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Abstract–In oblique impacts with an impact angle under 45°, the bilateral shape of the distal ejecta
blanket is used as the strongest indicator for an impact vector. This bilateral symmetry is attenuated
and is superimposed by radial symmetry towards the crater rim, which remains circular for impact
angles down to 10–15°. The possibility that remnants of bilateral symmetry might still be present in
the most proximal ejecta, the overturned flap and the crater rim was explored with the intention of
deducing an impact vector. A model is presented that postulates bilateral patterns using proximal
ejecta trajectories and predicts these patterns in the orientation of bedding planes in the crater rim.
This model was successfully correlated to patterns described by radial grooves in the proximal ejecta
blanket of the oblique Tooting crater on Mars. A new method was developed to detect structural
asymmetries by converting bedding data into values that express the deviation from concentric strike
orientation in the crater rim relative to the crater center, termed “concentric deviation.” The method
was applied to field data from Wolfe Creek crater, Western Australia. Bedding in the overturned flap
implies an impactor striking from the east, which refines earlier publications, while bedding from the
inner rim shows a correlation with the crater rim morphology.
INTRODUCTION
The majority of craters are formed by oblique impacts.
Statistically, the most probable impact angle is 45° for
planetary bodies (Gilbert 1893; Shoemaker 1962), and half of
all impacts should strike at angles of 45° or lower, without
regarding atmospheric effects. Despite the prevalence of
oblique impacts, crater shapes remain circular for impact
angles steeper than 10–15° from horizontal (Gault and
Wedekind 1978; Bottke et al. 2000) and thus normally do not
give any implications for the direction of impact.
The ejecta pattern is affected in a much stronger fashion
by oblique impacts than the final crater shape. With
decreasing impact angle the ejecta blanket first shows a
preferential concentration downrange. At angles less than
30°, a wedge-shape forbidden zone (Gault and Wedekind
1978) develops uprange. This zone expands with decreasing
angle. At 20° a second forbidden ejecta zone develops
downrange of the crater. At very shallow impact angles this
leads to the formation of a bilaterally symmetric “butterfly”
pattern (Gault and Wedekind 1978; Herrick and ForsbergTaylor 2003; Herrick and Hessen 2006), in which the ejecta
dominantly expands sideways. The characteristic bilateral
symmetry of the ejecta around craters has become an

important diagnostic feature for the recognition of craters
formed by oblique impacts on planetary surfaces (Pierazzo
and Melosh 2000a) and has been used for the determination of
the impact vector for example on the Moon (e.g., Gault and
Wedekind 1978; Bottke et al. 2000; Herrick and ForsbergTaylor 2003) on Venus (e.g., Schultz 1992a; Herrick and
Phillips 1994; Ekholm and Melosh 2001) and on Mars (e.g.,
Schultz and Lutz-Garihan 1982; Herrick and Hessen 2006).
Two examples of bilateral symmetry in ejecta blankets on
Venus and Mars can be seen in Fig. 1, from which an impact
direction can easily be deduced.
On Earth the ejecta blanket is the first part of the crater that
is eroded, therefore difficulties arise with the recognition of the
impact vector in terrestrial craters. Nonetheless, numerous
efforts have been made to determine the impact direction of the
impacting projectile in craters on Earth using different methods
and aspects of the cratering process. For example, distribution
of tektites E of the Nördlinger Ries, the WSW-ENE alignment
of the Steinheim and Ries craters and the preferential
distribution of impact melt in the eastern sector of the Ries led
to the postulation of an impactor coming from the WSW
(Stöffler et al. 2002), and similarly the distribution of tektites
around the Bosumtwi crater led to the proposal of the impactor
coming from the N-NE (Artemieva et al. 2004).
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Fig. 1. Asymmetric ejecta blankets of two oblique impacts. Top: Aurelia crater, Venus (Magellan Imaging Radar, courtesy NASA/JPL/
Caltech); bottom: Tooting crater, Mars (THEMIS mosaic). a and b) Contrast two models of ejecta trajectories (black arrows) and the
resulting strike (black bars). Strike of folded bedding in the overturned flap is always orthogonal to the ejecta trajectories for originally
horizontal target bedding (inset Fig. 1a). (a) shows a radially symmetric “point source” or stationary center of the ejection flow field with
the resulting concentric strike pattern of ejected bedding. (b) shows non-radial, bilaterally symmetric “line source” or downrange shifting
center of the ejection flow field with a resulting bilaterally symmetric strike pattern. The non-radial deviation of strike correlates with the
assumed impact vector (white dashed line). Tooting crater in (c) exhibits grooves and ridges in its ejecta blanket (inset) that were mapped
as indicators for ejecta trajectories (black lines). In (d), assumed strike (black bars) is orthogonal to the mapped ejecta trajectories and
displays a non-radial, bilaterally symmetric pattern, similar to (b), which indicates an impact vector coming from the top right. Black
arrows mark “corners” in the strike pattern as the strongest uprange indicators. Note: all images are rotated from north to depict the
impactor coming from the top right.
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Furthermore, in lack of ejecta, morphological, structural
and geophysical data in craters have also been used as
diagnostic features to derive an impact vector. Early attempts
by Barringer (1910) on Barringer Meteorite Crater were
based on morphology and tectonic uplift, while later
Shoemaker and Kieffer (1974) stated that thrust faults in the
crater wall might indicate the direction of motion of the
impacting projectile. Schultz and Anderson (1996) examined
the offset and asymmetry of the central peak, rim uplift and
distribution of shock disruption in the Manson impact
structure, from which they suggested an impact direction
from the southeast. However, in a study on oblique Venusian
craters, Ekholm and Melosh (2001) suggest that the offset
distribution of central peaks relative to the impact direction is
random and that there may not be a correlation between
impact angle and central peak diameter. Asymmetry
displayed in seismic and gravity data of the Mjølnir crater in
combination with structural features and crater elongation
imply an impactor traveling from the south/southwest
(Tsikalas 2005). The Chicxulub crater has been subject to
numerous attempts at finding an impact direction. Proposed
directions from the SE (Schultz and D’Hondt 1996) and from
the SW (Hildebrandt et al. 1998) were based mainly on
structural aspects of the crater, while Morgan et al. (2006)
suggested an impactor coming from the NW based on
distribution of shocked quartz. Gulick et al. (2008) suggest
that target heterogeneities (e.g., variable water depth) have an
effect on crater structures like Chicxulub and that this can
distort some of the indicators used for an impact direction.
Recent studies have shown that an impact vector is indicated
in the subsurface structures of central peaks of craters on
Earth, which show preferential directions of folding and
faulting that implicate a preferred transport direction, as seen
in Upheaval Dome (Kenkmann et al. 2005; Scherler et al.
2006) and also proposed in Spider crater, Gosses Bluff crater
(Scherler et al. 2006) and the Matt Wilson structure
(Kenkmann and Poelchau 2008).
Experimental studies of oblique hypervelocity impacts
give further insights into the cratering process. Early work by
Gault et al. (1968) suggests that obliquity influences the flow
pattern of target material, and shows a departure from axial
symmetry of the structural pattern, e.g., the form of the
overturned flap. Later work done by Gault and Wedekind
(1978) has shown that while highly oblique angles are
necessary to affect the crater circularity, ejecta deposits become
asymmetric below 45°, and start displaying bilateral patterns,
which are used as a strong criterion for determining the impact
vector. More recently, Dahl and Schultz (2001) measured the
asymmetry of shock waves in oblique impact experiments,
revealing an elevation of shock pressures downrange.
Anderson et al. (2003) imaged ejecta particle vectors
during oblique impact experiments into particulate targets,
showing that during oblique impacts a very obvious non
radial, bilaterally symmetric pattern of these vectors can be
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observed that is oriented according to the impact direction of
the projectile. This is especially obvious during the initial
stages of crater formation. The flow pattern is compatible
with a downrange moving crater center. The original
asymmetry decreases as the cratering progresses, but is still
visible after 50% of the final crater size is reached. Later
stages of ejecta were not imaged. Based on these results,
Anderson et al. (2004) stated that a stationary point source of
ejection, as approximated in Maxwell’s Z model (Maxwell
1977), does not sufficiently describe the process of
excavation, and suggested a new model based on the
downrange migration of the flow field center.
Numerical modeling supports and confirms the non-radial
cratering aspects documented in planetary observations and
experiments. The first systematic 3D modeling work on
oblique impacts was done by Pierazzo and Crawford (1998).
Analysis of these results in Pierazzo and Melosh (1999, 2000b)
showed that shock pressure, shock temperature, and melt
production decrease with decreasing impact angle and that the
strength of the shock front in the target is asymmetric, with the
strongest shock in the downrange direction. In 3D hydrocode
runs of oblique impacts Artemieva and Ivanov (2001) showed
that during cratering the flow velocity field is asymmetric up
to the beginning of cavity collapse, with larger downrange
velocities in the cavity wall compared to uprange velocities.
The component of initial horizontal momentum is present until
the start of the crater floor uplift. 3D numerical simulations of
the crater floor flow in oblique impacts by Shuvalov and
Dypvik (2004) strongly support the assumption of an
asymmetric crater flow structure indicative for the impact
vector. They also state that “late” or proximal ejecta near the
crater rim still shows slight asymmetry. Elbeshausen et al.
(2007) used tracers placed in the ejecta curtain of 3D models
from which the paths of ejecta trajectories were reconstructed.
The ejecta distribution shows obvious non-radial behavior and
an uprange forbidden zone for a 30° impact.
Based on the bilateral pattern of oblique ejecta blankets
and on the asymmetry prevalent in the excavation flow field, as
shown in latest research on oblique impacts, we have
developed a new model for the structure of the crater rim,
which will be discussed in detail. Bedding strike, one of the
main structural features that can be systematically measured in
the field, is used as an indicator for non-radial symmetry. A
new means of quantifying strike in the crater rim was
developed which displays angular deviation from concentric
strike relative to the crater center, referred to as “concentric
deviation.” We expect patterns revealed in the concentric
deviation that should indicate an impact direction for oblique
impacts.
PROPOSED “TWO CORNERS” PATTERN
In this study, we propose that the strike of bedding planes
in the proximal ejecta blanket of the overturned flap and
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Fig. 2. Exposed beds of the overturned flap in the Wolfe Creek crater rim. Strike of bedding planes is roughly perpendicular to the crater center
and was only measured when it was consistent over several meters, as marked in the picture.

crater rim can be used as an indicator for the orientation of
excavation flow field trajectories in well-preserved simple
craters on Earth, especially near the crater rim, where the
ejecta forms still coherent sheets. Strike, which is defined as
an intersecting line between the bedding plane and a
hypothetical horizontal plane, remains orthogonal to the
trajectory during rotation or overturning of layered rocks, as
long as the bedding was originally horizontal (Fig. 1a inset,
Fig 2). During excavation bedding is rotated around an axis
that remains perpendicular to the force of the flow field
exerted on the rock (best visualized by the shape of the
overturned flap). While the strike of bedding in the distal
ejecta blanket is most likely too chaotic due to transport to
reflect trajectories, continuous, coherent blocks of bedding
planes are expected in the proximal parts of the ejecta blanket,
including the overturned flap and parts of the inner rim
(Fig. 2), which can be used to display asymmetrical behavior
of the excavation flow.
In Figs. 1a and 1b, two possible excavation flow field
models are contrasted. In the first model, the origin of the
flow field is located in the center of the crater and remains in
this position for the duration of cratering. This has been
described in Maxwell’s Z model (Maxwell 1977), which is
used as an approximation for vertical impacts. In this case, the
trajectories are purely radial with respect to the final crater,

and the asymmetry of the ejecta blanket is controlled by the
magnitude of the ejecta flow. Therefore pure concentrical
striking along the crater rim and overturned flap is expected
that bears no information of the impact vector.
However, the ejecta trajectories forming asymmetric or
bilaterally symmetric ejecta blankets of oblique impacts
should deviate from a strictly radial orientation with respect
to the final crater center (Fig. 1b) and could probably be
traced at the rim and overturned flap of simple craters in
layered targets on Earth, which represent the most proximal
part of the ejecta. If the mechanism of ejection is described by
a modified Z model approach (Anderson et al. 2004;
Anderson and Schultz 2006) with the ejection flow field
center shifting from uprange to downrange (Fig. 1b), the flow
field should be non-radial and bilaterally symmetric.
We particularly expect a hypothetical pattern of strike
along the rim to show mostly concentric behavior downrange,
while stronger deviations should occur between the
downrange and crossrange sectors of the rim, with strike
forming a pattern with two “corners,” due to abrupt changes in
strike orientation. This “two corners” pattern should begin to
form at angles below 45° and become stronger the shallower
the angle gets. The uprange zone, defined by the two corners,
should also become wider for shallower angles. Based on
qualitative assessments of ejecta patterns, the two corners
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pattern should approximate impact angles at around 40–20°.
This pattern is closely related to the heart-shaped “cardioid
pattern” that Schultz et al. (2007) have postulated for nonradial ejecta trajectories, based on observations of ejecta
behavior during the Deep Impact cratering experiment and
hypervelocity laboratory experiments (Anderson and Schultz
2006). The cardioid pattern predicts radial ejecta trajectories
downrange and an uprange “zone of avoidance,” which should
coincide with the two corners suggested in this paper.
Observations of craters and their ejecta blankets on other
terrestrial planets show patterns on which the “two corners”
pattern is based. THEMIS images of the Martian Tooting
crater were used for a quantitative evaluation of ejecta
trajectories. Tooting crater is a young, well-preserved doublelayered ejecta (DLE) crater, which, like all fresh DLE craters,
has straight, radial grooves carved into the inner ejecta layer.
Boyce and Mouginis-Mark (2006) suggest these grooves can
be caused by a high-velocity outflow of materials following in
the wake of the advancing ejecta curtain, based on models of
atmospheric interaction proposed by Schultz (1992b) and
Barnouin-Jha et al. (1999a, 1999b). Grooves on the inner
ejecta layer (the first of the two layers to be deposited) show
no signs of being influenced by topography. We assume that
an asymmetrically advancing ejecta curtain of an oblique
impact should affect the radial orientation of the grooves that
follow it in DLE craters, and possibly reflect the impact
trajectory. This appears to be the case in Tooting’s ejecta
blanket, which shows a stronger concentration of ejecta
deposits and radial orientation of grooves in the proposed
downrange direction (Mouginis-Mark and Garbeil 2007),
while in uprange direction a weaker distribution of ejecta and
non-radial groove orientation coincide (Figs. 1c and 1d).
Although more research is needed to solidify these
observations, we believe this correlation is further supported
by the fact that non-radial behavior of grooves in DLE craters
with radially symmetric ejecta distributions has not been
observed. Therefore, in this study, grooves were used as basic
indicators for non-radial behavior of ejecta trajectories,
which, as discussed above, should in turn be perpendicular to
the strike of rotated bedding planes in the crater rim and
proximal ejecta blanket.
Both grooves and implied resulting strike show bilateral
symmetry and two “corners” in the transition from the
uprange to the crossrange sector (Fig. 1d), which correlate
with an impactor coming from the southwest, as suggested by
Mouginis-Mark and Garbeil (2007). Data from a model based
on the “two corners” pattern and from Tooting crater was
evaluated further and compared with strike data from the
Australian Wolfe Creek crater, as is presented below.
GEOLOGICAL SETTING OF WOLFE
CREEK CRATER
Wolfe Creek Crater in Western Australia was used as a
study object to test our hypothesis on field data (Figs. 2 and 3).
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We collected and systematically analyzed striking of strata in
the crater rim. Wolfe Creek Crater is a relatively young,
simple impact crater with an average diameter of 880 m
(Hawke 2003) that was formed 0.3 Ma ago (Shoemaker et al.
1990) by an iron meteorite (a medium octahedrite; Buchwald
1975). It was formed in flat-lying Devonian sandstones that
are overlain by a layer of Miocene laterites. The crater is well
preserved, recent erosion rates are calculated at 2 × 10−3 cm/
year (Shoemaker et al. 1990), based on 10Be-26Al dating
which yielded exposure ages of ∼30,000 years. This suggests
an average amount of 6 m of erosion when extrapolated to the
time of impact. Shatter cones are found in the SSW rim of the
crater (O’Neill and Heine 2005), oxidized iron shale is found
predominantly on the SW rim in the form of shale balls
(LaPaz 1954; McCall 1965). O’Neill and Heine (2005) state
that beds in the crater rim dip gently at 40–60° in the ENE
crater rim and show strongest overturn of 135° in the WSW.
They also remark that in the N and S, overturned bedding
shows irregular strike, described as “undulations.” Hawke
(2003), O’Neill and Heine (2003), and Shoemaker et al.
(2005) agree on an impactor coming from the NE, based on
the distribution of shatter cones, meteoritic material and
ejecta, along with the orientation of the elliptical axes of the
crater shape and a qualitative assessment of dip data in the
crater rim.
METHODOLOGY
The collected field data consists of strike and dip values
along with latitude and longitude. The bedding data was
divided into two groups. “Autochthonous” values consist of
normal layered bedding that is located in the inner, upper part
of the crater wall, as opposed to “ejecta” values, which consist
of overturned layers measured in the overturned flap that is
regarded as the most proximal ejecta, generally located in the
outer parts of the crater wall (Fig. 2). This data was combined
with published data from Shoemaker et al. (2005) who also
performed the same division into two groups.
The collected field data from Wolfe Creek crater and data
derived from THEMIS images of Tooting crater on Mars were
translated from a geographic reference system to a radial
system with the point of origin situated in the crater center
(Fig. 4a). For data conversion, the precise latitude and
longitude of the crater center and measurement points are
necessary. The crater center was defined by determining the
geometric center of the crater rim crest with the aid of GIS
software. Coordinates were then converted by approximating
the angle x between two geographical points and north:
lat c – lat d
x = arctan ------------------------------------------------( lon c – lon d )coslat c

(1)

with latc and lonc as the latitude and longitude of the crater
center and latd and lond as the latitude and longitude of the
data point, all in degrees. This results in values ranging from
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Fig. 3. Geological map of Wolfe Creek crater (from Shoemaker et al. 2005).

−90 to +90°. To convert these values into the azimuth a with
a range of 0 to 360°, the following conditions must be
distinguished:
⎧ x + 360° ;
⎪
a = ⎨ x;
⎪
⎩ x + 180° ;

lat c – lat d < 0° ;

x < 0°

lat c – lat d < 0° ;

x > 0°

to as the angular deviation from concentric strike or short, the
concentric deviation, cd. In a first step, the angle y is
calculated as:
y = – ( x + 90° – s )

(2)

lat c – lat d > 0°

The azimuth a thus gives an angular value in relation to
the crater center, e.g., a data point directly north of the center
has a value of 0°, east has a value of 90°, etc.
The strike of rock layers in the rim was then compared to
the tangential orientation, or “concentric strike,” of a circle
with a point of origin in the crater center (Fig. 4b). The
difference between the two produces an angular value for
each measurement, which is either positive or negative
depending on the orientation of strike. This value is referred

(3)

with s as the measured strike value, which ranges from 0 to
180°, and x as defined in Equation 1. As s and x are cyclic for
a range of 180°, the final conversions for the concentric
deviation c must be made:
⎧ y + 180° ;
⎪
cd = ⎨ y ;
⎪ y – 180° ;
⎩

y < – 90°
– 90° < y < 90°
y > 90°

(4)

The concentric deviation cd is plotted against the
azimuth a. This can be done in a standard x-y plot or in a polar
plot (Figs. 5 and 6). In the case of the Wolfe Creek data sets,

Asymmetric signatures in simple craters as an indicator for an oblique impact direction

2065

Fig. 4. The method of data conversion for analysis of strike deviation. a) Conversion of latitude and longitude to a radial reference scheme
based on the crater center (azimuth). b) Angular quantification of strike orientation relative to a hypothetical circle based on the crater center.
These values are referred to as “concentric deviation.”

and to a lesser degree in the Tooting data set, plots display
scattering and therefore require smoothing to get a better
overview of possible average deviations.
The preferred method of smoothing is referred to as the
“overlapping bins” method, where all data within a defined
sector is averaged. By default a bin size of 30° was used and
the position of this bin was varied in steps of 10°. Starting
directly north of the crater center (azimuth = 0°), all values
within a 30° range from 345° to 15° are collected. The
arithmetical average is calculated and displayed for 0°. For a
step size of 10°, the next value is calculated for all data
between 355° and 25° and displayed at 10°, then from 5° to
35° for 20°, etc., yielding 36 points of average concentric
deviation (Fig. 5). This method is useful if there are larger
sectors of the crater that only yield a few data points. If the
data is good, then one point can represent a large section. On
the other hand, if the data is erratic and unreliable due to noise
or similar factors, it can be overrepresented by this method
and distort the graph in that sector.
An alternative method utilizes the central moving
average of data points (i.e., arithmetical average of points
1–5, 2–6, 3–7, etc.). This smoothes outliers, but can also
dilute sectors with scarce data. This method shows only minor
deviations from the overlapping bins method. When the
appropriate amount of smoothing was chosen, major trends
remained the same.
To give a better spatial sense of the data, the X-Ydiagrams were converted to polar plots (Figs. 5 and 6). These
plots display the data more intuitively from an azimuthal
perspective (similar to “map view”) and show which values
are juxtaposed to each other. Negative values are located on
the inside of the circular X-axis, positive ones are on the
outside. The conversion to polar plots does distort the visual
depiction of the curve to a certain degree, compared to the

X-Y-diagram, stretching the display of positive parts of the
curve and shortening the negative parts.
To improve the interpretation of the data, 36 bars of
average strike were added around the polar plot in steps of
10°, oriented according to the concentric deviation after
smoothing with the overlapping bins method. To enhance the
visualization of non-concentric behavior, strike can be
displayed with an exaggeration factor, e.g., a strike bar with
an azimuth of 90°, an angular deviation of −5° and an
exaggeration factor of 3 is displayed in the polar plot with a
strike value of 75° instead of 85°. The exaggeration factor is
constant for a single plot and typically an exaggeration factor
of 2 is used.
FURTHER ANALYTICAL METHODS
The detection of bilateral symmetry is of great
importance for narrowing down the direction of impact. A
quantitative method was devised to confirm the qualitative
interpretation and determine the azimuthal orientation of the
highest degree of bilateral symmetry (Fig. 8). In the method
we applied, the 36 values calculated in the overlapping bins
method were divided into two halves and compared to each
other. This was done in an iterative manner in steps of 5°.
Starting at 0°, a possible axis of bilateral symmetry running N
to S was assumed. Then the concentric deviation values at
350° and 10° were compared and added up, e.g., (+4°) +
(−11°) = −7°, then the values at 340° and 20°, etc. The sum of
all of these compared values is an expression of how well the
proposed axis of bilateral symmetry fits, with an ideal axis of
symmetry at a sum of 0°, and a higher sum expressing a
poorer fit. The axis of potential symmetry was then rotated
clockwise by 5° and compared the concentric deviation at 0°
and 10°, 350°, and 20°, etc. (NB: For even azimuthal
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Fig. 5. X-y plots of concentric deviation values plotted against their azimuth relative to the crater center (left) and corresponding polar plots
(right). Positive concentric deviation values represent clockwise rotation from concentric strike, negative values display counterclockwise
rotation. Curve for Tooting crater is an average of data smoothed with the overlapping bins method (bin size 15°, step size 10°, see text for
further explanation). Bars of average strike around polar plots are based on the values of the concentric deviation curve and are used to enhance
the interpretation of the data. Strike bars in (c) are exaggerated by a factor of 3. (a) and (b) are based on the two hypothetical models shown
in Figs. 1a and 1b. (a) depicts concentric strike, expected from a model with a “point source” of ejection, where the ejection flow field center
does not move. No concentric deviation is visible. (b) shows bilaterally symmetric strike, as expected from “line source” ejection in which the
ejection flow field center migrates downrange, with an impactor coming from the northeast. The concentric deviation curve shows two
prominent peaks that result from the “corners” the strike bars show uprange, while downrange strike shows a more concentric pattern. (c)
consists of data from Tooting crater, Mars. Strike orientation was derived from radial grooves in the ejecta blanket, which are assumed to
indicate ejecta trajectories. The concentric deviation curve correlates well with the suggested “line source” model, showing two prominent
peaks and a strike bar pattern with “corners,” indicating an impact vector from the upper right. Note: Tooting data were rotated by 180° for a
better comparison with Figs. 5b and 6.
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Fig. 6. Concentric deviation values of the Wolfe Creek crater rim and corresponding polar plots. Curves are smoothed with the overlapping
bins method (bin size 40°, step size 10°); strike bars are exaggerated by a factor of two. Ejecta values are bedding values from the overturned
flap and proximal ejecta blanket. Autochthonous values are from the inner part of the crater rim consisting of normal layered strata. See text
and Fig. 5 for further explanation.

orientations, e.g., 0°, 10°, 20°. . ., single concentric deviation
values at 0° and 180°, 10°, and 190°, etc. were used in the sum
of compared values.) This led to 36 values, each expressing a
relative amount of symmetry for a specific azimuthal
orientation, which was plotted in an X-Y diagram. Minima in
this diagram are interpreted as the best possible axis of
bilateral symmetry, implying two possible directions from
which the impactor came.
Dip data from the autochthonous inner rim were
converted in the same manner as strike data to display their
azimuth. Instead of concentric deviation, the dip value,
ranging from 0–90° was used. Innermost values in the polar

plot are defined as 0°, or horizontal, outermost as 90° (Fig. 9).
While dip values are not intended to be used as an indicator
for trajectory, azimuthal distribution of varying dip can give
further insights into rim structure and symmetry.
RESULTS
Concentric deviation data is presented in Fig. 5 for (a) an
ideal point source crater with pure concentrical strike, (b) the
ideal “two corners” pattern, and (c) Tooting crater. Concentric
deviation curves expected in the point source and “two
corners” patterns, which are explained above and depicted in
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−10° (Fig 5a). Areas with low concentric deviation are found
at 10–50° and 190–240°. Figure 7 compares the two corners
pattern with the ejecta curve (bin size 20° for smoothing) and
shows a fit if the two corners pattern curve is rotated to 80–
90°, which would imply an impactor coming from the east.
This shifts the impact vector from northeast to east.
Evaluation of bilateral symmetry of the proximal ejecta
(values smoothed with overlapping bins, bin size 40°, bin
steps of 10°) shows two minima at 50° (NE) and 115° (Fig. 8).
The first value coincides with the direction of impact
suggested in previous publications and might reflect bilateral
symmetry of eroded distal ejecta. The second minimum is
caused by bilateral symmetries between the proposed
downrange and uprange sectors.

Fig. 7. Comparison of smoothed concentric deviation data (bin size
20°, step size 10°) from Wolfe Creek ejecta (bold curve) with the
proposed curve from the “two corners” pattern (dashed curve; see also
Figs. 1b and 5b). Based on this fit, the impact direction for Wolfe
Creek should be at 80–90°, which revises previous publications and
interpretation of bilateral symmetry that suggest 45°.

Figs. 1a and 1b, are shown in a generalized form in Figs. 5a
and 5b. Concentric strike of the point source pattern shows no
concentric deviation, therefore the curve in the X-Y plot is a
straight line and a simple circle in the polar plot with a value
of 0°. The two corners pattern (Fig. 5b) on the other hand
shows strongest concentric deviation at the two corners
between the uprange and crossrange sectors, visible in the
strike bars around the polar plot, which results in a distinctive
pair of peaks in the left part of the X-Y plot that constrain the
impact direction. These peaks are the result of the abrupt
change in strike orientation at the corners from
counterclockwise to clockwise rotation, which is seen as an
abrupt change from negative to positive concentric deviation.
The angle between the two corners is a yet uncalibrated
function of the impact angle.
TOOTING CRATER
The pattern of concentric deviation data in Tooting crater
shows a resemblance to the predicted two corners pattern
(Fig. 5c). Two corners in the strike pattern are located uprange
at 190° and 280°, showing the strongest amount of deviation,
as can also be seen in the smoothed curve (bin size 15°, bin
steps of 10°). This is in agreement with the bilateral shape of
the distal ejecta blanket, which indicates an impactor coming
from 230°, or the southwest.
WOLFE CREEK EJECTA
The average curve of the concentric deviation of
proximal ejecta of the overturned flap of Wolfe Creek, after
smoothing with the overlapping bins method (bin size 40°,
bin steps of 10°), shows areas of stronger average concentric
deviation, located at azimuths of 60–90°, 110–150° and 310–
340°, with maximum concentric deviation values of +10° and

WOLFE CREEK AUTOCHTHONOUS RIM
The average curve of the concentric deviation of the
autochthonous rim (smoothed, bin size 40°, bin steps of 10°,
Fig 5b) does not fit the two corners pattern in Fig. 5b well.
Two areas of strong clockwise rotation with maximum values
of +15° can be seen at 50–80° and 220–280°, while areas of
counterclockwise rotation are located at 130–200°, reaching
maximum deviation values near −10°, and to a lesser degree
at 320–340°. A larger area of more or less concentric strike is
at 350–40°. The strike follows a more elliptical shape, with
the long axis running NE to SW, which is along the direction
of impact proposed in earlier publications (Hawke 2003;
O’Neill and Heine 2003; Shoemaker et al. 2005). The
bilateral symmetry curve (smoothed with overlapping bins,
bin size 40°, bin steps of 10°) displays minima along the axes
of the rough ellipse described by the strike pattern, lying at
30° and 125° (Fig. 8).
The elliptical shape the strike of the autochthonous
bedding describes appears to show a similar orientation to
the shape of the crater morphology. To investigate this, we
compared the strike of the autochthonous bedding with the
orientation of the crater rim crest, as mapped by Shoemaker
et al. (2005, Fig. 3). Basically, the theoretical line following
the rim crest was digitized; each digitized segment was treated
as a strike value and converted in the same manner as the
bedding values described above. When plotted, the
concentric deviation curve of the rim crest orientation
coincides surprisingly well with the autochthonous bedding,
implying a connection between the internal crater rim
structure and its surface expression as rim morphology
(Fig. 10).
Our quantitative analysis of dip data of autochthonous
rocks in the inner crater rim slope confirms qualitative
assessments from an earlier publication by O’Neill and Heine
(2003). The NE sector shows data dipping shallowly, from
0–45°. All other sectors show an even distribution of dip
values ranging from 0–90° (Fig. 9). This asymmetrical
distribution coincides with the NE impact trajectory
suggested in other publications.
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Fig. 8. Degree of asymmetry plotted against the azimuth for Wolfe Creek data. Curves express a relative amount of bilateral symmetry,
comparing one half of the concentric deviation data to the other, with the divisional axis aligned to the azimuth. The highest degree of bilateral
symmetry is located in the minima of the curves at 30 and 115° for the autochthonous data and 50 and 115° for the ejecta data.

Fig. 9. Dip data of Wolfe Creek autochthonous bedding displayed in
a polar plot. Steepest dip values of 90° are located furthest from the
center of the plot, the center itself is 0°, or horizontal layering. Curve
is an average of data smoothed with the overlapping bins method (bin
size 40°, step size 10°). Note the lack of steep bedding in the NE
sector of the crater.

DISCUSSION
The ejecta deposits of oblique craters on Mars and the
Moon suggest that when extrapolated into the crater, the
ejecta trajectories do not merge in the crater center. Instead,
they merge in a line, suggesting that the ejecta flow field
center migrates downrange with time. Based on these
observations
we
proposed
a
hypothetical
and

Fig. 10. A comparison of Wolfe Creek autochthonous concentric
deviation bedding (solid curve) with the morphology of the crater rim
(dashed curve), displayed in a polar plot. Rim morphology was
compared to a perfect circle and treated in the same way as bedding
strike. Both curves were smoothed with the overlapping bins method
(bin size 40°, step size 10°). Note the similarity between the two
curves. This implies a strong correlation between bedding structure
and rim morphology in Wolfe Creek crater.

phenomenological model, exhibiting the so-called “two
corners” pattern, which is characterized by its bilateral
symmetry and specific “corners” in the transition from the
uprange to the crossrange sectors.
The application of our hypothetical model to structural
features in the proximal ejecta blanket of Tooting crater was
successful. The main features predicted in the concentric
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Table 1. Summary of impact directions inferred by different methods.
Crater

Method

Figure

Azimuth of incoming impactor

Tooting

Ejecta pattern
“Two corners”

Fig. 1d
Fig. 4c

~240°
~230°

Wolfe Creek
Ejecta

“Two corners”
Bilateral symmetry

Fig. 8
Fig. 6

~85°
50°, 115° (230°, 295°)

Wolfe Creek
Autochthonous

“Two corners”
Bilateral symmetry
Dip data
Elliptical rim shape

Fig. 5b
Fig. 6
Fig. 7
Fig. 9

No fit
30°, 125° (210°, 305°)
~45°, ~225°
~45°, ~225°

deviation curve of the two corners pattern can be easily
correlated to Tooting’s data, as shown in Fig. 5. Tooting
therefore gives evidence for the existence of non-radial
behavior in the proximal parts of the ejecta blanket, where
otherwise radial symmetry should be expected to dominate
due to the circularity of the crater rim.
Concentric deviation curves of Wolfe Creek ejecta and
autochthonous bedding are more complex and difficult to
interpret (Table 1). Data of the inner slope (“autochthonous
data”) express an interesting interaction between the elliptical
shape of the crater morphology and its internal structure,
which appear to correlate to a large degree (Fig. 10). In other
words, strike of strata influences the orientation of the
geomorphologically visible ridge.
Ejecta data can be interpreted in two different ways.
Based on the bilateral symmetry of a strongly smoothed
concentric deviation curve (bin size 40°), an impact vector is
seen coming from the SW or NE, with the latter in agreement
with three recent papers (Hawke 2003; O’Neill and Heine
2003; Shoemaker et al. 2005) in which all authors agree on an
impactor coming from the NE. Autochthonous concentric
deviation data and dip data also support this direction. On the
other hand, in Fig. 7, the concentric deviation curve for ejecta
shows a striking resemblance to our hypothetical model when
smoothing is reduced (bin size 20°). This would lead to an
impact direction from the east, which slightly modifies
previous results including our own. The reason for this is not
readily clear, but seems to depend on the chosen bin size.
The large degree of scattering makes it difficult to assess
whether the signatures seen in concentric deviation are
meaningful or not. It appears that we are close to the limit of
resolution that scattering allows. Standard deviations lie at
±20° for the ejecta and ±17° for the autochthonous data,
compared to only ±5° for the Tooting data. One possible
factor that contributes to the scattering in Wolfe Creek is an
error in measurement when using the field compass, which is
estimated around ±3°.
While any field geologist can avoid measuring smallscale undulations in bedding, meter-scale and larger
variations are more difficult to avoid and harder to detect.
The lower of the two Devonian sandstones is of assumed
fluviatile origin, and an ideal stratigraphic datum cannot be
found that can be traced around the crater (Shoemaker et al.

2005). Therefore, although the bedding is subhorizontal on
average (dipping gently to the South), one must consider the
possibility of local variations in the bedding and the effect
this has on our model. If, for example, an originally
horizontal bedding plane is rotated during the excavation
process by 45° to the north, the new dip direction is 0°. If a
neighboring plane, which was not originally horizontal but
dipped to the East at 5° is rotated the same way, its new dip
direction is at 7.05°, as calculated in a stereoplot. If the same
plane is rotated by 60°, its new dip direction is at 5.77°.
Rotational values of 45 and 60° represent the average dip for
ejecta (45.3°) and autochthonous bedding (58.0°). Thus
slight variations in the initial bedding orientation could be
biased due to rotation.
While large-scale variation of bedding surfaces explain
the scattering observed to a certain degree, other mechanisms
might be involved that additionally contribute to the noise.
Lithologic heterogeneities in sandstone beds, including
variations in density, pore space, and rock strength may play
a small role in the final crater structure, but it is beyond the
scope of this paper to quantify these factors. Further change in
bedding orientation during the crater modification stage may
occur, but probably plays a minor role for our model. In
simple craters, the final crater differs little from the state of
the transient crater. Some brecciated rock will have slid into
the crater center, while the stable part of the rim should
remain unaltered. Portions of the rim that show small scale
slumping were avoided during collection of field data.
Generally, in the field lithological boundaries are used to
make out large-scale rim deformation and possible postimpact slumping. Displacements and faulting that could
reveal rim collapse or back wasting were not observed in the
field and are also not present in the geological map in
Shoemaker et al. (2005) (Fig. 3).
The effect of joint sets on the cratering process has
already been shown in Barringer Meteorite Crater (Roddy
1978; Poelchau et al. 2009) where two prominent, orthogonal
joint sets aligned to the diagonals of the square-shaped crater
rim enabled the propagation of the cratering flow. Wolfe
Creek Crater on the other hand has a recognizable elliptical
shape. Shoemaker et al. (2005) believe this is caused by the
impactor striking at an oblique trajectory of around 45–30°,
based on experiments with oblique impacts by Gault and
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Wedekind (1978). Apparently in Wolfe Creek, this
mechanism dominates over the effect joints sets have on the
crater shape. The eastern half of the crater does show a
somewhat hexagonally shaped rim, which could be caused by
joint sets (Öhman et al. 2006). Joint sets may also play a role
in the orientation of bedding in the rim after impact, as has
been shown in our study by the striking correlation between
the shape of the rim crest and the strike of autochthonous
bedding (Fig. 10).
Even though numerous factors may influence the
deformation of bedding during crater excavation and a
large degree of scattering is prevalent in the strike data of
Wolfe Creek, it must be stressed that after smoothing, patterns
in the concentric deviation data are revealed that can be
analyzed and subjected to further interpretation with respect
to a possible impact direction.
CONCLUSIONS
We developed a quantitative technique that allows
structural asymmetries in impact craters to be deciphered. The
technique consists of (i) the conversion of structural data from
a geographic into a radial reference scheme, (ii) the
illustration of “concentric deviation” in x-y diagrams and
specific polar plots, and (iii) the iterative analysis of
symmetry patterns. This new technique allows a fast,
quantitative analysis of field data, which was lacking
beforehand.
Based on the latest insights from recent numerical
models and from remote sensing data of the ejecta blankets of
planetary craters, we suggest a simple hypothetical and
phenomenological model, the “two corners” model, that uses
patterns observed in the ejecta blankets on planetary surfaces
to predict structural features in the crater rim. This model
has shown its relevance for Tooting crater on Mars and has
implications for simple craters on Earth, as was shown in
Wolfe Creek, although these results deviate slightly from
other findings. Nonetheless, while radial symmetry
dominates in the crater rim, non-radial patterns have been
revealed that can be interpreted as indicators for an impact
direction.
At present, our model is intuitive and needs a sound
explanation. Our model would be greatly enhanced by further
experiments on visualization of particle trajectories in oblique
impacts. So far, resolution of the final stages of crater
excavation has not been published. Also, verification through
3D modeling of oblique impacts is needed. The situation that
our model describes, the final stage of crater excavation,
requires specific modeling for a precise replication. So far, little
work has been done in this area. First attempts made with 3D
models show promising results that confirm our hypothesis (D.
Elbeshausen and K. Wünnemann, personal communication),
but require more work for a reliable verification that supports
our model to a larger degree of certainty.
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