedo ejecta to highly
eroded craters with discontinuous rims and a lack of ejecta
blanket (Greeley et al., 2000). On Europa, the largest and
youngest crater, Amergin of the trailing hemisphere, has a
polygonal shape that is controlled by preexisting tectonic
linear features in that area (Figueredo & Greeley, 2004).
To our knowledge, PICs have not been reported from
Ganymede so far.

Fresh craters of the Saturnian moon Rhea were
identified to have strong polygonal outlines (Moore et al.,

1985; Smith et al., 1981). PICs on Tethys show the highest
concentration in/near Ithaca Chasma, which is indicative
of a high degree of subsurface fracturing (Ferguson et al.,
2020). On Dione, many of the craters identified from
Voyager data have polygonal rims (Moore, 1984). A
detailed study by Beddingfield et al. (2016) showed that
PICs are abundant both within the wispy and non-wispy
terrains, whereas in the non-wispy terrain, a lesser number
of fractures were found. PICs were also identified on
Iapetus (Denk et al., 2005; Porco et al., 2005; Singer &
McKinnon, 2011). In the case of Titan, the Selk crater
appears polygonal in outline, and its two straight rim
segments have azimuths that align parallel to the planes of
weakness that existed in the crust prior to the existence of
the crater (Soderblom et al., 2010). On Enceladus, square-
shaped PICs (2 km in diameter) were observed in subdued
cratered plains of the north polar region, where the
subdued troughs aligned parallel with straight rim
segments of these PICs (Crow-Willard & Pappalardo,
2015). Through examination of Mima’s global mosaic,
PICs were identified, though they remain unstudied
to date.

On the Uranian moon Miranda, 14 PICs were
confirmed and identified as an important indicator of
subtle and non-visible fracture systems (Beddingfield &
Cartwright, 2020). On Ariel, many of the craters are
polygonal in outline, and their straight segments trend
parallels the major structural trends (Plescia, 1987). On
Oberon, many of the craters with diameters of less than
100 km were identified as polygonal in shape (e.g., the
large crater Hamlet; Plescia, 1987). The lack of sufficient
data for Umbriel and Titania limited detailed studies on
them. However, since both are highly cratered and contain
lineated features like the other Uranian moons, the
chances for finding PICs are not negligible. On Charon,
Pluto’s companion, PICs are present within the fractured
and rilled terrain of Vulcan Planitia, as well as to the north
and south, in close proximity to Clark Montes.
Additionally, PICs have been identified to the east of
Kubrick Mons, where the straight rim segments run
parallel to the fracture systems in that area (Beddingfield
et al., 2020). All the above examples suggest that PICs are
common on most of the celestial bodies of outer solar
system.

Possible Models for PIC Formation

Deviations from a circular shape for any impact crater
depend on either the angle of impact, the velocity of the
impacting body, the size and shape of the impacting body,
and/or target body heterogeneity (Eppler et al., 1983).
Additionally, the topography of target body, particularly,
impacting into slope can give rise to asymmetrical craters
(Aschauer & Kenkmann, 2017).
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Earlier Works on Formation Mechanism for PICS
Ideally, vertical impacts of spherical object into

homogenous target body would give rise to circular
craters (Öpik, 1969). However, cratering tests
conducted by Darling and Mes (1948) on basalt found
that a joint fabric of the parent rock had control on
the development of straight rim segments for the
crater. Similarly, cratering experiments conducted on
Buckboard Mesa at the Nevada Test Site into basaltic
rocks resulted in PIC formation (Johnson, 1962).
Later, an experiment conducted by Gault et al. (1968)
at the NASA Ames Vertical Gun Range showed that
crater impacted into a target with two perpendicular
joint sets would give rise to square-shaped or
hexagonal-shaped PIC, where its diagonals run parallel
to the joints. All these laboratory experiments show
that already-existing linear features of rock influence
the rims of the crater when it is emplaced.

The effect of projectile shape on the final crater
morphology is negligible compared to other factors
such as impact angle, velocity, and target properties
(Anderson et al., 2003; Pierazzo & Collins, 2004). For
simple craters, the crater rim attains the straight rim
segments during the excavation stage (Beddingfield
et al., 2016; Eppler et al., 1983; Poelchau et al., 2009;
Schultz, 1976; Watters et al., 2011). Poelchau et al.
(2009) found that it is roughly 1.4 times easier to
excavate a crater parallel to the joints than at 45°
angle to the joint planes. This enlarges the transient
cavity along the zones of weakness that trend along
the diagonals of a quadrangular crater such as the
Meteor Crater. The straight rim segments of such
simple craters thus trend at 45° to the zones of
weakness. In contrast to complex craters, the crater
rim attains straight segments during the modification
stage via slumping or normal faulting along the
preexisting fractures within the crater wall
(Beddingfield et al., 2016; Eppler et al., 1983; Schultz,
1976). Thus, the straight rim segments trend parallel
to the crustal zones (joints, faults) of weakness. Due
to the reduced spatial resolution of remote-sensed data
on Ganymede, almost all described PICs belong to the
group of complex craters, so that the polygonality
should be governed by the crater modification stage
rather than crater excavation.

Here we report on polygonal craters on Ganymede
that have been discovered on both light and dark terrains.
The presence of PICs is studied in relation to the linear
features on the dark and light terrain. We will present the
distribution of PICs across Ganymede, describe
their morphological characteristics and their genetic
relationship with tectonic linear features. The formation of
PICs is discussed in the light of target material
characteristics and gravitational influences.

METHODOLOGY

Data

For mapping PICs on the entire Ganymede surface,
we used the new global mosaic, which combines the best
high-resolution images from Voyager 1, Voyager 2,
Galileo, and Juno spacecrafts (Kersten et al., 2022). Juno
images were obtained on June 7, 2021, during Juno’s
closest approach with Ganymede at an altitude of
1044 km at the perijove 34 using a wide-angle camera
(Hansen et al., 2022; Ravine et al., 2022). JunoCam
captured comparatively better illuminated and slightly
higher resolution images between longitudes 40°W and
25°E (1 km per pixel) than those obtained from Voyager
1+ 2 and Galileo spacecrafts (Hansen et al., 2022). So,
the available global mosaic has integrated images with
spatial resolutions starting from 100 m per pixel to 10 km
per pixel (Kersten et al., 2021). We find that resolutions
coarser 5 km per pixel are not sufficient to identify or
digitize PICs. Images with extreme illumination
conditions such as emission, incidence, and phase angles
smaller than 15° and larger than 75° were excluded from
this study in order to minimize effects onto the
identification of PICs. Although images with relatively
large illumination angles causing shadows still enable the
identification of straight rims of PICs on Ganymede
given the maximum topographic differences of 1 km,
particularly smaller angles significantly reduce
topographic image information and thus limit the
investigation of characteristics of local surface features
(Collins et al., 2013; Stephan et al., 2021).

PIC Identification and Analysis

We conducted a visual inspection of craters to
identify potential straight sides as opposed to arcs within
each crater. An edge that appears straight and terminates
at a vertex point is deemed a straight rim segment.
Therefore, a crater with multiple straight rim segments is
characterized by distinct azimuths and separation by
vertices. We mapped all the craters that have at least one
straight rim segment in a plane view. Most of the
previous studies considered PICs as those having at least
two straight segments with an angle subtended between
them (Aittola et al., 2010; Dasgupta et al., 2019; Neidhart
et al., 2017; Öhman et al., 2008; Weber et al., 2022; Weihs
et al., 2015; Zeilnhofer & Barlow, 2021). But since a
single straight rim segment of a crater could also reveal
the relationship with adjacent linear features, it is
unavoidable to map them. This is supported by the
studies from Beddingfield et al. (2016, 2020, 2022).

We identified and mapped 459 PICs across
Ganymede. Those PICs, which were crosscut by other
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craters or terrains, are not considered for the study.
Mapped PICs have diameters ranging from 5 to 153 km.
In regions, where the resolution is larger than 4 km per
pixel, PICs identification was restricted to only those
craters that have a somewhat larger diameter. PICs with
5 km diameter are mostly taken from the higher-
resolution images whose resolution is better than 100 m
per pixel. The crater rims were mapped manually using
ArcGIS 10.7. To ensure accurate diameter measurement
and minimize distortion during the analysis of straight
rim segments, each of the PICs to be analyzed is
projected in the center. For PICs in areas poleward of
60°, the global mosaic has been re-projected into
stereographic projection and centered into each crater.
For the other areas, mapping has been carried out in
an equidistant cylindrical projection (Plate Carree
projection). Morphometrical measurements like
diameter, perimeter, area, azimuths, number of straight
segments, and length of straight segments are measured
using ArcGIS. Moreover, the orientation of lineations are
determined in the vicinity of a crater. These geometrical
measurements were obtained to characterize (i) the
angularity, (ii) the maximum crater diameter for
polygonality, and (iii) the dependence of straight rim
orientation to the orientation of linear features.

Angularity is a measure of how much a polygon
deviates from an ideal circular shape. In the case of impact
craters, angularity refers to the degree to which the shape
of the PIC deviates from that of an ideal circular impact
crater with the same area as the polygon. It can be
formulated as the following:

Angularity ¼ Pp=Ap

� �
= Pc=Ap

� �

where Pp is the perimeter of the polygonal crater, Ap is
the area of the polygonal crater, and Pc is the perimeter
enclosed if it is a circular crater.

The higher the angularity value, the more angular the
polygon is, and hence the more it deviates from the
expected circular crater shape. In general, the angularity of
PICs depends on the number of sides, the length of each
side, and the angles between the straight rim segments.

Rose diagrams were prepared with QGIS to
statistically illustrate the orientation distribution of the
straight rim segments of PICs. The major trend of
straight rim segments in each of the PICs are discernible
when applying weighting on the length. We utilized a
bin count of 16, dividing the 360° circle into 16 equal
intervals, each spanning 22.5°. In the case of a circular
impact crater, the rose diagram also forms a circle,
with all directions being nearly equal. But in the
case of PICs, straight rim segments and their
orientation are analyzed based on the longest
directional value.

RESULTS

Morphology of PICs

Most of the mapped PICs on Ganymede deviate from
ideal polygonal shapes. They are mostly seen as imperfect
squares, pentagons, hexagons, etc. In other cases, some
PICs have a few numbers of well-developed straight rim
segments, and the rest of the sides appear more rounded in
appearance. Figures 1 and 2 show typical examples of
PICs observed on Ganymede and imaged by the Galileo
spacecraft.

Achelous and Gula
Achelous is a 35-km-diameter fresh polygonal

pedestal/rampart-like impact crater located at �62°N,
12°W of the north pole side (Figure 1a). It is impacted on
light-grooved terrain of Aquarius Sulcus. The availability
of a high-resolution image of �178 m per pixel enabled to
study its polygonal morphology in detail. Its fluidized
ejecta is radial in shape and has a radial extent of �17 km
(Boyce et al., 2010; Jones et al., 2003). Jones et al. (2003)
suggested that it has a double-layered morphology, with
the outer discontinuous ejecta deposited beyond the
pedestal deposit. The continuous ejecta corresponds to
the margin of a palimpsest. The double-layered nature
results from the presence of near-surface target volatiles
rather than atmospheric effects (Jones et al., 2003).
Achelous has seven straight rim segments (Figure 1b).
Gula is another �35-km-diameter crater located north of
Achelous. Unlike Achelous, it does not have any visible
pedestal deposits surrounding it, while it is punctured by
secondary craters emanating from Achelous. Gula has
two straight rim segments, and other parts of the rim
appear to be rounded in shape (Figure 1b). The rose
diagrams display the major orientations of their straight
rim segments with respect to adjacent linear features. The
dominant orientation of the longest straight rim segments
of Achelous and Gula is in E–W direction (Figure 1c,d).
Three major light-grooved terrains are found in and near
Achelous and Gula, and they are: older terrain unit lg1,
intermediate-aged lg2, and the youngest lg3 (the mapping
scheme is followed from Patterson et al., 2010). The
relative age determination is done based on the principle
of cross-cutting relationship. Gula and Achelous are
located on the oldest unit, lg1, whose lineaments trend in
a single direction, that is, in the NE–SW direction
(Figure 1e). While the dominant orientation of lg2 is in
the NW–SE direction (Figure 1f), and lg3 is in the NE–
SW direction (Figure 1g). Among these seven straight rim
segments, two of them align parallel with the lineaments,
while the other five segments are at �45° angle with rim
segments that parallel the lineaments. Like Achelous, the
lineaments adjacent to Gula also trend in the NE–SW

Polygonal impact craters 547
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direction. One of its straight rim segments clearly aligns
parallel with the adjacent lineaments.

We found that there is no/negligible influence of the
lg2 and lg3 lineaments in controlling their rim (Figure 1b).
Namely, Gula is located at �13 km away from the nearest
lineament of lg2, which clearly have not influenced much
in the development of the straight rim segment. In terms of
length, the longest ones are those straight rim segments
that are parallel with the lineaments. There are no
noticeable radial and circumferential fractures associated
with PICs. Also, lineaments are found extending into the
pedestal ejecta of Achelous, indicating the influence of
lineaments.

Kittu
Kittu is a �18-km-diameter PIC located in

Ganymede’s trailing hemisphere. The crater has a dark
ejecta with a “butterfly wing” pattern extending for a long
distance (Figure 2a), indicating a low impact angle <10°–
15° with respect to the target surface (Melosh, 1989).
Earlier studies suggested that it contains subsurface
chondritic silicates, which got exposed during the impact
event (Hartman, 1980). From spectral analysis, their dark

ejecta was interpreted to contain more non-ice material
and a higher concentration of CO2 (Hibbitts et al., 2003).

The image of Kittu used for the study has a resolution
of 145m per pixel. Kittu is identified with six straight rim
segments (Figure 2b), whose two longest straight segments
have NW–SE orientation (Figure 2c). Kittu is emplaced at
the border of two light grooved terrains lg1 and lg2
(mapping scheme followed from Patterson et al., 2010),
where a major portion of the crater is placed onto the
younger terrain unit lg2. From this stratigraphic
relationship, it is clear that Kittu represents the youngest
unit. The lineaments in lg2 trend in the NW–SE direction
(Figure 2d), while lineaments in lg1 trend in the NE–SW
direction (Figure 2e).

The rose diagram of Kittu shows that the longest
straight rim segments are the ones that are aligned parallel
to the lineaments. Since Kittu is at the interface between
two differently oriented terrains, we find the rims got
aligned parallel with the ridges or grooves of both terrains.
Usually, for a very oblique impact <15°m measured from
the surface, an elliptical crater is formed, but here, where it
is incident on grooved terrain, the elongation of the crater
rim is obviously suppressed. There are no noticeable radial

FIGURE 1. (a) SSI observation G7GSACHELS01 showing the PIC Achelous. (b) Lineament orientation mapping in the vicinity
of PICs Achelous and Gula (red). “A” denotes Achelous, and “G” denotes Gula. (c) Rose diagrams showing the orientation of
straight rim segments of Achelous and (d) Gula. (e) Rose diagram showing orientation of lineaments in terrain unit lg1. (f) Rose
diagram showing orientation of lineaments in terrain unit lg2. (g) Rose diagram showing orientation of lineaments in terrain unit
lg3. Note that the names of the terrain units are followed according to the mapping scheme of Patterson et al. (2010). (Color
figure can be viewed at wileyonlinelibrary.com)

548 N. R. Baby et al.
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and circumferential fractures associated with this PIC.
Also, secondary craters and bright ejecta restrict further
analysis of its surroundings.

Distribution of Different Types of PICs across Ganymede

The mapped PICs show an uneven distribution across
Ganymede (Figure 3). This is primarily caused by the lack
of equally resolved remote sensing data. Because of this,
PICs are hardly noticed in regions with resolutions of 5 km
per pixel, which is the lowest resolution at which two PICs
with diameters of 145 and 119 km are mapped. For
instance, a very few PICs are mapped from regions 60°N

and higher and longitudes between 60°E and 140°E
(except regions down to 60°S).

Among the 459 PICs identified and mapped, about
215 (47%) were found on dark terrain, 210 on light
terrain (46%), 33 bordering between dark and
light terrain (7%), and 1 PIC on reticulate terrain
(Figure 4). As the dark terrain covers 35% of
Ganymede’s surface, the number of PICs on this terrain
appears high. However, one has to consider here that the
average crater density is higher on dark terrain than on
light terrain, increasing the absolute number of PICs.

With regard to the diameter, those craters between 20
and 40 km in diameter are most frequent among PICs, and
they are equally present on dark and light terrains
(Figure 4). This is the same with PICs found at borders
between dark and light terrains. The number of PICs
gradually decreases with increasing diameters. This,
however, also reflects the circumstance that the absolute
number of craters decreases with increasing diameter. The
relatively low number of PICs with less than 20 km
diameter is biased by resolutions of images that ranges
from 100m per pixel to lower than 4 km per pixel
(Figure 4).

Most of the PICs identified have either a pit, a peak,
or a dome as central features and fall in the category of
complex craters (Figure 5). Among the 459 PICs identified
and mapped, about 157 PICs’ have a central peak, 124 of
them have a pit, and five of them have a central dome.
About 26 PICs were marked as “none,” which expresses
that any central feature is missing. However, these craters
are too large to denote them as simple craters. About 147
PICs were marked as “unknown” whose central features
were not able to be detected as peak, pit, or lack any
central feature due to insufficient resolution. The
maximum number of central peak PICs are found between
10 and 25 km in diameter and gradually decreases in
number with increasing diameters. In contrast, PICs with
a central pit are larger on average, and the maximum
number is found between 45 and 85 km in crater diameter.
Dome PICs are fewer in number, and their diameters start
from 110 and larger. For PICs without discernable central
feature, the diameters range between 20 and 60 km.

The largest detected PIC has a diameter of 153 km
and has a dome as a central feature. The smallest detected
PIC is 5 km in diameter and contains a central peak.

Number of Segments

Figure 6 shows the number of straight segments of the
analyzed PICs. Polygonal craters with two straight
segments are most frequent, followed by those with a
hexagonal shape (6 segments). PICs with just one and nine
linear segments are rare. Some of the analyzed craters have
a square, pentagonal, or octagonal shapes, while others

FIGURE 2. (a) SSI observation G7GSKITTU01 showing the
PIC Kittu. (b) Lineament orientation mapping in the
surrounding of PIC Kittu (K). (c) Rose diagram showing
orientation of straight rim segments of Kittu. (d) Rose diagram
showing the orientation of lineaments in terrain unit lg2. (e)
Rose diagram showing the orientation of lineaments in terrain
unit lg1. Note that the names of the terrain units are followed
according to the mapping scheme of Patterson et al. (2010).
(Color figure can be viewed at wileyonlinelibrary.com)
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FIGURE 3. (a) Global base map of Ganymede in equidistant cylindrical projection (from Kersten et al., 2022) showing all
mapped PICs (red). (b) The categorization of PICs based on the terrain type in which they are found: dark terrain (brown), light
terrain (blue), and reticulate terrain (pink), according to the classification by Collins et al. (2013). (c) PICs in association with all
the linear features (green and orange). The linear features on light terrain are mainly grooves (green, from Rossi et al., 2020),
and the linear features on dark terrain are mainly furrows (orange, from Collins et al., 2013). (Color figure can be viewed at
wileyonlinelibrary.com)
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have a few straight segments that alternate with rounded
sections of the perimeter.

Angularity

The deviation from a circular planform was
quantified using an “Angularity” factor. For definition,
we refer to the Methods section. Figure 7 shows the
angularity values as a function of the diameter of PICs,
subdivided for those identified as having peak, pit, dome,
none, and unknown central features. The majority of the
angularity values lie between 1.0 and 1.1, followed by
values between 1.1 and 1.2, whereas 1.0 represents a
circle. The density of points decreases from an angularity
value of 1 toward an angularity value of 1.6. PICs that lie
close to 1 still possess one or more straight segments, but

the overall deviation from circularity is low. An
angularity value close to 1.0 does not necessarily mean
that a PIC has one or two straight segments. The highest

FIGURE 4. Histogram showing the diameter range of PICs in dark terrain, light terrain, reticulate terrain, and those located
between dark terrain and light terrain. (Color figure can be viewed at wileyonlinelibrary.com)

FIGURE 5. Histogram showing the distribution of different types of PICs across Ganymede. “None” is a category that lacks
any central feature, and “unknown” represents a group of craters whose central feature could not be detected due to low
resolution. (Color figure can be viewed at wileyonlinelibrary.com)

FIGURE 6. Histogram showing the number of straight
segments possessed by different number of PICs.
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angularity values were observed for a few PICs with
smaller diameters.

Linear Features and Influence on PICs

Since two thirds of Ganymede’s surface are
dominated by light terrain (Figure 3a; Pappalardo et al.,
2004), which consists of ridges and grooves, the influence
of these tectonic linear features on the morphology of the
craters is obvious. However, as the density of PICs on
dark terrain is apparently not less or even higher to that of
the light terrain, the structurally controlling factors on
dark terrain are likewise investigated. For this, we
compare the major orientations of PICs straight segments
and tectonic linear features of dark and light terrains from
the sub-Jovian and the anti-Jovian hemispheres (Figure 8).
We utilize the regional groove system map of light terrain
(60°N–60°S) as presented by Rossi et al. (2020; Figure 3c).
Similarly, to understand the structurally controlling
factors on dark terrain, we utilize the global geological
map as presented by Collins et al. (2013) in comparison to
our mapped PICs.

In the light terrain, the grooves (Figure 3c) have a
preferred orientation and are densely concentrated in
regions of younger light terrain (Figure 3b). The dominant
orientation of grooves from sub-Jovian and anti-Jovian
hemispheres are in opposite directions: grooves in the sub-
Jovian hemisphere have a dominant trend in the NE–SW
direction, while grooves in the anti-Jovian hemisphere
have a dominant trend in the NW–SE direction (Rossi
et al., 2020). PICs are dominantly found in areas
surrounding or within the grooved terrain. Particularly,
from the available mapped global distribution of PICs, we
find higher PIC density in regions within and around the
Uruk sulcus region (Figure 3). This region is interpreted to
be affected by transpressional strike-slip tectonics (Rossi
et al., 2018). Figure 8 displays the orientation of a straight

rim segments and the orientation of an adjacent linear
feature. Data points that fall on the full diagonal line
indicate that the orientation of a straight rim segment is
parallel to that of nearby grooves. Data points that fall on
the dashed diagonals indicate that the straight rim segment
is perpendicular to nearby grooves. We found that most of
the data points cluster around the diagonal, meaning that
azimuths of rim segments are parallel with adjacent linear
features for many of these PICs. In the case of PICs from
light terrain of sub-Jovian hemisphere, we found 52% of
straight rim segments aligned parallel with their adjacent
linear features. For PICs from the light terrain of the anti-
Jovian hemisphere, we found 65% of straight rim
segments aligned parallel with their adjacent linear
features.

In the dark terrain, the mapped furrows have a
curvilinear appearance (Figure 3c) and are particularly
frequent in the SW region of Galileo Regio, the largest
coherent dark terrain. The dominant orientation of
furrows from the sub-Jovian and anti-Jovian
hemispheres are NW–SE directions. The dark terrain
area with the highest number of PICs is located in
Galileo Regio, adjacent to Uruk Sulcus (Figure 3).
The different types of dark terrain and the major and
minor tectonic activities affecting the formation of
furrows and fractures on dark terrain are listed in
Table 1. In the case of PICs from the dark terrain of
the sub-Jovian hemisphere, we found that 71%
of straight rim segments aligned parallel with their
adjacent linear features. For PICs from the dark
terrain of the anti-Jovian hemisphere, only 39% of
straight rim segments aligned parallel with their
adjacent linear features.

To conclude, the orientation analyses of straight
rim segments and adjacent grooves show that the latter
indeed govern the orientation of straight crater rims.
Lineaments and grooves are, first of all, surface features
of unknown origin. If they would just sculpture the
surface, they would cause no effect on crater formation.
However, the fact that they indeed lead to a localization
of deformation and constrain the position of the crater
rim segments during the cratering process gives
independent proof that the surface features go deep into
the icy crust. The observation is proof that the
lineations and grooves represent fault scarps and traces
of faults. The faults have damaged the crust and thus
created planar zones of mechanical weakness.
The similar number of PICs on dark and light
terrain indicates that both types of terrains behave
mechanically similar and contain such faults. However,
in Galileo Regio, Perrine Regio, Melotte Regio, and
Marius Regio, the major cause for linear features are
identified to be furrows from ancient large impact event.
In the Nicholson Regio, the linear features are due to

FIGURE 7. The graph displays the relationship between the
diameter and angularity of the mapped PICs, whose central
features are identified as peak, pit, dome, none, and unknown.
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FIGURE 8. Azimuth comparisons of straight rim segments of PICs and adjacent tectonic linear features. (a) From the light
terrain of the sub-Jovian hemisphere; (b) from the light terrain of the anti-Jovian hemisphere; (c) from the dark terrain of the
sub-Jovian hemisphere; (d) from the dark terrain of the anti-Jovian hemisphere; (e) combined analysis from all terrains. Note
that the solid red line represents a regression line illustrating similar azimuths. The red dashed lines illustrate perpendicular
azimuths. (Color figure can be viewed at wileyonlinelibrary.com)
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the development of dark lineated terrain formed via
tectonic resurfacing activities (Table 1).

PICs in Galileo Regio
Galileo Regio, the largest of the dark terrain, mostly

shows concentric furrows (Figure 9a). The age of dark
terrains like Galileo Regio, in general, is estimated to be
�4 Gyr, which represents one of the oldest terrains on
Ganymede (Baby et al., 2023; Neukum, 1997; Zahnle
et al., 2003). The number of PICs in Galileo Regio is the
largest of all dark terrain, and the density of PICs per
area (Figures 3b and 9a) seems to positively correlate
with the number of furrows, although this is only a
qualitative statement. The PICs in Galileo Regio have
well-developed straight rim segments.

PICs are influenced by the furrows of Lakhmu
and Zu fossae but are also found within or between
furrows. There is a higher number of furrows related
to Lakhmu fossae than to Zu fossae. Both of them
seem to control the abundance of PICs. The mapped
PICs postdate furrow formation. Here, straight rim
segments of PICs are commonly found to have
irregular hexagonal to octagonal shapes (Figure 9b).
The rose diagram of straight rim segments of PICs
(Figure 9c) shows various orientations and a subdued
concentration of WNW–ESE and NE–SW directions.
While the rose diagram of the furrows (Figure 9d)
has a clear preferred orientation in the NW–SE
direction. The discrepancy between furrow orientation
and straight rim orientation is less obvious, but this
might be an artifact due to the concentric character
of the furrows.

DISCUSSION

Formation Mechanism of PICs on Ganymede

Our analysis revealed that the majority of azimuths of
straight rim segments align parallel or subparallel to
adjacent tectonic linear features (Figure 8). This
observation leads us to infer that the development of
polygonal shapes is primarily influenced by deep-rooted
faults that represent planes of crustal weaknesses and got
reactivated during crater formation. However, we also
observed non-parallel or perpendicular relationships
between straight rim segments and their adjacent tectonic
linear features in some cases, suggesting that these
particular straight rim segments might result from surface
expressions rather than deep-rooted faults. In addition, ice
is known as one of the mechanically most anisotropic
crystals (e.g., Duval et al., 2010). If the icy crust of
Ganymede has experienced some shearing or flow, a
crystallographic preferred orientation may form, which
may result in large-scale crustal anisotropies that can also
affect the crater-forming process.

The dominantly parallel alignment of straight
segments of PICs with furrows, grooves, and lineaments
suggest at the formation mechanism of PICs’ straight rim
segments occurred during the modification stage of
cratering. The additional presence of straight rims
perpendicular to the lineation orientation (Figure 8) is
somewhat surprising. For instance, for individual PICs in
Galileo Regio, there are at least two straight rim segments
within each PICs that are parallel and at perpendicular
angles with respect to the furrows. When the crater is

TABLE 1. The different types of dark terrains and the number of PICs mapped from them are noted. The major
and minor form of linear features responsible for determining the polygonal shape for the craters emplaced on dark
terrains are also listed. In cells that are blank, we indicate that we do not observe any linear features.

Dark terrain

Number of
PICs
observed

Main linear
features
influencing PICs Cause for main linear features

Minor linear
features
influencing PICs

Cause for minor
linear features

1 Galileo Regio 139 Lakhmu furrow Old impact (Schenk &

McKinnon, 1987; Zuber &
Parmentier, 1984)

Zu fossae Strike-slip faulting

(Rossi et al., 2023)

2 Perrine Regio 33 NW–SE furrows Large impact E–W trending

furrow

Impact related

3 Barnard Regio 2 NW–SE furrows Large impact — —
4 Nicholson

Regio

30 NW–SE linear

features

Dark lineated terrain

formation

NE–SW linear

features

Probably related to

the impact of
Enkidu crater

5 Melotte Regio 2 Concentric

fractures

Old impact Unknown (low

resolution)

Unknown (low

resolution)
6 Marius Regio 29 NE–SW linear

features
Old impact (Schenk &
McKinnon, 1987; Zuber &
Parmentier, 1984)

— —
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emplaced on densely and differently oriented linear
features, then the resulting PIC would have the tendency
to obtain a greater number of straight segments, which, in
distant view, appear more toward circular shape. Thus, the
presence of one fault and one straight segment may govern
the entire crater collapse process and induce additional
straight segments, although they are probably not
supported by an anisotropic target strength.

On Ganymede, the spatial resolution did not allow to
investigate simple craters and their potential polygonality.
The simple-to-complex transition diameter on Ganymede
is �5 km (Schenk, 1991). Similarly, the transition
diameters from the central peak to the central pit crater
are inversely proportional to surface gravity. The

formation of polygonal crater outlines seems not to be
affected by these different crater types. The surface
temperatures on Ganymede, down to �100K, cause ice
that is stronger than the ice on terrestrial planets, but still,
the static tensile and compressive strength are lower than
those of rocks (Durham & Stern, 2001). So Ganymede’s
icy crust is sufficiently brittle to allow the formation and
also the preservation of distinct polygonal shapes.
Relaxation affects the crater floor and can induce
alterations to the crater rim (Singer et al., 2018). Viscous
relaxation is wavelength dependent and progresses more
rapidly for larger craters, potentially reducing their depths,
while it has a lesser effect on smaller craters (Bland et al.,
2017; Singer et al., 2018). Numerous craters on Ganymede

FIGURE 9. (a) Distribution of PICs and lineaments on Galileo Regio. Note that PICs are indicated by red circles and furrows
by orange lines (from Collins et al., 2013). (b) Close-up view of a hexagonal-shaped PIC in Galileo Regio. (c) Rose diagram
showing the orientation of straight rim segments of all PICs. (d) Rose diagram showing the orientation of all furrows. (Color
figure can be viewed at wileyonlinelibrary.com)
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exhibit some degree of relaxation, primarily attributed to
radiogenic heat flow (Bland et al., 2017).

Comparison to Ceres and Dione

A comparison of Ganymede with the dwarf planet
Ceres of the asteroid belt and the moon of Saturn, Dione,
is presented here to assess the influence of linear features,
crustal composition temperature, and gravity in
governing the development of PIC formation. In terms of
distance from the Sun and surface temperature,
Ganymede is located between Ceres and Dione.

Ceres has much warmer ice than Ganymede and
Dione. The near-subsurface temperature is estimated to
range from about 180K at the equator to approximately
130K at the poles (Fanale & Salvail, 1989). The
acceleration due to gravity is �0.28m s�2 (similar to
Dione). On Ceres, linear tectonic features in the form of
furrows, ridges, troughs, and scarps are widely spaced
across the surface (Buczkowski et al., 2016). The lower
number of linear tectonic features is ascribed to the
resurfacing in the form of impacts playing a dominant role
(Hiesinger et al., 2016). About 3% of impact craters on
Ceres are identified to represent PICs (Zeilnhofer &
Barlow, 2021). Most of these PICs are found adjacent to
tectonic linear features and the other PICs, which suggests
extensive subsurface fracturing (Zeilnhofer &
Barlow, 2021).

Dione’s surface temperature exhibits a lower average
compared to celestial bodies such as Ceres and Ganymede.
The thermal variations on Dione, ranging from equatorial
to polar regions, span an approximate range of 50–90K
(Howett et al., 2010). The acceleration due to gravity is
0.232m s�2. On Dione, the surface is heavily cratered, but
in areas like the wispy terrain (found mostly in trailing
hemisphere), it contains faults (Smith et al., 1981, 1982).
The non-wispy region, which was previously thought to be
only cratered does also possess sub-surface fractures due
to the presence of PICs found (Beddingfield et al., 2016).
35% of impact craters of non-wispy terrain are inferred to
be PICs (Beddingfield et al., 2016).

Unlike Ganymede, Ceres and Dione surfaces are
densely cratered, and visible tectonic linear features are
concentrated in a few areas globally. However, non-visible
linear features due to subsurface fracturing are reported
for Ceres (Otto et al., 2016; Zeilnhofer & Barlow, 2021)
and Dione (Beddingfield et al., 2016) based on the
presence of PICs. On Ganymede faults and fractures-
forming grooves and lineations are widespread and visible,
and there seems to be a correlation of their frequency with
the number of PICs. Ganymede’s crustal temperature is
intermediate between that of Ceres and Dione. The
acceleration due to gravity of Ganymede is 1.428m s�2.
Gravity affects the fault scaling relationship of fault length

to fault displacement and fault width (Schultz et al., 2006).
Thus, for a given fault length, the displacement and width
are less on a low-gravity body. This circumstance may
influence the amount of strength degradation due to
faulting.

On Ganymede, we found that all of the mapped PICs
are situated near at least one tectonic linear feature. Faults
and fractures are not restricted to the light terrain but are
also frequent on the dark terrain. Thus, in contrast to
Ceres and Dione, faults causing polygonality are surface
ruptures. The surface temperatures of Ganymede and
Dione are down to �100K (Durham & Stern, 2001),
suggesting that their crusts behave more brittle than that
of Ceres. On the Ceres fault, obliteration by thermal
relaxation and surface degradation seems to be more
active.

We do not know the exact ages of these three icy
bodies, nor whether they accreted from their present
location or were captured into their current resonance
(e.g., Showman et al., 1997; Sinclair, 1972). Also, we are
not certain of the specific combination of processes, such
as global volume expansion, Laplace resonance, orbital
recession, non-synchronous rotation, and large impacts,
that are responsible for initiating tectonic activity on these
bodies. However, based on the present-day scenario,
Ganymede exhibits less cratering and more pronounced
tectonic activity compared to Ceres and Dione, as
evidenced by the densely distributed and globally
pervasive tectonic linear features on its surface.

CONCLUSIONS

This study is the first report and analysis of PICs on
Ganymede,

• PICs occur on both the light and dark terrain. The
high number of PICs on dark terrain partly results
from the being more densely cratered.

• All of the mapped PICs are complex craters and have
either a peak, a pit, or a dome as central
morphological feature. The PICs attain their final
polygonal shape during the modification stage via
slumping/ faulting along preexisting fractures and
fault planes of weakness.

• Among impact craters of 30 km and larger, PICs
constitute 30% of the crater population present on
Ganymede. This is consistent with the results of PICs
from other icy bodies.

• The comparative analysis of the orientation of PICs
straight rim segments and adjacent linear features
indicates that there exists a genetic relationship
between PICs and linear features. This implies that
linear features are not only surface markers but also
act as mechanical anisotropies and zone of crustal
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weakness. This study provides independent proof
that grooves and lineations are the traces of faults.

• PICs on Ganymede postdate tectonic activities in the
light and dark terrain.

• The abundance of PICs on a planetary body relative
to the entire crater population is a measure of the
mechanical anisotropy of the particular crust and
seems to correlate with the intensity of the tectonic
activity of that body.

• Ganymede’s icy crust is sufficiently brittle to allow
the formation and preservation of distinct polygonal
shapes. Relaxation affects the crater floor of many
craters but does not degrade their rims. This suggests
that relaxation is caused by localized impact-induced
thermal anomalies in the crater centers.

Acknowledgments—We gratefully acknowledge the DLR-
DAAD PhD fellowship from the German Aerospace
Center and the German Academic Exchange Service.
Special thanks to Costanza Rossi for sharing Ganymede’s
regional groove system data. We thank the editor and two
anonymous reviewers for their detailed comments and
suggestions, which greatly contributed to the improvement
of this manuscript. Open Access funding enabled and
organized by Projekt DEAL.

Conflict of Interest Statement—We declare no conflict of
interest.

Data Availability Statement—Data available on request.

Editorial Handling—Dr. Jeffrey Plescia

REFERENCES

Abels, A. 2003. Investigation of Impact Structures in Finland
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